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PREFACE 

The Ninth Symposium (International) on 
Combustion was hcld a t  Cornell University, 
Ithaca, New York, August 27 to September 1, 
1962, under tlie auspices of the Combustion 
Institute. Registration was in excess of 600, with 
more than 100 attending from Australia, Belgium, 
Canada, France, Germany, Great Britain, 
Hungary, Israel, Italy, Japan, Netherlands, 
Spain and Sweden. 

Over 200 papers were submitted for considera- 
tion, of which 121 were placed on the program 
and 10s printed in the Proceedings. 

Two Discussions (Detonations, organized by 
Dr. D. R. White, General Electric Research 
Laboratory; Fundamental Flame Processes, or- 
ganizcd by Dr. W. H. Avery, APL/The Johns 
Hopkins University) occupied 4 half-day sessions 
cach. Preprints of all Discussions papers were 
available several weeks prior to the Symposium. 

Three Colloquia (Modeling Principles, or- 
ganized by Professor D. 13. Spalding, Imperial 
College; Reactions and Phase Changes in Super- 
sonic Plow, organized by Professor P. P. Wegener, 
Yale University; Reciprocating Engine Combus- 
tion Research, organized by Professor E. S. Stark- 
man, University of California) occupied 2 or 3 
half-day sessions each. 

Contributed Papers in many areas of the 
combustion field were presented in 10 half-day 
sessions. Comments on nearly every paper are 
included in the Proceedings. 

Two Plenary Lectures were given at the 
Inaugural Meeting by Dr. T. M. Sugden 
(University of Cambridge) and Dr. F. T. Mc- 
Clure (APL/The Johns Hopkins University) 
who spoke with wit and erudition about “Elec- 
tricity and Flames” and on “Sounds Inside 
Rockets.” They were preceded by Provost 
Dr. S. Atwood who welcomed the audience to 
Cornell University and by Dr. B. Lewis, the 
President of The Combustion Institute. 

Awards for exceptional contributions to com- 
bustion research were made a t  the Symposium 
banquet on the recommendation of the Awards 
Subcommittee (Mr. A. J. Nerad, Chairman). Pro- 
fessor W. Jost (University of Gottingen) re- 
ceived the Sir Alfred Egerton Gold Medal from 
Dr. G. von Elbe for “distinguished, continuing 
and encouraging contributions to the field of 
combustion.” Professor F. P. Bowden presented 

to Professor George B. Kistiakowsky (Harvard 
University) the Bernard Lewis Gold Medal for 
“brilliant research in the field of combustion, 
particularly on detonation phenomena.” Mr. A. 
J. Nerad presented the Silver Combustion Medal 
to Dr. Tucker Carrington (National Bureau of 
Standards) for “an outstanding paper presented 
a t  the Eighth International Combustion Sym- 
posium, 1960.” 

The organization of the symposium would 
have been impossible without the contributions 
of a large number of members of various sub- 
committees. The 95 members of the Papers Sub- 
committee (Dr. W. G. Berl, Chairman) were re- 
sponsible for the formulation of tlie technical 
program and the selection and refereeing of the 
Contributed Papers. A Steering Committee, 
which included among its members the Chair- 
men of the Discussions and Colloquia and 
Chairmen of previous Papers Subcommittees, 
met in Washington twice to arrange organization 
details. The Cornell University Subcommittee 
(Professor D. G. Shepherd, Chairman) carried 
out the innumerable tasks of a friendly host, 
provided admirable lecture room facilities and 
an always-busy coffee and tea bar. A book es- 
hibit on the History of Combustion was also 
arranged. A social hour in the K g  Red Barn 
and a Barbecue on the Alumni Field provided 
opportunities for friendly get-togethers. A Ladies 
Program under Mrs. D. G. Shepherd and Mrs. 
H. J. Loberg and a post-symposium tour to 
Harvard and M.I.T., organized by I’rofcssor 
G. C. Williams, complemented these activities. 

Mr. M. P. L. Love was Chairman of the ef- 
fective Financc Subcommittee. Lecture tours for 
overseas scientists were arranged by Dr. B. M. 
Sturgis. Mr. N. P. W. Moore (Secretary of the 
British Section of The Combustion Institute) 
and later, Professor W. G. Parker, his suc- 
cessor, arranged the complex Group Flights. 

Dr. W. G. Berl (APL/The Johns Hopkins Uni- 
versity) was responsible for editing the Proced- 
ings. The collecting and typing of the comments 
and replies were capably done by Mrs. G. Fristrom 
and Mrs. M. Cole (APL/The Johns Hopkins 
University). The preparation of the manuscripts 
for preprinting and for the Proceedings was effi- 
ciently handled by Mr. E. Kohn (APL/The 
Johns Hopkins University), while the reworking 
of hundreds of illustrations was in the hands of 
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Mr. J. W. Grabenstein (APL/Thc Johns Hop- 
kins University). The publication date was ad- 
vanccd greatly by the cooperation of Mr. R L  
Klatzkin ( R h o  of Maryland, Inc.) whose staff 
set the tbpe for this book. The Academic Press 
was most helpful in this complex publishing ven- 
ture. 

The Combustion Institute gratefully acknowl- 
edges the generous hospitality extended by 
Cornel1 IJnivcrsity and the major financial 
su1q)ort afforded by: 

U. S. Army Research Office 

National Aeronautics and Space Administration, 
Grant NsG245-62 

National Science Foundation 
Grants NSF-G21074 and NSF-G21506 

and the contributions received from: 

Contract NO. DA-36-034-ORD-3534RD 

AcroChem Research Laboratories, Inc. 
American Electric Power Service Corporation. 
American Gas Association. 
American Oil Company. 
Atlantic Research Corporation. 
AVCO Corporation-Lycoming Division. 
Bethlehem Steel Company. 
The Boeing Company. 
C. F. Braun & Company. 
California Itesearch Corporation. 
Canadian Industries Limited. 
Caterpillar Tractor Company. 
Champion Sp:irk Plug Company. 
Chryslcr Corporation. 
Cities Service Itcsearch and Development Company. 
Columbia Gas Systems Service Corporation. 
Combustion and Explosives Research, Inc. 
Combustion Engineering, Inc. 
Con-Gas Service Corporation. 
Consolidation Coal Company. 
Cummins Engine Company, Inc. 
Curtiss-Wright Corporation. 
Douglas Aircraft Company, Inc. 
E. I. du Pont de Nemours & Company, Inc. 
The Ensign-Bickford Company. 

Esso Research :tnd Enginccririg Compmy. 
Ethyl Corporation. 
Factory Mutual Enginecring Uivision. 
Fenwal Incorporated. 
Flame Research, Inc. 
The Fluor Corporation, Ltd. 
Food Machinery and Chemical Corporation. 
Ford Motor Company. 
The Garrett Corporation. 
General Dynamics Corporation. 
General Electric Company. 
General Motors Corporation. 
Gulf Research & Development Company. 
Hawk Manufacturing Company. 
Hercules Engine Division, Hupp Corporation. 
Hercules Powder Company. 
International Harvester Company. 
Koppers Company, Inc. 
The Arthur D. Little Foundation. 
Lockheed Propulsion Company. 
Lone Star Gas Company. 
The Lummus Company. 
Monsanto Chemical Company. 
National Airoil Burner Company. 
National Fire Protection Association. 
North American Aviation, Inc. 
Oil Insurance Association. 
Owens-Corning Fiberglas Corporation. 
Phillips Petroleum Company. 
Pittsburgh Plate Glass Company. 
The Pure Oil Company. 
Richfield Oil Corporation. 
Rohm & Haas Company. 
Shcll Development Company. 
Socony Mobil Oil Company, In?. 
Solar Aircraft Company. 
The Standard Oil Company (Ohio). 
Sun Oil Company. 
Tcsaco Inc. 
Thiokol Chemical Corporation. 
The Travelers Insurance Company. 
Union Oil Company of California. 
United Aircraft Corporation, Pratt & Whitney Air- 

United States Steel Corporation. 
United Technology Corporation. 
Westinghouse Electric Corporation. 

craft Division. 
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INTRODUCTION 

W. G. BERL* 

The Ninth Symposium (International) on 
Combustion, the latest in the series of highly 
successful symposia held since the war, con- 
tinues the aim of The Combustion Institute to 
supply a forum for presenting and discussing 
outstanding papers in combustion research and 
technology. In this Introduction the Chairman 
of the Papers Subcommittee traditionally is 
given an opportunity to sum up the highlights 
of the meeting. 
,4 symposium is to be judged on its content 

and form. Its success depends on whether it was 
host to new concepts or helped in the destruction 
of long-established prejudices and on how well it  
communicated these events to its audience. 

Technical Program 

Perhaps the most significant and exciting ad- 
vances have taken place in one of the oldest and 
“simplest” areas of the combustion field-the 
premixcd laminar flame. On the basis of a num- 
ber of papers presented a t  the Symposium, it is 
fair to say that statements deploring the “in- 
superable complexities” of even the simplest real 
flame systems have become outdated by events. 

The theory of the laminar flame was formu- 
lated by Hirschfelder and Curtiss, Lewis and 
von Elbe, Zeldovich, and others, several years 
ago. To apply i t  to any actual system, however, 
i t  is necessary to know reaction mechanisms, 
rate constants, and transport properties. Largely 
due to spectacular advances in the availability 
of such data, it has now become possible to 
apply the thcory to realistic combustion reac- 
tions (in particular, the hydrogen-oxygen reac- 
tion). By a variety of methods-explosion limits 
(Baldwin, pp. 184, 667), shocks (Nicholls, p. 
4SS), atom reactions in flow systems (Kaufman, 
p. 659; Clyne, 11. a l l ) ,  and flame studies-a 
comprehensive list of rate data for important 
elementary reaction steps is being acquired. 
While a complete analytical description of the 
behavior of the hydrogen-oxygcn flame has not 
been wholly successful as yet (Dixon-Lewis, 
p. 576), most encouraging progress has been 

* Chairman of Papers Subcommittee and Editor 
of Proceedings. 

made in characterizing the kinetically con- 
trolled chemical changes during nozzle expansion 
(Westenbcrg, 11. 7S5), and the ignition and reac- 
tion of hydrogen in air a t  high flow velocities 
(Momtchiloff et al., 11. 220; Ruswell et al., p. 231). 
This ability to predict complex reaction be- 
havior from basic data is of great significance 
per se, and aids in the estimation of performance 
potential in rockets and hypersonic ramjets, 
where experimental work, unguided by theory, 
would be prohibitively difficult and unrewarding. 

The understanding of hydrocarbon flames has 
been substantially advanced thanks to the de- 
tailed investigation of their structure. Despite 
the large number of possible reaction steps, the 
long-awaited use of such flames as “reaction 
 vessel^'^ in which meaningful kinetic measurc- 
ments can be made has now become reality. The 
initial attack of methane by hydroxyl radicals 
(Fristrom, p. 560) and of higher hydrocarbons 
by atoms and radicals (Fenimore and Jones, 11. 
597) was disentangled satisfactorily from subse- 
quent reactions and has provided ra,te constants 
a t  temperatures inaccessible by other methods. 
Direct determination of atom and radical pro- 
files (Wagner, p. 572) gives promise that thc 
reasons for the effectiveness of “inhibitors” and 
“promotersJJ will become understandable. 

While the dominant processes in flames arc 
being successfully attacked, several othcr proh- 
lcms have received substantial clarification, v i i . ,  
the electrical properties of hydrocarbon flames, 
transport processes at high teml~ra ture  and 
subtle effects due to the existence of nonequi- 
librium spccies. There is now substantial agrce- 
ment about the nature of the “primary” ionized 
radical in hydrocarbon-oxygen flames which 
undergoes subsequent rapid exchange reactions 
(Sugden, p. 607). Identification of ionized 
species in various flames is progressing (Calcote, 
11. 622; l’adley et al., 11. 638), although no quanti- 
tative rate or concentration measurements have 
been attempted. Negative ions, too, have been 
identified (van Tiggelen, p. 634; Knewstubb, 
p. 635). The neutralization of these charged 
species during nozzle expansion is of considerable 
significance in determining the electrical proper- 
ties of combustion exhaust streams (Bray, p. 
770). 

In  the field of transport properties (diffusion 
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coefficients, thermal conductivities, etc.), essen- 
tial in the interpretation of flames with steep 
concentration and temperature gradients, ex- 
tension of the kinetic theory to the interaction of 
golyatomic and polar gases (Mason and Mon- 
chick, 11. 713; Brokaw and O’Neal, p. 725) 
promises to close the gap of estimating these 
properties a t  temperatures where experimental 
work is niost difficult. Applying the analysis to 
“dusty” gases containing small solid particles 
(Waldman, p. 723) will give valuable insights 
into thrrmonieclianical effects in flames. Heter- 
ogeneous recombination reactions of free radicals 
have also been investigated with promising new 
techniques (Wise, p. 733). 

A few remarks are in order regarding new de- 
velopments in kinetics. Nonequilibrium vibra- 
tional and electronic effects in flames are re- 
sponsible for some of the characteristic radiation 
properties of flames (Garvin and Broida, p. 67s; 
Thrush, p. 177) and are of particular concern in 
those cases where rapid reactions are proceeding 
in sequence (Ucnson, p. 760). Efforts are under 
way (Greenc et al., p. 669) to supplement con- 
ventional kinetic measurements with experi- 
ments in crossed molecular beams where the 
energy states of the reacting species are known 
with good accuracy. 

In  a quite different area, the field of com- 
bustion instability, notable progress is evident, 
heralded by the “round-table” of the Eighth 
Symposium on this subject. A number of papers 
(Ryan, p. 325; Watermeier et al., p. 311; Horton 
and Price, p. 303; Wood, 11. 335), address them- 
selves t o  the measurement of characteristic 
propellant constants nhose knowledge is of im- 
1)ortancc for predicting the amplifying-damping 
bchavior of the solid-gas combustion reaction. 
As demonstrated by the paper of Hart  (11. 993) 
the theoretical understanding and prediction of 
phenomena have outdistanced the capabilities of 
the experimentalist-a rare event in combustion. 

Several Contributed Papers deserve special 
nicntion among a multitude of stimulating con- 
tributions. The paper by Potter and Anagnostou 
(11. 1) shows that in diffusion flames, too, the 
interaction between theory and experiment can 
produce valuable insights. Their opposed-jet 
flame should provide a useful tool for many 
systems that cannot readily be investigated by 
conventional techniques. Wolfhard’s study of 
the boron hydride-hydrazine flame (11. 127) is 
as novel in the nature of the reactants as it is 
complex in its behavior. The studies of Gilbert 
and Marxman (p. 371) on solid-gas (hybrid) 
coinbustion illuminate with great skill a par- 
ticularly intricate and potentially useful pro- 
pulsion situation. The kinetic scheme for the 
ignition of hydrogen-oxygen mixtures sensitized 

by nitrogen dioxide a t  the lean and rich limits is 
worked out in detail by Ashmore and Tyler 
(p. 201). The fluid dynamics of the transition to 
detonation in an explosive gas is presented with 
great clarity by Oppenheim et al. (p. 265). 

I n  their Introductions the Chairmen of the 
Discussions and Colloquia have effectively sum- 
marized the highlights of the sessions and the 
problems which face the investigators. One can- 
not but be impressed by the subtleties of the 
detonation propagation and ignition processes 
(Bowden, p. 499), the sophisticated knowledge 
accumulated in the investigation of nozzle flow, 
the difficulties of combustion scaling (Spalding, 
p. 533; Thomas, p. S44) and the determination 
shown in refining the concepts of engine combus- 
tion (Starkman, 12. 1005). 

Organization 

A major modification in procedure was the 
organization of two Discussions on the subjects 
of Detonations (Dr. D. R. White) and Funda- 
mental Flame Processes (Dr. W. H. Avery). The 
intent was to give detailed consideration to 
several areas of combustion research where sig- 
nificant progress had been made in recent years 
and where vigorous comments from thc audience 
could be expected. By preprinting the papers 
several weeks prior to the Symposium (over 400 
copies of each Discussion were distributed), re- 
stricting the authors to a brief review of the 
highlights of their papers, requesting specific 
comments from particularly qualified discussors, 
and giving ample time to discussions from the 
floor, it  was possible to reach the objective of 
presenting developments in proper perspective. 
The numerous thoughtful comments in the Pro- 
ceedings are indicative of the spirited give-and- 
take during these sessions. 

A somewhat different approach was taken in 
the organization of three Colloquia on subjects 
having strong interaction with engineering ap- 
plications (Modeling Principles, Professor D. B. 
Spalding ; Chemical Reactions and Phase Changes 
in Supersonic Flow, Professor P. P. Wegener; 
Reciprocating Engines Combustion Research, Pro- 
fessor E. s. Starkman). They were patterned 
along more conventional lines of choosing par- 
ticular subjects for their current timeliness but 
without the benefit of preprinted papers. It was 
thought (erroneously, as it turned out), that  
these topics might be less easy to discuss at 
length. One would hope that, in the future, pre- 
printing can be done whenever an active field is 
being looked a t  in some detail. I n  this respect, 
the feat of the organizers of the Seventh Sym- 
posium of preprinting all papers remains un- 
equaled. 
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The Discussions and Colloquia occupied ap- 
proximately half of the program, the remainder 
being given over to Contributed Papers in many 
areas of the combustion field. Their content is 
indicative of the areas of research in which 
emphasis is placed a t  present. 

A few comments need to be made about the 
time scales which were involved. There is a con- 
flict bctween the desires of the authors for late 
manuscript deadlines but an early publication 
date, the necessity of detailed technical review 
of papers prior to their acceptance for publica- 
tion and the time-consuming mechanics of pub- 
lishing. I n  the case of the Discussions and 
Colloquia the Chairmen accepted the editorial 
responsibilities for reviewing papers, suggesting 
revisions, etc. For preprinting, the Discussion 
papers were directly reproduced from manu- 
script as received. The manuscript deadline 
(April 15, 1962) gave ample time for this, followed 
by review and revision prior to the Symposium. 
The Colloquia papers, with a tentative May 1 
deadline, also were subject to refereeing. 

For the Contributed Papers the following 
method was adopted: Informative abstracts were 
requested by February I, 1962 and reviewed 
rapidly by the Papers Subcommittee. The au- 
thors were informed by March 1 whether their 
papers were accepted for presentation at the 
Symposium. Deadlines for submission of final 
manuscripts were set for May I, 1962, followed 
hy review by the Papers Subcommittee who 
applied customary rigorous refereeing standards. 
Authors were then asked to revise thcir manu- 
scripts by August 15, 1962. Thus, acceptancc by 
abstracts provided authors with an additional 
two to three months for writing their final papers. 

The response of the audience and speakers in 
submitting their comments and replies in writing 
was most gratifying. The sessions chairinen 
madc the final editorial selections, eliminating 
those comments which in their judgment did not 
contribute greatly to the illumination of the sub- 
ject. 

No Round-Tables or Invited Review Papers 
were scheduled since it was felt that  the Discus- 
sions and Colloquia and the Introductions to 
them would fill their functions. However, two 
delightful Plenary Lectures (Sounds Tnside 
Rockets by F. T. McClure and Electricity and 
Flames by T. M. Sugden), purposely designed to 
be instructive while not wholly technical, were 
given. A large audience listened in rapt attention. 
With the consent of the speakers, their remarks 
are not included in the Proceedings. 

These carefully considered plans would not 
have succeeded without the help and assistance 
of many persons. Foremost, thanks are due to 
the more than 200 authors who made the cre- 

ative effort to present the results of their in- 
vestigations. They had to run a heavy gauntlet 
of deadlines, referees and revisions. While fewer 
papers are published than in the past several 
Symposia, the product of numbers times quality 
is as high or higher than ever before. We were 
guided in this by the publishing motto of Gauss: 
“Pauca Sed Matura.’, 

The Chairmen of the Discussions and Col- 
loquia had a free hand to select the particular 
ways in which to develop the topics assigned to 
them, to invite speakers and discussors, to 
referee the papers and to select contributed 
comments. With their own small advisory 
panels, they carried out these tasks with great 
skill and devotion. 

A large, efficient and helpful Papers Subcoin- 
mittee offered valuable advice and comments on 
the program, reviewed abstracts of Contributed 
Papers, and refereed the final manuscripts. 
Fifty-nine members remained active to the end 
as authors, discussors or session chairmen. Of 
particular help in the early stages was the ad- 
vice of Professor A. R. Ubbelohdc and Dr. J. W. 
Linnett who shared their experiences as or- 
ganizers of Faraday Society Discussions and the 
plea of Professor A. G. Gaydon that summaries 
be supplied with all printed papers. 

Conclusions 

Symposia of the type recorded in these Pro- 
ceedings have lately been criticized. It is said 
that they cannot and should not compete with 
informal discussions, called only a t  a time of 
need, where work in progress is discussed in a 
critical manner before a small audieiicc of es- 
perts without the requirements of manuscript 
deadlines and paper reviews, nor should they 
interfere with publication of papers in widely 
read, well-edited and refereed journals as soon 
as the research work is completed. The contents 
of symposia proceedings all too frequently re- 
main locked up in increasingly espensive and 
inaccessible books or are published again else- 
where. To these criticisms are added the organiza- 
tion costs in both time and money, and the 
publication problems connected with the sudden 
influx of a large number of manuscripts from a 
widely dispersed group of contributors. 

I n  defense of symposia, it is worthwhile to 
look at some of the shortcomings of the informal 
discussions and of journal publication. Almost 
by definition the informal discussions must be 
severely restricted in attendance and confined 
to narrow topics. Siiice there is no permanent 
record of the subjects that are discussed, the 
conclusions and controversies do not reach a 
wide audience. While often extremely stimulat- 
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ing and effective, this combination of limited 
attendance and lack of permanent record has 
serious drawbacks. Neither the interested “out- 
sider” who wishes to ent,cr the field nor the young 
contributors who are a t  the beginning of their 
careers will Re exposed to the excitement of the 
give-and-take of a lively discussion. Publication 
in professional journals, on the other hand, 
suffers from the handicap of dispersal and frag- 
mentation, particularly if the subject is one 
inviting contributions from several disciplines. 
In  addition, the papers are not illuminated 
further by thoughtful comments or discussions, 
nor is it  possible to indicate the present state of 
development by appropriate introductory sur- 
veys. This has led to a wide-spread frustration 
with “keeping up” with thc current literature 
and discerning the direction in which progress is 
made or where unresolved difficulties remain. 

Thus, valuable service can be performed by 
symposia if they emphasize those features that 
cannot be met otherwise. As international meet- 
ing places they provide effective means for 
supplying the framework for sharing common 
experiences. In their printed proceedings over the 
years the state and direction of the research 
effort are clearly mirrored. If scheduled a t  reason- 

ably regular intervals, both the contributors and 
planners become accustomed to a “style’’ of 
procedures which is well understood by the 
participants. The proceedings bccome useful 
repositories of papers of permanent value. A 
carefully planned program will attract novel and 
first-rate work, justifying the publication delay 
of some contributions in awaiting the date of 
the symposium. 

A strict editorial policy on the quality of the 
papers, particularly of those accepted for publi- 
cation, is essential. Most important, time for 
discussions and space for the inclusion of sig- 
nificant comments in the proceedings must be 
provided. Preprinting of the more challenging 
papers and circulation of manuscripts is vital, as 
is the presence of competent discussors and of 
chairmen who know how to make a discussion 
fruitful. If these essentials are met, the limita- 
tions-the paper deadlines, the complex organiza- 
tion, the bulky proceedings and the expense 
connected with rapid publication-become bear- 
able. These were the guidelines by which the 
Ninth Symposium (International) on Combus- 
tion was carried out. 

Ir‘ebruury 1.963 



Turbulent Gas Flames 

Chairman: Mr .  B. Karlovitz Vice Chairman: Prof. M. W. Thriiig 
(University of Shef ie ld)  (Combustion and Explosives Research) 

FLAME STRENGTH OF PROPANE-OXYGEN FLAMES AT L 
PRESSURES IN TURBULENT FLOW 

EVELYN ANAGNOSTOU AND A. E. POTTER 
I73-C 

The apparent flame strength, a unique combustion measurement described previously by Potter 
and co-workers, was investigated for the system propane-oxygen in turbulent flow at low pressures, 
The dependence of flame strength on pressure and on burner diameter was determined at  
numbers ranging from 2000 to  10,000, for pressure between 0.17 and 0.85 atm and burncr 
ranging from 0.398 to  0.635 cm. The results were compared with those predicted by a 
veloped recently by Spalding, according to which the flame strength should vary directly with 
burner diameter and the pressure dependence of the flame strength should be the same as the reac- 
tion order when the Reynolds number of the flow is sufficiently high. The results of this study show 
that the theoretical predictions are correct, provided that the Reynolds number is over 2000. 

This study shows that, undcr proper conditions, flame strength is a useful and meaningful meits- 
urement for characterising fuel-oxidant systems. It differs from other flame properties in that it i 
independent of transport properties. Its most important use may be in studying fuel-oxidant sy 
tems which are difficult t o  mix. 

Introduction 

In  order to study reactive fuel-oxidant com- 
binations not easily handled as premixed systems, 
a unique combustion measurement, the apparent 
flame strength, has been which uses 
two opposed jets, one of fuel and one of osidant. 
The basis for this measurement was the theo- 
retical work of Spalding3 and Zeldovich.4 They 
showed that there was a maximum flow of fuel 
and osidant into the reaction zone of a diffusion 
flame. When this value was exceeded, the flame 
would go out. I n  the opposed-jet diffusion flame, 
as the mass flows of fuel and oxidant are in- 
creased, a critical flow is reached a t  which the 
flame is extinguished in an area surrounding the 
jet axis. The average mass Bow of fuel and oxi- 
dant at the jct axis when this occurs is defined 
as the apparent flame strength. This is not the 
same quantity as Spalding’s flame strength3 but 
is related to it. I n  the body of this paper flame 

strength and aDliarent flame strength d l  
used interchangeably to denote the aieragc mass 
flow a t  the flame breaking point, the quantity of 
references 1 and 2. 

In  the early theories of Zeldovich and Spalding, 
mass transport by diffusion alone was considcrrd 
and convective flow was neglected. This was a 
major omission, since the diffusion flame can 
only be extinguished by the application of forced 
convection. Recently, Spalding5 included convec- 
tive flow in his theory. When he compared the 
theory with the experimental results of Potter 
et aLIJ he found that the experimental results did 
not agree with theory with respect to the dc- 
pendence of the flame strength on the diameter 
of the burner and on the pressure. On further 
analysis Spalding deduced that the actual flows 
in these cxperiments did not closely resemble the 
idealized flow, which was that of a jet impinging 
on a flat plate perpendicular to it. In order for 
his theory to hold, t.he Peclet number (i.e., 

1 

2 
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Cp,,p, CD/kco or Reyiiolds nuinber X Praiidtl 
number) for the fuel jet should be greater than 
1000 and a value of several thousand would be 
desirable? A high Pcclet number infers a high 
Reynolds number since the Prandtl number for 
nonpolar gases (e.g. propane) is about 0.7. The 
earlier n orli of’ Potter and his co-workers1r3 was 
dolie maiiily with laminar flows and so these 
data did not fit the requirement for the theory. 
Therefore, the disagreement between theory and 
experiment is not surprising. 

The present paper reports measurements of 
the pressure and burner diameter dependence of 
propane-oxygen flaines a t  high Reynolds num- 
bers where Spalding’s theory is expected to be 
valid. In addition, the maximum heat-release 
rate calculated from flame strength is compared 
to the rate calculated from laminar flame 
properties. 

Experimental 

Apparatus. A sketch of the apparatus, which is 
basically similar to that described in references 
1 and 2, is shown in Fig. 1. Tubes of various inner 
diameters could be interchanged in the burner 
through the O-ring seal a t  the base. The burners 
were cooled with iiitrogen gas which exhausted 
into the containing chamber. The burners were 
surrounded by a glass chimney plugged ni th  
transite a t  the bottom and supported rigidly by 

T INLET 

INLET 

HOLDER-’ 

COOLANT 
OUTLET 

-BURNER INSERTS 

FIG. 1. Burner assembly. 

holders nhich n ere ndjustablc in several ways to 
insure aligiimeiit of the jets. The apparatus \vas 
enclosed in a large chamber with a viewing port, 
arid the chamber was coiiriected to a vacuum 
system through a scrubber containing soda limc. 
The pressure was maintained using two Bcech- 
Russ pumps of 100 cfm capacity; a plenum 
chamber smoothed out pressure changes. The 
pressure was measured with a differential mercury 
manometer. 

Procedure. The system was first evacuated and 
then filled with nitrogen to approximately the 
pressure desired. The pressure could then be 
maintained during a run by adjusting both the 
valve to the vacuum system and the nitrogen 
inlet valve. The fuel and oxidant mere separately 
metered with critical flow orifices; ignition was 
accomplished using a spark from a molybdenum 
wire, embedded in the glass chimney, across to 
the top burner. 

The measureinents were macle either by setting 
the pressure and increasing the fuel 2nd oxidant 
flow or by setting the flows arid slowly lowering 
the pressure, until a hole appeared in the flame 
nrouiid the jet axis. During these operations, 
the flame was kept midway between the t n o  jet 
tubes. The hole appeared very abruptly a t  a flow 
rate or pressure reproducible to within &5 %. 
Thc measurements a t  very high Reynolds num- 
bers were generally made by lowering the pres- 
sure a t  fixed flow rate, since the flames a t  high 
Reynolds numbers easily blew off with slight in- 
creases in flow rate, and were dificult to re- 
stabilize. At lower Reynolds numbers, ohen 
both techniques could be used, they gave the 
same results. The flaine strength reported was 
calculated as follows: the mass flow rate a t  the 
instant of flame “breaking,” was divided by the 
burner area to give the average mass flow rate 
per unit area. This was clone for both the fuel and 
oxidant jets. The average mass flows were then 
multiplied by an appropriate factor to give the 
mass flow rate a t  the jet axis. This factor is 2.0 
for laminar flow and 1.22 for turbuIent flow. The 
resulting values for the iuel and oxidant jets v ere 
averaged to yield the final flame strength value. 
For hydrocarbon-oxygen flaines the oxidant and 
fuel flow rates do not differ by more than 10%. 

The Reynolds numbers referred to thus far 
and later on in the paper are in all cases the 
Reynolds numbers for the propane flow. The 
Reynolds iiuiiibers for the oxygen flow were all- 
proximately three-eighths of those of the fuel. 
Even in those eases where the oxygen Reynolds 
number was greater than 2000, the mass flows of 
fuel and oxidant a t  the jet axis were nearly equal 
only when the oxygen flow was assumed to be 
laminar. This assumption was used for 211 data 
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even though the Reynolds number for the oxygen 
flow was as high as 2S00. 

The appearance of the turbulent diffusion 
flames was similar to that of flames in the laminar 
region1 except a t  the highest Reynolds numbers. 
A4s meiitioned earlier, these flames were unsteady; 
they also tended to be smoky and to blow out 
rather easily. 

Results and Discussion 

Table 1 lists the flame-strength data along 
with burner diameter, Reynolds number, fuel 
and oxidant inass flows, and flame strengths cor- 

rected to a 0.462-cm diameter burner. This last 
quantity takes into account the dependence of 
flame strength on burner diameter which is dis- 
cussed in the nest section. Also included is a 
datum from reference 2, recalculated using the 
new burner diameter dependence. 

Diameter Dependence of Apparent Flame Strength. 
The measured flame strengths depend on the 
diameter of the burncr. This cffect was detcr- 
mined a t  two pressures, 0.33 and 0.2S5 atin (9.9 
inches and S.6 inches Hg rcspectivcly) and for 
burner diameters from 0.398-0.635 cm. Thcse 
data were at fuel Reynolds numbers ranging 

TABLE 1 

Flame strength data for turbulent propane-oxygen flames 

Burner 
Pressure diameter 

(atm) (em) 

Flamc Mass flow ai, 
strength extinguishment 

Flamc (corr. to Fuel Re (sm/sec) 
strength 0.462-cni number 

(gm/cm%scc) burner) ( X  103) Fuel Oxidant 

0.2'31 
0.331 
0.169 
0.313 
0.331 
0.261 
0.167 
0.2s.5 
0.331 
0.33s 
0.334 
0.255 
0.2s2 
0. ass 
0.2s.5 
0.292 
0.4S2 
0.454 

0.331 
0.331 
0.246 
0.242 
0.331 
0.25s 
0.3S2 
0.346 
0.476 
0.846 
0.975 

a.  420 

0.635 
0.635 
0.635 
0. G35 
0.635 
0,635 
0.635 
0.619 
0.619 
0.619 
0.548 
0.546 
0.546 
0.462 
0.462 
0.462 
0.462 
0.462 
0.462 
0.462 
0.462 
0.462 
0.462 
0.39s 
0.39s 
0.321 
0.321 
0.321 
0.16s 
0.16s 

1 . w  
1 .  4Ga 
0.400 
1 .41 
1.518 
0.724 
0.375 
1 .07a 
1 . 4 9 ~ ~  
I .  490 
1.19. 
0.915" 
0 . 9 0 1 ~ ~  
0.7506 
0.735" 
0.  764a 
2.5s 
2.2s 
1.so 
1.005a 
1 .05a 
0.517 
0.513 
0. S7Ga 
0. 650= 
0.920 
0.743 
1.37 
2.1s 
3.51 

0.515 
1.05 
0.292 
1.03 
1.10 
0.226 
0.273 
0. so0 
1.11 
1.11 
1 .00 
0.774 
0.762 

1.02 
0.755 
1.32 
1.07 
1.95 
6.00 
9.66 

6.Sl 
s.s5 
2.49 
5.74 
9.5.5 
4.61 
2.17 
6.91 
9.07 
9.44 
6.2s 
5.29 
5.29 
3.12 
3.20 
3.  .is 

11.2 
10.0 
s.O 
4.51 
5.09 
2.10 
2.17 
2.93 
2.03 
2.76 
2.10 
4.GO 
3.02 

Ref. (2) 

0. 272 
0.353 
0.0995 
0.345 
0.393 
0.164 
0.0S65 
0.269 
0.367 
0.353 
0.220 
0.155 
0.1S5 
0.091 
0.093 
0.1042 
0.325 
0.291 
0.232 
0.131 
0.14s 
0.0610 
0.0630 
0.0733 
0.050s 
0.0555 
0.0423 
0.092s 
0.031s 

0.157 
0.237 
0.0655 
0.233 
0.237 
0.117 
0.0657 
0.161 
0.225 
0.233 
0.145 
0.101 
0.09S3 
0.071 
0.065 
0.0647 
0.236 

0.160 
0. os9 
0.057 
0.0497 
0.04S4 
0.0641 
0.0496 
0.0406 
0.0342 
0.0539 
0.0291 

a .  207 

~- - 

a Data for Fig. 2. 
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Pressure Dependence of Apparent Flame Strength. 
Figure 3 shows the effect of pressure on the ap- 
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TABLE 2 

Effect of Reynolds number on flame strength 0.2 

Flame 

Effect of Reynolds Number on the Apparent Flame 
Strength. The theory predicts that  the transport 
properties of the gaseous jets should have no 
effect on the flame strength. Hence, the flame 
strength is expected to be independent of Reyn- 
olds number (at least, above Re = 2000 where 
the theory applies). This is found to be the case, 
as shown in Table 2, where the flame strength a t  
constant pressure, and constant (corrected) jet 
diameter is given for Reynolds numbers ranging 
from 2.93 to 9.07 X lo3. 

-- 

strength 

P I 1 1 I I 

BURNER DIAM,CM 

FIG. 2. Dependence of flame strength on burner 
diameter at 2 pressures for the propane-oxygen 

u 

system. 

from 2030-9850. The results are shown in Fig. 2. 
Lines going through the origin have been drawn 
through the data. The data fit thc lines to within 
&5%, which is the over-all precision of the 
measurements. The indication, then, is that  the 
flame strength is directly proportional to the 

theory5 predicts. 

2 l.o 
E 0.8 

5 0.6 
2 

burner diameter. This is preciscly what Spalding's 

0 J 

I 

B U R N E R  
DIAM, 

CM 

13 0.635 
D 0.619 
* 0.546 
3 0.462 
0 0.398 
V 0.321 
V 0.168 

0.168, R E F .  2 

PRESSURE, ATM iatm) (4 burner) ( X  IO3) 

FIG. 3. Pressure dependence of flame strength. 
0.331 0.635 1.05 8.85 
0.331 0.635 1.10 9.85 system. Since there is an effect of burner diam- 
0.331 0.619 1.11 9.07 eter, the data must be referred to a single diam- 
0.331 0.462 1 .oo 4.51 eter. Most of the data are for a 0.462-em burner 
0.331 0.462 1.05 5.09 covering a pressure range of 0.24 to 0.48 atm. 
0.331 0.398 1.02 2.93 The data for the other burner dismeters have 

been converted to this diameter, using the diam- 
" . i  

n 

' B  
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rter dependence established in Fig. 2, to extend 
tlic pressure range of the correlation a t  both the 
high and low end. The least-squares slope of the 
line drawn through the data is 2.0. 

The slope should be close to the order of the 
reaction since, according to Spalding, the ap- 
parent flame strength is directly proportional to 
the masimum reaction rate in the flame. The 
slope of 2.0 agrees well with the reaction order 
of 2.1 found from quenching distance esperi- 
inents.6 

Calculation of M a x i m u m  IIeat Release Rate. I t  is 
possible to calculate a maximum heat release 
rate using the value of the flame strength estra- 
polated to l atm. 

From Spalding’s t h e ~ r y , ~  the masimum volu- 
metric reaction rate is 

By multiplying m”lfu,mns by the heat of combus- 
tion of propane, one obtains the volumetric heat 
release 

i’l’max = 5.4 X io4 cal/cm3 sec 

This value should be multiplied by a correction 
factor between 1.5 and 3 which accounts for 
viscous and density effects on the jet velocity? 

Rittker and Brokaw7 have reported a method 
of determining chemical space heating rates using 
properties of the laminar flame. Their equation is 

The value of (l”’max obtained from this equation 
is 170 X lo4 caI/cm3 see. 

The discrepancy between thesc two values is 
somewhat greater than one order of magnitude. 
The reason for this difference is not now apparent, 
but may be revealed in further theoretical 
studies. 

Conclusion 

I t  has been shown that the opposed-jet diffu- 
sion flame yields apparent flame strength data 
which corroborate Spalding’s theory: if the pre- 
caution is taken to keep the flows high enough 
to conform to the idealized flow, which is that  of 
a jet impinging on a flat plate perpendicular to 
it. The method can now be estcnded to other 

systems of interest (for example, thosc using 
fluorine or clilorinc as an osidizcr) with some 
assurance that it is a true measurc of mnsimurn 
reaction rate in the flame. 

Nomenclature 

Heat capacity a t  constant pressure 
Heat capacity of the fuel at constant 

Diameter of the burner 
Activation energy 
Base of natural logarithms 
Conversion factor 
Mass fraction 
Volumetric heat of coinbustion 
Correction factor 
Mass fraction of fuel in the furl- 

bearing stream 
Masimum volumetric reaction rate 
Reaction order 
Pressure 
Gas constant 
Flame temperature 
Initial temperature 
Jet velocity far upstream of the im- 

pingement region 
Burning velocity 
The gamma function 
Thermal conductivity 
Thermal conductivity of the fuel 
Density 
Density of the fuel 
Flame strength 
Average flame reaction rate a t  

stoichiometric 
A function of f s t ,  indicative of the 

burning rate in the flame at 
stoichiometric 

pressure 

1. 

2. 

3. 
4. 

5. 
6. 

7 .  
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Discussion 

PROF. M. W. THRING (University of Shefield): 
Does the paper indicate that the theory predicts a 
reaction rate per unit volume diEering by a factor 
of 40 from the observed value? If so the agreement 
in relative eflects of pressure and diameter is a less 
powerful verification of the theory than if the pre- 
dicted rewtion rnte were of the right order of 
magnitude. 

MISS E. ANACNOSTOU (NASA) :  The paper does 
not predict a reaction ratc per unit volume differing 
by a factor of 40 from the observed value. It does 
predict a re:tction rate smaller by factor of 40 

than a rate calculated using :L method based on 
Semenov’s flamc theory. This is disappointing but 
since we have compared theory with theory the 
result is inconclusive. 

A proper test of reaction rates per unit volumc 
from the opposed jet is to compare the calculated 
values with measured ones. This has been done 
previously by Spalding, who noted agreement 
within an order of magnitude between maximum 
space-heating rates obscrved in the stirred reactor 
and those calculated from opposed jct, data for 
hydrocarbon-air fl:tmes. 
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FLOW IN DUCTED TURBULENT JETS 

FIG. 3. The radial profile of t,he jetting velocity at Ct = 0.345. 

free and confined jets. I n  zones without re- 
circulation, this annulus is a region of intermittent 
turbulence. 

A plot of In (- In U / U m )  vs. In ( R/R,,') was 
invariably linear up to a t  least R = 1.2R,,zJ giving 

U/U,, = exp {-(ln2)(R/R,l.)u} (13) 
Experimental values of the exponent a ranged 
from 1.79 to 1236 and showed no systematic 
dependence on Ct. An average value of a = 1.82 
represents all the data quite accurately. 

Up to R = 0.SR,,12, Eq. (13) with a = 132  is, 
in the value of U ,  practically indistinguishable 
from 

U/Um = (1 + ( a -  l)(R/R,,/~)'}-' (14) 
For a free jet in a stagnant free stream this 
velocity distribution function signifies a radially 
constant eddy viscosity p ~ .  For a ducted jet in 
the range 0 < Ct < 1 the predicted p~ is constant 
up to about R = Rup. 

I n  the variably turbulent annulus, the velocity 
distribution in a ducted jet depends on Ct. At 
R > R,p and in regimes with little or no re- 
circulation ( C t  > +), the present data arc well 
portrayed by 

U/Um = (1 - (1 - 2-~)(R/R,p)b}' (15) 
Values of b ranged from 1.45 to 1.55, but the 
average value b = 3 is generally good. This 
distribution function gives the jet a finite radial 
limit located, for b = Q ,  a t  R = 2.27RthI2. I n  
recirculatory zones the turbulence of the free 
stream erases the sharp jet edge: a t  Ct = 0.033 
(the condition for zero induction of ground- 
stream feed in the present system), Eq. (13) with 

a = 1.S2 is applicable a t  all values of R. Thus, in 
a recirculating ducted jet the transition from 
nonturbulent to turbulent free-stream flow with 
downstream distance is accompanied by de- 
partures from self-preservation at the edges of 
the jet. These departures are, however, rather 
small. The dominant factor affecting the velocity 
profile is Ct. When recirculation is extensive ( C t  
small), the massively turbulent recirculation frcc 
stream penetrates the nonturbulent feed free 
stream throughout the jet-mixing zone, tlierchy 
erasing the greater part of the possible de- 
pendence of the velocity profile on downstream 
position. 

In  the region of inflection of the velocity 
profile, the relation between U and R is essentially 
linear in a range 0.6 < R/R1'/. < 1.1 or greater. 

0.72 

0.71 
'12 

0.46 

0.45 
'13 

0 0.2 0.4 0.6 0.8 1.0 1.2 
Ct 

FIG. 4. The Craya-Curtet number dependency of 
the velocity profile shape factors 7. 

k " 
0 
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The slopc here was 

Average values of the profile shape functions 71 
(see the Nomenclature section for definitions) 
for different values of Ct were obtained by 
graphical integration from plots of U/U,,,, and 
( U/ U,,,) 2, and ( U/ Un,) vs ( R /  Rur2) ?. They are 
shown as functions of Ct in Fig. 4. Curtet and 
Ricous’ dataY for Ct = 2.77 give 711 = 1.25, 
112 = 0.6S, ~t11d 7.i = 0.455. 

The  Radial Growth of the  Jet  

A set rn of characteristic jet radii is defined by 

where r1 may be termed the “volume-flus radius,” 
r? the “momentum-flux radius,” and r3 the 
“kinetic-energy-flus radius.” Another useful set 
r,, is defined by 

r = r,, a t  Q - 4f = a(%, - Q,), (17) 

where a is a fraction between zero and unity. 
In  analyzing jet behavior, it  is expedient to 

select one characteristic jet radius as primary 
and to replace all others with it multiplied by an 
appropriate proportionality factor. There are 
strong arguments here favoring a member of the 
set r,,, pertaining to that region of the fully 
turbulent core where velocity is linear in radial 
position. Following the commonest precedent, 
the primary cliaracteristic jet radius was taken 
to he the velocity half-radius, rtLlZ. 

0.3 

0.2 

R”/2 

0.1 

0 
/‘ /’ 

0 1 2 3 4 
X 

FIG. 5 .  The axial growth of the velocity half-radius. 

The normalized velocity half-radius is shown 
in Fig. 5 as a function of the normalized down- 
stream distance with Ct as a parameter. The curve 
Ct = 0.673 is evidently identical with that for a 
free jet in a stagnant free stream: Comparison 
with literature data“-l5 indicates this, and the 
congruity of _the concentration half-radii (see 
below) would seem to prove it conclusively. 
The radial growth law for Ct = 0.673 is 

Ru/2 = 0.0841. (1s) 
In the neighborhood of the jet source (where 
Urn 2~ U,) ,  the radial growth of a confined jet is 
expected to approach asymptotically that of a 
free jet in a stagnant free stream. Hence the first 
term in a power series representation of Rur2 is 
O.OS4X. It was found that in the regime of 
recirculatory flows (0 < Ct < 0.7) 

Ru/2 O.OS4X(l + (X /Xr )5 ’3 ) ,  (19) 

X r  = 4.07 esp (3.54 Ct) .  (20) 

The data for the highest Craya-Curtet num- 
bers presently studied, Ct = 1.00 and Ct = 1.22, 
do not obey Eq. (19) exactly but are well 
correlated by 

RZL/2 = O.OS13X. (21) 

Axial Decay of Jetting Velocity 

The optimum choice of a characteristic value 
of the jetting velocity is unambiguous: - 4f 
is the only logical possibility. 

The reciprocal of the normalized value of 
I Z , ~  - Qf is shown in Fig. 6 as a function of the 
normalized downstream distance with Ct as 

0.3 

0.2 

1 - 
urn 

0.1 

1 2 3 4 
X 

FIG. 6. The axial decay of the radial maximum of 
the jetting velocity. 
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parameter." The curves are quite similar to those 
in Fig. 5, and the curve for Ct = 0.673 is again 
identical with that for a free jet. The data are 
for the most part well correlated by 

l/Um = O.O725X(l f ( X / X , ) 5 ' 3 ) ,  (22 )  

X u  = 5.95 exp (3.54Ct), (23) 

but some deviation from this relation occurs at 
high values of X with Ct = 0.1SO and 0.345. 

The data of Curtet and Ricou' formally obey 
Eq. ( 2 2 )  a t  values of Ct up to five; hence the full 
range of validity of the equation is 0 < Ct < 5 .  

The Effect of Jet  Reynolds Number 

The effect of the jet Reynolds number was 
investigated a t  a Craya-Curtet number of 1.22. 
At the standard nozzle Reynolds number of 
Re, = 54000, the laws of the jet were (see 
section on The Radial Growth of the Jet) 

Ru/z = 0.0813X (24) 

ull,Rur2 = 1.122 (25 )  

Ru/2 = 0.053 (26) 

UI,1Rup 1.126 (27) 

while a t  Re, = 15500 

The radial velocity profile was unaffected. The 
insignificant change in 7J,,,RUp shows that the 
jetting momentum flux was constant. It can be 
shown that the observed change in the rate of 
radial growth of the jet consequently signifies a 
proportioiial . -~ change in the total shear stress 
pu'v' - p dii/dr. 

Spalding and RicoulF h a w  studied the entrain- 
ment law of the free jet issuing into a stagnant 
free stream. At sufficiently high Reynolds 
number, the entrainment rate was constant. The 
ratio of the jetting flow at a given Reynolds 
number to the flow at very high Reynolds 
number is (noting conservation of axial mo- 
mentum flux) , RlLr)/ ( RUp) R~,,~. Figure 7 shows: 
that  the Reynolds number effect decays to 
insignificance by Re, = 30,000. Since the present 
experiments were, excepting the one just dis- 
cussed, conducted a t  Re, = 54,000, they pertain 
to the regime of sufficiently high Reynolds 
numbers in which the effect of viscosity on the 

* The origin of x is at  the virtual point source of 
the fully developed jet. The origin was located from 
the data for Ct = 0.673 by cstrapolating to zero 
ordinate the linear (see Figs. 3 and 5 )  relation be- 
tween Ru,2 or l/U, and distance from the jet nozzle. 
The virtual point source lay 4.5 nozzle radii down- 
stream of the nozzle mouth. 

i o 3  i o 4  
Re, sz % 

P 

FIG. 7. The Reynolds number dependcncy of the 
vclocity half-radius. 

mean jetting Aow is insignificant (the jet turbu- 
lence itself" attains a constant structure only at 
Reynolds numbers exceeding I O F ) .  

Axial Variation of the Free-Stream Velocity 

Given the field of the jetting velocity of an 
axisymmetrical ducted jet, the axial variation of 
the free-stream velocity follows from the conti- 
nuity equation 

wall boundary layer neglected. 
The experimental values of Ut for the aniiulus 

between the wall boundary layer and the jet 
edge are shown as a function of X in Fig. S 

X 

FIG. S. The axial evolution of the free-stream 
velocity. 
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and compared with the values calculated from 
Eq. (28) using Fig. 5 and Eqs. (22) and (19) 
for the values of 71, Urn, and R u p  At Ct = 0.345, 
0.512, and 0.673 the divergence between the 
measured and calculated values of U f  is due to 
the wall boundary layer, but a t  Ct = 0.0325, 
0.130, and 0.180 it is mainly ascribable to the 
error in measuring Uf in a highly turbulent 
recirculatory flow. 

The effect of the wall boundary layer on the 
mean flow is accounted for by writing Eq. (2s) 
in the form 

~ ~ 1 j I U Z u ~ ~ '  + (1 - AI)' Uf == Ct, (29) 

where A, is the normalized displacement thickness 
of the boundary layer. Values of Uf calculated 
from this equation using the experimental values 
of A, agree well with the directly measured Uf's 
a t  Ct = 0.345, 0.512, and 0.673. The great 
boundary layer thickness in the feed free stream 
a t  these Ct's is attributable to intensely adverse 
pressure gradients; boundary layer separation 
occurred near the upstream edge of the recircu- 
latory flow. Since boundary layer development 
here is primarily dependent on the pressure field 
of the ducted jet, it should be effectively modelled 
by ct. 

Recirculation 

The occurrence of recirculation, marked by 
negative free-stream velocities, is plainly evident 
in Fig. S. 

The recirculation eddy has the following well- 
defined characteristics: Its statistical upstream 
edge lies wliere Uf = 0. In general, the edge of 
the recirculatory (upstream-directed) flow is 
defined by the surface ii = 0. The normalized 
axial component of the recirculatory flow is 

Qr = - rw 12 dr2 / , * T , , , ~  (30) 
T u = o  

The maximum of Q?. represents the volumetric 

& 

x 
t R  _._._._._.__-__.-.-.-~-.--I 

FIG. 9. Some features of the recirculation :ddy. 

a 

6 

x 4  

2 

Uf = 0, upstream edge 

P Zm/uo* = 0.245 

0 0.2 0.4 0.6 0.8 1.0 1.2 

FIG. 10. The Craya-Curtet number dependency of 
the axial location of various features of the recir- 

culation eddy. 

Ct 

flux of fluid around the recirculation eddy, 
&eddy. The eye of the eddy, around which this 
flow revolves, is located where ii = 0, Qr = Qcddy. 

The complete statistical envelope of the eddy is 
difficult to determine exactly, but if the flow is 
treated one-dimensionally the radial coordinates 
r of the envelope are defined by 

Some of the above features of the eddy are 
illustratcd by Fig. 9. 

From a plot of &, as a function of S and Ct, 
the axial maxima of Q, give 

0.32 - 0.43Ct. (32) 
Figure 10 sliows the statistical locations of the 
eye and the upstream edge of the eddy as func- 
tions of Ct. Also shown is the approximate 
downstream limit of the eddy, estimated as the 
point where Ru12 = 4. Figure 11 shows the mean 
boundaries of the recirculatory flow. 
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FIG. 12. The axial evolution of the static prcssure 
at  tlie duct wall. 

Axial Variation of Static Pressure  

The axial variation of the mean static pressure 
(measured a t  the duct wall) should reflect 
cliaiigcs in mising regime. In  particular, one 
expects a change in the law of static pressure 
variation between the jet mixing zone and the 
succeeding zone of dying gradients in the mean 
velocity, and the intersection of the two laws 
should identify the point a t  which the free 
stream effectively vanishes and entrainment 
ceases. 

Figure 12 bears out this expectation. The 
points of jct extinction thus deduced arc shown 
as a function of Ct in Fig. 10. They lie, for the 
most part, considerably nearcr the eye of the re- 
circulation eddy than do the points resulting froin 
the approximation that R2,/2 = here. 
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Post- Jet-Mixing Zone 

Coinplcte investigation of the mean velocity 
field in the post-jet-mixing zone mas possible 
only a t  tlie higher Craya-Curtet numbers, since 
only then were velocities generally high enough 
to be measurable. 

Figure 13 shows the asial decay of the radial 
maximum of the mean velocity. I n  flow with re- 
circulation there is a marked change in the 
vclocity decay rate at about G,,,/uo* = 0.24; this 
change signals the beginning of the post-jet- 
mixing zone insofar as am is concerned. The 
values of X(Q,,/uo* = 0.24) correspond esactly 
with X'(RtLlz = 0.57), Fig. 10. Extrapolation of 

0.8 

0.6 

0.4 

0.2 

0 

0.8 0.2 0.4 0.6 0 
R 

FIG. 14. Radial velocity profiles in the post-jet- 
mising zone at  Ct = 0.512. 

the data in Fig. 13 to G : m / ~ k  = 1 gives for the 
point a t  which gradients in the mean velocity 
effectively disappear 

X(Gm/~ l ,  = 1) = 6 f X(G,,/U~* = 0.24) (33) 
Figurc 14 shows typical radial velocity profiles 

for thc post-jet-mixing zone. A simple, quite 
satisfactory velocity distribution function is 

G/GIn = 1, 

G/Gm = 1 - ( R  - 0.14)[(aG/fin,)/aR], 

R < 0.14 

R > 0.14, (34) 

where for values of Ct between 0.345 and 1.22 

(dG/G,,)/aR = 0.195[X(4,/uk = 1) - X]/Ct, 

R > 0.14. (35) 

Radial Profile of the Jetting Component 
of Mean Concentration 

1 2 3 4 5 6  8 10 
X The field of the jetting componenti 7 - r,, of 

the mean concentration, r ,  of a suecies (here an 
FIG. 13. Thc asial decay of the radial maximum of 

the mean vclocity. 
oil fog) marking the jet-source fluid is similar to 
that of the jetting velocity. 

3' 
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0 1 2 
R - 

y / 2  

FIG. 15. The radial profile of the jetting concen- 
tration at Ct = 0.673. 

0.345, the distribution 

I?/r,?, = (1 - (1 - 2-1) (R/R,/Z)b]Z 

with b = $ givcs a good average fit in the region 
1 < R/R,/Z < 1.S. At values of Ct smaller than 
0.345, the data for the edge of the jet were not 
accurate enough (owing to recirculation) to 
exhibit clearly any special characteristics. 

Important characteristic radii for the theory of 
the jetting concentration field, analogous with 
the radii r, for the velocity field (see Eq. (16), 
are 

(37) 

Figure 15 sshows a typical normalized radial 
profile of the jetting concentration. The profiles 
differed slightly, but consistently, from the 
jetting velocity profile. The fully turbulent core 
can be rcpresented by 

r/r,IL = cxp {-- (In 2) ( R/R,iZ)a} (36) 

The exponent a varied slightly with R/Ry,z in 
ducted o1)eration of the jet: 

R/R,pz 0.2 0.3 0.4 0.6 0.6-1.0 

a 2.00 1.97 1.95 1.92 1.90 

In unconfined (free) operation of the jet, the 
exponent was radially constant and slightly 
smaller: a = 1.55. The data of Landis and 
Shapiro3 on a ducted jct a t  high values of Ct 
(between 3 and 25) give a = 2.0. 

Tlw linear interincdiate region of the concen- 
tration profile &ends over the range 0.5 < 
R/R,,.. < 1.2. Thc value found for the slope of 
the profile licrc was 

In the variably turbulent annulus, the concen- 
tration profile was not self-preserving, but except 
a t  Ct = 1.22 the departures were generally no 
worse than in Fig. 15. The concentration edge of 
thc jet was considerably more diffuse than the 
velocity edgc, and no simple distribution function 
has been found which fits all of the variably 
turbulent annulus. However, for Ct greater than 

r,,? = Lrn (I'U/rmUm) dr2 (3s) 

Average values of the shape factors 7,. = rrz/r./$ 
and vr,l  = ry,lz/r,/.2 are 2.10 and 0345, respec- 
tively. 

Concentration Half-Radius 

The concentration half-radius of the fully 
developed jet was in a constant ratio with the 
velocity half-radius, giving v,!Z = rrr~2/rur~3 = 
1.50. Such a proportionality is expected theo- 
retically for a self-preserving flow, and the 
reciprocal of vr / z  approximates the eddy Schmidt 
number." 

Unconfined (free) operation of the jet gave 

rYr2 = 0.103(z f 2rs), (39) 
identical with the result for confined operation 
a t  Ct = 0.673. Hence, in part, the conclusion in 
the sections on Radial Growth of the Jet and on 
Axial Decay of Jetting Vclocity is that  at 
Ct = 0.673 the mcan-jetting-flow properties of 
the ducted jet are essentially identical with those 
of a free jet in a stagnant free stream. 

The constant 2r, in Eq. (39) signifies that  the 
virtual origin of rYr2 was two nozzle radii upstream 
of the virtual origin of rU/". 

Axial Decay of Jetting Concentration 

Arguments like those in the section on Simi- 
larity of Confined Jets indicate that the per- 
formance of a confined-jet-mixing system is 
closely scaled to the characteristic concentration 

YO* = I/Aauo* / (Y - Yf,O)u dA. (40) 

For the present system (in which yf,o was zero). 

yo* = js/7ruO*rW2 = ysusr~/uo*rwZ (41) 

Ao 
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When the field of the mean velocity and the 
shape factors 7 arc known, the radial maximum 
of the jetting concentration is given by the 
equation of the conservation of marking species: 

~ r . l r m ~ m  + vyrmuf + ctrf = 1. (42) 
The present data satisfied this equation within 
the accuracy of the experiment. 

The data on the frec jet give 

.);,,s = 6.1Sjs4(ps/is). 

Free-Stream Concentration 

Since the marking species was supplied only 
in the jet-source fluid, the free-stream concen- 
tration was nonzero only in zones of recirculation. 
The free-stream concentration was, to  good 
approximation, radially uniform. 

Figure 16 shows the normalized free-stream 
concentration F f C t  as a function of X and Ct. 
Linear cstrapolation of the data for Ct = 0.212 
and 0.345 to rf = 0 and rfCt  = 1 gives 2.2 duct 
radii as the effective length of the recirculation 
zone with respect to variations in mean concen- 
tration. 

Consider the following ultimately idealized 
picture of recirculation : Fluid of normalized 
concentration I'fCt = 1 recirculates from far 
downstream. Ideally 

rfct = 1, x > x(uf = 0) (43) 

rf = 0, x < s ( u f  = 0) 

Actually, the recirculated fluid coines from the 
jet itself, mostly from the region where the jet 
nears the duct wall, arid i b  highly turbulent. 
Turbulent mixing between the edges of the jet 
and the recirculated fluid and massive penetra- 
tion of the feed free stream by eddies of that 
fluid nullify Eq. (43). The eddy has (see section 
on Axial Variation of the Free Stream Velocity) 
a statistical velocity edge a t  Uf = 0, but the 
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FIG. 16. The axial evolution of the free-stream 
concentration. 
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FIG. 17. The Craya-Curtet number depcnclenrg of 
the axia1 location of various fcatures of the rccir- 

culatory flow. 

concentration edge is exceedingly diffwc. The 
reciprocal of d ( r f C t ) / d X  a t  the point where 
r fC t  = 3, 2.2 in value a t  Ct = 0.212, and 0 . ~ 5 ,  
is a measure of the spatial scale of thc large 
concentration eddies associated with the reeircu- 
latory motion. 

The intercepts X ( r f  = O ) ,  X(I'fCt = I ) ,  
X(Uf  = 0),  and X ( r J r , ,  = 1) are shown as 
functions of Ct in Fig. 17; the last was obtained 
by extrapolating the relation (not shown) 
between Tf/Xn and X to unit ordinatc. Also 
shown is the point a t  which, according to the 
axial pressure variation, the frec stream vanishes. 
The intercept X(-yf/y,,, = 1) represents the 
point a t  which concentration gradients cff ectively 
disappear. It is evident that in regimes of heavy 
recirculation the erasure of concentration gra- 
dients is accomplished within the jet-mixing 
zone, i.e., before the jet reaches the duct wall. 
Hence the only process occurring in the post-jet- 
mixing zone is the straining of concentration 
eddies to ever-decreasing volume-to-surface ratio 
until they are finally dissipated by particle 
diffusion of the observed species. 

Summary 

The isothermal, constant density fields of mean 
velocity and mean concentration of a turbulent 
round jet discharging down the axis of a cylin- 
drical duct have been mapped and analyzed. 

1. Up to the position where the jet reaches the 
duct wall the flow acts as the superposition of a 
jetting flow on a radially uniform ground flow. 

2. Similarity of geometrically similar systems 
requires constancy of the ratio of the initial 
strengths of the ground stream and the jet. This 
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U 

UO* 

U k  

Ud 

X 
Y 

YO" 

61 

P 
P 

Dim 

a, b 

QT 

R 
Ai 
U 
r 
7 n  
7, 
RU/3  
Y 
U, 

qY ,I rY,i2/ru/i2 
vYr2 rr/?/r,,/iJ 

( -  %l _. U f ) / U " "  - 
rIIl (-L - rf) /yo* 

Subscripts 

f Value in the free stream RYp rY/2lrw 
111 Radial maximum U f  iif/U"" 

0 Initial value (value a t  x = 0) r f  ri/ya* 
S Value a t  thc jet source Pf ( p  f - p f ,  O:7/UiQ2 

\V 

Dimensional Variables n Integer iiides or exiionent 

Value a t  the enclosure wall 
Dimensionless Parameters and Constants 

ratio is measured by a parameter we have named 
the Craya-Curtet number. 

3. The field of the jetting velocity is described 
by semi-empirical functions giving the velocity 
half-radius of the jet, the radial maximum of the 
j ctting vclocity, and the self-preserving radial 
profile of the jetting velocity. 

4. The field of the jetting component of the 
concentration of a species (here an oil fog) 
marking the j et-source fluid is described analo- 
gously. 

5 .  The velocity half-radius of the jet is 0 3 2  
times the concentration half-radius. The  square 
of this ratio, 0.67, represents the turbulence 
Schmidt number. 

6. At small values of the Craya-Curtet 
number, the initial ground-stream flow into 
the duct falls short of the entrainment need of 
the jet. The deficiency is made up by fluid re- 
circulated from downstream. Such recirculation 
is of great practical importance, e.g., in furnaces. 
The properties of the recirculation eddy are 
described: the locations of the eye and the 
boundary of the eddy, the magnitude of the 
circulation of fluid around the eddy, and the 
concentration pattern Tvithin the eddy. 

7. The velocity field in the post-jet-mixing 
zoiie downstream of the position where the jet 
reaches the duct wall is described. 

Magnitude of the axial component of u 
Characteristic mean velocity for a 
confined-jet system; see third section 
Kinematic-mean velocity of streams 
entering a confined-jet system 
Dynamic-mean velocity of strcams 
entering a confined-jet system 
Sxial cylindrical coordinate 
Concentration of species marking the 
source fluid 
Characteristic mcaii coilcentration for a 
sonfined-jet system; see Eq. (40) 
Displacement thickness of boundary 
layer 
Fluid density 
Fluid viscosity 

ensionless Variables 

Exponents in the radial distribution 
functions of velocity and concentration 
Normalized axial component of re- 
circulatory flow; see Eq. (30) 
r/rw 
W r w  
(a - Gf)/U"" 
(7 - ?f ) /Y"*  
r,z2/r2Lri2 
rY2/rUrl2 
rrLp/rW 
x/r ,  

Nomenclature 

Surfacc or area 
Acceleration due to gravity 
Sourer flux of axial momentum 
Source flux of species marking source 
fluid 
Pressure 
characteristic pressure for confined-jet 
system; see Eq. (3) 
Radial cylindrical coordinate 
Velocity half-radius of jet 
Concentration half-radius of jet 
Volume-flux radius of jet 
Momentum-flux radius of jet 
Kinetic-energy-flux radius of jet 
Concentration radius of jet 
Marking-species-flux radius of jet 
Velocity vector 

Y 

n Unit vector normal to an element of 
surface 

Ct Craya-Curtct number ; see third section 
Re, 2r,u,p/p, j et-nozzle Reynolds number 
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Discussion 

PROF. M. W. THRING (University o j  She.@eld): 
I’ consider the experimental work in this paper ex- 
cellent, but I do not feel that the theoretical treat- 
mcnt throws new light on the matter. The “intuitive 
picture” of Thring and Newby given a t  the Fourth 
Symposium that the coefficient required from ex- 
periment to explain flow pattern mixing and re- 
circulation for a small diameter enclosed jet could 
be equated to  the angle of spread or turbulent dif- 
fusion coefficient of a high Reynolds number free 
jet has been shown by later experimental work and 
the more detailed theory of Craya and Curtet to 
give a close approximation to  a time description of 
t,he system. It has the advantages that the simi- 
larity law for :t nonisothermal system can he de- 
rived a t  once from the concept of the equivalent 
nozzle diameter and that a physical meaning can 
be given to all thc zones. 

DR. H. A. BECICER (Massachusetts Institute of 
Technology) : Craya and Curtet derived the rigorous 
similarity criterion for confined jets, using the 
classical method of determining what dimensionless 
parameters arise when the boundary conditions are 
used to put the governing equations into dimension- 
less form. We advocate the parameter of Craya and 
Curtet but prefer to use it in the form of the square 
root of its reciprocal, the parameter we have named 
the Craya-Curtet number and denote by Ct. We 
have shown how Ct can be derived for most general 
systems, thereby underlining the conditions of its 
validity. With recirculation and when the ratio of 
nozzle size to duct size is very small, the parameters 

of Craya and Curtet and of Thring and Newby are 
essentially equivalent, but under other conditions 
the latter parameter is quite inadequate. The in- 
tuitive hypothesis underlying the Thring-Newby 
parameter contains no recognition of the system 
dynamics; when a force balance is brought into 
consideration, the concept of an equivalent nozzle 
diameter becomes superfluous; all that is important 
about the nozzle is the fluxes of mass and momcn- 
tum issuing from it. 

In reply to Mr. Karlovitz we feel that the sol- 
scattered light method is our best hope of studying 
the turbulence properties of flames and are planning 
work in this direction. We will begin with a free-jet 
turbulent diffusion flame. Appropriate aerosols 
must be found to tag the nozzle (fuel) gas. A dc 
mercury arc lamp will be used as the light source 
and the light scattered will be examined in the ultra- 
violet region of the spectrum in order to escape the 
flame radiation. It will be possible to measure thtl 
mean concentration of nozzle fluid (unburnt basis), 
the r.m.s. concentration fluctuation, the spectrum of 
concentration fluctuation, and spatial correlation 
coefficients. 

DR. A. E. PENGELLY (United Steels Research, 
England): Dr. Williams said that, should a suitable 
acrosol be available, he would extend his measure- 
ments of mixing, using light scatkring methods to  
do investigations in combusting gas flames. 

I suggest that iron oxide fume might be used for 
this purpose: I refer to the type of fume involun- 
tariIy generated in oxygen steelmaking processes. 
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This-fumc is clieniicltlly stable and would rrlatively 
casily be produced on a small scalc. 

In connection with investigations into radiation 
pyronictry in, and fume nuisance from steelmaking 
we haw hzd occasion to compute light scattering 
functions for this fume together with the accumula- 
tion of other required data. We have measured size 

distribution and found them to be relatively in- 
variant. I t  should be possible to find n quite strong 
response in a wave band which would avoid COY and 
HYO emissions. To a first approsirnation the fume is 
gray in the visible region for relatively low concen- 
trations. 
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TURBULENT FLAME STUDIES IN TWO-DIMENSION 
BURNERS 

j g  $d 'f J. H. GROYECR, E. N. FALES, AND A. C. SCURLOCK 

The newly devised techniques for studying the effects of turbulence on homogeneous gas flames 
in two-dimensional open burners through thc determination of (1) the mcnn flow field in the ncighbor- 
hood of the flame front, (2) the position of the mean flame front and thc root-mean-squnrc displnce- 
ment of thc mean flame front, (3) the local turbulent flame velocity, and (4) the position of Ihc 
instantaneous flame front have been refined and estended to  several conditions of flow, turbu- 
lence, air-fuel ratio, and burner size. This technique has also been estcnded to study the growth of 
wrinkles in the instantaneous flame front by high-speed photography. The esperimental results 
obtained indicate the following: (1) For all of the conditions investigated the effect of turbulence on 
the flame is only to  wrinkle and extend the surface of the flame front. (2) The ratio of the local 
turbulent flame velocity to the laminar flame velocity, STIS&, can be correlated, as indicated in the 
previously presented theory of Scurlock and Grover, with the dimensionless time parameter, S,j/Z, 
(where t is the time of exposure of the flame element to the turbulence and I is thc Eulerian scale 
of turbulence), and the dimensionless turbulence intensity in the approach flow v o ' / S ~  (wherc vu' is 
the turbulence intensity). (3) ST/S& can be correlated with the root-mean-square displacement of 
the mean flame front, (F)*. These results also verify that a useful technique has I m n  developed 
for studying the effects of turbulence on flames. 

Introduction 

In  a previous paper by the authors,* a new 
technique for studying the effect of turbulence 
on flames was described and discussed. The work 
being presented herein is a continuation and ap- 
plication of this technique to several Conditions 
of flow, turbulence, and air-fuel ratio. This 
technique has also been estended to study by 
high-speed photography the growth of wrinkles 
in the instantaneous flame front. 

As was pointed out in a previous review of the 
status of experimental turbulent-flame studies,2 
the existing experimental results for turbulent 
flames propagating in homogeneous mixtures (as 
distinguished from turbulent diffusion flames) 
were inadequate to  obtain an  understanding of 
the mechanism of turbulent flame propagation. 
It was not even possible from the data to resolve 
the conflicting concepts of the turbulent flame 
being essentially only a wrinkled laminar flame 
as proposed by Damkohler3 or a diffuse reaction 
zone as proposed by Summerfield et aL4 

Most of the earlier studies with turbulent 
flames were concerned with the over-dl cff ects of 
turbulence on the entire flame brush, and have 
not attempted to  follow the local developm'ent' 
of the flame at various distances from the stabi-' 
lizer. In  1953, Scurlock and Grover5 outlined 

their conccpt of the role of eddy diffusion, snd 
thus of flame exposure time, on the development 
of the turbulent flame, and recoqnizcd that n 
better understanding of turbulent flanics could 
be achieved from analysis of mcasurcmenti of 
local turbulent flame velocity vcrws di\tsnce 
from the stabilizer under various conditions ol 
turbulence, mixture composition, and flow. It has 
been the purpose of the present investigation to 
obtain these measurements and to follow the 
growth of wrinkles in the flame front through 
the use of the two-dimensiond open burner. 

Description of Apparatus 

A two-dimensional open burner that was cin- 
ployed in this investigation is shown schcmati- 
call9 in Fig. 1. Both a 1-by-3-inch and a 2-by-6- 
inch burner were used. The long sides of the 
burners are open. Transparent confining walls 
extend along the short sides of th r  burners (the 
front and back of the burner). These serve to  
constrain the flow, causing i t  to be essentially 
two-dimensional and making i t  possible to view 
and photograph the flame. A drtailed description 
of the 1-by-3-inch burner and the associated ap- 
paratus are given in the previous p q ~ e r . ~  

Turbulence in the burner was generated by a 
four-mesh or an eight-mesh screen placed normal 
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SCREEN 

FIG. 1 .  Schematic of two-dimensional open burner. 

to flow in the nozzle throat. These screens are of 
stainless steel with a ratio of mesh width to wire 
diameter of 5:l. To generate less random dis- 
turbances, a pair of either 0.05- or 0.025-inch 
stainless stecl rods were placed normal to the 
flow in the nozzle throat. These rods were placed 
parallel to the long axis of the burner, each half- 
way between the center line of the burner and 
the edge. 

I n  addition to the previously described' single 
flash-tube exposures of the magnesium oxide 
particles in the flow, multiple, short-duration 
photographs of the particles for following the 
growth of wrinkles in the instantaneous flame 
were obtained by an entirely different method. 
Illumination for about 0.02 second was provided 
by two banks of eight No. 5 flash bulbs. The 
particles were photographed with a high-speed 
Eastman camera a t  1600 frames per second. This 
provides about 30 consecutive pictures which is 
sufficient to follow a flame element from its in- 
ccption at the pilot until i t  disappears at the 
flame tip. 

Review of Previous Results 

The previously reported experimental results' 
will be reviewed briefly to give a more thorough 
understanding of the cxperimental techniques. 
All of the previous work was conducted with 
stoichiometric natural gas-air flames in the l-by- 

FLAME 
2 sec EXPOSURE 

FLAME 
PARTICLES 

0.0008 sec FLASH 
1/150 sec EXPOSURE 

FIG. 2.  Photographs of flame and flow in two-dimen- 
sional open burner. (Stoichiometric rintural gas-air 
mixture; approach velocity, 20 ft/sec; four-mesh 

screen 2 inchcs upstream of burner rim.) 

3-inch burner. The main results were obtained 
with a flow velocity a t  the entrance to the burner 
of 20 ft/sec and with a four-mesh screen in the 
nozzle throat. 

An example of both 2-second time exposures 
of the flame and single flash exposures of the 
particles that  were obtained is shown in Fig. 2. 
On the left is a time exposure with the flame as 
the sole source of light, and on the right a flasli- 
tube exposure with 1-micron magnebium oxide 
particles in the flow.* The particles appear in the 
picture as short dashes indicating the local in- 
stantaneous direction of the flow. The instantane- 
ous boundary between burned and unburned 
gases, which was shown to be the actual flame 
front, is clearly visible. The presence of a con- 
tinuous, sharply defined flame front in this and 

* Gilbert, Davis, and AltmsnG concluded that 
1-micron particles would correctly trace the strcam- 
line direction through a propane-air flame. It is 
thus believed safe to assume that the magnesium 
oxide particles follow the flow in these dames with 
at  least the precision to which the direction of the 
particles is measured. 
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FIG. 3. Mrm flow lines, mean flame front. and root- 
mean-square displacement of the mean flame front. 
(Stoichiometric natural gas-air flame with inlet flow 
velocity of 20 ft/sec and four-mesh screen 2 inches 

upstream of burner rim.) 
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similar photographs lends support to the wrinkled 
flame concept of turbulent flame propagation. 

From the two typcs of photographs shown in 
Fig. 2, the mean flame front and the flow lines 
into the flame were obtained. These mran flow 
lines, with the mean flame front superimposed, 
are shown in Fig. 3. From the flow lines and the 
mean flame front the local turbulent flame 
velocity, 877, was determined as a function of 
distance measured along the flame front from the 
burner rim as is shown in Fig. 4. 

Experimental Results 

The range over whicli the parameters could be 
varied was limited because of the size of the 
burner aiid the nature of the rxperiments, but 
was adequate to indicate the relative effect of 
the various parameters studird. Listed below arr 
the parameters which were varied and the valucs 
used. 

1. Velocity of flow at eiitraiice to burner: 20 
and 40 ft/sec. 

2. Disturbance generators: 4- and 8-mesh 
screens with a mesh-to-wire diameter ratio of 
5: I ;  200-mesh screen; a pair of 0.05-inch rods; 
aiid a pair of 0.025-inch rods. 

3. Air-natural gas ratio: OC = 0.5 (stoicliio- 
metric), 0.453 (rich), and 0.599 (lean).* 

4. Burner size : l-by-3-inch and 2-l1y-6-inrh. 

Data wcrc obtained a t  twelve diffcrcnt condi- 
tions. These various run conditions are given in 
Table 1. Condition iiuinbcr 1 was the standard 
condition. 

For each of the twelve coiiditions listed in  
Table 1, a t  least two 2-seconcl time exposurcs 
and a set of 20 flash-tube exposures were oh- 
tained using the technique described above. 
From these time and flash-tube exposures, four 
distinct types of data were obtained for each 
condition. From the 2-second time exposures, the 
position of the mean flame front and the root- 
mean-square displacement of the mean flame 
front were determined. From the flash-tube cs- 
posures, the outline of the instantaneou5 flame 
front aiid the direction of flow into and through 
the flame front were determined. These last tmo 
types of data are independent of each other and 
both are independent of the data from the 
2-second time exposures. As discussed ill the 
previous paper,l the two types of measurements 

A OG is the generalized oxidant fraction and is de- 
fined as 

air-fuel ratio 
air-fuel ratio + stoichiometric air-fuel ratio 
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TABLE 1 

Conditions of flow, disturbance generator, air-fuel ratio, and burner size 

I I 

CONDITION NUMBER ---- 2 
INLET FLOW VELOCITY, 

GENERALIZED OXIDANT 

BURNER SIZE, INCHES- - - I X 3 

40 

6--FRACTION, OG------- 0.5 

7--FT/SEC _ _ _ _ _ _ _ _ _ _ _ _  

-TURBULENCE GENERATOR - 4-MESH 

Condition Inlet velocity Burner size 
number (ft/sec) OQ (inches) Turbulence generator 

1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 

20 
40 
20 
40 
20 
20 
20 
40 
20 
20 
20 
20 

0 . 5  
0.5 
0.5 
0.5 
0.453 
0.599 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

1 x 3  
1 x 3  
1 x 3  
1 x 3  
1 x 3  
1 x 3  
2 x 6  
2 x 6  
1 x 3  
1 x 3  
1 x 3  
1 x 3  

4-Mesh screen 
4-Mesh screen 
8-Mesh screen 
8-Mesh screen 
4-Mesh screen 
4-Mesh screen 
4-Mesh screen 
4-Mesh screen 
Two 0.05-inch rods 
Two 0.025-inch rods 
200-Mesh screen 
200-Mesh screen and two 0.05-inch rods 

froin the time exposures were checked against 
the outline of the instantaneous flames, and the 
agreement was good. This provided confidence 
for three of the four types of data from the still 
pictures, and also for the outline of the instan- 
taneous flame fronts obtained from the high-speed 
motion pictures. Unfortunately, no experimental 
check was possible on the flow-direction data and 
the method of determining the mean flow lines 
from these data. 

TJsing the mean flow lines and the position of 
the mean flame front (for each condition a plot 
similar to Fig. 3 was prepared) the local turbulent 
flame velocity along the mean flame front was 
calculated for eleven of the twelve conditions.* 
The results for conditions number 1, 2, 3, 4, 6, 
7 ,  and S are shown in Figs. 4 through 10. 

For condition number 1 (approach velocity of 
20 ft/sec, stoichiometric flame, four-mesh screen, 
and 1-by-3-inch burner) several runs were made. 

+For the run made with the fuel-rich mixture 
(condition number 5), the line of maximum bright- 
ness of the flame front as obtained from densitom- 
eter traverses of a 2-second time exposure does not 
give the position of the mean flame front of the 
primary combustion. Comparison of the line of 
mzximum brightness with the mean flame front 
obtained from the flash-tube photographs indicates 
that the maximum brightness occurs n considerable 
distancc after the true mean flame front. This is 
probably due to  secondary combustion taking place 
beyond the primary flame front with the emission of 
additional light. This erroneous displacement of the 
mean flame front resulted in values of ST/SL that 
are lower than the true values. Thus, the results for 

The curve shown in Fig. 4 is the best obtained for 
that  condition, and is believed to represent most 
accurate values of the local turbulent flame 
velocity for this condition obtainable by this 
technique. The curves of Figs. 5 through 10 
usually represent the results from only a single 
run of 22 camera exposures a t  each condition. 

There is considerable scatter in the results 
shown in Figs. 5 through 10. There are several 
factors which limit both the precision and ac- 
curacy of the local turbulent flame velocity de- 

the rich flame of condition number 5 were not used. FIG. 5 .  Turbulent flame velocity versus flame length. 
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FIG. 6. Turbulent flame velocity versus flame length. 
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FIG. 7. Turbulent flame velocity versus flame length. 
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FIG. 6. Turbulent flame velocity versus flame length. 

terminations and contribute to  the scatter of the 
data. These are: 

1. The direction of the particles in the flow 
field can only be determined to within a few dc- 
grees of angle. 

LENGTH ALONG FLAME FRONT - INCH 

FIG. 9. Turbulent flame velocity versus flame length. 

' Y  
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FIG. 10. Turbulcnt Aarne velocity versus flame 
length. 

2. The particles do not appear to follow the 
flow near the burner rim.* 

3. I t  is difficult to determine tlie exact loca- 
tion of tlie position of thc mran flame front in 
the vicinity of the flame tip. Thrse factors all 
limit the confidelice that can be placed in these 
curves, particularly in the regions near the 
burner rim sild the tip of the flame. However, 
the accuracy of the data is believed to be suf- 
ficient to indicate general trends. 

In  addition to the local turbulent flame 
velocity versus flame length, three other experi- 
mentally determined results arc given in Figs. 4 
through 10. These are: (I) the total length of the 
mean Aanie front from the burner rim to the 
flame tip; (2) the value of the average turbulent 
flame velocity, g, (averaged over the entire 
flame?); and (3) the laminar flame velocity, SL, 
for the natural gas-air flame used for the run. 

*For this reason the values for the turbulent 
flame velocity for two stream tubes nearest the 
burner rim are shown as X rather than 0 in Figs. 
4 through 10 and were not used in drawing the 
curves. 

t This result is of interest in comparing the re- 
sults of this study with those of previous investi- 
gators who only measured a single average value of 
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FIG. 11. Laminar flame velocity of natural gas-air 
mixtures. 

The laminar flame velocity was determined by 
the angle method$ using a I-by-&-inch nozzle 
burner. The results are shown in Fig. 11. 

I n  addition to the position of the mean flame 
front, the root-mean-square displacement (F)i 
of the mean flame front from its mean position 
was obtained from the 2-second time exposures. 
These values are given in Table 2 for various dis- 
tances along the flame front for each of the twelve 
conditions studied (see Table 1 for these condi- 
tions). The height of the tip of the mean flame 
for each of these conditions is also given in 
Table 2. 

The final type of experimental data is the out- 
line of the instantaneous wrinkled flame front. 
These outlines are obtained from both the still 
flash-tube csposures aiid tlic high-speed motion 
pictures. A typical flash-tube exposure for each 
of the twelve conditions studied is shown in 
Fig. 12. These photographs all show the outline 
of instantaneous flame front as the boundary be- 
tween the high and low concentration of mag- 
nesium oxide particles. To facilitate analysis of 
these photographs, an outline tracing of each 
photograph has been made and is shown in 
Fig. 13. 

From these photographs and tracings, several 
measurements of the instantaneous wrinkled 
flame front have been made. One measurement 
is the distance above the burner rim a t  which 
wrinkles first appear in the instantaneous flame 
front; up to this point the flame velocity should 
be essentially the laminar flame velocity. A sec- 
ond measurement is the minimum height of the 
continuous flame front. This height represents 

the turbulent flame velocity for each condition. 
This average turbulent flame velocity is simply the 
ratio of burner width-to-total flame length times 
the flow velocity at  the inlet of the burner. 

$ A description and discussion of this method is 
given by Linnett.* 



TURBULENT FLAME STUDIES 27 

TABLE 2 
Flame height and root-mean-square displacement of mean flame front 

Condition Flame hcight 
number (inches) Root-mean-square displaccmcnt of nican flame front, (p) 5 (inches) 

Length along flame front 
(inches) 

1.2 1 . G  2.0 2.5 3.0 3.5 4.0 4 . 5  5.0 5 . 5  6.0 

1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 

3 .I) 0.05 
6.6 0.04 
4.7 0.06 
7.4 0.05 

5 . 5  0.06 
5.4 0.07 
7.s 0.09 
4 . s  0.04 
5.4 0.05 
6.7 0.03 
4.7 0.04 

- __ 

0.0s 
0.06 
0.09 
0.06 

0.0s 
0.12 
0.11 
0.06 
0.07 
0.03 
0.05 

- 

0.12 0.16 0.21 
0.07 0.09 0.12 
0.12 0.17 0.22 
0.07 0.10 0.13 

0.09 0.12 0.16 
0.1s 0.25 0.34 
0.14 0.19 0.24 
0.09 0.14 0.21 
0.0s 0.11 0.16 
0.04 0.05 0.06 
0.0s 0.11 0.14 

- - -  

0.2s 
0.15 
0.2s 
0.15 

0.1s 
0.42 
0.29 
0.26 
0.25 
0.09 
0.1s 

- 

- 
0.10 

0.1s 

0.22 
0.47 
0.34 
0.32 
0.33 
0.11 
0.23 

- 

- -  
0.22 0.25 

0.21 0.2.5 
- _  

- -  
- _ _  

0.5s - 
0.42 0.46 

_ _  
0.14 0.17 
- -  

- 
0.29 

0.31 
- 

- 

- 
0.36 

0.34 
- 

- 

__ 
0.52 
- 

1 2 3 4 5 6 

7 a 9 10 11 12 

FIG. 12. Instantaneous flash-tube photographs of flames for twelve different 
conditions. 
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These results are given in Table 3 for the twelve 
conditions studied. 

High-speed motion pictures of illuminated 
particles were obtained for condition number 1 
(the standard condition). From these high-speed 
pictures the growth of the wrinkles in the flame 
front can be followed by enlarging the individual 
frames of the motion picture film and tracing the 
outline of the flame front. A series of five such 
outlines is shown in Fig. 14, where every third 
frame is shown. The time interval between trac- 
ings is 1.SS milliseconds. To facilitate the follow- 
ing of particularly prominent wrinkles in the 
flame front, inclined lines have been shown that 
pass through the same wrinkles in successive 
tracings. 

7 8 9 10 11 12 

FIG. 13. Flame front outlines traced from flash 
photographs of Fig. 12. 

the minimum flame-tip height. Above this point, 
islands of unburned gas are sometimes present. 
Although the occurrence of these islands is not 
in contradiction to the theoretical model pro- 
posed by Scurlock and G r ~ v e r , ~  their presence 
has not been considered in the quantitative 
effect of turbulence on flames. 

A third mcasurcment that was obtained from 

0.0 1.88 
TIME 

3.76 5.64 7.52 
-MILLISECONDS 

the outlines of the instantaneous wrinkled flame FIG. 14. Change in outline of instantaneous flame 
front tracings is thc average width of the base of front from high-speed motion pictures. (Stoichio- 
the wrinkles. This measurement is taken as the metric natural gas-air flame with inlet flow velocity 
diniension that characterizes the size of the of 20 ftjsec; and four-mesh screen 2 inches upstream 
wrinkles in the flame front for each condition. of burner rim.) 

Discussion of Results TABLE 3 

Measurements of instantaneous flame front 

Minimum Average 
Unwrinkled continuous width of 

Condition flame length flame height wrinkle base 
number (inches) (inches) (inches) 

1 
‘2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

0.s 
1.1 
1 .0 
0.9  
0 .9  
0 .7  
0 .5  
0.9 
1.4  
1 .8  
1.9 
1 .1  

4 . 2  
6 .5  
4 .6 
6 .7  
5 .7  
7.0 
6 .3  
8 .7  
4.7 
5 .5  
5 . 8  
3.6 

0.2s 
0.27 
0.23 
0.31 
0.2s 
0 .2s  
0.42 
0.37 
0.27 
0.23 
0.26 
0.23 

Before discussing the detailed effects of the 
various parameters, it should be pointed out 
that  the over-all effects of turbulence as shown 
by the turbulent flame velocity results of Figs. 
4 through 10 confirm the results of earlier investi- 
gators,3,”10 who found that the turbulent flame 
velocity increased with increasing turbulence. 
This is more readily apparent from the average 
values of turbulent flame velocity than from the 
local turbulent flame velocity points. 

The scatter of the data within runs is, un- 
fortunately, usually as great as the variation of 
the local turbulent flame velocity points from run 
to run. This large scatter makes i t  difficult to de- 
termine the exact values of the local turbulent 
flame velocity along the flame front length, and 
also hard to compare the results of one run with 
another. The results as shown in these figures 
cannot be compared with the theory5 directly be- 
cause the theory correlates the ratio of the local 
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FIG. 15. Plots of ST/SL versus SLt/l, under severel difrerent conditions calculnted 
including d l  three effects. 

turbulent flame velocity to the laminar flame approach flow, for density ratios of eight and ten, 
velocity, ST/SL, with a dimensionless time and with and without the presence of flame- 
parameter, tS1,/12, where t i s  the time of exposure generated turbulence predictcd by Scurlock and 
of the flame element to the turbulence, rather Grover5 are shown in Fig. 15. 
than flame front length. The theoretical curves 
of ST/SL versus S~t / lz  for several values of Comparison of Turbulent Flame Velocity Results 
v i / X ~ ,  where v i  is the turbulence intensity in the with Time. The results of one run have bccn 
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coiii1)aretl with tllose of other runs using the 
tlieoretical concclit of tlie importance of time of 
csposurc of a flame element to the turbulence 
tlevelo~ietl by Scurlock and Grover.5 As a first 
step in doing this, the experimental results shown 
in Figs. 4 through 10 have been replotted in Fig. 
16 as &/SL versus time, using the same method 
as was described in the previous paper? 

The first two runs to be compared are those 
for coriditions number 1 and 2. Both runs were 
rnadc using the sanie air-fuel ratio (same SL)  and 
tlie same screen (same l e ) .  Thus, curves 1 and 2 
of Fig. 16 are on the same dimensionless time, 
S L t / l z ,  basis and can be compared with each 
other. The only difference in the conditions for 
those two runs was an approach flow velocity of 
20 ft/sec for curve 1 and 40 ft/sec for curve 2. 
Thus, a comparison of these two runs should 
indicate the effect of turbulence intensity, since 
for a given screen and distance downstream of 
the screen, the absolute turbulence intensity is 
proportional to the mean flow velocity. Using 
the relation of Dryden et al.7 for turbulence be- 
hind screens in cold flow, average turbulence in- 
tensities of 1 and 2 ft/sec were predicted for 
conditions number 1 and 2, respectively. These 
turbulence intensities correspond to values of the 
dinierisionlcss parameter, v o / / S ~ ,  of one and two, 
respectively. Curve 2, for condition number 2 
(u”’/SL = a), is consistently much higher than 
curve 1, for condition number 1 (vo’ /S~  =, I), 
wliiclr is in general agreement with the theory 
(see Fig. 15). Also, the shapes of thc initial por- 
tions of both curves 1 and 2 correspond to the 
shapes of the tlieoretical curves, with the initial 
slope of the curve being much higher for the 
condition of higher turbulence intensity. 

The nest 1)arameter studied was the screen 
size. Two runs in the 1-by-3-inch chamber were 
made with an eight-mesh screen. Condition num- 
ber 3 was with an eight-mesh screen and an inlet 
flow velocity of 20 ft/sec, and condition number 
4 was with an eight-mesh screen and an inlet 
flow velocity of 40 ft/sec. The agprosimate lire- 
dicted7 values of the turbulence scale and in- 
tensity produced by the eight-mesh screen for 
cold flow a t  the average downstream distance of 
the flame is 0.03 inch and 3 per cent, respec- 
tively. This compares with values of 0.05 incli 
aiid 5 per cent for the four-mesh screen. To coin- 
pare the results for the eight-mesh screen with 
those for the four-mesh screen using the dimen- 
sionless timc parameter, SI,t/lZ, the results were 
replotted in Fig. 17 as S T / S ~ ,  versus SLt/& for 
conditions number 1, 2, 3, and 4, using SI, = 
1.06 ft/see, I s  = 0.05 inch for conditions number 
1 and 2, and la = 0.03 inch for conditions num- 
ber 3 and 4. 

0 1 2 3 4 5 6 7 6  
- S L’ 
a2 

FIG. 17. ST/SL versus SLt/12. 

At both 20 ft/sec and 40 ft/sec inlet flow 
velocities, the dimensionless flame velocity for 
eight-mesh screen conditions (conditions number 
3 and 4) is always much lower than the corre- 
sponding values for the respective four-mesh 
screen conditions (conditions number 1 and 2). 
The most interesting comparison is that between 
the curves for conditions number 1 and 4. Al- 
though these runs are for different screens (four- 
and eight-mesh, respectively), the turbulence 
intensity differs only by 20 per cent, and thus 
the curves XT/SL versus SLt / l z  should he all- 
proximately the same. Considering the approsi- 
mation made and the low precision of the meas- 
urements, the agreement between the curves for 
conditions number 1 and 4 is good. 

In comparing the four curves of Fig. 17 with 
the theoretical curves of Fig. 15, two important 
differences stand out. One is that  higher values 
of ST/SL are obtained esperiinentally than were 
predicted from the theoretical considerations, 
even when flame-generated turbulence was taken 
into account. The second important variation of 
the experimental results with the predicted 
curves is that the esperimental values of Sy’/SL 
show no tendency to leveling off, indicating that 
either the dimensionless time required for the 
esyeriinental values of ST/SL to approach an 
asymptote is much greater than the value of 
five for the dimensionless time required by the 
theoretical curves or that  the end effects (inter- 
action of the two approaching flame fronts) 
greatly increase thc effective flame velocity and 
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masks any tendency to reach an asymptotic 
value. 

The third parameter studied was air-fuel ratio. 
Although two runs were made in which an air- 
fuel ratio of ather than stoichiometric was used, 
one a rich mixture (OG = 0.453) and one a lean 
mixture (OG = 0.599), only the data for the lean 
mixture were good. The main effect of this 
parameter is to control the laminar flame velocity. 
As is shown in Fig. 10, the laminar flame velocity 
for the lean mixture is 0.63 (the Stoichiometric 
value is 1.06). A secondary effect of this param- 
eter is to control the ratio of the densities of the 
unburned-to-burned gases p,/pb. The value of 
p2,/pb for the lean mixture is 6.01 (the stoichio- 
metric value is 7.63). The dimensionless turbu- 
lent flame velocity versus time results for the 
lean run is shown as curve 6 of Fig. 16. 

I n  order to  compare the results for the lean 
flame (condition number 6) with those of the 
stoichiometric flames (conditions number 1 and 
2) the results for these three conditions have been 
plotted as"ST/SL versus STt/lZ in Fig. 18. The 
results of these three runs show a trend of in- 
creasing v i / S ~  which is in agreement with the 
theoretical results of Fig. 15. There is an addi- 
tional parameter which is pU/pb that  is slightly 
lower for condition number 6 (6.01) than for 
conditions number 1 and 2 (7.62). The theo- 
retical effect of this variable is to permit slightly 
less-flame-generatcd turbulence and might result 

1 
OO I 2 3 4 5 6  

SL+ 
12  
- 

FIG. 1s. ST/SL versus S d / L  

in slightly lower values of XT/SL for condition 
number 6 than would be obtained otherwise. This 
agrees with the experimental values for condition 
number 6 being slightly lower than a direct 
interpolation of the other two curves would 
indicate. 

The final parameter which was varied in this 
study of turbulent flame velocity as a function of 
time was the size of the burner. Two runs were 
made with a 2-by-6-inch burner. These runs were 
made to permit greater times of exposure of a 
flame element to the turbulence and to determine 
if the size of apparatus (burner dimensions) af- 
fected the results. The results of these two runs 
are given as curves 7 and 8 in Fig. 16. These 
conditions are identical to those of curves 1 and 
2, respectively, of Fig. 16 except for the burner 
size, and can thus be compared directly on the 
same time basis. 

There is considerable discrepancy between 
curves 1 and 7 (conditions number 1 and 7, re- 
spectively) which are both for inlet flow veloci- 
ties of 20 ft/sec. Curve 7, for the 2-by-6-inch 
burner, is initially higher, then lower, than is 
curve 1, for the 1-by-3-inch burner. Howevcr, 
referring to the original results for the 2-by-6- 
inch burner (Fig. 9), there is considerablc scatter 
of data and not much weight is given to this lack 
of agreement between the results for conditions 
number 1 and 7. 

There is very good agreement between curves 
2 and 8 (conditions number 2 and S, respectively) 
which are both for inlet flow velocities of 40 ft/ 
see. As would be expected from the theoretical 
consideration, the two curves fall very close to- 
gether. Once again, however, there iq no tendency 
for curve S to reach an asymptote. 

Comparison of Turbulent Flame Velocity with 
Root-Mean-Square Displacement Flame Front. 
Another type of comparison of the experimental 
results of this study that can be made on the 
basis of the theoretical concepts of Scurlock and 
Grover5 is a correlation of S T / S L  with (Y2):. Such 
a correlation is particularly desirable because all 
of the theoretical curves were based on Eq. (I) 

S T / S L  = [1 + cl(F///$)]', (1 1 
which relates S T / S L  to (Y")i through the Eu- 
lerian scale of turbulence, l2, and a constant Ci, 
which was assumed to have a value of four. 

The experimental values of XT/SL arc plottcd 
against (Y")$ in Fig. 19 for conditions numbcr 
1, 2, 3, 4, 6, 7, and S. Also shown in Fig. 19 are 
the two curves of &ISL versus (pz)* that  arc 
obtained from Eq. (1) assuming C1 to  be 4 and 
l2 to be 0.05 and 0.03 inch which arc the values for 
flow behind four- and eight-mesh screens as ob- 
tained from the rclation of Drydm et aL7 
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CONDITION SCREEb 
CODE NUMBER MESH 
0 I 4 
LT 2 4 
e 3 8 
m 4 8 
0 6 4 + 7 4 
X 8 4 

- 

I 

RMS DISPLACEMENT OF M E A N  F L A M E  FRONT, 

( Y? ) 1’2 - INCH 

FIG. 19. XT/SL versus root-mean-square displace- 
ment of mean flame front. 

The experimental results shown in Fig.- 19 do 
not fall on the two theoretical lines predicted by 
Rq. (1) using a value of 4 for C1 and the cold 
flow value of 12. These data all fall far below the 
theoretical curves. These results confirm the 
earlier conclusions’ that either CI is much less 
than 4, or the base of the wrinkles in the flame is 
much larger than the assumed value of 4 (ZZ), or 
thc model on which Eq. (1) is based needs to be 
revised. 

Although the data do not correlate with the 
previously preclicted curve, they do show a 
definite incrcase of &/SL with increasing (Yz)*. 
Also, the results for the two runs with the eight- 
nicsh scrcen (conditions number 3 and 4) fall 
below the others which are all for a four-mesh 
screen. In  an attempt to obtain a correlation of 
thc results shown in Fig. 19, a line has been 
drawn through the data for the runs with a 
four-mesh screen and another for the data for 
the runs with the eight-mesh screen. These lines 
are nearly straight, showing a tendency for 
&/SL to increase with the first power of (D)i. 
This result, together with the fact that  the line 
for the eight-mesh screen lies below rather than 
above that for the four-mesh screen, indicates 
that Eq. (1) needs revision. 

Wrinkle size. Indications of the size of the 
wrinkles in the instantaneous wrinkled flame 
front were obtained from the flash-tube exposures 
exemplified by the photographs of Fig. 12 and 
tracing of Fig. 13. These are the average width 
of the base of the wrinkles, and are listed in 
Table 3. Since these wrinkles, by their very 
nature, are not of uniform size, shape, and fre- 
quency, measurements of them are somewhat 
subjective and difficult to make, and thus lack 
precision. 

The values in Table 3 for the average width of 
the base of the wrinkles show little variation from 
run to run and practically no tendency to corre- 
late with any of the variables studied. There is 
no effect of velocity, screen size, or air-fuel ratio. 
Even for conditions number 9, 10, 11, and 12, 
where a pair of rods and/or a 200-mesh screen 
was used to generate the flow disturbances there 
was no change in the average width of the base 
of the wrinkles, although the initiation of wrinkle 
formation did not occur until a greater distance 
downstream of the burner rim. The only variable 
that had any tendency to affect the wrinkle 
width was burner size. For the 2-by-6-inch 
burner, the size of the wrinkle was slightly larger 
than for other runs; but the difference is not 
great and may be due to the longcr exposure 
time of the flame elements to the turbulence for 
this burner. 

Although there is little difference in wrinkle 
size from run to run, there is considerable varia- 
tion within a flame front. I n  general, for all 
conditions the wrinkles expand with increasing 
distance from the burner rim. 

High-speed Motion Pictures. Only the standard 
condition (condition number I )  has been studied 
using high-speed motion pictures. The outlines 
of the instantaneous flame fronts obtained for 
this condition are shown in Fig. 14. This sequence 
of flame fronts shows the individual wrinkles in 
the flame to move upward with the expected 
velocity of 20 ft/sec. This sequence also shows 
the process whereby unburned gas is pinched off 
to form islands in the burned gas. 

Conclusions 

From these results the following conclusions 

1. All the experimental conditions of this in- 
vestigation verify the concept that  the effect of 
turbulence on flames is only to wrinkle and ex- 
tend the surface of the flame front. The flash-tube 
photographs show the instantaneous flame front 
(as denoted by the change in concentration of 

have been madc. 
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suspended particles) to be a thin wrinkled con- 
tinuous boundary between unburned and burned 
gases. The experimental measurements and the 
propagation of wrinklcs in the high-speed motion 
picture all substantiate this conclusion. 

2.  The results indicate that the ratio of the 
local turbulent flame velocity to the laminar 
flame velocity, ST//SL, can be correlated with the 
dimensionless time parameter, S ~ t / l ~ ,  and the 
dimensionless turbulence intensity in the all- 
proach flow vd/S~. Since such a correlation was 
predicted by Scurlock and Grover5 based on a 
wrinkled flame front model, the results lend 
further support to the general validity of the 
physical picture of the mechanism of turbulent 
flame propagation which underlies the theory. 

3. Although the basic dimensionless param- 
eters derived by Scurlock and Grover5 had been 
verified, the results do not correspond to their 
theoretical curves. Also, althougkan experimen- 
tal correlation of ST/SL with (P)* is obtained, 
this correlation is not that predicted by Xq. (1). 
Thus, this equation and possibly the model on 
which it is based needs to be revised, taking into 
account the nearly constant width of wrinkle 
bases. 
4. A useful technique has been developed and 

verified for determination for a turbulent flame 
of the mean flow field in the neighborhood of the 
flame, the mean flame front, the root-mean- 
square displacement of the mean flame front, 
thc local turbulent flame velocity, and the posi- 
tion of the instantaneous flame front. Also, a 
technique has been developed for following the 
formation and growth of wrinkles in the in- 
stantaneous flame front. 
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Discussion 

DR. F. J. WEINBERG (Imperial College, England): 
My qucstion concerns the definition of the relevant 
instantaneous flame contour which underlies this 
kind of burning velocity analysis. 

Some time ago we completed a study' of turbulent 
flames which was identical in aims to the one pre- 
sented, in that we also set out to develop methods 
to  measure local burning velocities. Our methods, 
however, were optical and our conclusions some- 
what different. We developed three groups of opti- 
cal techniquesz-one to record the randomness of 
orientation of the turbulent flame front, another to  
measure the time-mean distribution of hot products, 
and a third to  delineate the instantaneous flame 
front. It is the latter-a modified schlieren method- 

I wish to compare with the authors' technique for 
obtaining flame front contours. 

Schlieren records of turbulent flames have an im- 
portant property which seems to  have been over- 
looked hitherto. The schlieren image is the locus of 
maximum ray deflection and it therefore occurs at 
points where the flame i s  tangential to the light 
beam. If the beam is parallel, all the sin e in S, = u 
sin 0 (8, = burning velocity, v = flow velocity, e = 
angle between flame and vector) lies in the plane of 
the record and can be measured. It is important to 
realize that the contours in records such as Fig. 1 
are not plane sections through the flame but loci of 
points for which the above condition is satisfied. I t  
means that we have been able to deduce S ,  from 
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FIG. 1.  Instantaneous schlicren photograph of tur- 
bulent flame (10-6 sec, approximately). 

particle track velocities and sin e. The latter is equal 
to (annular element of burner radius) /(correspond- 
ing element of length along contour). The mean 
values of length along the flame were obtained using 
a large number of instantaneous schlieren contours 
-as in Fig. 2 .  We found that the burning velocity 
of each element is greater than that of the corre- 
sponding laminsr flame and we were able to explain 
the discrepancy in terms of the difference between 
the concave and convex curvatures-which is shown 
clearly in Fig. 3 and had been predicted theo- 
retically by Karlovitz.3 

F I G .  2. Superimposed contours of instantaneous 
flame boundaries. 

It will be evident that we have been measuring a 
different kind of contour from that in Dr. Grover’s 
paper. There, a plane section was obtained in each 
case, and then averaged. This means that sin e 
generally had a component at right angles to the 
record and this ought to lead to low burning veloci- 
ties. The authors actually used areas, and the point 
I am trying to make then becomes more obscure. It 
amounts to cutting a “landscape of steep peaks and 
gradual valleys” by a large number of vcrtical 
planes and trying to construe the typical contour 
by averaging the sections. Obviously the proba- 
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bility of cutting valleys is vastly greater than that 
of encountering peaks. Consider random vertical 
sections through even a right circular cone. The 
average section will be most like the conic obtained 
by sectioning the cone half-way between axis and 
edge. The result will have a broad (almost correct) 
base, but a greatly reduced peak. 
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ULENT MASS TRANSFER AND RATES OF COMBUSTION 
IN CONFINED TURBULENT FLAMES 

N. M. HOWE, JR., C. W. SHIPMAN, AND A. VRANOS 

Me:Lsurcnicnts of tinic-mean rchaction rate and of coefficients of turbulent mass transfer through- 
out thc combustion zone of confined turbulent flames are reported. The flames studied were of 
homogeneous, stoichiometric mixtures of propane and air and were stabilized on cylindrical flame- 
holders in a 3 X 1-inch duct. Combustor inlet velocities of 60, 100, and 175 ft/sec werc used. The 
primary data consisted of a complete mapping of static and impact pressures, and of chemical com- 
position throughout the zone studied. Densities, velocity components, and mass fractions of the 
various species could be computed from these data. Reaction rates were obtained by means of the 
appropriate material balance equation. Turbulent mass transfer coefficients were obtained by means 
of a material balance equation applied to a radioactive tracer injected from a simulated line source 
upstream of the combustion zone. 

The composition data show that with negligible error the combustion zone may be considered 
as an inhomogeneous mixture of burned and unburned gas. The turbulent mass transfer coefficients 
increase with increasing feed velocity, and the values are about one to two orders of magnitude 
greatcr than the molecular diffusivitics. The generation of turbulence by the shear in the combustion 
zone is clearly shown. The rates of oxygen consumption (lb,n/ft3 sec) a t  constant composition are 
dcpcndcnt on location in the combustion zone, indicating a strong influence of the character of the 
Aow, and thc failure of a “stirred reactor” model of the burning zone. Maximum reaction rates are 
found to bc about one order of magnitude lower than the overall reaction rates in laminar flames, 
and of the same order of magnitude as the overall rates found in open turbulent flames. The rates 
of reaction tend to increase with increasing feed velocity. 

Introduction 

Tlic problem of quantitative treatment of 
turbulent flame propagation in homogeneous fuel- 
air mixtures has been attacked by many compe- 
tent investigators. Generally speaking, turbulent 
flames of this type have been characterized by a 
burning velocity or spreading or a volu- 
metric heat release rate! Most of thc theoretical 
development has been concerned with relation- 
ships between the character of the turbulence 
and the burning velocity,1~4~s the character of the 
turbulence being described in terms of the param- 
eters of the statistical theory of turbulence. Some 
rather ingenious methods have been used to at- 
tempt measurement of the turbulence parameters 
within the flame? All of this work has emphasized 
the interplay between the progress of the reac- 
tion and the aerodynamics of the flow field. 
Studies of radiation from turbulent flames have 
been made.loJ1 Studies of spreading rates of 
flames of homogeneous air-fuel mixtures burning 
in ducts3 have shown that turbulence generated 
by the flow patterns caused by the flame has 

apparently greater importance than normally 
expected turbulencc of the feed stream or 
turbulence generated by the flameholder. Some- 
what more detailed studies of the reaction zone 
in ducted flames have been made.10*’2 It is the 
purpose of this paper to report the results of 
measurements of reaction rates and mass transfer 
coefficients made within the burning zone of 
homogeneous mixtures of propane and air under 
conditions where the flow pattern is developed 
primarily by the combustion process. The 
ultimate objective in accumulating such data is 
to  relate the quantities so found t o  the patterns 
of the flow which must be, at least in part, re- 
sponsible for them. Exploratory work describing 
the method was published by Barbor et aZ.I3 

In  principle, the method of measurement con- 
sists of obtaining experimentally a complete 
mapping of composition, density, and velocity 
(time mean quantities) throughout the flame so 
that these quantities may be substituted into 
the material balance equation for the species 
whose reaction rate is to  be determined, viz: 

-pu.vxj+ V*(&VXj) = -Qj (1) 

36 
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mbere only time mean quantities are involved. 
Logically, this equation may be takcii as the 
dcfiiiition of &, (or & if Q, is zero). & must be 
determined by application of tlie equation to a 
chemically inert substance; with the reasonable 
assumption that, where the major contributor to 
diffusive flus is turbulence, & is independent of 
the species being transferred. 

Experimental  

The 3 by 1-inch rectangular combustion cham- 
ber was 16; inches in overall length. Cylindrical 
flameholders were placed l2k inches from the 
downstream end of tlie combustor midway be- 
tween the l-inch walls with axes normal to the 
flow. The homogeneous, stoichiometric, propane- 
air mixture was fed to the chamber through a 
plenum chamber and nozzle so that the velocity 
profile at the combustor inlet was uniform. The 
turbulence intcnsity a t  inlet was estimated to be 
less than 0.3 per cent. The combustor exhausted 
to the atmosphere. Since the ehainbcr was not 
long enough to  cause development of boundary 
layers of significant thickness on the walls, the 
flame itself was responsible for development of 
tlie flow patterns. Figure 1 is a schematic of the 
experimental apparatus. The co-ordinate system 
used in computation is also shown. 

Primary measurements were impact and static 
pressure and chemical compositions as functions 
of position within the burning zone of the flames. 
The water-cooled, stainless-steel probes were 
$ inch in outside diameter, 0.020 inch in in- 
side diameter, and were inserted into the com- 
bustor from the downstream end. Velocity calcu- 
lations were made by the usual Pitot-static 
formula, 

u = (2gcAp/p)'J 

and this velocity was used for the time mean 
z-velocity in all calculations. Samples for deter- 
mining composition were withdrawn through the 
impact probe a t  local stream velocity to insure 

A X I S  OF S Y M M E T R Y  

FIG. 1. Schematic of apparatus. 

reprcscntttive sa~iipling.~ Elementary hcst trans- 
fer considcrations'5 show that  s:tn~ples would IE 
cooled from 22OOOK to I OOOoI< in about 24 X I F G  
seconds. Final chemical analyses for hytlro- 
carbons, CO, COS, HP, 02, and N:! were made by 
means of a Beckman GC-1 chromatograph using 
silica gel and molecular sieve (type 5A) columns 
and dried samples. Total analyses checked within 
1 per cent, with a precision for individual species 
of 0.1 per cent. For purposes of estimating com- 
positions a Beckman oxygen analyzer wss used. 
Water content of samples was coinputcd by 
hydrogen balance. Sample analysis was well 
within tlie precision of the feed stream metering 
by ASME standard orifice metcrs. 

For measurements of rates of turbulent diffu- 
sion, a radioactive tracer ( JW5) was injected 
into the feed stream from a line source in the 
plenum chamber S inches upstream from the 
combustor cntranrc and 1 inch below the center- 
line. The copper "line source" was '8 inch in out- 
side diameter. For some data, a t  60 ft/sec inlet 
velocity, the tracer was injected into the wake 
of the flameholder. Samples withdrayn from the 
combustor were counted directly by means of a 
Tracerlab Model TGC-5A detector tube and a 
Tracerlab SC-90 sealer. Spot checks showed 
that there was no effect of the tracer injection 
on any of the other measurements mentioned 
above and established effective uniformity of tlie 
line source. 

Flames were studied for inlet velocities of 60, 
100, and 175 ft/sec; Aameholders were 0.1, 0.1, 
and 0.2 inch in diameter, rcspcctively. In  all 
cases two-dimensionality of the region studied 
was confirmed by spot checks. 

Data  Treatment and Discussion 

A. Composition Data, It was mentioned above 
that samples were withdrawn a t  local stream 
velocity. Since local stream velocity was found 
from a knowledge of the impact pressure, the 
static pressure, and the density, and since the 
density was determined from a knowledge of the 
composition, a trial and error procedure was 
used to determine the final analysis. 

Figure 2 shows a typical set of composition 
profiles, and Fig. 3 is a set of oxygen composition 
profiles for the 100 ft/sec flame. I t  was found 
that  all of the composition data from all positions 
in all three flames could be correlated by plotting 
mole fractions of any species in any location 
against oxygen mole fraction for that  location. 
The correlation is shown in Figures 4a, 4b, and 
4c (overlapping points have been omitted). Thc 
scattering of the data is well within tlie precision 
of the measurements. This correlation made 
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FIG. 3. Oxygen concentration profiles (100 ft/sec 
inlet velocity). 
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FIG. 2. Composition profiles (100 ft/sec flame, 
X = 10 in.). 

possible fairly accurate grcliiniiiary composition 
and density estimates by means of osygen ansly- 
sis alone, facilitating the trial and error pro- 
cedure indicated above. 

It is to be noted that  the only “partially 
burned” species found were carbon monoside 
and hydrogen. It is possible that because of the 
analytical techniques used, polar compounds 
(aldehydes and acids) could have been missed, 
but since the analyses accounted for 99 per cent 
or better of the sample, such materials were cer- 
tainly present in amounts less than 1 per cent. 
Analysis of liquids (water) condensed from sam- 
ples showed no aldehydes. 

Equilibrium carbon monoxide and hydrogen 
for adiabatic combustion of stoichiometric pro- 
pane-air mixtures are 1.55 and 0.12 mole per cent 
(dry gas), respectively. It is clear that  the 
amounts of CO reported herein are in excess of 
the equilibrium amount while the HZ is less thtln 
predicted from equilibrium. The hydrogen de- 
ficiency can be explained by slow quenching in 
the probe. There arc several possible reasons for 
“excess carbon monoxide”: (1) carbon monoxide 
burns out slowly in the flame itself; (2) separa- 
tion by molecular diffusion as hypothesized by 
Woh1,6JG or (3) small inhomogenieties in the 
feed mixture. At present there is no conclusive 
way of deciding which, if  any, of these possibili- 
ties is responsible, but i t  is noted that ( 2 )  and (3) 
should result in escess hydrogen. I n  any event, 
the departures from the equilibrium amounts are 
so small as to be negligible for engineering 
calculations. 

On the basis of the correlation shown in Fig. 
4 and the absence of significant amounts of par- 
tially burned materials, it seemed legitimate to 
consider the flame to be made up of completely 
burned and completely unburned gases. Density 
computations were based on this model with the 
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FIG. 4. Correlation among CO,, Cs, Hz, and CO. 

assumptions that  the burned part was a t  its 
adiabatic flame temperature and the unburned 
part was a t  feed temperature. (Kinetic energy 
terms were of negligible importance in the energy 
balance.) The density a t  any point was then 
taken as the reciprocal of the mass average 
specific volume. For a few cases density was 
calculated assuming the mixture to be uniform 
in temperature; differences between results so 
obtained and those obtained as described above 
were as much as 12 per cent, but since the 
homogeneous assumption requires the esistence 
of propane far above temperatures where it is 
known to decompose rapidly, this latter assump- 
tion was rejected as unrealistic. 

The correlation shown in Fig. 4, since it aplilies 

will be sliomii later, the turbulciit d i f h i o n  co- 
efficient varies tlirougliout the burning zoiic, 
implies that the mechanism of tlic buriiiiig 
process is independent of the character of the 
turbulence, a t  least for the range of variables 
studied so far. The results of the composition 
measurements would indicate the validity of a 
model of the turbulent burning zone consisting 
of hot, burned gas and cold, unburned gas 
separated by burning zones like the laminar com- 
bustion wave. That is, like thc wrinkled flainc 
model. However, i t  seems unlikely that a singlc, 
wrinkled flamc sheet would be adequate bccausc 
average wrinlilc depths of an inch or greater 
would bc required in some regions of the flames. 
It will be necessary to make allowance in the 
model for the "tearing" of the flamc front and 
dispersal of flame elements through the burning 
zone. 

B. DiJusion Dnta. ils indicated earlier, the co- 
efficients of turbulent mass transfer werc found 
by solution of the material bnlance equation for 
the krypton, viz: 

Numerical solution of Eq. ( 2 )  requires knowledge 
of thc velocity components. Since the impact 
pressure is insensitive to tube azimuth for angles 
between flow and probe axis of 5 degrees or less, 
i t  was assumed that, as a first approximation, tlic 
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to all positions within the &me, and since, as FIG. 5 .  Velocity profiles (100 ft/sec inlet velocity). 
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velocity obtainccl from inipact pressures was tlic 
longitudinal or s-velocity component. Figure 5 
is a typical set of velocity profiles. The shear 
produced by the flame is apparent, and the region 
n here the flow pattern is influenced by the flame- 
holder is also clear. 

Lines of mean flow (lines bounding fixed mass 
flus, or “streamlines”) were determined by find- 
ing a t  cmh 2-position values of ys such that 

pu, dy = constant (3) 

for selected values of the constant. Integration 
of the continuity equation with respect to y 
between the centerline of the combustor, where 
uu = 0 and one of the streamlines (y = ys) gives: 

By virtue of the identity, 

( 5 )  

+ [P., (g9] Y=Y, 
and the lower limit on the second term as stated 
abovc, Eq. (4), becomes 

+ CP%lV. = 0 (6) 
I3ecause of the definition of ys, the first term of 
Eq. (6) is zero, and 

(7) 

The results showed that the maximum angle 
between the probe axis and the mean flow lines 
was 3 degrees, verifying the assumption that the 
impact pressure was an indication of the x- 
component of velocity. No corrections were 
made for the fact that  the tip of the probe was 
in a stream of steep velocity and density gradients 
because the method of correcting for the latter 
effect is not known. The integrated mass fluxes 
a t  all longitudinal positions were compared with 
the metered mass flus, and deviations were less 
than 2.5 per cent. Figure 6 is a set of the “stream- 
lines obtained.” Smooth curves through the 
density and velocity data were used in all 
calculations. 

The mean flow lines determined as described 
above were joined to a potential flow net up- 
stream from the flameholder in order to deter- 

I ,  1 
2 X 4 (INCHES) 6 8 IO 

FIG. 6. Streamlines (100 ft/sec flame); -, mass 
flow fraction; - - -, 0 2  mole per cent (dry); 

_.-. , from KP5. 

mine the position for injection of the radioactive 
tracer. The dot-dash line in Fig. 6 is the locus of 
the maximum tracer mass fraction and indicates 
the accuracy of the streamline determination. 
The lines of constant oxygen fraction indicate 
the location of the flame in the flow field. 

Profiles of tracer count were converted to 
values proportional to mass fraction in order to 
obtain the diffusion coefficients. A typical set of 
profiles of tracer composition is shown in Fig. 7. 
The smooth curves through the data were used 
in subsequent calculations. 

FIG. 7. Tracer count profiIes (mass basis, 100 ft/sec 
flame). 
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In  order to avoid multiple differentiation of 
the data, solution of Eq. (2) was accomplished 
by an integral technique. Equation (2) was 
integrated with respect to y between the wall 
(y  = z/w) where u, and J K ~  were identically zero 
and a streamline passing through the point of 
interest (y = ys) with the preliminary assump- 
tion that the longitudinal diffusive flus, J K ~ ,  is 
negligible ; 

Use of the identity: 

(9) 

with Eq. ( 8 )  yields 

- [P‘%XKlu=us = [JKv11-uS (10) 
Comparison of the second and third terms with 
Eq. ( 7 )  shows them to be equal and opposite in 
sign, and therefore: 

The data were then integrated numerically (by 
Simpson’s rule), and the first term of Eq. (11) 
was obtained by numerical differentiation of the 
results. The turbulent mass transfer coefficient 
was then found from the defining relation: 

& - J K ~ ( ~ X K / ~ Y )  ( 12) 
The assumption that & is a scalar then permitted 
an estimate of J K ~ ,  viz: 

JKz = - 6 (dXK/dx) (13) 
In principle, such determinations would permit 
iteration to  an accurate result, but J K ~  was in 
every case found to be less than 1 per cent of 
J K ~  so that iteration was not necessary. It is 
recognized that the assumption that E is a scalar 
is probably in error. However, there is at present 
no reasonable experimental method for separating 
its components. Further, the principal diffusive 
flus is in the y-direction, and the error is not 
serious. 

At this point i t  is necessary to justify the use 

of the gradient of mass fraction as the driving 
force for diffusion, which results in a transfer 
Coefficient of the dimensions 

(mass)/(length) (time) . 
Possible substitutes for the driving force are the 
gradients of mass concentration, mole conccn- 
tration, mole fraction, or partia.1 pressure. Be- 
cause the nitrogen in the flame is substantia(l1-j 
inert, its mass fraction is unaltcred by the coni- 
bustion process, while its mass concentration, 
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FIG. 8c 

FIG. S. Turbulent mass transfer coefficients; a, 60 
ft/sec flame; b, 100 ft/sec flame; e, 175 ft/sec flame. 
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mole concentration, mole fraction, and partial 
immure are changed because of the change in 
iiunihcr of molcs on reaction. Had mass transfer 
bccn rcsyonsivc to any of the alternative gradi- 
cnts, a variation in mass fraction of nitrogen due 
to diffusion ~ o u l c l  have been found. The data 
show that tht. iiiasb fraction of nitrogen is uniform 
throughout tlic flames, justifying the driving 
force used 

Thc turbulcrit mass transfcr coefficients ob- 
tained as described above are shown in Figures 
Sa, SI,, and Sc. Whilc thcrc is sonic scattering 01 
tlic data about the smooth curvm, the results 
scein fairly consistciit. For purposes of orienta- 
tion: ( I )  Thc  msxinia of the curves in Fig. 8 
rniigc from 0.3 x to 4.8 x lb,/ft sec. 
(2) The maximum value of the coefficient of 
molecular cliffusion of nitrogen in the same units 
is about 0.6 X lom4. ( 3 )  Turbulent mass transfer 
eocficicnts calculated from the data of Forstall 
and Sliapiro17 on mixing of eo-axial, nonreacting 
jets are in tlie range of 0 < & < 4 X l W 4 . I S  

(Hon ever, the Forstall-Shapiro data are not 
directly comparable because of a difference in 
boundary conditions on the flow field.) 

I t  should be emphasized that the feed stream 
to thc combustor is essentially laminar, and that 
any turbulence in the flames studied must be 
causccl by thc Combustion process. The velocity 
profiles show clearly the shear generated by the 
flame, and the turbulence found is undoubtedly 
due priiicipally to this shear. That the turbulence 
procluced in these flames is significant is eviclericed 
by the fact that  the maaimum values of the 
coefficient are significantly greater than those 
obtained for eo-axial jet mixing. Variations of & 
\\ itli time for sevcral streamlines in one flame are 
shonn in Fig. 9. The increase with time for all 
streamlines reflects the production of turbulence. 

To our kriodXlge, thcrc have been no previous 
nieasurenieiits of turbulent mass transfer coeffi- 
cients mithin flames of this type. Barbor et aL13 
computet1 turbulent momentum transfer coeffi- 
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FIG. 9. Time variation of turbulent mass transfer 
coefficient (100 ft/sec flame). 

cients, and the assumption of a turbulent Schmidt 
number near unity with their data yields values 
of about the same order of magnitude as in the 
present work, but the pattern of behavior is 
different and the values are generally higher- 
variations attributable to differences in flame- 
holder design and combustor geometry. 

IVestenbcrg‘g~2” has deduced values of turbu- 
lence intensity in flames of burners of the same 
type as those discussed herein from measurements 
of helium diffusion. He reports values of turbu- 
lence intensity which are roughly constant 
through the flame except on the cciiterline oi’ the 
burner where the values were quite low. Since the 
inlet turbulence intensity even for Westenberg’s 
“low turbulence flame” is about an order of mag- 
nitude greater than for the present case, it seems 
probable that the turbulence intensities in the 
flames discussed herein vary significantly. 

I’rudnikov21 has measured diffusion on the 
axis of a similar flame and found that  the in- 
tensity of turbulcnce decreases as one moves 
downstream from the flameholder to approach a 
value approximately the same as that i’ound by 
Westenberg. If low intensity and low values of 
turbulent inass transfer coefficient are related, 
the present results on the axis of symmetry are 
in substantial agreement with both Prudnikov 
and Westenberg. The latter author attributed the 
low centerline values to the viscous clamping 
caused by the high kinematic viscosity. Prudni- 
kov states simply that the decrease noted is a 
violation of Scurlock’s  prediction^.^ I t  is empha- 
sized that Scurlock’s predictions were based 011 

the generation of turbulencc by shear. I n  the 
absence of shear, turbulence will always dissi- 
pate, and the low values on the axis are probably 
due primarily to lack of shear in this region. 

It is interesting that the values of 8 at any 
cross section increase with increasing feed ve- 
locity, and thc increase is nearly linear. Such an 
increase is consistent with the observation that 
tlie rate of flame spreading as measured by 
luminosity is substantially independent of feed 
v c l ~ c i t y . ~ , ~  The assumption that  the lateral 
spreading of the flame and the interdiffusion 
of reactants and products are related is consistent 
with the model of the turbulcnt combustion 
process indicated by the composition data: i.e. 
the combustion zone is a region of burned and 
unburned gas separated by relatively thin 
flames, probably very like laminar flames. 

C. Reaction Rate Data. The rates of oxygen con- 
sumption (Ib,/ft3sec) were determined by direct 
substitution of the smoothed results previously 
described into the material balance equation for 
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oxygen, viz : 

Initially the first two terms in Eq. (14) were 
determined and plotted. The third and fourth 
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FIG. 10. Reaction rate profiles; a, GO ft/sec flamc; 
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terms in the equation were then apldicd to smooth 
curves through the initial results. Necessary 
derivatives were obtained by numerical dift'eren- 
tiation using the Douglass-hvakian niethod."' The 
diffusion term was as much as 12, 23, and 40 pcr 
cent of thc reaction rate term for the GO, 100, ant1 
175 ft/sec flames, respectively. 

Figures 108, lob, and 10c are profiles of reae- 
tion rates. The general characteristic of these 
curves, decreasing ma.;irnum with increasing 
distance downstream from the flameholder, has 
been observed previo~sly.'~ The general broaden- 
iiig of the combustion zone is consistent nith the 
thickening of tlie luminous zone observed 
visually. Comparison of the dat:i for the thrw 
flames shows that while there is some increase of 
reaction rate with increasing feed velocity, thc 
increase is less than proportionate. This means 
that while, as pointed out above, the mass 
transfer coefficient rises to keep pace with the 
increased feed rate, thus making the rate 01 
spreading of the flame nearly independent of thc 
feed rate, the reaction rate apparently tloes not 
keep pace, and, as observed, thr burning zone 
thickens. It is noted that a t  the tn-o higher feed 
rates, there is a measurable reaction rate in the 
center of the flame. As shown in Fig. 12 there is 
significant unburned fuel on the centerline of the 
burner. Hence, a knowledge of the spreading rate 
of flames of this type is clearly ai1 insufficient 

1 
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FIG. 11. Reaction rate profiles (100 ft/sec flame). 

measure of the burning rate. I n  all three flames 
burnout of carbon monoxide is taking place in 
the center of the duct. 

A second representation of the reaction rate 
data is shown in Fig. 11 where the reaction rates 
for the 100 ft/sec flame are plotted against mass 
fraction oxygen. This latter plot shows that the 
reaction rate is a function of position as well as 
composition, indicating (1) that  the flow pattern 
influences the reaction rate, and (2) that  in the 
range studied, chemical kinetics are not control- 
ling, i.e. a stirred reactor concept of the burning 
zone is not valid, as would be expected because 
the shear in these flames is low compared with 
that in the so-called stirred reactor. 

With one ex~eption'~ there are no data in the 
literature clirectly comparable with those reported 
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FIG. 12. Profiles of propane content. 

herein. 'l'lie reactioii rtltcs ohtaiiictl in the present 
work for 60 ft/scc inlet velocity are comparable 
with those of Barbor et nl.l" The maximum values 
of the present data are 5 to 10 per cent of thc 
overall reaction rates of a laminar flame of the 
same mixture [(density) (laminar burning 
velocity)/( flame thickness)], variations being 
due to inclusion or exclusion of estimated thick- 
nesses of the preheat zone in laminar flames; and 
are 10 to 15 per cent of the overall values as re- 
ported by Longwell and Weiss23 and by Sehuei- 
der.24 Overall reaction rates indicated by the data 
of Petrein et nl.12 for a ducted flame and by Simon 
and Wagner7 for open flames are the same order 
of magnitude as in the present results. 

Scurlock's data3 indicate two regimes: one a t  
low velocities where the rate of spreading as 
indicated by the luminosity is dependent on the 
feed velocity, the other a t  higher inlet velocities 
(above 130 ft/sec) where the rate of spreading is 
substantially independent of the feed velocity. 
The streamlines and spreading characteristics of 
the flames studied in this work show a different 
character a t  60 and 100 ft/sec inlet velocities 
than for the 175 ft/sec inlet velocity-the spread- 
ing being more nearly linear a t  the highest 
velocity. 

Finally, it  is noted that there has been some 
discussion of an appropriate model of the turbu- 
lent flame based upon rclationships between 
fractional oxygen consumption and locus of 
maximum luminosity (see, e.g., ref. 10). While 
the present data do not contribute specifically to 
such a discussion, Fig. 11 shows that the maxi- 
mum reaction rate a t  any cross section does riot 
appear a t  any fixed composition, and the argu- 
ment appears to be academic. 

It is necessary to note for consideration of 
these data that the range of the data does not 
include complete combustion of the feed stream. 
The total fractions of the oxygen burned in the 
three flames were 27.8, lSS, and 14.8 per cent 
for the 60-, loo-, and 175-ft/sec flames, respec- 
tively. Problems of equipment size and stability 
have prevented extending the results to higher 
fractional completion of the combustion. 

Conclusions 

The results of this study show that  for the 
range of variables so far investigated: 

(1) It is possible to obtain meaningful and in- 
terpretable values of the turbulent mass transfer 
coefficients and reaction rates in the turbulent 
flame. It is emphasized that  the data have been 
obtained and processed without prejudice as to 
the best characterization of the flame and without 
a choice of model of the combustion process. The 
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results may be examined with respect to any 
model. 

( 2 )  The character of the flame is strongly in- 
fluenced and controlled by the character of the 
flow rather than by thc kinetics of molecular scale 
processes. 

( 3 )  The shear generated by the confined flame 
itself can generate turbulence comparable with 
or greater than that found in jet mixing. 

(4) For the range of variables studied the 
composition in the burning zone can be related to 
the oxygen content alone, and samples obtained 
may be regarded as made up of burned and un- 
burned gas. Thus, a modified wrinkled flame 
model appears to be valid, but a single wrinkled 
flame sheet would have wrinkles of an inch or 
more in depth. This means that there must be 
some tearing of the flame front. 

( 5 )  Indications are that the turbulent diffusion 
coefficient increases roughly in proportion to feed 
velocity, while the volumetric reaction rate does 
not increase as rapidly. These facts are consistent 
with the notion that while the spreading of the 
flame would be nearly independent of feed 
velocity, the fractional completion OF combustion 
in a given volume of the combustor would de- 
crease with increased feed rate. 

It should prrhaps be emphasized that the 
method of attack on the problem of turbulent 
combustion described herein by-passes knowledge 
of parameters describing the flow in terms of the 
statistical theory of turbulence. Practically 
speaking, since for engineering purposes applica- 
tion of the statistical description of the turbulence 
must be related to the boundary conditions, this 
by-passing is not a shortcoming but an advantage 
because it eliminatrs an extremely difficult 
measurement. 

The nest task is to relate the results reported 
here to the patterns of the flow and the properties 
of the system, to develop a model of the process. 
Such relationships, valid for most of the range of 
the present data, have been d e v e I ~ p c P ~ , ~ ~  and 
will be presented in a later paper. 

Nomenclature 

Turbulent mass transfer coefficient 
[lbm/ft see] 
s-Component of diffusive flus of species j 
y-Component of diffusive flus of species j 
Rate of production of species j 
[lb,/ft3 sec] 
Quantity proportional to mass fraction of 
I W  [counts/min Ib] 
Velocity vector 
s-Component of velocity vector 
yCoinponent of velocity vector 

z Longitudinal distance from flameholder 
y Lateral distance from flameholder 
ys 

7~ 

Value of y corresponding to a streamline 

Value of 71 a t  combustor wall 
tcf. Eq. (3)l 

d -  

xj 
p Density [lbm/ft3] 

Mass fraition of species J 
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Discussion 

DR. S. 1,. BRAGG (Rolls-Royce, England) : Figure 
11 of the paper shows that the volumetric reaction 
rate is virtually independent of composition. This 
iniplics that the flow into an elementary volume of 
the combustion zone is not mised (for reaction rate 
theory shows that the heat release rate in such a 
mixture would depend critically on combustion), but 
consists of a strcam of slugs of unburned and burned 
combustililes. If we assume that combustion takes 
place at thc intcrfaccs between these slugs, a t  a local 
volumctric heat release rate equal to that in a 
laminar flame, then the measured average rate 
should yield a figure for the surlace:volume ratio 
:md thus the scale of the turbulence. 

These ideas could be checked by running tests a t  
constant Reynolds number with a model of double 
the size of the prototype. The scale of turbulence 
should then be found t o  be double its previous value 
and if local reaction kinetics were not significant the 
mean volumetric reactions rate a t  a point, which 
depends on a surface:volume ratio, would be re- 
duced to one-half its previous value. 

PROF. C. W. STIIPMAN (Worcester Polytechnic 
Instzkcte) : Dr. Bragg’s suggestion of a model to 
relate volumetric reaction rate to the size of the 
slugs of burned or unburned grts is the basis of some 
work already done by the authors. However, the 
resulting surface:volume ratio should not be con- 
fused with the scale of the turbulence, for as a slug 
of unburned gas flows through the system, it will be 
reduced in size both by burning and by the shear in 
the mean flow. The effect of burning is shown by 
the dropping ofk of the reaction rates a t  low osygen 
concentrations (Fig. 11). Thus, the surface :volume 
ratio will probably give a scale which is too small. 

With respect to the tests on a larger prototype, 

we feel this would be a worthwhile experiment. One 
should bear in mind, however, that the present re- 
sults apply to a region of developing shear, where 
the flame has not yet reached the wall; and the be- 
havior is more likely related to that development 
rather than the overall size of the system. One 
would expect the prototype experiment to be of 
more value for regions farther downstream. 

PROF. J. J. BROEZE (Technological University, 
De&!): The very interesting paper by Howe, Ship- 
man, and Vranos, dealing with higher degrees of 
turbulence, may indicate that there is a limit to 
which the flame front wrinkling theory would 
apply, as the reaction rate is found to lag a t  high 
flame velocities. As long as it does apply, one has 
clearly to deal with the propagation mechanism of 
laminar flame, which is heat conductance plus radi- 
cal diffusion (in relay race fashion). This mechanism 
leads to the formulation of a layer of reacting ma- 
terial which is so heavily impregnated with radicals 
as to be actually autonomous. This means that, 
under conditions of high shear, chunks may be torn 
out of this layer, losing contact with the flame front 
but because of this autonomy continuing the reac- 
tion by themselves. However, such a reaction in an 
isolated area is no longer the same as the normal 
propagating flame reaction but may resemble more 
the building up of flame from a self-ignition reac- 
tion, and it is conceivable that this would take 
more time and thrreby esplain the author’s findings. 

This lends me to make a request of the authors, 
namely to consider the possibility of extending their 
work with hydrocarbons of equal normal flame 
velocity but different nutoignition properties. 
Theoretically n-heptane versus one of the more 
complex isoheptanes might be ideal but for practical 

c 
, .9 
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purposes a good pair of commercial products may 
be found such as naphtha or light kerosene and 
isooctane. Also, variations of inlet temperature 
might be enlightening. 

PROF. C. W. SHIPMAN: The authors would like to  
thank Professor Broeze for his interesting sugges- 
tion. The process of rupture of the flame front which 
he describes has been and continues to be of some 
concern to us. However, we have so far found no 
partial oxidation products in the gas samples 
(other than those expected in the normal post-com- 
bustion zone) and thus have no evidence of such 
rupture. We must, of course, also consider the 
possibility thnt the quenching rates in our probe 

(estimated a t  50 X loG "I</scc) nrt: too slow t o  
enable us to dctect the phenonicnon. Furthcr it 
would seem that rupture of tlic wrinlrlcd flnmc,, 
which has already taken place in thc flmic studies 
so far, will take place perpendicular to thc plane of 
the burning wave more oftcn than parallel to it, 
and our subsequent development of a model to de- 
scribe the reaction rates has considered this. 

Professor Broeze's comment is interrsting from 
another point of view. No theoretical models of 
turbulent combustion so far developed accounts for 
the observcd fact that turbulcnce can extinguish 
the flame. Rupture of the burning zone 3s described 
by Professor Broeze, but a t  a slightly different 
plane may supply the necessary mechanism. 

G r "  
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FURTHER STUDY ON FLAME STABILIZATION IN A 
LAYER: A MECHANISM OF FLAME OSCILLATIONS 

W. S. WU AND T. Y. TOONG 

In this paper a mechanism of flame oscillation is proposed in an attempt to esplsin the often- 
sought flame oscillation phenomena in a boundary layer and also to bring together with a unified 
theory the two distinct types of flame stabilization in a boundary layer. These types are: (1) the 
steady flame observed by Hottel el a2. and (2) the oscillating flame observed by Gross, Ziemcr, snd 
Turcotte. 

This proposed hypothesis postulates that the oscillation phenomenon of the flame in s boundary 
layer is caused by the instability of the boundary layer flow. The adverse pressure gradient immcdi- 
ately upstream of the flame nose in the boundary layer and the heat transfer to the unburned mis- 
ture from the solid boundary make the boundary-layer flow highly unstable. This instability, com- 
bined with the basic principles of flame stabilization and propagation, sets off the oscillation. 

A comparison of the esperimcntal conditions with the existing boundary-layer stability theory 
indicates that the boundary layer in the experiments is in the unstable region. Evidences are provided 
to support the theory. 

A further study of the oscillation characteristics of the flame was made by means of high-speed 
motion pictures. It shows that the oscillating pattern of the flame repeats itself cssctly and the 
advance speed and the oscillation frequency of the flame become higher when the plate temperature 
increases, while the retreat speed remains constant. The advance speed remains constant when the 
amplitude of oscillation is changed. Furthermore, the steady flame observed by Rottel el al. was 
also obtained by the authors a t  a very low-plate temperature and flow velocity. All these phenomena 
can be fully esplained by the proposed hypothesis. 

As discussed, some of the present reeults agree with the observations of previous investigators, but 
some do not. 

The proposed hypothesis is further employed to esamine and alleviate some of the doubts eon- 
cerning the use of the equilibrium theory to correlate oscillating-flame data by a group of parametcrs. 
It is found that though the reason for choosing these parameters is different from that of thc previous 
investigators, our results are quite similar. The correlation is readily esplained qualitatively by the 
steady-flame theory. 

Introduction analysis. However, the results of these studies are 
not generally comparable, duc to differences in 

Gross1 first reported the possibility of flame 
stabilization in a boundary layer over a flat 
plate. Hottel, Toong, and Martin2 investigated 

Many studies have been made of flame emphasis and esperimental conditions. 
stabilization in a boundary layer because of its 
relatively simple model and the esistence of an  
established boundary layer theory to assist in the 

49 
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the same problem in a boundary layer adjacent 
to a slender water-cooled rod placed in a com- 
bustible stream with its axis parallel to the flow 
direction. Later, Ziemer and CambeP studied 
stabilization in a laminar boundary layer next to 
a heated plate. and Turcotte4 also studied 
stabilization in a turbulent flow. Hottel, Tooiig, 
arid l, Martin succeeded in obtaining steady 
flames, while Gross, Zieiner and Cainbel, aiid 
Turcotte observed oscillating flames. Gross 
reported a regular pattern of oscillations with a 
definite frequency arid amplitude, while Zieiner 
et al. reported a random pattern with no explana- 
tion as to how their experimental results were 

theory of flame stabili- 
a continuous ignition 

theory for flame stabilization, while Ziemer and 
IIottel used Bunsen-flame stabilization theory. 

This paper presents the results of a critical 
study needed to bring together the different 
observations in a single hypothesis which will 
explain the mechanism of flame oscillations. This 
hypothesis is further used to justify the applica- 
tion of the steady-flame stabilization theory to 
correlate oscillating-flame data. 

Description of Apparatus 

The apparatus consists of a test seetion, a 
calming section, and a fuel-air mixing section. 

The exhaust gases from the test section are 
removed from the laboratory through an overhead 
hood. 

The metered fuel (ethanol) is first vaporized 
through a steam-heated heat exchanger (Fig. 1) , 
mixed with filtered, metered air to give a desired 
mixture, and then preheated in a steam-jacketed 
tank to a desired temperature. The uniform 
mixing of fuel and air is achieved by ejecting 
vaporized fuel through numerous pinholes 
perpendicular to the air stream. 

From the mixing tank, the iniiture flows 
through a diffuser and a straightening-calming 
section and reaches the air-film introducing 
section. Here, two sheets of air film are introduced 
in parallel to the mixture stream a t  a carefully 
matched stream velocity, to minimize mixing 
with the main stream. The sandwiched stream 
then passes immediately through a converging 
nozzle and a test section into the atmosphere. 
These two air films separate the quartz windows 
of the test section from direct contact with the 
mixture and hence prevent the boundary layers 
on the windows from affecting the flame. 

Figure 2 shows the one-square-inch test 
section, formed by a heated flat plate, two 
quartz side walls, and a top wall. The plate 
temperature distribution is measured by nine 
thermocouples and can be controlled by adjusting 
the current through thirty-two quartz-insulated 
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FIG. 2. Test section assembly. 

PLUG 

heating elements embedded in the stainless-steel 
flat plate. The plate is carefully designed to 
maintain a nearly constant transverse tempera- 
ture distribution. A 0.006-inch suction slot is 
provided a t  the leading edge of the plate to 
ensure the generation of a new boundary layer. 

The mixture temperature was measured by a 
double-shielded calibrated thermocouple probe 
which was retracted during the test. The double 
shielding reduced error caused by radiation from 
the hot plate. 

Oscillating Flames 

Observed Phenomena 

In the study of flame stabilization in boundary 
layers, the authors, like other  investigator^'^^^^ 
observed various types of oscillating flame and 
also experienced extreme difficulties in eliminating 
the oscillation. To ensure that these oscillations 
were not caused by inaccuracy of the measuring 
instruments or by faulty design of the appitratus, 
special attention was paid to the design of the 
apparatus and to the calibration of the measuring 
instruments. Before tlie iiistallation of tlie air- 
film introduction scction, a three-dimensional 
flame was observed in the test scction. The flame 
was closely attached to the wall of the test 
section and advanced and retreated along the 
two adjacent corners, alternately one a t  a time. 
When the temperature of the heated plate was 
high, the flame always chose the pair of corners 
formed by the heated plate and the quartz 
windows. Introducing air jets along the corners 
through a fine (0.030-inch O.D.) hypoderniic 
tube eliminated tlic alternating advancement of 
the flame along the corner. However, two side 
flames attached to the quartz windows still 
oscillated with the main flame (Fig. 3) .  The 
introduction of air films further eliminated the 

FIG. 3. Side flame and main flsnie in test section. 

side flames but did not cli ate the oscillation. 
When the air-film velocity was matched with 
that of the mixture, the flaine front became 
strictly two-dimensional across tlie test section 
and was “stabilized” in the boundary layer 
adjacent to the heated wall. The high-frequency 
oscillations persisted; their presence was revealed 
by the appearance of two distinct bright lines 
(Fig. 3) a t  the extreme positions occupied by the 
flame. 

When the air-film velocity was mismatched 
with the mixture velocity, tlic development of 
turbulent mixing caused by the shear flow was 
clearly observed from the shape of tlie flame 
sheet. Since the turbulence caused a higher 
burning velocity, tlie two mixing regions formed 
two ridges on the flame sheet. The ridges dc- 
veloped with the growth of the mixing zone, 
finally met each other, and filled the full wicltli 
of the test section. 

During this study the (common) occurreiicc 
of acoustic oscillation in a combustion chamkwr 
was a t  first suspected as the cause of these flamc 
oscillations. However, an approximate calculation 
of the fundamental natural frequency of tlrc 
system yielded a value which was several times 
larger than the observed oscilhtion frequeneics. 
Experiments also showed that the oscillation was 
iiot influenced by such variables as the geometry 
of the exhaust hood. Other possible external 
disturbances also were suspected, such as vibra- 
tion of the air compressor, vacuum pump, etc. 
These possibilities were also ruled out by 
experimentation. 

Also considered was the possibility that  a 
steady mode of propagation existed a t  a certain 
position along the heated platf, hut that the 
ignition mechanism used in these experiments 
forced the flame into an oscillatiiig mode. In  
this study the flame was ignited by a spark plug 
located at the trailing edge of the heated plate. As 
the mixture was ignited, the flame propagatcd 
upstream to the foremost position of tlie oscil- 
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lai,ing mode, possibly creating a disturbance 
sufficient to cause oscillation. However, esperi- 
mcnts designcd to  investigate this line of argu- 
iiicnt have disproved the hypothesis that  the 
flame would bc stable either if ignition were 
initiated a t  the position of the stable mode, or 
if the oscillation amplitude were reduced to a 
ccrtain level. 

The failure of many extensive experiments 
aimed a t  eliminating the flaine oscillation and the 
observation of certain characteristics of the 
oscillation indicate that the oscillation might 
possibly be an inherent feature of this type of 
flame stabilization (in the sense that the flame 
does stay in the boundary layer) under the 
experimental conditions. It is similar to a flow 
behind a cylinder which will always oscillate 
owing to alternately shed eddies on each side, 
and which does not lend itself to a potential-flow 
solution. 

A Mechanism of Flame Oscillations 

If oscillation is assumed to be inherent to the 
type of stability studied, what mechanism causes 
this oscillation? 

The hypothesis proposed here is based on 
boundary-layer instability. As is well known, a 
flnme acts like aporous object in a flow. According 
to the equilibrium theory of flame stabilization, 
the flame front in a boundary layer must have a 
blunt-nosc shapc. The unburned mixture ap- 
proaching the nose is retarded, deflected to the 
side, and finally passed through the front and 
burned. This is because the pressure in the region 
iininediatcly upstream of the nose is higher than 
the free-stream pressure. According to the 
boundary-layer instiability theory, this adverse 
pressure gradient, upstream of the flame, and the 
high temperature of the flat plate make a laminar 
flow highly unstable. This instability leads to the 
growth of disturbances and to eventual transition 
to turbulence. 

Once the flow is turbulent or on the verge of 
becoming turbulent, the increase in burning 
velocity causes the flame to advance toward 
the leading edge of the flat plate. This advance- 
ment results in further increase of the adverse 
pressure gradient in front of the flame nose, 
lowering the stability limit of the boundary 
layer so that the flame keeps advancing. On the 
other hand, several other factors are also changing 
as the flame advances. First, the Reynolds 
number a t  the position of the flame is decreasing 
and the corresponding velocity gradient a t  the 
wall is increasing. Second, the ratio between 
quenching distance and thermal boundary-layer 
thickness becomes larger as the flame approaches 
the leading edge of the plate. This fact leads to 

a lower hump of the burning velocity profile, 
caused by the thermal boundary layer of the un- 
burned mixture as the flame advances.5J1 When 
these factors balance the increase of burning 
velocity caused by transition and turbulence, the 
advance stops. As soon as the flame stops, the 
pressure gradient in front of the flame is no longer 
the same as when the flame was advancing. The 
decrease of the pressure gradient increases the 
boundary-layer stability limit, thus changing 
turbulent flow to laminar flow with a result of 
decreased burning velocity; hence the flame 
retreats. This retreat continues until the Reynolds 
number corresponding to the flame position 
increases sufficiently so that turbulence is once 
again generated. The turbulence makes the flame 
again move toward the leading edge of the flat 
plate. 

Supporting Evidences 

I n  the present investigation, four series of data 
were obtained under the conditions that the un- 
disturbed free-stream velocity (Urn) varied from 
4 to 17 ft/sec and that the ratio of the wall to 
free-stream temperature (T,/Trn) of each series 
was 2.11, 1.S2, 1.55, and 1.14. Each of these ex- 
periments showed a definite pattern of oscillation. 
Let us first examine the stability limit of each. 

Schlichting and UIrich have made a theoretical 
study of the stability limit of a boundary layer 
under the influence of streamwise pressure 
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FIG. 4. Stability limit of flow in a boundary layer 
due to heating effect and pressure-gradient efiect. 
(From Boundary Layer Theory, by H. Schlichting. 
Copyright 1960. McGraw-Hill Book Company, Inc.) 



gradient! Lees and Lin have studied the cffect 
of heat transfer from wall to gas on the stability 
limit.',* Their investigations demonstrate that the 
critical Reynolds number above which instability 
appears is greatly affected by cither the adverse 
pressure gradient or by the tempcrature of the 
heated wall (Fig. 4). However, no solution is 
available which takes into account both of these 
factors a t  the same time. The solutions of Lees 
and Lin are for a free-stream Mach number of 
0.7 and cover a range of TWIT, from 0.7 to 1.25. 
Also, one point corresponding to T,/T, equals 1 
and 114 equals 0 gives a lower critical Reynolds 
number (Fig. 4) than that for which Ill = 0.7. 
When their solutions are extrapolatcd to the 
values of T,/T, used in our study, three out of 
the four series in the experiments give a Reynolds 
number beyond the theoretical stability limit. 
However, to use their solution as a guide for the 
flow stability of our experiment is extremely 
conservative because their solutions are for 
M = 0.7 and these authors do not consider the 
effect of the adverse pressure gradient upstream 
of the nose of the flame. Therefore, it is highly 
probable that  the experiments in the fourth series 
correspond also to an unstable region. 
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FIG. 5 .  Curves of neutral stability for a boundary 
layer with pressure gradicnt. (From Boundary 
Layer Theory, by H. Schlichting. Copyright 1960. 

McGraw-Hill Book Company, Inc.) 
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I n  considering thc effect on the stability limit 
of pressure gradient or shape fsctor A, it  is known 
that there are two kinds of neutral stability 
curves (Fig. 5). The first type is that in which 
both branches of the stability curves (for all 
velocity profiles with a decreasing pressure or 
A > 0) tend to approach zero as the Rcynolds 
number approaches infinity, as vias the case for 
the flow over a flat plate (A = 0). The second 
type, called frictionless instability, is charac- 
terized by a velocity profile with a point of 
inflection. This often corresponds to a velocity 
profile with an adversc pressure gradient (A < 0). 
For this hind of instability, a finite region of 
wavelength exists at which disturbances are 
always amplified when the Reynolds numhcr 
exccds a critical valuc. 

L. 13. Dumontg shows in his report that  thc 
velocity profile iinmediatcly upstream of the 
flame is not only highly distorted but also 
possesses a point of inflection. A comparison of 
the velocity profile a t  separation (A = -12) 
with the velocity profile obtained by Dumont 
indicates the considcrablc effect of thc flame on 
the stability limit of the boundary layer. 

For the present case, no stability solution which 
considers the effects of both temperature and the 
adverse pressure gradient is available for a niorc 
precise estimation of the critical Reynolds 
number, or stability limit. IIowevcr, according 
to the postulated mcchanism, thcrc should be a 
steady flame if the Rcyiiolds number corrc- 
sponding to the flame position is low enough. This 
was indeed observed when U ,  was equal to 
4.06 ft/sec, T, was equal to 92"F, and T ,  \\-as 
equal to 118°F. Under these conditions the flame 
stood still at X equals 0.688 inch (from the 
suction slot) and its corresponding length 
Rcynolds number, R,, was 1266. This steady 
flame is difficult to obtain in this apparatus, 
because there was no provision for cooling of the 
flat plate. (Note that the steady flame reported 
in the paper by Hottel et al. was obtained by the 
use of a water-cooled solid boundary.) 

It is difficult to provide further dctailcd and 
quantitative proof of the boundary-layer stability. 
For instance, the stability solution for the 
present configuration (that is, for a compressible 
boundary layer with constant wall temperature 
and a pressure gradient due to a porous obstacle) 
is a difficult problem. Solution of the unsteady 
boundary-layer flow with an oscillating porous 
obstaclc is also difficult. Eqmimentally, the 
ordinary method of dctecting turhulcnce, namely 
hot-wire anemometry, is no longer l~ractical 
because the flame rould burn up the fine wirc 
and thc probe would not physically be able to 
follow the fast-oscillating flamc. The Schlieren 
technique also is not applicable, because the 
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region of transition and turbulence is expected 
to be very small and the strong density gradient 
of the flame front 11 ould overshadow the minute 
clisturbanccs which are present immediately 
upstrcam of the flame tip. (This is indeed the 
case, as demonstrated by Schlieren pictures.) 

Nevertheless, instead of an elaborate theo- 
retical analysis or an involved experiment, a 
relatively simple experiment has been performed 
to provide further supporting evidence. A 
turbulent flow is created by using a wire. This 
wire is placed on the flat plate perpendicular to 
the flow direction downstream of the oscillating 
flame. Thc wire is then moved slowly upstream, 
and as soon as the flame touches the wirc, it 
immediately attaches itself to the wire and no 
longer oscillates. As the mire moves farther up- 
stream, the flame first remains attached to it, 
then develops a tendency to detach itself from 
the wire, and finally jumps back to a position 
about inch to 3 inch downstream of the wire. 
The most interesting phenomenon is that  the 
flame is very steady a t  this point when the wire 
is imrncdiately upstream of it. This evidence 
clearly demonstrates that  the oscillation mecha- 
nism is destroyed due to the presence of this wire. 
If the mire is moved farther upstream, localized 
turbulence is damped out due to a low Reynolds 
number in that region, and the flame begins to 
oscillate again. Kires of diffcrent sizes have been 
tried, and the same gcncral phenomenon n7as 
observed. TTrith a wire sinaller than a certain 
sixc, however, it  is harder to produce the steadily 
tletaclicd flame, and even if it is produced, it 
readily starts to oscillate. This observation may 
hc explained again by the fact that  insufficieiit 
turbulence is generated by a smaller wire. 

The previously mentioned alternatively ad- 
vancing and retreating flame along two adjacent 
corners of the conibustion tunnel was first 
observed without using the air film. The fre- 
quency of the oscillation increased as the plate 
tempcrature increased. When the frequency of 
oscillation became very high, the oblique inter- 

section lines moved so fast that  they appeared 
to be two crossed lines on the plate. Conversely, 
when the plate temperature is lowered to a certain 
level, the flame no longer seems to have a par- 
ticular preference for the pair of adjacent corners 
composed by the heated plate and quartz 
windows, but never chooses a pair of diagonally 
opposite corners. I n  this case the boundary layer 
in the corners can become turbulent or separated 
due to an adverse pressure gradient more easily 
than can a two-dimensional boundary layer, 
because the shear stress a t  each corner is zero. 
The postulated hypothesis can immediately be 
applied to eiplain such oscillations, though i t  
does not esplain the fact that  the flame takes 
alternatively adjacent corners. Without offering 
a satisfactory answer to this question, let it be 
mentioned here that the alternatively oscillating 
pattern is quite similar to that obscrved by J. 
Nikuradse'O on flow in a divergent channel. 
Possible similarities between the fundamental 
oscillating mechanisms in these two cases have 
not been thoroughly studied. 

High-Speed Motion Pictures 
High-speed motion pictures, taken under vari- 

ous conditions, provide insight iiito these oscilla- 
tion phenomena. Most of these motion pictures 
were taken a t  approximately 1000 frames per 
second. The precise film speed was indicated by 
the timing markers on one side of the film. 

These films yielded data on three major areas 
of interest. The first area involved the flame 
propagation when thc mixturc was just ignited. 
The second area pertained to the relationship 
between oscillation amplitude and the advance 
and retreat speeds of flames for each cycle of 
oscillation a t  the same U,, T,, and T,. The 
third area related the effect of plate temperatures 
on the advance and the retreat speeds. I3y 
studying consecutive frames of the film strips, 
the relationships between the flame anchoring 
point and time were obtained and plotted. A 
typical plot of thcse curves is given in Fig. 6, 
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TABLE 1 

Flame oscillation characteristics under different conditions 

Adv. Retreat Osc. 
T W  U, speed speed freq. Xmin X,,, Osc. ampl. L 

Case ( O F )  (ft/sec) (ft/sec) (ft/sec) (cps) (inches) (inches) (inches) (inches) 

1 632 10.25 3.96 2.50 11.49 1.10 2.00 0.90 2.0 
2 632 10.25 4.06 2.81 8.33 1.33 2.50 1.53 3.0 
3 632 10.25 4.16 3.22 6.13 1.10 4.10 3.00 4.0 
4 s29 10.31 6.67 3.50 12.5 0.50 2.00 1.50 4.5 
5 413 4.10 1.47 1.30 19.s 0.41 0.66 0.25 2.0 

and the characteristics of these curves are 
summarized in Table 1. 

When the mixture is ignited, the flame propa- 
gates (Fig. 6) from the trailing edge toward its 
“stabilized” position at a relatively high speed 
of 16.8 ft/sec. This speed far exceeds the burning 
velocity of a stoichiometric ethanol-air mixture, 
since the wall temperature is only 623°F. After 
the flame has reached its “stabilized” position, 
the oscillation pattern is immediately established 
and repeats itself exactly a t  each cycle, unlike 
the ordinary second-order oscillation system 
which usually overshoots when it is underdamped. 
The flame is clearly seen to be propagating 
through the boundary layer. The experimental 
conditions corresponding to Fig. 6 were U, equals 
10.25 ft/sec, T, equals 632”F, and a stoichio- 
metric mixture was used. The oscillation fre- 
quency was 11.49 cycles/scc, the advance speed 
was 3.96 ft/sec, and the retreat speed was 
2.50 ft/sec. 

To carry out the second goal of this study, the 
length of the top mall mas changed to vary the 
oscillation amplitude. Interestingly, when the 
length of the top wall is changed to 3 and 4 
inches, the advance speed remains nearly 
constant when the amplitude of oscillation is 
changed (see Table 1).  According to the previ- 
ously stated instability theory of flame oscillation, 
the advance speed indeed should be independent 
of oscillation amplitude because transition and 
turbulence are the basic cause of the flame 
advancement. As long as the intensity of the 
turbulence remains the same, the increase of the 
burning velocity should be the same. 

Another motion picture taken under the same 
conditions shows that the oscillation pattern is 
clearly reproducible at each run. 

To achieve the third purpose, s motion picture 
was taken with a higher plate temperature. 
Compare case 4 with case 3 in Table 1. The 
advance speed and the frequency became higher 
when the plate temperature was higher, while the 

retreat speed remained approximately constant. 
According to the proposed theory, the flame 
retreat is simply due to “wash-away” by the 
free stream. When either the length of the top 
wall or the flow pattern in the frce stream 
remains the same, the retreat speed should be 
the same. Conversely, when the top wall is 
shortened, the resulting flow divergence in thc 
free stream reduces the free-stream velocity. 
Thus, the wash-away speed or the retreat speed 
is reduced, as can be seen from Table 1. 

Flame oscillation a t  a low-plate temperature 
was also studied. However, a t  low-plate tempera- 
ture the flame cannot be kept in the test section 
a t  the same free-stream velocity (10.3 ft/sec). 
Another motion picture was taken with U, equal 
to 4.10 ft/sec, and T, equal to 413°F. Thc 
advance speed shows a lower value than that for 
T, equals 632°F. The fact that  the advance 
speed became lower when the plate temperature 
was lower may be explained again by the in- 
stability theory. It is known that the higher the 
plate temperature, the lower the stability limit. 
Thus, turbulence can be generated more readily, 
or the intensity of the turbulence may be higher 
at higher plate temperatures. Therefore, the 
advance speed becomes higher when T, is higher. 

The oscillation pattern obtained from the high- 
speed movies agrees with Gross’ description that 
“the flame front appears to dart down through 
the boundary layer, dragging the rest of the flame 
with it. It then stops near the leading edge and 
mashes back toward the trailing edge.” The 
words “dart,” “dragging,” and [‘washes back” 
also seem to best describe the present observed 
oscillating motion, although the ratio of advance 
velocity to retreat velocity is not four to one, 
and the frequency is not 25 f 5 cps, as Gross 
observed. These differences may be caused by 
various factors such as different kinds of fuel 
used, temperature profile of the plate, free 
stream-misture flow velocity, etc. 

Gross mentioned that 600°F plate temperature 
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was sufficient for oscillation to take place and 
water-cooling of the plate stopped the oscillation 
and caused the flame to stabilize itself along the 
rear edge of the plate. The authors observed the 
oscillation a t  a much lower plate temperature 
than 600°F. At the same time, we also realized 
the fact that  Gross’ plate length was shorter, his 
misture velocity was higher, and different kinds 
of fuel were used 

The present esperiment shows that the 
oscillation has a definite pattern for each set of 
conditions and repeats itself esactly a t  each cycle. 
This fact disagrecs with Ziemcr’s observations 
that a frequency variation of an individual cycle 
(from 14 to 30 cyclcs/sec) appears to be random 
and that the amplitude variation (from 3 to 2 
inches) does not seem to correlate with the 
frequency. He also found that tlie ratio of the 
average advance velocity to the average retreat 
velocity of the flame front varies randomly from 
0.5 to 2.0. He states that  this ratio does not seem 
to be influenced by the frequency. 

In  the present investigation, the advance 
velocity of the flame tip is independent of the 
amplitude of oscillation and is increased with 
plate temperature, while the retreat velocity 
depends on the top-wall length. The flame 
oscillation is not believed to be an ordinary 
linear spring-mass type. These facts can all be 
esplained by the proposed theory of oscillation 
and may thus serve as further evidence for 
supporting this theory. 

Flame-Holding Characteristics 

,1 N e w  Interpretation of the Selection of Stability 
Parameters 

Previous investigators have often treated tlie 
flame stability in a boundary layer by an equi- 
librium theor>J1 and have also correlated the 
experimental data by it, even though the ob- 
served flame may be oscillating. An  attempt is 
made here to csamine and allay some of the 
doubts concerning the use of the equilibrium 
theory to correlate oscillating-flame data. 

The equilibrium theory of flame stabilization 
postulates that  the flame always attempts to 
seck a position along the flat plate where the 
mixture-velocity profile is tangent to the burning- 
velocity profile. If both of these profiles are 
steady, a definite position esists a t  which the 
flame would be stabilized. I n  this ease, the 
correlation among aerodynamic, heat transler, 
and chemical characteristics u7ould be most 
logically accomplished through the use of the 
wall tempcrature, free-stream velocity, flame- 
stabilized position, fuel-air ratio, or any other 
convenient variables which may be derived there- 

from. This is the method of correlation that 
Hottel et aL2 and Zienier et aL3 have used in their 
analyses. Now if an oscillating flame is esamined 
on the basis of the postulated instability mecha- 
nism, it is realized that X,,, represents a position 
a t  which the increased burning velocity due to 
transition or turbulence is finally balanced by 
the steepened velocity gradient at the wall and 
by the more pronounced quenching effect of the 
flat plate. This characteristic quantity, X,in, is 
then used as one of the parameters to correlate 
the flame-holding characteristics. In  fact, good 
espcrimental correlation is achieved by using 
Xmin with U ,  and T, as variables and holding 
T ,  constant. Though the reason that these 
parameters have been chosen is different from 
that of the previous investigators’, our final result 
is quite similar. 

Correlation between Stability Parameters 

Four series of data corresponding to T, equals 
S29, 632, 431, and 203”F, and T ,  equals 147, 
144, 12S, and 127’F, respectively, have been 
collected, screened, and organized5 and are shown 
in Fig. 7. The curves in Fig. 7 show a consistent 
trend of variation as predicted by the equilibrium 
theory; however, they do not agree with the 
observation by Hottell et al.” that  the boundary 
velocity gradient (du/dy) , immediately up- 
stream of the flame is independent of the free- 
stream velocity. Figure S shows a definite trend 
of increasing ( d u / d y ) ,  as C J ,  increases. (The 
velocity gradient a t  the wall in Fig. S is calculated 
on the basis of compressible fluid flow a t  a very 
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FIG. 7. Relation between free-stream velocity and 
flame position. 
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small Mach number adjacent to a heated plate.) 
This disagreement can be explained by the follow- 
ing reasoning, as discussed also in references 5 
and 12. 

If we observe the fact that  the quenching 
effect of the plate on the flame is not a strong 
function of X, the distance from the leading edge, 
we may treat the qucncliing distance as inde- 
pendent of X. On the other hand, the thermal 
boundary layer is growing as flow moves down- 
stream. -4s the burning velocity increases when 
the unburned mixture temperature increases, the 
peak of the burning-velocity profile will increase 
as the distance from the leading edge increases. 
Now, as the quenching distance is assumed to 
be constant and, as the peak of the burning- 
velocity profile increases with X ,  (du/dy), must 
be higher as the flame moves downstream with 
increasing U,, because the mixture-velocity 
profile is required to be tangent with the burning- 
velocity profile. 

Another interesting fact also indicated in Fig. 
8 is that a t  the same free-stream velocity, 
(du/dy), becomes smaller for a lower plate 
temperature (although this relationship is some- 
what obscured by experimental error due to 
difficulty in controlling the mixture temperature) . 
Again, the lower plate temperature causes a 
lower peak of the burning velocity and hence 
(du/dy), is smaller than that of a higher plate 
temperature case. 

Conclusions 

After an extensive investigation which includes 
careful control of instrumental and experi- 

mental error and eliminatiou of‘ any possiblc 
extraneous factors which niiglit cause flame 
oscillations, it  is concluded that the observed 
oscillation of a flame stabilized in a boundary 
layer next to a heated plate is an inhercnt 
characteristic of this type of flame stabilization. 

The proposed mechanism of flame oscillation 
explains all the observed oscillation phenomena 
and characteristics. Webhave also given evidences 
to support the theory without contradiction. 

The study of high-speed motion pictures 
showed that the advance speed is almost indc- 
pendent of the oscillation amplitude and increases 
as the p h t e  temperature increases. rlYie retreat 
speed is merely the “wash-away” speed and is 
nearly independent of the plate temperature. 
These facts give full support to the proposed 
theory, which therefore appears to be a sound 
one. 

Using the proposed theory in interpreting tlie 
correlation of flame-holding characteristics, wc 
found that, though our reasons for choosing thc 
parameters are different from those of the 
previous investigators, our final result is quite 
similar. 

Nomenclature 

I; Top wall leiigth 
.I1 Lilac11 number 
Rs Reynolds number based an boundary 

ZZ, Reynolds number of flame position based 

T Temperature 
T, 
T ,  

U Free-stream velocity 
u Stream velocity 
U ,  Undisturbcd free-stream velocity 
S Linear distance from the leading edge of 

X,nin Foremost position of the oscillating flame 
Farthermost position of the oscillating 

layer thickness 

011 x 
Trmperature of tlie heated plate 
Free-stream mixture tempcrsture in trst  

section 

the heated plate 

flame 
6 Boundary-layer thickness 
y 
6* Displacement thickness 
A 
v Kinematic viscosity 
a 
X Wavelength of disturbancr 

Linear distance, normal to solid boundary 

Shape factor defined as ( F 2 / / v )  (dU/dz)  

Wave number, defined as a = 
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FLAME PROPAGATION IN LAMINAR BOUNDARY LAYERS 

T. Y. TOONG, J. R. KELLY, AND W. S. WU 

This paper presents the results of an experimental program aimed at  providing a critical tcst of 
the equilibrium theory of flame stabilization in boundary layers previously proposed by the senior 
author. Using schlieren photography and a particle-track technique, the characteristirs of a two- 
dimensional flame stabilized on a cylindrical rod and propagating into a laminar boundary layrr 
adjacent to  a flat plate are investigated. 

The results presented include the velocity distribution of the unburned mixture in the free stream, 
the velocity profile in the boundary layer, and the experimental burning-velocity profiles for three 
different plate temperatures. The latter profiles are compared with the adiabatic profiles computed 
on the basis of a previous theoretical analysis, and the effect of quenching due to  the presence of 
the flat plate is discussed. 

The steps which lead to the esperimental burning-velocity profiles are carefully esamined and 
compared with available theoretical results. In each case the comparison adds weight to the ex- 
perimental findings. 

Finally, it is shown that  the burning-velocity profiles are indeed affected by the growth of the 
thermal boundary layer when the flat plate is heated, and that these profiles assume shapes postu- 
lated in t,he theoretical study of the mechanism of flame stabilization. Quantitativcly, the flame- 
holding characteristics of a smooth surface predicted by the use of these measured profiles agree 
with reported experimental results. 

Introduction 

In  an earlier paper’ by the senior author, a 
mechanism has been postulated for the stabiliza- 
tion of a flame in a laminar boundary layer of a 
steady stream of a combustible gas flowing over 
a smooth surface. In  this case, the stabilization is 
realized when the tendency for the flame to 
propagate a t  the local burning velocity is in 
stable equilibrium with the fluid motion. Al- 
though there is good agreement between the 
flame-holding characteristics predicted by this 
theory and those measured in experimcnts,2V3 a 
critical test of the validity of the postulated 
mechanism is still desirable. Such a test requires 
the knowledge of the variation of the burning 
velocity in the boundary layer. A program which 
includes both theoretical and experimental in- 
vestigations was thus initiated to determine this 
burning-velocity profile. 

The results obtained in the theoretical phase 
of this program have been r e p ~ r t e d . ~  They in- 
clude two parts: The effects on the burning 
velocity of an adiabatic flame due to a change in 
the temperature of the unburned mixture, and 
the effects on the flame structure and the burn- 
ing velocity due to quenching from a heat sink. 

In  the experimental program, the character; 
istics of a two-dimensional flame stabilized on a 

Cylindrical rod and propagating into a laminar 
boundary layer adjacent to a flat plate5 are now 
further investigated by using schlieren photog- 
raphy and a particle-track technique. The present 
paper presents the results obtained in this pro- 
gram, compares them with those obtained in the 
theoretical study, and further justifies the valid- 
i ty  of the postulated mechanism of flame stabili- 
zation in boundary layers. 

Experimental 

Apparatus. A detailed description of the esperi- 
mental apparatus and a discussion of esperimen- 
tal error have been given in Wu’s thesis.5 The test 
section of the combustion tunnel is 1 inch square 
and 4 inches long. A flat plate, which serves as 
one of the walls of the test section, is heated es- 
ternally to a uniform temperature by 32 electrical 
heating elements. The temperature of the plate 
is measured by eight thermocouples embedded in 
it. A suction slot is provided in the plate just 
downstream of the entrance to the test section, 
and the plate is cooled upstream of this slot. 
Thus, both the velocity and thermal boundary 
layers begin to grow a t  the slot. The other three 
walls of the test section are transparent so that 
photographic techniques can be employed to 
study the flow field and the flame. The two side 
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walls of the tunnel we provided with air films to 
minimize three-dimensional effects. 

The flame holder is a cylindrical nichrome rod, 
0.061 inch in diameter, mounted in the central 
plane of the test section, parallel to the heated 
wall, and normal to the flow of a combustible 
mixture. This is heated electrically to ignite the 
mixture. 

Test Conditions. A stoichiometric mixture of 
ethanol and air was used throughout the experi- 
me ts, and all tests were conducted a t  stinos- 
pheric pressure. Results have been obtained for 
three conditions of the plate teinperature for a 
niixture velocity of about 5.5 ft/see a t  the en- 
trance of thc test section. The exact temperature 
conditions and entrance velocities are tabulated 
a i th  the final burning-velocity profiles in Fig. 4. 
(It is to be noted that all photographs were taken 
inimediately after ignition to minimize any effect 
on the initially uniform wall-temperature dis- 
tribution due to the presence of the flame.) 

Schlieren Photographs. Ideally, burning-velocity 
measurements should be made along the un- 
burned boundary. BroezeG and Linnett,? among 
others, have pointed out the advantages of the 
use of a schlicrcn flame front for burning-velocity 
measurements. It is preferred because it repre- 
sents thc unburned boundary more closely than 
a visible flanic front does. For this reason, 
sclilicren photographs are used for this study. 

Particle Truck Technique. The velocity field up- 
stream of the flame is determined by a partiele- 
track technique. Particles of a diatomaceous 
earth (Johns-Manville Celite 502) of the order 
of 15 p in dianieter are dried, mechanically agi- 
tated, aiid injected into the combustible mixture 

upstream of the test section. As they pass through 
the test section, they are illuminated by intense 
stroboscopic light and photographed. The flash 
frequency is approximately 5000 per second with 
a duration of 2 psec. The rate of travel of the slit 
of a focal-plane shutter is adjusted so as to follow 
the image of the particles across the film. In this 
manner, long tracks can be recorded without 
overexposure by the flame. 

To facilitate measurements, the particle-track 
photograph is superimposed onto a simultaneous 
schlieren and direct photograph by matching the 
visible flame fronts. An example is shown in 
Fig. 1. The upstream and the downstream edges 
of the dark band in the photograph (barely 
discernible along the lower wing) represent, re- 
spectively, the schlieren and the visible flame 
fronts. 

Discussion of Results 
Detailed mcasurements have been made on 27 

particle tracks and the results are typified by 
three tracks taken from Fig. 1. These tracks, 
labeled P I ,  P2 and P3, are shown in Fig. 2(a). 
The distancc z is measured downstream from the 
plane of the stabilizrr. Note that PI always re- 
mains in the free stream and that P3 enters the 
boundary layer (as determined from schlieren 
photographs) far upstream of the stabilizer. The 
track labeled P2 is an intermediate track which 
enters the thermal boundary layer at z equals 
0.6 inch. The interpretation of the particle be- 
havior will be discussed below in two separate 
sections, depending 011 whether or not the 
particle remains outside of the boundary layer. 

Frees tream Velocity. Measurements on tracks 

SCHLIEREN FLAME 

ISIBLE FLAME FRONT 

FIG. 1. Particle-track photograph of typical flame superimposed on simultaneous 
schlieren and direct photograph, T, = 429"F, T, = 130"F, uo = 5.97 ft/sec. 
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FIG. 2.  Particle paths and velocity histories for 
three representative particles. 

such as PI ,  which remain outside of the boundary 
layer, reveal that  U,  the x-component of particle 
velocity, is indepcndent of y in the free stream 
except in a small region around the wire stabilizer. 
Upstream of thc stabilizer, all particles in the 
free stream shown in a given photograph have 
cqual and constant velocities, and their value, 
designated as u0, should be very close to the 
strcam velocity. Downstream thercof, the free 
stream accelerates due to flame spreading and 
the particles lag behind the stream due to their 
inertia. Adequate corrections must therefore be 
made to the measured particle velocities to ob- 
tain the stream velocities. In  this region, since 
the 2-component of the particle velocity is ob- 
served to be independent of y, Stokes’ law can 
be used to find the 2-component of thc stream 
velocity. 

Figure 2(b) shows a plot (versus x) of the 
z-component of the particle velocity for track PI. 
It is noted that the particle-speed gradient gradu- 
ally increases until i t  approaches a constant 
value. This behavior is typical for all particles 
which remain in the free stream, unless they 
enter the flame before attaining the final gradient. 

According to Stokes’ law, this finding suggests 
that u, the z-component of the free-stream 
velocity, should also have a constant gradient, 
upstream of the flame front and a t  a sufficiently 
large distance downstream of the flame holder. 
In other words, when x is large, 

U = U1 + 62 (for a particle) 0 )  
u = u1+ ax (for a fluid stream) (2) 

By the usc of Stokes’ law: 

U ( d U / d z )  = k (u  - U) ( 3 )  

I t  can further bc shown that 

Wu5 has indeed found support for Eq. (2) by 
computation on the basis of the analysis of 
Williams et aZ.8 In  fact, he found that Eq. (2) is 
valid in the entire free-stream region downstrcani 
of the stabilizer, with u1 cqual to uo, mhich is the 
stream velocity measured upstream of the 
stabilizer. Thus, for a given set of values of b 
and U1 determined from a particle track such as 
PI ,  Eqs. (4) and (2) can be used to compute the 
values of a, k ,  and u. 

That the above correction scheme is adequate 
for the determination of reliable stream velocities 
from particle behavior is further justifird by the 
following facts: 

1. The computed values of k correspond to 
particle equivalent diameters, which fall near thc 
middle of the size distribution given by tlic 
manufacturer. 

2. Thr values of a, coiiiputcd from t r a c k  such 
as PI obtained in a given cspcriment, agrec 
within 2% and thcir average ib only 6% loivcr 
than the value computed by \\Tu.5 

3. The mcasurcd req2onsc of a given particle 
agrees very well with that prcdictcd on the bas15 
of Stokes’ law for a stream velocity distribution 
represented by Eq. (2). [A typical comparison is 
shown in Fig. 2(b), wliere the dashed curve 
represents the prcdicted response for track P1, 
which remains in the free stream.] 

Boundary-Layer Velocity. The particle motion in- 
side the boundary layer is very complex due to 
the presence of the opposing effects of Aamr 
spreading, which tends to increase the velocity, 
and of viscosity, which tends to decrease the 
velocity because the particles move closer to thc 
wall as they move downstream. As the stream 
velocity in the boundary layer is undoubtedly 
dependent on both x and y, it  would indeed be 
very difficult to  compute the stream velocity by 
the use of Stokes’ law on the basis of the particle 
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o PARTICLE TRACKS SUCH AS P1 (FREE STREAM) 
PARTICLE TRACKS SUCH AS PZ 
PARTICLE TRACKS SUCH AS P3 (NO CORRECTION 

NEEDED) 
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Y DISTANCE FROM WALL (inches) 

FIG. 3. Typical experimental velocity profile (cor- 
rected) at  1: equals 0.8 of an inch compared with a 
theoretical profile after Levy,$ for T, equals 429”F, 

and the Levy temperature profile. 

behavior.* However, a somewhat crude (though 
quite reliable) correction scheme can be used to 
obtain the stream velocities by properly inter- 
preting the particle behavior. 

Several observations have been made to help 
formulate such a correction scheme. First, as il- 
lustrated by P 3  in Fig. 2(b), particles can be 
found which eventually reach a constant velocity 
in the z-direction. It is reasonable to assume that 
for these particles, no correction is needed, and 
the measured particle velocity in the z-direction 
can be taken to be equal to the stream velocity 
in this direction. Secondly, for tracks like P2, the 
velocity gradient decreases after the particles get 
into the boundary layer. It is thus reasonable to 
expect that  the correction needed here would be 
smaller than that required should the particles 
remain in the free stream. Thirdly, for tracks like 

* To further complicate the particle motion, the 
reviewers have pointed out other possible effects, 
such as thermomechanical effect, Magnus effect, 
electrostatic effect on charged particles, and inter- 
action between particle rotation and particle transla- 
tion through variable drag. It would be interesting 
to  carry out a detailed study of each of these effects. 
However, it is felt that these effects are rather un- 
important in this study, because (a)  none of the 
particles considered here comes closer than 25 
diameters from the wall and thus the wall effect 
would be negligibly small at  such a “large” dis- 
tance, (b)  the transverse velocity gradient which 
might lead to Magnus effect is small due to the low 
stream velocity used, and (c) the number of the 
pxticles used is extremely small and thus they are 
many diameters apart. 

P2, which enter the flame front a t  a small angle, 
the burning velocity is only weakly dependent on 
the stream speed and thus errors introduced in 
the correction scheme have very small effect on 
the final result. 

The above observations indicate that much 
weight should be given to the velocities measured 
from tracks like P 3  (which enter the flame front 
almost a t  its tip near the wall). This is further 
justified by Fig. 3,  which shows a typical com- 
parison of the boundary-layer velocities pre- 
dicted by Levy’s analysis9 for the particular free- 
stream velocity distribution and those corrected 
from particle-track measurements. It is to be 
noted that points which represent particle tracks 
such as P3 do lie very close to the predicted curve. 

The above observations also indicate that the 
correction scheme for tracks like P2 need not be 
elaborate and that the corrections needed should 
be smaller than that required if the particles had 
remained outside of the boundary layer. To the 
first approximation, it is assumed that the cor- 
rection needed is proportional to the ratio of the 
normal distance (from the wall) of the particular 
particle under consideration to the corresponding 
velocity boundary-layer thickness. (In other 
words, the full free-stream correction would be 
made if the particle were at the outer edge of the 
boundary layer.) That  this approximation is good 
is indicated in Fig. 3, which contains three such 
corrected points, denoted by squares. (Similar 
agreement is observed for other cases, for which 
Fig. 3 is an example.) 

The above correction scheme for tracks like P2 
can be used in the region upstream of the position 
where the boundary layer and the flame meet. 
(z = 0.8 of an inch, for the ease shown in Fig. 2.) 
Downstream of this position, there is no longer 
an identifiable free stream. However, as the ex- 
tent of this downstream region is rather small, 
very little error is introduced if the same correc- 
tion scheme is extended thereto. Some assurance 
that this scheme is quite reliable is obtained when 
the corrected stream velocities a t  the schlieren 
flame front are found to lie on a smooth and well- 
behaved curve, which passes through points 
representing tracks like P 3  (which do not require 
any velocity correction) and which is tangent to 
a curve representing the free-stream velocities a t  
the flame front. 

Burning-Velocity Projiles. The burning velocity, 
S,, is determined as usual by finding the com- 
ponent of the mixture velocity which is normal 
to the chosen flame front. Let a: be the angle be- 
tween the x axis and a given particle path at the 
flame front; f l ,  the angle between the z axis and 
the tangent to the flame front; and U J ,  the 
z-component of the rtream velocity a t  the flame 
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FIG. 4. Burning-vclocity profiles for three different wall temperatures. 

front. Then, the burning velocity is given by 

sin (p - a )  s,, = 1kf cos a (5)  

Corrections for the measured values of a are 
not deemed necessary for thrcc reasons: (a) thc 
particle tracks have very small curvature as they 
approach tlic flame; (b)  only the smallest particles 
arc used for thc measurement of a ;  and (c) the 
quantity sin (0 - a)/cos a in Eq. (5 )  has a weak 
dependence on a because of its compensating 
effect in the numerator and the denominator. 
Therefore, small errors in measuring a have very 
small effect on the computed values of the 
burning velocity. 

Curves A, B, and C in Fig. 4 are the burning- 
velocity profiles computed on the basis of the 
schlieren flame fronts for thrce values of the 
wall temperature. For curve A, the wall tem- 
perature, T,, is equal to the misture tempera- 
ture a t  the entrance of the test section, T,. For 
curve B, derived from the photograph in Fig. 1, 
T,/T, = 1.51, and for curve C, T,/T, = 1.92. 

As espected, the burning velocity a t  large dis- 
tances from the wall is constant and agreement 
between the three curves is reasonably good. 
The free-stream temperature is slightly higher 
for curve C, and this is believed to account for 
part of the discrcpancy. The burning velocity for 
all three curves begins to fall (due to quenching) 
a t  about yf equals 0.22 of an inch, which is in 
good agreement with the quenching distance re- 
ported in the literature. 

When T, = T,, the only effcct which tends to 
change the burning velocity is due to quenching. 

As yf decreases, the burning velocity falls more 
and more rapidly. However, when the wall is 
heated, the effect of increased unburned niisture 
temperature in the boundary layer tends to raise 
the burning velocity. The outer edges of the 
thermal boundary layers for T, equal to 429'F 
and T, equal to 692'F are shown in Fig. 4.t 
When the mixture temperature begins to rise 
with decreasing yf, the effcct of quenching at the 
flame is somewhat offset for some distance for 
curves B and C, and the burning velocity rises. 
As espected, the rise is steeper for curve C (higher 
wall temperature). This continues until the effect 
of quenching again dominates the behavior of 
the curves, and the burning velocity falls for 
yf < 0.013 inch. For yf < 0.010 inch, the schliereii 
flame front cannot bc determined from the photo- 
graphs of Fig. 1. Thus, the burning-velocity 
curve corresponding to this case (where T," = 
429'F) cannot be estended to this region. Thc 
curves for the other wall tempcraturcs must bc 
terminated for the same reason. Each of the 
three esperimental curves A, B, and C in Fig. 4 
is marked by one data point near the wall. Tlicse 
points, each from a particle track such as P3, 
represent the closest (to the wall) experimental 
measurerncnt of velocity for each case. The 

t It is to be noted that the quencliing distance i s  
greater than the observed thcrmal boundary-layer 
thickness upstream of the flame. Since the schlieren 
picturcs do not show any density gradient in a 
region within the quenching distance hut outside of 
the thermal boundary layer, one can conclude that 
the quenching effect does not take place upstream 
of the flame but rather takcs place downstream of 
and/or along the flame. 
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shape of each curve for snialler values of ?J is 
based on extrapolated velocity profiles. 

The behavior of curves B and C is consistent 
nith the theoretical adiabatic profiles calculated 
by the method of reference (4) in conjunction 

‘phis is shown by 
the behavior of the calculated adiabatic burning 

flame stabilized in a boundary layer differs from 
that. considered in this report. , 
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velocity. Again note the steeper rise in the burn- 
ing velocity with increasing wall temperature. 

1. 

Conclusion 

The measured burning-velocity profiles are 
indeed affectcd by the growth of the thermal 
boundary layer next to the heated plate, and 
they assume the shapes postulated in the theo- 
retical study of the mechanism of flame stabiliza- 
tioi1.I The flame-holding characteristics of a 
smooth surface predicted by the use of the 
measured profiles also agree quite well with the 
cxperimental results r e p ~ r t e d . ~  The predicted 
values of the velocity gradient a t  the wall, a t  
which equilibrium between the fluid motion and 
flame propagation is attained, are in order-of- 
magnitude agreement with the measured values. 
Afore accuratc comparisons cannot be made, 
however, because the flow field for the case of a 
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ON THE STRUCTURE OF PREMIXED AND DIFFUSION LA 
SPHERICO-SYMMETRICAL FLAMES 

P. PGREZ DEL NOTARIO AND C. SANCHEZ TARIFA ) d o L  
Premised and diffusion laminar spherico-symmetrical flames are studied by means of a non-adi- 

abatic model which considers variable temperature at  infinity. The flame is supposed t o  be main- 
tained by a porous sphere through which the gaseous mixture or one of the reactant gases is injected. 

Stationary conditions are assumed and chemical kinetics of the process is approximated hy means 
of an overall reaction rate. 

Solution of the problem is achieved by means of an approsirnate analytical method. Flame tem- 
perature, mass flow per unit area at the flame surface, thickness and radius of the flame and tem- 
perature at  the sphere surface are given as functions of the mass flow. The influence of the main 
parameters of the process: temperature at  infinity, dimensionless rntio of the activation energy to 
the heat of reaction and ephere radius is also considered. 

Some esperimental results for diffusion flames are also given in the paper 

Introduction 

The study of flames by means of spherico- 
symmetrical models presents several advantages 
in comparison m-ith the studies performed by 
using one-dimensional models, especially for 
nonadiabatic cases. 

Nonadiabatic conditions are natural in sphcri- 
cal flames owing to the heat transfer from the 
flame towards its surrounding atmosphere. On 
the contrary, nonadiabatic cases have to be 
introduced rather artificially in one-dimensional 
flames. Furthermore, truly one-dimensional flames 
are difficult to observe because of the lateral heat 
losses which cannot be avoided and because it is 
very difficult to produce a fluid motion absolutely 
perpcndicular to the flame front. 

A large iiuinber of studies have been performed 
on spherical flames in connection with droplet 
combustion. However, most of them referred to 
the diffusion flame of a fuel droplet burning in 
air, and such flames were studied disregarding 
chemical kinetics by assuming an infinitely fast 
reaction rate. There are a few studies on the de- 
composition spherical flame of monopropellant 
droplets1f2 and on the combustion of fuel droplets 
considering finite chemical liineti~s.3,~ 

On the contrary, there are very few studies on 
the theory of laminar spherical flames of the prc- 
mixed type in which only gaseous species are 
involved in the process, and there are no studies, 
as far as we know, on diffusion sphcrical flames. 

Spalding5 has studied a premixed spherical 
flame in which the gases emerge from a point 
source. The study is restricted to the adiabatic 

65 

case and the reaction rate is considered to be only 
a function of the temperature. Srveral analytical 
and analog solutions are given:,' 

Westenberg and FavinS have studied a pre- 
mixed spherical laminar flamc supported by a 
porous sphere. They studied only the adiabatic 
case and for a particular set of values of the 
principal parameters of the proccss. 

The adiabatic case, in which the reaction 
products are supposed to extend indcfinitcly a t  
the flamc temperature, is the simplest one. I ts  
interest lies in the possibility of comparing the 
results obtained with those of one-dimensional 
flames, but i t  seems very difficult to make an 
experimental model in which such conditions 
could be approximately reproduced. 

At the Instituto Nacional de Tkcnica Aero- 
niutica, Madrid, Spain, a research program on 
spherical flames is being conducted and a rksumk 
of the resu!ts so far obtained are given in this 
paper. 

Such results have been published in full in 
ref. 9. The theoretical program comprises the 
general study of both premised and diffusion 
flames, and the theoretical model of the process 
has been selected in such a form that their 
conditions can be experimentally reproduced. 
The mixture or one of the gases is assumed to 
emerge from a porous sphere, which prevents 
chemical reaction within it due to a quenching 
effect. The study includes the analysis of the 
influence of the main parameters of the process 
such as temperature a t  infinity, activation energy, 
heat of reaction, sphere diameter, etc. 

The experimental program comprises the obser- 
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vation of diffusion and prcniixed butane-air and 
liSclrogcn-o.\)-gen-nitrogeii flames. Results for 
diffusion flamcs are given in the paper, as well as 
a qualitative comparison between theoretical and 
experimental results. 

Fundamental Assumptions 

The model of the process will be based on the 
folio\\ ing assumptions: 

1. The flame is supposed to be maintained by 
a porous spherc through which the misture or 
one of the gases is injected. It is assumed that 
chemical reaction does not take place within the 
sphere, and that chemical reaction goes to 
completion a t  infinity, where the temperature 
and composition of the atmosphere are given. 

2. Stationary conditions will be considered, 
pressure will be taken constant and the process 

ill be assumed to have spherical symmetry. 
Therefore, free convection effects are disregarded. 

3. Only reactant species and reaction products 
will be considered. The influence of radicals is 
only exerted through the chemical kinetics of the 
process. This chemical kinetics will be approxi- 
mated by means of an over-all reaction rate of 

any form, which may be deduced from the actual 
chemical kinetics of the 

4. The heat eschaiige through radiation be- 
tween the hot gases and the porous sphere will 
be disregarded. For nonluminous flames this heat 
eschange is not important, and for luminous 
flames such exchange of radiant heat is small as 
compared to the heat transmitted through 
conduction, if the flame is close to the sphere 
surface. 

On the other hand, the radiant heat exchange 
between the sphere a t  T, and the surroundings 
at T, will be taken into account. 

5 .  Gases and their mixtures are assumed to be 
perfect gases. Mean values for the specific heats 
and thermal conductivities will be taken. 

General Equations and Boundary Conditions 

According to the foregoing assumptions the 
fundamental equations of the process and 
boundary conditions are as follows: 

1. Continuity. 

2. Energy. 
4m,2 - dT 

- ( e 3  - eRs)  g, + Ep( T - To) + --_u( T,4 - Tm4) e, 
m 

3. Diffusion. 

._. '. .. .. 

0 5 IO 15 20 25 
M x 10-3 

FIG. 1. Flame temperatures and temperatures at  the sphere surface for pre- 
mixed flames. 
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FIG. 2. Flamc temperatures and temperatures at the sphere surface for diffusion 

flames. 

4. Boundary conditions. 
Els  = 1 

€2, = €3s = 0 

( T =  T ,  
(4) 

{ r = rs 

r = 1'1, = 0 --+ elrn = 0 

Y3, (Yz = Y2, = 1 - I 
Solution of the system gives functions e%(r ) ,  

Y , ( r )  and T ( r )  for given values of the mass flow 
m and sphere radius r,. An expression of the re- 
action rate w 2  as a function of mass fractions 
and temperature should also be given. 

Solution of the system is accomplished by 
means of an approximated analytical method 
which is developed in ref. 9. 

Theoretical Results 
Results are fully discussed in ref. 9. They 

have been obtained by taking a first order over- 
all reaction rate for premised flames and a second 
order over-all reaction rate for diffusion flames. 
I n  the present work only some of the more sig- 
nificant results, especially in connection with 
experimcntal values, will be discussed. 

Dimeiisioiiless masimuin flame temperature 0, 
and dimensionless temperature* a t  the sphere 
surface 8, are represented in Figs. 1 and 2 for 

* Temperatures 0, and 0, are practically propor- 
tional to actual temperatures T, and T,, because 
parameter 5 is usually very small (See Nomen- 
clature and ref. 9). 

67 

premised and diffusion flames as functions of 
the dimensionless mass flow dd for several valucs 
of the temperature a t  infinity 8,. It may be seen 
that flame temperatures depend considerably on 
mass flow and on 0, at low values of 114 for both 
types of flames, but they do not depend on tlic 
sphere size. 

For premixed flames, when f12 is largc all 
curves tend towards 8, = 1, which is the teni- 
perature corresponding to the adiabatic case. On 
the other hand, for diffusion flames a t  largc 
values of M all results tend towards those ob- 
tained by taking an infinitely fast reaction rate. 
This is the Burke and Schumann hypothesis for 
studying diffusion flames disregarding chemic31 
kinetics, and in ref. 9 it is shown that such a 
hypothesis gives the asymptotic valucs of those 
obtained considering finite chemical kinetics. 

When the temperature a t  infinity is small and 
in the region of small values of the mass flow 
three values of 8, appear for each value of M in 
both types of flames. These values correspond to 
three mathematical solutions of the problem, such 
as PI, P2, P3 (Fig. I ) .  Thc actual physical 
existence of solutions P2 and P3, which correspond 
to combustion processes taking place a t  low 
temperature through a wide reaction zoiic,9 
seems doubtful. Thereforc, the rcsults suggest 
that  for nonadiabatic cases and when 8, is small 
there exist minimum values of the mass f lov 
under which combustion is not possible. This 
result is independent of the size of the sphere and 
the minimum value would also exist although the 
flame were originated from a point source. 

Temperatures& at the sphere surface are also 
shown for both types of flames in Figs. 1 and 2 



LAMINAR GAS FLAMES 

m 
I 
Q 
x 
.I- 

LT 

e-= o I kc- DIFFUSION FLAMES 

.. .. .. _.  . - . .-TION RATE 

PREMIXED FLAMES 

0-= I 
8-=0.8 

8m=O /- 

I I I I I 
5 IO 15 20 25 

M x 10-3 

FIG. 3. Flame radius for premised and diffusion flames. 

as functions of the mass flow nil. These tempera- 
tures also depend on the sphere radius as shown 
in Fig. 2.  

All curves 0, = f(&f) have a maximum value 
but in some curves the maximum does not 
appear because results are limited by the con- 
dition that the reaction zone must be located 
outside of the flame. Temperature 6, increases 
rapidly until it  reaches its maximum value and 
then it decreascs s lo~dy,  tending towards zero. 

Results for flame location are shown in Fig. 3. 
I t  may be seen that premixcd flames are con- 
siderably closer to the sphere surface than 
diffusion flames. 

Flame radius is practically independent of the 
sphere size, and its value decreases as the mass 
flow decreases. Therefore, for a given sphere 
radius there eiists a minimum value of the mass 
flow under which the flame cannot be maintained, 
since the reaction zone should he located within 
the sphere. This minimum value is not related 
to the minimum value of the mass flow which 
was deduced from chemical kinetics considera- 
tions and it may have larger or smaller values 
dcpending on the sphere size and on the flame 
characteristics. 

Experimental  Results 

An experimental investigation on diffusion and 
premixed spherical flames recently has been 
initiated. Diffusion flames have been studied by 
burning in air, butane gas, and hydrogen injected 
through different sized ceramic spheres. 

Flames were not spherical due to free con- 
vection, except for very small values of the mass 
flow. Flame diameter was taken as the flame 
width measured a t  the mean horizontal plane of 
the sphere. 

Flame temperatures and temperatures a t  the 
sphere surface were measured by means of small 
1%-Pt-Rh thermocouples. These temperatures 
were corrected for radiation errors. 

Flame temperature was taken as the maximum 
temperature a t  the aforementioned mean hori- 
zontal plane. This masimum value was obtained 
by displacing horizontally the thermocoup!e until 
a maximum temperature was reached. Tempera- 
tures a t  the sphere surface were measured a t  the 
same plane, inserting a half of the thermocoup!e 
bead within the sphere. These temperatures a t  
the sphere surface were almost constant at 
different points on the lower hemisphere, but 
they were smaller a t  the upper hemisphere. 

Experimental results are shown in Figs. 4 and 5 .  
A good qualitative agreement between theo- 
retical and experimental results could not be 
expected due to the disturbing influence of free 
convection.* However, the laws of variation of 
flame temperature and temperature a t  the sphere 
surface as functions of the mass flow are in 
excellent agreement with .those predicted. theo- 
retically (curves 0, = f ( M )  and 6, = f ( M )  for 
6,  = 0 of Fig. 2 ) .  The influence of the sphere 
size on 0, also agrees very well with the theoretical 
results (Figs. 2, 4, and 5 ) .  

In the region close to the minimum values of 
the mass flow the flame temperature was a func- 
tion of the sphere radius. I n  such a region the 
flame is located very close to the sphere surface, 
and combustion might be altered by the proximity 
of the sphere, since part of the reaction zone 
should be located within the sphere. This effect 
might explain the discrepancy between theoretical 

* In order to avoid free convection effects, com- 
bustion of air and oxygen within hydrogen2 will be 
studied. 
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thc  case of the prcmixcd spherical fl:tmc oi a mono- 
propellant droplet and we found th:it the flamc was 
unstabIe. 

Regarding the third solution, it corresponds to a 
theoretical combustion taking place a t  very low 
temperature (practically at ambient temperature) 
and through an extremely wide reaction zone. 
Flames of such type do not have physical existence. 
They have a mathematical existence due to the 
Arrhenius law which gives reaction rates different 
from zero for any value of the temperature. 

DR. It. B. I~OSENRERG (Instztuk of Gas Tech- 
nology): Thc question of the esistrncc of :L ma.;imrim 
temperature in the flamc holder has bem raised. 
We have observed the same phenomenon in the 
study of a circular, porous plate flame holder. We 
measured temperatures both by use of thermo- 
couples and the sodium line reversal technique. 
This temperature maximum apparently is indica- 
tive of the mechanism of flame stabilizntion on 
this type of flame holder. 



ETICAL STUDY OF SOME PROPERTIES OF LAMINAR 
STATE FLAMES AS A FUNCTION OF PROPERTIES 

OF THEIR CHEMICAL COMPONENTS 

E. S. CAMPBELL, F. J. HEINEN, and L. M. SCHALIT 

This paper combines results of three difkrent types of studies in an attempt to begin developing a 
mathcmntical and physical understanding of (1) how certain flame propertics depend upon the 
characteristics of the flame gases, and (2) the significance of some approximations which have been 
introduced into flame theories. The types of studies are: (a) the construction of the functional form 
ol the gcncral asymptotic solutions to the hydrodynamic equations for laminar steady state flames 
as a function of the distance; (b) construction of different methods of solving the equation systems; 
(c) numerical studies of these equations for both hypothetical and real flames. The most important 
numerical sources of the ideas presented in this paper are four systems with the following kinetic 
schemes : 

Scheme (A) (1) heat + X + A * B + X 
(2) B + A i=? C + B + heat 

A simplification of the Hz - Bi-2 scheme: 
(1) heat + X + A i=? 2B + X 
( 2 )  B + A F?. C + B + heat 

Scheme (C) H2 - Br2 system 

Scheme (D) O3 - 0 2  system* 

Scheme (B) 

The essential aspects of a “free radical” for flame kinetics are assumed to be: (1) In the presence 
of a frec radical a chemical reaction can proceed with a comparatively low activation energy. (2) 
The formation of a free radical requires a comparatively high activation energy. (3) Radical recom- 
bination involves a comparatively low activation energy. In this sense, the species B carries out the 
function of a free radical for the hypothetical schemes A and B. 

Finally, certain problems encountered in numerical integrations and comparative usefulness of 
some procedures are considered. Specific attention is devoted to the sensitivity of the calculation to 
starting values. 

o m  of the General Asymptotic Solution; nb The concentration of spccies 0 in g 

ma The molecular weight of species 0 in 

the Significance of Eigenvalues mole/cc (IC) 

The flame equations and boundary conditions 
for a one-dimensional steadv state flame urouosed g/g mole (14 
by Hirschfelder and Curtissl will be used. I6 this 
model, the dependent variables are chosen as the 
temperature and 3 linearly independent set of 
mole fractions and fractional mass flow rates. 

vp The velocity of species 0 with respect to  
a laboratory coordinate system in 
cm/sec (le> 

G, The fractional mass flow rate for species 
a! = manav,/M 

iV--Thc total mass flow rate = 

X, The mole fraction of species a! ( 2 )  

(3) (la) T The absolute temperature 
nbrnpa 

0 (lb) The independent variable is chosen as the 

:i; Thcre has been only a preliminary study of scheme B. The study of the ozone-oxygen system is 
in progress.. 
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distance along the Z axis of a Cartesian coordinate 
system. 

For brevity, let u = (ul, -.., u,) denote an 
n-dimensional vector whose components are the 
set of dependent flame variables and F3 the 2 
derivative of u,. The F, are assumed to be inde- 
pendent of Z and to depend only upon u, so that 

du, I dZ = P J (  u). (4) 
These differential equations are to be solved for 
a domain ( Z L ,  M )  subject to the boundary 
conditions: 

Hot Boundary: An asymptotic approach to 
chemical, thermal and diffusion equilibrium as 
Z + m :  

lim F j (  u) = 0. ( 5 4  
%m 

Cold Boundary (mathematical idealization of 
a flame holder at 2,) : 

G,(ZL) : specified by measurements on the 
premixed fuel gas 

(dT /dZ)z ,  > 0 * (5b) 
Thus the general solution a t  the hot boundary 

should be expected to  contain L arbitrary param- 
eters to permit one to fit the cold boundary values 
for the L linearly independent G,. Due to the 
difficulty in developing solutions to differential 
equations whose boundary conditions are speci- 
fied by Eq. (58) for the improper point a t  
infinity, it  has been conventional to transform 
the independent variable from 2 to one of the 
dependent flame variables. An appropriately 
scaled reduced temperature, t, has been found to 
be most 

Then the equations are 

du,/dt = F j / 1 ? t  ( 6%) 

(6b) 

(6c) ’r 
t = ( T  - X m ) / T m  

T, = lim T(Z) 
2-m 

Since 
lim F T ( u )  = 0, 
T+Tm 

* Thcse boundary conditions have been discussed 
from various points of view (see, e.g., refs. 1 and 
2a). Whereas it has been asserted that the mole 
fractions are discontinuous at Z,, the discontinuity 
must be physically negligible if  the mathematical 
model is to  be a good approximation to a physical 
flame. It is easy to prove rigorously that a discon- 
tinuity must exist for any flame with all unit Lewis 
numbers. This will be discussed in a subsequent 
article. 

t This presupposes that T is a monotone-increas- 
ing function of 2. This appears to be true for simple 
flames in the absence of heat losses to the surround- 
ings and radiation. 

T,  is a singular point of the system. Moreover, 
the simple requirement that the one-sided de- 
rivatives exist and are continuous a t  T,, restricts 
the system to a single eigenvalue, the total mass 
flow rate, M.4 For this reason, one can espect 
that the exact solution to thc flame equations 
lies in this restricted class of solutions for the 
differential equations in t oiily ~ l i e i i  there is one 
linearly independent G,. The mathcinst~ical 
details of the general solution required when there 
is more than one linearly indepentlent G, will bo 
discussed elsewhere. Only those features pertinent 
to the eigenvalue discussion will he included 
Iiere. 

Consider a transformation, w = f(Z) which 
carries the neighborhood of the point a t  infinity 
into the neighborhood of a finite point, wo. Most 
f(2) give differential equations in w which do 
not have solutions of a simple form. A function 
which does give tractable equations is suggested 
by standard solutions to linear homogeneous 
equations subject to the boundary conditions of 
Eq. (5a) : 

w = esp (aZ) ,  cy. < 0 

duj/dw = F j (  u)/(LYw). ( 7 )  
It can be showdc that the equations in u: can 

have solutions with finite limits for the deriva- 
tives as w 4 0 only if LY is a root of the character- 
istic equation, 

1 ( d F j / d U k )  - a&j( = 0 

&) = 0 if j # k,  I if j = k. (6) 

Although, it has been found,3c that the w 
equations do not give as convenient singlc eigcn- 
value solutions as the t equations, they can be 
used to give general solutions of the form: 

where 

w = esp (cy.12) (9b) 

P, = LYJ!LYl (9c) 

al: a negative root of Eq. (S) (9d) 

c :  number of negative roots of Eq. (6) @e) 

n = (nl, - - e J  nc), a vector whose com- 
ponents are nonnegative integers (9f) 

d3 ( n) : constants determined uniquely by 
the form of the differential equations 

( 9g) 

r1, * - , rC:  c arbitrary parameters (9h) 
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In all cases which have been studied, c, the 
number of negative roots of Eq. (S) has just 
been I;, the number of linearly independent G,. 
Since i t  has heeii proven that one rJ serves only 
as a scale factor in the distance 2, the remaining 
( I ,  - l)r, arid d l  together form a set of L 
arbitrary parameters required for a general 
solution. 

Significance of the Eigenvalues in the 
General Solution 

Solutions 1l;ith Fewer T h a n  L Eigenvalues; 
SigniJicunce of 11.1 

I t  is desirable to determine when adequate ap- 
proximations can be constructed without using 
all of the eigenvalues. Such approximations not 
only eliminate the work required to determine the 
eigenvalues, but also lead to some understanding 
of their role in the more general solution. The 
results of numerical studies on systems with 
kinetic schemes A, C, and D will be used for this 
purpose. 

The kinetic steady state for a species a is de- 
fined by the condition, 

R,,c = (10) 
where Ra,c, R,,x, represent the rate of consump- 
tion and production of a, respectively. The 
relative deviation from the steady state, 

= - (1la) 
is a useful parameter for the study of free radical 
systems. Coilventionally, the steady state 
approximation, 

a, = 0, (1lb) 
lias been used as an algebraic equation to replace 
the differential equation for Xa.  Even when this 
approximation is too crude, provided that d, is 
not too large, it has been shown that the solution 
of the exact multi-eigenvalue problem can be re- 
placed by the solution of a sequence of successive 
apliroximating equations. At each stage in the 
sequence, the pair of differential equations for 
cach such G, and X a  is replaced by an algebraic 
equation system. Whereas the differential equa- 
tions presume that starting values for X ,  and G, 
are known, the algebraic equations do not require 
such starting values and it is therefore unneces- 
sary to know an eigenvalue for such a G,.” 

* The mathematical formulation and the results 
of specific calculations are being submitted for 
publication elsewhere. The approximation may not 
be carried through an arbitrarily large number of 
successive levels. The convergence can be described 
3s asymptotic in the sense that the error will in- 
crease if too many levels are used. 

This conclusion has been tested by two types 
of checks in numerical studies of the free radical 
scheme (A) for which the two lincarly inde- 
pendent G, can be chosen as Gfuel = GA and 

Check 1. The Taylor series expansion for single- 
eigenvalue solutions in t was constructed about 
the singularity at t = O(T = Tm).  When the 
solution was extended to all remaining T by the 
method of successive approximations, the values 
of the flame variables a t  the point of juncture of 
the two solution methods agreed to eight digits 
(within probable rounding error) . 
Check 6.  The asymptotic convergence of the suc- 
cessive approximations was compared with multi- 
eigenvalue solutions described in Appendix I. I n  
general, the two agreed within the expected error. 

Thus, if there are I, linearly independent G, 
and N d, which are not too large, only ( T, - N )  r f  
are required for solution by the method of suc- 
cessive approximations. For this reason, it seeins 
useful to think of M as that one of the 1, param- 
eters which is to be used to adjust G(2,) for one 
of the major fuel components. 

Use of the rj in More General Solutions 
In  order to understand the relation between 

the general solution (9) to the w equations and 
the single-eigenvalue solutions to the Eqs. (6) 
in t ,  note first that  previous studies suggest that 
the general solution can be used only for a frac- 
tion of the flame. Therefore, the question about 
the relation between the two solutions becomes, 
“What is the difference between starting values 
predicted a t  some temperature, TI, off the hot 
boundary?” The first point is that  in those cases 
studied thus far, examination of the dj (  n) of 
Eq. (9) has shown that the relative change in 
starting values for a component which approxi- 
mately satisfies the steady state condition [Eq. 
( l lb)] ,  is a t  least an order or two of magnitude 
greater than the relative change for a component 
which does not.* The discrepancy in free radical 
values appears as follows. As previously noted 
under Check 1 ,  for sufficiently small deviations, 
d,, the values obtained from the method of suc- 
cessive approsirnations agree closely with those 
produced by the single eigenvalue Taylor Series 
expansions. The very fact that  the successive 
approsimation scheme is independent of input 
free radical values, suggests the result shown by 
calculations : With increasing d, the scheme fails 
to eonverge* closer and closer to the hot bound- 

* It is interesting to  note that in the hot region of 
an O 2 o 3  flame, the single eigenvalue solution 
makes 0 3  obey the steady state condition more 
closely than the free radical. 

Girce radical = GB. 
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ary. Ultimately, it  can iio longer be used to es- 
teiid the single eigenvalue series solution. Tlicii 
tlie discrepancy between tlie starting values pre- 
dicted by the single eigenvalue series and the 
correct solutions increases steadily with d,. 

The use of the r, to provide the required 
changes in free radical starting values and the 
sensitivity of 111 to changes in the starting values 
(or, equivalently, to changes in tlie r J )  is to be 
discussed else~vvhere. 

Relation Between M and the Properties of 
the  Fuel 

Extensive studies of scheme (A) can be used 
as a test case to investigate the relation between 
M and the fuel properties. The numerical param- 
eters used, the simplifying assumptions, and the 
form of the flame equations are summarized in 
ref. 5 .  For this discussioii of kinetics and diffu- 
sion, the significant parameters are : the Lewis 
number for the pair (a, /3) , 

6,p = (nCD,B)/X; (12a) 

a function of M (and therefore an eigenvalue) ,* 
ps = (mWci)/(n”l’C) ; (1212) 

and 

where : 

k.’ is any function of temperature which is a 
common multiplicative factor for the 
forward and reverse specific rates for 
reaction ( 2 )  ; (13%) 

k< is defined for reaction ( 1 )  as k i  is for 
reaction ( 2 )  ; (1%) 

X is the coefficient of thermal conductivity 
in cal d e g l  cm-l see-’; (13c) 

C is heat capacity in cal/g mole, assumed 
the same for a11 species; ( 1 3 4  

m is the mass in g/g mole assumed the same 
for all species. (13e) 

For simplicity, the pre-csponential factor for 
the specific rates has been chosen to be the same 
for forward and reverse reactions so that k; and 
kl’ are taken to be those pre-exponential factors. 

* In this paper pt is used in place of the parameter 
used by ref. 5: p = p2 /w = (m2X7cl’)/(M2C). The 
use of p2 seems desirable since the flame properties 
are more strongly affected by the properties of the 
main combustion reaction than by those of the free 
radical reaction. 

Furthermore, the tcinlicrature depenclcncc of 
these factors has been assumed to be the s m i c  
so that 

w = ki/kl’  = constant (14) 
Finally, Xk.’ has been assumed to be constant 

so that ~2 will be iiidepeiidcnt of tcmperaturc. 
It is important to note that the equilibrium 

constants for reactions (1) and (2) of Scheme h 
are independent of w and that an incrensc i n  w 
corresponds to a proportional iiicreasc in both 
the forward and reverse specific rates of the main 
combustion reaction compared vith those for the 
free radical reaction. As is to be espected, as the 
main combustion reaction becomes more rapid 
with respect to the free radical reaction, the 
latter becomes ever less able to follow the changes 
in concentration produced by the former and the 
deviation from the kinetic steady state increases. 
Thus, for qualitative extrapolation to  other flame 
systems, an increase in w is to bc viewed as an 
increase in deviation from tlie kinetic steady 
state produced by increasing the main combus- 
tion rates compared with free radical rates. 

Since the ratio of two Lewis nuinbers is just 
the ratio of the binary diffusion coefficients, the 
effect of changing the binary diffusion coefficients 
has been investigated by using three sets of 
Lewis numbers. 

Set 1.  All Lewis numbers equal one 

6*n = 6nc = 6*c = 1 

Hirschfelder6 has proven that the enthalpy per 
gram is constant throughout the flame t-f all 
Lewis numbers are unity.* Since this reduces the 
number of differential equations wliich must lie 
integrated by providing an algebraic equation 
between the mole fractions and temperature, and 
since it simplifies the remaining equations, 
Spalding’ has called this “normal diffusion.” 

Set 2. “Heaug jree radicals.”t The Lewis numliers 
involving the free radical, E, arc taken t o  hc 
smaller than 6 * ~ :  

(15) 

6AB = $; 6 ~ c  $; 6 ~ c  = 1. (16) 

S e t  3. “Light free radicals.”t The Lewis iiunibers 
involving the free radical, B, are taken to bc 

* This proof makcs the usual approximation of 
ignoring terms in kinetic energy in l,he equation of 
energy balance and also terms in thermal diffusion. 

Although these values for 6 would not be es- 
pected for species with the same mass, i t  seemed 
desirable to ignore this inconsistency in ordcr t o  
malie a test of diffusion using this simple equation 
system. 
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TABLE 3 

Deviations from the kinetic steady state, dn a 

o = l  w = 300 w = 1000 

t x 10 Set 2 Set 3 Set 2 Set 3 Set 1 

-0.06 
-1.03 
-1.51 
-1.91 
-2.55 
-3.51 
-4.15 
-4.79 
-6.07 
-7.51 
-5.23 
-5.47 

+5.33 x 10-5 
+9.39 x 10-0 
-3.21 x 10-4 
-5.94 x 10-4 
-s.35 x 10-4 
-3.61 x 10-4 
-6.04 x 10-4 
+2.oi x 10-3 
+5.77 x 10-3 
+1.20 x 10-2  
+1.45 X 
+1.36 X 

+2.32 x 10-4 
-1. 17 x 10-3 
-4.37 x 10-3 
-6.5.5 X 
-6.7s X 10-3 
+4.64 x 
+2.11 x 10-2 
t 4 . 3 7  x 10-2 
+1.02 x 10-1 
$1.93 X 10-1 
+2.27 x lo-' 
+2.13 X lo-' 

$1.70 X lo-? 
-2.90 x 10-2 
-1.00 x 10-1 
-1.42 X lo-' 
-1.68 X lo-' 
-9.69 X lo-' 
+2.24 x 10-2  
+1.93 x 10-1 
f6.23 x 10-1 
+9.69 X lo-' 
+9.99 x 10-1 
+1.00 x 100 

+S.17 X 
-3.0s x 10-1 
-4.45 x 10-1 
-4.7s x 10-1 
-3.94 x 10-1 
-2.93 x 10-2 
+2.91 x 10-1 
+5.93 x 10-1 
$9.43 x 10-1 
+9.99 x 10-1 

+8.22 x 10-2 
-1.91 x 10-1 
-3.43 x 10-1 
-4.14 X lo-' 
-4.23 x 10-1 
-2.05 x 10-1 
+6.09 x 10-2  
$ 3 . 7 2  x 10-1 
+S.69 x 10-1 
1 9 . 9 9  x lo-' 
+1.00 x 100 
$1.00 x 100 

a For definitions of d B  and t see Eqs. (l la) ,  and (6b), respectively. 

uniformity in the free radical concentration. This 
will lcad to deviation from the steady statc with a 
negative net rate near the hot and cold boundaries 
and a positive net rate a t  intermediate tempera- 
tures. Suppose the binary diffusion coefficients 
involving free radicals are increased (decreased) 
compared with the cocfficients for other pairs of 
species. This increase (decrease) should lead 
toward greater (lesser) uniformity in free radical 
mole fraction and, therefore, to an increase 
(decrease) in deviation from the kinetic steady 
state. This is the result obtained by this and by 
other studies.8cJ1b 

The effect upon M of an increase in deviation 
from the kinetic steady state depends upon the 
kinetic scheme. In Observation (l),  it has been 
seen that a variation in kinetic parameters to in- 
crease the deviation led to an increase in M .  This 
suggests the result actually found : An increase 
(decrease) in the binary diffusion coefficients 
involving a free radical leads to an increase 
(decrease) in M .  This is the qualitative variation 
predicted by Spalding7as10a for certain rates and 
also by diffusional theories of flame propagation. 
Conversely, when Giddings and Hirschfelder 
studied first and second order chain breaking 

from the kinetic steady state led to a decrease 
Schemes,Eb,ll an increase (decrease) in deviation * In Eqs. (19) and (20), SPaldjng's symbolism has 

been altered to  conform to that of this paper. His 

(increase) in Moreover, these authors report 
a variation in 1 7  of two per cent and less with a 
twofold variation in diffusion coefficients. Table 

(k H = heat released/g, rizA"' = rate of consump- 
tion of the fuel A in g/cC, G, A, C )  have been re- 
Placed by Q = heat released/g mole; R = rate 

3 shows a larger variation. 

Obs. (3) Adequacy of the steady state approxima- 

of consumption of A in g moIe/cc; M ,  XSpnldlng,  k ) .  
Also, factors which cancel in the numerator and 
denominator have been omitted. 

> 
B 

tion. For this model, the data of Table 1 show 
that the accuracy of the approximation M ill 
(steady state) [i.e., p2-l E p2-i (steady state)] 
improves as the binary diffusion coefficients in- 
volving the free radical B m e  decreased with 
respect to and becomes increasingly poorer 
as they are increased. 

Prediction of M 

Spalding and Adlcr7*10J2J3 have developed neat, 
simple methods for predicting flame speeds in 
certain cases. Their basic theory assuincs that 
the reaction rate is an explicit function of tem- 
perature. This will be true if: (a) there are 
( N  + 2 )  chemical species present and N are 
free radicals, assumed to obey steady state condi- 
tions; (b) all Lewis numbers are unity. As noted 
following Eq. (15), in this case the equation 
(enthalpy/g = constant) gives the necessary 
additional equation relating the mole fractions. 
For this case of all Lewis numbers of unity, their 
theory gives a relation between the temperature 
centroid, T~ and a parameter X ~ ~ ~ l d ~ ~ ~ . *  
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TABLE 4 

Prediction of M a 

1 0.701 0.701 0.696 0.276 0.264 0.277 0.264 0.270 0.260 
50 0.693 0.69s 0.645 0.270 0.257 0.274 0.261 0.215 0.211 

100 0.687 0.695 0.619 0.264 0.251 0.272 0.259 0.191 0.1S6 
300 - 0.68s 0.603 - - 0.262 0.252 0.179 0.171 
GOO 0.656 0.6S1 - 0.233 0.222 0.250 0.246 - - 

~ 

Q T ~ ,  X S ~ ~ ~ ~ , ~ ~ ,  w and Sets 1, 2, 3 are defined by Eqs. (19), (20), (12c), (15), (16), and (17), respectively. 
The lettcrs c and S designate hS,,&,,,g computed by Eq. (20) and by Spalding's centroid forrn~lla,'.'~ re- 
spectively. 

T = (T- Tu)/(Tb - Tu) (19b) 
Tb, Tu arc the temperatures of burned and 

unburned gas, respectively; (19c) 
X is the coeficieiit of thermal conductivity; 

R is the rate of consumption of one of the 
(1%) 

(19d) 

fuel species per unit volume.* 

k is specific heat in cal/g, assumed the same 

Special models are used to extend their method 
to some cases with Lewis numbers different from 
unity. 

The effect of the assumption of the kinetic 
steady state and of unit Lewis numbers has been 
discussed in the preceding section. Although in 
the absence of these assumptions, the reaction 
ratc is not an explicit function of temperature, 
T ,  and X ~ ~ : ~ l d i ~ ~  have been computed a posteriori 
to check the relation between the two parameters 
3 s  a function of deviation from the kinetic steady 
state and of the variation of the Lewis numbers. 
Since the flame of scheme (A) is not the same 
as any of the special models used, the value of 
Xspnlding coniputed from Spalding's original equa- 
tion (based on equations for unit Lewis number 
for all species) has been included in Table 4, for 
comparison. 

for all species. (20b) 

* See footnotc at  bottom of preceding page. 

APPENDIX I 

Multiple Eigenvalue Solutions 

Consider the problem of continuing the inte- 
gration starting at some reduced temperature, tl ,  
off the hot boundary, t = 0. When d, is too small, 
standard methods of point-by-point integration 
fail due to subtraction in computing Ra14J5 in the 
differcntial equation: 

dG,/dt = (?~~,&)/1111'~ (1.la) 

dt/dx = F ,  (I.lb) 

where R, is the rate of production of a in g 
mole/cc. 

However, when d, increases, standard methods 
can be applied provided accurak starting values 
are known. As noted in the section on use of r, 
the starting values predicted by single eigenvalue 
solutions are much poorer for a component which 
approximately obeys a steady state condition 
than for one which does not. In  favorable cases 
the values for the latter may be sufficiently ac- 
curate, or, one may be ablc to correct them (this 
was the case for scheme A) .  To show how the 
starting values can be determined for a species 
which does approximately follow the steady state 
condition, consider scheme A. Four differential 
equations in the fractional mass flow rates and 
mole fractions of the fuel A and of the free radical 
I3 had to  be integrated as functions of tempera- 
ture. I n  place of X,(t,) and GB(tl) as input, it 
seemed to be more convenient (vide in f ra)  to use 
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Ru(tl) and ( d R B / d t )  tl.  The solution was deter- 
mined iteratively in the following stcps: 
Step 1. Estimate R ~ ( t 1 )  and for this estimate 
determine an approximation for the ( d R ~ / d t )  t1 

required in integrating toward t ( Z , )  in the fashion 
described below. 

As should be espected, the boundary condi- 
tion G H ( Z ~ )  = 0 does not select a unique pair 
of starting values, [Re ( t l )  , ( d R ~ / d t )  tl]. Instead, 
there is an interval of possible values R ~ ( t 1 ) .  For 
a given R13(tJ, an error in ( d R ~ s / d t ) ~ ,  could be 
recognized as follows. All free radical flames 
which have been studied have had the same quali- 
tative maxima and minima shown in Fig. 1. 

5 

4 

3 

h 

0 - 2  
m 

0: 1 

0 

- 1  

-2 
I 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

-REDUCED TEMPERATURE (defined in equation 6 b )  

FIG. 1. Curves for the free radical reaction rate as a 
function of starting values. 

Moreover, i t  was possible to estimate a curve 
from the steady state solution. Then, if 
(dRB/d t )  tl  < correct value (> correct value), 
Re would diverge positively (negatively) .* This 
made i t  possible to recognize an error without 
integrating to  t ( Z , ) .  
Step 11. For the same Rn(tJ determine an ap- 
proximation for ( d R ~ / d t )  11 required in inte- 
grating toward the hot boundary. Use the sort of 
reasoning described in Step I. 
Step 111. If thc two values for ( d R B / d t )  tl  do not 
agree, use thc sign of the discrepancy to deter- 
mine whether Rll(t1) must be increased or 
decreased. 

Repeat steps I, I1 for the new approximation 
to RB(ti). 

The validity of the solutions has been subjected 
to  the following tests: 
C 1. comparison with integrations using different 
interval sizes; 

* These inequalitics dcpend upon thc fact that t 
decreases from t1 to 2(Z,). 

2. comparison with integrations using different 
methods involving diRercnt rounding aiid trunca- 
tion errors; 

3. comparison of integrations from tl to t2 with 
reversed runs from t. to  t l;  

4. comparisons with the method of successivc 
approximations for that range of d, for whirl1 
both arc applicable. 
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Discussion 

PROF. J. F. WEHNER (Johns Hopkins University): 
The identification of the eigenvalues of a multiple 
reaction flame as mass fluxes of the independent 
species points to the possibility of a new basis for 
fundamental flammability limits. A limitation on 
the fluxes in the cold gases can be transformed into 
composition limits in these gases taking into ac- 
count the discontinuity at the flameholder if neces- 
sary. This limit corresponds to the limit of flame 
propagation or as it is often described, the flam- 
mability limit. 

Perturbation theory and the heat loss hypothesis 
can then be put aside as bases for fundamental 
limits. However, the heat loss hypothesis and con- 
vection effects may in some cases constitute prac- 
tical limits of flame propsgati0n.l 

The composition eigenvalues need to be deter- 
mined for a real flame. Professor Campbell’s work2 
on the hydrogen-bromine flame suggests that the 
50% mixture which he considered is not flam- 
mable. Calculations on the ozone flame show that 
it is a single eigenvalue problem for a composition 
observed to support a flame, although it has suf- 
ficient independent species to be a double eigen- 
value p r~b lem.~  

PROF. E. S. CAMPBELL (New York University): 
Professor Wehner’s suggestion that the multi- 
eigenvalue solution should be used to investigate 
flammability limits would appear to be feasible for 
the simplest cases and should be pursued. This 
paper has discussed conditions under which a 
single eigenvalue solution is an adequate approsi- 
mation to the solution of the exact multi-eigenvalue 
problem. With regard to the ozone-oxygen system, 
studies now in progress do not agree with some 
conclusions of the citlculations he mentions and 
judgment should be held in temporary abeyance. 
The earlier hydrogen-bromine studies were, of 
course, restricted to single eigenvalue solutions. 
This system is sufficiently simple that i t  would be 
possible to study multi-eigenvalue solutions to test 
his suggestions. 
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High Temperature Spectroscopy 
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ABSORPTION SPECTRA AT HIGH TEMPERATURES. I. 
ULTRAVIOLET SPECTRA OF SHOCK-HEATED, CIS- A 

TRANS-1,2-DICHLOROETHYLENE 

S. H. BAUER, HELEN KIEFER, AND N. C. ROL 

Absorption spectra were taken of cis- and trans-1 ,2-dichloroethylene between 37,000 em-1 and 
43,000 cm-', over the temperature range S0O0-1055"K. These gases were highly diluted with argon 
(97%) and shock-heated. Photographic [I,(x)] and oscilloscope [Ih2637(t)] recordings were made with 
a resolution of 3-10 psec. 

A curve for the ground state electronic energy vs. torsional angle was plotted using t h e  assigned 
torsional frequencies for the cis- and trans-forms, and an assumed barrier height of 62 kcal. The 
large shift toward longer wavelengths observed for the low frequency limits of the continua recorded 
for both compounds can bc qualitatively accounted for as arising from population changes in the 
upper torsional vibration levels of the ground ( N )  electronic state. A theory is outlined for exploiting 
such data for the estimation of the shape of the upper (V)  state as a function of the angle between 
the planes of the CClH planes. 

Preliminary spectra taken by Dr. Carl Aten of benzene vapor and of perfluorobcmxene from about 
700" to 1900'X are also presented. For the latter compound the integrated absorption coefficients 
change with temperature, as predicted by Albrecht. However, for benzene, thc coeflicients show 3 

very sharp increase at about 1100°K which cannot be accounted for in this way. This suggests thal, 
the Bs,, state is perturbed by predissociation. 

Introduction 

As a consequence of the very rapid heating of 
a gaseous sample by a shock wave, a heating 
which is homogeneous and free from disturbing 
wall effects, it is possible to observe chemical 
changes in such a sample as they develop with 
time. Thus, one can study separately a sequence 
of steps, provided sufficiently rapid instrumenta- 
tion is used. An interesting exploitation of this 
technique is the recording of molecular spectra 
of a gas at a temperature so high that under 
normal conditions the sample would decompose. 
It is now possible to record an absorption spec- 
trum [I,(X)/I&)] in about 5 psec using a very 
intense short-duration flash (half-time, 2 psec) 

triggered at a specified instant (T) following pas- 
sage of the shock. In contrast, pyrolysis and iso- 
merization reactions at comparable temperatures 
require much longer periods before they progress 
to an appreciable extent. 

There is a twofold need for these investigations. 
Since pyrolytic and combustion studies of neces- 
sity place materials at high temperatures at which 
the reaction times are of the order of milliseconds, 
both absorption and emission spectra must be 
used to identify the products formed and to 
measure the rates of attrition of the reactants. 
However, characteristic spectra change with tem- 
perature, often to  an unpredictable extent. Sec- 
ond, very few molecular spectra have been 
recorded of samples at high temperatures, -so 
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that thcre is little experimental basis for testing 
the few theoretical analyses which have been 
niadc of the dependence of molecular spectra on 
temperature. 

This is a report on the high tempcrature ultra- 
violet absorption spectra of cis- and trans-1,2- 
dichloroethylene (between 37,000 cm-' and 
43,000 cm-') and of preliminary data on the 
spectrum of benzene. Thrse substances were 
selected for our first studies because tlicy show, 
respectively, large shifts in position of their UV 
bands and a large increase in the absorption co- 
eEcicnt with :t rise in temperature. 

Experimental Procedures  and Results 

Commercial samples of cis- aiid trans-1,2- 
dichlorocthyIcne were purified by fractional dis- 
tillation. The trans-isomer, as used in our experi- 
mcnts, had a boiling point range between 47.1' 
and 47.4"C a t  745 mm Hg; the range of the cis- 
isomer was 59.9' to 60.3'C. Vapor-phase chro- 
matograms a t  36°C showed sharp peaks with 
very wcak subsidiary peaks. We estimated that 
each sample containcd no more than 1% of its 
isomer species and much less than that of any 
othcr impurity. The purified isomers were kept 
frozen a t  liquid nitrogen temperatures, and dis- 
tilled, as needed, into a 12-liter flask where they 
were diluted with pure argon to a concentration 
of 3%. Sufficient time was allowed for complete 
mising. 

The experiments were performed in a 14 inch 
(I.D.) round shock tube. The driver section was 
35.5 inches; the esperimental section 127.S inches 
long. Diaphragms were of 0.008 inch brass shim- 
stock scribed to a depth of 0.0015 inches. The 
driver gas was helium, and pressure ratios across 
the diaphragm were of the order of 220 psi to 40 
em of the sample gas. Incident shocks were used 
exclusively. Shock arrival times a t  four stations 
were recorded with thin strip platinum resistance 
gauges on an oscilloscope raster; there was a 
slight attenuation in the shock speed. The tem- 
peratures and densities immediately behind the 
incident shocks were computed using one-dimen- 
sional ideal shock tube theory; allowance was 
made for thc dependence of the heat capacity of 
the dichloroethylene on the temperature. It was 
assumed that the sample attained full vibrational 
equilibrium a t  the shock temperature but there 
was no chemical reaction.' Table 1 is a summary 
of shock conditions for those runs in which the 
complete spectrum was photographically re- 
corded during the first 20-50 psec after passage 
of the shock. 

Two types of spectra were recorded. During 
the early esperiments an intense mercury flash, 
of approximately 4 msee duration, was set off 
just prior to passage of the shock past the ob- 
servation windows. A monoclirometer, set on the 
Hg A2537 line monitored thc absorption of the 
gas as a function of time [1~(t)/10]. Typical 
oscillogram records for short and long sweep 

TABLE I 

Summary of shock conditions 

Initial Inciderit 
pressure shock Isomer 

Run Shock speed driven gas temp. conc. 
No. Isomer (mm/wx) (mm Hg) (OK) (moles /li ter ) 

19 
21 
22 
23 
24 
2.5 
26 
27 
2s 
29 
30 
31 
32 
33 

cis 
cis 
cis 
Cis 
T r a m  
Trans 
Trans 
Trans 
Trans 
Cis 
cis 
Trans 
Trans 
cis 

0.820 
0.S41 
0.592 
0.95s 
0.958 
0 .  S92 
0 .  S26 
0.910 
0.910 
0.910 
0.  802 
0.  SO5 
0.865 
0 .  859 

453 
332 
255 
205 
201 
259 
343 
259 
259 
259 
407 
405 
323 
323 

s45 
875 
9.50 

1055 
I055 
950 
855 
9s0 
9so 
9s0 
820 
525 
910 
905 

2.150 X 10-3 
1.527 
1.170 
1.079 
1.069 
1.207 
1.654 
1.34s 
1.348 
1.333 
I .913 
1.933 
1.611 
I .633 
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FIG. 1. Oscillograms for 3% trans in Ar; p ,  = 242 
mm; Tjshock (incident)] = 1OS5"K. 

times are shown in Fig. 1. From these it is evident 
that  the initial compression and heating brought 
about I n  appreciable increase in absorption a t  
2537 A. This remained constant for a period 
which depended on the shock temperature. 
Eveiitually the gas decomposed (isomerization, 
dehydrohalogenation, and the formation of a 

variety of' molecular fragments) so that an in- 
crease in absorption resulted. Tliese oscillogranis 
demonstrate, howevcr, that thm. is sufficient 
time preceding the decomposition during whieli 
spectra of the heated original compound could 
be recorded. The magnitude of the initial jump 
immediately following passage of the shock was 
used to determine the absorption coefficicnt ol 
the sample a t  X 2537 for each of the shock tem- 
peratures. Seventeen such determinations were 
made. The corresponding points arc plotted in 
Figs. 2 and 3. Note that 6 = loglo (To/I) /k  with 
2 = 32310 cm, and c is given in moles/litcr. These 
values correlated well with the absorption co- 
efficients determined photographically, and were 
included in the empirical extrapolations pre- 
sented below. 

The second set of spectra were taken with a 
short duration flash in argon (mean half-time 10 
psec) triggered to go off immediately after pas- 
sage of the shock past the observation windows. 
The total light output was recorded photographi- 
cally with a medium quartz Hilger spectrograph. 
It was demonstrated that the light output for a 
well-prepared, properly conditioned lamp was 
reproducible. On each plate seven additional dis- 
charges wcrc recorded, in the absence of gas in 
the shock tube, through a set of neutral filters 
which had been prcviously calibrated and found 
to transmit 63.3, 57.5, 29.0, 13.6, 5.93, and 
2.34% of the incident light. Eastman Kodak 
number 0-111 spectrographic plates were used. 

Each of the eight strips on the plate was micro- 
photometered. For closely spaced wavelengths a 
densitometric curve was plotted and the fraction 

t 
€ 

Y .  cm-' 

FIG. 2 .  Absorption coefficients as a function of the frequency for cis-1,2-di- 
chloroethylene. 

9 $7 a 81 
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FIG. 3. Absorption coefficients as a function of the frequency for trans-l,%di- 
chloroethylene. 

of light transmitted by the sample a t  each wave- 
length was deduced. The absorption coefficients 
ns defined above were then computed and plotted 
as a function of frequency. These data, smoothed 
arid combined with the low temperature data, 
are shown in Figs. 2 and 3. It was found empiri- 
cally, both for the cis- and trans-isomers, that  to 
:I rcasonablc approximation the logarithm of the 
nbsorption coeficient versus the reciprocal of the 
tcm1)eraturc a t  n constant frequency gave a 
straight line. ‘rlic arbitrarily chosen frequencies 
\\ere, For thc cis-compound: 38, 520, 39,420, and 
41,150 c n r l ;  for the trans-isomer: 3S,S20, 39,420, 
and 40,500 cnr l .  The degree of consistrncy may 
be judged from Fig. 4. 

Theory-Background 

the equilibrium constant for isomerization is3v3: 
For the dichloroethylenes a t  room temperature, 

Kc,(30OoK) = Ctrans/Ccezs = 0.647 

At elevated temperatures the rate of isomeriza- 
tion iiicreases to a measurable degree and the 
equilibrium constant approaches unity. The early 
kinetic studics4 suggested that the isomerization 
occurs by n uniinolecular process with an activa- 
tion energy E = 41.9 kcal/mole, and log A = 
12.7. This parallels the conversion kinetics ob- 
served for a number of other cis-truns-isomeriza- 
tioiis in which the proposed mechanism is the 

accumulation of sufficient torsional energy in the 
double bond, leading to large amplitudes of 
vibration, sufficient to overcome the barrier be- 
tween these geometric isomers. However, it  has 
recently been shown that for the 1,Zdichloro- 
ethylene the isomerization probably proceeds 
by a free-radical chain mechanism5 with an ac- 
tivation energy 32 f 2 kcal/mole. I n  addition to 
the cis-trans-isomerization, 1,2-dichloroethylene 
also cleliytlrohalogenates a t  sufficiently high tem- 
peratures! Whatever the actual mechanisms for 
the thermal and photochemical isomerizations 
prove to be, in the present contest the salient 
point is that interconversion would occur when- 
ever the torsional amplitude exceeded some 
critical magnitude, had the free-radical processes 
not been rapid enough. An estimate of thc activa- 
tion energy for the unimolccular process is neces- 
sary so that we may sketch the shape of the 
ground state electronic energy as a function of 
the angle about the G==C bond. 

The activation energies reported for cis-trans- 
isomerizations about ethylenic bonds range from 
41.6 kcal/mole for methyl ~is-cinnamate~ to 
61.3 kcal/mole for cis-1,1’-dideuteroethylene.8 
The most recent data for the gas phase butene-2 
isomerization also give 62 kcal/molegJoJ1 for the 
barrier height separating the cis- and trans- 
isomers. The minima of the valleys (a t  0 = 0 and 
?r) must be drawn in as parabolas with curva- 
tures which match the torsional frequencies as 
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derived from infrared and raman data: 406 cm-l 
for the cis and 227 cm-l for the trans.3 I t  is inter- 
esting to note that in butene-2, even though the 
reduced moment about the C==C axis is quite 
different from that in CaHZClz, the corresponding 
frequencies are 402 emw1 and 240 cm-l.12 For 
both species the force constant restraining devin- 
tions from planarity for the cis-configuration is 
almost twice that for trans-, in spite of the fact 
that  cis-butene-2 is less stable than trans- by 
about + kcal, whereas cis-dichloroethylene is 
more stable than trans by 445 kcal/mole. Clearly, 
a function of tlie form +Vo(l - cos 20) used for 
ethylene13 cannot express these differences. 
Finally, if one assumes that the anharmonicity 
factors for the two isomers are comparable, he is 
forced to draw a smooth curve, as shown in Fig. 
5,  the maximum of which is somewhat closer to 
the cis-configuration. 

The characteristic a 4 a* absorption by the 
double bond in ethylene has been studied both 
experimentally and theoretically. In  recent 
papcrs on the vacuum ultraviolet absorption 
spectra of ethylene and fully deuterated ethylene13 
the total absorption was analyzed in terms of a 
superposition of a Rydberg sequence and a 
V(lB~u)-N(lA1g) sequence of bands. The 
strong continuum and long wavelength toe 
(L i t )  appear to be au upper state progression of 
the C=C stretching vibration with a superposed 
structure due to the torsional oscillations about 
the C-=C bond. The complete visible and ultra- 
violet spectra of tlie 1,2-dichloroetliylenes mr: 
first reported in 1935l:; masima occur a t  1S50 A 
for the cis and 1950 A for the trans. Olson and 
&!honey2 recorded the spectra of the chloro- 
ethylenes over the temperature range 373-523'K. 
It 'was suggested14 that these absorptions resulted 
in C-C1 bond disruption. Wijnen15 recently 
showed that in the photolysis of cis-l,2-dichloro- 
ethylene two primary photochemical steps occur, 
one of which produces Cl2, and another HCl. 
However, Lacher et a1.16 argued that the initial 
absorption occurs to the excited V state. Indeed, 
further investigation may show that subsequent 
radiationless transitions to two unstable states 
produce the dissociation products cited. We shall 
assume that the absorption continuum as re- 
corded in this expcriment is due primarily to the 
V t- N transition, with perhaps some R +- N 
contribution.17 

Interpretation of the High 5" Effect 

It is proposed here that the excitation of one 
of the a electrons in the double bond leads to an 
excited state in which, in tlie most stable con- 
figuration, the two CHCl groups are oriented 

with their planes perpendicular to each other, as 
for ethylene; Le., that  the substitution of chlorinc 
atoms does not markedly change the character of 
the V e- N transition, although this substitution 
does shift the absorption peaks to longer wave- 
lengths. The spectral shift is presumed to he due 
to a resonance between the a electrons in the 
double bond and tlie nonbonding d electrons of 
the chlorine atoms. The extension of the band 
system to.vrrard the visible in the form of a 1Xt is 
due to transitions from vibrationally excited 
levels of the ground electronic state. When the 
temperature of the sample is raised, the popula- 
tion of the higher torsional levels in the AT state 
increases. Since high quantum numbers arc 
reached the oscillators approach classical hr- 
havior, such that maxima in the prohability dis- 
tribution functions with angle appear a t  tlir 
corresponding classical madmum amplitudcs. 
By the Franck-Condon condition, electronic 
transitions occur near tlie limiting angles given 
by the potential energy curves. Thus, the energy 
separation between the N and V states decreases 
(shift toward lower frequencies) for absorptions 
from the higher vibrational levels. A similar 
explanation was given by Pottsl* for the reduc- 
tion of the intensity of the "shoulders" on tlir 
long wavelength end of the UV absorption spectra 
of several olefines when measurrments werc madr 
a t  low temperatures in glasses. 

As was indicated above, this is a higlily sim- 
plified account, due to the possiblr presencc of 
three complicating factors: 

(a) The torsional motion is not fully scpsrable 
from the CClH wagging modes.3 

(b) There may be a small superposed con- 
tinuum originating from the R +- N transition, 
and additional perturbations dne to possible 
predissociations. 

(e) Only in zero order is it correct to factor 
the electronic and iiuclear transition moments. 
I n  first order, the integrated ahsorption over an 
electronic band increases with risiiig temperaturr 
due to increased coupling between thc clectronic 
and nuclear wave functions, whrn the larger 
amplitudes of the latter introducr large distor- 
tions in the molecular frameworli.lg Indeed, this 
is tlie basis for the large effect of trmperaturc on 
the observed spectrum of benzene (see below) . 

To deduce the shape of the V curve as a func- 
tion of the torsional angle from data such as that 
reported here, one must either correct the re- 
corded spectrum for these contributions or select 
a region where these are minimal. We propose 
that a t  each temperature the very end of thc 
ZXt is such a region. Of course, the shape of the N 
curve must be given. Then, define the absorption 
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coefficient p p ,  

,uv = I/nZ In Io(v)/I(v) (1) 

The coefficient is thus given in units of em2 per 
molccule, where n is the number of molecules 
per om3, and 1 is the path length in em. The ob- 
served absorption coefficient is due to a super- 
position of a sequence of bands originating from 
a number of vibrational levels in the lower state. 
Designate the lower levels by a and the upper 
levels by i. One may therefore express the ab- 
sorption coefficient at any specified frequency as 
a sum over transition probabilities and 
populations: 

pv = C n z a ( n a / n ) f l a (  1 vta - v I , ( 2 )  

The inherent transition probability At,- is an 
overlap integral over the vibrational wave func- 
tions as they depend on the torsional angle, for 
the lower and upper states (+a, y5J ; At,a is in- 
dependent of the temperature. On the other 
hand, the population of the lower level, na, de- 
pends exponentially on the temperature. Now, 
the shape factor for the band, fia, which is de- 
pendent on temperature due to the changes in 
the population among rotational levels associated 
with each of the vibrational states, is only weakly 
dcpcndcnt, whereas the population ratio is given 
by a Boltzmann distribution: 

P * . * )  

n,/n = esp (-e,/kT)/Q, (3) 
where 

ha = hvo(a + +) - hvox(a + +)?; 

Q = esp (-e,/kT) 
a 

and vo is the fundamental torsional frequency. 
The required overlap integrals have not yet 

been evaluated. When this is accomplished it will 
be possible to partition the observed coefficient 
among the contributing torsional levels, and then 
deduce the effect of temperature on the popula- 
tion of the uppermost detectable level. Qualita- 
tively, if one assumes that a t  any specified tem- 
perature the f i t  is essentially due to a single 
transition from the uppermost level in the N 
state, and that the V state has no 8 dependence 
(flat), he finds that a t  about 900°K, acts(max) is 
about 17 and atmns(ma.i) is about 30. However, 
consideration of limits of detectability indicate 
that these maximal values should be about 10 
and 18, respectively. I n  turn, this requires that 
the V curve fall with increasing 8 as 8 recedes 
from zero, and rise with increasing 8 as it ap- 
proaches a; Le., V has maxima a t  8 = 0 and r ,  
in conformity with theory.13 
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FIG. 4. Absorption coefficients as a function of 1/T 
(at v = 39,420 ern-'). 

A satisfactory esplanation for the linear rela- 
tion observed between log eD and 1/T,  has yet to 
be found. Indeed, i t  may be fortuitous that, in 
Eq. ( 2 ) ,  the temperature dependence of the 
partition function, which appears in the de- 
nominator of n,, and that of fie very nearly 
cancel for the few transitions which contribute 
appreciably to the absorption coefficient a t  a 
given v. The sum over the Boltzmann factors of 
the adjacent n,'s will then show the simple 
exponential dependence of Fig. 4, with a slope 
roughly equal to ( a ) h v ~ / k .  

Preliminary Results on C6H6 and C6F6 
Absorption sp2ctra over the wavelength intcr- 

V a l  2700-2100 A of shock-heated benzene-argon 
and perfluorobenzene-argon mixtures ( 1.7-9 %) 
were taken by Dr. Carl Aten. He used a slightly 
modified technique with which it was possible to 
check whether each shock was well formed, and 
to estimate precisely the interval in time after 
passage of the shock over which the absorption 
spectra were recorded. He also measured 
1;63~( t )  /122537O, and covered the temperature range 
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e- 

Torsional Angle 

FIG. 5 .  Dependence of the electronic energy on the angle between the p!anes 
of the two CClH groups. The solid curve ( N )  was drawn to mntch the para- 
bolas at e = 0 and a and to  simulate a (1 - cos 20) shape at its maximum. The 
latter was shifted slightly toward the cis-configuration to equalize the anhar- 
monicity factors for the two forms. The approximate location of the V state is 
indicated by the hatched regions. It was deduced from a rough analysis of the 
location of the Zit and its shift with temperature. (The vibrational levcls 

should be drawn as slowly converging.) 

from about 600'K to 1900°K. Up to about 650°K, 
the general features of the benzene spectra agreed 
with previously published data.30 The transition 
involved is + AI, which is symmctry for- 
bidden. Howcver, iiontotally syinmctric vibra- 
tions in the ground state suitable perturb the 
electronic wave function to provide a small 
transition moment. As the temperature is slowly 
raised, the intensities of the bands originating in 

the ground vibrational levels stcadily dccreasc 
whereas those which came from the first e x i t d  
vibrational levels first increase and then decrensc. 
On further increase of temperature the structure 
in thc spectrum is lost and is replaced by :L 
continuum. 

At the higher tempcratures (above 700'K) the 
integrated absorption coefficients as previously 
reported on the basis of measureinents made 
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where 0 = 1.439 w. For C~li's, the reasonable fre- 
quency 215.5 cm-I appears to be satisfactory; 
for CeHG points up to 1lOO0Il fall between 
w = 1000 cm-l and 1390 em-l. Above that tem- 
perature the very sharp increase precludes a fit 
with any theory. It should be emphasized that 
the coefficients used were extrapolated to  zero 
time, so that these are affected to a minimal ex- 
tent by decomposition. The only explanation 
open at present is that, when the vibrational 
modes in the upper electronic state are highly 
excited, predissociation adds further perturba- 
tions and thus induces s higher transition 
moment. 
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ECTM OF ALKALI METAL-ORGANIC HALIDE FLAMES 

1gfP 7 WILLIAM J .  MILLER AND HOWARD B. PALMER 

An eipcrimerital survey has been made of the emission from flames of a number of halides burn- 
ing in potassium and sodium vapor. There appear to be no previous reports in the 1iter:iture of 
cmission from such flames, other than characteristic alkali metal atomic radiation. Results of the 
present study show that these flames emit, in addition t o  atomic line spectra, a camplcx array of 
molecular band spectra. A continuum is also observed in several of the flames. Interpretation of 
unusual C L  excitation in haloform-K systems has produced added evidence for the importance of 
the reactions, 2CH ---t C + C H ,  and C + C H  + C r  + H, as a mechanism for producing excited 
CL. An analogous interpretation of the C:, emission in CCId-K and -Na flames has yielded evidence 
supporting the value, Dc-c 1 = 51 kcal, in the CCI radical. Energy transfer processes are important 
in these flame systems. Although there are scvernl unanswcred questions about the spectra, it is 
felt th:it these reaction systems may lend themselves to a useful study of electronic and vibrational 
energy trimsfer. 

Introduction 

Thc study of sodium diffusion flames, pursued 
over a period ol' about 15 years by Polanyi, Bawn, 
\Varhurst, and o t l i e r ~ , ~ ~ ~ ~ ~  has received little at- 
tention recently. Notable exceptions are the 
papers by Rccd and Rabinowitch? These flames 
can bc a iiieaiis of preparing a wide variety of 
free radicals from tlic corresponding halides. 
With Tingey and SkelP we are undertaking 
studies of sonic reactions of radicals generated. 
The results of spectroscopic observations of light 
emission from flames of' this type are reported 
lierc. 

Surprisingly, the literature e.;amincd does not 
mcliition sodiuiii diffusion flame luminescence 
other tl-iaii cliaracteristic atoniic emission. Gay- 
donb suinrnarizes the emission from flames of H 
and 0 atoms \\ it11 several organic halides, noting 
for example that the H + CC14 flame produces 
bands of CH, Cs, CCl, C.i, and a violet continuum. 
'l'his type of systeni represents the closest ap- 
proach to the present work that has been dis- 
cussed in the literature. 

Apparatus and Method 

The flames arc inverted Polyanyi flames in the 
scnsc that halides are allowed to enter an atmos- 
phere of alkali metal vapor (usually potassium). 
This arrangement is employed because most of 
the halides have been multiple halogenated and 
the inverted flame guarantees complete reaction. 

The reaction vessel is a one-liter Pyres bulb 
with a protuberance on the bottom for the metal 

bath, a sidearm with quartz window for spectro- 
scopic observations, and inlet-outlet arrange- 
ments at tlie top. The vessel is completely en- 
closed in a furnace except for tlie sidearm and the 
top liead. The latter is equipped with a water 
jacket and a glass wool trap to prevent metal 
vapor, metd halide, or carbon lxwticles from 
entering the product-trapping portion of the flow 
system. Halides are carried (usually by an inert 
gas stream) through an  inlet tube that ends in 
the center of the reaction chamber. With proper 
adjustment of furnace temperature, halide flow 
rate, and system pressure, an almost spherical 
flame (Fig. 1) of convenient size forms around 

FIG. 1. Photograph of a diffusion flame of C&1, 
burning in potassium vapor. Extraneous light is 

reflected from the wall of the viewing sidearm. 

90 
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the inlet. Flames remain steady over periods of 
hours, with occasional attention. 

A iiarrow tliermocouple well runs through the 
reaction zone. Temperatures measured along the 
well reach steady values promptly, after reaction 
has begun. Spectra taken with and without the 
thermocouple m l l  reveal no differences. The 
spectrograph employed is a Hilgcr E517/51S F/4 
Ramaii instrument ivitli quartz and glass optics. 
The spectra reported here have all bccn taken 
with glass optics, usiiig Eastman Iiodak Super- 
pan Press or 103aF plates. For the present use 
as a survey instrument, the sprctrograph has 
been adjusted so that the violet and rcd ends are 
in good focus, which means that thc middle 
region is somewhat out of focus in all the plates. 
Wave lengths have been determined with the 
aid of Hg and Fc lines, ineasurements being made 
with a traveling microscope a i d  a scanning- 
recording densitometer. Reaction product analy- 
ses arc performed by standard gas-chromato- 
graphic methods. 

The starting materials for the reactions have 
all been reasonably pure. These include I<, Na, 
Clz, CF4, CC4, Czc14, CHCls, CHBr3, CFCls, 
CHzBrz, CH31, CHJC1, and CHzCHCI12Cl. The 
potassiuin seems always to be slightly coiitami- 
nated with sodium, but this has not been a source 
of difficulty. The carrier gases have included He 
(99.99 per cent), Ns (99.996 per cent), and Ar 
(99.998 per cent). When the halide is a liquid 
(e.g. CCl4), a bubbler is used to introduce it into 
the carrier gas. Provision is made for adding 
carrier gas to the exit stream from the bubbler, to 

change the halide: carrier ratio. Typical ratios 
used have been 1:s. Most of the work has em- 
ployed He as the carrier. 

The pressure in the reaction system is con- 
trolled by the balance between gas admission 
rate and effective pumping speed, the former 
beiiig regulated with a needle valvc. Typical 
partial pressures of halide have been 200 to 400 
microns Hg. Total pressures have rai igd bc- 
tween a few hundred microns and scvcral inin 
Hg. Potassium achieves a vapor prcssurc appro- 
priate to these conditions a t  temlmatures in the 
neighborhood of 350" to 400OC. Hence 400°C 
represents a characteristic vessel tcmperature. 

Spectrograph slit widths used necessarily lisvc 
been somewhat dcpcndcnt upon the briqhtness of 
the flames. The range of slit widths is appro\i- 
inately 25 to 150 microns. 

Experimental Results 

Although product analysis shows that reaction 
occurs in all systems tried, singly- or doubly- 
halogenated compounds have iiot produced 
enough emission for the recording of spectra, 
even with a wide slit aiid an exposure of several 
hours. This group of (a t  most) weakly emitting 
systems iiicludes CHdI-K, CHrC1-I<, CH&rz-I<, 
CHzCHCHzCl-IC, and, as an e\ception to the 
previous comment, CF4-I<. ?'he systcins that 
have yielded spectra include CL-I<, CClrI<, 
CC4-Na, CzC14-1<, CFCl3-K, CHCII-K, and 
CH13r3-III. 

Several of these spectra are shown in Figs. 2 

4500 5000 5500 6000 6500 7000 4000 

FIG. 2. Flame spectra. (A) Natural gas-air bunsen flame with added CHCI,. 
(B) CCla-K, He carrier. CC1,:K ratio 1:s; 50 p slit, 75 min exposure. 
(C) CFC1,-K, He carrier. CFCLI:He ratio 1:s; 50 p slit, 30 min exposure. 
(D) CHC1,-K, He carrier. CHC1,:He ratio 1:s; 75 p slit, 240 min exposure. 

(E) CHBI-K, He carrier. CHBr3:He ratio 1:s; 75 p slit, 240 min exposure. 
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4000 4500 5000 5500 6000 6500 7000 

FIG. 3. Flame spectra. 50 p slit in all cases. (A) Natural gas-air flame with added 
CHCI,. (B) CCla-I(, no carrier gas, 60 min exposure. (C) CCla-K, He carrier. 
CC14:He ratio 1 :S; 75 rnin exposure. (D) CC14-K, Nz carrier. CC14:N2 ratio 1:Z; 
75 min exposure. (E) CCkK,  Ar carrier. CC1,:Ar ratio 1:s; 75 rnin exposure. 

and 3. The Clr-K spectrum is omitted because i t  
shows only a weak continuum plus K atomic 
lines, while the CzC14-K spectrum, also omitted, 
shows a continuum with several intensity mas- 
ima, plus extremely weak I( radiation. The 
CzCl4-I( continuum is identical to that in the 
CFC13-h spectrum. The CCl4-Na spectrum also 
is not included because, with the exception of 
stronger Na lines, i t  is identical to the spectrum 
from CCL-K. 

For comparison, a spectrum from a natural 
gas-air bunsen flame containing CHClz is shown 
in Fig. 2. This shows Cz Swan bands and CH 
bands that are characteristic of normal hydro- 
carbon-air flames. It is immediately obvious that 
the Cz intensity distributions in all of the potas- 
sium diffusion flames are abnormal. They appear 
the more so when it is remarked that the tem- 
perature rise in the flames, as measured in the 
tlicrmoeouple well, is never more than 20’ to 
3OoC. Even allowing for some thermal loss along 
the ~1 ell, it  is clear that  these flames are very cool 
and the emission is, therefore, entirely chemi- 
luminescent. The luminous zone temperature 
surely does not exceed 500’C in any of the flames. 

Adiabatic flame temperature calculations for 
these reactions indicate that the low tempera- 
tures require incomplete reaction in the sense 
that there must be large radical concentrations 
present, and solid alkali halides and solid carbon 
must not be forming in the luminous zone, but 
rather later, in cooler regions or on the walls. 
Indeed, if solid carbon were forming, the calcu- 
lations show that its formation would produce 
self-heating such that black-body radiation would 

be observed. Radical and alkali metal radiation 
losses may contribute to maintaining a low tem- 
perature. We have no quantitative information 
on this point. 

Product analyses have been carried out for the 
reaction systems, CHsI-Ii, CHsCl-K, and 
CHCl3-K. In  the first two, carbon is not formed 
and the only trapped product of any consequence 
is ethane. With CHCla, however, solid carbon is 
formed (but not in the luminous zone) and there 
is a wide distribution of trapped hydrocarbon 
products. The dominant one is (32%; CzHz and 
propylene are present in secondary quantity; and 
minor amounts of several other olefinic and 
saturated species are also captured. The promi- 
nence of C2H4 is a t  first surprising, and proves to 
be of help in postulating reactions responsible 
for the chemiluminescence. 

Description of the  Spectra 

The main features of the spectra may be sum- 
med up as follows. 

Ct:  CHC1, in a bunsen flame gives well-defined 
Swan bands having a normal intensity distribu- 
tion. CHC13-K and CHBrz-K diffusion flames 
both give preferential excitation to v’ = 1 and 2 
of the upper state. CFCls-K gives preferential 
excitation to v’ = 6 and 7. Weak transitions from 
v’ = 8 are also observed. CCld-K and CCL-Na 
give identical intensity distributions, with pref- 
erential excitation generally found to v’ = 7 and 
8. The Av = 0 bands appear weak relative to the 
others, particularly with CFC13 and CC4. Rota- 
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tional energy distribution ap1)ears to  bc broader 
in all cases than that in the buns:a flame. 

Cs: Weak intensity maxima. that  are observed 
in thc 3950-4100 A region in CCl4-K may be Ca. 

CH: Wcak 4312 A (0, 0) radiation, plus somc 
rotational fine structure, is observed in CHCl3-K 
and CHBr3-K. 

IC2: There appears to be radiation in the near 
red system of Kz in all cases (when K is used). 
The bands are clearcst in CHC13-KJ where they 
are not obscured by Cz. They are very weak in 
pure CC&-K (no carrier gas). 

K: Lines are observed up to a K excitation level 
of about 32,000 cm-l, or 91.5 kcal, in most spcc- 
tra. The exception is CZClrI<, from which there 
is only a hint of K radiation. 

Continua: Emission from C2ClrK appears to 
be almost entirely continuous (150 micron slit) , 
with maxima a t  about 4100, 4500, 4900, 5400, 
and 5700 A. The identical continuum underlies 
the bands in CFC13-K and, less strongly, in 

Unidentified bands: Several diffuse b y d s  in 
the region between about 4050 and 4250 A have 
not been adequately identified in C C k K  (or Na) 
spectra. An additional pair of unidentified bands 
occurs at 4730 and 4503 in CCl4-K. The most 
important of the unidentified bands in the short 
wave length region lies at 4198 A. It corresponds 
well with the (1,2) band of the CN violet system, 
and therc is a very diffuse band at about the 
right spot for the (0, 1) transition, but there is 
no other support for assigning it to CN. Two or 
three of the bands around 4100 to  4150 A agree 
reasonably well with computations for the (7,4),  
(5, 5), and (9, 6) transitioas of the CZ Swan 
system, but wc are reluctant to make this assign- 
ment because the (6, 3) cannot be observed. No 
suggestions can be evcn tentatively put forward 
at this time for thc 47SO and 4803 A bands. 

Carrier gas effects: Thc type of C2 excitation 
is not affected by the nature or quantity of the 
carrier gas. Experiments arc not exact enough to 
judgc whether or not carrier gas affects the Cz 
light yicld. It is clcar, howevcr, that there are 
carrier gas effccts upon the potassium radiation. 
I n  CClk-K systems, all of the K atomic lines are 
reduced markedly in intensity when N2 is used 
as a carrier gas instead of He or Ar. Kz is stronger 
when there is a carrier than when there is nonc. 
The nature of the carrier, i.e., noble gas or N2, 
makes no obvious difference. K2 seems relatively 
strongest in the haloform-I< systems. 

CCL-K. 

Discussion 
It is interesting to find that the emission from 

Polanyi-typc flames is much richcr than the 

atomic rxlkation reported in earlier literature. 
One hopes to go furtlicr than this obscrvation, 
sceking an explanation of the cniiss on and 
perhaps gleaning from its features some signifi- 
cant information conccring molecular energctics. 
The C2 excitation is the most obvious fcaturc of 
special interest and will be dcalt with first. 

Since the excitation in haloform-I< spectra 
(preferentially to o' = 1 and 2 of the A 37rg state) 
does not vary from CHCl.1 to CHBr.{, it  may be 
concluded that the halogen plays no rolc in the 
excitation mechanism. Drawing upon thc results 
for CC4, where the dilution ratio had no cffect 
upon the preferred v' values, i t  secms quitc 
certain that the exitation occurs directly as a 
rcsult of a singlc elementary reaction stcp that 
docs not involve a halogen. It would appear likcly 
that the reaction involves CH. However, this 
probability must be reconciled with the promi- 
nence of CZH4 in the products. 

Assuming that the most likely source of CzH4 
is CH2 radicals, we are led to the suggestion that 
CH2 originates in the reaction, 2 C H 4  C + CHz. 
This is not a new suggestion. The reaction is 
exothermic and tlierc arc no spin conservation 
problems. We then esamine the reaction, C f 
CH -+ Cz + H. If the C and CEI have been 
thermalized by the time they collide, then this 
reaction will produce about 61 Ircal, or about 
21,300 cm-l, of excess energy. If this eiicrgy all 
appears in the Cz radical, it  is almost exactly the 
right quantity to excite i t  to o' = 1 of the A 37rg 
state. Figure 4 is a semi-quantitative drawing of 
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FIG. 4. Potential diagram of lower states of CZ. 
Notations on the several potentials follow Herzbcrg.? 
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the lower state poteiitials for Cn. I t  is taken 
largcly hoin IIcrzbcrg,7 but is revised to conform 
with the establishment of the a I&+ state as the 
grourid statc by Bdlik a i d  Ramsays and the 
correct value for the dissociation energy (141 f 2 
kcal) established by Inglirani and eo-workers? 

Although tlie H atom may carry off some of the 
reaction energy as translational energy, the agree- 
ment bctweeri the energetics of reaction and the 
obscrved C:! excitation is rather striking, so we 
are satisfied that the eqdanation is essentially 
correct. One notcs the implication that the reac- 
tions, 2 CH -i CZHZ aiid 2 CH -4 (3% + Hz, 
csothmnic as they are, are both nonetheless 
much less probable than the disproportioiiation 
reaction forming C and CI-1%. 

In the CCl4-I< aiid Na reactions, exitation in 
a single rcnction step is again indicated. Sirice the 
obscmwd excitation in these two systems is the 
sariic, the step docs iiot involve the alkali nietal 
atom. By nnalogy to the probable event in 
haloform systems, let us eumine the reaction, 
C + CC1- C:! + C1. The observed excitation 
(v' = 7 and S) corresponds to the range of 
cncrgies, 30,700 to 32,100 cm-l, or S7.7 to 91.8 
hcal. Calling this 90 f 2 kcal, and assuming that 
all of the elcess energy from the reaction has 
gone into C:! electronic-vibrational excitation, 
TTC compute DC-CI = 51 f 2 kcal in the CC1 
radical. Although there is no accepted value for 

in CC1 reported in the literature, 51 kea1 
1ial)yens to be the best estimated value, as quoted 
(from Gaydon) in the JAKAF tables.1° The 
present rcsults appear to provide considerable 
support for this figure. 

The Cs excitation in CFCld-K is so like that 
krom CC4 that no real distinction appears pos- 
sible. Actually, the excitation mechanism dis- 
cussed IT oulcl predict the same preferential ey- 
citation as found in cckk-. The reason is that 
the reaction stcp, C + CF -+ C:! + F, is only 27 
kcnl e\otliermic,1° so this will not contribute to 
peculiar SR an halid intensities. This also explains 
why one does iiot observe emission from CF4-IC. 
One docs cxpcct, however, that  the reaction, 
CFCl, + K -i CC1$ + KF, which is some 12 
heal e\othcwnic,ll \pill occur readily with a low 
activation energy, alolig with CFCli + K -+ 
CFClz + KC1. Moreover, we estimate the reac- 
tion, CFClz + K-+ CClz + KF, to be about 23 
kcal cxotlierniic, so it also should take place 
easily. Thc end result is that CC1 radicals will be 
produced in quantity, hence the same exitation 
mechanism can operate as in CC4. 

TVitli large production of CClz radicals from 
CC14 and CCllF, it is iiot surprising that a part 
of the emission (viz., the continuum) from these 
is tlie same :is that from C:!CL-K. The absence 

of Cz emission in the latter case iiidicates that  no 
reaction can produce it in the d71;1 state. The 
almost total absence of' E< emission from C&14-1< 
is surcly significant also, and inq' provide a clue 
as to the origin ol the continuum, which prc- 
sumably arises in a radiative recombination 
process. However, we have not been able to find 
a logics1 hypothesis for the responsible process. 

CH emission from the haloforms is weak, as 
noted. Nevertheless, it is present, and represents 
some 66 kcal of exitation energy. In  the absence 
of oxygen, one is hard put to find a chemi-cxeita- 
tion mechanism for CH. Possibly it should be at- 
tributed to a trace of air in the vacuum system; 
but, particularly in view of the very high K atom 
escitatioiis observed, the possibility of CH ex- 
citation by energy transfer should not be ruled 
out. 

That energy transfer processes are operating 
is evident lrom the quenching of K atom radia- 
tion by added Nz, and its strength in the presence 
of He and Ar.l" The means by which K atoms 
gain excitation energies as high as 91.5 kea1 are 
not clear. In  the CC14 systems, the preferential 
excitation of Cz is almost exactly right for es- 
citing I< to this energy by an energy exchange; 
but the 91.5 kcal level is also observed, weakly, 
in the haloform-K spectra. Here, it seems neces- 
sary to postulate successive excitations. The most 
logical mccliallisni for these is resonant absorp- 
tion, rather than collisional transfer. 

IC2 radiation probably arises from collisional 
stabilization of recombined IC atoms, one of which 
is excited, in the B *rU state. The principal evi- 
dence for this is that  in the lowest pressure sys- 
tem, vis., pure CCL-K (no carrier), Kz radiation 
is weakest. 

Conclusions 

A number of ncw spectroscopic observations 
have been possible by examining radiation from 
alkali metal-organic halide flames. Interpretation 
of unusual C:! excitation in haloform-I< systems 
in a logical manner has produced added evidence 
for the importaiice of the reactions, 2 CH-+ C + 
CH2 and C + CH -+ Cz + H, as a mechanism 
for producing excited C:!. An analogous inter- 
pretation of the Cz emission in cCl4-K and Na 
flames has yielded evidence supporting the value, 
D-, = 51 kea1 in the CC1 radical. 

Energy transfer processes are important in 
these flame systems. Although there are several 
unanswered questions about the spectra, with 
further study these reaction systems may lend 
themselves to a useful study ol clectronic and 
vibrational energy transfer. 
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Discussion 

DR. U. A. THRUSH (University of Cambridge): 
Why does Prof. Palmer prefer the reaction C + 
CH + Cz* + H to the more exothermic CH + 
CH .--f C2* + H, as a source of excited C2 in flames 
where CH is produced? 

PROF. H. B. PALMER (Pennsylvania State Uni- 
versity): Our preference for the reaction, C + CH 4 

C," + H is based upon three points, none of which 
constitutes a proof. They are: (1) The major product 
recovcred is CzH,. We cannot see any more probable 
way to obtain this than through combination of 
CH? radicals resuhing from the reaction, 2CH -+ 

C + CH,. This reaction also produces C atoms. 
Their most probable fate will be to react with CH, 
so we are confident that this reaction occurs. Some 
careful measurements of the absolute yields of prod- 
ucts should permit us to state just how important 
the alternative reaction, 2CH + Ct* + H,, in fact 
is. (2) The preferred rcaction can account strikingly 
well for the observed excitation of C2*. (3) An 

analogous reaction in the IGCClr system scrms to 
account well for the observed Ci+ excitation there. 
In this system, there is much lcss chancc for thc 
reaction, 2CC1-+ Cz* + Clt, to ocrur than thcre is 
for reaction between two CH radicals in thr 
I<-CHS, systems. The most probable fate of n 
CCl radical is a reactive encounter with :I I( atom 
rather than with mother CCl. If reaction betwc.cn 
two CC1 radicals caused the emission, it should 
hcnce be weaker than cmission brought about by 
reaction between two CH radicals; but much 
stronger emission is observed. 

As to why the reaction, 2CH -' C + C H ,  should 
be faster than 2CH + CL* + H ,  wc are reluctant to 
speculate. The first is an atom abstraction while thr 
second is more complicated. Applying rough rules 
for estimating activation energies, the first might be 
of thc order of 10 kcal or less, whilc the second might 
be 20 kea1 or more. It also appears that steric or 
entropy requirements should favor the first reaction. 

" I  



AL EMISSIVITY OF THE 4.3 p COZ BAND AT 1200°K 

U. P. OPPENHEIM 
zg/i! 

Under certain conditions the emission (or absorption) of spectral bands of molecules in the gaseous 
state may be described with the help of the “statistical” model. The present study deals with appli- 
cation of this model to the 4.3 p band of C 0 2  at  a temperature of 1200°K. A simpfe method was 
employed for correlating the observed emissivity with the experimental parameters of the gas (pres- 
sure, optical depth, etc.). Use was made of curves of growth for every frequency in the band. Es- 
perimental emissivities were obtained by heating CO1 in cells of different length in an electrical 
furnace. Good quantitative agreement was found with experimental results of other workers. It is 
shown that Lambert-Beer’s law is not obeyed and that the statistical model predicts the emissivity 
correctly over wide ranges of pressure and optical depth. 

Introduction 

Recently a number of spectroscopic studies 
have been made of the infrared radiation emitted 
by molecules present in the exhaust plumes of 
rockets and jet engines.’,’ Quantitative infrared 
emission data are of particular interest since 
they furnish direct information on the tempera- 
ture and composition of the emitting gases. From 
a knowledge of these parameters basic informa- 
tion about the chemical and physical processes 
occurring during combustion may be derived. 

The cxperimental difficulties in studying infra- 
red emission from flames and eshaust gases are 
mostly due to temperature gradients and local 
inhomogeneities which occur in the gases. I n  
order to obtain the radiation properties of the 
constituent gases under well-defined conditions 
it is advisable to study them statically in closed 
vessels. Conditions in the flame (apart from those 
of flow) may then be simulated by changing the 
composition, temperature, pressure, and optical 
depth of the gas in the vessel. Studies of 
CO,* and H20,5 heated in closed vessels up to 
about 1200°K have been reported by various 
authors. It is usually preferred to study the gas 
in absorption rather than in emission. 

Although many measurements of spectral and 
total band absorption have been reported, large 
discrepancies have often been found between 
results for a given band of the same molecular 
species. The main problem here is not one of ex- 
perimental error but one of finding the correct 
laws governing the emission of radiation. Because 
of thermal excitation at elevated temperatures 
very large numbers of spectral lines contribute to 
3. single band and this results in a rather compli- 
cated dependence of the emitted radiation on 

pressure, path length, composition, and tem- 
perature of the emitting gas. It has been found 
that the simple Lambert-Beer absorption law 
usually does not hold and certain “band models” 
have been invented6#’ for correlating the ob- 
served absorption with the experimental param- 
eters of the gas. A careful selection of an appro- 
priate band model is necessary for a prediction 
of absorption which is to be valid over a wide 
range of the parameters. Such a selection is not 
possible without a thorough study of the absorp- 
tion under widely varying conditions of pressure, 
path length, etc. It is the purpose of the present 
study to show how for a certain band the selec- 
tion of the model was carried out and how its 
validity was tested. I t  will be shown that the 
“statistical” model may be applied to the 4.3 p 
band of CO, a t  a temperature of 1200°K. As a 
result the absorption of COZ a t  this temperature 
over wide ranges of pressure and optical depth 
may be represented as a unique function of cer- 
tain spectroscopic parameters. Satisfactory agree- 
ment is found between the present experimental 
results and previously published data for this 
band. 

Theoretical 

A detailed description of esisting band model 
theories for the representation of molecular 
band absorption has been given by Plass.6J The 
calculations presented by I’lass espressed tbe 
band absorption as an infinite family of curves 
which depended on various theoretical param- 
eters. Each of these curves showed the depend- 
ence of the fractional transmission of the band on 
the amount of absorbing gas when the gas was 
kept a t  constant total pressure, or the depend- 
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ence of transmission on total pressure when the 
amount of gas was kept constant. These curves 
implied that the absorbing gas was to be pres- 
surized by an inert gas, a procedure which intro- 
duces the effects of foreign gas broadening in a 
rather undefined manner. I n  what follows we shall 
describe a somewhat different method of pre- 
senting the data using a t  first only pure gases, 
thereby avoiding both the multiplicity of ab- 
sorption curves and the experimental necessity 
of mixing the absorbing gas with a foreign gas. 
From the various models described by Plass we 
shall discuss only the statistical model, since this 
model is often appropriate a t  high temperatures, 
when very large numbers of lines contribute to a 
given band. 

According to Mayers and Goodyg a “dis- 
ordered” band is one in which the position and 
intensity of the lines are distributed at random, 
there being no correlation between line position 
and line intensity. The average line spacing of n 
lines in the interval under consideration is as- 
sumed to be d cm-l. If the number of lines is 
allowed to approach infinity, while keeping tlie 
line spacing constant, the statistical model gives 
a simple expression for the mean fractional ab- 
sorption A ,  a t  the center of the band: 

where 
m 

K L ( ~ >  7, pj I )  = 1 Cvs~(Sj Y, P ,  l ) P ( g j  S ) d S  
0 

Here is the average value of the equivalent 
width Wsl over the distribution of line strengths, 
S is the integrated intensity of a line, y the semi- 
half-width of the line, p the pressure of the ab- 
sorbing gas (assuming a-pure gas) , and 1 the ab- 
sorbing path length. P (  S, S) d S  is the probability 
that a line has 5n integrated intensity between S 
and S + dS. S indicates a mean line intensity 
which ogcurs in the intensity distribution func- 
tion P ( S ,  S) . It should be noted that A ,  repre- 
sents the fractional absorption a t  the frequency 
v, after averaging over all possible arrangements 
of the lines in the band. Thus, while it is impos- 
sible to predict the actual absorption -Av, the 
statistical model allows us to calculate A ,  which 
is an average value of A ,  for the whole band. 
While A,-is a rapidly varying function of fre- 
quency, A , is a constant which represents the 
smoothed out value of the fractional absorption 
in the whole band. From the experimental point 
of view a similar smoothing process is carried out 
by the observation of the spectrum with an in- 
strument of finite spectral slit width. It is seen 
that if d is small compared to the spectral slit 
width, the observed value of A, will approach 

A ,  very closely. In an actual experimcnt tliis is 
borne out by the fact that the fractional absorp- 
tion is independent of slit width. It is clear that 
before the statistical model may bc applied to 
spectral measurements tlie independence of A 
of the slit width has to  be established. 

For-an observed disordered band we niay calcu- 
late A, a t  any frequency (i.e., not only at the 
center of the band) by assuming that this frc- 
quency is at the csnter of ai1 infinite _disordered 
band of given P (  8, S) . B y  varying X with frc- 
quency we may calculate A ,  for each frequency 
in the-band with the help of Eq. (1).  It is seen 
that Wsl and d are in this case frequency depend- 
ent *quantities. We shall indicate all frequency 
dependent quantities by a subscript v. 

For Lorentz lines we have10 

W s ~ , y  = WSl = [1 - exp (-kvpL)] dv Lrn 
= 271-/f(x) 

with 

f(z) = z ex12 (-z)[Io(z) + 11(z)] 

where k ,  is the spectral absorption coefficient 
and lo and I I  are the Bessel functions of imaginary 
argument. The dimensionless parainetcr 1: is 
given by 

x = S1/2lr,y 

If a pure gas is used WSl,, depends linearly on 
pressure and we may write 

WSZ,” = m,z,,o * p 

where W,l,,O is the equivalent width per unit 
pressure. From the definition of TT7,z it  follows 
that we may also write 

lv8L,v = R,: p 

and Eq. (1) now becomes 

A,  = 1 - exp [- ( lvs l , ,O/dp)p] (2) 

It follows from Eq. ( 2 )  that  

- In (1 - A,)/?, = T F ~ ~ , , o / ~ ~  
Since Tv31,: and d, are independe-nt of pressure it 
is seen that a plot of - In (1 - A,)  against pres- 
sure results in a straight line through the origin. 
However, this by itself does not constitute proof 
of the validity of the statistical model, since the 
simple Lambert-Beer lawlo 

A, = 1 - exp [-k,pL] 

also results in a similar linear plot for 

- In ( I  - A”) 
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:igainst p .  In the latter case, however, the value 
of k ,  is independent of the path length 1. In  tlie 
case of the statistical model on the other hand 
the dependence of Wsl, ,”/d,  on 1 is quite pro- 
nounced and it is this departure from Lambert- 
JIeer’s law which makes it possible to distinguish 
between thc various absorption laws which 
govern the absorption of molecular bands. 

Without much loss of generality6 we shall as- 
sume that tlle probability fugction P ( S ,  s) is 
given by P (  S ,  S )  = 6( S - 8)  , where 6 denotes 
the Dirac delta function. In this cgse all lines are 
equally intense and we have W s i , v  = Wyl,y. 
Equstion ( 2 )  becomes 

A ,  = 1 - exp [- ( ~ ~ l , , ” / d ~ ) p ]  (3) 

The dependence of WsL,$ on optical path length 
is given by the well-known curves of growth.’O 
I t  is interesting to note that according to Eq. (3) 
the absorption a t  a given frequency is determined 
by lVsl,>/dv, which assumes the role of a spectral 
absorption coefficient multiplied by a length. it 
also follows from Eq. (3) that  if the present 
statistical model is valid for a certain band, a 
logarithmic plot of - In (1 - A,)/p against I 
should follow the curve of growth, for pure 
Lorentz lines. Once this plot is fitted to the curve 
of growth, the validity of the present statistical 
model has been proved. Since W,,,,O is deter- 
mined by two parameters only (A!; and yyO, 
defined respectively by the relations X,O = X v / p  
and yYO = y v / p )  the fractional absorption A,  is 
seen to be fully determined by the parameters 
S$/d, and y$/d,, which may be read off the 
curve of growth. 

The following procedure is found useful in 
determining the basic parameters S$/d, and 
y2/dp.  The absorption spectrum of a given band is 
recorded, using a pure gas in a cell of fixed length 
filled to an arbitrary pressure. With the help 
of Eq. (3) the value of Wsl, ,O/dy is derived for as 
many values of the frequency as is required. This 
procedure is repeated for a number of different 
cell lengths and the resulting values of W , l , $ / d ,  
for each selected frequency are plotted against I 
on a log-log scale. By fitting these plots to a 
graph of the curve of growth in the usual manner, 
values of S,O/d, and y,O/dY are obtained. It is also 
possible to derive the quotient of these two 
parameters from the position of the curve and to 
obtain zv/l which is more convenient to use in 
practical calculations: 

x,/1 = s,0/2lryyo 

Once the above quantities h a y  been established 
experimentally, the value of A can be predicted 
for any value of pressure and optical path. 

The values of x,/Z and y?/d, may also be used 

to predict tlie fractional absorption of gas mis- 
tures, provided yY0 is corrected to include the 
effect of foreign gas broadening. In  calculating 
x,/1 it  should be noted that for a gas misture 

2; = ( P / P t ) Z ”  

where p and p ,  are the partial and total pressure 
respectively. In  computing Vf‘,l,,O for gas mixtures 
z’ has to be substituted for z. 

Application to the v 3  Fundamental  of COa 

As an example of the foregoing considerations 
we have measured and analyzed the 4.3 p band 
of CO:! a t  a temperature of 120OoK. This band 
which is centered a t  2349 cm-’, has recently been 
studied estensively at temperatures of 12OOOK 
and higher. In  these studies the gas was heated 
in a number of ways: by placing it in a fur- 
nace,3J1,12J3 by heating it in a shock tube,’* and 
by observing it in the exhaust jet of a supersonic 
burner.:! Apart from these experimental studies 
P l a s ~ ’ ~  has made an extensive theoretical calcula- 
tion of the spectral emissivity of the band for 
temperatures between 1200-2400°K. There is a 
general lack of agreement between the various 
results, which sometimes differ by a factor of 
two or more. Since the data measured by these 
authors were not suitable for the type of rcpre- 
sentation suggested in the present paper, it  was 
decided to make a new series of measurements 
and to correlate them with the help of curves of 
growth in the manner outlined before. 

In order to have thermal equilibrium in the 
gas sample, it  was decided to heat it in a furnace 
to the desired temperature. Pure copper absorp- 
tion cells with sapphire or magnesium oxide 
windows were filled with COZ and heated in a 
tube furnace to 1200°K. The entire optical path 
outside the absorption cell was flushed with dry 
nitrogen until the atmospheric absorption band 
of cold COZ disappeared. A Perkin-Elmer Model 
12G infrared spectrometer was employed to 
record the spectra, using a spectral slit width of 
2-3 cm-I. A more detailed account of the esperi- 
mental procedure will be given elsewhere. 

The lengths of the cells used were 1.24, 5.74, 
30.0, 93.35, and 150.5 mm. A longer cell of 250 
mm was also employed, but the pressures needed 
for this cell were so low (less than 40 mm Hg) 
that the effect of Doppler broadening became 
noticeable and the absorption no longer obeyed 
Eq. (3). Data from this cell were therefore not 
included in the present study. The gas was intro- 
duced at a series of different pressures and the 
absorption spectrum was recorded for each pres- 
sure. Three to six spectra with different pressures 
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were recorded for each cell length. An increase or 
decrease of the slit width did not change the 
spectrum in a noticeable way, in agreement with 
observations of other authors."J4 

The recorded spectra were analyzed in the 
following way. From each absorption curve the 
pressure independent quantity - In (1 - A Y ) / p  
was derived for a selected number of frequencies, 
and plotted against v. In most cases the values of 
W,l,,,O/d, for a given frequenry coincided within 
f5%,  while the pressures varied over a factor 
of 4 or 5 .  A smooth curve was then drawn through 
the resulting points. Five such curves resulted 
froin the five cell lengths employed. 

The frequency range over which the absorp- 
tion occurred extended between 2200-2400 cm-l. 
About 20 different frequencies were selected in 
this range and curves of growth were constructed 
by plotting log W,i,,,"/d, against log 1. With a 
few exceptions the points could be fitted to the 
Ladenburg-Reiche curve. Values of x,/1 and 
2ay,,"/d, were read off the curves and plotted 
agxinst frequency. The resulting curves are shown 
in Fig. 1. 

Assuming the validity of the stqtistical model 
the spectral fractional absorption A,  may now be 
calculated from the curves in Fig. 1 for any 
desired value of the pressure and optical path. 
The only restriction seems to be that the pres- 
sure has to be larger than 40 mm Hg, in order to 
avoid the effects of Doppler broadening. For a 
given value of 1 the curve of x J Z  determincs the 
value of zy. The tabulated values of f ( x ) I 6  may 
then be used to obtain f(xY), which, after multi- 
plication by ( 27ry,,O)/d,, produces Wsl,:/dv, The 
desired value _of the pressure is then inserted in 
Eq. (3) and A,  is calculated. 

'7 277~~'  - 

2400 2350 2300 2250 2200 2150 

FREQUENCY (ern-') 

FIG. 1. The frequency dependence of the parameters 
x,/1 and (2?rrv0)/d, for the 4.3 p band of CO, at  a 
temperature of 1200°K. The length is measured in 
centimeters, yvo is measured in cm-1 atm-1 (at 
1200°K), x, is dimensionless, and d, is given in units 
of cm-1. The ordinate scale for (2*rv0)/d,  is 10 times 

larger than the corresponding scale for xJZ. 

Comparison with Other  Experimental Work 

Most workers who measured COe ahsorption 
or emission for the 4.3 p band a t  elevated tem- 
peratures assumed the validity of Lambert- 
Beer's law. As was explained above Lamhert- 
Beer's law predicts a linear dependence of 

TABLE 1 

Comparison of experimental results of k ,  obtained by different authors by the application of Idambert-Beer's 
law to the 4.3 p band of Cot at  a temperature of 1200°K" 

Author 
Heating 
method 

Path 
Temperature length Broadening 

(cm) gas 

Tourin3 
Steinberg and 

Davies14 
Ferriso2 

Babrov" 

Furnace 
Shock tube 

Supersonic 
burner 

Furnace 

1273 12.7 COt 
1230 7.62 Nz 

1200 3.12 Exhaust 
gases 

1273 12.7 Nz 

1 .00 1 .on 
0.05 2.9 

0.13-0.26 2.6 

0.0293 2.7 
0.0585 2.4 
0.117 2.1 

a All data are for a wavelength of 4.4 p. 
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- In ( I  - A Y )  on pressure, and this dependence 
was indeed found to hold by most authors. How- 
ever, when a value of the spectral absorption 
coefiicient was derived from these straight line 
plots no agreement was found between values 
obtained from different laboratories where differ- 
ent cell lengths were used. Table 1 summarizes 
some of the results obtained at a wavelength of 
4.4 p .  Reference to this table shows the large 
variation observed for the spectral absorption 
coefficient k,. 

Assuming the validity of the statistical model 
for the 4.3 p band of COS it is possible to reconcile 
all these results by introducing Eq. (3) as the 
correct absorption law instead of Lambert-Beer's 
law. As an example, the curve of growth found 
by us a t  4.4 p is shown in Fig. 2. We have also 
calculated the values of Wsl,yoId, from the data 
of Tourin, Steinberg and Davies, Ferriso and 
Babrov at this wavelength and plotted these 
values in Fig. 2. Reference to Fig. 2 shows that 
all points fall very near to the curve of growth. 
The agreement between these results and ours is 
the more remarkable, since many of the data were 
taken with gas mixtures and under completely 
different conditions of heating and of spectral 
resolution. 

Comparison with Plass's Calcylations 

PlassI5 has carried out machine calcurations of 
the emissivity of the v3 fundamental of GO2 a t  
temperatures between 1200'K and 2400'K. The 

I C  

spectroscopic parameters which Plass used were 
taken from empirical data observed at room 
temperature. Quantum mechanical considera- 
tions" were used to compute the intensities and 
the number of rotational and vibrational lines 
which contributed to the emission of the band a t  
various temperatures. Plass computed basic 
curves of X$/d, and of (27ry:X:)/d; in the fre- 
quency range of interest. From these curves the 
spectral emissivity was derived for a numbcr of 
values of the experimental parameters. 

In order to compare our results with those of 
1'1ass we have computed the quantity 

and compared it with Plass's results a t  1200'K. 
Another comparison was made between our 
results for X$/d, and those obtained by Plass. 
It was found that in both cases Plass's values 
were lower than ours, thereby producing too low 
values of fractional absorption (or emissivity) . 
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Discussion 

DR. R. €I. TOURIN (Warner Swasey Company): 
I should like to undcrscore this excellent paper with 
a few supplementary remarks, based on recent 
measurements in our laboratory. Dr. Oppenheim’s 
paper explains the apparent discrepancies among 
the mcasurements made by various people on the 
infrared absorption of hot COZ in the 4.3 ,LL region. 
We have been much concerned with these discrepan- 
cics. They cannot be explained on the basis of vari- 
ations in optical-path length; in particular, the 
measurements of Tourin, Steinberg and Davies, and 
Babrov, Henry, and Tourin, which were all for a 
path of 12.7 cm. We found that plots of logarithm 
reciprocal transmittance In ( 1 / ~ )  versus optical 
depth p l  are always straight lines through the origin 
when thc ratio of absorbing (infrared-active) gas in 
a mixture to thc total pressurc is constant, but the 
slopcs of such straight-line plots depend upon both 
pressure ratio and optical path. Hence a family of 
curves, each a straight line through thc origin, can 
be obtained by varying either pressure ratio or 
optical path as a parametcr, for the same range of 

values pl. We have done both experimentally. 
Clearly the slopcs of such plots arc not unique ab- 
sorption coeficients in the sense of the Beer-Lam- 
bert law. Both types of variation-with pressure 
ratio and optical-path lcngth-can be explained 
quantitatively with the aid of Dr. Oppenheim’s 
formulation. 

Details of the experiments and applications to 
flame-gas analysis have been published.’Sz We have 
also developed a graphical technique for prcdicting 
COz radiation, based on the same “band-model” 
approach used by nr. Oppenheim.3 
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THE EMISSIVITY OF LUMINOUS FLAMES 

R. G. SIDDALL AND I. A. McGRATH 

r 6 ~ ~  
The results of previous esperimental work on extinction coeficients have been expressed in the 

form K A  = k-X-“, where k is independent of the wavelength (A) of the incident radiation. This paper 
describes the results of an experimental investigation into the values of CY corresponding to soot 
layers deposited from a small laminar diKusion flame, on optically ground rock salt discs. The fuels 
used in the flame included amyl acetate, gas oil, petrotherm, towns gas, and some hydrocarbon gases. 
Estiiiction curves were obtained for each soot layer by means of an infrared spectrometer. The rc- 
sults are: (i) The variation of CY with X may be approximated by a + b In X in some cases, and by a 
parabola in X in others; (ii) The “mean” CY for any soot [obtained as the slope of the liest-fit straight 
line to the results plotted in the form of graphs of 1n.h (10/11,) against In X] appears to be inde- 
pendent of the mean soot p:trticle size; (iii) CY appears to be definitely correlated with the carbon to 
hydrogen ratio of the soot. 

In the second part of the paper a theoretical method is described, based upon the Mie theory, 
which permits the prediction of the variation of CY with X for any material at any temperature, pro- 
vided that the optical properties of the material are known. The theory demonstratcs that a is inde- 
pendent of particle size. An illustrative calculation is carried out for baked electrode carbon at 
2250°K. For this case: (i) CY is approximately constant for wavelength in the visible spectrum; (ii) 
CY is given within 3% by the equation CY = 0.906 + 0.253 In X for the range 1 p < X < 10 p;  (iii) as 
X + co , a tends to an absolute maximum of 2 .  

The method is extended to give a single curve from which the monochromatic emissivity of a cloud 
of particles of the specified material may be found for any wavelength and concentration of material. 
From this curve the variation of to td  emissivity with particle concentration may be found by nu- 
merical integration. 

Introduction 

The solid carbon particles which are formed in 
a flamc as a rcsult of the incomplete combustion 
of hydrocarbons prove extremely desirable from 
the point of view of the heat transfer charac- 
teristics of the flame. Their presence causes an 
increase in flame emissivity and an associated 
increase in the rate at which heat can be trans- 
ferred from the flame to  its surroundings. How- 
ever, the exact prediction of the emissivity 
resulting from the presence of carbon particles 
has proved extremely complicated. Experimental 
investigations carried out by various workers in 
an  attempt to solve the problem of prediction of 
luminous emissivity have led to some incon- 
clusive and contradictory results. The work 
described in this paper constitutes an attempt to  
resolve some of the anomalies by providing 
further experimental evidence, and a theoretical 
method which throws light on the experimental 
work and provides a basis for the calculation of 
luminous emissivity. 

rh 
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Previous Work on Extinction Coefficients 

It has been found that when a parallel beam of 
radiation passes through a system of particles 
there is an  exponential attenuation of the beam. 
This can be expressed mathematically in the form 

IL/Io = exp (-&. L)  ( 1) 
where 1~ is the intensity of the beam after 
traveling a distance 1; through the system of 
particles, 10 is the intensity at L = 0, and l i x  is 
a constant depending upon the wavelength of 
the radiation and having the dimensions of 
reciprocal length. & is commonly called the 
extinction coefficient of the system (sometimes 
called “turbidity” in optical measurements of 
particle size). Equation (1) has the same form 
as Lambert’s law for a homogeneous medium 
and Beer’s law for a solution. Becker’ has shown 
that both soot suspended in flames and soot 
deposited from a flame onto glass exhibit the 
same variation of Kx with wavelength. For small 
particles (< 600 A) at large wavelengths (> 2 p )  
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scattering can bc ignored in comparison with 
absorption and I<h becomes the absorption 
coefficient. 

Rossler and 13ehrens’ measured I L  and 10 for 
soot layers of various thicknesses with radiation 
in the visible spectrum and plotted their results 
in the form of graphs of 1n.h ( 1 o / I ~ )  against 
In X. The approximate linearity of the resulting 
curves led them to the conclusion that 

Kh a X-“ (2) 

a being the numerical value of the slope of the 
straight lines. The value of a was found to be 
independent of layer thickness but dependent on 
the fuel from which the soot was formed. Their 
results indicated a values between 0.65 and 1.43. 

Pepperhoff3 carried out similar experiments 
and also found a to be a constant for soot from a 
given fuel, independent of wavelength, in the 
visible spectrum. He suggested that the dif- 
ference in a values for various soots was due to 
the differences in the particle diameters of the 
soots produced from various fuels. His results 
indicated that a reached a maximum of 2 a t  a 
particle diameter of 100 mp and that the a! 
versus diameter curve was symmetrical about 
that  point, falling to a = 0 a t  200 mp. 

Naeser and Pepperhoff 14 and Pepperhoff and 
Bahr5 extended this work to include radiation in 
the infrared region and found that whilst a 
constant a value was satisfactory in the visible 
spectrum, a better approximation to the results 
in the infrared region was given by a = a - 
b In A, a and b being determined from the 
experimental results. 

The above results can be summarized in the 
form: (i), a is independent of wavelength in the 
visible spectrum; (ii), a = a - b In X in the 
infrared region; (iii), a is independent of layer 
thickness; (iv), a depends upon the fuel from 
which the soot is formed; (v),  some authors 
suggest that  (iv) can be made more specific 
and in fact say that a depends on particle size. 

No theoretical predictions of the dependence 
of a on wavelength and particle size have been 
reported by previous workers and the work 
described later in this paper represents an 
attempt to remedy this deficiency. In  addition, 
experimental evidence on the variation of a has 
been obtained to provide a basis of comparison 
with both the new theoretical work and previous 
experimental work. This experimental work is 
described in the next section. 

Experimental Determination of a 

Values of a have been found from experimental 
measurements on soot layers. Each soot layer 

was produccd by holding an optically ground 
rock salt disc in a sinal1 laminar diffusion flamc. 
The fuels uscd in the flame were sclected to 
produce soot of various particle diametcrs and 
C / l i  ratios, and included amyl acetate, gas oil, 
petrotherm, benzene, towns gas, and some 
hydrocarbon gases. After the soot layer had been 
formed the disc was placed in an infrared spec- 
trometer and an extinction curve, upon which 
was superimposed the absorption peaks of carbon 
dioxide and water vapor, was obtained. With 
each fuel soot layers of different thickness were 
produced and tested. 

Dependence of a on Wavelength. R representative 
value of a for any run can be obtained by plotting 
In-ln (IO/IL) versus In X and fitting the “best-fit” 
straight line. The slope of this line gives a 
“mean” value of a. Some of the cxperimental 
results subjected to this treatment are shown in 
Fig. 1. The corresponding mean a values are 
given in Table 1. It can be seen from Fig. 1 that 
the results exhibit approximate linearity over 
short wavelength ranges. The markcd X-shape of 
the curves when viewed over the whole wave- 
length range considered suggests considerable 
variation of a with X and that the use of the mean 
a values inay give misleading results. Therefore, 
the experimental results were used to find indi- 
vidual a values for each of the experimental 
points. Equations (1) and (2) can be combined 
in the form 

IL/Io = exp ( - / G - X - ~ . I , )  ( 3) 
where k is the proportionality constant of Eq. (2) .  
On taking logarithms twice and considering the 
form of the result when X = 1, Eq. (3) can be 
rearranged as 

(4) 

This equation has been used to find the variation 
of a with X for each of the sets of results shown in 
Fig. 1. In each case [ln-ln ( Z O / I L ) ] X = ~  was found 
by interpolation. The types of variation found 
are illustrated in Figs. 2 and 3. Variation as 
shown in Fig. 2 can be represented approximately 
by an equation of the form a = a + b In A, 
where a and b are positive constants. Linear 
variation of a with In X can only be used for short 
wavelcngth ranges for the curves of Fig. 3. A 
parabolic representation would be neccssary to 
describe the variation over the whole of the range 
considered. It can be seen from Figs. 2 and 3 
that the measured a values lie between 0.65 and 
1.65. 

Dependence of “iltean” a on Particle Size. Soot 
particle sizes were measured by means of an 
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TABLE 1 

Mean a values corresponding to Fig. I 

Source of soot Mean (Y 

Amyl acetate 1 
Amyl acetate 2 
Avtur kerosine 
Benzene 1 

2 
Candle 
Furnace samples 1 

2 
3 

Petrotherm 
I’ropanc 

0 .m 
1 . 0 4  
0.77 
0 . !)4 
0.05 
0 .93 
0.96 
1.14 
1.25 
1 .06 
1 .00 

electron microscope and a mean particle size 
estimated for each soot sarnplc from the measured 
diameters of a large number of particles (using 
micrographs of some 350,000 times magnifica- 
tion). I n  each case the size distributions were 
very similar and the particlc sizes, except for 
soots from tomms gas and methane, wereQgen- 
erally found to be of the order of 400-600 A. In  
contrast to the results of Naeser and I’epperhoff,4 
there appeared to be no definite correlation 
between a! and the mean particle diameter. It 
should however be stressed that the range of 
mcasurcd mean diameters was small and the 
demonstrated lack of correlation is therefore far 
from conclusivc. 

Dependence of “Alean” CY on the Carbon-to-Hydro- 
gen Ratio of the Soot. As the experimental results 
suggest that the mean 01 is independent of particle 
size the dependence of a on the carbon to hy- 
drogen ratio of the soot was investigated. The 
carbon to hydrogen ratio of cach soot was 
determined by burning the carbon to C02 and 
the hydrogen to H20. No accurate micro- 
apparatus was available for thc C02 and T120 
determinations but neverthcless the results as 
shown in Fig. 4 indicate a definite correlation 
between the mean a and the C/H ratio. R/IillikanG 
working simultaneously and inrlepmrlently Iias 
obtained similar results but with less scattcr. 

As neither the new nor the previous espcri- 
mental work on extinction coefficients produces 
sufficiently conclusive results to permit the 
accurate prediction of 01 values (and thereby thc 
prediction of monochromatic emissivity) for 
different materials and conditions an attempt 
has been made to provide a theoretical basis for 
the calculation of a for any given material under 
specified conditions. This is described in the nest 
sect,ion. 

Theoretical Determination of QI 

On the basis of the Mie theory Hawksley’ 
showed that the extinction of radiation by  a sinall 
absorbing sphere is given by the expression 

( 5 )  

1.2 

1.1 

1 .o 

a t  0.9 

0.8 

0.7 

0.6 

0 AMYL ACETATE SOOT a AMYL ACETATE SOOT 

0 BENZENE SOOT A PETROTHERM SOOT 

I I I I I I l l  
1 2 3 4 5 6 7 8 9 1 0  

A -  

FIG. 2. Experimental values of a plotted against X (log scale) for cases in 
which a varies approximately linearly with In X. 
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FIG. 3. Experimental values of a! plotted against X for cases in which a! does 
not vary linearly with In A. 
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FIG. 4. Ekperimental values of mean (Y plotted 

against the C/H ratio of the soot. 

if rx /X  << 1, where x is the particle diameter, 
and nI and 122 are related to the complex refractive 
index (m)  of the particle by means of the equation 

rn = n1(1 - in2) ( 6 )  
nl and n2 depend upon the wavelength of the 
incident radiation, the material of the sphere, 
and the temperature of the sphere. The deter- 
mination of nl and n2 as functions of X for a 
specific material and temperature is illustrated 
in the Appendix. 

When dealing with a specific case Eq. ( 5 )  can 
be written in the form 

(7) 

For a flame or soot layer containing particles of 
uniform size the estinction coefficient can be 
related to the extinction of a single particle by 
means of the equation 

Kx = E . N . A .  ( 8 )  

provided that the aperture of the beam of 
radiation is large compared with the particle 
diameter. In Eq. (8) N is the average number of 
particles per unit volume and A (= nx2/4) is the 
projected area of a single particle. Combination 
of Eqs. ( 7 )  and (8) leads to the result 

Kx = 3 6 - ~ * c . [ F  (X)/X] (9) 

where c is the average volume of particles per 
unit volume of the cloud [= ( N - a - $ ) / 6  in this 
case]. 

When particles of nonuniform size are present 
Eq. (8) must be modified. Suppose in this case 
that g(s) is the fraction of the total number of 

particles with diameter less than or equal to z. 
The average number of particles per unit volume 
with diameter between x and (z + dz )  is then 
N.g'(x) -dx, and the contribution t o  the extinc- 
tion coefficient by these particles is E - N - g ' ( s )  - 
d v a -  (x2/4). In this case the extinction coefficient 
is therefore given by the equation 

5 0 0  2 
4 

ICx = l=o E.N.g'(s) .a.-*dz (10) 

The average volume of particles per unit volume 
of cloud is 

Combination of Eqs. (7), (IO), and (1 1) finally 
leads to the result 

Kx = 3 6 ~ .  C -  [ F (  X) /h]  

which is identical with the result for particles of 
uniform size. 

The empirical form for the estinction coefficient 
suggested by esperimental work is 

Kx = k*A-" (12) 

Equations (9) and (12) can be equated to give 
a theoretical equation for a. From Eqs. (9) and 
(12) 

k.  A-" = 36a. c -  [ F (A) /A] (13) 

The two unknowns in this equation are k and CY. 
When X = 1, Eq. ( 1 3 )  simplifies to give 

k = 36-n.c.F(1) (14) 

1.05 

1.00 

0.95 

0.90 

X (MICRONS)- 

FIG. 5 .  Calculated variation of a: with X for baked 
electrode carbon at 2X50°1<. 
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contribute to the iricidcnt radiation, thcn tlic 
iiionochromatic emissivity ( E A )  , if assumed equal 
to its absorptivity, may be defined by means of 
the equation 

t A  = (io - I L ) / I ~  

t h  = 1 - esp (-&-I,) 

(16) 

(17) 

Substitution from Eq. (1) leads to the result 

Two possible forms of KA are given by Eqs. (9) 
and (12). The corresponding equations for E A  are 

1 2 3 4 5 6 7 8 9 1 0  
E A  = 1 - esp {-36~c.b[F(A)/A])  (IS) x 

FIG. 6. Calculated variation of 01 with In A, together and 

E A  = 1 - exp (-[36.rrF(l)].c-L-A-") (19) 
with best-fit straight line-illustrating linear varia- 
tion of 01 with In h for 1 p < h < 10 for the case in 

question. 

Substituting from Eq. (14) into Eq. (13) and 
rearranging finally leads to the following es- 
pression for a 

Equation (IS) has been used to calculate the 
variation of t i  with X for baked electrode carbon 
at 2250'K. To avoid the necessity for drawing a 
series of curves corresponding to various values 
of cL, Eq. (IS) may be rearranged in the form 

Froni this equation it follows that a depends 
solely on the inaterial and temperature of the 
particles, arid the wavelength of the incident 
radiation. I t  is absolutely independent of particle 
size. Equation (15) has been used to calculate 
the variation of a with X for the specific case 
under conyideration. The result is shown in 
Figs. 5 and 6. For this case the following con- 
clusions can bc drawn: (i), a is approximately 
constant in the visible spectrum; (ii), a varies 
approximately linearly with In A over the range 
1 g < X < 10 p. The best-fit straight line is 
superiniposcd on the calculated curve in Fig. 6. 
This variation is similar to the experimental 
results of Fig. :3 in that a increases linearly with 
In X in the infrared region, i.e., a = a + b In A, 
not a = a - b In A. Inspection of the formulas 
uscd to calculate a shows that 

l i m a  = 2 
X - r m  

This result is true whatever the particular optical 
constants used in the calculation of nl and no. 

'l'he method of calculation described in this 
section e m  be used to draw up an a- versus 
A-curve for any inaterial a t  any temperature 
provided the optical properties necessary for the 
calculation of n1 and n2 are known. 

etennination of the Emissivity of a 
Cloud of Particles 

If a cloud (or layer) of particles is suspended 
in a medium which does not interfere with or 

I '  

f 

- cr, X 
In (1 - E X )  367rF(X) (20) =- 

This equation is used to draw up a curve of 
-cL/ln (1 - EA) against A, which is shown in 
Fig. 7. For given values of X and cL the value of 
E A  may be found. It is possible to draw up similar 
curves for other materials a t  other temperatures. 
This method of calculation of E A  needs only 
values of c L  and not size distributions as used by 
Stull and Plass? In fact the results of Stull and 
l'lass could have been correlated with cL irre- 
spective of the distribution of sizes chosen. 

Equation (18) can be used to calculate the 

30 

26 

f 22 
18 

6 

2 

2 4 6 8 10 12 14 16 
X(MICRONS) - 

FIG. 7. Calculated variation of -cL/log~,(l - eh)  
with X for baked electrode carbon at 2250'B. 
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variation of total emissivity ( E )  of a cloud with 
cL by making use of the relationship 

where WBX is the monochroinatic emissive power 
of a black body a t  wavelength X, and WB the 
total emissive power of a black body. Numerical 
integration of Eq. ( 2 l ) ,  with EX found from Eq. 
(IS) ,  permits the calculation of the curve of E 

versus c h .  The calculation has not been carried 
out for the case in question. 

Finally, if the suspending medium plays a 
significant part in the radiation interchange, it 
inust be accounted for in calculating an over-all 
emissivity for the cloud. If EG is the emissivity of 
the suspending medium then thc total over-all 
emissivity (ET) is given by the equation 

wlicrc E is found froin Eq. ( 2 1 ) .  

Conclusions 

Previous esperimcntal work 011 the determina- 
tion of extinction coefficients has led to empirical 
equations of the form KX = k-X-". The present 
experimental investigation, which has been con- 
fined entirely to the infrared region, leads to 
several conclusions regarding a. 

(i) It appears impossible to specify a general 
hut simple form for the variation of a with X 
which will be true for all materials. In  some cases 
the results may be represented approximately by 
an equation of the form a = a + b In X, whereas 
in other cases it would be necessary to use a 
general polynomial (a  quadratic may be satis- 
factory) of the form a = a + bX + cX2 + * e .  I n  
these cases the form a rrt b In X could be used 
over short wavelength ranges of the order of 
1 - 2 p without any serious error. 

(ii) Mean a values appear to be independent 
of particle size but appear to show a definite 
correlation with the C/H ratio of the soot. 

A simplified theoretical method for the estima- 
tion of a (and hence EX) for any given set of 
conditions leads to a curve of a against X for a 
particular case. From the curve it appears that 
a constant a value is satisfactory for wave- 
lengths in the visible region, whereas the es- 
pression a = a + b In X satisfactorily represents 
the variation of a with X over the rangc 1 p < 
X < 10 p, for the case considered. Consideration 
of the method of calculation leads to  the conclu- 
sion that an absolute inasimum for a is 2. 

The theoretical method permits the drawins 
up of a single curve rcpresenting the variation of 
the monochromatic emissivity of a cloud of 

particles with wavelength. The curve is inde- 
pendent of the size distribution of the particles 
in the cloud. Numerical integration on the basis 
of this curve permits the calculation of the 
variation of total emissivity with the volume of 
particles present. The methods described are 
being used to draw up total emissivity against 
C L  curves for different materials under different 
conditions. 

Appendix : Determination of F(X) 

Stull and PlassS derived relationshil~ for ni 
and n2 based upon the experimental measure- 
ments of Senftleben and 13enedict8 Thc genrral 
forms of these relationships are 

and 

where n, = number of conduction electrons/unit 
volume; gc = damping constant for conduction 
electrons; nj = number of bound electrons in j th  
state/unit volume; woj = natural frequency of 
j t h  state; gj = damping constant for j th  state; 
e = charge on electron; m = mass of electron; 
EO = electric inductive capacity in vacuum; 
w = circular frequency of incident radiation. 
Stull and Plass obtained values of the constants 
in these equations from the work of Senftleben 
and Benedict. These constants apgly to baked 
electrode carbon a t  a temperature of 225OOK. If 
the constants are found for other materials a t  
other temperatures then Eqs. ( 2 3 )  and ( 2 4 )  can 
be used to calculate the variation of nl and n2 
with X. The method of manipulation of these 
equations is illustrated below. If Eqs. ( 2 3 )  and 
( 2 4 )  are written in the form 

- n~n;? = e(a) ( 2 5 )  

2nln2 = +(w)  ( 2 6 )  

then manipulation finally leads to the following 
equations for nl and nz 
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rirrr Discussion 

DR. R. C. MILLIKAN (General Electric Research 
Laboratahy) : The conclusion that particle size 
(within limits) does not determine the a-value of a 
soot deposig is in agreement with our own study in 
the visible and UV region. It can be added that 
a-values measured in situ agree with those mew- 
ured upon a soot deposit caught from the flame on 
a cool plate. However, catching the deposit on a 
heated plate often yields different a-values for soot 

from a given flame. This means that the a-value is 
a parameter of soot, sensitive to its time-tempera- 
ture history. The fact that one can obtain identical 
a-values measured in situ and from a deposit is 
evidence that soot can be extracted from a flame 
without undergoing change, at least with respect to 
its a-value, and any properties related thereto. The 
carbon-hydrogen ratio of the soot appears to be 
one such related property. 



THE THERMAL MDIATION THEORY FOR PLANE FLA 
PROPAGATION IN COAL DUST CLOUDS 

ROBERT H. ESSENHIGH AND JOSEPH CSABA 

The Nusselt radiation theory of steady state propagation of a plane flame through a dust cloud 
has been extended to take into account: a finite temperature difference between the particles and 
air; and, a finite preignition zone (impkying finite ignition time or distancc). 

The dust cloud is assumed to be monodisperse, formed by the suspension of finely ground coal in 
air. As the ignition temperature of coal dust is believed to be the coal decomposition temperature, 
this is a constant, independent of the ambient conditions, and it therefore effectively dccouplcs the 
preignition and flame zones; this means that the preignition zone can be treated independently of 
the flame. The dust in the preignition zone is assumed to bc heated by radiation from the flame alone; 
conduction is neglected. Part of the radiant heat absorbed by the particles is then lost by conduction 
to the surrounding gas. The gas temperature therefore lags that of the particles. Because of this heat- 
ing, however, the gas expands with the consequence that the gas density and the dust concentration 
(and therefore the radiation-attenuation coefficient) all drop. 

The system as specified is governed by two simultaneous ordinary differential equations, and ana- 
lytical solutions for the respective rise of the particles and gas temperatures have been found. In the 
limiting case, when the particle temperature reaches ignition, the solution for the particle tempera- 
ture provides an expression for the flame speed. 

Introduction 

Flames propagating in combustible mixtures 
can be grouped in three categories: (1) plane 
flamcs, (2) jet flames, and (3) explosion flames. 
The mechanism of propagation is strongly influ- 
enced by flame category but depends mainly on 
the type of fuel; the mechanism in dust flames of 
all categories is generally believed to be thermal. 

Thermal theories of flame propagation are 
based on the assumption that flamc speed is 
determined by thc “rate of ignition”-thc rate at 
which the unburned fuel-air mixture ahead of the 
flame is raiscd to its “ignition tcmperature” by 
heat transferred to i t  from the flame. Thc possible 
mechanisms of heat transfer are, of course, con- 
duction, convection, and radiation, but the pre- 
dominating mode of transfer in dust flamcs ap- 
pears to  be detcrmined largely by the flame 
category. Calculations indicate that conduction 
is relatively unimportant in all three flainr types, 
being largely swamped in most c a w  by either 
convection and/or radiation. Convection is im- 
portant or dominant in the enclosed jet and ey- 
plosion flames (types 2 and 3) : In  the jet flame i t  
is the forced convection of rccirculation generated 
by jet entrainment; in the moving explosion flame 
i t  is believed to be the intense form of forced 
convection characterized as turbulent exchange. 
Only in the plane flame system can radiation be 
treated as the dominant factor. 

The radiation theory for propagation of plane 
flames in dust clouds was originated by Nusselt.’ 
With modifications (cf. Trauste12) i t  has now 
been in existence for nearly 40 years, but its es- 
perimental substantiation is still unsatisfactory 
because, until recently, the flame systems against 
which the theory was tentatively tested were of 
the recirculating-jet, or the turbulrnt-c.;plosion 
type. As thc flame speeds in these coiivecting 
systems wcrc geiierally in the rcgion of 10 m/sec 
or more, unless thc experimental system was very 
small (ignition distance less than 10 cm) , they 
were something like an order of magnitude greatcr 
than the expected values as p d i c t c d  by the 
plane flamc theory; the factor of disagrcemcnt 
was therefore high and its source was obscure. 
Only in the last decade have experimental systcms 
been developed that generate acceptably plane 
flames, burning at speeds within the predicted 
order of magnitude of about 1 m/sec. This, in 
our opinion, has now justified a more detailed 
study of the thermal radiation theory of plane 
flame propagation; and the purpose of this paper 
is to present the results of our extended aiialysis. 
The analysis has already been checked, tents- 
tively but satisfactorily, against esperimcntsl 
measurements in one of the plane flame furnaces; 
these data are to be published in due course. 

This extended analysis takcs into account both 
a finite preignition zone and a finite temperature 
difference between the dust particles and air; 
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this also iiitroduces the previously unknown in- 
flucnce of ignition time on thc value of that 01)- 
tiniuni (lust concentration a t  11 liicli thc l r a k  
flame spced is gcntrated. The number of assump- 
tioiis on a hicli the analysis is based is still con- 
siderable; the intention is to eliminate these 
progressively in due course by the use of fast 
calculators, but only as and when the closer 
approximations are justified by higher experi- 
mental accuracy in the flame sliced and associated 
mcasureinents. 

Flame Model 

The system as idealized for analysis is the 
standard model of a flame with a flat vertical 
flame front, with invariant properties in the y 
and 2 planes a t  any z; though burning in the 
negative 2 direction, the flame is assumed to be 
maintaiiied stationary a t  the oris' om as a conse- 
quence of the motion of the cloud which is 
traveling in the positive z direction with in- 
creasing velocity, v. The dust cloud is assumed to 
emerge from a bank of water-cooled burners a t  
initial velocity, temperature, and dust concen- 
tration, respectively: vo, TO, and Do. The burners 
arc assumed to be water-cooled so that it may 
also be assumed that any thermal flus rcaching 
the planc of the burners is then absorbed by the 
water cooling and not by the cloud inside the 
burners. The burners are locatcd a t  a distance L, 
up stream (negative z) from the flame front so, 
by definition, L, is the ignition distance, and the 
time required for the dust cloud to travel that 
distance is the ignition time, t,. Both these param- 

LOCATION OF THE 
PLANE OF THE 
BURNER PORTS 

ctcrs change with variatioii in other conditions 
so that, to preserve the flame front a t  the origin, 
whirh is convenient mathematically, the ases 
are assumed to move with the flame front as this 
latter changes its real physical position relative 
to the fixed burners. 

As the cloud approaches the flame front, the 
absorption of heat causes it to heat up and es- 
paid so that the air and dust densities drop while 
the cloud velocity rises; also, because the heat 
transfer in the first instance is predominantly 
by radiation to the dust, which then loses heat 
by conduction to the ambient air, there is a tem- 
perature differential between the dust and air 
(see Fig. 1). 

In  Fig. 1 the cloud element of width has a gas 
temperature that has risen from the initial tcm- 
perature To to T,. The element is heated by a 
thermal flus that enters a t  intensity I and leaves 
a t  intensity ( I  - 81)  ; this is true in a steady 
state system whatever the mechanism of heat 
transfer. The changes in cloud volume, velocity, 
and density, are dependent on the gas tempera- 
ture, not on the particle temperature, and are 
given by 

cloud volume 11 = 170(T,/T") (1s) 

cloud velocity = vo(Tg/To) (Ib) 

dust density n = D o (  TO/Tg) (IC) 

air density P = PO( To/TJ (Id) 

It is assumed here that net relative motion be- 
tween the particles and the dust can be neglected. 
I n  the analysis to follow, a number of other 

RADIATION 
INTENSITY 

LOCATION OF THE 

TEMPERATURE 

FLAME 

O F  AMBIENT 

x = L i  x ( x + Y )  x = O  x o r t  

t = ti t = o  

FIG. 1. Diagrammatic representation of a cloud element in the preignition zone. 
Temperature curves of dust and ambient gas are also shown. 
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assumptions are either stated explicitly or im- 
plied. They are mostly the standard assumptions, 
but as their number is not always appreciated 
they have been listed for convenience in the 811- 
pendis so that the assumptional basis of the 
theory, and its magnitude, is clearly understood. 
Their number and validity also become important 
now that there is a realistic possibility of taking 
them into account by numerical computation. 

Equations 
For the model as described and illustrated in 

Fig. 1, three differential equations governing the 
behavior of the system are required: (1) that  for 
the heat transfer by radiation from the flame to 
the dust; ( 2 )  that for the loss of heat by conduc- 
tion from the particles to the ambient gas; and 
( 3 )  that for the rate of rise of the gas and particle 
temperatures. 

Radiation Transfer. In  Fig. 1 the radiation in- 
tensity incident on the element 71 is I so, for an 
attenuation coefficient k ,  we have 

d l / d x  = f k I  ( 2 4  
All quantities are positive in this equation since 
I decays in the negative z direction. The absorp- 
tion coefficient k may be related to the particle 
size (of radius a ) ,  and to particle density (by 
number nd) ; we asume that the fractional ab- 
sorption of monotropic radiation passing through 
a very thin elcinent of the cloud is the ratio: 
projected solid area of particles to total area of 
containing element. We then have for the ab- 
sorption coefficient 

k = ra'nd ( 3 4  

= 3D/4au (3b) 
where D is the dust cloud concentration; this is 
related to the solid particle density u by 

D = (4/3)ra3una (4) 
This introduces assumptions (1) and (2) (see 
Appendix) ; namely that the particles are spheri- 
cal and monodisperse. 

This standard analysis of radiation absorption 
by particulate clouds was not used by Nusselt'; 
he used a probability argument to establisli a 
view factor for a single particle, and then summed 
for many particles. This, however, is cumbersome 
as the resulting equation for absorption by a mass 
of particles then had to be solved numerically 
whereas, as shown below, Eq. ( 2 )  in a slightly 
different form can be solved analytically. 

Particle-Gas Conduction. For a particle at tem- 
perature Td surrounded by gas a t  a temperature 

T, the total rate of heat transfer in a quiescent 
system (Nusselt number 2 )  is 

(I L- 4ra3X( Td - Tg)/a ( 5 )  
where X is the thermal conductivity of the gas. 
The restriction of quiescence is based on assump- 
tions (4) and ( 5 )  (see Appendix) of zero relative 
motion between the particles sild gas. 

Since thcre are n particles exchanging heat 
with unit gas volumc a t  density p and constant 
pressure specific heat c,, then 

d T,/dt = (47ranh/pc,) ( Td - T,) (6a) 

(611) 
the second form being obtained by elimination of 
n. This statement neglects the bent capacity of 
the boundary layer, thus introducing assumption 
( 7 )  (Appendix). Eq. (6b) is Nusselts original 
equation for the temperature rise of the gas, and 
it incorporatcs the implicit assumption (6) that 
the volume occupied by the dust in the cloud is 
negligible. 

Energy in the Cloud. The energy absorbed from 
the radiation by the dust particles, and partly 
transmitted to the ambient gas, is 61. This raises 
both the particles temperature and the gas tem- 
perature by small but different increments. By a 
simple heat balance between the absorbcd radia- 
tion and the tempcrature rises of the two compo- 
nents, we then get 

= (47rk/apr,) ( Td - Tg) 

dI/dz  = D c ~  ( d  Td/dt) f pc,( d TF/dt )  (78) 

= kI from Eq. (2x) (7b) 
Time Functions. The differential equations above 
are a mixture of functions in both space and time, 
but  as they have to be solved simultaneously it is 
convenient to reduce them all to time functions. 
As the system is a steady state we may write 

d/dx = (d /d t )  (dt/dz) = ( l / v )  ( d / d t )  (S) 

whence Eq. (28) becomes 

dI/dt = (kv) * I (2%) 

= m .  I (2b) 

where m is the time-attenuation coefficient, given 
by 

m = kv = 3Dovo/4aa (9) 

derived by substitution and rearrangement from 
Eqs. (3b) and (1). Hence, m is a constant, inde- 
pendent of x and t. 

Similarly, Eqs. (6b) and ( 7 )  become 

d T,/dt = ( 4 m c ~ / ~ ~ ~ o )  ( Td - T,) (k) 
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Solutions 

Radiation 11 ttcnuation. Because thc tiine-attenua- 
tion coefficient m is independent of space and 
time, Eq. (2c) may now be integrated inde- 
pendently. Taking limits: I = 1 a t  t = t ;  and 
I = If a t  t = 0 wr get 

1 = (10) 
Since t is inhcrently negative by forniulation of 
the problem, the equation shows that the radia- 
tion intensity therefore decays exponentially with 
time away from the flame front, running into the 
cloud towards the burner array. 

The attenuation with distance through the 
cloud on the other hand will only approsimate to 
an esponential because, as the expansion of the 
cloud on heating makes it accelerate, its change 
in position with time is nonlinear. 

Temperature Functions; General Solutions. The 
two differential equations now to be solved 
simultaneously are (6c) and (7c) . Writing 

4ma/avo = K ( 1 0  

( 6 4  

and substituting for I in Eq. (7c) we have 

dT,/dt = K (  Td - T,) 

and 

(m/vo) l iemt  = Docp(dTd/dt) + (dT,/dt) (mep)  

( 7 4  

The solutions to these equations may be written 

limits taken were: 

a t  t = t i ;  Td = Ts = To; 

a t  t = t ;  Td = T d ;  Tg = Tg 

Special Solutions. Certain special cases are now 
considered to illustrate the influence of different 
components in the general solution; these were 
also helpful originally in providing indications 
of the form of the general solutions above. There 
are two groups to be considered: the infinite 
system ( t i  = a) in which the distance between 
burner array and flame front is assumed to be 
infinite, and the finite system. For each system 
the following cases are considered: (I) that 
T d  = T,, as a consequence of the heat transfer 
between particles and gas being assumed infinitely 
fast; (2) that T,  remains constant, (a) because 
the heat loss from the dust is assumed to be 
infinitely slow and no air heats up; and (b) be- 
cause the heat capacity of the air is assumed to 
be infinitely large; and finally ( 3 )  no special 
assumptions are made. 

So that the various solutions can be more 
easily compared they have been set out in Table 
1. The exponential term in n that  appears in these 
solutions in cases (2b) and ( 3 )  of the finite 
system, is clearly the term governing the heat 
transfer from the dust to the air; this interpreta- 
tion was substantiated by solving the equation 
for the heat loss from the dust to the air alone. 

Flame Speed 

The use of the above equations to predict flame 
speed is now possible, though flame speed must 
first be defined. 

Flame speed is most clearly defined in the case 
of a moving flame and a stationary cloud; in such 
a case the flame speed is the rate of displacement 
of the flame front relative to the cold stationary 

where the coeficients m and K are given by Eqs. 
(9) and ( I  I) ; and 

12 = (1 4- poc,/Docd) ( ~ ~ D c I / u ~ u )  (13) 

m is a function of velocity; n is not; both are 
inherently positive. 

These solutions were obtained by inspection, 
although the probable forms were indicated by 
the special solutions given below. The boundary 

cloud, and to the container walls. If the cold 
cloud is now blown forward a t  such a speed that 
the flame front is brought to rest, the flame speed 
is now defined by the input speed of the cold 
cloud, and not as defined by Nusseltl as the hot 
cloud speed a t  the flame front; in the plane flame 
system, the flame speed therefore coincides with 
the burning velocity. The speed relative to the 
hot cloud in the plane flame coincides in direction 
with the flame speed, but in magnitude is higher 
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TABLE 1 

Special solutioiis of heat transfer equations. 

A.  Infinite system ( t i  = m) 

(I) T d  = T, Infinite heat transfer rate from dust to air 

(2) T,, constant 

(a) Heat transfer from dust to air assumed zero; no air heats up 

T d  - TO = I#L1/voDOcd 

(b) Heat capacity of air assumed infinite 

Td - TO = Iremt/vo[Docd + pocp/(mlK)1 

( 3 )  Td f T, No special assumptions made 

B. Finite system 

(1) Td = T, Infinite heat transfer rate from dust to air 

(2) T,, constant 

(a) Heat transfer from dust to air assumed zero; no air heats up 

Td - To = I f ( &  - evztl)/voDocd 

(b) Heat capacity of air assumed infinite 
I r [ ( p t  - @ i )  - (e-nl - e-nl i)  J 

U O [ & C ~  +  PO^,/ (m/IO 1 Td - To = 

( 3 )  Td # T, No special assumptions made 

General solutions: Eqs. (12a, b) 

than the flame speed because it has to match the 
velocity of the cold cloud speed plus the addi- 
tional effect of the thermal expansion towards thc 

At the flame front the particle temperature 
has just reached the ignition temperature Ti, so 
writing s as the flame speed in place of the cold 
cloud speed vo, and rearranging Eq. (12s) we 

have 

I f ( I  - = 
flame. ( Ti - TO) { DOCd + P O C p / [ l  + d h - 3  

( I  - c F i ) [ I  - n/K]m 
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T U L E  2 

Special solutions of flame speed equatioiis 

A. InJnite system ( t l  = m )  

(1) Til = Tg Infinite heat transfer rate from dust to air 

SO = TU'( TI - TO) ( k i  + pocp) 

( 2 )  T,. constant 

(a) I-Ieat transfer from dust to air assumed zero; no air heats up 

SO = If/( TI - TO)   DOC^) 
(b) Heat capacity of air assumed infinite 

SO = I f / (  TI - TO) [DOQ + pocp/(m/K) 1 
(3) 2'; # T, No special assumptions made 

SO = I f / ( T ,  - To)[Docd f p o c p / ( l  4- vz/Ic)] 

B. Finite system 

(1) Til = T,  Infinite heat transfer ratc from dust to air 

T f ( 1  - emti)  
( TI - T J )  (&GI + pocp) 

s =  

( 2 )  T,, constant 

(a) Heat transfer from dust to air assumed zero; no air heats up 

s = Z f ( l  - e m " ) / (  T ,  - To)DOcd 

(11) Heat capacity of air assumed iiifiriite 

( 3 )  T,i # T,: KO special assumptions made 

General solutions: Eq. (IS) 

This may be compared with the equation pro- 
posed by Cassel et al? for burning velocity. 

As before, particular solutions can be deduced 
for the special systems described above, and these 
have been set out in Table 2; for reasons to be 
given later the values of s a t  infinite t i  are written 
as su. 

Discussion 

Experimental Background. Before discussing the 
consequences of the flame speed equations some 
brief outline of the experimental devices used to 

get flame speed data will help to place the theory 
in perspective. 

The first of all plane flame systems in which 
recirculation was positively eliminated was a 
vertical tube device, with top dust feed, developed 
by Jones and White4 to study moving flames; 
but, although they reported satisfactory propaga- 
tion of flame, both with bottom open-end and 
top closed-end ignition, they were interested 
only in measuring limit concentrations, not in 
flame speeds. The first detailed measurements of 
speed in plane dust flames are therefore believed 
to be those made in a copy5 of the Jones and 
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White apparatus; the dust used was from cork, 
a carbonaceous material that can apparently be 
regarded as a very low rank coal,6 and the flame 
speeds were in the range: 0.35 to 1.1 m/sec. As 
the vertical containing tube was Pyre\- of only 
3-inch diameter, the lateral heat loss possibly 
represented a substantial thermal load on thr 
flame; the system has therefore been criticized 
on the grounds that, although recirculation was 
eliminated, true one-dimensionality may not 
have been achieved because the thermal load 
could generate a temperature distribution across 
the flame. This objcetion was largely satisfied 
in the next systcm dcveloped; this was the furnacc 
used to get the data (to bc reported in due 
course) against which the theory in this paper is 
being tested. The furnacc was of refractory in- 
sulating brick, about 9 f t  high, 6-inch internal 
cross section, and 3-inch walls, with a cone- 
shaped top to contain the jet and so eliminate 
recirculation; the dust and air were introduced 
and mixed a t  the cone apex. The design of this 
system was based explicitly on the horizontal 
cone-furnace used by Taffanel and Dum7 for 
flame speed measurements; this cone method for 
flame speeds was first proposed by Gouy,* and 
early users included Miche!son9 and Mache.'O 
This furnace also servcd in effect as the prototype 
for the larger one-dimensional flame furnacc al- 
ready reported in the literature.l1J3J3 One other 
plane flame system exists: the stationary flame 
device built by Cassel et aZ.3b using a Mache- 
Hebra burner; the flame length in this is about 
10 cm (compared with up to 1.5 m in the moving 
flames; about 2 m in the smaller cone furnace; 
and 4 to 5 m in the larger cone furnace.11J3J3 

Injluence of Particle-Gas Temperature Difference. 
I t  is clear from Tables 1 and 2, with Eqs. (12) 
and (IS), that much of the complexity of the 
temperature and flame speed solutions is a con- 
sequence of the temperature difference between 
particles and gas. This temperaturc difference 
carries two physical implications: firstly, the 
implied assumption that the volatiles still ignite 
a t  the moment of evolution (see Appendix: point 
9), in spite of the lower gas temperature; and 
secondly, that there is an effective reduction in 
the thermal capacity of the cloud. 

I n  fact i t  seems unlikely that the volatilcs will 
always ignite a t  the moment of evolution, but 
the impression from photographic and other 
evidence5J4 is that, when the volatiles arc even- 
tually ignited downstream from the flame front, 
the flame then flashes rapidly back upstream to 
the evolution point or flame front. The net effect 
then is that of immediate ignition; this, however, 
is a point that we hope to test experimentally in 
a current experimental project. 

The magnitude of the temperature difference 
effect is of interest. This may bc deduced from a 
thermal capacity factor p given froni Eq. (12a) 
by 

p = 1/(1 + m/K) (234  

= 1/(1 + a2~~//4a) [from Eq. (11)] (2%) 

The value of this factor lies between 0 and 1. 
These limits are obtained a t  thr evtreme valucs 
of ( I )  either the input speed vO (i.?., the flame 
speed) a t  infinity and zero, or, ( 2 )  a t  va1uc.s of 
thermal diffusivity ( a )  a t  zero antl infinity. The 
direct physical meaning of this capacity factor p 
is that it  represents thc fractionnl Iicat input 
into the air as a consequence of this only heatin: 
up to the gas temperature T, instead of to the 
particle temperature, Td. As a net, or cffectivc, 
physical meaning it can also be looked a t  in two 
other ways: (i) it  is as though all the air heats up 
to the particle temperature T,,, but its effectivr 
heat capacity is only a fraction p that of its true 
value; or (ii) it  is as though only the fraction of 
air, p, heats up to Tdr though that fraction then 
exerts its true heat capacity. 

Values of p have been calculated to get an 
order of magnitude. For particles of 25 antl 5 
microns radius, taking vo as 1 m/sec, and a :LS 
0.25, the respective values for p were 0.S and 
0.95. This means in effect that rcspectivcly SO 
per cent and 95 per cent of the air is heated to 
the particle temperature; or alternatively that 
all the air is so heated, but having rcduccd heat 
capacity by the percentages given. 

With such close approximations to full heating 
it does seem reasonable therefore to neglect the 
over-all effect of temperature differential, a t  
least a t  a first approximation. It follows also 
that the additional terms involving ex11 (-nt) 
in the temperature and flame speed c\-pressions 
can also be neglected within the same liniits of 
accuracy, as we shall do in the remaining sections. 

Flame Position. The flame has been assumed to 
stabilize a t  the plane where the burning velocity 
and the (hot) cloud speed a t  the moment of 
ignition are equal and opposite. The ignition 
time and the cold cloud speed (or flame speed) 
under these conditions are then related by the 
flame speed Eq. (18). Adopting the appro\ima- 
tions described in thc previous section wc may 
use the simplified expression 

From this equation it is clear that, other things 
being equal, the ignition time-unespectedl- 
is a dependent parameter that is determined 
within certain limits by the independent param- 
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eter VO. Increasing 210 will increase t,, and hence 
increase also the ignition distance I,,, so that the 
flame front is blown further and further away 
from the burners. The theoretical limit to this is 
when the flame front has receded to infinity. 
This is achieved by a limiting input velocity that 
is not itself infinite; as shown by the Eq. (19b) 
the relationship between 00 and t ,  is approxi- 
niately a (1 - esp) -only approximately so be- 
cause the decay parameter m is itself a function 
of uo [Eq. (9)]. 

I t  is self-evident that  the ignition distance is 
likely to increase as the input velocity increases, 
but it is less obvious why the ignition time will 
also do this. The specific ignition energy is a 
constant (other things being invariant), being 
given by ( T ,  - TO) (Docd + poc,) ; so, for a given 
fraction of radiant energy absorbed between the 
flame front and burners [given by (1 - e+mt I)], 
it  might seem intuitively that the ignition time 
should be an invariant with input velocity, in- 
stead of iiicreasing as it does. The physical reason 
for this increase seems to be as follows: assume 
first that t ,  remains constant as vo increases; so, 
clearly, the ignition distance will also increase. 
Discounting the effect of the variable decay 
parameter, m, the shape of the radiation profile 
otherwise remains unchanged; but because it 
now extends through a greater length of cloud, 
this means (as a simple integration shows) that 
the mean radiation density or flus drops. For the 
cloud then to absorb the neressary specific igni- 
tion energy in such a field of reduced radiation 
density it requires more time: the ignition time, 
therefore must also rise. 

Another unexpected factor is the existence of a 
lo\\ er limit to both ignition time and distance. It 
might be thought perhaps that, as the approach 
velocity of the cold dust cloud tended to zero, 
the flame front would approach as close as we 
please to the burner while still allowing sufficient 
time for the necessary absorption of heat. How- 
ever, for small values of t ,  we may expand the 
exponential of Eq. (19b) to its first two terms 
and, substituting then for m, we get 

which is independent of input velocity 210. By Eq. 
(19b) there is also a limiting input velocity to 
give this limiting ignition time; so there must 
also be, in that  ease, a low limit to the ignition 
distance. 

Two other important factors that  affect igni- 
tion distance are: cloud density Do; and input 
temperature To. The effect of cloud density is 
comples, and to determine its effect requires 
detailed calculation from the equations because 

Do appears both in the denominator of the equa- 
tion and in the absorption coefficient m. The 
effect of temperature as preheat, however, is 
clear: by Eq. (19b) the ignition time must drop, 
as we would expect, as To or the preheat increases; 
this also reduces ( t i )L .  

Ignition T ime and Distance. Values of the ignition 
times and distances under limiting conditions 
have considerable physical significance. 

For the lower limit of ignition time, consider a 
particle of 5 microns radius, influenced by a 
black body flame a t  15OO0C and heated by this 
flame to ignition a t  300’ above the input tem- 
perature To. From Eq. (24) the minimum igni- 
tion time a t  a stoichiometric concentration is 150 
to 200 millisec (which as observed before can be 
reduced by preheat). The minimum velocity for 
dust clouds is when dropping under gravity. 
Measured values for such clouds15 are about 50 
cm/sec for the usual particle size distribution 
found in P.F. clouds; so the minimum ignition 
distance must be about 10 em. This means that 
plane flames, of coal-in-air, ignited only by back 
radiation from the flame are unlikely to stabilize 
in a distance less than about 10 em from the 
burner. Cassel et ~ 1 . ~ ~  stabilized their graphite 
flames in less distance than this but their particle 
sizes and cloud velocities were smaller, and they 
also estimated that the conductive heat transfer 
contribution was as high as 40 per cent of the 
total. It is questionable, therefore, whether the 
behavior of such small flames can be usefully or 
reliably extrapolated to predict or interpret the 
behavior of large ones (see also Appendix: 
point IO). 

This figure of 10 cm can now be compared with 
the effective “infinite” distance. Quite clearly, if 
the exponential term of Eq. (19b) is small, say 
less than 0.01, the ignition distance is effectively 
infinite. Once again values have been calculated 
for particles of 5 microns radius a t  a stoichio- 
metric concentration; for these, the “infinite” 
ignition time is found to be fr to I see a t  input 
speeds of 50 to 100 m/sec. The ignition distance 
is therefore about 1 meter. This point was only 
appreciated after the completion of our esperi- 
ments (yet to be reported) but, as it happened, 
the ignition distance was about 90 cm throughout 
so that the absorption distance was close to the 
“infinite” requirement. 

If this is true of the cloud it is also true of the 
radiating flame itself which will only behave 
substantially as a black body if it  is more than 
about 1 meter or so thick; indeed measurements 
of the emissivity even across the 2 meters of the 
IJmuiden furnace have shown values down to 
0.5 (due substantially to ash) in the tail of the 
flame. I t  is clear then that this is another factor 
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that must vitiate the usefulness of studies on small 
flames of 0.1 m thickness or thereabouts, whether 
plane or jet,3J6--2n as methods of elucidating large 
flame behavior (though such small flame studies 
can, of course, have considerable intrinsic interest 
and value of thcir own). 

Flame Speed. The flame speed is given by thc 
general Eq. (IS) ; the approximate form to be 
used as the basis for the discussion in this section 
is Eq. (19b), based on the assumption that the 
gas-particle heat exchange is fast, and which 
may be written 

uo = s = sO(1 - e+mtl) (254  
where the limiting value so is given by Eq. (19a) 
(Table 2) .  

Now it has already been shown above (section 
on Influence of Particle Gas Tempcrature Differ- 
ence) that, of the parameters in this equation, 
the dependent one is t,, ancl the independent one 
(between two limits) is VO. Because, therefore, 
of the relation between Vo and s, it follows that 
flame speed is also an independent parameter 
and, within certain limits, also within our 
arbitrary control. What. however, is not within 
our control is the upper limiting or “infinite” 
flame speed, so; this is a fundamental parameter 
determined solely by the combustion conditions 
and behavior, and will be referred to as the funda- 
mental flame speed. As this fundamental measure- 
ment can only be made directly on reasonably 
large flames, of about one meter ignition distance 
(by the calculations of the previous section), this 
explains why it was so important that  the igni- 
tion distance in our experiments should have ap- 
proached this value. 

The fundamental flame speed, SO, varies with 
cloud concentration, flame temperature, and in- 
put temperature (To),  as shown by Eq. (19a). 
The variation of so with cloud concentration is of 
hyperbolic form in the fuel-rich range from the 
Stoichiometric concentration upwards; below the 
stoichiometric, the position has still not been 
elucidated because of the involved relationship 
with flame temperature. Just how flame tempera- 
ture varies with Concentration is still largely 
undetermined, so far as inclusion in any theory is 
concerned, although the additional work on com- 
bustion mechanism2’-’+’ (that is another part of 
this general program) is directed partly towards 
elucidation of this relationship. I n  general, how- 
ever, we expect to find the peak flame tempera- 
ture to exist a t  the stoichiometric concentration, 
dropping away on both sides of this in either the 
air-rich or the fuel-rich direction. On the fuel- 
rich side this may be partially offset by the in- 
creased surface area of the dust causing an in- 
crease in the rate of heat release; this could reduce 

the proportional heat losses due to t l~er~nal  load 
and so maintain the flame temperature against 
the rising heat capacity of the dust cloud. In  this 
connection we may note that the measured CY- 

pansiou factor in the cork dust  flame^,^ which 
estimates the flame temperature, was sub- 
stantially constant over a wide range of fuel-rich 
concentrations. However, thc net effect of con- 
centration in general will probably be to steepen 
the flame speed curve, as calculated from a con- 
stant flame temperature (constant I f ) ,  on either 
side of the stoichiometric. 

The influence of the third factor, input tcm- 
perature (To) or preheat, is also self-evident. As 
To rises, ( T ,  - To) drops, and the flame speed 
will rise; this has particular relevance, as will 
be explained below, to stabilization of jet flltmcs. 

If the ignition time or distance is not cithcr 
infinite, or effectively so, flames can still he sta- 
bilized a t  speeds below the value of the funda- 
mental speed, so. To see the qualitative effcct of 
reducing t ,  or L, it is convenient to introduce the 
approx<mation of writing L, for (vot , ) .  The at- 
tenuation coefficient, m, which is a function of 
210, may then be replaced by ko, where 

ko = 3Do/4ac (3c) 

This is independent of vo. We then have also 

The variation of flame specd with dust conccn- 
tration is illustrated graphically in Fig. 2.  These 
values have been calculated for two particle sizes, 
5 and 25 microns radius (diamctcr 10 and 50 
microns), assuming a radiation flux from a black 
body flame a t  15OO0C. Of particular interest here, 
of course, is the effect of different values of the 
ignition distance. This figure shows that the es- 
ponential ignition-distance term creates a peak 
in the f l m e  speed curve which is clisplaccd in thr 
fuel-rich direction, away from its expected posi- 
tion a t  the stoichiometric concentration. As the 
ignition distance is reduced, the peak flame speed 
drops in value and moves progressively fuel-rich : 
This is believed to be particularly significant in 
relation to jet flames. I n  our experiments. the 
peak appeared a t  a concentration of about 0.15 
g/liter, which is about 1.5 times that of the 
stoichiometric. I n  contrast, the moving cork- 
dust flames5 showed very flat peaks a t  5 to 7 times 
the stoichiometric : This phenomenon requires 
closer examination but is believed to be quite 
possibly due to the preferential ignition and com- 
bustion of an increasing proportion of fines. 

Jet and Explosion Flames. By comparison with 
the plane flames, the recirculating-jet and turbu- 
lent-explosion flames are markedly more complcs. 
There is not even an approximate working solu- 
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FIG. 2. Variation of flame speed with dust concen- 
tration showing the influence of finite ignition dis- 
tance (L,) on the value of the fundamental speed, 
so. (a) Particle radius, 25 microns. (b) Particle 

radius, 5 microns. 

tion to either system yet in existence; however, 
the plane flame solution does provide by contrast 
quite a lot of useful information, a t  least about 
the jet flame. 

The jet flame is, of course, three-dimensional 
with marked recirculation, due to entrainment 
that increases with the jet momentum, and its 
flame speed is a t  least an order of magnitude 
greater than that of the plane flame. The value of 
the recirculation in stabilizing the flame has been 
regarded as questionable,’5 and it is often assumed 
that marked increase in flame speed, and there- 
fore improved stability, can only be achieved by 
the use of refractory wall scctions round the 
1)urners to increase the radiation intensity; in 
illdustrial plants this is usually referred to as 
“ignition” refractory. If, however, the burner is 
surrounded by such refractory area that it 
matches the flame area seen by the cloud (and 
this mould be a lot), then a t  the same temperature 

and emissivity as the flame, the mdiant flus to the 
dust cloud would only be doubled. By Eq. (18) 
the flame speed also would only be doubled, but 
as we require a factor of 10 or more, it  is clear 
that the direct influence of the refractory on 
either the flame speed or flame stability is small. 
If, however, we assume that hot combustion 
products drawn back from the flame by recircula- 
tion are mixed in with the incoming fuel jet, this 
“preheat” then in effect raises the initial tempera- 
ture, To. If ( T ,  - To) is initially 300°, then 
raising To by 270’ reduces the difference to  30°, 
and by Eq. (1s) this increases the flame speed 
by a factor of 10. Now, if the mass of gas recycled 
from the flame is a t  15OO0C, and it then shares 
its heat completely with the fuel jet, the mass 
required is only about 20 per cent that of the fuel 
jet. 13y volume a t  flame temperature this would be 
120 per cent of the fuel jet. Since measurements‘6 
have now shown that the percentage recirculation 
in the esperimental IJmuiden furnace can be as 
high as 300 per cent, it  is clear that  recirculation 
is entirely capable of accounting for the difference 
in flame speeds between the plane and the jet 
flame; in the jet flame it means that 90 to 95 per 
cent of the ignition heat is supplied by recircula- 
tion. Experimentally, support for this view is 
provided by some observations made by Ue&X 
on the one-dimensional furnace. This furnace 
was fitted with gas burners to inject a fully 
buriied stoichiometric mixture of towns gas and 
air into the stabilizing cone, about half-way up 
i t ;  these burners mere intended to simulate an 
artificial recirculation effect. The injected quan- 
tity of combustion products was about 150 per 
cent of the primary cloud, and their effect was to 
increase the flame speed by a t  least a factor of 3. 
The flame front was then observed to be sta- 
bilized a t  the gas injection ports so that any 
further potential increase in flame speed could 
not be observed by this method; the result, how- 
ever, was in line with expectation. If there were 
any effects caused by the oxygen vitiation due to 
the injection of combustion products, these were 
never observed. 

What also becomes clear from this analysis is 
the probable function of the so-called “ignition” 
refractories. When ignition is unstable and c m  
be improved by the addition of refractory round 
the burners, its probable function is to cut down 
the convective heat loss of the recirculating 
products to the cold water-wall. The effect of 
such a thermal load on the recirculation products 
would also seem to he important in very small jet 
flanies16-’0 which in general could oiily be sta- 
Iilized in the prcseiice of a continuous ignition 
source such :is a surrounding :as flame or clec- 
trical heating of the furnace walls. 

The most important factor in jet flames, how- 
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evcr, is the existeiicfic ol the 1)rev:tililig lwlicf th:Lt 
the peak flame speed in coal dust fl:mes occurs 
a t  a concentration 2 to 5 times that of the 
stoichiometric. Almost certainly the origin of 
this belief is based on the n-idely quoted sct of 
flame speed curves published by de Grey,27 and 
evidently interpretively derived from the dozen 
or so experimental values obtained by Taffanel 
and Durr7 from a single coal. The industrial 
importance of this, if correct, is its value as the 
basis of de Grey’s principles of burner design.27 
According to these, the primary burner should 
carry the optimum fuel-air mixture that will 
generate the peak flame speed; this will generate 
the most stable flames and provide the maximum 
(and therefore the most economical) utilization 
of combustion space. Unfortunately, the de Grey 
curves have never been substantiated; indeed, 
on the contrary they have been heavily criticized 
by Orning.2s Certainly our a priori expectations 
would place the peak flame speed a t  a concen- 
tration close to that of the stoichiometric, as 
found nom in our plane flame experiments, and 
as also implied in some explosion propagation 
e~periments.2~ It may be, however, that the 
answer to this is to be found in the ignition- 
distance factor as shown by Fig. 2. If there is 
300 per cent recirculation in the furnace, thr 
minimum ignition time as calculated from Eq. 
(24) is reduced, by this effective preheat, from 
200 millisee to about 10, which is about the value 
measured in the IJmuiden furnacc.3° Limiting 
input conditions for a horizontal burner are deter- 
mined primarily by the miiiimum conveying 
velocity of about 60 ft/sec that must be exceeded 
to keep the dust in suspension. It would seem 
then that this may have crrated such ignition 
conditions that the ignition time or distance was 
low, and the consequence was that the espo- 
nential factor of Eq. (25b) crcatcd a flame speed 
peak in the fuel-rich region. This proposition 
now requires testing by experimental investi- 
gation. 

Conclusions 
The theoretical system analyzed is that  of a 

plane flame front propagating through a mono- 
disperse and premixed dust cloud, formed by 
the suspension of finely ground coal in air. The 
propagation mechanism is assumed to be the 
radiant heating to ignition of the dust cloud con- 
tained between the flame front and the burners. 
The specification of coal dust implies that  the 
ignition temperature, being the cod decomposi- 
tion temperature, is constant and independent 
of the ambient conditions. The flame front is 
assumed to stabilize where the burning velocity 
and the hot cloud speed arc equal and opposite. 

The conclusions of the aidyhis arc that: 

(1) Flainc sl)ectl c:m I,c tlchncvl : ~ h  the cold 
cloud speed required to hold the flamcx stdtionary 
a t  some suitable plane, and is idcnticd to hurniiig 
velocity in this experimental system. 

(2) The fundamental flame speed, SO, is that  
obtained when the ignition time or distance is 
infinite. 

(3) The fundamental flame speed i s  given by 
the general Eq. (22) ; if heat transfer between the 
particles and gas is fast i t  may be written approui- 
mately as 

so = I J ( T ,  - To) (DOCd + POC,) (19%) 

(4) The fundamental flame speed is expected 
to peak a t  the stoichiometric concentration; it 
has B normal value of the order of 1 m/sec; in 
the fuel-rich region the value drops with in- 
creasing dust concentration, but it increases with 
rise in input temperature or preheat. 

( 5 )  With reduced input velocity of the dust 
cloud the flame speed drops and is then con- 
trollable by adjustment of the input velocity; 
the flame front then adjusts to D position from 
the burners such that the ignition time or dis- 
tance is finite. Ignition time and distance arc 
the dcpcndent parameters, being related to thc 
independently controllable flame speed by 

s = sO(l - ern“) 

- so( I - eAOLt) 

(20%) 

(201,) 

(6) As ignition time or distance is allowed to 
drop so does the flame speed; and the position of 
the flame speed peak (optimum concentration) 
moves progressively fue!-rich. 

( 7 )  Flame speed in enclosed jet flames is in- 
creased as a consequence of “preheat” by the 
recycled combustion products: calculations basctl 
on the effect of preheating indicate that this rc- 
circulation can increase the flame speed by a t  
least an order of magnitude (factor of 10 or 
more). Recirculation then supplies 90 to 95 per 
cent of the heat required for ignition. Thc effect 
of “ignition” refractory round burners is not so 
much to increase the radiant flux to the dust 
cloud as to maintain the temperature of thc 
recirculating flow. 

(8) Peak flame speeds in jet flames are usually 
believed to occur a t  high fuel-rich concentrations; 
if this is true, as has yet to be confirmed esperi- 
mentally, i t  is probably a consequence of fucl 
injection speeds or recirculation preheats being 
such as to create low ignition times, so that the 
peak flame speed migrates into tlic fuel-rich 
region. 
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Nomenclature 

Particle radius 
Specific heat of dust 
Constant pressure specific heat of 

Dust cloud concentration 
Radiation intensity: a t  any x-plane; 

m d  a t  the flame front 
Radiation space attenuation coeffi- 

cient: space variant; and invariant 
Convection cocficient parameter (= 

4rncq‘av~) 
Ignition distance 
Flame length 
Radiation time-attenuation coeffi- 

Numerical particle density (numbcr 

Convection attenuation coefficient 
Rate of heat transfer (cal per unit 

area per unit time) 
Flame speed: dependent speed; fu- 

damental speed 
Temperature: any (general) ; of a 

dust particle; of the ambient gas; 
of particle ignition; mean flame 

Time 
Ignition time; limiting ignition time 
Velocity of dust cloud: at any x- 

Distance 
Thermal diffusivity ( =X/pocP) 
Thermnl capacity factor 
Emissivity: of the flame; and of a 

Volume of an element of the dust 
cloud: a t  any 2-plane; and at  input 
Thermal conductivity of the ambient 

Solid particle density 
Air density: a t  any x-plane; and a t  

ambient gas 

cient 

per unit volume) 

plane; and a t  input 

unit element of the flame 

gas 

input 

Appendix 

The assumptions that the developed theory is 
based on are listed here for reference and critical 
evaluation; now there is a possibility of detailed 
numerical solution by computer, the nature and 
magnitude of the approximations is no longer 
lsrgely academic. 

We have assumed that: 

(1) The dust is composed of spherical particles 
of coal; this is the standard assumption’ that 
ignores shape factor. 

( 2 )  There is no particle size distribution; in- 
clusion of a size distribution must be considered 
in due course but a t  this stage would only obscure 
the physical picture being developed. 

(3) Conduction from the flame through the 
gas is negligible; this again is a standard assump- 
tionl that  is probably true to within a 10 per cent 
accuracy for fairly large flames. Incorporation of 
this factor in the system as described here would 
appear to preclude the possibility of an analytical 
solution; however, i t  is quite amenable to nu- 
merical solution by analog computer. The pro- 
grani for this has already been set up and we 
hope to calculate the effect of this factor in due 
course. 
(4) There is no net relative motion between 

particles and air (;.e., no progressive displace- 
ment of one with respect to the other as assumed 
in the section on Equations). This is quite pos- 
sibly true; conclusions based on Stoke’s Law, as 
in Kisligs3’ or in Long and Murray’s3? analysis, 
are now thought to have been demonstratedL5 as 
inapplicable when considering: high dust 
concentrations. 

( 5 )  Local relative motion between individual 
particles and the ambient gas (micromising) is 
negligible; this is of doubtful validity but, lacking 
precise information relating to this particular 
system, it is currently the best assumption to 
make. 

(6) The volume occupied by the dust is en- 
tirely negligible compared with the gas volume; 
since the porosity of the cloud varies from unity 
to about 0.9935 over the entire inflammable 
range this is acceptable. 

( 7 )  The thermal capacity of the boundary 
layer around each particle is small so that the 
temperature excess of this above the mean 
ambient gas temperature, due to the temperature 
gradient, is small. This is questionable; i t  could 
be significant but has nevcr been calculated. The 
real temperature gradient extends far beyond 
the boundaries of the Nusselt “fictitious” or effec- 
tive film, of thickness equal to the particle radius; 
and with interparticle distances of only 30 diam- 
eters or less, the effect could be appreciable. 

(3) The thermal conductivities and specific 
heats are invariant over the temperature range 
concerned; this again is not true but is accurate 
enough as a reasonable assumption to get an 
analytical solution. Here again this can be in- 
cluded in the analysis for numerical calculation 
by computer. 

(9) The ignition tempcrature is fixed, indc- 
pendent of conditions; this again is a standard 
assumption but one that has been strongly 
criticized. For coals, however, i t  is our opinion 
that the “ignition” temperature is the coal de- 
composition temperature. The basis of this 
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opinion is the evidence provided by the inter- 
pretation of analyses of carbonized coals; these33,34 
show that the decomposition temperature is 
fairly clearly defined and rises steadily with coal 
rank. Since ignition in the dust flame starts in 
the evolved volatiles, with a rapid temperature 
rise at this point, it seems reasonable to equate 
the decomposition temperature with ignition 
temperature; the validity of this identification is 
currently being investigated experimentally. If 
true i t  operates as a decoupling factor between 
the preignition and the flame zones (as assumed 
in this paper). 

(10) The flame may be regarded as a gray 
body of average temperature Tf, so the intensity 
of the radiant heat flus, If ,  at the flame front is 
given by 

If = E'UT? 

where the flame emissivity E' is related to flame 
length (Lf)  , and to specific mean emissivity of 
an  element of the flame ( e ) ,  by 

E' = I - exp (-ELf) 

This factor becomes important in flames less than 
100 cm thick!s16-20 The assumptions of mean 
temperature and emissivity can only be elimi- 
nated by the use of the detailed kinetic equations 
for the reaction, and the use of computers for 
solution; again these necessary equations havc 
been set up for computer solution. 
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Discussion 

DR. R. G. SIUDALL (She f i l d  University): The 
solution to simultaneous differential Eqs. ((id) and 
(Td) was “obtained by inspcction.” This “solution 
by inspection” is, however, unnecessary and prone 
to error and thc method of analytical solution which 
should have been used is shown below. 

Equation (7d) can be integrated directly with 
rcspcct to time to give 

DcCdTd + poCp*T, (If /Vo)ent + A (1) 

where A is a constant of integration whose value is 
to be determined directly from the boundary condi- 
tions. Tlic conditions chosen by the author are 
Td = T, = TO a t  1 = t,. Substitution of these values 
into Eq. ( I )  leads to the following value for A 

A = [DOCd + p o C p ) T ~  - (If/vo)emti (2) 

Combination of Eqs. (1) and (2) leads to a simple 
relationship betwcen Td, T,, and t which is about 
impossible to obtain by combination of the two 
solutions (12a, b) which are quoted in the paper. 
This relationship is 

= (Zf/Vo)(emt - emti  1 (3) 

This equation can be used to test the justification 
of the assumption Td = T, which is used in some 
solutions later in the paper and will indicate under 
what conditions this assumption is permissible. 

On substituting solution (1) into the differential 
(Gd) and rearranging, the following simple first order 
differential equation in T ,  is obtained. 

where 

(5 )  

Multiplying through by the integrating factor e+t 

and then intcgrating leads to the result 

where B is a constant of int.egration which is found 
by substitution of the boundary conditions. The 
resulting value of B is 

wherc A is given by Eq. ( 2 ) .  Substitution for 4 and 
B into Eq. (6) finally leads to the following equation 
for T, 

+ (me/+)(m + +)ti(e-+bi - e-+”]  (8)  

Inspection of the author’s constant n shows that 
@ = n. So that the final solution, in terms of the 
constant used in the paper is 

+ ( ? n e / n ) ( ~ n  + n)t,(e-“l - e-.li)] (9) 

This cspression is to be compared with Eq. (12b) of 
the paper, the only diflerence bcing the plus sign 
before the second term in the square bracket. 

The expression for T ,  in Eq. (9) may finally be 
substituted into Eq. (I) t o  give the corresponding 
equation for T d .  

PROF. R. H. ESSENHIGH (Pennsylvania State Uni- 
versity) : As the final result is the same it checks the 
validity of the solution by inspection. As Dr. Sid- 
dall points out, his Eq. (3) provides additional in- 
formation not otherwise easily obtainable. His con- 
tribution is welcome and appreciated. 

DR. J. L. LAUER ( S u n  Oil Company) : I am worried 
about the “decomposition = ignition” temperature 
as one point on the temperature scale. As decomposi- 
tion is gradual, the temperature must go through a 
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range and furthcrmorc, :i conccntr:ttion gradient 
:tround thc particlcs will be establishcd. I also would 
like to call attention to somc of our observations 
with high-hoiling pctroleum rcsidues. Motion pic- 
ture studies have shown that droplets consisting of 
liquid + solid particles would break up into frag- 
ments during burning. Fragmentation would take 
place in spurts. Semisolids like asphaltenes would 
brealr up similarly and decompose much more 
rapidly during and after fragmentation. 

PROF. R. H. ESSENHIGH: The point raised by Dr. 
Lauer about equating decomposition with ignition 
temperature is important, and we are in fact cur- 
rently developing a research program to test the 
proposition experimentally. However, in the light of 
present knowledge I think that the proposition is 
acceptable as the most reasonable assumption to 
make a t  the present time. If it is not exactly true I 
think that in all probability it will provc to be ef- 
fectively true: If volatiles that are generated at the 
flame front are carried downstream but not yet 
burning, eventually they will ignite and flame will 
flash back to their point or plane of evolution. This 
would appear to be the pattern as shown up by 
short exposure and time exposure photographs of 
the flame front. 

So far as petroleum burning is concerned, be- 
havior is superficially similar, but diffcrcnces are im- 
portant. Volatiles evolved from coal particles are 
channeled by the solid carbon matrix of the solid 
residue into irregular jets that issue with consider- 
able forcc. This helps to break up any boundary 

layer with attcndarit concentration gmdicnts, and 
promotes uniform mixing in the spacc~ betwwn thc 
particsles. Also, thc temperature is not hcld down, :is 
it is in liquid drops until thc lowest boiling point 
fraction has evaporated (unless the drop becomcs 
superheated), so the tempcrature rise of a coal 
particle can be far more rapid than that of a liquid 
drop. The onsct of volatile evolution from a coal 
particle is much more precisely determined, and 
evolution in quantity then takes place with a reh- 
tively small temperature rise. 

If coal particles are heated too fast they can frag- 
ment, presumably because of pressures generated by 
too rapid generation of volatiles that cannot escape 
fast enough in the normal manner. In the singlr 
particle studies that I have carried out, this only 
happened with large particlcs (above about 1 mm). 
In flames, the steeper temperature gradient, may 
promote fragmentation of much smaller particles 
but the evidence indicating that this is what is 
happening is still uncertain. 

Fragmentation of liquid drops may be a different 
phenomenon. If heavy hydrocarbons crack to form 
a carbon residue inside the drop, this residue can 
absorb radiation that otherwise would have been 
transmitted. The residue is then able to heat up 
faster than the surrounding liquid. This means that, 
the surrounding liquid must either boil or super- 
heat. If it first superheats and then flashes into 
vapor, this could provide the driving force for CY- 

ploding the drop into fragments. 

1. 
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FLAME CHARACTERISTICS OF THE DIBORANE-HYD 
SYSTEM 

/a573 M. VANPI%, A. CLARK, AND H. G. WOLFHARD 

Premised flames of diborane-hydrazine have been stabilized at low pressures and a number of 
their characteristics (stability region, burning velocity, reaction products, light emission) have 
been established. The flame could only be stabilized at pressures below 50 mm Hg becausc of ad- 
duct formation occurring at  higher pressures. The main features of the flame are a high burning 
velocity (5 m/seeond), a low reaction temperaturc (=llOO°C) and the absence of any light emission 
other than a continuum from solid particles. The data support the view that originally a gaseous 
adduct is formed between diborane and hydrazine that grows by polymerization and dehydrogena- 
tion to form the final solid products of the flame 

Introduction 

Exotic flames are of interest from a theoretical 
point of view as their properties can differ mark- 
edly from those of flames that have historically 
received estensive study. The diborane-hydrs- 
zine flame reaction is thus of special interest be- 
cause it has unusual products, solid BNHz and 
gaseous Hz, and a high reaction rate despite a 
low molar heat release and adiabatic flame tem- 
perature (actual temperature <2000°K). 

Further, the flame is experimentally challeng- 
ing because a t  1 atmosphere premised flames 
cannot be obtained.lV2 Condensed phase adducts 
of explosivc properties form as soon as diborane 
mises with hydrazine, collapsing the flow and 
precluding a flame. However by working a t  low 
pressure, adduct formation (or condensation) can 
be delayed sufficiently to permit establishing a 
true premixed flame. 

This paper describes the conditions under 
which a premised flame was obtnincd. The flame 
characteristics such as burning velocity, spec- 
trum, and combustion 
and analyzed. Finally 

. -  

products were measured 
the kinetics of the di- 

borane-hydrazine flame are considered and re- 
viewed in the light of the experimental results. 

Experimental 

Low Pressure Feed and combustion System 

Flames were obtained a t  0.5 to 70 mm Hg, in 
the vacuum vessel shown in Fig. 1. Comparcd 
with earlier low-pressure flame apparatus3 the 
present system had a very large (14 inches di- 
ameter X 48 inches length) combustion chainbcr 
and the pumping capacity was of the order of 
600 cubic feet per minute. The vacuum system 
contains, in addition, a ballast tank of 500 cubic 
feet capacity which when evacuated can act as a 
pump, bypassing the mechanical pump so that 
corrosive gases do not damage it. 

Figure 1 also shows the all-glass hydrazine flow 
system. Steady hydrazinc vapor flows up to 4 
grams/minute were obtained from a 3-liter flask, 
containing 300 to 500 grams of hydrazine, main- 
tained a t  llO°C to obtain the iiecded vaDor 
pressure. 
adjacent 

The flask was in an underground shelter 
to the laboratory. Diboranc (refriger- 
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FIG 1 Low prcssure burner and hydrazine flow systcrn. 

ated) was also stored in, and fed from, this 
shelter. The hydrazine line was kept above 
100°C by a heating wire around the tubing. 
The rotamctcr was therrnostated a t  98°C. 
Nitrogen, air, oxygen, and diborane were flow- 
rated through separate rotameters. All rota- 
meters were calibrated a t  working pressure. 

The flame was ignited by thc discharge of a 
2 kw transformer between two electrodes located 
ahove the burner. It was necessary, especially 
during ignition, to flow nitrogen or argon inside 
the low pressure vessel as an inert atmosphere to 
prevent explosions in the pump. To get uniform 
flow, these gases were introduced through a 
layer of glass beads. 

Hydrazine was obtained from the Olin Mnthie- 
son Chemical Corporation. Our analysis indicated 
96.7 per cent N&4, 2.1 per cent NH3, remainder 
water. Diborane (96 per cent) was from the 
Callery Chemical Co. Other gases (N?, 0 2 ,  air) 
were obtained in commercial cylinders at 99.S 
per cent purity. 

R i m i n g  Velocity nleasiirements 

Burning velocities wrre obtained a t  pressures 
from 2 to 7 nim Hg on a Pyrex bunsen burner of 
28 mm diameter. 

Burning velocities were calculated as the 
volunietric gas flow divided by the area of the 
reaction zone, the latter being computed graphi- 
cally from a direct photograph of the flame. No 
attempt was made to make these measurements 
more accurate than A10 per cent as the rather 
unstable nature of the flame itself did not afford 
greater accuracy. 

Analysis of Reaction Products 

Gaseous and solid reaction products of a flame 
a t  2.7 mm Hg on a 55 mm diameter burner were 
sampled and andyzed. 

The samples mere taken through a quartz 
probe, collected in a prc-evacuated 500 cc Aask 
to a final pressure of 1.5 to 2.0 mm Hg, and 
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:uialyzed with a inass spectrometer. Originally, 
tlie diameter of the probe opening was 300 
microns but rapid plugging of tlie orifice by the 
solid products prevented proper sampling, so 
that an opcning of 1 mm was used. The probe 
was positioned 1.5 cm above the apex of thc re- 
action zone. No attempt was made to withdraw 
samples from the reaction zone itself. Solid prod- 
ucts were collected on a wire mesh screen also a t  
1.5 cm aliove the reaction zone. The solids were 
analyzed by chemical elemental analysis, infra- 
red absorption, and X-ray diffraction. 

Mole Ratio of Gaseous Product to Reactant 

Reactant-product mole ratio was determined 
by measuring the rate of pressure rise in a con- 
stant volume as the flame burned. The volume 
comprised the 500 cubic foot ballast tank, reac- 
tion vesscl, and connecting vacuum line. The 
flame was operated between 1.5 and 4 mm Hg in 
an argon atmosphere on a 55 mm burner. The 
total volume flow was about 0.5 standard cubic 
feet per minute. The flame was maintained for a 
period up to 3 minutes, with an accompanying 
pressure rise in the system of about 1 mm Hg as 
measured with a modified McLeod gage. 

No temperature correction \vas made as  the 
flame gases cooled very rapidly to ambient in the 
ballast tank. 

Spectrography of the Flames 

Spectra were taken with a Hilger F/4 Rainan 
spectrograph, using both quartz and glass optics. 

Flame Temperature Measurements 

The color temperature of the flame was deter- 
mined by comparing its brightness to that of a 
calibrated tungsten strip filament lamp. The in- 
tensity of the flame and tungsten lamps were 
measured separately throughout the visible re- 
gion with a Farrand Monochromator using an 
RCA 1P28 photomultiplier tube as detector. The 
radiation curves obtained were recorded on an 
x-y plotter. 

Results 

Stabilization of the Premixed Flame 

Considerable difficulties were experienced in 
stabilizing a premixed diborane-hydrazine flame. 
When the reactants come into contact at room 
temperature they form a white solid explosive 
adduct of low vapor pressure. This compound 
condenses even a t  low pressure at the wall of 
the burner and no flame can be obtained under 

these circunistances. Fortunately this dqiosit 
can be reduced by heating the I,ulner will to 
above 150°C. However, at these wall tempera- 
tures another difficulty is encountered as the 
system approaches spontaneous ignition. Thus 
i t  was found necessary to heat the burner to just 
the correct temperature; this had to be found by 
experience. 

The burner consisted of two coiicentric tubes 
as shown in Fig. 1. The diboranc is fed through 
the inner tube that is recessed within the larger 
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FIG. 2. Stability regions for the flames of BnHc- 
NiH,, N2H4-02, and N2H,. 

a. Burner diameter-55 mm. 
b. Burncr diameter-28 mm. 
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tube carrying the hydrazine. By reducing the 
length of the burner section in which the gases 
mix, stable flames could be obtained. The short 
mixing length was long enough to preniix the 
gases (at the low pressures used) yet short 
enough to prevent adduct formation (or con- 
densation) and self-ignition. 

Figures 2a and 2b show the stability regions of 
stoichiometric diborane-hydrazine flames (mole 
ratiu N?H4/B2Hs = I) on 55 mm and 28 mm 
diamctcr burners. Figure 2 shows also, for com- 
parison, the stability region of the hydrazine- 
oxygen and hydrazine decomposition flames as 
obtained 011 the same burners. The average gas 
linear velocity within the burner is plotted 
against pressure in the chamber. A flame is stable 
only inside an area which is limited on the low 
pressure side by the “blow-off” and on the high 
prcssure side by the “strike-back.” These two 
limits join a t  a minimum velocity, where the 
flame has thc appearance of a flat disc. It can be 
secn that thc stability region on the smaller 
burner (28 mm) has a tendency to close up with 
increasing flow rates; for Reynolds numbers 
higher than 200 self-ignition occurred inside of 
the burner. Ki th  still smaller burners (and higher 
pressures) the stability region could not be de- 
tcrmined as, a t  the higher pressures required to 
stabilize the flames, the flame could not be oper- 
ated safely due to adduct accumulation in the 
burner. In  general, it  was observed that the total 
area of the stability region is very sensitive to 
small changes in experimental conditions. For 
instance in our effort to duplicate the B ~ H G - N ~ H ~  
curve represented in Fig. 2b only the lower part 
of the curve could be reproduced. For Reynolds 
number higher than 40 self-ignition occurred. It 
must filially be noted that no flame could be 
stabilized unless inert gas was bled into the 
combustioil chamber. 

Flame Structure 

a. Premixed Flames. With reactants entirely free 
of oxygen the only indication of the B&-NzH4 
flame is a red plume of hot gases similar to a 
hydrocarbon flame containing carbon particles. 
This flame anchors on the burner above a cone 
‘i\ hich represents a nonvisible reaction zone. If, 
however, traces of oxygen are present a single 
bluish zone forms below the onset of the reddish 
radiation. When adduct formation is not com- 
pletely suppressed on the burner wall, solid ad- 
duct particles are occasionally swept into the 
flame where they explode giving an impression 
similar to the spark from a grinding wheel. 

b. D ~ ~ Z L S ~ G X  Flumes. Circular diffusion flames 
were obtained with two concentric tubes of equal 

height. With diborane in the inside tube a flame 
with multiple zones as shown in Fig. 3 mas ob- 
tained. The region directly above the burner did 
not emit light unless traces of oxygen were 
present, which then caused a bluish radiation. 
Followiiig this dark region was a bright yellow 
zone that became slowly red as the gases arid 
particles cooled down further away from the 
burner. Most of the light emitted by the flame is 
from this luminous zone. 

A third zone of greenish-yellow color was often 
observed above the annulus carrying the NzH4 
flow. This was the decomposition flame of 
hydrazine, which of course can exist independent 
of the presence of diborane. On decreasing the 
pressure the hydrazine decomposition flame dies 
out. This, however, does not affect the diffusion 
flame which continues to burn without prior 
deconiposition of hydrazine. 

Burning Velocities 

a. Diborane-Hydrazine. Burning velocities could 
not be measured in the oxygen-free flame as the 
reaction zone was not clearly identified. Since 
small amounts of air did not seem to influence 
burning velocities these were measured in the 
presence of traces of air and the inner surface of 
the blue cone was taken for calculation of the 
burning area. A temperature of 120°C was as- 
sumed for the premixed gases due to the pre- 
heating caused by the hot burner walls. All 
burning velocity measurements were done with 
the same burner wall temperature. This includes 
the measurements for B&L-N2H4-02, NsHrO:, 
and N2H4 decomposition flames discussed below. 

YELLOW ZONE 

REACTION ZONE 

HYDRAZINE 
DECOMPOSITION 

FLAME 
I 1  n 

1 ‘  B2H6 ‘ I  
N2H4 N2H4 

FIG. 3. Structure of diborane-hydrazine diffusion 
flame. 
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FIG. 4. Effcct of Reynolds number on burning 
velocity of stoichiometric diborane-hydrazine flames. 

TABLE 1 

Comparison of burning velocities 

Burning 
velocity Reynolds Pressure 

Flame (m/s) iiuniber (mm Hg) 

NZH, + 0 2  2.36 161 10 

NzHi (decompo- 
sition) I .S6 135 1.5 

Thus all burning velocity measurements reported 
are comparable as the same preheating was used 
throughout. As the flame could be stabilized only 
at low flows in the burner, for which quenching 
effects could become important, the influence of 
the Reynolds number on burning velocity was 
investigated. The results for stoichiometric 
flames are given in Fig. 4. The burning velocity 
shows a normal tendency to increase with the 
Reynolds number, but this increase seems rather 
small and a mean value of 5.0 meters per second 
is deduced for the burning velocity of the stoichio- 
metric flame. 

The effect of the hydrazine/diborane ratio on 
burning velocity is shown in Fig. 5 .  The effect is 
obscured by the scatter of the experimental 
points. The maximum burning velocity seems to 
occur slightly below stoichiometric, Le., at 
N z H ~ : R & ~  = 0.9. For NzH4:B2H6 less than 0.5 
and greater than 1.3, no flame could be estab- 
lished. 

b. Flydrazine-Oxygen and Hydrazine Decomposi- 
tion Flames. The burning velocities of these 
flames were determined on the 25 mm burner 
for comparison with the dihorane-hydrazinc 
system. The results for stoichiometric flames are 
listed in Table 1. 

c.  Three Component System: B2H6/AjTeHq/&. Some 
burning velocity measurements were also made 
on the three component system: &B6/N2H4/Or. 
Figure 6 shows the effect of sir and oxygen on 
the diboranc-hydrazine stoichiometric mixture. 
The burning velocity increases continuously as 
air or oxygen is added. There is, however, an 
indication of a plateau in the curves which cor- 
responds to a condition where thc diborane- 
oxygen reaction becomcs the prcdominant one. 

Figure 7 shows the effect of introducing di- 
borane into the hydrazine-oxygen flame. Witl1 
the first addition of diborane the burning velocity 
increases considerably. 

PRESSURE 2- 10 MM Hg 
BURNER 28 MM DIAMETER 

' 
2 

0 10 20 30 40 50 60 70 811 
MOLE % AIR OR OXYGEN 

FIG. 6. Effect of air and oxygen addition to diborane- 
hydrazine system. Mole ratio (N~H,)/(BzHG) = 1. 
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ilnalgsis of Ccmbustion Products 

a. Caseous Products. Figure S gives the results of 
the gab analysis for various mole ratios of hydra- 
zine to dihorane. When the flame is rich in 
diborane the only component in the gaseous 
flame products is hydrogen. Very close to a mole 
ratio of one, ainmoiiia and nitrogen appear in 
the products mith the mole per cent of ammonia 
rising alrnost immediately to about S per cent, 
arid that of nitrogen to 2 per cent. No traces of 
unrractecl hyclraziiie or diborane could be dc- 
tccted in the range of mole ratios investigated. 
Two ruiis with results not clearly fitting into the 
general trend nre niarked by open circles. 

All flames were operated in an atmosphere of 
argon. At the low pressures used this gas diffuses 
into the flame. About 1 per cent of argon is 
presrnt in the gaseous products when the probe 
i s  located at 1 cm above the burner. This amount 
increases to 10 per cent for a probe location of 
4.7 em above the burner, which corresponds 
roughly to 1.5 ciii above the apes of the reaction 
zone. 

b. Solid Products. Elemental analyses of the solid 
products for various N~H,I/B~HC mole ratios are 
shown in Tablc 2. 

The solid products always contain an appreci- 
abIe amount of hydrogen. The ratio of boron to 
nitrogen is dependent on the mole fraction of the 
initial diborane-hydrazine mixture. For flames 
rich in diborane, the B/N ratio is as high as 4. 
Since a mole ratio of N ~ H ~ : B z H ~  = 0.5 was the 
most diborane-rich that could be burned a B/N 
ratio of 2 should be a maximum rn no nitrogen 
was found in the gaseous products. This raises 
the possibility that the screens used for collecting 
the solid did not give a representative sample. ‘ .  

On thc hydrazine-rich side the data indicate a 
B/N ratio dose to  one. 

The solid from diborane-rich flames appeared 
as a dust-like material, brownish-black in color. 
This solid easily released its hydrogen content 
when a match was held close to it. A pale flame 
could he seen that consumed this hydrogen. The 
remailling solid was then of pure white color. 
Sometimes but not always this flame had a green 
color indicating that boron contributed to the 
combustion. The product of the hydrazine-rich 
flame was pure white, powdery and also less 
abundant. 
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FIG. S. Gas composition of products of diborane- 
hydrazine flame. 

The major features of the infrared absorption 
spectrum are the two broad absorption bands 
a t  7.0 p and a t  12.5 p similar to those in the 
spectrum of pure boron nitride. There are also 
frequencies which correspond to the B-H (4.0 p )  
and N-H (2.9 p )  stretching modes. The relative 
intensities of the absorption bands did not change 
markedly with the N ~ H ~ / B z H ~  ratio of the 
original mixture. Therefore, the high B/N ratio 
found for the solid products of the diborane-rich 
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TABLE 2 

Composition of solid products collcctd from the 
dibornne-hydrazine flame 

2.75 

2 2.50 

2 2.25 

uv,  

n u  

o =  
;s 2.00 

1.75 

1.50 

Weight per cent 
Mole ratio Mole ratio 
N2HJIBZHo B N H B /N 

0.45 73.2 22.9 3.82 4.14 
0.53 55.0 40.3 4.72 1.77 
0.85 44.6 40.s 2.s3 1.23 
0.58 57.0 40.5 1.80 1.81 
0.9s 53.1 44.5 2.37 1.54 
1.00 41.1 56,s 2.66 0.94 
1.03 .57.0 40.1 2.90 1.S4 
1.25 41.6 55.2 3.6'2 0.976 
1.26 4'2.3 53.9 3.90 1.075 
1.30 41.3 S6.S 2.38 0.94 

flame must be associated with the presence of a 
substance which docs not absorb in the infrared, 
presumably elemental boron. 

X-ray diffraction patterns were taken from 
two samples, one froni a diborane-rich flame, 
the other one from a hydrazine-rich flame. In  
the diffraction pattern of the hydrazine-riel? 
sample there was a very diffuse band a t  4.5 A 
indicative of very small crystallites with sin511 
subsidiary peaks at  2.75, 4.27, 4.43, and 4.93 A. 
The diborane-rich sample did iiot contain these 
4 smaller peaks but only the niain diffuse band. 
The nature of these peaks is obscure. ;?;lo peaks 
due to BN were found. 

Mole Ratio of Gaseous Product to Reactant 

The mole ratio (R)  of the gsscous products of 
the flame to the initial reactant was drterniiiirtl 
as a function of the mole ratio of hydrazine to 
diborane. The results are shown in Fig. 9, where 
the experimental curve is compared with a theo- 
retical curve assuming the formation of only BN, 
BSol,,, and gaseous products. It will be seen that 
the experimental values are about 20 per cent 
lower than the theoretical ones. This result is in 
agreement with the observation that the solid 
product of thc flamc i s  iiot pure BN but a 
B-N-H compound only partially dehydro- 
genated. From the values of R and from the 
prcssure, temperature, and composition of the 
flame gases it is possible to calculate the total 
mass of solid products contained per unit volumc 
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4275 i 4023 i 
FIG. 10. Spectrum of boric acid fluctuation bands and hydrazine-diborane 
flame. a.Hydrazine-diborane flame 5-min. exposure and HgCd spectra. b. 
Boric acid in H-air flame at 1 atm. c. Hydrazine-diborane flsme with trace of 

air and Cu spectra. 
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of flame. This number changes very little with 
N&/B2Hs ratio. 

Spectroscopic Observations 
a. Premixed Flames. The dominant feature of the 
spectrum (Fig. 10a) is a continuum from solid 
particles. This radiation starts above an in- 
visible cone where the reactions leading to solid 
particles occur. The intensity of the light emitted 
increases considerably as the diborane content 
increases from stoichiometric to the diborane- 
rich limit. 

For flames rich in hydrazine a very weak emis- 
sion characteristic of the ammonia a band sys- 
tem is superimposed on the continuum. Traces 
of air premixed with the diborane and hydrazine 
cause a bluish radiation to be emitted in the re- 
action zone (Fig. 10) due to the I3203 fluctuation 
bands. Their intensity distribution is rather un- 
usual. The blue and red bands are emitted with 
nearly equal intensity, whereas normally the red 
and green bands predominate in this system 
giving the radiation the characteristic green 
color. The difference can clearly be seen in Fig- 
lire 10. 

Figure 10c:shows the spectrum of the blue 
glow of the reaction zone of the diborane- 
hydrazine flame at about 3 mm Hg with a trace 
of air. Figure lob shows the same bands emitted 
from a hydrogen-oxygen flame a t  1 atmosphere 
ni th  boric acid introduced into the flame. The 
intensity distribution in the Hq-air flame is the 
one normally observed both in emission and ab- 
sorption! Tentatively, to explain the unusual 
character of our spectrum, i t  is assumed that the 
R2O3 molecule is formed in a vibratioiially ex- 
cited state. A t  low pressure randomization is not 
achieved before the molecule ernits, thus per- 
mitting the observation of this anomalous 
vibrational distribution. 
b. Didusion Flames. Diffusion flames of diborane 
and hydrazine emit mainly continuous radiation 
from solid particles as in premixed flames. At 
relatively high pressure (> 10 mm Hg) when the 
hydrazine maintains a separate decomposition 
flame zone Rith the particular burner geometry 
used, there is a tendency for the diborane to 
react mith the products of decomposition rather 
than with thr original molecule. In  this case am- 
monia 01 bands can be seen together with the 
continuum. 

A very weak emission due to BH could also be 
identified when the flow of diborane was in excess 
of that of hydrazine. 

Flame Temperature 
-4 color temperature of a low-pressure pre- 

mixed diborane-hydrazine flame could be found 

by comparing the intensities of the continuous 
radiation of the flame over the visible wnve- 
length range to that of a tungsten strip filament 
of known temperature. It has already been noted 
that the brightness of the flame increases con- 
siderably with the diborane-hydrazine ratio. For 
stoichiometric flames the brightness was so low 
that no reliable measurement could be made. 
Therefore measurements were obtained from a 
flame a t  NnH4:B2H6 = 0.74. For this flame the 
continuum emitted as a gray body with a color 
temperature of 1085OC. The emissivity of small 
particles usually increases with decreasing wave- 
length. Thus the color temperature of this flame 
is an upper bound for the true flame temperature. 
Assuming the color temperature to represent the 
true flame temperature, the ratio of absolute in- 
tensities of flame and tungsteii strip lamp repre- 
sents approximately the emissivity of the flame. 
Thus a value of 0.05 was found for the emissivity 
of the flame at X = 0.57 microns. For flames of 
NrH~,!B2H6 ratios greater than 0.74, light in- 
tensities were measured alone as no reliable color 
temperature could be obtained. The brightness 
of the stoichiometric flame was found to be ap- 
proximately 6 times lower than that of the flame 
considered above. 

The emissivity of dispersed carbon particles 
has been recently calculated by V. R. Stull and 
G. N. €'lass5 on the basis of the Mie theory of 
scattering. It appears from this work that only a 
slight change of emissivity is to be expeetoed from 
a change in particle size (50 to 5000 A )  if the 
total amount of solid per unit flame volume re- 
mains constant. Because in the diborane-hydra- 
zine flame this quantity does not vary appreci- 
ably with the mixture ratio it is suggested that 
the increased light emitted from the rich di- 
borane-hydrazine flame is partially associated 
with the presence of boron particles. This picture 
is in agreement with the analytical results sug- 
gesting strongly that elemental boron was present 
in the products of flames rich in diborane. 

Discussion 
The hydrazine-diborane flame system has so 

far received little attention. The oiily published 
work is due to Her1 and Wilson,' mho burned a 
diffusion flame of gaseous hydrazine and diborane 
on a multichannel burner at 1 atmosphere. They 
sampled solid products from the flame and ob- 
served their infrared absorption. The absorption 
curve is in every detail identical with the one 
found in this investigation from the solid prod- 
ucts of a low-pressure premixed flame that will 
be discussed below. 

I n  analyzing the results of this investigation 
one has to realize the experimental difficulties in 
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burning this flame. This affected the reproduci- 
bility of our results. Data arc therefore not as 
accurate as one would wish sild this is especially 
so for the analysis of the solids and gascous 
products of the flame. 

We assumed at the beginning of this investi- 
gation that one possible reaction mechanism 
would be decomposition of the hydrazine and 
subsequent reaction of diborane with the hydra- 
zine decomposition intermediates such as NH, 
and NH. This assumption is not tenable a s  it 
can not explain the surprisingly high burning 
velocity of the hydrazine-diborane flame com- 
pared with the hydrazine decomposition flame, 
despite the lower actual flame temperature of 
the former. 

We assume now that originally a gaseous ad- 
duct is formed between diborane and hydrazine 
that grows by polymerization and dehydrogena- 
tion to form the finally observed solid products 
of the flame. This mechanism is analogous to 
that by which solid carbon particles are known 
to form in an acetylene decomposition flame, 
and the analogy extends to similarities in the 
supporting data. 

The experimental evidence will now be re- 
viewed with this working hypothesis in mind. 
The high flame speed precludes as noted a N2H4 
decomposition step, but does not in itself suggest 
a detailed alternate mechanism. The adduct 
formation appeared to produce little heat so 
that the main energy release was due to subse- 
quent steps. These are believed to be polymeriza- 
tion and release of hydrogen with exothermic 
formation of the B-N bond and H2. The large 
heat conductivity of hydrogen, which is the only 
gas present within the flame zone, will help to 
increase burning velocity. The small initial in- 
fluence of oxygen added to the stoichiometric 
flame indicates that this reaction mechanism is 
originally little disturbed until the influence of 
the large additional heat release from Hp0 and 
Bz03 formation becomes noticeable. 

I n  the flanie thcre is growth of solid particles. 
A t  flame temperature continuous radiation from 
these particles can be expected and is observed. 
Hydrazine does not decompose prior to adduct 
formation, inasmuch as bands due to NHp and 
NH are absent. Only in the hydrazine-rich flame 
was weak radiation from these bands observed. 
The reaction zone is therefore not normally 
marked by light emission due to intermediate 
compounds so charactcristic of most flames, such 
as in the hydrocarbon-oxygen flame where Cz 
and CH emission is prominent. Again the arialogy 
to the acetylene decomposition flame is striking 
as the latter flame has also only continuous radia- 
tion and does not emit the Cp and CH bands. 

It is not surprising that small amounts of 

oxygen will lead to the emission of the boron- 
oxide fluctuation bands. This cniission was 
greatly welcome as it helped to nisrk the other- 
wise very diffuse flame boundary for hiirning 
velocity measurement. Thc anomalous intensity 
distribution within these bands nccds further 
study and especially comparison with the hand 
emitted by thc dihorane-oxygen flame. 

The analysis of the gaseous products of the 
flame showed a t  least for diborane-rich mixturcs 
a gratifyingly simple result, with hydrogen being 
the sole product. The analysis of the solids, how- 
ever, showed that dehydrogenation is far from 
complete. This shom-s up in inany ways. The 
amount of hydrogen released in rrlation to the 
amount of diborane and hydrazinc consumed is 
deficient by 20 per cent. The solid on the hydra- 
zine-rich side has an over-all composition of 
UNHJ with z having values between 0.5 and I .O 
for different mixture ratios. On the diboranc-rich 
side additional elementary boron is probably 
present, increasing the B to W ratio with z vary- 
ing betweeii 0.5 and 2.0. These solids do not secm 
to have crystallized into a l3-N graphitic struc- 
ture and are still mainly in an amorphous state 
as evidenced by the X-ray diffraction pattern. 
The small peaks actually observed beside the 
broad and ill-defined band do not coincide with 
the pattern for pure RN. Finally the measured 
color temperature of 1360OK was about half the 
theoretical adiabatic flame temperature for 
quantitative reaction a t  the same mixture 
strength (NsB~/B~HP, = 0.74). 

We expect that the deficiency in the complete- 
ness of BN formation is partly but not com- 
pletely due to the low pressure a t  which this 
flame has been burned. Unfortunately premised 
flames a t  higher pressure do not seem to be 
possible. Thus the question of whether BN forms 
into largcr crystals at higher pressure cannot be 
resolved a t  this time. The B-N bond is, however, 
present in large amounts as evidenced by the 
infrnrrd absorption spectra. 

The hydrazine-rich flame is, of course, ex- 
pccted to have gaseous products of nitrogen and 
ammonia in addition to hydrogen as rscc\s 
hydrazine will form these products. Unexpected 
is the sudden stepwise appearance of N3 and 
NH3 a t  the stoichiometric point. This may point 
to a change in reaction mechanism that cannot, 
however, be further specified. 

Inconclusive evidence also prevails a$ far a? 
the higher total light emission from diborane- 
rich flames is concerned. From the measurement 
of total gaseous products of the flame i t  is clear 
that the ratio of solid to gaseous products does 
not vary greatly for different mivture strengths. 
Nevertheless only small amounts of solids from 
the hydrazine-rich flame were collected on the 

' ' 1  
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scrccn~ in coiitmst to the diborane-rich flame 
where accuniu1:ition \+ab  copious. Thus particle 
size may be sriiuller for hydrazine-rich flames 
and the particles are not trapped by thc screen. 
As noted beiore, particle size does not affect the 
emissivity of light greatly for constant mass of 
solids per unit volume. It has, therefore, tenta- 
tively to be assumed that the amount of ele- 
ment:uy boron contained in the particles in- 
fluences greatly the emissivity leading to stronger 
light cmissiori from tliborane-rich flames. 

In conclusion, i t  can be stated that at l a s t  
some featurcs 01 this flame are now understood. 
The flame forms adducts that polymerize and 
dehydrogenate into solids. A t  least for diborane- 
I ich flames hydiogen is the only gaseous product 
3s predicted by thermodynsrnic coiisiderations. 
The formation of solid I3N is not complete as 
not a11 hydrogen is released and I3N formation 
docs not proceed into a well-ordered graphitic 
kucture,  although on a niolccular basis B-N 
bonds arc present as evidenced by infrared 
ubsorp tion. 
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Discussion 

UR. W. E. WILSON (APL,  The Johns Hopkins 
Univer.sit:q): I would like to mention some rclated 
work that has been done on n BzH6-N2Ha flame a t  
one atmosphere using a multidiffusion burner. Both 
rcxtants were diluted with argon and hydrazine 
was always in excess. In contrast to Dr. Wolfhard’s 
premixed, low pressure flame, our BIV reaction gocs 
csscntinlly to  completion. The solid contains only a 
few tenths of a per cent of bound hydrogen. The 
flame teniper:tturc is a t  least 80% of theoretical; if 
reasonable losses :we assumed it is about 9570. 

To establish the flame, a NzH, decomposition 
flinmc is first st:tbilizcd; argon is added until the 
NzHr fl:~nie is almost blown off. Whcn BIH, is 
added the flame jumps back to the burner surface. 
This indicates, in agreement with Dr. Wolfhard, 

that the BaH, must react with the N%Ha prior to 
its decomposition. Similarly in an opposed jet 
flame no BN reaction occurs unless the NzH4 de- 
composition flame is blown off prior to addition of 
BzHs. 

We have had considerable difficulty with analysis 
of the solids formed in these flames. It would appear 
that there is a reaction with water vapor, perhaps 
liberating ammonia and forming borates. Hence the 
analytical technique should be critically evaluated. 

Several other systems in which BN may be formed 
from BzH, have been investigated: with NHa there 
is no flame reaction, only adduct is formed; with 
NyO, boron oxides and acids are the only products; 
however, with NO it is possible to obtain some BN 
as a product. 



MAGNESIUM-OXYGEN DILUTE DIFFUSION FL 

GEORGE H. MARKSTEIN 

The Polangi dilute-diffusion-flame method has been applied to  thr mngnrsinni-o\ygcn s) stc,m. 
Diffusion flames were obtained at  pressurcs of :t few mm Hg by carrying magnrsiiim v:~por in an 
argon stream into an atmospherc of oxygen-argon. Photographic photomcttry was II  

reaction rates. The data favor s unimolecular rate law, independent of oxygen conctmtration, but 
scatter too much to exclude with certainty a bimolecular reaction of first ordcr in oxygen conccntra- 
tion. Based on an cstimated flame temperature of 1000"K, the unimolecular rate constant, aver:rgcd 
over all runs, was 2.5 X l o 3  sec-1, and the average bimolecular rate constant was 4 X 10" e n i ~  molr-1 
src-1. 

The emission spectrum of the flame consisted of continuum radiation with a broad mnximum in 
the blue and narrower maxima in thc near ultraviolet and the red. The spectrum of surface lumincs- 
cence of MgO deposits growing in the flame zone consisted of a continuum in the blue resembling thc 
broad maximum of the flame spectrum. On the basis of the spectroscopic evidence and of thermo- 
dynamic arguments, it is suggested that, at least at  low pressures and temperatures, only a small 
amount of gaseous MgO, sufficient for nucleation of MgO particles, is formed in the flame, while 
most of the oxidation takes place as a heterogeneous reaction on growing oside particles. Thr pro- 
posed heterogeneous mechanism is compatible with a unimolecular rate law and with the order of 
magnitude of the measured unimolecular rate constant. 

Introduction 

Interest in metal combustion processeslJ has 
been stimulated recently by the use of metal addi- 
tives in propellants. Many current studies?*4 have 
therefore been performed under conditions simu- 
lating those in propulsion systems. These investi- 
gations have provided considerable insight into 
the complicated interplay of the processes of 
vaporization, conductive and radiative heat 
transfer, diffusion, and chemical reaction, which 
participate in the burning of metals. For this 
very reason, however, the kinetics and mecha- 
nisms of metal-combustion reactions are as yet 
almost entirely unknown, since in the great ma- 
jority of recent studies the chemical effects were 
obscured by many other factors. 

To obtain information on reaction kinetics, 
one must select experimental conditions under 
which the chemical effects have a dominant in- 
fluence. Among the methods that satisfy this 
condition, Polanyi's "dilute diffusion flame" 
techniquekg appeared especially attractive, since 
i t  had been originally developed and successfully 
employed for studying the reactions of alkali 
metals. In  the present investigation, this method 
has been adapted for the study of the magnesium- 
oxygen system, which was chosen for initial work 
because of the relatively high vapor pressure of 
magnesium. It was also anticipated that the re- 

action mechanism should br comparativcly 
simple, since in this system only one oxide specim, 
MgO, has been observed in the gas phase Ijy 
spectroscopiclo and Iiiass-si~ectromctric" methods. 
This is also the only species that is rcgarded as 
important in the condensed pl~ase.~' I'rcvious 
studies of magnesium combustion have hemi con- 
cerned with determination of spectra and flame 
temperatures, as well as of burning times of 
magnesium ribbons, but have not yielded kinetics 
data.l3-I5 

Experimental 

Preliminary work showed that a diffusion 
flame of magiicsium vapor burning in an osygcn 
atmosphere a t  pressures of a few mm Hg could 
be obtained without difficulty. The magnesium 
vapor was carried into the oxygen by a stream 
of argon issuing from an orifice in an clcctrically 
heated boron nitride crucible. A standard glass 
bell jar assembly served as combustion chamber 
in this exploratory work. An inherent difficulty 
became apparent from the outset: A deposit 
of magnesium oxide formed near the orifice of 
the vaporizer and in the course of about 10 min- 
utes closed the orifice off, thus limiting severely 
the time interval during which the flame could be 
maintained under constant conditions. Attempts 
to eliminate this difficulty completely were un- 
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ORIFICE, 1/8" DIA. 

BORON NITRIDE CRUCIBLE I' 

THERMOCOUPLE JUNCTION 

FROM VARIAC 

ARGON 

SEALED THERMOCOUPLE ASSEMBLY _* T 
FIG. I. Schematic of vaporizer. 

successful, but subsequently its severity was 
greatly reduced by diluting the oxygen atmos- 
phere with argon. Moreover, removal of the MgO 
deposit from the boron nitride crucible after each 
run was difficult, but with the present vaporizer, 
described below, deposit removal presented no 
serious problem. 

The apparatus developed on the basis of the 
exploratory work consisted of a stainless steel 
chamber of 12-inch i.d. and 20-inch height. Four 
viewing ports were placed 90' apart around the 
circumference of the chamber and 10 inches from 
its bottom. Flat glass windows were used for 
photographic photometry, and flat quartz win- 
dows for spectrographic runs. 

The flows of osygen and argon into the cham- 
ber, and of argon carrier gas into the vaporizer, 
were controlled by needle valves and metered 
TT ith rotameters. Cornmereid cylinder gases, 
passed over Drierite but otherwise not purified, 
were used. The gases were continuously removed 
from the chamber through an exhaust port in 
the top plate by means of a mechanical vacuum 
pump. A Cartesian manostat (Model No. 10, 
Emil Greiner Co., New York) was inserted be- 
tween the chamber and the pump for the purpose 
of maintaining the chamber pressure constant. 
The exhaust from the vacuum pump could be 
passed through a moving-soap-film device (Bub- 
ble-@Meter, Temple City, California), which 
was used for calibrating the individual rotam- 
eters, as well as for determining the total gas flow. 

The design of the vaporizer underwent several 
changes during the exploratory work. The final 
version, shown in Figs. 1 and 2, consisted of a 
Joule-heated stainless-steel tube of the shape and 
dimensions given in Fig. 1. The magnesium metal 
is contained in a boron nitride crucible supported 
on top of a protective tube, which forms part of 
the thermocouple assembly. The crucible fits this 
tube loosely, and was removed after each run for 
weighing and refilling, in order to determine the 
total magnesium consumption. An iron-con- 
stantan thermocouple was used. Stainless steel 
was employed for all parts of the vaporizer that  
heat up during a run, including the electrical 
leads to  the tube, the Tee, the thermocouple as- 
sembly and the tube feeding argon to the Tee. 
Lava sealant was used in the thermocouple 
gland (Conax Corp. No. XTG-24-A2). As shown 
in Fig. 2, the vaporizer was mounted on the 
bottom plate of the chamber. This plate was sus- 
pended with counterweights and was lowered 
between runs for refilling the vaporizer. 

An f/14 medium quartz spectrograph was used 
in the spectroscopic runs. Flame-emission spectra, 
and spectra of surface luminescence of MgO 
deposits, were photographed on Kodak 103a-F 
plates, while 103-F plates were used for absorp- 
tion spectroscopy. A spherical mirror of 1s-inch 
focal length was employed for projecting a I: 1 
image of the flame on the spectrograph slit. In  
order to increase the depth of the flame zone 
viewed by the spectrograph, a vaporizer with a 

FIG. 2.  Photographs of vaporizer. Left: assembled; 
right: thermocouple and boron nitride crucible. 
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slit orifice of 1-inch X 1/16-inch size \vas used in 
the spcctroscopic work, instead of the vaporizer 
with circular orifice. 

The method of photographic photometry8r9 
was used for deriving reaction-rate data from 
the distribution of light emitted by the flame. 
The technique of Rapp and Johnston,$ which is 
based on relative values of emission intensity and 
thus does not require step-wedge calibration of 
the film, was adopted for the present work. 

The theory of this method, discussed in detail 
in ref. 9, is based on the following assumptions: 1. 
The local radiation intensity is proportional to 
the local rate of a significant reaction step. In- 
stead of the usually postulated bimolecular rate 
law, the more general expression kC;vCx" may be 
assumed for this reaction step, where k is the rate 
constant, CN and CA are the concentrations of 
nozzle and atmosphere reactants, respectively, 
and n is the order of the reaction with respect to 
atmosphere reactant, which may be different 
from unity. 2.  For sufficiently large distances 
from the nozzle orifice, the flow term is negligible 
compared with the diffusion and reaction terms, 
and the flame has therefore spherical symmetry 
for large enough radii. 3. The concentration of 
atmosphere reactant CA is regarded as constant. 
(An analysis of the effect of atmosphere deple- 
tion is presented in ref. 16). 

With these assumptions, thc radial distribution 
of nozzle reactant is given by 

CN = ( n / r )  csp ( - w r ) ,  (11 
where A is a constant for radii r large compared 
to the orifice radius, and 

I n  the latter cspression, D N  is the diffusion co- 
efficient of nozzle rcactant. Since the reaction 
rate and therefore the radiation intensity are 
proportional to CN, the light-intensity distribu- 
tion on the flame photographs is obtained by in- 
tegrating the expression (1) along the light paths. 
The result of the integration8*$ can be expressed 
in terms of zero-order modified Bessel functions 
of the second kind, and may be approximated 
for sufficiently large radii by 

I = const. r-1 exp ( - U T ) .  ( 3 )  

By taking a series of photographs of the flame 
with constant aperture and various exposure 
times, the value of w can be determined under the 
further condition that the photographic reciproc- 
i ty law is satisfied. For this purpose, micro- 
photometer traces of the photographs through 
the flame center are taken. If the expression (3) 
is satisfied, the values of r corresponding to eon- 
stant film transmission for various exposure times 

T should give a straight line of slope -w, vvlien 
log ( r i / ~ )  is plotted versus r. 

I n  the present work, exposure times between 
0.5 sec and 2 min were used. The photographs 
were taken on Kodak Royal Ortho film with an 
f/4.5 lcns. The red-insensitive film was chosen to 
minimize background fogging due to scattering 
of thermal radiation emitted by thc vaporizer. 

An oxygen transducer" was used for recording 
the oxygen concentration in the pump exhaust 
flow during the photometric runs. The instru- 
ment was calibrated before and after each run 
by  exposing it to the atmosphere. Since its out- 
put is proportional to the oyygen partial prcs- 
sure, and the exhaust flow was essentially a t  
atmospheric pressure, the readings gave directly 
the osygen mole fraction in the flow. Owing to 
the consumption of oxygen by the flame, the 0 2  

reading dropped off shortly after the start of 
combustion and levelled off a t  a lower valur 
after about 10 min. This long delay was primarily 
due to the large volumes of the chamber and of 
other parts of the apparatus between the cham- 
ber and the pump exhaust. After the flame was 
extinguished by turning off the heating current, 
the osygen reading rose again, and attained a 
constant value after a similar delay. The final 
reading usually differed from the value before 
combustion by less than 4 per crnt. Runs in 
which the difference was appreciably largrr were 
discarded. The computation of the reaction rates 
was based on thc oxygen mole fraction cstah- 
lished in the presence of the flame. From the 
total gas flow and the difference between thr 
oxygen mole fractions in thc absence and presencr 
of flame, the rate of oxygen consumption was 
computed. 

The formation of deposits was studied by in- 
serting suitable targets into the flame zone. 
Rapid insertion and removal of the targets was 
accomplished by mounting them on a rod that 
could be moved ayially past an O-ring seal in a 
flange that replaced one of the windows. 

Results 

Appearance of the Flame. The flame became 
visible as a faint luminosity surrounding the 
vaporizer orifice, when the temperature of the 
vaporizer reached about 600OC. The intensity of 
the radiation increased appreciably when the 
vaporizer temperature was raised further. The 
color of the flame appeared uniformly pale-blue 
throughout the Combustion zone. Occasionally, 
particularly a t  high vaporizer temperatures and 
pressures above about 4 mm Hg, the flame seemcd 
to have a central zone of higher luminosity dis- 
tinctly separated from the surrounding region of 
radially decreasing radiation. However, the ex- 
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FIG. 3. Photograph of Mg-0, dilute diffusion flame. 

isteiice of this visually observed zone was not 
coiilirniecl by tlic flame photographs. A typical 
flame photograph, taken as one of a series for a 
photometric run, is shown in Fig. 3. The flame 
zoiie is seen to  dcviatc only slightly from spherical 
sliape, SO that  application of the photometric 
methodg appeared justified. The size of the flame 
zoiw dccreastd with increasing pressure and with 
iiiercasiiig o\ygeii concentration, and increased 
1% ith increasing vaporizer temperature, i.c., in- 
rrcasing magncsium concentration. 

Combustion Products. The magncsiuni oside 
Iormed in the diffusion flame collected as a fluffy 
tr:aiis!uccnt I\ hitc layer on all surfaces within the 
coinbustion cliamber, except on those in thc 
irriniediatc vkiiiity of the flame. This deposit 
~ ( J L I I C ~  be wiped off casily and was readily soluble 
in tlilute a d s .  Figurc 4 shows an cleetron micro- 
graph of tlic tlcposit collected on an clectron- 
mic>roseol)c spcciiwri screcii placed into the com- 
h s t i o n  e1iaml)er. The structure of the deposit 
rcscmblcs that ol carbon formed in rich hydro- 
c:trl)on f l a ~ 1 e s ~ ~ J ~  and that of many other 

FIG. 4. Electron micrograph of magnesium oxide 
smoke formed in the flame. 

FIG. 5. Magnesium oside deposit formed around 
the vaporizer orifice. 

The size of the individual particles 
is estimated to be of the order of 0.01 p. 

A magnesium oside deposit of entirely different 
structure accumulated on the surface of the 
vaporizer around the orifice, and on any other 
surface placed close enough to the orifice. This 
deposit formed a dense, hard layer, which, as 
already mentioned, adhered strongly to the ma- 
terials used in earlier versions of the vaporizer 
(boron nitride in the first, and inconel in later 
designs). I t  dissolved only slowly even in eon- 
centrated hydrochloric or nitric acids. Fortu- 
nately, the deposit separated spontaneously from 
the stainless-steel tube used in the present 
vaporizer, after the heating current was turned 
off a t  the termination of each run. Figure 5 shows 
a typical deposit formed during one of the photo- 
metric runs. Comparison of the weight of the 
deposits and the weight of the magnesium con- 
sumed during a run showed that between about 
25 and 35 per cent of the magnesium appeared in 
the deposit. The percentage varied presumably 
becausc of variations of flame geometry, which 
determined the portion of the reacting gases that 
impinged on the tube surface. 

The inner diameter of the deposit that  grew 
around the orifice was not simply determined by 

FIG. 6. Deposit with dark central region formed on 
boron nitride disc inserted vertically into flame. 
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the diameter 01 tne orifice, but varied with oxy- 
gen concentration, chamber pressure, and va- 
porizer temperature in a manner similar to the 
variation of flame size. For high oxygen concen- 
tration, high pressure and low vaporizer tempera- 
ture, the deposit grew conically inward and closed 
the orifice off after a few minutes. For conditions 
a t  the othcr extremc, the oxide formed a cylinder 
whose inner diameter exceeded that of the orifice 
appreciably (the diameter ratio exceeded 1.6 in 
some runs). I n  the latter case, a thin deposit 
formed on the tube in the annular region between 
the orifice and the cylinder, but the bulk of the 
oxide deposit grew outside this region. 

The growth of the deposit was accompanied 
by a surface luminescence which could be particu- 
larly well observed when the vaporizer tempera- 
ture and/or the chamber pressure were reduced 
until the flame radiation just disappcared. The 
color of the luminescence was a light blue of 
somewhat more saturated hue than that of the 
flame emission. In  the presence of the diffusion 
flame, the rim of the deposit emitted, instead of 
the luminescence, fairly bright thcrmal radiation 
indicating a temperature in excess of that of the 
vaporizer. 

The growth of a hard magnesium oxide dcposit, 
and the associated luminescence, were also ob- 
served on targets introduced into the flame zone. 
However, within a central region of the flame a 
black or dark-brown deposit formcd instead of 
the white layer in the surrounding region. Figure 
6 shows this sharply scparatcd dark area de- 
posited on a boron nitride disc that was inserted 
into the flamc with its vertical surface slightly 
behind the flame axis. The surface luminescence 
was absent in the dark region. The small area of 
lighter color within the dark region was found to 
consist of magnesium metal. It was therefore 
suspected that the dark deposit was formed by 
finely divided magnesium dispersed in MgO. To 
test this hypothesis, the dark layer was deposited 
on a BN disc provided with two electrodes. It 
was found that a current of a few pA passed 
through the dark dcposit when a potential of 
about 1 kV was applied. The current did not in- 
crease whcn the deposit was heated, indicating 
metallic rather than semiconducting propertics. 

The elongated shape of the dark area indicates 
some deviation from spherical symmetry, which 
is due to  the influence of carrier-gas flow and 
thus becomes unimportant for larger distances 
from the orifice. The size of the dark area was 
of the same order as the inner diameter of the 
deposit a t  the orifice, and varied in a similar 
manner with oxygen concentration, chamber 
pressure, and vaporizer temperature. 

Instead of the dark area, a central region free 
from deposit formed on a microscope cover glass 

141 

FIG. 7. Deposit formed on microscope cover glass 
inserted vertically into the flame. Seen from front 

(top) 2nd from below (bottom). 

iiiscrted vertically into the flame; this rcgion 
was surrounded by cylindrical deposits that grciv 
horizontally on both sides of tlie glass, as sho\vn 
in Fig. 7. 

Spectroscopic Results. The emission spectrum ol 
the dilute diffusion flame is s1ioiz.n a t  the top of 
Fig. 8. It consists entirely of continuum radiation, 
with a broad maximum a t  about 4500 A and 
narroycr maxima a t  about 3900, 6000, 6500, and 
6900 A. None of the well-known features of tlic 
spectrum of magncsium flames burning a t  higlicr 
p r e s s ~ r e s ' ~ J ~  were present. The spectra of tlie 
flame of a magnesium ribbon burning in air a t  
atmospheric pressure, shown for comparison o ~ i  
Fig. S, contain the MgO band 2t about 5000 A, 
the bands a t  3700 and 3520 A now attributed 
partly to  MgO and partly to MgO€I,21 and a 
number of magnesium lines, incJuding the self- 
reversed resonance line a t  2852 A, visible on the 
spectrum taken with longer exposure. 

The spectrum of the luminescenee that ap- 
peared on the surface of magnesium oyide dc- 
posits growing in the flame zone is shown in the 
second band from the top on Fig. S. For the 
purpose of obtaining this spectrum, a micro- 
scope glass slide was uscd as target for tlcposit 
formation and the chamber pressure (0.5 nun 
Hg) and vaporizer temperature were sct 1on- 
enough so that no flame radiation was visible. 
The spectrum is seen to coiitain a broad con- 
tinuum, rather siinilxr to the blue continuuni of 
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FIG. S. Emission spectra. 

the flame spectrum, but with the location f f  
riiasinium intensity shifted to about 4300 A. 
Thermal radiation emitted by the vaporizer and 
scattered by the MgO deposit caused the heavy 
cxposurc visible above 6000 A and prevented ob- 
servation of any luminescence that may have 
h e n  present in the red portion of the spectrum. 

During the exploratory work, it had been ob- 
served that a bright green radiation was excited 
in the flame by electrical discharges. The nature 
of this radiation seemed of some interest and 
therefore the spectrum of the radiation excited 
by a radio-frequency discharge through the flame 
was photographed. The spectrum, shown a t  the 
bottom of Fig. 8, shows the magnesium triplets 
a t  about 3S30 arid 5150 A as the most prominent 
features, as well as several other magnesium lines 
and, rather faintly, the MgO band. Since this 
spectrum was taken with the preliminary setup 
in the glass bell jar, the resonance line a t  2552 A 
could not be observed. 

A xenon-filled flash tube was used as a con- 
tiiiuuin light sourcc in attempts to obtain ab- 
sorption spectra of the flame. The only feature 
that appeared in absorption was the magnesium 
resonance line, which was also completely ex- 
tinguished nhcn the line spectrum from a mag- 
nesium hollow-cathode lamp was passed through 
the flame. In view of the complete estinction, 

the application of the lifetime methodG for deter- 
mining reaction rates does not appear promising 
for this flame. 

Photometric Runs. The experimental conditions 
and the results of the runs using photographic 
photometry are listed in Table 1. The oxygen 
partial pressures were computed from the oxygen 
mole fractions measured by the osygen trans- 
ducer in the pump exhaust flow in the presence 
of the flame; as mentioned before, these constant 
readings were established with some delay after 
combustion started. The rates of oxygen con- 
sumption were determined, as mentioned, from 
the difference of oxygen readings without and 
with combustion. The rates of magnesium con- 
sumption, determined from the initial and final 
weights of the crucible and the durations of the 
runs, agreed well with the rates of oxygen con- 
sumption. However, the accuracy of the measure- 
ments of either the oxygen or the magnesium 
consumption rate is probably not better than 
=t10 per cent, becausc the oxygen rate was dcter- 
mined as a small difference of two readings, while 
the duratioii of the run included the time of ap- 
proach to coilstant temperature of the vaporizer 
after the start of combustion. 

The ranges over which the experimental con- 
ditions could be varied were determined by 
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TABLE 1 

Experimental conditions :tnd results of photometric runs 

Unimolecular Biniolccular 
Os partial Vaporizer Rate of 0 2  con- rate constant, rate constant, 

Pressure, p pressure, po2 temperature sumption X I O 5  w kl  x 10-3 ka x 10-11 
(mm IIg) (mm Hg) ("C) (moles/min) (cm-l) (sec-l) (cm3mole-'sec-1) 

2.10 1.095 652 15.4 2.49 3.27 1.S6 
2.20 0.177 6% 11.7 2.71 3.70 13.00 
2.60 0.246 643- 17.2 2.35 2.35 5 .S6 
2.60 0.300 644 22.0 2.40 2.64 4.2'2 
2.75 0,456 667 29.2 2.13 1 .s1 2.4s 
2.90 0.24s 620 S.6 2.1s 1 .s2 4.56 
2.90 0.522 632 9 . 6  2.51 2.46 2.94 
2.95 0.233 646 16.4 1 .h7 1.31 3.51 
4.50 0.313 660 16.9 2.67 1.75 3.50 
4.50 0.500 623 6.0 3.41 2.S6 3.56 
4.55 0.425 661 21.5 2.51 1.53 2.2.5 
4.95 0.305 647 I0.S 3.57 2.S5 5.54 
4.95 0.910 643 12.0 3.57 2 .  S.5 1 .9.5 
6.90 0.302 666 L5.1 3.42 1.SS 3.57 
6.90 1.562 690 35.4 3.92 2.47 0.9s 
7.40 0.400 645 8.6 4.92 3.62 5,65 
7.45 0.393 673 16.5 3.46 1.7s 2.g2 
9.40 0.861 640 s.l 5.55 3.67 2.65 

various factors. The useful range of pressure was 
limited by the requirement of obtaining a flame 
of suitable size. To satisfy the condition of 
excess atmosphere reactant, the oxygen partial 
pressure could not be reduced Idow a certain 
value, while the rate of growth of deposit a t  the 
vaporizer orifice imposed an upper liinit on 
osygen partial pressure. 

Unavoidably, particularly for runs with high 
oxygen partial pressure, the growth of deposit 
caused some change of flame geometry during 
the course of a run. I n  order to minimize sys- 
tematic errors caused by these gradual changes 
of flame geometry, the photographs were taken 
with random sequence of csposure times, and a 
few exposures were repeated in each run to detect 
such gradual changes. Runs in mhich the changes 
were excessive were eliminated. The majority of 
the runs yielded very sntisractory straight-line 
plots of log ( d / ~ )  versus r for constant film trans- 
mission (see Esprrimeatal) . Plots for 50 per 
cent and 70 per cent transmission were prepared 
for all runs and gave values of o that  differed 
for each run a t  most hy 5 per cent. Tlie listed 
values are the averages obtained from these two 

In order to convert the w values into ratc con- 
stants, the oxygen concentration Cb, and the 

plots. 

diffusion coefficient Di\rs of the nozzle rractant 
must be known [see Eq. (2)]. This requires in 
turn a knowledge of the temperature in the flame 
zone. As yrt, no attempt has been made to 
measure this tcmpcraturc. In  vicw of tlic forma- 
tion of MgO deposits 011 all surfaces introduced 
into the Aame zone, the use of fine-wire thcrmo- 
couples undoubtedly would not yield the true 
temperature of the gas phase. Owing t o  the dilu- 
tion with inert gas and the low pressure, the 
flame teinperature is too low, on thc other hand, 
for using the linc-reversal method in the visible 
part of the spectrum. I n  the absence of any ac- 
curate knowledge of flame tcmperaturc, it  was 
estimated that  it mould exceed that of the va- 
porizer only slightly, and therefore tlic values of 
D M ~  and Cb2 were determined for the arbitrarily 
chosen temperature of 1OOO0K. 

The binary diffusion coefficient of magnesium 
in argon was computed from kinetic theory,2z 
using values of the Lennard-.Jones paramctcrs u 
and E listed in a recent  omp pi la ti on.^^ Tlie result, 
for 100O0K, was Dnls~r = 110S/p cm2/sec, where 
p is the pressure in mm Hg. (The error incurred 
by using the binary coefficient, rather than the 
expressions for tcrnary mixture, u-as estimated 
to be less than 3 per cent for the highest oyygcn 
concentration used). 
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Equation (2) also contains the reaction order 
n with respect to  oxygen concentration. One 
should be able, in principle, to determine n from 
the w values measured within a range of oxygen 
partial pressures. Since the diffusion coefficient 
is proportional to p-l, the slope of a logarithmic 
plot of' w2/p  vs. po2 should yield the order n and 
thus enable computation of the rate constant 
according to Eq. ( 2 ) .  However, the present re- 
sults were found to scatter too much on such a 
1)lot for reliable determination of reaction order. 
If d l  runs are regarded as equally reliable, the 
data seem to favor a value of n considerably less 
than unity, not excluding thc value n = 0, which 
is suggested by the heterogeneous reaction mecha- 
nism presented in the Discussion. However, if 
the two runs at the extrcme of the range of 
po2(poZ = 0.177 and 1.562, respectively) are re- 
garded as lcss reliable and are omitted, the rest 
of the data admit larger values of n, including 
n = 1. 

In  view of this uncertainty of the reaction 
ordcr with respect to osygen concentration, both 
a unimolecular rate constant kl, corresponding 
to  n = 0, and a bimolecular rate constant kz, 
corresponding to n = 1, were computed. Sub- 
stituting the expression for the diffusion coeffi- 
cient D ~ I ~ A ~ ,  and that for the oxygen concen- 
tration, 

Co2 = poJRT, (4) 
into Eq. ( 2 ) ,  one obtains the following relations 
for these rate constants: 

and 
kl = 110Sw2/p sec-l, ( 5 )  

lc2 = 6.90 X 10*Ow2/p po3 ~m~mole-~sec-~. (6) 

In these expressions, the pressures arc in mm Hg, 
and, as stated earlier, a temperature of IOOO'Ii 
mas arbitrarily assumed. 

These rate constants are listed in Table 1; 
their average values are kl = 2.5 X lo3 sec-l, and 
k2 = 4.0 X ~rn~mole-~sec-~, respectively. In- 
dividual values of kl differ from the average by 
less than &SO%. The scatter of the kz values is 
much larger, if one retains the two runs at  the 
extremes of po2;  even if onc omits these two runs, 
the scatter of kz  is still somewhat in excess of 
=t50%. The variations of either kl or k2 do not 

show any systematic trends with vaporizer tem- 
perature or with rate of oxygen consumption. 

Discussion 
While the rate data shown in Table 1 do not 

exhibit trends that, by themselves, would allow 
conclusions regarding a reaction mechanism, 
fairly convincing arguments in favor of a specific 
mechanism can be advanced when the rate 
measurements are confronted with the results of 
thermodynamic analysis. These arguments are 
further reinforced by the spectroscopic results, 
combined with the observation of the tendency 
€or growth of deposits of MgO in the flame zone 
in a surface reaction accompanied by lumines- 
cence. In  view of the low pressure, it appears safe 
to exclude a11 three-body processes from the 
mechanism, as far as homogeneous reactions in 
the gas phase are concerned. Thus, the initial 
step should be the bimolecular reaction 

Mgk)  + 0 2  + MgO(g) + 0, 
AH," = 28.0 kcd. (I) 

However, the concentration of gaseous MgO 
formed by this endothermic reaction must re- 
main small, as can be seen from the values of the 
equilibrium constant K = p ~ ~ o p o / p ~ x ~ p o ~ ,  com- 
puted using current thermodynamic data? and 
shown in Table 2. Moreover, a rough estimate of 
the activation energy of reaction (I) shows that 
its rate constant would be about five orders of 
magnitude smaller than the experimental bi- 
molecular constant kz. 

Neither the reaction of magnesium atoms with 
osygen atoms, nor the recombination of osygen 
atoms to molecules, would seem to be of im- 
portance at low pressure, since they would re- 
quire three-body collisions. The possibility for 
occurrence of the bimolecular reaction 

0 + Mg, -+ MgO + Mg (11) 

esists, but this reaction seems unimportant, since, 
unlike the alkali metals, the alkaline-earth metals 
have not been observed to form appreciable 
concentrations of diatomic molecules in the 
vapor phase. 

The possibility of other reaction steps occur- 
ring in the gas phase is thus essentially exhausted 
after reaction (I) has occurred. However, in 

TABLE 2 

Equilibrium constant of reaction (I) 

T("1i) 500 1000 1500 2000 2500 

P M  g O P 0  /PM SPOZ 6.2 X 10-'2 1.1 X 10+ 1.3 X 1.5 X 6.5 X 10-2 
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view of the very small equilibrium vapor pres- 
sure of condensed magnesium oxide, the small 
concentration of MgO vapor formed by reaction 
(I) corresponds to large supersaturation, and 
nucleation of oxide particles must therefore set 
in rq~id ly .2~  The observed tendency for growth 
of oxide deposits suggests that the nuclei will con- 
tinue to grow as a consequence of heterogeneous 
reaction of magnesium vapor and oxygen on 
their surface. The absence of atomic and molecu- 
lar spectra in the flame radiation, and the 
similarity of the blue continuum emitted by the 
flame to the spcctrum of the surface luminescence 
of growing MgO deposits, strongly support the 
conclusion that most of the oxidation takes place 
as a heterogeneous reaction on the surface of 
growing oxide particles.25 

One may regard the free-energy change AFIIIO 
of the stoichiometric over-all reaction 

AH,' = -17S.O kcal (111) 

as determining the tendency for occurrence of 
the surface reaction. Indeed, for given partial 
pressures p~~ and po2, the equilibrium partial 
pressure p ~ ~ o  corresponding to stoichiometric 
reaction differs from the vapor pressure (pMgo)eq 
in cquilibrium with condensed MgO, and defines 
a supersaturation 

LJ = PM~o/(PM,o>~, 

which may be regarded as a measure of the 
driving force of the surface reaction. The expo- 
nential factor of the above expression is given in 
Table 3, which demonstrates the magnitude of 
this driving force. 

The similarity between the spectra of flame 
emission and of surface luminescence suggests 
that the photometrically determined reaction 
rate is that of the postulated heterogeneous reac- 
tion, rather than that of any gas-phase reaction 
step. Furthermore, as long as the condition of 
excess oxygen concentration is satisfied, the sur- 
face reaction should obey the unimolecular rate 
law, independent of oxygen concentration, which 
is favored by the experimental data. The details 
of the reaction may be visualized as followsz6: 

Owing to the oxygen excess, many more oxygen 
molecules than magnesium atoms will collide 
with the particlc surface in unit time. The surface 
will therefore normally be covered by a moil- 
atomic layer of oxygen atoms, which will react 
with arriving Mg atoms with high collision rffi- 
ciency. On the sites where Mg atoms have r(h- 
acted, a clean o d e  surface is temporarily 
formed, which will be %ble to dissociatc arriving 
0% molecules, so that thr monatomic o\ygcn 
layer is continuously re-establishrd. 

The rate of oxide formation mill thus depcnd 
only on the collision frequency of Mg atoms witli 
the particle sur€acc, in agreement with ;I 11111- 

molecular rate law. However, the reaction ratr 
will be proportional not only to Mg conccntratiou 
but also to particle surface area per unit volumc. 
Since the particles grow in the flame zone as they 
move radially outward, thcir surfaer area in- 
creases with radial distance r. Thus, the diffcr- 
entia1 equation that  determines flame structure 
becomes nonlincar, and the distribution of Mq 
concentration cannot agree exactly with Eq. (1). 
Corresponding deviations from linearity should 
appear on the plots of log ( T ~ / T )  vs. r for tlie 
photometric runs, but were not observed in tlic 
present work. However, the absence of non- 
linearity of the plots does not exclude thr pro- 
posed mechanism, since the deviations from 
linearity may be too small to be noticeable, par- 
ticularly since the measurements are rcstricterl 
to outer regions of the flame zonc, wlicre tlic 
growth of surface area with radial distance 
should be slow. 

A rough estimate showed that particle diam- 
eters of 0.01 or less would provide adequntc 
surface area per unit volume to yield B uni- 
molecular rate of the measured order of mngni- 
tude, provided the collision efficiency is close to  
unity. It seems very difficult, however, to detcr- 
mine whether reaction (I), followrd by nuclea- 
tion, could create a sufficient number of particles 
to support the proposed mechanism, or whether 
other (possibly heterogeneous) starting rrnctions 
may be required. 

Similar heterogeneous mechanisms have been 
proposed recently for the formation of carbon 
from acetylenez7 and of nickel from nick1 car- 
bonyl? and they might be a common feature of 
reactions in which solid products arc formed 

TABLE 3 

Exponential factor of Eq. (7) 

T("K)  500 1000 1500 2000 2500 

exp( -AFIII'/RT) 5 x 1068 5 X IOz7 6 X 3 X 108 4 x 104 
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eluding MgO, exposed to other flame g a s e ~ . ” ~ ~ ~ ~ ~ ’  J. W.: Can. J. Chem. 38, 1795 (1960). 
The appearance of a dark deposit in the central 9. RAPP, D. and JOHNSTON, H. S.: J. Chem. Phys. 
region of the flarnc (Fig. 6) might provide in- 33, 695 (1960). 
formation on coinposition of the flame gases and 10. BREWER, L. and PORTER, R. F.: J. Chem. Phys. 
on kinetics, if its nature would be known. If the 32, 1567 (1954). 
deposit consists of finely divided magnesium 11. PORTER, R. F., CHUPKA, W. A. and INGHRAM, 
mctaI, the sharp boundary of the dark area could M. G.: J. Chem. Phys. IS, 1347 (1955). 
be explained by the phase rule, which allows CO- 12. National Bureau of Standards Report No. 
existence of Mg(s) and MgO(s) for given tern- 6484, July 1959. 
perature only a t  a prescribed composition of the 
gas phase. Thermodynamic analysis shows that 
this composition should correspond to vanishingly 
small oxygen concentration. The absence of (I 955). 
luminescence within the dark region and the de- 
pendence of its size on oxygen concentration 
support the view that the dark deposit is related 
to  oxygen depletion. However, the boundary 
does not seem to  correspond to total depletion, 
since some oxide is still deposited in the dark 
region. 
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Discussion 

PROF. A. D. WALSH (University of St .  Andrews, 
Dundee, Scotland): I was a little surprised by the 
statement that the only gas phase reaction that 
need be considered was 

Mg(g) + 0 2  + MgO(g) + 0 (1) 
In view of the fact that the energy of activation of 
this reaction must be a t  least 2s kcd/mole, could 
a third-order reaction (of zero activation energy) 

Mg(g) + 0 2  + M + MgOs(g) + M (2)  
be Easter than reaction (l), in spite of the low pres- 
sure used? 

DR. G. H. MARKSTEIN (Cornell Aeronautical 
Laboratory): In  reply to Dr. Walsh’s question, the 
proposed reaction was not considered because it 
postulates a species, Mg02(g), that has not been 

attribute to Mg2 in spectrograms we have taken of 
magnesium ribbons in oxygen-inert gas atmospheres 
a t  pressures which are relatively high compared to 
those of Markstein’s experiments. A typical spectro- 
gram we have taken is shown in the accompanying 
figure, which gives the results of burning magnesium 
in air a t  a total pressure of 75 mm Hg. This particu- 
lar spectrogram is chosen from the many we have 
taken of a pressure range of 60 mm Hg to 30 atm 
because the Lines and bands are not obscured by the 
background continuum from condensed MgO that 
we obtain in our experiments at  the higher pres- 
sures. On the spectrogram, which has first and sec- 
ond order spectra superimposed, the green system 
of MgO bands (4900-5007 A) is marked arid one 
can clearly observe the characteristic broadened and 
self-absorbed profile of the Mg resonance line a t  

observed experimentally (see refs. 10, 11, and 21 
of the paper). I agree that this reaction would be 
appreciably faster than reaction (I) of the paper. 
However, the measured rate constant would still be 
about three orders of magnitude too large, and, 
moreover, the three-body reaction would require w 
to be proportional to p rather than to p i ;  the latter 
pressure dependence i s  borne out by the data. 

Although the proposed reaction thus does not 
agree with the measured rates, it may very well 
determine the rate of formation of MgO particles. 

PROF. I. GLASSMAN (Princeton University) : In 
support of Dr. Markstein’s answer to Dr. Avery’s 
question as to the possible existence of Mg2 vapor 
and consequently, the feasibility of other reaction 
routes we1 could not find any bands that we could 

3552 A, which one obtains when Mg vapor exists a t  
varying temperatures in the flame.1.2 

Thus even a t  75 mm Hg total pressure MgO 
vapor can be present in appreciable amounts in Mg 
flames and the heterogeneous kinetic route discussed 
by Markstein does not necessarily have to be the 
major one with overall reaction a t  higher pressures. 
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PETER GRAY AND MALCOLM SPENCER 

Spontaneous ignition ‘studies are here reported on hydrazine and (unsymmetrical) dimethyl 
.hydrazine. This paper is part of a general program on the combustion of endothermic fuels. 

1. Hydrazine systems: N2H4 + NO; N2Hl + NzO. The work on hydrazine concerns the NzH4 + 
NO and N2H4 + N20 system. Particular aims are to establish the modes of reaction, to investi- 
gate the critical conditions for ignition, and to investigate the possible thermal character of the 
eqlosion. 

In mixtures with nitric oxide there is either slow reaction or explosion. The stoichiometric mix- 
ture (N2H4 + 2NO) is the most ignitible. The influence of inert diluents and comparison with NzH, + 
0 2  suggests that explosion is thermal in character. The ready ignition is correlated with the postu- 

. lated reactivity of nitric oxide towards radicals such as NH and NHz. 
In mixtures with nitrous oxide, explosion appears to be initialed as if nitrous oxide were merely 

a diluent although the nitrous oxide does not survive the &me. 
2. Dimethyl hydrazine systems: hle2NNH2 + 0 2 .  There is very little previous published work 

on dimethyl hydrazine (DMH) combustion. The conditions for DMH to undergo spontaneous 
ignition both in decomposition and in oxidative combustion have been examined. Distinct modes 
of oxidation exist. They include strong explosions, weak ignition, chemiluminescent oxidation, and 
slow reaction; in addition, multiple ignitions have been observed. Qualitatively, the combustion 
differs markedly from that of the superficially analogous mono-, di-, and trimethyl amines although 
there are resemblances to  the ethylamines. 

Introduction 
Hydrazine and dimethyl hydrazine are ex- 

amples of endothermic compounds which can 
support a flame in decomposition as well as in 
ostdation. Such systems are of interest for several 
reasons: Decomposition flames are chemically the 
simplest combustions known; their study broad- 
ens knowledge of flame systems (the vast ma- 
jority of experiments relate to the chemically 
complex but narrower field of hydrocarbon com- 
bustion) ; and such compounds have attracted 
attention technically as high energy fuels. 

Previous work has included studies of hydra- 
zine in slow and explosive decomposition, in slow 
oxidation‘ and explosive combustion2 supported 
by oxygen. In  addition measurements have been 
made on laminar flame propagation both in de- 
composition, and in oxidation supported by oxy- 
gen: nitric or nitrous oxide? There ap- 
pears to be rather little published work on di- 
methyl hydrazine other than Bamford’s5 spark 
i-dtion exTeriments. 

For this study the work on hydrazine is an in- 
vestigation of the spontaneous ignition of hy- 
drazine + nitric oxide and hydrazine + nitrous 
oxide mixtures. The particular aims are to estab- 

lish the modes of reaction, to investigate the 
mechanism of ignition by examining the critical 
conditions for ignition, and especially to investi- 
gate the role of self-heating in this thermal 
reaction. 

Dimethyl hydrazine (DMH) is considerably 
more complex. It is the aim of this work to estab- 
lish the conditions for D M H  to undergo spontane- 
ous ignition in decomposition and to discover 
whether in os<dation it behaves in a simple 
manner (as do mono-, di-, and trimethylamine6) 
or shows complex “coo1 flame’’ phenomena (as do 
di- and triethylamine6). In  fact several distinct 
modes of ignition are observed. The conditions 
for their occurrence, their chemical characteristics 
(mass spectrometric analyses have been used to 
characterize reaction products), and the role in 
them of self-lieating are clarified. 

Experimental 

Procedure 
The critical pressure limits of spontaneous 

ignition were determined by measuring the total 
pressure of reaction mixture necessary for igni- 
tion on admission to a hot vessel; the apparatus 
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was a modification of that  described by Gray 
and Yoffe? 

A silica vessel of 4.5 cm internal diameter, 350 
cm3 capacity, and 330 cm2 surface was used. The 
vessel was cleaned with hot concentrated nitric 
acid and distilled water before use. The apparatus 
could also be used to follow changes of pressure 
in a reacting system, although i t  was not suitable 
for accurate determinations of rate constants 
because the dead space was not negligible. 

iV1ateriuls 

Concentrated hydrazine, containing approxi- 
mately 98 per cent NzHh by weight, was dehy- 
drated by refluxing for 2-3 hours over fused 
caustic soda in an atmosphere of nitrogen a t  120 
mm Hg, followed by distillation under similar 
conditions. It was distilled and stored in vacuo. 
Iodate analysis* showed 99.8 to 100.1 per cent 

Commercial unsymmetrical dimethyl hydra- 
zine, obtained from Lights’ Ltd., was purified by 
fractional vacuum distillation. 

Nitric oxide was prepared by reducing sodium 
nitrite with acidic ferrous sulfate solution. Im- 
purities were removed by passing the gas over 
pellet caustic soda, phosphorous pentoside, and 
by fractional vacuum distillation from caustic 
soda. The product, stored a t  - 18OoC, boiled as 
an “ice blue” liquid. 

Other gases were obtained from cylinders. The 
oxygen, nitrous ’ oside, hydrogen, and “white 
spot” oxygen-free nitrogen were supplied by 
British Oxygen Gases Ltd. Argon of 99.99 per 
cent purity was supplied by Saturn Industrial 
Gases Ltd. Airco helium of 99.99 per cent purity 
was imported. The anhydrous ammonia was a 
product of Imperial Chemical Industries. 

w/w. 

Results 

Combustion of Hydrazine-Nitric Oxide il.lixtures 

Composition Dependence of the Pressure Limit  for 
the Spontaneous Ignition of NO + Nz& ilFixtures. 
The variation with composition of the pressure 
limit for spontaneous ignition in a silica vessel 
has been investigated between 652” and 392°C 
(Fig. 1). At both temperatures, the stoichiometric 
mixture (N& + 2NO) is the most readily 
ignited. After the explosion of such a mixture, 
the measured pressure increase was about 33 per 
cent, in accord with the equation for complete 
oxidation : 

NzHa + 2NO 3 2Nz + 2H20 

1 /;’ , 
- - 4  

d 
20 40 60 80 

COMPOSITION %N2H4 

FIG. 1. Spontaneous ignition of hydrazine-nitric 
oxide mixtures; dependence of the pressure limit 
on composition. Dashed line shows the variation 
of partial pressure of N,Ha with composition at 

652°C. 

Exilosions in hydrazine-rich mixtures were 
accompanied by a bright yellow flash. In  rich 
mktures (33 to 80 per cent N2H4) the pressure 
increase suggests that  all the nitric oside is re- 
duced and the escess hydrazine is dccomposed to 
N2 and H?. Ammonia is formed in very rich 
mixtures as the decomposition flame of hydrazine 
eventually supplants the combustion flame. 

In  hydrazine-lean mixtures the luminosity was 
relatively low.‘ Chemical analysis3 revealed the 
decomposition of excess nitric oside. 

Temperature Dependence of the Pressure Limit  for 
the Spontaneous Ignition of NO + N&& Mixtures. 
The dependence on temperature of the limiting 
total pressure for ignition of a stoichiometric 
mixture (NZH4 + 2NO) was examined from 343 
to 652°C (Fig. 2) .  The ignition pressures of a 
rich mixture (&E + NO) were appro.\imately 
10 per cent higher. 

At temperatures above 365°C induction periods 
of less than one second separated the admission 
of stoichiometric mixtures to the reaction vessel 
from explosion. Esplosion was rarely audible a t  
the limit. At temperatures below 365°C ignition 
delays in excess of 2 seconds were observed. The 
explosion limit was less reproducible a t  lower 
temperatures. 
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FIG. 2.  Spontaneous ignition of hydrazine-nitric 
oxide mixtures; dependence of the pressure limit 

on temperature, and influence of inert gases. 

Influence of Diluents on tlte Pressure Limits for 
the Spontaneow Ignition of NO + Nz& Mixtures. 
The effect on the esplosion limit of added diluents 
hns been examined. Figure 2 shows the variation 
with temperature of the explosion limit for mis- 
tures of composition Nz& + 2N0 + 3X and- 
&& + 2N0 + 5X where X is He, Ar, Nz. The 
addition of argon, nitrogen, and helium raises 
the limiting total pressure for esplosion. 

Combustion of Hydrazine-Nitrous Oxide Mixtures 

Mixtures of hydrazine with nitrous oside were 
i,gited in the silica vessel a t  6% and 652OC. 
Figure 3 shows the variation with mixture com- 
position of the pressure limits for ignition a t  these 
temperatures. The composition-pressure curve 
does not have the familiar U-shape associated 
with second-order reaction in binary mix%ures : 
The partial pressure remains approsimately con- 
stant. The rate of reaction thus does not depend 
on the partial pressure of NzO, and the primary 
role of N20 may be that of a diluent. The pressure 
increase on ignition, however, indicates that  N20 
as well as N2& must suffer estreme decomposi- 
tion so that NzO may be involved in subsequent 
osidation. Complete oxidation in stoichiometric 
mixtures is represented by: 

2Nz0 + NzHi 4 3Nz + 2Hs0 

A H  = - 177.5 kcal/mole 

Tests for the Ignition of the Decomposition Products 
of Hydrazine with hTitric and hiitrous Oxides 

In  order to establish that all the ignitions ob- 
served were the consequence of primary processes 
(e.g. direct interaction between hydrazine and 
nitric oside), and did not result merely from 
secondary oxidations of the products of hydrazine 
decomposition (Ht and NH3), blank experiments 
were carried out. The four mistures HZ f NO, 
NH3 + NO, H2 + NZO, NH3 + NzO were each 
admitted to the vessel at 652OC. In  no case was 
ignition observed; even the thermal reaction was 
slight. These results are in accord with previous 
work on these systems?-12 

Spontaneous Ignition of Pure Dimethyl Hydrazine 

Like hydrazine, pure unsymmetrical dimethyl 
hydrazine (DMH) will undergo spontaneous 
ignition. The luminosity of the ignition, semi- 
transparent and whitish in color, was slightly 
weaker than that of ignitions in DMH-rich mix- 
tures with osygen. The pressures required were: 

Temperature ("C) 420" 443' 484' 514' 

Pressure (mm Hg) 48.5 2S.9 12.4 5.7 

The a.ddition of argon facilitatdd ignition. 

60 - - ~ _  

50 - 
n 
I 

4 0 -  
w 
n: 
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3 0 -  
n. 
A < 
I- 
2 20- 

20 40 60 80 

COMPOSITION %N2H4 

FIG. 3. Spontaneous ignition of hydrazine-nitrous 
oxide mixtures; dependence of pressure limit on 
composition. Dashed line shows the mean partial 

pressure of N2Hd at 6S5"C. 
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Analysis has identified only the simple prod- 
ucts. Those of slow decomposition were mainly 
nitrogen and methane. In  explosive decomposition 
however, other products including H2, NHs, and 
HCN were found. 

Spontaneous Ignition of Mixtures of Dimethyl 
Hydrazine with Oxygen 

The explosive combustion of mixtures of di- 
methyl hydrazine with osygen is comples. Ac- 
cording to the pressure, composition, and tem- 
perature, oxidation may be either (1) a slow 
reaction, unaccompanied by light emission, ( 2 )  a 
very feebly chemiluminescent reaction, (3) a weak 
ignition, or (4) a violent, audible explosion accom- 
panied by an intense flash. Furthermore, there 
are possibilities within regions (3) and (4) of 
multiple ignitions. For example, a mixture con- 
taining 33 per cent of DMH, a t  420°C, a t  a total 
pressure of 40 mm Hg gave a single intense white 
ignition. The same mixture a t  the same tempera- 
ture but a t  a pressure of 41 mm Hg gave two 
successive ignitions. 

The vigorous explosion was found in all mis- 
tures from 15 to 45 per cent DMH, the critical 
pressure limit tending to a minimum near the 
center of this composition range. The weak igni- 
tions were observed in mixtures which were either 
too rich or too lean in DMH for strong explosion 
to occur. The chemiluminescent reaction was seen 
(under conditions too mild for strong explosion 
or weak ignition) in mixtures containing from 14 
to 62 per cent DMH. 

In  oxidation, H2 was found in the products of 
strong explosion, weak ignition, and ehemi- 
luminescent reaction. The products of weak 
ignition are similar to those of the decomposition 
flame but include water (and possibly CO) . The 
products of strong explosion were fairly simple 
including HzO, NZ and smaller amounts of the 
oxides of nitrogen and carbon. Slow oxidation 
and chemiluminescent reaction give products 
differing from those of strong explosion only in 
the greater concentration of large molecules (up 
to about mass number so) present. 

Composition Dependence of the Pressure Limits 
for the Spontaneous Ignition of 0 2  + DMI-I Mix-  
ture at 514°C. At 514OC the vigorous explosion 
was examined in mixtures from 20-40% DMH. 
The minimum pressure for strong ignition (Fig. 4) 
occurred a t  a composition close to DMH + 202. 
At approximately this composition the intense 
Bash changed, with decreasing DIVH content, 
from white to a more audible pink ignition. The 
addition of inert gas raised the total pressure for 
ignition. At higher pressures, and within the com- 
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FIG. 4. Spontaneous ignition of DMH-oxygen mix- 
tures a t  514°C; dependence of the pressure limit on 

composition. 

position limits for a single strong explosion, mul- 
tiple ignitions were observed. A bright pink or 
white explosion was followed half a second later 
by one or more silent whitish ignitions, occupying 
the whole of the vessel. These latter ignitions, 
which were similar to the “weak ignitions,” oc- 
curred a t  0.3 second intervals. 

Weak ignition was seen in mixtures containing 
more than 32 per cent DMH. The ignitions were 
silent, semi-transparent, and white.’ The limit 
showed an apparent minimum corresponding to 
4DMH + 0 2 .  The addition of inert diluents 
(argon, nitrogen, and helium) raised the total 
pressure limit for ignition, the general form of 
the limit being preserved. Multiple “weak igni- 
tions” were observed a t  higher pressures. The 
first ignition was strongest and was followed by 
similar ignitions a t  less than half second intervals. 

Composition Dependence of the Pressure Limit  for 
the 8pontuneou.s Ignition of Oa + DMH Mixtures 
at 420°C. At 42OoC, the oxidation of DMH by 
oxygen showed more comples features. Figure 5 
maps the ignition limits for the three fundamental 
ignition processes which can occur in the system. 
The boundary associated with the region of 
strong explosion showed two close but quite dis- 
tinct lobes (minima), one a t  30 per cent corre- 
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FIG. 5.  Spontaneous ignition of DMH-oxygen mix- 
tures at  420°C; dependence of the pressure limit on 

composition. 

sponding to the strong pink esplosion and one 
corresponding to the white esplosion a t  35 per 
cent DMH. The shape of the pressure limit for 
multiple ignitions emphasized the double-minima 
shape of the single ignition limit, and the addition 
of nitrogen to DMH-oxygen mistures produced 
two isolated regions of explosion a t  elevated 
pressures. 

The shape of the weak ignition limit was quite 
different at 420°C from that a t  514'C. The mini- 
mum pressure for ignition now occurred in leaner 
mistures (Fig. 5 ) .  The ignitions were observed 
in niis$ures containing betflreen 10 and 20 per 
cent DMH and more than 39 per cent DMH. 
The pressure limit for multiple weak ignitions 
was examined. The addition of nitrogen was ob- 
served to raise the total pressure limit for igni- 
tion of both the single and multiple ignitions. 

Chemiluminescent oxidation of DMH was ob- 
served a t  420'C under conditions too mild for 
strong esplosion. It occurred between 14 and 62 
per cent DMH (Fig. 5 ) .  The addition of the 
inert diluents argon, nitrogen, and helium lowered 
the partial pressure of DMH + 0 2  necessary for 
chemiluminescence. 

In$uence of Temperature and Inert Diluent on the 
Pressure Limit for  the Spontaneous Ignition of 
0 2  + DMH Mixtures. The variation with tem- 
perature from 514°C to 300'C of the limiting 
total pressure for esplosion in a misture of 
DMH + 202 was examined (Fig. 6). Induction 
periods varying from 2 seconds a t  353°C to 8 
seconds a t  300°C were observed to occur with 
some esplosions. Below 380"C, the character 
and occurrence of explosion was markedly de- 
pendent on the speed of entry of the gases into 
the reaction vessel. The addition of argon, 
nitrogen, and helium in mi?;tures DMH + 202 + 
3X raised the total pressure limit for ignition. 

Figure 7 shows the effect of temperature upon 
the pressure for weak ignition in a misture 
4DMH + 02. This was studied between 514" 
and 3SO'C. The addition of inert diluents in 
mixtures 4DMH + 0 2  + 12X(X = Ar, Nz, He) 
raised the total pressure for this ignition. The 
results, plotted as partial pressures of DMH in 
the ignition misture, show that argon and nitro- 
gen facilitate weak ignition. Helium makes it 
more difficult. 

Chemiluminescent osidation was observed 
between 420' and 307°C. The results are less re- 
producible above 4OO0C, and a t  higher pressures. 
The luminosity appeared a few seconds after 

a DMH +20, 

+ D M H + 2 0 2 +  Ar 

0 DMH+202+3NZ 

I DMH + 202 + 3He 

I o DMH + 202 + 5He E 

I I I I I 
300 400 500 

TEMPERATURE - OC 

FIG. 6. Strong explosion of DMH + 202; de- 
pendence of the pressure limit on temperature 

and the influence of inert gases. 
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admission of the reactants to the hot vessel and 
persisted for 5 to  6 seconds as a blue glow. The 
rate of pressure change in the first 10 to 15 seconds 
was about four times greater in the misture 

' DMH + 202 than in the mixture DMH + 2N2; 
it fell off rapidly with time. Figure S shows the 
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FIG. S. Chemiluminescent reaction of DMH + 202;  
dependence of the pressure limit on temperature and 

the influence of inert gases. 

temperature-dependence of the luminescent re- 
action. Luminescence was also observed in mix- 
tures DMH + 202 + 3X (where X = Br, NZ or 
He) at lower partial pressures of D M H  4- 202. 

Discussion 
Results are discussed in two sections. The first 

is concerned with-hydrazine oxidation; the second 
with dimethyl hydrazine in decomposition and 
oxidation. 

Spontaneous Ignition of Hydrazine with Nitric 
Oxide 

OnlyItwo modes of reaction are observed over 
the whole range of composition and temperature 
studied: slow thermal oxidation and explosive 
combustion. The temperaturedependence of the 
explosion limit is simple (Fig. 2).  That the ob- 
served ignitions are the consequence of direct 
interaction between the reactants is shown by 
the evidence of "blank" experiments in which 

TABLE 1 

Minimum ignition temperatures ("C) 

NO 0 2  N 20 

NH, 800" 1070 1000 

N J L  335 400 670 

Wolfhard and Strasser"; flow system. 

mixtures of nitric oside with ammonia or hydro- 
gen (the decomposition products of hydrazine) 
do not ignite, and the lengthy half lives of the 
hydrazine decomp~sition.'~ These observations 
exclude the possibility of prior pyrolysis of 
hydrazine to  stable products. The pressure in- 
crease accompanying the oxidation of hydrazine 
with nitric oside indicates that  reaction to Nz and 
H20 is complete: 

X2H4 + 2x0 + 2N2 + 2Nr0 

AH = -181 ..5 kcd/mole 

For nonstoichiometric mixtures, the reactant in 
escess, whether this is hydrazine or nitric oside, 
is decomposed. 

Thc spontaneous ignition of NO + N2& may 
be usefully compared with that of related systems. 
Table 1 summarizes the approximate minimum 
ignition temperatures of binary stoichiometric 
fuel oxidant mivtures at 50 mm Hg total pressure. 
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A nitric oxide-hydrazine misture ignites far 
more readily than does one of nitric oside plus 
ammonia. Ordinarily however, ammonia is con- 
sidered to be very reactive towards nitric oside14; 
this is the case relative to hydrocarbons (such as 
methane) which are believed to require the prior 
decomposition of nitric oxide to its elements 
before esplosive oxidation can occur. The reac- 
tivity of ammonia towards nitric oxide is ascribed 
to the formation of NH2 and NH radicals. Their 
reaction with NO has been proposedI5 to explain 
the low intensity of the NH2 band emission from 
the ammonia nitric oside flame. 

4NH3 + 6N0 -+ 5N2 + 6Hz0 

AH = -432 kcnl/mole 

If the ability to furnish NH2 radicals is the neces- 
sary condition for the efficient reduction of NO, 
i t  is natural tha t  hydrazine, which readily de- 
composes to NH2 radica1s,l6 should be more re- 
active than ammonia. 

N2H4 -+ 2NHz AH = 60 kcal/mole 

When nitric oxide is compared with oxygen as 
a supporter of the combustion of hydrazine, two 
contrasts emerge. First, the spontaneous ignition 
of p\T& + 2N0 is somewhat easier than that of 
N2H4 + 0 2  (Table 1). This may be a further 
mnnifestation of the reactivity of nitric oxide 
with amino radicals, or of the greater heat release 
of the reaction with nitric oxide. Secondly, the 
ignition limit with nitric oside is simple whereas 
that with osygen shows two distinct modes of 
ignition? One is a strong esplosion which resem- 
bles that found with nitric oxide; the other, a 
weak delayed ignition, is due to the esplosion of 
hydrogen formed in a side reaction. Delayed 
ignition is not possible when nitric oxide is the 
supporter of combustion. 

The mechanism of the spontaneous ignition of 
NO + N2H4 mistures may now be esamined and 
the estent to which self-heating can account for 
the observed behavior assessed. 

It is known that spontaneous ignition in 0 2  + 
&H4 occurs by a self-heating mechanism.' Oxida- 
tion supported by NO is even more esothermic 
and unlike 0 2 ,  nT, cannot participate in branching 
reactions. Thus the same interpretation is ex- 
pected to apply to this system. The addition of 
helium, of high thermal conductivity, raises the 
pressure limit for ignition, showing the esistence 
of self-heating. If a unique interpretation is to be 
offered for the mechanism of ignition, it should 
be possible to explain quantitatively (1) the 
composition dependence of the pressure limit for 
ignition, (2) the temperature dependence of the 
limit, and (3) the influence of inert diluents upon 

ignition. However, in the absence of adequate 
isothermal kinetic measurements on the homo- 
geneous reaction a detailed test is not possible. 

The results of a simple thermal theory1' of es- 
plosion are summarized by the relation: 

where m and n are the orders of reaction with 
respect to hydrazine and nitric os4de; r is the 
radius of the vessel treated as an infinite cyl- 
inder; R is the gas constant; Q is the heat of 
reaction (cal/mole) ; E is the activation energy; 
u is the thermal conductivity of the mixture 
(cal/sec cm deg) ; A is the frequency factor; and 
K is a "rate" constant. 

For the composition dependence of the ignition 
pressure, Eq. (1) predicts that  the ratio 

PN&H6rnPNo "/u 

should be constant. This ratio has been calcu- 
lated (Table 2) for two cases assuming m = 1 
and n = 1 or 2. The thermal conductivities were 
calculated by the method of Lindsay and 
Bromley.l* 

TABLE 2 

Values of the ratio PN~B~~'PNO~/U 

PN?HJ'NO/~ PN~'NO~/U 

1.22 x 106 

50% N?H, 1.902 X l o 5  1.0.59 X 108 

90% NzH4 4.49 X lo5 1.309 X loG 

14% N2H4 1.153 X 1@ 

In  both cases some fluctuation of values is ob- 
served, but  those values calculated for a second- 
order dependence on NO are more nearly con- 
stant. Many of the known reactions of nitric 
oside are third order. However, those reactions 
in which the N-0 bond is broken appear to have 

slow oxidation of ammonia by nitric oside shows 
a half power dependence on the concentration of 
NO. For N&& + NO mistures it is not possible 
to establish conclusively the order of reaction 
without further isothermal kinetic studies. 

The thermal theory of esylosion applied to a 
reaction obeying the Arrhenius law permits an 
effective activation energy to be obtained from 
the temperature-dependence of the ignition pres- 
sure. In  the case of N2H4 + NO, a plot of 
log P / T z  (where x = 2 for a second-order reac- 
tion and 1.66 for a third-order reaction) against 

I 

more complex: kinetics; for example, the rate of I 

I 
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1/T  is not linear. Thus E varies and the reaction 
is complex. 

From thermal theory, if P = PN2H4 + ~ P N O  
Eq. 1 simplifies so that for the addition of inert 
gas to a third-order reaction the ratio P / d  
should be constant. This is approximately the 
case. 

Inert gas none Ar N2 He 

P / d  180 l i 0  1so 200 

The esperimental results agree qualitatively 
with the predictions of thermal theory and sug- 
gest that  self-heating is the principal agent lead- 
ing to explosion. Short radical chains are almost 
certain to esist in the system and their presence 
may well account for the lack of agreement 
between experiment and theory. 

Dimethyl Hydrazine 

Dimethyl hydrazine is, of course, less simple 
than hydrazine itself and might have been ex- 
pected to resemble dimethylamine in combustion 
characteristics, or to bear the same relation to 
hydrazine as does dimethylamine to ammonia. 
In  fact, its behavior is considerably more com- 
plex, ?or in combustion the three methylamines6 
show only slow reaction or vigorous esplosion 
whereas dimethyl hydrazine combustion displays 
in addition, multiple ignitions, weak ignitions, 
and chemiluminescence (resembling the "cool" 
flames reported in di- and triethylamine com- 
bustion? In  the following discussion, attention is 
given only to the salient features of the new ob- 
servations reported here: In  any case, a unique 
interpretation cannot be put on all the modes of 

Spontaneous Ignition of Pure Dimethyl Hydrazine. 

When dimethyl hydrazine decomposes thermally, 
methane and nitrogen are the major products. 

reaction discovered. 

(CHa)*NNH* + 2CH4 + Nz 

AH = -92.2 kcal/mole 

I n  spontaneous ignition (which is accompanied 
by  a pressure increase of S5 to 100 per cent) mass 
spectrometric analysis confirms that methane 
and nitrogen are the major products and shows 
the formation of smaller amounts of hydrogen, 
ethane, ammonia, and some HCN. Such stoichio- 
metry suggests the intervention of free radical 
processes, although branching chains are ex- 
tremely unlikely and ignition is almost certainly 
thermal in origin. The simple form of the ignition 
limit, the form of a graph of log PIT3 against 

1/T,  and the influence of added argon are in 
accord with this interpretation. At 4S4"C1 the 
quotient PDMH/U which on a thermal esplosion 
theory should depend only on temperature, has 
the value 8.0 X lo4 in pure DMH and 7.0 X lo4 
in the threefold diluted mixture DMH + 3Ar. 
The agreement is moderately good. 

As with hydrazine, initiation of reaction is 
quite likely to occur by N-N bond fission. Though 
the thermochemical data leave much to be de- 
sired, this step seems likely to be endothermic by 
some 55 k ~ a l / m o l e . ~ ~  

(CHa)?NNH2 4 N(CH3)n $- NH? 

AH = 55 kcal/mole 

The effective activation energy E = 27 
kcal/mole, derived from a graph of log P/T3 
against 1/T, suggests that  the step above is not 
the rate-determining one. The same situation 
occurs in the spontaneous ignition of hydrazine. 

Spontaneous Combustion ( Strong Explosion) of 
Dimethyl Hydrazine Plus Oxygen. The minimum 
pressure required for ignition occurs near 
DMH + 202. The fact that  with oxygen DMH 
esplodes much more readily than does a stoichio- 
metrically equivalent artificial ethane-hydrazine 
mixture, together with the observation that in- 
duction periods before explosion are much shorter 
than are half-lives for DMH decomposition, con- 
firm direct reaction between fuel and oxidant as 
the origin of explosion. 

Complete oxidation is very exothermicz0: 

(CH,):NNH, + 402 = 2COz + 4Hz0 + N2 

AH = -472.6 kcal/mole 

Mass spectrometric studies of the slow reaction 
of DMH + 202 indicate that Nz, CO, and HzO 
are the principal products and H2, C&, and NHx 
are formed in smaller amounts. Other unidentified 
products exist, some having mass numbers 
greater than tha t  of the parent molecule. The 
products of strong explosion are less complex. 

Thus a simple reaction path is not expected 
and radicals are probably involved. However, 
the exothermicity and the simple T-dependence 
of the pressure limit lead one to expect a con- 
siderable thermal contribution to explosion. Some 
support is lent to this view by the raising of the 
ignition limit by inert. diluents, more quantita- 
tively by the approximate constancy of P / d ,  

~~ ~~~ 

Inert gas Ar Nz He None 

10-3P/a* (at 514°C) 1.8 1.87 1.65 1.57 
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and by the linearity of log PIT2 against 1/T. 
However, around the explosion boundary at 
514OC, PN~QPNC,/~T is not constant and 2 wholly 
thermal origin to expiosion cannot be postulated. 

The multiple (strong and weak) ignitions are 
more characteristic of higher hydrocarbons than 
of hydrazine o?;idation. It is surprising that they 
are not found in dimethylamine oxidation. 

W e a k  Ignition and Chemiluminescent Ignitions 
in Mixtures of Dimethyl Hydrazine with Oxygen 
Weak ignitions and chemiluminescence (though 
different from each other) are the principal 
phenomena which are not paralleled by methyl- 
amine osidation. Their occurrence here, although 
similar to that in di- and triethylamine osidrttion, 
disposes of the possibility that  such phenomena 
are confined to molecules with carbon-carbon 
bonds in them. 

Weak ignition is most readily observed in very 
rich (4DMH + 1 0 2  at 514’C) mis%ures and 
resemblances to spontaneous ignition in decom- 
position are therefore not surprising. These in- 
clude the appearance, and the product analyses. 
All the .products of decomposition are present, 
some in slightly increased amounts; some water 
and carbon monoxide are also found. The tem- 
perature-dependence of the weak ignition limit 
in a 4DMH $. 102 mixture is simple. Both this 
and the quantitative effect of inert gases are in 
accord with a thermal mechanism. 

Chemiluminescence, occurring in the mixture 
D M H  + 202 at temperatures from 300 to 4OO0C, 
has qualitative resemblances to the “coo1 flames” 
of hydrocarbon combustion and alkyl nitrate’ 
decomposition. Mass spectrometry shows that i t  
resembles slow oxidation in the similarity of its 
reaction products; only small amounts of hydro- 
gen are found, together with water, ammonia, 

* methane, and nitrogen. Chemiluminescence ap- 
pears not to  be a precursor of ignition (whether 
weak or strong). It is markedly facilitated by all 
the inert diluents and self-heating cannot be of 
primary importance. It appears to be a true 
feature of oxidation since i t  has not been ob- 
served in pure decomposition and since in the 

mixture DMH + 202 the rate of reaction in the 
initial stages (i.e. while chemiluminescence is 
occurring) is considerably greater than in 

The occurrence of chemiluminescence in this 
system in the absence of any hydrocarbon groups 
more complex than methyl is remarkable. 

D M H  + 2N2. 

I 
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Discussion 
DR. H. M. CASSEL (Bureau of Mines,  Pittsbut-gh): 

I would like to  know whether or not the experiments 
permit a conclusion regarding a relation between 
length of induction period and activation energy. 
Of course, very short ignition delays may result 
from superheating. 

DR. M. SPENCER (University of Lee&): 
(a) Hydrazine + Nitric Oxide. Ignition delays 

larger than 2 seconds have not been observed in 

this system. Bearing in mind the uncertainty of the 
instant of entry of gas into the reaction vessel, the 
measured induction periods are too small and the 
possible errors in them too large to make an attempt 
a t  correlating induction periods with activation I 

energy worthwhile. 

periods. 

served for weak ignition in such mixtures. 

I 

(b) DMH decomposition flame. No induction 

( c )  DMH + 0 2 .  No induction periods were ob- t 





THERMAL DECOMPOSITION OF WOOD I N  AN INE 
ATMOSPHERE 

A. F. ROBERTS AND G. CLOUGH 

The thermal decomposition of wood has up to now been represented by an overall first order 
reaction with a definite heat of reaction.' There is now sufficient experimental evidence to  show 
that such a treatment is too simple, since values obtained for activation energy and heat of reaction 
vary with experimental conditions.2J 

The present paper describes a series of experiments in which cylinders of wood were decomposed 
under controlled heating conditions in an atmosphere of nitrogen in a furnace. During each experi- 
ment, the specimen was weighed continuously and its temperature was measured at several points. 
Data were analyzed in terms of the above theory to examine its validity and shortcomings. 

Introduction 
A knowledge of the rate of thermal decomposi- 

tion of wood under different heating conditions 
is essential to a detailed understanding of the 
growth of fires. However, methods of calculating 
rates of decomposition still await adequate ex- 
perimental confirmation. Owing to the complexity 
of the reactions involved, it has become cus- 
tomary to treat this process in terms of an overall 
reaction, expressed as an equation of a given 
order, and to assign to i t  a single heat of reaction. 

Experiment suggests that  these simplifications 
are not always justified. Evidence for a variation 
in activation energy with temperature? and of 
heat of reaction with reaction rate has been re- 
ported: while Thomas and Bowes4 have recently 
shown that discrepancies between data on self 
heating and on self ignition of fiber-board can be 
partially explained by the presence of more than 
one exothermic reaction. There is therefore a 
need for a more detailed examination of the 
processes involved. 

Much of the information that exists a t  present 
has come from experiments on the self ignition of 
materials derived from wood, such as fiber-board 
and sawdust. A typical experiment consists in 
finding, for a pile of material a t  a given ambient 
temperature, the critical size a t  which the heat 
generated by exothermic reaction can no longer 
be dissipated and a thermal ignition occurs. 

Experiments of this type are limited in scope: 
The temperature range which can be covered is 
limited by the rapid decrease of critical size with 
temperature, and each experiment gives only a 
critical condition which must be interpreted in 
terms of a somewhat complicated theory. A 

15s 

critical condition would occur whether this 
theory were valid or not and it is only by studying 
the variation of a critical parameter with tem- 
perature that the required information is 
obtained. 

Bamford, Crank, and Malan' combined the 
equations for heat conduction in a solid with 
those for heat generation by a first order reaction 
and solved them by a finite difference method, 
for the conditions of a series of experiments which 
they performed. In  their experiments boards of 
various thicknesses were heated on both sides by 
flames, and their surface and center temperatures 
were measured. The values of activation energy, 
velocity constant, and heat of reaction which 
gave the best agreement between experimental 
and calculated values of the center temperature 
were then determined. 

The present experiments follow this approach, 
but in addition: 

(i) Specimens were weighed continuously; 
(ii) the temperature of the specimen was 

(iii) the heating conditions were capable of 

(iv) the composition of the atmosphere sur- 

measured at several points; 

independent variation; 

rounding the specimen was controlled. 

I 

Experimental 
Preparation of Specimens. Cylinders of beech of 
approximately 1 cm radius were turned and 
divided into two sections of approximate lengths 
10 cm and 5 cm. On the face of separation of the 
longer of the two sections five holes were drilled 
along a single diameter to a depth of 2.5 cm, 

I 
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HOLES DRILLED FOR 
THERMOCOUPLES 

I 
THERMOCOUPLE 
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FIG. 1. Preparation of specimen. 

parallel to and a t  different distances from the 
axis (see Fig. 1). 

A 30 s.w.g. Chromel/Alumel thermocouple was 
inserted to the full depth of each of these holes 
and grooves were made in the end face so that 
the thermocouple leads could be laid flat without 
projecting beyond this face. The smaller section 
was then glued to this face, with the ases care- 

fully aligned and the original orientation of the 
two sections restored. The adhesive used was a 
phenol-resorcinol-formaldehyde resin which re- 
mained adhesive a t  temperatures over 450°C. 

After reassembly a sisth thermocouple was at- 
tached, to the surface, in line with the others. 

The specimens were prepared in this way to 
ensure that the junctions of the thermocouples 
lay along a diameter of the cylinder, approxi- 
mately equidistant from each end, and that the 
leads of the thermocouples could be made to 
leave along isothermal paths. Preliminary work 
had shown that these precautions were necessary 
to avoid end effects, the effects of any slight 
asymmetry in the heating conditions, and errors 
due to conduction of heat along the thermocouple 
leads. 

Experimental hrangement.  The general layout 
of the apparatus is shown in Fig. 2. 

The specimen was supported along the asis of 
the furnace by a steel rod which formed part of 
a continuous weighing system accurate to within 
0.2 grams; losses in weight of the specimen were 
detected by increases in tension in the spring of 
the spring balance, while movement of the speci- 
men due to elongation of this spring was com- 
pensated for by the proximity switch and motor. 

The furnace used for the esperiments had a 
zone of uniform heating 40 cm long; this was 
sufficient to render Conditions uniform along the 
length of the specimens. When the furnace was 
switched on its temperature rose by 2OoC/min 
to a preset control temperature which i t  main- 
tained to within f5 'C. The ends of the furnace 
were sealed as shown in Fig. 2. Nitrogen was 
passed continuously into the furnace, and samples 

SPECIMEN 

PROXIMITY D E T E C T O R  HEAD OF 
SWITCH PROXIMITY SWITCH 

FIG. 2. General layout of apparatus. 
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from the atmosphere of the furnace showed less 
than 2 per cent osygen with this arrangement. 

Experimental Procedure. The specimen was pre- 
pared and inserted into the cold furnace, as de- 
scribed above. A furnace control temperature was 
selected and the furnace switched on. 

Throughout the esperiment the reading of each 
thermocouple was recorded a t  30 second intervals 
and the weight of the specimen at 15 second inter- 
vals. Measurements continued until 5 minutes 
after the weight of the decomposed specimen had 
become constant. The furnace was then switched 
off and the specimen allowed to cool in an 
atmosphere of nitrogen. I ts  find weight, when 
checked on an analytical balance, agreed with 
that given by the continuous weighing system 
to within 0.2 grams. 

Results 
Some of the more significant features of each 

experiment are summarized in Table 1. 
The experimental weight/time data for each 

exFeriment are given in Fig. 3. The differences 
between the curves demonstrate how sensitive is 
the behavior of wood to changes in the heating 
conditions. 

The surface and center-temperature/time rec- 
ords for each esperiment are given in Fig. 4; 
esothermic reactions within the specimens cause 
the center temperature to rise above the surface 
temperature. The temperature records enabled 
graphs of temperature against distance from sur- 
face to be plotted a t  1 minute intervals. Curves 
of this type are shown in Fig. 5,  which covers the 
period of greatest activity of esFeriment 3. The 
effects of the esothermic reactions on the tem- 
perature distribution are clearly illustrated; the 

rate of rise of the center temperature is very much 
greater than that of the surface temperature in 
the period 19-22 minutes, and the earlier tem- 
perature pattern is inverted. 

Calculations Based on Results. In considering the 
data obtained from the above experiments the 
following assumptions were made: 

(1) The thermal decomposition of wood can 
be represented by an overall first order reaction 
and 

(2) the rate of heat release in the esothermic 
reactions is proportional to the rate of weight loss. 

The cross section of the cylindrical specimens 
u'as, for the purpose of computation, considered 
as four annuli and a central disc of equal area; 
average temperatures and surface-temperature 
gradients were calculated for each section a t  1 
minute intervals throughout the period covered 
by the temperature record. Each section was 
sufficiently small for variations of conditions 
across it to be neglected. 

The Overall Kinetics qf the Reaction. For a speci- 
men of uniform temperature decomposing ac- 
cording to a first order reaction law, the rate of 
weight loss would be given by 

-dw/dt = ( w  - w')kexp ( - E / R T )  (1) 
where w = weight of specimen a t  time t ,  w f  = 
final weight of specimen, k = velocity constant, 
E = activation energy, R = gas constant, T = 
absolute temperature. Separating the variables 
in Eq. (1) and integrating 

where wg = initial weight of specimen. 

TABLE 1 

Summary of experiments 

Experiment No. 

1 2 3 4 5 

Equilibrium furnace temperature ("C) 
Maximum temperature achieved by specimen ("C) 
Initial weight of specimen (moisture free) (g) 
Final weight of specimen (6) 
(Final weight/initinl weight) X 100 (per cent) 
Maximum rate of weight loss (mg/sec) 
Radius of specimen (cm) 
Length of specimen (cm) 

375 
445 
30.1 
9.3 

30.9 
92 

14.5 
1.06 

305 
353 
27 .8 
14.6 
52.5 
26 

13.0 
1.07 

435" 
505 
25.0 

7.0 
28.0 

193 
1 .oo 

14.0 

325 
394 
24.2 
9.6 

39.7 
40 

14.0 
1 .oo 

275 
282 
22.9 
18.0 
78.6 
8 
1 .oo 

13.5 

a Furnace temperature at  time of maximum wood temperature. It was still rising. 
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L m 
p. 

Curves calculated from equation ( 2 )  
Curves 1-4 a n d  S A :  E-15,000 cal/male 

10 15 20 25 30 35 40 45 
T i m e  f r o m  s t a r t  o f  experiment : m i n  

FIG. 3. Experimental weight/time data and calcu- 
lated curves. 

Since, in the experiments, the temperature of 
the specimens was not uniform, Eq. (2) was ap- 
plied separately to each of the five hypothetical 
sections into which the specimen was divided 
(temperature variations across these sections 
were negligible). Denoting w, w', WQ and T corre- 
sponding to the i t h  section by wi, wilt w0.i and Ti, 
and assuming w; = w'/5, W O , ~  = w0/5, Eq. (2) 
can be written 

Equations (2a) arid (2b) were applied to the 
data for experiment 1 by (1) assuming a value 
for E,  ( 2 )  evaluating the integral in (23) for 
each annulus a t  t = 23 minutes (the time by 
which half the eventual weight loss had occurred), 
then (3) choosing a value for k so that the calcu- 
lated value of w agreed with the esperimental 
value; (4) values of w;, and hence w, were then 
calculated for different times throughout the 
period of significant weight loss. 

8 16 24 32 40 

Time f r o m  start  o f  e x p e r i m e n t  : m i n  

FIG. 4. Experimental temperature/time curves. 
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0 0 -5 1.0 

Distance f rom surface : cm 

FIG. 5. Variation of temperature distribution within 
specimen during period of maximum activity (ex- 

periment 3). 

The following values of activation energy were 
used to evaluate the data for experiment 1. 

E = 30,000 cal/mole ( k  = 2.6 X 1O'O min-l) 

E = 12,000 cal/mole ( k  = 6.5 X lo3 min-l) 

E = 15,000 cal/mole ( k  = 9.1 X lo4 min-l) 
The calculated weight/time curves are plotted 

in Fig. 6, together with the experimental data: it 

can be seen that a value of E = 15,000 cal/mole 
gives the best agreement. 

Curves of w against time which were calculated 
from the temperature data of exFeriments 1-5, 
assuming E = 15,000 cal/mole and k = 9.1 X 

values in Fig. 3. For the first four experiments 

better agreement was obtained assuming E = 
25,000 cal/mole and k = 2.6 X lo9 min-l. 

The Heat of Reaction. If one considers a cylindrical 
surface of radius T within a cylinder of length E 
then one can mi t e  the equation for a heat balance 
within this surface as 

lo4 min-l, are plotted with the experimental 

the agreement is satisfactory; but for the fifth 

i 

I 

where T = temperature at time t ;  TO = initial 
temperature; K = thermal conductivity; c = 
specific heat; q = heat of reaction, cal/gm of 
weight loss; and subscript r relates to quantities 
within a surface of radius r .  

A number of comments must be made on this 
heat balance: 

6 1. When:the:equationvis-applied tozthe:outer 
surface of the specimen the first term may be in 
error because the specimen is heated by radiation. 

I 

I 

14 16 18 20 22 24 26 28 

Time from start of experiment : m in  

FIG. 6. Calculated weight/time curves for different I 
activation energies. (Data from experiment 1.) 

t 
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The radiation is absorbed in a thin zone near the 
surface rather than a t  the surface, but no allow- 
ance will be made for this effect. 

2. The thermal conductivity is affected by two 
factors, namely, the increasing porosity of the 
wood as thermal decomposition proceeds, and 
the increasing temperature. As a first approxima- 
tion K will be taken as constant in time. 

3. The wood shrinks as decomposition proceeds. 
However, the product r(dT/ar) is not affected 
by uniform shrinkage, provided that a T/dr is 
determined from a graph plotted on the original 
distance scale. 
4. The second term makes use of a single heat 

of reaction which does not vary as the reaction 
proceeds. 

5. It is assumed that volatile matter leaves the 
specimen without transferring heat to or from 
the solid residue through which it passes. 

6.  It will be assumed that e is constant a t  0.33 
throughout each experiment. . 

The experimental data allow 

l' (-aT/ar) dt 

and 

to be evaluated,for values of t over the complete 
range of the temperature records, and for each of 
the five values of T corresponding to the outer 
surfaces of the five annuli considered earlier. 
(The values of w, used are calculated values) . 

When the second integral is plotted against the 
first a curve is obtained of the form shown in 
Fig. 7 .  It is now possible to account for the effects 
of self heating by subtracting values of (wg - wr) q 
from 

I,' W& dT 

and thus constructing a family of curves for 
different values of q. 

From Eq. 3 it follows that the slope of these 
curves is related to K.  Since K is changing only 
slowly with time, the curve corresponding to the 
best estimate of q should, near the maximum 
value of 

lt (-aT/ar) dt, 

show no open or closed loop. This is most nearly 
so in experiment 2 for q = 75 cal/gm (this curve 
has been omitted in Fig. 7 for the sake of clarity). 

30001 
2500 

h ves corrected for 

v q - 6 5  c a l r / g m  - 
I- 
-0 
U 

- :: 2000 

3L 
+ g 1500 
L--, 

1000 

5 0 0 1  
2500 3000 3500 400 

ss (-g)-dt ( T / c m ) - ( m i n ) .  

FIG. 7 .  Determination of the heat of reaction. 
(Experiment 1, data for complete cylinder.) 

This procedure, while not very precise, does 
permit values of q to be estimated within A10 
cal/gm. Values of q, obtained in each of the ex- 
periments, for the volumes within the five 
cylindrical surfaces, are given in Table 2. 

TABLE 2 

Values of q (cal/gm) 

Experiment No. 

1 2 3 " 4  5 

Cylinder 1 (innermost) TO SO - 75 $5 
Cylinder 2 70 SO - 60 130 

70 SO - 60 250 

specimen) 75 SO - 70 280 

Cylinder 3 55 so - 55 210 
Cylinder 4 
Cylinder 5 (complete 

a Insufficient data obtained to determine q. 
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Discussion 

a. The Overall Kinetics of the Decomposition 
Reactions. For the first four esperiments, in 
which weight losses esceeded 47.5 per cent and 
maximum wood temperatures exceeded 35OoC, 
values of 15,000 cal/mole for E and 9.1 X lo4 
min-l for k were used in calculating each weight/ 
time curve, and the agreement between calcu- 
lation and esperiment over a wide range of 
conditions is encouraging. For the fifth esperi- 
ment however, with a weight, loss of 21 per cent 
and a maximum wood temperature of 282"C, 
the above values gave rise to a calculated curve 
differing widely from the esperimental curve. 
Much better agreement was obtained with values 
of 25,000 cal/mole for E and 2.6 X lo9 min-' for 
k.  It is clear, therefore, that  the early stages of 
the reaction differ from the later ones, and i t  
can be assumed that a reaction with an activa- 
tion energy of 25,000 cal/mole predominates a t  
lower temperatures and proceeds to completion, 
whereupon a reaction with an activation energy 
of 15,000 cal/mole becomes important. The 
transition between these two types of behavior 
must be investigated further. 

At this stage it is interesting to consider values 
for activation energy obtained in self ignition es- 
periments. A recent paper by Thomas and 
Bowes4 considers data from three different 
sources (their own experiments and those of 
Gross and Robertson: and Mitchell6) for the 
self ignition of wood fiber board. These data were 
obtained in the range 110-315°C and could be 
correlated by using an activation energy of 
25,000 cal/mole. Thus, the data- from the one 
esperiment of the present series which lay com- 
pletely within this temperature range were satis- 
fied by the same value for the activation energy 
as the self ignition experiments. 

The kinetics equation used by Bamford, 
Crank, and Malan' and Thomas and Bowes4 
makes use of a quantity corresponding to the per- 
centage loss of weight during thermal decomposi- 
tion of wood, which is taken to be constant, ir- 
respective of any variation in heating conditions. 
However, in the present experiments (in which 

the specimens were maintained at an elevated 
temperature for at least 1 hour after the last de- 
tectable weight change) it was found that the 
percentage loss of weight depended on.the heat- 
ing Conditions, as can be seen from Table 1. 

This dependence points to a disadvantage of 
Eq. ( I ) ,  which hcorporates the final weight of 
the specimen, inasmuch as i t  is not necessarily 
known in advance what this final weight will be. 
Equation (1) is therefore suitable for analyzing 
data already obtained, but not for making a 
priori calculations of the behavior of wood in 
circumstances where the final weight of the wood 
can not be predicted; for instance, where i t  is 
known that the masimum temperature of the 
wood will not esceed 350°C (say). 

More experimental data and a modification of 
the conventional kinetics equation are therefore 
needed to deal with this situation. 

b. The Heat of Reaction. The method used to 
determine the heat generated by reaction is not 
sufficiently accurate to establish whether the 
heat of reaction is constant with time in a particu- 
lar region. It does, however, give an average value 
which is probably accurate to within f 10 cal/gm, 
and the variation of this average value with 
position and with eqerimental conditions can 
be investigated. The data in Table 2 show that 
for esperiments 1, 2, and 4 there is not sufficient 
evidence to say that the heat of reaction varies 
systematically with position or with the final 
percentage loss of weight. An average value of 
70-75 cal/gm, expessed in terms of grams of 
weight lost, is derived from these esperiments. 

The heats of reaction for esperiment 5, just as 
the reaction kinetics data, are completely differ- 
ent from those of the other esperiments. The 
heat of reaction is very much greater escept at 
the center of the cylinder, than in the other es- 
periments, and there is a systematic increase of 
heat of reaction with distance from the surface. 
The values given in Table 2 are average values 
for cylinders of varying radii; values for each 
annulus can be calculated from these, and are 
given in Table 3. 

The heat of reaction therefore increases rapidly 

TABLE 3 

Values of g for each annulus (experiment 5 )  

Inner radius of annulus (em) 0 0.45 0 .63  0.77 0.89 

Heat of remtion (callgm) 75 185 370 370 400 
Outer radius of annulus (em) 0.45 0 . 6 3  0.77 0.89 1.00 

I 
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with distance from the axis and then becomes 
approximately constant. 

It has been suggested by Akita' that the 
primary decomposition of wood has a very low 
heat of reaction and that the main cause of heat 
generation in decomposing wood is a secondary 
decomposition of volatile matter, possibly ca- 
talyzed by the solid residue. If this were so, it, 
could provide an explanation of the various differ- 
ences observed, because the heat of reaction 
would increase with increasing residence time of 
volatile matter in the solid prior to evolution. 
Thus, under gentler heating conditions the ex- 
pulsion of volatile matter once formed would be 
less rapid and more time would be available for 
a secondary decomposition. Similarly, volatile 
matter created near the axis of the specimen 
would have to travel outwards through partially 
decomposed regions and more secondary reaction 
would take place in the surface layers than near 
the center. 

Various values have been quoted for the heat 
of reaction of the thermal decomposition of wood. 
Thomas and BowesS quote data corresponding 
to a rate of heat generation of 8 cal/gm min a t  
250°C (referred to grams of total substance). 
Kinbara and Akitas quote data corresponding to 
a value of 7.9 cal/gm min on the same basis, de- 
rived from self ignition experiments, The present 
data gave a value of heat generation a t  25OoC of 
7.2 cal/gm min for q = 400 cal/gm of weight 
lost. Thomas and Bowes4 quote a value of q = 
80 cal/gm of initial weight which, allowing for 
the 5:1 ratio between initial weight and weight 
lost, agree very well yith the results from experi- 
ment 5. In  the present contest it is considered 
preferable to express heats of reaction in terms 
of weight lost rather than initial weight. 

Thus the experiment in the same temperature 
region as that of the self ignition experiments, 
experiment 5,  again gives results in good agree- 
ment with the published values for such experi- 
ments. Experiments a t  higher temperatures show 
marked differences of behavior. 

Conclusions 

The present investigation shows that data on 
the thermal decomposition of wood can be 
analyzed in terms of an overall first order reac- 
tion with a single heat of reaction. The analysis 
makes use, however, of the final weight of the 
specimen and, since the percentage loss of weight 
varies with the maximum temperature achieved 
by the specimen, the final weight is not known a 
prim'.  More experimental data and a modified 

form of the kinetics equation are needed to ob- 
viate this difficulty. 

Two quite distinct sets of results were obtained. 
An experiment in which the wood temperature 
did not esceed 2SO°C gave values for activation 
energy and heat of reaction which agreed with 
those obtained by other workers in self ignition 
experiments within the same temperature range. 
The other experiments carried out a t  higher tem- 
peratures gave values which were self consistent 
but which differed widely from the above results. 
It is concluded that in lower temperature experi- 
ments an initial reaction of activation energy 
25,000 cal/mole predominates, whereas in higher 
temperature experiments this reaction is rapidly 
completed and a further reaction of activation 
energy 15,000 cal/mole becomes important. 
Differences in heat of reaction could arise if sec- 
ondary rather than primary decomposition were 
the main cause of heat generation. 

Further experiments will therefore be per- 
formed to examine the transition between the 
two types of behavior observed and to examine 
more complicated but more realistic kinetics 
equations, and the factors affecting the heat of 
reaction. 
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Discussion 

DR. P. H. THOMAS (Fire Research Organization, 
England): I should like to ask Dr. Roberts two 
questions: 

(1) A t  what oven temperature would one have to 
include heat transfer due to the passage of volatile 
materials through the wood? 

(2)  What numerical values do the data give for 
the thermal conductivity of wood? 

DR. A. F. ROBERTS (Safety in Mines Research 
Establishment, England) : (1) No experimental evi- 
dence was obtained concerning the magnitude of 
any heat transfer between volatiles and wood during 
the passage of the former through the latter. The 
analysis of the temperature data is based on the 
assumption that the volatile matter leaves a t  its 
temperature of formation. However, any effect of 
this process would be most marked in the outer 
regions of the specimen and for the four experimFnts 
at higher temperatures there were no systematic 
differences between values obtained for heat of re- 
action in the innermost and outermost annuli. It 
would be of interest to know more about the im- 
portance of this process but I have not yet found 
out how to obtain such information in our type of 
experiment. 

(2 )  Until appreciable decomposition has occurred 
the slope of curves such as that shown in Fig. 7 gives 
a value for the thermal conductivity of wood equal 
to published values. As decomposition proceeds 
this slope changes, but no effort was made to calcu- 
late values of thermal conductivity in this region; 
when decomposition was complete and the specimen 
started to cool another straight line portion of the 
curve was obtained. This gave a value for the 
thermal conductivity of the residue which was less 
by a factor of 2 than published values for charcoal. 
However, by this time considerable shrinkage and 
cracking of the wood had occurred, and the thermo- 
couple positioning was no longer accurately known ; 
these data are not therefore accurate. 

PROF. R. H. ESSENHIGH (Pennsylvania State Uni- 
versity): (1) In writing out the equation to be tested, 
that is thought to govern the decomposition kinetics, 
is not the equation quoted the differential at con- 
stant temperature, Le., (dur/at)*? The full differen- 
tial in a rising temperature system would then be 

Is the author satisfied that the method he has used 

to test the equation adequately takes into account 
the influence of a rising temperature? 

(2)  Is the author satisfied that the physical model 
implied by his rate equation is in fact adequate and 
realistic? A rate proportional to  weight w, or weight 
difference (w - w’) implies a volume reaction. Ex- 
perimentally, pyrolyzing solids that are homogene- 
ous are known to be area (surface) reactions, not 
volume reactions. A volume reaction in wood is 
applicable only if the material is approximated by a 
set of discrete volumes, distributed throughout the 
solid, with adequate pore space for the volatiles’ 
escape. In  that case, however, the volatiles’ escape 
may well be the determining (slow) rate-controlling 
process with the actual decomposition being rela- 
tively fast. This is known to be quite possible and 
in some instances probable, i.e., in coals. In coals, it  
is also known that gaseous diffusion is frequently, if 
not invariably, an activated process. In  the wood 
decomposition this would account for two activation 
energies, either because df an increased pore size, or 
because of the production a t  higher temperature, of 
smaller and/or more mobile molecules. 

DR. A. F. ROBERTS: (1) In these experiments the 
temperature is a known function of time. Calcula- 
tions are based on the use of a stepwise approxima- 
tion to this known continuous function, each step 
consisting of an isothermal period of short duration 
followed by a small discontinuous temperature rise. 
The errors involved in such an approximation are 
small. 

(2) I agree that the rate equation used implies a 
reaction occurring throughout a homogeneous 
volume rather than a surface reaction. It is my 
opinion that the model of thermal decomposition 
occurring throughout the solid a t  a rate depending 
on the local temperature is more realistic in the case 
of wood, than a model of a decomposition front pro- 
ceeding into the solid with decomposition products 
on one side and unaffected wood on the other. 

The point about volatile escape is an interesting 
one. In  the experiments the percentage loss of 
weight of the specimen, hence the final structure, 
varied widely. Nevertheless, an experiment yielding 
a residue in which the original grain of the wood 
was still clearly apparent gave identical values for 
activation energy to an experiment in which the 
residue was amorphous and heavily fissured. A single 
value of activation energy applies over a wide 
range of temperature and porosities. The transition 
between the two values of activation energy is 
quite sharp and does not correspond to any marked 
change in structure. 



ISOTOPIC CARBON AS A TRACER IN COMBUSTION 

C. F. CULLIS, A. FISH, AND D. L. TRIMM 

Several researches are described in which the solution of combustion problems has been facilitated 
by the use of carbon-13 and carbon-14 tracer methods. One of the widest applications is in the eluci- 
dation of the mechanism of formation of combustion products and some work is described in which 
the position of the isotopic carbon has been determined in the principal products formed from [2-C14] 
and [4-C14]-2-rnethyl-but-enes. Another use is in the determination of the most probable points of 
oxidative attack of fuel molecules and in this connection 2-methylpentane has been labeled specifi- 
cally in all its skeletal positions and the isotopic enrichment of the final combustion products has 
been measured. The technique of isotopic labeling has also been applied to discover which component 
of a mixed fuel is responsible for the formation of %given product; thus measurement of the activity 
of the carbon deposits formed from samples of gasoline containing each constituent labeled in turn 
with carbon-14 gives quantitative information about their deposit-forming tendency. The role of 
additives in fuel + oxygen systems may be elucidated by labeling either the additive or the fuel. If 
the additive is an intermediate combustion product, the origin of certain of the other intermediate 
and final products may be found; some work is described in which the mechanism of formation of 
certain products has been investigated by addition of [l , 3-C1*]-acetone to isobutane + oxygen 
mixtures. Another example of the power of tracer techniques is their use in the determination of 
the actual rates of formation and consumption of intermediates (as opposed to their net rate of 
accumulation) even when these two processes occur concurrently and work is discussed from which 
i t  has been possible to calculate the rates of certain elementary reactions occurring during the com- 
bustion of paraffins and olefins. Determination of the rates of competing processes has also been 
effected by the use of fuels and additives labeled with isotopic carbon; measurement of the total 
isotopic concentrations in the products enables their relative rates of formation from a given labeled 
intermediate to be determined irrespective of their concurrent production by other routes. Finally 
consideration is. given to possible further applications of isotopic carbon in combustion research. 

Introduction 

A number of. recent investigations has shown 
that  isotopic tracer techniques can assist in the 
solution of combustion problems which will not 
yield to more conventional methods of attack. 
The purposes of this paper are to indicate the 
range of these problems and the wide varieiy of 
combustion systems and regimes where this 
technique has proved to be of value and also to 
point the way to possible further applications of 
isotopic tracers in this field. 

Generally speaking the most widely used fuels 
are hydrocarbons and in studies of their com- 
bustion it is possible to use labeled carbon, 
hydrogen, or oxygen. I n  this paper attention is 
restricted to  systems in  which labeled carbon 
(either carbon-13 or carbon-14) 'has been used, 
since much of the most significant information 
has been obtained in this way. The combustion 
systems to which carbon-labeling methods have 
been applied fall  into two broad groups. I n  the 
first, the reaction of a binary (fuel + oxygen) 
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mivture is studied, the fuel itself being labeled, 
usually in one specific skeletal position. I n  the 
second, a third component, which may or may 
not be a combustion product, is also present and 
the part  played by this additive may be eluci- 
dated if either the additive or the fuel is labeled. 
Each method can yield valuable information 
about a number of different combustion problems. 
An attempt is made here to enumerate and 
classify some of these problems and to illustrate 
their solution by discussion of suitable examples 
chosen from a wide variety of combustion 
regimes, including slow oxidation, cool flames, 
explosive combustion, and the more particular 
case of engine testing. 

Fuel Plus Oxygen Systems 
The Mechanism of Product Formation 

The route by which a particular combustion 
product is formed may often be elucidated if the 
fuel molecule is labeled with carbon-13 or carbon- 

- .-..._- 



168 REACTION KINETICS-I 

14 in a particular skeletal position and the con- 
centration and site of the labeled isotope in this 
product is then determined. The fate of a given 
carbon atom is thus “traced” throughout the 
combustion reaction. This is. perhaps the most 
obvious and widest use of isotopic carbon in 
combustion research and esamples may readily 
be cited of applications of this technique in 
studies of slow combustion, of cool and hot 
flames, and of catalytic combustion. 

Byrko, Kryuglakova, and Lukovnikov’ re- 
ported one of the earliest studies of a slow com- 
bustion reaction involving the use of labeled 
carbon. The mode of production of formaldehyde 
during oxidation of [2-C14]-propane was studied 
in order to test the validity of Semenov’s postu- 
late2 that this aldehyde was formed from the n- 

propyl radical rather than from the isopropyl 
radical and was derived predominantly from the 
terminal positions. Radioassay of the formalde- 
hyde formed from [2-C’4]-propane showed that 
77% of this product did indeed arise from the 
end groups of the fuel molecule. 

Cullis, Hardy, and Turner determined the 
origin of carbon monoxide3 and of the ketones4 
formed by the slow combustion of %methyl- 
pentanes labeled with C14 in each skeletal position 
in turn. Carbon monoxide was found to be de- 
rived principally from the 3- and Ppositions 
while the 2-carbon atom of Zmethylpentane was 
shown to become the 2-carbon atom of acetone. 
This leaves little doubt tha t  the mechanism of 
production of acetone is: 

As would be expected, small quantities of methyl and CH2 groups respectively of this ketone while 
n-propyl ketone were also produced by break- the 4carbon atom was not incorporated. The 
down of the above alkoxy radical. The origin of mechanism of formation of methyl ethyl ketone 
the considerable amounts of methyl ethyl ketone therefore appears to involve the following re- 
formed is less obvious. Tracer esperiments arrangement reaction of an intermediate alkyl- 
showed however tha t  the 2- and 3-carbon atoms perosy radical: 
of the hydrocarbon molecule became thexarbonyl 

CHa 
I 
I \  

CH3-C-CH2 -+ CH,.CO-CHz.CH, + CH3CH~0-(or CzR4 + OH.) 

I 
CHa 

I ’\ 
0-0- CH2 

The slow combustion of [%C14]- and [4-C14]-2- 
methyl-but-2-enes has been estensively studied 
by Cullis, Fish, and Turner! Determinations of 
the specific activities of, and sites of carbon-14 in, 
the major products (acetone, acetaldehyde, 
methyl isopropyl ketone, and methanol) and the 
minor products (methyl ethyl ketone, propional- 
dehyde, isopropyl alcohol, and tert-butyl alcohol) 
derived from the olefin labeled in turn in each 
position-together with kinetic and analytical 
data for the osidation of the inactive olefin6- 
have shown tha t  the two generally postulated 

mechanisms of olefin oxidation operate concur- 
rently. Hydrogen abstraction followed bj7 hydro- 
perosylation leads to methyl isopropyl ketone 
while oxygen addition a t  the double bond forms 
in turn biradicals and a cyclic peroxide which is 
the precursor of acetone and acetaldehyde. 
Acetaldehyde is further os+dized to methanol and 
carbon oxides. Furthermore, simple rearrange- 
ments (by hydrogen or methyl transfer) of the 
peroxy monoradicals and biradicals produced by 
these modes of attack provide a consistent ex- 
planation of the formation of the minor products: 
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The mechanism of product formation under 
cool-flame conditions has been studied by Nei- 
man and his co-workers with the aid of CI4- 
labeled fuels. Measurement of the activities of 
the acetaldehyde, formaldehyde, carbon mon- 
oside, and carbon dioside formed by the cool- 
flame combustion of [l-C*4]-n-butane7 has shown 
that the formaldehyde is derived about equally 
from each carbon atom, while the mechanism of 
production of acetaldehyde is specific, the car- 
bonyl group being derived from the 2- and 3- 
carbon atoms. In  the same way, studies of the 

combustion of [1-C14]-, [2-C*4]-, and [3-C14]-n- 
pentaneB have shown that the 2-carbon atom 
(and not the 1-carbon atom) is the major source 
of formaldehyde. It is evident therefore that 
destructive oxidation of the hydrocarbon chains 
does not occur in stepwise fashion. Similar work 
on the oxidation of [1-CL4]- and [2-C14]-acetalde- 
hyde has also been reportedg and a combustion 
mechanism has been derived on the basis of the 
results obtained. 

Ferguson and Yokleylo have studied the cool- 
flame:oxidation of [2-CL3]-propane, the products 
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being analyzed by gas-liquid chromatography 
and their isotopic composition being determined 
by mass spectrometry. The passage of a cool 
flame through an equimolar propane + osygen 
rnkx%ure at 318OC produced propylene, propylene 
oxide, propionaldehyde, isopropyl alcohol, ace- 
tone, ethane, ethylene, ethylene oxide, acetalde- 
hyde, methane, methanol, formaldehyde, carbon 
monoxide, and carbon dioside. All these products 
were analyzed and the isotopic compositions 
showed that all the Ca products contained the 
original propane skeleton with the exception of 
ca. 20% of the acetone which, it was suggested, 
must have been produced by the complete break- 
down and reassembly of the carbon chain. This 
postulate is however contrary to the results of 
Porter and Benson" on the decomposition of 
di-tert-butyl peroxide in the presence of C14-carbon 
monoxide. The CZ products of the cool flame 
combustion of [Z-Cla J-propane were all intact 
fragments of the parent hydrocarbon molecule 
with the exceptioc of ca. 20% of the ethane. 
Methane and methyl alcohol were derived from 
the end groups while formaldehyde and carbon 
oxides were of mised origin, the former being 
produced predominantly from the terminal posi- 
tions and the latter from the 2-carbon atom. 
Oxidative attack thus appears to occur most 
frequently a t  the central skeletal position. 

FergusonB has also studied flame processes 
with the aid of carbon-13 as a tracer. The mecha 
nism of the production of the excited CZ radical in 
C13-acetylene + oxygen flames has been investi- 
gated by spectroscopic determination of the rela- 
tive concentrations of C12C12, CZ2C13, and CZ3Cla. 
The observed values show that the species CZ is 
not formed directly either from the acetylene 
molecule or from the particles produced by its 
direct polymerization. Most of the bonds in Cz 
radicals are evidently formed in the reaction 
zone by the random recombination of C1 frag- 
ments. Shock-tube techniques have also been 
used to study the production of CZ radicals from 
C13-acetylene + oxygen mixtures at tempera- 
tures of the order of 35OO0Kl3; the results agree 
with those obtained at lower temperatures. 

The isotopic composition of the soot formed in 
the closed bomb esplosion flames of [1-C13]- 
propaneZ4 has shown that this does not arise 
preferentially from a CZ fragment of the fuel. 
Thus if the soot is formed by the commonly 
postulated mechanism via acetylene,16 this latter 
intermediate cannot be a simple degradation 
product of the fuel. Isotopic analysis of the 
residual acetylene confirmed this. It was shown 
too that under flame conditions carbon monoxide 
and methane are derived equally from the three 
different skeletal positions in propane. 

Fuels labeled with carbon-14 have also been 
used in studies of the osidation of olefins over 

heterogeneous The great majority 
of these experiments have however involved the 
use of additives and they will therefore be con- 
sidered, as a group, in a later section of this 
paper. 

Point of Attack 
A knowledge of those positions in a fuel mole- 

cule a t  which initial osidative attack takes place 
preferentially is of prime importance in the 
elucidation of the detailed mechanism of com- 
bustion processes. Conventional analytical data 
rarely give reliable information about the relative 
probabilities of attack at different skeletal posi- 
tions, since any results obtained in this way are 
weighted in favor of those products which are 
resistant to further oxidation. However, by the 
labeling in turn of each carbon atom in a given 
fuel molecule and measurement of the isotopic 
enrichment .of each of the final combustion prod- 
ucts, it is possible to estimate the relative ex%ents 
of initial oxidation at the different carbon atoms. 
In  this way the preferred point of attack has 
been determined for the slow combustion of 2- 
methylpentane?~~ which contains primary, sec- 
ondary, and tertiary C-H bonds. Carbon mon- 
oxide and various ketones are the principal stable 
osidation products. The former product was 
shown to be derived to an appreciable extent from 
all the carbon atoms in the paraffin molecule, 
while the latter compounds arose exclusively 
from initial attack a t  the 2-carbon atom, which 
became the carbonyl group of each ketone. 

The total amounts (espressed as moles per 100 
moles of initial oxygen) of stable products (car- 
bon 'monoside + ketones) formed by attack a t  
each skeletal position were as follows: 

C 
I.Q\ 

C-C---C-6 
/18.9 4.1 2.1 0.8 

C 
1.9 

and these figures reflect the relative frequencies 
of initial oxidation at each position. The most 
frequent point of attack is thus the tertiary 
C-H group, in agreement with the predictions 
of Walsh.2O On the other hand, it is well known 
that an increase in the number of tertiary centers 
in a hydrocarbon molecule of given carbon con- 
tent decreases the over-all susceptibility to osida- 
tion.2l The tracer results described help to solve 
this paradox. Attack a t  the tertiary C-H group 
leads to the formation of stable ketonic products 
while initial oxidation a t  secondarj or primary 
centers gives rise to aldehydes which are effective 
chain-branching agents and can therefore cause 
extensive oxidation of fresh molecules of the 
original hydrocarbon. Thus, although the most 
frequent point of attack in the slow combustion 



ISOTOPIC CARBON AS TRACER IN COMBUSTION 171 

of hydrocarbons is a tertiary center, secondary 
centers are nevertheless the most effective points 
of attack. 

Combustion of Mixed  Fuels 

The technique of isotopic labeling may be 
applied in order to determine which component 
of a mixed fuel is responsible for the formation 
of one or more given products. Thus Shore and 
Ockert?? used carbon-14 to determine the effect 
of the composition of gasoline on the formation 
of combustion chamber deposits. A few parts per 
million of one of the constituents labeled with 
carbon-14 were added to the gasoline which then 
underwent combustion in a single . cylinder 
engine. The carbonaceous deposit formed was 
completely oxidized by a wet method, and gas 
counting of the resulting carbon dioxide enabled 
the specific activity of the carbon to be compared 
with the specific activity of the fuel. The ratio 
of these specific activities provides a direct and 
reproducible measure of the deposit-forming 
tendency of the particular constituent in question 
and the method has the advantage that addition 
of the labeled fuel does not unbalance the gasoline 
composition. Aromatics were found to deposit 
about three times as much carbon as paraffins, 
and the behavior of olefins was intermediate 
between those of the other two fuels. The relative 
deposit-forming tendencies of individual aro- 
matics were dependent on their boiling points 
according to the relationship: 

specific activity of deposit 
l0g1o specific activity of fuel 

a b.p. of labeled component 

Moreover, single-ring aromatics, fused-ring aro- 
matics, and fused aromatic-alicyclics (e.g., in- 
dane) all fell on the same straight l i e ,  suggesting 
that in an aromatic hydrocarbon each carbon 
atom has an equal tendency to form deposits, 
irrespective of its molecular environment. This 
finding is consistent with a mechanism of deposit 
formation involving liquefaction of the fuel 
followed by carbonization. The tendency of a 
gasoline to deposit carbon in an engine can be 
calculated from weighted averages of the activity 
ratios of its components, the weights being deter- 
mined by composition analyses. Such measure- 
ments have shown that the “bottom” 1.73% of a 
gasoline can produce as much as 65% of the car- 
bonaceous part of an engine deposit, and it is 
concluded that careful. control of the higher- 
boiling fraction is needed to give a clean-burning 
gasoline. 

The tendency of an engine lubricant to deposit 
carbon was also determined, leaded benzene being 
used as the fuel and C14-benzene as an additive. 

The deviation from unity of the specific activity 
ratio (deposit: fuel) gave a measure of that frac- 
tion of the deposit formed from the lubricant; its 
value was found to be ca. 8%. 

Sechrist and Hammen% have used similar 
techniques (with C14-labeled benzene or toluene 
as fuels) to demonstrate the differing tendencies 
to form deposits of various classes of lubricant. 
Synthetic lubricants of the polyalkylene glycol 
type gave much lower deposit weights than 
petroleum-based lubricants. Comparison of the 
activities of cylinder head and piston crown 
deposits showed that each lubricant tended to 
deposit carbon preferentially on the piston, as 
would be expected from temperature considera- 
tions. 

Several radiotracer studies of the nature of the 
surface films formed on metal engine parts by 
lubricants have been reported and the use of 
C14-labeled long-chain fatty acids and their salts 
(e.g., tridecanoic acidz4) has proved effective. A 
further use of C14-labeling in engine research is 
illustrated by the work of C0opel.2~ who has in- 
vestigated the distribution of fuel containing 
C14-labeled lead tetraethyl to each cylinder of a 
carburetted V8 engine which was fitted with 
special sampling valves to facilitate the removal 
of small samples of the combustion gases from 
each cylinder. 

Fuel Plus Oxygen Plus Additive Systems 
The Role of Additives 

The part played by a compound X in the com- 
bustion of a fuel Y to a product Z may be eluci- 
dated by the addition of X to the fuel f oxygen 
system, either X or Y being labeled. The addi- 
tives whose mode of action has been studied in 
this way may be divided into two classes ac- 
cording to whether on the one hand they are 
intermediate products of the combustion of Y 
or on the other they have an accelerating or in- 
hibiting influence on the combustion of Y. 
X tk a n  Intermediate Combustion Product. Let 
us consider the reaction system: 

X 

Y z 

inter mediates 
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in which the rate of formation of Z froin X is r1 
and that from the other intermediates is r2. 

If a small concentration of CL4-1abeled additive, 
[X"], is introduced into the system and if the 
activities of X and Z are denoted by a, and a, 
respect,ively, then if [X#] << [XI, it follows that: 

[Z *I << [Zl (1) 

a, = [ X C M X l ;  a, = CZ*]/[Zl (2) 

(3) 

and 

Now d[Z]/dt = r1+ r2 so that: 

d[Z+]/dt = rl* = ria, 

From Eq. (2), 

=-&.a+-.- 1 d[Z"] 
[Z] dt [Z] dt 

and from Eq. (3), 

i.e., 

If a small amount of inactive Z is added initially, 
a, = 0 when t = 0 and a, will a t  first increase, 
pass through a maximum, and subsequently de- 
crease. At the masimum, da,/dt = 0, i o  that: 

axla, = (r1 + 4 / r 1  

Measurements of the variation with time of a, 
and az and determination of the value of &/% 
when a, is a masimum thus enables rz/rl to be 
calculated. If r2 = 0, i.e., if Z is produced solely 

+CU" 

by a mechanism involving X, then the a, / f .  curves 
intersect when a, is a maximum. If r2 # 0, a, is 
always greater than az and the curves do not 
intersect. 

These principles have been applied by Neiman 
and his co-workers to several combustion systems. 
It has been shown for example that during the 
slow combustion of methane, carbon monoxide 
is formed solely by further osidation of formalde- 
hyde26 but  only 25 % of the carbon dioside is pro- 
duced via carbon mono~ide.~' Similarly addition 
of [1-C14]-acetaldehyde to n-butane + osygen28 
and propylene + systems has shown 
that the carbon osides produced by the passage 
of a cool flame are formed both from the carbonyl 
group of acetaldehyde and by other routes; thus 
with propylene, some 30% of the carbon mon- 
oxide and some 50% of the carbon dioside are 
produced via acetaldehyde. In  the same way, 
studies of the cool-flame combustion of propylene 
in the presence of added [2-C14]-acetaldehyde30 
have shown tha t  75% of the methanol formed 
originates from the methyl group of acetaldehyde; 
on the other hand, addition ofbC14-methanol indi- 
cates that  less than 5 % of the formaldehyde arises 
by further oxidation of the methanol, and it is 
therefore believed that the formaldehyde arises 
mainly from breakdown of CH302- radicals. The 
addition of C14-carbon monoxide and inactive 
carbon dioxide to n-butane + osygen31 and 
propylene + osygen29 systems has shown that 
a,,,, << G, only 3 4  % of the carbon dioxide being 
derived from carbon monoside. 

A somewhat similar approach has been used 
by Trimm,32 who has elucidated the mechanism 
of the formation of methyl ethyl ketone from 
isobutane under both slow combustion and cool- 
flame conditions. It has been suggested= that this 
compound arises from further reactions of ace- 
tone which is a major product of the osidation of 
isobutane: 

Alternatively, methyl ethyl ketone could be formed, for esample, by the intramolecular re- 
arrangement of tert-butyl perosy-radicals : 

CH,.C-CH3- CH3.C-CH3- - CH3-k--CH2- CH,.C-CHz. j CH,CO-CH,-CH, 

CHB CHB (3% CHI 
I -E I +oz -OH I 

I 
H I I '\H 0-  

0-0. 

Trimm has indeed shown that, although methyl 
ethyl ketone is under certain conditions a product 
of the combustion of acetone, the methyl ethyl 
ketone formed by the slow oxidation of isobutane 
in the presence of 1,3-C14-acetone has in fact an 

activity less than one-third of that  of the acetone: 
thus proving the dominance of the intramolecu- 
lar mechanism. 

Some similar studies of t,he effect of added 1- 
(2'4-acetic acid on the os4dation of a ~ e t a l d e h y d e ~ ~  
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have shown that some carbon dioside is derived 
from the carbonyl group of this acid and that it 
thus does not all arise by breakdown of radicals 
derived from a!dehydes and perosy acids. 

Ferguson14 has examined the role of carbon 
monoside in the formation of carbon from hydro- 
carbon flames by introducing C13-carbon mon- 
oside into these flames. The carbon collected was 
found not to contain any escess of carbon-13 and 
the only gaseous product which was enriched was 
carbon dioside. 

The role of additives in the metal- and metal 
oside-catalyzed osidation of C14-ethylene has 
been investigated by Margolis and Roginskii. The 
additives used were a ~ e t a l d e h y d e ~ ~ J ~ J ~  and ethyl- 
ene oside1’J9 and it was shown that, although 
aldehydes were important intermediates in the 
silver-catalyzed osidation, these compounds did 
not play a significant part in the osidation over 
vanadium pentoxide or other semiconductors. 
An interesting discovery was that the vanadium 
pentoside-catalyzed oxidations of acetaldehyde 
and ethylene oside eshibit the phenomenon of 
“mutual induction”.” A novel mechanism in- 
volving ionized oxygen, peroxides, and alkosides 
was postulated to account for the osidation of 
ethylene over certain semicondu~tors.~~ 

The nature of processes occurring in metal- 
catalyzed osidations has been further studied by 
Neiman% who, using a flow system, added C14- 
labeled acetone to a 3% acetone/20% isopropyl 
alcohol/air mixture immediately after it had left 
the silver catalyst. The acetone was attacked and 
radioactive isopropyl alcohol was produced. It is 
thus evident that  desorption of active radical 
species from the catalyst takes place and that 
reaction can continue in the absence of the initial 
catalyst. 

X is a Catalyst. The addition of cyclohexane to 
benzene makes it possible to obtain appreciable 
yields of phenol by homogeneous oxidation a t  
temperatures of about 600°C?6 Donald and 
Darlingtonn have however carried out the osida- 
tion with C14-benzene and have shown that the 
cyclohexane merely acts as a promoter and is not 
itself converted to phenol, since the specific ac- 
tivity of the phenol formed is the same as tha t  
of the initial benzene. 

Neiman and his c o - ~ o r k e r s ~ ~  introduced CI4- 
labeled azomethane as an additive during studies 
of the slow combustion of propylene. The CI4- 
methyl radicals thus produced were found to re- 
act to give labeled formaldehyde and methyl 
alcohol and it was therefore concluded that 
methyl radicals were probably the precursors of 
these products of the uncatalyzed oxidation of 
propylene. 

A similar technique was applied to elucidate 

the inhibiting action of styrene and the ac- 
celerating effect of acetophenone on the slow 
combustion of n-he~ane.3~ By use of [1-S4]- 
styrene i t  was shown that the side chain was 
detached from the benzene ring and ultimately 
converted to reaction products while introduction 
of acetophenone labeled with carbon-14 in the 
carbonyl group led to the production of active 
carbon dioside; this indicates that both the in- 
hibitor and the accelerator are decomposed in 
the course of the reaction. 

Rates of Formation and Destruction of Inter- 
mediates 

The net rate of accumulation (ra) of a given 
intermediate product, X,  in a combustion system 
may be determined directly from conventional 
analytical data but  the separate rates of forma- 
tion (TI) and destruction (rd) cannot be found in 
this way. If, however, a C14-labeled intermediate 
is introduced into the system in very low con- 
centration, [X”], its activity is given by: 

ax = cxq/[x] 
from which i t  follows that: 

da3=----- 1 d[X*] [X#]d[X] 
dt [XI dt [XI2 dt 

so that: 

Measurements of the variation with time of [XI 
and a, therefore make i t  possible to calculate rf  
and hence rd. 

In  this way, Neiman and his co-workers have 
determined by addition of ca. 1% of [l-C14]- 
acetaldehyde the separate rates of formation and 
destruction of this compound in the cool flames 
of both n-butane2s.38 and propylene.26 It was 
shown that in the former system acetaldehyde is 
both formed and destroyed throughout the reac- 
tion, rf being particularly high during passage of 
the cool flame. First-order velocity constants and 
energies of activation for the decomposition of 
acetaldehyde were also calculated. During osida- 
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ission 
ondary hydroperoxides, and the sum of carbon 
monoxide yield plus carbonyl yield from tertiary 
hydroperoxides is representative of initial attack at  
primary, secondary, and tertiary C-H bonds, re- 
spectively. While i t  is reasonable that carbon- 
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oxygen bonds formed a t  the position of initial 
hydrogen abstraction do persist to the final prod- 
ucts which are isolated, carbon monoxide may also 
be formed in other reactions. In view of the un- 
certainties concerning the over-d mechanism of 
the low-temperature oxidation of hydrocarbons, 
does the additional formation of carbon monoxide 
from the further oxidation of fragments, such as 
methyl and other alkyl radicals formed from the 
initially attacked species, not complicate the 
quantitative evaluation of the point of initial attack 
using this method? 

DR. A. FISH (Imperial College, London): The 
figures given in the paper are total amounts of 
carbon monoxide plus ketones. The carbonyl group 
of each ketone formed (acetone, butanone, and 
pentan-Bone) is derived from the tertiary center of 
the fuel molecule (as shown by degradation of these 
products). The figures given for each other skeletal 
position are exclusively carbon monoxide; no 
ketonic carbonyl groups are derived from these 
positions. 

If some of the carbon monoxide is formed by 
oxidation of fragments such as C H ,  and CH3- 
CH2CH2, I agree that the tracer results will suggest 
frequencies of initial attack a t  the secondary and 
primary centers which are slightly too great. The 
experimental results for tertiary center cannot how- 
ever be substantially affected as ketones labeled in 
the position found cannot be formed by oxidation 
of these fragments and little carbon monoxide is 
derived from the tertiary position. 

Any errors in the quantitative treatment arising 
from this source then, will cause the experimentally 
found ratios of frequency of attack a t  the tertiary 
position to frequencies at  the secondary and pri- 
mary positions to be less than the true ratios. The 

conclusion that the tertiary position is by far the 
most frequent point of attack therefore holds. 
Indeed, the relative frequency of attack at the terti- 
ary position may be slightly greater than our results 
suggest. 

DR. F. J. WRIGR~.(ESSO Research and Engineer- 
ing): I wonder if Dr. Fish could elaborate on his 
reasons for investigating whether acetone could be 
the intermediate leading to methyl ethyl ketone in 
the oxidation of isobutane. It seem to me that 
acetone is a most unlikely candidate, since it has 
been shown that ketones are highly resistant to 
oxidation. Indeed, it is the fact that tertiary hydro- 
carbons can form ketones which can only be further 
oxidized with difficulties, which makes the tertiary 
hydrocarbons more resitant to oxidation although, 
as you have pointed out yourself the tertiary car- 
bon is the most susceptible position of attack. 

DR. A. FISH: I agree with Dr. Wright that previ- 
ous work indicates that acetone is unlikely to  be 
further oxidized to an appreciable extent during the 
slow oxidation of hydrocarbons. However, it has 
been suggested as recently as 1959 (reference 33 in 
this paper) that methyl ethyl ketone can arise by 
the oxidation of acetone. As the amounts of acetone 
formed in the slow- and cool-flame oxidations of 
isobutane are very large (compared with the 
amounts of other products) the further oxidation of 
even a smal l  proportion (ca. 1%) of the acetone 
could account for the small quantities of methyl 
ethyl ketone formed. For this reason, an investiga- 
tion of acetone as a possible intermediate was made. 
As stated in the paper, the results of these studies 
showed that for the greater part the methyl ethyl 
ketone was produced by routes not involving 
acetone. 
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THE KINETICS OF THE CARBON MONOXIDE F S 

M. A. A. CLYNE AND B. A. THRUSB 

The intensity Z, of the carbon monoxide flame bands observed in the low-temperature reaction 
of 0 with CO was found to have similar kinetics to those of the 0 + NO and H + NO emissions, 

I ,  = loc[olIcol, 
where Zoo depended upon the nature but not on the pressure of the carrier gas used as third body. 
lo, and the rate constant kt, for overall combination of 0 and CO were found to be much less at  
293'K than Zoo and kl, (the analogous quantities in the 0 + NO reaction), but while kl, and lo, 
showed small negative temperature coefficients, IoG was found to have a positive Arrhenius activrt- 
tion energy of 43.7 kcal/mole. Extrapolated values of loa and Zoc at l /T = 0 were similar. 

Most of the excited COz molecules formed in the third order combination process are quenched 
collisionally rather than.radiatively. The absence of any effect upon the vaIue of IO, when the third 
body used is in a triplet state ( 0 2 )  shows that a spin reversal reaction is not rate determining. The 
observation of similar pre-exponential factors for Ioa and Ioc shows that the emission process in 
the 0 + CO reaction does not involve spin reversal. It is considered that the flame band emission 
is due to a transition from an excited singlet state to the (singlet) ground I&+ state of CO, Mole- 
cules in this excited singlet state are formed by a rapid radiationless transition from the triplet 
state of COP in which they are initially formed. The low value observed for Ioc is then due to the 
presence of an energy barrier in forming the excited triplet and singlet state, and not to the spin- 
forbidden nature of the overall combination reaction. 

Introduction 
The carbon monoxide flame bands are one of 

the most characteristic emission systems en- 
countered in combustion processes. These bands ' 
have not been analyzed, but the large amount of 
evidence that they are due to electronically 
excited CO:! formed in the combination reaction 
0 + CO has been discussed by Gaydon.' One of 
the most important pieces of evidence is Broida's 
and Gaydon's observation of this system in 
emission during the reaction of oxygen atoms 
with carbon monoxide in a low-pressure flow 
system at room temperature? Such a system is 

very convenient for studying the kinetics of the 
process and for a comparison of them with 
related chemiluminescent combination reactions 
such as H + NO, 0 + NO and 0 + SO. 

Investigations of the kinetics of the H + N03r4 
and 0 + N04-5*6 reactions have shown that the 
intensity ( I )  of the HNO or NO2 emission 
which accompanies the third order combination 
reaction, 

X + NO + M ---f XNO + M (1) 

(2) 

obeys the kinetic law 

I = Io[X][NO] 
177 

I 



I n  these reactions, IO and the third order rate 
constant kl show similar small negative tempera- 
ture ,coefficients. The quantity Io is found to be 
independent of the pressure of the carrier gas 
which provides the bulk of the third bodies [MI 
but to depend on the nature of the third bodyPo6 
This can be simply explained by a mechanism of 
the type 

X + NO + M $ XNO* + M (3) 

(4) XNO* -+ XNO + hv 

XNO* + M -+ XNO +- M (5) 

with k4 << k5[M] under the experimental 
conditions. It can be shown that this scheme 
leads to the expression 

where ka is the net rate constant for recombination 
via the electronically excited state! In' the case 
of the 0 + NO reaction where the ratio 
can be obtained from fluorescence data, kg is 
found to be half the total rate of combination to 
form NOz. 

Investigations of this type on the CO flame 
bands can provide information about the mecha- 
nism of the reaction involved, which differs from 
those cited above, in that the overall process is 
spin forbidden. 

Experimental 
The experiments were carried out in a 28 mm 

diameter Pyres flow tube approximately 1 meter 
long. This tube was immersed in liquid in an 
insulated trough which could be held at tempera- 
tures between 200'K and 350'K. Oxygen atoms 
were produced by a radio-frequency discharge, 
and to ensure proper equilibration, the discharge 
products travelled 30 cm down the tube before 
entering the reaction zone. Measurements of the 
emission intensity were made with a 9558B 
photomultiplier cell, which observed a 5 cm 
length of the downstream end of the reaction 
zone through double Pyrex windows. When fitted 
with the Chance OX1 filter used to measure the 
CO flame band emission, the photocell sensitivity 
extended from 3200 to 3900 A. 

The reaction zone was 60 cm long and in- 
corporated four evenly spaced mixing jets 
through which reactants could be introduced to 
give four different reaction times.' Total pressures 
between 0.8 and 3.0 mm were used with h e a r  
flow velocities between 1 and 10 m/sec. Oxygen 
atom concentrations were determined by titration 
with NO?? these concentrations being between 
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_ _  
-, I at 293°K and 1.69 mm total pressure. 

0.3 and 3.0% for 0 + 0 2  mixtures. In  experiments 
using Ar, He or Ne carriers, approximately 1% of 
oxygen was added to the inert gas passing through 
the discharge and the products contained very 
little molecular oxygen. Osygen atoms in a 
nitrogen carrier were produced by passing pure 
nitrogen through the discharge and then adding 
the stoichiometric quantity of nitric oside ac- 
cording to the nitrogen atom titration reaction7.8 

N(*S) + NO(?U) = N2('2+) + O(aP) 

NO and NO2 were prepared and purified in 
the usual manner. Other gases were obtained 
from commercial cyIinders and purified, par- 
ticular care being taken to remove impurities 
such as iron carbonyl from the carbon monoxide 
used. Gas flows were controlled with needle 
valves and measured with capillary flow meters. 
Pressures were measured with spiral or McLeod 
gauges or with silicone oil manometers.' 

Results' 
Figures 1 and 2 show the variation of the CO 

flame band intensity ( Ic )  with carbon monoxide 
concentration and with osygen atom concentra- 
tion. For these eqeriments, an oxygen carrier 
with a total pressure of 1.7 mm a t  293'K was 
used, and conditions were such that there was 
negligible 0 atom decay between the point of 
mixing and the photomultiplier cell. These 
figures demonstrate clearly that the glow intensity 
is proportional to thc concentrations of 0 atoms 
and of CO, i.e. 

I C  = Ioc~o)[co] 
Table 1 gives values of Ic/[O][CO] for total 

pressures between 0.86 and 2.69 mm. It can be 

0.05 0.10 
PRESSURE OF CARBON MONOXIDE fmm HQ) 

FIG. 1. Dependence of I ,  on [CO] for constant 101 
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0.01 0.02 

PRESSURE OF OXYGEN ATOMS (mm Hg ) 
P 

FIG. 2. Dependence of I, on [O] for constant [CO] 
at 293°K and 1.69 mm total pressure. 

TABLE 1 

Variation of I ,  with total pressure [MI at 293°K 

Total I,/[COl 
pressure (arbitrary) [0] I,/[Ol[COl 
(mm Hg) units) (mm Hg) (x 102) 

0.86 3.59 0.0095 3.8 

1.05 4.00 0.0092 4.3 

1.26 4.77 0.0109 4.4 

1.69 6.34 0.0142 4.4 

2.16 6.28 0.0170 3.6 

2.69 4.39 0.0133 3.3 

seen that IO, is independent of the pressure of 
[MI over this range. For measurements of the 
absolute intensity of the CO flame band emission, 
the photocell was calibrated with the air-after- 
glow emission using Fontijn's and Schiff's values 
of its spectra distribution and absolute emission 
intensity between 4000 and 6200 A? On the basis 
of experiments with different filters it was con- 
cluded that 60% of CO flame band emission lay 
between 3200 and 5000 b. Measurements were 

made of the ratio of the photocurrents IO: and 
lo,' due to the 0 + NO and 0 + CO emissions 
observed respectively with filters 61 and 0x1. 
Io, was then given by 

l a c  - 10: qa - _  y x -  
loa l o a  Qcf 

where Ioa is the absolute value of the air afterglow 
emission intensity and qa, qc are the fractions de- 
tected of incident quanta in the 0 + NO and 
0 + CO emissions, respectively. In  this way a 
value of Ioc over the whole wavelength range of 
6 X lo6 exp [(-3700 It 500)/RT] cm3 mole-l 

TABLE 2 

The dependence of the emission constant (IO) and third order rate constant (kl) on the nature 
of M at 293°K" 

The 0 + NO reaction8 The H + NO reaction4 The 0 f CO reaction 

io= x 10-76 kl, x 10-166 IOb x iov5' klb x loo x 10-36 kl, x i o - ~ o b  

0 2  4.0 f 0.2 2.7 rt 0.3 - - 12.0 f 0.8 <0.003 

- 3.1 f 0.4 - - 11.2 f 0.8 - N2 
- - 4.3 f 0.3 1.48 f 0.15 - - Hz 

A 4.0 f 0.1 2.7 f 0.3, 3.2 f 0.3 0.87 f 0.15 8.0 f 0.8 - 
Ne - - 2.0 f 0.4 0.72 f 0.10 5.6 f 1.0 - 
He 5.0 i 0.1 1.8 f 0.3 2.4 f 0.2 0.66 f 0.10 5.6 rt 0.S - 

The errors quoted in this table are the standard errore of the relative values of Io and kl and not of the 
absolute values of these quantities. 

6 Units of Io cm3 mole-1 sec-1; units of kl cm6 mole-9 sec-1. 
c Data from ref. 5. 
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sec-l for M = 0 2  was determined. An estrapola- 
tion of this espression to flame temperatures gives 
a value of Ioc in fair agreement with that obtained 
from studies of carbon monoxide flames.I5 

In  none of the experiments was it possible to 
measure the rate of the overall reaction 

O + C O + M + C O : ! + M  (14 
An upper limit for kl, is shown in Table 2, which 
gives emission constants (IO) and third order 
rate constants (k,) for the H + NO, 0 + NO 
and 0 + CO reactions with a variety of third 
bodies. 

Discussion 

The results show that the intensity of the CO 
flame band emission at pressures between 0.8 
and 3.0 mm can be represented by the equation 

I C  = Ioc[o]cco-J 

where the constant Ioc depends on the nature 
but not on the pressure of the carrier gas used. 
As in the H + NO and 0 + NO reactions this 
behavior of IO shows that the rate-determining 
processes in the formation and removal of ex i t ed  
C02 molecules both involve the carrier gas (ill), 

3 I I I I I 
0 1 2 3 4 

1 0 3 1 ~  ( O K ) - '  

FIG. 3. Arrhenius plots for kl and lo. 

but that  the pressure dependences cancel out 

CO + O  + M$COz + M 

coz 3 coz + hr 

COz: + M --t COz + M 

(3c) 

(4c) 

(5C) 

In  this scheme l o c  = k3ck4c/k5L if ksC[M] >> k4c, 

where kac is the net rate constant for combination 
into the ex i t ed  state which emits. 

Figure 3 is an Arrhenius plot of the Io values 
and third order rate constants for the 0 + NO + 
0 2 ,  H + NO + Hz, and 0 + CO + 0 2  reactions. 
It can be seen that while the spin-allowed 
combination reactions 0 + NO and H + NO 
and their associated light emission show small 
negative temperature coefficients which can be 
represented by negative activation energies of 
1.0 to 1.5 kcal, the emission associated with the 
spin-forbidden 0 + CO reaction exhibits a 
positive activation energy of 3.7 kcal. Its estrapo- 
lated 10 value for 1/T -+ 0 is close to that for the 
0 + NO reaction where half the recombination 
occurs via the electronically excited state of NO2 
responsible for the air afterglow emission,4 which 
is an allowed transition. 

Further evidence that the low value of l o c  is 
due largely to this energy barrier and not to a 
slow spin-reversal step is produced by the 
similarity of the l o c  value for 0 2  to that  for N2 
and A. Since 0 2  has a triplet ground state, i t  
would be expected to accelerate a process in 
which spin-reversal was rate determining. It 
follows that the rate of reaction (3c) is not 
controlled by a spin-reversal process, and that 
the bulk of tlie emission observed does not 
involve a change of multiplicity. 

The banded nature of the emission spectrum 
shows that the emitting state has a potential 
minimum, and the activation energy of Ioc must 
be due to the presence of an energy barrier in the 
combination reaction (3c) by which this state is 
reached. The predominant paths for depopulation 
of the radiating state will be collisional quenching 
and collision-induced redissociation. The increase 
in the rate of the latter process relative to the 
former a t  higher temperatures is thought to be 
responsible for the small negative temperature 
coefficient observed for Ioa and l o b  in the 0 + hi0 
and H + NO Since redissociation 
must also be considered in the 0 + CO reaction, 
the height of the energy barrier in this reaction 
is taken to be equal to the difference between 
the logarithms of the temperature coefficients of 
l o c  and those of l o a  and lot,; this yields a barrier 
height of 5 kcal/mole. Thus the maximum energy 
available for emission is 125 + 5 = 130 kcal. The 
energy of the largest quanta observed is 90 kcal 
and it follows that the lower state to which the 

I 
I 

I 
i 
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emission occurs must lie not more than 40 
kcal/mole above the ground state of COZ. No 
such low-lying electronic state of COZ has been 
detected spectroscopically, nor is one expected 
on the basis of molecular orbital theory?O 

It follows that the emission occurs to ex i ted  
vibrational levels of the ground state of COz. It 
has been shown above that an allowed transition 
without change in multiplicity is involved. If 
this interpretation is correct, the CO flame band 
emission must correspond to a detectable transi- 
tion in the absorption spectrum of COZ. The first 
absorption spectrum of COS witb adequate 
intensity has its maximum a t  1475 A" while th,e 
maximum emission intensity occurs a t  4000 A. 
The wide energy spread both of this absorption 
spectrum and of the CO flame band emission 
indicates that  the transitions involve a change of 
configuration, and molecular orbital considera- 
tions shows that the excited state of this transition 
is a bent 'Bp or 'A2 state derived from 'A,. 
Making the very reasonable assumption that this 
state has the same bending force constant and 
bond angle (134') as the ground state of NO:! the 
Franck-Condon principle would predict that  the 
strongest transitions in emission and absorption 
would occur to levels with bending vibrational 
energies of 35 and 70 kcal/mole, respectively. The 
sum of these energies (105 kcal) agrees well with 
the difference between the energies of the 
observed maximum intensities, which is 120 kcal. 
It can therefore be concluded that most of the 
CO flame band emission comes from a 'Bz or 

state of COz which has a minimum excitation 
energy of about 110 kcal. For convenience, it 
will be assumed, that  the excited singlet state 
involved is 'Bz, as the transition 'L4z-++'&,+ is 
forbidden except with the excitation of the 
asymmetric stretching vibration. The discussion 
would be unaffected if it were the 'Az state, 
owing to the expected similarity of the bond 
angles. 

The mechanism of formation of the excited 
singlet state is of interest. Avramenko and 
Kolesnikova gave a value of 

4 X 10'' exp (-3500/RT) cm6 molew2 sec-l 

for the rate constant of the overall combination 
reaction,lZ while a value of 3.7 kcal/mole for the 
activation energy of this reaction has also been 
reported.'6 Although the Russian work predicts a 
higher rate constant than the upper ,limit de- 
tectable in Kaufman's work and ours, it shows 
that the energy barrier exists for all combinations 
of 0 (") f CO ('P) and not only for light 
emission. 

Since the electronic states of COZ which arise 
from 0 (") + CO ('B) are triplets, the 

mechanism by which excited COZ molecules reach 
the IBz state must be such that spin-reversal is 
not rate determining. If all these triplet states 
mere unstable, crossing into the singlet state 
must occur a t  the same time as stabilization by a 
third body. Spin reversal would then be part of 
the rate-determining process and a low trans- 
mission coefficient and a specific effect of M = 0 2  
would be expected. If, however, the combination 
0 (") + CO (W) yielded a stable triplet state 
via a potential maximum, the rate of formation 
of molecules in this state rather than their rate of 
crossing into the excited singlet state, could be 
rate determining. COz would be espected to have 
such a triplet state ("2) lying about 20 kcal 
below the excited singlet ('Bz) state, both from 
molecular orbital considerations and by analogy 
with CSz and SO2 where such states have been 
observed.'3 Radiationless crossing to the singlet 
state from the higher vibrational levels of the 
triplet state in perturbations would be much 
faster than radiation by or collisional quenching 
of the excited singlet state. This phenomenon is 
observed in the H + NO reaction, where the 
radiating HNO ('A") molecules are formed by 
radiationless crossings from a 3A" state formed 
by 

HW) + NOPII) + M -+ HNO(~A") + M. 

The mechanism of the CO flame band emission 
can therefore be represented by: 

ow)  + CO(~Z+) + M ~t CO?(~B?)  + M 

c o 2 m )  e c o m 2 )  
CO?('B2) -+ CO?('Z,+) + hv 

COz('B:) + M 4 CO?('Z,+) + M 

The corresponding potential curves areTrepre- 
sented diagrammatically in Fig. 4. 

The probability of the radiative transition 
4 '&+) is less than l e 4  of that from 

('I&+ I&+). The former process can be neglected 
for those COz molecules which have energies 
where crossing between the excited triplet and 
singlet states can occur. Rapid vibrational 
quenching of the 3Bz state would yield molecules 
which have too low an energy to cross to the 'Bz 
state, and which would show slower collisional 
electronic quenching. These metastable molecules 
would have long enough lives to contribute 
appreciably to the CO flame band emission, a t  
longer wavelengths. 

Gaydon's spectrum of the SO2 afterglow14 
(which we have recently shown to be associated 
with the SO + 0 reaction) shows bands known 
to originate from the low lying triplet state of 
SO,, but they appear from the published spectrum 
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REACTION COORDINATE 

FIG. 4. Diagrammatic potential curves for the 
0 + CO reaction. 

to contribute less than 10% of the total intensity. 
The proportions of triplet-singlet emission might 
well be lower in the 0 + CO reaction, as a 
violation of the spin selection rule would occur 
less readily for COZ than for SOZ. 

The energy barrier to combination in the 
0 + CO system is related to that observed both 
in the unimolecular and bimolecular decompo- 
sitions of the isoelectronic molecule NzO : 

N~o(~z+) -+ N ~ ( ~ z + )  + o(3~) 

I n  this case the barrier height of the combination 
process is 20 kcal while the heat of reaction is 
40 kcal, as compared with 125 kcal for 0 + CO. 
Although it .has not been possible to determine 
the absolute rate constant for the 0 + CO 
reaction, the kinetics of the emission process 
show that apart from its activation energy, this 
should be a normal third order reaction. Bi- 
molecular radiative combination could only 
make a small contribution, owing to the very low 

Discussion 

\ PROF. S. W. BENSON (University of Southern Cali- 
fornia): Dr. Thrush’s very interesting results should 
be compared with t,hose of Mahan and Solo who re- 
ported for a very similar system a bimolecular rate 
of c O 2  formation. F~~ D ~ .  Thrush’s system the 
rate would be termoleculrtr. 

termolecular under our conditions, the reaction in- 
volving an activation energy similar t o  that for 
light emission. 

DR. R. R. BALDWIN (Hull University): I should 
like Dr. Thrush to clarify one point in his paper. 
The convincing evidence he presents that the process 
responsible fof light emission is termolecular clashes 
with the view-expressed by Avramenko and Kolesh- 

DR. B. A. THRUSH (University of Cambridge): We 
think that the rate of Cot formation would be 

concentration of excited C02 which could be in 
equilibrium with CO + 0 at energies above that 
of the barrier to recombination. It is believed 
that the great complexity of the emission spec- 
trum is due to emission from many vibrational 
levels of the lB2 state of C02 lying below the 
energy barrier, the intensity distribution being 
governed by the relative rates of vibrational and 
electronic quenching and by the energy removed 
by the third body in the stabilization process. 
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nikova that 0 + CO occurs by a bimolecular reac- 
tion: This clash could have been resolved by sug- 
gesting that only a relatively small part of the CO, 
formed is via the reaction responsible for light 
emission and that there is another bimolecular 
process forming COS. However, since Dr. Thrush 
used the activation energy obtained by Avramenko 
and Kolesnikova to support his termolecular 
scheme, I assume he does not take this view, and 
would be glad if he would confirm this. 

DR. B. A. THRUSH: On the basis of our experi- 
ments, we consider that all the 0 (T) + CO (Q+) 

reaction involves an energy barrier. We think that 
recombination via the electronic states responsible 
for light emission makes an appreciable contribu- 
tion to the total rate of combination. Some recom- 
bination must also occur via states which do not 
radiate significantly. 

Avramenko and Kolesnikova appear to have 
carried out all their experiments at  one pressure. 
Since all known atom + diatomic molecule com- 
bination reactions are third order in this pressure 
range, we have interpreted their data in terms of a 
third order rate constant. This view is supported by 
the mechanism of the light emission process. 



THE SELF-INHIBITION OF GASEOUS EXPL 

It. R. BALDWIN, N. S. CORNEY, P. DORAN, L. MAYOR, AND R. W. WALKER 

In discussing the conditions under which branched-chain reactions, either of the linear branching 
or quadratic branching type, can give rise to isothermal explosion, i t  is usually assumed that the 
initial values of the parameters (e.g. initiation rate, branching factor, termination constants) deter- 
mine whether the system is stable or explosive. If, however, a reaction product can inhibit the reac- 
tion, substantial modification of the explosion condition may result. Two types of mechanism are 
discussed, one with linear branching and one with quadratic branching, which illustrate this point. 
In the case of linear branching, it is shown that the original isothermal limit may be modified to a 
chain-thermal boundary. Thus, whereas ethane, propane, and butane inhibit the second-explosion 
limit of Ht and O2 by direct chain-terminating reactions with H, OH, and 0, methane and neopentane 
can inhibit only via their reaction products (formaldehyde in the case of methane, aldehydes and 
olefins in the case of neopentane). Such .products are formed in significant concentrations only after 
the uninhibited explosion boundary has been crossed and incipient explosion is developing. A variety 
of evidence supports the view that the character of the explosion changes from the original isothermal 
chain-branching explosion to a chain-thermal explosion with these two hydrocarbons. The second 
type of inhibiting mechanism, applicable when quadratic branching occurs, is exemplified by the 
self-inhibition of the Hz/Oz reaction, as shown by the effect of withdrawal rate on the second limit. 

Introduction 

Reactions proceeding by a chain mechanism 
may become explosive by either of two possible 
processes : 

( a )  Thermal Explosion . 

Here the primary cause of the explosion is the 
self-heating of the reaction system. Basic con- 
ditions that  must be satisfied are that the reaction 
must be exothermic and the activation energy 
must be finite. The reaction starts at a moderate 
rate, evolving heat; to  dispose of this heat, the 
temperature of the gas rises above its surround- 
ings. Under certain conditions, this temperature 
rise may be quite small, and the system stabilizes. 
Under other conditions, this rise in temperature 
may cause a considerable increase in reaction 
rate so that  more heat is evolved in unit time, 
and a further temperature rise occurs. Repetition 
of this spiral process indefinitely gives the thermal 
esplosion. Factors influencing the critical rate 
that  leads to  explosion include the activation 
energy and heat of reaction, the vessel diameter 
and gas conductivity (which influence con- 
duction of heat to the walls), and the specific 
heat of the gas (which determines how much 
heat is used up in raising the gas temperature). 
Precise formulation of the boundary condition 
has been attempted by a number of authors.1-6 

( b )  Isothermal Explosion 
The word isothermal emphasizes that the 

primary cause of the explosion is the kinetic 
feature of the reaction that  causes the concentra- 
tion of chain centers to increase in a continuous 
and exponential manner with time. There are 
two subdivisions in  this category: 

(i) Linear branching mechanism. Here only 
linear (firstorder) reactions of chain centers are 
involved, the development of the concentration 
of chain centers, n, with time t being governed 
by the equation : 

dn/dt = e + f n  - gn - yn ( 9  

= 6 + + n  

where 8, fn ,  gn, yn are the rates of initiation, 
chain-branching, gas-phase terminat,ion, and sur- 
face destruction,* respectively. The net branching 
factor + = ( f - g - r), and the explosion 
boundary is defined by the condition 4 = 0. The 
n - t relationships for the three situations 4 
negative, # zero, and # positive, are shown in 
Fig. 1. 
(ii) Quadratic brunching mechanisms. Here 
branching is possible at a rate proportional to 
the square of the chain center concentration. 

* More precise discussions of surface termination 
have been given elsewhere.?-9 
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Equation (i) now becomes: 

dn/dt = B 4- 4n + Fn2 (ii) 

and explosion is possible not only when 4 is 
positive, but also when q5 is negative, provided 
48F > #. The corresponding situations to Fig. 1 
may be shown by two diagrams, Fig. 2A being 
the plot of dn/dt - n, and Fig. 2B the plot of 
n - t .  In  curve 1, dn/dt = 0 a t  S, and the con- 
centration of chain centers becomes constant a t  
this value. I n  curve 3, dn/dt is always positive 
and the chain center concentration increases 
continuously with time. Curve 2 represents the 
boundary condition. The corresponding n - t 
relations are shown in Fig. 2B. 

It is generally assumed in discussing both 
slow reaction and explosion that 0, 4, and F are 
defined only by the initial conditions. Thus, both 
the short induction periods preceding explosion 
of Hz/OZ mixtures'O and the long induction 
periods in hydrocarbon oxidation have been 
analyzed on the assumption of a constant value 
of q5 throughout the induction period. This paper 
discusses some examples in fairly simple systems 
where this assumption is not true, and where the 
changing value of 4 as the reaction develops 
produces substantial modification in the explosion 
condition. 

I. Inhibition of the Hz/O2 Reaction by 
Methane 

The reason why the methane-inhibited H2/02 
reaction provides an illustration of .  the above 
phenomenon can be understood by reviewing 
briefly the inhibiting action and mechanism of 

n 

FIG. 1. Chain center concentration (n)-time ( t )  
relationships with linear branching and linear chain 

termination. 

n 

t 

(b) 

FIG. 2. (a) dnld t  - n relationship with quadratic 
branching. (b) n-t relationship with quadratic 
branching; n = concentration of chain centers, 

1 = time. 

inhibition in the case of ethane, propane, and 
n- and i-butane. These hydrocarbons from 
ethane to butane exert a very similar inhibiting 
action on the H2/02 r e a ~ t i o n , ~ - ' ~  the charac- 
teristic feature being thst  as the concentration of 
hydrocarbon is increased, the explosion limit is 
reduced in an almost linear manner down to the 
junction of the first and second limits. Because of 
this linear relationship, the efficiency of inhibition 
can be conveniently assessed in terms of i+, the 
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mole fraction of inhibitor required to halve the 
uninhibited limit; it is almost proportional to y, 
the mole fraction of 0 2 ;  is much less dependent 
on the mole fraction of H2, x, and is effectively 
independent of vessel diameter. Assuming an 
isothermal boundary, defined by 4 = 0, the 
main features of the inhibition can be accounted 
for by adding reaction (14) to the simplest 
mechanism, involving reactions (1) -(5a), which 
describes the second limit of the Hz/0~ system. 

H + R H = H z + R  (14) 

OH + Hz = HzO + H (1) 

H + O z  = O H  + O  (2) 

0 + Hz = OH + H (3) 

H + 0 2  + M HOz + M (4) 

HO, = destruction (5a) 

Assuming that reaction (14) leads to chain 
termination, this mechanism gives the relations: 

surface 

(iii) Pz - P k14i . kzy 
Pz 2kZY’ k14 

21 = - -- - -* 

P2, P are the uninhibited and inhibited limits, 
respectively, and i is the mole fraction of hydro- 
carbon. Minor features of the inhibition can be 
accounted for by adding reaction (15) or the 
kinetically equivalent reaction (13). 

0.8 

0.6 

N 
0, 0.4 
s .- 

0.2 

0 

(15) 

0 + R H = O H + R  (13) 

OH + RH = la20 + R 

i4 is then given by: 

I n  the case of ethane, i t  has been shownu that 
the variation of i3 over a wide range of mixture 
composition can be interpreted precisely by Eq. 
(iv) if it is assumed that every alkyl radical is 
destroyed without continuing the chain. This 
evidence, as well as studies of the inhibition of 
the first limit,1a shows that reactions (21a) and 
(16a) are negligible compared with reaction 
(20a), and that reaction (19a) can, at most, be 
only of minor importance. This latter conclusion 
is supported by the high yields of ethylene15 
obtained when ethane is oxidized in a flow system 
a t  these temperatures. The Similar inhibition 
features obtained with propane, n- and i-butane 
are attributed to the fact that  reactions similar 
to  (20a), producing the unreactive HOz radical, 
are predominant in these cases also. 

CzHs + 0 2  = CzH4 + HOz (204 

CzH6 + 0 2  = CHaCHO + OH (19a) 

C Z H ~  + HZ = CZHS + H (164 

(2la) CzH6 = CzH, + H 

There is no doubt that  the uninhibited second 
limit is isothermal in character; in particular, 

I I I I I 
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FIG. 3. Effect of inert gas on inhibiting action of ethane; 35 mm 
diameter KCI-coated vessel at 540°C, HZ = 0.28 mole fraction 
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the relative effects of helium and argon on the 
second limit agree exactlyS with the ratio of their 
collision frequencies in reaction (4) and there is 
no evidence for any abnormal effect of helium 
resulting from its high thermal conductivity. 
Confirmation of the isothermal nature of the 
inhibited limit in the presence of ethane comes 
from studies of the effect of different inert gases.’6 
According to Eq. (iv), which is based on an 
isothermal boundary condition, i+ for a given 
H2-02 mixture should be independent of inert 
gas. Fiewe 3 shows the effect of the four inert 
gases, helium, argon, nitrogen, and carbon dioxide 
for a series of mixtures in which the mole fraction 
of O2 varied from 0.07-0.56, the mole fraction of 
H2 being constant a t  0.28 and the remainder of 
the mixdare (apart from the trace of ethane) 
being the one inert gas added. The fact that  i+ 
is independent of inert gas is particularly striking 
in view of the wide variation (60-180 mm Hg a t  
54OOC) in the uninhibited limit resulting from the 
different inert gas coefficients in reaction (4), 

With methane, a reaction analogous to (2023) 
will produce the reactive CH2 radical and cannot, 
therefore, be regarded as a chain termination 
process; moreover, no evidence for this reaction 
has been found, reaction (19) being generally 
accepted. 

(19) 

Since an OH radical is produced, no direct chain 
termination can result. It is thus not surprising 
that the inhibition features with methane differ 
spectacularly from those with ethane and the 
higher  hydrocarbon^.^^^^ At first sight, no 
inhibition by methane would be expected. How- 
ever, the formaldehyde formed in reaction (19) 
has been shown to be an extremely effective 
inhibitor and explosion may be prevented if the 
formaldehyde concentration builds up sufficiently 
before the explosion develops. 

The situation may be generalized by supposing 
that a reactant R forms an intermediate I by 
reaction with a chain center. This intermediate 
I is destroyed by reaction with chain centers 
and some fraction a t  least of these reactions do 
not produce further chain centers. Suppose the 
reaction mixture is subjected to conditions where 
the net branching factor 4 is initially positive. 
The differential equations for the center concen- 
tration n and the intermediate I then become: 

(v) 

CHa + 0 2  = HCHO + OH 

dn/dt = B + &a - A[I]n 

d[ I ] /d t  = B[R]n - C[I$ (vi) 

If all reactions destroying the intermediate also 
remove a chain center, A = C. From (vi), the 
stationary concentration of intermediate = 

CONC. 

TIME 

FIG. 4. Sketch of concentration-time relationships 
given by Eqs. (v) and (vi). 

B[R]/C. I f  q5 > AB[R]/C, dn/dt is always 
positive and an isothermal explosion occurs. If 
4 < AB[R]/C, dn/dt is negative when the 
equilibrium concentration of intermediate is 
reached, and isothermal e,uplosion is impossible. 
Since dn/dt is initially positive, however, the 
n-t curve must pass through a maximum, as 
shown diagrammatically in Fig. 4. The resultant 
maximum reaction rate may be sufficient to 
cause a thermal explosion. The striking feature 
about this mechanism is that  the inhibited 
boundary can become thermal in character, in 
contrast to the isothermal nature of the unin- 
hibited limit. 

The main features of the inhibition of the H2/02 
reaction by methane have been discussed else- 

and only a summary of the main 
points, and the evidence supporting a thermal 
boundary, will be given here. 

(a) Increasing amounts of methane have little 
effect on the second limit until a critical concen- 
tration i, is reached, when explosion is suddenly 
and completely suppressed. The contrast between 
the behavior of methane and ethane is shown in 
Fig. 5. 

(b) The value of i, increases almost linearly 
with increasing mole fraction of 0 2 .  Bs in the 
case of ethane, this suggests a competition 
between the hydrocarbon and oxygen for the 
same chain carrier, H. 

(c) Here i, is more markedly dependent on 
the mole fraction of H2 than in the case of 
ethane. Initially i, increases almost linearly with 
increaaing x, then passes through a maximum, 
and decreases as x is further increased. Such a 
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FIG. 5.  Comparison of inhibiting action of methane 
and ethane; 35 mm diameter KCl-coated vessel at  

540"C, Ht = 0.28, O2 = 0.14 mole fraction. 

relationship could result from the combination of 
a chemical effect in which ic increases continu- 
ously with x, and a physical effect in which the 
increased conductivity in mix%ures of high Hz 
content makes thermal explosion more difficult, 
so that less inhibitor is required. 

(d) The value of i, increases as the vessel 
diameter increases, with a less than first power 
relationship. While this could be interpreted in 
terms of an inefficient surface termination 
process, this possibility is excluded by the 
observation that ic is effectively the same in both 
clean and KC1-coated P-yrex vessels; it is ex- 
tremely unlikely that the inefficiency of these 
two surfaces should be identical. A thermal 
mechanism, however, provides a simple explana- 
tion of the diameter dependence without an 
accompanying surface dependence; the less than 
first power relationship can be attributed to the 
importance of specific heat and convection 
contributions. in addition to conduction. 

(e) Although no significant reaction occurs in 
mixtures maintained above the esplosion bound- 
ary for up  to 5 minutes, analysis of completely 
inhibited mixtures withdrawn from the reaction 
vessel without explosion shows that significant 
reaction has occurred. This is consistent with 
the burst of reaction indicated in Fig. 4. 

(f) Normal explosions in large diameter vessels 
are accompanied by  a violent kick in the Hg level 
of the manometer used to follow the pressure in 
the reaction vessel; with methane concentrations 

just greater than ic, a small kick is observed 
which disappears as the methane is further 
increased. This again is consistent with the burst 
of reaction evident in Fig. 4. Further support is 
provided by the detectioIi of small temperature 
rises (using a centrally located thermocouple in a 
glass sheath) in mixtures with methane concen- 
trations just greater than i, when the pressure 
falls just below the uninhibited limit. Similar 
evidence comes from the observation of a faint 
glow, presumably a consequence of the temporary 
high concentration of radicals, in certain mixtures 
with methane concentrations just greater than 
i,; these glows disappear if the methane concen- 
tration is increased slightly. 

fa 
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x 40 
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0 
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FXG. 6. Effect of inert gas on inhibiting action of 
methane; 35 mm diameter KC1-coated vessel at  

540°C, O2 = 0.14 mole fraction. 

( g )  The most direct evidence for a thermal 
boundary comes from the effect of the inert 
gases He, A, N2, and COz. If the boundary is 
isothermal in character, inert gases should either 
,have no effect (as with ethane), or should have 
an effect determined directly by their influence 
on 4. This could arise either through their 
ability to reduce diffusion of chain centers to the 
wall, in which case the order of effectiveness 
should be CO? > N2 > A > He, or through their 
ability to take part in activating (e.g. H202 + 
M = 20H + M) or deactivating collisions (e.g. 
H + 0 2  + M),  in which case the order of 
effectiveness is again likely t o  be C02 > Nz > 
A > He.* If, however, the explosion has thermal 

* This is the order given by Ritehie'* for a number 
of reactions; however, in both the decomposition of 
NO2Cl" and in the reaction H + Oy + M = H02 + 
M, He lies between N2 and A. 



character, the specific heat and conductivity of 
the gas mixture will also influence the boundary. 
Because of its high conductivity, helium may 
become particularly effective in suppressing 
explosion, and the order of effectiveness may 
become COZ > He > Nz > A. Figure 6 shows the 
variation of i, with mole fraction of Hz7 the mole 
fraction of 0 2  being 0.14, and the remainder of 
the mixture being one of the four inert gases. The 
order of effectiveness is entirely consistent with 
a thermal explosion boundary. 

The inhibiting action of methane on the Hz/Oz 
reaction thus provides an example of a “de- 
generate” inhibition, where the inhibitor itself 
exerts no direct inhibiting action, but under 
conditions where the explosion begins to develop, 
the inhibitor gives rise to products that  may 
suppress the developing explosion. 

11. Inhibition of the H2/02 Reaction by 
Neopentane 

The peculiar inhibiting features found with 
methane arise because the methyl radical is 
unable to undergo the chain termination reaction 
forming an olefin and HO2. Such a reaction 
requires a C-H bond adjacent to the carbon 
atom a t  which the free valency exists. Neopentane 
is the next simplest hydrocarbon which is in- 
capable of giving such a radical. Two alternative 
reactions are possible for the neopentyl radical 
formed in the primary inhibition process: 

(a) Fission a t  the C-C bond to give i-butylene 
and a methyl radical which then undergoes re- 
action (19), regenerating an active chain center. 
Although no direct inhibition is possible, olefins 
have been shown to be efficient inhibitors so 
that this sequence forms two products capable of 
inhibiting the reaction, and a methane-type 
inhibition would be expected. 

(CH&C-CH* = (CH&C=CHz + CHa 

(b) Reaction with 0 2  to give an aldehyde: 

(CH&C-CHz + 0 2  = (CH&C--.CHO + OH 

Although no direct inhibition occurs, the aldehyde 
could inhibit through the following reaction 
sequence : 

(CH3)&-CHO + center X = (CH3)3C-C0 + XH 

(CHa)aC-CO = (CH&C + CO 

(CH&C + 0 2  = (CH,)zC=.CHz + HOz 

A methane-type inhibition would again be 
expected. 

Studies with neopentane confirm that the 

inhibition is similar to that obtained with 
methane, particularly in the following respects: 

(i) Increasing addition of neopentane has little 
effect on the limit until a critical concentration 
is reached when esplosion is completely sup- 
pressed; the critical concentration is about one- 
fiftieth of that  with methane; 

(ii) i, is dependent on vessel diameter; 
(iii) i, is dependent on inert gas, the order for 

increasing i, being COe, He, N2, A. This order 
confirms the thermal nature of the boundary. 

111. Inhibition of the H2/02 Reaction by 
Ethane, Propane, and Butane 

In  KC1-coated vessels a t  540°C, the inhibiting 
action of ethane is independent of withdrawal 
rate over a wide range, and is almost independent 
of the mixing time, prior to withdrawal, over the 
range 20 sec to 5 min. In  clean Pyres vessels a t  
500°C, the limit is again almost independent of 
mixing time: However, although the inhibited 
limit is independent of withdrawal rate over a 
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FIG. 7. Normal and depressed limits in inhibition 
by ethane; 23 mm diameter Pyrex vessel at 5OO0C, 

Hz = 0.80, O2 = 0.14 mole fraction. 

certain range, further reduction in withdrawal 
rate suddenly gives a “depressed” limit, which 
remains roughly constant as the withdrawal rate 
is further reduced. Typical results for the 
“normal” and “depressed” limits for a mixture 
containing 0.80 mole fraction EZ and 0.14 mole 
fraction 0 2  in a 23 mm diameter vessel are shown 
in Fig. 7. The “depressed” limit can also be 
obtajned by interrupting the evacuation for a 
period of several minutes a t  a pressure just above 
the normal boundary, and then continuing the 
rapid evacuation. In  KCI-coated vessels, de- 
pressed limits are only obtained by using incon- 
veniently slow withdrawal rates, but can be 
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obtained by this “interrupked evacuation” 
technique. 

These depressed limits are almost certainly due 
to the formation of ethylene, which has been 
shown to be a more efficient inhibitor than 
ethane. The fact that  depressed limits are more 
easily obtained in Pyres vessels, where quadratic 
branching plays a significant role, suggests that  
the self-inhibition mechanism here may be 
similar to that described in the nest section, 
rather than to that described for methane. 

Although depressed limits were only obtained 
with difficulty in KC1-coated vessels with ethane, 
they were obtained much more easily with 
propane, n- and i-butane; with some mixAwes, 
normal limits could only be obtained by using 
freshly coated vessels. Tests have shown that 
propylene is a more efficient inhibitor than 
propanez0; the butylenes have not been esamined. 
The increased tendency to obtain depressed 
limits with propane may be due partly to the fact 
that  propylene is a more efficient inhibitor than 
ethylene, and partly to the increased rate of 
propane oxidation which is likely because of the 
lower C-H bond strength. 

While the isothermal nature of the “normal” 
inhibited limit has been shown by inert gas tests, 
it has not yet been possible to make similar 
studies on the depressed limits. 

IV. Self-Inhibition of the Hz/Oz Reaction 
Perhaps the simplest case of self-inhibition 

arises where only two reactants, Hz and 0 2 ,  are 

involved. I n  KC1-coated vessels, the second limit 
is normally independent of withdrawal rate over 
a very wide range. I n  clean Pyres vessels,“ the 
limit is markedly dependent on withdrawal rate, 
as shown in Fig. 8. With mixtures of high 0 2  
content, decreasing the withdrawal rate has little 
effect until a critical rate is reached, when ex- 
plosion is completely suppressed. With mixtures 
of lower 0 2  content, the limit is gradually reduced 
as the withdrawal rate is reduced below a critical 
value. Since this phenomenon is only si-pificant 
in Pyrex and boric-acid-coated vessels, where 
quadratic branching occurs, it appears to be 
connected in some way with the quadratic 
branching process. 

The only feasible inhibitor is HzO, which is an 
extremely efficient third body in the reaction 
H + 0 2  + M = HO2 + M. The formation of 
HzO as the esilosion boundary is crossed cannot 
be shown using the withdrawal method, because 
the pressure change due to HzO formation is 
masked by the pressure decrease due t o  with- 
drawal. If, however, the boundary is approached 
by raising the temperature, formation of HzO can 
be detected. A mixture (0.28, 0.14 mole fractions 
of Hz, 02, respectively) was prepared in the 
reaction vessel a t  480’ and 500 mm Hg pressure, 
and the pressure then reduced to 86 mm Hg, a t  
which pressure the ignition temperature is 
490’C. The mixture was $hen heated at about 
2’C/min, the pressure being followed on a 
sensitive Bourdon gauge. Between 480’ and 
49OoC, the pressure rose gradually as expected 
from thermal eqansion. At 49OoC, the mis%ure 
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FIG. 8. Effect of withdrawal rate on second limitof Hz/02 reaction; 35 
mm diameter Pyrex vessel at 500°C, Hf = 0.28. 
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did not explode, but no further pressure increase 
occurred up to 505OC. From the difference 
between the observed pressure a t  505°C and that 
calculated for thermal expansion, 3.9% of H20 
had been formed. At a constant temperature of 
505"C, the mixture was withdrawn fairly rapidly. 
Explosion occurred a t  80 mm Hg, as compared to 
the normal uninhibited limit of 112 mm Hg at 
this temperature. From the known inhibiting 
effect of H20, this drop of 32 mm Hg indicates 
the formation of 4.1 % of H20, in good agreement 
with that estimated from pressure change. 

The fact that  this phenomenon is only sig- 
nificant in Pyrex and boric-acid-coated vessels, 
where quadratic branching occurs, suggests that  
it is connected with the quadratic branching 
process. While, therefore, the type of inhibition 
mechanism obtained with methane, where 
formaldehyde is the effective agent, could also be 
visualized with HzO as the effective inhibitor, i t  
appears that  this type of inhibition is negligible.* 
From the discussion of quadratic branching 
already given (Fig. 2A), the concentration ne of 
chain centers a t  the boundary is obtained by 
writing d(dn/d t ) /d t  = 0, giving n, = -4/2P 
(4 is negative). As a result of this concentration, 
there is a definite rate of H20 formation, so that 
4 decreases (becomes more negative) a t  a 
definite rate. If this rate of decrease of 9 exceeds 
the rate a t  which 4 is increasing due to the with- 
drawal process, then the system wi l l  remain just 
outside the explosion boundary throughout the 
withdrawal process, and no explosion will occur. 

To apply the above formal treatment to a 
precise interpretation of critical withdrawal 
rates requires a precise chemical mechanism for 
the slow reaction between HZ and 0 2 .  While this 
is not possible for clean Pyrex vessels and for 
vessels freshly coated with boric acid, i t  has been 
possible to give a, precise interpretation of the 
kinetics in aged boric-acid-coated vessels. Al- 
though this mechanism was developed to interpret 
results in the pressure range 200-600 mm Hg, it 
can be extrapolated to predict the reaction rate 
a t  the explosion boundary; from this rate, and 
the known inhibiting efficiency of H20, the 
critical withdrawal rate can be predicted. The 
calculations are rather sensitive to small errors 
but Fig. 9 shows that the critical withdrawal 
rates can be predicted to within 30% over a 
range of mole fractions of 0 2 .  The treatment also 
predicts that  the critical withdrawal rates should 

* Small effects of very slow withdrawal rates, par- 
ticularly noticeable at extreme Sxture  composi- 
tions in KC1-coated vessels, may be attributed 
either to a methane-type mechanism, or to  a small 
contribution from quadratic branching even in KC1- 
coated vessels. 
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be independent of diameter, in agreement with 
the experimental results. A full discussion of this 
treatment has been given elsewhere?' 

Conclusion 

Four cases have been discussed in which the 
explosion boundary condition has been con- 
siderably modified by the inhibiting action of 
products formed by reactions occurring in the 
immediate vicinity of the boundary. Under such 
conditions the system cannot be treated as 
though the net branching factor 4 remains 
constant. The H2/02 reaction sensitized by NO2 
appears to be another case where 4 varies con- 
tinuously throughout the induction period 
preceding slow reaction or explosion.22 All four 
cases discussed involve the H2/02 reaction, and 
this has the advantage that since the mechanism 
of this reaction is well-established, a precise 
interpretation can be obtained for the peculiar 
features shown by these self-inhibition cases. It 
is remarkable that such self-inhibition is possible 

e , ,  - . -- 
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even in the HJOZ system which is continuously 
branching, and it seems likely that such effects 
may operate in other systems where only inter- 
mittent branching occurs. The oxidation of 
hydrocarbons is a particular case where care is 
needed in assessing the role of intermediates 
such as peroxides, aldehydes, and olefins, and 
their effect on the constancy of the net branching 
factor. The marked inhibiting action of reaction 
products on the cool flame of diethyl e t h e 9  
confirms the view that self-inhibition phenomena 
may operate in at least some cases. 
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A SHOCK TUBE STUDY OF' IGNITION OF METHANE-OXYGE 
MIXTURES 

T. ASABA, K. YONEDA, N. IIAKIHARA, AND T. HIKITA 

Ignition of methane-oxygen mixtures was studied by use of the shock tube. Data on ignition delay 
suggested that two different mechanisms exist, depending upon the methane content; first, for lean 
mixtures, the branching chain mechanism at  relatively low temperatures governs the reaction during 
the induction period; and second, for rich mixtures, the thermal chain mechanism governs the re- 
action at  high temperatures. 

For rich mixtures, the controlling reaction is considered to be the second order reaction between 
methane and oxygen with an activation energy of about 55 kcal. 

For lean mixtures, it is suggested the ignition is of the branching chain type and the activation 
energy is found to  be about 21 kcal 

In discussing the branching chain mechanism, oxygen atoms are considered to be important 
chain carriers. As the concentration of methane increases, methane molecules deactivate oxygen 
atoms. This may be the reason why the branching chain reactions do not occur in the rich region. 

Introduction 
Chemical kinetics during the induction period 

or ignition delay is of great interest in view of 
the mechanism of ignition or growth of explo- 
sions, as shown by Schott,' Strehlow,2 and 
Kistiakowsky et a1.3 Oxidation or combustion of 
methane has been extensively studied by many 
researchers under conditions of low pressures 
and relatively low temperatures and the reaction 
mechanism has been elucidated almost com- 
pletely: However, only a few papers dealing 
with ignition of methane at higher temperatures 
and pressures are available at presentk9 and 
the mechanism is not yet uniquely determined. 

TOPLER 
PUMP 

Reliable data on ignition delay are provided 
by  the shock tube techniquelo which makes use 
of the reflected shock wave as a reaction volume 
under such condition that the reaction in the 
incident shock can be neglected. 

The present work was undertaken to investi- 
gate the ignition of methane-oxygen mixtures at 
high temperatures and pressures by means of 
the shock tube and to get information concerning 
the chemical kinetics during the induction period. 

Experimental 
Apparatus. The shock tube used was of the ChL 
type reported by Glick et al." The fundamental 

I ' EXHAUST I 
I 

FIG. 1. Schematic diagram of shock tube and associated instrumentation. 
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Most experiments were carried out with various 
compositions of methane and oxygen. Runs were 
also made with methane-air, methane-oxygen- 
argon, and. methane-oxygen with added small 
amounts of formaldehyde. 

Hydrogen was used as the driver gas and sev- 
eral sheets of cellophane were used as the dia- 
phragm which was punctured by a plunger 
operated by the trigger shock tube. The pressure 
ratio of test gas to driver gas was controlled so 
as to give a reflected shock pressure of around 7 
atm and so that the mbin reaction would take 
place behind the reflected shock. 

The temperature behind the reflected shock 
was calculated from the observed value of the 
incident shock velocity and the reflected shock 
pressure. The thermodynamic data were mainly 
taken from Rossini’s tables13 and the specific 
heats of methane a t  high temperatures were cal- 
culated from the vibration frequencies, assuming 
the vibrational relaxation of methane and oxygen 
to be established immediately after the reflection 
of the shock.ll 

FIG. 2. Examples of pressure records. 

properties of the shock tube have been reported 
elsewhere.a The configuration and associated in- 
strumentation are schematically shown in Fig. 1. 
The vacuum tank was used only in case of gas 
sampling for gas chromatographic or mass- 
spectroscopic analysis of products. The first pres- 
sure transducer of barium titanate acted as the 
trigger for the oscillograph and the second one 
indicated the pressure curve. Sometimes a 
photomultiplier was attached to the end plate in 
place of the pressure transducer for comparison 
with the pressure records. A transparent acrylate 
pipe was used to observe the ignition process oc- 
curring near the end plate by means of streak 
photographs. 

Procedure. Test gases were taken from com- 
mercial cylinders, introduced into the evacuated 
storage tank and mixed with a rubber bulb. The 
mix.ture was introduced into the evacuated test 
section at a definite pressure. The purity of 
methane was 98 per cent with 2 per cent air. 

Examples of pressure oscillograms are given in 
Fig. 2. The first slow rise of pressure is considered 
to indicate the ignition occurring near the end 

f 

n 

distance 

FIG. 3. An example of streak photograph showing 
the wave phenomena near the end plate of the 

shock tube. 



IGNITION OF METHANE-OXYGEN MIXTURES 

TABLE 1 

Experimental conditions employed for measurement of ignition delay 
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State behind the reflected 
shock wave 

Measurable range 
Composition range Temperature Pressure of ignition delay 

System of tested gas (OK) ( a t 4  (msec) 
~~ ~~ 

CH.4 : 0 2  10 : 90-60 :40 800-2000 7 r t 3  0.1-1.5 

CH4 :Air 5 : 95-20 : 80 1200-2200 10 rt 3 0.1-1.5 

CH4 :Oz :A 9 : 11 : SO-15 : 5 : 80 1400-2200 10 f 3 0.1-1.5 

plate and the subsequent sharp ltise of pressure 
to indicate the retonation wave emitted from the 
point of onset of detonation. This is confirmed 
from the streak photograph taken through a 
parasial slit on the acrylate pipe as shown in 
Fig. 3. Here the wall effect may be negligible 
since little variation in ignition delay time was 
observed when the end plate was coated by 
potassium chloride or sodium tungstate. 

Data on the ignition delay obtained from the 

4 6 8 10 12 14 16 
1/1.104 

FIG. 4. Ignition delay data of methane due to 
different authors: (a) Bone and Gardner14; 2CH4 + 
0 2 ,  1 atm (closed vessel). (b) Newitt and Gard- 

CH4 + 0 2 ,  1 atm (flow method). (c) Vanpde 
and Grards; 2CH4 + 0 2 ,  1 atm (closed vessel). (d) 
Cowards; CH4 in air, 1 atm (concentric tube). (e) 
Mullinss; CH4 in air, 1 atm (concentric tube). (f) 
Skinner and Ruehrwein’; CH4:Oz:A = 6:4:90, 5 
atm (shock tube). (g) Present authors; CH4:air = 
15:85, 16 atm (shock tube). (h) Present authors; 

CH4:02 = 30:70, 9 atm (shock tube). 

photomultiplier records are almost the same as 
those from the pressure records for lean mixtures, 
but for rich mixtures no good photomultiplier 
data could be obtained. Hence the pressure 
records were used to measure the ignition delays 
of rich mixtures. 

The experimental conditions employed are 
listed in Table 1. Some of the data are compared 
with those reported by other authors5~6J~9J4J5 in 
Fig. 4, although the experimental conditions 
differed in the studies cited. 

The relation between the logarithm of ignition 
delay and the reciprocal of temperature is nearly 
expressed by a straight line for each mixture. 
These data were replotted as %:graph giving the 
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10 . 3: , 40 7 73 7 6; 
1 .o 2.0 . 3.0 

EQUIVALENCE RATIO 

FIG. 5 .  Examples of contour-line of definite ignition 
delay as functions of temperatures and methane per 

cent in methane-oxygen mixtures. 
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FIG. 6. Gas analysis data of shocked gas before or 
after ignition. The occurrence of ignition was judged 
from pressure records. Sometimes ignition was fol- 
lowed by rapid quenching. Test gas: (A) CH4:02 = 
33:67; (B) cH4:oz = 60:40. Pressure: 7 f 2 atm. 

contour-lines with definite values of ignition 
delay as functions of temperatures and methane 
contents, as shown in Fig. 5 .  Scatter of the data 
is mainly due to the variations in the reflected 
shock pressures. 

Gas-chromatographic analyses of the products 
of shocked gas, with or without ignition, were 
performed in a single-pulse shock tube where the 
vacuum tank was used for rapid quenching of the 
products. The result is shown Fig. 6. Some 
aldehydes were detected in the combustion and 
decomposition products of the methane-rich 
mix%ure, while in the case of lean mixtures con- 
taining less than 50 per cent methane only a 
trace of aldehydes could be found. 

Discussion 

The curves shown in Fig. 5 are of special in- 
terest in connection with chemical kinetics of 
the osidation of methane. The contour-line of 
ignition delay shows that in the range of methane- 
rich mixtures a considerably higher temperature 
is needed to produce ignition with a definite 
delay. A characteristic maximum can be clearly 
seen for shorter delay ignition. This last fact 
may suggest that  two different mechanisms exist, 
depending upon the methane content. 

For oxidation of methane at relatively low 
temperatures, say below 700°K, the following 
scheme has been proposed by Enikolopyan.16 

CH4 + 0 2  + CHa + HOz; 

AH = 55 kcal, E = 55 kea1 (a) 

CH, + 0 2  + CHsO + OH; 

AH = -50 l E  = 20 (b) 

OH + CH4 .--t CHs + HzO; 

AH = -15 , E  = S (4 
CHzO + 0 2  -+ CHO + HOz; 

AH = 32 , E  = 3 2  (4 
CHO + 0 2  -+ CO + HOz; 

AH = -20 (e) 

HOz + CHa + CHa + HzOz; 

A H =  l l - , E = l l  (f) 

Here, reactions between aldehyde and radicals 
and reactions at wall surface were omitted be- 
cause of their low contribution to the kinetics 
under the conditions of the shock tube. 

Assuming the time derivatives of concentra- 
tions [OH], [CHO] and [HOz] are zero, we get 

d[C&]/dt = 2k,[C&][Oz] -I- 2kd[oz][cHzo] 

(1) 

Integration yields 

[CEJr =I 2ka[C&]0[0~]07 

+ [ %i[Oz][CHzO]dt (2) 

When it is assumed that [C&], + [C&]o and 
[OZ]~ = [OZ]~, where subscript 0 or r denotes the 
value a t  time zero or r (the ignition delay time) 
respectively. 

Case A:  Rich Mixtures. If it is assumed that the 
controlling reaction for the methane-rich mix- 
tures is reaction (a) ,  the second term in the 
right-hand side of Eq. (2) may be ignored. Then, 
inserting the Arrhenius espression for k,, 

k,  = b exp ( - E J R T ) ,  

we have 

Although [CH& is unknown, we put this quan- 
tity to be nearly constant and examined the rela- 
tion using the observed values of r and calculated 
values of concentrations of oxygen and methane 
a t  initial conditions in reflected shock waves. The 
result is shown in Fig. 7 .  For the rich region con- 
taining more than 53 per cent of methane in 
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FIG. 7. Dependence of ignition delays and concen- 
trations [CH&[02], on temperatures for the case of 

rich miutures. 

methane-oxygen mixtures, the plots form a 
straight line, although some scattering of the 
points is observed. The data for methane-air 
(10: go), (15: 85), (20: 80) and methane-osygen- 
argon mixtures (9:11:80), (15:5:80) also fall on 
the same line. This may suggest that  the assump- 
tion, [CHZ]~ = constant, is justifiable. From the 
slope of this line, the activation energy is found 
to be 52.9 st 4.6 kcal with a confidence level of 
70 per cent by the least square method. This 
value is in line with the energetics of reaction (a) 
and renders support to the assumptions made a t  
the beginning. 

Hence for the methane-rich case, the con- 
trolling factor is considered to  be the second order 
reaction between methane and oxygen. This re- 
action wi l l  be followed by autocatalytic chain 
reactions and the branching chain reaction will 
not play any important role. The esplosion will 
be of the thermal type as suggested by Skinner? 

Results of gas analysis also support this idea. 
As seen for 60 per cent methane-oxygen in Fig. 6, 
a considerable amount of methane was decom- 
posed before ignition and also after ignition 
followed by rapid quenching. This fact favors the 
thermal ignition mechanism and not the branch- 
ing chain mechanism. 

Gas analysis for methane-air mixtures showed 
a similar tendency. 

Case B: Lean ilfixtures. D a h  for equimolar 
methane-oxygen mixturcs lie on the straight line 
only when the temperature is high enough and 
begin to deviate greatly as temperature de- 
creases, as can be seen in Fig. 7. Plots for the 
case where the methane content is less than 50 
per cent form a grouping different from this 
straight line. I t  should be noted that the runs 
with lean mixtures were made a t  relatively low 
temperatures because of their high reactivity. 

Consequently i t  should be considered that an- 
other reaction is controlling for ignition of lean 
mixtures. 

The second term in the right-hand side of Eq. 
(2) represents the contribution of the degenerate 
branching chain reaction where accumulation of 
formaldehyde is required to produce ignition. 
However, i t  should be remembered thnt this 
theory was presented in connection with the re- 
action a t  low temperatures (less than about 
700’K). 

In  the present esperiment making use of the 
single-pulse shock tube the quantity of aldehydes 
produced in lean mixtures before ignition was 
found to be far  less than that produced in rich 
mixtures. So it was considered that in this case 
formaldehyde would be rapidly oxidized without 
accumulation. 

Making use of the assumed reaction mecha- 
nism, we get 

d[CHzO]/dt = kb[Oz][cHz] - kd[Oz][CH,O] 

(4) 
According to the above stated idea, Eq. (4) was 
assumed to be zero and inserted into Eq. (1). 

d[CHs]/dt = 2k[CJ&][Oz] f %[Oz][CH,] 

(1)’ 
For lean mixtures the second term in the right- 
hand side of Eq. (I)’ was supposed to be con- 
trolling as is usually the case in chain branching 
ignition. Hence, neglecting the first term, the 
integration yields 

[CH31T = [CH& exp (2kt,[02]0~) (5) 

Inserting the Arrhenius expression in kb and as- 
suming [CHJ, = constant as done previously, 
we get 

log [0& = Eb/RT f const. (6) 

Plots of log [ 0 2 ] o ~  versus 1/T for lean mistures 
containing less than 40 per cent methane fall 
nearly on a straight l i e  as shown in Fig. 8, 
which gave the activation energy of 20.6 f 1.9 
kcal with the confidence level of 70 per cent by 
the least square method. Thus the first term of 
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FIG. 8. Dependence of ignition delays and concen- 
tration [O& on temperature for the case of lean 
mixtures. Dashed line A: Schott and Kinsey’s 
data for H.Az. Line B : Gardiner’s data for CzHz-0~. 

Eq. (1)’ for which the activation energy was 
about 53 kcal can not be the controlling factor 
for this case. 

In  Fig. 8, reference lines reported by Schott 
and ICinseyl for dilute mixtures of hydrogen and 
oxygen in argon and by Gardiner?’ for acetylene 
and oxygen in xenon were shown. Although the 
slope is essentially the same as that obtained in 
this experiment, the absolute value of log10 [O&r 
is two orders of magnitude smaller. This may be 
ascribed to the pressure effect as well as to the 
difference in the reaction mechanism. 

Gas analysis data render further support by  
the fact that  little indication of methane decom- 
position was found during the induction period 
and ignition was produced abruptly, this being 
the feature of branching chain explosion. 

Two different mechanisms for different ranges 
of methane content were proposed and explained 
tentatively with the aid of experimental results. 
However, some difficulties remain. 

According to the theory proposed by Eniko- 
lopyan, the oxidation of formaldehyde in reaction 
(d) requires an activation energy of 32 kcal, 
while in the present experiment the apparent 
activation energy for lean mixtures was about 
20.6 kcal. However, it shouid be pointed out that  
reaction (d) was applicable for the reaction a t  
low temperatures. Under such high temperatures 
and pressures as were employed in this work, the 

oxidation of formaldehyde might proceed through 
a reaction with less activation energy than 21 
kcal. If not so, reaction (b) can not be rate 
determining. 

The effect of formaldehyde addition to rich 
mixtures is shown in Fig. 9, which shows that 
formaldehyde has little effect. In  lean mixtures, 
as shown in Fig. 10, some promoting effect of 
formaldehyde exists at low temperatures and 
some retarding effect at higher temperatures. 
Hence, it is concluded that formaldehyde pro- 
duces no major effect upon ignition. From this, 
the following consideration is introduced. 

Harding and Norrish18 suggested that, besides 
reaction (d),  reaction (g) would also be possible: 

CH?O + 0 2  -+ HCOzH + 0; 

AH = 0, E = 21 kcal (6) 

As an alternative to reaction (g ) ,  the reaction 
(h) may also be con~idered.’~ 

CHzO + 0 2  +Fz + 602 + 0;  

AH = -10.4 kea1 (h) 

These reactions (g) and (h) will have activation 
energies of about 21 kcal which is of the same 
order as that of reaction (b). Accordingly, if re- 
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FIG. 9. Effect of formaldehyde on ignition delay 
data for the case of rich mixtures, the composition 
being CH(:02:CHzO = 60:40:1.45. Solid line 
represents the data for the case where no aldehyde 

was added. 
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FIG. 10. Effect of formaldehyde on ignition delay 
data for the case of lean mixtures, the composition 
being CHa:O?:CH,O = 40:60:1.45. Solid line 
represents the data for the case where no 3ldehyde 

was added. 

action (g) or (h) can be adopted instead of reac- 
tion (d) ,  the difficulty concerned with the 
activation energy of formaldehyde oxidation will 
disappear. Here reaction (h) seems favorable and 
will be adopted in the later treatment. 

The reason why the controlling reaction 
changes with methane content must be explained. 
For this, the inhibiting action of methane should 
be taken into account. Such an inhibiting action 
of methane has been conceived for hydrogen- 
oxygen mixtures by Baldwin et alFO and by Levy? 
for carbon monoxide-oxygen by Hoare et at.% 
and for methane-osygen by Vanpde et a1.9 and by 
Hoare et al? As radicals in question which will 
be deactivated due to the ehistence of methane 
molecules, hydrogen atoms were proposed by 
Baldwin et al., hydrogen atoms and hydrosyl 
radical by Hoare et al. and oxygen atoms by 
Vanpee et al. 

Among these, osygen atoms were considered 
to be favorable in this case and the following 
mechanism was adopted: 

Osygen atoms produced by reaction (h) will 
react with methane as shown in reaction (i) 
which has received   up port.'^ 

0 + CH, 3 CHt + H20; 

AH = -50 kcal, E = 8.1 kcal (i) 
Reaction (i) should occur in both rich and lean 
mixtures. 

Then the chain-endmg reaction will follow, in 
the case of rich mixtures, through a path as shown 

reaction ( j )  , proposed by Vanpde et aZ.9 

CH? + CH, f M + CnHs + M ;  

AH = -65.3 ked (j) 

In  the case of lean mistures chain branching 
reactions such as reaction (k) will follow instead 
of reaction ( j )  . 

CH? + 0 2  4 HCO + OH; 

AH = -32 kea1 (k) 

The fact that  the result of mass spectroscopic 
product analysis showed the esistence of traces of 
ethane and butane in addition to carbon mon- 
oside and carbon dioside, prior to the ignition of 
lean mistures, provides support for the occurrence 
of reaction ( j )  . 

Bgainst the idea above proposed, the esistence 
of osygen atoms has been questioned by GaydonyJ 
and Fabian and Bryce.z4 However, i t  should be 
pointed out that  osygen atoms will act a t  very 
low concentrations. Further esperiments are 
required. 

In  accordance with the above considerations, 
reactions (h) to (k) were adopted instead of 
reaction (d) . 

Then stationary state method yields 

-= dCCH31 2k,[C€L][02] 
at 

which was derived under the assumption that the 
time derivatives of radical concentrations [OH], 
[H~z], [HCO], [CHZ], and [CHzO] were zero. 

For the case where [CH4][M]kj << [OZlkh, 
Eq. (6) is reduced to Eq. (1)’. While for the case 
of methane-rich mixtures, the second term in 
right-hand side of Eq. (6) may be negligible as 
above stated. 

Thus, it was concluded that Eq. (6) was the 
final expression applicable to the whole range of 
mixtures. For rich mixtures, the first term in the 
right-hand side of the equation gives the pre- 
dominant effect in ignition, while for lean mis- 
tures the second term becomes important. 

summary 
Ignition of methane-oxygen mistures was 

studied by use of the shock tube. Data  on igni- 
tion delays were plotted on a graph giving the 
contour-lines of de6nite ignition delays as func- 
tions of temperatures and methane contents. The 
contour-lines suggested that two different mecha- 
nisms exist, depending upon the methane con- 
tent; first, for lean mistures the branching chain 
mechanism a t  relatively low temperatures gov- 
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erns the reaction during the induction period; 
and second, for rich mixtures the thermal chain 
mechanism governs the reaction at high 
temperatures. 

The reaction scheme was written along the line 
of Enikolopyan's theory proposed for the de- 
generately branched chain mechanism of methane 
osidation. However, in order to fit the experi- 
mental results obtained here, some alterations of 
the scheme were required. 

For rich mixtures, the controlling reaction is 
considered to be the second order reaction be- 
tween methane and oxygen with an activation 
energy of about 55 kcal. This is supported by  the 
experimental results and the ignition in this region 
is concluded to be of thermal nature. 

On the other hand, for the case of lean mistures 
it is suggested that  the ignition is of the branch- 
ing-chain type and the activation energy for the 
case is found to be about 21 kcal. To explain this 
value, the mechanism of oxidation of formalde- 
hyde has been considered. I n  discussing the 
branching chain mechanism, oxygen atoms are 
considered to  be important chain carriers. It is 
suggested that oxygen atoms are deactivated by  
reacting with methane molecules as the concen- 
tration of methane increases. This may be the 
reason why the branching chain reactions do not 
occur in the rich region and why the ignition 
needs high temperatures where the thermal 
mechanism is predominant. 

Results of gas analysis using the single pulse 
shock tube technique support the above 
considerations. 
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Discussion 

DR. B. J. TYLER (University of Cambridge): Is PROF. T. HIEITA (University of Tokyo):  For ex- 
there any outside evidence for the chain-breaking ample, Vanpee and Grard (ref. 9) stated this 
reaction reaction may be possible, and moreover we found 

traces of CZ& and C4Hlo mass-spectrographically in 
the pre-ignition products. CH, + CH4 + M -+ CZHS + M ? 



THE NATURE AND CAUSE OF IGNITION OF 
OXYGEN SENSITIZED BY NITROGEN 

P. G. ASHMORE AND B. J. TYLER 

This paper explains the evidence that ignitions in mixtures of hydrogcn, oxygen, and nitrogcn di- 
oxide are isothermal near some ignition boundarics and thermal near others. It also emmines :L 
reaction scheme that can account for thc two types of ignition, for the occurrence of ignition limits, 
and for the induction periods. 

The ignitions or slow reactions occur after induction periods in which nitrogen dioxide is convrrted 
to nitric oxide by a chain reaction with hydrogen. The lengths of the induction periods are fully 
explained by the kinetics of this reaction. 

A t  the end of the induction period there are rapid changes in the NO2 concentration, leading to 
ignition or to a slow pressure change. These ckanges and the changes in the total pressure during 
this time have been studied in detail. With low sensitizer pressures there is direct evidence of a sub- 
stantial temperature rise before ignition or slow reaction, supported by indirect evidence obtained 
by variation of the thermal conductivity, changes of the veseel diameter, and studies of the rate of 
the slow reaction. In contrast, at  higher sensitizer pressures there is little evidence of thermal effects 
before the onset of the main reaction. 

The separate experimental studies of the ignitions and of the slow reactions are correlated to give 
a simple condition determining the position of the limits. 

The kinetic scheme, based on the branching reactions of the H?-03 system, accounts for the 
transition from thermal to  near isothermal ignitions by a change from quadratic termination by 
HO? to linear termination by OH. 

Introduction 

As a result of an estensive study of ignitions 
and slow reactions in mixtures of hydrogen, 
oxygen, and nitrogen dioside, it is now possible 
to identify the factors that control the occurrence 
of ignition limits in this system. It has long been 
known’ that  ignitions occur a t  about 360°C if 
the initial pressure po of nitrogen dioxide lies 
between lower and upper “sensitizer limits,” 
whereas slow combination of hydrogen and 
oxygen occurs when po lies outside these limits. 
The ignitions and slow reactions are preceded by 
induction periods of some seconds duration in 
which no change of pressure occurs. More 
recently, photometric studies2J have shown that 
the nitrogen dioside is removed during the 
induction period. The rate of removal increases 
sharply at the end of the induction period, when 
P N O ~  reaches “peJJ’ and if po lies within the 
sensitizer limits, ignition follows when po reaches 
“pi.” It was also shown that if po lies above the 
upper limit, the acceleration declines and mo2 
reaches a stationary value “p,.” A preliminary 
study3 of p,, pi,  and p,  at values of po near the 
upper sensitizer limit, showed that p ,  fell as p o  

was increased, and suggested that the upper 
limit occurred when p ,  exceeded thc value that 
pi would have to reach. It also appeared that p s  
was established because of opposing reactions 
that form and remove NO2, viz. 2NO+02+2NOr 
(12) and NOS+H2--+NO+H20 (14), reaction 
(14) occurring by a chain mechanism throughout 
the induction period. Later work has shown that 
the reverse of reaction (12) has also to be taken 
into account for an accurate description of p ,  a t  
higher values of pol where a truly catalyzed 
combination of hydrogen and oxygen occurs.4 It 
has also been shown that a stationary value of 
 NO^ is reached below the lower limit and it has 
been possible to identify the reactions responsible 
for maintaining p ,  in this region.5 

Detailed studies6 of the rates of the slow 
reactions just outside the two limits, and of 
changes in the total pressure and in  NO* after 
p ,  is reached, have given some extremely interest- 
ing information about the nature of the ignitions. 
In  particular, it appears that  ignitions just below 
the upper limit may be nearly isothermal 
branched-chain ignitions, whereas ignitions near 
the lower limit have some pronounced [‘thermalJJ 
characteristics. The purpose of this paper is-to 
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explain the evidence for these interpretations of 
the ignitions and to suggest a reaction scheme 
that can account for the two types of ignition 
and for the occurrence of ignition limits. 

Experimental Procedure 
The apparatus used was a conventional vaeuum 

system and has been described in detail else- 
n.hcre.6 The reactions were carried out in plane- 
cndcd, cylindrical vessels, 20 cm long, with 
intcrnal diameters from 9 to 34 wm. The vessels 
were heated in an electrical furnace, and tem- 
pcratures were measured by a thermocouple with 
tlic hot junction sited midway along the vessel. 
The absolute accuracy of the measurement TWS 

witliin f0.7'C, and no part of the vessel differed 
by more than 1.5OC from the temperature a t  the 
ccntral point. 
X modified formG of a double-beam photometer" 

1% as used to record continuously the concentration 
of nitrogen dioxide in the reaction vessel. Pressure 
changes were recorded automatically by a 
modified Bourdon spoon gauge? The reactant 
mixtures were premixed at room temperatures. 

Nitric oxide was prepared by the action of 
dilute sulfuric acid upon a saturated solution of 
sodium nitrite and was purified by distillation. 
Nitrogen dioxide was prepared by reacting nitric 
o.;ide with excess of oxygen and was separated 
by passing the products through a trap in dry 
ice-acetone. Dried cylinder hydrogen, oxygen, 
and nitrogen were used. A gift of a sample of 
helium from the Mond Laboratory, Cambridge, 
is gratefully acknowledged. 

Experimental Results 

The experimental work described in this paper 
was carried out a t  36OoC, and all pressures are 
quoted as millimeters of Hg a t  360OC. The 
symbols defined below are used to refer to the 
nitrogen dioxide pressures at which certain 
events occur during an experiment: PO, the initial 
sensitizer pressure; p,, the pressure of NO2 a t  
which there is an acceleration in the rate of its 
removal, defining the end of the induction period; 
p ; ,  the pressure of NO2 a t  which the ignition 
occurs; p, ,  the final stationary pressure of NOs 
(below p,) that  is reached in runs outside the 
ignition region. 

Changes in Total Pressure and in p ~ o ?  during 
Individual Experiments. Prior to the end of the 
induction periods there were no detectable 
changes of pressure (to within 0.05 mm) in any 
espcriments except for a few with very long 
induction periods, of some minutcs, when changes 
of about 0.2 mm were observed, these changes 

I L 

0.50 rnrn 
NO2 

r-----( 

5 sec 

FIG. 1. Pen rccorder trace of NO? concentration 
during an induction period before explosion; 150 
mm 2He + 0 2 ;  0.40 mm NOn; 34-mm quartz vessel; 

360°C. 

being gradual with no increase in rate as p ,  was 
approached. 

The changes observed in nitrogen dioxide 
concentration during the course of an experiment 
are illustrated in Fig. 1. The end of the induction 
period is marked by the rapid increase in the 
rate of removal of rctrogen dioxide, closely 
followed by ignition or the slow pressure decrease 
characteristic of the reaction between hydrogen 
and oxygen. The events a t  the end of the in- 
duction period are resolvcd on the oscilloscope 
traces shown in Fig. 2. The thick curves show the 
removal of nitrogen dioxide, the thin curves the 

a 

b 

2.0 mm 

C 

To.10 mm 

1 sec 

FIG. 2.  Oscilloscope records of changes in the NO, 
concentration (thick lines, decrease downward) and 
total pressure (thin lines, increase downward). 
(a) Slow reaction; 150 mm 2H? + 0,; 0.36 mm NO,; 
15-mm quartz vessel. (b) Esplosion; 300 mm 
2H2 + 0 2 ;  0.14 mm Nor; 34-mm quartz vessel. 
(c) Explosion; 100 mm 2Hz + 0 2 ;  0.60 mm NOe; 

34mm quartz vessel. 
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changes in prcssurc; 2s  refcrs to a slow reaction 
and 2b to an ignition. In 23, the faster removal of 
nitrogen dioxide when p ,  is reached soon declines 
and P N O ~  levels out to a finite stationary value 
p,. In 2b, the onsct of ignition is shown by the 
breaks in both traces. However, there are marked 
differences in the transitions froin p ,  to p ,  a t  the 
extreme ends of the ignition region, and in the 
pressure-time curves outside the two limits. 
Near the lower limit, thc increascd rate of removal 
of nitrogen dioside after p ,  rapidly dies away, 
and the concentration of nitrogen dioside is 

as long as 1 sec. During this time the pressure 
increases rapidly and the mixture eventually 
esplodes. This behavior is illustrated in Fig. 2b. 

0.10 

0.05 

0” z 

steady, or changes estremely slowly, for periods 0.20 0.40 0.60 0.80 

Po mm NO, 

FIG. 4. plots of p,, p L ,  and p ,  against p,,; 100 mm 

falls as the upper limit is approached. This 
behavior is illustrated in Fig. 4. The values of p i  
follow a similar pattern, and a t  both limits are 
close to the values of p ,  observed in the slow 
reactions just outside the limits. 

The effects on p ,  and pi of varying the total 
pressure of a misture of constant composition is ’00 0 

20 

7” 15 
t 
E 
E 10 
L 

D --. 
9 

” 5  

FIG. 3. Rates of pressure change outside the igni- 
tion limits; 100 mm 2He + O?; 20-mm quartz vessel; 

360°C. 

Just outside the lower ignition limit there is a 
similar acceleration in the rate of removal of 
nitrogen dioxide and a similar decline, but a 
truly steady concentration p ,  is reached; there is 
again a pressure rise or pulse, followed by the 
fall in pressure corresponding to the formation of 
water vapor, as in Fig. 23. 

I n  contrast to this, near the upper limit the 
faster removal of nitrogen dioxide is maintained 
between p ,  and pi ,  and the time between p ,  and 
pi is much shorter (Fig. 2c). Outside the upper 
limit, the pressure pulse typical of the lower limit 
was rarely observed, and it was then much 
smaller. I n  addition, the rate of the slow reaction 
within a run fell off much more rapidly a t  the 
upper than a t  the lower limit. The masimum 
rates observed as close as possible to the limits 
were much slower a t  the upper limit than a t  the 
lower, as shown in Fig. 3. 

The Variation of p ,  and p i  with pa, Total Pressure 
PT, Reactant Pressure PR, Vessel Diameter, and 
Thermal Conductivity. When the sensitizer pres- 
sure po is varied, kecping other factors constant, 
p ,  rises a t  first, passes through a maximum, and 

of ignition. Increasing the reactant pressure, 
P R  = 2H2 + 0 2 ,  a t  constant po causes p ,  to rise, 
but the rate of increase is not maintained a t  high 
PR (Fig. 6). 

The effect of varying only the vessel diameter 
was investigated using aged quartz vessels of 
9, 15, 20, and 34 mm internal diameter. A KC1- 
coated Pyrex vessel of a diameter of 34 mm was 
also used. With the three larger vessels the values 
of p ,  in equivalent esperiments were identical 
within the esperimental errors. In  the 15mm 

O n  

;+ IGNITION REGION >I 

5: 0.04 

0.02 

50 100 1 50 200 

TOTAL PRESSURE mm 

FIG. 5. Plots of p,, pi, and p ,  against the total 
pressure; Ha:Oe:po = 133:67:1; 34-mm quartz 

vessel; 360°C (pi shows estimated error). 
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FIG. ti. Plots of p ,  and p i  against the reactant pres- 
sure (PrHz+oz); 0.20 mm NO?; 34-mm quartz vessel; 

360°C. 

vcssel the values of p ,  were about 10% higher at 
all initial sensitizer pressures, and not until the 
smallest vessel was used was there any significant 
fall in the values of p,.  This pattern was followed 
at each of the three reactant pressures fully 
investigated, i.e., with 50, 100, and 150 mm of 
2€12 + 02. Due to the greater esperimental 
errors in determining pi ,  as shown in Fig. 4, the 
trends are less certain; in the cases where sig- 
nificant changes were detected p i  decreased as 
the vcssel diameter was decreased. 

I n  contrast to the lack of effect of changes of 
vessel diameter on p,, the lower sensitizer limit 
was higher, and the upper limit was lower, in 
vessels of smaller diameter. The relative change 
in thc lower limit was much greater than in the 
upper, as shown in Table 1. It was also found 
that the maximum rate outside the lower limit 
was appreciably higher in smaller diameter 
vessels (Fig. 7 )  I 

0.20 0.40 0.60 
Po rnm NO, 

FIG. 7. Variation of rate with initial sensitizer pres- 
sure; 100 mm 2Hy + Oy; 360°C; 9, 20, and 34 mm 

diameter quartz vessels. 

The thermal Conductivity of the misture was 
varied by using mistures with an eseess of inert 
gas present, and eschanging nitrogen and 
helium while keeping their total pressure con- 
stant. I n  this way any changes in the effect of 
the gases present on three-body recombination 
reactions were minimized, and changes could be 
attributed to the effect of changes in the thermal 
conductivity. It was found that p ,  was affected 
very little by changes in the proportions of the 
two gases, being about 20 % higher in esperiments 
with only helium present than in esperiments 
with only nitrogen present. This change in con- 
ductivity had very little effect on the position of 
the upper limit. With 100 mm of 2Hzf02 the 
limit in the 34-mm vessel changed from 0.31-0.32 
to 0.30-0.31 mm when 200 mm of nitrogen were 
replaced by 200 mm of helium. I n  contrast, the 
same eschange of gases raised the lower sensitizer 
limit from 0.06-0.07 mm to 0.12-0.13 mm, and 

TABLE 1 
Variation of the Limit Positions with Reactant Pressure and with Vesscl Diameter 

Vessel 
type 

Pyres (KC1) 
Quartz 
Quartz 
Quartz 
Quartz 

2Hy + Or (mm) 

Diam. 
(mm) 

Lower limit Upper limit 

50 100 150 50 100 150 
__ 

34 
34 
20 
15 
9 

0.08-0.09 0.05-0.10 - 0.65-0.70 O.SO-0.90 - 
0.07-0. OS 0.06-0.07 0.07-0. OS 0.66-0.68 0.84-0.66 0.904.92 

N.E: N.E. 0.38-0.39 N.E. N.E. 0.52-0.54 
N.E. N.E. N.E. N.E. N.E. N.E. 

0.36-0.37 0.22-0.23 0.18-0.20 0.69-0.70 0.65-0.66 0.70-0.72 

N .E. indicates that no explosions occurred at  that particuIar combination of reactant pressure and 
vessel diameter. The limit positions are given in millimeters of NO2 bracketing the limit. 
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position of the ignition limits under cliff erent 
conditions. Perhaps the most striking dcmonstra- 
tion of this can be given by the derivation of the 
closed region of ignition rncntioncd previously. 

The experimental variations of p ,  and p ,  with 
po and with P R  are shown schematically in Fig. 
9. It can readily be seen that sections of the 
p ;  curves at chosen values of P R  give curves of 
p ;  versus po shown in 9a, in keeping with Fig. 4. 
Figure 9b also shows a curve for p ,  against P R ,  
this being independent of po as discussed above. 
The points of intersection of the pi,  p ,  curves in 
Fig. 9b lead, as illustrated in 9c, to a closed 
boundary, and the condition that p i  > p ,  for 
ignition to  occur shows that ignition will occur 
inside this closed boundary. Not only the 
existence, but also the general shape, of this 
boundary are in agreement with published results. 

Although this simple condition is fulfilled in 
esamples tested, 2nd the ignition boundary 

2 

'2H2 + O 2  

FIG. 9. Illustration of factors controlling the ignition 
limits and the closed ignition region. (a) p ;  against 
pol derived as vertical section of 9(b). (b) pi against 
P,a2+oz at three different initial sensitizer pressures, 
as indicated in 9(a). p ,  is independent of p,. (c) p ,  
against Pnaz+02, showing closed ignition region. 
Correspondence of pi and p ,  in 9(b) determines the 

limit position. 

appears to be defined by the condition p ,  = p ,  in 
all the larger vessels, the values of p ,  just inside 
the lower sensitizer limit in smaller vessels is 
significantly higher than the values of p ,  just 
outside the lower limit. Where there is a con- 
siderable thermal contribution to the rates of 
reaction before ignition, therefore, i t  may be 
necessary for p ,  to lie below the appropriate 
value of p ;  and in addition the rate of heat 
production after p ,  is reached must attain a 
certain minimum value. 

The Kinetic Scheme. Several possible kinetic 
schemes have been examined in detail! The 
scheme which provides the most satisfactory 
explanation of the observed results is set out 
below. A significant feature of the scheme is 
that, apart from reaction ( 7 ) ,  all of the reactions 
proposed are known to occur in other systems. 
This applies in particular to the branching 
reactions chosen, reactions (1) and (2) .  In  
contrast to earlier suggestions10 it has not proved 
necessary to postulate an alternative branching 
reaction involving nitric oxide. Instead, reaction 
( 7 )  has proved adequate. The occurrence of 
reaction ( 7 )  is strongly supported by the detailed 
study5 of p,, and by on the H202/N0 
system. 

H + 0 2 3  OH + 0 (1) 

O H, + OH + H (2) 

(3 ) 

(4) 

( 5 )  

(6 1 
( 7 )  

(S) 

(9) 

(10) 

(11) 

(12) 

(-12) 

OH + H:, + H2O + H 

H + Oq + M +HO? + M 

HO? 3 removed on the wall 

HO, + HO, + Ha03 + 0, 

HO, + NO + OH + NO2 

0 + NO, + N O  + 0, 

H + NO, + OH + NO 

OH +NO,  + M +HNOj + M 

OH + N O  + M +HNO:, + M 

2NO + 0, -+ 2NOZ 

2N02 + 2NO + 0, 

H, + NO, 4 HNO? + H 

This scheme, and several others, were analyzed 
assuming stationary state conditions for the free 
radicals present, with the further assumption 
that the stationary state broke down when 
p ~ o ~  = p,, Le., that  4 passes through zero at p,. 
From the analyses expressions for 4 could be 
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derived 'i~hich were set equal to zero when 
1 1 ~ 0 ~  = p,, and the resulting equations were 
c\aininecl to  see h o ~ v  p, varied with factors such 
as po, PR,  changes of reactant composition, 
addition of inert gases, and so on. The scheme 
presented is the one that accounts most satis- 
fnctorily for the trends in p,. Not only can the 
trends be described qualitatively, but by using 
the values that are known for many of the 
velocity constants, and by assuming reasonable 
values of the others, the chaiiges of p, can be 
predicted quantitatively,6 and the fit with the 
e\rperimeiital data is quite good. It is hoped to 
publish this analysis. 

It seems very likely that similar fits for p ,  
could be made by setting4 equal to some positive 
quantity, since the variations of p ,  follow those 
01 p ,  so closcly. It is not certain, however, that  
there would be a unique value for #, for it seems 
possible that the transition from isothermal 
branched-chain ignitions to thermal ignitions 

ould require corresponding changes in the 
critical value of #. 

The relation betweeii the kinetic scheme and 
the events during ancl a t  the end of the induction 
periods will now be explained. 

During the induction periods, nitrogen dioxide 
is removed by the chain steps (9) and (3) ,  the 
chains bcing initiated by reaction (13) and 
tcrilviiatecl by reactions (10) and ( I  1) provided 
that the value of po is not too low. If po is very 
loir~, reaction (4) competes with (9) and the 
chaiiis may be terminated by reactions ( 5 )  or 
(6). Tlie effect of this is to decrease the rate of 
removal or NO2, and so increase the length of 
the induction periods, a t  very low values of po. 
At higher values of po, reactions (9) ancl ( 7 )  
brcomc more important, and the rate of removal 
01 NO2 increascs towards the values characteristic 
of the H2-N02 reaction with oxygen acting only 
:LS an inert gas M in reactions (10) and (11). At 
Iiigher values ol' pa, however, the concentration of 
NO2 has to fall to lower values to reach p,, and 
tlie length of the induction periods will increase 
a q i n ;  quantitative agreement between predicted 
aiid observed lengths of the induction periods 
has been louricl in this region? Thus the existence 
of a minimum' in the plot of induction period 
against po can be explained. I n  addition, the 
effects of changing reactant concentration and of 
ndding inert gascs can be satisfactorily explained 
by the observed kinetics of the reaction between 
hydrogen and nitrogen dioxide, as explained 
previously? 

During the induction period, the branching 
reaction ( 2 )  is not important because oxygen 
atoms are removed by the fast reaction (S) . This 
reaction becomes less effective as nitrogen 
tlio\idc is converted to  nitric osidc; simultane- 

ously, there is a further reductioii in the rate of 
termination via reactions (4) and ( 5 )  or (6), 
because the nitric oxide converts H02 to HO by 
reaction (7). Both these effects cause4 to increase 
during the induction periods. Reactions (10) 
and (11) have been shown to have similar rate 
c~ns tan ts , '~  and so their effect on termination, 
and hence on 4, is constant as NO replaces NOz. 
Thus a t  the beginning of the induction periods 4 
is large and negative, and approaches zero 
towards the end of the induction periods. 

Of the two termination reactions for HOz, it 
seems likely that reaction (6) is more important. 
Firstly, apart from the smallest vessel, the value 
of p ,  was substantially independent of diameter. 
As the termination reactions must occur in the 
expression for #, and hence in that for p,, it 
appears that  reaction ( 5 )  cannot be of major 
importance, except perhaps in very small 
vessels. Secondly, the adoption of reaction (6) 
accounts for the thermal effects found a t  the 
lower limits, and also for the need for a double 
criterion of ignition in smaller vessels. If the 
main termination reaction at low po is (6) rather 
than ( 5 )  or (10) or (ll), the chains are quad- 
ratically terminated. It is impossible' to get a 
purely isothermal ignition in such a reaction, as 
there is a limiting concentration of radicals for all 
values of #. Thus in addition to # passing through 
zero a t  an NOz pressure lying above p,, which by 
itself would satisfy an isothermal criterion of 
ignition, it is necessary for the rate of reaction 
to reach a critical value and there is need for a p i  
as well as a pc. The critical rate will be greater 
in vessels of smaller diameter or in mixtures of 
greater thermal conductivity. 

With mixtures near the upper limit the nitric 
oxide Concentration at p ,  is much greater than 
near the lower limit. As a result, NO2 is converted 
to OH by reaction ( 7 ) ,  and the ratio [H02]/[0H] 
falls. Thus reaction (11) becomes more important 
than (6) as a terminating step, and its rate is 
further enhanced by the higher values of po and 
hence of  NO. 

Thus there is a gradual transition as po is 
increased from mainly quadratic termination to 
mainly linear. With this transition, ignitions will 
change from purely thermal to near isothermal. 
This accounts for the observations that as 
the upper limit is approached (u )  p i  and p ,  
become more nearly coincident, ( b )  there is less 
evidence of a pressure pulse before ignition, and 
(c) p i  more accurately approaches p,. Moreover, 
as 4 is negative above the upper limit, the rate 
of the slow reaction is governed by the values of 
0 and 4, and so can take quite different values 
from the rates below the lower limit, which are 
governed by 4 and 6. 

There is an alternative, but less probable, 
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RATES OF SOME ATOMIC REACTIONS INVOLVING NY 
AND OXYGEN 

M. A. A. CLYNE 

Reactions of ground state osygen and hydrogen atoms produced by an rf electric discharge were 
studied in a flow system at pressures of about 1 mm Hg. Hydroxyl radicals and oxygen atoms are 
generated in the H + NO2 reaction and measurements of the rate of removal of oxygen atoms in 
this system led to a value for the rate constant k, of the rapid reaction 

O + O H - + H + 0 2  (3) 

of 3 f 1 X 1013 cm3mole-1sec-1 a t  293°K and 265°K. 

order kinetics a t  293"K, 
The reaction of H with OZ in the presence of an argon carrier was found to have over-all third 

H + 0 2  + Ar ---f HOZ + Ar 

and under these conditions k-., was found to be 1.2 f 0.3 X 10IG cmGrnole-*sec-l. This rate constant 
is similar in magnitude to that of the analogous combination reaction, 

(7) 

H + NO + Ar -+ HNO + Ar. 

The rate of reaction of osvgen atoms (in the absence of 0%) with molecular hydrogen was meas- 
ured between 409" and 733°K. Assuming the slow primary step (-4) 

0 + Ht -+ OH + H (-4) 

to be followed by the rapid reaction 

0 + OH--+ 0 2  + H 

a value of k-4 = 1.2 X IOl3 exp [( -9200 f GOO)/RT] cm3mole-1sec-1 was determined in this tem- 
perature range. 

Introduction constant of the chain propagstion reaction 

O H W )  + Ht -+ Ht0 + H('S) + 14 kcal/mole Until recently, there have been few reliable 
data for the rate constants of the propagation 
and branching steps in the chain reaction be- 
tween oxygen and hydrogen. However, the rate 

(6) 

has been rcdeterrnined recently,' while in this 
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nork values of tlrc rate coiistaiits lcg and Lq are 
1 tportecl : 

OH(T1) + O(jP)  -> H(*S) + 0, + 17 kcal/mole 

(3) 

O ( 3 P )  + €I2 -+ OH + H(V) - 1 kcal/mole 

-4) 

Reactioii (-4) and the rcverse of reaction ( 3 )  
are branvhiiig steps in the hydrogen + oxygen 
rcnctioii. Direct information regtlrding the rate 
of the reaction 

€I[G) + 0 2  + Ar -+ HOJ + Ar (7) 

hns becii ohtaiiied in this work. 

Experimental 

Ground state hydrogen atoms aiid oxygen 
:itoms (0.2-2% of total flow) were produced by 
:iii elcctroclelcss electric discharge a t  IS Mc/sec 
in niiltures of tlie molecular gas (1%) with 
xgon  (99%) or in the pure molecular gas. Par- 
tially dissocintccl gas from the discharge was 
punipecl into 3 2s mm interrial diameter Pyrex 
flow tube having four backward-facing inlet jets 
dong its length for the admission of reactants. 
kac t a i i t  flows TT cre regulated by needle valves 
:ind were measured ~ i t h  calibrated capillary 
Aon meters. For elperimciits a t  temperatures up 
to SOO"I< a similar quartz flow tube enclosed in 
n furnace mas employed. Pressures in the flow 
tubes n.cre 1-4 nini €Ig iiieasurecl 011 a NIcLeocl 
g~iugt  and silicone fluid manometer. Pressure 
gracliciits a t  I mrii Hg total pressure and 150 
pmolc/scc total flow along the 100 mm length of 
the rcnction tube were less than 0.03 mm Ilg. 
The total pressure p in the flow tube was con- 
trollccl by a large stopcock downstream from the 
mixing inlets. The reaction time t could be al- 
tered by vari:ition of the distance z along the 
flow tubc hetn eeii the reactaiit admission inlet 
niicl the observation point, t = X A P / R T ~ F ,  
\\here A is the cross section area of the tubc and 
CP is the total flow rate. 

Two photomultiplier cells, an RCA lP2S and 
an EM1 9.%SB, were used to measure the inten- 
sity of light emitted normally from a short sec- 
tioii of reaction tube. The lP2S tube fitted with a 

tten 61 filter was used for the measurement 
or thc intensity of emission of the green-gray air 
afterglow spectrum (0 + NO + M -+ NO2 + 
h l  + h v )  froin 4900 to 5S00 A. The 955SB cell 
1i:icl a superior red sensitivity to that of the 1P2S 
n i~d  when fitted with a WVratten SSA filter h?d a 
sensitivity range from about 7350 to SO00 A. It 
nas therefore used for the measurement of the 

intensity of the strong (000, 000) band of HNO 
a t  7625 A einitted in the reaction of H with 
N0.'J4 Measurements of the emission intensities 
from the 0 + NO and H + NO systems were 
used for the determination of the concentrations 
of oxygen atoms and hydrogen atoms, respec- 
tively. I n  systems containing 0 as well as H in 
the presence of nitric oxide, the air afterglow 
emission made a small contribution to the near 
infrared signal observed by the 955SI3 photo- 
niultiplier cell, and a small correction was made 
for this effect as described previously.3 The 
photocells were operated a t  potentials of 500-950 
V (lP2S) and 550-1400 V (9558B) respectively, 
supplied by stabilized power sources. The iso- 
thermal-wirc calorimeter described previously4 
was used in some experiments for the determina- 
tion of hydrogen atom concentrations. 

The Kinetic Method 

Hydrogen atoms and oxygen atoms were gen- 
erated in these experiments by means of an elec- 
trodeless electric discharge in a mixture of the 
molecular gas with 99% argon. The rates of ele- 
mentary reactions involving H or 0 atoms can be 
determined directly from measurements of the 
rates of removal of atomic species from the flow 
system. I n  this work the rates of reaction of 
atoms (A) were determined by measurement of 
the atom concentrations remaining a t  a fixed 
point in the flow system when equal amounts of 
reactant (12) were introduced a t  each of the 
four inlet jets in turn. If recombination second 
order in [A], 

A + A + M + A ,  + M (9) 

A + wall -+ :A? (10) 

2A + R --t products (11) 

the rate of reaction of atoms determined in this 
may is equal to the rate of reaction (11) and is 
independent both of' the first order surface decay 
and of the initial concentrations of atoms a t  the 
inlets. This can be demonstrated in the following 
manner. The rate of reaction of atoms is of the 
form 

is much slower than the reactions 

-d[A]/dt = a[AI2 + b[A] 

where a = 2kg[M] and b = 2kn[R] + 
On integration we obtain 

where [A] = [AIo when t = 0. 
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Reactant is added a t  time t = ti, a t  which point [A] = [All, and the atom concciitration [S]:j is 
then measured further downstream after a further reaction time tz; [A]% is tlie conccntrstion ol 
atoms a t  the point of observation (reaction time ti + t 2 )  when no reactant is added. WC then 
have the following relations: 

and therefore 

Providing that klo + 2kll[R] >> 2kg[A][M] and 
klo >> ks[M] X ([All - [4]2), this equation 
reduces to the simple form 

In ( [A]a/[AI2) = - 2kll[R]tz. 

The condition for reaction (9) to be much slower 
than reactions (10) or (11) was easily fulfilled 
by working with low concentrations of atoms. 
The method was very useful for the determina- 
tion of the rates of third order combination reac- 
tions, such as the H + NO + M reactiod4 and 
the H + 0 2  + M system described herc, since 
the measurements give the required third order 
rate constants without involving large corrections 
for concomitant atomic recombination processes. 

Results 
Reaction of OH with 0. Hydroxyl radicals in the 
electronic ground state were generated by addi- 
tion of NO2 to a stream of atomic hydrogen aiid 
argon from the d i ~ c h a r g e . ~ ~ ~  Measurements of the 
red HNO and green NO2 (air afterglow) emission 
intensities I b  and I ,  were made a t  various points 
downstream from the NO2 inlet. Nitric oxide 
was thus produced stoichiometrically in the 
rapid reaction (1) ,3 

H + NO? -+ OH + NO (1) 

and since NO is not removed from the systein,4J 
Io/[N02]~ and Ib/[No& are proportional to 
[O] and [HI, respectively4r5 The two emission 
intensities were also measured in NO + 0 + Ar 
and NO + H + Ar mixtures, respectively, with 
simultaneous measurement of the corresponding 
oxygen atom and hydrogen atom concentrations. 
In this way measurements of l,/[NOz]o and 
Ib/[NOz]o gave directly the absolute atom con- 
centrations in the H + NOz system. Figure 1 
shows the variation of [Oleand [HI with coneen- 

tration of added nitrogen d i o d e ,  [N0,]3, for a 
constant reaction time of 0.03 scc. [II] \vas found 
to be a linear function of [NO& aiid thus NO2 
titration to the critical extinction of the IlNO 
emission provides a method for the estimation of 
H atoins in H + Ar systems.z 'L'nder tlic condi- 
tions of the author's eyieriinents, thc reaction 

OH + OH -+ HLO + 0 (2) 

[followed by the rapid reaction 

0 + OH + H + 0 2  

has proceeded almost to  coinplction bctn-rcn tlie 
NO2 inlet aiid the photomultiplirr observation 
point. Reaction ( 3 )  rcgenrrates hvdrogen :itoms 
and thus for each H atom initially prmcnt, criti- 
cal reinovnl of H occurs when iNOz nioleculcs 
have been introdured into tlie system. It follows 
that the NO2 titer in these circumstances is equal 
to $ of the concentration of hydrogen atoms prt's- 
eiit in the absence of Nos. 

The initial coilcentration of hydro\yl rx1ic:LIs 
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FIG. 1. The variation of [HI and [O] with conccntm- 
tion of addcd NO, ([OHIO) at 293°K and 1.09 min 

Hg total prcssure. Rcaction time 0.03 sec. 
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FIG. 2. Oxygen atom decay plot at 1.29 mm Hg 
total pressure and 293°K. 

[OHIO is equal to the concentration of NOz added, 
[NOz]o, when atomic hydrogen is in excess. 
Figure 1 shows that for constant reaction time, 
[O] is independent of [NO.& = [OHIO over a 
wide range of [OHIO. The concentrations of 
oxygen atoms observed are of the order of lop5 
to loMG mm Hg, while those of H are about 
mm Hg. For constant reaction time, [O] was 
found to be independent of total pressure. The 
decay of [O] along the tube was measured a t  
total pressures of 1.09 to 2.23 mm Hg. Plots of 
l/[O] against reaction time t were linear, with 
slopes independent of total pressure and of 
[OHIO. A typical oxygen atom decay plot is 
shown in Fig. 2. The slopes of these plots and 
the absolute values of [O] were unaffected by a 
tenfold increase in the hydrogen atom concen- 
tration in the system. It is evident that  [0] 
decays a t  a rate proportional to [Oy by means 
of a process which does not involve H in rate- 
determining steps, 

-d[O]/dt = k'[Ol". 

The mean value of k' a t  293OIi was found to be 
9 X 1013 cm3mole-1sec-1 and a similar value was 
obtained in esperiments at 265'K. 

The possible reactions for the production of 
ground state oxygen atoms are 

H + 01% -+ 0 + H, + 1 kcal/niole (4) 

2nd 

OH + OH -+ HzO + 0 + 15 kcal/mole (2) 

The former reaction must be excluded as a rate- 
determining step since [0] and k' were found to 
be independent of [HI; in addition, the magni- 
tude of the rate of this reaction calculated from the 
rate constant k-4 of the reverse reactionG is much 
less than the rate of reaction (2) in the author's 
experiments. Removal of 0 can occur by means of 

0 + NO, + NO + 0 2  (5) 

and 

O + O H - - t O r + H  (3)  

The rate of reaction ( 5 )  would be expected to 
be much less than that of reaction (3) under con- 
ditions where appreciable concentrations of H 
are present, since NO2 is then predominantly 
removed by the faster reaction ( I ) .  It is there- 
fore considered that oxygen atoms are generated 
by reaction (2) , and removed by reaction (3) ; 
the influence of reaction (5) only becomes ap- 
preciable when [HI is small, as shown by the 
tailing of the oxygen atom plot in Fig. 1 near the 
titration endpoint. 

On this basis, assuming a steady state concen- 
tration of oxygen atoms, 

[O] = kz[OIl]/k, 

and 

- d [ O H ] / d t  = 3kz[0H12, 

l/[OH] =; I/[OH]o + 3kzt. 

It follows that [0] is given by the expression 

For a typical reaction time of 0.05 sec and 
[OHIO = lo-? mm Hg, 3kzt is very much greater 
than I/[OH]o,' and hence (I) reduces to the 
simple form of Eq. (11) : 

(11) [O] = 1/3k3t 

consistent with the observed second order re- 
moval of [O]. The observed lack of dependence 
of [0] and k' upon [OHIO and total pressure (for 
constant t )  are in agreement with Eq. (11), 
which shows that k' = 3k3. Values of k3 deter- 
mined a t  293'K and 265OK were 3 =t 1 X loL3 
~m~mole-~ssec-'. 

Within the expcrinieiital error of the observa- 
tions, the data are consistent with Eq. (11), 
which is based upon the assumption of a steady 
state concentration of oxygen atoms. The validity 
of this assumption can be tested by a comparison 
of the calculated rate of production of oxygen 
atoms, ke[OH], with the observed net rate of 
removal of oxygen atoms, k'[O]', which is the 
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difference between k2[OHl2 and ka[OH][O]. For 
a steady state assumption to be a good approsi- 
mation, this difference must be considerably 
smaller than the value of the individual terms 
k2[OH12 and ks[OH][O]. A typical observed 
net rate of removal of oxygen atoms was -1 X 

see-', while the value of k2[OHI3 
calculated from Kaufman and Del Greco's datal 
under the same conditions was about 1 X 
mole cmW3 sec-l. It follows that the steady state 
assumption for [O] is a good approximation in 
this kinetic study. 

mole 

Reaction of H with 0 2 .  It has been shown that 
the rate constant kl is of the order of 0.1 of the 
bimoleculor collision frequency between OH and 
0 a t  room temperature. The reverse reaction 
(-3) thus has an activation energy of around 
17 kcal/mole, 

H + O2 --f HO + 0 - 17 kcal/mole (-3) 

as found by Schott and IGnsey.7 Reaction (- 3) 
can therefore be neglected as a rate-controlling 
step in the flow experiments a t  293'K with 
H f O2 systems. However, the addition of O2 to 
H + Ar mixtures under such conditions a t  1-2 
mm Hg total pressure led to rcmoval of hydrogen 
atoms. The nature of this reaction was investi- 
gated in the following manner. The reaction 
time between H and O2 was varied by addition of 
the same oxygen flow ([O,] >> [HI) a t  each of 
four inlets dong the reaction tube, [HI being 
measured a t  a downstream fixed point, the photo- 
tube housing. A small amount of nitric oxide 
was added to the reaction products 3 ern before 
the 955SP photomultiplier cell housing, and the 
photocurrent I b  due to the HNO emission was 
measured. Ib/[NO] was then proportional to 
[HI." The small amount of added nitric oxide 
was found to have a negligible effect on the rate 
of removal of hydrogen atoms from the system. 
Plots of loglo (Ib/[NO]) against t obtained in 

1 

0 0.1 0.2 

REACTION TIME (see.) 

FIG. 3. Kinetics of the H + 0 2  + M reaction nt 
1.64 mm Hg total pressure and at 293°K. Flow 
rates: Ar, 141 pmole/sec; H, 0.5 pg-atom/sec; H,, 

0.2 pmole/sec; 02, 1 .S-5.S pmole/sec. 

this way were accurately linear, mitli slopes pro- 
portional to [O,], as shown in Fig. 3. 

The quantity 

was found to be proportional to total pressure 
[MI from 1.01 to 2.42 mm Hg, as shown in 
Table 1. The rate of reaction of hydrogen atoms 
in this system is therefore given by 

- d[H]/dt = k"[H][O2][M] 
and the rate-controlling reaction in thc H + 0 2  

system is 

H + 0 2  + M -+HO:! + M (7) 
It is known that the steady state concentration 
of HOz in such systems is very smallJ8 and it is 
reasonable to suppose that reaction (7) is fol- 
lowed by one of the rapid reactions S a, b or e: 

H + HOz --+ HzO f 0 (Sa) 

H + KO? -+ OH + OH (8b) 

H + HOz -+ Hz + 0 2  ( S C )  

TABLE 1 

The variation of (111) with total pressure at  293°K 

1.01 5.56 X 1.43 x 109 
1.20 6.57 1.S4 
1.4s s . l l  2.20 
1 .s2 10.00 2.23 
2.42 13.30 2.46 

2.6 X 10 '6  
2.8 
2.7 
2.2 
1.9  



216 HYDROGEX-OXYGEN REACTION 

On this basis, 

- d[H]/dt 2B[H][Oz][M], 

and a value of kl = 1.2 f 0.3 X 1OIG cm6mole-2 
sec-' for M = Ar a t  293°K was obtained. 

Reaction of 0 with Ilz. The rate of removal of 
osygen atoms in the 0 + Nz system was meas- 
ured and used to determine /Ip4. This method 
can only be reliably employed when 0 2  is absent 
from the system, since reaction ( 7 )  and subse- 
quent reactions of NO2 must be considered to 
contribute to osygen atom removal in the pres- 
ence of molecular oxygen. Ground state osygen 
atoms in the absence of O2 were generated by 
addition of the stoichiometric quantity of nitric 
oxide to nitrogen atoms in a stream of active 
nitrogen,G 

N ('S) + NO ('II) -+ N:! ('2) + 0 ('E'). 

Hydrogen atoms are a product of the 0 + H2 
reaction and thus a method for the measurement 
of osygen atom concentrations in the presence 
of H must be employed for following the reaction. 
A fised-position 1P2S photomultiplier cell was 
used to measure the intensity of the air afterglow 
emission from the reaction products to which a 
known small amount of nitric oside had been 
added just before the photomultiplier. When 
this phototube was fitted with a green transmis- 
sion filter (Wmtten No. 61) the HNO emission 
(due to the radiative combination of H with NO) 
made a negligible contribution to the total photo- 
current ( I , ) ,  which was therefore proportional 
to [O][NO]. Ln[O] measured in this way was 
found to be proportional to reaction time t and 
to [I121 when excess hydrogen was added to the 
stre:im of osygen atoms a t  temperatures between 
409" and 733°K. Typical data are shown in 
Fig. 4; (1/[H2]) { d(1n [O])/clt] was independent 
of total pressure between 1.71 and 2.77 mm Hg. 
The absence of any significant dependence upon 
total pressure is not surprising, since the only 
third order reaction which could be important is 
forbidden by the spin correlation rule: 

0 ('P) + H, ('2) + M * Ha0 ('A) + M. 

The kinetic data can be represented by thc 
equation 

- d[O]/dt = k"'[O][H2]. 

The equilibrium constant of reaction (4) is 
around unity, but since the final conccntration 
ratio [H]/[H2] was typically 0.1-0.2, the re- 
verse reaction (4) can be neglected in comparison 
to  reaction (-4) as a rate-determining step. 

2.45 

3.52 

4.60 

6.05 

8.03 

0 0.05 0.10 

REACTION TIME (see.)  

F I G .  4. Kinetics of the 0 + H1 reaction at  2.19 mm 
Hg total pressure and at  441°K. Flow rates: Nz, 
197 pmole/sec; 0, 0.3 pg-atomlsec; Ha, 2.2-7.3 

pmole /sec . 

Reaction (- 4), 

0 + Ha -+ OH + H (-4) 

can be followed by any of the three reactions (2) ,  
(3) , or (6) . The relative magnitudes of k2, k3, and 
kg. [see ref (1) and this work] show that reac- 
tion (3) , 

0 + OH -+ 0 2  + H (3) 

is predominant for OH removal under the au- 
thor's conditions. I n  these circumstances, k3 is 
much greater than k"', and hence 

- d[O]/dt 2k4[0][ Hz] . 
Therefore k-4 could be evaluated from the esperi- 
mentally determined values of k"' and a value of 

ii4 = 1.2 x 1013 

esp (- 9200 f 600) / R T  cm3mole--1sec-1 

was determined in the temperature range 409 to 
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1 2 3 

I/T 103 ( O K )  - 1  

FIG. 5 .  The variation of Jc-I (~m~rnole-~sec-~) with 
temperature from 409°K to 733°K. 

733'K. Figure 5 shows a plot of log&-4 against 
I/ T. 

Discussion 
It has been shown that the rate constant of 

the reaction 

0 + OH -+ H + 0% (3) 

is 3 f 1 X 1013 cm3mole~1sec~1 a t  293OIC The 
activation energy of reaction (3) is therefore 
near zero. This conclusion is in agreement with 
long extrapolations from Schott and Kinsey's' 
values of kV3, and with the activation energy 
E-3 = 17 f 1 kcal/mole found by Vocvodskii.'O 
The present value for k3 a t  293'K is within a 
factor of 3 of that  reported by Del Greco and 
Kaufman.l The high value obtained for k3 
(-0.1 of the bimolecular collision frequency) 
shows that 0 and OH cannot coexist in signi- 
ficant concentrations for appreciable periods of 
time. Products of a discharge in moist oxygen 
would therefore be expected to contain H as well 
as 0 but not hydroxyl. Kinetic studies (such as 
those of Avramenko et aZ.) in which a discharge 
in water vapor is used as a source of OH are 
thus open to criticism. 

The activation energy of 9.2 & 0.6 kcal/mole 
found for reaction (-4) is significantly different 
from that  determined by Harteck and Kopsch'l 
(6 f 1 kcal/mole) and Azatyan et aZ.I2 (11.7 f 
0.7 kcal/mole) but  in fair agreement with the 
value of 7.7 kcal/mole obtained by Fenimore 
and J~nes. '~  However, the expressions for k~ ob- 
tained by the last two groups of workers can be 

extrapolated to 70OoI<, yielding vslucs 1% ithin n 
factor of 5 of those obtaiucd in the present work. 
I n  the work of Harteck and Iiopscli,l' the 
amounts of water were measured which ~verc 
produced when hydrogen reacted with osygen 
atoms contained in oxygen from an electric dis- 
charge. It is doubtful whether the extent of water 
formation under these conditions is a valid 
measure of the extent of reaction (-4), since 
water may also be formed by means of reaction 
(7) followed by the Past step (Sa). I n  addition, 
most of the OH produced in reaction (-4) 
would be removed by reaction (3) rather than 
by reaction (6) under the experimental condi- 
tions used. The difference between the values of 
E-4 reported by the author and by the Russian 
workers" could be removed by the assumption 
in the latter work of a slightly different tempera- 
ture coefficient for the surface recomhinations of 
atomic species. 

I n  this work it has been shown that formation 
of HOz requires participation by a third body M, 

H + 0 2  + M +HOL + M ( 7 )  

The observed over-all third order kinetics show 
that, under the author's conditions, reaction of 
HOz with H (reaction S) is faster than dissoria- 
tion of 1302 (reaction - 7 ) .  The rate constant 
k7 = 1.2 f 0.3 X 10I6 cm6mole-zsec-1 for M = 
Ar a t  293OK is similar to that of the rraction 

H + N O  + M + H N O  + M 

a t  293'K.14 Several values of k7 a t  room tem- 
perature (for fit = HZ) have been reported pre- 
viously, but since these vary from 4 X 
[see ref. (15)] to about 10'scm6molc~~scc~1, 
[see ref. (IS)], reliance can only be placed on thc 
determinations of k7 a t  elevated temperatures, 
which are in fair agrccmcnt with oiie another. 
The value found in the present work €or k7 a t  
293Oh: is somewhat greater than most of those 
obtained from studies in the Hz + 0 2  system a t  
higher temperatures. Voevodskii and Icon- 
d r a t i ~ v , ~ ~  for example, have deduced a value of 
kl = 4.3 X 1015 cm6mole-zsec-1 for M = IlZ a t  
about SOOoI<. These data, taken in conjunction 
with the author's results a t  293'K, suggest that  
reaction (7) may have a small negative activa- 
tion energy similar to that of -0.6 kcal/mole 
found for the H + NO + M reaction.14 This 
possibility is now being investigated and further 
experiments are to include a study of the de- 
pendence of k7 upon the nature of the third 
body. 
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Discussion 

DR. F. KAUFMAN (Ballistic Research Laboratories, 
Aberdeen Proving Ground) : In another paper in this 
volume, Dr. Del Greco and I have measured the 
rate constant, IC,, for 0 + OH -+ 0, + H in a 
similar, though faster flow system by following the 
rate of decay of OH when 0 and OH are mixed. 
Our value for k ,  near 300°K is (1.1 f 0.4) X I O L 3  
cm3 mole-' sec-I, about a factor of three smaller 
than Dr. Clyne's. It should be pointed out that in 
Dr. Clync's steady state decay of the 0 atoms gen- 
erated by reaction (2) [O] is extremely small, of the 
order of mm Hg, and that both the application 
of the air afterglow in the measurement of such 
traces of 0 and the importance of competing 
processes such as 0 + NO + M -+ NO2 + M 
followed by reaction (I)  must be carefully con- 
sidered. 

DR. M. A. A. CLYNE (University of Cambridge): 
Although the concentration of atomic oxygen is 
small, use of the air afterglow for its measurement is 
a very sensitive method. Removal of atomic oxygen 
by 0 + NO + M and by other third order homoge- 
neous processes could possibly be important in the 
experiments a t  the higher pressure used in this work 
(2.2 mm Hg) but not at the lower pressure of 1.1 
mm Hg. This is confirmed by the observation that 
for constant reaction time, [O] was independent of 
the amount of nitric oxide present in the system, as 
shown in Fig. 1. A small correction (-10%) to 
my value of kd should probably be made to allow for 
surface combination of oxygcn atoms. In view of the 
different methods used by Kaufman and Del Greco 
and by us, thc agreement between our respective 
vnlucs of k 3  seems satisfactory. 

DR. R. R. BALDWIN (University of Hull, England) : 
I would like to point out an important consequence 
of the value given by Dr. Clync for his reaction (7), 

The value of ki a t  temperatures around 500°C 
can be obtained by combining measurements on 
the second limit M, of the H,/02 reaction, which is 
given by [M,] = 2 L / k i ,  with estimates of k--3. 

H + 0 2  + M = HOz + M. 

H + 0 2  = OH + 0 (-3) 

A new estimate of k-3 has recently been made' by 
using the inhibiting action of formaldehyde on the 
H2/02 reaction to obtain k14/k.+ and combining 
this with independent determinations of k14. 

H + HCHO = H, + HCO (14) 

The value obtained is consistent with independent 
estimates by Baldwin2 and by Semen~v ,~  and the 
mean value of 0.6 x loi liter mole-' sec-l at 540°C 
is considered accurate to within 50%. From second 
limit measurements, 2k-& = 72 mm Hg (M = 
H2), giving k7 = 0 3 4  X 1Olo liter2 mole-2 sec-l 
(M = H,), or 0.17 X 1O1O with argon as M. 

Previously, the only estimates of K ,  a t  room 
temperature are those made by Hoare and Walsh* 
from the results of Robertson5 and Patrick and 
Robb,G lower limits for k7 being 2.9 X 10" and 
1.8 x 1011 liter2 mole-2 sec-1, respectively; con- 
sistent with these is the value of 6.3 X 10" given 
by Burgess and Rabbi as a result of further studies 
of the Hg-photosensitised He/O, reaction. As 
pointed out by Walsh, these estimates (M = Hz in 
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all cases) imply a negative activation energy for 
reaction (7) of 3-5 kcal/mole. Support for this 
value comes firstly from the temperature coefficient 
of the photochemical reaction studies by Burgess 
and Robb, from which they deduce that E? = 
-4.5 kcal/mole; secondly, Warren8 finds that the 
most accurate value for the temperature coefficient 
of the second limit of the H*/02 reaction corresponds 
to (E-a - ET) = 20 kcal/mole. Since evidence from 
a variety of sources suggests 3 - 3  = 16-17 kcal/ 
mole, a negative valuc of 3-4 kcal/mole is suggested 
for E?. 

The new value of 1.2 X 1010 liter* mole-2 SCC-1 

(M = argon) given by Clyne provides further in- 
formation on this negative activation energy, though 
the value (E7 = -(2-3) kcal/mole) is slightly less 
than previous estimates. 
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S IN HYDROGEN-AIR FLOW SYSTEMS. I. CALCULATION 
F IGNITION DELAYS FOR HYPERSONIC RAMJETS 

I. N. MOMTCHILOFF, E. D. TABACK, AND R. F. BUSWELL 

An :malyticd method of estimtting auto-ignition delay time based on dissociation and recombina- 
tion rates of gases has been developed. In this analytical method, the one-dimensional gas-dynamics 
equations are combined with reaction-kinetics equations to formulate a set of (n + 5 )  simultaneous, 
nonlinear-first-order differential equations, where n is the number of species considered. These equa- 
tions describe the behavior of a mixture of reacting gases flowing supersonically down B duct. A 
computer program has been cvolved and used to  solve these equations for the particular case of 
hydrogen-air mixtures. Thc ignition delay periods obtained through this program are in good agree- 
ment with the limited amount of experimental data available for hydrogen and air. 

Introduction 

The intake of a conventional ramjet engine is 
designed to produce subsonic flow a t  the inlet to 
the combustor. For hypersonic vehicles, however, 
it seems that there are advantages to be gained 
by so designing a ramjet that  flow is supersonic 
t h r ~ u g h o u t . ' ~ ~ J * ~  Such a design involves the 
concept of supersonic combustion. One parameter 
which must be evaluated in the design of a super- 
sonic combustion system is the ignition delay 
period. 

If a mixture of fuel and air is suddenly raised 
above its ignition temperature, a significant heat 
release does not occur immediately but  after a 
finite time, commonly called the ignition delay 
period. The design length of a supersonic com- 
bustion chamber depends upon both the length 
required to mix the fuel and air, and the length 
required to complete the reaction, the latter 
being comprised of an ignition delay length and 
a reaction length. An indication of the importance 
of ignition delay can be formed from the fact 
that, in a typical case, a delay of one millisecond 
can represent a length of some 15 feet. 

For a number of reasons, hydrogen is often 
considered as the fuel for ramjets for hypersonic 
vehicles. Information on delay periods for 
hydrogen-air systems is not plentiful. Although 
static temperatures and pressures can, to a certain 
extent, be controlled by intake design, an accurate 
knowledge of the dependence of delay period on 
these and the equivalence ratio is mandatory 
before a proper balance can be drawn among all 
the design considerations. 

An experimental investigation would be the 
most satisfactory way to resolve the problem. 

Such an investigation, however, would have been 
both expensive and technically difficult. Previous 
theoretical studies have been limited to deriving 
an overall rate of ignition from the limited experi- 
mental data available or to examination of the 
rate constant data for the various reactions. The 
latter technique involves the selection of what 
appears to be the predominating reaction and 
assuming that it controls the overall rate. A more 
accurate representation of the combustion process 
could be obtained by simultaneous solution of 
the chemical kinetic rate equations for major 
reactions with the gas dynamics equations. The 
resulting theoretical analysis has led to the 
evolution of a computer program capable of 
predicting delay periods throughout the range of 
interest. The objectives of this investigation were: 

(1) To derive the simultaneous differential 
equations governing the progress of a number of 
reactions occurring in a combustible mixture of 
air and hydrogen flowing down an adiabatic, 
frictionless duct. 

( 2 )  To evolve a computer program capable of 
solving these equations with acceptable accuracy. 

(3) To test the accuracy of this procedure in 
a number of cases, particularly in relation to 
experimentally determined delay periods. 
(4) To estimate delay periods over a wide 

range of operating conditions. 
This paper presents the results of this 

investigation. 

Analysis 
General Considerations. Consider an elemental 
volume forming part' of an air stream, and let it 
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be near the surface of separation between the air 
and a stream of hydrogen which is being injected 
into it. Let the flow ratios and static temperatures 
of the streams be such that, on mixing, the 
mixture would ignite spontaneously. Assume that 
the composition of each stream is the equilibrium 
composition corresponding to the stream static 
pressure and temperature. Let enough hydrogen, 
both atomic and diatomic, cross the surface of 
separation and enter the clemental air volume to 
make the local equivalence ratio fall betwecn the 
flammability limits. 

Now consider the history of that  elemental 
volume as it moves downstream. Assuming that 
the air and hydrogen are injected with a small 
relative vclocity and that the cross-sectional area 
of the duct does not change abruptly, there will 
be no appreciable change in pressure or tempera- 
ture until the reaction rate begins to increase 
rapidly, with a corresponding increase in static 
temperature and pressure. The local equivalence 
ratio will change as the mising process continues, 
but i t  will be shown that equivalence ratio has a 
relatively small effect on the length of the delay 
period for mixtures near stoichiometric. This 
sequence of events can then be represented by 
the model consisting of hydrogen and air that is 
instantaneously mised and allowed to flow down 
a duct. Although in this model the air and 
hydrogen were both individually in equilibrium, 
the instantaneously formed mixture is not. 
Changes in the constitution of the misture will 
now take place and the formation of species such 
as OH and HzO will begin to occur. Many 
reactions can be written to describe what could 
or does take place. Only by very sophisticated 
experiments could one firmly establish which of 
these are important. For any analysis one must 
assume the reactions which occur and compute 
the progxss of these as the misture flows down 
the duct. At some point the exothermic reactions 
would predominate and the temperature would 
begin to rise. As the reaction rates (on the 
average) increase with temperature, the rate of 
temperature rise increases. As the final "flame" 
temperature is approached, however, the rate of 
temperature rise decreases and the temperature 

and composition tend to filial equilibrium vdues. 
This only applies to  a constant area duct. A duct 
of continually varying cross section would not 
allow a unique set of equilibrium conditions to  
be reached, sincc the temperature and pressure 
will continually vary clue to the area change. 

Basic Assumptions. In  this analysis the following 
assumptions are made: 

(1) The fuel and air are instantaneously mixed 
at  the duct entrance. 

(2) The gases obey the perfect-gas laws. 
(3) One-dimensional gas dynamics treatment 

is applied to analyze the supersonic flow along 
an adiabatic, frictionless duct. 

(4) Radiation, which is very small from 
hydrogen-air flames, is neglected. 

Derivation of Equations. Consider the equations 
which govern the physical model previously 
mentioned and its associated assumptions. 

1 hree conservation equation-mass, energy, 
and momentum-may be enumcratcd: 

r ,  

Mass: riz = pvA (1) 
Energy: 1 1 0  = 1-I + zi?/Zg,*J (4 

(3) 
du go dP 
dx p dx Momentum: v - + - - = 0 

The duct cross-sectional area may be presented 
as a function of asial distance along the duct: 

A = A($)  

The equation of state may also be written: 

P = PTR (ri/Wi) 

The enthalpy is given by: 

where 
E-I = 1aiai 

hi = lb C,idT f HI: 
T 

From these equations, the following first-order, 
nonlinear differential equations can be derived 
(see Appendis) : 

H' = E hiui' + E uiC,iT' 

0' = -go JH'/v 

p' = -pvvf/go 

p' = -p( A'/A + v'/v) 
where the primes denote differentiation with respect to x. 
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Let n be the total number of chemical species 
such as R!fi in the gas mixture of which the first 
nu are atomic species and the remaining (n - nu) 
are molecular species. The j t h  chemical reaction 
taking place in the mixture can be formally 
written as: 

The (n - nu) differential continuity equations 
for the molecular species are given by: 

where 

In the case of steady, one-dimensional flow, the 
term pDaJDt reduces to pv daildx. 

The nu atomic continuity equations are given 
by: 

These equations can be differentiated to give: 

where primes denote differentiation with respect 
to x. 

The equilibrium constant for the j t h  reaction 
is defined as: 

This is the equilibrium constant based on mole 
concentrations; it is related to the more usual one 
based on partial pressure or fugacity by the 
equation: 

where K,? is the equilibrium constant based on 
partial pressure. 

It is assumed that the forward and backward 
rates obcy the relation: 

This is a reasonable assumption for bimolecular 
reactions but is probably not very good for three- 
body reacti0ns.j 

These relations were used to compile (n  + 5 )  
first-order, nonlinear differential equations; nu of 
these are the atomic continuity equations, 
(n  - nu) are the molecular continuity equations, 

and the remaining five are the equations for 
temperature, enthalpy, pressure, velocity, and 
density evolved from the gas dynamics and state 
equations. Solutions of the equations for any 
given initial conditions can be obtained by 
standard numerical methods utilizing a digital 
computer. 

Reactions Selected. The general equations must 
now be applied to a specific set of reactions. The 
selection of the reactions to be considered is a 
difficult matter; even the selection of the species 
to be considered is not straightforward and when 
these have been chosen there are a large number 
of reactions that could be considered. 

On the advice of Dr. T. M. Sugden, of the 
Physical Chemistry Department of Cambridge 
University, and Dr. J. P. Appleton of the 
University of Southampton, the following reac- 
tions were selected: 

k/' 

Y 
H + 0 2  --+ OH + 0 

k13 
He + 0 + OH + H 

kI4 

k15 

kIG 

k17 

k18 
Ne -I- 0 + NO + N 

k19 

j = 1  H e + O H + H 9 0 + H  

j = 2  

j = 3  

j = 4  H + H + M + H g + M  

j = 5  H + O H + M + H e O + M  

j = 6  O + O + M + O e + M  

j = 7  NO + M  + N + 0 + M 

j = S  

j = 9  

j = 10 

0 2  + N +  0 + NO 

k / l0  
Oe 4- N2 + 2NO 

M in the three-body reactions is taken to repre- 
sent all the molecules in the system. Its  mass 
fraction is taken as 1 and its molecular weight 
as the mean molecular weight of the mixture. 

Thus, the species considered in the program are 
0, H, OS, Hs, OH, H20, Ns, N, and NO. 

Thermodynamic and Chemical Kinetic Data. In  
order that  the physical parameters used in the 
calculation may be represented with acceptable 
accuracy up to 6000" Rankine, a base tempera- 

,, * 
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ture of lSOOo Rankine was chosen. Heats of 
formation at 1800° Rankine were used. The 
specific heats a t  constant pressure were repre- 
sented by relations of the type: 

C, = A,  + B,( T - Tb) + Cc( T -  Tb)' 
Values of C,, K,, H f b  were taken from reference 6. 
The expressions for C, and K ,  derived from the 
listed values are valid in the range 1800-6000° 
Rankine. 

k /  = 4.2 X 109 x T.5 esp( - lO/BT) 
k f 2  = 5.64 X 10'0 esp(-15.l/RT) 
k,3 = 1.2 x 1010esp(-9.2/RT) 
kb4 = 1018 x T-1.5 esp( -103.2/RT) 

kb5 = 2 X lo1$ X T-l.5 esp(-114.7/RT) 
IcyG = 1S.5 X 10'oT-.5 

ki," = 1.43 X 109(T/4500)-'.5 
k j 8  = 6.71 X 1010(4500/T)-.5 esp( -3Y000jT) 

k l9  = 6.S X 109(4500/T)-.5 exp(-3120/T) 

kilo = 2.7 X 1010exp(-53SOO/T) 

Computer Program. The numerical integration 
method chosen was that of Runge-Kutta, in- 
corporating modifications by Gill." Since it is 
known that the rate equations become unstable 
near equilibrium,18 it was decided to attempt to 
minimize this difficulty by using a double 
precision facility which, when required, doubles 
the number of digits used in computation. An 
IBM 7090 was used. 

Discussion 
Comparison with Experimental Delay Time. 
Although the analytical procedure developed is 
capable of calculating the progress of the reaction 
from initiation to completion and the amount of 
recombination during expansion, the preliminary 
results reported here are primarily concerned 
with the ignition delay or induction period. As a 
first check on the validity of the procedure, 
reactions, and rates used, the calculated ignition 
delay times were compared with the esisting 
esperimental data. The primary variable affecting 
ignition delay time is the initial mixture tempera- 
ture. I n  order to show a simple comparison 
between the theoretical and experimental effect of 
temperature on ignition delay, the comparison 
was restrictcd to hydrogen-air mistures a t  an 
equivalence ratio of 1.0 and 1-atmosphere 
pressure. Thus, only the experimental data a t  
these conditions or the data which could be 
reliably extrapolated to these conditions were 
used in the comparison. 
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The forward rate constants kfiwere in the form: 
kf = D - T E -  esp ( F / T )  

The equilibrium constants I<& were in the form: 
K,  = D,. Tgc- exp ( F J T )  

kbjis given by kb = kf/K,. 
The rate constants used are here quoted in units 
more familiar to physical chemists. Temperature 
is in degrees Kelvin. 

liters/mole s d 7 , * )  

liters/mole sec@l 
liters/mole sec(10) 

liters/molc sec(l1) adjusted to agree withc5) 
liters/mole sec(11) adjusted to  agrec 
liters2/mole2 sec(I2) 
liters2/mole2 sec(13) 

liters/mole sec(14) 

liters/mole sec(15) 

liters/mole s e P )  

HY DROGEN-AIR 
INITIAL PRESSURE = Po = 1 ATM. 
EQUIVALENCE RATIO = + = 1.0 
THEORY 

10-6 
1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5 

1000/T ( T P K )  

o o a o o o o  a W 0 2 0 M z g g g  0 

c 

TEMPERATURE ( O R )  

FIG. 1. Comparison of experimental and theoretical 
ignition delay timc. 
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The comparison between the theoretical and 
experimental effect of temperature on ignition 
delay is shown in Fig. 1. The shock tube data of 
Schott and Kinsey was obtained with hydrogen- 
oxygen appreciably diluted with argon in order 
to lengthen the induction period. Since their 
results indicate that the delay time varies 
inversely with the oxygen concentration, the 
data has been adjusted to the partial pressure of 
oxygen for a stoichiometric hydrogen-air mixture 
a t  one atmosphere pressure. The agreement 
between the theoretical results and experimental 
data of Schott and Kinseylg is exceptionally good. 
VVhile the slopes are similar for the other two 
sources of experimental data in the temperature 
range of interest, Das Gupta20 and Nicholls,21 
the levels are different. Nicholls, whose measured 
delay times for hydrogen-air mixtures passed 
through a stabilized normal shock are very 
small, expressed some concern about the accuracy 
of his results due to possible errors in measure- 
ment of temperature, delay distance, and fuel-air 
ratio as well as errors in the method of data 
reduction. The data of Das Gupta were obtained 
with a subsonic flow rig rather than a shock tube 
2nd the delay time reported includes the time to 
physically mix the fuel and air. The separation 
of the mixing time from the overall delay times 
reported would tend to  lower Das Gupta's values 
and is necessary before a valid comparison can 
be made. 

At temperatures below 1700° Rankine only a 
representative amount of the available experi- 
mental data is shown. A more complete summary 
of these data can be f0und.2~ The experimental 
results in this low temperature range are from 
bomb and flame experiments and include physical 
mixing effects, such as those included in the 
results of Das Gupta,3O and probably are affected 
by wall quenching effects and surface reactions. 
Similar conclusions have been stated by others, 
c.g., Drell and Belles.e5 It is therefore not sur- 
prising that the theoretical ignition delay times 
are appreciably less than the experimental values 
at low temperatures. Further analytical and 
experimental work is required to  resolve this 
problem. 

Aside from the major differences in experi- 
mental techniques, the various experimenters 
have also used different criteria for measuring 
the delay time depending upon their test tech- 
niques. Schott and Kinseysg assumed the delay 
to be equivalcnt to the time required for the 
hydroxyl radical concentration to reach the 
threshold of experimental detection, ( 
mole/liter) . Das Gupta20 measured the pressure 
variation along the combustion tube length by a 
series of pressure probes and assumed that the 
ignition point was represented by the intersection 

of the initial and maximum pressure slopes. 
Nicholls2s used a schlieren sodium emission photo- 
graphic technique to establish the separation 
between the shock wave and combustion zone, 
from which the delay times were computed. 

In  the theoretical analysis as well as the 
experimental work there is no positive definition 
of the point a t  which ignition occurs. Therefore 
the theoretical ignition delay was calculated 
using the following criteria representative of the 
various test techniques: (a) time for the hydroxyl 
radical concentration to reach mole/liter, 
(b) an interpolation procedure based on the 
location of thc intersection of the slopes of the 
initial and maximum temperature rise, (c) time 
required to reach a temperature 5 per cent 
higher than the initial temperature, and (d) the 
point a t  which the slope of the temperature 
versus time reached loGo Rankine/second. Al- 
though each criterion provides a different curve 
(Fig. 2), the general trends are similar and the 
differences are not large enough to account for 
the differences in the experimental data. Since 
any criterion is an arbitrary decision, it was 
decided to use the hydroxyl concentration cri- 
terionsg to be consistent with what is believed to 
be the most reliable experimental data. 

As a further check on the validity of this 
analytical procedure, the theoretical effect of 
equivalence ratio and pressure were compared 
with the experimental results a t  various tem- 
peratures. The equivalence ratio has a very 
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FIG. 2.  Effect of ignition delay criteria on theoretical 
ignition delay timc. 
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slight effect on the theoretical ignition delay 
time with the minimum delay occurring near the 
stoichiometric mixture ratio (Fig. 3). Schott and 
KinseyIg indicated that at a constant tempera- 
ture the ignition delay time is inversely propor- 
tional to the osygen concentration for all equiva- 
lence ratios. This implies that the delay time 
should increase slightly as the equivalence ratio 
increases. However, inspection of their data 
revealed systematic differences in the value of 
oxygen concentration times delay time for the 
three equivalence ratios tested (0.250, 1.0, 2.50). 
The experimental results shown in Fig. 3 arc for 
the published data with these systematic dif- 
ferences taken into account. Although the experi- 
mental values of Das Gupta20 are high due to the 
inclusion of the mixing time, he reported that 
there was no largc or consistent effect of 
equivalence ratio. 

The theoretical ignition delay time increases 
with decreasing pressure (Fig. 4). The slopes of 
the theoretical curves, which vary from 1.03 to 
1.11, are consistent with the data of Schott and 
Kinsey which indicate a slope of 1.0. The slopes 
of the experimental results of Das Gupta vary 
from less than one to greater than one with an 
average slope of about 0.9. 

A possible source of error in the theoretical 
prediction of delay time is the accuracy of the 
rate constant data. This is a complicated matter 
since an error in the rate of one reaction may or 
may not have a vital effect on the computed 
delay times, depending upon the importance of 
that  reaction. A discussion on the effect of the 
accuracy of rate constant determination will be 

1 0 . ~  

10'5 

10.6 

0.1 1 .o 10.0 
INITIAL PRESSURE - Po ( A T M )  

FIG. 4. Effect of pressure. 

found in ref. 18. Most rates used in this work arc 
believed to be correct within a factor of two or 
three. The correlation between the computed and 
experimental values would seem to corroborate 
this view. However, before the computed values 
can be considered an accurate representation of 
actual conditions, further investigation of thc 
reaction mechanism, and rate constant data in 
the range of interest is necessary. 

Concentration Projiles. The computational pro- 
cedure contributes to an understanding of the 
combustion process by providing complete reac- 
tion profiles (Fig. 5 )  for the system under con- 
sideration. In  the past, the progress of the 
combustion process has been estimated by 
examination of the relative magnitude of the 
rate constants. The present procedure allows the 
importance of the minor reactions to be assessed. 
It should also be interesting and useful for 
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FIG. 5. Typical concentration profiles. 

investigating the region below 1700" Rankine 
where the experimental data indicate there may 
be a shift in the reaction of major importance. 
This region has not been studied in detail as yet 
clue to the long computation time involved. 

The reaction profiles for a typical set of initial 
conditions (Fig. 5 )  are characterized by the 
presence of several distinct regions. The first 
stage consists of the formation of small conccn- 
trations of atoms and hydroxyl radicals capable 
of' initiating the chain-branching mechanism. At 
the end of this initial period the chain-branching 
mechanism sets in due to the simultaneous 
action of reactions 1, 2, and 3. During the 
remainder of the reaction, the product species 
increase exponentially with time, until significant 

and O2 are consumed and the 
rates of the forward and reverse reactions become 
comparable. During this period the temperature 
increases slowly , (Fig. 6). Particularly con- 
spicuous is the excess of 0 and H atoms at  the 
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FIG. 6. Effect of initial velocity. 

end of the induction period. It has been pointed 
that an overshoot in atom and radical 

concentration is a property of the chain-branching 
mechanism. 

It is interesting to note the behavior of the 
HzO and H concentrations during the latter 
portion of the induction period. Assuming the 
OH and 0 atoms to be steady-state intermediates, 
the stoichiometry of the chain may be written as: 

3H2 + 0 2  + 2HZO + 2H 

This predicts that  the rates of formation of H20 
and H are the same, as are observed in the reac- 
tion profiles of Fig. 5.  The remainder of the 
reaction is characterized by the relatively slow 
recombination of the excess species. It should be 
noted that, as anticipated, the nitrogen reactions 
are comparatively unimportant below 4000" 
Rankine. 

E$ect of Velocity. The time variation of tempera- 
ture, pressure, and velocity for typical subsonic 
and hypersonic reacting flows in constant area 
ducts are shown in Fig. 6. With subsonic flow 
the progress of the combustion process is ac- 
companied by an increase in temperature, a 
reduction in static pressure and an acceleration 
of the stream. For supersonic flow the tempera- 
ture rise is accompanied by an increase in static 
pressure and a reduction in velocity. Linked with 
these changes is the time required for the com- 
bustion process to reach completion. It was noted 
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earlicr that  an increase in pressure is accompanied 
by a reduction in delay time due to  an increase 
in the rate of reaction. Hence for the same initial 
static pressurc and temperature the supersonic 
stream should approach equilibrium more rapidly 
than the subsonic stream, as shown in Fig. 6. 
illthough the time required for complete reaction 
is shorter in supersonic flow the length is longer 
due to the higher velocities. The ignition delay 
time is essentially independent of stream velocity 
since ignition occurs a t  such an early stage of the 
combustion process that the difference in statc 
properties is negligible. 

Ignition Delay Lengths for llypersonic Ramjets. 
One of the arcas where ignition delay time is of 
considerable interest a t  present is for hypersonic 
ramjets utilizing supersonic combustion, in 
which even a short ignition delay time may 
represent a long length. Ignition delay lengths 
were calculated for a range of flight Mach 
numbers for a typical supersonic combustion 
ramjet with a fised geometry inlet at repre- 
sentative flight altitudes. The ignition delay 
length (Fig. 7) increases rapidly at  the lower 
flight Mach numbers. Previous curves on effect 
of temperature and pressure on delay time can 
be used to estimate effect of lower altitude or 
increased inlet diffusion on delay length. The 
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actual delay length which will occur in an engine 
will depend not only on flight altitude, inlet 
design, and efficiency, but also on the manner 
in which fuel is injected and fucl-air mising 
occurs. Detailed consideration of these practical 
engine effects was beyond the scope of this work, 
but the reaction analysis presented is a basic 
tool necessary to estimate the delay time for any 
particular situation. To illustrate how this 
analysis may be combined with the fluid dynamic 
equations, ignition delays were estimatcd as- 
suming that the fuel injection created a shock 
equivalent to  that  from a wedge. As shown in 
Figs. 7 and 8, at the conditions in a hypersonic 
ramjct even relatively weak shocks will decrease 
the ignition delay by an order of magnitude. The 
effect of the mixing process, boundary layers, 
etc. on local flow Conditions and thus reaction 
ratio must be evaluated beforc the actual im- 
portance of ignition delay can be determined. At 
most i t  will be of concern only at  the lower flight 
speeds and will depend upon the design details of 
the engine. 

As suggested by Fig. 6, the capability of the 
basic procedure for estimating the time and 
length required to  complete the reaction and the 
amount of recombination during the expansion 
will be of equal or greater importance in thc 
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analysis of hypersonic ramjet performance. 
With minor modifications to adjust the compo- 
sition of the initial misture, the procedure also 
provides a method of estimating the differences 
between the simulated air, often used in testing 
a t  hypersonic velocities, and air. 
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Nomenclature 

Duct cross-sectional area function [sq ft] 
Specific heat function coefficient 

Specific heat function coefficient 

Specific heat function coefficient 

Specific heat at constant pressure 

Forward rate constant coefficient 
Equilibrium constant coefficient 
Forward rate constant coefficient 
Equilibrium constant coefficient 
Forward rate constant coefficient 
Equilibrium constant coefficient 
Inertial constant [lbf/lbm] 
Enthalpy of misture [Btu/lb] 
Stagnation enthalpy [Btu/lb] 
Heat of formation of i th  constituent at 

enthalpy base temperature Tb 
[Utu/lb-mole] 

Enthalpy of ith component [Btu/lb- 
mole] 

Species indes 

[Rt~/lb-mole-~R] 

[Btu/lb-mole-( OR) 2] 

[Btu/lb-mole-( OR) 3] 

[U t~/lb-mole-~R] 

Mechanical equivalent of heat [ft- 
lb/Btul 

Reactionsindes 
Equilibrium constant based on concen- 

tration [none or cu ft/lb-mole] 
Equilibrium constant based on fugacity 

or partial pressure [none or sq ft/lb] 







KINETICS OF HYDROGEN-AIR FLOW SYSTEMS. 11. CALCULAT 
OF NOZZLE FLOWS FOR RAMJETS 

V. J. SARLI, A. W. BLACKMAN, AND R. F. BUSWELL 

The performance of exhaust nozzlcs through which highly dissociated gases are accelerated dc- 
pends greatly on the degrec to which these gases are chemically recombined during the expansion 
proress. An analytical method for calculating the extent of recombination for a specified nozzle 
contour has bcm developed from a combination of the chemical kinetic, gas dynamic, and state 
equations. A computer program has been evolved and used to solve these equations for hydrogen- 
air combustion products. The solution of these equations leads to thc dctermination of concentrations, 
temperatures, pressures. and velocities as a function of time or distance for the combustion process 
and nozzle expansion. To illustrate the use of the computer program, the extent of recombination 
of hydrogcn-air combustion products in a eonvergent-divergent eshaust" nozzle, having a throat 
diameter of 6.1s inches was calculated for combustion chamber entrance conditions of pressure 3000 
psf, temperature 2O0O0R, velocity 200 ft/sec, and an equivalence ratio equal to  one. Thc results 
indicate that the flow frcczes at an area ratio of approsimatcly 1.1 in the nozzle convergent scction. 

Introduction 

In recent years a great deal of interest has been 
shown in the evaluation of the effect of combus- 
tion and recombination rates on the over-all 
efficiency of propulsion systems for hypersonic 
vehi~les. '*~J It is well known that a relatively 
large proportion of the chemical energy released 
from combustion can be used to dissociate chem- 
ical species into atomic spccies and radicals. 
When the combustion IX-oducts are expanded 
through a supersonic nozzlc, the chemical energy 
absorbed in dissociating the combustioil products 
is not available for conversion to kinetic energy 
unless the absorbed energy is first made available 
to the gas mixture through recoinhation of the 
dissociated species. Maximum energy release 
which produces maximum nozzle thrust is at- 
tained when the dissociated gases are in cquilib- 
rium a t  every station in the exhaust nozzle. The 
success or failure of certain propulsion schemes, 
such as the hypersonic ramjet, is greatly depend- 
ent on the degree to which combustion and the 
subsequent expansion approach equilibrium! 
Thrust differences between frozen and equilib- 
rium expansion as great as 75 % at a flight Mach 
number of 9 and 200% at Mach 10 are indi- 
cated! The degree to which chemical equilibrium 
is approached during the expansion process is 
dependent on the rate processes of the individual 
reactions in the recombination sclicme and resi- 
dence time of the gases in the nozzlc. 

231 

Recent comprehensive reviews of chemical 
nonequilibrium effects have bccn reported by 
Vincenti6 and by Bray and Applcton.7 It is 
pointed out that  the nature of the flow process 
can be determined by numerical analysis, pro- 
vidcd the necessary kinetir data are available. 
Because of the laborious calculatioiis that  must 
be performed when a recombination scheme in- 
volving a multireaction mechanism a hich inter- 
acts with the gas dynamic process is consiclercd, 
i t  is not surprising that solutions to these prob- 
lems are lacking cxcept in simplified forms. The 
simplified models consider a single noncquilibrium 
reaction or a single nonequilibrium process in 
which one reaction controls the ratr behavior oE 
multicomponent  mixture^^^^. In arltlitioii to the 
single reaction procrss, studies liavc been re- 
ported which consider criteria for dctcrinining if 
a reaction dcparts from For a 
single reaction system or for a single nonequilih- 
rium process which is assumed to control, the 
criteria can be used to specify an equilibrium and 
frozen region. Thc nature of the flow in the tran- 
sition region, however, is not defined. Of greater 
difficulty is the application of the criteria to a 
multireaction system. This difficulty arises when 
each reaction departs from equilibrium at a 
different station. A comprehensive discussion of 
the extension of this technique to multircaction 
systems is presented by  Bray and A p p l e t ~ n . ~  
Until exact solutions arc performed for multi- 
reaction systems, the approximatc solutions in 
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nliicli a single rcectioii is assuincd to control re- 
mains questionable because of the complex iuter- 
action of all the species. 

Two recent studies have been reported which 
present csact solutions for noiiequilibrium ex- 
pmsions of air with coupled chemical reactions.6J1 
Difficulty in each case is encountered a t  the en- 
trance to the nozzle where the species are a t  
equilibrium because of the singularity in each of 
the kinetic cquatioiis a t  this point. I n  order to 
avoid the singularity problems, a perturbation 
solution is used until the species are suficieiitly 
removed from equilibrium. Integration can pro- 
ceed from this point using the kinetic differential 
equations along with the gas dynamics equations. 

In  addition to the analytical studies, recent 
esperimental work has been reported for hydro- 
gen-air combustion products espanding through a 
supersonic eshaust nozzle? Deviations from 
equilibrium were observed. The attempt to cor- 
relate an over-all recombination equation and 
rate with esperimental data applying Bray’s 
sudden freezing technique showed only qualita- 
tive agreement and the need for more exact 
calculation schemes. 

The objective of this study was to develop a 
computer program for calculating the recom- 
bination of hydrogen-air combustion products 
expanding through a supersonic exhaust nozzle. 
Also, i t  was desirable to develop the program for 
use in conjunction with a program for computing 
ignition-delay and combustion reaction times as 
described in the preceding paper. The total 
program could then be used to determine com- 
position and process profiles in the combustion 
chamber and supersonic nozzle. 

Analytical Method 

It is logical to assume that gases leaving a 
combustion chamber aiid entering an exhaust 
nozzle arc not a t  equilibrium conditions because 
these conditions exist only for 100 ’% combustion 
efficiency which is approached but usually not 
completely attained. Hence, it is desirable to 
establish the nonequilibrium conditions a t  the 
nozzle entrance based on the degree of equilib- 
rium attained in the combustion chamber. I n  the 
procedure described herein, the conditions a t  the 
nozzle entrance are calculated by establishing 
the time-dcpendent ignition aiid reaction char- 
acteristics in the combustion chamber. The 
nozzle entrance conditions can be calculated as 
near-equilibrium conditions or conditions con- 
sistent with a specified fraction of maximum 
temperature rise. The progress of the combus- 
tion products concentration and the flow char- 
acteristics can be followed in the constant-area 

duct or conibustion chamber as the fucl aiid 
o d i z c r  react. AS the final “flame temperature” 
is approached, the rate of temperature rise de- 
creases and the temperature and composition 
tend toward filial equilibrium values. Since the 
approach to equilibrium is time dependent, the 
combustion chamber calculations are terminated 
when an arbitrarily small temperature-distance 
or temperature-time slope is attained. At this 
juncture the calculations are continued for a 
variable-area duct or nozzle. The nozzle entraiice 
conditions arc therefore near equilibrium. Any 
number of near-equilibrium conditions for the 
nozzle entrance can be simulated by this tech- 
nique. This process also can simulate the condi- 
tions for combustion chamber efficiencies. 

I n  this scheme for calculating the nature of 
the flow, it is never necessary to eliminate a reac- 
tion which may bccoriie insignificant due to the 
sudden “freezing” of  certain spccies; nor is it  
necessary to preferentially deal with fast or slow 
reactions. Each reaction is contiiiuously weighted 
according to its contribution to the flow process. 
An analysis of this type computes a complete 
history of the gaseous mixture between the inlet 
to the combustion chamber and the exit of the 
exhaust nozzle. A41so, since complete chemical 
equilibrium is avoided everywhere in the analy- 
sis, the mathematical difficulties due to singu- 
larity in each of the reaction kiiietic equations 
are eliminated. 

The generalized equations which govern the 
nature of nozzle flows are formulated with the 
following basic assumptions: 

1. The gases are fully mixed. 
2.  The gases are assumed to obey the ideal 

3. The flow is steady, one-dimensional, lami- 

4. Equilibrium between the internal degrees of 

5.  Radiation effects are assumed small and 

gas laws. 

nar, adiabatic, and frictionless. 

freedom of all species is maintained. 

are therefore neglected. 

The formulation of the generalized mass, 
energy, momentum, state, and kinetic equations 
is standard for calculations of this type and is 
presented in the preceding paper. In  addition to 
these equations, an additional equation must be 
included to allow for a spccified variation of area. 

The convergent and divergent nozzle contour 
can be espressed as 

A = d l  f A ~ x  f A32 

where AI,  A,, and 113 are arbitrary constants 
separately specified for the convergent and di- 
vergent sections aiid z is the distance measured 

(1) 
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from the nozzle entrance for the coiivergcnt scc- 
tion and froni the throat for thc divergent section. 

Reaction llteckanism and Thermodynamic Data. 
The rccomhination model is represented by 10 
reactions involving 9 species. The species are 0, 
H, 0 2 ,  H2, OH, HzO, N, Nz, and NO. Thc selec- 
tion of the reactions to be considered in the re- 
combination scheme is a difficult matter. A1- 
though the species listed ahove are believed to be 
the important species, others could be written 
for the hydrogen-air systc~n at equilibrium. Scv- 
cral of the above mill he presciit in such small 
quantities thst  they may be thermodynamically 
unimportant. Howcvcr, kinetically thc species 
may be eatrcrncly important because of their 
role in reactions which involve thcrmodynami- 
cally important species. 

Even when agreement n is t s  on the mech- 
anism, the specific rcactioii ratcs are open to 
question. The cffccts of different third bodies 
and tempcratures arc lacking in the majority of 
reactions which are likely to bc important in the 
study of nonequilihrium nozzle flows. Although 
accuracy of the reaction-rate data is not of a 
hiqh order, i t  is still worthwhile to perform 
“exact” calculations which may be improved as 
better data becoine available. 

The reactions considered include most of the 
reactions reported in recent ignition-delay studies 
involving hydrogen-oxygen1? J3 and air dissocia- 
tion-recombination studies.11J4J5 Since the igni- 
tion calculations reported in the preceding paper 
involve the dissociation and recombination of 
hydrogen-air within the temperature raiige of 
interest for nozzle recombination, i t  was assumed 
that  the same mechanism could be applied to 
recombination in the exhaust nozzle. 

The kinetic data are the same as reported in 
the preceding paper. The thermochemical data 
utilized for these calculations are values from 
JANAF thermochcinical tables.lG 

Calculation Procedure. The nonlinear differential 
equations werc integrated for the proposed rcac- 
tion mechanism and specific nozzle contour by a 
Runge-Kutta technique incorporating modifica- 
tions by Gill.I7 This techiiiquc is employed by 
most workers in this and similar f i ~ l d s . ~ J ~  An 
IBM 7090 digital computer was used. Unlike the 
ignition delay calculations the integration a t  
the nozzle entrance and the early phases of the 
convergent scctioii can be relatively slow. The 
near-equilibrium conditions and coupled interac- 
tion of temperature and composition gradients of 
the complex mixture contributes to the difficulty. 
This can be seen from the generalized rate 
equations: 

~VF,’ == (a,J’’ - azJ’) ( R /  - Rh7) ( 2 )  

As the jtli reaction approaches cquilibrinni, 
the term in parentheses approaches zero. How- 
ever, the flow can never be in a state of equilib- 
rium if the derivatives of the flow variables are 
finite. If the values of RJf ,  the forward ratr 
parameter, and Rb3,  the reverse rate parainctcr, 
are large relative to the value of their differenre, 
the naturc of the flow is near equilibrium. For 
near-equilibrium conditions, RI.1 - Rb3  is almost 
indeterminant, and to avoid loss of accuracy the 
interval size for step-by-step integration must be 
very small. If there are many reactions which are 
near equilibrium and depart from this state a t  
different stages in the nozzle, a small interval 
size may be required everywhere in the nozzle 
and consequently the machine time may be quite 
long. Nevertheless, numerical integration of the 
finite reaction-rate equations, the state equations, 
and the fluid dynamic equations can be accom- 
plished if the conditions are away from equilib- 
rium. The extent that the conditions must be 
away from equilibrium is dependent on machine 
accuracy. I n  order to reduce further the difficul- 
ties a t  near-equilibrium conditions, a double- 
precision facility was used which, when required, 
doubled the number of digits carried in the com- 
putation. It is readily seen that starting the re- 
combination calculations a t  equilibrium condi- 
tions would increase the difficulties. 

Another difficulty which is ciicouiitercd is in 
the region of the throat of a converging-diverg- 
ing nozzle. A singularity point exists in the flow 
equations between the converging and diverging 
sections of the nozzle. This is seen from the fol- 
lowing equation (dcrived in the preceding paper) 
which relates thc temperature gradient, composi- 
tion gradients, and other process variables. 

T’ 

I n  order for the temperaturc gradient to remain 
negative throughout the exhaust nozzlc, the sign 
of the summation of the terms in the numerator 
must be opposite to that of the summation of the 
terms in the denominator. I n  the convergent and 
divergent sections the sign of the denominator 
must change from positive to negative when the 
numerator changes from negative to positive. 
This implies that  the numerator and denominator 
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TABLE I 

Adjacent values between convergent and divergent sections 

Convergent 0.208561 3433.7 
I)ivcqc.nt 0.20S579 3452.3 

pass through a zero point simultaneously and 
thus T’ is undefined a t  some point between the 
subsonic and supersonic flow regimes. For non- 
equilibrium flow with heat release the sonic point 
should occur downstream of the throat. The 
difficulties encountered near the sonic points 
have been avoided by selecting an inlet area to 
the divergent section on the basis of continuity 
a t  the end of the convergent section. 

I n  order t o  estimate the values of thc proper- 
ties a t  the divergent section of the exhaust nozzle, 
it was convenient to extrapolate the temperature, 
pressure, and velocity through the critical region 
to give the initial values for the divergent section. 
The procedure was carried out by utilizing the 
pressure, temperature, velocity, and density 
gradients when the Mach number defined by 

equaled oiic. The gradients of the variables were 
calculatcd a t  each increment during the normal 
course of tlie integration. The extrapolation 
through the critical region was performed by 
determining the velocity consistent with a second 
Mach number defined by 

JI,, = v/ ( p’/p’) : ( 7 )  
The pressure and density gradients, p’ and p’, 
can be calculated close to 111, equal to 1.0 and 
the corresponding Mach number 116, can de de- 
termined. The value of illp for the start of the 
divergent section was arbitrarily increased to a 

16.57.1 4491.2 0.0056?2 
lF45.S 4454.9 0.00.5641 

The area a t  the start of the divergent section ol 
the nozzle was fixed by the continuity equation. 
From this point the integration of the kinetic, 
flom-, and state equations was resumed with the 
area profile specified for the divergent section. 
The temperature gradient a t  the start of the 
divergent section remains negative if the signs 
of the numerator and denominator of Eq. (5) 
change within the critical region. 

Table 1 indicates the values of the variables 
calculated across the critical region. 

Although the above method is not rigorous 
theoretically, the results of the numerical calcu- 
lations should be unaffected. When the throat 
size is fixed, thc problem becomes more difficult 
for it is necessary t o  determine the unique mass 
flow by iteration until the solution satisfies the 
conditions that temperature, pressure, and den- 
sity decrease and velocity increases along the 
nozzle. When it is necessary to consider only the 
divergent portion of the nozzle (as in the case of a 
supersonic combustion ramjet) , any supersonic 
mass flow rate will allow a unique solution with- 
out iteration. 

Results and Discussion 
Analytical results for recombination of hydro- 

gen-air combustion products in a supersonic 
nozzle are presented in Figs. 1-4 to illustrate the 
output of the computational scheme. For these 
calculations the constants for Eq. ( I )  are spcci- 
fiecl as shown in the tabulation below. 

I 

value slightly greater than one. It was assumed 
that the ratio p’/p’ a t  111, iicar 1 is unchanged 
through the critical region. The distance over 
which the eltrapohtion was performed was esti- 
mated as Ax = Av/(v‘) where Av represents the 
change in velocity and v’ the velocity gradient 
across the critical region. I n  this casc the dis- 
tanre through which the extrapolation was per- 
formed was approx<mately ft. 

The corresponding changes in the other varia- 
bles through the critical region were determined 
as the product of the gradients for each variable 
aiid the incremental distance determined above. 

Constant Convergent section Divergent section 

Ai 1.0000 0.20S6 
A2 - 1 .  ss20 0.0010 
A3 1.0120 1.0120 

Beyond the point where the divergent area-dis- 
tance slope was equivalent to 15’ (beyond an 
area ratio, A/A” = 1.35) , the divergent section 
expanded a t  a constant slope. The results which 
are presented represcnt one completed run for 
which the nozzle inlet conditions are near equilib- 
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10-4 J 
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DISTANCE FROM ENTRANCE OF COMBUSTION CHAMBER ( F T )  

c- CHAMBER ----.+-- 
ENTRANCE-- 

FIG. 1. Composit.ion profile for hydrogen-air coin- 
bustion products in subsonic combustor. 4 = 1, 
T,i = 2000"R, p,i = 3000 psf, vci = 200 ft/sec, 

A,  = 1 f t 2 .  

rium for an initial hydrogen-air equivalence ratio, 
q5 of 1.0, initial temperature, T,i of 2000'R, 
initial pressure, p,; of 3000 psf, and initial veloc- 
ity, v,i of 200 ft/sec. The near-equilibrium nozzle 
inlet conditions were calculated by solving the 
statc, kinetic, and fluid dynamics equations in a 
constant-area chamber of 1 square f t .  After the 
ignition-delay and rapid temperature-rise region, 
the combustion-chamber cslculatioiis were termi- 
nated at a temperature-distance slope of 200' 
per ft and the nozzle calculations begun. Thc 
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FIG. 2.  Variation in  nozzle temperature distribution 
for cyuilibrium, frozen, and kinetic flow (same flov 

conditions as Fig. 1). 
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FIG. 3. Composition profile: mass fraction HZO, OH, 
0 versus nozzle area/nozzle throat area; equilibrium, 
kinetic, and frozen flow (same flow conditions as 

Fig. 1). 

conditions at the nozzle cntrance wcrc charac- 
terized by temperature, pressure, and velocity of 
496OoR, 2969 psf, and 443.1 ft per scc, rcspcc- 
tively. The composition profiles in Fig. 1 show 
that the compositions are changing slowly at 
the nozzle entrance, indicating that near-cquilib- 
rium conditions exist. The profiles for NO and 
N are not shown because their values are very 
small for the scale used in Fig. 1. 

Figure 2 illustrates the temperature profilcs 
for equilibrium, frozen, and kinetic flow in the 
nozzle. The chemical equilibrium and frozen 
equilibrium solutions were calculatccl by a sep- 
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FIG. 4. Impulse function, p A  (1 + y M z ) ,  divided by 
nozzle weight flow versus nozzle area ratio (same 

flow conditions xs Fig. 1). 

mate machine program.I8 Since the reaction was 
still in progress toward equilibrium a t  the en- 
trance to the nozzle, the temperature rose 
minutely during the early stages of subsonic 
expansion, then i t  remained nearly constant as 
reaction and expansion effects nearly balanced, 
until the expansion effect strongly dominated 
just ahead of the throat ( d / A *  -+ 1). The 
kinetic flow curve departs from equilibrium near 
tlie nozzle throat. After the throat, it is closer to 
the frozen curve than the equilibrium one, about 
one-fourth of tlie way between them. This is not 
surprising for the relatively low values of cham- 
ber pressure and nozzle area assumed here. For 
higher chamber pressures and larger nozzles, the 
kinetic temperature would be expected to rise 
further toward the equilibrium temperature. 

Some coniposition profiles are presented in 
Fig. 3 to show the variation between the frozen, 
kinetic, and equilibrium flow. The near-equilib- 

riuiii T\ ater coniposition a t  the nozzle entrance 
and the subsequent increase in water composition 
as recoinbination progresses in the nozzle can he 
seen. The character of the kiiietic flow curve for 
water with respect to its position between frozen 
and equilibrium is similar to that of the tem- 
perature curve, because the water composition 
a t  the nozzle entrance is slightly less than the 
composition for equilibrium conditions. Species 
such as OH and 0, which attained tlicir peak 
concentrations during the ignition-delay period 
and dropped off during the equilibration process 
(Fig. 1) , are present a t  higher than equilibrium 
concentrations a t  the nozzle entrance as shown 
in Fig. 3. Beyond the throat, OH approaches 
equilibrium much faster than 0, because OH 
equilibration is not dependent on slow third-body 
reactions. 

The results of the kinetic flow computations, 
the comparative equilibrium flow, and frozcn 
flow calculations which are expressed as an im- 
pulse function divided by the weight flow of the 
gas mixture are shown in Fig. 4. The impulse 
function is defined as I? = p d  (1 f yflP). The 
impulse values of Fig. 4 do not consider the inlet 
momentum and therefore are not representative 
of ramjet performance. About 15% recovery of 
the impulse-function difference between frozen 
and equilibrium conditions is indicated. This low 
recovery however does indicate the importance 
of pressure in design consideration of ramjets. 
At higher chamber pressures the recovery could 
be considerably higher. 

I n  addition to the concentration profiles which 
indicate the degree that each species is away from 
equilibrium, some measure of the divergence 
irom equilibrium can be gained from forming for 

TABLE 2 

Ratio of equilibrium constant and concentrations, K,/R,, for various rcactions 
in hydrogen-air system in no zzlea 

Flow Subsonic Supersonic 

A/A* 4b 1.527 1. 72s 6.75 

T (OR) 4960 4920 34Sl 2239 
~~ ~ 

1. H? + OH * Hz + H 1.010 1.010 1.010 1.37O 
2. H + 0 2  OH + 0 1.04O 1.03O 9.42-1 6.94-l 
3. Hz + 0 $OH + H 9.55-1 9.5s-1 8.82-1 1.13O 
4. H + H + M e H 2 + M  2. 53-4 2.37-4 4.07-1 1.6s" 
5. H + O H + M G H z O + M  3.25-4 2.57-4 5.541 2.OS6 
6 .  O + O + M ; t O * + M  7 .  89-4 6.9s" 0.43O 2.526 

Exponents are powers of 10. 
Nozzle entrance. 
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each reaction the ratio of the equilibrium constant 
to the corresponding concentration ratios. At 
equilibrium the ratio of the equilibrium constant, 
hYc, and the corresponding concentration ratio 
for each reaction, R,, equals one. At various 
stations along the nozzle the concentrations of 
the species are not a t  equilibrium and the ratio 
of K ,  and R, is not equal to one. The value of the 
ratio approaches or departs from one for each 
reaction as the concentration of the species for 
the reaction proceeds towards or moves away 
from equilibrium. The computed values of these 
ratios a t  several positions along the nozzlc are 
tabulated in Table 2. I t  is noted that the ratios 
for reactions 1, 2, and 3 are very nearly a t  
equilibrium in the subsonic flow and do not de- 
part from cquilibrium appreciably up to the 
area ratio 1.728 in the divergent section. Rcac- 
tions 4, 5,  and 6 are considerably removed from 
cquilibrium, because they are slow three-body 
reactions. The equilibrium constants of these 
reactions increase much faster than the corrc- 
sponding concentration ratios. This indicates a 
rapid approach to equilibrium, followed by rapid 
freezing of the three-body reactions, which oc- 
curs between area ratios of 1.827 in the conver- 
gent section and 1.72s in the divergent section. 

The determination of the freezing point by 
application oE Bray's criteria7 for a multireaction 
system is not practical for a complex mechanism 
when the species are involved in more than one 
reaction. However, the area ratio a t  which prob- 
able gross freezing occurred was approximated 
by determining the arcs ratio on the equilibrium 
teniperaturc profilc from which frozen equilib- 
rium expansion resulted in a temperature profile 
coincident with the kinetic flow temperature 
curve. The over-all freezing point in this case 
was estimated to occur a t  a subsonic area ratio, 
A/A". of 1.1. This result is in reasonable agree- 
ment with the experimental results of Lezberg 
and Lancashire5 who report the freezing point 
for the expansion of hydrogen- air combustion to 
occur very close to the nozzle throat. 

The exact nonequilibrium solution for the 
nozzle inlet conditions presented in this study 
required approximately 2 hr  of machine time. 
Approximately 1 hr and 45 min were expended 
in reaching the throat. Experience indicatcs that 
the computation time is reduced considerably 
when the velocity of the flow is high. At a bighcr 
velocity a larger increment size can be tolerated 
in the integration without considering a larger 
increment of reaction time. The reaction-time 
interval is an important criteria which deter- 
mines the computation time. The computation 
time for a length o l  divergent nozzle when only a 
supersonic flow calculation is necessary should be 
considerably shorter relative to an equivalent 

length convergent-divergent nozzle with subsonic 
entrance conditions. 

Concluding Discussion. The calculation procedure 
discussed herein can be used to compute the 
extent of exhaust nozzle recombination for 
selected exhaust nozzle contours and selected 
recombination rate constants. Accuracy of the 
results is of course dependent on the accuracy of 
the rate constants utilized. Extension of the cal- 
culations to reacting systems other than hydro- 
gen-eir can be easily accomplished. The procedure 
should be useful in determining the effect of 
exhaust nozzlc contours and combustion-cbamher 
flow conditions on the extent of recombination 
and in defining the accuracy and utility of less 
complicated methods of determining exhaust 
nozzle recombination for multireaction systems 
such as that described in reference 7 .  

Nomenclature 

Duct cross sectional area function 
Throat cross sectional area 
Chamber inlet 
Inertial constant 
Enthalpy of i th  component 
Species index 
Mechanical equivalent of heat 
Reaction index 
Equilibrium constant based on con- 

cen trations 
Equilibrium constant based on par- 

tial pressures or fugacity 
Forward and backward ratc con- 

stant 
Mach nuniher 
Mass flow 
Static pressure 
Static pressure a t  combustor en- 

Universal gas constant 
Concentration ratios as in equilib- 

Backward rate parameter 

trance 

rium constant 

N 

3=1 
k/?JJ (pu;) aii' 

R/i Forward rate parameter 
N 

kb 1-1 (pa;) aii" 

T Static temperature 
T,; Static temperature a t  combustor 

21 Velocity 
V C i  Velocity a t  combustor entrance 
5 Distance from inlet 

en trance 
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Pi, 

r i  
Y 
P 
G 

Stoichiometric cocfficient of the it11 
species in the j t h  reaction, reac- 
tants, and products, respectively 

Number of atoms of ith atomic 
species in the qth molecular 
species 

Atomic continuity paranieter 
Specific heat ratio 
Dcnsity 
Concentration: mass fraction 

Equivalence ratio 
divided by molecular weight 
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Discussion 

DR. H. S. PERGAMENT (General Applied Science 
Laboratory) : I would like to point out that the reac- 
tion time (i.e., the time from the end of the ignition 
delay period to a near equilibrium state) is, in many 
prwtical cases, the predominating factor in deter- 
mining the length of a combustion chamber. Using 
an analysis and corresponding digital program 
similar to that dcvcloped by the authors, we have 
found that a t  low pressures (approximately 0.2 
atm) and high initial temperatures (approsimately 
3000”R) the reaction time is approximately an 
order of magnitude greater than the ignition delay 
time for stoichiometric burning. It should also be 

mentioned that thc results of the complete program 
have indicated that the reaction time is increasingly 
proportional to roughly the square of the pressure. 
This is not surprising since the reaction period is 
controlled by the thrcc-body recombination 
reaction. 

In regard to the problem of the espansion of 
Hra i r  products in a supersonic nozzle, our results 
have shown that the prosiniity to a near-equilibrium 
espansion is strongly dependent upon the pressure 
level for nozzle inlet tempcratures in thc range of 
5000”R. For example, a t  an initial pressure of 3.0 
atm and an expansion ratio of about 100 in a conical 



nozzle, the flow is close to equilibrium throughout 
the entire nozzle, while for an inlet pressure of about 
0.2 atm freezing is noted almost immediately. Thcsc 
effects seem to be relatively independent of the 
nozzle inlet velocity (as long as it is supcrsonic). 

For the range of conditions investigated above 
(with the nozzle inlet velocity ranging from 10,000 
fps to 25,000 fps), the time required to complete the 
calculation on an IBM 7090 digital computer was 
also found to be strongly dependent on the pressure 
level. That is, for near-equilibrium flow, the com- 
position gradients are large, thus requiring a small 
step size (and thus a long running time) for reason- 
able accuracy. For near-frozen flow the running time 
is quite short (about 2 minutes) for the case listed 
above with an inlet pressure of 0.2 atm and a pres- 
sure ratio of 100 in a conical nozzle. 

DR. G. R. SALTER (McGz11 Unzveistty) : C:dcnla- 
tions on the performance of hypcrsonic ramjet 
engines, which I have recently complctcd indicate 
that a high degree of recombination is nccessary 
for the attainment of any nct thrust at all. 

The engine considered had a double oblique shock 
intake diffusing the flow to approximately of the 
free stream Mach number. This was followed by 
constant area combustion of hydrogen (equivalence 
ratio = 1.0) with an assumed 100% combustion 
efficiency. Isentropic expansion of the combustion 
products followed, down to an esit pressure of twice 
ambient pressure. 

A minimum acceptable recombination efficiency 
was defined as 

MR. E. D. TABACK (Pratt & Whitney):  The com- 
puter program used by Pratt & Whitney Aircraft is 
capablc of estimating the reaction time. However, 
reaction times were not reported a t  this time since 
our primary interest was the verification of the 
validity of the procedure and of the proposed reac- 
tions and rate constants by comparing computed 
delay times with existing experimental data. For a 
typical case (see Fig. 6) the reaction time is ap- 
proximately an order of magnitude greater than the 
delay time. There are many factors to be considered 
for estimating the actual chamber length required 
for a supersonic ramjet. As indicated in the paper, 
the inlet conditions are of particular importance. An 
investigation of these effects was, however, beyond 
the scope of the paper. 

DR. E. M. BULEWICZ (University of Cambridge): 
The reasons for the particular choice of chemical 
reactions considered are not very clcar. Reactions 
like (7) and (10) are very endothermic (e.g., 150 and 
45 kcal/mole, respectively) and require considerable 
activation energies. Thus the amounts of NO and N 
atoms formed in the system will be very small and 
hardly likely to affect the overall rate of radical 
recombination-unless the temperature of the sys- 
tcm is very much higher (at least 3000°K) than that 
of a burner flame of comparable composition (not 
more than 2300°K). 

If the concentration of NO is appreciable, the 
recombination rate will be affected, but through a 
catalytic mechanism, 

N O + H - + H N O  

H 3- NO + H + HZ f NO. 

The addition of about 1% of NO to the burned 
gases of a hydrogen-air flame can increase the ob- 
served radical recombustion rate by a factor of 2.182 

where h, = frozen esit enthalpy, h, = equilibrium 
esit enthalpy, and ha* = the cnthalpy that would 
result in zero net thrust. By net thrust I refer to 
the conventional net thrust, that is, ncglecting ex- 
ternal drag. Considering this point, the 100 yo com- 
bustion elEcienoy and the isentropic nozzle flow, 
the high values of (7&,in calculated would seem to 
indicate that we must strive for more energy con- 
version than is at present espected. The above 
investigation was carried out for two typical flight 
paths-one for cruise and one for boost. 

DR. G. L. DUGGER (Applied Physics Laboratory, 
The Johns Hopkins University) : In connection with 
Mr. Salter’s remarks, I would like to say, first, that 
if his criterion permits a ramjet to go to 
speeds near Mach 20 (as he suggested), this is no 
mean accomplishment in itself, and, second, there 
may be other modes of operation which will pcrmit a 
ramjet to go to orbital speeds if desired. One such 
possibility, proposed by Breitwieser of the NACA 
(now NASA) in 19S3 is fuel-rich operation, which 
tends to reduce static temperatures and hence dis- 
sociation in the combustor. With very rich operation, 
a desirable mass addition cffect, coupled with the 
desirable reduction in mean molecular weight of the 
products, further aids thrust production. More 
efficient air diffusion (relative to the two-shock inlet 
cited by Salter) followed by fuel-rich supersonic 
combustion (beginning a t  a Mach number approxi- 
mately the flight Mach number) should produce 
useful thrusts to very high speeds, even with eshaust 
flow frozen a t  the combustor esit composition. 

DR. E. T. CURRAN (Wright-Patterson A i r  Force 
Base): Regarding Dr. Salter’s comments on the 
effect of recombination efficiency on the performance 
of the supersonic-combustion ramjet engine, I would 
like to point out that, for this engine system, the 
designer has more freedom to overcome the nozzle- 
recombination problem than was formerly thc case 
with the conventional subsonic-combustion engine. 
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Note: Diagram i s  for a given flight Mach No., fixed intake 
efficiency, and constant expansion ratio. 

FIG. I .  Supersonic-combustion ramjet engine. Effect 
of diffusion on specific impulse. 

This is because the amount of diffusion accomplished 
in the supersonic-combustion enginc can be con- 
trolled over wide limits, whereas in the conventional 
ramjet engine the flow is always ultimately diffused 
to subsonic velocities. The fuel-specific impulse of 
thc supersonic-combustion engine can be plotted as 
a function of the amount of diffusion as shown in 
Fig. 1. It is app:irent that the potcntid losses asso- 

ci:itcd with frozen flow in the nozzle increasc as thc 
amount of dift'usion increases, Le., as the tcmpcraturc 
a t  cntry to thc combustion chamber rises. It follows 
that thc significance of such nozzle-flow losses dc- 
pends markedly on the intake design and operating 
condition: thus by utilizing a low amount of diffu- 
sion the degree of dissociation can be reduced. Of 
course a certain minimum amount of diffusion is 
required, a t  any given fight condition, in order to 
achieve conditions a t  the combustor entry which 
will yield high combustion eficiencies. In summary 
it is stressed that the engine designer is able to 
overcome somc of the adverse chemical-kinetic 
effccts by careful choice of engine operating 
conditions. 
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CATALYSIS OF RECOMBINATION IN NONEQUILIBRIUM NO22 
FLOWS 

A. Q. ESCHENROEDER AND J. .4. LORD1 

The effects of a chemically active additive wcrc investigated for nonequilihrium expansions of :L 

dissociating gas. Numerical solutions werc obtained in order to assess the catalytic influence of free 
radicals formed by bonding bctween the additive elemcnt and atoms of the dissociating gas. High- 
cnthalpy nozzle flows of hydrogcn with small quantitics of carbon addition werc studied over a rangc 
of equilibrium reservoir conditions appropriate to nuclear and clcctrothermal rocket oprration. A 
chemical kinetic model consisting of eight species and twclvc reaction steps evolved from studies of 
composition histories based on various finite-ratc reaction schemes. Through two-body abstraction 
and association reactions between hydrogen atoms and hydrocarbon species, more of the encrgy in 
hydrogen dissociation is released than would kinetically be available in the absencc of carbon. In 
some cases, this effect counterbalances the increased molecular weight so that the specific impulse 
of the system escecds that of pure hydrogen in finitc-rate nonequjlibrium flows. 

Introduction 

It has been suggested' that  dissociation of the 
working substance in a nuclear or electrically 
heated rocket could increase the equilibrium 
specific impulse by large amounts a t  a given 
temperature if a sufficiently low chamber pres- 
sure were employed. I n  practice, departures 
from chemical equilibrium limit the specific im- 
pulse of thermal rockets by  withholding chemi- 
cal energy which would otherwise be converted 
to directed kinetic energy in the expansion proc- 
ess. Where the differences between frozen and 
equilibrium specific impulses arc greatest (i.e., 
at low densities) the performance of hydrogen 
rockets most nearly approaches the frozen 

As can be seen from Fig. I, at a fixed 
reservoir temperature the specific impulse ap- 
proaches the equilibrium curve with increasing 
reservoir pressure. Since the equilibrium curve 
descends steeply over a corresponding pressure 
range, the finite-rate specific impulse curve goes 
through a maximum value. Therefore, there is 
an optimum reservoir pressure above which the 
suppression of dissociation limits the pcrform- 
ance, and below which nonequilibrium losses re- 
duce the impulse. Methods of recovering addi- 
tional energy by recombination have been 
sought. Presently, the region of significant frozen- 
flow losses is of interest for low thrust, upper- 
stage rockets. Increasing the scalc2f3 and de- 
creasing the expansion rate2 do not provide 
practical solutions to  the problem because of size 
limitations and viscous losses, respectively. 

I n  the present work the influence of an additive 
upon the extent of atom recombination is invcs- 
tigated for noncquilibrium nozzle flows of hydro- 
gen. The choice of an additive element is bused 
on its ability to  form hydrogen-bearing radicals 
or compounds with the propellant gas such that 
rapid, two-body chain reactions produce molc- 
cules faster than three-body rrcombination reac- 

A = 1 +X2 

x = x I  
I NOZZLE GEOMETRY e 

= k, t (  
molc -sec ) 

0.1 1.0 10 100 

po = RESERVOIR PRESSURE - atmosphere. 

FIG. 1. The influcnce of chemical nonequilibrium on 
the specific impulse of a hydrogen rocket nozzle Kith 

infinite expansion (reference 2). 
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tioiis. At low densities, the slow exothermic path 
is 

H + H + M + Hj + M (1) 

and the rapid paths are represented by 

H + It -+ ItH fII) 

H + RH -+ R + Hj (111) 

where R is a radical ol sufficient complexity to 
permit the two-body rcconibination reaction 
(step 11). In the terminology of homogeneous 
gas phase catalysis, R is the catalyst and RH is 
the internicdiate.4 The reaction chain repre- 
sented by steps (11) and (111) may be considered 
to be autocatalytic because products of the reac- 
tions enter the order of the expression for hydro- 
gen atom removal. Inevitably, the additive ele- 
ment will have a greater atomic mass than 
hydrogen so that the specific impulse is reduced 
by increasing the effective molecular weight 
while it is enhanced by decreasing the ultimate 
frozen-dissociation fraction. Because of the hy- 
drocenous compounds and radicals they form, 
carbon, oyygen, nitrogen, and boron appear to 
be likely possibilities as additive elements. 

As a first step in the systematic investigation 
of possible additives, numerical solutions of non- 
equilibrium nozzle flows are obtained for dilute 
carbon-hydrogen systems by means of a program 
for the IHlM 704 computing machine. This pro- 
gram, which has been described in a previous 
paper,5 is written to solve exactly the equations 
governing the quasi-one-dimensional expansions 
of a multicomponent mixture undergoing coupled, 
reversible, chemical reactions. Equilibrium res- 
ervoir conditions are assumed and transport 
effects are neglected. 

The reaction and species models are chosen by 
comparing absolute reaction rates near equilib- 
rium. Reactions having negligible rates are elimi- 
nated, and species participating in these reactions 
are also eliminated unless they are involved in 
reactions having significant rates. By the use of 
thermochcmnical data reported in the literature6+' 
equilibrium composition distributions are ob- 
tained for isentropic expansions over the range 
of conditions treated in references 3 and 4. The 
equilibrium computational procedurei is an 
isentropic modification of the Brinkley method? 
Rate constants based on experimental results 
and on theoretical estimates are employed for the 
absolute rate estimates. Successive truncations 
of the system of species and reactions are carried 
out to determine a reasonable initial model for 
nonequilibrium flow solutions. 

Results of numerical solutions for nozzle flows 
are presented to show the dependences of eata- 
lytic effects upon reservoir temperature, reser- 

voir pressures, C/H ratio, and steric factors for 
the estimated reaction rate constants. Coneen- 
tration and reaction-rate histories show the de- 
tailed action of the catalysis. The validity of a 
highly simplified kinetic scheme is esamined. Per- 
formance comparisons are made on the basis of 
frozen hydrogen atom concentration and specific 
impulse. 

Chemical Kinetic Model 
Equilibrium Studies. It has been demonstrated7 
by extensive equilibrium calculations for a 57- 
species model that  various generalizations can be 
made regarding the composition of carbon-hy- 
drogen systems in the temperature range 500- 
5000'K. For a wide range of C/H ratio, the 
stable hydrocarbons (e.g., methane, ethane, and 
ethylene) are present in negligible quantities 
above 1500'K. Acetylene (CZHZ) and the ethynyl 
radical (C2H) assume significant roles in the 
high temperature composition. Since the present 
work deals with dilute systems, the concentra- 
tions of many of the carbon-rich compounds con- 
sidered in reference 7 may be neglected. 

I n  order to choose a workable but adequate 
set of species, the equilibrium composition must 
be esamined for typical reservoir conditions of 
interest. Four conditions having considerable 
differences between frozen and equilibrium 
specific impulse3 arc as follows: ( a )  3500'K, 0.1 
atm; ( b )  35OO0K, 1.0 atm; (c,  45OO0K, 1.0 atm; 
( d )  45OO0K, 10 atm. Based on extrapolations of 
the results of reference 7 to low C/H ratios, an 
equilibrium model of the following 17 species is a 
reasonable first choice: Hz, H, C2Hz, CZH, C3H, 
CHz, C4H1 Ca, C, GHz, CsHz, CH3, Cz, CH, 
C3H3, CzH3, and CzH4. Earlier s t u d i e ~ ~ , ~  show 
that the freezing region occurs above 1500'K for 
the nozzle flows of interest. Therefore, most of 
the familiar low-temperature stable species (e.g., 
CH4, C2H6, ete.) are omitted. Subsequent eom- 
putations of catalyzed nonequilibrium flows, 
which are reported below, demonstrate the 
validity of such an assumption. Chemical freez- 
ing precludes the activity of any mechanism 
which might form the stable compounds. 

For the adiabatic expansion process, infinite 
rate, equilibrium, composition histories were 
computed by the method of reference 8 to deter- 
mine the shifts of species mass-concentrations in 
an idealized nozzle flow. Over a major portion of 
each equilibrium expansion, acetylene (CzH2) 
plays the major role among the species contain- 
ing carbon. Table 1 shows mass concentrations 
obtained from such calculations a t  the sonic 
throat condition for reservoir state ( d )  and a 
C/H ratio of 0.02, which is the largest additive 
level considered here. The four most important 
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TABLE 1 

Comparison of equilibrium composition at  sonic conditions for 17-, S-, and 4-species modelsa 

Mass concentration (moles i/gm of mixture) 

Species 17-Species model S-Species model 4-Species modcl 

0.2202 
0.3485 
0.9930 X 
0.3684 X 
0.1659 X 

0.3445 X lop3 
0.2593 X 
0.2643 X loW4 

0.506.5 X lo-' 
0.7551 X 

0.9S.54 X 
0.2516 X 

0.1957 x 10-3 

0.3289 x 10-3 

0 . 1 2 ~ 4  x 10-5 

0 . 4 ~ 2 s  x 10-7 

0.219s 0.2222 
0.3490 0.34S7 
0.1100 x 10-2 
0.4097 X lo-' 0.6250 X 
0.1763 X lo-* 
0.2225 x 10-3 
0.3662 x 10-3 

0.1699 X lo-? 

0.3055 X lo-* 

a To = 4.500%, po = 10.0 atm, C/H = 0.02. 

carbonaceous species (CzH, CH2, C, C2H2) are 
grouped in niagnitudc a t  this condition. Also 
shown in Table 1 is the effect of including only 
H, H2, C, C2, CH, CH2, CzH, and C2H2. This re- 
duction to eight species increases C2H and CzH2 
each by about 10%. The hydrogen concentra- 
tions are practically unaffected. Further reduc- 
tion to the four species H, Hz, CsH, and C2H2 
brings about 1 % increases in the hydrogen species 
and 50% increases in the two remaining hydro- 
carbon species. The eight and four species results 
are shown to illustrate the interaction of the 
simultaneous mass action relationships. How- 
ever, the final choice of a minimal species model 
must be deferred until absolute reaction rates are 
compared in nonequilibrium flows. 

I n  order to esamine trends, 16 equilibrium 
expansion solutions were obtained among the 
set of four reservoir conditions (a-d), five C/H 
ratios (0-0.02), and two species models (S and 
17). Only a brief summary will be undertaken 
here because of space limitations. At the repre- 
sentative reservoir state ( c )  the most important 
species (aside from H and Hz) are C and CH2 
followed by the group CH, CZH, and C2H2. 
Both C2H and CZ increase sharply with increasing 
(C/H) ratio. From a comparison of the 1-atm 
reservoir states ( b )  and ( c )  , it is found that CH2, 
C2H, and C2Hz increase with dccreasing tem- 
perature a t  the expense of C-atoms. The con- 
centration of CH radical is not as sensitive to  

temperature as those just cited. Comparison of 
the 3500OK cases ( a )  and ( b )  shows that C and 
C2 decrease sharply with increasing pressure be- 
cause of a general increase in saturation of the 
hydrocarbon radicals. A t  4500°K, acetylene ap- 
pears to be more scnsitive to pressure than any 
other species. For a tenfold pressure decrease the 
acetylene mass concentration decreases by ap- 
prosimately a factor of 20. In the isentropic 
espnnsions, the temperature dependence of acet- 
ylene dominates over the pressure dependence; 
Le., acetylene always increases to a plateau level 
throughout an equilibrium espansion process. 

Reaction Kinetic Studies. Before any simplifica- 
tion of all the possible reactions in the 17-species 
model can be macle, the significant chemical 
degrees of freedom must be established. Reac- 
tions which are considered may be groupcd into 
two classes: (1) association of atoms or radicals 
and (2) abstraction of atoms or radicals. An 
IS X 1S array including a zero row and a zero 
column can be generated for dcterrnining a11 
possible elementary reaction steps. Each position 
is filled by possible steps arising from collisions 
between a row-species molecule and a column- 
species molecule. The zero row and the zero 
column allow for unimolecular decompositions. 
At first sight, this seems to be a formidable pro- 
cedure; however, immediate reductions become 
apparent upon the construction of the array. 
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TABLE 2 

Chemical kinetic modclaJj 

i Reaction A ?z E, Source 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

12 

13 

14 

H + H + 1% H2 + H 

K + H + M e  Hi! + M 

H + C + H + C H  + H  

H + C  + M , C H + M  

H + C H $ C H ?  

H + C H ~ F I C H + H P  

H + CZH S CzH2 

H + C?H, CIH + H2 

13 + C2HP CZHa 

H + CZH, FI CPHy + HP 

H + CZ e C?H 

H + C Z H e  C2 + HP 

€I + C P e C H  + C 

H + CH e C + HP 

3.5 x 1017 

7.0 x 1017 

1.0 x 1 0 1 7  

2.0 x 10'6 

(A) 4.5 X 10" 
(B) 4.5 X 10lP 

(A) 4.5 X 10" 
(B) 4.5 X lo'* 

(A) 4.5 X 10'1 
(B) 4.5 X 10lP 

(A) 4.5 X 1011 
(B) 4.5 X 10l2 

(A) 9.0 X lo9 
(B) 9.0 X 10lo 

(A) 4.5 X 10'' 
(B) 4.5 X 

(A) 4.5 X 10" 
(B) 4.5 X 10lP 

(A) 4.5 X 1011 
(B) 4.5 X 10l2 

(A) 4.5 X 10" 
(B) 4.5 X 10I2 

(A) 4.5 X 10'1 
(B) 4.5 X 10'2 

-0.5 

-0.5 

-0.5 

-0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0..5 

0.5 

0.5 

0 

0 

0 

0 

2.5 x 104 

0 

1.5 x 104 

1.5  x 103 

2.0 x 103 

0 

3.5 x 104 

1.0 x 104 

.5.0 x 103 

10, 11, 12 

10, 11, 12 

Estimated 

Estimated 

Estimated 

Estimated 

Estimated 

Estimated 

14 

Estimated 

Estimated 

Estimated 

Estimated 

Estimated 

a The forward rate constant for the ith reaction is given by k ~ ;  = AiT7i exp (-E;/RT (cmGmole-2sec-1, 

6 M denotes any species but H. 
i = 1-4; cm3mole-'se~-~, i = 5-14) for T in 'IC. 

Product species excluded from the seventeen- 
member set are not permitted, the re,' uions on 
either side of the diagonal are redundant, and 
allowance for reverse reactions effects a twofold 
collapse of the system. A further simplification 
is imposed, both from steric considerations and 
from ordering rules permitted by the assumption 

of C/H << 1. This simplification is the omission 
of steps involving no hydrogen atoms or mole- 
cules. 

With thc selection of 33 elementary steps ob- 
tained by the reduction of the IS X 1s array, 
the absolute forward reaction rates must be 
compared in order to truncate further the 17 X 33 
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FIG. 2. Specific reaction-rate constants for three- 
body hydrogen atom recombination as functions 

of temperature. 

kinetic matrix in a rational manner. Such a coin- 
parison for typical conditions (sonic throat, 
cased) near equilibrium permits a reduction to a 
9 X 14 matrix by eliminating unimportant reac- 
tions and species. The 14 reactions chosen are 
listed in the second coluinii of Table 2. Deter- 
iiiination of the reaction rates from experiment 
and from collision theory is discussed in the suc- 
ceeding paragraphs. 

Association Reactions. The kinetic data cin- 
ployed for three-body hydrogen atoiii recombi- 
nation are obtained by averaging the results of 
three series of shock-tube results reported in thc 
literature.'0J1J2 Figure 2 shows three experi- 
mental curves aiid the selected average for H 
and H:! each acting as a third body. The tempera- 
ture dependences werc chosen to be weaker than 
the experimental ones shown so that reasonable 
agreement with room temperature evperiments 
could be obtained. The third-body efficiency of 
Hz is assumed to approximate that for all other 
third-body species. The forward rate constant 
for the i th  reaction is given in general form as 

k p ,  = A%!!'?% eup ( - E % / R T )  

where A4t, v2, and E ,  are constmts and T is the 
absolute temperature. Although some objection 
has been raised to relating forward to reverse 
rates through the equilibrium c o n ~ t a i i t , ~ ~  this 
procedure is employed in the present work. Such 
an approximatioii is consistent with the assump- 
tion of vibrational equilibration nliich is also 
incorporated in the analytical stateineiit of the 
problem.' Table 2 contains a summary of the 
( A t J  v l ,  E t )  values used in thc coinplete finite- 
rate calculations. The data for reactions (1) 
aiid (2) are the same as those used for the aver- 

aged curves shown in Fig. 2. Uiider the assuinp- 
tions of an inverse square-root temperature de- 
pendence and zero-activation energy, 4 3  is 
estimated to be 1017 011 the basis of the eyjeri- 
mental hydroyen-rate data. A4 is taken to he 
0.243 by aiialog with the ratio bctwecn reacatioiis 
(1) aiid (2) .  

Hydrogen atom plus free-radical association 
reactions of the class exemplified by i = 5, 7,  9, 
and 11 (see Table 2) , are assumed to proceed 
via second-order kinetics because the products 
are triatomic or larger. Hence, rcdistributioii of 
internal energy in the product specits may ob- 
viate the need for a third body to remove c~ccss  
energy. This assumption is provisional iii order to 
illustrate possible catalytic eflfccts. Taken as 
pairs, reactions (5, 6),  ( 7 ,  S) ,  (9, lo ) ,  aiid 
(11, 12), are examples of the chaiii scheme shown 
as (11, 111) in the Introduction. Actually, the 
pair (13, 14) is a variant of the scheme because 
the recombination of C + H [reactions ( 3 )  aiid 
(4)] is most probably a three-body process. -41~0, 
this pair is significant because of the importance 
of free carbon atoms in all cases coiisidered hcrc. 

The rate constants governing binary reactions 
were obtaiiied from theoretical estimates to a 
great extent. Experimental informatioii was iii- 
troduced wherever possible eithcr in a dircct 
fashion or by analog. A total of nine (13-atom + 
R-radical) association reaction steps wcrc coii- 
sidered iiicluding the four appearing in the final 
selection (Table 2). These constitute steps (TI) 
in the parallel catalytic chaiiis described above. 
Zero-activation energies are assumed for eavh 
association reaction except for i = 9 (R = CJ%) 
in Table 2. The value of 2 kcal/mole for E9 is 
based on experimental data,14 which are discussed 
in the nest  paragraph. For R = CH, CH,, and 
C2H, steric factors of are assigned in apply- 
ing collision theory, while for R = Ca, CdH, 
C4H, C3Hz, and CzH3 the steric factors are as- 
sumed to be 10-l. In  Table 2 the set of A % values 
for these reactions labeled (A) arc based on 
these steric factors, while those labeled (13) arc 
based on ten times these steric factors. None of 
the reactions for the latter set of R-groups ap- 
pears in Table 2. The choice of steric factors de- 
pends on the size aiid structure of the product 
species. Actually, some of the steps may require 
a third body to enter the collision complev aiid 
carry energy away by recoil. This is especially 
true for R = CH in this class of reaction. 

Review of Experiments on  Catalyzed Recornbina- 
tion. Esperiinental studies of acetylene addition 
in streams of liydrogeii atoins (produced by dis- 
charge, hot filaiiieiit, or photo proccsses) have 
demonstrated catalysis of atom rccombinatioii in 
low-temperature systems. The results ol this 
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work have been collected and compared in order 
to provide values for high-temperature rate con- 
stants in the present analysis. Before continuing 
the presentation of the values employed, it is 
useful to digress briefly in an examination of 
these e.;pcriments. Early observations of the re- 
actions of hydrogen atoms with acetylene appear 
in the German literature, 15~16 however, i t  was not 
until 1935 that serious investigation was devoted 
to the detailed mechanism of catalytic recom- 
bination. In that year, Geib and Steacie" re- 
ported studies of reacting deuterium atoms with 
acetylene in order to determine the fate of the 
atomic species. They reasoned first that the 
chain 

CLHL + I) + CLH + HD 
CLH + DL -+ CiHD + D 

regenerates H and is, therefore, noncatalytic to 
recombination. The two possibilities which they 
proposed wcre: 

CZHL + D + CLH + HI1 

CIH + I>  + CLHD 
or 

CZH, + L> + C~HLD 
CLH~I) + 1) -+ CLHD + HD 

Since the prescnce of the quasi-molecule C2HzD 
could react to form stable CzHzDZ, and no such 
species was found in the products, they later 
reasoned that  the first chain must dominate the 
catalysis of recombination. In  an experiment 
some years later, LeRoy and S t e a d 7  contended 
that reactions of H2 with the vinyl radical ( C2H3) 
were significant only in the case of H-atoms pro- 
duced in low concentrations by mercury photo- 
sensitized decomposition because only under 
these conditions were ethane and butane pro- 
duced. With H-atoms produced in a discharge a t  
higher concentration, the hydrogen analog to the 
first chain shown above was thought to domi- 
nate since the stable products were not produced. 
This was justified either because of a lack of Hz 
or a lack of vinyl radical. In  1945, Tollefson and 
LeRoylb investigated the (H + C2H2) reaction 
using H-atoms produced by thermal decomposi- 
tion of He on a hot filament. This method was 
believed to produce atoms more nearly a t  ther- 
mal equilibrium with the background gas in the 
flow system. Small amounts of hydrogenated 
products were detected (e.g., ethane, ethylene, 
butane). Dingle and L e I t ~ y , ' ~  using the same 
technique for atom production, took the position 
that neither 

H + CIHL -+ HL + CLH (SF)* 

* Reaction numbers refer to Table 2. 

nor 

H + CIHz -+ CIHs (9F) 

should be ruled out as a possibility for the 
(H + C2H2) reaction. For the one that was oper- 
ating (which remained undetermined) they re- 
port an activation energy in the vicinity of 1.5 
kcal/mole and a steric factor of 4 X The 
temperature range studied was below 1000°K. 
Shortly after the appearance of reference 14, 
Stepukhovich and Timoninlg proposed a theoreti- 
cal method of computing steric factors for proc- 
esses like reaction (9). I n  a paper which fol- 
lowed,20 these same workers applied the method 
to reaction (9F) and obtained a steric factor of 
approsimately Reaction (SF) is endo- 
thermic by 12 kcal/mole according to the ther- 
mochemical data of references 6 and 7;  therefore, 
it  is not possible for this reaction to have an 
activation energy of less than this amount. Thus, 
strong arguments can be advanced in light of the 
results in references 6, 7, 19, and 20 that the 
rate data reported by Dingle and LeRoy are for 
reaction (9F) and not (SF). In Table 2, the 
coefficient As in set (A) is computed from a 
steric factor of 4 X IOv4 and an activation energy 
of 1.5 kcal/mole is assigned. This steric factor is 
lower than the others used because reaction (9) 
involves the attack of a stable molecule by a 
hydrogen atom. The rate constant for reaction 
(6) must be estimated theoretically along with 
those for the other hydrogen-abstraction reac- 
tions. 

Abstraction Reactions. It appears that  no direct 
experimental measurements are available ior the 
hydrogen-abstraction reactions of interest here. 
These reactions are steps of the form given by 
(111) in the catalytic chains. The only hope of 
using experimental results for steric factors is by 
drawing analogs with data. on reactions of 
H-atoms with simple stable hydrocarbons. Re- 
sults of many early experiments are of little 
value here becmse in much of the data reduction 
steric factors of IO-' were arbitrarily assumed, 
and activation energies were computed from ob- 
served reaction rates. Modern work is carried 
out over a range of temperatures permitting the 
determination of tho activation energy inde- 
pendently by means of an Arrhenius plot. The 
steric factor for 

H + CHI + CH, + H? 

has been estimated by Benson2' to be 0.019 on 
the basis of various experimental results. An 
earlier review by Steaci@ concludes that the 
experimental evidencc then available tended to 
indicate a steric factor of The probable 
value based on Eyring's transition state theory23 
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for an (atom + polyatomic molecule) collision 
is nearer 10W according to the tabulation in refer- 
ence 21. This same theory gives values of order 
10-1 for (atom + diatomic molecule) collisions 
and of order 1 for (atom + atom) collisions. For 
binary association of methyl radicals reference 
21 gives 0.5 as an esperimental value. Thus, it  
appears as if the (radical + radical) collision is 
more like (atom + atom) than (atom + mole- 
cule). None of these data relate directly to the 
(atom + radical) collisions arising in high- 
temperature systems. 

For all of the hydrogen-atom abstraction reac- 
tions in the present work a steric factor of is 
employed for the set of A,  designated (A) and 
10-’ for the set designatcd (B) . Noncquilibrium 
flow results for set (A) are compared with those 
for set (B) later in the paper in an effort to 
bracket the probable range of rates. For the acti- 
vation energy of exothermic abstraction reac- 
tions, 6% of the broken-bond energy is used in 
accordance with Hirsehfeldcr’s procedure.24 Bond 
energies are determined by forming energy 
balances with the heats of formation given in 
references 6 and 7. I n  cases of endothermic reac- 
tions, activation energies are taken to be the 
energy of reaction plus 3 to 5 kcal/mole. I n  thc 
original set of (H + RH) reactions, R was taken 
to be CZH, C, CZ, CB, CH, C3H, C4H, CH2, C2H2, 
C3Hz, and CzH3. After the absolute rates were 
compared for the throat conditions shown in 
Table 1 (17-species model), reactions (6), (8) , 
(10) , (12) , and (14) (see Table 2) were selected. 
Reaction (13) is a carbon abstraction, and its 
rate constant is calculated according to the same 
rules. 

Six reactions of the class 

H? + R e RH, (IV) 

were considered in the original 33-member set, 
but were eliminated because of their small rates. 
Hence, none appears in Table 2. To form these 
steps R is considered to be C2HZ, CZH, C3H, C, 
CZ, or CH. For the first three R-groups, the cs- 
perimental values of Skinnerz5 may be utilized 
indirectly. These results show the activation 
energy of 

C?H, -+ CZH, + H, 

to be 46 kcal/mole. This reaction is endothermic 
by 40 kcal/mole, giving a reverse-reaction acti- 
vation requirement of 6 kcal/mole. By analog, 
the reactions (IV F)  for R = CIH and C3H are 
assigned activation energies of 6 kcal/mole. The 
pre-exponential is estimated by assuming a steric 
factor of For R = C, Cz, or CH, the activa- 
tion energy is estimated to be 28 % of the broken- 
bond and a steric factor of is used. 

S u m m a r y  of Procedure Used in Determining the 
Model .  I n  summarizing the methods of establish- 
ing the chemical kinetic model, i t  is observed 
that a 3-stage process of elimination has been 
followed: 

(1) By extrapolating results’ for a 57- 
species equilibrium model to 1017- (C/H) ratio, a 
reduction to 17-species is made. The cutoff point 
is dctcrmined by observing magnitudr groupings 
of species concentrations. The location of the 
cutoff point in a ranked list of groups is 
arbitrary. 

(2) The possible reaction steps involving the 
17 species arc reduced from a few hundred to 33 
in number. Order of magnitude and proballility 
arguments are invoked in this stage. 

(3) The 17 X 33 species-reaction matrix is 
truncated to 9 X 14. Comparison of absolute 
reaction rates a t  conditions of interest permits 
the further elimination of both species and rcac- 
tions. Estimates of specific rate constants must be 
made in this stage. 

The process of elimination yields a set of 
species and reactions which is well within the 
capabilities of the computing machine codc5 used 
for nonequilibrium flows. It will bc shown in the 
nest section that further reductions of the 9 X 14 
model are possible. The catalytic effect will be 
dcmonstrated over a range of parameters with 
an 8 X 12 model. The validity of a 4 X 4 kinetic 
model will be studied for describing the thcrmo- 
dynamics and hydrogen atom kinetics of non- 
equilibrium nozzle flows. 

Nonequilibrium Expansion Solutions 

The study of recombination catalysis in nozzle 
flows can be carried out using the kinetic model 
developed in the previous section. Integration 
of the fully coupled species, mass, momentum, 
and energy conservation equations is necessary 
in such an investigation. The pertinent analyti- 
cal and numerical techniques developed a t  Cor- 
ne11 Aeronautical Laboratory are reviewed first 
in this section. After an 8-species X 12-reaction 
mechanism is established by numerical solutions, 
the results of further nozzlc-flow solutioiis are 
presented and discussed. Sample plots of reac- 
tion and species behavior are analyzed to dcmon- 
strate the role of catalysis in the system. Kcst, 
the influences of (C/H) ratio, reservoir condi- 
tions, and steric factors are studied. Finally, tlic 
utility of a 4-species X 4-reaction kinetic model 
for describing the essential features of the flow 
is investigated. 

Method of Solving the Coupled Conservation Bqua- 
tions. The analytical and numerical approach to 
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tlie nonequilibrium nozzle-flow problem is briefly 
reviewed here because complete details of the 
equations and their solution have been described 
elsewhere.5 In formulating the equations, a 
quasi-one-dimensional flow which is free from 
transport effects is assumed. Reverse reaction- 
rate constants are related to forward rate con- 
stants through the equilibrium constant in the 
source terms appearing in the species equations. 
Substitution of algebraic expressions for con- 
servation laws and state equations yields one 
differential equation in addition to the species 
conservation relationships. Before these equa- 
tions can be directly integrated, however, initial 
values must be provided in the nonequilibrium 
regime. This need arises because of the singular 
nature of the species source terms in the early 
portions of the expansion. The condition of 
chemical equilibration a t  the reservoir state re- 
sults in small differences between large absolute 
reaction rates in these terms. A singular pertur- 
bation technique is used to obtain the needed 
initial values from equilibrium solutions, which 
are started a t  large area ratios in the subsonic 
region. 

The additional requirement of critical flow 
poses problems for flows departing from equilib- 
rium in the subsonic region because the mass flow 
is not known n priori for a fised nozzle geometry. 
An inverse method based on a prescribed density 
distribution and mass flow is constructed to over- 
come these difficulties. Since density and mass 
flow are each relatively insensitive to chemical 
rionequilibrium these boundary values are deter- 
mined from an equilibrium flow solution ob- 
tained for the desired area distribution. A new 
area distribution is computed in the inverse pro- 
cedure thereby providing a consistency check 
a i t h  the geometry originally assumed. Even for 
extremely early freezing, this approach has never 
given a throat area more than 10% different 
from that assumed. Comparison a t  the throat is 
tlie most stringent check that can be devised 
because this is the point of greatest disagreement. 
hfter a loop procedure to place the forward inte- 
gration on the supcrsonic solution curve, the 
direct solution is obtained; i.e., the specified area 
distribution replaces the density distribution as a 
boundary value. The direct procedure may be 
follo~ved throughout if departures from equilib- 
rium are small through the entire subsonic region. 

I n  the present calculations, an axisymmetric 
hyperbolic nozzle geometry (Fig. 1) is adopted 
with 1 = 1 mi. The scale parameter 1 is defined 
3s the tlirmt radius I ,  divided by the tangent a 
of tlic semi-angle of thc asymptote cone. The 
area distribution is given by A = 1 + z2 where 
area A is normalized by throat area, and dis- 

tance downstreani from the throat z is iior- 
malized by 1. 

Further Reduction of Kinetic Model from (9 X 14) 
to (8 X 12). Based on reaction rates, the vinyl 
radical and its associated reactions (i = 9 and 
10) could have been omitted before undertaking 
numerical solutions. The importance of this 
radical through its coupling with acetylene 
kinetics, however, merits its further considera- 
tion in light of the available experimental evi- 
d e n c ~ . ~ ~ + ~  Two nozzle-flow solutions were carried 
out for a (C/H) atom ratio of a t  reservoir 
state ( a ) .  One solution was obtained for the 
9 X 14 model shown in Table 2, and another, 
for an S X 12 model resulting from the omission 
of CzH3, reaction (9), and reaction (10). Rate 
constants were chosen from group A. No dis- 
cernible differences appeared to the third sig- 
nificant figure in the concentrations of the eight 
species. This would seem to be another example 
in the kinetics of chain reactions where one 
mechanism dominates a t  low temperature and 
another a t  high temperature. In the case con- 
sidered, low-temperature  experiment^'^-'^ and 
t h e ~ r y ~ ~ ' ~ ~ ~ * ' ~  point to the chain mechanism 

H + CzI-II -+ CJHd (9F) 

H + CLHa 4 CAHL + H? (10J-9 

as the main contributor in recombination cataly- 
sis. Homever, the calculations show that  the 
chain 

H + CLH -+ CLHA ('7F) 

H + CAH, -+ CLH + HA (SF) 

is responsible a t  high temperatures despite the 
higher activation energy (15 kcal/mole) for step 
(SF). Evidently a combination of circumstances 
brings about this shift in mechanism. First, there 
is a sufficient fraction of energetic particles a t  
high temperature to drive reaction (SF), and 
second, thc lifetime of CzH3 formed by (9F) is 
short because of its instability st elevated tem- 
perature. This fact can be seen from the equilib- 
rium solutions. On the other hand, CZH and 
CzH2 are relatively abundant a t  high temperature. 
The comparison, therefore, justifies the adoption 
of an S X 12 model including the eight species 
H, Ha, C2H2, CaH, CH2, CH, C, and CZ participat- 
ing in reactions (1-S) and (11-14). 

Catalytic I3flect.s in Nozzle  Flows. An esamination 
of specific reaction rates and species concentra- 
tions is useful for attaining some further insight 
into the catalytic action as it affects nozzle flows. 
Figure 3 shows a plot of the significant net ele- 
mentary reaction rates as functions of area ratio 
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FIG. 3. Net reaction rates as functions of area ratio 
for nonequilibrium nozzIe flow. TO = 45OO0Ii, PO = 
10.0 atm, C/H = 0.01, 1 = 1.0 em, and (S X 12) A 

kinetic model. 

for a system expanding from reservoir state ( d )  
with a (C/H) ratio of 10P. For this solution, 
rate constants from set (A) were used. Imme- 
diatcly downstream from the throat, the first 
three-body association reaction (i = I )  domi- 
nates as thc hydrogen atom removal mechanism. 
As this reaction decreases in rate, the acetylene 
chain-reaction rates (i = 7, S) increase and over- 
take it. The other two-body chains, which con- 
tribute to a lesser degree, go through rate maxima 
and decrease rapidly. Farther downstream, the 
acetylene rates go through their maxima and 
decrease more rapidly than the three-body rates. 
Finally, all two-body rates are once more below 
the three-body rates. The rapid descents in the 
cases of binary association reactions are due to a 
dissipation of radical concentration, and thosc 
characterizing the abstraction reactions are 
governed by the exponential temperature de- 
pendence of rates which takes over a t  low tem- 
perature regardless of concentration. 

The examination of catalytic action is com- 
pleted by studying the variations of species con- 
centrations with arca ratio for the same expansion 
process. Figures 4a and 4b show plots of this 
information. The use of mass concentration, ex- 
pressed here in gram-moles of species j per gram 
of niisturc, removes the expansive contribution 
leaving the chemical reaction contribution. The 
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two arc coinbined in the conventional volumetric 
concentration expressed in moles j per cubic 
centimeter. Figure 43, shows the comparison be- 
tween equilibrium and nonequilibriuni histories 
of hyclrogen species concentrations. Significant 
departures from equilibrium do not occur until 
the flow is supersonic. Hence, in the freezing 
region (the range between near-equilibrium and 
near-frozen flow) the system is receiving the 
malimum benefit lrom the fast-chain reactions 
as indicated by Fig. 3. The asymptotic frozen 
level of H-atoms is shown on Fig. 4a for an un- 
catalyzed system expanding from the same 
reservoir condition. Comparison of the solution 
curve with this level shows the relatively sizable 
reduction brought about by 1 % carbon addition. 
The corresponding hydrocarbon and carbon radi- 
cal species variations are plotted on Fig. 4b. It 
may be observed that the acetylene overshoots 
equilibrium and becomes level. Evidently, this 
occurs a t  the expense of the other species which 
descend below the equilibrium curves. The es- 
planation of this bchavior lies in the temperature 
histories. The freezing process leads to a greater 
cooling rate than would be esperienced with 
equilibrium flow; therefore a t  a given area ratio 
the temperature of the nonequilibrium flow is 
considerably below that of an equilibrium flow 
a t  tlic same area ratio. The hydrocarbon and 
carbon species are nearly following quasi-equilib- 
ria among thcniselves. The quasi-equilibria are 
maintained via rapid two-body paths which fol- 
low local temperature variations dictated by 
hydrogen freezing, the energetically dominant 
process. Lowering the temperature raises the 
quasi-equilibrium acetylene concentration and 
lowers the othrrs. Carbon-atom concentration 
finally becomes an exception as reactions (13R) 

and (14R) freeze (“R” refers to reverse re- 
actions). In  each reaction, the disappearance of 
a carbon atom requires a moderate activation 
energy. The other reactions freeze downstream. 

With the establishment of the mechanism 
underlying the catalytic action, the influence of 
various parameters on catalytic effectiveness will 
now be considered. The sensitivity of chemical 
and thermodynamic behavior to the (C/H) ratio 
is of central interest. Table 3 contains a summary 
of results illustrating this dependence. The 
second column shows that even one part in a 
thousand of carbon atoms effects a 2% reduction 
in the ultimate frozen level of hydrogen atoms. 
For reaction rates from set (A),  the frozen hy- 
drogen atom concentration bears a rough rela- 
tionship to (C/H) ratio such that each per cent 
carbon addition reduces the frozen atom level by 
about 16%. This rule is valid for reservoir con- 
ditions ( d )  and for the I = 1 em nozzle. For rates 
from set (E),  the influence coefficient becomes 
greater, giving a 42 % reduction for 1 % additive 
and 56% for 2 % additive. 

The thermodynamic influence is reflected in 
the comparisons of specific impulse for infinite 
expansions shown in Table 3. A monotonic de- 
crease in performance with carbon addition oc- 
curs when rates in set (A) are assumed. In- 
creases in molecular weight counterbalance the 
energy recovery benefits in all of these cases. 
Note that the rclative decreases approximately 
follow those in the equilibrium flow values shown 
in the right-hand column of Table 3. However, 
the decreases are not as rapid as those in the 
frozen-flow results which reflect principally the 
reduction due to increased molecular weight. If 
the radical reaction steric factors arc increased 
from 0.01 to 0.1, the specific impulse passes 

TABLE 3 

Catalytic effects on hydrogen rocket performanceu 

Frozcn concentration 
of hydrogen atoms for 

Specific impulse at  infinite expansions (sec) 

finite-rate flows Finite reaction-rate 
(moles j/gm of misturej flow 

C/H Fully 
(atom Rates in Rates in frozen Rates in Rates in Equilibrium 

flow set (B) fraction) set (A) set (13) flow set (A) 

0 0.3625 0.3625 1326 1503 1503 1972 
0.001 0.3551 0.3365 131s 1500 1523 1963 
0.002 0.3486 0.3127 1311 1496 1550 1953 
0.01 0.2999 0.2107 1269 1473 1605 1554 
0.02 0.2515 0.15S7 1203 1444 15S4 1S07 

* (S  X 12) Kinetic model, I = 1.0. Influence of C/H ratio. To = 4.500°K, PO = 10 atm. 
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FIG. 5. Percentage of available impulse gain ob- 
tained, G, as a function of C/H ratio. TO = 4.5OO0K, 
p O  = 10.0 atm, I = 1.0 em, and (S X 12) A lrinctic 

model. 

through a maximum in the vicinity of (C/H) 
equals This behavior is shown in the column 
based on the rates in set (E). The maximum 
value represents an optimization between cata- 
lytic activity and molecular weight. 

A graphical presentation of a performance 
parametcr is shown in Fig. 5. The parameter, G, 
is a measure of the percentage of the available 
specific impulse gain which is brought about by 

carbon addition. This gain factor is computed 
from the expression 

where I ,  is the infinite expansion specific iinpulst~ 
for cquilibrium flow and I ,  is the infinitr expan- 
sion specific impulse for finite-rate nonequilib- 
rium flow. The subscript p denotcs pure hydro- 
gen and c denotes catalyzed hydrogen. The top 
curve in Fig. 5 displays the (C/H) ratio opti- 
mization of impulse gain referred to abovc. This 
curve is based on ratc set (B) with thc stcric 
factors of 10-1 for atom-radical reactions. The 
lower curve shows the dominant effect of in- 
creased molecular weight. 

Table 4 shows the influence of catalysis for 
(C/H) equals and rate set (A)  a t  the four 
reservoir conditions considered. Relative reduc- 
tions in frozcn hydrogen atom concentrations a t  
each temperature indicate that the catalysis is 
more effective a t  higher pressure lcvels. In- 
creased amounts of hydrocarbon species and 
highcr collision number combine to bring about 
such an effect. For the same reason, the cffectivc- 
ness is greater a t  lower temperature for a given 
pressure. This is seen by comparing results for 
reservoir states ( b )  and (c). The specific im- 
pulse decrease is greatest a t  reservoir state ( c )  

TABLE 4 

Catalytic effects on hydrogen rocket performance* 

Frozen concentration of hydrogen a t o m  for finite-rate flows 
(moles j /gm of mixture) 

TO Po 
(OK) ( a t d  C/H = 0 C/H = 0.001 

(a)  3500 0.1 
(b)  3500 1.0 
(c )  4500 1 .o 
(d)  4500 10.0 

0.6740 
0.26S1 
0.SlSS 
0.3625 

0.6655 
0.2633 
0 .  SO96 
0.3551 

Specific impulse at  infinite expansions (sec) 

Fully frozen flow Finite-rate flow Equilibrium flow 
TO 
(OK) C/H = 0 C/H =0.001 C/H = 0 C/H = 0.001 C/H = 0 C/H = 0.001 

(a)  3500 1184 1178 1156 1182 2106 2097 
(b)  3500 1132 1127 1155 1152 1593 1556 
(c) 4500 1373 1365 1435 1427 2396 2335 
(d )  4500 1326 1318 1503 1500 1972 1963 

Q (8 x 12) Kinetic model, I = 1.0. Influence of reservoir conditions. 
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TABLE 5 

Coniparison of (4 X 4) and (S X 12) kinetic models for describing hydrogen rocket performance" 

Frozen hydrogen atom 
concentration for 
finite-rate flow 

Specific impulse a t  infinite expansion (sec) 

(molesjlgm of mixture) Fully frozen flow Finite-rate flow Equilibrium flow 
__-__-----_ ___ __ 

Kinetic model Kinetic model Kinetic model Kinetic model 
--______ -- __- __ ______ 

C/H (4 X 4) B (S  X 12) 13 (4 X 4) B (S X 12) B (4 X 4) B (8 X 12) B (4 X 4) B (S X 12) R 

0.01 0,2042 0.2107 1259 1269 160s 1605 1S77 1SS4 
0.02 0.1536 0.15S7 1204 1203 15S4 l5S4 1799 1507 

a Irifluence of C/H ratio. To = 45OO0K, po = 10.0 atm, 1 = 1.0. 

compared with all others. Frozen and equilibrium 
flow values are also shown in Table 6 for rcfcr- 
ence purposes. 

Evaluation of a (4  X 4) Clzemical Kinetic Model. 
In many cascs a highly simplified chemical 
mechanism can serve as an  adequate means for 
describing gross fcatures of a flow which is influ- 
ciiced by a rather comples eouplcd reaction sys- 

tem. This is the basis of the so-called "global" 
reaction-rate equations employed in combustion 
theory.26 For the catslysis of hydrogen recom- 
bination a t  the conditions of interest, an  esami- 
nation of rates and species (see Figs. 3 and 4b) 
suggests the selection of 4 reactions [(I), ( 2 ) ,  
(7) (S)] and 4 species (H, Hz, C2HJ CnH2). 
This restricts the system to  catalysis by  the 
chain involving ethynyl radical (C2H) as the 

TABLE 6 

Comparison of (4 X 4) and (S X 12) kinetic models for describing hydrogen rocket performancea 

Frozen concentration of hydrogen atoms for finite-rate flow 
(moles j /gm of mixture) 

Kinetic model 
To Po 

( O K )  (atm) (4 X 4) A (S X 02) A 

3500 0 .1  
3500 1.0 
4500 1.0 
4500 10.0 

0.6649 
0.2625 
0. SOT3 
0.3530 

0.6655 
0.2633 
0.  8096 
0.3551 

Specific impulse a t  infinite expansion (sec) 

Fully frozen flow Finite-rate flow Equilibrium flow 
To 

("Ti) (4 X 4) A (8 X 12) A 14 X 4) A (8 X 12) A (4 X 4) A is x 12) A 

3500 1178 1178 1153 1182 2095 2097 
3500 1126 1127 11.54 1152 1.5% 15S6 
4500 1366 1365 1431 1427 2383 2385 
4500 1319 1315 1.503 I500 1962 1963 

a Influence of reservoir conditions. C/H = 0.001, I = 1.0. 
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catalyst ant1 acetylene as tlic intcrnicdiate. Ah 

shown in 'l'ablc I, such a reduction has tlic eflrct 
of lumping all liydrocarl>on spccirs undcr cquilib- 
rium conditions. The nonequilibrium species 
histories (Fig. 4b) indicate that thc simplifica- 
tion may iiot be as serious as i t  seems because the 
production of acetylcne rapidly eshausts the 
supply of other hydrocarbons. Therefore, the 
utility of the 4 X 4 model may be better for 
nonequilibrium flows than it is for equilibrium 
flows. 

The validity ol the approximation has been 
examined a t  two (C/H) ratios for rates from set 
(B). Table 5 shows the comparisons between 
the (4 X 4) results and the (S X 12) results for 
reservoir condition ( d )  . Deviations of the order 
of 3% appear in the frozen H-atom conccntra- 
tions a t  each of the two (C/H) ratios, indicating 
that the simplification still gives a reasonable 
description of the catalyzed hydrogen kinetics. 
Siiice the chemical energy frozen in the flow is 
sensitive to hydrogen atom level, it is necessary 
to investigate the effect on nozzle thermody- 
namics. For this purpose, specific impulse values 
arc also compared in Table 5 .  The agreement in 
impulse values given by the two models is re- 
markably good. The approsimstion improves a t  
higher (C/H) ratio. From the viewpoint of 
frozen energy, the shift in hydrocarbon composi- 
tion resulting from the truncation of the kinetic 
model is closely counterbalanced by that in 
frozen hydrogen concentration. Note that neither 
the frozen nor equilibrium flow values agree as 
well as those for finite-rate flow. 

The uniformity of the approximation a t  dif- 
ferent reservoir states is illustrated in Table 6. It 
should be observed that rate set (A) was used 
for this comparison. For a fixed reservoir tcm- 
perature the spprosimation improves somewhat 
a t  higher pressure and a t  a fixed reservoir pres- 
sure, it is approximately uniform with tempera- 
ture. Again, excellent agreement is obtained 
among the specific impulse values. However, the 
equilibrium and frozen-flow comparisons are 
slightly better, in general, than the finite-rate 
comparisons. 

The simplification of the (S X 12) kinetic 
model to a (4 X 4) kinetic model gives an ade- 
quate description of the hydrogen concentration 
and the gross thcrmodynamics of catalyzed hy- 
drogen flows in nonequilibrium espansions. Ob- 
viously, detailed behavior of the hydrocarboil 
species included is not described accurately in 
the near-equilibrium portions of the flow. 

Concluding Remarks 

The catalysis of recombination in high- 
enthalpy nozzle flows of hydrogen can be accom- 

plishrtl by the addition of sinall amouirk of car- 
bon to the system. i2lthough tlic asymptotic 
i'rozcn roiicentration of liydrogeii atoms is always 
rctlucccl, the specific impulse of a hydrogen rockc,t 
may iiot always bc increased. Opposing tcndcri- 
eies arise between the larger molecular weight 
and the catalyzed energy release caused by car- 
bon addition. For conservative estimates of the 
pertinent radical-atom reaction rates (based on 
steric factors of I P ) ,  the molecular weight 
penalty overrides the enhancement of energy 
conversion from chemical modes to active modes. 
However, if the steric factors of these reaction 
steps approach an optimum (C/H) ratio 
exists such that substantial increases in specific 
impulse may be realized. The over-all effects of 
catalysis may be described estremcly well by the 
use of a reaction model involving only the species 
H,  Hz, CzH, and C2H2. 

The accuracy of any calculations such as these 
presented here is limited by the uncertainties in 
reaction-rate constants for specific elementary 
steps. The available hydrogen atom recombina- 
tion rate data disagree by substantial amounts as 
shown in Fig. 2.  Specific information on the 
atom-radical rates a t  high temperatures is prac- 
tically nonexistent. It is amply demonstrated by 
the variation of steric factors over a factor of 10 
that the success of catalytic recombination in 
improving rocket performance depends strongly 
on the efficiency of detailed kinetic steps. The 
accuracy of the (4 X 4) model points to thc 
possibility that  experimental studies ol the 
acetylene chain [reactions ( 7 )  and (S)] a t  high 
temperature could increase our confidence in 
performance calculations to a great extent. h 
significant corollary to these findings is the warn- 
ing that great care must be csercised in control- 
ling gas-purity levels in nozzle kinetics experi- 
ments with this system. 

Since the feasibility of gas-phase catalysis of 
recombination has been demonstrated for the 
case of carbon addition, other compounds, for 
esample, osygen, nitrogen, or chlorine, should be 
considered. Preliminary studies have been ini- 
tiated for the use of trace amounts of oxygen. 
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Discussion 

DR. R. E. D CFF (Lawrence Radiation Laboratorv) : 
Home time ago a cursory examination was given to 
this problem and a few “back of an envelope” 
calculations were made which were also based on 
the pioneering work of Hall. In a sense the results 
were even more pessimistic than those presented by 
I)r. Eschenroeder. Since it was not possible to do 
detailed kinetic calculation as presented here an 
(,Mort was made only to demonstrate the potential 
gains in rocket performance which recombination 
c:Ltdysis might provide. Two conclusions were ap- 
parent: (1) If considerations are restricted to finite 
nozzle espmsion ratios of 100 or even 10,000 the 
specific impulse gain is much smaller than an in- 
finite expansion ratio calculation would indicate, 
and (2) for a finite expansion nozzle the addition of 
the order of 1 by volume of a perfect catalyst with 
the molecular weight of C,H2 leads to no increase in 
specific impulse. The increase in molecular weight 
under these conditions compensates for the enthalpy 
added to thc flow by recombination. 

DR. A. Q. ESCHENROEDER (Cornell Aeronautical 
Lnhoratory) : In the numerical solutions obtained 

for the nozzle flow of a carbon-hydrogen system the 
molecular weight was found to counterbalance the 
catalysis effect when a steric factor of 10-4 is used 
for the hydrogen atom-hydrocarbon radical reaction 
steps. However, as discussed in detail in the written 
version of the paper, using a steric factor of 10-1 for 
these reaction steps did provide a specific impulse 
gain, indicating that the impulse gain is critically 
dependent on these reaction-rate constants. These 
two steric factors represent an estimate of the range 
of possible values. 

The choice of complete expansion rather than a 
finite esit area as a basis of comparison in our 
numerical solutions h a  no influence whatever on 
the effective increase in the recombination rate con- 
stant providing the mixture is nearly frozen at exit 
conditions. Also, for the cases in which an impulse 
gain was obtained for h i t e  expansion, roughly the 
same percentage of the available impulse gain was 
realized for a11 area ratios downstream of the freez- 
ing region. It is true that the actual impulse gain a t  
finite area ratios is lower because the impulse for 
pure hydrogen, equilibrium flow, and hence the 
available impulse gain is lower a t  finite-area exit 
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conditions. For example, in the case for which the 
optimum impulse gain at infinite expansion was ob- 
tained using the 10-1 steric factors (To = 4500”K, 
PO = 10.0 atm, and C/H = 0.01) the impulse gain 
at A/A’ = 100 is 50 seconds out of a possible 210 
seconds or approximately 24% of the available gain. 
The corresponding values of specific impulse a t  
A / A *  = 104 are essentially the same as the infinite 
expansion values. Therefore, the conclusions of our 
paper are not dependent on the selection of any 
particular area ratio downstream of the freezing 
region. 

DR. G. It. SALTER (McGiZl University): The nozzle 
throat considered in thc analysis is a hyperbolic 
type. Dr. Appleton of the University of Southamp- 
ton has shown that for the maintenancc of equilib- 
rium, a bell-shaped nozzle should be considered. 110 
you think that, by combining a bell-shaped nozzle 
and the addition of a catalyst, more specific impulse 
could be achieved? 

DR. A. &. ESCHENROEDER: In theory, certainly an 
increase of specific impulse could be achieved by 
proper contouring of the nozzle in addition to re- 
combination catalysis. As in the case of Dr. Apple- 
ton’s calculations, however, the actual implementa- 
tion of this idea would depend on additional gas- 
dynamic considerations such as boundary layer 
growth and threc-dimensional effects. Size and 
Wright limitations would also enter any complete 
enginecring analysis of nozzle design for a given 
application. The scope of the present work was 
limited to the study of recombination catalysis. 

DR. T. M. SUGDEN (Universitg of Cambridge): 
I should like to express a general doubt as to 
whether the rate constant of bimolecular recom- 
bination of H with a molecule X, as part of a 
catalytic process, could be at all fast unless S were 
a more elaborate molecule than is likely either to 
survive the previous treatment of the gases or to he 
formed in the nozzle. In such circumstances a 
three-body process might be more probable. I would 
refer in particular to the catalytic effect of NO in H 
recombination, described by Bulewicz, Demerdache, 
and Sugden [“Chcmical Reactions in the Upper and 
Lower Atmosphere,” Interscience, 19611. The ap- 
propriate mechanism is 

NO + H + M + H E 0  + M 

H N O + H + H ? + N O  

with M a third body. The rate of this about doubles 
the rate of H recombination when 1% of nitric oxide 
is used. The effect is quite a large one, since in the 
flame studies referred to, the reaction 

H + OH + M +H,0 + M 

with a rate constant 20 times that of 

H + H + M + H, + M 

is proceeding at least as fast as the latter process, 
and often a good deal faster. 

The outstanding need at the moment scems to me 
to be for more laboratory studies of single processes. 

DR. A. Q. ESCHENROEDER: In the present work, 
the reservoir conditions of T o  = 4500°K and p o  = 
10 atm were selected for the example. For it C/H 
ratio of 10-2, the solution of the simultaneous mass 
action laws shows that nearly one-half of all the 
carbon is combined m C2H a t  sonic throat condi- 
tions. Thermodynamic properties given in refercncc 
7 were employed. The onset of nonequilibrium flow 
occurs immediately downstream from the throat 
(see Fig. 43). Hence, the possibility of two-body 
association of H with CLH (as suggested in references 
13 and 22, for emmple) to yield C2H, cannot be dis- 
counted in the consideration of catalytic reaction 
steps. A significant feature of catalysis via binary 
reactions in nozzle flows is the persistence of reaction 
rates in expanded portions of the flow (see Fig. 3, 
comparing reactions I and 7 for example). 

The suggested reaction mechanism involving 
nitric oxide as an additive will be examined in future 
theoretical studies. As ststed in thc concluding re- 
marks of our paper, we agree heartily with Dr. 
Sugden’s final cammcnt pointing up the nerd for 
further experimental studies of specific reaction 
steps. 

DR. 1). E.  ROSNER (AeroChem Research Labora- 
tories, Inc.): In view of the possibiIity of catalysis, 
the fact that the spccific impulse of a rocket propul- 
sion device can vary by more than a factor of 2 de- 
pending upon the kinetics of reassociation processes 
seems to raise some interesting control possibilities. 
Dr. S. A. Gordon, Dr. A Fontijn, and I have 
tentatively concluded that the injection of small 
amounts of (“positive” and/or “negative”) catalysts 
would provide an excellent means of continuously 
varying thrust lcvel and direction. In the latter case 
this would be accomplished by simply introducing 
the catalyst asymmetrically in the nozzle inlet re- 
gion. The accompanying change in wall pressure 
distribution in only one sector of the nozzle would 
produce the desired turning moment. Techniques of 
this type would be attractive in that large effects 
could be produced by controlling trace quantities of 
catalyst; Le., one is taking advantage of “trapped” 
energy already present in the system, regulating its 
rate of release by literally turning a valve. I wonder 
if Dr. Eschenroeder could comment on the feas- 
ibility of thrust level control in the light of his calcu- 
lation? Despite its obvious computational difcculty, 
could he be persuaded to look into the thrust vector- 
ing problem? 
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DR. A. Q. ESCIIENROEUER: Comparing the two 
applications which Dr. Rosner mentioned, I believe 
that the thrust level control is the more promising 
one. Our computing machine code is presently 
written for quasi-one-dimensional flows in the ab- 
sence of transport effects: Rather complicated es- 
tensions would be required to compute the thrust- 
vectoring problem. A better approach might be to 
utilize the present results in a streamtube-type 

analysis where the two-dimensional nature of 
thrust-vectoring is limited to first-order terms in 
the equations of motion. This may provide esti- 
mates of the effect without resort to machine com- 
putation. In the immediate future, our studies will 
be directed toward learning more about recombina- 
tion catalysis through further theoretical studies and 
through experimental investigations. 



ENERGY TRANSFER FROM HYDROGEN-AIR FLAMES 

ROY A. COOKSON AND JOHN K. KILHAM 

An experimental procedure is devised by which the hrnt flux is measured in and near the reaction 
zone of lean hydrogen-air flames, which are burned on a porous disc burner. A conductivity-type 
heat flow meter is used which has an isothermal sheath surrounding the probe. It is found that in 
the region of the reaction zone the heat flux is much greater than that predicted from ordinary con- 
vection alone. Calculations are made by means of a heat transfer equation which includes terms for 
the diffusion and recombination of the various labile species present in the flame. The conccntrations 
of the active species present are calculated from quasi-equilibrium considerations with reference to 
the amount of OH present in the flame gases. The concentrations of OH, and hence the other species, 
necessary to produce the high rates of heat transfer measured, are determined and are found to  be 
approximately of the order of the concentrations which have been reported in the literature. The re- 
ceiving surface of the heat flow meter is trcated with catalytic and noncatalytic materials. Since the 
surface treatment influences the heat flux only to a small extent the bulk of the rerombination np- 
pears to  take place in the gas phase. 

Introduction 

I n  his work on heat transfer from flames and 
flame gases, Kilhaml showed that the heat flus 
from a hydrogen-air flame to a body placed in 
the flame gases in the vicinity of the reaction 
zone could not be attributed to ordinary con- 
vection alone. I le calculated the rate of heat 
transfer due to convection by means of an ey- 
pression ivhich had been verified for the condi- 
tions prevailing. The exprrimental results were 
found to e\rccd those calculated by a consider- 
able amount near the reaction zone. It was also 
shown that this excess decreased as the distance 
from the reaction zone increased. Thus Kilham’s 
results indicated that there was some mecha- 
nism of energy transfer in or near the reaction 
zoiie other than convection. He conjrctured that 
a large part of the excess heat transfer was due 
to the evothermic recombination of atoms and 
radicals; the recombination taking place either 
heterogeneously or homogeneously. 

A conclusion similar to that  of ICilham was 
reached by Ziebland,3 after he had carried out a 
series of experimental observations on the heat 
transfer from combustion gases to the cooled 
walls of rocket engines. 

More recently Geidt et aZ.,3 investigated the 
heat transfer from an oxyacetylene flame to a 
flat plate and postulated that recombination of 
hydrogen atoms, either in the gas phase or on 
the solid surface, enhanced the heat transfer 
rates predicted by simple convection theory from 
30 to 90 per cent. These authors also attempted to 

differentiate between the effects of surlace re- 
combination and recombination occurring in the 
gas phase. To do this they compared heat trans- 
fer rates to a flat plate of ingot iron first uncoated 
and then coated with porcelain. They found the 
difference in heat flus to be negligible. 

I n  the present investigation, we havc developed 
an experimental technique by which the heat 
flus from the flame and flame gascs can be meas- 
ured. Measured values of the heat flus h a w  thrn 
been compared with values prcclicted by recent 
theory for gases containing active species. 

Experimental Method 

The hydrogen-air mixtures were llurned on a 
2 inch diameter porous bronze burner of the now 
conventional notha and Spalding4 design. The 
porous disr burlier has the advantage of produc- 
ing Aat uniform flames with flow perpendicular 
to the flame surface. The flame so producrcl has 
great stability since it depends upon the profilc 
of the disc for position. I n  a case such as the 
study of heat transfer from flames in which there 
are a great number of variables, the simplification 
of the geometry of the flame is itsrlf a great 
advantage. 

Flame Temperature Measurement. The flame and 
flame gas temperatures were measured hy mtans 
of platinum/platinum 13 per cent rhodium ther- 
mocouples. In  order to allow for the effects of the 
thermocouple wire diameter and radiation from 
the thermocouple, the method suggested by 
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Nicholls" was used. I n  this method the tempera- 
ture is ineasured by a series of diminishing diam- 
eter thermocouples and an extrapolation to zero 
diameter is made. 
Ai complete investigation was made of the 

variation of flame temperature with composition 
and vertical distance above the flame front. hl-  
though this "map" of flame temperature versus 
composition and displacement was made, an in- 
dependent temperature reading was taken when- 
ever the lieat flux was measured. 

To overcome the well-known catalysis of hy- 
drogen atom recombination on platinum, the 
thcrniocouples were coated with silica using the 
method described by Kaskan6 involving their 
immersion in a flame in which hesamethyldi- 
siloxane is burned. 

Heut Flow Meter. Heat transfer rates from the 
flame were measured by a conductivity-type 
heat flow meter as shown in Fig. 1. This type of 
meter consists of a uniform rod along which heat 
is conducted. One end of the rod is presented to 
the source of heat and the other is maintained a t  
a constant temperature by a coolant, in this 
instance water. Thermocouples are fixed in the 

WATER 
OUTLET 

A THERMOCOUPLES 

N 

COPPER PROBE- 

GLYCOL 
INLET 

ANNULAR SHEATH L 
COPPER RADIATION 

SHIELD 

FIG. 1. Heat flow meter. 

I. - ai? 
4 b  64 

rod at  a kiionn distance apart to determine the 
temperature gradient donn its length. In  tlie 
steady state the temperature gradient along the 
probe is directly proportional to the heat flu-., 
if the thermal conductivity of the rod is constant 
for the range of temperatures to which i t  is sub- 
jected. A radiation shield surrounding the rod so 
as to leave a small annular space reduces the 
radial heat loss by radiation. It also reduces the 
convection down the sides of the rod. 

A hollow annular sheath surrounds the rod 
and shield, this sheath being kept a t  a constant 
trmperature by means of a coolant which is 
pumped between the walls. Since it was unde- 
sirable to have water vapor condensing on the 
estfrior walls of the meter a coolant which gives 
a surface temperature greater than 100°C is 
required. Ethylene glycol proved to a good choice 
of coolant with a boiling point well above that 
of water. 

To obtain a calibration of the meter in actual 
values of the heat received a black body furnace 
was used, that is, the meter was directed a t  a 
radiation source of known temperature and from 
simple radiation laws the amount of heat falling 
on the receiving surlace of the probe nas calcu- 
lated. I n  tlie black body furnace used for the 
calibration, the radiating element consisted ol' a 
spherical cavity in a silica brick which was 
heated in a nichrome wound tube furnace. I n  
this way, the probe could be positioned so that 
the receiving surface became integral with the 
wall of the spherical cavity. Since the area of the 
receiving surlace was small compared with the 
total furnace suriace area, black body conditions 
could be said to hold. Heat conduction from the 
furnace wall to the probe was avoided by main- 
taining the surrounding sheath a t  a constant 
temperaturr. A platinum/platinum 13 per cent 
rhodium thermocouple was cemented into the 
furnace wall to indicate the radiating tempera- 
ture. This temperature was compared with that 
given by an optical pyrometer and in the lower 
temperature ranqe a small correction factor was 
applied. The meter wss calibrat,tcd in this manner 
for three different conditions of the receiving 
surface: (a) platinum coated, (b) oxide coated, 
and (e) untreated copper. 

Results 
It was found that flame temperature readings, 

for the central portion of the flame, were steady 
for a distance of approximately 3.0 cm, above the 
burner. They were also found to be laterally 
uniform until quite near the edge of the flame. 
This would seem to indicate that the combustion 
products in the central portion of the flame were 
unaffected by recirculation or turbulence a t  dis- 
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FIG. 2. Variation of heat flus with height above flame front. 

taiiccs of less than 3.0 cm, above the burner. 
Since the ma-iimum height at which the heat 
flus readings have been considered is 1.0 cm, 
this will be seen to be well within thc region of 
steady conditions. 

Thc development of a ccllular flame a t  hydro- 
gen-air mi-itures less than 13.5 per cent set a 
lower limit to the operation of the burner while 
the heat conducting propertics of the sintercd 
hronzc disc made i t  difficult to burn flames richer 
than 22 per cent hydrogen-air. The investigation 
was, therefore, restricted to the range of values 
betvvecn 15 per cent and 20 per cent hydrogcn- 
air mixtures. 

I I 
1200 1 19.4 PERCENT HYDROGEN-AIR MIXTURE 

* e-. 

15.3 PERCENT HYDROGEN-AIR MIXTURE 

I- 

o L__l_.-_;__..-t--+3.---c--,-’ 
0.1 0.3 0.5 0.7 0.9 

HEIGHT ABOVE FLAME FRONT CMS 

FIG. 3. Variation of flame temperature with height 
above flame front. 

Heat flus readings for four different hydrogcn- 
air mixtures at varying heights above tlic flamc 
front, using three conditions of the receiving 
surface are shown in Fig. 2 .  

A plot of flame gas tempcrature against ver- 
tical height above the flame front is given in 
Fig. 3 for two of the mixture compositions. The 
temperature values arc thosc obtained by cs- 
trapolating to zero thermocouplc diamctcr. 

Heat Transfer from a Gas Containing 
Dissociated Species 

In order to prcdict the heat flus from a flame 
to a solid body placed within it an expression of 
the following form is required 

which includes a chemical energy twin due to 
the diffusion and recombination of species i in 
addition to the conduction contribution. 

Sibulkin’ has derived the following espressioll 
for the convective heat transfer to the stagnation 
point of a blunt body of revolution. 

ds = 0.763 (Pr)-0.6(pe~,[dUc/a3Sls)o.5(he - h,) 

(2) 

Several w o r k c r ~ ~ * ~ ~ ’ ~  have estencletl the theory 
t o  include the effects of dissociation in the gas 
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phase and subsequent atom recombination on the 
solid surface. The following form was derived 
analytically by Rosner.Io 

(j6 = 0.763 (Pr ) -o ,6[p ,~L , (dU~/~Z)s l” .5 (h ,  - h,) 

This correlation equation was derived by 
Kosner for the case of a binary mixture of atoms 
and molwules. I t  can however be extended to 
(leal wit11 the situation in which thcrc arc scveral 
activc specics provicled that a Lewis number is 
cnlculatcd lor each species. 

The catalysis-diffusion function @Jt can be cal- 
culated if the mass transfer coefficient and the 
rate constant for the surface atom recombination 
are known. For the present investigation, how- 
ever, the receiving surface was first coated with 
platinum and later with a hnown catalysis inhibi- 
tor.” Thus it was assumed that the value of the 
catalysis-diffusion function for the platinum 
surface TT as unity and that for the oside coat- 
ing would bc less than unity. It is unlikely, how- 
ever, that @ &  will be the same for all of the active 
spccies. 

Figure 1 shows that the tip profile of the heat 
flow meter is hemispherical and that the receiving 
surface of the copper probe is a t  the stagnation 
point of the hemisphere. The value of (dU,/dz>, 
for a sphere in an ideal fluid is given by Sibulkin’ 
as 3 IT,/D. However, a slightly lower value is ob- 
tained experimentally for a hemisphere-cylinder 
in a real gas. 

The thermodynamic and transport properties 
uscd in these calculations were taken in the main 
from refs. 11 and 12. The mixture viscosities 
were calculated from the expression derived by 
Wilke.’R The thermal conductivities of the mix- 
tures wcrc calculated from the simpIe form sug- 
gested by I’enner’* which has been found to be 
accurate for cases in which the thermal conduc- 
tivities of the components are similar. For the 
density and the “frozen” specific heat, simple 
weighted forms were used. 

I n  order to obtain the Lewis number 
(pc,D,,,)/k for each of the labile species a 
knowledge is required of the diffusion coefficients 
Dhmix of each component into the misture. 
There is unfortunately a dearth of information 
with regard to the diffusion coefficients of atoms 

National Bureau of Standards Oxide Coating 
A4lS. 

and radicals. For the present investigation it was 
assumed that the species taking part in the re- 
combination energy transfer would be the hy- 
drogen atom H, molecular hydrogen H2, the 
hydrosyl radical OH, and atomic oxygen. The 
binary diffusion coefficients for each of thcse 
labile species into each of the major components 
of the combustion products can be calculated 
from Chapman-Enskog theory. However, a 
knowledge is first required of the various colli- 
sion parameters. Many of the latter are available 
in the literature, but when applicable diffusion 
coefficients were to be found, they were used. 
The parameters for atoniic hydrogen were de- 
rived by substituting experimental diffusion co- 
efficients given by AmdurI5 into thc Chapman- 
Enskog expression using the Lennard-Jones po- 
tential. A slightly modified form is required when 
one of the components is polar, but the calcula- 
tion for the diffusion of one polar component into 
another, as with OH into H20, has not been 
dealt with in the literature so far. In  the present 
investigation the diffusion Coefficients for OH 
were assumed to be the same as those for atomic 
ox ygen . 

The combining law used to calculate the over- 
all diffusion coefficients required to determine 
the Lewis number was that given by Wilke.16 
This espression 

is an approsimation for the case in which i is a 
trace componcnt, based upon the Stefan-Maxwell 
diffusion equations which has bcen verified ex- 
perimentally by several ~ o r l i e r s . l ~ - ~ ~  

The over-all diffusion coefficients obtained as 
well as the resulting Lewis numbers are given in 
Table 1. 

Accurate determination of the local concentra- 
tion cy; of atoms and radicals is Unfortunately not 
possible from present knowledge. Many workers 
have reported concentrations of some particular 
species which are in excess of those espected 
from equilibrium considerations. Laminar flamc 
theory predicts atom and radical concentrations 
higher than the equilibrium values. I n  this rc- 
spect i t  is possible to adopt the quasi-equilibrium 
approach suggested by Kaskan.?. He postulated 
that although the respective free radical concen- 
trations were not consistent with thermodynamic 
equilibrium, they would be in equilibrium with 
each other. He assumed that the relationship 
between the amounts of H, 0, OH, and Ht could 
be expressed by the use of an appropriate set of 
quasi-equilibrium constants. Although values for 
some of these constants are not available in the 
literature they can be expressed in terms of the 
more usual equilibrium constants relevant to the 
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TABLE 1 

Multicomponent dilfusion cocflicicnts (cni2/src) and Lcwis numhcr3 for the diffusion of 
labile specics into thc combiistion products 

19.42% Hydrogen-air 15.3% Hydrogen-air 

3S0"Ii 1450'K 3S0X 13SO"K 
I_ 

- ____ __ 
Species D,-,,, 1 y  Le, D,-,,, Le, D,-,,, Le, D % - m  IX r,e, 

0 0.4S6 1.64 4.504 1.65 0.477 1.62 4.076 1.61 
H l.GS1 5.67 12.746 4.S7 1.654 5.52 12.430 4.71 
H2 1..547 5.21 12.155 4.64 1.514 5.0.5 11.7GS 4.4s 

hydrogen-oxygen reaction. Thus by assuming a 
given value for one of the concentrations the 
corresponding values of the other concentrations 
can be calculated. 

Table 2 gives the mole fractions of thc reaction 
products for various assumed concentrations of 

OH in the 19.42 per cent and 15.3 per cent hy- 
drogen-air flamrs. 

Since the valucs of the heats of rraction QZ are 
known it is now possible to evaluate thr hcat 
flus espected for certain assumed valucs of the 
concentrations of the OH radical. I t  must be 

TABLE 2 

Mole fractions of reaction products calculated from quasi-equilibrium consideration 

19.42% Hydrogen-air flame 

Concentration of OH molecules per cm3 X 

Component 0.99s 1.96 2.44 

0 2  0.0794 0.0995 O.OS05 
N2 0.7035 0.6924 0.6SS4 
HyO 0.2121 0.2095 0.1945 
OH 0.0020 0.0039 0.004s 
0 0.0012 0.0045 0.007s 
HZ 0.0014 0.0050 0.  00Sl 
H 0.0006 0.0055 0.0103 

2.91 3.36 

0.0S06 0.02315 
0. 6561 0.6773 

0.1738 0.1S63 
0.0055 0.0067 
0.0117 0.0165 
0.0114 0.0150 
0.01s1 0.0292 

15.3% Hydrogen-air flame 

Concentration of OH molecules per cm3 X 

1.05 2.01 2.52 3.02 3.29 

0 2  0.1054 0.1077 0.1073 0.1067 
N2 0.7221 0.7139 0.6962 0,6919 
He0 0.1625 0.151s 0.1507 0.1264 
OH 0.0020 0.0035 0.0045 0.0057 
0 0.0016 0.0057 0.0152 0.022s 
H2 0.0012 0.0052 0.00S5 0.0116 
H 0.0019 0.0059 0.0173 0.0350 

0.1061 
0.6796 
0.1133 
0.0062 
0.0301 
0.0137 
0.0507 
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FIG. 4. Calculated heat flus for various hydroxyl 
radical concentrations. 

remembered that the a,, &; product appears also 
in the enthalpy of the external flow h,. Thus the 
calculated value of he - /zw will increase with 
increasing concentrations of the labile species. 

The finally calculated values of the heat flux 
for each assumed value of OH concentrations, 

are given in Fig. 4. 

Discussion 

Figure 2 shows that the measured heat trans- 
fer rates arc reasonably constant a t  distances 
greater than approximately 1.0 cm from the 
flame front. Nearer than this the heat flux in- 
creases as the distance decreases. From Fig. 3 
honcvcr, it can be seen that there is no such 
marked increase in the flame gas “temperature.” 
The results would appear therefore to  confirm 
Kilham’s conclusion that convection was not the 
only mechanism of energy transfer in the region 
ncar to the reaction zone. If this added mech- 
anism is the exothermic recombination of the 
molecular fragmcnts, then the heat transfer a t  
distances greater than 1.0 ern above the flame 
front would appear to be attributable to combus- 
tion products in which the labile species are no 
longer present in significant concentrations. These 
asymptotic values of heat flux are seen to agree 
closely with the values calculated from Eq. (4) 
for the condition when each 01% is zero, given in 
Fig. 4. In this special case Eq. (4) reduces to 
Sibulkin’s original form. 

Dixon-LewisJ2‘ among others, has shown that 

the energy transfer by dissociation and subse- 
quent recombination will not add to the total 
energy flu.; if the Lewis number is unity, pro- 
vided that the difference between the “undisso- 
ciated” gas temperature and the wall temperature 
is used in calculating the heat flux. However, cal- 
culations macle by the authors have shown that  
the high diffusion rates of the various molecular 
fragments through the gas mixture lead to Lewis 
numbers considerably greater than unity 
(Table 1). 

If the maximum measured heat translcr rates 
for the 19.42 per cent and 15.3 per cent hydrogcn- 
air flames as given by Fig. 2 are projected onto 
Fig. 4, it is possible to read off the amount of 
OH and hence of the other labile species, neces- 
sary to give such heat transfer rates. Thus for 
the richer and weaker flames respectively, the 
maximum measured heat transfer rates corre- 
spond to theoretical hydroxyl radical concentra- 
tions of approximately 3.5 X 10’‘ and 2.5 X 1OI6 
molecules per om3. These amounts arc equivalent 
to  mole fractions of 0.7 per cent and 0.5 per cent 
and the corresponding mole fractions calculated 
for hydrogen atoms from quasi-equilibrium con- 
siderations are approxirnatcly 3 per cent and 
1.7 per cent, respectively. Unfortunately, tlicre 
are very few measured concentrations with 
which these values niay be compared. k - a s k a ~ i ~ ~  
has measured OH concentrations in a lean hydro- 
gen-air flame which are ol’ an order of magnitudc 
less than those given above. However, Kaskan 
also mcasured OH concentration in rich hydro- 
gen-air flames which were lower than those re- 
ported by Padley and Sugden.23 Padley and 
Sugden gavr concentrations of between 0.5 per 
cent and 1 per crnt mole fraction for OH and 
between 1 per cent and 3 per cent for hydrogen 
atoms for approdmately the same temperature 
range as that covered by this investigation. It 
would seem possible, therefore, that  Kaskan’s 
technique gave coiisistently low values and that 
the concentrations calculated here are near to  
the actual concentrations present. 

From Fig. 2 i t  would appear that  the heat 
transfer rate was affected by the condition of the 
receiving surface, unlike the work reported by 
Geidt et aL3 The difference in the heat flus is 
quite small, however, and would secm to indi- 
cate that  the bulk of thc reconibination takcs 
place in the gas phase. RosnerZ3 has discussed 
this condition and has shown that Eq. (4), 
which was based upon the assumption that 
there was no gas phase recombination, will 
probably still be applicable. 

The above work is continuing a t  Leeds and it 
is expected that  several gas mixtures will be 
dealt with in addition to rich hydrogen-air 
flames. 

c.. , 
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Nomenclature 

Specific heat at constant pressure 
Multiroiiiponcnt diffusion cocfficiciit 

Body diameter 
Enthalpy 
Coefficient of thcrmal conductivity 
I,clvis number (pqtJDL-,,,,,)/k of com- 

Molccular migh t  
Prandtl number (c,,/~) / k  
Absolute pressure 
Hcat of recombination of componeiit i 
Ilcat flux 
Absolute tcmpcrature 
Frcc steam vclocity 
Diffusion vclocity 01 coinpoiient i 
Distance along surlace mtmuretl froin 

Mole fraction of componcnt i 
Coordinate prrpmdicular to gas-solid 

Mass fractioii of componciit i 
Dynamic viscosity 
Density 
Catalysis-diffusion function of coni- 

ol componciit i 

ponent i 

stagnation poiiit 

iiitcrfacc 

ponmt i 

Subscripts 

S Stagnation point 
W Wall (gas/solicl interface) 
s Chemically frozcii 

C Outer edge of boundary layer 
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Discussion 

DR. P. J. PADLEY (Cambridge University): Since 
thc values of (H) and (OH) in the system are de- 
duced to be up to about one per cent (or more) each 
in the total burned flame gas concentration, it seems 
somewhat surprising that the measured flame tem- 
perature shows no dependence on height abovc the 
reaction zone. P. J. Padley and T. M. Sugden: [Proc. 

Roy. SOC. (London) 4248, 256 (195S)] have shown 
that recombination of radical concentrations of the 
order suggested by Dr. IGlham’s results and in 
similar systems, should lead ovcr the first millisecond 
after primary combustion to a measurable tcmpera- 
ture rise, which can itself be used to  provide qnanti- 
tative evidence about radical disequilibrium. 
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ON THE GENERATlON OF A SHOCK WAVE BY FLAME 
I N  AN EXPLOSIVE GAS 

A. J. LADERMAN, P. A. URTIEW, AND A. K. OPPENHEIM 

This paper provides experimental, as well as theoretical, proof that a laminar flame can generate 
a shock front quite early in the course of its initial acceleration. The flame at  this stage of the  process 
is wrinkled laminar, and it propagates at a velocity which is only a few times larger than the normal 
burning speed. However, no mechanism other than the break-up of the flame front into a cc4lular 
structure is necessary for this purpose, nor was it observed. 

Introduction 

The fact that the transition from slow burning 
to detonation is, to a large extent, governed by 
the action of shock waves, is today well 
l i n ~ w n . l ~ ~ ~ ~ ~ ~  The most intricate problem in this 
respect is posed by the question: How do the 
shock waves originate? 

The belief most prevalent in the literature5tG is 
that, in order to generate detonation, the com- 
bustion zone has to become first distributed in 
space either by the action of turbulence or by 
breaking down into separate combustion pockets, 
providing thus a sufficiently large increase in 
flame front area to render the combustion process 
an “explosive” character. Basically such a prop- 
erty of a combustible mixture should be exhibited 
most unequivocally by the facility it has in gcn- 
erating shock waves. However, except for the 
analytical inquiries of Boa-Teh Chu7s8 who in- 
vestigated the mechanism of pressure wave gen- 
eration by the flame, and of Jones,g who demon- 
strated under what circumstances shocks are 
formed in a compression wave preceding a highly 
idealized piston model of a flame, very little has 
been done so far to explore this phenomenon. It 

is for the purpose of elucidating this question 
that the present paper is offered. 

Experimental Evidence 

The experiments were performed with stoichio- 
metric hydrogen-oxygen mixtures, initially a t  
NTP, in n rectangular 1 X 13 in. cross-section 
detonation tube. Optically flat windows werc 
fitted on both sides of the 1; in. deep channel, 
providing nn unobstructed vicw from wall to 
wall across the 1 in. width of the tube. The igni- 
tion was performed either by electric-spark dis- 
charge or by a hot-wire glowplug, most of the 
observations reported here having been obtained 
with the latter. The optical observations have 
been made by means of the strcak schlieren and 
instantaneous interferometer techniques. This 
was accomplished using an 18 in. mirror Z type 
schlieren system and an 8 in. Mach-Zehnder 
interferometer. Simultaneously with these ob- 
servations, pressure measurements were made 
by means of a quartz piezo-electric, PZ-6 Kistler 
transducer. 

Figure 1 is the interferogram of the flame a t  
the instant when it first touches the sidewalls. 
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FIG. 1. Interferogram of flame contacting sidewalls. 

FIG. 2. Interferogram of flame-shock system. 

FIG. 3. Interferogram of a turbulent flame. 

The full 1 in. width of the flow field is completely 
included in the interferogram. The spiral wire 
that formed the glow-plug is clear’y discernible 
near the left end of the tube. It should be noted 
that a t  this instant the flame has not yet con- 
tacted the windows which are 1; in. apart. The 
pressure increase shifts the fringes downward. 
The flame has the characteristic laminar dome- 
like appearance with some evidence of a pressure 
wave ahead, exhibited by the direction of the 
fringes. 

Figure 2 shows the interferogram obtained 0.3 
milliseconds later. A fully developed shock wave 
is here clearly evident a t  a distance of only 3 cni 
ahead of the flame front. The shock appears as 
if it  had been formed a t  the leading edge of a 
collapsing pressure wave. The dome of the flame 
front, which is in the middle of the tube, is re- 
corded on the interferogram as the line associated 
with a sharp change in the slope of the fringes, 
producing an apparent rarefaction. The edge of 
the interaction between the flame and the 
boundary layer a t  the sidewalls manifests itself 
as a dark thick line followed by a highly turbulent 
regime where the fringes are broken down into 
an irregular pattern. 

I n  contrast to Fig. 2, Fig. 3 demonstrates a 
typical interferogram of‘ a turbu!ent flame. The 
flame front acquires then the 1 ~ c l l - k n o ~ n ~ . ~  char- 
acteristic “tulip” s h a p ~ ,  due to the onset of 
turbulence in the boundary layer that promotes 
a much higher rate of the combustion process a t  
the sides than in the middle. 

Figure 4 is a streak schlieren photograph of the 
same process as that observed in Figs. 1 and 2. 
Time 0 corresponds to the instant of Fig. 1. The 
pressure wave appears now as a dark zone ahead 
of a sharply delineated flame front which is 
followed by streaks made by the wrinkles of the 
flame a t  the side boundaries. The collapsing pres- 
sure wave forms a shock wave which accelerates 
somewhat faster than the flame. Also visible as 
liaht streaks are the contact discontinuities 
formed by the collapsing prcssure wave when the 
shock wave is generated. 

Figure 5 represents the pressure record ob- 
tained simultaneously with the schlieren photo- 
graph of Fig. 4 while the transducer was situated 
a t  a distance of approximately 23 em from the 
closed end, its exact position being denoted by 
the vertical white line on the photograph. 

The pressure record is transformed, as shown 
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0 0.10 0.20 0.30 0.40 rn 

FIG. 4. Strc:zlc schlicren photograph. The flnnie front appears as the bright 
curved line, while dark arcas ahead of it represent the pressure wave. 
Vertical white linc at bottom of the photograph indicates position of 

pressure transducer. 

in Fig. 6, into a space profile for comparison with 
the interferogram. This is done by taking ad- 
vantage of the fact that when the pressure record 
is taken, the pressure wave is simple Riemannian, 
i.e. isentropic. Furthermore, the thermodynamic 
behavior of the hydrogen-osygen mixture is con- 
sidered to  be adequately described by a perfect 
gas with a specific heat ratio y = 1.4, while thc 
local velocity of sound in the undisturbed medium 
at normal temperature is a0 = 537 m/sec. Uncler 
these circumstances the relationship between the 
pressure ratio, p/po  and the slope of the cliar- 
acteristics, u + a, plotted in Fig. 5 is givrii by 
the simple e\pressioii7: 

The wave pattern deduced in this maiincr from 
the pressure record bears a close resemblance to  
that eyhibited on the schlieren record of Fig. 4. 
The shock wave which is formed at about 25.5 
cm from the closed end has a lliach number of' 
approximately 1.5. Since the characteristics of a 

FIG. 5 .  Pressure transducer record obtained simul- 
taneously with schlieren photograph of Fig. 4. 
Horizontal scale: 1 em = 50 psec from left to right. 

Vertical scale: 1 cm = 36 psi. 

simple wave are lines of constant state, knowledge 
of their traces in the time-space domain (world- 
lines) is sufficient for the deduction of the pres- 
sure-space profile. Such a profile, plotted for the 
instant of 0.235 milliseconds, corresponding to 
the interferogram record, is shown in the upper 
diagram of Fig. 6. 

The fringe shift in Fig. 2 expresses the chan:c 
in refractive index. In  the abscnce of chemical 
reaction the latter is directly proportional to 
density which, for the isentropic, simple wave, is 

t = 0.235 rns 

+--+ INTERFEROMETER - PRESSURE RECORD 

I 
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FIG. 6. Transformation of pressure-time history 
into a space profile. Numbers adjacent to world-lines 

indicate wave velocities in m/sec. 
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espoiientially related to pressure. This then leads 
to the following relation between the pressure 
ratio p / p ,  and the fringe shift, I :  

where D = 1.55 min is the fringe spacing, w = 
::.SI cin is the width of the test section, X = 5510 
A is the wavelength of light, y = 1.4 is the 
specific heat ratio, n, = 1.000338 is the index of 
refraction of the unreacted medium, and sub- 
script s denotes conditions immediately behind 
the shock wave, determined from normal shock 
wave relations for A I  = 1.50. Substitution of nu- 

merical values into Eq. (2%) yields 

The pressure profile evaluated according to the 
above froin the interferogram record of Fig. 2 is 
shown in the upper diagram of Fig. 6 in comnpari- 
son with that deduced from the pressure measure- 
ment. The agreement between the two pressure 
profiles should be considered sufficiently close to 
warrant our contention regarding the nature of 
the wave-dynamic processes observed on the 
interferogram of Fig. 2.  

This provides then an experimental proof that 

1 SO 
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m n z 
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=! 
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FIG. 7. Schlieren photograph of initial flame acceleration following ignition by 
spark discharge in a stoichiometric hydrogen-osygen mixture. Pressure records 
at positions 1, 2, 3, shown as inserts. Vertical scale: 1 ern = 5.2 psi for insert 
( I ) ,  10.4 psi for inserts (2) and (3). Horizontal sweep: 1 cm = 100 psec for in- 
serts (1) and (2), 200 psec for insert (3), from left to right. (Reprinted from 

Reference 10). 
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a shock wave of strength corresponding to Mach 
number of 1.5 has been formed indeed by an ae- 
celerating, wrinkled, laminar flame. 

Theory 

The theory of the formation of the shock wave 
is developed most clearly with reference to the 
case where the ignition process is tractable right 
from its inception. Such an insight has been ob- 
tained in our experimental program only when 
ignition was performed by an electric spark 
discharge. 

Figure 7, reprinted from Reference 10, demon- 
strates the streak schlieren photograph and pres- 
sure transducer records of such an experiment 
performed in our 1+ X 1 in. detonation tube with 
a stoichiometric mixture of hydrogen-oxygen 
initially a t  NTP. Simultaneously obtained frame 
photographs revealed that the flame expanded 
initially in the form of a hemisphere whose surface 
was quite smooth until it  contacted the sidewalls. 
The mode of its propagation was then un- 
doubtedly laminar with some evidence of cellular 
structure which was reflected in about a fivefold 
increase of the normal burning speed. 

The results of Fig. 7 have been interpreted by 
uslo on the basis of a theoretical model, suggcstccl 
originally by ChqS where the flame is represented, 
in effect, by an equivalent, plane heater. Whcn 
the relative flame velocity and the particle 
velocity are small compared to local speed of 
sound, the derivative of the pressure in the wavc, 
p ,  with respect to the rate of heat release per unit 
flame frontal area, w,  can be expressed then as 

where y is the specific heat ratio, a the local speed 
of sound, and subscripts 1 and 2 refer, respec- 
tively, to states immediately ahead of and behind 
the flame. For the flame, the requirement of 
energy equivalence yields: 

where A, is the flame surface area, A t  its effcc- 
tive frontal area specified here by the cross sec- 
tion of the detonation tube, p is the density, S 
the relative flame velocity (normal burning 
speed), and q the heat released per unit mass. 
The compression wave and flame acceleration 
computed on the basis of Eqs. ( 3 )  and (4) have 
been shown to be in good agreement with experi- 
mental results.1° 

The theory is iiow extended to determine the 

position where the shock wave is formed in the 
simple (isentropic) wave ahead of the flame. For 
this purpose Eq. (3) is first simplified by taking 
a2 = [m - (y2/y1)]al so that 

where m is assumed constant, adjusted to inatell 
the results obtained by numerical analysis based 
on Eq. ( 3 ) .  The approximation of Eq. ( 5 )  is 
sufficiently accurate within the regime of interest 
with m = 4. Combining Eqs. (4) and ( 5 ) ,  with 
the equation of motion for the wave process 

duL/dpl = a l / y m  

and the isentropic relation 

which is easily integrated to give: 

wherc 

Since the detonation tube was rcetangular in 
cross section, the flame contacted the nictal walls 
before reaching the windows. After that the 
flame was still Considered to expand as a hemi- 
sphere, but its surface area was now represented 
by the area of the hemisphere less the area of the 
spherical segments intercepted by the walls. Con- 
sequently for zf < w/2: 

A, = ~TX? = 6.25~;~ 

while for w/2 < XJ < d / 2  

A /  ~TX,' - 2a~jc/h = awxJ = 7.97~f 

where X, is the radius of the flame front, h = q - 
(w/2). w = 2.54 em being the width, and d = 
3.S1 em, the depth of the tube. 

Equation (7) then becomes: 
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Since 2nKlxj' and W T K ~ X ~  are much smaller than unity, the terms in the brackets can be expanded 
into a power series. Furthermore, neglecting terms of second order leads to a maximum error of only 
5 %. We arrive then a t  the following simple expressions for the equivalent piston niotioii of the flame: 

u1 = 2&xj2 xf < 1.27 cm 

where K2 = 2~a&1/3(y l -  1) 
It appears immediately from the above that the acceleration of tlie piston is never constarlt but 

iiicreases in both cases and consequently, as it was demonstrated by Jones,g tlie shock wave prill be 
formed inside the collapsing pressure wave rather than a t  its leading edge. 

M7e proceed now to evaluate the onset of tlie shock wave. The flame world-line (its trace in time- 
space) is found from Eq. (9) aiid the expression for its absolute velocity: 

dx.r/dt = X + ~1 

For zf < 1.27 cm it is then: 

15 hrre t I  (u)/Z) = tr  (1 2 7 )  = 190 pscc. 

the world-line is: 

/ 

For a simple compression wave propagating into a perfect gas with yI = constant the equation of 

(123) 

'L'o evaluate f ( u )  we make use 
second allowing to express z, a t  z 
obtain: 

of Eqs. (11) and ( 8 )  , tlir first pcrinitting to eliniinate t arid the 
= z~ in terms of u.* For the initial period when z~ < 1.27 cm we 

where 

Consequently, within the simple wave : 

il shock wave shoulcl occur when (az/du) = 0. Equation (13) yields for this condition: 

a0 + [(n + l ) /2lu 
[XCl  + ( IC2/sn~I)X(u)]  

-i Note that although Eq. (11) is approximate, Eq. (S) is exact. 

3 
b;a* 

(12b) 

(13) 

(14) 
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which with (13) def ims the locus of points in the time-space domain where thc shock wave may bc 
formed. 

Similarly for 1.27 < .c/ < 1.91 em, combining Eqs. (S), (11), and (12) lcscls to the followiiig 
cspression for thc flow ahcad of the flame : 

The locus of (az/au) = 0 is now giveii by: 

For a stoichiometric hydrogen-oxygen mixture 
in our 1 X lf in. cross-scction detonation tube 

Thcrcforc, the constant coefficients in Eqs. (13)  
through (16) are: 

PO = 14.7 psis 71 = 1.40 Kt = 70.63 rn-' K 2  = l9S,d00 (in-sc'r)-l 

a0 = 537 m/sec 

PO = 0.03 lb/ft3 

At = 9.7 ci? 

m = 4 

while good agreement with esperimcntal results 
has been obtained in Reference 10 when the re- 
maining parameters had the following values : 

S = 50 m/see 

g = 3160 BTU/lb 

yz = 1.20 

The results of the analysis arc tlenioiistrntcd 
in Fig. S. The flame world-line is shomn by the 
heavy solid line starting a t  the origin, whilc the 
straight thin solid lines einanating from the 
flame front represent the simple wavc generated 
during the accelerstion process. The charactcr- 
istics C1, C2, and CB have values of u + a = 537 
m/sec, 612 m/scc, and 649 m/sec and rcprcsenl, 
rcspcctively, the sound waves generated a t  
ZJ = 0, ZJ = 1.27 cm, and zf = 1.91 cm. The Cz 
characteristic separates the siinplc wavc obtaiiictl 
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I - - EXPERIMENT la #’/ 

0.2 0.25 0.3 0.35 0.4 0. 
DISTANCE x-rn 

FIG. 9. Locus of shock wave formation points. 

when i l ~  E ZJ?, i.e. for XJ < 1.27 cm, from that 
~ l i i c l i  occurs when df E zf, i.e. for 1.27 < xf < 
1.91 cin. For later reference these flow regimes 
arc clenotcd as regions I arid 11, respectively. 

The locus ot points where (&/c/au), = 0 is 
slionn in Fig. 8 by solid diagonal lines that 
originate a t  point A for region I and a t  point I3 
for reqion 11. For clarity the spaco-time diagram 
01 thrscx loci is reproduced to a larger scale in 
Fig. 9. Siilcc the characteristics C,, which passes 
through point and CJ, which passes through 
point 13, lie to thc right of the loci of points wherc 
(ax/&) = 0 points A and 13 represent the loca- 
tion wherc slioch waves are f‘ormd in regions I 
and 11, reqxctively, whilc the remainder of the 
loci has no physical significance. 

In both cases the shock wavcs will lie to  the 
right of the characteristics which pass through 
the point of their formation. Both shock ‘~yaves 
n ill increase in strength a t  a relatively slow rate 
aiicl, after traversing the simple waves which 
~l”.ceccl~~ them, thcy can attain, at must, a Mach 
iiuinber of 1.0s. In particular, the shock wave 
r\hich originates a t  point A will, to a first ap- 
proximation, precede in time the extension of 
tlie characteristic Cn by some 10 see, when in 
tile tube both reach the section of zB. The es- 
pccted shock wave path should lie therefore very 
close to the Cs characteristic. 

The clashed line shown in Fig. 9 represents the 
experimentally observcd shock wave path re- 
plotted from the schliereii record of Fig. 7 for 

comparison with our analytical result. Pressure 
measuremeIits shown in Pig. 7 verify our result 
that  the shock reproduced in Fig. 9 is indeed the 
first one to occur in thc simple wave ahead of the 
flame and that it was formed in the interior of 
the wave rather than at its leading edge. 

Finally, to complete the historical description 
of the growth of the shock wave, a series of pres- 
sure profiles obtained from Fig. 9 at a number of 
time instants, has been plotted in Fig. 10. The 
discontinuity in the slope a t  earlier times corre- 
spoiids to the boundary line between the two 
simple waves of regions I and 11. Later this be- 
comes obscured by the shock wave formed in 
region I. 

To sum up, our studies of the formation of 
pressure waves by an accelerating flame have 
been extended t o  include the formation of shocks. 
It has been demonstrated that a t  the initial stage 
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FIG. 10. Pressure profiles depicting formation of 
shock wave. 
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flame just prior to the transition to detonation 
would appear t o  afford confirmation of the sugges- 
tion madc by Brinkley and Lewis in their paper at 
the Seventh Symposium. It was then suggested that 
such :I volume explosion in the highly turbulent 
fl:imc zone is probably the usual event immediately 
prior to  thc transition and is an essential part of 
the mechanism of the transition. 

PROF. A. K. OPPENIIEIM: With reference to  the 
cmnmrnt of Dr. Brinkley, we report indeed our 
observations and our csperimental verification of 
tlic, hypothesis put forward by him and Lewis and 
KC statrd this, in fact, in our Combustion and 
J%me paper. 

OR. L. E’. Jxsc~r (Stcrt Oil Conapuny): One of the 
oscillogr3ms showing the pressure history was inter- 
preted to have a peak valtlue of -100 psi. How was 
the system calibrated t o  give dependable values? 
Can tlic natural frequency of the crystal affect the 
accuracy and reproducibility of the mcasurement 
at sudden pressure rises? Our experience teaches 
that we can depend on the crystal pressure trans- 

ducers only for the time of arrival measuremcnt but 
not for numerical pressure values. 

DR. A. J. LADERMAN (University of California 
Berkeley): The performance of the transducer used 
in our esperiments mas subjected to careful evalu:i- 
tion toqassure accurate determination of pressure. 
For the range of pressures encountered during the 
flame acceleration process, the transducer was shock 
tube calibrated both prior to and after the experi- 
mental program. A shock isolation mount reduced 
the “ringing” to a small percentage of the useful 
signal. As a further check, prcssurcs were deduced 
from the photographic observations. Since the 
pressure wave was isentropic, the pressure was re- 
lated to the slope of the charactcristics which could 
be observed on the Schlieren records. Pressures 
determined in this manner were in full agreement 
with the shock tube calibration. Furthermore, i t  
should be noted that since the reported pressures 
resulted from a continuous compression process 
rather than a shock wave, thc frequency of the 
phenomena mas considerably lower than the 
natural frequency of the crystal. 



SPHERICAL DETONATIONS OF ACETYLENE-OXYGEN-NI 
MIXTURES AS A FUNCTION OF NATURE AND STRENG F 

INITIATION 

H. FREIWAIJI AND H. W. KOCH 

The spherical detonation of mistures of acetylcnc-oxygen-nitrogen was investigated by mcnns of 
self-luminosity photography and by pressure-time measurements near the detonation. Thc gaseous 
mixtures were contained in transparent rubber balloons of different sizes. The detonation was initiated 
in the balloon center by flame, clectric spark, hot wire, exploding wire, or the detonation of a small 
quantity of lead azide, or mercury fulminate-Tetryl with or without a PETN booster. In addition a 
“linear” gaseous detonation in a tube was transformed to a spherical one and was studied as a func- 
tion of tube diameter and misture composition. 

Generally the detonation region increased with increasing ignition energy. With 7 gm PETN the 
spherical detonations of near-stoichiometric rich mistures were initiated even with 75% nitrogen, 
e.g., with more nitrogen than is contained in the corresponding fuel-air mixture. With spark ignition 
one always observed an ignition dclay and a deflagration preceding the spherical detonation. The 
consecutive shock waves produced by the spherical detonation and by reflections were also investi- 
gated. 

Introduction 

Although detonations of gaseous mixtures in 
tubes have been known for a long time the 
existence of self-sustained spherical detonations 
in the gaseous phase was experimentally proved 
about 10 years ago by Manson and Ferrie,’ Frei- 
wald and Ude,2 and Zeldovich, Kogarko, and 
Simonov? In 1923 Laffitte4 observed spherical 
detonation waves in mixtures of CS2 + 302 but 
recorded these waves over rather short distances 
(10 to 13 cm) and initiated the detonation by 
relatively powerful detonators of 1 gm of mercury 
fulminate. There was some doubt regarding the 
character of a self-sustained detonation wave 
(see Jost5). 

While composition ranges of flammability of 
mixtures of many hydrocarbons with air and with 
oxygen are well known6 these limits are com- 
pletely lacking for spherical detonations, with 
exception of some data in references I, 2, and 3 .  

Experimental 

The gases used in this investigation were of 
normal purity and used without further purifica- 
tion. The composition was generally known to 
*I%. 

The gases were filled at normal pressure into 
thin-walled, transparent rubber balloons of diffcr- 

ent sizes (15-500 liters) . The overpressure in the 
inflated balloons was 3-4 cm of water. 

The ratio of fucl to oxygen is expressed by X = 
(ratio of actual quantity of osygcii in the 
mixture/stoichiometric quantity of oyygen) ; the 
“atmosphere” of the mixture is expressed ns 
On/Oz f Nz without including the fuel. 

In the investigation of spherical dctoiiatioiis 
and its composition limits self-luminosity photog- 
raphy was used employing streak camera, IGrr 
cell shutter, and high-speed camera. We also in- 
vestigated the consecutive shock waves produced 
by the spherical detonation by  means of a coii- 
denser microphone placed near the detonation. 

The detonations were initiated in the balloon 
center by flame, red-hot wire, csplocling wire, 
electric spark, impact of a flying projcctilc, by 
the detonation of lead azide, electric detonators 
and boosters, and by a “lincar” detonating 
mixture in a tube. 

Examples of Spherical Gaseous Detonations 
and Related Shock Waves 

The spherical dctonatioii of an ncetylcnc- 
oxygen mixture in a rubber balloon, initiated by 
a pressed pellet of 0.2 gm of lead azide, and taken 
with a Kerr eel1 shutter, is shown in Fig. 1. The 
photograph was taken 36 psec after the initiation 
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FIG. 1. Kcrr cell shutter photograph of spherical 
detonation of 21.6 liters CSHZ + 0 2  in a rubber 
bn’loon. Initiation: 0.2 gm of Pb No; 36 psec after 

initiation. 

and shows clearly the spherical detonation wave 
and its propagation through the gas mixture. 

A typical streak camera record of the spherical 
detonation of C2H2 f 2.502 + 2.5N2 in a rubber 

balloon is shown in Fig. 2. The gaseous detona- 
tion was initiated a t  time A by the detonation of 
0.2 gni of lead azide. The detonation shock wave 
is partially reflected on the balloon envelope and 
runs concentrically towards the balloon center 
where it is reflected a t  time 13. The air and the 
lead vapor in the balloon center are heated by 
the converging shock waves. One can see the con- 
verging and diverging shock wave as a luminous 
cross on the film a t  time B. At time C one sees 
the originating second shock wave (combustion 
products shock wave). In  detonations of spherical 
solid explosives the detonation center is normally 
covered by nontransparent combustion products? 
The originating second shock wave is-perhaps 
for the first time-easily recorded by streak 
camera records in spherical gaseous detonations.’ts 

The second shock wave is partially reflected 
on the spherical boundary of combustion prod- 
ucts. It moves back to the center and reaches it 
a t  the time D. 

The velocities of the waves are: detonation 
velocity from A 2075 m/sec, reflected shock wave 
a t  B 1370 m/sec, combustion products shock 
wave originating in C 930 m/sec, reflected shock 
wave a t  D 1010 m/sec. The scatter in these 
results is about rt30-50 m/sec, depending on the 
sharpness of the wave record. This sharpness is 
decreased by the thin wall of the rubber balloon. 

The velocity of the reflected shock wave a t  B 
depends on the relatively high detonation 
velocity. The velocity of the wave a t  D as a con- 
verging and diverging wave has a distinctly 
higher velocity than the products shock wave 
a t  C. 

I 
D 

I l l  
A B C  

DETONATION END \ I PRODUCTS SHOCK WAVE 
I 
I PRODUCTS 

REFLECTION WAVE (BALLOON ENVELOPE) 

FIG. 2. Streak camera record of spherical detonation of 16 liters of CzH2 + 
2.502 + 2.5N2; X = 1; 50% 0 2  in “atmosphere.” Initiation: 0.2 gm of Pb Ne. 
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FIG. 3. Pressure-time record near to detonation of 184 liters of acetylene-air 
mixture (25% CZHZ). Distance balloon center to microphone: 1 m. 

On high-speed camera records one sees simiiar 
consecutive changes of brightness in the balloon 
center due to converging and diverging waves. 
The same sequence of shock waves was observed 
by recording the pressure as a function of timeg 
(Fig. 3) .  Thc “reflected” pressure was recorded 

12‘5 1 ATM 

by a condenser microphone7 situated 1 in distance 
from the balloon center. Behind the first air- 
shock wave one sees the shock n7ave refiectcd on 
the balloon rnvclope and a t  the center (point R 
in Fig. 2 )  and the wavc rcflcctcd on the boundary 
of combustion products and in the center (point 
D in Fig. 2) .  

The sequence of shock wvt~ves is indcpendcnt 
of the nature of the gaseous mixture and was ob- 
scrved with mixtures of hydrogen, ethylene, and 
propanc with oxygen and nitrogen. The time of 
the occurrencc of shock waves and of luminous 
phenomena produced by them depends oiily on 
the geometry of the balloon. 

The maximum reflected pressure of the first 
shock wave as a function of the acctylene con- 
centration in mixtures of 51 gin of acctylene with 
air are shown in Fig. 4. 

INITIATION BY 

0 15 20 25 
I 1  

I I %CzHz IN AIR 

/ I  I 
I 

DETONATION DETONATOR 4 
I 
I 
I 

p- DETONATOR + 7 g m  PETN 4 LIMITS: 

FIG. 4. Masinium (reflected) pressure of the shock 
wave of spherical detonation of CzHZ-air mixtures 
as function of CzHz percentage for different initia- 
tion. Fifty-one grams of (46 liters) CzH,. Distance 

balloon center to  microphone: 1 m. 

Ccmposition Regions of Spherical 
De tonation 

Ignition by Flame. With a commercial igniter 
producing a flame jet of 10 to 15 em length onc 
obtains a spherical detonation of C2H2-02 mis- 
tures in the range from 16% (v/v) C2H2 to 54% 
C2H2 corresponding to X between 2.3 and 0.34 
(Fig. 5). I n  the C2H2-O2-N2 mixture a spherical 
detonation occurs up to a masirnuin nitrogen 
content of 33 % in approsirnately stoichiometric 
mixtures. Manson’ found narrower limits in 
C2H2-02 mixtures (25-50 % C2H2) probsbly due 
to a weaker igniter flame. 

Ignition by Electric Spark. Ail elcctric spark was 
used between tungsten electrodes with a gap dis- 
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100% 0, 

80% 60% c- N2 20% 
20% 40% CzHz----p 80% 

FIG. .5. Composition regions of spherical detonations of CeH2-O~-N2 mixtures. 
Ignition: (a) by igniter flame jet; (b) by electric spark, energy: 4.5 joules. Re- 

sults of Mansonl: 0 to curve (a); @ t o  curve (b); energy 12 joules. 

N2 100% 100% C2H2 

taiice from 2.2 to 5 nim.’O The electrodes were 
mounted in the balloon center. The stored energy 
of the 1 p F-condenser charged to 6 kV was 15 
joules, but only 25% of the spark energy was 
effective in the spark as determined by calo- 
rimetry.” The limits of spherical detonations 
initiated by a spark of 4.5 joules energy were 
from approsimately IS to 57% CzH, in the 
C2Hz-02 misture (Pig. 5 ) .  Curve b in Fig. 5 

of 40.5% Nz a t  X = 0.5 in the three-component 
system. 

I n  the case of initiation by electric spark a de- 
flagration always precedes the spherical detona- 
tion propagating with a velocity of about 100- 
300 m/sec. The time delay from the spark to 
beginning of detonation depends on the gas mis- 
ture composition (Fig. 6). I n  a fuel-rich mixture 
(X = 0.59) the delays are shorter than in the 
stoichiometric mixture. The delay of 0.1 m/sec 
with stoichiometric CzHz-02 mixture is in reason- 
able agreement with thc results of Bollinger, 

0 Fong, and Edsel’ who determined a dctonation 
TOO 80 60 40 % 02 IN THE induction distance of 2 em for the same mixture 

2o 40 6o % ‘2 ”ATMoSPHERE” in n 15-mm I.D. tube ignited by a melting 0.005- 
inch copper wire. The results of Kistiakowsky 
and K~rdd’~  of the detoiiation delay of a mixture 
of 40% CzHz, 40% 0 2 ,  and 20% Ar a t  the head 
of a 10-cm diameter tube agree well with our 

3 

- 2  t 
Y E 
D: 

shows the spark ignition results with a maximum 

1 

EXPERIMENTS WITH GAP 
DISTANCE : 2.5 - 5 mm 

IR 

0 t 
FIG. ti. Delay of spherical detonation of C2H2-Oe-NL 
mixtures ttfter ignition hy electric spark (4.5 joules) 
as a function of the composition of the “atmos- 

phere.” results. 



SPHERICAL DETONATlONS 

100% 0, 
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100% C2H2 
80% 60% 20% 

100% N2 

20% 40% C,H,- 80% 

FIG. 7. Composition regions of spherical detonations of CrH-OZ-IV2 mixtures. 
Initiation: by (a) electric detonator; (b) electric detonator and 7 gm PETN 
booster; (c) 50, 100, 300 mg Pb Ng. Results of Manson': e, electric detonator. 

The electrodc gap length has no influcnce on this initial detonation. We used sinall presscd 
pellets of lead azide from 50 to 200 mg, detonator 
No. 8 containing 0.4 gm of mcrcury fulminate 
and 0.8 gm of tetryl in a thin copper cap, and a 
booster of 7 gm of PETN (Fig. 7). 

the time delay (Fig. 6 ) .  

Initiation by Detonation. The ranges of spherical 
detonation of ternary mixtures initiated by n 
detonation depend strongly on the strength of 

IGNITION BY "LINEAR" 
GAS DETONATION 

IN TUBES 

100% H, 
80% 60% .4- 

20% 40% C,H, - 80% 

FIG. S. Composition regions of spherical detonation of C2H2-02-N2 mixtures. 
Ignition by transformation of linear gaseous detonation in a spherical one. 

result of Zeldovicha; h = 1; critical diameter, 28 mm. 
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Initiation by “Lineur” Gas Detonation. “Linear” 
detonations of gaseous mistures propagating in 
a tube are able to transform into spherical detona- 
tions.lo There is a critical transformation diameter 
for each misture. For a linear gas detonation in a 
25-mm diameter tube ending in the balloon 
center, the composition region for transformation 
in spherical detonation (Fig. S) is nearly the 
same as that of the 0.2 gm PbNB initiation (Fig. 
7). Our results agree very well with those of 
Zeidovich3 who determined the critical diameter 
for stoichiometric mixtures of acetylene and 
osygen with increasing addition of nitrogen. 

If the tube with an inside diameter of 36 mm 
is enlarged a t  the tube end in the balloon center, 
to a diameter of 120 mm the domain of spherical 
detonation of CzW2-02-N2 mistures is expanded 
(Fig. S) so that i t  is nearly identical with that 
of the detonator initiation. 
Ignition by Flying Projectile. The impact of a 
rifle bullet flying a t  300-800 m/sec against the 
thin wall of the inflated rubber balloon is able to 
produce a sphcrical detonation. A bullet piercing 
transparent paper of 0.03 mm (SO0 m/sec) or 
an aluminum foil of 0.05 mm thickness (300 
m/sec) initiates a spherical detonation of a fuel- 
rich (A = 0.59) CzH2-02-N2 mixture with 20.3 % 
Nz after a very short delay. 
Ignition by Red-(lot 1C’ire. For a thermal ignition 
source we used a 0.13 mm diameter red-hot re- 
sistance wire (I  em length; 0.8 ohm). Contrary 
to  results of other authors‘ we succeeded in 
igniting a spherical detonation of 350 liters of 
C2H2-02 from 15 to more than 35% CzHz without 
much preceding deflagration. 

Ignition by Exploding Wire .  An “exploding” wire 
produces a local increase of temperature and a 
shock wave, similar to an electric spark. A 40 p 
diameter copper wire of 10-mm length (0.1 ohm) 
was “esploded” by dischar,&g a 64 pF-condenser 
charged to 450 V. The composition region of 
spherical detonation of C2Bz-02-N~ mistures 
ignited by the 6.5 joules esploded wire is some- 
what larger than the domain for the 4.5 joule 
spark (F’ig. 5 curve b).  Generally an esploding 
wire seems to be more effective in ignition of 
spherical gaseous detonations than an electric 
spark of the same energy. 

Discussion of the Results. Influence of 
Ignition Energy on Detonation Limits 

The results demonstrate the influence of igni- 
tion energy on the detonation limits, as shown 
distinctIy in the ternary mistures by the maxi- 
mum nitrogen content. The regions of spherical 
detonation characterized by this masimum nitro- 
gen content in near-stoichiometric acetylene rich 
mixtures (A = 0.8) as a function of ignition 
energy are shown in Fig. 9. The ignition values 
from detonation yield a continuous curve, tend- 
ing with increasing ignition energy asymptotically 
to a nitrogen content of about 77 % a t  lo5 joules. 

The results of ignition by “linear” gas detona- 
tion are inserted in the curve. I n  this way we can 
determine the ignition energy of gaseous detona- 
tions propagating in tubes in the absence of 
deflagration (the ignition delay being less than 
10 psec and most probably only a few micro- 
second~.)~ 

The curve wits estrapolated to a value of 10 

X 50,100,200 mg PbNb 0 ESTIMATED FROM RESULTS OF LITCHFIELD 

A DETONATOR 
(D DETONATOR + 7gm PETN 

0 TUBE, DIAMETER MM 

FIG. 9. Maximum nitrogen content in spherical detonations of C2Ht-02-N2 
mixtures as a function of ignition energy; = 0.8. 

3 
iM 
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joules and 30 joules at Nz = 0. ‘I’hc 10 joules 
valuc is rstiinatrd from results14 with exploding 
nire ignition in Ha-02 mivturcs (13 joules) and 
cthylene-oxygen (5.7 joules). The 30 joules 
value is derived from a fit to the curve in  Fig. 9. (epY = __ I n  R: 

ln zo 
where p = % N2, p ,  = 77%, z = energy in 
joules. Plotting In [pm/(pm - p ) ]  versus In 
lnz we find n = 3, with p = 0, 20 is about 30 
joules. 

For spark ignition one finds ignition delays of 
at least 50 psec, even for CzH2-Oz mixtures with 
a spark energy of about 5 joules. This ignition 
delay probably decreases with increasing ignition 
energy. In Fig. 9 we inserted the spark ignition 
data of a ternary mixture with 14% Nz and a 
spark energy of 4.5 joules. This value differs from 
the extrapolated curves. The spark is followed 
by  deflagration for 55 psec with a velocity of 
about 300 m/sec. The combustion energy of the 
acetylene burned during the delay time is about 
310 joules. This energy, will initiate ternary 
inistures with 60% Nz in direct initiation by 
dctonstion. This result indicates that only those 
ignition methods are comparable which produce 
a detonation without an intermediate state of 
deflagration. 
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Discussion 
PROF. N. MANSON (University of Poitiers, France) : 

I think that it might be of interest to bring to your 
attention the fact that Professor Lafitte performed 
some experiments on spherical detonations as early 
as 1924 ( A n d e s  de Chemie, Paris). 1 would like to 
ask Dr. Freiwald what is the accuracy of his meas- 
urements of detonation velocity? 

DR. H. FREIWALD (German-French Research 
Institute, France): We know very well the esperi- 
ments of Professor P. Laffitte [Compt. rend. 177, 
17s (1923); Ann. Phys. 10, Ser. IV, 645 (1925)] 
with mixtures of CS1 f 303 in a glass balloon of 21 
cm diameter. The mixture was initiated in the 
balloon center by 1 gm of mercury fulminate. Be- 
cause of the effect of the relatively strong shock 
waves from the initiator there was some doubt 
about the existence of a really self-sustained spheri- 
cal detonation in the mixture. Also from the theo- 
retical point of view a spherical detonation in gases 
was believed to  be impossible at that time. 

In the ease of initiation of spherical detonation by 

“linear” detonation we found the dcl:~y time to  be 
less than the limit of time resolution of our smear 
camera (10 pser). Zeldovich mentioned delay times 
of 1 to 2 psec for the CIH,-O,-N~ mixtures iised in 
our experiments. 

DR. W. E .  GORDON (Combz~.stion ancl Explosives 
Research Inc.) : Concerning the secoi1d:x-y shorli 
waves appearing in the microphone-prcssurr records 
in Dr. Freiwald’s paper, I draw attention to the 
work of Brodc [BRODE, H. L., Phys. Fluids 2, 
217 (19.59)] on the origin of such a sequence of 
shocks. Brode’s integration of the hydrodynamic 
equations shows that expansion of an initially uni- 
form sphere of compressed gas must give rise, in 
addition to an outward-facing shock wave, to an 
inward-facing shock. The latter implodes on the 
center, and subsequently is reflected, after outward 
movement, at the contact surface. As a result there 
is an indefinite number of pulsations of dccreasing 
amplitude, as the pressure records in this case 
demonstrate. 



ELECTRICAL INITIATION OF FREELY EXPANDING 
GASEOUS DETONATION WAVES 

E. L. IJTCHFIELI), M. H. HAY, AND 1). R. FORSHEY 

El(dxitd initiation of freely expanding detonation waves has been demonstrated for three gaseous 
systems. It has been shown that a well-defined minimum stored-energy requirement exists for a given 
experimental system. 

Both spark discharges and exploding-wire discharges are discussed as initiation sources, and ex- 
ploding-wire discharge is shown to produce detonation from smaller stored energies in the systems 
investigated. In each instance, the existence of a composition, or a range of compositions, requiring 
discharge of a minimum energy for initiation of freely expanding detonation waves has been estab- 
lished. 

Typical experimental data have been presented for mixtures of oxygen with the individual fuels 
ethylene, hydrogen, and propane. The data indicate that initiation of detonation in hydrogen system 
requires more energy than in ethylene systems, but less than in propane systems. The pressure de- 
pendence of the stored energy required for initiation of detonation is quite complicated; in some 
instances the pressure sensitivity is large, and in other instances it disappears. Whenever a marked 
pressure effect exists, increasing the initial pressure decreases the required initiation energy. 

Introduction 

This Bureau of Mines study concerns the di- 
rect initiation of freely expanding gaseous 
detonation L V ~ V C S  by electric discharge. “Direct 
initiation” means the production of the detona- 
tion wave as a direct and immediate consequence 
of the electric discharge, without introduction of 
cxtraiieous chemical initiators and without the 
aid of artifices such as turbulence-producing 
grids. The detonable mixtures are contained 
within spherical reaction vessels, but the develop- 
ing waves have no knowledge of the presence of 
the walls until the detonation impinges upon 
them. Thus, development to this stage occurs as 
though the walls were not present, hence the 
term “freely expanding.” 

This work is an extension of the pioneering 
endeavors of Manson and Ferrie,l Freiwald and 
Ude,2 and Zel’dovich, Kogarko, and sir no no^.^ 
The initial demonstration of the detonation wave 
by Lsffitte4 and by Manson and Ferrie,I and the 
initial postulate of a minimum energy considera- 
tion by Zel’dovich and others3 are explicitly 
acknowledged. 

The acetylene-oxygen-inert system success- 
fully used by the other authors has not been 
investigated here. Rather, the electrical initiation 
of detonation has been extended to mixtures of 
oxygen with the individual fuels ethylene, 
hydrogen, and propane. 

The previous investigators worked entirely 
with spark discharges. I n  this study some in- 
vestigations with spark discharges are reported, 
but the principal concern is with initiation by 
exploding-wire discharges. 

Experimental Procedures 

Gas mixtures were prepared with gases taken 
from commercial cylinders and used without 
further treatment. Composition was calculated 
from partial pressures ; mixing was accomplished 
within the reaction vessel. Two spherical reaction 
vessels were used: a 1-liter bomb of about 12-cm 
diameter and a 14-liter bomb of about 30-cm 
diameter. Pressure-time histories were observed 
a t  the malls of the vessels with piezoelectric 
transducers (rise times of 1 and 3 psec) whose 
outputs were displayed fts a n  oscilloscope trace. 

Electrical energy was stored on a capacitor, 
and discharges were usually accomplished with a 
three-element triggered spark gap, although 
hydrogen thyratrons have been used on occasion. 
The switch was necessary in the exploding-wire 
work and was retained in the spark work for 
reasons of convenience and similarity. 

Wire composition, diameter, and length, switch 
characteristics, and electrode geometry are all 
quite important in determining the stored 
energy required for initiation of freely expanding 
detonations. However, in any given experimental 



FREELY EXPANDING GASEOUS DETONATION WAVES 283 

circumstance there are ranges of wire length and 
diameter over which there is little effect upon 
the stored energy required to produce detonation. 

Experimental Results and Discussion 

The results contained in this paper were de- 
rived from pressure-time histories a t  the bomb 
walls. This technique has been used for observa- 
tion because of the desirability of the spherical 
vessels and the difficulties involved in achieving 
both strength and optical iiistrumentation in such 
vessels. 

Figure 1 indicates, with sonic sitnplification, 
the criteria for interpretation of‘ detonation. 
These three pressure-time histories were ob- 
tained from mixtures of 30% ethylene + 70% 
oxygen contained in the 14-liter bomb a t  an 
initial pressure of $ atm. The sweep rate is 3 
msec per major division and the auxiliary sweep 
corresponds to the deflection anticipated from a 
pressure increase of 200 psi. Discharge of the 
electrical energy was triggered approximately 
one-half of a major division from the edge of 
the graticule scale. 

Figure la is a normal combustion record 
initiated by spark discharge of about 40 mjoules 
stored energy. This eiicrgy is IO3 times the 
minimum energy for initiation of deflagration 
but is of a magnitude ordinarily employed for 
such purposes as burning vclocity studies. Time 
from initiation of discharge to development of 
peak pressure is about 2.75 msec and corresponds 
to a mean wave velocity of about 54 m/src ovcr 
the bomb radius. The pressure rise of about 60 
psi corresponds roughly to a sixteenfold increase. 

Figure Ib corresponds to Fig. l a  except that a 
stored energy of 5.7 joules was discharged 
through a 30-mm length of 0.003 inch copper 
wire to provide initiation. Shock waves are evi- 
dent ahead of the main combustion wave, and 
transient peak pressures are somewhat higher 
than in Fig. l a ;  the propagation time has been 
reduced by about 50%. Thus, this 200-fold in- 
crease in stored energy has produced some ac- 
celeration of the conibustion processes but  the 
processes are still those of a deflagration. The 
apparent negative pressure developed a t  the 
latter times is the result of transducer heating 
by the combustion wave and seems to be partially 
a radiative effect. 

Figure IC corresponds to Fig. l b  except for a 
4.5% increase in the stored energy used for 
initiation. This slight increase in stored energy 
results in an increase in transit velocity by more 
than twelvefold and a significant increase in the 

FIG. 1. l’ressure-time histories at bomb walls for 
mixtures of 30% CzHa -t ‘iOO/, O i  at  initial pressures 
of atm and initiated with different stored energies. 
Sweep rates are I, msec per major division and the 
auxiliary sweep corresponds to a drfleetion of 200 
psi. (a) “Normal” deflagration, spark initiated, 
stored energy is approximately 40 millijoules. 
(b) “Accelerated” deflagration, exploding-wire ini- 
tiated, stored energy is S.7 joules. (c) Detonaiion, 
conditions identical to (b) except stored energy is 

9.1 joules. 

peak pressure is observed. The mean velocity of 
the wave in Fig. IC is supersonic, and no shocks 
are observable ahead of the main wave. This 
record is considered to indicate detonation. The 
radiative effect upon the transducer is again ap- 
parent, although less than in Fig. lb .  

It is emphasized that all pressure effects at the 
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atm. Figure 4 contains data for initiation of 
hydrogen-oxygen mixtures with both spark and 
exploding-wire sources. 

Changing the initial pressure may produce 
either quite large or negligible changes in the 
stored energy required for initiation of detona- 
tion. At the minimum cnergy composition, the 
energy required to detonate propane-oxygen is 
unaffected by a change in initial pressure from 4 
to 1 atm. For the minimum energy composition 
of ethylene-oxygen, a change in initial pressure 
froin to 5 atin produces a small (1.5%) reduc- 
tion in the stored energy required to  produce 
detonation. At other compositions the energy 

500 

100 

w 0 - 0' 50 .̂  

-I-- 

atm 

ALL WIRES Cu,30mm. LONG, AND NO. 36 
UNLESS OTHERWISE INDICATED 

1 
0 10 20 30 40 50 

PROPANE (volume-per cent) 

FIG.  3. Stored energy required for exploding wire 
initiation of dctonation as a function of volume per 
cent of propane in mixtures of propane and oxygen 

at initial pressures of 3 and 1 atm. 

reduction with increased pressure may be rela- 
tively large-c.f., i t  is l ,OOO% for the mixture 
containing 21.5 % propane. For both the propane 
and the ethylene mixtures, the range of composi- 
tions that may be detonated with given stored 
energy is significantly increased by doubling the 
initial pressure. The increase is especially spec- 
tacular in the case of the propane-oxygen mix- 
ture. 

Other data, not contained in the figures, indi- 
cate significantly different behaviors below the 
pressures of the data in Figs. 2, 3, and-4, re- 



FREELY EXPANDING GASEOUS DETONATION WAVES zs.5 

- - 
GO 

0 NOGO 

Po = 1 aim 
Cu WIRE ..- 

- 
- 
- 

WIRE LENGTH=3Dmm UNLESS OTHERWISE 
INDICATED 

1 I I I I l l l I I  

speetively. For the miniinum cnergy:composition 
of ethylene-oxygrn, two points at pressures of $ 
and 6 atin and fitted by a relationship of the 
form p 71 have given n - 3 .  For propane-oxygen, 
n E - 5  from two points a t  pressures of $ and 3 
atm. For hydrogen-oxygen mixtures, n = -3  
over the range between $ and 1 atin. 

Figure 4 shows the relationship between stored 
energy for detonation and composition for 
hydrogen-oxygen mixtures a t  an initial pressure 
of 1 atm. Data are shown from both spark and 
exploding-wire initiation sources, and the effect 
of composition is similar. The stored energy rc- 
quirements for spark initiation exceed those for 
exploding-wire initiation byuthe ratio 82: 12.5 a t  
the minimum initiation-energy composition. The 
ratio is quoted in tcrms of the observed energies. 
Other data, not contsiiied in the figures, show the 
corresponding ratios for ethylene plus 3 oxygen 
to be 46.5:10.5 and 12.5:s.O a t  initial pressures 
of 4 and 3 atm. 

I n  a11 investigations the stored energy require- 
ments for spark initiation have been in excess of 
the stored energy requirements for exploding- 
wire initiation. There is no apparent simple rela- 
tionship between the two stored energies. The 
relatively larger “efficiency” of the exploding 

.h 50 

>- 
la w 
w 
Z w : r  

5 0 0 ,  , , , , , , , I !  

NO. 6 0 m m , 2 p f l p ~  30 WIRE CURVE 

NO. 36 WIRE 

NO. 30 WIRE 

wire is assumed to be associtited with a grcater 
efficiency of energy transfrr to tlic ga\ hut no 
dcfinite knowledge ib prew~ntly availablr. 

Stored energy seems to be the controlliiig es- 
perirnmtal variable. In  this esperimrntal ar- 
rangement, not all of tlic stored energy is tle- 
livered to the wire, and i t  is reasonable to assume 
that not all energy delivered to the wire will be 
transferred to the gas. As the concept of energy 
delivered to the gas is probably one of the funda- 
mental concepts in this investigation of detona- 
tion initiation, i t  is appropriate to inquire nhether 
any information on this subject is contained in 
the data presented here. 

Three conclusions of qualitative and semi- 
quantitative nature can be drawn: (1) that the 
steeply rising portions of thc curves in Figs. 2 
and 3 are a reflection of the behavior of thc gas 
and are not a reflection of energy transfer ehar- 
acteristics from wire to gas; (2) that  the rtltio of 
energies actually delivered to the minimum 
energy compositions of the gas mixtures ethylcnr- 
osygen/propane-oxygen is not more than the cor- 
responding ratio of stored energies, i.e., ethylene 
is indeed more sensitive to initiation of detona- 
tion than is propane; ( 3 )  that  energies delivered 
to the gas for initiation of the $- and 1-atm pro- 
pane mixtures are equal and further that the flat 
portion of the 1-atin propane data is representn- 
tivc of an approximately constant initiation 
sensitivity over this range of compositions. 

Investigations of the type described here are 
presently being conducted with other fuel gases. 
Optical studies of the detonation initiation process 
are also in progress. 
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Discussion 

1 ) ~ .  A. MACEK (Atlantic Research Corporation) : 
We havc been doing work on the initiation of 
spherical dctonation in near-stoichiometric hydro- 
gen-oxygen mixtures to which we add up to 10% of 
a third gas. The manner of initiation-by means of 
csploding wires-and of pressure measurement is 
quite similar to that described by Litchfield. In 
pure hydrogen-oxygen mixtures our minimum 
initiation energies are 10 to 11 joules, which is only 
slightly lower than the value reported by Litchfield. 
It is nlso interesting to note that the eflect of dilu- 
tion by nitrogen in the acetylene-oxygen mixture 
shown by Freiwald is similar to our results obtained 
with the hydrogen-oxygen system: addition of 10 % 
nitrogen, in either case, increases the minimum 
initiation energy by a factor of 2 (very roughly). 

We found in our work that when a given mixture 
is initiated by an amount of energy considerably in 
excess of the minimum so that detonation is formed 
rclatively long before it reaches the wall, the rccord 
01 pressure a t  the wa11 corresponds roughly to the 
reflected steady-state detonation pressure. If, how- 
ever, the initiating energy is near the minimum, the 
pressure at the wall can be much higher. We believe 

that the eFfect is the rcsult of the temporarily over- 
driven detonation in its nascent stage described by 
Brinklcy and Lewis in the Seventh Combustion 
Symposium. I wonder if either Dr. Freiwald or Mr. 
Litchfield has observed such an effect. 

Dn. H. FREIWALU (German-French Research 
Institute, France) : We did not find any overshooting 
detonation velocities in the case of ignition of 
spherical detonations of C2H2-02-Np mixtures by 
electric spark, but the precision of our mcasure- 
ments of detonation velocity wns limited by the 
transparency of the envelope of the rubber balloons. 

Mn. E. L. LIrrcamxm (u. 8. Bureuu os Mines):  
We havc not actually worked with acetylene-oxygen 
systems. Dr. Freiwald has simply taken a con- 
servative number from our work and applied it to 
his. We certainly bclieve his estimate to be con- 
servatively high. 

With regard to measured pressure characteristics, 
we are not prepared to discuss the extent to which 
we have quantitative confidence in the transducer 
records. 



THE GROWTH AND DECAY OF HOT SPOTS AND THE 
BETWEEN STRUCTURE AND STABILITY 

T. BODDINGTON 

Explosions frequently occur in condensed phase explosives as a eonscqurncc of thc suddrn form:+ 
tion of localized rrgions of high temperature lcno~n as hot spots or temperature Hot spots 
may be produced under impact conditions or hy irradiation with light, neutrons, and fission frag- 
ments or by the arrival of a shock wave a t  an inipedanre discontinuity. In spite of their obvious 
importance hot spots have received little throretical consideration, probably because thr rclcvant 
equations are rather intractable. This paper dcals with two methods of estimating the critical condi- 
tions for explosion to occur. The first method involves an approximate analytical apprcxxh and has 
the advantage of demonstrating the relative importance of the numerous parameters involved. The 
second method, an exact machine solution of the same problem, gives results in good agreement 
with those derived from the analytical method. Growth to explosion is shown to depend on thc 
magnitude of a single dimensionless criterion. Finally we consider the dcpendencr of thc exi)losive 
character of a solid upon its electronic structure. 

Growth and Decay of Hot Spots 

We shall rcgard the evolution of a hot spot as 
a purely thermal prohlcni in which mass flow can 
be ignored. With this viewpoint explosion occurs 
if self-lieating within the hot spot exceeds the 
rate at which heat is conducted into its sur- 
roundings, the subsequent growth and propaga- 
tion of a Bame being taken for granted once the 
material within the hot spot “esplodcs.” 

In the absence of a n  exact knowledge of the 
iiature of a hot spot we assume that its tempera- 
turc profile is initially rectangular and that i t  
corresponds to  a slab, cylinder, or sphere at an  
elevated temperature T, within an infinite, 
homogeneous, isotropic explosive mass at an  
ambient temperature To, The radius of the cyl- 
inder or sphere and the half-width of the slab will 
be denoted by a. We assume that the esplosive 
concentration n follows an Arrhenius rate law 

and that the activation energy E,  the lire-expo- 
nential factor v ,  the heat capacity c, the density 
u, the exothermicity q, and the thermal con- 
ductivity K are all constant. The equation es- 
pressing conservation of energy is 

aT dn 
uc - = K divgrad T - q - 

dt at (2 )  

and the initial conditiolis are 
T =  T,  for l r l < n  

T = TO for I T /  > a i  
1 at t = 0 ( 3 )  

where r is the distance from thr  ccnter of the hot 
spot. The conditions for explosion should arise 
naturally from the solutions of Eqs. ( I )  and ( 2 )  
with the initial condition ( 3 ) .  

Analytical Solution 

For simplicity reactant consumption is ignored 
in this section so that n is equal to u throughout 
thc pre-explosion period. Equations (I)  and (2) 
thus give 

dT 
uc - = K divgrad T f yuv exp (- E / R T )  (4) d t  

I I1 111 

This equation cannot be integrated directly 
but the form of the initial conditions cnablcs us 
t o  introduce simplifying approximations. 

By dropping term I1 from Eq. (4) we obtain 
an equation corresponding to an adiabatic hot 
spot and this can be integrated approsi~nately~ 
t o  give 

t = t,(I - e?) ( 5 )  
where 

t, = GRT,?~ exp (EIRT,) 
p v E  

E 
R TS3 # =  I_ ( T -  T8)  

According t o  Eq. ( 5 )  the ternpcraturc increases 
slowly at first and thcn at, say, 8 equals 1, rises 
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very rapidly. The temperature increase a t  the 
end of the induction period is given by 

T - T,  = RTs2/E 

Now typically T ,  - l00O0E<, E - 40 kcal/mole 
and To - 300"E;, so the temperature increase 
(-50"C) is small compared with the tempera- 
ture drop a t  the edge of a hot spot (-700°C) 
even towards the end of the pre-explosion period. 
Thus the heat 10:s from a reactive hot spot is 
nearly the same as that from the corresponding 
inert hot spot (for which q = 0). This approsima- 
tion was first used by Rideal and Robertson? 

The decay of an inert hot spot is governed by 
the Fourier equation obtained by dropping term 
I11 from Eq. (4) to give 

dU/dr = vau (6) 
with the initial conditions 

U =  U o =  T,-  To for l p I  < 11 

U = Q  for l p l >  IJ 
a t r  = 0 

( 7 )  
\\here U = T - To; r = Kt/uca2; 0: = 
($?/a$) + ( k / p )  ( a / a p )  ; p = r / a ;  and k is 0, I, 
2 for a slab, cylinder, or sphere, respectively. The 
solutions of Eq. (6) with condition (7) are given 
by 
U/Uo = +(erf ZJ + erf u) k = O  

= lrn ~ l ( k ) ~ o ( k p )  esp ( - ~ r ) d k  ii = I 

= 4(erf ZJ + erf u) 
-. 

[esp (-d) - exp(-$)] 

k = 2  

where u = (1 + p ) / 2 2 / ; ;  v = (1 - p)/2&. 
Thus for k = 0, 1, or 2 U < $UO if I p I > 1 and 
we can neglect reaction rates outside the hot spot. 

The temperature gradient a t  the hot-spot 
boundary ( 1 p 1 = I) is given by 

where 

f = I - exp (- 1/r) k = O  

k =  1 

k = 2 

We show below that we are concerned with times 
such that r is less than Thus the 
approximation 

= 1 - 3714 + O(7-2) 

= 1 - 27 + ( I  + 2r) esp (--1/r) 

is valid to within a few per cent. 
We are now in a position to solve Eq. (4). In- 

tegrating over the volume of the hot spot we 
obtain 

d P  VUC- dt = ./,/grad T * dA 

+ vquv (-- E/RT*)  ( 9 )  

where A denotes the surface I r I = a and p 
and T are mean temperatures given by 

p = V-l T dV 

Assuming that T* = !i' = T and noting that 
A/V = ( k  + 1 ) / a  n-e can combine Eqs. (S) and 
(9) with the Frank-Kamenetskii exponential ap- 
prosimation4 to give 

where 

K R  Ts3exp(E/RTS) 
quvEa~ 7, = 

k f 1 K ( T ,  - TO) esp (EIRT,) 
E =  ___. 

2%'; quva2 

Our initial condition becomes 0 = 0 a t  r equals 0. 
The ordinary differential Eq. (10) can be inte- 
grated directly giving 

2 = (1 - +>eu+ + Y) (11) 

where 

2 = e-0 

y = A d  

Equation ( 11) describes the temperature evolu- 
tion of any hot spot in terms of the dimension- 
less measure of temperature x and the dimension- 
less measure of time y. In  physical terms y is 



GROWTH AND DECAY OF HOT SPOTS 289 

proportional to thc squarc root of the time since 
inception and T is inversely proportional to the 
rate of heat evolution within the hot spot. The 
parameter (b is of considerable importance, as. 
can be seen from an examination of Eq. (11). 
We see that 

x' = dx/dy = (1 - 4 ) e v  + 4, 

z'' = d2x/dy2 = (1 - +)eq', 

and 

a t  y equals 0. Obviously the nature of the tem- 
perature evolution depends upon the value of (6, 
We distinguish five cases which are of interest 
to us. 

Case 1: 95 = 0, corresponding to an inert hot 
spot. Equation (11) becomes z = e?/ or 0 = 
-AT:. This is an approximate solution of the 
Fourier equation. The temperature falls steadily. 

Case 2: 0 < 4 < 1, corresponding to a hot spot 
of low radius. We see that x" > 0, zf > 1, x > 
1 + y. The temperature declinrs steadily hut is 
always greater than that of the corresponding 
inert hot spot. No explosion occurs. 

> 1, corresponding to a hot spot of 
large radius. xf' is now negative and 

Case 3: 

x' > 0 for 0 < y < In  [(b/(+ - I)], 

z' < O for y > In [+/(+ - I)], 

The tcmperature falls a t  first but then in- 
creases, finally leading to explosion. Physically 
wr expect an initial fall in the mean temperature 
since the rate of self heating is finite while the 
rate of heat loss is initially infinite for our 
idealized temperature distribution. 

Case 4: (b = I, corresponding to a critical hot 
spot. Equation (11) becomes z = 1 + y. The 
temperature falls steadily and no esplosioii 
occurs. 

Case 5 :  $I = a, corresponding to an adiabatic 
hot spot. This case is included for the purpose of 
comparison. The approximate solution for the 
adiabatic case is obtained by setting E equal to 0 
in Eq. (10) to give T,(&/~T)  = eo or T/T, = 
1 - e-0 which we may write as x = I - $(by2 
diere  the reduced time y is that  appropriate to a 
hot spot characterized by the value (b. The tem- 
perature becomes infinite at y equals (2/(b) i. 

The variation of 2 with y for various values of 
4 is given in Fig. 1. The dotted curve is the locus 
of the maxima in z (minima in 0) for (b > 1 and 
i s  given by z = y (  1 - e - V ) - I .  - 

1 2 
Y -- 

FIG. 1. Evolution of a hot spot as ;1. function of tthc 
parameter 4. Curves given by z = (I - 4 ) e u  + 
4( l  + y) are all tangential to the line 5 = (I + ?I) 
at y equals 0. Dashed curve is the locus of the mssimn 

in x for d, > 1. Explosion occurs at e equals 1. 

Explosion Times. The time taken by the hot spot 
to reach infinite temperature (res, yes) is given 
bY 

(12) 

Tnble 1 shows some values of y,,, ?/:,<I (the corre- 
sponding adiabatic explosion time) , and ~JT, 
for various values of (b. Thc reduced adiabatic 
explosion time at thc critical temperature is 

(1 - (b) esp (yJ + +(I + yCx) = 0 

TABLE 1 

The Dimensionless Explosion Time as n Function 
of the Criterion @ 

0.01 0.00997 1.006 2,10' 
0.1 0.097 1.062 2.102 
1.0 0.725 1 .905 3.50 
2.0 1.090 3.37 1 .GS 
4.0 1.341 S.S6 1.11 

10.0 1.410 50.3 I + 5.10-3 
20.0 1.414 200 I + 5.10-6 
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givcii by 

7, = 2/+& 

a i d  therefore a hot spot which is ca. 5’ super- 
critical (+ N 1.1) explodes after a time given by 
r c . x e  5.10-2. Since Eq. (10) is valid for T < 3.10+ 
it is rensonably valid throughout the pre-esplo- 
sioii period for a near-critical hot spot. 

Valzdity of the Solution. Most of the assumptions 
and aiproxiniations implicit in the derivation of 
I3q. (10) are demonstrably reasonable for the 
conventional explosives provided that ( 1) 
I</RT, 2 20, (2) 10 1 < 2 or 0.13 < x < 7,  and 
( 3 )  T 6 3.10” or y 6 4. 

These three conditions are satisfied in cases of 
igterest to us. However the assumption that 
1’ N T* is difticult to justify. Reasonable esti- 
mates of the temperature profile a t  the e_nd of the 
induction period suggest that T.  - T can be 
ea. 15’ a t  this stage although zero initially. Thus 
the error incurred should not be serious. 

The results of the numerical method described 
below indicate that Eq. (10) is substantially 
correct. 

Numerical Solution 

The basic equations for a spherical hot spot 
have becii solved exactly with allowance for re- 
actant consumption and without the use of 
li‘rank-Iismeiietskii’s exponential approximation. 
Our procedure is to replace Eqs. (1) and (2) by 
their infinite diff ereiice equivalents using the 

T - 
TO t 2.5 

2.0 

P- 

FIG. 2. Evolution of 3 nearly critical hot spot in 
TWX. a = 5 p, T ,  = 417°C. The time since incep- 
tion is given by t = n.6t where 61 = 2.53 X 
.use?. Explosion time equals 3.S psec (arrows indi- 

cat(’ direction of increasing n). 

Crank-Nicolson finite tliffcreiicc Tlicse 
equatioiis are then solved iiuiiiericnlly using a 
high-speed digital computer. The machine is 
supplied with the necessary parameters and pro- 
vides the teiiiperature and coiiccritratioii profiles 
in the neighborhood of the bot spot as a function 
of time. Thc critical coiiditioiis for explosion are 
found by trial and error. Using the idealized 
rectangular temperature distribution the critical 
coiiditions so obtained for 600’K < T,  < 1300’K 
are given by 0.2 < #cr < 0.35 and the explosion 
times are given by Eq. (12) to within 6% pro- 
vided that + > 1.2. Figure 2 shows the evolution 
of the temperature profile corresponding to a 
spherical hot spot in RDX (where a = 5 p and 
T, = 417’C). The hot spot, which is just super- 
critical, develops in quasi-adiabatic fashion near 
the center but reaction is quenched by a “cold 
wave” moving inwards, so that only the central 
portion explodes. A hot spot is critical when the 
“cold wave” just succeeds in quenching the re- 
action a t  T = 0. 

2.0 

1 1.5 

1000 

T V  

1 .o 

0.5 

200 

300 

400 

500 

750 

1000 

2000 

/ 1 4ooo 

2 3 4 5 6 7  

log a (A)- 
FIG. 3. Critical temperature as a function of hot- 
spot size for some common explosives. Straight lines 
are for k = 0 and should be displaced to the right 
by the amounts 0.301, 0.477 for IC = 1, 2 respec- 
tively. A: AgNJ; B: HMS, PETN (greatest slope); 
C: RllS; D: tetryl; E: ethylenedinitramine; 
F: ammonium nitrate. Thc steep curve represents 
decay of a thermal spike caused by a fission frag- 

ment (corrected to k equals 1). 
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Only the spherical case (IC = 2) has becn 
studied numerically but the critical conditions 
found agree closely with the condition where 
(b = 1. Because of the strong tenipcrature de- 
pendence of + tlie critical tcmperature.: prcdictcd 
by the analytical and the nurncrical inethods are 
in cscellent agrepmpnt for a wide rangc of hot- 
spot sizes. 

The Critical Condztian for Ihplosion. Thr  critical 
hot-spot six,  acr, is givcn by writing the condi- 
tion + = 1 in the form 

where u$ = ftlj:/2ayvRa is a constant for a giveii 
csplosivc. Since To,/Ts usually lics in the range 
0.2 to 0.5 we may use the approx<niation 1 - 
To/T, N esp (-5To/4Ts) in order to estimate 
critical temperatures. We then find 

where T, is the Arrlieiiius temperature, E/R .  
Figure 3 shows the variation of reciprocal tem- 
perature with lag a for planar hot spots in soine 
common csplosives under the critical conditions 
given by Ey.  (13) .  The corresponding critical 
conditions for k cquals I or 2 are obtained by 
displacing the straight lines in Fig. 3 to the right 
by an amount loglo 2 or loglo 3, respcctively. Al- 
l o ~ i n g  for experimental error, all the data quotcd 
by Hoviden and Yoffc‘ fit condition (1 3 ) .  

It is interesting to obscrve that  the critical 
conditions for explosion do not depend upon the 
value of the lieat capacity of the csplosivc. 

Impact Sensitivity. If we assume that in a well- 
standardized “drop hammer” impact sensitivity 
test hot spots are forined which have a size 
roughly equal to the half-thickness ( a * )  of the 
sample, and t h a t  their temperatures are given 
by a frequency curve which is independent of the 
explosive used, then we expect the observed order 
of sensitivity to be the same as the order of the 
critical hot-spot temperatures at a ‘V a*. Ex- 
ainination of the ordinates of Fig. 3 betxeen a 
cquals 0.1 mm and a equals 1 mm shows that this 
oversimplified model does indeed correctly fore- 
cast the order of impact sensitivities. 

Fission Fragment Bombardment. Bowden and 
Singh6 have shown that the common esplosives 
are not initiated by this mechanism, nor by 
irradiation with a-particles and slow neutrons. 
Simple calculations show that high-speed fission 
fragments generate more intense temperature 
spikes in solids than those formed by a-particles 
or neutrons. A typical (100 MeV) fragment 
from P5 generates a cylindrical spike which has 
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s gaussian temperature profile of intensity ca. 
2000 eV/8. The way in which this spikc decays 
is shown by tlie steep curve in Fig. 3 (a i s  tlie 
radial distance of the temperature profile in- 
flection, T is the temperature a t  r = 0). The 
spike becomes subcritical for all the common 
esplosives after ca. IO-’o sec, although it is supcr- 
critical before this. We coiicludo that, inasinucli 
as our idralized model is applicable, no thcrmo- 
clieinically significant reactions can occur in this 
short time and thus no explosion occurs. 

The Relation between Structure and 
Stability 

This section of the paper considers soine rccciit 
work of A. D. Yoffc and his eo-workers in my 
laboratory? They are attempting to show the 
general relationship between the clectronic struc- 
ture and the stability of explosive substances. 
For siniplicity only the azides are discussed here. 

It is now accepted that  in a number of the in- 
organic azides the initial step in thc decomposi- 
tion by heat and light is the formation of an 
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I 
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FIG. 4. Absorption spectra of somc azides 
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FIG. 5 .  Itefructive indrs. Wavclcngth curves of 
inonov:i[ent axides at room tcmpcrature using 

unpolarixed light. 

azide radical by the promotion of a valence elec- 
tron to the conduction band of the solid. Two 
szide radicals can then react exothermically to 
form nitrogen ( A H  = -232 kea1 mole-'), and 
the metal ions liberated can aggregate to form 
electron traps capable of capturing any fresh 
clectrons promoted to the conduction band. 

The size of the azide group precludes the rapid 
diffusion of Na radicals in the solid lattice so that 
reaction occurs a t  the crystal surface and perhaps 
a t  imperfections. The rate-limiting process is the 
production of s free electron from an azide ion 
or an exciton. A study of the absorption spectrum 
of a solid azide enables us to calculate the optical 
energy required for these basic processes. The 
thernral (activation) energy can then be found 
from the ratio of the high and low frequency 
dielectric constants." Figure 4 gives a schematic 
summary of measuremeiits on absorption spectra 
and Fig. 5 gives the results of refractive index 
measurements. The ignition characteristics of a 
series of azides arc given in Table 2.  As the 
ionization potential of the metal increases the 

WAVELENGTH 1 
FIG. 6. Dichroism in single crystals of thallium 

azide, 5 p thick. 

gap between the valence and conduction bands 
decreases and thc azide beconies less stable. Thus 
KlVs is relatively stable while CuN3 is very sensi- 
tive. The absence of photoconductivity in KN3 
indicates a Iarge gap between the n = 1 exciton 
band and the conduction band in accordance 
with the observed stability, although Deb 
(private communication) has recently obtained 
evidence for photoconductivity with this com- 
pound? When the ionization potential exceeds 
8 eV thc azides lose their "ionic" character alto- 
gether and the covalently bonded azide group is 
no longer symmetric. The first step in the de- 

TABLE 2 

Explosion Characteristics of Some Inorganic Azides 

Ionization Thermal Optical Propagation Thermal dis- 
potential of ignition ignition velocity of film sociation energy 

of metal temperature energy CB. 0.1-mm Photo- o f n  = 1 
Compound (eV) ("C) (joules) thick conduction exciton (eV) 

- No 0.9 KN 3 

TlNa 6.07 475 92 1450 Yes 0 . 3  
AgNz 7.54 475 39 2170 Yes 0.33 
CUN 3 7.72 210 12 2720 No ea. 0.35 
Hg?(Na)z 10.44 400 164 3000 No 

4.32 - I 

- 
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analysis suggest that  at - 30°C thallium azide 
undergoes a change to a more complicated struc- 
ture. Silvcr azide also undergocs a phase changc 
a t  190°C.13 A study of the high-temperature 
properties of the azides must be made in order to 
further our knowledge of the decomposition 
process. 

Some consideration must also be given-’ to 
liquid-phase reactions. In  molten explosives thc 
mobility of the species is high and fast bulk re- 
actions occur. Although some solids do not melt 
prior to explosion, e.g., oxalates and acetylides, n 
molten phase is usually necessary before self 
heating leads to explosion. 
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of temperature. 
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RELATION QF IMPACT SENSITIVITIES BY MEANS OF 
THEbHOT SPOT MODEL 

MORi’OX H. FRIEDMAN 

It is gencrally accepted that explosions of most impact-sensitive materials are thermal in origin. 
The mechanism of impact initiation presumably involves the formation of small regions of high 
tempc,rature within the reactant.’ These “hot spots” may serve as nuclei from which grow the more 
gross phenomena-decomposition, deflagration and detonation. The phenomenon of impact cs- 
plosion may be treated as a two-step process. First, the hot spot is formed in the explosive; second, 
exothermic reaction within the hot spot leads to sustained deflagration and/or detonation. Exo- 
thermic reaction is considered first, xid critical hot spot size is determined by computer intcgratiori 
:is a function of hot spot and ambient temperatures and the properties of the reactant. It is assumed 
in the analysis that the sample is infinitely large, heat flow is one dimensional, reactant consumption 
and heat losses are negligible, and exothermicity and all physical properties are constant. The validity 
of the last four assumptions is examined and generally established. The closed form equation for 
critical hot spot size is applicable when the hot spot temperature is between 400” and 9000°K and 
when the activation energy for decomposition lies between 5 and 60 lical/~~ole. 

BLmed on several assumptions regarding the mechanism of hot spot formation, an impact sensi- 
tivity rorrclation is derived, presented graphically, and used to predict the sensitivities of 16 es- 
plosives, propellants, and recently synthesized organic compounds. The correlation predicts es- 
perimcntal sensitivities to 40% and indicates the degree to  which impact sensitivity is afiected hy 
the several thermal arid kinetic propertics of eiplosive materials. 

Introduction 

Hot spots can be produced in many ways by 
impact. I n  liquids, hot spots may be formed by 
the adiabatic compression of minute gas bubbles, 
or, inore likely, by the partially adiabatic coni- 
Iiression of spray-filled Gas may be en- 
trapped in a solid by the rapid mechanical 
crushing attcudant upon impact. A particle of 
grit, rubbing against either another particle or 
the sample container, may become hot enough to 
initiate an explosion. Under severe conditions, 
the hest generated by the shearing of liquid or 
molten layers may be sufficient to  cause esplo- 
sion. Hot spots liavc also been attributed to  tri- 
bochernical e f f e ~ t s . ~  Therefore, hot spots, al- 
though a coiivenieiit intermediate in models of 
impact initiation, can vary widely in physical 
nature depending 011 the state, purity, and 
physical properties of the substance in which 
they are formed. 

perature dccomposition rate and csothermicity, 
Qhich determine whether or iiot a given hot spot 
will grow or decay, rank similarly in importance 
regardless of the exact nature of the hot region. 
For this reason, the hot spot model described 
here was used. 

Consider an infinitely large homogeneous 
sainple of‘ explosive, at temperature TI.  If re- 
actant consuiiiptioii and heat losses to the 
surroundings arc negligible, and if the heat of 
reaction of the material is independent of tein- 
perature, then, for any hot spot formed in the 
material, there exists a critical hot spot size. If 
this value is exceeded, the tcmpcrature at the 
center of the hot spot will rise monotonically. If 
the hot spot is of subcritical size the central 
temperature will first rise and then fall toward 
the ambient temperature. 

Under the above a5surnptions the differential 
equation which determines the dependence of 
temperature on time at any point in the esplo- 
sive wheii heat i y  transferred by conduction 
alone is 

Homogeneous Hot Spot Model 
dT 
at 

Cp - = k V T  + pQZ esp 12egardle>~ of the physical nature of the hot 
spot, it is likely that such factors as high-tem- 
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whereC = heat capacity 
p = density 
T = absolute ternperaturc 
t = time 
k = thermal conductivity 
Q = heat evolved by decomposition 
Z = frequency factor 
E = energy of activation 
R = gas constant. 

To simplify the initial problem of determining 
the critical hot spot size as a function of hot spot 
and ambient temperatures and the properties of 
the explosive, the hot spot is postulated to be a 
two-dimensionally infinite slab of thickness 2d 
imbeddcd in an infinite mass of reactsnt. Equa- 
tion (1) then becomes 

with the boundary conditions 

where x = distance 
TO = hot spot temperature. 

Integration of the Heat Sensitivity Equation 

Two digital computer programs were written 
to find critical hot spot sizes from Eq. (2). The 
first of these programs used a method described 
by Goheen: which treats the hot spot as a tem- 
perature perturbation; the second employed a 
second-order finite difference approximation to 
the sensitivity equation. Both of the computer 
programs operated not on the variables indicated 
in Eq. (a),  but rather on the dimensionless 
variables given by Eqs. (4) 

RQZ 
CE 7 . " - t  

The dimensionless parameters corresponding to 
TO, TI  and d are, respectively, BO, 81 and a. The 
results of the integrations are given in Table 1. 
If TI = 3OO0Ii, these results correspond to hot 
spot temperatures of 400' to 9000°K and aetiva- 
tion energies between 5 and 60 kcal/mole. 

TABLE 1 

Crit,ica;l dimensionless hot spot half-widths 

Dimensionless Dimensionless 
hot spot ambient 

temperature temperature Logloucr 
0 0  8 1  (See notc ") 

0.05 
0.10 
0.20 
0.30 
0.03 
0.04 
0.06 
0.0s 
0.10 
0.15 
0.20 
0.16 
0.24 
0.34 

0.01 
0.01 
0.01 
0.01 
0.02 
0.03 
0.03 
0.03 
0.055 
0.07.5 
0.05s 
0.12 
0.12 
0.12 

3.53 
1.62 
0.83 
0.47 
6.1s 
4.39 
2.82 
2.04 
1.37 
0 .  so 
0.65 
0.BG 
0.45 

0.3.5-0.13 

a This is the just-subcriticsl radius. Thc true 
value of log aor lies less than 0.01 :hove the given 
value. 

Analytical Correlation of Results 

The utility of an analytical correlation of the 
results presented in Table 1 is evident. Such s 
correlation can be used to predict values of the 
critical hot spot size for cases other than those 
given above without necessitating further com- 
puter work. I n  addition, such an analysis can 
lead to the developmcnt of equations to predict 
the impact sensitivities of potential esplosivc 
and propellant ingredients. To  determine the 
form of the correlation, i t  is first necessary to 
construct a mathematically convenient model 
whose behavior is similar to that of the hot spot 
simulated on the computer. 

Denote the dimensionless ternperaturc a t  the 
center of the hot spot by 0". For any combination 
of values of Bo, 01 and a, plots of O" versus time 
exhibit one of three forms. For a < acr, O* rises 
to  a maximum value, B*aenlc, a t  a time, rpr.,~, and 
then falls toward 81. When a is slightly greater 
than a,, (the just supercritical case), 8" rises 
continuously, exhibiting an inflection a t  
and qnf. The inflection temperatures and times 
for the just-supercritical case are quite close to 
the peak values for the corresponding just-suh- 
critical case. When a exceeds ucr by more than a 

z a 
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sninll ninount, 8'k rises continuously without es- 
hibiting an inflection. 

In evaluating a model to represent the be- 
havior of 8" with time, it is most important that 
this model be accurate up to the inflection point; 
after inflection, which could be said to take place 
when t = 0 for highly supercritical cases, the 
course to esplosion is evident. Observation of the 
results of the computer integration for just- 
supercritical cases yields the following con- 
clusions : 

1. The space-average heat generation rate 
within the hot spot changes relatively little prior 
to inflection. 

2. Before thc inflection point is reached, not 
much heat is generated outside the hot spot. 

From these observations, two assumptions 
were made regnrding the rate of heat evolution 
in the vicinity of the hot spot; first, that the 
region external to the hot spot is unreactive; and 
second, that heat is generated a t  a constant rate, 
B, within the hot spot. The solution of this initial 
value prolt~cm is, for 11: j < a, 

( 5 )  
When 2 = 0,  Eq. ( 5 )  reduces to 

a a 
8" = (BO - 8,) erf I_ + rB erf __ 

2(7-') 2 ( 4 )  

U - $Ba2 crf - + el. (6) 2 ( d )  

The derivative of 8" with rcspcct to r is obtained 
formally. 

+ B erf [u/Z(r:)]. (7) 

Making the substitution C#J = a2/4r, 

where 

(9) 

According to this analysis, tlic critcrion lor sta- 
bility should be a function of B and (8, - 0,) /u2, 
From plots of Eq. (S) with Cr/B as parameter, i t  
can be seen that &"/dr shows no nontrivial zero 
unless G1 is sufficicntly negative. Nontrivial zeros 
correspond to local maxima on the 8*-r plot. The 
computer solution of Eq. (2) indicates that  once 
de*/& goes negative, no esplosion obtains, even 
for a zero order reaction. The value of Cl was 
found which would just cause dO*/dr to havc a 
zero. This critical valuo of Cl is 

Clcr = - 2.2B. (10) 

Then, letting B equal the noudimensional heat 
release rate a t  00, solving for a in Eq. (9), and 
letting the factor of 1.012 equal one 

Equation (11) and the computed values of a,, 
are shown in Fig. 1. Agreement is good. The above 
correlation can easily be used to predict critical 
hot spot sizes in other geometries without further 
computer work. 

Reactant Consumption Prior to Explosion 

The validity of the assumptions that the exo- 
thermic reaction is zero order and that the heat 
capacity, thermal conductivity and density are 
constant depends largely on whether much of the 
explosive or propellant is consumed before ex- 
plosion. T o  estimate the maximum conversion 
of the reactant, the degree of reaction a t  the 
center of the hot spot will be considered since, 
for any unstable case, the temperature history 
here will be hottest and the most reaction will 

15 

EQUATION (11) 
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have taken place a t  any time. The just-super- 
critical esse will he considered because, for any 
pair of initial temperatures, this case requires the 
greatest degree of reaction at the center to 
achieve 3. given central temperature. The con- 
version %t the inflection point will be found 
because, after inflection, self-heating in the hot 
spot region becomes nearly adiabatic, and in- 
creased conversion will confer stability to no 
greater extent than is observed in bomb tests. 

It can easily be shown that the conversion a t  
a point 6 at a time r is given by 

where f = fractional conversion. 
If we assume an ambient temperature of 300°1i, 

the selection of a value of 81 implies a value for 
E/R .  The maximum conversion to  inflection is 
given by 

f* = CI*/Q (13) 
where 

Table 2 gives some values of I* for several just- 
supercritical cases. From these results, it can be 
seen that the conversion at inflection increases 
as the hot spot temperature rises. The effect of 
energy of activation on conversion is negligible. 
Taking a typical value of 5 X 'E(-' for C/Q, 
3, maximum conversion of 1 %-S % is indicated. 
When high-temperature hot spots are produced 
in materials with large heat capacities or low 
heats of explosion, reactant depletion and reac- 

TABLE 2 

Conversion integrals for selected just-supercritical 
cases 

Dimensionless Dimensionless I* (degrees K)" 
hot spot ambient 

temperature temperature 
eo el 

0.04 0.03 39 
0.20 0.075 160 
0.08 0.03 157 
0.16 0.12 '1.5 
0.34 0.12 12.5 

See Eq. (13). 

tion order may have to be considered; in general, 
however, reactant consumption may be neglected. 

Further analysis of the computer results yields 
the following conclusions : 

1. The  times to explosion obtained from the 
computer integration agree with those found ex- 
perimentally from impact sensitivity studies. 

2. Variations in heat capacity, thermal con- 
ductivity, density, and heat of explosion in the 
period after hot spot formation, due to either 
reactant depletion or temperature change, have 
little effect on hot spot stability. 

3. Only a minor fraction of the heat flus 
through the explosive can be attributed to 
thermal radiation. 

Impact Sensitivity Correlation 

To study the practical implications of the hot 
spot model with regard to impact sensitivity, i t  
is first necessary to restate Eq. (11) in dimen- 
sional form 

( 1 4 4  F , , , / - T o m  100.109?8ElT0 

where F = 4i7ZFZ and TI  is taken to be 30OoEI. 
Assume that the number of hot spots formed by 
a given impact is the same in all materials, that  
they are formed in all species with the same 
efficiency of energy transfer, and that the energy 
in a hot spot under impact is proportional to the 
drop height, h, raised t o  an empirical power, n. 
Then, 

d3( To - TI) = Dlh" (13) 

where DI is a proportionality constant which 
may include volumetric heat capacity. The value 
of n depends on the means of energy transfer 
from the impacting hammer to the sample. If the 
hot spot size is Lsed, the "drop height" of an ex- 
plosive corresponds to  that value of h which 
generates a hot spot of temperature T,,,,, where 
TO,, is defined implicitly by Eq. (14a). Equation 
(148) can be rewritten as 

where V (  TO)  = volumetric rate of heat evoiu- 
tion a t  the hot spot temperature. caI//sec cc. Im- 
pact sensitivity may be related through Eq. i 14h) 
to rate constants for decomposition. times to 
explosion, and other easily measured phe2omena. 
rather than more basic properties such as Beat of 



298 DETON-4TIOK AND TRANSITIOK TO DETONATIOK 

reaction, frequency factor, and energy of activa- 
tion. In  the present study, Eq. (14%) will be used. 

Substituting Eq. (15) into (14a), taking the 
decimal logarithm, and rearranging, 

77- 
y d. log F i- 512  log li - log d $- log I4 

0.1092SE 
= 0 (16) 

+ 300 + (Dlhn/d3) 

Equation (16) is the first to  include the hot spot 
size as an independent variable determining sen- 
sitivity. As hot spot sizes cannot yet be predicted 
or measured accurately, the terms in d were re- 
placed by constants, giving the final correlation 
equation : 

+ D3 0 (17) 0.1093 E 
300 + Drh” log F + in log h + 

where n, DZ and D3 are parameters of the 
correlation. 

To  find the best values of n, DZ and D3, the ob- 
served impact sensitivities of nine COHN ex- 
plosives, four propellants, one sensitive inorganic 
compound, and t v o  sensitive classified com- 
pounds were correlated by  Eq. (17). The index 
of sensitivity Tas the 50% drop height, in cm, as 
measured on the Explosives Research Laboratory 
Machine with Type 12 tools and sandpaper.5.6 
The best values of the parameters are those 
which minimize the logarithmic standard error 

defined belox-: 

where Slog = logarithmic standard error 

A- = number of species correlated 
M = number of parameters fitted 
i = counter ranging over those com- 

pounds whose experimental and 
predicted 50 % drop heights are 
not both below 6 cm or over 
50 cm 

Hi = experimental drop height, i th  
component 

h,; = predicted drop height, i th 
component 

wi = normalized statistical weight, i th 
Component 

The standard error is defined in this fashion to 
allow the correlation to  best fit the experimental 
data between 6 and 50 cm. The terms “very 
sensitive” (less than 6 cm) and “insensitive” 
(greater than 50 cm) are treated qualitatively 
rather than quantitatively. 

The final correlation is 

+ 0.297 = 0 (19) 

TABLE 3 
Final sensitivity correlation 

Compound 
0.1. 0.1. H h 

exptl. predicted (em) (em) 

Q 
TNT 
Ammonium perchlorate 
Tetryl 
Composite propellant 1 (Cl) 
Cyclotol 
Double-base propellant (DB) 
HMX 
RDX 
DINA 
Composite propelIant 2 (C2) 
PETK 
Nitroglycerine 
Classified compound 1 (Sl) 
Classified compound 2 (52) 
Perchloric anhydride 

1 
2 
3 

4-6 
4-6 
4-5 
6-10 
6-10 
i-11 
7-1 1 
9-1 1 
12 
13+ 
13+ 
1 3 1  
1 3 1  

1 
2 
3 

10 
5 
S 

11-12 
7 
6 
9 
4 

11-12 
13 

14-15 
16 

14-15 

> 50 
> 50 

44 
36 
34 
32 
25 
27 
24 
23 
21 
12 

<6 
<6 
<6 
< G  

72  
50 
45 
17 
43 
19 
15 
31 
34 
19 
44 
15 
i 
4 
1 
4 
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Equation (19) predicts the experimental sen- 
.iti\-ities of the sisteen diverse exothermic ma- 
terials with a logarithmic error of estimate of 
0.1.35; that is, the correlation is accurate to a 
f.lctor of 1.4. In view of the numerous approxi- 
nl:ltions involved in the development of Eq. ( l i )  
frgrn the heat sensitivity equation, such agree- 
*lent is quite satisfactory. 

The results of the final correlation are in 
Table 3. 

The results of an impact test are of greatest 
r3lue in ordering the impact sensitivities of a 
>cries of materials rather than in providing in- 
;ensititity “numbers.” For this reason, the 
results in Table 3 are considered not only in 
ternls of drop heights, but also in terms of “order 
of insensitivity” (0.1.) values. The determina- 
tion of the predicted 0.1. values is straight- 
forward; experimental drop heights are assumed 
to be accurate to k 5  cm so that experimental 
0.i. values are sometimes knovc.n only approxi- 
niately. I t  is probably unwise to credit the 
eorreiation with enough ininerent accuracy to 
justify extensive rationalization of its poor pre- 
diction of the sensitivities of the propellants, 
tetryi and RDX. However. the following brief 
:ernsrks may be made: 

I. Composite propellants: The physical nature 
of these materials may enhance the formation of 
hot spots and the fuel-oxidizer interfaces a t  which 
they are formed have B higher-than-average 
ipecific energy content. 

2. Tetryl: Wenograd’s photographic studies’ 
indicate that impact explosions in tetryl propa- 
gate nith difficulty. 

3. Double-base propellant : The desensitiza- 
tion of nitroglycerine by admixture with nitro- 
rS(4ulose does not appear euplicable on kinetic 
grounds. 
1. RDX: If a different set of reported decom- 

!w\ltion kinetics is used, the predicted drop height 
of RDS is 25 em. 

Discussion 
Ilthough Eq. (19) does correlate quite well 

the experimental sensitivity data on a diverse 
collection of materials, it  is essential that the 
w r  of the correlation be aware of the inherent 
hitations of the formula. Equation (19) is, 
“f essence, an empirical best fit of a collection 
ot sensitivity data to a correlational form de- 
fwd by applying suitable assumptions (Le. 
tomtant hot spot size) to an approximate 
sndytical treatment (assuming one-dimensional 
h i t  transfer, constant generation rate in the 
h i  spot) of a model (hot spotj proposed to 
Wrre!ate with reality. Many assumptions were 

made in deriving Eq. (17), but the most ques- 
tionable is that the hot spot temperature can be 
simply related to impact energy. Neither the 
efficiency of conversion of impact energy to hot 
spot energy, nor the size or number of hot spots 
formed under impact, need be the same for a11 
materials, yet this is necessarily assumed? for 
h c k  of pertinent data, in the derivation of Ey. 
(16) . The quality of the fins1 correlation measures 
the degree to which thermal and kinetic proper- 
ties determine sensitivity; the unexplained vnri- 
ance is largely due to the invalidity of the 
physical assumptions imposed by our ignorance 
of the complete physical picture. For these 
reasons, D? and 0 3 ,  which include the assumed 
constant hot spot size in their definition, have 
physical significance only if the size, number anti 
eEciency of formation of hot spots do not vary 
among the species being correbted. 

Another feature of the correlation which limits 
its physical significance arises from the definition 
of standard error. I t  is frequently difficult, to 
define deviation such that its minimization 
affords the most physically significmt values of 
the best fitting constants, and there is no doubt 
that, by truncating the range of quantitative 
interest of the correiation. the best values of Dl, 
0 2 ,  and .n found are nob the values which relate 
most closely to reality. 

Equation (17) was derived from Eq. (16) by 
assuming that the sizes of the initiating hot spots 
in each material studied were all identical. This 
“mean” hot spot size can be computed from the 
best fit parameters. 

davg = 1WD3 dB (20) 

Substitution of the best values of Dr and D3 
into Eq. (20) yields a value for dnvg of 2.4 cm! 
This is not a surprising consequence of the as- 
sumption that d is constant; in fact, if Eq. (16) 
holds, the absurd height of the value of d,,, is in 
fact further proof that the hot spot size cannot 
be assumed to be the same in all materials. 

The sizes of hot spots in similar materials 
probably do not vary widely. The sensitivities 
of TNT, cycloto!, HNX, DINA, and PETN 
were correlated by Eq. (17) ; the standard error 
was defined by 

S l o g  = J- D’ 
N - M (21) 

where 

i-=i 

When the best values of DO and Di yielded by 
this run were substituted into Eq. ( 2 0 ) ,  a more 
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reasonable hot spot size, 0.03 cm, was obtaillrql 
Further work is planned to estimate d for eLrCil 
material of interest and to  use Eq. (16) to  predlp: 
impact sensitivity. 

Inspection of Eq. (19) reveals that ‘~<osc~.,-  
tive” curves are linear on a plot of log F \enb 
E. Such a plot is given as Fig. 2. The factoh 
comprising P affert sensitivity most rnarkdl! 
when E is small, and vice versa. The expenmen~j  
points for each of the 16 correlated species a~ 
on the plot. 
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Discussion 

DR. J. BOUCART (Explosives Research Center, 
Belgiuni): rlbout two years ago we made a study 
on sympathetic detonstion in air for several safety 
explosives. In this case the acceptor cartridge may 
be initiated by the detonation products from the 
donor rartridge. We first studied the initiation of a 
coarse classical NH~PJOa/l\TaCl/nitroglyrerogl~~col 
esplosive. 

According t o  the view of Scholl the energy neres- 
szry ior initiation is: 

E = $x& 

where t = energy/unit mass; a = thickness of the 
reaction zone in this cartridge. 

For the explosive tested, the thirkness of the re- 
action zone was 2.1 nim (measured on X-ray photo- 
graphs) corresponding to a hot spot of approxi- 
mately 18 mm3, and the minimal initiation energy 
ranged between 2 and 4 cal. 

On the ot,her hand, using the rotst.ing-n;irrl’r 
camera and high-speed photography, it was sho~~-r~ 
that for certain safety explosives init.intjon m:i! 

occur by impact of one particle projected i>y 
initiating cartridge. The dimension of those particlt: 
(2-3 mni in dianiet.er) and also their kinetir encW 
(2-3 Cal) are in good agreement with t,he othir 
results. 

. .  
DR. J. ALSTER (Picatinny Srscnai): I n  lint. ::::. 

Dr. Boddington’s comment regarding the ~ f l n ( ’ ~ ~ ’  
assumptions employed in the solution of the 
plete heat conduction equation 

where k = thermal conductivity; p = densit!; 
specific heat; Q = heat of decomposition; 
exponential factor; E = activation enera n-llic‘~ 

= P”- 

I.”. 
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obtained via the isothermal decomposition esperi- 
merit. I wish to point to a pertinent study by Dr. 
F. stein of Picatinny Arsenal. In treating the well- 
knon% Case of one-dimensional heat flow into a 
crystd of explosive taken as a semi-infinite solid 
with one face maintained at a constant elevated 
;emperAture, Dr. Stein determined the effect of 
error in parameters k, p,  &, 2, and E on the computed 
ignition delay time. It turns out that not only does 
the delay time depend more strongly on E than on 
sny of the other parameters (as expected from the 
nstiire of the exponential term in that heat genera- 
Tion function) but it is indeed extremely sensitive 
to E. For example a 20% error in E when E = 16 
kcn1,’mole more than doubles the computed delay 
tinic over a considerable range of temperature 
(thosen for the hot face. Often, however, E is not 
known to better than 5 . 5 %  and then only for a 
range of temperatures some 100°C or more below 
the experimentally determined minimum tempera- 
ture of ignition. 

Consider further that the exponential term essen- 
tially represents a first-order decomposition process 
\which many explosives actually do not follow. In 
f:ict, there is considerable variation in the decom- 
posltlon pattern of different explosives. 

.A11 this seem to suggest a need for incorporating 
into the conduction equation a heat generation 
function which more realistically reflects the spe- 
d i c  decomposition behavior of the explosive in 
question. It might even be possible to arrive at a 
nonesponential function which is not critically 
:iRected by error in any decomposition parameter 
such as E. 

DR. 11. H. FRIEDMAN: I certainly agree that more 
refined kinetic data would be a valuable asset 
tuwnrd understanding impact sensitivity. However, 
I think the results obtained at Picatinny are some- 
nhlit  misleading in this respect, because, in practice, 
~ O T S  in E are accompanied by compensating errors 
in 2. Cltimately, values of activation energy are 
ohined from plots of the logarithm of the rate 
wtstant, f ‘ , or some similar parameter, such as 
qdosion time, versw reciprocal temperature. Sup- 
[ w e  such a plot to be made and an activation 
energy El and frequency factor 21 obtained (Case 
1 on the figure). Now superimpose a random error 
on the data (Caae 2). The new line through the 
(f:lta may exhibit an activation energy 5% or inore 
iliaher than El but Z p  also exceeds 21, so that both 
lint3 descnbe the rate constant kp’ with similar 
3c.ruracy over the esTerimenta1 temperature range. 
.& indicated in the paper, critical hot spot size and, 
:n an implicit manner, impact sensitivity, relate 
*iinbc.t&r to the heat evolution rate per unit volume 
-xhr3r than to E or Z per se. The variation of Eod- 
iiiIIGon‘Y cnterion with activation energy directlv, 
I”wt iron its presence in the Srhenius form of the 

heat evolution rate, is very we&, and can essentially 
be neglected. I t  does become clear, however, that 
errors in E can have a considerable effect on calcu- 
lated critical criteria and times to explosion if the 
Arrhenius plots are extrapolated beyond the experi- 
mental temperature range. 

Z2 

Z t  

k‘ 

1 /l 

In view of the demonstraced danger implicit in 
extrapolation of an Arrhenius plot, and the im- 
portance of V (To)  rather than E or 2 per se, and 
Dr. Alster’s note that Arrhenius plots are not 
necessarily representative of the decomposition 
process, we are presently trying to obtain plots of 
k‘ versus T over a wide temperature range, thus 
obviating the need for interpolation. We represent 
k‘(T) by whatever form provides the best fit, with- 
out restricting ourselves to the Arrhenius form. We 
hope in this way to bypass some of the difficulties 
pointed out by Dr. Alster and gain a better under- 
standing of the behavior of sensitive materials. 

DR. T. BODDINGTON (University of Cambridge): 
It is interesting to compare Friedman’s explosion 
criterion with my criterion 4 = 1. If we consider 
the quantity R, which is the ratio of the initial heat 
evolution rate due to chemical reaction within the 
hot spot to an etTective rate of heat loss due to 
conduction 

V ~ U V  exp (-EIRT,) 
k-4(4(T, - To)/a 

R =  

we see that Friedman’s criterion is Rf  = 1 while 
the criterion 4 = 1 is equivslent to 

k + 1 E!T, - To) 
27r ET,? 

Rb = - 

where kl  is the first-order rate constant. 
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Because of the sc,rong temperature dependence of 
t,he exponential the two criteria predict critical tem- 
peratures which are in good agreement despite 
derivations which are quite dissimilar. Under critical 
conditions Friedman’s criterion requires the equality 
of the initial heat evolution and loss rates while my 
criterion requires that their ratio be a fuiiction of 
geometry (the term (k -+ 1 ) / 2 ~ )  and of the extent 
to which conduction cooling “quenches” chemical 
reaction. The latter is expressed by the term 

which is seen to be a good measure of the influence 
of the temperature drop at the edge of the hot spot 
on the value of the first-order rate constant. 

DR. M. H. FRIEDMAX: Dr. Boddington’s com- 
parison of our results is most int,eresting and satis- 

fying, particularly inasmuch as -we approximated 
the solution of the sensitivity equation in very 
different ways. I might note here that the agree- 
ment between our solutions extends t o  cylindrical 
and spherical geometries as well as the linear. 

This agreement is not surprising, however. Bod- 
dington made assumptions which could be justified 
a posteriori and I made diiTerent approximations 
based on the observed computer output. Under 
these conditions, our solutions, at least within their 
individual ranges of applicability, necessarily were 
good fits to the computer results. 

I am not certain that there is any significance to 
the ratio of Boddington’s result to mine. Its form 
may well be a fortuitous result of difference in our 
analytical approaches. From inspection of the dif- 
ferences between the results of my computer in- 
tegration and Eq. (ll), there appears to be no sys- 
tematic error upon varying either activation energy 
or hot spot temperature. 

i 
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DYNAMIC CHARACTERISTICS OF SOLID PROPELLANT 
COMBUSTION 

M. D. HORTON AND E. W. PRICE 

This paper describes the experimental17 determined response of a solid propellant combustion 
zone to normally incident, one-dimensional pressure waves. A self-excited, side-vented, tubular 
burner in which end-burning grains are used is the experimental vehicle. 

During a firing in this burner, the early growth period of the oscillations and also the decay are 
exponential with time. The exponential growth and decay constants are used to calculate the acousti- 
cal admittance of the combustion zone and these admittances are reported as a function of pressure 
(300 to 1,600 psi) and frequency (500 to 3,500 cps) for four different propellants. The experimental 
results are also reported in terms of the fractional increase in energy content of a wave reflecting 
from a combustion zone. 

Because the oscillations have esponential growths and decays, observations made during these 
portions of a firing might be expected to have relevance to a theory, such as that of Hart and McClure, 
which is mathematically linear. Accordingly, the esperimental results are compared in a tentative 
and general way with this theory and the comparison shows that the experimental admittances are 
somewhat larger than the theoretical predictions. In the treatment of the experimental data, the 
mean flow field in the burner is neglected, and the rather questionable assumption is made that 
the damping of the oscillations in the burner is the same during the decay period (after the propellant 
is consumed) as it was during the rise. Because of these approximations, the results must be regarded 
as a little uncertain a t  this time. 

Introduction 

In solid propellant rockets it is often observed 
that  the combustion chamber pressure oscillates 
with a frequency and spatial distribution typical 
of the acoustic modes of the combustion cham- 
ber. This behavior is known to be associated with 
combustion oscillations which supply the acoustic 
e n e r g  to drive the gas oscillations. Such behavior 
is referred to 8s “oscillatory combustion.” 

The problems imposed by oscillatory combus- 
tion have long commanded the attention of rocket 
development engineers who have necessarily been 

303 

preoccupied with the short range g o d  of control 
rather than the elusive goal of understanding. 
However, the prohibitive cost of trial-and-error 
development methods with very large rockets led 
to a substantially increased research effort as the 
most economical means of forestalling delays in 
development pro, @rams. 

The principal technical goal of research in hi%h 
frequency combustion instabiiity is the char- 
acterization of transient combustion behavior in 
the presence oi acoustic disturbances. This is re- 
flected in the recent analytical efiorts to char- 
acterize combustion behavior in terms of the 
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acoustic admittance of t,htJ combustioil Z O I J C . ~  
Experimentdly, a rocket motor is a very poor 
medium for research on combustion instability 
brcause of the geometrical complesity of the 
acoustic behavior. Most of the recent advances 
in the understanding of transient combustion 
behavior have followed from the development of 
propellant burners designed to eshibit oscillatory 
combustion under conditions of minimum com- 
plesity and masimum ~ o n t r o l . * J ~ ~  This paper is 
concerned with the use of a one-dimensional 
burner for study of the acoustic power radiated 
by a solid propellant combustion zone which is 
subjected to normally incident pressure waves 
in the acoustic frequency range. Data  are pre- 
sented for several propellants and the results 
compared with theoretical predictions. 

A detailed review of the theories which treat 
oscillatory burning is beyond the scope of this 
paper but  a brief survey of them will be made. A 
pioneer theory was developed by Grad5 who 
treated a tubular burner, assumed an elementary 
time-lag model for transient combustion response 
to pressure perturbations, and concluded that 
the most unstable mode of the chamber was a 
so-called “spiral mode.” Cheng derived a similar 
theory based on a more sophisticated combustion 
time-lag model. Shinnar and Dishon7 considered 
heat transfer across a boundary layer as the basis 
for their theory, and Smiths also developed a 
theory derived from heat transfer considerations. 
The most comprehensive theory thus far de- 
veloped is that of Hart  and A4cClure,1 who con- 
sider the physical processes taking place in the 
combustion zone and a particular model of this 
combustion zone. A more recent theory which 
treats low frequency oscillatory burning was de- 
veloped by Dennison and 13aum.9 

From an experimentalist’s point of view, per- 
haps the most noticeable feature of the above 
theories is that  they are very difficult to examine 
esperimentally. This is so because most of the 
theories predict only stability or nonstability 
and not the degree of stability. In this respect the 
theory of Hart  and McClure is distinctive in that 
the theoretical results are presented in terms of a 
characterization of the combustion behavior 
which seems amenable to experimental deter- 
mination. 

Experimental 

In  the experimental program, a 1.5 inch inside 
diameter, side-vented tubular chamber was used 
as the burner. The burner. which is descri’ned in 
ref. 4 and illustrated in Fig. 1, employed opposed, 
end-burning. 0.25-inch thick and 1.4-inch outside 
diamet,er grains. A wide variety of burner tubes 
was constructed so that the first mode longi- 

-PROPELLANT , 

TRANSDUCER 

1 1 

FIG. 1. Schematic of burner system. 

tudinal frequencies ranged between 250 and 3500 
cycles per second. A surge tank rather than a 
nozzle mas used for establishing the desired 
operating pressure so that the problems associated 
with the venting of the combustion gas were 
minimized. 

A great deal of care was taken in the loading 
and assembly of the burner so that fair repro- 
ducibility mas obtained. After the grains were 
fastened into the ends of the burner tubes with 
epoqr resin, the front surfaces of the grains were 
coated with a pyrotechnic igniter paste (Thiokol 
X-225), and a resistance wire coated with a ball 
of the igniter material was glued to the burner 
wall slightly away from the front of each grain. 
The motor vas  then assembled in such a manner 
that any void between the rear surface of the 
propellant and the endplate was filled with 
grease. ,4 transducer was screwed into an end- 
plate so that the pressure sensitive diaphragm 
was in contact with the rear surface of the 
propellant. The leads to the resistance wire were 
passed out through the gas port and connected 
to a power source, then the burner was mounted 
on a surge tank which mas subsequently pres- 
surized vl-ith nitrogen. A 24 volt dc voltage was 
used to fire the igniter and initiate each run. 

Several pressure records arc made from each 
firing but the most significant one is a galvanom- 
eter oscillograph trace of the first longitudinal 
mode pressure oscillations, an example of which 
is shown in Fig. 2.  Note that this record could 
logically bc divided into several time regimes: 
-4, the ignition transient; 13, a period of expo- 
nential growth; C. a transitional and steady 
amplitude period; and D, the esponential decay 
which occurs after the propellant is consumed. 

To show that a transducer placed in contact 
with the rear surface of the grain would esperi- 
ence the same pressure oscillation as the front 
surface of the grain, it \vas necessary to compare 
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FIG. 2. Record of pressure oscillations. 

the o&ilations a t  these two locations. Such a 
comparison did show that so long as the grain is 
short (its length must be a small fraction of the 
n--nveIength of the oscillations in the sotid) the 
musimum amplitude of the pressure oscillations 
is correctly measured by a transducer in contact 
7,viih the renr propellant surface. 

Theory 

While the oscillations are growing or decaying 
exponentially, it  is possible to use two treatments 
of the data to characterize the combustion driving 
of the oscillations. In  the first method we note 
that the average oscillatory energy density in a 
standing wave1o is 

2 
Ep = 

4pc” 

Therefore if we neglect the proportionately 
small amount of this energy which is in the 
propellant, the oscillatory energy content per 
unit end area of the burner cavity is 

P*? 
4 p 2  

E=--E 

\\hen the amplitude of the oscillations is changing 
exponentially as 

P, = ment (3) 
the rate of energy accumulation in this unit area 

dE - lorpo?e2ui 

the burner is 

(4) --- 
dt 2 p 2  

If the rather logical wumption is made that 
the acoustic damping was the same after burnout 
;Then the oscillations decayed as it was dcring 
’.heir growth, then the rate a t  which energy is 

being fed into the oscillations by 3 unit area of 
the combustion surface is the sum of the accumu- 
lation rate and the decay rate measured at the 
same amplitude. Application of Eq. (4) to the 
two situations shows that 

dEJdt = E,(w + nz)l 

In  this equation, a1 is the exponential growth con- 
stant and -cy., is the decay constant. The frac- 
tional increase in acoustic energy in the burner 
per unit area of combustion during one cycle of 
the oscillations is then 

and the group [2Z(cyl + az)]/c is a good and con- 
venient variable which represents the response 
of the.combustion zone to a normally incident 
pressure wave. 

A second treatment of the data is based on the 
presumption that the es+tence of exponential 
growth and decay periods for the oscillations 
provides justification for assuming that d a h  
taken from these portions of a firing will be 
relevant to theories which are formulated upon 
linear mathematics. Accordingly, it  is possible 
also to use these growth and decay rates to 
calculate the real part of the specific acoustic 
admittance of the combustion zone. 

Hart and McClurel first reported that, theo- 
retically, the admittance is 

and more recently,“ for the burner in question. 
it was represented as being 
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The factor G represents the amplification func- 
tion for the nozzle in a side-vented burner and 
rigorously should not be represented as part of 
the acoustic admittance. However. when the 
mcan ~ O T T  in the burner is neglected, the nozzle 
amplification can be artifically accounted for bj- 
the inclusion of the u in the admittance equation. 
Katcrmeier’2 showed that if the mean gas flowr 
in the burner is neglected the real part of the 
admittance can be evaluated esperimcntaliy by 
the use of an end burner which employs a grain 
a t  only one end, and the espression 

- 
c 
D“ 
‘ U  
v- - 
N 

(9) 

0.10 . 

0.08 

For an end burner which uses a grain at each 
end, the value is 

We can call the real part of the groups [ ( p / / ~ )  - 
(1/7)] and [ ( p / e )  - (I/?) + c], the “reduced 
specific scoustic admittance” y and by using the 
mass conservation law determine that 

This expression is verv useful as it provides a 
scale upon which the Hart-McCIure theory can 
be weighed. 

DiscussioD of Results 

The experimental results of the program are 
presented in Figs. 3-10. In  Figs. 3-6 are shorn 

0.16 1 I 
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x 

I 
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FIG. 3. Fractional increase per cycle of acoustic 
energy in a standing wave being driven by a unit 
area of combustion surface as a function of fre- 
quency. The propellant used (Thiokol T-35) was a 

polysulfide-ammonium perchlorate coinposite. 

0.15 I 

plots of [2Z(al + a z ) ] / c  as a function of fre- 
quency and pressure for four propellants. The 
propellants used were, respectively, a poly- 
sulfide-ammonium perchlorate composite (T-35) , 
a polybutadiene acrylic acid copolymer-am- 
munium perchlorate coniposite (R.C.) , a double 
base (JPN), and a mesa-type double base 
(X-14). Figs. 7-10 are plots of the reduced 
specific acoustic admittance y as a function of 
the same variables. 

It is difhult  to make many generalizations 
about the data although some can be made. For 
the composite propellants. the driving increases 
\Yitli decreasing frequency and pressure. The 
same is true for the double hase propellants a t  
l o r  pressures while at higher pressures the 
driving is strongest at some intermediate fre- 
quency, then decreases as the frequency either 

JPN--l 
I * 200 psi 

o 400pri  
e 800 psi i 

L I 
0 1000 2000 3000 4000 

f - cps 
FIG. 5. Fractional increase per cycle of acoustic 
energy in a standing wave being driven by a unit 
area of combustion surface as a function of fre- 
quency. The double-base propellant used was JPN. 
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FIG. 6. Fractional increase per' cycle of acoustic 
energy in a standing wave being driven by a unit 
area of combustion surface as a function of fre- 
quency. The mesa-type, double-base propellant 

used was X-14. 

incresses or decreases. The frequency of most 
severe driving decreases with decreasing pressure. 

The mesa-burning propellant is unique with 
respect to the other propellants in one aspect. 
For each pressure tested above 500 psi there was 
a definite cut-off frequency beloK which the 
propellant did not drive oscillations in the burner. 
This frequency decreascd with decreasing pres- 
sure. For all of the other propellants, there were 
no cut-offs but only limits established by the 
accuracy of the method. The experimental 
scatter is much larger at lower frequencies be- 
cause of the diEculty inherent in taking the 
values of the slopes. The maximum scatter is 
probably &20% at higher frequencies and as 
much as 3 ~ 4 0 %  at low pressures and low fre- 
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n fi IG. 7 .  The real part of the reduced specific acoustic 

Lhittance as a function of frequency for a poly- 
%ifide-ammonium perchlorate propellant (Thiokol 

T-35). 
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FIG. S. The r e d  part of the reduced specific acoustic 
admittance as a function of frequency for 3 poly- 
butyl acrylic acid copolymer-ammonium perchlorate 

propellant (R.C. or C-tah "F"). 

quencies. Inasmuch as attempts to take data a t  
lower frequencies would have produced data 
which scattered by 35 much as =SO%, i t  was 
felt that the effort was not justified. 

In order to compare the experimental values 
of y with the theoretical ones, 9 theoretical plot 
of y is also given in Fig. 9. The theoretical value 
of y is calculated by the use of Eq. (8) and the 
data taken from ref. 1, Fig. 4. The data were 
taken from Fig. 4 not because 6PN is believed to 

4.8 ,----\'"" psi --I 
4.2 1 . 
3.6 I 
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Y 2.4 1 
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0.6 1 
I _ _ _ _ _ _ _ -  - ------ 

'.e I 
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FIG. 9. The res1 part of reduced specific acoustic 
admittance as a function of frequency for the 
doubie-base propellant JPPN. Solid lines are ex- 
perimental plots. Dashed lines are representative 
theoretical curves from the theory of Hart and 
McClure. The lower dashed iine is csiculatect from 
the inappropriate Eq. ti), and the upper dashed 

line is calculated from Eq. (6). 
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FIG. 10. The real part of the reduced specific acoustic 
admittance BS a function of frequency for the mesa- 

type, double-base propellant X-14. 

be similar to the hypothetical propellant of Fig. 
4, but because these theoretical values of y are 
some of the largest yet reported. The experi- 
mental values of y are generally much larger than 
the theoretical ones and this comparison is the 
one most favorable to the theory. 

A general comparison between the Hart- 
McClure theory and the experimental results 
shows that neither the magnitude of the experi- 
mental y nor the trends with frequency and pres- 
sure are more than qualitatively esplained. The 
theory does, however, correctly predict the gen- 
eral shape of the higher pressure curves for the 
double-base propellants. 

There are uncertainties in both the above coin- 
parison and the experimental method. The calcu- 
lation of the theoretical y values is not rigorous 
because the value of u is unknown but assumed 
to be 0.S and the use of l/y is an approximation. 
By far the largest uncertainty in the esperi- 
mental technique is the measurement of the a2. 
There are reasons for doubting that the damping 
is truly the same after burnout as it was during 
the growth of the oscillations, and also the decay 
of the oscillations is only approximately expo- 
nential. Nevertheless, the authors feel that  the 
experimental results are quite accurate. Insofar 
as doubt, is related to the compsrison of experi- 
ment and theory, the values of y obtained for 
the SO0 psi JPN series are twice as large as the 
theoretical ones even if a? is trea.ted as being zero. 

An esplanation for the discrepancy between 

thr theory and experiment might bc that Hsri 
and McClure use whatj is perliaps an over- 
simplified model for the con~hust~on eolle, as t he  
measurements of Heller and Gordod3 indicate 
that the combustion zone contains two exo- 
thermic reaction zones as contrasted to the single 
one considered in the model. Furthermore, these 
authors do not include chemical reaction in their 
treatment while there is good evidence13 that a 
chemical induction zone is a significant feature 
in the combustion of double-base propellants. It 
is possible that the inclusion of these features into 
the combustion zone model would make the 
problem mathematically intractable, however. 

A similar comparison between the data and 
other theories is not easily accomplished because 
the other theories are presented in rather cumber- 
some forms. 

There is a difference by a factor of about ten 
in the y values as calculated from Eq. (11) and 
those calculated by the method given in ref. 14. 
The discrepancy seems to be due to the fact that  
the method given by ref. 14 relies on rather ac- 
curate determination of various constants and 
these constants cannot be measured to the re- 
quired degree of accuracy. 

From a theoretical standpoint, the measure- 
ment of the acoustic admittance of the combus- 
tion zone is valuable because it permits the 
evaluation of transient combustion theories. The 
practical significance of the measurement is that 
if a rocket designer also had data for the acoustic 
damping of the particular rocket, he could calcu- 
late the degree of stability or instability the 
motor would exhibit. 

To test the possibility that  these one-dimen- 
sional driving data may be used to calculate the 
stability of three-dimensional motors, an attempt 
was made to predict the stability of a side-vented, 
tubular JPN burner. It was assumed that, a t  a 
given frequency, the driving of the tubular pro- 
pellant surface was the same as in the one- 
dimensional situation at equivalent acoustical 
pressures. The damping was assumed to be pro- 
portional to the gas volume in the burners and 
the damping appropriately reduced from the 
end-burner data. The local surface drivin, was 
integrated over the length of the burner, the 
damping accounted for, and the esponential 
growth rate constant ( ~ 1 )  for the first longitudinal 
mode in the tubular burner was predicted to be 
570 sec-l. TVhen the constants were measured 
from two tubular burner shots they were found 
to be i 30  and 790 sec-'. The agreement is con- 
sidered to be remarkable in view of all the un- 
certainties that  esist in the method. If this type 
of calculation were made for every mode in a 
rocket motor then one should be able to predict 

i 
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stability characteristics with a fair degree of 
accuracy. 

summary 

The esponential growth and decay rate data 
from the first mode longitudinal oscillations in 
an end-burning test configuration are used to 
calculate the acoustic admittance of the burning 
solid propellant surface and also the fractional 
increase in energy of a wave reflected from the 
surface. 

I n  general, the admittances are larger than 
predicted by the Hart-McClure theory and the 
low frequency values especially are much larger. 
The uncertainties in both the comparison and 
the esperimental results necessarily make the 
comparison somewhat tentative, bu t  the com- 
parison is probably valid to a fair degree of 
approsimation. 

It is hoped that the present results will act as a 
stimulant to both theoreticians and esperi- 
mentalists and encourage them to make such 
improvements as are necessary to bring about the 
agreement between theory and esperiment. 

Nomenclature 

Speed of sound in the gas 
Acoustic energy content of a unit area of 

burner 
Oscillatory energy radiated by a unit area 

of combustion surface 
Acoustic energy density 
Gravitational conversion factor 
Length of gas phase in burner 
Mean chamber pressure 
Maximum acoustic pressure 
Amplitude of growth period pressure oscil- 

Time 
Flame velocity of the combustion zone 
The specific acoustic admittance of the 

Real part of Y 
The real part of [ ( p / e )  - (1/7)] or 

Exponential growth rate constant 

lations a t  arbitrary time zero 

combustion zone 

[ ( d e )  + (l/Y) - .I 
-cy2 Esponential decay rnte constant 

y 

p/e Propellant response function 
p Gas density 
u 

T 

The ratio of the specific heats of the com- 
bustion products 

A factor related to the compressional process 
of the combustion zone 
The period of the oscillations 
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Discussion 

DR. L. A. DICKINSOX (CARDE, Canada): Could 
the authors outline the contribution oi the upper 
harmonics to the interaction of the oscillations with 
the propellant burning surface? 

amount of harmonic content in the oscillations h s  
no observable effect upon the driving of the first 
mode oscillations by the combustion zone. Theo- 
retically, this should be so because if the oscilIations 
are truly in the linear regime, the difierent modes 
are orthogonal and no interaction between modes DR. M. D. HORTON (U. S. Naval Ordnance Test 

Station, China Lake) : Experimentally, the small is possible. 
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VIRTUAL SPECIFIC ACOUSTIC ADMITTANCE MEASU 
BURNING SOLID PROPELLANT SURFACES BY A 

TUBE TECHNIQUE 

R. STRITTMATER, L. WATERMEIER, AND S. PFAFF 

A resonant tube technique was used to measure the virtual specific aroustic atlmittnncc at thr 
surface of a burning solid propellant. Only the real part of the complex admittance is prrsentcd I n  
cause of its importance in determining the acoustic power generating capacity of a burning Ixropcllanl 

A cast double-base propellant, ARP, was investigated. Results arc given in the frequcncg rarigc 
from 3500 to 13,500 cps and in the mean chamber pressure range from 310 to 1030 psi 

The theory that forms the basis for the analysis of data is given together with npproaimatr working 
equations. These equations are very accurate in the frequency range in which data is presented. A 
single longitudinal mode is assumed in the analysis of data. Frequency a Tsis of taped pressure 
records shows this to be an acceptable assumption since the harmonic content is small (-4%) for 
those portions of the records that are used to measure growth and decay rates. 

The initial web (dimension perpendicular to the burning surface) of the propel1:mt samples was 
varied. In all cases studied, the web was small compared with the quarter wavelength. Effects of the 
web dimension on the experimental results are discussed. 

Introduction 

This experiment originated late in 1960 from 
the theoretical work of Hart  and McClure' on 
unstable combustion in solid rocket propellants. 
In  their work the response of the combustion 
process to small harmonic pressure oscillations 
was determined. By assuming that the thickness 
of the burning and induction zones is small com- 
pared with the wavelength of sound, a simple 
connection is made between the combustion 
response and the specific acoustic admittance of 
the burning zone-product gas boundary. To the 
esperimentalist this Fork is important since the 
physical constants of the unstable combustion 
process were thereby directly related to a quan- 
tity that  might be determined by many of the 
conventional surface-admittance measurement 
techniques. A significant feature of the complex 
surface admittance is that  the sign of the real 
part determines whether a wave will be attenu- 
ated a t  reflection or reflected with increased 
amplitude. Therefore the contribution to sta- 
bility or instability associated directly with pro- 
pellant combustion is determined by the real 
part of the surface admittance of a burning 
propellant. 

A single end burning resonant tube technique 
was adopted for measurement of the surface 
admittance of burning propellants after con- 

sideration of various methods. Siiiiilor onc- 
dimensional burners have been in use for coin- 
bustion instability studies by other groups for 
some The resonant tube technique for 
measurement of surface admittance is presently 
being used by other agencies as well 3,s ERL, 
namely, the Naval Ordnance Test Station and 
the University of Utah. Some results of the in- 
vestigation a t  NOTS were recently reported in 
the open literature? 

Experimental Approach and Apparatus 

The basic experimental apparatus consists of 
a combustion chamber or tube niid a. large surge 
tank as shown in Fig. 1. The cornbustioil chamber 
is a steel block with cylindrical internal geometry. 
The cylinder or tube is l& inches iii diameter 
and can be varied in length from I +  to 5 inches 
by using different end plates. The ends of the 
tube are closed by steel plates, oiie of which re- 
ceives the propellant sample. The propellnnt 
saniples are circular tablets of varying thicknesses 
which are held rigidly in a depression in one end 
plate. These end plates are designed so that the 
internal geometry of the charnher st ignition is 
the same for all thicknesses of propellant a t  the 
same nominal frequency. Thc product gases are 
ejected radially through an orifice into a 4-cubic 
foot tank. The orifice is located a t  the midpoint 

31 1 
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@ PRE-PRESSURIZED SURGE TANK 

FIG. 1. Cross sectional sketch of combustion cham- 
ber and constant-pressure tank. 

of the tube length. The chamber is designed to 
permit simultaneous pressure measurements a t  
several locations along its length. Two trans- 
ducers were used for the results presented here- 
one a t  the midpoint of the chamber length op- 
posite the orifice and another very close to the 
propellant surface. 

The entire system is prepressurized with nitro- 
gen to the desired operating level. 

Instrumentation 

The chamber pressure variations are recorded 
by two Kistler type No. 401 piezoelectric pressure 
transducers with their associated Model 568 
Universal charge amplifiers. Their signals are fed 
into a Model 502 Tektronix dual beam oscillo- 
scope. The scope signal is recorded on film by a 
General Radio 35-mm camera. The output of the 
pressure transducer nest to the burning surface 
is brought into an Ampex tape recorder as well as 
to the dual bcam oscilloscope. A Bruel-Kjaer 
Frequency Spectrum Analyzer is used to reduce 
the tape records. 

Theory 

The physical system to be described is the 
flowing, hot, propellant gas within a cylindrical 
tube. One end of the tube is closed rigidly by a 
steel cap. The other end is formed by a burning 
solid propellant surface which when ignited was 
perpendicular to the axis of the tube. The propel- 
lant is inhibited on the circular periphery to try 
to keep the burning surface in the original plane. 
The hot-product gases flow from the tube radially 
through tt short orifice, located at the middle of 
the tube length, into the large constant pressure 
tank. 

In  addition to the conventional assumptions 

“ ,  

[NSTABILITY 

of acoustics the following assumptions are made 
to  set down a tractable description of the above 
system. 

1. The possibility of transverse mode excita- 
tion is small and these modes are neglected. 

2. The change in tube length due to the regres- 
sion of the burning surface is neglected. 

3. The effect of the mean gas flow is neglected. 
4. All damping mechanisms can be combined 

into one bulk gas damping effect which is propor- 
tional to the first power of the acoustic velocity. 
The damping coefficient is denoted by R. 

5. The product gases are homogeneous with 
the mean gas density given by p and the velocity 
of sound denoted by C. 

6. The boundaries of the tube are all rigid 
except a t  one end (z = I )  where the action of 
propellant combustion on acoustical phenomena 
can be described by giving the acoustic admit- 
tance of the burning zone-product gas boundary 
in accord with the theory of Hart  and McC1ure.l 

Under these assumptions the fundamental 
equation governing gas motion within the tube 
is the damped wave equation for acoustic dis- 
placement ($) which can be written: 

where k = R/2p. The origin of the axial coordi- 
nates (z) is coincident with the steel-capped end 
and z equals I is the coordinate of the propellant 
surface. The boundary conditions are $ = 0 a t  
5 = 0 and 

where 7 is a complex constant. This constant is 
termed the acoustic admittance ratio and is de- 
fined as the ratio of the specific acoustic admit- 
tance of the surface to the characteristic admit- 
tance of the product gas. Acoustic velocity is 
denoted by u. Acoustic pressure is denoted by p ,  
and can be expressed as 

p = -pcya$ /dz )  (3) 
An attempt will be made to identify the pres- 

sure oscillations observed with a solution of the 
following form: 

Af( z) e-ibt (4) 

(5) 

Substitution of Eq. (4) in Eq. ( I )  gives: 

-b2f(z) - 2kibf(z) - C’”’(2) = 0 

where primes denote partial differentiation with 
respect to z. 

Try f(x) of the form Aer.c. Substitution for 
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f(5) in Eq. (5) gives 
- b 2  __ - C Z f ?  = 0 

thus 

i _ _ _  
r = f- .\/b2 + 2ikb = f g  (6) 

(7) 

C 

$ = 0 a t  z equals 0, therefore, 

f(x) == A [ p  - e-f/z 1 
Using this form for f(x) the admittance boundary 
boundary condition, expressed in Eq. ( Z ) ,  a t  
x = Z gives 

Substituting for g from Eq. (6) gives 

Estimated theoretical and experimental values 
of k indicate that both the real and imaginary 
parts of the ratio k/b are very small (-lov3) in 
the frequency range reported in this report. An 
approximation can be used to simplify Eq. (9) 
which gives 

Observation of Eq. ( 4 )  reveals that the 
imaginary part of b gives a red exponent of e 
and therefore determines the exponential rise or 
decay of amplitude of $. Also, the real part of b 
is 2~ times the frequency. These two quan- 
tities are easily determined by esperiment from 
pressure measurements. 

Use of Eq. (3) gives for thc imaginary part 
of b 

d 
at 

Im ( b )  = - (In P )  

where P is the esponential envelope of the pres- 
sure ( p )  while the propellant is burning and the 
real part of b 

Re ( b )  = ZTY ( 12) 
where Y is the frequency. 

When the propellant burns out and a steel 
end plate forms the second-end boundary condi- 
tion the bulk damping constant determines the 
esponential decay7 and 

where Pa is the exponential envelope of the pres- 

sure ( p )  after the prolicllant burns out. The error 
incurred by evaluating k a t  s slightly different 
frequency than the frequency during burning is 
neglected here. 

It is believed that  the best rnethod for deter- 
mining the natural frequency (aC/I) of the tube 
is to carefully plot frequency versus time through 
burnout of the propellant and measure the fre- 
quency shift a t  the time of burnout. It is assumed 
here that the new mode is established very fast 
(a few periods) and will therefore show up as a 
fast change in frequency approaching a dis- 
continuity at burnout. The frequency shift is 
then applied to  the measured frequency v during 
burning to determine the rigid end damped-tube 
frequency ( v d )  from which the natural frequency 
can be computed by the following formula’ 

T C / l  = (47rZVd2 + k2)’ (14) 
Limited frequency versus time plots show per- 

centage frequency shifts a t  burnout to be small 
(a few per cent). 

Substitution from Eqs. (ll), (E!), (13), and 
(14) into Eq. (9), expanding the complex radical, 
rationalizing, expanding the hyperbolic tangent 
of a complex number, and rationalizing again 
gives 7. 

The espansion has not been performed to 
calculate the results presented in this report be- 
cause an approximate form which simplifies 
computation is available as follows: 

Theory and esperimcnt indicate that thc 
imaginary part of the argument of the hyperbolic 
tangent in Eq. (10) is a number very close to T ,  

i.e., the combined effect of damping and bound- 
ary condition has a small effect on the undamped, 
rigid end fundamental frequency for the data 
given in this report. With this assumption, and 
neglecting the small number k /b ,  Eq. (10) can 
be written 

7 = - t a d  (Z[Ini ( b )  + k ] / C )  

(15) 
tan [ I  Re ( b ) / C ]  

+ icosh2 {Z[Im ( b )  + k ] / C J  
This approximate form of Eq. (9) is very ac- 

curate for the frequency range reported in this 
paper. However, additional study would be neces- 
sary to justify its use at low frequencies. Sub- 
stituting Eqs. (11) and (13) into Eq. (15) gives 
for the real part of the admittance ratio 

Re (d 

The real part of the specific acoustic admittance 
Re ( Y )  is obtained by dividing Re (7) given in 
Eq. (16) by p C .  
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FIG. 2 .  Typical record showing acoustic field growth 
(during burning) and decay (after burnout) close to 
propellant surfxe within the cylindrical combustion 
chamber. The chamber is 23  inches long and the 
oscillntion is the first characteristic mode (5100 
rps). The avcrage oscillatory amplitude is 2.5 psi. 
The time markcrs, superimposed on the trace, are 

1 msec apart. 

The matheiristieal development for propellant 
burning a t  both ends (vo = vl) is similar to the 
single end burner given above. The argument of 
the hyperbolic taiigeiit turns out to be half the 
value given in Eq. (S) for the double-end case. 

Results and Conclusions 

From the records obtained it appears that  the 
first characteristic mode obscures all others for 
peak-to-peak amplitudes less than 40 psi. Tape 
analysis I evealed that thc higher harmonic con- 
tent was less than 4% during the build-up and 

0 10 20 30 40 50 60 70 

TIME (mil l iseconds) 

FIG. 3. Acoustic pressure amplitude versus time, 
during burning, for various thicknesses of ARP 
propellant. The mean pressure is 515 psi and the 

frequency is Sl00 cps. 

decay of oscillatory pressure amplitude where 
measurements are obtained. Figure 2 shows a 
typical record. The initial pressure was 500 psi 
in the experiment where this record was obtained. 
The mean pressure rise during burning was small 
(-15 psi). 

The growth curves of In P versus time are pre- 
sented in Fig. 3 for various initial thicknesses 
(webs) of propellant to illustrate a point to be 
considered in establishing propellant geometry 
for experiments of this type. Each curve repre- 
sents an average of a few experiments a t  the 
given conditions. The corresponding decay 
curves of In Pa versus time have been drawn for 
the above experiments. The extreme variation 
with web of the quantity d/dt(ln Pa) is small 
compared to change in d/dt(ln E') for the various 
webs shown in Fig. 3. For this reason the pres- 
sure-decay data were not considered significant 
and are not presented here. The nominal value 
of d/dt(ln Pa) for these runs is 3s see-'. The data 
given in Fig. 3 were obtained in a chamber of 
initial length 2.200 inches (fundamental longi- 
tudinal mode ~ S l 0 0  cps). The time scale of 
Fig. 3 originates a t  the onset of discernible oscilla- 
tions. The lag from ignition until the onset of 
oscillations is the same for all webs (-130 msec) . 
The initial web of the propellant is given above 
each curvc. The dimension in parenthesis is the 
estimated thickness (web) a t  the time of onset 
of oscillations. Since 1 has the same value for all 
webs a t  the onset of oscillations attention will 
be directed to the effect of the web on the 
d/dt(ln P )  term in Eq. (16) and therefore on 
Re ( Y )  . The theory of Hart  and MeClure' shows 
that Re ( Y )  is sensitive to changes in surface 
temperature ( T o ) .  It is possible that this effect 
is evident in Fig. 3 where, a t  the small webs, the 
propellant provides very little in the way of in- 
sulation and the active surface feels the presence 
of the steel end plate and lowers TO. In  the par- 
ticular example given in the above reference, 
Re ( Y )  is doubled for a 60'11 increase in To a t  
so00 cps. 

All this points out that  a minimum sample 
thickness must be specified if various experi- 
mental results are to be compared with ea& 
other and with present theory without making 
rather difficult temperature corrections. The ex- 
periments also point out that  an acceptable ap- 
proach to thermal equilibrium conditions must 
be obtained before measurements are made on 
tlie burning propellant. When measurements are 
to be obtained a t  a frequency where a propellant 
is very unstable, some means must be provided 
to damp self-excited Oscillations until the ac- 
ceptable approach to equilibrium occurs. Other- 
wise, oscillations arc out of the linear range before 
this near-equilibrium condition exists. 
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For propellants that are only slightly unstable 
in resonant tubes of this type no damper is 
needed. For more active ones such as BEtP a 
perforated propellant tablet or a valve is needed 
to control the damping. To this end a perforated 
(11 +-inch diameter holeh) tablet of propellant 
of the same diameter as the tube and 0.150 of an 
inch thick was rigidly positioned in the tube about 
4 the length of the tube from the steel-capped 
end. A 0.350 inch thick tablet of the same propel- 
lant was pushed in the recess in the steel end 
plate, and this was rigidly attached to the other 
end of the tube. 

The perforated slab removed the fundamental 
oscillations (8200 cps) as it burned. At burnout 

I of the perforated slab the fundamental oscillation 
appeared and was amplified. Measurements 

i were then made on the monotone increase in 

1 pressure amplitude of the acoustic field of the 
cavity. This information is given by the dashed 
line on Fig. 3. The value of d/dt(ln P )  obtained 
from this experiment was accepted as the one 
obtained under conditions most nearly dupli- 
cating those assumed in the Hart-McClure 
theory. Results obtained in this way were used 
to compute Re  ( Y ) .  Figure 4 gives a plot of 
Re ( Y )  versus frequency for ARP propellant at 
various pressures. The quantity computed, 
Re ( Y ) ,  from measurements made in the far 
zone of the product gas includes effects other 
than those assumed in the isentropic mechanics 
of acoustic the0ry.j There is also the effect of 
sources of sound a t  locations other than the com- 
bustion zone j.e., steel walls and nozzle! Because 
these effects are present to some degree in the 
measurements and computations made to deter- 
mine Re ( Y ) ,  this quantity is termed the real 
part of the virtual specific acoustic admittance 
of the propellant surface. 

1 
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AN EXPERIMENTAL STUDY OF THE ALUMINUM ADDITIVE ROLE 
IN UNSTABLE CONUBUSTION OF SOLID ROCKET PROPELLANTS 

L. 8. WATERMEIER, W. P. AUNGST, AND S. P. PFAFF 

Composite-double base rocket propellant slabs which contained different concentrations and 
particle sizes of aluminum were burned in a transparent-walled chamber. The chamber was es- 
hausted to the atmosphere. The slabs were ignited in cigarette fashion and burned under ambient 
nitrogen pressures of 200-900 psi. Experimental runs were made under steady flow conditions and 
under oscillating conditions with a siren rotating over the eshaust port. 

Motion pictures were taken of the burning process a t  high framing rates. Data on droplet burning 
and concentrations in various regions above the propellant surfaces were obtained from individual 
frames of the film. 

The rate of growth and rate of burning or evaporation of the aluminum droplets on the surface 
and in the flame zone are discussed. Agglomeration of aluminum on the propellant surface was ap- 
preciable and was a function of chamber pressure and initial aluminum concentration. As droplets of 
aluminum left the surface, they vibrated at frequencies near those predicted by the Rayleigh as- 
sumption for liquid droplets. Concentration measurements did not support the postulation that 
this process could be a factor in low frequency combustion instability, however. 

A low frequency variation of the measured mass flus of aluminum above the propellant surface 
was found. It is concluded that this is probably a major contributor to low frequency phenomena 
reported in firings of some highly aluminized propellant syst,ems. It also provides s partial esplana- 
tion for low frequency luminosity variations reported by some investigators. 

Introduction photograph the combustion process. The propel- 
lants contained different percentages and different 
particle sizes of aluminum. The results of these 
experiments are given in this paper. Some of the 
data on droplet burning hare  been treated in the 
manner of liquid droplet evaporation r;chich has 
been used in investigations of liquid propellant 
systelns. 

Interest in the combustion of metal PoX’ders 
has increased considerably over the last few 
years. Much of this interest has been motivated 
by the inclusion Of metals, aluminum in ilarticu- 
lar. in solid propellant formulations.’ These 
metals act as combustion instability suppressants 
and as sources of additional energy. For a few 
years powdered aluminum occupied the unique 
position of being probably the best cure for un- Experimental Apparatus 
stable combustion when added to  solid rocket 
propellants. This position has recently been chal- The propellant slabs were burned in a win- 
lenged and it is now feared that  aluminum may dowed chamber. It mas exhausted to the atmos- 
actually contribute to  or cause low frequency phere either through a vent plate or through a 
combustion instability, in some cases, rather slotted wheel (siren). The chamber is made of 
than cure it. It seemed to US that  observations of brass and is a, parallelepiped measuring approxi- 
aluminum agglomeration on burning double base mately 14 X 4f X 1$ inches internally. The 
propellant surfaces by Angelus of ABL and on windous which form the sides of the chamber 
composite propdant  surfaces made by our group are made of $ inch thick plastic. An elevator was 
at BRL? might be quite significant in this prob- used to maintain the propellant burning surface 
lem. Therefore a series of experiments was con- at a particular level in the chamber during a run. 
ducted in the Interior Ballistics Laboratory to Pressure gauges (Dynisco and Dynagnuge) 
further investigate the possible role of aluminum were located at the burning surface level and at 
in low frequency instabilities. The approach used the end of the test chamber. These pick-ups re- 
was to burn individual propellant slabs in a corded chamber pressure variations at their re- 
windowed chamber at high pressures and to spective locations during an experimental run. 

( 
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They were recorded on an oscillograph recordcr 
and on magnetic tape. 

Nitrogen was used to raise the chambcr pres- 
sure to the dcsircd operating lcvcl and was used 
as an inhibitor as i t  flowed past the nonburning 
sides of the propellant slab. The flow was main- 
tained by four pressurized tanks attached to a 
manifold. The manifold wa? connected to a 
pressure reducing valve and thence to a flow rate 
metcr, a line with a critical orifice, and the 
elevator housing. A diffusion plate in the test 
chamhr  provided for laminar flow past the sides 
of the propellant sample. 

High speed motion pictures (2000 to 4500 
pictures per second) of the burning surfaces and 
flame zones of the slabs were taken through the 
test chamber windows. A Fairchild 16 mm 
Motion Analysis camera was used. Lens systems 
yielding magnifications up to 2.5:1 were used. 
This magnification was further enhanced for film 
reading purposes by using a Kodak Contour 
projector with ratios up to 100: 1. Both color and 
black and whitr film wcre used. Neutral density 
filters were incorporated on occasions. Front and 
rear lighting was furnished when needed by pre- 
focused 300-watt flood lamps. 

Experimental Approach 
Technique. The technique used in these experi- 
ments consisted of burning 2 X $ X 1$ inch 
slabs of propellant, cigarette fashion, in a limited 
pressure range simulating rocket chamber condi- 
tions. The pressure range investigated was 200 
to 900 psi. The slabs were ignited on the 2 .X 3 
inch edge and were burncd in an upright position 

in the test chanibcr. A hot wirc-conibustiblc 
paste ignition system was used. Inked lines wrre 
placed on the sides of the slab as standard dis- 
taiice references. Supplcmrntary standards were 
provided by wires projecting from the chaniher 
walls. The slabs were photographed during the 
burning process and measurements mere uriadc 
subsequently from the film. Fiducial timing dots 
were placed along the sides of the film by a 
generator. The dots provided millisecond time 
references. Prcssurc records were made during 
each run and time-pressure relationships wrre 
compared with phenomena observed on the 
motion picture film. 

In some experimental runs, the siren was 
pulled over the vent hole approsimately one or 
two seconds after ignition. Pressure waves or 
variations normal to the burning surface of the 
propellant were introduced in this manner. Ob- 
servations could then be made on aluminum 
droplet behavior under steady and under oscillat- 
ing conditions. 

Propellants. The propellants chosen for this study 
were of the type using nitrocellulose-nitroglycerin- 
ammonium perchlorate-aluminum. Some in- 
formation concerning the propellant lots investi- 
gated is shown in Table 1. The aluniinum was 
obtained from two different companies, namely, 
Alcoa and Reynolds. It was incorporated in the 
propellants in 2, 10, and 20 per cent by weight 
fractions. Three different ranges of particle sizes 
were used: 5-8 microns, 20 microns, and 43-143 
microns. The cdculated equilibrium flame tem- 
peratures varied from approximately 295O0K to 
365OoK dependent upon thc pcrccntagc of 

TABLE 1 

Lot numbers of the propellants used together with the types of aluminum and equilibrium flame temperatures 
at  the pressure indicated 

Type and diameter of AI 

Per cent by weight of Al, REY 2s S D  REY 400 REY 120 ALCOA 140 ALCOA 101 
Tp("K), and Pc(psi) Flake ( < 5  p) (5 f 2 p) (20 4 5 p )  (6-8 (43-143 p) 

2 %  
2954% (100 psi) 220 217 211 226 223 

317S'K (100 psi) 22 1 31s 212 227 224 
to 3397% (1000 psi) 

33S6"K (100 psi) 222 219 229 22s 22.5 

to 3135°K (1000 psi) 
10 % 

20 % 

to 3657°K (1000 psi) 
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nluminuni and upon the chamber pressure. The 
flame tempcratures \wre essentially constant 
over the pressure range studied for each of the 
t h e e  perccntzgcs, hon-ever. 

Experimental Results and AnaIysis 

Xpproximntcly 2.50 firings were made. The 
data obtained gave infornintion on both surface 
and Aame zone events. 

X b j a c e  Phenomena, Jtelt ing,  and Agglomeration. 
The aluiniiiurti appcared to melt on the propellant 
surface in all the cases observed. In  inany in- 
htnnces i t  started to burn or vaporize there. This 
\\as iii evidciice ns smokc, vapor, or flame trails 

FIG. 1. Consecutive frames (3SOOlsec) from film of 
propellant lot 225 burning at 200 psi. Note vapor 
trails from the droplets and surface formation of 

agglomer :t 3s 

projecting from the droplet on the surface up- 
ward into thc flame zone (Fig. 1). In frame to 
frame observations from thc motion pictures, tiny 
droplets of alumiiium could be seen forming on 
the propellant burning surface as a result of 
melting. Thr droplets usually did one of two 
things: (a) they grcw in diameter as they rolled 
around on the surface, picked up or coalesced 
with other droplets and then rose into the flame 
zone or (b) they remained fixed in place for a few 
milliseconds, grew only a slight bit in diameter, 
and then were released into the flame zone. The 
rolling motion and diameter growth on the 
surface is thought to be strong evidence of 
surface agglomeration. In some instances, es- 
pecially at high pressures aud with high initial 
aluminum concentration, the propellant burning 
surface ~vrould appear to he almost covered with a 
blanket of molten aluminum. As ninny of the 
droplets were ready to leave the surface, they 
would cling momentarily by a cord or thread of 
molten metal and then be reledsed (Fig. 1). 

Droplet Growth and Euaporation Above the Surjace. 
As the droplets left the propellant burning sur- 
face, they assumed a semi-spherical shape, in 
most instances, M ith a vapor trail preceding 
them (Fig. 2). They grew in diameter until they 
reached a certain level above the burning surface. 
At this levcl they would start to decrease in di- 
ameter (Fig. 3). The rates of dccrease of droplet 
dianietcrs were increased under the influence of 
siren pulsing a t  1100-1300 cps. The level above 
the surface a t  which the diameters started to de- 
crease was not appreciably affected by the siren 
pulsing, however. 

The propellant burning surface was assumed to 
be near a velocity antinodez in the chamber as 
the siren-driven oscillations were introduced. 
The pressure gauges located in the walls a t  this 
level verified the assumption to some estent. It 
is questionable, however, whether this condition 
actually exists near the burning surface since the 
surface itself may act as a local end plate. 

It is postulated that the droplet growth phe- 
nomena above the surface could be, among other 
things, a result of (a) meteoric pelting of large 
liquid droplets by small particles which are be- 
yond the resolution of the optical system, (b) 
ignition abovc the surface with an apparent di- 
ameter growth due to the formation of a flame 
envelope, or (c) hollow spheres or droplets which 
are inflating like balloons as the vapor pressure 
inside increases with temperature. The esperi- 
mental evidence seems to lend more support to 
(a) or (b) as will be discussed in succeeding sec- 
tions. 

The distances above the surface at which the 
droplets started to evaporate or decrease rapidly 
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FIG. 2. Enlargement of burning droplets showing the vapor trails. The schematic drawing illustr&s the 
flame envelope surrounding the liquid droplet. The envelopc thickness varied from approsimatcly 0.02rl 

at SO0 psi to 0.15d a t  200 psi as determined by silhouette lighting. 

are plotted vs. chamber pressurc in Fig. 4. The 
particle diameters shown Kcre arbitrarily divided 
into two ranges, i.e. 200-400 microns and 400- 
SO0 microns. The plot exhibits a profile which is 
cxpected until i t  reaches the higher pressures. 
There are a t  least two possible ways of explaining 
this discrepancy. In one case, thc hot flame zone 
would be expected to recede from the surface a t  
low pressures and come eloscr to i t  a t  high pres- 
sures. At low presures the droplets move far 
from thc surface beforc appreciable evaporation 
takcs place. At intermediate pressures, the 
droplets start evaporating closer to the surface. 

I DISTANCE I 

T I  

At the highcr pressures, combined effects of in- 
creased mass flow rate of the product gases and 
an oxide insulation or protective layer on the 
droplets are probably evident as the droplets are 
carried further from the surface before starting 
to decrease in size. One thing must he kept in 
mind, however. Thc growth incehanisrn is prob- 
ably present the entire time during which our 
data are taken so the point a t  which the diamcter 
starts decreasing takes on more significance. It 
means that thc evaporation or burning rate has 
overcome this gain mcchanism aud has, indeed, 
cxcecded it by a significant amount. Some typical 
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Fro. 3. Typical plots of droplet diameter and distance above the propellant 
surface as functions of time. 
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growth and decay rate data are shown in Table 2. 
Calculations were made on aluminum droplet 
histories by treating them in the manner of 
M i e ~ s e , ~  Schuyler, and Goldsmith and Peniier5 
for burning fuel droplets in a flowing medium. 
On the basis of the computed histories and the 
measured values, i t  appears that  the data in 
TabIe 2 were obtained in temperature regions 
approximating 0.7 to 0.9 of the theoretical flame 
temperatures. 

Another possible esplaiiation for the distance 

vs. chamber pressurc plot data would be based 
on the assumption that the reaction zone was 
extremely thin in all cases and that there is es- 
sentially a constant temperature throughout the 
measurable field. This assumption is not too bad 
considering the previous discussion. Then a 
strong controlling factor on the evaporation rate 
would be the concentration of the aluminum 
vapor. In other words, near the surface where 
there would bc a large vapor concentration a t  
some pressures the evaporation rate would be 

TABLE 2 

Typical esperimcntal growth and decay rates of droplets at various chamber pressures 

Distance 

propellant 
Droplet growth Ihoplet dccay above 

Surface Surface surface 
area area when 

Chamber Diameter Time for growth Diameter Time for decrease decrease 
pressure espansion espansion rate decrease decrease rate started 

(psi) (em) (sec X 103) (cmz/sec) (cm) (sec X 103) (cmz/sec) (cm) 

200 0.0510-+0.0670 
225 0.0400-+0.0475 
300 0.023S-tO. 0263 
325(w/siren) 0.0400-+0.0595 
400 0.0285-+0.0351 
400(w/siren) 0.0240-tO. 0333 
500 0.0350+0.0545 
500(w/siren) 0.0273+0.0633 
750 0.0272-+0.0363 
750 0.05754.0675 

21.5 
2s.o 
5.2 
6.08 
5.30 

13.84 
14.93 
24.44 
13.50 
2s. s5 

0.276 
0.074 
0.142 
1.003 
0.159 
0.121 
0.367 
0.419 
0.135 
0.136 

0.0670+0.0560 
0.0475-tO.03SO 
0.02S340.0169 
0.0595+0.0145 
0.03.51 40.0235 
0.0333-.0.0167 
0.0545-+0.0273 
0.0633+0.0100 
0.0363-.0.0195 
0.0675-+0.0625 

27.9 
29.5 
2.24 
4.32 
4.96 
3.05 
5.35 
7 .52 

13.50 
4.70 

0.1.52 
0.0S7 
0.723 
2.421 
0.431 
0.562 
0.5172 
1.632 
0.21s 
0.435 

0.5s 
0.42 
0.22 
0.16 
0.10 
0.11 
0.0s 
0.06 
0.23 
0.66 
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FIG. 5 .  Enlargements of consecutive frames from film of burning propellant. On 
the left, lot 217 burning st chamber pressure of 390 psi. The framing rate was 
2SO0 fps. On the right, lot 219 burning at chamber pressure of 405 psi. The fram- 

ing rate was 3000 fps. 

low and the droplet would travel further from 
the surface before decreasing appreciably in size. 
This mechanism, then, would hinge more on 
vapor concentration and less on temperature 
considerations. This type of phenomenon has 
been discussed by Burgoyne and Cohcn6 on 
effects of drop size on flame propagation in 
liquid aerosols. They maintain that the niech- 
anism of flame propagation is completely trans- 
formed within the droplet diameter range of 7 
to 55 microns. Below 10 microns, the suspension 
behaves as a vapor; above 40 microns, the drops 

burn individually with one drop igniting ad- 
jacent oncs. This process, they claim, leads to 
increased burning rates for the larger drops. 
Figure 5 shows consecutive frames from film of 
burning propellants containing 2 per cent and 20 
per cent of aluminum, lots 217 and 219, re- 
spectively. The flame zone, in comparison ap- 
pears to be transformed from one of a diffusion 
or vapor flame in the 2 per cent composition to a 
zone of droplet burning in the 20 per cent com- 
position. Therefore, thc aluminum vapor theory 
may be quite applicable. 
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f h p l e t  Vibrations. In  a11 cxperinienkd runs in 
\\filch the burning aluminum droplet histories 
could be traced, oscillations of the major and 
minor dinirnsions of the ellipsoidal droplets were 
observed. nleasureinents of frequency and 
aiiiplitude 11 ere macle. Thr vibration frequencies 
ranged from 500 to 1100 cps for droplets with 
mean diameters (average of major and minor 
dimensions) of 200 to 700 microns. The magiii- 
tude of the diameter variations was often quite 
large, Le., 50 to 100 per cent. Vibrations of 
smaller droplets were discernible but the fre- 
quencies approached the photographic framing 
limits so thrsr data were not analyzed. The fre- 
quency of vibration and amplitude of the oscilla- 
tions mere dependent upon particle diameter and 
chamber pressure. 

When siren pulsations were introduced, the 
larger droplets (>ZOO microns) would assume a 
vibration frequency close to the siren frequency. 
Their evaporation or burning rate would also be 
increased as was already discussed. 

Two approaches were used to compute the 
natural vibration frequencies of the droplets in 
an undisturbed medium, Le., no siren pulses 
introduced. In  the first case, it was assumed that 
(a) the aluminum was molten on the burning 
propellant surface, and (b) it left the surface as 
liquid droplets which were set into vibration by 
the release from the surface. This vibratory mo- 
tion did not damp out but continued with the 
surface tension of the liquid acting as a restoring 
forcc. Using Rayleigh’s analysis7 for the period of 
oscillation of droplets, the following relationship 
was obtained 

T = (37rm/S~~)”~ = 0.785 (p/a)”’ (d)3’2 

where T = period of vibration, rn =  tia ass of the 
droplet, CT = surface tension of the liquid, p = 
liquid density, and d = diameter of the droplet. 
Values of 2.2 grams/cm3 and 250 dynes/cm were 
assumed for p and CT, respectively, in all cases. 
These approximate values were assumed for a 
teinpcrature near the boiling point of aluminum 
(2S23’k‘). The vibration frequencies of droplets 
ranging from 50 to 1000 microns in diameter were 
computed. These frequencies varied from 39000 
to 400 cps, respectively. 

In  the second approach to theoretical vibration 
frequencies, i t  was assumed that (a) the alumi- 
num melted on the surface and formed vapor 
filled bubbles which were ejected into the flame 
zone, and (b) the bubbles oscillated with the 
periodicity controlled by the properties of the 
wall and the enclosed vapor. Therefore, vibra- 
tion frequencies of hollow, flexible spheres were 
computed according to the method of Morse and 
Feshbach.s Although the major and minor di- 
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FIG. 6. Plot of droplet vibration frequencies vs. 
(diameter)--?. The straight lines indicate theoretical 
values based on either hollow sphere or liquid 
droplet assumptions at the boiling point tempera- 

ture of pure aluminum. 

mension variations we nieasured did not indicate 
symmetric vibrations, we assumed that this 
would provide a close enough approximation to 
the actual case. So their equations for symmetric 
vibrations were used as 

was = iryOs C/a 

If the membrane is the restoring factor and 
controls the motion, they show that the lowest 
natural frequency will be 

where p = density of gas inside sphere, a = equi- 
librium spherc radius, p s  = ~vall density, k = 
wall thickness, c = sound velocity, and E = 
modulus of elasticity. Frequencies of the order of 
30000 to 120000 cps were obtained for droplets 
whose diameters ranged from 1000 to 50 microns, 
respectively. Wall thicknesses were varied from 
less than 5 per cent to about 99 per ccnt of the 
droplet radius. 

The theoretical vibration frequcncies were 
several orders higher than those measured es- 
perimentally. We assumed therefore that the 
droplets under observation were not hollow. A 
comparison of some of the experimental values 
obtained and the frequencies computed from 
these two methods are shown in Fig. 6. Adjust- 
ments in the surface tension of the droplets could 
alter the relationships shown, of course. 

Evidencc of some hollow particles was found 
collected on cooler portions of the chamber, how- 
ever. Photomicrographs of some of the residue 
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FIG. '7. Photomicrographs of solidified residue collected in the test chamber from 
the burning aluminized propellants. Photo I shows many particles with holes in 
them. Photos I1 and 111 are enlargements of individual particles. Photo I V  shows 

a particle that has apparently deflated after expelling enrlosed gas. 

are shown in Fig. 7 .  It is thought that  if the 
amount of hollow droplets formcd is significant, 
this proccss must occur a t  3, distance further from 
the surface than we can observe in our film, 
namely, 1.6 em. 

Zone Concentrations and Aluminum Mass Flux. 
Measurements were made of size and distribu- 
tion of visible droplets in various zones above 
the propellant surfaces. All data reported in this 
section were taken from runs in which siren 
pulses were not introduced. The data 'were ob- 
tained by placing the film in the Kodak projector 
and marking off zones of -200 micron thick- 
nesses vertically above the surface. Then meas- 
urements were made in each zone over a series of 
frames. An approximate volume basis was estab- 
lished using the propellant thickness as the third 
dimension. Corrections were made for such things 
as (a) deviation from a vertical plane, (b) ob- 

523 

scuring of smaller particles by larger ones, and 
(e) depth of field or focus effects. 

Figure S is a plot summarizing the data ob- 
tained on all lots 211 through 229. It shows the 
percentage of particles in a thin zone above the 
surface with diameters in the same range as the 
original particle sizes. The percentagc is shown 
as a function of pressure and aluminum concen- 
tration in the propcllant. The percentage of 
particles with diameters greater than the original 
particle size is highest a t  the low pressures and 
high aluminum concentrations in the propellants. 
This phenomena, we believe, is an indication of 
the amount of agglomeration and meteoric pelt- 
ing taking place in the thin zone next to the 
surface. Apparently at high pressures and low 
initial aluminum concentrations, the oppor- 
tunity for agglomeration or pelting after the 
aluminum melts is reduced. 

Some measurements made in thicker zones 
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FIG. S. Plot of percentage of particles with diameters in the same range as the 
original particle sizes. Measurements were made in a zone 200 microns in height 
above the burning surface of the propellant. This is plotted as a function of pres- 
sure and concentration. The lower plot represents lots 223, 224, and 225; the 

upper plot represents all other lots. 

above the surface are shown in Fig. 9. In  general 
these findings vcrify those made in zones near 
the surface by reflecting the results of phe- 
iiomena that havc occurred there. 

Aluminum mass flux determinations were 
made based on visible particles in the motion 
pictures. The framing rate ivas such that most 
larger droplets were essentially stopped for frame 
to frame measurements. d fairly accurate deter- 
mination of the velocities of the various sized 
droplets could then be made. The simple rela- 
tionship was used of 

Total Mass Flus = mivi 

where m, and v L  were the total mass and velocity 
of the i th species, respectively. 

In  most instances mass flux variations of a low 
frequency nature (300-700 C ~ S )  were observed in 
the thin zones above the surface. The variations 
were often quite large but the mean value was 
lower than the calculated aluminum mass evolu- 
tion rate from the propellant surface. This dis- 
crepancy is to be expected since all of the alu- 
minum particles are not visible on the film. The 
important factor brought out by these measure- 

mcnts is not the absolute values of the burning 
particle flus (probablc error l t l 0  per cent) but 
the fact that it is varying significantly a t  a low 
frequency. This phenomena may be a key point in 
luminosity variations reported by other invcsti- 
gators.9 

Conclusions 

The following conclusions are drawn from the 
experimental rcsults: 

1. Agglomeration of aluminum on the burning 
surface of a double base-composite propellant is 
appreciable. It appears to be a function of cham- 
ber pressure and initial aluminum concentration 
in the propellant. In  cases observed where it 
almost covers thc surface as a molten blanket, it 
would probably alter thc acoustic admittance of 
the burning surface. 

2. The vibration or oscillation of liquid drop- 
lets above the propellant burning surface is a 
measurable phenomenon. It is concluded that 
even though the majority of the droplets meas- 
ured were vibrating in the low frequency range 
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FIG. 9. Plots of particle diameters and concentrations in thick zones above the 
propellant surfaces. They are shown as a function of pressure and initial alumi- 
num concentration. Zone 1 = 1750 microns high; Zone IS = 3500 microns high. 

(<lo00 cps), this is not a major coiitributor to 
low frequency pressure oscillations. Concentra- 
tion profiles takcn above the surface support this 
postulate. 

3. Most of the droplets in zones up to 3.5mm 
thick above the propellant surfaces were ap- 
parently liquid rather than hollow spheres with 
liquid walls. 
4. Meltsuremcnts s110w that appreciable drop- 

let evaporation or burning may occur at a rcla- 
tively large distance above the surface. It is 
postulated that this is a vapor controlled process. 
Siren pulsation increased the evaporation rate of 
th r  droplets but did not affect the distance above 
the surface at which i t  became controlling. 

5. The mass flux of aluminum above the pro- 
pellant surface varied with time at a low fre- 
quency. It is concluded that this could be a 
major contributor to  low frequency chamber 
oscillations measured in some highly aluminized 
propellant systems. 
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Discussion 
DR. H. SHANFIELD (Aeronutronic Division, Ford 

Motor Company) : In connection with assumptions 
on the origin of aluminum agglomeration on solid 
propellant surfaces, i t  is important to take accurate 
account of the temperature-time history of indi- 
vidual aluminum particles at the propellant surface. 
This will be a strong function of initial particle size 
as well as pressure, since the latter influences the 
flame zone thickness. Since agglomeration proceeds 
by growth of small particles to large ones on the 
surface, particles must first melt and then reside 
sulliciently long on the surface to coalesce with one 
or more partners. A plausible assumption for the 
final ejection mechanism of the agglomerated 
particles is that they finally rise in temperature 
sufficiently to vnporize material on which they rest, 
resulting in expulsion. Obviously low concentrations 
of aluminum may fail to agglomerate simply be- 
cause the number density of potential partners on 
the surface is low, and this probably accounts for 
such observations a t  the 2 %  aluminum level. This 
hypothesis suggests a critical size above which ag- 
glomeration is possible and below which particles 
will not do so. The data presented by the author on 
the size of burning globules as a function of pressure 
and distance ahovc the propellant surface can very 
likely be rztionalieed in terms of the physical picture 
described. 

PROF. H. W. EMMONS (Harvard University): In 
comparing the experimental frequency of oscillation 
with those computed for “solid” and hollow spheres 
showing good agreement with the former, the same 
mode was not computed in each case. For the 
hollow sphere a pure radial mode was used in which 
the restoring force is largely internal gas pressure 
while for the deforming modes surface tension is the 
only restoring force. The comparison should be 
made with the same mode in both cases. 

MR. L. A. WATERMEIER (Aberdeen Proving 
Ground): This is no doubt true in a rigorous treat- 
nient of the situation. We felt we could understand 
reasons for liquid droplets deforming in the manner 
observed in our movies on the basis of displacement 
of mass with surface tension restoring forces. It was 
more difficult to comprehend a similar mechanism 
for hollow spheres. We did feel that the alternate 
compression and decompression of the enclosed 
gases would be a large factor, however. So the point 
that Prof. Emmons brings up is, in our estimation, 
dificult to approach but would probably yield com- 

puted values closer to those for the liquid droplets 
and closer to the measured values. 

DR. K. P. MCCARTY (Hercules Powder Company): 
The thickness (distance across the burning surface) 
of the propellant samples in this work was $ inch. 
Past experience has shown that aluminum combus- 
tion in samples of this size can be considerably 
different than with larger snmples. This marked 
scale effect was reported by Dr. B. Brown in the 
Eighth Symposium. With this in mind the aluminum 
combustion in larger samples or in rocket motor 
firings might be expected to be quite different. The 
motion pictures show a comparatively small amount 
of radiation from oxide products as compared with 
the central aluminum particles indicating very poor 
combustion. Much greater combustion efficiency 
would be expected with larger samples and with 
rocket motors. This comment is intended more as 
a warning to use extreme care in applying the re- 
sults of this work to rocket motor performance than 
as a criticism of the present work. 

MR. L. A. WATERMEIER: I believe Dr. W. Wood 
of Rohm & Haas has shown in some experiments 
that the thickness criteria noted by Ilr. McCarty 
is not as criticd as hc is pointing out. As to Dr. 
McCarty’s comments on extreme care in applying 
the results of this work to rocket motor perform- 
ance, I do not believe that such an application was 
advocated in this paper, at least, not intentionally. 
Scaling effects certainly are a factor in all labora- 
tory experiments as we all know. 

DR. W. A. WOOD (Rokm uric1 Haas Company, 
Redstone Arsenal): In  response to Dr. McCarty’s 
questions regarding effects of sample size (area) on 
the observed microscopic deflagration behavior of 
aluminized propellants, we have conducted two 
kinds of studies in which the sample size was 
widely varied without appreciably influencing the 
nature of the results sought. One of these investiga- 
tions involved determination of the distance from 
the propellant surface a t  which ignition of alumi- 
num occurred; the sample surface ranged from 2 to 
50 mm diameter. Thc other study involved meas- 
urement of the distribution of aluminum particles at 
a planc in the deflagration zone and employed 
cylindrical samples from 6 to 38 mm in diameter. 
Both studies were done with ammonium per- 
chlorate-containing plastisol nitrocellulose com- 
posite formulations a t  500 psi. In both cases the 
results were essentially insensitive to chnnges in de- 
flagrating area. 
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DR. G, d. PIGNZIAS (Warner n7Ld StUaSC$J COtI l -  

pamy) : I ani pnrticularly intrrrsted in the appwent 
thickness of thr re:tction zonr, which the authors 
measured to be on the ordrr of SO0-3000 p. Wc 
have recently obtained a similar rcsult in time- 
resolved measurements of the infrsred radiation 
and temperatures of solid propellant flames in an 
optical strand burner. The spectral radiant emit- 
tance and spectral emissivity of the flame were 
measurcd as a function of time at various wave- 
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lengths in the infrsrcd bands of C D :  and H:O. Thc 
ratio of spcctral eniittnncc, to spectral cinissivit y is 
equal to the Planrli funrtion, from which the trm- 
perature can I)e c.:tlculatcd [TO~RIN,  li. FI : Tern- 
perature, Its Measurement and Control zn Sc zmce 
and Industry, C. M. Herzfeld, ed , Vol. 111, Part 2, 
Chap. 43 (Reinhold, New York, I9@2)]. The instrn- 
ment is focused directly above thr propellant strand. 
As the strand starts to burn, the burning snrfwc 
moves away from the point of obscrvation; thrr e- 
fore the temperature-time record obtained rm \)e 
converted to teinperatiire-dist:~nec informntion, 
since the str:md burning rate is linown. 

The figure shows typical results of mcasiircments 
made at 4.50 p, which corresponds to the radiation 
emittcd by the C 0 2  formed in thc re:zction. The pro- 
pellant used was Arcite 36S, a conipositc-type nm- 
monium perchlorate propellant, burned :It SO0 psig 
in nitrogen atmosphere. As can hc seen, thc tan- 
pernture rises rapidly with time, and :after a distttricr 
of approximately O.S mm, rearhes a ma\imum which 
is close to the theoretics1 adiab&ic tempcratrire of 
the propellant. The temperature then slowly starts 
to fall as the burned gases cool due to interactions 
with the surrounding nitrogen. The time or distance 
to reach this high-temperature flame zone can bc 
thought of as the reaction zone, and is in ngrecmcnt 
with the results presented here. 



ION OF THE SOLID PHASE IN THE OSCILLATORY 
URNING OF SOLID ROCKET PROPELLANTS 

N. W. RYAN, R. L. COATES, AND A. D. BAER 

An experimental study of the interaction between the solid and gas phases during oscillatory burn- 
ing of solid propellants has been undertaken with the objective of exploring the validity of the com- 
plex theory describing the phenomcnon. The apparatus employed was a side-vented, cylindrical 
vessel with an end-burning propellant grain closely fitted in one end and provision for maintaining 
thc burning zone at a fised position. Pressure oscillations both at the gas-zone end plate and beneath 
the grain were recorded. 

Energy dissipation in the solid propellant, isolated from other losses in the system, was deter- 
mined from the growth rate constants of the amplitudes of pressure oscillation for grains of varying 
lengths. The efficiency of acoustical energy or absorption by the grain was found to be maximum 
when the oscillations arc at frequencies close to the natural frequency of the grain. These results 
confirm the description of oscillatory burning by the acoustical theory in its broad generalizations. 

Introduction 

The practical interest in oscillatory burning of 
rocket propellants derives largely from its as- 
sociation with severe combustion irregularities, 
though it is not always found in such bad com- 
pany. Where they occur together, suppression of 
oscillatory burning results in elimination of the 
more serious irregularities. Thus, whether the 
one is a cause or merely a concomitant symptom 
of the other, i t  is believed that a basic under- 
standing of the more tractable, oscillatory burn- 
ing, will lead to preventives or cures for the more 
harmful, irregular burning. 

In  an excellent discussion of oscillatory 
burning, R. W. Hart1 summarized the state of 
knowledge on the subject in 1960. His remarks 
and thosc of others on the same occasion indi- 
cated that the principal emphasis in research is 
being guided by the acoustical theory of oscil- 
latory burning put forth by R. W. Hart  and F. T. 
McClure and their ass~ciates.~J The essential 
premise of the theory is that  the combustion 
zone serves as a broad-band amplifier for oscilla- 
tions in the natural frequencies of the composite 
gas cavity-solid propellant acoustical system. 
Because of the complex, nongeneralizable influ- 
ences of hardware and geometrical configura- 
tion on the phenomenon as it is encountered in 
rocket practice, research attention has been 
directed toward those critical, relevant properties 
of propellant and its combustion that can be 
isolated in laboratory apparatus. 

The work here reported concerns isolating the 

effects of propellant participation in the oscil- 
latory burning. Observations amply confirm the 
broad features of the acoustical theory and 
demonstrate that  the behavior of the solid can 
be described. 

Apparatus and Propellant 

The key apparatus used in the study is a 1.5- 
inch-diameter cylindrical, side-vented burner. A 
closely fitted grease-lubricated Cylindrical grain 
is placed in one end. The grain is burned a t  the 
free end, gas being vented midway between the 
burning surface and the closed end of the gas 
column. The grain is backed by a piston which 
is advanced at the rate necessary to maintain the 
burning surface a t  a fixed position ( . tb  inch), 
thus fising the gas-phase geometry during a firing. 
The burner is a modification of the one-dimen- 
sional burner first developed a t  the University of 
Utah? It has the virtue of sustaining only axial 
acoustic modes in the gas phase, often only the 
fundamental, thus simplifying greatly the analy- 
sis of esperimental results. 

Pressure transducers are mounted in the 
flanged end of the gas cavity, opposite the burn- 
ing surface, and in the piston face a t  the base of 
the propellant grain. The transducer signals are 
recorded with oscilloscopes and a tape recorder. 
From these recordings, measurements are made 
of oscillation frequency and amplitude, the rates 
of growth of the pressure oscillations, and the 
phase angle between the two pressure signals. 

I n  some experiments, short grains are mounted 

? 
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at both ends of the chamber. In  these runs, the 
piston is left in a fixed position, and both pres- 
sure signals are obtained from beneath propellant. 

The propellant used was mixed, cast, and 
cured a t  the test facility under rigidly controlled 
conditions. A simple composition of PBBA- 
epoxy binder, ammonium perchlorate oxidizer, 
and coppcr chromite burning rate catalyst 
(1S/SO/2 wt per cent) was selected for eshaus- 
tive study. 

Illustrative Results 
Figures 1 and 2 illustrate the kinds of informa- 

tion obtained from an experiment, in this case 
the burning of a grain initially 5 inches in length 
with a gas column maintained at 4+ inches in 
length. The grain was brought to a temperature 
of 6OoC before i t  was ignited. Strong oscillations 
made their appearance shortly after ignition, 
died out after about 4.5 seconds, and resumed 
after about 6.5 seconds for another 6 seconds. 
Also plotted on Fig. 1, as functions of time to the 
scale established by the pressure traces, are 
phase angle between solid-end and gas-end signals 
and the ratio of solid-end to gas-end pressure 
oscillation amplitudes. The constancy of the 
mean pressure testified to the constancy of 

0 5 10 
BURNING TIME (seconds) 

FIG. 1 .  Results from the firing of a 5-inch grain, 
preconditioned at 6O"C, with a 4i-inch gas column. 
Oscilloscope traces show oscillating pressure at gas 
end (top) and beneath grain (center, mas. ampli- 
tude 20 psi peak to peak) and mean chamber pres- 
sure (bottom). The phase angle by which the signal 
beneath the grain leads the signal at the gas end 
and the ratio of the signal amplitudes (pa lp , )  are 

also shown. 
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FIG. 2. Idcalized acoustic modes for thr firing 
shown in Fig. 1. Speed of sound 4,150 ft/sw in 

solid, 3,000 ft/scc in gas. 

burning rate, so that the instantaneous length 
of unburned grain is proportional to timr to 
burn-out. 

The gross features of the esperiinental observa- 
tions can be explained readily in terms of acoustic 
theory applied to a two-component, one-dimcn- 
sional elastic system, bounded by rigid walls a t  
the extreme end5of the two phases. The thcory 
in this application is set forth clearly by Hart, 
Bird, and McClure? and will not be reproduced 
here. 

Figure '2 is an idealized frequency-solid length 
mode map drawn for the experiment depicted on 
Fig. 1. The gas quasi-modes are horizontal lines 
drawn assuming a pressure antinode a t  the phase 
boundary; the curved solid quasi-modes arc 
drawn assuming a pressure node a t  the phase 
boundary. As the ratio of acoustic impedances 
(solid to gas) is very large (1900), the composite 
system modes follow quasi-modes very closely 
except where these intersect. The intersection of 
the first gas quasi-mode and the first solid quasi- 
mode was located at the critical propellant grain 
length for which interpolation of the phase angle 
curves of Fig. 1 gives a phase angle of 90 degrees. 
This length, 2.9 inches, is a quarter wave length 
in the solid a t  the observed frequency of 4400 
cps. These numbers establish the speed of sound 
in the solid as 4250 feet per second and thus 
supply all the information needed for construc- 
tion of the idealized mode map. 

I n  the experiment of Fig. I, the only significant 
frequency observed was close to 4300 cps, so 
that it is inferred that only the second (first 
period of oscillation) and first (second period of 
oscillation) composite modes were, a t  their rc- 
spectives times, active. Thc transition from the 
second to the first composite mode was attended 
by the momentary disappearance of oscillations. 
When the grain length was in the neighborhood 
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of the critical value, the phase interface was 
located close enough to a pressure nod. that the 
combustion proccss could not supply acoustical 
energy a t  a sufficient rate to balance energy losses. 

The solid-phase resonance condition ap- 
proached as the grain burned to the critical 
length is reflcctcd in the ratio of oscillating pres- 
mre amplitudes, the amplitude in the solid 
greatly csceeding that in the gas even though the 
absolute values of both amplitudes were diminish- 
ing. Under these conditions the acoustical cou- 
pling bet\\ e m  the phases wa5 such as to result in 
effcctii e punipiiig of energy from the gzs phase 
into the solid. The consequent increased energy 
diasipation in the solid contributed to thc damp- 
ing processes. 

General Results 

Figure 3 presents results from the experiment 
of Fig. 1 and two other esperiments to  show the 
ratio of pressure amplitudes and pliase difference 
3s functions of reduced length, which is the ratio 
of grain length to critical grain length. These 
represent a degree of generalization of the results 
shown on Fig. 1. 

,4n important parameter that docs not appear 
on Fig. 1 is the growth constant, d In p / d t  = a, 
measured a t  the first onset of oscillations for 
those runs in which the ignition transient was 
short. It has been determined for each run in 
several series. Within a series the initial length 
of grain was varicd from run to  run, the series 
difering with respect to assigned length of gas 
column. For the runs shown, initial propellant 
temperature was 30'C. The values of the growth 
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dl am (I 4 1/8" 30" 3.5" r I I 
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FIG. 3.  Correlation of pressure oscillation amplitude 
ratio and phase angle with grain length for three 

firings. Pressure, 200 psi. 
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FIG. 4. Variation of the rate of growth of pressure 
oscillations with frequency (cl In p / d t  = a) for both 
single and double-ended burners. Pressure, 200 psi. 

constant, determined for grains inuch shorter 
than the critical length, has been found to be in- 
versely related to mean pressure level, dropping 
to small values a t  chamber pressure above 300 
psi, apparently approaching a inasinium a t  about 
150 psi. 

On Fig. 4 which applies only to short grains, a 
is plotted against frequency, which is determined 
by length of gas column. It is found that a/fo = 

constant is a good representation of the data a t  
the three temperatures for the single-ended 
burner, i.c., propellant in only one end. That this 
relationship is apparently not temperature de- 
pendent, whereas the visco-elastic properties of 
the solid are, leads to the supposition that the 
small propellant charge is not an important con- 
tributor to the losses. Under these conditions, a 
is determined altogether by combustion zone 
amplification and gas phase (homogeneous, sur- 
face, and nozzle) losses. This observation vali- 
dates the assumption made by €Iorton5 that solid 
losses in short test samples may be neglected. 

Also displayed on Fig. 4 is a line for a double- 
ended burner (short burning grains in both ends), 
showing, for a given frequency, an cy more than 
twice the value for the single-ended burner. A 
simplified analysis shows that a represents the 
difference between the acoustic amplification due 
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FIG. 5.  Variation of the rate of growth of oscillations 
with initial grain lengt,h ( T ,  = 30"). Pressure, 200 psi 

to combustion and the damping which is char- 
acteristic of tlie gas-filled chamber. The differ- 
ence between the double-ended value and twice 
the single-ended value, assuming that the ampli- 
fication is simply proportional to burning-surface 
area, is therefore primarily a function of the 
characteristic damping of the two systems. The 
damping is different in the two systems chiefly 
because of the effects of the nonhomogeneous gas 
in t h r  "cold" end of the single-ended system. 

On Big. 5 the effect of grain length on oscilla- 
tion growth is shown as a reduced (but dimen- 
sional) a! vs. reduced grain length ( L8/Ls,c). The 
choice of ~ r / f O . ~  to represent the growth constant 
is suggested by Fig. 4, and is motivated purely 
by correlational convenience. The data of Fig. 5 
were all obtained with grains conditioned to  30'C. 
Data taken at 0' and 60OC are somewlist scat- 
tered but, in the neighborhood of the critical 
length a! values are greater than the corresponding 
value for 30'C. With respect to Fig. 5,  it should 
be mentioned that in some series of tests, grains 
originally at or near thc critical length did not 
exhibit oscillatory burning after ignition. For 
these, the value of a was zero or less and the two 
branches of the curve dipped sharply downward. 
The curve is to be regarded as poorly defilied for 
lengths near the critical length. 

Discussion 

It is felt that, a t  this stage of experimentation, 
the most fruitful philosophy of interpretation is 
to argue inductively from results at hand. The 
greatest profit is seen in supplying the sorely 
missed esperimental bridge from the elaborate 
acoustical theory now in vogue to the working 
generalizations useful to engineering practice. 

It has already been noted that the growth con- 
stants measured for short grains, Fig. 4, appar- 
ently are free of contributions due to losses in the 

solid. It is speculated tlmt if' corrcctioiis I V C ~ C  

made for the gas-zone losses, t,lic residual a could 
he correlatcd with frequency by 

a a f " J  

where m is less than unity, perhaps 4. As 711 is 
not unity, i t  is inferred on dimensional grounds 
that the a, f relationship must involve another 
characteristic time parameter, constant for all 
the esperinients here reported, a gr:tin tempcra- 
ture-insensitive characteristic of the combustion 
process. 

That the growth constant for grains near tlie 
critical length is less than for short grains is at- 
tributed to losses in the solid. There is, however, 
another contribution to the reduced growth con- 
stant. Consider & grain ignited a t  a length such 
that initial oscillations are in the second systciii 
mode, very nearly the first gas quasi-mode. (See 
Fig. 2.) As the grain burns down to the critical 
length, the frequency increases; the pressure 
antinode moves away from the interfxe into the 
gas phase. As a consequence, the combustion 
zone at the interface receives a reduced signal to 
amplify, and the pressure increment is corrc- 
spondingly less. This reduced increment is seen 
in relation to tlie full oscillation amplitude at a 
true antinode, where the pressure measurement is 
made, and thus is reported, wrongly, as a reduced 
constant. 

A quantitative estimate of this effect can hc 
made as follows: For short grains, the antinode 
is very close to the interface: 

For the long grains, frequency the same, 

where a1 and cyB are measured at tlie gas-zone riid 
plate. In  these equations Ap is the pressure in- 
crement per cycle, p b  and pu are oscillating pres- 
sure amplitudes a t  the interface and the gas end 
plate. If it is assumed that A p / p b  is the same in 
the two cases, 

where A f  is the shift in frequency From the gas 
quasi-mode value closely approximated for short 
grains. Observed frequency shifts are all me11 
within 10 per cent of tlie quasi-modc value, so 
that 
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As the observed values of this ratio, Fig. 5, are 
often less than 0.7, reduction in cy. cannot be ac- 
counted for hy displacement of the pressure 
antinode. 

The sole remaining plausible explanation is 
that energy is more effectively transferred from 
the gas to the solid as the critical length is ap- 
proached. The net rate of energy absorption by 
and dissipation in the solid (E,) is estimated from 

& = 2Eg(as - cy.1) 
when a's are cornpared a t  the same frequency 
and the same zeoustic energy density in the gas 
(E,) .  The same quantity may be equated to the 
time rate of increase of internal energy in the 
propellant : 

E, = pc,R(dT/dt) 

where R is the ratio of gas volume to propellant 
volume. Thus the time rate of increase of tem- 
perature throughout the propellant grain can be 
calculated. 

For reasonable values of parameters-fre- 
quency, 3600 cps; a values, from this frequency 
and readings from Fig. 5 a t  reduced lengths of 0 
and 0.8, of 52 and 32 sec-I; acoustic energy den- 
sity of the gas, for 10 psi amplitude, of 15 ft-lb 
per eu ft; pc, of about 60 Utu/(cu ft, "C) ; R of 
1-the above equations give 

f i S  = 600 It-lb. per see per eu ft of gas 

dl ' /d t  = 0.013OC per sec 

Theie figures show that the propellant tempera- 
ture rise in the experiments reported here was 
certainly less than 0.5OC. An extension of the 
calculation shows, however, that the temperature 
rise in the solid may be significant in a rocket. If, 
for a propellant similar to that discussed here, 
the pressure amplitude were 100 psi and the a 
difference 20 sec-l, the corresponding rate of 
temperature rise in the bulk of the propellant 
would be of the order of 1.3OC per sec. This space- 
average rise, not impressive in itself, may be 
alarming as indicating the possibility of much 
greater local values. The spectre of disruptive 
mechanical stress may have as a partner the 
spectre of esr essive local internal heating. 

Conclusion 

The results presented above confirm the de- 
scription of oscillatory burning by the acoustical 
theory in its broad generalizations. The results 

isolate the effects of solid participation in the 
oscillations and permit a close estimation of the 
rate of energy dissipation in the solid from experi- 
mentally measured oscillation growth constants. 
The solid proves to be an effective absorber of 
energy from the gas phase when the oscillation 
frequency approaches the resonant values for 
the solid. Sharp discrimination near transition 
from the second to the first system modes (high 
&) is not indicated, solid participation being pro- 
nounced when the frequency impressed on the 
solid is half the quasi-mode value. 

Nomenclature 

Eg 
E, 

f Frequency of oscillations 
L, 
p 

R 
T Temperature 
t Time 
cy. 

Energy density in the gas phase 
Energy dissipation rate in the solid per 

unit volume of gas 

Propellant grain length; L,, ,., critical value 
Pressure; amplitude of oscillation, as used 

Ratio of solid volume to gas volume 
in  text 

Oscillation growth constant, d In p/dt ,  
measured at gas end; as for short 
grains, a1 for long grains 

Subscripts 

b Refers to burning surface 
g Refers to gas 
s Refers to solid (except with a )  
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DR. M. D. NORTON (U. S. Naval Ordnance Test 
Station): The question has been asked how the 
measurements in the papers by Norton, Stritt- 
mater, and Ryan compare. The two figures show the 
data for the three papers in a comparative way. 
3.2 I 
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FIG. 1. Comparative values of the reduced specific 
acoustic admittance of the “Utah F” propellant as 
a function of frequency. The data obtained by Dr. 
Coates are reported in his unpublished University of 

Utah Ph.D. thesis. 
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FIG. 2. A comparison between the values of the 
reduced specific acoustic admittance of ARP double 
base propellant as obtained by NOTs and BRL. 
The difference in test pressures may account for the 

discrepancy between the sets of data. 

DR. R. J. PRIEM (NASAlLewzs  Research Center): 
What is the variation in growth ratc constant with 
time or amplitude in each run? If there is a variation 
in growth rate constant at what point docs one meas- 
ure the growth rate constant? How does onc explain 
the fact that the wave amplitude reaches an equi- 
librium where the damping must equal the driving? 
It would appear that second order effects are re- 
quired to explain the equilibrium. If second order 
effects arc important a t  equilibrium then i t  would 
appear that second order effects at, lower amplitudes 
would be important. 

PROF. N. W. RYAN (University o j  Utah): The 
growth constant values reported were measured a t  
the initial part of the oscillation growth period, 
where the acoustic pressure-time relationship is in 
fact exponential. As defined, the growth constant 
implies that gains and losses effective at low acoustic 
pressure amplitudes-the first order effects-are 
linear in the sense that they can be represented 
either by linear terms in the wave equation or by 
constant acoustic admittances at the phase bound- 
aries. Second order (nonlinear) effects that arc not 
active a t  low acoustic pressures are invoked to cs- 
plain the “equilibrium” acoustic pressure. It may 
be pointed out that the second order loss effect can 
be quite small compared t,o a first order effect and 
yet very significant, because it detracts froin a 
small difference between large first order gain and 
loss effects. 

DR. I,. A. WATERMEIER (Ballistic lZescurch Labora- 
tories): The problem of ignition is by no means 
small. Experiments at BRL indicate that the appli- 
cation of an igniter paste on the propellant surface 
must be done with great care. This particular point 
is even more important than bits of wire remaining 
in the chamber after ignition. Dr. Ryan’s group has 
apparently overcome this problem by using a hot 
gas ignition. 

DR. H. SHANFIELD (Aeronutronic) : Recently the 
Applied Physics Laboratory, The Johns Hopkins 
University, published an analysis of tbc acoustic 
characteristics of the “T” rocket motor confiyra- 
tion. They conclude, in part, that the plscemcnt of 
the exhaust nozzle at the center leads to a source for 
acoustic excitation of the burning propellant. In 
what manner does this influence the calculations of 
specific acoustic admittance in these experiments? 

DR. M. D. HORTON: In  the test of the paper by 
Horton e t  al., the amplification function of the 
exhaust port is accounted for by the inclusion of the 

3 
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factor u in Eq. (5’) which artificially describes the 
:woustic admittance of the combustion zone as being 

Ber:iusc the value of u is about l / y ,  the values of 
thc~ reduced specific acoustic admittance as reported 
arc equal to the “response function” of the combus- 
tion zone. 

nR. R. STRITTMATER ( B U k t i C  Research LUborU- 
t o t y ) :  The regions of the combustion chamber near 
the nozzle may appear as sources of sound. Because 
of this effect negative values of the burning surface 
:idmitt:mce are obtained that are too large in ab- 
solute magnitude. The results of the theoretical 
andysis by APL, now that they are available, should 
i~(> used to isolate the burning surface effect in “T” 
motors for it is this effect alone that is needed when 
nxiking gain-loss analyses for a general sort of 
rocket motor configuration. 

Pnorr. N. W. I~YAN:  The APL analysis shows that 
ia the region of the centrally located vent, flow 
c’nclrgy may be converted to acoustic energy in the 
odd modes of oscillation. It is not known if, in the 
cqeriments reported, circumstnnces were favorable 
for this conversion. The effect has been ignored in 
tlic c:ilculation of acoustic admittance. Partial 
justification, a posteriori, comes from a preliminary 
comparison of results from two different kinds of 
cxperiments in which the vent effects arc believed 
to be very differcnt. The acoustic admittance values 
calculated are in good agreement. 

DR. L. F. JESCII (Sun Oil Company):  Professor 
ltyan describes a chamber in which the solid is 
moved as it burns to maintain position of its front. 
Strittmater et al., however, make an assumption 
that regression is negligible and set the initial and 
boundary conditions accordingly. Is it justified to 
set this boundary condition fixed? 

DR. 1%. STRITTXATIGR: It would be desiritble to ad- 
xmce the solid a t  the same rate it burns in our ex- 

periment, as is described in Professor Ryan’s paper, 
if this could be done without detrimental side 
effects. Some consideration and rough calculations, 
however, show that the efTect of the regression on 
the results presented in our paper is small and can 
therefore be neglected. This can be shown as follows: 
In the self-excited tube technique for determining 
the admittance the gains must exceed the losses, 
otherwise no measurement can be obtained. Esperi- 
ment indicates that the losses, as characterized by 
the decay of the natural logarithm oE the pressure 
envelope after burnout (a  In Pu/d t )  will have a 
minimum value of the order of 10 sec-*. Simple 
harmonic standing wave theory indicates that the 
relative energy change rate is twice this value. 
Therefore the acoustic power capability of the com- 
bustion process must be such that the energy in the 
acoustic field of the cavity would be increased by a 
factor of 20 each second if the gain equal loss condi- 
tion is met and a measurement is obtained. 

Even for a fast burning propellant (1 inch/sec) in 
the shortest chamber (1.3 inch) used, the reduction 
rate of acoustic energy density in the chamber due 
to the addition of volume by regression of the sur- 
face is 0.77 sec-1. Thus, under these eslremc condi- 
tions we conclude from energy considerations, that 
neglecting the regression could aflect results by 
-4%, Le., 0.77/20 ,- .04. For the results reported in 
our paper this figure would be considerably smaller 
(less than 1 %). 

There is also the effect of the changing fraction of 
the wave length from the burning surface to the 
measuring location (gage site) in the side of the 
tube, as the surface regresses. Calculations have 
shown the error involved in neglecting this eflecl is 
small (-1%). 

In some cases it is possible that the sum of these 
effects may introduce significant error. In these 
cases either the propellant must be moved to present 
a fised boundary or the mathematical treatment 
must be extended to include the time dependent 
boundary condition. 

It is also of interest to note that the fractional 
change in frequency due to regression in one period 
of oscillation is small and therefore inter- 
ference effects should be virtually nonesistent. 
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W. A. WOOD 

Analytical consideration of the interaction of an oscillatory pressure disturbance with the burning 
zone of a composite propellant leads to the conclusion that acoustic waves induce periodic variations 
in the ratio of the mass release rates of composite propellant components that give rise to  harmonic 
composition and adiabatic flame temperature fluctuations in the gases above the propellant. These 
mass-release-rate, composition, and flame-temperature fluctuations may make large contributions 
to  the amplification of acoustic waves by burning composite propellants. The magnitudes of these 
contributions to the admittance are particle-size-dependent and decrease as the ratio of particle hurn- 
ing time to  oscillation period decreases. 

In contrast to  homogeneous propellants, the amplification tendency of composite propellants is not 
expected to be a strong function of the burning rate pressure indes of the over-a11 propellant. On the 
other hand, composition and flame-temperature contributions to the admittance may obtain for 
double-base propellants at  high frequencies. 

Experimental work shows that bands of varying luminosity are released from the burning surfaces 
of propellants that are burned under the influence of an oscillatory pressure. The release of these bands 
can be related to composition and temperature fluctuations in the gases, but as yet not 
unambiguously. 

Introduction 

Oscillatory combustion and combustion in- 
stability problems associated with solid rocket 
propellants have esisted sincc the early days of 
modern rocket tcchnology. The fact that the 
subject has warranted discussion at two con- 
secutive Combustion Symposia is in itsclf witness 
that the problems persist. At the last Sympo- 
sium1*2 a number of hypotheses concerned with 
the interaction of solid propellant combustion 
zones with acoustic disturbances were reviewed 
and compared. For the most part these hy- 
pothcses were based on response properties es- 
pected of homogeneous propellants and did not 
dcnl specifically with problems that  stem from 
the heterogeneity of composite-type propellants. 

Composite propellants consist of osidizer and 
additives embedded in a continuous binder 
phase, usually a polymeric fuel. Owing to the 
naturc of preparation of these propellants, the 
osidizer particles are distributed randomly 
throughout the binder. Sincc at least two dis- 
crete phases having different regression char- 
acteristics are present, these propellants may not 
be expected to respond to acoustic disturbances 
as do homogeneous propellants of the type 
doscribed by Hart  and McClure.3 

.kpproaches to the composite problem have 
been made by Cheng,? who considers a two-com- 
poncnt system with each component assigned an 

arbitrary response function, and RarrBre? who 
applies distributed reaction time lags to a Green- 
type theory? The present discussion advances 
the multi-component picture to include the effects 
of time-dependent variations in the composition 
of the flame zone brought about by differcnces 
in thc regression rates of the individual compo- 
nents of thc propellant and the implications of 
thcir subsequent effects on the acoustic admit- 
tance of the burning zone. 

Response at Low Frequencies 
The surface and flame-zone properties of 5 

composite propellant burned under the influence 
of a very-low-frequency acoustic disturbance can 
be represented adequately by a series of steady- 
state (constant-pressure) models that  span thp 
pressure range of the acoustic disturbance. 

During steady-state burning of one face of a 
semi-infinite slab of composite propellant the 
ratio of the mass release rate of oxidizer to that 
of the binder, W o / W ~ ,  is equal to the ratio of the 
weight fractions of these components, W,/IVb, 
incorporated in the propellant. The mass release 
rate of a component may be expressed in terms 
of its condensed phase density, p ,  its surface 
area, S, and its instantaneous regression rate, r,  
to give 

(1) 
wl_. - SoPoro w, - -  
a b  &Pbrb tvb 

335 
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If the propellant is burned under the influence 
of a very-low-frcquency acoustic disturbance, 
both the surface area and regression rate will 
adjust so that Eq. (1) will be satisfied a t  all times. 

Response at High Frequencies 

The response of a composite propellant to 
high-frequency disturbances cannot be rcpre- 
sented by a series of steady states. However, 
some insight into the problem may be obtained 
through examination of the general stoichiometry 
relationship expressed by Eq. (1). 

At high frequencies only the burning rates of 
the constituents will respond to the pressure 
fluctuations3; their surface areas will be invariant. 
The sample surface may exhibit irregularities 
coniparable in size to the larger oxidizer particles 
incorporated in the propellant, or roughly 20-200 
microns. The burning rates of oxidizer and  binder 
are generally less than 1 cm per second at 500- 
1000 psi pressure; hence, during the period of a 
half-cycle of an imposed acoustic oscillation, the 
surfaces of each regress by approsimately 
( 5  X 103/frequency in cps) microns (or 0.5 p 
at  lo4 eps) or less. At high frequencies these 
regression distances are small compared to the 
surface irregularities and the surface areas of 
both oxidizer and binder should remain essentially 
constant throughout a cycle. 

If a small-change in pressure, dP, due to the 
acoustic disturbance, effects changes dr, and drb 
in the regression rates, then the following 'equa- 
tion results for stoichiometric flow: 

INSTABILITY 

Elimination of terms leads to 

d In ro = d In (3) 
From Eq. (3) i t  is readily seen that stoichio- 

metric flow will occur only in the unique case in 
which the relative changes in the regression rates 
of the oxidizer and binder are equal, Le., their 
pressure responses are identical. In general this 
similarity of burning rate response of the compo- 
nents is not expected since they may differ con- 
siderably in their chemical and physical natures, 
and their surfaces will be subjected to different 
temperature ,and environmental regions of the 
propellant combustion zone. As a result of these 
differences, nonstoichiometric flow should obtain 
and give rise to time-dependent fluctuations in 
composition and adiabatic flame temperature of 
the gases above the propellant surface. 

Of importance in most rocket work are the 
conditions under which burning goes from 
stoichiometric to nonstoichiometric and the 

magnitude of surface and composition effects on 
the admittance of a propellant. In line with this, 
a quasi-steady-state analysis of the interaction 
of a composite propellant burning zone with an 
acoustic disturbance is presented in the following 
section. Although this analysis will break down 
at moderate frequencies, i t  points out many 
essential features of the problem. 

Response of a Composite Propellant 
Combustion Zone to a Acoustic Disturbance 

The reaction of a boundary to an acoustic 
disturbance may be presented in terms of the 
specific acoustic admittance a t  the boundary. 
An acoustic disturbance incident from the gas 
side (positive z side) on a boundary will be 
reflected with increased intensity if the real 
part of the admittance a t  the boundary is nega- 
tive and attenuated if positive.3r6 The admittance 
is given by Y = -dV,/dP where P is the pres- 
sure a t  the boundary and Ti, the normal velocity 
of the gas into the boundary. The problem, 
therefore, lies in deriving an expression to relate 
the gas velocity a t  the combustion zone boundary 
to the acoustic pressure at the boundary. 

A model representative of the burning of an 
ammonium perchlorate-containing plastisol nitro- 
cellulose propellant has been set up whose prin- 
cipal assumptions are: 

1. The combustion of the propellant is con- 
sidered a three-step process. The first two steps 
are independent volatilization and primary 
combustion of (i) the binder and (ii) the oxidizer. 
The third step is comprised of secondary com- 
bustion reactions between oxidizer and binder 
primary combustion products. 

2. Linear regression rates of the surfaces of 
both the oxidizer and the binder are considered 
independent of the secondary combustion reac- 
tions. These rates are each represented by a 
burning rate law of the form r = LP'I where L 
and p are constants and P the pressure. 

3. The binder surface remains planar; there- 
fore, its average surface area is constant. The 
regression rate of the binder is set equal to that 
of the propellant. It will be shown later that  
these restrictions may be relaxed without seri- 
ously affecting the results. 
4. Oxidizer particles are spherical and deflagrate 

in a narrow zone adjacent to the solid propellant 
surface. The rate of release of thesc particles into 
this deflagration zone is governed by the regres- 
sion rate of the solid propellant surface. 

5 .  Combustion reactions between osidizer and 
binder decomposition products are rapid com- 
pared to the period of the pressure oscillation. 

6. Only surface-average properties are con- 
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sidered. Compositional fluctuations within the 
propellant are small and random. 

At any time during the deflagration of a 
composite propellant the total m a s  flow rate, 
ZU, may be expressed as 

w = ?-ib + w o  (4a) 

= w b  + w o , ~  tho  - ?bo,a (4b) 
= S b C P P b  + S,,,BPp, 

+ (So - S o , s ) B F ~ o  ( 4 ~ )  
where wo,s and So,, are the mass flow rate and 
osidizcr surface area required to give stoichio- 
metric burning of the binder, CP" is the regres- 
sion rate of the binder (and propellant surface), 
and BP" is that  of the oxidizer. The first two 
terms of Eq. (4c) represent the steady-state inass 
flow rate of the propellant and may be replaced 
by SpCPnpp where 8, is the cross-sectional area 
of the propellant over which 86, So, and So,, are 
determined and p p  is thc density of the composite 
propellant. 

If the combustion products follow ideal gas 
behavior then the gas velocity may be written as 

(5) 
where di( and T are the molecular weight and 
tcmperature of the gases and K is the gas 
constant. 

I n  order to determine the admittance, all 
variables of Eq. ( 5 )  must be expressed as func- 
tions of time. This is facilitated by imposition of 
a sinusoidal pressurc fluctuation, of small ampli- 
tude E ,  normal to the propellant surface. The 
pressure fluctuation will be written in the form 

P = P(1 + 6 exp -iwt) (6) 
Surface-Area Relotionships. The surface area, 
So, of all deflagrating oxidizer particlcs a t  some 
time t ,  may be obtained by integration over the 
interval r (whcrc T is the burning time of a 
particle that terminates combustion a t  t,) of the 
product of the surface area a t  tc of particles re- 
leased from the propellant surface at  prior time 
t j  and the rate of release of particles at t f :  

So = l c - r [ 4 ~ B 2 ]  
t c  

x CNSpCP"(1 + € ex11 -id/)"] dtJ ( 7 )  
R is the radius a t  f, of a particle releascd at tJ,  N 
is the number of oxidizer particles pcr unit 
volume of composite propellant, and 

@"(I + 6 exp -iwt/>n 

is the burning rate of the propellant a t  time t f .  

R may be determined from the following 
equation 

R = R, - /;'BPndt t, - t j  5 T (8) 

= o  t ,  - t,> r 

Equations ( 7 )  and (8) niay be solvcd analyti- 
cally, omitting higher-order tcrms of 6 ,  in the 
following manner. Integration of Eq. (S) gives 

- - ?ne [exp (-&ti) - exp ( - iwtc)]  (9) i w  

where ? E R,/Bpm = average burning time of a 
particle. 

The variable limit t, - r of Eq. (7) may hc 
replaced by a constant limit tL - i: since Eq. (7) 
has the form 

and, by the mean-value theorem, this may bc 
expressed as 

(T - 7)f(t, - ?) f / l e  f(t,) dti 
tc-i 

Consequently Eq. (7) reduces to 

x {NS,CP"[l + Eexp ( - i w t f ) I " j  dt/ (10) 
since 

[ 4 m ]  { N s,cP[ I + E exp ( - iwt,) 1 7 1  1 [T - +I 
I 

= 0 at  t/ = t, - .F. 

Integration of Eq. (10) yiclds 

3t cxp (-iwt) ( m  - n) 
So= &[I+ i 

where 

Here the subscript has been dropped from tc 
since t, may have any preassigned value. 

""I 
.d;2 
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The oxidizer surface area required for 
stoichiometric burning a t  time t is calculated 
from the oxidizer surface area which would exist 
under a constant pressure equal in maggitude to 
the instantaneous pressure; Le., X,,, is 8, evalu- 
ated a t  P rather than at P. Therefore 

(12) 
4 r N  S,C P" R? 

3 B P  &,3 = 

and for small values of E may be written 

= 8,[1 - (7TZ - n)€eXlJ (-id)] (13) 

The relationship between So and So,8 is made 
clear by consideration of the variation of So with 
time a t  various values of w?. X, is given by the 
rcd  part of Eq. (11) which is 

so = S"[l + 3 4 m  - n)P] 

where 

p = --i.oswL[-&(l - 31 
1 2  - sinwt 7 - - (1 - cosw?) 

w3?3 

At low values of w?, Le., a t  low frequencies or 
short particle burning times (small particle 
sizes), the cosine term predominates. AS w.f. --+ 0 
the instantaneous oxidizer surface area, So, ap- 

0 0.2 Q4 0.6 0.8 1.0 a 
271 

Fro. 1. Form of the deviation of the instantaneous 
oxidizer surface area from its mean over one pressure 

cycle. 

INSTABILITY 

proachcs the surface area required for stoichio- 
metric burning, So,,, since -+ -4 coswt = 
Re [-4 esp (-iwt)]. In  this limiting case the 
composite propellant behaves as a homogeneous 
propellant. As w? increases the osidizer surface 
area cannot adjust fast enough to maintain 
stoichiometric burning. In  the limit, as LO? -+ 00 

the oxidizer surface area remains constant. Here 
P--+ 0 and the instantaneous surface area, So, ap- 
proaches the surface area, So, that obtains undgr 
constant pressure conditions a t  the pressure P. 
How the oxidizer surface area fluctuations vary 
between these limits is shown in Fig. 1. 

The difference between the instantaneous 
oxidizer surface area and that required for stoi- 
chiometric burning is of importance since fluctua- 
tion of this difference (So  - gives rise to 
corresponding fluctuations in composition and 
temperature of the burning Eone above the 
propellant surface. This diffcrence function. 
given by 

X, - S,(m - % ) E  CXII (-id)$, (14) 

wherc 

vanishes as w? --+ 0 and approaches a maximum 
value as o? --+ m. The nature of this difference 

L I 1 ' ' ' ' ' " '  
I 

0 0.2 0.4 0.6 0.8 1.0 

FIG. 2. Form of the deviation of the instantaneous 
oxidizer surface area from the stoichiometric re- 

quirement over one pressure cycle. 
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function is shown in Fig. 2, in which 

Re [( So - S , , s ) / 3 ~ ( 9 n  - n) So] 
is plotted versus wt/27r. 

Molecular Weight and Temperature Fluctuations. 
Compositional fluctuations that arise when 
S,  Z So,8 give rise to variations in A[ and T that  
may be expressed as 

The pressure oscillation will also protlucc 
variations in M and T ;  however, changes of J I  
will in many cases be siwsll niid here vi11 be 
neglected. Following Hart and C a n t r ~ l l , ~  the 
temperature fluctuation duc to the arouitic 
wave may be written as T,B ex11 (-id), whcre 
T,O is the tempg-ature fluctuation due to a pres- 
sure variation PE when burning is stoichiomrtric. 
Since only small fluctuations are considered the 
effects of composition and pressure changes \vi11 
be considered independent of each othcr and 
Eq. (16) expands to 

where M ,  and T, are the molecular weight and 
temperature for stoichiometric burning a t  P = P. 

Consideration of only small fluctuations permits 
dWV, to be written as 

Setting d In M8/8 W ,  and a In T,/dlV, as constants 4 and K ,  respectively, and substituting thc foregoing 
expressions in Eqs. (15) and (17) gives 

So(m - n)E$BPmpo exp -Lt 
SpCPnp ,  + So(m - n)E$BPp0 esp -iwt 

T = T ,  1 + Besp (-id) + K F V ~  I 
Determination of the Admittance. Sincc all vari- 
ables of Eq. ( 5 )  are now expressible as functions 
of time, the admittance may be determined. 
Substitution for ( S o  - AT, and T from 
Eqs. (14), (1s) , and (19), respectively, followed 
by expansion of the resultant expression and 
retension only of terms to first order in E gives 
the gas velocity 

T I  m 

the oscillation 

f n + 211 + S,(m - n)poBpm$ 

x c1 + T V d K  - 4)  + z21.3) (21) 

where 21 and 2 2  are terms that contain B and 6 
in their numerators only. The term B / E  - 1 will 
generally lie between -1 (the value proposed 
by Summerfield et a1.8 for the limiting low-fre- 
quency casc where dT/dP = 0) and -l/y (the 
value obtained by Hart  and McClure3 for the 
isentropic limiting case where 

The admittance, d T / d P  = [I - l / y ] T / P ,  

I' = -dV/dP = - (dV/d t )  ( d t / d P )  , 
may be determined from Eq. (20). For those 
cases in which the thickness of the combustion 
zone is small compared with the wavelength of 

with y = c p / c u ) .  Hence B < e(1  - l/y) = 0.2~. 
As E approaches zero both Zl and B approach 

(22) 

and Eq+ (21) becomes 

Y = ( V / P ) [ ( l  - e / e )  - n - E ]  
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FIG. 3. Rea1 part of $ as a function of the acoustic 
frequency :~nd average particle burning time. 

where 

arid 

[ = TI'o['?Y& - n][1 + n ' b ( K  - @)I$ 
The sign of [, the contributions to the ad- 

inittaiicc by fluctuations in oxidizer suri'ace area, 
gas cornposition, and flame temperature is of im- 
portance, since an acoustic disturbance will be 
amplified if Re [ YJ is negative and attenuated if 
1Te [ y ]  is positive. The term [I f bv-b(K - @)] 
v ill generally bc positive for high-energy oxidizers 
currently emplogccl in solid propellants. Re [#] 
varica from +I  (large values of w?) to zero 
(small values of 07) as shown in Fig. 3. Conse- 
quently the sign of Re [ f ]  is determined by the 
difference between the pressure exponents of the 

regression rate relations of the constituents. If 
nz > n the amplification tendency of the pro- 
pellant will be increased and if m < n it will be 
decreased. 

It is possible to make an order-of-magnitude 
estimation of the effect of i on the admittance. 
Sibbettg has found values of B = 0.007 cm/sec- 
atm. and m = 1.2 for ammonium perchlorate. 
Values of other constants for a typical ammonium 
perchlorate-containing plastisol nitrocellulose 
propellant are n = 0.6, y = 1.2, 1V, = 0.35, 
K = 1.03, and Q, = 0.53. Using thcse values along 
with values of Re [#] from Fig. 3, one obtains 
the results shown in Table I for a sample case 
a t  a mean pressure of 1000 psig fluctuating a t  
1000 cycles per second. These calculations show 
that [ may make a significant contribution to the 
admittance and that a decrease in w i  may effect 
a change in sign of the real part of the admittance. 
These results are especially important since 
perturbations in the burning rates of the solid 
components due to composition-induced tem- 
perature fluctuations and to acoustic oscillation- 
induced temperature and radiation fluctuations 
are not included and should in many cases cause 
an increase in Re [.$I. 

It is pertinent to point out that a decrease in 
Ri and, consequently, in w? (where w is held 
constant) will not necessarily lead to a reduction 
in the amplification tendency uf a burning pro- 
pellant. The real part of [ is relatively igsensitive 
to changes of w7 if w? > 2 ~ ,  whereas V may in- 
crease considerably with an oxidizer particle 
size decrease and thus lead to an increased value 
of \Re[Y]I.  

EJect of Variable Binder Surface Area. Up to 
this point, the binder has been assumed to es- 
hibit a flat surface and to have the same regres- 
sion rate as the propellant. This restricts the 
interpretation of the results since individual 
effects of binder and propcllant burring pro1,er- 

TABLE 1 

Example of effect of oxidizer particle size or acoustic frequency on the dimensionless admittance 

Dimensionless admittance 

Ri Low-frequency limit Isentropic limit 
@?pa (microns) Re (U [l-n-Re (5)I [(l/-r)-n-Re (01 

2.7 30 0.2s +o. 12 -0.05 
1.8 20 0.27 +0.13 -0.03 
0.9 10 0.23 +0.17 0.0 
0.45 5 0.13 +0.27 +O. 10 
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ties on the admittance are indistinguishable. I n  
order to estimate the potential contribution of 
the binder, the admittance function has been 
rederived for the case in which the binder and 
the propellant have different regression rates 
and in which the binder is assigned a fluctuating- 
surface-area function. 

I n  this case both bindcr and oxidizer arc as- 
sumed to burn as particles and the binder, 
oxidizer, and propellant regression rates are 
given by DPW, BP", and CP", respectively. 
Analysis of this example by the procedures al- 
ready demonstrated leads to the expression 

where 

l o , b  = (y - n) (bvb'f!'h + wo' f ! 'o )  

+ wo[l + H7b(K - 411 
x [ (m  - %)A? - (Y - n)'f!'lJI 

and +bo and 1c/b are values of +b for the oxidizer and 
binder, respectively. 

and 'f!'b ap- 
proach zero and thc admittance equation reduces 
to that for a homogeneous propellant. 

Y = (p/p)[(l - S / C )  - TZ] (24) 

At high values of both mi, and W?b, 'f!'o and $b 

both approach 1 and the admittance is given by 

As mi, and W?b approach zero, 

P = (V /P)  [ ( 1 - e /€ )  - why - w,m 

- TpvoTvb(K - $1 ( m  - Y)] (25 )  

This relationship shows that  the sign of the ad- 
mittance depends strongly on regression rate 
pressure exponents y and rn of the binder and 
the oxidizer and that the burning rate pressure 
exponent qf the propellant, n, enters only through 
the tcrm V. This result is noteworthy in view of 
the fact that heretofore no correlation between 
n and the extent of instability shown by pro- 
pellants has been reported, although theoretical 
treatments of homogeneous propellants indicate 
there should be such a correlation. 

Discussion. The model used here neglects several 
factors that  can become important during oscil- 
latory burning of composite propellants. 

Time-depcndent fluctuations in heat and mass 
transfer and in the rates of chemical reaction and 
gaseous diffusion in the propellant combustion 
zone are not included. At low frequencies, chemi- 
cal reaction and gaseous diffusion times should 
be small compared with the oscillation period 
and consequently cause only small deviations 

from steady-state behavior. The theoretical 
treatment of Hart  and McClure? indicates that, 
a t  low frequencies and low amplitudes, heat and 
mass transfer processes in homogeneous pro- 
pellants approach their steady-state values. For 
composite propellants, we expect a similar be- 
havior; however, deviations from stcftdy-state 
behavior may appear a t  lower frequencies than 
those expected of homogeneous propellants. 

The effects which may ensue from the acoustic 
oscillation on the instantaneous flame tempera- 
ture and on the radiant heat exchange between 
the gases and the propellant have been neglected. 
The former should increase in sigcificance with 
increase in dP/dt (dP/dt = -&PE esp -&t); 
hence, it should increase with increase of either 
frequency or oscillation amplitude. Radiation 
effects are geometry dependent; howcver, in 
motors with large cavities they should increase 
with increase in amplitudc and dccrcasc in fre- 
quency. At high frequencies and short wave- 
lengths the propellant surface sees only an aver- 
age gas temperature, whereas, a t  low frequencies, 
the surface secs a gas temperature that varies in 
phase with the pressure. While the influence of 
instantaneous variations in gas composition on 
the flame temperature has been considered in 
the model, the potential effects of such changeb 
in composition and temperature on the regres- 
sion rates of binder and oxidizer have not bern 
included, and may alter the calculated results in 
either a positive or negative direction. 

At high amplitudes and/or high frequencies 
there is a possibility that the compression-in- 
duccd temperature variations will couple with 
those arising from changes in gas composition, 
resulting in appreciable fluctuations in gas-phase 
reactions and in the regression rates of the con- 
stituent solids. Since dP/dt masima precede those 
of P by 90" and the composition-induced flamr 
temperature fluctuations for the case calculatcd 
are either in phase with or lead the pressure 
waves, the coupling of the two thermal effects 
would result in increased reaction and regression 
rates as pressure increased, followed by de- 
creased rates as pressure decreased. 

In  omitting the interaction of the gas composi- 
tion and flame temperature fluctuation with thc 
regression rates of the propellant constituents, 
the indicated method of calculating stoicliio- 
metric effects on the admittance becomes inde- 
pendent of the burning zone thickness as long as 
this is small relative to the acoustic wavelength. 
The acoustic perturbations in turn are con- 
sidered sufficiently small that the thermodynamic 
properties of the combustion zone vary linearly 
with respect to composition. Although higli- 
speed motion pictures indicate particle burning 
as far as 1 em from the propellant surface, the 
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wavelength of the acoustic oscillation at, say, 
1000 cps is 120 cm. 

On the other hand, calculation of the ampli- 
tudes of thermal fluctuations that arise from 
compositional variations in the gases may be 
considerably in error because the thickness of 
the particle-burning zone is, in general, larger 
than the “wavelengths” associated with these 
thermal fluctuations. These wavelengths are 
strongly dependent on frequency, propellant 
regression rate, and chamber pressure. As an 
esample, a propellant burning a t  13 cm/sec a t  
1000 psi eshibits a thermal “Wavelength” of 0.3 
to 0.4 cm a t  1000 cps. 

Since most deviations from the constant-pfes- 
sure regression rate relationships discussed abovc 
become more important at high frequencies, the 
model should be more representative of composite 
propellant burning a t  low rather than a t  high 
frequencies. Evcn a t  high frequencies, however, 
composition and temperature effects are expected. 

Although the present treatment deals with 
true composite (ix., polyphase) propellants the 
hame arguments may be applied, a t  least hypo- 
thetically, to so-called homogeneous propellants, 
in which during deflagration a liquid zone is 
predicated,10 from which the constituents may 
volatilize a t  rates that  have different pressure 
indices. If each of N components is assigned a 
mass vaporization rate of the form LP‘I gm sec-I 
cin-2, where q is a constant and L is determined 
from stoichiometric relationships that must 
esist under constant-pressure deflagration, then 
the admittance is given by the equation 

where 

Consider JPN propellant, a double-base formula- 
tion“ containing about 51 % nitrocellulose (NC) , 
43 % nitroglycerin (NG) , 3 % diethyl phthalate 
(DEP), and 1% ethyl centralite (EC). Values 
of K ,  and & may be determined graphically from 
theoretical curves of T ,  and as functions of 
IC;. The I( - # differences for EC, DEP, NG, 
and NC, are 0.7, 0.6, 0.4 and 0.1, respectively; 
these are the same order of magnitude as the 
value of 0.5 estimated for the composite pro- 
pellant example. 

Experimental 
Esperiments have indicated the existence of 

thermal waves in the combustion zone above a 

propellant surface. Streak photographs taken of 
the gaseous region above propellant samples 
burning under the influence of imposed acoustic 
oscillations show the periodic release of luminous 
bands of gases parallel to the propellant surface 
varying in intensity in regular fashion. 
Apparatus.  A schematic diagram of the esperi- 
mental apparatus is shown in Fig. 4. A modified 
T-motor“ was used as an acoustic driver. This 
motor generates acoustic oscillations primarily in 
the fundamental longitudinal mode across the 
arms of the T, the frequency of which may be 
varied by changing this length. The sample pro- 
pellant, an ammonium perchlorate-containing 
plastisol nitrocellulose type, was a 1.8-inch- 
diameter cylindrical waver approsimately 2 inch 
thick. The windows of the sample section were 
formed from $-inch-thick Hereulite or *-inch- 
thick colorless synthetic sapphire. The photo- 
graphs were taken with a Ueckman and Whitley 
Dynafax high-speed framing camera, modified 
for operation as a streak camera. The acoustic 
pressure was measured by means of a strain- 
gauge transducer located near the propellant 
surface and oriented parallel to the direction of 
the gas flow. Correspondence between the pres- 
sure traces and the streak photographs was ob- 
tained by means of an exploding wire that si- 
multaneously put a spot on the film and effected 
a discontinuity in the pressurc trace. 
Results. Streak photographs (Fig. 5) show two 
distinct patterns of radiant energy emission. 
The first is an oscillation in the over-all luminosity 
of the gases, of frequency equal to that of the 
driver pressure. From correlation of the pressure 
and streak traces, it has been found that this 
radiant oscillation is in phase with the acoustic 
oscillation within =t2Oo a t  500 eps. The second 
pattern is evidenced by the release of bands of 
varying luminosity, parallel to the propellant 
surface. Since this release occurs a t  the same fre- 
quency as the acoustic oscillation the separation 
of bands of similar intensity can be related 
directly to the deflagration rate of the propellant, 
the average pressure, and the frequency and 
amplitude characteristics of the imposed acoustic 
oscillation. The phase relationship between the 
emergencc of the luminous bands and acoustic 
pressure appears to change with experimental 
conditions. Data a t  500 and 200 cps, a t  average 
chamber pressures of 400 and SO0 psi, for an 
ammonium perchlorate-containing plastisol 
nitrocelIulose coniposite propellant, indicate that 
the release of luminous bands from the propellant 
surface geiierally precedes the pressure maximum, 
by approsimately Moo, and that the phase differ- 
ence decreases with increase in frequency and 
decrease in pressure. 
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Discussion. There are at least three explanations 
for bands of varying luminosity in the gases 
above a propellant that  is burned under the 
influencc of an  oscillatory pressure fluctuation. 
The first involves the release of strata of gases of 
varying composition and temperature discussed 
earlier. Either an increase in average pressure or 
3 decrease in frequency reduces the burning time 
of ammonium perchlorate particles relative to 
the period of an  imposed oscillation and results 
in increased phase lags between the thermal and 
pressure wa,vcs. The second involves particle 
rclrasc, from the surface. Coupling of the propel- 
lant burning rate to the acoustic pressure can 
lead to an  oscillatory rate of particle release and 
consequently give luminous bands in the gases 
above the surface corresponding to  particle con- 
centration gradients. The third, postulated by 
Summerfield et al.,s is based upon the difference 
in pressure-volume work done by the acoustic 
oscillation on propellant combustion products 
having flame temperatures independent of pres- 
sure. This mechanism gives rise to thermal waves 
that arc 180" out of phase with the pressure at 
low frequencies. 

.%t the present time it is not possible to sepa- 
rate the individual contributions of the three 
mechanisms of luminous band formation de- 

t 200 cps the phase relationship 
of luminous band release to  pressure is close to 
that predicted from the pressure-volume work 
mechanism. The decrease in lead of luminous 
band release to pressure with increase in fre- 
quency and decrease of average pressure, how- 
cvcr, could result from either composition-tem- 
perature or particle-release mechanisms or from 
a combination of the two. 
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Discussion 

PROF. H. EMMONS (Harvard University): Dr. DR. W. A. WOOD (Rohm & Haas): The ease in 
which both oxidizer and bindcr burn as particles 
has been included in the written text. The frequency- 
average particle burning time $ is a function of 
( m i )  only and may be used for either binder or 
oxidizer. If ?b differs sufficiently from then the 
admittance will show two regions of rapid change. 

Wood's theory supposes oxidizer particles which 
burn as spheres. If both oxidizer and fuel particles 
were present would the $ functions show two posi- 
tions of rapid rise and the resultant burning show 
two regions of rapid admittance change? 
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ON THE ANALYSIS OF LINEAR PYROLYSIS EXPERI 

W. NACHBAR AND F. A. WILLIAMS 

Linear pyrolysis experimental data have been used as surface boundary conditions in the analytical 
treatment of solid propellant combustion problems. The surface boundary conditions required for 
the analysis are functional rclationships between normal regression velocity, gaseous reactant density, 
total pressure, temperature, and possibly derivatives of these quantities as wcll, evaluated at the 
interface between condensed and gaseous phases during combustion. Available experimental data 
indicates that a relation based upon equilibrium conditions prevailing a t  the interface is not generally 
valid. There are available for many substances, however, hot-plate linear pyrolysis data which give 
an explicit relation between regression velocity of the condensed phase and a measured hot-platc 
temperature. This hot-plate temperature has been assumed to be also the temperature at the inter- 
face. However, this assumption is thought in some cases to be qucstionable. In addition, the use of 
such a ratc law in combustion analysis would imply that the total prcssure and the gaseous reactant 
partial pressures or densities, which are greatly different for the pyrolysis test as compared to the 
combustion, have a negligible effect on the rate. This implication again is questionable. 

~ The present paper seeks to answer in part these questions on the validity of using linear pyrolysis 
data. A one-dimensional hot-plate linear pyrolysis experiment is proposed which uses a porous heated 
plate in place of the present impervious plate. The proposed experiment, having simpler fluid dy- 
namics than present hot-plate experiments, is capable of a reasonably precise analytical description. 
The analysis is carried out for a general case and is then specialized to simple and chainlike surface 
gasification processes. Conditions are dev loped to determine whether the surface process is either a 
rate process or is one of near-equilibrium. A description is presented of the possible usc of data from 
the proposed pyrolysis experiments to compute the accommodation coeXicient and the vacuum 
sublimation rate as functions of surface tcmperature. With this information, the surface boundary 
condition for a given material will then be specified. The pyrolysis rate of potassium chloride is 
calculated as an example of the use of the derived formulas. 

If fluid dynamic effects are not too important in the present experiments, and in some respects i t  
is estimated that they are not, interpretation from the results of this analysis serves present pyrolysis 
data as well. Interpretations are carried out for a number of compounds which have interest in pro- 
pellant combustion studies. From pu%lishcd data on ammonium perchlorate, for example, revised 
values are estimated for the heat of sublimation, for the activation energy in linear pyrolysis, and 
for the difference between the hot-plate temperature and the surface temperature in linear pyrolysis. 
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essential difficulty, however, in e\tcnding the 
present analysis to the more complex eases 
where these assumptions are relaxed. The useful- 
ness of such an extension in particular eases will 
depend upon whether the kinetics of the coii- 
denscd-phase reactions and the degree of non- 
homogeneity are known. 

Conditions under which the surface process is 
either a rate process or is one of near-equilibrium 
are determined for the modified experiment from 
our analysis, and interpretations of the signifi- 
cance of the measurements are given for these 
two limiting cases. The pyrolysis rate of po- 
tassium chloride is computed as an example. The 
mathematical simplicity of the system described 
here provides a strong incentive to construct 
such an apparatus for measuring regression rates. 
A degree of similarity of thc present model to 
the previous hot-plate linear pyrolysis experi- 
ments also makes it possible to draw some con- 
clusions concerning the previous measurements. 

Introduction 

Schulta et al.*-6 have reported experiments in 
I\ lricli hot-plate pyrolysis techniques are used to 
m ( ~ ~ s u r c  tlw linear rcgrcssion rates of solids 
uirdergoing surface heating. These evperiments 
linve yicldrd pyrolysis rate data for many 
tlifkrcut matcnals at pressures and temperatures 
:qq)roachiug (but not yet equaling) pressures 
:~nd tcmpcraturcs encountered in solid propellant 
rockets. Tlicsc data are of practical importance 
in helping to predict, for example, the deflagra- 
tion rzte of pure ainnionium perchlorate:-'? and 
thereby in promoting further understanding of 
the factors controlling the burning rate of eom- 
positc solid propellants containing ammonium 
perchlorate. It has also been pr~posed '~ to use 
pyrolysis data for actual rocket propellants (if 
such (lata is available) to predict burning rates. 

Tlic prcssure is sufficiently high in these 
1)yrolysis e\periments so that the continuum 
cquations of fluid mechanics may be applied to 
tlic gas adjacent t o  the solid. The geometry of 
the gas flow is so complicated, however, that 
uiiquestionable interpretations of the significance 
01 the measuremeiits appear to be difficult to 
obtain. Consequently, it  is of interest to investi- 
gntc the possibility of modifying these experi- 
ments in order to yield data which can be 
iriterl)reted more easily. 

In thc prescnt paper there is suggested a 
modified hot-plate linear pyrolysis experiment 
which should not be difficult to perform. A 
rnathcmatical analysis of this experiment is 
carried out uiider simplifying assumptions which, 
in the main, do not appear to be unduly re- 
strictive. Howcver, the render's attention is 
tiirected to the following assumptions made in 
this analysis. E\cept for the mathematically 
thin, plane surface in contact with the hot gas, 
the condensed phase is assumed here to be in a 
uiiiform phasc and to be homogeneous. (We nil1 
relcr in particular to the solid phase in our 
discussion.) Both gaseous and condensed phases 
are assumed to exhibit no chemical reaction. 
These assumptions may not be valid for certain 
materials uiider d l  conditions. There may occur 
in the solid cnergetic bulk chemical reactions, a t  
temperatures less than the surface temperature, 
which transform one solid-phase state into 
another solid-phase stateA4 There may also 
occur, as in nmmoniuni perchlorate, for example, 
3 partial decomposition of the solid into a 
reactant gas plus a solid residue. The plane 
surface in this latter case is more esactly a layer 
of finite tliiekness in which the two phases esist 
simultaneously. These mechanisms may be im- 
portant if the linear regression rate of the solid 
is sufficiently small. There appears to be no 

The Modified Experiment 

It is suggested that  the impervious hot plate 
used in previous pyrolysis experiments be re- 
placed by a porous hot plate. If suitable shielding 
can be provided to prevent gas from escaping 
n-ithout passing through the porous plate, then 
the flow would be approximately one-dimensional, 
and the arrangement would appear as illustrated 
in Fig. 1. The solid is assumed to be converted 
to  gas at x equals 0, and the gas flows through 
the porous plate at x equals I ,  where 1 is the 
normal distmce between the surface and the 
inner face of the porous plate. Steady-state 
conditions are assumed. For convenience in the 
analysis, the solid is considered to be semi- 
infinite. At 5 equals - , the solid has a density 
pT and a velocity vrr directed towards the interface, 
which remains stationary. 

I n  analyzing this experiment, the gas-phase 
and the interfacc conditions will be considered in 
that order. The momentum conservation equa- 
tion is considered in the Appendix. The solid 
sample is assumed to be homogeneous and 
nonreactive for 2 < 0. 

--m = 1 5 P m 

FIG. 1. Schematic diagram of modified pyrolysis 
esperiment. 
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The one-dimensional, steady-state equations 
on 0 < z < t for conservation of total mass, 
mass of species I< (in the absence of gas-phase 
chemical reactions), arid energy of a misture of 
N species of ideal gases are, re~pectively'~: 

p v  = m = pSuT = constant (1) 

and 

( 3 )  

Equation ( 2 )  implics that  tlie binary diffusion 
coefficients of all pairs of chemical species arc 
equal. Equation (3) relies upon this assumption, 
the approsimation that the Lewis number is 
unity (X = pDEn), and the assumption that 
either thc mass diffusivity equals the effective 
coefficient of viscosity (7 = p D )  or the kinetic 
energy is negligible in comparison to the thermal 
plus chemical energy: 

([&J"El/R3)] << I z )  

I t  is to be noted E,, A, and p D  may depend upon 
both T and Z'K in this forniulation. When thc 
energy flus a t  x = - ~0 is equated to the energy 
flus at x = O+, and when the conditions T = Ti 
and (dN/dz)  = 0 are imposed a t  5 = -to, 
the equation 

ria [U Ti) + (R1/R3)+212] 

- CPD(dl$/dX)ls (4) 
is obtained. This relation is a boundary condition 
for Eq. (3), and it is written as 

(pD 2) Y = m J  ( 5 )  

Conservation of mass across tlie phase inter- 
face requires that  the net flus (i.e., mass per 
unit area per second) of species K leaving the 
surface to be equal to ~ Z E K ,  which is the mass 
flus of species K produced in the gasification 
process. Thc EK'S are the mass flus fractions of 
species K in the decomposition of the solid, and 
they are determined by the over-all stoichiometry 
of the gasification process. With this boundary 
condition a t  z equals 0, thc following integrals of 
Eq. ( 2 )  are obtained 

m I > c  - pD(dYK/dX) = ~ G K ,  = 1, . * - ,  N 

(6) 

Denoting the boundary values of 1'1~ and I1 a t  
z equals 1 as Y ,  and Z$p, one finds thc solutions 
to Eqs. ( 3 )  , ( 5 )  , and (6) to bc 

Ez([) = H ,  - J[exp (t,,) - e t ]  ('7) 

and 

I'r<(f) = YK,?, exp(t-FP) 

+ EX[I - esp ({ - &))], Ii = I, e * - ,  IV 
where 

(8) 

'$ = rh [ r lx /p l ) ]  (9:r) 

.$I, = ?fi Cdx /p l l ]  (91,) 
1 

W7hilc tlic csprrimciiter oftcii has tlircct contnil 
over the plate temperature T,,, thc valucs of 

[which are needed along mith T,, to tlctcr- 
mine H ,  and I;, in Eqs. ( 7 )  niicl (S)]' nil1 
basically be detcrinincd by a pcrmeability P K  

of the porous plate of species li and by tlrc 
partial prcssure p ~ , ,  of species K on tlic down- 
stream side of the platc. B reasonablc phenomcno- 
logical expression is obtained by assuming that 
the mass flus 7k2e~ for cach species is propor- 
tioiial to the pressure difference across thc platc 
for cach species, vix. 

Here p ,  is the total prcssure a t  R: = I ,  1 is tlic 
thickncss of thc ~ ~ o r o u s  platc, and the first tern) 
inside the bracket is the partial prcssurc p~ of 
the species K at z = 1. 'The mass-ayragc 
molecular weight of the gases a t  z = I is W,,: 

Equation (10) can bc put into n convenient, 
nondimensional form by introducing a charac- 
teristic pressure p*, defined as 

2nd a ratio u, which is a measurc of pl, and which 
is defined as 

= P*/P, (12) 

* Strictly speaking, either v, must also hc mms- 
ured or the momentum equation (see Appendix) 
inust be solved in order to determine complctdy 
the constants in Eq. (7). However, the kincLtic 
energy will usually be negligibly small. 
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In  view of these definitions and of Eq. (Sb), 
Eq. (10) is w-itten as 

Although only N - 1 of the Y K , ~  are linearly 
intlependent, the N relations in Eq. (13) are 
indcpcndent, since summing Eq. (13) over all N 
species gives the nontrivial equation 

1 =.(tp+p) 
where P , ~  is the total pressure maintained on the 
downstream side of the plate, vis. 

A general boundary condition a t  the solid 
surface is now obtained for each of the species 
evolved in the gasification of the solid. Let the 
species numbering be so ordered that, if Ai( is an 
integer, 0 < ,!!I 5 N ,  then the first J/r species in 
the gt~s  are evolved from the decomposition of 
the solid. Consequently, K = M + 1, . - * ,  N 
denotes the chemically inert species in the 
pressurizing gas which are present a t  the surface 
through diffusion. If llil = N ,  there are no inert 
species. It follows that EK = 0, by definition, for 
the inert species K = 116 + 1, - * e ,  N .  The 
general boundary condition for the evolved 
species is obtained by equating the net surface 
mass flus mqi of each species to the difference 
between thc vacuum sublimation rate wx, which 
is the mass flux of the species leaving the surface, 
and the mass flus of the species entering the 
surf 

?‘?LEK = WK - A ! K Y K , ~ ( ~ C K ) ~  k’ = 1, *.., &! 

(16b) 
Here A!K is a surface accommodation coefficient 
for species IC, 

CK = [ ( Ra T,) / ( 27rVl‘~) 1: (17) 

is the average velocity of molecules of species K 
(01 the ideal gas mixture) in the -x direction 
a t  the surface, and 

= P @ / ( R ~ T )  (18) 
according to the ideal gas law. In  general, the 

WK and CYK may be functions of Ts, ps ,  and all 
the YK,~’s  for complex surface processes. Equa- 
tion (16a) may be written in the nondimensional 
form 

&K = P K ( w K  - yR.s) ,  K = 1, ’ * ’  f M (19) 

wherc 
1 

P K  = CYK(PC1dS ( Cd3C/(PD)1 (20) 

W K  W K [ ~ K ( P C K ) . S ] - ~  (21) 

From Eq. (19) it follows that, in general, thc 
surface process with respect to any evolved 
species I< will be a rate process, similar to that 
encountered in vacuum vaporization or sublima- 
tion e~periments~~-~’  if the following condition 
holds : 

(k-K.s/WK) = 1 - (4;1EK/WXPK) << 1 ( 2 2 )  

At the opposite extreme, near-equilibrium con- 
ditions will prevail for an evolved species k‘ a t  
the surface if ( YK,~/wK) - 1, that is, if 

(tP€K/WKPK) << 1 (23 )  

General Equations for Determination 
of Pyrolysis Rate 

The simple geometry of the modified pyrolysis 
experiment, and the simplifying assumptions 
which have been made in the analysis, allow the 
temperature and concentrations at  each point of 
the gas to be expressed in an elementary form 
by Eqs. ( 7 )  and (S) . The constants or parameters 
appearing in these equations must be determined 
uniquely with the use of the boundary conditions, 
however, in order to determine a unique solution. 
In  order to do this, certain of the parameters 
must be known either from predetermined 
physical properties or from measurements taken 
during the pyrolysis experiment. Which of the 
parameters fall into this class is somewhat 
arbitrary. We will assume a t  first that  the 
unknown parameters are: 

{ ‘K,P]r ‘ K , S } ,  l E K ) >  ‘8, u J  ti7 (24) 
The notation ( (  ) K )  stands for the set ( ) K ,  
K = 1, -.a, N .  Since there are 3N + 3 unknown 
parameters in group (24) , then the same number 
of independent equations must exist to determine 
them. Evaluating Eqs. (7) and (S) at 5 equals 0 
gives N + 1 of these equations, vis. 
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Note that the identity 
N 

li-1 
c€li=l 

is implied by the summation of Eqs. (25) from 
K = l t o K = N .  

Equations (13), (16b), (19), (25), (26) and 
the two identities 

N N 

K=1 I<-1 
c YK.8 = c Y K , p  = 1 (27) 

constitute a set of ( 3 N  f 3 )  transcendental 
equations to determine the unknown parameters 
in (24). For this problem i t  is assumed that 
{ PK} , ( I.vl}, and t are predetermined constants 
for an experiment, that  I ,  p s ,  ( p ~ , ~ ) ,  T,, and T p  
are parameters measured in the experiment, and 
that Fp, pD, J ,  {,&), and { w ~ c }  are known func- 
tions of these parameters and of the parameters 
in group (24). If all of this information is given, 
then one could, for instance, compute the 
pyrolysis rate v, expected in a pyrolysis test as a 
function of the plate temperature T, and the 
downstream pressure p,-. A numerical example of 
such a computation is given in one of the following 
sections. 

The application of the hot-plate, linear- 
pyrolysis test results to practical problems which 
have been its chief motivation is not nearly so 
straightforward, however. An important practical 
problem is to obtain, for solid propellant con- 
stituents, the data which enter into the general 
surface conditions, Eqs. (16), so that  these 
equations can be used to compute propellant 
deflagration rates from a combustion theory. If 
( W K )  and ( a ~ }  are known functions, however, as 
was implied in the paragraph just preceding, 
then it would not be necessary, for application 
to this particular combustion problem a t  least, to 
perform the pyrolysis test. Tlic necessary pa- 
rameters for the general surfacc conditions, 
Eqs. (16), would be determined already. How- 
ever, the central difficulty of this problem is 
that the data necessary to evaluate Eqs. (16) 
for propellant constituents are not usually 
available, and especially not for the range of 
surface temperatures obtained in deflagration. 
To apply Eqs. (16) to the propellant conibustion 
problem, we should ideally like to be able to 
calculate from the linear pyrolysis data the 
vacuum sublimation rates { W K )  and the surface 
accommodation coefficients ( a ~ )  as functions of 
Ts, ps, and Y K , ~ } .  Data from previous pyrolysis 
esperimentsL-6 (i.e., vr as function of T p  for fixed 
P , ~ )  has not been applied to the calculation of 
these functions, however. Such application would 
appear to be generally quite difficult to  perform 
in an unequivocal way because of the complicated 

geometry of the gas flow. The modified pyrolysis 
experiment suggested in the present paper has 
ccrtain advantages in this application, and this 
will be demonstrated in thc following sections. 

Simple, Chainlike Surface Processes 

The equations which are developed in thc 
preceding two sections are now reduced to a 
much simpler set by the introduction of the 
following additional assumptions. 

a. The surface process is simple, that  is, the 
ali and WK are functions only of T ,  (;.e., indc- 
pendent of p ,  and { I>c,s}). 

b. Thc surface process is chainlike, meaning 
that parallel, competing surface rcactions do 
not occur. A conscquence of this assumption is 
that the EK arc coiistaiits-indcpeiidrnt of T,, 
p,, and { Yli,s)-and each EK will he assumed to 
have a known value. 

c. The molecular weights of the gaseous spccjcs 
are all equal to a common molecular weight W. 

d. Changes in kinetic energy are neglected in 
comparison to changes in thermal energy to a 
first approximation (higher appro\imation can 
be computed through integration of the 
momentum equation). 

e .  The isobaric heat capacities of all species 
are equal to an average value of the inivture 
heat capacity F p  between T,  and TI,. 

Let the process indicated in ( b )  sbovc be 
represented by 

The v ~ ” s  are the fixed number of moles of species 
K produced per mole of solid; as a conscqucncr of 
( b )  and (c) above, 

Consider Eq. (2s) in equilibrium at 5 fixed T,; 
let p ~ , ~  be the equilibrium partial pressure of 
species K ,  and let p ,  be the total equilibrium 
pressure of all evolved specics: 

.ar 

As a consequence of the chainlike assumption ( b )  , 
pK,c. EKpe I< 1, “., f!(, (29) 

the enthalpy difference AQ( T,) corresponding 
to Eq. (28) is, per unit mass of solid, 

M 

ri=l 
AQ(T9) = C ~ l i k r ~ ( T ~ )  - hr( T,) 
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I h i c e ,  tlw Van't Iloff equation for the equi- 
1iI)riuni (2s) is \z ritten as 

d [ In (PIC ,) '.d] = 1iTT AQ dT,/(RIT,P) 
K=l 

(30) 
The chainlike assuinption means d(vK') = 0, 
li = 1, - - , ill. Since mass conservation requires 

M 

K=l 
11, = Ir? VK' 

then the following integral of Rq. (30) eapresses 
p ,  as a function of T ,  only: 

as a measure of T,. The last equality in Eq. (36) 
can be derived from Eqs. ( 5 ) ,  (25), and (26). 
For typical endothermic surface reactions, it is 
usually the case that T << 1. It is the case in many 
ol the pyrolysis cxperiments reported previously. 

The first two of the following set of equations 
arc obtained by summing Eqs. (13) and (25) 
from K = 1, - - e ,  M ;  the third is obtained from 
Eq. (34) ; the fourth from Eq. (14) and the fifth 
from Eq. (26). 

Y-, = .[E, + (P'vf,m/P*)l 

511 = PC1 - ( Y Y P S / P , ) l  

(374  

(37c) 

( 3 7 4  

1 - Y ,  = (1 - Y,) esp (-llJ (37b) 

(37e) €Itre T ,  is an arbitrary reference temperature at 
1tic.h p ,  is hnottn. 
l'hcsc results arc no\v apldicd to Eqs. (19). 

'l'lic quantities p arid w ,  IT hich are functions only 
ol T,  [cf., Eqs. (17), ( lS) ,  (20), (al), (31), 

In Eq. (37a), 
M 

K=l 
P M . ,  pK.m 

:~nd nssuniption ( u )  1, arc defined as 

Equations (373, b, e, d) may be combined to 
eliminate Y?, and Yb;  the result is the equations P(Ts)  = ps [ K=1 5 ( w ' P K ) ~  (32)  

The summation of Eqs. (19) over K = 1, * * *, d/l 
tlicn gives thc equation 

(34) 

nhcrc Y ,  defined as 

is tlic total mass fraction of the evolved species. 
t h t  Y a p 8  in Ey. (34) i s  the partial pressure of 
the wolved species a t  the surface. For fixed T,, 
ti, (or vi) varics only with Y,p,, and as Y,p, --+ p,, 
the equilibrium rrquirement is &, -+ 0. I t  must 
therefore follow (under the assumptions already 
maclc) that  w (  T,) = 1 for all T,. Using this 
rcwlt, together wit11 Eqs. (17), ( lS),  (21), and 
( : 3 : 3 ) ,  \ye find the following equation to hold: 

Rcturriing now to the development of a 
simplified set of equations, we find it convenient, 
:is a consequence of assumptions ( d )  and (e) ,  to 
clcfinc the iioiiclimensional parameter T, 

X exp (-&J ( 3 8 ~ )  

P,/P* = 5, + (P,m/P*> (35%) 

An approximate solution of the preceding 
equations is now obtained in order to discuss 
the physical aspects of these results. It is now 
assumed that T << 1, and so it follo\vs from Eq. 
(3713) that 

T f p  << 1 (39) 

As a first approximation we set equal to p ,  
(see Appendix). Then, neglecting terms which 
are of higher order than the first power of T, 
Eq. (3Sa) may be shown to take the following 
form; i t  is understood that p,, and p are evaluated 
a t  the plate temperature TI, in this cspression: 

where 

For simplicity of presentation, we will neglect A 
as small compared to and we will also neglect 
p ~ , ,  with respect to both p ,  and p,,. 

The limiting criteria for the surface process (cf. 
Eqs. (22)  and ( 2 3 ) )  are (&,/p) - 1 for a rate 
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process and (&,/P) << 1 for a near-equilibrium 
process. We may then write from Eq. (40) : 

(E7JP) = c1 + (P* + P,,) (P/Pc)l-l (41) 

(P* + P,,) (P/Pe)  << 1 

The limiting criteria are therefore 

for a rate process, and (p*  + P , ~ )  (/3/p,) >> 1 
for a ncar-equilibrium process. An expression for 
( P / p e )  follows from Eqs. (17), (1S), (20), and 
( 3 2 )  ; again for simplicity, we rcstrict attciition 
to tlie case i l l  = 1: 

In most present pyrolysis expcriinents,'-6 
experimental conditions are approximately 
equivalent to setting p* + p , ,  equal to  p , ,  
cqual to  1 atm. Surface temperatures are assumed 
to be in the range 3OO0I< 5 T, 5 900°K, and 
for reasonable p D  and llr~(pD = 5 X 
g/cm see, PITl = 75 g/molc) i t  follows from Eq. 
(42) that 

_ _ -  ' - 5 x 103 (mi-1) 
P c f f l  

fiitliin a factor of 10. Since it is expected that one 
mean free path cm, it is therefore esti- 
mated that cm 5 E 5 10" cm, and it 
follows that 

P 0.05a 5 ( p *  f p,,) - _< 500r 
P ,  

Hence, for simple, chainlike surface processes 
with T << I ,  the surface process will probably be 
near equilibrium for cy equals 1 and a rate process 
f o r a  < 0.01. 

We now discuss tlie determination of aceoinino- 
dation coefficients and vacuum sublimation 
rates, of substances for which these functions are 
not known, by means of the modified hot-plate, 
linear-pyrolysis test proposed in this paper. For 
this purpose we restrict attention to simple, 
chainlike surface processes for which A+' = 1, and 
base this discussion on the simplified set of Eqs. 
(41) and (42). There are to  be varied at our 
disposal in this experiment the dimensions and 
porosity of the hot plate, wvliicli are incorporated 
into the charactrristic pressure p*, the pressure 
p,, mnintainrd on the dowustreain face of the 
hot plate, the hot-plate temperature T,, and 
possibly also the sample spscing 1. 

It is proposed that suitable ranges of valucs for 
these parameters be found so tliat, on any one 
given material, two series of tests may be per- 
formed: one has the surface process for the test 
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serics as a rate process; thc othcr has the surface 
process as near-equilibrium. From Eq. (41) and 
the subsequent discussion, it follows that, in the 
rate proccss .&, dii le  in the equilibrium 
process p e  ES (p*  + P , ~ ) & - ' ,  Hcnce, if h is 
measured as a function of T,?, then we detcrminr 
p e (  Ts)  in the surface-equilibrium tcst scrics, snct  
we determine P (  Ts)  in the surface rate-proccss 
test scries. Using this data we can dctcrminc 
cy(  T,) from Eq. (42) and w( T,) from Eq. (35). 

Pyrolysis Rate of Potassium Chloride 

As an example of the application of the prr- 
ceding analysis we shall consider KCI, onr of tllc 
few materials d iose  properties arc sufficiently 
well known to permit an a priori calculation of 
the pyrolysis rate. Sublimation of KC1 is s 
simple chainlike surface process (rcferciice 23) . 
In Fig. 2 ,  the theoretical pyrolysis rate is plottcd 
as a function of the plate temperature T, for 
various values of 1. 

The computation was made from Eq. (40) 
with p* + p , ,  equal to  1 atm, PAf., cqud to 0,  
and T ,  equal to 300°1<. Here (references 23. 24, 

Tp.' x 10-3 ( - K - l )  

FIG. 2. Linear pyrolysis rate of potassium chloride. 



352 COMBUSTION INVOLVING SOLIDS 

and 25) 5, = 0.117 cal/gm°K, Iz,(T,) - 
h,(T,) = O.lGG(T, - T,) cal/gm, AQ = 693 
cal/gm, pD = 5 X gm/cm see, a = 0.63, 
and p ,  = 6.4 x lo' esp (-26,07O/T,) atm. The 
computations wcre completed only for T,  less 
than the melting point ( 1049°1i). The results 
imply that surface equilibrium exists (provided 
1 > cm). Since it was always found that 
Tp - T,  < 5OK, Eq. (40) is actually valid here, 
and a pyrolysis rate measurement yields the 
equilibrium sublimation pressure. 

emarks on the Interpretation of Pyrolysis 
Experiments on Ammonia Salts 

Schultz aiid co-workers have reported linear- 
pyrolysis rate measurements for NH&l,'~' 
NH4NOJr5 and NB4C104,6 and have given coii- 
sistent interpretations of their results on the 
bllsis of absolute reaction-rate tlieory.1~5~2G These 
interpretations rely upon the assumption that the 
surface proccss is an unopposed rate process (;.e., 
surface conditions are far from equilibrium). Our 
previous analysis of thr surface process indicates 
that, under certain conditions, surlace equi- 
librium may he approached in these eymiments. 
In this section, we apply some of our preceding 
icsults to the interpretation of these pyrolysis- 
rate measurmients, and we suggest an alternative 
hypothesis, concerning the nature of the surface 
1)roccss, which leads to a simple explanation of 
thc pyrolysis results whether the surface process 
is near or far from equilibrium. Since our pre- 
ceding results mere derived for a modified 
pyrolysis eqerinient, we will find it necessary in 
the following discussion to consider the estent to 
which the results that we use are applicable to 
the previous pyrolysis experiments. 

Diflerence between Plate Temperature and Surface 
Temperature. In  the previous interpretations of 
the pyrolysis experiments i t  has been assumed 
that the plate and surface temperatures arc 
approximately equal in order to compute acti- 
vation encrgics for the surface process. It appears 
reasonable that in the pyrolysis experiments heat 
is transferred from the hot plate to the solid 
surface across the gas film by a conduction process 
which is esseritially one-dimensional. If this is the 
case, then the difference between the plate 
temperature T2, and the surface temperature T, 
can easily be estimated in ternis of the observed 
pyrolysis rate. The appropriate one-dimensional 
heat conduction equation has, in fact, been 
solved in Eq. (7),  and the result is given by 
Eq. (37e), since the pyrolysis rates are so small 
that kinetic energy and viscous dissipation are 
negligible. It can be shown that Eq. (37e), with 

T given by Eq. (36), relies upon none of the 
aspects of our preceding model except the heat- 
transfer equation. 

&/p, = 120 esp [-13,500/(R1Tp)] cm/sec 

The pyrolysis results,2*5fG are 

(629OK < TI, < SO7OK) (4%) 
for NH&l, 

k / p r  = 120 cxp [-7lOO/(R,T,)] cm/sec 

(453OK < T p  < 573'K) (43b) 
for NH~NOJ, and 

k / p r  = 4600 esp [ -20 ,000 / (~1Tp)]  cni/sec 

(753'K < T, < 903OEC) (43c) 

for NH4CIOl. 
Since pr is 1.527 gm/cm3 for NH4C1, 1.725 

gm/cm3 for N&NO,j, and 1.95 gm/cm3 for 
NH4C104, Eqs. (43) imply that k never exceeds 
0.35 gm/cm2 sec. Utilizing the reasonable values 
that pD = 5 X lop4 gm/cm sec and 1 = low4 cm, 
we find 

E = '  - m lz C ~ ~ / ( P D ) I  << 1, 

\+hence Eq. (39) is valid. With the reasonable 
estimate CI, = 0.2 cal/gnioIi, the diinensional 
form of Eq. (39) becoines 

( T p  - T,) = k [AQ 4- h( Ts)  - l ~ r (  T t ) ]  (44) 

where use has been made of Eq. (36). 
The quantity in the square brackets in Eq. 

(44) may be computed from the relations 

AQ = AH/FV, (45) 

and 

h,( T,) - hr( Tt) = ~ , > , a , i (  Tt - Tt) + Aht 

+ c,,~,P(T~ - Tt) (46) 

where AI1 is the enthalpy change in the gasifica- 
tion of one mole of the salt, T t  is a temperature 
a t  which a phase transition of the sample occurs, 
Aht is the heat of transition per unit mass, and 
cp,,,1 and C ~ , ~ , B  are the heat capacities of the 
saniple below and above the transition tempcra- 
ture, respectively. For NH4C1,25;27-29 )Ir,= 53.5 
gm/mole, Tt  = 457.6OK (a solid phase transi- 
tion), AhtF!Jr = 1000 cal/niole, c,,,,,lW, = 20.1 
cal/mole OK, and c,,,,,2Wn = 22.3 cal/mole OK; 
for NH4NOj (references 25, 29, 30),  TITT = SO 
gm/mole, Tt  = 442.S°K (melting), Ahtll', = 
1300 cal/mole, C ~ , , , I T I ~ ~  = 43.5 cal/mole OK, and 
C ~ , , , ~ T V ,  = 3S.5 cal/mole O K ;  for NH4C104,25 
W, = 117.5 gm/mole, T t  = 513'K (a solid phase 
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transition) but since heat of transition data aid 
heat-capacity data appear to be absent, it  mill 
be assumed that Afat == 0, C~,,~,I = = 0.5 
cal/gm O K ;  and T ,  = 300'K in all cases. Utilizing 
this data and Eqs. (43)-(46), one can solve for 
( T ,  - T,) as a function of T,  for all three salts, 
provided AN values are known. 

Using the values of A H  givrn in Eqs. (45) 
(based on our alternative hypothesis concerning 
the surface process) we find that (T I>  - T,) 
varies from 1°K a t  T,  equals 629'K to 14OK a t  
T ,  equals S07°1i for NHICl, from 9'h a t  T,  
cquals 453OIi to SOOK a t  T7, equals 573OK €or 
NH4NO3, and from 3 O I i  a t  T,  equals 753OK to 
40'K a t  T p  equals 903OE; for NH4C104. Thus, 
the assumption T ,  = T, is approximately valid 
for NH4Cl, invalid for NH4NOJ, and poor for 
NH4C104. It is interesting that the variation in 
( T ,  - T,) is such that the experimental checks 
employed indicate that the approximation 
T, = T,  is valid; e.g., ( T ,  - T,) is relatively 
small a t  the melting point of NH4N03, so that 
the break in the pyrolysis curve mould occur a t  
a value of T,  near the melting point. 

If the larger AN values in Eqs. (47) (which 
are usually assumed to hold) are used instead of 
those in Eqs. (4S), then the calculated values of 
( T ,  - T,) are roughly doubled; i t  is clear that  
they must increase since the tcrm niAH/V,  
enters on the right-hand side of Eq. (44). The 
estimate of pDZ, used in this calculation should 
not he wrong by more than a factor of 5 and 
therefore cannot substantially modify our con- 
clusion. Varying 1 does not alter the conclusion; 
if I is increased the estimate of ( T ,  - Ts)  
iiicrcases [see Eq. (37e)] ,  ~vvhile when I is dr- 
creased free molecule heat conduction sets in and 
the estimate of (T,, - T,) changes very little. 
The result that ( T ,  - T 3 )  incrcases substantially 
as TI, increases for NH~NOJ and NH4C104 
appears to be inescapable. A theoretics1 analysis 
by Cantrcll,"' in which a thin-film lubrication 
theory was used to account for tlie non-one- 
dimensional flow effects in pyrolysis experiments, 
also supports the contention that (T,, - T,) is 
not small. 

The main effect of tlie difference ( T ,  - T,) is 
to modify the computed activation energy for the 
interpretation corresponding to Eqs. (47), and 
to modify the A H  values for the interpretation 
corresponding to  Eqs. (4s).  For NHICl, NH4N03, 
and NH4C104, respectively, the corrected activa- 
tion energies would be roughly 14 kcaI/moIe, 30 
kcal/molc, and 30 kcal/mole and the corrected 
heats of sublimation would be very roughly 14 
kcal/mole, 25 kcal/mole, and 25 kcal/mole. 

Alternative Interpretation of Pyrolysis Experi- 
ments. Other investigators have assumed that in 

the pyrolysis of ammoiiia salts the orer-:tll 
surface process is one of dissociation,2 5 , ( i  vzx., 

NI&Cl(s) -+ NH?(g) 3. HCl(g) 
ATI = 40.3 kcal/niole (473) 

NHdNOj(1) -+ NHx(g) 3. HKO?(g) 
AT1 = 39.S kcal/inolc (4712) 

and 
NH&104(s) -+ NH3(g) + HC104(g) 

A/I = 56 bcal/mole (47c) 

This hypothesis is supported by some cvidcnw 
for dissociation in vacuum sublimation cyieri- 
ments.'~5J4~2+2*~30 The A H  values listed here arc 
obtained mainly from equilibrium vapor-pressure 
meas~rements,2~-~~ except in the case of NH4ClOi 
for which AH must be calculated from the heats 
of formation since no vapor-prcssur~ mc:lsure- 
meiits exist. 

In the pressure and tcmperaturc range of the 
pyrolysis experiments, it  may be trucx that c4Aicr 
(1) tlie equilibrium composition is one mith 3 

negligible amount of dissociation, or (2) (lis- 
sociation occurs in 3 gaseous process, tlie rate of 
which is small compared with the rate of escape 
of the gas from the film between tlie plate and 
the sample. In  either of these cases, the ovrr-all 
surfaec process would be sublimation to thc 
associated vapor. If tlie surface processes arc' 
simple chainlike processes such as that en- 
countered in KCl sublimation, thcii our prcrious 
analysis suggests that the tcrnlmature de- 
pcndence of the pyrolysis rate would deterininc 
the heat of sublimation regardless of the im- 
portance of the fluid-transfer processes. The 
restriction to simple chainlike suri'acc proccsscs 
can be removed if surface equilibrium prcvails in 
the pyrolysis cxpcrimcnts. 

When the correction for T, f T,  is ncqlcctd, 
Eqs. (43) would then imply that 

NH4Cl(s) 3 NH,Cl(g) 
A N  = 13.5 hral/mole (4Sa) 

AII = 7.1 kcal/niole (4%) 
N&NOa(l) --+ I\iH4NOj(g) 

and 
N H ~ C ~ O ~ ( S )  3 NH4ClO*(g) 

AH = 20 lical/mole (48c) 

respectively, in the temperature ranges indicated 
in Eqs. (43). Although these conclusions scem 
reasonable because of the similarity between our 
proposed modified pyrolysis experiment and thc 
experiments of Schultz and co-workers, the 
present conclusions lack the rigor of those in 
tlie previous subsection. 

Finally, we shall briefly discuss each material 
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sqarately, poiiiting out arguments for arid 
against the hypotheses leacling to the processes 
given in Eqs. (4s). 

NH&l: Since tlie pyrolysis data2 yields tlie 
same activation energy as the vacuum sublima- 
tion data2' and the loa-pressure equilibrium 
apl)ears a t  present almost certainly to involve 
entirely dissociated NH&l in the gas,28 our 
interpretation will be valid only if hypothesis 
(2) of one of the previous parsgraphs holds 
true. The large effcct of HZO in catalyzing the 
(~ecoIiiiiositioii,3~ and tlie absence of HpO from 
the dried NH&l samples used in the pyrolysis 
experiments,1 make it probable that the gas-phase 
dissociation is slow. 

1JH4NOa: In pyrolysis NH4NO3 melts before 
gasification, and a change in the mechanism of 
gasification at the melting point causes the break 
in the esl~erimental pyrolysis curve.5 Since there 
(xxists some evidence that in equilibrium the gas 
is completely clissociated,3° hypothesis (2) seems 
more plausible than (1) for the temperature range 
of the pyrolysis experiments. 

NH4C104: I n  spite of the large amount of 
recent work on NH4C104, [for example, The 
Eighth International Symposium on Combustion, 
Willinms and Williams Co., Baltimore, 1962, and 
also other papers of the present symposium] 
there appears to be no conclusive esperimental 
information to eliminate hypothesis (1) or ( 2 )  . 
A nuniber of investigators (e.g., reference 14) 
have cited e~perimental evidence which is coil- 
sistent with the assumption of dissociated vapor 
a t  equilibrium, but all of this evidence is equally 
consistent ni th  the hypothesis of associated 
vapor. Since Galwey and Jacobs3Z concluded from 
theoretical considerations that the equilibrium 
vapor should exhibit a tendency toward associa- 
tion, hypotliesis (1) may be valid. If Eq. (4Sc) 
is correct, then the pyrolysis cxprriments pro- 
vided the first determination of any thermo- 
dynamic property of undissociated NH4C104( g) . 
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Nomenclature 
[(R3T)/(27rTVK)]), average velocity of u 
molecules of species K in the -X WK 
direction [cm/scc] 
Specific lieat a t  constant pressure of 
gaseous species K [cal/gm "e] 

W 
IV 

k=l 
C]>,K YK, mass-average specific heat a t  

constant pressure of gas mixture 

W K  

[cal/gm "I<] X 

Biliary diffusioii cocffieiciit [cni2/sec] 
k + (zi2/2) (E l /&) ,  total stagiiatioii 
enthalpy per unit mass [caI/gm] 

c h~cY>c, total enthalpy per unit mass 

[raI/gm] 
Total enthalpy per unit mass of gaseous 
species K [cal/gm] 
Total enthalpy per unit mass of solid 
[cal/gm] 

N 

K-1 

N 

I L = l  
YK,&K( Ts) - h( TZ) f 3( RJ&) 

X (va3 - or2) [cal/gm]; see Eq. ( 5 )  
Thickness of gas film [em] 
Total number of gaseous chemical 
species evolved from the solid 
Chemical symbol for solid 
Chemical symbol for gaseous species K 
Mass flus per unit area [gm/cm3 see] 
Total number of gaseous chemicd 
species 
Permeability of porous hot plate to 
gaseous species Z< [gm/cm sec atm] 
Total pressur(. [atm] 

characteristic pressure 

Partial pressure of species Zi a t  surface 
equilibrium [atm] 
Partial pressure of species K [atm] 
M c PK,m CQtn11 

h-1 

A constant in the momentum equation 
[atni]: see Appendix 
IJniversal gas constant, 1.9% [cal/ 
mole OK] 

Universal gas constant, S2.06 [atm 
cm3/mole OK] 
Universal gas constant, S.317 X lo7 
[gm(cm/sec) 2/mole "I<] 
Temperature r K ]  
Thickness of the porous plate [cm] 
Mass-average velocity [cni/sec] 
Molecular weight of species [ym/mole] 

weight 
Mass of molecules of species li leaving a 
unit area of surface per second [gm/cni2 
sec] 
Spatial coordinate [em] 
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Mass fraction of gaseous species K 
ni 
C I k ,  total mass fraction of gases 

K=l 

evolved from solid 

Surface accommodation coefficient for 
spccits Ii (dimcnsioiilcss) 

I 
cVJi(pc1~~ J, [dx/(p~)], ratio of a 

characteristic diffusion time to a charac- 
teristic recondensation time for species K 
Mass flus fraction of species K 

( 4 / 3 ) p  + K ,  cffcctive viscosity cocf- 
ficicnt [gm/cm sec] 
Coefficient of bulk viscosity [gq'cm 
sec] 
Thermal coiiductivity of the gas 
[cal/cm scc OK] 
Ordinary (shear) viscosity coefficient 
[gm/cm sec] 
Stoichiometric coefficients for surface 
process, Eq. (2s) 

rit [ [~lz/((p~)], climensionless spatial 

coordinate 

rk i, [ d z / ( p ~ )  1, c1imensionless mass 

flow rate 

Dcnsity [gni/cid] 
p * / p , ;  dimensionless measurc of pres- 

sure at upstream face of porous hot 
plate 
Dimensionless surface tcinpcraturc; see 

Dimensionless forward surface gasifica- 
tion ratc; see Eq. (33) 
wK/[ci~(pc~) dimensionless forward 
surface gasification ratc of species li 

I 

Eq. (36 )  

Subscripts 

e Surface equilibrium 
i At upstream boundary of solid (z = 

K Integer indes used only to denote 
chemical species 

P At upstream face of porous hot platc 
r Reference condition at which cqui- 

librium vapor pressure is known 

- -oo) 

S 

n- 
cc 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

S. 

9. 

10. 

11. 

12. 

13. 
14 

At solid-gas interface 
In  solid 
At  downstream face of porous Bot platc 
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Appendix 

The Momentum Equation 

I n  the gaseous region, tlie one-dimensional 
momentum equation is 

the first integral of which is 

Equations (l),  (IS), and (.50) determine the 
distributions of p ,  p, and u in the gas in terms of 
the composition and temperature distributions 
studiccl in the main body of the paper. 

The evaluation of tlic constant p ,  in Eq. (50) 
dcpends upon the experimental arrangement. If 
the gas laycr alone supports thc solid (in which 
case 1 is not known a priori) ,  then it caii be 
shown that p ,  is the axial compressive stress in 
the solid, which equals the atmospheric pressure 
plus any additional pressure applied to the cold 
cncl of tlie solid samplc in order to increase 
“thermal contact” with the porous hot plate. On 
the other hand, if the solid is supported in such 
a way that the spacing 1 is fixed (e.g., by means 
of a specially designed sample holder, or by 
protuberances on the surface of the sample, as 
appears to he the case in the previous pyrolysis 
experiments) , then the gas-phase equations given 
in the main body of the test determine p,. 
An interesting consequence of these observations 
arises when 

- v ( d v / d ~ )  << (&/Rz)p (51) 

Equations (50) and (51) imply, approsimately, 

io = ps = p p  = p ,  

In the discussion a t  the end of the section 
entitled Simple, Chainlike Surface Processes, it is 
assumed that Eqs. (51) and ( 5 2 )  arc valid first 
approximations for an integral of Eq. (50). The 
dimensional form of Eq. (3%) is written for this 
case as 

(52 )  

?fZ = (PJO (Pl, - P,,) ( 5 3 )  
If pz is not measured, as in the second esperi- 
niental arrangement discussed above, tlicn it is 
determined through Eq. (53 )  by measurements 
of vi and P , ~  (provided that Eq. (52)  is valid). 
If p ,  is easily measured, as in the first experi- 
mental arrangement, then we might ask whether 
this measurerncnt could replace the more difficult 
measurement of I for this arrangement. Un- 
fortunately, it cannot. I n  this case, riz and p, ,  
both easily measured quantities, satisfy Eq. 
( 5 3 )  as a redundant equality independent of 1. 
It would still be necessary to measure 1 for this 
first experimental arrangement in order to carry 
out the calculations indicated in the section 
mentioned above. 
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Discussion 

DR. D. J. SIBBETT (Aerojet-General Corporatzon) : 
The analysis of linear pyrolysis experiments by Dr. 
Nachbar and Prof. Williams indicates very nicely 
the critical factors and liinitations of thc technique. 

It is obviously of paramount importance in the 
interpretation of data collected by this method 
that the measured experimental temperature bc 
identifiable with surface temperature. Recently in 
the course of a study of the rates of sublimation of 
the four ammonium halides, evidence was obtained 
which confirms this identity. 

In these eypcriments the rates of vacuum sub- 
liniation of the ammonium halides were determined 
gravimetrically by use of thc quartz balance at low 
temperatures and by the linear pyrolysis tcchnique 
st high temperatures. Surface temperatures during 
the gravimetric determinations were obtained from 
dual sets of experiments. In one set, rates of sub- 
limation and the temperature of a thermowcll in 
the quartz balance wdl were obtaincd simultane- 
ously. In the second set, thermowell temperatures 
and samplc surface temperaturcs were correlated to 
give temperature corrections which were applied to 
the rate measurements. Linear pyrolysis tempera- 
tures werc messurcd directly. 

The figure, which is a plot of the rates of sublima- 
tion of ammonium bromide between 153 and 574°C 
is a typical example of these data. Rates, which are 
indicated on a logarithmic scale on the ordinate, 
have been converted to linear rcgression units (cm/ 
see). Data from 153 to 227°C were obtained gravi- 
metrically; those a t  higher temperatures were 
obtained by use of the linear pyrolysis or “hot- 
plate” method. For a11 four halides, NF,Fl, NH,CI, 
NH4Br, and NHJ, the data took the same form. 

The figurc demonstrates that: 1, The vacuum 
sublimation data are consistent with the linear 
pyrolysis data and give an Arrhenins plot with a 
single apparent activation cncrgy value. 2, At very 
high rates, a departure from linearity was observed 
which corresponds to the range of conditions in 
which meaningful temperature measurements fail. 
However, by inrreasing the loading force between 
the stand and the hot plate, which decreases the 
thickness of the gaseous layer, the linear plot can be 
extended. This effect is demonstrated by the two 
sets of data a t  the upper limits of the ratc mcasure- 
ments. 

From these data, it has been concluded: 1, The 

HOT PLATE DETERMINAT~ONS 

OPUARTZ BALANCE 
DETERMINATIONS 

d’ I ’ ! _- 17, , , , 
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

SURFACE TEMPERATURE, V T ~ ,  1 0 . ~  [OK)’’ 

FIG. 1. Rates of sublimation of aminonium bromidc. 

temperatures measured by the nonporous hot-plate 
apparatus are valid measures of the surface tem- 
perature in these experiments. 2, Linear pyrolysis 
measurements are determinations of the rates of 
sublimation of the ammonium halidcs. That is, a 
single reaction mechanism appcars to be operating 
over the entire temperature range. 

Application of the linear pyrolysis technique re- 
quires esperimental or theoretical analysis of the 
processes involved a t  the hot interface in ordcr to  
establish the meaning of the measurcd temperature. 
Within thesc limitations it has provm a very useful 
tool. 

PROF. F. A. WILLIAMS (Haward University): The 
only ammonium halide that we have considercd is 
NHaCI, and, as indicatcd in the paper, we agree 
with Dr. Sibbett that the difference between the 
plate temperature and the surface tempcraturc is 
negligible in this case. We found significant differ- 
ences only for NH,NO, and NH4CI04. 



ON CHARACTERISTICS OF AMMONIUM 
PERCHLORATE AT HIGH PRESSURES 

0. R. IRWIN, P. K. SALZMAN, AND W. H. ANDERSEN 

The deflagration characteristics of pure ammonium perchlorate (AP) strands have been investi- 
gated by mcaris of a closed-bomb strand burning technique at pressures from 1000 to  23,000 psi. 
The data arc in general agreement with vented-chamber AP burning-rate data of other investigators 
at pressures lrom 1000 to  5000 psi. At pressures above 5000 psi (the pressure limit of previously 
reported studies) a marked increase in pressure dependence of the linear burning rate occurs. 

It is postulated that the observed increase in burning rate results from an increased burning 
surface area, i.e., surface break-up, under the action of the very high pressures existing in the closed 
bomb. The action of pressure, or stress, upon the burning surface can produce shearing giving rise 
to  incrcased burning area by forming new cracks and pores or by enlarging existing cracks and pores. 
I t  appears reasonable that the rate at  which such cracks can propagate in a material under an applied 
stress will be determined by the mechanical properties of the material. The crack growth process has 
therefore been analyzed in terms of a theory, due to Eyring, which relates creep and fracture to  
fundamental atomic and molecular properties of a material. 

A geometrical model is presented which considers the accelerated burning process as a development 
of micro-crachs that form into conically-shaped burning surfaces, the area of which depends upon 
the pressure. The model is in good agreement with the experimental burning-rate data and with 
the pressure versus time data for individual burning-rate experiments at  pressures above 5000 psi. 

Introduction 
This paper summarizes the present status of an 

investigation currently being conducted in these 
laboratories to determine and interpret the in- 
h e n c e  of very high pressures on the deflagration 
rate of pure ammonium perchlorate (AI') . 

Friedinan and co-w~rkcrs'-~ have studicd the 
burning rate of pressed pure AP ( p  = 1.91 
grams/cc; poryJtal  is 1.95 grams/cc) in a vented 
strand burner a t  pressures up to 5000 psi. They 
found a lower pressure limit for deflagration of 
about 300 psi, and an upper pressure limit of 
about 4000 psi for bare strands of dimensions 
4 X 4 X 3s nim a t  ambient temperature. It was 
found possible to increase the upper pressure 
limit to at least 5000 psi (the pressure limit of 
the equipment) if the strands were wrapped in 
asbestos. The upper pressure h i t  was attributed 
to convective (edge) heat losses from tlie burning 
strand; it was concluded that this limit may be 
modified or eliminated by suitable changes in the 
sample geometry or insulation. The lower pressure 
limit was attributed to radiative heat losses from 
the burning surface. It was found that the pres- 
sure exponent for both the bare and insulated 
strands is essentially unity a t  pressures below 
1500 psi and decrcases to about 0.4 at 5000 
psi. Sibbett and Lobato4 have measured tlie 

burning rate of pressed AI? strands by an end-to- 
end burning technique in a window bomb. The 
pressure exponent was found to be essentially 
unity over the pressure range of 50 to 1500 psi. 

Experimental 
Strands of essentially pure AP (-99.5 weight 

per cent) were prepared by pressing unground AI' 
which had an average (50 per cent point) 
particle size of about 200 microns (as determined 
by Micromerograph) in a die. Strands of di- 
mensions 4 X 4 X 38 mm and a density of 1.9 
grams/ec were obtained utilizing an Atlantic 
Research Corporation-type strand mold a t  
100,000 psi'; cylindrical strands of inch di- 
ameter by 1-4 inch length and density 1.92 
grams/ee were obtained utilizing a three-piere 
split vertical die a t  80,000 psi. The strands were 
prepared for burning by drilling 0.01s inch 
diameter holes in them a t  $ inch intervals 
(starting 4 inch from one end), and inserting 
electrical timing wires ($ ampere lead fuse wire) 
through the holes to provide burning-rate timing 
signals. When insulating and restricting coatings 
were used on the strands, they were applied 
beforc drilling of the holes. Ignition of the 
strands was usually accomplished by means of a 
9-mil Nichrome wire and a $ inch diameter wafer 

355 
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of JPN propellant cemented to the top of the 
strand with a drop of Duco cement. All strands 
were burned in an unvented bomb in a nitrogen 
atmosphere a t  ambient temperature. To de- 
termine strand burning rates a t  pressures above 
2000 psi (nitrogen cylinder pressure), the 
chamber was first pressurized to 2000 psi with 
nitrogen, then water was pumped into the 
chamber until the chamber volume had been 
sufficiently reduced to give the desired pressure. 
The average burning rate and average burning 
pressure for each $-inch increment were deter- 
mined from simultaneous tracings of fuse-wire 
break-time and bomb pressure on a recording 
oscillograph. 

Results 
The burning rate of bare, unrestricted 4 X 

4 X 38 mm AP strands was determined in the 
closed bomb a t  pressures of 3000, 3500, and 4000 
psig. The results are in agreement with the 
Crawford-bomb burning-rate curve of Friedman 
for similar strands. The upper pressure limit for 
deflagration of these strands was found to be 
approximately 4000 psi. 

Again in agreement with Friedman, it was 
found that the 4 mm square strands could be 
burned a t  pressures above 4000 psig if they were 
first insulated by a loose-fitting wrapping of 
asbestos paper and ignited with a hot wire-JPN 
pellet combination. However, the measured 
burning rates were considerably below those 
obtained by Friedman. Attempts to provide 
better strand insulation by the use of close- 
fitting insulating jackets fabricated of glass cloth 
or Micarta resulted in burning rates which were 
its much as 50 times greater than Friedman’s 
values. Restriction of the sides of the strands 
with materials such as Acryloid, Krylon, or 
Pliobond, and the use of smaller JPN pellets, or 
a hot wire alone, for ignition failed to eliminate 
this “flash” type of burning when the strands 
were also tightly confined in, but not bonded to, 
an insulating coating. Flashing was considerably 
reduced, however, when the strands were 
restricted with Pliobond and wrapped with 
asbestos while the final Pliobond coatin, 0, was 
still tacky. These results suggest that  a tight, 
unbonded confinement may provide narrow 
channels which direct the flame along the sides 
of the strands, breaking the timing fuse wires 
prematurely. Apparently, meaningful burning- 
rate data for insulated, restricted strands in the 
closed bomb can be obtained only if these narrow 
channels between the restricting coating and the 
strand, and/or the insulation, are eliminated. I n  
view of the difficulty-of eliminating these channels 
at the corners of AP strdnds of square cross 

section, further studies were confined to tlic use 
of cylindrical strands. 

Bare 3-inch diameter cylindrical R P  strands 
were burned a t  pressures of 2000, 3000, and 
4500 p ig .  A progressive decrease in burning 
rate with increasing pressure was found, in 
agreement with Friedman’s data for bare strands 
of 4 mm square cross section. The more gradual 
decrease in burning rate of the cylindrical 
strands in comparison to square strands is 
apparently the result of a smaller relative heat 
loss because of the greater ratio of burning 
surface area to peripheral hcst loss area as 
indicated by Friedman. 

When the Pliobond restricting coating and 
asbestos insulation were used on the cylindrical 
strands, the burning rate increased with in- 
creasing pressure and was determined satis- 
factorily from 1000 to 23,000 p ig .  In contrast to 
the somewhat erratic burning behavior of the 
insulated, restricted strands of 4 mm square 
cross section, burning-rate data for the similarly 
prepared cylindrical strands showed relatively 
little scatter over the entire pressure range 
(Fig. 1). The validity of the burning-rate data 
obtained by the fuse-wire method was checked 
by means of a thermocouple technique. In  this 
method the burning rate is calculated from an 
oscillograph record of the time of flame-front 
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FIG 1. Effect of pressure on dosed-boinh burning 
rate of insulated, restricted cylindrical ammonium 

perchlorate strands. 
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1)asstlgc :ic'ross thermocoul)I(,s spaced a t  $ inch 
intervals along the side of a strand. Data obtained 
in this way are in substantial agreeinent n ith the 
results of the fuse-wire technique. 

Discussion 

Fricdiiian and co-~orkers'-~ and Sibbett and 
Lobato4 showed that the linear burning rate of 
.\P obeys a linear pressure dependence up to 
about 1500 psi under constant pressure (vented) 
conditions. That is, the pressure exponent n in 
the empirical burning-rate expression rb = cP" is 
near unity which suggests that the rate is con- 
trolled in this pressure range by a second-order 
gas-phase reaction. The thermal layer theory of 
Chaikeii5 predicts a linear pressure dependence 
for pure Al' a t  moderate pressures and indicates 
that at sufficiently high pressures the pressure 
cqioncnt should thereafter decrease. Burning 
rate thcories for double base propellantsG also 
imply that the pressure exponent should decrease 
with increasing pressure a t  very high pressures, 
as does the Summerfield theory' for solid com- 
posite propellants, and the theory of Johnson 
aiid Nachbars lor ammonium perchlorate. 

In  the present investigation, the burning rate 
studies were not conducted a t  constant pressure, 
but rather in a closed bomb wherein the pressure 
rontinually increased as the burning proceeded. 
1 h- average linear burning rate of each $ inch 
iiicrcment of a strand wns computed over a finite 
time iiitcrval and correlated with an average 
pressure in t i r  interval to give the burning rate 
curve shown in Fig. 1. At pressures of about 
1000 to  5000 p i g  the results are consistent with 
published burning rat? data obtained under 
constant-pressure condi t io~is~*~ in that the pres- 
sure exponent remains below unity. A least- 
squares fit of the data in this case gives the 
expression T ~ L  = 0.065P 451 inches/scc. However, 
above this pressure region the pressure cle- 
pendence increases sharply and obeys the es- 
pression ~ b h  = 2.0 X 10-7PL75 inches/scc. it is 
not known whether this change in pressure 
dependence occurs abruptly a t  one particular 
pressure or occurs smoothly over some small but 
finite prcssure region. 

Some possible effects nhich might caube a 
slinrp increase in burning rate above 5000 psi 
are (a) a premature breaking of the timing fuse 
wires by flash-burning along the surface of the 
strands,;( b) $change in the general burning-rate 
law (i.e., a change in the deflagrative mecha- 
nism), or (e) an increase in the actual burning 
surface area. 

Flashing (case a) as a possible mechanism was 
discounted by comparing the gasification rate 

r 1  

calculated from I)rcssurixatioii rate data using 
the equation 

dm 1 dP - = - -  
dt bo dt 

where bo is a constant, with the gasification rate 
computed from the fuse mire data and sample 
geometry. These values were found to agree 
with an average absolute error of 17 per cent. 

If a change in the general burning-rate law 
(case b) occurs, the conservation of' mass is 
given by : 

dm/dt = pSoTbh (2) 

where p is the sample density and Tbh is the linear 
burning rate in the high pressure region. If a 
change in the actual burning area (case c) occurs, 
and the local burning is proceeding 
the conservation of mass is given by dm/dt = 
pXrk,~ where  TI,^ is in this case the linear burning 
rate in the low pressure region extrapolated to 
high pressures, or by: 

dm/dt = p&v (3) 
where v may be considered physically as the 
flame-front velocity. Equations (2) and (3) are 
indistinguishable in terms of the mechanism in- 
volved since they both predict the same function 
for the high pressure rate. Sufficient evidence is 
not available to show unequivocally which of the 
choices apply in the present case. 

If a chaiige takes place in the normal burning 
mechanism (or rate-controlling steps) a t  high 
pressures it might involve either the solid or gas 
phase. The normal solid surface decomposition 
of deflagrating AP has been considered to involve 
an endothermic reaction giving rise to gaseous 
perchloric acid and an~monia.l-~ It has also been 
assumed to involve simultaneously an endo- 
thermic dissociative subIimation of the mosaic 
AI' crystals to gaseous perchloric acid and 
ammonia, and an esothermic decomposition of 
the intermosaic (defect-lattice) materia1-the 
overall surface reaction being endothermicgJn 
and dependent on the (unknown) rate of the 
transition from the orthorhombic to the cubic 
crystalline phase of Ai'. The decomposition rate 
of the intermosaic material (esothermic reac- 
tion) is faster than the sublimation rate of the 
niosaic material (endothermic reaction) for 
orthorhombic crystals, and slower than the 
sublimation rate for cubic crystals. This latter 
assumption is also supported by the thermal 
decomposition studies of AP by Bircumshaw 
and Newman,ll Bircumshaw and Phillips,12 and 
Galwey and Jacobs.13 Therefore there eKists the 
possibility that  a t  a sufficiently high pressure 
(and corresponding surface temperature) thc 



DEFLAGRATION O F  AMMONIUM PERCI-ILOKATE 361 

surface reaction nicchanism may become eso- 
thermic or considerably less endothermic than 
the reaction under normal burning conditions. 
However, this possibility does not seem too 
likely in that the normal therrnal surface re- 
gression ratc law is roughly adequate to explain 
the grain-burning detonation of pure AI’ where 
the tcmpcratures and pressures involved are con- 
sidcrably greater than in the present high- 
pressure burning casc.B,14 A knowledge of the 
crystalline phase-transition kinetics will be 
nrcessary for a final evaluation of the influence 
of the solid surface reactions on the burning 
behavior of AP a t  very high pressures. There is 
little direct information available at present to 
evaluate the possible change in mechanism (or 
ratc-determining step) of the gas-phase kinetics 
a t  high pressures. 

The general similarity of the present results 
with those obtained previously on other com- 
bustible systems suggests that an increased 
surface area available for instantaneous dcflagra- 
tion (above that of the cross-sectional area of 
the sample) may be responsible for the abnormal 
(increased) burning rate a t  high pressures. 
Taylor15 found that the burning rate of relatively 
low-density (porous) RDX, PETN, and HMX 
increases sharply above a certain pressure. The 
result was attributed to flame penetration into 
the porous material (due to prcssure gradients) 
when the normal burning rate becomes sufficiently 
high to prevent buildup of molten explosive over 
the pore openings. The transition pressure is 
thus a function of pore sizc, pressure gradient, 
and molten film thickness. Paulson and co- 
workerslG found that the substitution of a part or 
all of the AP oxidizer by KC104 in a propellant 
reduces or eliminates the change in pressure 
exponent a t  high pressures (Fig. 2). Since 
potassium chloride, which is an end product in 
the thermal decomposition of KClOa, is a liquid 
from about SO0 to 15OO0C, it might be expected 
to be effective in preventing abnormal burning 
by forming a molten layer on the burning 
surface. However, the effect cannot be attributed 
with certainty to the presence of a molten layer 
since there are other decomposition charac- 
teristics of KCIOI which may also play a role. 
Whittaker and co-~orkers‘~ studied the burning 
rate of liquid bipropellants and found that the 
rate increased sharply above certain pressures 
(fixed by the composition). They attributed the 
effect to the onset of turbulence and liquid 
breakup, with a consequent large burning liquid 
surface area. Wachtell, McKnight, and Shulman*s 
observed similar effects above certnin pressure 
levels in the closed-bomb burning-rate curves of 
solid explosives and propellants. They attributed 
the effect to a cracking or crazing of the burning 

t / .b/ 
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FIG. 2. Effect of oxidizer composition on the closed- 
bomb burning rate of polyurethane propellants. 

surface under the action of the rapidly incrcasin? 
pressure in the bomb. On the other hand, they 
found that the burning rate in a vented (constant- 
pressure) strand burner remained LLnormaI.” 
This apparent effect of pressurization ratc on 
abnormal burning merits further invcstigation 
because of its importance in the development of 
a model of burning. I n  the present study, 
attempts to duplicate the constant-pressure (i.e., 
zero dP/d t )  conditions of Wachtell and co- 
workers failed. However, espcriments were 
performed in which an -41’ propellant (see Fig. 2) 
was burned under conditions of increasing and 
decreasing pressure where d€‘/dt passed through 
zero. In all cases the results were in agrceinent 
mith thc closed-bomb curve of Fig. 2 (i.e., the 
burning rate did not remain “norind”). 

A simple geometrical model of burning ac- 
companied by stress-induced formation of new 
burning surface area is presented. The treatment. 
while approximate, is useful as a starting point 
for a more csact investigation. Basic assuinptioiis 
of the model (Fig. 3) are: 

1. The pressure (static and/or dynamic) of 
the burning gases above the propellant surface 
can produce shearing in the surface due to the 
nonhomogeneous nature of the propellant. The 
shear process, which may be strongly influenced 
by the surface temperature of the propellant, 
gives r ise to increased burning area (above that  
of the sample cross section) by forming new 
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FIG. 3. Schematic of model of accelerated burning. 

cracks and pores: or by enlarging existing cracks 
and pores. In the present case the gas flow into 
these cracks is considered to be fast (or pro- 
portional to the shear rate) so that crack propa- 
gation (;.e., the generation of new surface area) 
is the rate-controlling process. This is in contrast 
with an earlier moclel of porous burning proposed 
by hndersen and Chaikeng in which the burning 
surface area was assumed to be proportional to 
the chamber pressure, Le., new burning surface 
was generated by gas penetration into existing 
pores. 

2.  Flame cannot penetrate into pores with a 
diameter less than the reaction zone thickness of 
the flame. 

3. The distribution and number of cracks is 
regular and remains constant. 

4. Conically shaped burning surfaces are pro- 
duced by gas pcnetration into growing cracks. 

5 .  Burning area variations take place only 
with variations in the height of the cones (X2 - 
XI). The base of the cones, b, remains fixed. 

6. The propagating crack tips are also conically 
shaped with base, u. 

7. The base of the burning cone is much larger 
than the base of the cracking cone (i.e., b >> u) . 

If a differential time change of the situation in 
Fig. 3 is considered, the following may be 
established geometrically: 

ax3 + x3 - x2 (4) 
ax3 - ax2 + x3 - xz u / 2  + k ax3 - - 4 

where k d X 3  is the rate a t  which the base of the 
cracking cone is assumed to open. Neglecting 
higher order terms, this leads to a differential 

equation k(X3 - X2) dX3 = u d&/2, whose 
solution is: 

Xi = X 3  - - [ 1 - exp (q x3)]  ( 5 )  
2k 

Differentiating this with respect to time gives: 

and for 1 3  2 3 mm and k > v E p within 1 
per cent. 

The creep rate of a material a t  a fixed tempera- 
ture and subject to stress has been related to 
certain fundamental constants of the material 
by Eyringlg and is given by: 

(2) 1 dL L 
Lo at Ll 

creep rate = - - = - Z exp 

P’P’ x 2 sinh (E) 
where T is the temperature, P’ is the shear 
stress, E is the activation energy for the process 
in the absence of an applied stress and the rest 
of the terms are defined in ref. 19. The crack 
propagation rate may be assumed directly 
proportional to the creep rate, giving: 

p =  K - Z e s p  L (2) 2 sinh (’g ) (7) d 
where K is a proportionality constant. Since 
shear stress may be expressed in terms of a 
tensile or compressive stress, Eq. (7) may be re- 
written as p = 2a sinh PP where the conversion 
factor between gas pressure (Le., tensile stress) 
and shear stress is combined with P’/RT to give 
/3 and a is a combination of the other constants. 
Since v E p:  

v N 2a sinh PP 

Because 2a sinh PP a esp PP when PP > 1.5, 
a and p may be estimated by plotting the best-fit 
line through the high pressure data on semi-log 
paper. This gives a = 0.35 and P = 1.59 X 
Equation (8) is then plotted on Fig. 4 along with 
the burning-rate data and the best-fit line for TbI 
from Fig. 1. When P < 4500 psig the linear 
burning rate (Le., T ~ I )  is clearly greater than the 
crack propagation rate predicted by Eq. (8) a t  
that  pressure. Therefore no cracking and conse- 
quently no burning area increase takes place. 
When P > 4500 psig the cracking rate exceeds 

so that the burning area (and hence the 
burning rate) increases sharply. The observed 
sharp increase in burning rate above 4500 psig is 
thus explained by the geometrical model. 

(8) 
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The combination of ?-bl and Eq. (S) is clearly in 
vcry good agreement with the burning rate data 
for AP over the whole pressure range. The 
applicable expressions are : 
?'bl = 0.065PO~251; 1000 < P < 4500 psig 

4500 < P < 23000 psig 
Also, from Fig. 3, the general equation for 
burning area for pressures above 4500 psig may 
be developed as follows: Geometrically 

rbb 2) = 0.70 sinh (1.59 x w 4 P )  ; 

s = (N?rb/S)[(+b)2 + (Xi - Xl)2]e (9) 
where N is the number of cracks in the cross 
section and b is the base of the burning cone. 
Solving Eq. (9) for ( X z  - X I )  and differentiating 
with respect to time gives: 

where R = &'/So and So is the original cross- 
sectional area of the strands. It can be shown 
geometrically that the regression rate is given by 
20 = rblR where is the low pressure burning 
rate extrapolated to values of pressure greater 
than 4500 psig and is in the form Tbl = cPn. 
Substituting this and Eq. (8) into Eq. (10) gives: 

FIG. 4. Comparison of derived accelerated burning 
expression with experimental data. 

which is the differential cquation relating surface 
area and pressure to time. We are only interested 
in the solution to Eq. (11) that describes the 
increase of burning area above the normal (i.?., 
R > 1).  From Fig. 4 this can only occur when 
2a sinh PP > cP". 

If constant pressure conditions are assumed 
(Le., a vented bomb), Eq. (11) can be solved 
directly. Since the factor R / ( @  - 1 ) '  1 is ' essen- 
tially unity for R 2 3, Eq. (11) may be ink -  
grated from $ to R and 0 to 1 to give: 

2a sinh PP 2a sinh PP 
- 8) - ( CP" 

The transient term of the solution in the present 
case dies out rapidly giving a steady-state solution 
(for t 2 0.03 sec) of: 

S = SO i"- t$Pp], P > 4500 psig (13) 

Noting Eq. (6) and that rbl  = cP" this becomcs 
S = Xov/rbl which indicates how the burning 
area varies with the flame-front velocity and is 
to be expected as seen from combining Eq. (3) 
with dm/dt = ps?-bl. Since Eq. (13) shows that 
the steady-state burning area is a unique function 
of pressure, it will also apply to conditions of 
changing pressure, e.g., a closed bomb. Because 
of this, area variations are independent of time 
derivatives of pressure for the present model. 

From the model, the pressure vs. time relation 
can be computed 3s follows. Combining Eq. (1) 
and the conservation equation gives dP/dt = 
bopSrb1 and from Eq. (13) and ?-bl = cP" this 
becomes: 

dP/dt  = 2abopSo sinh PP (14) 

Integrating from Po to P and 0 to t gives: 

tanh (pP/2)  = tanh (pP0/2)  esp ( 2 a b d S d )  

(15) 

Equation 15 was shown to closely fit the original 
oscillograph traces of pressure versus time. This 
result provides further support for the validity 
of the model. 

Additional calculations based on this model 
show that the maximum burning cone height 
(X2 - XI) at 20,000 psig is 0.5 mm and the 
cracking cone height is less than or equal to 
0.5 mm if k > This indicates that  the 
cracking zone is less than 1 mm from the regrm- 
sion tips. 
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Tlic agrcemciit bctn cell the ey)erimentaI data 
and the equations tlerived from the geometrical 
model docs not prove coiiclusivcly the validity 
of the postulated mechanism. Kevertheless, the 
general approach appears to nwrant  further 
iiivestigatioii since i t  cmphasiws tlie possible 
sigilificanccl of the nirchaiiicsl properties of a 
propellaiit 011 its deflagration characteristics. 
The above treatment has ignored niany d l -  
liiiown points nhich should be taken into con- 
sideration in more exact treatments. Amoiig 
these may be inentionrd the difference in the 
crack pressure and tlic clismber pressure which 
has been discussed by Artz and Cramer,2a the 
gas penetration (permeability) process, the time 
dependence of the pressure in the crack and the 
required conditions for noristeady runaway 
cracks. 
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DR. R. FRIEDMAN (Atlantzc Research Corporation) : 
Direct observations of pressed brittle propellant 
combustion in our laboratories have occasionally 
revealed spalling phenomena, consistent with the 
authors' proposal that crack propagation may be 
induced by combustion. The authors propose, how- 
ever, that the crack formation is induced by a shear- 
ing force associated in some unspecified manner 
with the high pressure. The mechanics of this is not 
clear to me. An alternate means by which stress 
may be induccd is by thermal espansion of the not- 
quite-homogeneous pressed solid as the combustion 
temperature wave propagates into it. The steepness 
of this temperature gradient increases with burning 
rate and hence with ambient pressurc. The phase 
transition of ammonium perchlorate a t  240"C, also 
leading to stresses, will probably be involved here. 
The distance from the surface to the 240°C isotherm 
may be critical. 

In brief, will the authors comment on this possible 
relation between the temperature wave and crack 
formation? 

DR. 0. R. IRWIN (Rerojpt-General Corporation) : 
The remarks of Friedman are certainly apropos of 
the present paper, and we have previously con- 
sidered some of them in more detail in Aerojet Re- 
port 025301, January 1960. From a fundamental 
point of view both mechanical stress and tempera- 
ture are always involved in any nonhomogeneous 
strain or shear process, and it makes little difference 
mathematically whether the stress originated by 
thermal or hydrostatic means. From the viewpoint 
of controlling the phenomenon, howcvcr, one must 

ascertain whether the shear strrss lcading to crac 
formation results directly from the hydrostatic 
chamber pressure, or whether the chamber pressure 
(by its effect on the burning rate) influences the 
thermal gradient in the burning surface, which in 
turn produces the stresses leading to cracking. The 
data available do not allow an unambiguous choice 
of these alternatives, particularly in attempting to 
reconcile the dcflagrative behavior of 
various materials. Insofar as our mathematicd 
treatment is involved i t  appears t o  make little 
difference which viewpoint is choscn since we haw 
related shear stress to chamber pressure by an 
arbitrary constant. However, the possibility oE 
thermal stresses rather than hydrostatic stresses 
playing the dominant role in a brittle material like 
ammonium perchlorate is attractive, particularly 
in view of the observations of Bowdcn and co- 
workers on cracking accompanying the deflagration 
of crystals at low pressures. However, even here one 
must remember that the pressure in pores, fissures, 
etc., may possibly differ appreciably from Ihc 
measured pressure. 

It seems reasonable that the thermal stresses 
produced during the orthorhombic to cubic phasc 
transition of ammonium perchloratc may possibly be 
involved in the change of the burning rate pressure 
esponent in the present case. I-Iowcvcr, a large 
variety of deflagrative materials have also been ob- 
served to undergo a similar change at suficirntly 
high prcssures, and hence in many instances :t 

crystalline phase change does not sec'm to be a 
controlling factor. 



LE THEORY OF SELF-HEATING AND ITS APPLICATION TO 
E SYSTEM AMMONIUM PERCHLORATE AND CUPROUS OXIDE 

P. W. M. JACOBS AND A. R. TARIQ KUREISHY 

The approximations usually made in theories of self-heating are discussed briefly. It is pointed out 
that kinetic esperiments close to  the critical ignition state yield results for the fract.iona1 decomposi- 
tion a as a function of time t which depart from the kinetic Iaw applicable at lower temperatures. 
Nevertheless, these a(t) curves can be analyzed to yield eflective rate constants which depend on the 
temperature of the surroundings (TO) rather than on the temperature of the reactant (which is, of 
course, a function of time). 

A theory of self-heating is developed using these effective rate constants and this is applied to the 
calculation of ignition times and self-heating curves. Results are in good agreement with experiment. 

Introduction 
The differential equation governing the tem- 

perature, as a function of time and position, in a 
solid undergoing an exothermic chemical reaction 
i s  

Cm(aT/dt) = ”AV2T + Q.lo(aa/at) (1) 
where C is the heat capacity a t  constant pressure 
(cal deg-l gm-l), m the mass of reactant (in 
grams) a t  time t (see), T the temperature (OK), 
Y the volume of reactant (em3), X the thermal 
conductivity (cal cm-l deg-’ see-’), V2 the La- 
pIacian operator, Q the heat of reaction (cal 
gm-l), and a the fractional decomposition at 
time t. The reaction rate is given by 

aa/at = k[F’(a)]-’ 

= A exp (-E/RT) [F’(a)]-l (2) 

where k is the rate constant (sec-I) and A and E 
are the usual Arrhenius parameters, the kinetic 
equation describing the progress of the reaction 
being written in the form 

F ( a )  = kt (3) 
F’(a) in Eq. (2) denotes aF(a) /da .  

Analytical solutions to Eq. (1) may only be 
obtained by making certain approximations. 
These approximations are connected (a) with 
the reduction in the number of independent 
variables on which T(s ,  y, z, t )  depends and 
with the boundary Conditions a t  the surface of 
the reactant, (b) with the form of the kinetic 
law assumed for F(a) ,  and (c) with the simpli- 
fication of the exponential term in the Arrhenius 
law. 

Frank-Kamenetskii’ assumed essentially that 
the surface temperature of the reactant T ,  was 
equal to that of the surroundings TO and inte- 
grated Eq. (1) subject to this boundary eondi- 
tion, assuming a steady-state temperature dis- 
tribution within the reaetantP5 The results of 
this analysis are usually expressed in terms of 
the maximum value of a dimensionless param- 
eter, 6, for which a steady-state solution is 
possible. This parameter is defined by the re- 
lation 

(4) 

where mo is the initial mass of reactant and r~ is 
the significant geometrical dimension of the re- 
actant (half-thickness of slab, ete.). 

At the other extreme lies the assumption of 
Semenov6 that the temperature inside the re- 
actant is uniform a t  a value T > TO and that 
there is a discontinuity at the boundary where T 
faIls sharply to TO. The heat-Conduction term on 
the right-hand side of Eq. (1) must therefore be 
replaced by the heat-loss term -xS(T - To) 
where X is the surface area and x the heat-trans- 
fer coefficient. This approximation will evidently 
apply when x << X/To while the Frank-Kamenet- 
skii approximation, T ,  = To, will hold when 
x >> X/ro. Real cases will be in between these two 
extremes. Using the most general form for the 
boundary conditions, 

x(TS - To) + (dT/dz)s 0 (5) 

and the linear rate law d a / d t  = k,  Thomas’ 
showed that the critical condition for the steady 
state-is still given by Eq. (1) but that the Frank- 

366 
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Kemenetskii values for 6 are too higli if self- 
cooling is important. 

The similarity in form between this result 
[Eq. (4)] and SemenovJs equation 

(E/RTo2)&mok = VX(K + l)/roe (6) 

permits the use of the assumption of uniform 
temperature,S ,9  provided that the true heat- 
transfer coefficient x is replaced by an effective 
transfer coefficient x’ given by 

e6 

In Eys. (6) and (7) K is a constant which defines 
the geometrical form of the reactant, being 0 for 
a semi-infinite slab, 1 for a semi-infinite cylinder, 
and 2 for a sphere. Thomass has shown further 
that, just as x’ should replace x when thermal 
conduction alone is important, (X/ro) >> x, so 
the intermediate case [Ey. (5)]  corresponds to 
the heat-transfer Coefficient x” given by 

(8) 
The importance of Thomas’ contribution as far 
as our work is concerned is that  i t  entitles us to 
use the assumption of uniform temperature with- 
out serious error, provided an empirically deter- 
mined heat-transfer coefficient is employed. 

Almost all the early work in this field limited 
consideration to the linear kinetic law &/at = k ;  
this corresponds to a zero-order reaction. hllow- 
ing for the consumption of reactant greatly in- 
creases the mathematical complexity of the 
problem. Rice et uZ.,l0 Todes and Melentiev,ll ,12 

and Gray and Harper13 have tackled the problem 
numerically while Frank-Kamenetskiil* and 
Thomas15 have preferred to obtain analytical 
solutions at the expense of some approximations. 

I/,” = 1/x + l/x’ 

The Effective Rate-Constant Approximation 

In all these theories it is implied that the 
kinetic parameters A and E (values of which 
will have to be substituted in the equations when 
the theories are applied to real problems) are 
known from measurements made a t  tempera- 
tures sufficiently low for self-heating to be 
negligible. Such measurements will result in the 
determination of the true rate law F ( a )  = kt and 
numerical values for the rate constant k. It has 
been our experience, however, that  substantial 
self-heating is found16 a t  temperatures well below 
those a t  which ignition can occur. One cannot be 
sure, therefore, of the value of k or even that the 
rate law found is the correct one, unless it is 
demonstrated that the kinetic measurements are 
not accompanied by self-heating. 

From extensive measurements of the rate of 

decomposition of mixtures of NH4C104 and Cu20 
we have found that the kinetics of the reaction 
conform to the exponential law 

a = ao’ exp (kt) (9) 
and that this rate law holds both for the pre- 
ignition kinetics and for temperatures below 
that a t  which ignition occurs. k is an “effective 
rate constant” in that, whatever the form of the 
true rate law, the reaction rate a t  any instant is 
given by the derivative of Eq. (9) with k a 
function of To only, despite the fact that the 
temperature of the reactant is varying with timr. 
The increase in reaction rate during any one de- 
composition, due to varying T ,  has been allowed 
for by a change in the isothermal rate law to the 
(empirical) exponential law. The justification for 
the use of effective rate constants lies in the all- 
plicability of the A4rrhenius equation to k(T0). 
This is shown, for example, by Fig. 1 for mix- 
tures containing 4.56 mole o/o CuzO. 

With the Semenov assumption of uniform 
temperature (which we know from Thomas’ 
work to be justifiable provided x refers to an 
effective heat-transfer coefficient), Eq. (1) be- 
comes 

Total derivatives are written since T is not a 
function of position and the reaction rate is to 
be obtained from an effective rate law in which 
a is a function of (t, To) but not of the instanta- 
neous temperature T.  The heat-loss term has so 
far been written in the conventional manner as 
-xS(T - To) where S,  the surface area, should 
clearly depend on a. However, heat is abstracted 
from the reactant mass by the gaseous products 
and, in the self-heating experinients,16 by conduc- 

- 
1.0 

Y 

01 0 -  - 2.5 

1 J5 1.85 1.95 

~O~/T,OK 

FIG. 1. Test of the Arrhenius equation for effective 
rate constants, IC,  found from the exponential law, 
Eq. (9); -log LYO’ = 7.7s; E = 26.0 lccal/mole. 

.. J 
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tion up tlic tlicrntocouplc leads. As it is not pos- 
sililc to dwidc how the total lxat  loss is divitlctl 
I)ctn.cwi t h e  three contributioiis, it seems a 
lwtter :y,l)rositiititioii to write - f / ( T  - To) [or 
the first tcrrii 011 the left-hand side of Eq. (10) 
and to regard I /  as approximately constant. 
14;ith this change, and the usual substitution for 
the relative excess temperature, 

6 = (T - To)E/RTo‘, 

I<q. (10) bcconics 

(1 - a)(d6/dt) = - (H/CVL~)O 

+ (&E/CRT,”)(da/dt) (11) 

011 recalling that m = mo(1 - a).  On substitut- 
iiig for da/d t  from the enipirical rate law 

da/d t  = Ica, 

Eq. (I 1) bcco111c.s 

dB/da = I- ( u B / c Y )  + b ]  (1 - CY)-’ (la) 

where 

a = I f /Cmok and b = QE/CRT$ (13) 

are constants for coiistant To. When a is small, a 
solution of Eq. (12) is 

0 = b a / ( l $ -  u)  (14 
which shows that 6 should also be an exponential 
f’unctioii of t .  Equation (14) is limited in its all- 
l)licnbility to the range in which the kinetic 
equation da/d t  = k a  holds, Le., to the accelcra- 
tory part of the reaction. 

The induction times can be obtained from Eq. 
(I  4) by substituting for CY and setting a prescribed 
limit on 6. Before doing this, however, some com- 
ment 011 the d a t i o n  of this work to that of 
Merzhanov and Dubovitskii17 , 1 8  mould seem ap- 
propriate. Equation (12) may be transcribed to 

7~-~(d6/cZa) = 1 - (a6/ba),  a << 1 (15) 

The left-hand side of Eq. (15) is the ratio of the 
ratc of accuinulation of heat to its rate of supply 
by tlie chemical processes involved. The second 
term on the right-hand side is the ratio of the 
ratc of heat Ioss to its rate of‘ supply. Neglect of 
this term (a = 0) clearly corresponds to the 
:issumption of adiabatic conditions. Merzhanov 
and Dubovitskii assume that the Ieft-hand side 
of Eq. (15) is small in comparison with unity and 
postulatc that, under these conditions, the system 
will adopt a quasi-stationary state in which “the 
principal role in the iionisothermal reaction 
process is played by the isothermal alteration in 
the velocity.” In contrast, in our approximate 
thcory, there is no requirement that aO/ba = 

a/( l  + a)  shall tcntl to unity. Nuincrical values 
for a turn out to he 0.40 a t  540OII; and 0.17 a t  
560’1i. This is roughly the tciiiperaturc range 
studied over n7hich ignition occurred. For our 
system, thercfore, it seems that the Merzhanov 
and Dubovitslcii assumption of a quasi-sbtionary 
state would not be justified except, possibly, well 
below the explosion limit. 

In contrast, our assumption of an isothermal 
rate law, ( I / c Y )  da/dt =  TO), is based on experi- 
mental evidence. 811 that the theory requires is 
that  k shall be a single-valued function of To and 
independent of t. The empirical fact that k obeys 
the Arrhenius equation (see Fig. 1) is the justi- 
fication for calling k an “effective rate constant.” 

Calculation of Ignition Times 
Ignition will occur when tlie relative self- 

heating temperature exceeds a particular value 
of 8, say 6 = n. The corresponding ignition time 
obtained from Eq. (14) and (9) is 

As a appears only in the factor 1 + a inside the 
logarithmic term its influence on the final values 
of t,L is rather small. We may term the ignition 
time f o  calculated from Eq. (16) with a = 0, 
the zero-order approximation. Reasons will 
shortly be given in support of the value 0.01 cal 
deg-’ 1nin-l for 11. Using this value, and the 
values 312 cal/gm for & and 0.34 cal/gm deg for 
C, t,, and were calculated from Eq. (16). 
With n = 1, t,j and t,Lo differed by only 23% at 
54OoK and by 1% at 56OoK. The plot of log t, 
is shown in Fig. 2 as a function of TO-’. The lines 
for n = 1 and n = 2 were in good agreement 
with the experimental data. The line for n = 30 
is also shown in Fig. 2 to illustrate the relative 

3.0 

” 
0 n 

b 
u 

- 12.0 

1.40 1.70 1.80 1.90 

IO~/T,”K 

FIG. 2. Ignition times as a function of To-’. Lines 
show calculated values; points are experimental 

results. 
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insensitivity of log t, to the chosen value for n, if 
it  is greater than 1. Zero-order calculations are 
not shown siiice they differ but little from the 
first-order plots. 

10 - 

3 
5 Calculation of Self-Heating Temperatures 

shown by the points in Fig. 3.  These were fitted 

suitable values of cy"'/(1 + a) but using the ex- 
perimental values of k and E found from the 
kinetic espcrimmts. Sincr the O ( t )  curves a t  
various temperatures (To) should be satisfied by 
unique values of II and (yo', valucs of 1/(1 4- a) 

9 - 
Experinleiitally detcrminrd values of 0 are -2 

5 to curves calculated from Eq. (14) by choosing I 2 

1 
4 
6 

0 0.05 0.10 
7 

H, col/deg m i n  

TIME, min 

FIG. 3. The relative excess tenipcrature e as a 
function of time for pellets of NH4C10, containing 
4.56 % of CuO. Points represent experimental 
values. Dashed lines are the best fit of Eq. (14). 
(1) 271.2%; (2) 366.S"C; (3)  263.6"C; (4) 263.4"C; 
(5) 250.4%; (6) 2453°C. Five minutes has heen 
added to the time scale for curve (6) for the sake 

of clarity. 

FIG. 4. The isotherms show the vnlucs of H and 
-log 0101 rcquircd to  give the bcst fit to the sclf- 

heating curves shown in Fig. 3. 

mind that the reproducibility in the espcrimcntal 
ignition times is only 510%. 

were calculated for a set of arbitrary values of I1 
and the corresponding valucs of ole' were found. 
These are shomin in Fig. 4 in the form of plots of 
-log cy"' versus H .  These curves should show a 
common point of intersection. That they do not 
do so is due to uncertainties in the (unsmootlied) 
values of k used in the calculation. The oiily 
triple intersection lies close to If = 0.01 cal 
deg-l rnin+, the corresponding value of -log ao' 
being in good agreement with tlic kinetically de- 
termined value, '7.78. A set of theorrtical sclf- 
heating curves have been calculated using this 

' 
6 

0 

e 

The Critical State 

The condition that sclf-heating shall result in 
an explosion is that dO/dt shall always bc positive, 
Le., that  

da/dt  > akO/b (1'7) 

The coliclition for nonesplosion is that &/dt shall 
be zero for 0 < cy < 1 (i.e., for dcy/dt ?t 0). 
Equation (1 I )  then yirlds 

acy/at = ake/b (IS) 

value of  H and the kinetic values of cy"' and k 

5 10 5 10 
(see Fig. 1). The results for four typical runs 
(including both the best and the worst fit) are 

rather encouraging. The shape of the self-heat- FIG. 5 .  Comparison of theoretical self-heating 
ing curves is well reproduced and the discrrgsn- mrves with experimental data. Only kinctic in- 
cies in the induction periods are only in one formation has been used in the calculation of these 
instance as large 2s 25%. It should be borne in curves from Eq. (14). Temperatures as for Fig. 3. 

o 1  c 
I. 

shown in Fig. 5 .  On the whole the agrrcment is TIME, min 





TURBULENT BOUNDARY LAYER COMBUSTION IN THE RI 
ROCKET 

G. MARXMAN AND M. GILBERT 

In  this paper an effort has been made to survey recent theoretical and experimental work related 
to several aspects of the hybrid combustion process. It has been found that hybrid combustion is 
controlled by the rate at which heat can be delivered to the fuel surface, rather than by the surface 
reaction rates. By assuming the combustion occurs in a turbulent boundary layer, a regression rate 
equation has been developed. This formula is based on the procedures used in other relatively recent 
studies of heat transfer in reacting boundary layers. 

Two important factors in this equation are the position of the flame in the boundary layer, and the 
effective heat of gasification. A simple analysis provides an estimate of the flame position when the 
boundary layer is turbulent. It is found that for a Plexiglas-oxygen system, the flame height above 
the surface should be approximately in the range of 10 % to 20 % of the boundary layer thickness, de- 
pending on operating conditions. The surface gasification process is also discussed. 

The boundary layer nature of the combustion process leads one to anticipate that combustion may 
occur at a fuel-rich mixture ratio. This has been observed experimentally, and the boundary layer 
combustion model suggests a means of improving the combustion efficiency. This has also been proven 
experimentally. 

The regression rate equation predicts the existence and location of the minimum regression rate 
in a special case where the nonlinear ballistics problem can be treated by an approximate method. 
This provides a considerable confidence in the underlying assumptions. A theoretical estimate of 
the regression rate agrees reasonably well with the observed experimental data. However, much ex- 
perimental and theoretical work is still needed to clarify the influence of the parameters in the equa- 
tion, and to provide a description of the internal ballistics under general operating conditions. 

Introduction Hybrid Combustion Model 
The “hybrid” rocket engine is a potentially 

important propulsion technique, because it 
shows promise of combining many of the ad- 
vanhges of both liquid and solid rockets. The 
configuration of the hybrid engine is basically 
similar to that of a solid rocket, except that  the 
solid propellant of the latter is replaced by a 
solid fuel. A vaporized os<dizer streams axially 
through the core of the solid fuel, and after 
ignition the gas phase combustion of the osidizer 
and fuel provides the heat necessary to vaporize 
the fuel. Combustion is then self-sustaining, and 
the combustion products are raised to a high 
temperature. 

This paper gives a partial account of recent 
progress in studies of the boundary layer com- 
bustion process in the hybrid engine. Several 
fundamental aspects of the combustion mecha- 
nism are discussed in an effort to indicate the 
important variables and to clarify the behavior 
associated with hybrid engines. Some esperi- 
mental results which highlight features of the 
niodel are briefly discussed. 

The combustion model for the hybrid engine is 
similar to that of a turbulent diffusion flame, 
where the flame zone is established within the 
boundary layer. In  the hybrid system, fuel enters 
the boundary layer as a result of the sublimation 
process a t  the wall surface, while oxidizer is fed 
into the boundary layer from thc main stream. 
Combustion occurs when a suitable mixture ratio 
has been achieved. This suggests a model for 
the hybrid combustion process wherein the Aame 
zone is treated, to a first approximation, as a dis- 
continuity in the temperature gradient and 
composition profiles, as illustrated in Fig. 1. 

According to this model the boundary layer 
comprises two zones, one above the flame where 
the temperature gradient and velocity gradient 
are opposed in direction, and one below the flame 
where the gradients are in the same direction. The 
zone below the flame is the effective boundary 
layer for heat transfer to the wall, while both 
zones together form the boundary layer for 
momentum transfer, 

The formulation of a hybrid combustion theory 
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FIG. 1. Roundtlry layer combustion model. 

requires consideration of the process of heat 
transfer from the flame to the wall, since the 
regression rate is proportional to this heat flus: 

nhere pf = density of solid fuel; ? = linear 
regression rate of fuel surface; ( P V ) ~  =.gas phase 
inass flus of fucl a t  the fuel surface; Q, = heat 
transfer per unit area to the wall; AII = effective 
heat of gasification of the solid fuel. The effective 
hcat A H  is the total energy required to gasify a 
unit mass of solid fuel originally a t  the internal 
temperature of the solid grain. If the fuel were 
Plexiglas, for example, AH would include the 
sensible heat needed to raise the solid fuel from 
the steady-state internal temperature to the 
sublimation trmperature a t  the surface, the 
energy required for depolymerization, and the 
ordinary latent heat of sublimation for the 
monomer. Other fuel materials would have 
similarly unique total heats of gasification. 

During the past decade there has been great 
interest in hest transfer through a chemically 
reacting boundary layer such as that which occurs 
when a very hot gas flows over a surface. Several 
investigators of this problem have considered 
the influence of mass addition a t  the wall (fre- 
quently called “blowing”), as is found when 
there is surface ablation, for example. A compre- 
hensive account of the present understanding of 
convective heat transfer through the reacting 
boundary layer with mass addition is given by 
Lees.’ The hybrid combustion process falls 
N ithin this general category of heat transfer 
problcms, and the relatively recent studies in 
this area provide the foundation for an analytical 
treatment of hybrid combustion. 

It has been found‘ that if the gas mixture 
comprises two groups of components, where the 
components in each group have molecular 
weights of the same order and similar collision 
cross sections, then the gas may be replaced by 
an effective binary mixture, in which each group 
acts as a siiigle component from the standpoint of 
diffusion. If in addition the Lewis number 
Le = 1 when the boundary layer is laminar, and 
if Reynolds’ analogy is valid nhcn the boundary 

layer is turbulent, an important siniplifioation is 
possible. The heat fluu is then independent of 
both the trtunsport mechanism and the inagni- 
tudes of reaction rates in the gm, and i t  is 
described by an equation forinally identical to 
that for a pure, nonreacting gas: 

d = - ( , w P )  (away> ( 2) 

where k = thermal conductiyity appropriate to 
laminar or turbulent flow; C, = mean specific 
heat; h = sum of sensible (thermal) and chemical 
(heat of formation) enthalpies; y = coordinate 
normal to the surface. 

With the heat flus given by this equation, a 
Stanton number C I ~  can be defined in the usual 
way. I n  the present case, the Stanton number is 
defined in terms of the mass flus and enthalpy at 
the flame, because this leads to a convenient, 
separate parameter ue/uc which relates the 
regression rate to the flame position. This 
parameter, in turn, can be related to the inde- 
pendent operating variables of the system quite 
easily, as shown in the nest section. 

Thus, the Stanton number is defined by: 

where C,y0 = Stanton number in the absence oi 
blowing; pcuc = axial mass flus a t  the combustion 
layer; h,, = stagnation enthalpy a t  the flame; 
h,, = enthalpy a t  the wall in the gas phase. 
The reduction in heat transfer to the wall caused 
by blowing is accounted for by the ratio CH/C,,. 
When the boundary layer is turbulent, surface 
ablation can result in B value as low as about 0.2 
for this ratio.2 With the much greater surface 
inass addition found in hybrid combustion, 
CH/CH~ may be somewhat less than 0.2. 

In a boundary layer without Combustion or 
blowing, the transition from lanlinar to turbulent 
flow occurs when the Reynolds number (based 
on the distance from the leading edge) is 105-106. 
The presence of ordinary evaporation, as when 
the gas stream flows over wtuter, may reduce the 
transition Reynolds number to 104.3 This effect is 
greatly magnified in the hybrid system, due to 
the combustion and extensive fuel sublimation 
a t  the surface. Therefore, the hybrid boundary 
layer is expected to be turbulent over most of its 
length. It follows that the Stanton number can 
probably be evaluated by using the semiempirical 
turbulent boundary layer theory, if Reynolds’ 
analogy is valid with chemical reactions and 
blowing. This is the approach taken in the 
earlier turbulent boundary layer heat transfer 
studies surveyed by Lees,’ where it has given 
satisfactory results. 
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If Le = Pr = 1 (Pr  = Praiidtl number = 
(&'IC), Reynold? hndogy holds across the 
entire boundary layer and is expressed by the 
equation: 

(4) 

where Q = heat flux; T = shear stress. h rclatioii 
between the Stanton number and the friction 
coefficient, consistent with the hyerid combustion 
model, is obtained by taking &,'Qw = T / ' T ~ ,  

integrating from the wall to the flame (inasmuch 
as the zone below the flame is the effective 
boundary layer for heat transfer to thc wall) 
and multiplying by l/p,u,: 

Qw/peuc(hc, - [by) = Tw/PcUe$ 

or : 

where G ~ I  is defined by Eq. (3) and C f  = local 
skin-friction coefficient = T ~ / ( P ~ U ? / ~ ~ ) .  

The upper limit, or boundary, on this integra- 
tion is the lower edge of the reaction zone or 
flame. The combustion reactions occur in a thin 
zone just above this boundary, while the integra- 
tion is confined to the boundary layer zone be- 
tween this boundary and the fuel surface. In  
this region there are no reactions, or the reac- 
tions are so slow as to be negligible. From the 
standpoint of the integration the upper boundary, 
or flame, is seen as a sourcc for heat and com- 
bustion products, and a sink for gasequs. fuel. 
The assumptions Le = Pr = 1 and Q/Qw = 
r / r ,  arc required only in the domain of the inte- 
gration, where from the boundary layer mo- 
mentum and energy equations they can be 
shown to be entirely compatible. No assump- 
tions regarding the details of the actual reaction 
zone are implied or necessary, and this is im- 
portant. For example, it is unlikely that  Rey- 
nolds' analogy is valid within the thin reaction 
zone itself, although it is probably quite accept- 
able in tlie nonreacting zones of the boundary 
layer above and below the flame. 

According to  the postulated model for hybrid 
combustion the friction coefficient is approsi- 
mately the same as that for an ordinary boundary 
layer with equivalent blowing, because the 
velocity profile is practically unchanged. For the 
turbulent boundary layer with no blowing, the 
friction coefficient is given by the well-known 
empirical formula: 

( 6) Cf, z 2C Rc,-O2 13r-f 

Thus, for the hybrid when Pr = 1, 
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where C = function of mainstream Mach 
number = 0.03 for the  lo^ Mach numbers ex- 
pected in the hybrid; Re, = ( p ~ u ~ ) / p  (Rrynolds 
number rcfcrred to distance x from lending edge). 

Equations (3) and (7) togtdicr tlescrihe the 
convective heat transfer from the flame t o  the 
fuel surface. Normally this is eyicctrd to be the 
primary mechanism of heat transfer, but in some 
cascs radiation may make n significant contrihu- 
tion. If, for example, a gray body radiation term 
is added to the convective heat transfer, then 
according to Eq. (1) the regression rate for the 
case of a turbulent boundary layer is given by: 

where C = 0.03; G = pCu,; u = Stcfaii-J~oltzinsiiii 
constant; ew = emissivity and absorptivity 01 
the wall; to = emissivity of gas a t  T,; a ,  = 
absorptivity of gas a t  T, or T,n,,, in boundary 
layer; T, = flame temperature; Tu, = mall 
temperature. 

Equation (8) is regarded as a basic framework 
for a theory of hybrid combustion. I-loivevcr, it  is 
still necessary to determine tlie hehavior of the 
various parameters appearing in the equation 
before the theory can be coiisidercd as eon-~pletr. 
Under many practical operating conditions 
radiative heat transfer to the fuel surfarc i s  
likely to be small relative to the convectivc 
contribution; therefore the most important of 
thcse parameters are the blowing coefficient 
CII/CT~~, the velocity ratio u,/u, (which is detcr- 
mined by tlie flame position in the boundary 
layer), and the effective gasification heat A N .  
The integral technique of boundary layer theory 
can be applied to tlie hybrid combustion model 
to evaluate GH/CII~ and ue/uc, but this will not 
be discussed in the present paper. A relatively 
crude estimate of thc flame positicin and the ratio 
u,/u, is presented below, and the sublimation 
process underlying the gasification heat AII is 
considered. 

The Flame Position in the Boundary Layer 

Evaluation of the parameter 7ie/u, in Eq. ( 8 )  
requires that the flame position and vclocity 
profile in tlie hybrid boundary laycr be deter- 
mined. A first approximation to tlic location of 
the flame relative to the inomentuni boundary 
layer and tlie ratio u,/uc can be obtaincd through 
a relatively simple calculation, based on the 
coinbustion model represented in Fig. 1. 

3 
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For this analysis reactions are considered to be 
confined to a "flame sheet" of negligible thickness, 
at an elevation yc above the fuel surface. The 
flame zone is expected to be well above the 
laminar sublayer, and i t  is assumed that Reynolds' 
analogy is valid in the boundary layer zone 
above the flame. These assumptions lead to the 
important simplification that the concentration 
profiles can be represented as linear functions of 
the velocity profile in the region above the flame, 
provided this is compatible with the boundary 
conditions.' According to the model, the change 
in the velocity profile due to the presence of a 
combustion zone is negligible, as a first approsi- 
mation, but the influence of surface mass addition 
must be considered. 

There have been several reasonably successful 
attempts to estend the "mising length" technique 
of turbulent thin film theory so that it gives the 
velocity profile with In  all cases 
this procedure begins with the following equa- 
tion, which is obtained from the boundary layer 
momentum cquation and is valid near the wall': 

T = (P + p e )  (du/dy) = rw[l 4- B(u/u,)l ( 9 )  

where T is the shear stress; p is the viscosity co- 
efficient; e is the turbulent exchange coefficient; 
T~ is the shear stress at the wall; and B is the 
( p z ~ ) ~ / ( p ~ u ~ C f ) / 2 .  In the mising length method a 
suitable function of u and y is substituted for E 
in this equation, which is assumed to hold across 
the entire boundary layer, and integration 
gieIds a velocity profile. Unfortunately, the 
profile equations obtained this way are usually 
somewhat inconvenient for present purposes. A 
form more suitable for this analysis can be 
obtained through a slightly diff erent approach. 

By defining (p = u/ue and 11 = y/6 Eq. (9) 
can be written in the dimensionless form: 

= f(Y, B )  (1 + B45) (10) 
It is clear that when B = 0, f(y,  0) = (&/dv)B,o. 
When there is no surface mass addition, the 
velocity profile in a turbulent boundary layer 
can be described adequately by thezempirical 
relation: 

d = 1" (11) 
where n 5 1/7 when the Reynolds number 
(based on axial grain position) Re, 2 106.9 
Therefore, 

It will be assumed that in Eq. (10) f(y, B)  = 
Anf-l, where A = A(B)  and A(0)  = 1. 
Furthermore, as a first approximation the 

( ~ / a ~ ) s = o  = W-1 ( 12) 

correction term due to blowing can be written 
Btp = Bvn. This suggests the following equation 
as an approximate description of the velocity 
profile with blowing: 

*/av = ~ n ~ n - l ( i  + ~ p )  (13) 
After integrating Eq. (13), the constant A and 
the integration constant are evaluated by 
imposing the boundary conditions d(0) = 0 
and d(1) = 1. The solution is: 

As required in the formulation, Eq. (14) 
reduces to Eq. (11) when there is no blowing. 
This approach should provide a first approsima- 
tion to  the profile distortion caused by blowing 
and has the important advantage of a simple, 
closed form. 

I n  principle, oxidizer is delivered to the flame 
by both convection and diffusion. However, the 
convective flow is expected to be practically 
tangential to the flame sheet; furthermore, the 
convective flus of oxidizer is proportional to the 
mass fraction of oxidizer, which is small near the 
flame where oxidizer is being consumed. In 
contrast, the diffusion current is proportional to 
the mass fraction gradient, and a t  the flame this 
gradient is large in the direction normal to the 
flame sheet. It follows that the flux of oxidizer 
into the flame is ordinarily diffusion-controlled, 
and the convective flus is negligible. Therefore, 
if Reynolds' analogy is valid the following relation 
describes the osidizer mass flus a t  the flame: 

I ( P V ) . ~  I C  = 1 + D).(aKoz/dy)c 1 
= CO/l i ' l (PzJ)w (15) 

where: [ O / P ]  = ox<dizer-to-fuel mass ratio at 
which combustion occurs; D = molecular 
diffusion coefficient; IC; = mass fraction of 
species i. 

This espression defines the flame position as 
that  point in the boundary layer where the 
oxidizer mass flus, given by the left-hand side of 
the equation, and the fuel flux ( P U ) ~  meet in 
the proportions required for combustion to occur. 
Ideally, this mass fraction of oxidizer to fuel 
would be near the stoichiometric mixture ratio, 
but there is evidence that hybrid combustion 
occurs at a fuel-rich misture ratio. This is 
discussed further in a later section of this paper. 

It is assumed in Eq. (15) that  all fuel leaving 
each unit area of the solid surface ( P V ) ~  reaches 
the flame and is consumed in the combustion 
reaction. Also, gradients in the asial direction 
are neglected relative to gradients normal to the 
fuel surface, which is consistent with the boundary 
layer character of the flow. 
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It can be shown that a small fraction of the 
fuel leaving the grain surface fails to reach the 
flame, remaining instead in the boundary layer 
zone below the flame. For simplicity this fuel 
loss can be accounted for by using an "effective" 
[O/F] in Eq. (15). 

As a first approximation the turbulent eschange 
coefficient E is assumed to have the same behavior 
as in a boundary layer without combustion or 
blowing. According to the mixing length hy- 
pothesis of PrandtllO: 

E = C'y2(du/dy) (16) 
where C' = empirically determined constant = 
0.16." 

Equations (14) and (16) can be combined to 
obtain an expression for E in terms of y (or  7) .  
Furthermore, the assumption that the oxidizer 
mass fraction profile is a linear function of the 
velocity profile provides the following equation 
for the mass fraction in the boundary layer zone 
above the flamc: 

Therefore: 

(18) 
With the combustion process occurring within 

the boundary layer, it is eqected that a con- 
trolling factor in determining the flame cliarac- 
teristics, including its location, will be the rate 
a t  which oxidizer can be delivered from the main 
stream to the flame. This suggests that  the flame 
will be well above the laminar sublayer, so that 
a t  the flame the molecular diffusivity D << E and 
can be neglected. If in addition pc/pc = TJT,, 
Eqs. (14) , (15), (16), and (18) can be combined 
to yield the following relation for the position of 
the flame relative to the boundary layer thickness: 

With the relative flame position determined by 
this equation, the parameter ue/uc 3 l/& in Eq. 
(8) can be obtained from Eq. (14). 

It is not possible to calculate precisely the 
value of the right-hand side of Eq. (19) for a 
given hybrid configuration. In  general, the 
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empirical constant C' will not be the same for 
the hybrid boundary layer as for an ordinary 
turbulent boundary layer, although it should 
have a similar value. Furthermore, the friction 
coefficient Cj (and therefore B )  , the milturc 
ratio [ O / F ] ,  and the temperature ratio Tc /Te  
are not precisely known for the hybrid. However, 
it is probably possible to estimate the right-hand 
side of Eq. (19) to  within a factor of two, or 
perhaps better. Fortunately, this is sufficient to 
provide useful information, bccause i t  locates the 
flamc within reasonably narrow limits. 

For typical hybrid operation with a Plesiglas 
fuel, where [ O / F ]  - 1, Kay, - I, TJT, - 2, 
and (pv),/p,u, - 0.005 the right-hand side of 
Eq. (19) is approximatcly 3 to 3.5, assuming 
n = 1/7. If 5 B q 15, this corresponds to 
1. = yc/6 = 0.15 and from Eq. (14), uc/uc = 1.7. 
For a given value of (pv),/p,u, = B .  Cf /2 ,  the 
flame position 7, is a relatively insensitive func- 
tion of B, according to Eq. (19). This is im- 
portant, because a small change in ( p ~ ) ~ / p ~ u ,  
may correspond to a large changc in B ;  i.e., Cf 
decreases as (pv), increases so that B usually 
varies much more than the product B -  C//2. 

An examination of Eq. ( 5 )  (neglecting radis- 
tion) indicates that  pf?/G = (pv),/p,u, varies 
approximately as (Gx/p)-O 2. This relatively 
weak dependcnce suggests that over a fairly 
wide range of operating conditions, the flamc 
position relative to the boundary layer tliickiicss 
will not change drastically for a given fuel and 
oxidizer. For example, if G is increased by 3 
factor of 3, qc should decrease by about 20%. 
Due to the surface fuel addition G incrcases with 
2, and it follows that rlC should also dccreasc 
slowly with 2, Le., as (Gz)-03. Allowing for the 
uncertainty in evaluating the right-hand side of 
Eq. (19), the analysis indicates that in normal 
operation with a Plesiglas-oxygen system 0.10 2 
yc/6 2 0.20, while 2 q ue/uC 2 1.5 over most of 
the grain length where the boundary laycr is thin 
relative to the port radius. Schlicren studies of 
thc boundary layer have bcen initiated to check 
the validity of these conclusions. Preliminary 
results show very good agreement, between tlic 
predicted and observed behavior. 

Effective Heat of Gasification 

The important characteristics of the gasifica- 
tion process a t  the fuel surface may be clarified 
by considering the specific case of a Plexiglas-type 
polymer. The corresponding surface reactions 
are : 

Polymer(s) -+ monomer(Z) +AHI 

Monomer (I) 5 monomer (9) +AH2 
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FIG. 2. Influence of effective heat of  gasification on 
fuel flux. 

where AH1 is the heat of decomposition per unit 
mass; AH2 is tlic heat of vaporization per unit 
mass. 

The vaporization equilibrium (21) is estab- 
lished very rapidly. The decomposition rate (20) 
is a function of the surface temperature T, and 
normally will control the over-all flus into the 
gas phase. Therefore, a simple view of the 
process is that steady-state combustion is estab- 
lished when the surface is heated to a temperature 
T, such that the solid phase decomposition rate 
equals the net gasification rate given by Eq. (1). 
Usually the activation energy for decomposition 
is great enough so that large changes in the 
regression rate correspond to a relatively small 
variation in T,. 

For this process AH in Eq. ( I )  is: 

AII  = AlIi  + ArI2 + C/( T, - To) ( 2 2 )  

where C/ = heat capacity of solid fuel; To = 
steady-state internal temperature of fuel. Ordi- 
narily the thermal dif‘fusivity of the fuel is very 
low. Combined with the high regression rate, 
this leads to a rapid esponential decay of the 
temperature with distance from the surface; 
therefore, To is essentially the ambient 
temperature. 

Figure 2 shows the average mass regression 
rate as a function of the total heat of gasification 
for some fuel formulations. The regression rate 
and heat of gasification are expressed as dinien- 
sionless numbers, in tcrnis of arbitrarily chosen 
reference values; N ,  = ( p f ) / / ( p i - ) /  and 
hTII = AII/AIrrcf. The data were obtained in a 
burner with gaseous oxygen flowing over fuel 
slabs about 1 inch wide, 3 inches long, and 

3 of an inch thick. The pressure was in the range 
of 400 to 500 psi. Total burning times were 5-10 
sec. Three values of the oxygen mass flux Go 
(based on the initial port area) were used- 
( N O  = Go/Go.,f). Figure 2 shows the type of 
inverse dependence of mass regression rate on 
A H  predicted by Eq. (1) . Furthermore, pj? AH 
is roughly constant, which implies that  Qw is 
nearly constant throughout this limited i. range. 

Combustion Mixture Ratio 

It was mentioned in connection with Eq. (15) 
that hybrid combustion usually does not occur a t  
the stoichiometric mis4ure ratio; also, in calcu- 
lating the numerical example in the section 
entitled The flame position of the boundary layer, 
it was assumed that O / F  =: 1, which is half of 
the stoichiometrie O / F  ratio. The over-all 
mixture ratio (based on the total mass flow of 
oxidizer and fuel) has been observed to be fuel- 
rich rather than stoichiometric. This may be 
expected because the boundary layer diffusion 
process restricts the transport of oxidizer from 
the main stream to the flame. This leads to a 
decidedly fuel-rich local mixture ratio a t  the 
boundary layer flame zone. 

If one considers the opposing concentration 
gradients of fuel and oxidizer as they exist in the 
hybrid burner, i t  is seen that for the reaction 
zone to be stoichiometric (as in true diffusion 
flames) the flame front must be established close 
to the midpoint of the boundary layer, or even 
near the free stream boundary. On the other 
hand, the flame can be established close to the 
surface, in the “buffer” zone of the boundary 
layer, only if the osygen-deficient mixture near 
the wall has a high reaction rate. 

Preliminary measurements have shown that 
the flame temperature is quite low and that the 
flame is close to the surface. This is consistent 
with a locally fuel-rich flame (rather than a 
stoichiometric flame with part of the fuel passing 
through unburned, for example, which would also 
result in a fuel-rich over-all mixture ratio). 
Furthermore, from an analysis of the combustion 
products the local n h t u r e  ratio has been calcu- 
lated as O / F  = 1 for Plexiglas-osygen, where 
the stoichiometric value is 2J2 Equation (19) 
predicts the flame position in good agreement 
with esperimental measurements when it is 
assunled that O / F  = 1; on the other hand, the 
sensitivity of Eq. (19) to O / F  is such that for 
O / F  = 2 the calculated flame height relative to 
the boundary layer thickness would be more 
than two times as great as the observed relative 
position. Therefore, all available evidence con- 
sistently supports the conclusion that a locally 
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fuel-rich reaction zoiic is controlling tlic hybrid 
hurncr . 

I3ecause the flame is within the boundary layer, 
as in thc combustion model, the osidizcr cannot 
be entirely depleted until the boundary layer 
completely fills the port, Le., the turbulent flow 
is essentially fully developed. Some distance 
downstream of the point where this happens the 
flame will form a conical apex a t  the center of 
the port, and all oxidizer will then have been con- 
sumed. An ordinary, fully developed, turbulent 
flow is achieved in 40 to 100 diameters. Nearly 
the same length should be required in the 
hybrid, because the relative importance of 
boundary layer thickening due to blowing 
diminishes downstream, where the boundary 
layer is already very thick. 

It is interesting to compare thcse observations 
with typical experimental results. The stoichio- 
metric mixture ratio for an oxygen-Plcxiglass 
system is (oxygen/Plesiglas) = 2. Given the 
oxygen mass flux GO and the fuel mass regression 
rate (p?)!, the L / D  ratio at which all oxygen 
would be depleted if combustion mere stoichio- 
metric all along the grain can be calculated from 
the following equation: 

For typical experimentally observed values of 
GO and (p?)f this relation shows that a stoichio- 
metric mixture ratio would deplete the oxygen 
in somewhat less than 30 diameters. Homver, 
all the oxygen cannot enter the boundary layer 
flame zone in less than 40 to 100 diameters, as 
previously esplained. It follom that the ob- 
served combustion must occur a t  a mixture ratio 
v-hich is fuel-rich. Experimental ineasurements 
have shown that the over-all mixture ratio in the 
Plexiglas-oxygen system is, in fact, about half 
the stoichiometric value, Le., O / F  = 1 instead 
of 2 .  Similar results were obtained by others.'2 

This result suggests that  the combustion 
efficiency could be improved by disrupting the 
core flow a t  the end of the grain and forcing the 
unused oxidizer to inis rapidly with the fuel-rich 
products in the boundary layer. This has been 
done experimentally, and the performance in- 
creased by as much as 30%, reaching ncarly the 
theoretical limit. Practically no additional 
mixing length was required after the flow was 
disrupted, because the high-temperature, partially 
burned mixture reacted almost instantaneously 
with the excess osidizer. 

Internal Ballistics 

It has been observed experimentally that the 
regression rate has a minimum at some axial 
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FIG. 3. Regression rate as a function of axial 
position. 

position in a circular port configuration. It has 
been notedL3 that this minimum seems to corrc- 
spond to a length Reynolds nunibcr in the range 
3 X lo5 to 3 X lo6, and the minimum was 
attributed to transition from a laminar to a 
turbulent boundary layer. However, this explana- 
tion does not seem entirely satisfactory. Although 
transition occurs in this Reynolds number range 
in a boundary layer without blowing, the e\- 
tensive mass addition and combustion in the 
hybrid boundary layer should cause transition n t  
a much lower Reynolds number. Furtherniorc, 
Eq. (S) does not necessarily iiidicate that the 
regression rate must increase with z in a turbulent 
boundary layer. It is quite possible for the 
regression rate to continue decreasing with r 
after transition, although the rate of decrease 
should be less than in a laminar boundary laycr. 

On the other hand, Eq. (S) does predict that  
there will be a minimum regression rate some- 
where in the turbulent boundary layer. Due to the 
fuel addition G increases with x, while Re,-" 
decreases. At some point these effects have a 
crossover, and this corresponds to the minimum 
regression rate. 

An internal ballistics analysis based on Eq. 
( 8 )  has been performed for the special case where 
the burning time is short, so that the total 
change in web thickness during burning is small 
relative to the initial port radius. It was assumed 
that Eq. (S) is valid over the entire grain length, 
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Le., that transition occurs a t  a very low Reynolds’ 
number. This analysis yields the following ap- 
proximate equation for the location of the 
minimum regression rate in an oxygen-Plexiglas 
system : 

where l te  = (G&)/p; L = grain length; Do = 
initial port diameter. 

‘Phis equation indicates that  if Re = lo5, the 
minimum regression rate will just be attained at 
the end of 5 tube with LIDO = 25. If the grain 
is longer, the regression rate will have a minimum 
upstream of the end of the grain. 

Figure 3 shows the experimentally determined 
regression rate as a function of axial position for 
four different values of Go and Do. The oxidizer 
mass flux is expressed in terms of the dimension- 
less ratio N o  = Go/Gorcf, where Goref is an 
arbitrarily selected reference value. Similarly, 
the port diameter and regression rate are given 
in terms of the dimensionless numbers No = 
D o / D ~ ~ ~ ~  a i d  NB = ?/fmIn, respectively. The 
agrccment between the results and Eq. (23)  
seems to indicate that the boundary layer is 
turbulent over most of the grain length, so that 
transition occurs a t  Re << lo5. Furthermore, 
Eq. (8) apparently adequately describes the 
combustion process in the turbulent boundary 
layer. 

The limiting assumptions underlying Eq. (23 )  
make it  impossible to apply this equation to long- 
duration runs. However, it can be shown that 
the minimum regression rate will tend to move 
upstream with time, which agrees qualitatively 
with esperimental results for SO-see and 120-sec 
runs.~2 

Calculation of the Regression Rate 

From Eq. (8) a quantitative estimate of the 
regression rate for the Plexiglas-oxygen system 
c m  be made. The radiative term is neglected for 
this system, based on experiments not reported 
here clue to space limitations. It was found that 
over a wide range of pressure, a t  constant mass 
flux, and Reynolds number, the optical opacity 
01 the gases and the absorptivity of the tube wall 
were sufficiently small to preclude a significant 
radiative contribution. 

A calculation shows that for this system 
hS - h,/AiI = 5. Although C ~ / C I I ,  has not been 
nieasured a t  the high blowing rates considered 
liere, an extrapolation of available data’? indicates 
that CI~ /CI I ,  = 0.1. Taking ue/uc = 2, a Reynolds 
nuniber of lo5, arid a value of Go corresponding 
to  No = 4.1 in Fig. 3, Eq. (8) gives NB = 1.2 
(referring to the appropriate Fmin for that  Go). A 

comparison with Fig. 3 shows this to be rea- 
sonably close to measured values for these 
conditions. Over a wide range of Go and Re 
Eq. (8) gives results which agree within a factor 
of two or better with experimental values. 

A 
B 
C 
C‘ 
Cf 
cr’ 
C H  c;, 
D 

Do 
G 
Go 
A H  

h 
Ki 
k 

L 
Le 
n 
O / F  

Pr  
Q 
Re 
Re, 
i. 
T 
T.9 
U 

2, 

w 
X 

Y 

Nomenclature 

Constant [Eq. (13)] 
Blowing parameter = 2 ( p ~ ) ~ / p , u , C f  
Constant [Eq. (7)] 
Constant [Eq. (IS)] 
Friction coefficient = 2r/peu: 
Heat capacity of solid fuel 
Stanton coefficient 
Mean specific heat of gas mixture 
Port diameter; molecular diffusion coef- 

Initial port diameter before burning 
Mass flus in main stream = peu, 
Mass flus in main stream a t  x = 0 
Effective heat of gasification of the solid 

fuel 
Enthalpy 
Mass fraction of species i 
Effective thermal conductivity of gas 

Total length of grain - 
Lewis number = pDCp/k 
Exponent, usually 1/7 [Eq. ( l l ) ]  
Oxidizer-to-fuel mass ratio at combustion 

zone 
Prandtl number = c p p / k  
Heat flux 
Reynolds’ number = GoL/p 
Reynolds’ number = peuex/p 
Linear regression rate 
Temperature 
Surface temperature 
Axial velocity component 
Velocity component normal to fuel surface 
Mass flow 
Coordinate along fuel surface in direction 

of flow 
Coordinate normal to fuel surface 

ficient 

mixture 

Greek Xvmbols 

Absorptivity of gas [Eq. (S)] 
Boundary layer thickness 
Turbulent exchange coefficient; emissivity 

CEq. @>I 
Y b  
Viscosity coefficient 
Mass density 
Stefan-Boltzmann constant 
Shear stress 
U/Ue 
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Subscripts 

c 
e 
f 
9 
i 
min 
0 

ref 
OX 

S 
W 

Combustion zone 
Edge of boundary layer (main stream) 
Fuel 
Gas phase 
Species i 
Minimum 
No blowing; at R: = 0 
Oxidizer 
Reference value 
Stagnation condition; surface 
Wall 
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Discussion 

DR. T. HAUSER (Rocketdyne): We are engaged in 
a very similar program at Rocketdyne, but have 
confined our pressures to about 1 atmosphere. Dr. 
Marxman’s mechanism for the reactions on the 
surface has ignored certain basic facts which have 
considerable influence on the mechanism which can 
occur, and subsequently on one of your basic as- 
sumptions. The facts are these: 

(a) The rates of pyrolysis for PMMA as reported 
by National Bureau of Standards show that the 
surface temperatures must be greater than 300”C, 
in view of the relative reaction times, etc. 

(b) As has been reported, our measurements are 
within crude agreement with this minimum. 

(c) PMMA starts to soften about 110°C. 
(d) If Methylmethacrylate monomer could exist 

in the liquid state a t  its boiling point, i t  would boil 
at about 100°C (compare to B.P. for methyl acrylate 
at about SOT, which polymerizes rapidly at that 
temperature). Thus the reaction a t  the surface can 
be written: 

PMMA (1) -+ Products (9) 

where the products are a mixture of monomer, 
dimer, fragments, etc. (Some charring is seen to 
occur on the surface in our experiments.) 

This is no longer an equilibrium process but a 
kinetically controlled chemical reaction process. The 
rate i will be influenced by the heat flux, of course, 

but a direct, simple proportionality is not possible. 
Both the kinetic parameters and the heat flux must 
be taken into account. For example, higher heat 
fluxes will produce higher surface temperatures, 
which in turn increase i, but also the heat con- 
ducted into the fuel and away from the surface in- 
creases and some heat is used up in raising the 
temperaturt of the pyrolizing layer. 

We agree with the statemcnt that our flows pro- 
duce turbulence over the entire axial length. In 
fact our nzinima in i vs. axial length (Z) were msen- 
tially caused by the apparatus; modifications havr 
corrected this. We have found that the instantane- 
ous i values continually decrease throughout our 
firings and that the initial i. vs. Z has no minimum 
but i o  steadily increases with 2. After about 30 
seconds the i vs. Z appears to be about constant, 
but the average rates still show the initial effects. 
Thus i t  is possible to explain the observed variations 
by transient conditions and reactions in the initial 
stages of the run. In view of the short run timcs and 
small burning surfaces employed by United Tech- 
nology Corporation, i t  is suggested that the above 
phenomena may offer an alternative explanation 
for the observed results. These areas admittedly re- 
quire further investigation, which is going on at 
present at Rocketdyne. 

DR. G. A. MARXMAN (United Technology Cor- 
poration): The basic facts listed by Dr. Hauser are 
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well known, of course, and they have not been ig- 
nored in devcloping the treatment presented in the 
paper. 

Most materials suitable for use as solid fuels in a 
hybrid cnginc are characterized by a relatively large 
activation energy for depolymerization, while the 
vaporization process proceeds essentially in equi- 
librium, Le., with a high reaction rate. In this 
situation, which is the one considered in the paper, 
an increase in heat transfer to the fuel surface will 
result in a corresponding increase in the regression 
ratc with very little change in the surface tempera- 
ture. Because of the high activation energy, a very 
large changc in the gasification rate can be accom- 
plished with a small temperature adjustment at, the 
burning surface. Measurements with PMMA show 
that the surface temperature remains at about 600°K 
over a wide range of regression rates, which is in 
agreement with the mechanism just described. Such 
a process is definitely controlled by the heat flus to 
the fuel surface, and reaction kinetics play a minor 
role. 

On the other hand, we do not wish to imply that a 
kinetically controlled process can never occur in the 
hybrid. If the solid material has a relatively low 
activation energy, an appreciable change in the 
surface temperature will be required for a variation 
in the regression ratc. In this case, both the heat 
flux and the reaction kinetics at thc surface are im- 
portant. For example, if a twofold increase in the 
heat flux to the surface is insufficient to provide the 
temperature change required for a corresponding 
increase in the regression rate, the process is ki- 
netically controtled. This situation may arise in 
some cases, particularly in the “revcrse hybrid,” 
wherein the oxidizer is solid and the fuel gaseous. 

The depth to which the temperature “wave” due 
to surface heating penetrates the grain in steady- 
state operation is on the order of K,/i., where K f  
is the thermal diffusivity of the solid fuel, and i. is 
the regression rate. In PMMA with typical regres- 
sion rates this penetration depth is small relative to 
the distance burned in 1 second, i.e., i.. Thus, the 
solid fuel is subjected to temperatures exceeding 
100°C for a very short time near the surface, and 
little softening is expected. We have taken motion 
pictures of the PMMA surface in hybrid operation 
and there was no evidence of appreciable softening 
or flowing on the surface. 

With materials having a greater thermal dif- 
fusivity, or with lower regrcssion rates (as when 
the hybrid is throttled for an appreciable period), 
the softening and liquefaction of the surface may 
become more important. This problem is under 
investigation at UTC. 

With regard to the position of minimum i., it is 
important to note that Fig. 3 may be misleading if 
one does not keep in mind that it depicts the ratio 
of the average local regression rate to the minimum 

regression rate over times of the order of several 
seconds. In the initial few seconds of burning the 
regression rate may vary by a~ much as a factor of 
three over the grain length, as Fig. 3 shows. How- 
ever, this is a transient effect, and after steady state 
opcration has been established the total variation of 
regression rate over the grain length is much less. 
Equation (8),  which assumes steady state opera- 
tion, predicts that the regression rate should vary 
by about 25% over a length of 50 diameters (exclud- 
ing the first five diameters). This is entirely in agree- 
ment with the observed behavior for longer burning 
times, where steady state operation definitely has 
been established. 

The important point is that the axial position of 
the minimum regression rate can be shown to shift 
very little during the transient period. Therefore it 
is possible to use the steady state regression rate 
law [Eq. ( S ) ]  to predict the position of minimum i. 
for short burning times, although the presence of 
transient effects makes it impossible to predict the 
detailed behavior of i. vs. z without modifying the 
equation. If this is the case, it is advantageous to 
make the comparison of predicted and observed 
positions of minimum i. during the transient period, 
because the minimum is then quite pronounced, as 
Fig. 3 shows. After steady operation is achieved the 
curve shown in Fig. 3 would become much flatter, as 
explained above, and the locus of minimum i. would 
be harder to determine experimentally. 

The transient behavior just mentioned is associ- 
ated with the establishment of the steady-statc 
temperature profile in the fuel grain just after ig- 
nition. In addition, the ballistics analysis shows 
that the variation of i. with z for a given GO will be- 
come more pronounced as the initial port diameter 
is reduced. Therefore, to provide an easily measur- 
able locus of minimum i. the data for Fig. 3 were 
confined not only to short burning times, as cx- 
plained above, but also to very small tube diameters. 
In most practical applications where similar values 
of GO are used, the initial port area will be much 
greater. The overall variation of i. with z will then 
fall quickly to less than 25 per cent over 50 di- 
ameters, as mentioned above, but if the L/D is 
great enough a minimum will still be observed. 

The primary purpose of Fig. 3 was to demon- 
strate that the present analysis leads to a correct 
prediction of the observed effects on grain shape 
with hybrid combustion. The thermal lag (or 
transient) analysis, the ballistics analysis, and ex- 
periments which describe these effects will be dis- 
cussed in detail in a future paper. 

DR. T. Y. TOONG (Massachusetts Institute of 
Technology) : In determining the combustion-zone 
position in the boundary layer, the authors used the 
following expression : 

PC(6 + D) (aKox/ay)c = ( o m  (PVL 
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Atlvances in Aeronautical Sciences, pp. 465-496. 
Pcrgnmon Press, I96lJ. This model, shown in their 
Fig. 1, depicts the situation near the upstream edge 
of the fuel surface, where the oxidizer concentration 
in the “external” flow is high and the rate of com- 
bustion or fuel surfacc regression is limited by the 
rate of diffusion of oxidizer into the boundary layer, 
wherc it produces a thin combustion zone close to 
the surface and thus a sharp discontinuity in the 
temperature gradient within the boundary layer. It 
seems rcasonabIe to assume that Reynolds’ analogy, 
which hypothesizes that the length scales of the 
processes for turbulent transport of mam, mo- 
mentum, and energy are identical, holds even 
though the heat release at the flame renders the 
temperature and velocity profiles dissimilar. How- 
ever, it appears that, in their integration of Eq. (4) 
expressing this analogy across the thin zone be- 
neath vc (10 to 20% of the total thickness 6 ) ,  the 
authors have overlooked the fact that the fluid 
shearing stress at the flame position yc is not insig- 
nificant, whereas the heat flux at this point is zero. 
Thus the assumption of constant sheer stress and 
heat flux or proportionality between the two re- 
quired for integration of Eq. (4) would not appear 
appropriate to the combustion model of Fig. 1. 
Thus the integrated shear-stress term should in- 
volve a difference ( T ~  - T ~ )  rather than T, alone. 
To ncglect T~ is equivalent to integrating one side 
of the analogy expression (the momentum-transport 
tcrm) across the entire boundary layer and the 
other only to the flame, and the validity of the 
analysis as it now stands is thus open to question. 

An assumption basic to the analysis is that the 
Lewis number of the boundary-layer gas is unity. 
However, the rcgion adjacent to the surface consists 
of almost pure fuel, and if the fuel is hydrogen rich 
(as it should be for optimum performance) the ef- 
fects due to dcviations of Lewis number from unity 
may be significant. This question requires further 
investigation. 

Finally, it should be noted that the combustion 
model of Fig. 1 is not good in the vicinity of the 
dowustre:im end of the fuel surface, where the 
oxidizer is depleted; the cornbustion zone is weak or 
nonexistent, and the fuel regression rate is no longer 
controlled by oxidizer diffusion but by surface 
pyrolysis. In this region a regime of fully developed 
pipe or channel flow prevails and the dominant 
heat-transfer mechanism is that of turbulent trans- 
port of purely sensible enthalpy from the core. A 
complete theory of hybrid rocket combustion must 
provide a description of the transition between the 
fore-end and aft-end regimes, and the task appears 
formidable. However, the present authors have 
pointed the way, and further refinement of this first 
step is eminently desirable. 

DR. G. A. MARXMAN: Because Reynolds’ analogy 
is so frequently used in studies of heat transfer in 
turbulent flows, only the essential points of its ap- 
plication to the hybrid boundary layer model were 
included in the paper. Dr. Green’s first comment 
may be based on an incorrect interpretation of our 
use of the analogy. Perhaps this point can best be 
clarified by presenting an alternative derivation of 
Eq. (5) which is entirely equivalent to the integra- 
tion of Eq. (4) in the paper. 

As is pointed out in the paper, it is consistent with 
Reynolds’ analogy as applied in the present treat- 
ment to assume that Le = Pr = 1. When this is 
true i t  can be shown that the enthalpy is linearly 
related to the velocity profile,8 so that: 

Equation (4) then becomes: 

Q / &  - h w )  = r/uc 

This expression is valid a t  any point between the 
flame and the wall. In particular, at the wall i t  be- 
comes identical with Eq. (5)  after multiplication 

This derivation of the relation between CH and 
C, for the hybrid shows that neither the shear stress 
nor the heat flux a t  the flame has been neglected in 
the treatment given in the paper, because no such 
assumption has been made in the present deriva- 
tion, which leads to the same result. In fact, in 
integrating Eq. (4) as in the paper, i t  is not neces- 
sary to make any statement regarding the shear 
stress at the integration limit, regardless of where 
the integration stops in the boundary layer, as long 
as Reynolds’ analogy is valid throughout the region 
of integration. 

In the present treatment the integration of Eq. 
(4) stops just a t  the bottom edge of the combustion 
zone, where Q is the total heat flux leaving the 
flame and directed toward the surface, and is there- 
fore not zero. On the other hand, there may be a 
point a t  the center of the thin combustion zone 
where 7 # 0 but Q = 0 (since heat is transferred 
from the flame in both normal directions). If the 
integration were carried to this point Eq. ( 5 )  would 
not be correct, presumably because Reynolds’ 
analogy breaks down within the combustion zone. 
Dr. Green’s comment implies that he may have had 
this situation in mind. Although this may be a 
legitimate point in general, i t  does not apply to the 
present case, in which the flame is treated as a 
boundary on the integration acting its a heat source. 

As Dr. Green suggests, the presence of a sub- 
stantial mass fraction of hydrogen will cause the 
Lewis number to deviate appreciably from unity. 

by ( I / P ~  4- 
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However, because the temperature falls off rapidly 
from the flame to the wall i t  seems likely that the 
gaseous fuel will not dissociate into its elements 
until i t  is practically a t  the combustion zone. In 
this case the Lewis number should be nearly unity 
over most of the boundary layer, except in the im- 
mediate vicinity of the flame, where this assumption 
does not apply in the analysis. The magnitude of 

the correction for the case when Le # 1 can be in- 
ferred from ref. 1. This effect is sufficiently small 
that its inclusion in the present treatment is un- 
warranted, because there are greater uncertainties 
in some of the empirical parameters such as C'. 

Dr. Green's final comment has previously hcen 
discussed in connection with a similar point raised 
by Dr. Levine, and no further discussion is required. 
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Under assumptions (2) and ( 3 )  , the equation 
of hrat conduction within the solid propellant is 

dT d 
dY dy ( !,:) capsus - = - A, - for y < 0 (I) 

and the boundary conditions are 

T 3  r,, as y-+ - m ,  

T = T,o a t  y = 0. (2) 

On intrgrating, ~r find 

The steady laminar boundary-layer equatioiis 
of reactive gases may be written as follows: 
Global continuity equation 

Momentum cquation 

(4) 

production 1)er unit voluinc~ of the it11 chcmicxl 
spccics, w,> due to the chcmical rcnction rcprc- 
sented by Eq. (9) is given by tlic mprcsiion 

I ,  

w, = ?TLL(VL” - V L ’ ) k n  (p17 , /?7Lj)v , ’ .  (10) 
)=I 

The specific reaction rate coefficient IC is gi7 en 
by thc classical Arrlienius cqu:ition 

/C = b C X ~  [-li:/RT], (11) 
in which b is tlic so-callcd frcquency factor :~ncl  
h’ the activation energy for thc reaction. 

Instead of the diffusion Eq. (7) for cach 
species, we use the following equation for the 
present analysis. 

in which Pi and q; are defined by 

respectively. Equation (12) is derived from 
. (6) Eqs. (5), (61, (71, (lo). 

7 The boundary conditions of tliesc governing 
equations are as follows: Diffusion equation for cach species 

y .  = y .  Equation of state zw (i.e., r, = rim), 
z ( 8 )  a s y +  w :  

p = p R T C  Yi/rn; .  

Let us consider in this paper only one-stcp 
forward chemical reaction of arbitrary complexity 
represented by the equation 

in which vj’ and vy are the stoichiometric co- 
efficients for the reactants and the products re- 
spectively; Mi stands for the j t h  chemical species; 
and n is the total number of different chemical 
species which take place in the reaction. $word- 
ing to the law of mass action, the net rate of 

(15) 

u+ u,, T 3 T,, 

Y ,  ---f Y,, 
As is well known, however, in the boundary layer 
problem with foreign gas injection, Y,, cannot 
be specified indcpciidently of vw. In general, tlic 
velocity ut in thc y dircctioii of the it11 species is 
composed of a diffusion velocity 

(i.e., I’, -> I-%-). 

- ( D /  Y J  (a  yZ/w 

P y i V ,  = -PpD(aY,/ay) + p~- t v .  

and a convectioii velocity v, i.e., 

(16) 
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It is reasonable to put the physical condition 
that there is to be no net flow of the combustion 
products through the surface of the propellant. 
Therefore, viw is 0 and the relation 

~ w D t o ( a  Yi/ay)w = ~w Yiwvw (17) 

exists for these combustion products. The re- 
sulting convection velocity v, a t  the surface of 
the propellant is the velocity associated with the 
momentum equation and, therefore, Eq. (17) 
gives the relationship between the injection 
velocity and the concentration of the combustion 
product at the surface, i.e., Yiw is determined 
whcn the injection velocity is specified. If the 
concentrations of the combustion products are 
determined, those of the combustible species at 
the surface of the propellant are easily obtained? 

Moreover, the boundary conditions [Eq. (15)] 
must be supplemented with the condition of 
energy balance at the surface of the propellant, 
i.e., 

in which N, is the heat of decomposition (sub- 
limation) for the propellant surface and it is 
positive (negative) for exothermic (endothermic) 
gasification of the propellant. Recalling the solu- 
tion (3) for the temperature within the solid, 
the condition (IS) becomes 

X ”) = pJz,sS(cs(Tw - T u )  - H,] .  (19) 
aY w 

Analysis 
Transformation of Equations. Now we assume 
that p p  = const. (= pmpm) throughout the flow 
field and introduce a change of variables that 
combines the Levy transformation and the 
Dorodnitzyn-Howarth transformafion,3.4 i.e., 

and (20) 

Moreover, we introduce the stream function #, 
which is defined by the usual relations 

PU = a#/aY 

and (21) 

RV = - (a#px) 

as well as the following dimensionless variables 

# Pf(7)  , ri = rimg(q), 

in which rim = cpTm + (um2/2) + qiYL is con- 
stant independent of x. On the other hand, Tm is 
not constant and decreases as urn increases. How- 
ever, i t  may be considered to be approximately 
constant, because cpTm >> um2/2. From the 
equation of state, p/pm is given by 

and it becomes a function of q alone. By the use 
of the above transformation, the governing 
equations are reduced to their “locally similar” 
form, i.e., Eqs. (4) and ( 5 )  yield 

where 

M = (t/um> (duJd4‘) > 

Eq. (12) gives 

f”2 = 0, (26) urn’ 
4cp(Tm - Tw) 

in which primes denote differentiation with 
respect to q.  The condition (19) of energy balance 
at the surface of the propellant is reduced to 

The condition (17) becomes 

Solution of Momentum Equation. In the present 
problem in which pw/pm >> 1, the term containing 
the velocity or pressure gradient in the mo- 

J 
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mentum equation (24) is small and has only a 
small effect on the velocity profile. The effect 
on the concentration and enthalpy profiles is 
even smaller, so that an excellent first approxi- 
mation for these profiles is obtained by dropping 
the pressure gradient term altogether.3.4 This 
approximation is quite accurate for surface- 
heat transfer rate at values of pw/pm as low as 
2.0.5 

Under the assumptions mentioned above and 
for u, = Gx, the momentum equation (24) 
becomes 

f”’ + ff” = 0, (29) 

and the boundary conditions are 

Solution of Equation of Total Enthalpy for Each 
Species. In Eq. (25) , the third and fourth terms 
can be neglected, because the kinetic energy is 
very small compared to the total enthalpy for 
each species, i.e., urnz << r;,, and the Lewis 
number has been assumed to be 1. Therefore, 
Eq. (25 )  is also reduced to the ordinary differ- 
ential equation, 

gi’‘ + Lrfgi’ = 0, (31) 
and the boundary conditions are 

a t  7 = 0: 

Si = giwi 

a s q 3  w : ( 3 2 )  

a t  7) = 0: g;+ 1. 

The solution which satisfies the boundary condi- 
f’ = 0, f = fw = - pwvw 

( p,pmG/2) p’ (30) 

a s 7 - w :  

f’-+ 2. 

Therefore, complete similar solutions can be ob- 
tained. The solutions of this equation have been 
reported in several references and recently in 
more detail by Emmons and Leigh for a range of 
injection rates, f,.6 

Substituting Eq. (33) into Eq. (28) and using 
Eq. ( 2 7 ) ,  the value of giw for the species of com- 
bustion products can be determined, Le., 

in which 

because layer then becomes 

% (37)  
Yi, = vPrni/C v;”mi vim; cp( T, - Tw) (1 - e)  Y ;  = c2”,’ 

v .  m .  u 
i for the species of combustion products. Here q is 

the heat of reaction in the gaseous mixtures, 
and the relation 

for the combustible species, and 

-vi”mi [Fn(T, - T w ) ( l  - 0) - 
q = cP( T, - T,) 4- c,( T, - Tu) - Ha, (36)  Yi = - 

v /m i  P 
holds for burning of the solid propellant. There- z 

fore, giw becomes 1, and i t  is concluded that I’i 
is constant throughout the flow field. The con- 
centration distribution across the boundary for the species of combustion products. 
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Soliction of Rnergg Equation. The energy equa- 
tion (26) is the onIy governing equation which 
reinnins yet to be solved. The last two terms of 
this equation can be neglected, becauee the 
birictic energy is very sinall coinpared to  the 
thcrinal enthalpy, Le., u,‘ << c,( T,  - Tw). 
TBrreforc, Eq. (26) becomes 

(S”/u) -I- j 8 ’  - ABb est) [-B/RT] 

x ( p / p m ) - l f i ( ~  j=1 0, Y J ’  = 0, (39) 

in which 

Akim;(vi’’ - vi’) 

B =  I 

c,( T ,  - T,) (mj)Y!’ ’ I 
I 

j=1 

n I 
n* = vjl (reaction order). 1 

J j=1 

Bccausc p, is a function of (, the parameter A is 
also :t function of ;_t except the case where n* = 1. 
Tlirreforc, in order to obtain the solution of this 
equation for any order cliemical reaction, it is 
unavoidable to put the assumption that A is 
approsiinatcly constant for the limited range of 
(. The boundary conditions of this equation are 

a t  7 = 0: 

ns7-+ a: 

8- 1. 
r >  1he energy equation (39) is a nonlinear 

second-order ordinary differential equation for 
tlie temperature. However, the temperature has 
to satisfy three boundary conditions a t  the outer 
edge of the boundary layer and a t  the surface 
of the propellant. Therefore, we have to solve 
an “eigenvalue” problem in which the only 
parameter to be determined is fw. Ry solving this 
eigenvalue problem, the relation between the 
parameter A and the burning rate v, of the solid 

propellant can be obtained, because 

Finally, the burning rate of the solid propellant 
can be obtained as a function of the velocity 
gradient of the hot gas stream along the surface 
of the propellant. 

If the velocity gradient G is very large and 
hence A is very small, the chemical-rcaction term 
in equation (39) can be neglected and the 
solution of this equation becomes 

This solution also gives the temperature dis- 
tribution across the boundary layer in the case 
of ablation without chemical reaction within the 
boundary layer, i.e., in the case in which b = 0. 
Substituting Eq. (43) into the energy balance 
equation ( 2 7 )  a t  the surface of the propellant, 
we obtain 

J O  

(44) 

from which fw is determined. 
The present analysis has been carried out for 

the case vltere the surface temperature Tw of 
the decomposing (sublimating) propellant is 
constant independent of the burning rate. When 
the decomposing mechanism of the solid propel- 
lant is described in terms of an Arrhenius-type 
pyrolysis 1aw,7 

v, = a esp [- gna/csT,], (45) 
in which a is the prefactor of the pyrolysis law 
and n, the indes for the surface decomposition, 
then the burning rate and the surface tempera- 
ture are determined as functions of the velocity 
gradient of the hot gas stream by solving Eqs. 
(39) and (45) simultaneously. 

Numerical Examples 

As esamples, the numerical calculations have 
been carried out for the case of the first-order 
chemical reaction represented by the equation 

MI+ f l l 2  + n/l, + e.., (46) 

and for the case of tlie second-order chemical 
reaction represented by the equation 

for the gaseous mixtures. 



EROSIVE BURNING O F  SOLID PROPELLANT 339 

As mcntionctl alx~vc, in the, cnsc of the first- 
order cheniical reaction, the paramctcr A iii 
Eq. (39) bccoiiies coiistaiit indcptntlciit of E ,  
and the complete similar solution for tlic tem- 
perature call bc obtained. Equation (39) is 
reduced to 

(e"/u) + j-e' + A ~ ( I  - e )  

This equation has been solved numerically 
with tlie aid of the clectronic digital computcr 
Burroughs Datatron 205 of' National Aero- 
nautical Laboratory. The values of psranicters 
assumed in this numerical calculation are 5s 
follows: 

E = 45 kcal/molc 

T ,  = 2600'1i 

T,, =3 300°K 

q = SO0 cal/gr (49) 
IT, = - (200 - 0.07 T,) cal/gr 

c p  = 0.27 cal/gr, 'I\- 

c, = 0.34 cal/gr, 'E 
For the convenience of numerical calculation, 
we have assumcd CT = 1. Figure 2 shows tlie rela- 
tions between the parameter Ab and the eigen- 
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I I I I I I 

C 1.23849 

T, = 2,600"K 

0 1 2  3 4 5 6 ;  

Ab 

FIG. 2. Relations betwecn the parameter Ab and 
the eigenvalue fw for the first-order chemical re- 

action. 

I 

10.6 

G/2b 

FIG. 3. Relations betwecn the velocity gradient of 
the hot gas stream and the burning rate of the solid 

propellant for the first-order chemical reaction. 

value f, for T, = 600'I<, SOOol<, and 100O"Ii. 
As is well known, the limiting case of fw = 
- 1.23349 corres1)onds to the condition that the 
boundary layer with gas injection blows away.G 

The dependence of the buriiiiig rate of the 
solid propellant upon the velocity gradient of 
the hot gas stream outside tlic boundary laytr 
is shown in Fig. 3 in which pF~)F/(pmpmL,b)k is 
plotted against G/26, thc parameter being Tu. 
The value indicated by an arrow slioivs the 
normal burning rate of thc solid propellant in 
the case without hot gas stream along the surfacc 
of the propellant. This value has been detcr- 
mined independently by solving tlic equations 
in the case mithout hot gas stream ( 
pendix) . The rcsults obtained in thc 
analysis on the erosive burning shorn- that as 
the velocity gradient of the hot gas stream bc- 
comes zero, the burning rate tends to the normal 
burning rate in the case ~ i t h o u t  hot gas stream, 
and that the burning rate incrcascs with the ve- 
locity gradient. Moreover, it is found that as the 
velocity gradient becomes large and the thickness 
of the boundary layer becomcs very thin, thc 
effects of the chemical reaction within the bound- 
ary layer can be neglcctcd and the erosive 
burning can be treated as thc problem of ah- 
lation without chemical reaction within the 
boundary layer. 

t 
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FIG. 4. The velocity and temperature distributions 
across the boundary layer:f, = -0.6, T, = 600°K, 

the first-order chemical reaction. 

The velocity and temperature distributions 
across the boundary layer in the case in which 
f W = -0.6 and T, = 600°K and in the case in 
which f w  = - 1.0 and T, = 600°K are shown in 
Figs. 4 and 5, respectively. In  the case in which 
the velocity gradient is small, the velocity 
boundary layer is thick and the flame reaction 
occurs in the inner part of the boundary layer. 
When the velocity gradient becomes large, how- 
ever, the flame reaction occurs in the whole 
region of the boundary layer. 

In  the case of the second-order chemical re- 
action, Eq. (39) is reduced to 

‘ (1 - e p  
( Tw/Trn) + [I- ( T w / T m )  10 X 

= 0, (50) 1 - E/R  [ Tw + (T, - Tw)6 X exp 

0 0.2 0.4 0.6 0.8 1.0 

e, U/U, 

FIG. 5. The velocity and temperature distributions 
across the boundary layer: fw = - 1.0, T, = 600”K, 

the first-order chemical reaction. 
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FIG. 6. Relation between the velocity gradient of 
the hot gas stream and the burning rate of the 
solid propellant for the second-order chemicai 

reaction. 

in which m = ml + mz and c iYi /mi  is assumed 
to be approximately constant. This equation 
has also been solved numerically for the values 
of the parameters given in Eq. (49). The de- 
pendence of the burning rate of the solid propel- 
lant upon the velocity gradient of the hot com- 
bustion gas stream outside the boundary layer 
is shown in Fig. 6 in which p,v,/(p,p,2b/m)~ is 
plotted against Gm/2prnb. The value indicated 
by an arrow shows the normal burning rate of 
the solid propellant. It has been also confirmed 
that the burning rate increases with the velocity 
gradient. 

Conclusions 

In the present paper, the erosive burning of 
the solid propellant has been analyzed by the 
boundary-layer approximation in aerothermo- 
chemistry for the case where the velocity of the 
hot combustion gas stream outside the boundary 
layer increases linearly with the distance from 
the leading edge of the propellant. 

In  the investigations about the erosive burning 
which have been conducted by many authors, 
the relation between the stream velocity outside 
the boundary layer and the burning rate has been 
examined. According to the boundary-layer 
theory, however, it is wellknown that the velocity 
and temperature distributions across the bound- 
ary layer depend on the thickness of the boundary 
layer as well as the stream velocity. The thickness 
of the boundary layer is a function of u, and x, 
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so that the erosive burning ratc is also a function 
of u, and x. Therefore, it is not appropriate to 
consider the velocity u, as the only governing 
parameter for the erosive burning. 

It has been found in the present analysis, 
however, that the similar solutions of the bound- 
ary-layer equations can be obtained approxi- 
mately in the case in which u, = Gx and the 
velocity gradient of the hot combustion gas 
stream, G, is the only governing parameter. As 
the results of analysis, it was confirmed that as 
G becomes zero, the burning rate tends to the 
normal burning rate in thc case without hot gas 
stream, and that the burning rate increases 
with G. 

Nomenclature 

D 
Ah; 
mi 
P 
R 

T 

TU 

U 

2, 

Y i  

P 

P 
x 
x s  

Diffusion coefficient of gas mixtures 
Standard heat of formation of it11 species 
Molccular weight of i th species 
Pressure 
Universal gas constant (1.9572 cal/”K, 

mole) 
Local temperature of solid propellant or 

gas mixtures 
Initial temperature within the interior of 

propellant 
Velocity component in 5 direction 
Velocity component in y direction 
Mass concentration of i th  species 

Local density of gas mixtures 
Viscosity of gas mixtures 
Thermal conductivity of gas mixtures 
Thermal conductivity of solid propellant 
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Appendix 

Burning Rate of Solid Propellant. An analysis to 
determine the normal burning rate of solid 
propellant can be carried out under the same 
assumptions made for the analysis of the erosive 
burning. By transformations of variables, the 
energy equation to be solved is reduced to 

(O”/a) - 6’ - cBb exp [-E/RT] 

in which 

for combustible species. The boundary conditions 
are 

at r )  = 0: 

a s r ] - + w :  

0 4  1. 

This equation is also a nonlinear second-order 
ordinary differential equation for the tempera- 
ture. However, the temperature has to satisfy 
three boundary conditions [Eq. (53 )  3. There- 
fore, we have to solve an “eigenvalue” problem 
in which the only parameter to be determined 
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i:, c. 13g solviiq this equation, thc burning ratc 
of the solid propellant v, can be obtaincd, bccause 

Equation (51) is the same form as Eq. (39) in 
the case in which f = -1. Equation (51) is 
reduced to 

(B”/a) - 8’ + cb(1 - 8) 

in the case of the first-order chemical reaction, 

and to 

ch cP(T, - T,j s” - 8‘ + _. 
U nz P 

in the case of the second-order chemical reaction 
for the gaseous mixtures. The burning rates ob- 
tained by solving Eqs. (55) and (56) are shown 
by an arrow in Figs. 3 and 6, respectively. 

Discussion 

DR. LEON GREEN, JR. (Lockheed Propulsion Corn- 
p a n y )  : Thc :iuthor has presented an elegant analysis 
of :in interesting problem. However, it is doubtful 
that the problem as formulated here bears much 
rcscmblance to the situation prevailing in actual 
erosive-burning owing to several questionable as- 
sumptions, the first of which is that of laminar 
boundary-layer flow. At the asial-flow stagnation 
point of a side-burning propellant grain the gas 
velocity is normal to the surface, and the boundary- 
layer approximations do not become valid until the 
flow has proceeded several channel diameters down- 
stream. By the time this point has been reached 
and a boundary layer can be defined, the strong 
destabilizing action of the rapid mass transfer from 
thc wall will have ensured its being turbulent. An- 
other assumption made a t  the outset is that the 
mws burning rate is constant along the surface of 
the propellant, even though the variation in this 
quantity constitutes the very object of erosive 
burning studies. Such a procedure is conventional 
in cases where only small perturbations from a mean 
value are of interest, but seems inconsistent in the 
present case where the burning rate can incream 
strongly under conditions of high velocity. The as- 
sumption that the rate-limiting step is a gas-phase 
chemical reaction is also questioned, since various 
investigations have indicated that the rate-con- 
trolling step is one of surface pyrolysis. 

Perhaps as a consequence of the above %sump- 
tions, the analysis arrives a t  a conclusion which 
conflicts with experience; i.e., that, for a situation 
involving a constant streamwise velocity gradient, 
IL,  = Gx, the gradient “. . .is the only governing 
parameter.” Such a velocity distribution is a good 
approximation to that prevailing in conventional 
side-burning solid propellant rocket motors, yet in 
the erosive-burning experiencc with such motors of 
which the writer is aware, the dominent parameter 

is velocity per se (either linear or mass velocity, or 
reduced forms thereof), with the streamwise gradient 
having little if any effect. Finally, it is worth noting 
the existence of an interesting phenomenon which 
will probably require explanation by a complete 
‘Laerothermochemi~al’’ theory of erosive burning; 
namely, that of negative erosion or reduction of 
burning rates at low parallel gas velocities. Such be- 
havior was first noticed with double-base propel- 
lants but has recently been reported by Canadian 
investigators using composite, polyurethane-base 
formulations [L. A. Dickinson and F. Jackson: 
“Combustion in Solid Propellant Rocket Engines,” 
Fifth AGARD Combustion & Propulsion Collo- 
quium, Braunschweig, 9-13 April 19621. 

DR. H. TSUJI (University of Tokyo):  The four 
points raised by Green are summarized with the 
responses below: 

Q. In the actual erosive burning situation the 
boundary layer is not defined until several channel 
diameters downstream from the fore-end, by which 
time it is turbulent. 

A. I also think that the flow becomes turbulent 
in the actual erosion-burning situations. If the 
analysis for the case of laminar boundary layer can 
be made, the analytic method can be easily ex- 
tended to the case of turbulent boundary layer by 
using fiT (turbulent viscosity), XT (turbulent thermal 
conductivity), DT (turbulent diffusion coefficient), 
etc., instead of p ,  A, D, etc., respectively. Therefore, 
this study was conducted as the first step to analyze 
the erosive burning by the boundary layer theory. 

Q. Assumption of constant pWvw a t  the start is 
not consistent with predictions of large increases in 
P ~ V ,  by theory. 

A. This theory does not satisfy all actual condi- 
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tions. For the convenience of thc analysis, the 
system is assumed to be in a quasi-steady state. If 
the solution of thc equations can be obtaincd under 
these assumptions, the assumption of constant p,vW 
is not inconsistent with the predictions of large in- 
rrcases in pavW by theory. 

Q. Velocity gradient is of no effect in actual 
situatkms. High vclocity flow produces strong 
erosion with zero or negative gradient. The model 
docs not explain negativc crosion csprrienrrd in 
some propcllmts at low vclocitics. 

A. This is an analysis of erosive burning. The 
author contends that the erosive burning rate de- 
pends on the velocity 77, as well as the thiclincss of 
the boundary layer (Le., the boundary layer charac- 
teristic a t  any section depends not only on the 
velocity U, but also on the distance x from the 
forc-end, according to the boundary layer theory). 
However, in the case of U, = Gx and p a r n  = con- 
stant, the boundary layer Characteristics depend on 
G only (i.e., G is the only parameter for the boundary 

layer characteristics). The present analysis was 
made for this special case. If it is  neccssary to 
analyze the crosivc burning with zero or negative 
gradient, thc analysis for U, = constant or U, = 
Uma - Gx can be made. However, in these cases, 
the analysis bccomcs rather complicated and ptov,, 
bccomcs the function of two psramcters (i c., 
U, and x). 

Q. The rate-controlling step is probably surfacc 
pyrolysis (a function of surface tempera6urc) rather 
than gas-phase rcaction. 

A. It is considered also in this paper that the 
rate-controlling step is probably surface pyrolysis. 
The burning rate and the surface temperature are 
determined as functions of G by solving the energy 
equation (39) and the pyrolysis law (4.5). 

Although the model is necessarily oversimplified 
for analytical trcatmcnt, the mathematical develop- 
ment appears to be consistent with the modcl 
assumptions. 





E 

Miscellaneous Studies 

Chairman: Dr. S. Way Vice Chairman: Prof. J. A. Nicholls 
(Westinghouse) (University os Michigan) 

DRAG COEFFICIENTS OF INERT AND BURNING PARTICLES 
ACCELERATING IN GAS STREAMS 

C. T. CROWE, J. A. NICHOLLS, AND R. B. MORRISON 

The effects of burning and acceleration on the drag coefficients of particles suspended and accelerat- 
ing in gas streams were studied in a Reynolds number range extending from 250 to 1600. 

The model chosen for the analytical study was a spherical particle with mass Bus through the 
surface to simulate burning. The governing equation was the integrodifferential representation of 
the tangential equation of motion of a thin boundary layer on a sphere. The solutions indicated 
that burning and acceleration tend to reduce the drag coefficient. The fractional reduction was 
found to be a function of the ratio of mass flux from the surface t o  that in the free stream .f for the 
burning particle and the acceleration modulus Ac for the accelerating particle. 

The effects of burning and acceleration were studied experimentally by subjecting burning par- 
ticles (gunpowder) and nonburning particles to the convective flow behind a shock wave in a shock 
tube. The variation in particle size and displacement with time were obtained by photographing 
particle shadows with a high speed framing camera and concentrated light source. The particle 
density, the shock wave velocity, and the atmospheric conditions together with the photographic 
data provided sufFicient information t o  calculate the particle’s drag coefficient. 

The analytical expressions predicted and experimental results verified that the particle drag 
coefficient was insensitive to burning and accelerative effects if Ac 5 lo3 and f < 0.025. When 
these conditions are met, other phenomena such as free stream turbulence, particle rotation, and 
roughness can create larger variations in the drag coefficient than the mechanisms considered in 
this study. 

Introduction 

The relatively large heats of formation of cer- 
tain metal oxides has suggested their inclusion in 
solid propellant rocket fuels to improve the fuel 
density and specific impulse characteristics. Cou- 
pled with the improved chemical characteristics 
of the fuel, however, are the detrimental effects 
caused by the small metal oxide particles pro- 
duced upon combustion. These small metal oxide 
particles, which are carried out with the exhaust 
gases, give rise to  a specific impulse loss which is 
largely dependent on the gas-particle velocity 
and thermal lags. 

The most fundamental parameter required to 
determine the gas-particle velocity lag-the par- 
ticle drag coefficient-is itself a function of many 
parameters; its shape and orientation with rc- 
spect to the flow, Mach number and Reynolds 
number based on the relative velocity between 
the particle and the gas, acceleration modulus, 
roughness, burning rate, and the relative turbu- 
lent intensity of the gas stream. 

The possibility of a particle being in thc molten 
state for a considerable portion of its trajectory 
suggests that  the assumption of a spherical shape, 
due to surface tension forces, is reasonably valid. 
Obviously, a most extensive study would be re- 

395 
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quirecl to study tlie cffect of each of the above- 
nicntioncd parameters in detail. The present 
papcr concerns itself with a spherical particle and 
the influcnce of Reynolds number, burning rate, 
:~nd acceleration modulus. The Mach number 
ancl relative turliulence intensity are assumed 
small. 

Particles in ~1 rocket nozzle may experience 
Reynolds nurnbers extending from the Stokes’s 
flow region (Re < 2 )  to orders of a thousand. 
The largest particle Reynolds numbers occur in 
the throat region where the degree of particle 
velocity lag can largely determine the extent of 
performniice loss. The present study will be re- 
stricted to the study of drag coefficients for 
Reynolds numbers greater than 200. 

A limited number of experimental results have 
been reported for the drag coefficients of particles 
and droplets accelerating in gas streams. Ingebo’ 
injected, with negligible entrance velocities, par- 
ticles and droplets into a moving gas stream and 
recorded their velocity a t  various downstream 
stations. Hanson2 performed essentially the same 
experiment, hut recorded evaporation rates in- 
stead of velocities. Bolt and Wolf3 injected burn- 
ing kerosene drops into an essentially still air 
medium. Torobin and Gauvin4 investigated tlie 
effect of turbulence by firing small metal spheres 
iiito a flow of known turbulent characteristics. 
Rahin et a1.5 subjected burning and nonburning 
fuel droplets to the convective flow behind a 

shock wave in a shock tube. These experimental 
results arc shown in Fig. 1 together nitli the 
steady state eaperimental drag coefficient for a 
sphere.6 Rather niarked discrepancies in the ex- 
perimental results are apparent. 

Virtually no aiialytical results have appeared 
in the literature coiicerning the effects of burning 
or acceleration on a spherical particle’s drag co- 
efficient. Those analytical studies which have ap- 
peared7f8 are confined to the study of accelerative 
effects in the Stokes’s flow regime. 

Eiperimeiits have been reportedg which indi- 
cate an increased drag coefficient for a body ac- 
celerating into a stagnant medium. In these 
studies the velocity vector describing the motion 
of the medium nith respect to the body and the 
body’s acceleration vector were colinear but of 
opposite sense. For the case of a particle ac- 
celerating in a gas stream, however, these vectors 
are colinear but of the same sense. 

The purpose of this study is the attainment of 
analytical and experimental values of drag co- 
efficients which are valid for burning particles 
accelerating in a gas stream. 

Equation of Motion for a Particle with Mass 
Flux Through the Surface 

The equation of motion for a burning (or 
evaporating) particle differs from that of a non- 
burning particle by a term which accounts for 

100 

IO 

-9--5- BOLT AND WOLF (Ref. 31 
-----INGEE0 (Ref. I )  

- -- HANSON ( R e t  2) 
TOROBIN AND GAUVIN (Ref 

FIG. 1. Summary of experimental data for particles accelerating in 3 

gas stream as obtained by various investigators. 
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the inertial force contributed by the mass flus 
from the surface. 

Applying Newton's second and third laws to 
an arbitrarily shaped, rigid particle of mass m, 
the following equation of motion is obtained for 
a particle in continuum flow: 

where CD, pa, S,, n, f ,  u and (Y are the particle 
drag coefficient, free stream density, reprcsenta- 
tive particle area, unit outward normal vector 
from particle surface, body force vector per unit 
mass, velocity vector of the medium with respect 
to the particle and the acccleration vector of the 
particle with respect to inertial space, respec- 
tively. For a nonburiiing particle or a particle 
for which pu2 is constant over the surface, the 
equation of motion is 

C D ( P r n / 2 )  I u 1 us, = m(a - f )  ( 2 )  

Equation (2) has been used extensively for thc 
determination of particle trajectories in rocket 
nozzles.lOJ1~'? 

In  these studies the body force term is neg- 
lected and the drag coefficient employed is that  
for Stokes's flow or the experimentally deter- 
mined drag coefficient for a spliere in steady flow. 

Analytical Approach 

The ensuing theoretical analysis is confined to 
the regime of continuum gas dynamics whcre tlie 
boundary layer thickness is small compared to 
tlic particle diameter. In  essence, the problems 
are treated b y  rewriting the governing equations 
in integral form and solving the resulting equa- 
tions to conform with the appropriate boundary 
conditions. This technique fails to givc a detailed 
description of the flow field but serves to indicate 
the importance of the parameters involved. 

Performing the conventional order of magni- 
tude analysis on the continuity and momentum 
equations of gas dynamics assuming a thin 
boundary layer, retaining the significant terms, 
and rewriting the equations in spherical co- 
ordinates yields 

(continuity equation) (3) 

and 

(tangential momentum equation). (4) 

(normal inoineiituiii equation) ( 5 )  

where 6,, a, v8, u,, and ug are the velocity bound- 
ary layer thickness, sphere radius, tangential 
component of tlie velocity of the particle co- 
ordinate system with respcct to inertial space, 
and the radial and tangential components of the 
surrounding gas velocity with respcct to tlic 
particle, reslxxtivcly. Integrating the above 
equations over r between the particle surfacc 
and the edge of the velocity boundary layer, 
substituting the continuity equation into thc 
tangential momentum equation, and utilizing 
the thin boundary layer assumption results in 

where g, r,, (pu,),, pc and U ,  are the radial dis- 
tance measured from the particle surface, shear 
stress a t  the surface, radial inass flus a t  the sur- 
face, density, and tangential coinponelit of the 
gas velocity a t  the outer edge of the boundary 
layer, respectively. The conventional morneiituin 
and displacement thicknesses are easily recog- 
nized while the remaining integral could be 
called a "density" thickness and only appcars 
with the existence of accelerating coordinate 
systems or temporal changes in tlie density 
distribution. 

The three integrals are evaluated using a 
scheme reported by Covert13 in which the variable 
of integration is changed from g to ue by 
employing 

&i == ( ~ / r ) d u s -  ( 7 )  



Assuming: 

--= " " G(q) and e = F ( 7 )  (8) 
P e P e  7 P 

where 71 = uo/Uer the three integrals are evaluated 
as follows: 

where 

where 

For an unheated particle in a low Mach number 
flow, one may reasonably assume 

(14) 
P -=  1 and - = 1 

and the solutioii will depend on the distribution 
of r,/r,. Considering three functional forms of 

P e P e  Pe  

T/TSI 

T/T8 = 1 

( A  = 1 6 ,  B = +) 
Case I (15a) 

T / T ,  = 41 - q 2  

( A  = 0.215, B = 0.571) 

Case I1 (15b) 

where 

In order to observe the dependence of the results 
on the particular form chosen for G(q)  and F ( q )  , 
consider the case of steady flow over a sphere with 
no mass flux through the surface. Substituting 
the above integrals into the equation of motion 
(6) and disregarding the unsteady and mass in- 
jection terms yields 

(12) 

Employing the classical incompressible velocity 
distribution for Ue,  Eq. (12) can be integrated 
to give 

where 1 

and 

Case 111 (15c) 

yields the three solutions shown in Fig. 2. The 
more computationally complicated but accurate 
result of T ~ m o t i k a ' ~  is shown for reference. The 
agreement of Case I11 and Tomotika's results 
near the forward stagnation point, together with 
the possibility of an increased skin friction due 
to the existence of free stream turbulence in il 
rocket noe21e,15 suggest Case I11 is the most 
suitable shear stress distribution to be used in  
the analysis to follow. 

The drag coefficient due to shear forces is 
determined by performing the integration 

GO, = 2 c; sin2 ode (16) 

where 8, is the angle of flow separation. The skin 
friction contribution beyond the separation point 
is neglected. 

The form drag coefficient is determined by 
considering the pressure forces acting on a par- 
ticle and is given by 

CD, = sin? Os[( 1 - Cp,) - (9 /8)  sin2 6.J (17) 

where the classical incompressible pressure dis- 
tribution for a sphere and a constant pressure 
coefficient in the wake, C,,, have been assumed. 
The experimental results of TanedaK6 and Garner 
et ul?? suggest the separation angle varies as 

6, = lS0' - 35' loglo (Re/3.26) 

(80 < Re < 490) 

e, = 104' (Re 2 490) (18) 
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e o (  FROM FORWARD STAGNATION POINT) 

FIG. 2. Variation of skin friction over sphere surface. 

while the experiments of ErmischI8 indicate The existence of large temperature variations 
through the particle’s boundsry layer necessitates 
modification of the functional forms G(q) and 
p ( 7 )  - Assume 

(19) 
The overall drag coefficient is found by summing 

coefficients resulting from the above analyses, to- 
gether with the experimental steady state drag 
ocefficient for a sphere,G appear in Fig. 3. 

C,, = -0.4 

(20) 
the frictional and form drag coefficient. The drag % - - T  w 

218 - T, u e  
9 - = I - =  

This relationship is esact for a flst plste at zero 

100 x 3 

2 

10-1 x 10 

- 8  
0 -1: 

4 
n 
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I 

FIG. 3. 

---- E X P E R I M E N T A L  D R A G  C O E F F I C I E N T  FOR 
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Drag coefficients vs Reynolds number for three assumptions 

of shear distributions. 
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angle of attack in parallel flow a t  low velocities, 
provided the Prandtl number is unity. Altliougli 
the present problem docs not satisfy these condi- 
tions, the assumption should serve as a reasonable 
approximation. In addition, assume the viscosity 
variation ni th  tcinpersture can be expressed by 

where n is to be chosen to conform as closely as 
possible with experimental evidence. 

Utilizing the above assumptions for tempera- 
ture and viscosity variation and the skin friction 
distribution corresponding to Case 111 results in 

P + n )  - (72 + 1) ( T  - 1) - I 
A =  (22%) 

n(n + I) ( T  - 1 ) 2  

(22b) 

wliere T = T~/T , .  
The inflrience of particle burning is found by 

iiicluding the surface mass flus term in the 
governing cquations. Employing the values of 
the iiitegrals found above and the incompressible 
inviscid velocity distribution for U,, the govern- 

iiig equation (6) can be written 

(23) 
where 

Strictly speaking, the values of A and B depend 
on the burning parameter f since the velocity 
distribution within the boundary layer will be 
influenced by the surface mass flus. However, 
small burning rates and thc inherent crudeness 
of integral techniques suggest this refinement is 
not necessary in the present analysis. 

Equation ( 2 3 )  can be solved in the vicinity of 
the forward stagnation point by assuming a 
series solution of the form 

This series converges for 0 < $2 and beyond 
this point coriventional iiumcricsl integration 
methods are appli~able.'~ 

The above amlysis can be used to predict the 
esperimental results of the present study by 

eo, ANGULAR MEASUREMENT FROM FORWARD STAGNATION POINT 

FIG. 4. Skin friction distribution over surface of burning sphere. 
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choosing n = 0.8 and = 2. The corresponding 
values of A and B / A  are 0.472 and 3.96, respec- 
tively. However, for simplicity of computation, 
the value 0.5 will be retained for A while 4 will 
be uscd for the ratio B/d . Implicit in the applica- 
tion of Eq. (22 )  to the burning particle is the 
assumption of constsilt molecular weiglit of the 
gaseous mixture in the boundary layer. Solving 
Eq. (23 )  for tlie above conditions and assuming a 
coilstsilt burning rate over the surface results in 
the skin friction coefficient shown in Fig. 4. 

The existence of a mass flus a t  the surface will 
modify the position of flow separation. The Iiar- 
man-Polhausen technique for boundary layersz0 
indicates separation will occur when 

attains a certain value. Employing the classical 
inviscid pressure distribution for a sphere and the 
evaluations of tlie displacement and momentum 
thicknesses used above, the criterion for separa- 
tion becomes 

= K (Re 2 490) (26) 
dB 1 cos 8, jt sin 8, 

c; Z/RZ 

Assuming separation occurs a t  6, = 104' for 
Case 111 with no mass flus a t  the surface, the 
constant R bas the value 0.1725. For Reynolds 
numbers less than 490, i t  is assumed that  the 

Separation aiigle varies with the logarithm of the 
Reynolds number in the same way as indicated 
by Eq. (1s) , but translated to give the modified 
value a t  Re = 490. 

Assuming the pressure coefficient in the wake 
region is not appreciably effrctcd Cor lturiiing 
rates considered in this study, sufiXent  inform:^- 
tion exists to evaluate the drag coefficicnt niitl 
the results appear in Fig. 5. A dccrrsse in drng 
coefficient due to burning is apparent. 

The effect of the particle's acoeleratioii with 
respect to inertial space can bc studied by in- 
cluding the unsteady t e r m  in thr governing 
equation. For the present study it is assumed 
that the particle undergoes a constant lincar ac- 
celeration and the density iiitegral remains in- 
variant with time. Employing the classical 
incompressible velocity distribution for U c ,  the 
governing equation can be written in the form 

2 B a  1 v+  
3 A U sin 0 dl 

C 2 a a  4 a p  3 . 
s1n3 0 (27)  A u3 9 sin 8 

where 
9 sin3 8 ,$=----- 
4 Cf t/& 

a = av/at. 
and 

XlOZ 

Pe Ud 
R e =  - 

P e  

FIG. 5 .  Theoretical drag coefficient YS Reynolds number for a 
burning particle. 
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Employing the same conditions as used for the 
burning particle; namely, n = 0.8 and T = 2, 
and assuming that the free stream velocity does 
not vary appreciably, Eq. (27)  becomes 

where 

# = l2 exp ( - $ E )  sinlo 0 

f =  h / U  

Ac = 2aa/lJ2 

Employing the characteristic solution of the 
linear partial differential equation, it can be 
shown that 

where 

c,o = C,(Ac = 0)  (29) 
indicating acceleration tends to reduce the skin 
friction coefficient. 

The form drag is also influenced by accelera- 
tion. The pressure coefficient on the surface of an 
accelerating sphere can be espressed asz1 

C, = - (au/U2) cos 8 f 1 - (9/4) sin2 0 (30) 

Assuming the pressure coefficient in the wake is 
unaffected by acceleration, the decrease in form 
drag due to acceleration becomes 

cDp - cDp, = - ( A C / ~ )  (1 - cos3 8,) 

effieients and burning rates for accelerating par- 
ticles. Thc schematic sketch in Fig. 6 illustrates 
the fundamental idea underlying the esperi- 
mental setup. Particles were injected into a 
vertical shock tube above thc test section and fell 
toward the testing region. A flame in the test 
section ignited the particles before a shock wave, 
coming from below, subjected them to a convec- 
tive flow field accelerating them upwards. A high 
speed camera coupled with a concentrated light 
source took moving pictures of the particles from 
which acceleration and burning rate data were 
obtained. The occurrence of the shock wave had 
to be so timed that it encountered the particles 
shortly after they came into the field of view. 
This insured the largest particle acceleration and 
smallest velocity; a condition most attractive to 
the photographic technique. 

The shock tube was 11 ft long and had an 
inside $ by 8 inch rectangular cross section. The 
test section was located in the center portion 
while the driver section was attached at the 
bottom. The test section windows consisted of 
Pyres glass etched to provide a reference line on 
the photographs for displacement measurements. 
The particles were ignited by a propane-air flame 
fed by two opposing jets installed in the test see- 
tion wall. Two SLM pressure transducers located 
below the test section were used to mcasure the 
speed of the shock wave. 

The shadowgaph technique was used to photo- 
graph the particles. A 100-watt Sylvania zirco- 
nium arc lamp coupled with a condensing lens 
supplied a sufficiently intense light to photograph 
particle shadows at high framing rates. The 

wherc r----1 
CD,,  CD,(AC = 0 )  (31) 

Employing the result that Cn = 0(1) for the 
range of Reynolds numbers considered in this 
study, i t  is possible to write 

1 ACD I = O(Ac) (32) 

In  conclusion, the effect of acceleration on the 
particle drag coefficient can be neglected for 
Ac 5 

The effect of both burning and acceleration is 
to reduce the particle’s drag coefficient. The mag- 
nitude of the decrease is a function of the non- 
dimensional burning rate f and acceleration 
modulus Ac. 

Experimental Approach 

The experimental setup had to be capable of 
providing sufficient data to determine drag co- 

FIG. 6. Schematic diagram of experimental ap- 
paratus. 

f t  L 
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camera was a IG mm Pi7011cnsak Fastas Cainera 
fitted with extension tubes to provide a magnifica- 
tion of 1.174. The camera, in conjunction with a 
Wollensak "Goose," provided framing rates up 
to 7300 frames per second. 

The particle injection system functioned by 
subjecting particles to a gust of air 2nd blowing 
them into the tube. 

The primary purpose of the study was to deter- 
mine the drag coefficients of burning particles. 
However, a series of tests with nonburning par- 
ticles was performed for comparison between the 
two cases. The two kinds of particles used were 
gun powder and glass beads. The gun powder 
consisted of military ball powder-Type C and 
Winchester Western 295 HP ball powder. The 
particles ranged from 100 to 250 microns in 
diameter. Photographs of them appear in Fig. 7. 

For purposes of data reduction i t  was sssumcd 
the glass beads and 295 HP powder were spherical 
in shape while an ellipsoidal shape was assumed 
for the military ball powder. The specific gravity 
of the particles ranged from 1.49 to 2.5. 

The particle dynamics equation indicates six 
pieces of information are necessary to  determine 
the drag coefficient of a burning particle; particle 
acceleration, mass, and size, relative velocity 
between the particle and gas, free stream density, 
and surface variation of burning rate. The mag- 
nitude of the integral in Eq. (1) may be estimated 
by choosing a simple model for a burning particle; 
namely, a flat disc normal to the flow. Employing 
conservative assumptions concerning the pressure 
distribution and burning rstc dependence on 
pressure, i t  can be shownlg that the contribution 
to the drag coefficient due to the momentum flus 
integral is negligible for the burning rates en- 
countered in this study. Similarly, the gravita- 
tional body force can be neglected compared to 
the particle acceleration achieved in this study 
and the data reduction equation for a spherical 
particle simplifies to 

where p p  and d are the particle density and diam- 
eter, respectively. It is interesting to note that 
the drag coefficient is proportional to the product 
of the acceleration modulus and particle-gas 
density ratio. The high speed motion pictures 
provided the particle's size, velocity, and ac- 
celeration. The wave speed and atmospheric 
conditions were used with the sliock tube rela- 
tionships to  determine the gas velocity and 
density. The experimental results appear in Figs 

The vertical line associated with each experi- 
mental point represents the experimental prob- 
able error. The error in determining the convec- 
tive flow velocity behind the wave was responsible 
for the majority of the probable error. For weak 
shock waves, one can show 

8 )  295HP 
BALLPOWDER 8 and 9. 

%N-- 1 Ac, - u, M - 1 c, (34) 

( C )  MILITARY BALL 
POWDER-TYPE C 

where A, ug, c, and M are the probable error 
operator, gas velocity behind the wave, wave 
speed, and shock wave Mach number, respec- 
tively. In  the present experiment, the Mach 
number of the shock wave varied from 1.08 to 
1.3. The wave speed error arose principally from 
the esperimentally determined factor to account 
for wave attenuation between the location of 
measurement and the test section. FIG. 7. Samples of particles used in experiments. 
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Discussion and Conclusions 

The expcrimcntal and analytical results appear 
in Figs. S and 9. The width of the theoretical 
curves for the burning particles is due to the non- 
uniformity in burning rates. The results generally 
indicate a larger drag coefficient than the standard 
steady state drag coefficient for sphere. This ob- 
servation can be attributed to free stream turbu- 
lence, particle roughness factor, and particle ro- 
tations. In  Fig. S the theoretical curve lies above 
the majority of the experimental results and this 
can be traced to the full velocity profile assumed 
in the analysis and large form drag associated 
with thc simplified pressure distribution chosen. 
The acceleration modulus for the present studies 
\vas the order of lov3. Consequently, reduced 
drag coefficients due to accelerative effects mere 
not detectablc. Considering the relative crudcncss 
of the analysis and the possible experimental 
errors, the agreement between the analytical and 
experimental results appears satisfactory. 

The present experimental results agree very 
well with those of Torobin and Gauvin4 iii the 
subcritical Reynolds number range. Rabin’s5 ex- 
periments yicldcd largcr drag coefficients than 
the present study aiid this can be attributcd to 
liquid drop deformation towards a disc shape. 
It is believed that the noticeable low drag coeffi- 
cients obtained experimentally by Ingebo’ can bc 
traced to a critical Reynolds number effect. Em- 
ploying Torobin and Gauvin’s results aiid 
Ingebo’s esperimciital conditions, it  can be shown 
analyt i~al ly’~ that CD cc Be-o.80 which corrcsponds 
closely with Ingebo’s experimental findings. It is 
most difficult to determine the reasons for the 
very small drag coefficients obtained by Hanson.2 
Reference 19 indicates cvaporation cannot ac- 
count for such a large reduction in drag coefficient 
and the discrepancy is probably tlic result of the 
assumptions employed to determine the relative 
velocity between the drops and the gas. 

Equation ( 3 3 )  indicates the acceleration 
modulus may be expressed as 

3 Pm 

4 PP 
(35 )  nc = -- C D  

Howevcr, CD is the order of one in the Rcynolds 
number range considered in this study, it is 
possiblc to write 

For most practical nozzle problems, Ae = 0 (IO-?) 
and accelerative effects can be neglected. 

The mass flus associated with burning reduces 
the particle drag coefficient. However, the es- 
perimental and analytical results indicate the 
effects of particle burning will not be apparent 
for f 5 0.025 sincc other effects such as turbu- 
lence, particle rotation, and roughness will be 
more dominant. 

As a result of the present study, it appears the 
steady state drag coefficient for a sphcre is ap- 
plicable to particles found in rocket nozzles pro- 
vided their Mach number, based on the relative 
velocity, is small. However, the experimentally 
determined result 

log10 CD = 2.556 - 1.705 log10 Re 

+ 0.2501 ( loglo Be) (200 Re < 1600) (37) 

( M  N 0) 

would be appropriatc should a more accuratc 
drag coefficient be required. 
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Discussion 

DR. S.  WAY (Westinghouse Research Laboratories, 
Pittsbitrgh): In the statement of the momentum 
equation for the particle, the body-force term was 
included, but the statement was made that it was 
geriernlly unimportant. I would like to call atten- 
tion to the possibility that under certain conditions 
electrostatic charges may accumulate on the 
particles and one must guard against this in studies 
of drag coefficient. 

DR. C. T. CROWE (United Technoloyy Corpora- 
t ion):  In the equation describing the dynamics of 
the particle it is necessary to include the forces 
created by electrostatic forces when such forces are 
significant. However, these forces will not directly 
influence the particle’s drag coeacient. 



IGNITION OF MIXTURES OF COAL DUST, METHANE, AN Y 
HOT LAMINAR NITROGEN JETS 

JOSEPH M. SINGER 

Ignition temperatures and limiting fuel concentrations of mixtures of coal dust, mrthane (fire- 
damp), and air have been determined by the hot-gas jet ignition method. Ignition promoters and 
ignition suppressors were also incorporated into the hybrid mixtures and into the hot jet. This study 
was limited to use of a single coal having about 37 per cent volatile matter, ground to  about 1-5 
microns. 

Hybrid mixtures containing coal dust and air in approximately stoichiometric balance for com- 
plete combustion required minimal methane concentrations for ignition at  given temperatures. 

Ignition temperatures and concentrations were decreased by addition of 90 per cent CO + 10 per 
cent H2 t o  the hot jet. Ignition was inhibited when gaseous halogenated hydrocarbons were added 
to the hot jet or to the hybrid mixture. The inhibiting action of the additives investigated decreased 
in the following order: bromotrifluoromethane, methyl bromide, carbon dioxide, and water vapor. 
Our observations suggest that ignition suppressors adsorbed on inert dusts, incorporated into water- 
stemming cartridgcs, or into the explosive charge itself, will reduce the ignition hazard of detonation 
products from explosives. 

General Considerations 

Ignitibilities of systems of coal dust-air and 
methane-air have been investigated estensively. 
However, the ignition and combustion of “hy- 
brid-mixture,” three-component systems of coal 
dust-methane-air are rarely studied, although of 
great practical concern in coal mine safety. In  the 
present investigation, the ignition of such mis- 
tures by hot gases was chosen for study because 
of its analogy to the practical case of ignition of 
combustible coal mine atmospheres by detona- 
tion products from blasting shots. As far as is 
known, this is the first time that  the method we 
have used has been applied to the ignition of 
solid-gas heterogeneous systems. We hoped 
among other things to obtain information on the 
ignition suppression effect of various solid and 
gaseous additives that would lead to reconi- 
mendations for specific ignition inhibitors that  
could mininlize explosion hazards in coal mines. 

Hot-gas ignition, first used by VanpQ and 
Wolfhardl to study the ignition of gaseous mix- 
tures by hot laminar jets, was modified for ap- 
plication to dust-gas mixtures. They have shown 
that the ignition of flammable methane-air mis- 
tures by hot continuously flowing gas jets is, 
under some conditions, a special case of ignition. 
When the methane concentration is somewhat 
below the lower flammable limit, a luminous 
“flame” (pseudoflame) appears within the hot 

nitrogen ignition jet. This phenomenon is not 
observed with other fuel gas-air mixtures. 
pseudoflame is inhibited by the slow increase of 
methane concentration into the flammable range 
and by halogenated hydrocarbons. Apparently, 
under some conditions, i t  is involved in the 
mechanism of hot-gas ignition of coal dust- 
methane-air as well as methane-air mixtures. 

Experimental Procedures 

The present approach to the study of hetero- 
geneous combustion called for controlled dust 
concentrations in flowing gas systems. Only one 
coal-dust type and particle-size range was used. 
The coal dust was first reducrd to approxi- 
mately 1- to 5-micron particle size by a recircu- 
lating, centrifugal-type disintegrator. The coal 
composition in per cent by weight was: Hs = 
5.3, C = 77.3, Na = 1.5, 0 2  = 6.4, ash = 7.5, 
S = 1.7; its proximate analysis in per cent by 
weight was: moisture = 2.4, volatile matter = 
36.6, fised carbon = 53.2, and ash = 7.S; its 
heating value was 14,630 Btu/lb, moisture- and 
ash-free. All gases except air were chemically 
pure grade. 

Coal Dust Disperser Design 

The disperser illustrated in Fig. 1 proved 
efficient. Flow rate and concentration of dust 
depend upon the size of the hypodermic tubing 

407 
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Fm. 1. Coal dust disperser. 

that dcliveri air or other dust carrier to the dust 
chamber, and upon the amount of dust fed to the 
dui t  chamber from hopper A. In  practice, air 
Aoms of approximately 300-400 cc/sec require 
driving preisures of 3 to 7 atm and hypodermic 
tubing ranging in size from B.S. gage No. 27 
(0.031 em) to No. 1s (0.102 em). Carrier streams 
13, 8’ are impelled at high momentum to the 
coal dust that  has entered the dust cup from the 
hopper. Slight changes of concentration of the 
flowing dust cloud are achieved by varying the 
rotation speed of the bottom-cup surface. The 
exit tube lends dispersed dust and air to a mani- 
fold that branches to the explosion chamber 
through four syminctrically placed tubes of 2.5 
cin diameter cacb. A separate air stream is in- 
jwted through hypodermic tube C, which is 
centrally located in the manifold tube to facilitate 
movement of dust toward the explosion chamber. 
Feed tubes and manifold line are continuously 
vibrated during dust dispersion to prevent dust 
deposition of tlic tubc walls. 

Hot-Gas Ignition Apparatus 
The hot-gas ignition apparatus is illustrated in 

Fig. 2. A s t r a m  of nitrogen flows through a 
vcrtical (60 pcr cent platinum, 40 per cent 
rhodium) wire-wound tubular ceramic furnace of 
1.7 em id and 100 em long. To obtain a flat tem- i 

I J  
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perature profile* within the nitrogen stream a t  
the esit port, the flow rate is maintained a t  120 
cc/sec STP (linear velocity a t  the axis of flow is 
300 to 400 cm/sec, depending upon the tempera- 
ture of the jet; Reynolds number is about 100). 
The flow of the methane-coal dust-air mixture 
surrounds the nitrogen stream and pseudoflame 
coaxially in the explosion chamber; the flowing 
mixture enters the chamber a t  the bottom 
through four inlet tubes of 2.5 em diameter each. 
Dust concentrations are determined above the 
exit of flow nozzle A’ by a grab method, filtering 
the dust flow through a glass-wool cartridge for 
short periods and then measuring the weight 
gain. The explosion chamber is a heat-resistant 
glass tube SO em long, 14.5 cm ID, and 0.3 cm 
~7all thickness. 

In  the ignition experiments, after steady nitro- 
gen jet temperatures are established, methane? is 
added rapidly with uniform mising to  the flowing 
coal dust-air misture in small increments to de- 

* Temperature of the nitrogen jet is measured at 
the port axis of the furnace tube, using a 0.0125 em 
diameter platinum-platinum, 10 per cent rhodium 
thermocouple, uncoated. 

f Ethane was added to  the methane in certain 
experiments. The ethane/methane ratio is included 
in all tables and figures. 
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terinine the minimum methane concentration 
limit for ignition. This ignition technique differs 
from usual procedures in that the temperature is 
the independent variable and fuel concentration 
is the dependent variable. (In most ignition ex- 
periments the temperature is raised slowly until 

,PERFORATE0 ASBESTOS TOP 

FLOWNOZZLEA 

PSEUDOFLAME 
WHICH FORMS 

PRIOR TO IGNITION 

FLOWNOZZLEA 

FLASHBACK REGION 

CERAMIC FURNACE 
WITH INNER TUBE 

FOR PASSAGE OF HOT 
NITROGEN (1.7 cmlD) 

INLET FOR EXPLOSIVE 
MIXTURE (4 inlet tuber, 

2.5 cm ID) 

- WATER JACKET 

ignition occurs.) Ignition of the hybrid mixture 
is followed by flashback toward the inlet tubes; 
the resulting flame fills the bottom of the es- 
plosion chamber below nozzle A' but does not 
extend upward above nozzle A. The total flow of 
the hybrid mixture is maintained at approxi- 
mately 400 cc per sec, that  is, a t  an average linear 
velocity of 20 cm per see through the exit throat 
of nozzle A. The apparatus is limited to charac- 
teristic contact time periods that do not exceed 
80-100 msec." 

* Ignition times of pulverized 6-micron coal-air in 
furnaces are usually less than 50 msec, according to  
Ghosh and Orning.2 

0 1 2 3 4 5  6 

METHANE IN AIR, percent 

FIG. 3. Ignitibility of coal dust-(methane-ethane)- 
air by hot laminar nitrogen jets; ethane/niethnne 

ratio is 0.15. 

Experimental Results and Discussion 

Ignition of FIfjbTid Mizture 

Nitrogen jet temperatures arc given in Figs. 3 
and 4 for the ignition of hybrid mixtures contain- 
ing methane and four different coal dust coil- 
centrations (50, S6, 125, and 250 ing/liter). 
Coal dust concentration of approximately 125 
mg/liter corresponds to a stoichiometric mixture 
with air. 

These data indicate that hybrid mi 
taining the stoichiometric conccntrat 
dust (125 mg/litcr) require the least nddcd 
methane for ignition a t  a11 hot-jet temperatures 
and that ignition temperatures are lower (zt 
comparable fuel concentrations) d i e n  the hot 
.jet contains 1.35 per cent of a 90 per cent GO + 
10 per cent 13% misturc; the added CO and €12 

serve to simulate the ignition hazard that may 
result from using under-osygrii-balancctl cx- 
plosives in mines. 

As illustrated in Figs. 3 and 4, coal dust/ 
methane ratios (slopes of the ignition lines) vary 
slightly with hot-gas jet temperature and with 
coal-dust concentration. For lean coal concentra- 
tions, less than 100 mg/liter, as the ignition tem- 
perature decreases, each percentage increment of 
methane becomes equivalent to a larger coal dust 
concentration increment; that is, the cooperative 
flammability of coal dust is less a t  low gas jet 
temperatures than at high ones. At  gas jet tem- 
peratures between 1110" and 122OoC and ap- 
proaching the stoichiometric c o d  dust concen- 
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trations froin the lean side, the coal dust/methane 
ratio decreases, indicating greater cooperative 
flammability of coal dust. I n  this temperature 
range and above the stoichiometric coal dust 
concentration, more methane is required for ig- 
nition as the coal dust concentration increases 
and the hot-gas jet temperature decreases, the 
result of lack of oxygen for combustion and/or of 
thermal self-quenching. And finally for high 
nitrogen jet temperatures above 1220°C and 
coal dust concentrations above stoichiometric to 
a t  least 250 mg/liter, no additional methane is 
required for ignition. 

Ignition Suppression Experiments 

Pseudojlame Suppression. I n  the absence of 
halogenated hydrocarbon additives, slow methane 
addition to the flowing fuel-air misture that  
envelops the pseudoflame inhibits the pseudo- 
flame, causing it to rise in the nitrogen stream 
and finally disappear. Table 1 shows that the 
amount of methane required for pseudoflame 
suppression is decreased when bromotrifluoro- 
methane is added to the hot nitrogen jet. Small 
quantities of additive are seen to be effective. 
Additional bromotrifluoromethane is required 
for pseudoflame suppression when 90 per cent 

6 

METHANE I N  AIR, percent 

FIG. 4. Ignitibility of coal dust-(methane-ethane)- 
air by hot laminar nitrogen jets; ethane/methane 
ratio is 0.15; nitrogen jet  contains 1.35 per cent 

(90 per cent CO + 10 per cent Hz). 

TABLE 1 

Effect of bromotrifluoromethane (BTPM) on minimum methane concentration for suppression of 
pseudoflames when methane is added slowly to explosion chamber. No coal dust in fuel. Ethane 

concentration in methane is 13 per cent 

In nitrogen jet 
Nitrogen jet  Methane-ethane in 
temperature esplosion chamber (90% CO + 10% Hy) BTFM 

("C! (per cent in air) (per cent) (per cent) 

1,llS 
1,11s 
1, lE 

1 , l l S  
1,llS 
1,llS 

1,224 
1 224  

1,224 
1,224 
1,224 

4.1 
3.4 
2 ..5 

(5.02)a 
4.3 
2.5 

(5 .5 )  
4.5 

(5.5) 
4.9 
3 . 2  

0.0 
0.0 
0.0 

1.23 
1.23 
1.23 

0.0 
0.0 

1.23 
1.23 
1.23 

0.0 
0.04 
0.0s 

0.0 
0.04 
0.0s 

0.0s 
0.22 

0.0s 
0.24 
0.44 

Vnlues in parentheses indicate ignition occurred. 

? 

i\ 
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TABLE 2 

Effect of bromotrifluoromethane (BTFM) on minimum methane concentration for ignition of coal dust- 
methane-air when methane i s  added rapidly to explosion chamber. Coal dust eonccntration in 

explosion chamber is 100 mg/liter. Ethane concentration in methane is 13 per cent 
~~~~ 

In cxplosion chamber 
In nitrogen jet 

Nitrogen jet  Methane-ethane, 
temperature per cent in air BTFM 90% CO + 10% H2 BTFM 

("C) for ignition (per ccnt) (per cent) (per cent) 

1,011 
1,011 
1,011 
1,011 

1,011 
1,011 
1,011 
1,011 

1,116 
1,115 
1,11S 
1,118 
1,lIS 

1,207 
1,207 
I ,  207 

1,207 
1,207 
1,207 

1,207 
1,207 

1,207 

1,207 

6.64 
6.82 
7.0 

-a 

5.S 
6.9 

-a 

-a 

3.05 
5.26 

4.63 
-a 

-a 

2.26 
3.05 
5.0 
5.5 

2.57 
3.61 
5.5 
6 . 3  

-a 

-Q 

0.0 
0.02 
0.06 
0.07 

0.0s 
0.16 
0.15 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1.23 
1.23 
1.23 
1.23 

1.23 
1.23 
1.23 
1.33 

1.23 
1.23 
1.23 
0.0 
0.0 

1.23 
1.23 
1.23 
1.23 
1.23 
0.0 
0.0 
0.0 
0.0 
0 .0 

0 .0  
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

<0.02 

0.0 
0.02 
0.04 
0.0 

<0.02 

0.0 
0.04 
0.0s 
0.17 
0.32 
0 .0  
0.04 
0.0s 
0.17 
0.1s 

Q No ignition observed with methane addition. 

CO + 10 per cent Hx is added to the hot jet and 
when the temperature of the nitrogen stream is 
increased. 

Ignition Suppression of Coal Dust-Methan.e-Air 
Mixtures. After the inhibitor is added to the 
hybrid mixture, or to the hot nitrogcn jet, the 
amount of methane required for ignition of the 
coal dust-methane-air mixture is measured, 
adding the methane fuel rapidly to the hybrid 
mixture in the explosion chamber. Data were ob- 
tained for admixture of bromotrifluoromethane 
(Table 2) and methyl bromide (Table 3) to the 
hot nitrogen jet or to a hybrid mixture contain- 
ing 100 mg/liter of coal dust. Similarly, in Table 
4, data are given for admixtures of bromotri- 

fluoromethane a t  a coal dust concentration of 250 
mg/liter. The effect of bromotrifluoromethane is 
compared with the cffect of water vapor and 
COZ on the ignitibility of hybrid mixtures of coal 
dust (100 mg/litcr), firedamp, and air in Fig. 5 .  
The foregoing shows that: 

1. Bromotrifluoromethane inhibits ignition 
much more effectively than water vapor or 
Con,  demonstrating the advantage of chemically 
active suppressors over inert gaseous suppressors. 
Carbon dioxide is slightly more effective than 
water vapor. 

2.  Less bromotrifluoromethane than methyl 
bromide is needed for equivalent ignition sup- 
pression (with or without CO and H.t in the jet), 
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TABLE 3 
Eflect of methyl bromide on minimum methane concentration for ignition of coal dust-methane-air when 

methane is addcd rapidly to esplosion chamber. Coal dust concentration is 100 mg/liter. Ethane 
concentration in methane is 13 per cent 

In esplosion chamber 
In nitrogen jet 

Nitrogen jet Methane-ethane, 
temperature per cent in air Methyl bromide 90% CO + 10% HZ Methyl bromide 

(T) for ignition (per cent) (per cent) (per cent) 

I , IO!) 4 .6  0.39 
1 ,IO!) 5.2 0.65 
I ,  IO0 5.4 0.ss 
I ,  109 -a 0.90 

1.23 0.0 
1.23 0.0 
1.23 0.0 
1.23 0.0 

1,205 3.5 0.0 1.23 0.74 
1,205 5.9 0.0 1.23 1.24 
I, 20s -a 0.0 I .23 1.26 
1,205 6.04 0.0 0.0 0.33 
1 ,20s G.54 0.0 0.0 0.54 
1,20s 7.5 0.0 0.0 0.74 
1,20s -Q 0.0 0.0 0.76 

1,200 6.7 1.5 0.0 0.0 
1,200 -0 1.6 0.0 0.0 
1,200 6.0 1.5 1.23 0.0 
I ,200 -0 1.9 1.23 0.0 
1,200 s . l  0.56 1.23 0.0 
1,200 9.3 0.S6 1.23 0.0 
1,200 -0 1.2 1.23 0.0 

a No ignition observed with methane addition. 

TABLE 4 
Mfect of brornotrifuoromethane (BTFM) on minimum methane concentration for ignition of coal dust- 

methane-air when methane is added rapidly to explosion chamber. Coal dust concentration in 
explosion chamber is 250 mg/liter. Temperature of jet is 1,230"C 

In esplosion chamber 
In  nitrogen jet _- 

Methane, per Ethane concen- 
cent, in air tration, per cent BTFM 90% CO + 10% Hz BTFM 
for ignition in methane (per cent) (per cent) (per cent) 

0.0a 0.0 0.0 0.0 0.0 
3.s5 0.0 0.19 0.0 0.0 
6.3 0.0 0.63 0.0 0.0 
s. 1 0.0 1.23 0.0 0.0 
2.24 0.0 0.19 1.23 0.0 
5.55 0.0 0.63 1.23 0.0 
s.12 0.0 1.23 1.23 0.0 

-h 0.0 1.24 1.23 0.0 
3.72 0.0 0.0 

-b 0.0 0.0 
4.0 0.0 0.0 

-b 0.0 0.0 
3.04 1.6 0.0 

-b 13.0 0.0 

0.0 0.17 
0.0 0.20 
1.23 0.17 
1.23 0.23 
1.23 0.23 
1.23 0.29 

a Without BTFM, ignition occurs when methane is not in hybrid mixture. 
b No ignition observed with methane addition. 

' *  
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FIG. 5. Hot-gas ignition temperatures when water 
vapor, carbon dioside, and bromotrifluoromethane 
are added to hybrid mistures of cod dust, methane- 
ethane, and air. Ethane/methane ratio is 0.15. 
Nitrogen jet contains 1.35 per cent (90 per cent 
CO + 10 per cent H2). Coal-dust concentration = 

100 mg/liter. 

as ~vould be exl)ected on the ltnbis of the iiuinlwr 
of halogen and hydrogen atoms in each aciditice. 

3.  Halogenatrd hydrocarboiii are more cf- 
fective ignition inhibitors when added to the 
hot nitrogen jet than to  the hybrid inisture. 
because of proximity and more dirwt involve- 
ment in the preignition reaction mechanim. 
4. The concentration of halogenated hydro- 

carbon required to suppress ignition inrrease.; as 
tlie hot-gas jet tempcratures ri 

The favorable igiiition-su1,pr~ssion results ob- 
tained with halogenated hydrocarbons proinptcd 
another experiment in which the inhibitors 
bromine, methyl bromide, and hromotrifluoro- 
methane were adsorbed on incrt powders and 
added in this form to  the hybrid mixtures On 
the  basis of preliminary adsorption and desorp- 
tion rate experiments, in which each of the duits 
silica gel, fireclay, or activated cliarcoal mas iin- 
pregnated :Lt 1 atm, activated charcoal plus 2s 
per cent bromine was chosen a$ a stable ignition- 
suppressing system. 

The effect of activated charcoal (with and 
without 28 per cent bromine) on the ignition of 
coal dust at 1228°C is shown in Table 5 .  The 
adsorbed bromine either completely prevents ig- 
nition or substantially increases tlie methanc 
concentration required for ignition. It may be 
anticipated, based on previously described ig- 
nition-suppression experiments, that if the ad- 
sorbed systems were introduced in thP hot 
nitrogen jet, increased inhibition efficiencies 
would result. 

TABLE 5 
Effect of activated charcoal (with and without 2s per cent adsorbed bromine) on minimum mcthane con- 

centration for ignit,ion of coal dust-methane-air when methane is added rapidly to t,he csplosion 

activated charcoal. Nitrogen jet temperature is 1,22S°C 
chamber. Total dust concentration is 100 mg/liter. Dust composition is 50% coal dust, and 

In explosion chamber 
In nitrogen jet 

Activated Methane, per Ethane concen- - 
charcoal cent in air tration, per cent 90% CO -+ 10% H? BTFM 
content for ignition in methane (per cent) (per cent,) 

Without Br2 7.72 0.0 0.0 0.0 
With Br? -a 0.0 0.0 0.0 
Without Br2 5.52 13.0 0.0 0.0 
With Br2 s.s 13.0 0.0 0.0 
Without Br? 4.3 0.0 1.23 0.0 
With Br2 5.7  0.0 1.23 0.0 
Without Brs 4 . 2  10.0 1.23 0.0 
With Br2 7.7 10.0 1.23 0.0 
Without Brl 4.0 15.0 1.23 0.0 
With Br? 6.0 15.0 1.23 0.0 

13.0 1.23 0.2 Without Br? -a 

13.0 1.23 0.04 With Br2 -a 

a No ignition observed with methane addition. 
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Conclusions 

ignition temperatures and mcthane concentra- 
tions for ignition are found to be minimum for 
coal-dust concentrations approximately equal to 
the stoichiometric requirement for complete con- 
version. Ignition temperatures and concentra- 
tions are further decreased when 90 per cent CO 
plus 10 per cent Hs is added to the hot jet. 

Ignition can be prevented and ignition tem- 
peratures and methane concentrations for ig- 
nition are increased when gaseous halogenated 
hydrocarbons are added to the hot jet or to the 
hybrid mixture. The inhibiting action of the 

additive., investigated decreases as follows: 
broniotrifluoromethane, methyl bromide, carbon 
dioxide, water vapor. Our obscrvations suggest 
that  ignition suppressors adsorbed on inert dusts, 
incorporated into water-stemming cartridges, or 
into the explosive charge itself would reduce the 
incendivity of gases from detonating explosives. 
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INTRODUCTION 

DONALD R. WHITE 

Our aim in this Discussions meeting is to ex- 
plore two topics: structure of detonation and 
initiation of detonation in the condensed phase. 

In recent years as the detonation front has 
been probed experimentally with greater resolu- 
tion, considerable evidence has accumulated to 
demonstrate that  this flow phenomenon simply 
is not one-dimensional. Experimental definition 
and theoretical explanation of this structure is 
currently the central problcni of gaseous detona- 
tion. 

Those aspects of the behavior of detonation 
known as limit phenomena can be regarded as 
part of the structure problem. For example, 
working near the low pressure propagation limit 
for a self-sustaining detonation, one observes 
spin, a type of behavior discovered relatively 
early because of the gross pcrturbation upon 
planarity. Increasing the initial pressure of the 
experiment, one finds an increasing number of 
“hot spots” moving over the front, or multi- 
headed spin. Other evidence, direct and indirect, 
confirms that a t  higher pressures the phenomenon 
persists, but a t  reduced scale. 

Alternatively, instead of increasing the initial 
pressure from a near-limit condition, one may 
supply more and more energy from an external 
source to produce a series of over driven detona- 
tions, a11 a t  the same initial pressure. Here i t  is 

observed that as the velocity increases above the 
Chapman-Jouguet value, the multiplicity of the 
disturbances in the detonation front increases, 
their scale correspondingly decreasing. This ob- 
served behavior is consistent with a disturbance 
phenomenon whose existence depends on an cso- 
thermal reaction behind the shock front and 
whose scale depends on the reaction zone thick- 
ness. The condition of exothermicity is of course 
no longer met for a sufficient degree of overdriv- 
ing of the detonation. 

The generality with which this non-one-dimen- 
sionality has been observed, apparently for all 
modes of initiation and a t  least most detonable 
mistures, suggests that  its source be sought 
within the properties of the shock-reaction zone 
structure itself. Analysis of the “laminar” deto- 
nation has occupied the attention of many in the 
past, and quite properly continucs to  do so, 
since such understanding may provide a point of 
departure for study of “turbulent” detonation. 
Other investigators are tackling directly the 
stability of the shock-reaction zone structure, 
and the difficulties are indeed formidable. 

A characteristic feature of this turbulent struc- 
ture is the existence of weak shock waves propa- 
gating transversely through the reacting misture 
behind the primary shock front. These shocks 
must be maintained by the higher reaction rate 
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behind them as a result of the increased pressure 
and tcmperaturc. The minimum separation 
n hich must be maintained between two succes- 
sive shock waves for them to be thus sustained 
must therefore increase with increasing reaction 
zone thickness. When this separation becomes of 
the order of the tube diameter, a propagation 
limit is observed. The analytical difficulty is 
evident when one considers that  the three-shock 
interaction problem in an ideal gas remains 
unsolved. 

I t  would indeed be of interest to produce a 
detonation in a tube in such a fashion that  it re- 
mained laminar during the period of observation, 
and to study its properties. I would guess that 
the reaction zone would be appreciably thicker 
with a correspondingly greater influence of the 
tube walls on the detonation behavior. 

Most gaseous detonation experiments are done 
in tubes, of course. Two papers are included here 
which discuss results obtained under significantly 
different circumstances. The transversely propa- 
gating shock waves may well be dependent for 
their continuing existence upon reflection from 
the tube wall. If so, then absence of walls in 
stailding detonation experiments may be par- 
tially responsible for the apparently laminar 

structure observed. Similarly, if a recognizable 
detonation could be established using a liquid 
spray as a fuel, the “reaction zone” would be 
relatively thick and perhaps stable to this trans- 
verse type of disturbance, since the local rate of 
heat release by droplet burning would be less 
sensitive to changes in the local pressure and 
temperature. 

Far fewer observations of the structure of 
detonation in the condensed phase have been 
reported, and for good reason. Such data as are 
available show that in the liquid phase a granu- 
larity similar to that in the gas phase exists. I 
anticipate that  other work on structure in the 
condensed phase will be reported in the discus- 
sion periods. 

Research in Condensed phase detonation is, of 
course, much more difficult, both theoretical and 
experimental. In the selection of papers to be 
present& here, emphasis has been given to initia- 
tion. It is the hope of the organizing committee 
(the session chairmen and myself) that  these 
papers, supplemented by the discussion, will pro- 
vide a good picture of current ideas of condensed 
phase initiation, and perhaps point out some of 
the more fruitful directions for future work. 



CONTRIBUTION TO THE THEORY OF THE STRUC 
GASEOUS DETONATION WAVES 

I>. B. SPALDIKG 

The paper presents exact solutions to the equations governing the distributions of  temperaturc, 
velocity and pressure in a gascous detonation wave, for the cases in which the dimensionless 
volumetric-reaction-rate w : (a) has a concentrated peak near the hot boundary but negligible valucs 
elsewhere; (b) obeys the law {( 7 - T C  )r1 - ( 7 - T C  )W] 

W = TL(7 - T C )  - , 
TH - TC T3 - T C  

where TL is a constant, T is the dimensionless stagnation temperature, and subscript C denotes upstream 
conditions. Other exact solutions are also discussed. The methods used are analytical and graphical, 
requiring no high-speed computing facility. The gas is supposed to have a Lewis Number of unity and 
a Prandtl Number of i ;  for convenience its thermodynamic properties are supposed to bc those of a 
perfect gas. 

It is argued that, although the reaction-rate functions considered do not correspond to the chemical- 
kinetic properties of any particular detonating gas, studies of the kind presented permit clear percep- 
tion of most of the important properties of real gascous detonations. 

Introduction 

Theoretical analysis plays two distinct roles in 
applied science. The first is to provide quantita- 
tive predictions of the behavior of complex phe- 
nomena, based on the fundamental properties of 
the materials; tlie second is to improve the 
analyst’s perception of the quantitative relations 
between the behavior and the properties by 
means of the study of simplified models. In tlie 
first case, the aim is to obtain the right numerical 
answer; in tlie second, i t  is more important to e\- 
pose clearly to view the most significant inter- 
relations, without the encumbrance of computa- 
tional details. These differing purposes influence 
the way in which the analysis is esecuted: In the 
first role, elegance is not essential, and the results 
are obtsiiicd in numerical form; in the second, 
dimensionless quantities predominate, algebra is 
prekrable to arithmetic, and graphical represen- 
tation of results is desirable. 

Generally speaking, the fundamental properties 
of chemically reacting systems require too elabo- 
rate a description, and are too imprecisely known, 
to have permitted combustion theory to achieve 
appreciable success in the first role. The present 
paper is accordingly of the second type, its par- 
ticular purpose being to elucidate the way in 
which chemical-kinetic and transport properties 
influence tlie structure of a detonation wave in 
gases. 

Most of the important facts about this phe- 
nomenon have already been uncovered by tlie 
pioneering work of Hirschfclder and others (see 
refereiiccs I ,  2, 3, 15, and 16). The present con- 
tribution is intended to make these facts more 
generally accessible and understandable, partly 
by  the presentation of new solutions to the 
equations. 

The Problem 

We shall consider tlie proccss of dctonation in a 
gas of constant specific heat xiid iiiean molccular 
weight. Figure 1 shows a property diagram for 
such a gas, the ordinate and abscissa bein 
spcctivrly, stagnation temperature T, and 
ity V ,  and the equation of state being that of air 
at moderate temperatures. The scales are loga- 
rithmic and the diagram carries curves of constant 
temperature T, nondiincnsional pressure p/mR, 
pressure divided by stagnation pressure p/p,, 
and noiidimensional moincntum flux p,,,,/m R, 
the latter having the significance of what arc 
commonly called Rayleigh lines. Such a diagram 
is easily constructed from the equations or gas 
dynamics, which it would be inappropriate to 
introduce here. It should be noted when inter- 
preting the quantities p/rnR, etc., that, in a 
detonation wave, the “mass velocity” 7n is a 
constant throughout the wave; the gas constant 
R is also constant in our model gas. 

417 
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T 
T! 

b‘ft /set VELOCITY 

FIG. 1.  Property diagram for flowing ideal gas with y = 1.4 and R = 171s ft?/s2 OR (ideal air) 

,/ SONIC LINE 

Tg = 3240’R 
__.- 

v -  
FIG. 2. A typical Chapmandouguet detonation rep- 
resented on log T-log V diagram. C = unburned 
condition; H 3 burned condition; S = von Neu- 
mann %pike.” Broken line is possible path of gas 

passing through detonation wave. 

It is well known that the laws of mechanics 
and thermodynamics applied to a detonation 
wave require that  the upstream (cold) and down- 
stream (hot) states lie on the same Rayleigh 
line ; in addition, the downstream stagnation tem- 
perature T s , ~  esceeds the upstream value T,,c 
by an amount depending on the exothermicity of 
the reaction. Further, if the conditions giving 
rise to the detonation are of the Chapman- 
Jouguet (C-J) type, the downstream state point 
lies on the “sonic line” where T, = ( y  + 1 )  Vz/ 
2yR, y being the specific heat ratio. Figure 2 il- 
lustrates this situation for a particulnr C-J 
detonation, the points C and H representing, 
respectively, the cold and hot gas states. 

The question to be discussed is: What is the 
succession of states through which the gas passes 
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while traversing the detonation? Such a sucees- 
sion of states could be represented by a curve 
joining C and H on Fig. 2. Does the state-point 
simply travel along the Rayleigh line? Does it 
first move out horizontally to the left to point S 
(the von Neumann Spike) and then climb up the 
left-hand branch of the Rayleigh line? Or does it 
follow a path such as that  indicated by the broken 
curve? Consideration of the p/mR lines of Fig. 1 
shows that  in the first of these three cases the 
pressure would rise continuously from C to H, in 
the second it would rise to a maximum at S and 
then fall again, while the third trajectory would 
exhibit an intermediate pressure variation. We 
shall want to be able to predict the variations of 
pressure and other quantities as functions of 
position within the wave. 

Mathematical Theory 

Equations. Since two properties suffice to char- 
acterize the state of the gas (for given m) ,  we 
shall espect to have to solve equations for two 
dependent variables, for example T,  and V ;  there 
is a single independent variable, namely distance 
through the wave x .  Since, however, distance 
cannot be influential per se, x only appears in 
differential form; it is coiisequently permissible 
to use the stagnation-temperature gradient as an 
alternative third variable. Of course, dimension- 
less forms of the variables are preferred. 

The detailed derivation of the equations will 
not be presented here since it may bc found else- 
  her el-^; such derivation implies that, for a gas 
with a Lewis number of unity and a l’randtl 
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number of $ (both “reasonable” values), we may 
write : 

p (dp/dr) - p = -W 

d.r/du =: p / ( z  - zc) 

(1) 

( 2 )  

T Ts/yTc ( 3) 

p (k/cm) ( d T , / d x )  (4) 

where 

the nondimensional stagnation-temperature; 

the noiidiniensional stagnation temperature 
gradient; 

w kW/yTcm2 ( 5 )  

u ss V/(yRTc) i  ( 6) 

5: = u(y + 1)/2y + r/u ( 7 )  

the nondimensional reaction rate; 

the nondimensional velocity; 

the nondimensional moinentuin flus; 

k thermal conductivity of gas, which may 
vary with temperature; 

specific heat of gas a t  constant pressurc; 
and 

IT7 reaction rate in the units of rate of in- 
crease of stagnation temperature per unit 
time. 

Discussion of p ,  z ,  and w. Equation (4) shows 
that, when p has been obtained as a function of 

c 

1 2 3 4 5 

U, NON-DIMENSIONAL VELOCITY 

FIG. 3. Plot of ?: (T ,  u) for gas of Fig. 1, with superimposed sketch of contours 
of constant dimensionless reaction rate w for the C-J detonation of Fiz. 2. 
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stagnation tcmperature aiid vclocity u, the 
variations of all properties with distance z can be 
obtained by means of a simplc quadrature. For 
this reason we shall devote little further atten- 
tion to x. 

The quantity I, being the iiondimcnsioiial form 
of the momentum flux, is constant along a Ray- 
lcigh linc; i t  is a funcation of u and T alone. Lines of 
constant 5: are drawn as inverted 11arabolac on 
Fig. 3, having T as ordinate and 11 as abscissa. 
The T - u planc is the nontlirnciisional form of 
the T,  - V diagram and will be eatciisivcly 
used below; for reasons which will appear, linear 
scales are now preferable to logarithmic. 

For certain families of chemical reactions, 
namely those proceeding by means of a singlc 
step, reactions obeykg the “stationary-state” 
hypothesis, and ‘‘cydosive” chain-branching re- 
actions, the reaction rate w can be expressed as a 
unique function of temperature and pressure 
when the Lewis number is unity.5 From here 
onward we restrict attention to such reaction- 
kinetic systcms. Accordingly, w can be expressed 
as a function of r and u alone when the upstream 
conditions of the detonation wave arc specified. 
Lines of constant w arc skctched on Fig. 3, for a 
C-J detonation; w is zero in the upstream gas 
(because this is too cold to react appreciably) 
and in the downstream gas (because its reaction 
is complete) ; w is finite a t  high values of tem- 
perature between T = TG and T = T H .  

Appreciation of Mathematical Problem. TVc have 
to solve two simultaneous first order nonlinear 
diff ereiitial equations, (1) and ( 2 ) ,  given that w 
and z are known functions of T and u and that 
the values of ‘TC and uc are specified. The problem 
is rendered somewhat difficult by the fact that  
the point C is a singular point on the r - u 
plane since p = 0 and z = zc a t  the cold bound 
ary. We may note howcvcr that the linkage bc- 
tween the two cquations is slight: Eq. ( 2 )  could 
be integrated if p were known as a function of T ;  

thereafter Eq. (1) could bc integrated. 
Now, as was stated in the introduction, we are 

here concerned to obtain the maximum quanti- 
tative insight into the detonation process and 
not to predict the detonation structure for any 
particular reaction-kinetic scheme. It is thcreforc 
sensible to choose w functions which, while not 
being wholly unrealistic, permit the equations to 
be solved without numerical work. This practice 
has already been adopted with success in de- 
flagration theory where only Eq. (1) has to be 
solved;5 the technique used there was to choose 
p ( r )  functions permitting Eq. ( I )  to be solved 
analytically. The same technique will be adopted 
below. 

The Thin-Flame Model. The w- 

One of the most fruitful ideas in flame theory 
has bcen the recognition that, wlien the activa- 
tion energy of the reaction is very large, the 
volumetric reaction rate is practically zero except 
in the vicinity of the hot boundary; it mas intro- 
duced by Zeldovich aiid Frank-I~amrnetsltii,6 
and has often been used s ~ b s e q u e n t l y . ~ ~ ~ ~ ~  If tlie 
ronstant-w contours of Fig. 3 are Iieltl to reprr- 
scnt a mountain, tlic thin-flarnc riiotlcl (’orre- 
sponds to a w-lunction re1)rescnting a narrow 
steep ridge running iinmcdiately bclow T = 711 

and rising out of an otherwise flat plain. 

The p - r Solution. Far upstream of tlic dctona- 
tion, the temperature gradient is zero; this is tlie 
reason why p = 0 a t  ‘T = rc. Our reaction- 
kinetic model ensures that w = 0 e ~ c e p t  when r 
is very close to 713. We can immediately deduce 
that the p - r relation satisfying Eq. (1) and 
the boundary condition is: 

rc 7 r < 713: p = 7 - TC 

‘T = 711 : p = o  ( 8 )  

This relation is plotted in Fig. 4 

The r - u Relation. On substitution or ( 8 )  into 
( 2 )  , the latter equation becomes: 

&/du ( T  - TC)/(I  - Z C )  ( 9) 
which is an equation in r and u alone. I t  gives 
the slope of the solution curve ahich passes 
through each point on tlic plane and pcrmits the 
curves themselves to hc drawn 1)y thc following 
simple construction : 

(a) Vcrtically below tlic point P through 
which the solution is to be drawn, find the point 
Q on the horizontal line T = ‘TC (Fig. 5 )  ; then 
the length PQ equals T - TC. 

(b) On this same horizontal find the point R 
such that R lies to the lclt of Q a distance z - nlc, 

r 

FIG. 4. Dimensionless plot of gradicnt of stagnation 
temperaturc p vs stagnation tempcrnture T for 

thin-flame model. 
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More Realistic Reaction-Rate Functions 

The p - r Relation. The “thin-flame” model just 
considered is more realistic for deflagrations than 
for detonations; for reaction rates are almost 
iuvariably appreciable in the region on the 
r - u plane to the left of the Rayleigh parabola. 
We therefore consider a family of p - T relations 
which has previously been used in deflagration 
theory5, which again permits analytical solution 
of Eq. (I) ,  but which generates reaction-rate 
functions of realistic shape. The family is: 

p = (T - Tc) { 1 - (T - 7c)n-1/(TH - Tc)n-l] 
(11) 

where n is a number which can be chosen freely. 
Substitution in Eq. ( I )  sho~vs that the corre- 
sponding espression for w is: 

w = n(T - rc) { [ ( r  - T C ) / ( 7 H  - 7c)Y-I 

-[(. - TC)/(TH - rc)]2n--2) (12) 

for which: 
rE 

w d r  = $ ( n  - l ) / ( n  + 1) } ( r ~  - TC) 
C 

(13) 
The rcalistic shape uf the espression in Eq. (12) 
can be seen by inspection of the diagrams in 
reference 5.  

The u - T Solutions. Since Eq. (11) expresses 
p as a function of T ,  Eq. (2) once again contains 
T and u alone. I t  can be integrated graphically 
with only a slight modification to the construction 
described above: now the point Q must lie a 
distance ( r -  rc) (1 - ( T - T C ) ~ - * / ( T I I -  rc)”-l] 
rathcr than a distance (T - Q) below P ;  but 

7.5 

6.5 

7 

5.5 

4.5 
1 .o 2.0 3.0 4.0 5.0 

U 

FIG. 7. Solution curves for “more realistic” model 
[Eq. (12), n = 21. Example shown here is C-J 
detonation with same initial and final states as for 

Fig. 6. 

the actual plotting of the curves takes scarcely 
any longer than before. Figure 7 contains curves 
plotted in this way for the case in which n = 2, 
other conditions being the same as for Fig. 6. 

Inspection of Fig. 7 shows that  the u - 7 
curves are now everywhere less steep than before; 
in particular, the sharp bend a t  the line r = TH 
is absent. However the general shape of the dia- 
gram is little changed and there is again only a 
limited group of solutions which pass through 
both points C and H. 

Diagrams like Fig. 7 can, of course, be drawn 
for any desired value of n. When n is large (high- 
activation-energy reactions), the u - T curves 
become similar to those of Fig. 6; when n is small, 
the physically satisfactory curves follow more 
closely the horizontal through C and the left- 
hand branch of the Rayleigh parabola. Once 
again, space limitations make it necessary to re- 
frain from discussing all the physical implications 
of these facts. It should, however, be mentioned 
that, to make use of the solutions, i t  is necessary 
to choose n so that  the reaction-rate expression 
w of Eq. (12) fits the profile of the actual w- moun- 
tain as closely as possible in the vicinity of the 
path taken over it by the u - r curve. The n can 
have any value greater than unity, the lower 
values usudly being most appropriate to detona- 
tions. 

Discussion 

Other p - r Relations. It is, of course, possible 
to evaluate exact solutions to the detonation 
equations, ( I )  and (2) , starting from many other 
postulated p - r relations. Thus one might fol- 
low ad am^,^ who postulated a constant value of 
p in the reaction region in an early study of mono- 
propellant combustion; this leads to reaction-rate 
functions eshibiting a sharp peak a t  the hot 
boundary.1° Another postulate permitting a par- 
ticularly easy construction of the r - u solution 
curves is illustrated in the top part of Fig. S, 
where the slope of the right-hand linear portion 
can be varied a t  will; the corresponding reaction- 
rate function is shown in the bottom part of Fig. 
8. Such p - r distributions were employed by 
von Karman and Penner14 as the basis of an 
approximate theory of deflagration and have 
subsequently been utilized by Curtiss, Hirsch- 
felder, and Barnett; under the name of the 
“ignition-temperature model,” in exact digital- 
computer solutions of the detonation problem. 
The difficulty is, however, not to invent p - r 
relations permitting solution, but to find ones 
which fit the actual w-functions reasonably well; 
the author believes that the family described in 
the preceding section 4 is as well-adapted to this 
purpose as any which have been studied so far. 
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i 

FIG. 8. Distribution of p ( 7 )  and ~ ( 7 )  for “ignition 
temperature” model. 

Low- Reaction-Rate Solutions. A study of the 
above and other esact solutions leads to the con- 
clusion that most detonating mistures have reac- 
tion rates which are sufficiently low to cause the 
solution curves to lie very close to the lrft-hand 
branch of the Raylcigh parabola (if w is small a t  
all r ,  p must be small at all T ,  so dr/du is also 
small cscept where c = zc). It is therefore 
reasonable, when faced with the problem of cal- 
culating the structure of a detonation wave with 
pnescribed kinetics to assuine that the w - T 

relation is tha t  for the left-hand branch of the 
parabola c.rcept where T is close to rc. There is 
no space here to argue the matter in detail, but 
interested rcadeis may care to  verify that the 
following procedurc then gives a good approxi- 
mation to the exact solution: 

(1) Integrate Eq. ( I )  numerically or graphi- 
cally, using the w - T relation just mentioned, 
from the hot boundary to  a point where p = 
r - rc. 

( 2 )  Construct the corresponding solution 
curves on the r - u plane by the graphical pro- 
cedure described, using the p - r relation of ( I )  
for p > T - rc and the curves of Fig. 6 for 
p < r - rc. The curves of course join smoothly. 

(3) Choose the curve of which 

tributions, will be found to  correspond to 3 sliock 
wave followed by s spontancous-ignition flame, 
thc latter approaching nearer to the forincr as thc 
reaction rate increases. This is of course very 
close to  the von Neumann-Doring-Zeldovich11-13 
model of detonation-wave structure; indeed it 
might be said that the main result of recent 
investigations into detonation wave structure 
has been t o  confirm the physical validity of tha t  
model. 
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INATION OF THE DETONATION WAVE STRUCTURE 

A. K. OPPENHEIM AND-J. ROSCISZEWSKI 

In order to investigate the influence of transport properties on the coupling between the shock and 
deflagration that may occur in a steady, plane detonation wave, the structure of the wave has been 
determined for some specific cases by numerical analysis performed on an IBM 704 computer. 

After a preliminary check with some representative cases of Hirschfelder and Curtiss,lJ the pro- 
cedure was applied to detonation in dissociating ozone. Although the agreement with the solutions 
of Hirschfelder and Curtiss is not perfect, their contention concerning the strong coupling between 
the shock and deflagration has been essentially confirmed. The ozone computations included the 
consideration of the variation of transport properties with tempcrature and the change in the num- 
ber of moles due to  chemical reaction, while the rate of the reaction was described in terms of the 
best available data on kinetics. For this purpose the reaction rate has been expressed in terms of the 
quasi-steady-state approximation for the oxygen atom concentration which, with exception to the 
immediate vicinity of the hot boundary, represents quite accurately the exact chain reaction mech- 
anism of the thermal decomposition of ozone. 

On this basis thc structure of the “laminar” detonation wave in ozone has been determined for 
three fundamental models: the coupled-wave, the von Neumann-Doring-Zeldovich model, and 
the decoupled deflagration wave. The results have been compared from the point of view of the 
approximation proposed by Spalding.3 The validity of the continuum treatment has been checked 
by evaluating the variation throughout the wave of the average number of intermolecular collisions 
per molecule of product. It appears from this that, although the theory may not be realistic close to 
the hot boundary, it is certainly quite reasonable in the regime of coupling between the shock and 
deflagration-the primary objective of our inquiry. 

I n  conclusion it is contended that only a thorough understanding of the so-called “laminar” 
wave structure can provide DroDer basis for the assessment of the effects of turbulence and other - -  
time dependent and multidimensional phenomena 

The Problem 

Under the usual assumption of steady, one- 
dimensions1 flow and the essentially perfect gas 
behavior of reactants and products, the structure 
of the detonation wave is governed by the 
following equations3: 

where the symbols have the following meaning: 

(3) 

is the nondimensional stagnation enthalpy, 

P = dX/@ (4) 
is the nondimensional 
gradient, 

at= (m/r> cEz 

stagnation enthalpy 

= (rc/r) dx (5) 

that may accompany the detonation process. 

being the nondimensional space coordinate, with 
m representing the mass flow rate per unit area 
and 

expressing the “transport” or “exchange co- 
efficient”-a single quantity that, as a conse- 
quence of the assumption that Prandtl number 
is $ and Lewis number is 1, represents at the 
same time mass diffusion, thermal conductivity, 
and viscosity, while u is the nondimensional 
velocity or specific volume. Finally 

is the nondimensional heat release, the equation 
above representing in fact the over-all energy 
balance for the wave, while: w(u ,  x) is the volu- 
metric reaction rate expression and m(u) is 
determined by the Rayleigh Line. For our pur- 
pose both these functions have to  be given a 
priori. 

The knowledge about the process is completed 
by the information on the composition of the 

424 
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reacting mixture. This is obtained from the con- 
dition of constant total (Le., thermal, dynamic, 
and chemical) enthalpy that results from our as- 
sumption concerning the Prandtl and the Lewis 
numbers. If the instantaneous composition can 
be expressed by a single parameter, for example, 
Y ,  the mass fraction of the product which changes 
from 0 to 1 in the course of the reaction, the con- 
stant total enthalphy condition, taking into ac- 
count Eq. (7), yields simply: 

(8 )  
y = -  x - x c  

X h  - X c  

With the use of the equation of state, the above 
permits to determine w(u ,  x )  from the con- 
ventional form of w = w (  Y ,  T, p ) .  

The problem lies in the solution of (1) and (2) ,  
subject to boundary conditions: 

a t  x = x c  u=u, p = o  
at x = x h  ?&= U h  0 = 0, (9) 

where uc, the Mach number of the detonation 
wave, and Uh, the volumetric contraction pro- 
duced by the wave, are specified by the Rayleigh 
Line relations. 

The Rayleigh Line 

For a perfect gas the Rayleigh line equation is, 
in our coordinates, 

X R ( U )  = -[(?' f 1)/2]U(u - UO) (10) 
an inverted parabola passing through u = 0 and 
u = uo on the x = 0 axis. In accordance with 
Eq. (7) of ref. 3: 

2 uO= -- x c  + u, = - [yu, + uc-q 
y f l u c  Y S I  

(1 1) 
the second equality above being the consequence 
of Eq. (3) from which it follows directly that 

x c  = 1 + [(y - 1)/2]uc" (12) 
The Chapman-Jouguet condition, d f h 2  = 

X h  = [(y + 1)/2]uh2 (13) 

which is satisfied at the peak of the X R ( U )  
parabola, where according to (11) , 

v h 2 / ( y  - l)CpTh E 1, leads from Eq. (3) to: 

uh = $UO = [Tu, f u c - ' ] / ( y  + 1) (14) 

Finally, for the Chapman-Jouguet detonation, 
uc is determined from the overall energy balance, 
(7), which with (12) , (13), and (14) yields 

uc - u,' = [2(y + 1)ny (15) 

Computations 

For numerical computations, it  is convenient 
to regard x as the independent variable, this 
having been indeed already suggested in the form 
of our Eqs. (1) and (2).  The major advantage 
of x in this respect is that  it varies monotonically 
in the domain of the solution. The computational 
procedure is then, in principle, quite straight- 
forward: one cvaluates the change in p from (1) 
and the change in u from (2) .  Thc main difficulty 
lies in the fact that  both boundaries are nodal 
singularities where, for the physically correct 
solution, du/dx is infinite. 

I n  order to start from any boundary, one must 
thercfore know the initial slope p ( x ) .  Since a t  
the boundaries both the numerator and de- 
nominator of the expression for l - ( @ / & )  in 
Eq. (1) approach zero, one can apply for this 
purpose the 1'Hospital rule, according to which: 

As indicated by Spalding? dp/dx cannot be 
zero at the boundaries, while physical considcra- 
tions imply that a t  the cold boundary do/dX must 
be essentially zero. Consequently 

( d p l d x ) .  = 1 ( 1 6 4  

while for the hot boundary Eq. (16) yields di- 
rectly: 

(16b) 

With the known finite value of @ / d x  at the 
start, one has to guess only thc value of u corre- 
sponding to the specified first step in x ,  so that 
the solution will pass through the othcr boundary. 
It is also important to test the sensitivity of the 
solution to the value of ax, the stcp in the indc- 
pendent variable used for the computation. In  
our analyses, with = X h  - xc of an ordcr of 
10, it  was demonstrated that 6x = lop3 produced 
essentially the same results as 6x = 10-~ (see 
Figs 5 and 6). The computations were made 
starting from the cold, as well as from the hot 
end. The approach to hot boundary from below 
was, however, quite unstable, making the com- 
putation much more difficult than that corre- 
sponding to the reversed procedure when the cold 
boundary was approached from above. As a 
matter of practical convenience we recommend 
therefore the start from the hot boundary, in 
spite of having to solve in addition Eq. (16b)- 
actually a trivial task in comparison to  that of 
having to hit the hot boundary from below. 

Our solution is given by the functional relation 



426 DETONATIONS 

/3 = /3(x). According to (4) the nondimensional 
space coordinate is then: 

E - Eo = J I;a(x>l-' dx 

5 - Z0 = rc-1 J r(c;) dt  

(17) 

while the physical coordinate can be obtained 
from ( 5 )  by the quadrature: 

(18) 

since I?, given usually as a function of tempera- 
ture and composition, can now be expressed, 
with the use of the solution in the x-u domain 
and Eq. (17), in terms of alone. Finally the 
dimensional coordinate is simply I = ( rC/m) 2. 

The N-D-2 Model 
A simple illustration of the solution is provided 

by the von Neumann-Doring-Zeldovich model 
which is based on the postulate that  the shock is 
completely decoupled from the deflagration. 
Since such a solution serves as a convenient point 
of departure for our coupled wave solutions, it is 
here derived from our basic Eqs. (1) and (2) 
which now become decoupled by virtue of the 
model. 

Under such circumstances we obtain directly 
the classical shock solution, since now, as a con- 
sequence of the assumption that Prandtl number 
is 2, i t  follows that x = const = xc. Equation (2) 
becomes then: 

dE = (wdu)/[xc - xR(u)I (19) 
With Eqs. ( lo),  (12), and (14) it can be 

shown that the denominator is simply: 

2 
x c  - xR(4 = - + [(u - Uh)' - (uc - Uh)'] 

where UN = 2uh - uc = uo - u, is the coordinate 
of the von Neumann spike. 

Equation (l$ upon integration gives therefore: 
r 

In  the classical N-D-Z model the deflagration 
is devoid of transport phenomena and proceeds 
along the Rayleigh Line. Consequently Eq. (1) 
reduces to: 

dx/dx = ( W m > 4 u ,  x) (22) 

while x is related with u by the Rayleigh Line 
equation 

x = f 1)/21u(u - 2uh) (23) 

according to which 

dx = (7 f 1) (uh - U )  du (24) 
The structure of the wave is determined there- 

fore by the quadrature: 

Actually, as pointed out already by Hirsch- 
felder and Curtiss,' the influence of transport 
properties on the deflagration can be evaluated 
quite simply; the structure is governed by Eqs. 
(1)-(S), as before, with different boundary con- 
ditions, namely : 

a t  X = X h  u = u h  @ = o  
a t  x = XC U =  UN @ #  0 (26) 

The numerical solution is obtained in the same 
manner as for the coupled wave, but this time i t  
must be started from the hot boundary, since 
the value of /3 a t  the von Neumann spike is not 
known a priori. 

Specification of the Problem 
Computations have been made for two repre- 

sentative cases of irreversible, unimolecular reac- 
tions which have been originally analyzed by 
Hirschfelder and Curtiss' (they will be referred 
to here as the H&C reactions) and for thermal 
decomposition of ozone. For the H&C reactions 
the expression for the volumetric reaction rate is 

w = - (1 - Y )  exp ( - E f / R T )  (27) 
mk 
uac 

so that, with (8) , Eq. (1) becomes 

where for a Chapman-Jouguet detonation: 
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and follows : 

E = E*/RT, 7o-l (1 - Y )  exp ( -E*/RT)  
while the Mach number of the wave is deter- 
mined from the equation: (33) 

u c - - =  This time the variation of transport properties 
with temperature is taken into account by as- 
suming I' = rC(T/T,)*. Eq. (1) becomes then: 

(31) 

The right-hand expressions in Eqs. (29) , (30) , 
and (31) are given in terms of the notation used d/3 A (Xh - X) (x + x) 0t exp (-E/O) 
by Hirschfelder and Curtiss.' The two H&C ;iJ; = U2 

- 
reactions considered here have been specified in 
the above reference as follows: (34) 

where 

KZ 1 1 
0 0.0025 0.0045 
ro 0.02 0.02 
P 1.12 1.12 

They will be denoted here by H&C 1 and H&C 2, 
respectively. For the purpose of our computa- 
tions they are given as a consequence of (29), 
(30), and (31), in terms of the following 
parameters: 

H&C 1 H&C 2 

AEl 159.043698 61.57543665 
E 50 50 
U C  7.23766 7.23766 

both representing a Chapman-Jouguet detona- 
tion. 

For the start of the computation from the hot 
end, the initial slope of (3 is evaluated from (16b) 
with 

E("> = -  AH 

m2 dx x'xh uh 

x exp {-E/[Xh - *(?' - 1)uh2]} (32) 

yielding for H&C 1 : 

(do/&) h = -0.97974745 

and for H&C 2: 

(do/&) h = - 0.5002388 

For the thermal decomposition of ozone we 
considered only the case of 100% initial 0 3  con- 
centration yielding undissociated 02 a t  the 
Chapman-Jouguet state. Under the assumption 
of the quasi-equilibrium oxygen atom concentra- 
tion, the reaction rate can be expressed then as 

- +(y - I)u2J 
T 
T ,  2Q 

0 = - = -  

since 

2Q 
CP/(CP), = 1 + +Y = - 

X + X  

In  the above, with rC = 2 X lop4 gm/cm sec., 
k = 4.61 X 1015 cm3/gm mole see, E $  = 24 
Kcal/gm mole (the latter two based on data of 
Benson and Axworthy4) Afs = 48 gm/gm mole, 
y = 1.255, for a Chapman-Jouguet detonation 
propagating into a mixture where the initial 
velocity of sound a, = 255.4 m/sec ( T, = 300'K) 
a t  a Mach number u, = 7.20, so that Q = 
[u, - ~,-l]~/2(y + 1) = 11.0552, we have 

X E  2xh - 3Xc = 14.5014 

and 

E = EX/RT, = 40.25 

For the determination of the slope in (3 a t  the 
hot end Eq. (34) yields for the constant in Eq. 
(16b) : 

leading to 

(d/3/dx) h = -0.6876897 

Results and Conclusions 
The results of our computations are presented 

in Tables 1-5 and Figs. 1-9. 
Figure 1 shows the comparison between our 

results and those of Hirschfelder and Curtiss' 
in the x u  plane. The discrepancy here is larger 
than in other coordinates, as indeed demon- 
strated in Fig. 3 where the corresponding differ- 
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FIG. 1. Coupled wave for the H&C reactions in the FIG. 2. CoupIed wave for the H&C reactions in the 
x-u plane. p-x plane. 

TABLE 1 

Coupled wave for the N&C 1 reaction 

X P U e 4 

18.7456875 0.000000 4.082340 16.665500 - m  

18.600000 0.173270 3.185000 17.331972 0.000000 
18.399905 0.437926 3 .O37427 17.246760 0.696328 
18.199811 0.696549 2.952060 17.110579 1.055581 
17.999717 0.952000 2. 893826 16.953038 I. 300422 
17.599528 1.447040 2. 8223% 16.603917 1.638620 

2.788271 16 .227632 1.878185 17.199339 1.912991 
16,799150 2.342946 2.779717 15.833397 2.066752 
16.198866 2.909932 2. 802787 15 217015 2.295624 
15.595583 3.373409 2.860630 14.575783 2.486601 
14.998300 3.726208 2.9478 13 13.912199 2.655478 
14.598111 3. 897974 3.020615 13.457696 2.760405 
13.997827 4.059434 3.150378 12.757317 2.911000 
13.397544 4.106185 3.303949 12.033134 3.057764 
12.797261 4.041119 3.481247 11.282475 3.204857 
12.196977 3.868223 3.6832'3.1 10.501312 3.356403 
11.796788 3.696078 3. 832593 9.960792 3.462178 
11.396599 3.481134 3.994877 9.401819 3.573676 
10.996410 3.226250 4.171414 S. 821424 3.693012 
10.596221 2.934872 4.364153 8. 215592 3.822970 
10.196033 2.611144 4.575655 7.579055 3.96741 1 
9.795844 2.260019 4.809392 6.904662 4.131932 
9.393655 1.587287 5.070169 6.182428 4.325381 
8.995466 1.499399 5.364864 5.397845 4.562747 

1.102864 5.703996 4.528431 4.872831 8.595277 
8.195088 0.702936 6.106017 3.534757 5.323833 
7.994990 0.502666 6.341939 2.967566 5.6591S9 
7.794976 0.302571 6.614880 2.325497 6.166819 
7.594963 0.102472 6.959233 1.541198 7.249812 
7.394949 -0.097628 7.280266 0.769764 - 
7.547969 0.000000 7.237662 1.000000 c3 
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FIG. 3. Structure of coupled wave for the H&C 1 FIG. 4. Structure of coupled wave for H&C 2 
reaction. reaction. 

TABLE 2 

Coupled wave for the H&C 2 reaction 

X P U e t 

IS. 7486875 
18. 600000 
18.399014 
IS. 195029 
17.997044 
17.595073 
17.193102 
16.590146 
15.786204 
15.384233 
14.781277 
14.148320 
13.776350 
13.173393 
12.771422 
11.766495 
10.962554 
10.359597 
9.756641 
9.354670 
6.952699 
S.  550726 
S .148757 
7.746771 
7.545774 
7.547969 

0.000000 
0.074380 
0.223274 
0.361348 
0.500504 
0.780033 
1.057263 
1.461133 
1.963119 
2.193039 
2.504745 
2.768482 
2.912400 
3.070934 
3.131996 
3,095026 
2.  843072 
2.522110 
2.098969 
1.768308 
1.406320 
1.021322 
0.623370 
0.221605 
0.020605 
0.000000 

4.0S2340 
3.328600 
3.117939 
2.978558 
2.867148 
2.688617 
2.544404 
2.366093 
2.174462 
2.093876 
1.990600 
1.910293 
1. S72202 
1. 845551 
1.85441 1 
2.012428 
2.331079 
2.709083 
3.219947 
3.642226 
4.140256 
4.731429 
5.450472 
6.390552 
7.098907 
7.2376623 

16.665500 
17.415033 
17.184821 
17.090053 
16.970476 
16.692490 
16.384853 
15.891346 
15.196168 
14.827194 
19.286966 
13.723168 
13.339207 
12.740636 
13.342567 
11.261262 
10.284312 
9.443206 
S. 461633 
7.697444 
6.810984 
5.753426 
4.436302 
2.642877 
1 .247465 
1.000000 

m - 
0.00000 
I .  43437 
2.13454 
2.60480 
8.24256 
3.6S31S 
4.16.550 
4.63725 
4.83074 
fi.OS739 
5.31586 
5.45728 
5.65044 
5.75791 
6.10S17 
6 .37757 
6.  60186 
6. 86270 
7.07082 
7.32487 
7.67S58 
8.15723 
9.1933.5 
1.59091 

m 

‘ P  
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FIG. 5. Coupled wavc for ozone in the x u  plane. 
(Numbers denote initial values of U ( X  = 18.6) and 
u(x = S) for curves starting from the hot and cold 

boundary, respectively). 

ences in wave structure are less noticeable. 
Figure 2 gives the corresponding P-x plots. They 
exhibit indeed the form of the approsimation 
introduced by Spalding in ref. 3; the extent with 
which they adhere specifically to this approsima- 
tion is discussed later in connection with Fig. 9. 
Figure 4 represents the wave structure in the 
case of the H&C 2 reaction demonstrating the 
effect that  can be produced by a decrease of 
61.3 % in the transport coefficient-steric factor 

Figure 5 is the x-u diagram of solutions ob- 
tained for ozone. There has been a number of 
curves plotted here, depending on the initial 
value of u ( x  = 1S.6) for start at hot boundary, 
and u(x = 8)  for start a t  cold boundary, that  
have been used for the computation. Thcy serve 
to demonstrate specifically the character of 
singularities in this domain as well as the sen- 
sitivity of the solution to the value of the as- 
sumed initial step in u. The final solution has 

product, rlc. 

TABLE 3 

CoupIed wave for the ozone reaction 

X P U B E E X 

18. 664974 
IS. 600000 
18. 399905 
18.199811 
17.999717 
17.599528 
17.199339 
16.799150 
16.398961 
15.798677 
1.5.195394 
14.798205 
14.398016 
13.797733 
13.197449 
12.597166 
11.996883 
I1 .396599 
10.796316 
10.396127 
0.995938 
9.795844 
9.395655 
8.995466 
8.595277 
8 .195088 
7.994990 
7.794976 
7.594963 
7.547969 

0.000000 
0.0+4631 
0.143765 
0.271141 
0.408830 
0.706112 
1.023433 
1.352206 
1.684659 
2.173084 
2.624647 
2.891225 
3.120773 
3.380095 
3.521282 
3.534739 
3.420446 
3.186248 
2 .  84.5359 
2.566762 
2.252995 
2.082611 
1.728367 
1.3512’76 
0. 960006 
0.561444 
0.361245 
0.161154 

-0.038946 
0.000000 

4.0686868 
3.475000 
3.204380 
3.037404 
2.910828 
2.718514 
2.573543 
2.459674 
2.369967 
2.274078 
2.231431 
2.210332 
2.218962 
2.270895 
2.372400 
2.526549 
2.726323 
3.005056 
3.337367 
3.597725 
3.892952 
4.055120 
4.412826 
4. 823603 
5.303790 
5 .  885303 
6.236327 
6.662164 
7.319855 
7.200000 

11.035699 
11.39.5632 
11.485377 
11.510212 
11.510256 
11.473182 
11.407123 
11.321897 
11.221702 
11.047415 
10.846279 
10.697161 
10.535386 
10.266629 
9.961985 
9.614317 
9.213783 
8 .746909 
8. 194942 
7.766831 
7.278030 
7.006336 
6.396072 
5.673230 
4.794872 
3.681396 
2.984278 
2.118235 
0.764059 
1 . 000000 

- - m  

0.000000 
2.586516 
3.589104 
4.187715 
4.926779 
5.395s9s 
5.735384 
6.000142 
6. 3125.59 
6.563469 
6.708569 
6.841629 
7.025893 
7.199353 
7.36S9S9 
7.541100 
7.722383 
7.921 124 
8 ,068949 
8. 234994 
8 .3272.53 
8 ,537537 
8 ,793529 
9.148053 
9.6867S3 

10.127875 
10.935158 
11.960647 

m 

m - 
0.000000 
2.58441 1 
3.584606 
4,181856 
4.919284 
5.387339 
5.726014 
5.990093 
6.301920 
6.5.51701 
6.696252 
6.828752 
7.012135 
7.184639 
7.353196 
7.524087 
7.703917 
7.900838 
8 ,0471 74 
8 .a1367 
8.401308 
8. 630093 
8. 765921 
9.106781 
9.624691 

10.038589 
10.757406 
13.113231 

m 

- - m  

0.000000 
8.741526 

12.133369 
14.159827 
16.660239 
18.243619 
19.385479 
20.272170 
21.312901 
22.139453 
22.613869 
23.045575 
23.637031 
24.185665 
24.713024 
25.237358 
25.776248 
26.349352 
26.762713 
27.213012 
27.715337 
28.293199 
28. 622093 
29.401440 
30.465649 
31.222143 
32.371 185 
35.447094 

m 
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TABLE 4 

Deflagration in the N-D-Z model for ozone 

X B U e X 

18. 664874 
18.464014 
18.263029 
18.062043 
17 .%lo58 
17.459087 
17.0571 16 
16.052189 
15.047262 
14.042335 
13.037407 
12.032480 
11.027553 
10.022626 
9.017699 
8.414742 
8 .012772 
7.811775 
7.610777 
7.409780 

0.00000 
0.036819 
0.082037 
0.132985 
0.185752 
0.312742 
0.451 195 
0. 849337 
1.304862 
1.796805 
2.300426 
2.784342 
3.208322 
3.521535 
3.664567 
3.641041 
3.571511 
3.519306 
3.455023 
3.378414 

4. 0686568 
3.647665 
3.472434 
3.338058 
3.224867 
3.034981 
2.874927 
2.546731 
2.277699 
2.044106 
1. s34sos 
1.643506 
1.466828 
1.300280 
I .  143731 
1.053701 
0.995146 
0.966261 
0.937682 
0.909342 

11.035699 
11 .246590 
11.257297 
11.299706 
11.297294 
11.266143 
11.212514 
11.01S258 
10.764860 
10.465138 
10.123307 
9.740026 
9.313968 
8 . 842400 
8 .321366 
7.982908 
7.745707 
7.623465 
7.498731 
7.371435 

m - 
0.000000 
3..587711 
5.498923 
6 .763028 
8 .407749 
9.484514 

11.084910 
12.0353fi2 
12.689471 
13.172190 
13.577920 
13.912853 
14.21 0447 
14.489623 
14.653201 
14.764469 
14.821100 
14. 878679 
14.037447 

TABLE 5 

Constant total enthalpy deflagration behind the shock in ozone 

X P U 0 ’, 2 X 

IS. 664874 
18. 660000 
16.399014 
18. 198029 
17.997044 
17.595073 
16.992116 
16.389160 
15.5SP218 
14.982262 
13.977335 
12.972408 
11.967481 
10.962554 
9.957626 
9.555655 
S .952699 
8.550728 
8.148757 
7.947769 
7.746771 
7.545774 

0.000000 
0.044631 
0.144979 
0.274381 
0.41.5146 
0.722837 
1,235016 
1 .793916 
2.593629 
3.223579 
4.308964 
5.408729 
6.484543 
7.489787 
8.363673 
8.658741 
9.022767 
9.201825 
9.320226 
9.354072 
9.369751 
9.366503 

4. 0686868 
3.471660 
3.194392 
3.020883 
2.887071 
2.677334 
2.436602 
2.243372 
2.028939 
1. SS9S65 
1 .  686905 
1.510686 
1.355224 
1.217975 
1.099810 
1.059036 
1.007133 
0.980549 
0.962528 
0.957498 
0.955620 
0.957318 

11.035699 
11.395632 
11.490857 
11.518554 
11..521626 
11.491520 
11.39841s 
11.271861 
11.065092 
10. S94387 
10.570480 
10,206209 
9 .SO1717 
9.355075 
8 . 862595 
8 .651560 
8 .318465 
8.08444 
7. 839897 
7.713346 
7.583739 
7.450895 

m - 
0.000000 
2.578225 
3.572867 
4.165016 
4. 59245s 
5.525745 
5.929291 
6 .300583 
6 .508787 
6 .777623 
6. 98.5256 
7.154600 
7.298477 
7.425131 
7.472336 
7.540466 
7.584545 
7.627918 
7.649435 
7.670895 
7.692342 

- m  

0.000000 
8.721776 

12.09.567s 
14.10.5623 
16.573681 
18. 71 6811 
20.075s10 
21.317201 
22.007267 
22.588413 
23.558022 
24.093761 
24.539210 
24.921 59s 
25.061285 
25.259747 
25.38598‘2 
25.508353 
25.568350 
25.627693 
25. 686485 
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been obtained with a step in x starting from 
the hot end; marked also on the diagram are 
some representative points corresponding to a 
lo-$ step in x, and for the start from the cold 
end, in order to illustrate the agreement which 
has been attained in all these cases. The same is 
shown in the P-x plot of Fig. 6 which describes 
dramatically the difference between the coupled 
detonation wave and the decoupled deflagra- 
tions, with and without the effect of transport 
properties taken into account. Finally, Figs. 7 
and S show the structure of the detonation wave 
in ozone for the coupled wave and the N-D-Z 
model respectively. 

In  contrast to Figs. 3 and 4 the linear scale of 
the horizontal axis in Figs. 7 and 8 is that of the 
physical coordinate x = (m/I',)Z which is ob- 
tained by integration of Eq. (18) on the basis of 
the solution ff = ff(t). The values correspond to 
p ,  = 1 atm; for other initial pressures the physical 
dimension is inversely proportional to p,. With 
re = 2 X gm/cm see and rn = y p c ( ~ / a c )  = 
35s (p,/atm) gm/cm2sec the proportionality 
factor between I and x is: r, /m = 5.6 x 10-6 
(atni/p,) mm. 

Figure 9 presents the interpretation of our 
solutions in the light of' the approximation intro- 
duced by Spalding in ref. 3. According to it the 
relationship between P and x should resemble a 
function 

where fl  = P/Cl and 2 = x/Q.  Consequently a 
logarithmic plot of [l - (@/dx)] versus 
2 - should be a straight line whose slope is 
(n - 1). Figure 9 is then such a plot based on 
data of Figs. 2 and 6. Indeed in the vicinity of the 
cold boundary the plots are quite linear, the 
value of the exponent in (36) being about 3.5 for 
all three coupled-wave solutions. However, 
starting from about 35% of the interval in x 
between the cold and hot boundary, they deviate 
quite rapidly from the straight line dependence. 
Lines of constant n have been added as an aid 
in the interpretation of the variation of this 
parameter throughout the wave. 

Of particular significance is the plot of K in 
Figs. 3, 4, 7 ,  and 8. It represents the variation 
that occurs throughout the wave process in the 
ratio of the reaction time t, to the mean molecular 
collision time, t, or in the average number of 
intermolecular collisions per one molecule of 
product formed by reaction. The collision time 
has been espressed for this purpose from the 
classical relation between the mean free path 
and viscosity yielding 

It should be noted that our value of this 
parameter is about half that  of Wood5 who based 
it on the rigid sphere model for thermal conduc- 

0 4 8 12 16 20 24 28 32 
X 

FIG. 7. Structure of coupled wave in ozone. 
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tivity ; our results in this respect are therefore 
twice as conservative as his. 

For the H&C reactions, with the help of Eqs. 
(1) and (28), we obtain for the evaluation of 
(37) : 

“1 
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FIG. 9. Interpretation of solutions in the light of 

Spalding’s approximation. 

whiIe for ozone, in accordance with ( 3 4 )  : 

It is of interest to note that in all cases 
analyzed by us, K, starting from a high value a t  
the cold boundary, approaches quickly a value 
of an order of 10 which i t  maiiitains for some time 
until, only in the immediate vicinity of the hot 
boundary equilibrium, it rises to infinity. For 
the H&C 1 reaction its minimum value in Fig. 3 
is about twice as small as for H&C 2 in Fig. 4, 
essentially in accordance with the difference in 
the I’k product. For the ozone reaction, under 
the quasi-steady-state assumption of our theory 
which does not take into account the attenuating 
effect of oxygen recombination, the minimum 
value of about 10 collisions per molecule of 
oxygen formed as shown in Fig. 7, should be con- 
sidered quite reasonable. Incidentally according 
to recent shock tube results of Joiics and David- 
son6 the value of the steric factor appears to be 
an order of magnitude smaller than that used 
here. Consequently the minimum value of K 
should bc about 100, which is well within reasoii- 
able expectations. 

In  closing we would like to make the following 
comment. The advantage of our specific analysis 
is the fact that  it takes into account the aero- 
thermochemical effects with sufficient accuracy 
to render the results compatible with experi- 
mental evidence. Any deviations from the ob- 
served structure could be, therefore, considered 
in principle as a measure of some significant 
parameter governing the physics of the wave 
process. The most remarkable in this respect 
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turns out to be, not without surprise, the effect 
of the “transport coefficient,” I‘. Moreover, its 
influence on the solution in the x-u and P-x 
planes is much smnller than in the straightfor- 
ward transformation between ( and the corre- 
sponding physical dimension, 1. 

The esperimcntally observed spatial structure 
of the wave may reflected, therefore, much 
more in thc value oi J? than in other parameters, 
as for instance those involved in the description 
of kinetics. In  particular I‘ may be regarded as a 
convcnient, nltliough aclniittedly somewhat over- 
simplified, measure of the effect of turbuleiice 
or any other time dependent and niultidimcn- 
sional phenomena, since the over-all “stretching” 
of the wave thickness due to  their effects can be 
certainly taken into account by proper adjust- 
ment in its value. 

‘hrbulence in detonation waves has been 
studicd by White’ mho demonstrated the influ- 
ence i t  can have on the properties of the Chap- 
mnndouguet state. However, in contrast to the 
essential, but relatively small modification in 
this respect, the effect of turbulence on “wave 
stretching” should be orders of magnitude larger. 
This throws then a special light on our study. 
Although today the investigation of the “turbu- 
lent” wave structure may very well be of the 
greatcst significancc to thc understanding of 
detonation phenomena, i t  is only the intimate 
knowledge of the so-called “laminar” wave that 
can provide the correct point of departure for 
this purpose. 
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Nomenclature 
Specific heat a t  constant pressure 
Energy of activation 
Steric factor 
Dimensional distance 
Mass flow rate per unit area 
Molar mass 
Exponent in Spalding’s approximation 

Pressure 
Heat release per unit mass 
Gas constant 
Absolute temperature 
Nondimensional velocity or specific volume 
Velocity 
Nondimensional distance ( ml/F0) 
Mass fraction of products 
Nondimensional stagnation enthalpy gra- 
dient (4) * 
Specific heat ratio 
Transport or “exchange” coefficient (6) * 
Nondimensional energy of activation 
Nondimensional temperature ( T/T,) 

(36 )  * 

Ez5 p/o 

* Numbers in parentheses denote equations where 
the symbol is defined specifically. 

K 

x 
A 

EL 

P 
X 
X x 
Ll 

t 

w 

Ratio of the reaction time to the mean 
intermolecular collision time or the average 
number of intermolecular collisions for one 
molecule of product formed by reaction 
(37)  * 
Conductivity 
Nondimensional transport coefficient 
( r’k/mao) 
Viscosity coefficient 
Nondimensional space variable ( 5 )  * 
Density 
Nondimensional stagnation enthalpy ( 3 )  * 
- 
= x P  - == 2Xh - 3xc 
Volumetric reaction rate 
Nondimensional heat release ( 7 )  * 

Subscripts 
c denotes cold boundary 
h denotes hot boundary 
0 Denotes the nonzero root of the Rayleigh 

parabola on the x = 0 axis 
R Denotes the Rayleigh line 
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Discussion 

UR. W. W. WOOD (Los Alamos Scientijic Labora- 
tory)  : The analysis by Hirschfclder and Curtiss (see 
references 1 and 2 )  of idealized (A -+ B, first order 
Arrhenius kinetics, no back reaction, constant heat 
capacities, Pr  = 4,  Le = 1, etc.) steady state 
Navier-Stokes detonations, modified by me3 for the 
case of small reaction rates, was left incomplete as 
regards the case of very rapid reactions. Figure 1, a 
modification of Fig. 3 of reference 2, represents the 
existing interpretation of our analysis. Steady state 
strong (hot boundary Mach number 2 < 1) dctona- 
tions were shown to exist in the shaded region of the 
figure, while weak ( K Z  > 1) detonations were shown 
to exist for values of the dimensionless rate param- 
eter R lying on the curve R,. For values of R above 
this curve, i.e., for very fast reactions, no steady 
state solutions were found. 

As Hirschfelder and Curtiss indicated, and as 
Professor Spalding has mentioned, for such fast 
reactions the quasi-unimolecular reaction mech- 
anism would be expected to become bimolecular, so 
that the physical significance of solutions for very 
fast first order kinetics is somewhat unclear. How- 
ever, as Hirschfelder and Curtiss indicated, the 
changeover to a bimolecular mechanism has perhaps 
no marked effect as regards the coupling of the 
shock and reaction zones. Furthermore, even if 
nature abandons the unimolecnlar mechanism in 
such cases (it is doubtful if it really provides it for 
any realistic detonation in the first place), one can 
envisage performing a numerical integration of the 
time-dependent, one-dimensional hydrodynamic 
equations, for the flow produced by a piston which 
a t  time t = 0 moves a t  the constant speed Up 
(relative to the reactants a t  rest) into a quiescent 
medium for which we prescribe such a fast first 
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order reaction. It, is clear that for suitable piston 
speeds the initial shock produced by the piston 
motion will initiate the rcaction, and intuitively 
one might expect that the rcsulting long-tinic be- 
havior would approach some sort of steady state 
flow. Here I would like to indicate that such a be- 
havior can be predicted from the existing analysis 
if the steady statc assumption is slightly relaxed to 
admit, in the rcgion above the curve R ,  in Fig. 1 ,  
two-wave solutions which are similar to the donblc- 
wave shock structures observed by Minshall' in 
iron, and which in the present, case consist of a 
weak detonation followed by a slower moving shock. 

The dimensionless reaction-rate parameter R of 
Fig. 1 is given, in the notation of Hirschfeldrr and 
Curtiss, by 

It will clarify our thinking if we consider an initial 
state with completely specific kinetic and thcrmo- 
dynamic propertics (i.e., fixed values of the initial 
steric factor ku', initial thermal conductivity Xo, 
initial density PO, activation energy E x ,  etc.), and 
try to determine the nature of the flow as a function 
of the piston speed Up. When the flow is truly steady 
(e.g. no rarefaction or Taylor wave is present) this 
piston speed coincides with the hot boundary mass 
velocity U of the steady state solution.This velocity 
is given in terms of the Hirschfeldcr-Curtiss varia- 
bles by 

u*/c0? = (u, - l ) * ( h ? / e o ) .  (2) 

For a fixed initial state, uo and eo in Eq. (2) depcnd 
on the hot boundary Mach number he, so that 
v ' /coZ (co is the initial sound speed) is a function 
of K ~ .  It increases monotonically as one moves up the 
detonation Hugoniot, beginning at the value 0 for 
the constant-volume detonation (I? = a); at the 
C-J point, K? = 1, we find 

as one movcs indcfinitely up the strong detonation 
branch U2/coZ i as K? i (y - 1)/2y. In the 
subsequent discussion we will take U as our indc- 
pendent variable instead of 9. 

In Eq. ( l) ,  R depcnds for fixed initial state on the 
Mach number t, and therefore on U ,  through the 
detonation velocity D and the hot boundary tem- 
perature T,. It is accordingly convenient to scpnrate 
i t  into two factors, one of which depends only on the 
initial state: 

R = hog, 

Ao = k o ' ~ o / y p u C p ,  (4) 

2 = (co2/D2) exp(-ET/kT,). FIG. 1. 
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Siniilarly we define the cigcnvaluc A,, corrcspouding 
to the cigenvdue R, of Fig. 1: 

A, = R,/R. (5) 

The eigenvalue fi,, and consequently Au, depends 
on KZ (i.e., on U/co), and the medium parameters 
y, = & / E f ,  and 6 = 1 -I- Q/c,To. 

In Fig. 2 is shown the dependence of Au on U/co  
€or the parametcrs of reference 1 (y = 1.25, p = 
1.12, e = 12.2), as determined by an iterative 
Runge-Kutta integration of Eqs. (1.10-1.12) of 
reference 3. The important feature is that Au is 
found to increase monotonicly as onc moves away 
from the C-J point in either direction along the 
detonation Hugoniot. 

The nature of the flow produced by a given piston 
sperd Up is thus seen to depend upon the value of 
the parameter A0 for the initial state, relative to the 
eigenvalue A,(C-J) for the C-J detonation. If A0 < 
A,(C-J) then one has the classical situation, in which 
for Up > UC-J the steady strong detonation with 
hot boundary mass velocity U = Up is produced; 
while if Up < UC-J then the usual plausible ex- 
tension6 of the steady state analysis predicts 
C-9 detonation wave followed by a rarefaction 
wave, the latter reducing the mass velocity from the 
value UC-J to the value Up. 

If A. > Au(C-J) then the C-J detonation does not 
exist. Instead, i f  the value of AO corresponds to the 
value of A,(A) = &(A’),  A and A’ being the 
points indicated in Fig. 2, then the situation is as 
follows. If Up > U ( A ’ )  then the steady strong 
detonation wave in which the hot boundary mass 
velocity U = Up is produced. If Up < U ( A ) ,  then 
I)y reasoning analogous to that referred to above 

for underdriven C-J detonations, one predicts a 
weak detonation wave with hot boundary mass 
velocity U = U ( A ) ,  followed by a slower moving 
rarefaction wave. In the intermediate range U (A) < 
Up < U(A’)  the same argument predicts a solution 
consisting of thc same weak detonation 

CU = U U ) 7 ,  

followed by a slower moving shock wave which in- 
creases the mass velocity from U ( A )  to Up. 

The present discussion of course leaves unan- 
swered the question of the stability of these laminar 
flows to small perturbations. 

If the reasonable values k”’ = 10’3 sec-1, Xo = 
5 ~ 1 0 - ~  ca1 cm-’ sec-l deg-1, C, = lj cal g-l deg-1, 
y = 5/4, p ,  = 1 atm are substituted in Eq. (4), 
one obtains A0 - 1200; the value of Au(c-J) from 
Fig. 2 is -4600. Thus for the values quoted, the 
classical C-J strong detonation continuum men- 
tioned above would be expected. However, a four- 
fold reduction in initial pressure would suffice to 
put such a system in the weak detonation, two-wave, 
strong detonation regime. I do not wish to over- 
emphasize the physical significance of this particular 
calculation, in view of the highly idealized assump- 
tions involved. However, the possibility of pseudo- 
steady-state solutions of the types described should 
perhaps be kept in mind in connection with more 
realistic calculations. 

A more detailed account of the present analysis 
will probably be published elsewhere. I would like 
to mention my indebtedness to my colleague Dr. 
J. J. Erpenbeck, whose suggestion of a double-wave 
solution for a different problem led me to the present 
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results. This work was performed under the auspices 
of the U. S. Atomic Energy Commission. 

PROF. C. ADAMSON (University of Michigan) : It is 
not clear that the results of this calculation prove 
that strong coupling does indeed exist between the 
shock and deflagration. Instead, as with the solu- 
tions presented by Hirschfelder and Curtiss, it is 
shown that for given values of the physical param- 
eters, the solution of the equations shows a coupling 
effect. The point, of course, is how closely the 
physical parameters agree with a real physical case. 
In the discussion presented for the ozone detonation, 
it is mentioned that the steric factor found in most 
recent experiments appears to be an order of magni- 
tude lower than that used in the calculations. Yet 
the amount of coupling between the shock and de- 
flagration is very sensitive to the steric factor. In 
fact, a consideration of Figs. 1, or 3 and 4 of the 
paper, indicates that a decrease of 63% in the steric 
factor decreases the coupling significantly. A de- 
crease by an order of magnitude could well make 
the coupling become negligible. Finally, it is quite 
possible that later experiments might result in 
different values for the steric factor as well as the 
other physical parameters. 

Quite apart from the above considerations is a 
question which should be discussed before further 
calculations of this type are attcmpted. In all theo- 
retical work in which the structure of the dctonation 
wave has been studied, the Navier-Stokes equations 
have been used both in shock and in the reaction 
zone. For most detonation waves, the Mach num- 
ber a t  which the wave propagates is 5 or above. Yet 
in the study of shock wave structure, it is well 
known that the Navier-Stokes equations are ac- 
curate only for relatively weak shocks with propaga- 
tion Mach number no greater than 2. For strong 
shocks, near equilibrium theory simply does not 
describe the molecular transport of momentum and 
energy adequately. Hence, it should be born in 
mind that Navier-Stokes solutions to the coupling 
problem can give only qualitative results, at best, 
for the strong waves considered. 

PROF. A. IC. OPPENIIEIM (University of California): 
I am in full agreement with Professor Adamson 
that indeed a strong coupling between the shock 
and deflagration is doubtful and the use of Navicr- 
Stokes cquations may not be entirely satisfactory. 
However I think that an attempt to evaluate 
exactly the extent of coupling that can be provided 
by transport properties is worthwhile. After all 
there is a difference between religion, the outcome 
of beliefs, and science, the code of knowledge. I am 
grateful to Professor Adamson for pointing out the 
marked difference of the steric factor on coupling. 
We are aware of this and we are continuing our 
work to investigate this very matter systcmatically. 

As to the Navier-Stokes equations, until we get a 
better formulation-perhaps from Professor Adam- 
son himself-we are, albeit aware of their funda- 
mental limitations, stuck with them. Actually they 
have been demonstrated to produce surprisingly 
accurate rcsults for shocks propagating a t  even 
higher Mach numbers than 2. 

DR. W. W. WOOD: Steady detonation solutions of 
the Navier-Stokes equations have been investi- 
gated in the case of arbitrary Prandtl number Pr 
and zero Lewis number Le by Friedrichs,+j and for 
Pr = g, Le = 1 by Hirschfelder, Curtiss, and their 
co-workers,7-10 Adamson,11 Spalding,” and Wood.l3 
The conclusion of these investigations was that the 
classical continuum of overdrivcn (“strong”) 
detonation solutions, including the Chapmnn- 
Jouguet (C-J) solution, exists if thc reaction rate 
is not too large. For any particular “weak” detona- 
tion a solution was found, but only for a correspond- 
ing eigenvalue of the reaction rate (the value bcing 
quite large, corresponding to a rather fast reaction). 
For still larger reaction rates no steady solutions 
were found; the author14 has recently suggested 
that in these cases pseudo-steady, two-wavc solu- 
tions exist. The object of the prescnt note is to 
indicate that, contrary to a recent suggestion, no 
departure from the above-described behavior is 
likely to appear in the inviscid limit Pr -+ 0. 

As our starting point we will take Eqs. (11)-(14) 
of Hirschfelder and Curtiss,7 written in a slightly 
different notation13 with the Prandtl and Lrwis 
numbers inserted: 

(4/3) Pr y ~ W Z ~ ( d ~ / d t )  = e - e , ( ~ )  ( I )  

- bC(r - l ) K 2 ] ( 1 L  - 1 ) 2  (2) 

RILe  ( d x l d t )  = x - G (3) 

dG/dt = - x r (e )  (4) 

(5) 

(6) 

(7) 

In order to simplify the discussion we will set 
Le = 0, remarking that on physical gronnds one 
expects that in the limit Le -+ 0 the composition 
gradient dx /d t  will remain finite, in which case Eq 
(3)shows that x ---f G. In the subsequent discussion, 
then, we set 

BR(U)  = rtu(2u,  - u )  

U m  = (YK2 + 1 ) / 2 y K 2  

r ( e )  = esp [(e - I ) / d 9  

G = x. (8 )  

In the limit Pr 3 0, however, we may espcct a 
more complicated behavior to appear. Namely, 
shocks are likely to form; that is, a t  certain points 
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in the flow one espects clu/clt 4 m as Pr + 0, the 
dimensionless mass velocity u, as well as the density 
and pressure, developing jump discontinuities at 
these points. The dimensionless temperature e, 
being governed by Eq. (2) for all Pi-, is of course not 
expected to develop such discontinuities. For a dis- 
cussion of the closcly related problems of nonreac- 
tive shock structure in the inviscid limit, see 
Gr:td.15 At points where duldt remains finite, Eq. 
(1) shows that 0 + en(u) as Pr + 0. Rather than 
giving a detailed discussion of the limiting process 
Pr --f 0, which entails a discussion of a three- 
dimensional vector field, we set 

e = en(u),  (9) 

and admit solutions in which e and x are continuous 
while u may have a jump discontinuity. It is easy 
to show that Eq. (9) is equivalent to the familiar 
Rayleigh line relation of the standard p 7 ~  diagram. 

Equation (9) can of course be solved for u ( e ) ,  
and thc four-dimensional (u, e, x, G) system (1)-(4) 
reduced with the aid of Eq. (S) to a two-dimensional 
(8, x )  system. However, u (8) is double-valued, and 
it is somewhat more convenient to substitute eR (u)  
for 8 in Eq. (2), obtaining the two-dimensional 
(u, x )  systcm 

2YK2El (dU/dt) = h (2,  26)  / (U - Urn) ,  (10) 

dxldt = -xr[en(u)] ,  (11) 

where 

h ( s ,  u )  = :(Y + l ) A Z ( 2 6  - 1) (u -J”)  - ax, (12) 

In Fig. 3 wc have sketched the phase portrait 
of Eqs. (10)-(11) for the C-J case K = 1; for the 
sake of clarity the separation between urn and 
u = 1 has been exaggerated. The principal features 
are : 

(1) the quasi-saddle point C a t  the intersection 
of u = urrL and h ( z ,  u )  = 0;  

(2) termination of integral curves on u = urn 
a t  points above C, origination at the points below; 

( 3 )  the integral curves in the triangular sector 
CRl belong to a nodal fan tending to the C-J 
point 1; 

(4) the presence of the separatrix integral curve 
S in sector QNC, and its continuation through C 
into point 1. 

Let us consider the case of slow reaction rate 
(small R I ) ,  and choose an ignition temperature T, ,  
slightly above TO. Then, since diffusion is absent, 
the state point begins to react a t  a point I near 0 
OR x = 1, as indicated in Fig. 3 .  It will evidently 
remain near x = 1 and terminate on u = urn near 

FIG. 3. 

point &, unless we introduce a jump discontinuity. 
The figure shows that a solution is obtained if a 
jump is introduced from the point A‘, at which the 
integral curve from point I intersects the reflection 
S’ of separatrix S in the line u = urn, to its source 
point A on S; note that according to Eqs. ( 5 )  and 
(9), e ( A )  = B(A’). The state point then moves 
along S until i t  reaches point C from which two 
integral curves depart; we choose the one in sector 
CRl, so that we reach the C-J point 1. 

We believe that a detailed examination of the 
singular perturbation problem Pr  -+ 0 indeed shows 
that Friedrichs’ solution continues to exist in the 
limit and approaches the above solution IA’ACI. 
The latter exists in the limit of vanishing rate, a t  
which it approaches the classical von Neumann 
solution. 

For an intermediate range of large reaction rates, 
the integral curve from point I intersects h (2, u)  = 0 
below point C, and to the left of point 1, entering 
the sector CR1 and eventually reaching point 1. 
In this case no jump is required and point C is not 
encountered. For suficiently large rates the C-J 
solution does not exist. 

In the interval y-’ < t < 1, a strong detonation 
exists (unless the reaction rate is too large), having 
essentially the behavior just described for the C-J 
case. 

For 2 < 7-1 point C lies in the physically mean- 
ingless region of negative x ,  so that the complication 
connected with the choice of its exit curve disap- 
pears. However, a jump A‘A is now always neces- 
sary, until the reaction rate becomes so large that 
the solution no longer exists. 

Finally, for any value ( y  - 1) /2y < KZ < 1 there 
is an eigenvalue R , / K ~ )  of the reduced reaction rate 
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R, for which the integral curve from point I reaches 
the weak detonation hot boundary point u = f, 
x = 0. 

Thus, we see that detonation wave structure with 
Pr + 0 and Lc + 0 is not qualitatively different 
from that found previously6-14 for Pr # 0, so far 
as the existence of the C-J detonation and the 
continuum of overdriven detonations is concerned. 

This work was performed under the auspiccs of 
the United States Atomic Energy Commission. 

DR. W. I. AXFORD (Defense Research Board, 
Ottawa) : In principle we could solve all problems in- 
volving combustion waves and the like by using the 
appropriate exact equations, given a sufficiently 
large computer and enough time. In practice, how- 
ever, we must proceed in two stages using suitable 
approximate equations as follows: 

(1) Solve the “external” flow problem fully, treat- 
ing the reaction zone (or its cquivalent) as a dis- 
continuity, but satisfying all external boundary 
conditions and allowing for the possible occurrence 
of shock waves (also treated as discontinuities). 

( 2 )  Having determined conditions on both sides 
of the reaction zone, solve for its structure. This 
entails transforming to a coordinate system moving 
with the discontinuity so that conditions can be as- 
sumed to be quasi-steady. 

The solution as far as step (I) is ccrtain to be in- 
determinate, since all possibilities of weak and strong 
detonations and deflagrations must bc allowed for. 
A unique solution can only be found by completing 
stcp (2)-that is by sorting out which of the many 
possible solutions of the external flow problems in- 
volve reaction zones which have a real structure. 

In combustion theory the situation is often con- 
fusing because the distinction between (1) and (2) 
is not always made clear, and also because the reac- 
tions that take place tend to be rathcr complicated. 
However a case has recently been discovered for 
which the complete solutions (1) and (2) can be 
carried out, hence providing an example of the 
propagation of a type of gas dynamic discontinuity 
which is a t  least instructive if not completely 
analogous to ordinary combustion. The discontinuity 
in this case is an “ionization front” (I.F.) which is 
produced when ionizing radiation is incident upon 
a mass of unionized gas. Ionization fronts occur 
when a newborn hot star irradiates the surrounding 
interstellar hydrogen-photons emitted a t  frequen- 
cies above the Lyman limit ionize and heat the 
neutral hydrogen and an expanding spherical nebula 
of hot ionized gas is thus formed around the star. 
The ionization front (corresponding to the reaction 
zone in ordinary combustion) separates regions of 
unionized and fully ionized gas (corresponding to 
unburned and burned gas, respectively), and the 

front itself must propagate according to Jouguet’s 
rulc. 

GoldsworthylZ has worked out part (I) of the 
solution for a number of ditfcrent cases of I.F. 
propagation in which the flow pattern is “sinillar” 
or “self-preserving.” Part (3) of the solution has 
been workcd out by Axford” for two cases in which 
the radiation is assumed to comc from a line source 
and the flow pattern has cylindrical symmetry. In 
the first case no recombination or cooling effects 
are considered so that both the ionized and unionized 
regions behave a a perfect gas with y = 5 / 3  and 
each proton ionizes a frcsh atom a t  the 1.F In 
the second case (which is morc realistic) rccom1iin:t- 
tion and cooling effects arc includcd and it is found 
that the ionizcd region must be treated as isothcrmd 
and only a small fraction of the ionizing photons 
ever reach the I.F. due to absorption by recombined 
atoms in the ionized region. 

It is intuitively obvious that if a strong sourcc 
radiates into low density surrounding, thcn the 
resulting I.F. will move out vcry rapidly, corre- 
sponding to a detonation. On the other hand R wcak 
source radiating into high density surroundings will 
rcsult in an I.F. which eats its way only slowly into 
the unionized gas, corresponding to n drfl:tgr:ition. 
If R is used to denote a suitahle nondimmsionnl 
form of the ratio [source strcngth to density of thc 
surrounding unionized medium) then Goldsworthy 
finds in fact that lor large values of R the 1.F can 
propagate as a weak detonation, while for sm:i11 I t  
the I.F. can propagate as a wenli deflagration; for 
one particular intermediate vaiue of R n slrong 
detonation is possible. The flow pattern in the case 
of thc weak detonation contains a shock in the 
ionized region, and in the case of the weak deflngra- 
tion a shock moves ahead in the unionizrd region. 
The shock and the I.F. may he considered as moving 
together in the special case of the strong detonation. 
It is also possible however to have, for every value 
of R, an infinity of flow patterns in which the I.F. 
is a strong deflagration and shocks occur in both the 
ionized and unionizcd regions. The presence of thesc 
additional solutions produces an indeterminacy 
which is not resolved until part (2) is conipl(.ted. 

In the case in which recombination and cooling 
are neglected one does not have to embark on de- 
tailed calculations to see that the correct set of 
unique solutions for all values of R is obtained by 
ignoring the strong deflagrations. Since the r 
is entirely exothermic a strong deflagration would 
require a rarefaction shock to bring the solution 
from the subsonic to the supersonic branch of the 
Rayleigh line (see Fig. 4), and this is impossil~le. 
(The width of an I.F. is much greater than n mean 
free path and therefore it is permissible to consider 

In the second case with recombination and cooling 
taken into account the results are not as ohvious. 
For large values of I2 the I.F. is a weak detonation 
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M = I  .-- 

M <  I 

M = l  

T S  

FIG. 4. Diagrams showing a form of the Rayleigh line, where T. is the nondimen- 
sional stagnation temperature, T is the nondimensional temperature, and M the 
Mach number. The reaction processes are assumed to be such that T, has a 
maximum at some point within the reaction zone. If this maximum value is 
equal to the maximum on the Rayleigh line then it is possible to change smoothly 
from M < 1 to M > 1. The solutions must follow the Rayleigh line except a t  
shock waves which are transitions a t  constant T, in the direction of increasing 
T. A weak detonation containing a shock is shown in (a), where the initial and 
final condit,ions are indicated by 1 and 5 ,  respectively, the shock wave is 2 ---3 3 
and 4 is a sonic point. A strong deflagration is shown in (b) where 1 and 3 are 
the initial and final conditions and 2 is a sonic point. 

OI and for small values of R the I.F. is a weak deflagra- 
tion as above. However in the intermediate range 
there are differences due entirely to the presence of 
the cooling process which can cause the reaction to 
be endothermic after being initially exothermic- 
that is, the stagnation temperature has a maximum 
somewhere in the interior of the reaction zone. In 
this case a smooth transition from subsonic to super- 
sonic flow can take place provided the maximum 
stagnation temperature is equal to the value at the 
maximum of the Rayleigh line. It is easy to see that 
strong deflagrations can now occur and that the 
special condition on the stagnation temperature 
constitutes an over-determinacy within the reaction 
zone which compensates for the externally under- 
determined flow pattern associated with strong 
deflagrations. Furthermore a weak detonation can 
now contain a shock since the flow can return 
smoothly to supersonic conditions- the position 
of the shock in the reaction zone is then determined 
by the requirement on the maximum stagnation 
temperature. The over-all picture then, is that m R 
decreases a shock appears in the weak detonation 
(internally) and gradually moves forward-cven- 
LuaIIy it becomes detached and moves ahead, causing 
the I.F. to become a strong deflagration; with further 
decrease of €2 the shock in the ionized region catches 

up and becomes absorbed in the I.F. which then 
becomes a weak deflagration-strong detonations 
do not occur in general. 

Clearly the presence of a cooling process has a 
great influence on the character of I.F.’s and this is 
presumably true of gas dynamic discontinuities 
in general-this has also been remarked upon by 
Zeldovich and Kompaneets.18 Furthermore the 
strong deflagration, if it can occur at all, is not in- 
determinate as the solution carried as far as step (I) 
would suggest-hence Hayes’o proposal that the 
strong deflagration is ‘(internally unstable” is 
incorrect. 

Whitezo has suggested that the turbulence com- 
monly observed to be associated with detonating 
combustion waves is a feature of fundamental sig- 
nificance, and he has shown that weak detonations 
can be produced if turbulence is present. Since a 
detonating combustion wave must begin with a 
shock in general, the turbulence must somehow allow 
a smooth transition to occur from subsonic to super- 
sonic flow in much the same manner as a cooling 
mechanism. The process is a little more complicated 
than described above, but its nature can be under- 
stood from the following argument. In a turbulent 
medium a larger fraction of the total energy is 
associated with translational motions of the mole- 
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cules than is normal. If the turbulence decays, then 
in suitablc circumstances its energy is adiabatically 
transferred to molecular motions (and in particular 
to nontranslational degrees of freedom) so that the 
cffcctive sound speed is reduced. By this means it is 
possible for a weak detonation to occur provided 
the turbulence induced in the reaction zone is suf- 
ficiently intense for the effective Mach number of 
the flow to become unity a t  some point. The detona- 
tion wave (considered as the ensemble of the initial 
shock. the reaction zone, and the zone of decaying 
turbulence) then has an “internal” Chapman- 
Jouguet point beyond which the flow can become 
supersonic as the turbulence decays. Presumably 
instabilities lead to exactly the right degree of 
turbulence to make the internal C-J point possible. 
The position of the shock is not disposable in this 
type of weak detonation wave, but this is com- 
pensated for by the fact that the Rayleigh line 
itself is variable, depending on the degree of 
turbulence a t  each point. 
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E AND STABILITY OF THE SQUARE-WAVE DETONATION . 

J. J. ERPENBECB 

The structure of the square-wave limit of steady detonation is derived through the limiting behavior 
of a one-reaction detonation, having an Arrhenius rate constant, as the activation energy becomes 
large. In addition to the induction-zone and equilibrium-zone solutions, expressions are obtained to 
describe the reaction zone through which the chcmical reaction proceeds. 

The hydrodynamic stability of the square-wave detonation is also considered, with particular 
attclntion t o  the mode of propagation of disturbances through the induction zone. The recent analysis 
by Zaidel of the stability of the square-wave model (in which the reaction zone is taken to be a front 
of discontinuity) is found to  be invalid in the sense that the reactivity of the fluid in the induction zone 
cannot br ignorcd for disturbances of a frequency commensurate with the length of this zone. 

An additional difliculty, arising from the use of Rankine-Hugoniot conditions across the reaction 
front, is also pointed out. It is shown that the initial-value problem for the two-front stability equa- 
tions ~ : L S  no solution of exponential order in the time. Although no attempt is made to decide upon 
whether the two-front stability problem is reasonable (in the sense of having a solution), the normal- 
modw (or Laplace time transform) approach is not valid. 

I t  is observed that a more direct approach to the problem, whereby attention is focused at the 
outset onto the structure of the reaction “front”, avoids both of these difficulties. 

Introduction 

111 icccnt years, there h:ts arisen a large body 
of ey)criineiit~tl evideiice’ indictttiiig that  the 
as~uiti1)tioiis o t steady, one-dimeiisioiial flow 
coniiiioiily used in detonation theory are not 
ale:i~ s :ip~ropri:itc. The reaction zone, behiiid 
tlic iiiiLiatiiig von Ncum:~nn shock, has appeared 
t u r l d r n t  i n  certttiir instances, and careful ineas- 
urcnie trts ot various properties characterizing the 
r each t i  zoiie c1istigrc.e with calculatioiis based on 
the :ilclrcrrientionctl :rwmiptions. 

Froin LL tlicoreticd point of view, i t  seems ap- 
1)ropriLtte to  investiqate the question 01 the sta- 
bility ol stetidy, one-dimensional detonation 
~ i i v e s  to  siiiiill disturlxtnces. Should any dis- 
turbmce grow \\ itlt time, the steady flom is not 
eupectcrl to  occiir L L ~  is said t o  be unst:ible. 
Shoulcl tlic in:uqti Lutle oC cvcry disturbance clamp 
with timc, tlic elistence of the steady wave 
(under suit:ible bound:try conditions) is possible. 

&vera1 iuvestigutions of stability have ap- 
peared rccently. 8hchelliin2 has obtained a cri- 
terion for stability based upon certain intuitive 
considerations ok tlie behavior of disturbances 
supcrinil)oscd iq)on 9, square-wave model of 
steady detonation. %aiclel,3 on the othcr hand, 
has obtained a stability criterion directly from 
the Iiydroclq-iia~iiic-l\inetic equations of reactive 
flom, lout liis aiialysis is specialized at the outset 
to the sclu:ire-wave model. It is suggested3 that 

Zaidel’s criterion tends to support the conclu- 
sions of Shchelkin, but a complete elucidation of 
the consequences of this criterion has not as yet 
been reported. 

Finally, the author4 has presented a formal 
analysis of the stability question without refer- 
ence to  any specializing assumption on the nature 
of the detonating medium (other than the usual 
neglect of transport processes) . The principal 
results of this analysis are given in the nest 
section. There is obtained a general stability 
criterion which cannot, however, be applied to  a 
specific system without a considerable amount of 
additioiial computation, apparently by numerical 
means. This necessity for numerical treatment 
arises from the fact that the flow varinbles in 
steady state detonations vary from point to  
point and this variation is reflected in the occur- 
rence of nonconstant coefficients in a certain 
system of linear, homogeneous, differential equa- 
tions of the stability theory. 

In the present article, we investigate the sta- 
bility of detonations in the square-wave limit. 
In particular, we consider the limiting behavior 
of a one-reaction detonation having an Arrhenius 
rate constant for large values of the activation 
energy. It is in just this limit that the square- 
wave model of Shchelkin and Zaidel arises. 
The section on Square-Wave Detonation Struc- 
ture is concerned with the derivation of the 
asymptotic expressions for this steady flow. 

442 
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The behavior of the stability equations in the 
square-wave limit is considered in the section on 
Stability Considerations. It is shown that the 
asymptotic form of these equations does not cor- 
respond to that  employed by Zaidel. While the 
Zaidel analysis regards the steady flow as strictly 
uniform and nonreactive evcept across shock 
discontinuities a t  the von Neumaiin spike and 
the reaction front, the present results show that 
the reactivity of the fluid in the induction zone 
cannot be ignored for the values of certain sta- 
bility parameters considered. IT7e find that the 
high sensitivity of the reaction rate to the tem- 
perature implies a more complicated mode of 
propagation for the disturbances than tlic essen- 
tially nonreactive propagation used in this 
theory. Additional difficulties associated with the 
model calculation, arising in conjunction with 
the use of Rankine-Hugoniot conditions across 
the reaction front, are also pointed out. 

The Discussion interprets the failure of the 
model-type calculation iu terms of the time scale 
for growth or decay of disturbances. It is sug- 
gested that, on a time scale commensurate with 
the reaction-front thickness rather than the in- 
duction-zone length, a calculation of stability 
might be possible without recourse to specialized 
numerical procedures. 

General Stability Analysis 

In  this section, we shall briefly review the 
general analysis of the detonation stability prob- 
lem previously reported4, and in addition present 
some qualitative discussion of the final stability 
criterion. 

Wc consider a steady, one-dimensional deto- 
nation wave of so-called "normal" type, as de- 
scribed in general by Wood and Salsburg5 This 
consists of a quiescent medium into which a shock 
of velocity De, moves, followed by a reaction 
zone through which the chemical reactions ex- 
cited by the shock are brought to equilibrium, 
the final equilibrium state being reached only 
asymptotically with distance from tlie shock. 
The question of stability is posed as the follow- 
ing initial-value problem: At the initial time, t = 
0, let the steady flow variables" q(z) = (v, u,, 
%S,  A) (where v is the specific volume, u is the 
mass velocity, S is the specific entropy, and X 
is the set of progress variables for the n chemical 
reaction; uy = 0) be perturbed a t  each spatial 
point (z, y) by a small amount C&(z, y). Denoting 
by q"(z, y, t )  the subsequent values of the per- 
turbations, we inquire into whether the magni- 
tude of a becomes vanishingly small. Should 

* For brevity, we include only two-dimensional 
disturbances. 

every (sufficiently small) disturbance die out, 
the steady flow is said to  be stable. If any dis- 
turbance grows in magnitude, the steady flow is 
unstable. 

The initial-value problem is solved in priii(4ple 
through the time-dcpcnclcnt 1iydrodyn:rmic- 
kinetic equations of reactive flow, supplemciitctl 
by the Rankine-Hugoniot equations ntross thc 
shock discontinuity. The equations heinq 11011- 

linear, there can be no hope o: obtxininq an c u c t  
solution. Therefore, we resort to the linearizxtion 
technique of hydrotlynamic-st:tbility t l i m y ,  
whereby only terms of first order in tlie stnte 
perturbations q and shock-position perturbation 
$(y, t )  are retained in the two previously men- 
tioned sets of equations. Therc. result, then, the 
linear equations, 

+ hi a$//at + h, a$/ay, (2) 

in which the shock is fixed a t  x = 0, nith x > 0 
denoting the region behind the shock. The co- 
efficient matrices and vectors %re functions of' the 
steady flow alone and are given (in part) in the 
Appendiv. We note that  tlic A, matrices dcpcnd 
upon the flow variables themselves, with thc 
matriv B dependent on both, (1) the gradients 
of the unperturbed flow, and (2) the thernio- 
dynamic derivatives of the entropy production 
and chemical rates, e.g., (&-/do) 

The solution of the initial-value problcm for 
these equations was the main task of the geiicral 
theory. Therein, an expression for the Fouricr- 
Laplace transform of $, 

A. 

was obtained 

f ( 7 ,  E) = 7J7(T, E)/V(T, € 1 ,  (4) 

V(7,  E )  = lmO(z, T, E )  -A,-' (z) 

. [ ~ g i  (z) + &u ( x ) ]  dz 

- O(0, T, E )  -[& + i&J. 

The initial data are contained in W ( T ,  E) ~ which 
is not displayed here. The vector function 
defined by the differential equations, 

de/dx = -P'(z, T, E) * 

P(z, 7, E )  -AZ-'*[i~Ay + TI + 
(the prime denoting the transpose matrix) sub- 
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ject to thc condition of boundedness for Re 
(.I > 0,  

( ~ , T , E )  = O ( l ) ,  a s z -  a. (6) 

Since the time depcndence of the shock dis- 
tortion $(y, t )  is to be obtained from the inverse 
transform of [ (r ,  e )  it  is the singularities of g(r) 
which will determine stability. Roots of V ,  T J ~ ( E ) ,  

having positive real parts will contribute expo- 
nentially growing Fourier component of $, 
esp [ r ~ ~ ( ~ ) t ] ,  while those with negative real parts 
will contribute csponential damping. 

Essential to obtaining the roots of V is the 
solution 0 of Eqs. ( 5 )  and (6).  Since the coef- 
ficient matrix P is ordinarily a function of z, 
whence no general prescription for obtaining 
solutions is available, numerical determination of 
0 would appear necessary. 

I n  addition to determining whether or not the 
steady flow is stable, the actual values of the 
roots of V ( T )  are also important, for in the-time- 
dependent, exponential components of $, the 
real part of r k  is scen to be the inverse of a char- 
acteristic time for the system, the imaginary part 
being a time frequency. To estimate the magni- 
tude of these quantities, we turn to the differen- 
tial equations ( 5 )  to study the dependence of 0 
(and hence V )  on 7. The behavior of 8 is deter- 
mined by the behavior of P with r,  whence the 
matris sum, 

71 + kA, + B, 

is fundamental. Now in the general theory it 
was shown that for given E, V(T ,  E) has no roots 
for 17 1 sufficiently large. That is, neither of the 
time constants, l /Re ( T L )  and l / Im ( r k )  , can be 
small relative to both the spatial frequency and 
matris B. (Throughout, the magnitude of a 
matris will refer to the masimum norm of its 
elements.) It can be similarly shown that if 17 I 
is of order E whileB is negligible, the nonconstancy 
of A, and A, can also be neglected (following from 
the fact that B contains the gradients of A, and 
4). Any roots of V for such values of T and E 

will be characteristic of a uniform, nonreactive 
flow and hence of the shock itself; rather than 
the reactive flow. Therefore, disturbances of large 
spatial frequency E (relative to B) have no time 
constant of order 1 / ~  of interest for detonation 
stability. Whether roots T J ~  of the magnitude of B 
occur for such large E is not known. I n  any case, 
we sce that  only for T of order B are roots of V 
to be found which are charactc istic of the reac- 
tivc nature of the flow. It would appear more 
useful, then, to look for roots of V on the basis 
of the magnitude of the time scale 1/r relative to 
B, rtlther than on the basis of spatial frequency E. 

Square-Wave Detonation Structure 

In order to apply the results of the last section 
to a specific case, it is seen that the matrices 
A,, A,, and B which depend upon the unper- 
turbed flow are required. Although in general the 
steady flow varies from point to point in a manner 
determined by the rate functions for the various 
chemical reactions, it is believed that this varia- 
tion tends in practice to follow, more or less, 
the square-wave pattern, as sketched in Fig. 1.  
Since the main portion of the change in, say, the 
pressure occurs over a relatively narrow portion 
of the profile, this square-wave structure suggests 
the idealizatioii whereby the steady flow is uni- 
form within each of three zones with discontinu- 
ous changes across the shock and reaction fronts 
(see Fig. 1). As noted in the last section, the 
stability analysis for a steady flow which is uni- 
form is greatly simplified from the general case. 
It will be our purpose to investigate the validity 
of this idealization. 

Structure of square-wave type can be obtained 
analytically through consideration of a one- 
reaction detonation with an Brrhenius rate con- 
stant. In  the limit of large activation energy, the 
steady state detonation equations will be shown 
to have a solution of the form displayed in Fig. 
1. I n  addition, however, we shall obtain asympto- 
t ic espressions for the flow variables, which will 
be of importance in our consideration of stability 
in the square-wave limit. 

We consider, then, a one-reaction detonation 
for which the rate equation is 

dA/dt = r = exp (--E”f.lRT)f(S, v, A), (7) 

INDUCTION 
ZONE 1 REACTION FRONT 1. 

- SHOCK FRONT 

-- r 

0 X 

FIG. 1. Sketch of the pressure ( p )  profiIe for the 
square-wave model. Coordinate x measures distance 
from the shock; p ,  and p ,  denote, respectively, the 
pressure behind the shock and the equilibrium 

pressure. 
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\vhere f is a thermodynamic function, iiide- 
~)eiident of the activation cnergy B f .  To obt:tin 
the steady state solution for any detonation 
velocity, we folloiv the usual procedure5 of deter- 
mining the thermodynamic and hydrodynamic 
variables as functions of the progress variablc X 
through the steady Rankine-Hugoniot relations 
which hold between all points in the steady flow. 
Thus, we assume the functions, 

T = T(X), 

s = S(X), 

v = v(X) ,  (8) 
24 = u(X), 

f = f(X), 
to be determined for all accessible values” of A. 
These functions are, of course, double-valued, in 
accordance with the frozen subsonic and super- 
sonic intersections of the Rayleigh line with the 
frozen-composition Hugoniots. In  the sequel, we 
refer only to the subsonic branches of these func- 
tions. It is to be noted that the activation energy 
does not enter into these espressions. 

For detonation velocities not less than the 
cquilibrium Chapman-Jouguet value, the func- 
tion f, appearing in the rate equation, will have 
a t  least one zero on the X asis, i.e., the points of 
chemical equilibrium for the selected detonation 
velocity. We denote the high-pressure point by 
X, and assume that the solution of the rate equa- 
tion, beginning a t  the shock with X = 0, termi- 
nates at A, at an infinite distance from the shock. 

We introduce, now, one additional assumption, 
namely that the temperature Tis  a monotonically 
increasing function of X up to a maximum T, a t  
X, < A,, and is monotonically decreasing for 
X > A,. However, we assume that T, > To 
(throughout this section, we shall use subscripts 
0, ,, and E to denote evaluation a t  X = 0, A,, and 
X,, respectively) . This assumption, though to our 
knowledge not proved in general, appears not to 
be unreasonable, holding for an exothermic ideal- 
gas reaction? In any case, it is expected that the 
asymptotic analysis which follows could be 
equally well applied under othcr conditions on 
T(X), with many of the structural features re- 
maining unchanged. 

Using the above assumptions, we esamine the 
solution of the z-X rate equation, 

dX/dx = esp [-E*/RT(X)]Cf(X)/u(X)],  (9) 

asymptotically as E t  becomes large. It is inform- 

* Accessible values of X are defined in reference 5 
as those values for which the partial Hugoniot 
intersects the Rayleigh line. 
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ative to make contact with the square-wave 
modcl a t  the outset and define an induction-zone 
length through the computntion of .2: as a func- 
tion of A, 

.(A) = esp ( E f / R T ) ( u / f )  dX’. (10) 

For X = X,, as implied earlier, the integral does 
not exist for any value of the activation energy, 
while (for fised E t )  for X (0 < X < A,), how- 
ever, the integral on the right of Eq. (10) has n 
well-known asymptotic expansion8 in E t ,  inde- 
pendent of the value of the uppcr limit of the 
integral, viz., 

/b’ 

.(X) = (u/..)o c1 + O(l/h‘O)], (11) 
K = a B f / R T ,  

a = d In T/dX. 

Asymptotically in i C t ,  then, the reaction pro- 
ceeds only in the neighborhood of the reaction 
front located a t  the ‘(induction-zone length,” 

z* = (U/KT)O,  (12) 
the estent of this neighborhood, relative to x*, 
diminishing as l/E*. The “induction time” can 
similarly be defined, through the asymptotic de- 
termination of t ( X )  from Eq. ( 7 ) ,  to be 

t* = z”/uo. (13) 

It is to be remembered that K ,  which appears 
frequently in the sequel, is proportional to Ex. 

Induction-Zone Solution. We turn now to the 
determination of X as a function of distance, 
considering first the induction zone lying between 
the shock and reaction fronts. For convenience, 
we introduce a reduced coordiiiate z = z/z4 for 
which the rate equation becomes, 

dX/dz = F ,  
(14) 

F = ( f u ~ / ~ o f o u )  e-ip [ E f  (1 - To/T) / R  TO]. 

The induction-zone solution is determined 
through the Taylor series expansion of X ( 5 )  ahout 
z = 0, 

X(z) = Cb,zd. (15) 

The coefficients b, are determined by repeated 
differentiation of Eq. (14) a t  z = 0, whereby i t  
follows that, 

b, = .0-*[1/i + O(l/.O)]. (16) 

Rearrangement of the convergent series, Eq. 
(15), to collect the leading terms in E’, leads to 
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the myniptotic result, 

A(-) = - K " - ~  111 (1 - 2 )  + O ( l / ~ o ' ) ,  (17) 
vdid for all 2 < 1. Equation (17) represents the 
induction-zone behavior of X in the square-wave 
limit. 

Reuction-Zone Solution. The reaction proceeds, 
as ne  have seen, only in the ncighborhood of 
2 = 1. We designate this region as the reaction 
zoiie aiicl consider iiov the nature of the solution 
therein. I t  turns out to be more convenient from 
this point on to compute z as a function of X 
rathcr tlran the inverse. 

From thc differential equation (14) , :(A) can 
be 11 ritteii as the iiitcgral, 

x 
z(X) = z ,  + F-yX') dX', (IS) 

Am 

nherc is definccl through z(X,) , given by Eq. 
(1 0) .  The precisc value of 2% is not determined 
by the analysis, although, of course, it differs 
from unity by a term of order l / E f  [see Eq. 
(ll)]. Yet z(X) - znC will ordinarily be a more 
strongly decreasing :unction of E x ,  so that in the 
f o l l o ~  ing, the analysis shall provide asymptotic 
esprcssions for z(X) - z,, rather than for z(X) 
itsell; indeed z(X) is asymptotically given by 
Eq. (11) to be unity. 

The utility ot selccting A, as the initial point 
for tlic integral Eq. (18) lies in the occurrence of 
the trmpcraturc mnirnum a t  this point. For the 
exponentid part of the integrand has, for arbi- 
trary X, its grcatest values (over the range of the 
integration) a t  the end point X only when the 
inteqration path does not cross the point of 
ma-\iinum temperature. The integral can, then, 
bc cvaluatecl provided X < X, and 
X i A,, to be 

.(A) - zTL = - (aoTufo/aTouof) 

where T ,  ZL, cc, f, and K are evaluated a t  X. 
The orclcr expression for the remainder in this 

equation applies t o  a fixed value of X within the 
stated range. It is seen, however, that, ns X ap- 
proaches A,, and A,, this order expression becomes 
(tor fixed E f )  proportional to 1/X - A,) and 
1/(X - XJ, respectively.* How near X can be to 
each of these points, for the leading term in Eq. 

* We restrict attention in the remaindcr of this 
section to detonation velocities greater than the 
equilibrium Chapman-Jourguet vdue. At the latter 
value, the assumed linear relation between f and 
(X - A,) is instcad a quadratic one. 

(19) to remain valid, must be investigated 
separately. 

Near the point of maximum temperature, Eq. 
(19) loses its validity both because a is small 
and because the range of integration is small. 
To investigate the range of X - A, for which 
this result remains valid, i t  is necessary to trans- 
form the integration variable in Eq. (18) rela- 
tive to X - x,, so that a fixed range of integration 
is obtained. It can be shown, then, that  the lead- 
ing term in Eq. (19) remains dominant provided 
X lies outside any €,-neighborhood of A, satis- 
fying, 

1/EVL(E7f) = o [ ( E f ) q ,  (20) 

E, = Z , ( h  E') / (E*) i .  

Near the equilibrium point, the interval for 
the integration of Eq. (IS) becomes constant as 
X - X, approaches zero. I t  can be shown then 
that Eq. (19) remains valid outside any €,-neigh- 
borhood for which l / (~f )  approaches zero as 
E*-+ 00, viz., 

e.g., 

1 / e e ( E f )  = o ( B f ) .  (21) 

It is of interest to observe that Eq. (19) pre- 
dicts that z(X) -+ s,, except for h = 0 and A,. 
( I t  can, in fact, be readily shown that Eq. (19) 
includes the induction-zone solution, Eq. (17) .) 
Even those X near X,, 

X - A, = - 1, In E f / E x  

[for which Eq. (21) is satisfied] "belong" to the 
rcaction front. It will be seen later that  those X 
for which the flow is truely equilibrium are much 
closer to h,. 

Near A,, it  was seen that Eq. (19) is not valid. 
In  order to find the behavior of the solution 
within this gap, we consider the Taylor series 
expansion, 

z(X) - 2, = Fm-1Zaz(X - L ) i ,  (22) 

obtaining coefficients through straightforward 
differentiation of l/F, 

a1 = 1, (23) 

2az = [ d  In (~/ f>/ f i lm,  
az,, = O[(Ez)n-l],  

a2n+1 = O[(E*)"I. 
For I X - A,/ _< E;, where ~i satisfies 

€ % ( E f )  = o[(Ef.)-3], (24) 
Eq. (22) yields asymptotically, 

z(X) - 2, = (X - Am) F,-'[l + ~(l)] .  (25) 
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Within the inner part of the reaction zone, the 
rate is maximum and constant, with Eq. (24) 
defining the extension along the X axis of the 
constant behavior. 

The iiiner solution, Eq. (25)'  does not "fill" 
the gap in Eq. (19) [compare Eqs. (24) and 
(20)], so that a complete description has not 
been obtained. We shall not here attempt to 
remedy this deficiency. 

Equilibrium-Zone Solution. Although the de- 
scription of the reaction zone is also incomplete 
in that  the rate is yet unbounded in E f  a t  the 
equilibrium end of Eq. (19), the remainder of 
the detonation profile can be obtained through a 
single expression which we designate as the 
equilibrium-zone solution. 

From tlie general theory of steady  detonation^,^ 
the asymptotic behavior of z(X) as (X - X,) ap- 
proaches zero (fixed E * )  is known t o  be that of a 
logarithmic singularity, namely 

z(X) - -k-1 In (X - A,) 
k =  -[r 1 d In f/dX], > 0. 

(26) 

It can be sliown, however, that this result does 
not match the reaction-zone solution, Eq. (19), 
for a t  the boundary of the latter the first correc- 
tion term to Eq. (26) is dominant in the limit 
of large E l .  

We derive now a generalization of Eq. (26) 
through the expression of the right-hand side of 
the rate Eq. (14) directly in terms of (X - A,). 
Using the power series expansions 

1 - T J T  = a,(X - X,)[1 + d(X - A,) +..-I 
f = (df/dX)e(X - L)[1 + b(X - A,) +..*], 

u = U e [ l  + c(X - X,) +. - -1, 
we obtain 

F =  - k(X - A,) 
X esp [K,(X - X,)](l -I- O[K& - (27) 

For X within the €,-neighborhood [see Eq. (Zl)] 
of A,, 

E ,  = I ,  In E f / E * ,  (28) 
the correction vanishes asymptotically in E *. 
The rate equation can then be integrated in 
terms of the exponential integral,9 yielding, 

z(X) - z1 = -k-ljEi[-KKc(X1 - A,)] 

-Ei[-Ke(X - X,)]}[1 + O(1/Ke)]. (29) 
The initial point for the integration z1 = ~(1,) is 
presumed to be determined through Eq. (19), a t  
any point XI for which Eq. (27) is valid. Equa- 
tion (29), then, matches the reaction-zone solu- 
tion, while carrying the solution to X = A,. I n  

the latter limit, the exponential integral has tlic 
logarithmic singularity of Eq. (26). The magni- 
tude of the neighborhood of X, for which z(X) 
does not approach z1 can also bc seen from tlie 
logarithmic behavior of the Ei a t  zero. Since k 
increases exponentially with E', it  is seen that 
z(X) -+ z1 unless (X - A,) E f  becomes zero as the 
exponential of an exponential in, E f . 

Stability Considerations 

In this section, we investigate tlie form of the 
stability equations of the General Stability 
Analysis for the steady-state flow derived in 
the previous section. In particular, me are ton- 
cerned with the determination of the relevance 
of the terms appearing in the differential cqua- 
tions ( 5 ) ,  from which O(x, T ,  6) is to be deter- 
mined. We shall discuss, then, the behavior of 
the matrices A,, A,, and B within the various 
zones of the steady solution. In addition, two- 
front stability analysis of Zaidcl will be examined 
critically. 

Before initiating the discussion, it is convenient 
to transform the General Stability Analysis 
equations to independent variables in which dis- 
tance is measured in units of z*, and timc in 
units of t*, Eqs. (12) and (13). Then Eqs. ( 5 )  
become, 

d0/dz = -P'(z, 7, E )  0, (30) 

P(z, 7, E) = -A,-'*[~EA, + T I + B], 
where A, and A, are now 1/uo times their former 
values and B has been increased by a factor t". 
The Fourier- and Laplace-transform paramctcrs 
E and T are now x* and t", respectively, tirncs 
their former values. 

Since the relative constancy of the matrices 
A, and A, is important, we compute their dcriva- 
tives within each zone of the flow. Since A, and 
A, contain flow variables alone, c.g., u and v, i t  is 
observed that the gradient, 

dA,/dz = (dA,/dX) F ,  (31) 
depends upon E x  only through the rate F a t  the 
point in question. 

The matrisB, on the other hand, involves both 
the gradients themselves and the thermodynamic 
partial derivatives of the entropy production and 
the rate. The former terms are of order F ,  while 
the partial derivative terms are computed cx- 
plicitly to have the form, 
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where 4 is the entropy production, - (AF)r /T ,  
and AF (not to be confused with the reduced 
rate i") is the free energy increment. Similar ex- 
pressions hold for the X and X derivatives. These 
derivatives dominate the gradient terms of B, 
for, away from equilibrium, the first term in Eq. 
(32b) is of order E t  relative to F ,  while, a t  
equilibrium, F vanishes, but the second term in 
Eq. (32b) is nonzero. 

We turn now to the consideration of the various 
zones of the steady flow. 

Induction Zone. Within this zone, we obtain the 
rate F through differentiation of Eq. (17), 

F = R T o / a o E * ( l  - z ) .  (33) 

Hence for 0 5 z < 1, A, and A, are constant to 
terms of order 1/E*, while B is, by virtue of Eq. 
(32), variable with z and of order 1 in E$.  Ex- 
plicitly, one obtains, 

B = - (1 - z)-lB(~), ( 34) 

(O)  has nonzero elements in rows 4 and 5. 
s found to have elements, 

BEl(") = ~D--'(dT,/at~),,x (35 )  

B 54 (0) = aO-l (a Tola S )  0 .A 

BS2(0) z= B53(Oj = 0 

B5&Oj = ao-' (d To/dX) 8 

while row 4 is - (AF/ / r )o  times row 5. 
Consider now the sum of three matrices ap- 

pearing in P. It is observed that for T and E of 
order 1 in E*, B is a nonnegligible part of P and 
P is not constant. The analysis of ZaideP leads to 
roots T for T and E of precisely the above magni- 
tude but ignores B in the induction zone. Only 

relative to unity, say proportional to 
be ignored in this zone. 

Equilibrium Zone. The equilibrium-zone solution 
derived in the Square-Wave Detonation section 
is of transitional type. At the head of the equilib- 
rium zone, the flow is a continuation of the reac- 
tion zone, for the rate becomes infinite with E f  
and the reaction proceeds through small changes 
in z. For z any finite value larger than z,, on the 
other hand, the flow becomes, for sufficiently 
large Et ,  one of exponential decay to equilibrium. 
For present purposes, we shall consider only the 
latter part to constitute the equilibrium zone. 
The rate here is, of course, vanishingly small and 
B is dominated by the second terms in Eq. 
(32b). Thus B becomes 

B = - (  w'uo) (li;/f>oBte) (36) 

where B(e) has the nonzero elements, 

B ~ I ( ~ )  = (df/av)s,x, (37 )  

B54ce) = (#/a 8) *,A, 

B55(4 = (df/aVS,*, 

all evaluated a t  X = A,. 
I n  the region z > I, then, P is truely a constant 

matrix, the eigenvalues and eigenvectors of which 
determine 0 ( z ,  T, e). 

It is of interest to note the dependence of B 
on E S  to be 

Values of Re(7) of this order in E l  correspond 
then to times t (in units of t* )  of the order one 
over this quantity, which, in turn, is of the mag- 
nitude of the relasation time for small disturb- 
ances from equilibrium. 

Reaction Zone. Within the reaction zone itself, 
A, and At/ are not constant, varying with z a t  the 
rate F ,  which takes on values up to a masimum 
near zm. B is again dominated by terms of order 
E f F .  I n  addition F varies rapidly with z except 
in the "inner" zone of the reaction front where it 
remains constant and maximum. The possibility 
of integrating Eqs. (30) through the reaction 
zone, for arbitrary values of T, indeed seems 
remote. 

Two-Front Model. The discontinuous nature of 
the solution across the reaction front has Ied 
Zaide13 to join solutions on either side through 
Ranliine-Hugoniot shock relations, with the per- 
turbation in the position of the reaction front 
being introduced as an additional unknown. 
Through a heuristic argument, this perturbation 
is expressed in terms of the perturbation in the 
shock position and the state variable perturba- 
tion between the two fronts. The final espression 
for V(T,  e) can be written in the form, 

V = s ~ ( T ,  E )  esp [ P ( T ,  E)] + SAT, E) 
X exp Cy(., E)] + S ~ T ,  E ) .  (39) 

Certain of the roots of V were esamined by 
Zaidel, but another class of roots will be shown 
to exist, and to have serious implications with 
respect to the validity of the whole approach. 

In order that  { ( T )  in Eq. (4) have an inverse 
Laplace transform, a necessary conditionlo is 
that there exists a right half-plane, Re(7) > WO, 
in which ((7) is analytic. However, i t  will be 
demonstrated that Eq. (39) has zeroes in every 
right half-plane, whence f is not a Laplace 
transform. Thus the two-front stability problem, 
with the reaction front coupled to the shock 
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front by the Zaidel prescription, litis no solution 
of exponential order in the time.“ As to whether 
the initial-value problem (corresponding to that 
of the section on General Stability Analysis, but 
with the two fronts specified) is properly posed, 
it cannot be concluded, but  the Laplace-trans- 
form (or normal-modes) approach to  the problem 
is certainly not justified. 

To demonstrate these ever-present roots of 
Eq. (39), it suffices to consider the one-dimen- 
sional form of V ,  obtained by setting E = 0. 
(The proof for arbitrary E is not difficult.) For 
one-dimensional disturbances, Eq. (39) be- 
comes (see ref. 3 ) ,  

€3V = ir3L(r), (40) 
L(r )  = a + br + ceg7 + deh7, 

with a, b, c, d, g, and h all real functions of the 
unperturbed flow, with g a i d  h positive. For a 
given steady flow, all are fixed. The precise 
nature of these quantities is unimportant but 
without loss of generality, it is assumed that 
IL > g and that b and d are positive, the justifica- 
tion for the latter assumption being discerned 
from the argument which follows. 

Separating I, and r into real and imaginary 
parts, we obtain, 

r = w + w, (41) 
Re ( L )  = a + bw f ceuw cos ga + dehw cos ha, 

I m  ( L )  = ba + cegw sin ga + dehw sin ha. 

In examining the roots of both the real and imagi- 
nary parts of L and their dependence on r, i t  
suffices to consider only values of w sufficiently 
large that the exponential in gw is small relative 
to that in hw. Then Re ( L )  is dominated by the 
final term on the right in Eq. (41), so that Re ( L )  
has a root in the neighborhood of each root of 
cos ha, 

u, = (n  + $)7r//h. (42) 
With increasing w, each root of Re ( L )  is then 
bounded in u, approaching the limiting values a,. 

A proof will now be sketched, showing that 
Im ( L )  has roots which vary continuously with w 
so as to intersect a R e  ( L )  root to  the right of 
any wo, no matter how large. Define the locus I’ 
in the r plane to contain the points, 

a = (d /b )  eho. (43) 

For points above I?, i t  is observed that Im  ( L )  is 

* In fact, the “gencralization” of the theory of 
reference 4 t o  include the specification of a second 
“reaction” front, defined as the point of maximum 
rate, leads to precisely this same difficulty. 

“ t  

FIG. 2.  The roots of L, Eq. (40), for large values of 
Re(7) = W ,  Im(7) = U,  are obtained from the inter- 
section of curve K ,  on which Im(L) = 0, with 

curve M ,  on which Re(L) = 0. 

dominated by the linear term in a. Hence Im ( L )  
is positive in this region, except in the neighbor- 
hood of those I?-points T,* for which the first and 
last terms of I m  ( L )  , Eq. (41), sum to zero, vi,.., 

a,* = (an + $)T/h 

r,* = a,* + icTn*. 

(44) 

An enumerably infinite set of such points occur 
to the right of any wo. It is readily shown then 
that  a locus K of roots of I m  (I,) passes through 
the neighborhood of T,* with positive slope. Wit,li 
increasing w ,  this curve is readily seen t o  lie 
above the line a = an* and, in fact, to  approach 
asymptotically, 

(45) an(l) = a,* + T/2h 

With decreasing w, on the other hand, the root 
is seen from Eq. (41) to remain above 

a?*@) = a,” - ../all, (46) 
and, therefore, to  the right of I’. It can then be 
shown that the curve K has the C-shape shown 
in Fig. 2, in which the lower branch approaches 
a,(2). Since the point of vertical slope, T ~ ,  satisfies 

Re (T,) > wn--l*, 

i t  follows that the Re ( L )  root which approaches 
a2,+1, Eq. (42), crosses I<, as illustrated in Fig. 2. 

Discussion 
It has been seen that the stability analysis of 

the square-wave model of Shchelkin and Zaidel 
breaks down on two counts. With regard to the 
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iioiicoirstuicy of P in the iiiductioii zoiie, it  is 
iniportaiit to reeniphasizc that this is only asso- 
ciated ttitli values of 7 (iii units defined in the 
preceding section) oi order unity in E t .  Re- 
garded from the point of view of a shorter time 
scale (Iarger T )  , the variation of P with distance 
vanishes. 

The selection of a time scale for the square- 
wave model is, however, determined a t  the out- 
set by the treatment of the reaction zone as a 
shock discontinuity, for then the structure of 
this zone is ignored m d  the oiily unit of time 
available is the time of flight from the shock 
front to the rcaction front. 

Eveii if the variation of P within the induction 
zoiie were taken into account, the improper be- 
havior of V with T remains for as T becomes large, 
the V of Eq. (39) is obtained. I n  lieu of a proof 
that some roots of V are meaningful while others 
are evhiieous, the two-front approach must be 
abandoned. Thus the task of determining V for 7 
comniensurate with the induction-zone length 
appears hopeless, without iiumerical integration 
oi' the equations ior B throughout the entire flow. 

A change of approach is, however, suggested 
by the discussion of the General stability equa- 
tions, which indicated that the largest value of T 

for which V(T,  E )  can vaiiishis forB nonnegligible 
relative to T. If, then, the differential equations 
are solved for T of the order of B,, rather than the 
minimum B 2s in the two-front approach, the 
difficulties of the model calculation are removed. 
Instead the differential equations must be solved 
through the generally difficult reaction zone, but 
the simplification that the rate is constant near 
the malinium rate point could conceivably lead 
to a tractable problem. 
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Appendix 

wliere A; has nonzero elemeuts, 

(A.) . =  - z 1% V, 

(Ai) ii = coZ/v, 

(Ai) i4 = UPS,  

(Ai) i5 UPA. 

Here p denotes pressure, c o  is the frozen sound 
speed, and subscripts S, v, or denote partial 
differentiation, holding the remaining two varia- 
bles fixed. 

B = [  0 

The matrix B is, 

- U' d o 0  0 
p' - v(co2/vj' u' 0 ups' UPXI 

- 9* 8' 0 -4s -4.+ 
- rv 51' 0 -rs -rA 

0 0 0  0 ] 
(A.3) 

where (') denotes differentiation with respect to 
2. The symbol q5 denotes the entropy production, 
- AF-r/ T. The g's are, 

gt = - (column 2 of B)  , (A.4) 

( & I 3  = -up', ( A 4  

with all other elements of g, identicslly zrro. 
The vectors and matrix of the Rankine- 

Hugoniot relations are not given here. The reader 
is referred to the general theory4. 
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PROFESSOR J. A. FAY (M.1.T.): There is little 
doubt that the stability of the gaseous detonation 
wave is the major thcoretical problem of the fluid 
mechanical aspects of the gaseous detonation wave. 
Considering the experimental evidence which has 
been accumulatcd within the past few years con- 
cerning the structure of the detonation front, the 
problem of stability appears to be more pertinent to 
the interpretation of thcse espcriments than does 
the problem of the exact solution of the plane steady 
detonation front. It is therefore encouraging to see 
the attempts being made both in the USSR and the 
US to treat this problem. 

I have proposed’ a somewhat different approach 
to the problem of stability than that of the author 
which leads to a difference in our interpretation of 
Eq. (39). While the author treats the problem as an 
initial value problem to be solved through the use of 
the Fourier-Laplace transform and its subsequent 
inversion, I prefcr to regard it in the classical man- 
ner of boundary layer instability theory. In this 
latter approach, for the perturbation to the basic 
flow, one assumes a sinusoidal disturbance in space 
in the direction parallel to the wave front, and seeks 
to determine an eigenfunction which describes the 
disturbance variation in a direction normal to the 
wave front and an eigenvalue for the complex time 
frequency. While there is a continuous spectrum of 
eigenfunctions and their associated eigenfrequencies, 
one tends first to look for those corresponding to 
neutral (that is, unamplified) disturbances, or those 
whose wavelength is comparable to the reaction 
zone thickness. While the determination of the 
eigenfunction and eigenvalues is straightforward, it 
is by no means trivial sincc it involves the solution 
of a nonlinear high ordcr differential cquation for 
which spurious solutions must bc eliminated or 
avoided. However, the general pattern has been set 
by the analogous problcm in viscous flow instability 
and perhaps should be uscd as a guide. 

My interpretation of Eq. (39) is that this form is 
only suitable for frequencies comparable to the 
reciprocal of the induction time. The fact that this 
function has zeros for very large frequencies intro- 
duces a mathematical difficulty only if one insists on 
inverting a Laplace transform, but does not invali- 
date its uscfulness as a representation for low fre- 
quencies. If one had originally posed the problem as 
indicated above, this difficulty would not arise when 
considering instabilities of moderate frequency. 
Since the high frequency perturbations are most 
likely to be stable, there does not seem to be much 
point in examining them in detail. 

Even if the mathematical analysis of the square 
wave model is more tractable than the more general 
case, which remains to be seen, I have reservations 

concerning its appropriateness for the chemical 
systems with which one usually experiments. It 
would seem most likely that the initial stages of 
reaction involve two-body dissociativc and exchange 
reactions which are relatively rapid, while the final 
stages involve thrce-body rccombinative reactions 
which are relatively slow, a t  least for low pressures. 
This is certainly the nature of the relaxation process 
behind a strong shock wave and one should not es- 
pect great differences for the case of a strong 
detonation; that is, a near-stoichiometric mixture. 

I agree wholeheartedly with the author’s conclu- 
sion that a numerical solution to the problem will 
probably be required to settle many of these 
questions. 

DR. J.J. ERPENBECK (Los Rlarnos Scientific Labora- 
tory) : The fact that Eq. (39) has “extrancous” roots 

with arbitrarily large real parts cannot be circum- 
vented so simply as Professor Fay suggests. Wc 
agree, of course, that these large roots arc physically 
meaningless, but with the occurrence of such brhav- 
ior one is left with the problem of distinguishing 
whether a particular root (for example a Re(q) = 0 
“neutrally” stable root) is extraneous or not. There 
appears to be no way to make such an identification 
other than by performing the calculation without 
recourse to the model. 

I would also like to point out that the square-wavc 
detonation was investigated because of the possible 
simplification introduced into the stability analysis. 
Such a simple model cannot, of coursc, bc espccted 
to be generally suitable. 

DR. P. KYDD (General Electric Research Laboru- 
tory):  It seems to me that the author’s model of thc 
“square-wave” detonation is a very good one for the 
description of most of the common branched-chain 
combustion reactions which drive detonations. In 
these reactions there is characteristically a true 
chemical induction period during which the chain 
carrier concentration increases without releasing 
appreciable heat, followed by an extremely fast 
branching chain which generates large concentrations 
of frce radicals, but in the case of He + O2 at least 
very little heat, and this in turn is followed by 
recombination of the radicals which release heat. 
Under conditions such that the recombination is 
fast relative to the induetion period, not unreason- 
able at a high total pressure, the structure of the 
detonation wave will be “square” and this has been 
demonstrated theoretically by Duff and experi- 
mentally in shock waves through dilute combustible 
mixtures by Schott and Kinsey, and Kistiakowsky 
and Richards among others. Furthermore the 
length of the induction period depends on the chain 
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branching reaction H + 0 2  + OH + 0 with an 
activation energy of 1s kcal per mole and thus is 
related in a particularly simple way to the tempera- 
ture behind the shock. As a result this model is not 
only realistic, but convenient to use in studies of the 
stability of the wave. 

PROF. D. F. HORNIG (Princeton University): 
The notion of a square wave is reasonable since in 
many systems, such as hydrogen-oxygen, thc process 
is characterized by an isothermal induction period 
followed by heat releasing recombinations, which a t  
high pressures are rapid. 

To be sure it is a drastic simplification, but I think 
it may be even less rcalistic to use simple Arrhenius 
reaction rates which, except perhaps in systems like 
ozone, bear little relation to the real progress of the 
reaction. 

PROF. A. K. OPPENHEIM (University of Cal?fornia): 
In reply to Professor Hornig I would like to throw 
nevertheless s o r e  doubt upon the applicability of 
the square-wave concept because of the inherent 
possibility of an oversimplification. I agree with 
Professor Hornig that it may be less realistic than the 
Arrhenius rate exprcssion. However from the analy- 
sis we have made on the NDZ model of the detona- 
tion wave in ozone which, as contrasted to the one 
presented here, was not restiicted to the quasi- 
steady-state assumpticn, but took into account the 
complete kinetic chain reaction scheme, it appears 
that the process is initially actually endothermic, 
the energy being used up for the creation of activated 
species (in this particular case the over-all dissocia- 
tion producing atomic oxygen). Instead then of the 
induction period we obtain a regime of pressure and 
density increase before the conventional deflagration 
is set in. The process bears close relation in fact to 
the so-called von Neumann pathology. 

PROF. BOA-TEH CHU (Brown University): It is 
evident that, for the linearization procedure em- 
ployed by Dr. Erpenbeck to be valid, the perturba- 
tion must bc “small.” In practice, we are not in- 
terested in “infinitesimal” perturbations and this 
raises naturally the question as to how large a 
perturbation may be that it can still be regarded 
as “small.” 

Let us consider a sinusoidal perturbation of the 
type considered in the paper. The amplitude of the 
perturbation may be characterized in many equiva- 
lent ways. Let us characterize it by the displace- 
ment of an isothermal surface in the reaction zone. 
Here, the “reaction zone” is understood to mean the 
region where the concentration and temperature 
gradients are largc. Referring now to Dr. Erpen- 
beck’s paper, it is easy to see that his linearization 
procedure is still valid for a non-infinitesimal per- 
turbation provided that the amplitude of the per- 

turbation is small compared to both the wave length 
of the disturbance and the thickness of the reaction 
zone. The last condition is necessary because a dis- 
placement of the order of the magnitude of the reac- 
tion zone thickness produced by the perturbation 
may lead to a temperature change (at a fixcd 6) 
of the order of the tpmperature rise across the reac- 
tion zone. It is on this second condition or restriction 
that we wish to make some comments. 

It is certainly true that a stability analysis sub- 
jected to the two above stated restrictions still 
presents us with a mathematically meaningful 
problem and determines what one may call the 
“intrinsic” stability of the detonation wave. But is 
there really any physical significance in such a 
stability study when accidental disturbances in 
nature may have amplitudes of the order of the 
reaction zone thickness instead of being only a small 
fraction thereof? Furthermore, a t  an initial pressure 
of 1 atmosphere and at room temperature, the allow- 
able displacement of an isothermal surface in the 
reaction zone (for Erpenbeck’s analysis to be ap- 
plicable) will be in the submicron range; it is, 
therefore, approaching the limit where a continuum 
theory may no longer be applied. 

As pointed out earlier by Professor Fay the 
stability analysis proposed by Dr. Erpenbeck is 
similar to that for a laminar boundary layer and 
one may perhaps take advantage of this similarity. 
It is important, however, to remember that this 
similarity ie quite limited because of the high 
gradients in the thin reaction zone. Except for the 
case of a vanishingly small perturbation, there is in 
fact a greater similarity between the stability of a 
detonation wave and the so-called generalized 
Helmholtz type instability in which the stability of 
a thin shear layer of small but nonzero thickness is 
in question. In such problems linearization may be 
achieved by introducing suitable coordinate systems 
which move with the thin region of transition, pro- 
vided that the amplitude of perturbation is small 
compared to the wave length of the disturbance, 
even if it may be of the same order of magnitude of 
the reaction zone thickness. 

DR. J. J. ERPENBECB: The orders of magnitude, 
given by Professor Chu, for the first neglected terms 
in the linearization, used in our analysis (see, ref. 
4 of the paper), appear to be correct. Yet these 
magnitudes are of no special consequence with 
respect to the validity of the theory, over and above 
that implicit in any linear analysis. 

In the first place, the validity of the continuum 
theory is not affected by the magnitude of the dis- 
turbances considered; the consideration of in- 
finitesimal changes in physics is implicit in the use 
of differential and integral calculus. 

The limitation of the analysis to infinitesimal dis- 
turbances, on the other hand, is a result of the 
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linearization, and in fact, must be imposcd on any 
lincarizrd theory, including that to which Professor 
Chu alluded a t  the end of his comments. Howevcr, 
the physical significance of the stability criterion 
which results from a linear analysis is not expected 
to be restricted to the infinitesimal d ~ m a i n . ~ J  Yet a 
mathematical theory of stability of partial dif- 
ferential equations to support this expectation does 
not, to our knowledge, exist, except perhaps in 
isolated instances. 
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R ZONE AND STABILITY OF GASEOUS DETONATIONS 

H. GG. WAGNER 

Many experiments have been performed by various authors to measure the “thickness” of the 
reaction zone of gaseous detonations, i.e., the extension of the region where the main part of the 
chemical reaction takes place. These expcriments have shown that at an initial pressure of I atmos 
the zone was too narrow to be resolved. Only in spinning detonations using modes close to  the funda- 
mental can orie obtain a measure of the reaction time. 

Both spin and the dependence of the detonation velocity on the flow of the burned gas seem to be 
closely related to the mechanism of stabilization of a detonation. If the reaction rate is increased, 
rather high modes of fundamental spin frequency can be detected, which seem to disappear in very 
long tubes. This indicates a rather strong coupling between the burned gas and the reaction zone, the 
source of cnergy. The energy involved in the spin vibrations was found to decrease with increasing 
mode (frequency roughly proportional to n-1). 

The dependence of the detonation velocity on the flow conditions in the burned gas, also obtained 
experimentally, points at the coupling between reaction zone and flow in the burned gas. The end of 
the zone, in which the energy release which propagates the detonation takes place, lies in a region 
where chemical reaction is not yet finished. Using the conditions for flow through Mach-number 1, 
while taking into consideration heat addition, change of the effective tube area by boundary layer 
and the infl.ience of expansion waves from the wall etc., and applying it to the velocity deficit of the 
real detonation, one can get an estimate of the state of chemical reaction a t  the area where M = 1. 
This area seems to be rather sensitive to distmbttnces. 

In order to investigate the ehcmieal reaction in the main part of the reaction zone, low pressure 
detonations were used. In overdriven detonations, where the stabilization effects mentioned above 
are rather unimportant, the reaction zone was fairly smooth. The conditions of normal detonations 
had t o  be chosen very carefully in order to obtain regular signals. In some hydrocarbon-02 systems, 
density gradients were determined. In the system HS-0,-N2 density gradients, temperatures, OH- 
concentrations etc. were measured. The temperatures at the “cnd of the reaction” zone agreed with 
c:ilculated temperatures within the limits of esperimcntal error. Density, temperature and OH- 
concentration distribution correspond in principle to the model of Doering, von Neumann and 
Zcldovich. The chemical reaction, immediately following the shock front in H,-O,-NL mixtures 
could be described using the known kinetic data of the H,O2 reaction. 

hIany cxperimmts have been performed by  
various authors in order to measure the “thick- 
ness” of the reaction zone of gaseous detonations, 
the extension of the region where the main part 
oE the chemical reaction takes place. The infor- 
mation available today has been obtained by 
three different methods:’ 

(1) Calculations, using known kinetic data. 
( 2 )  Derivation of the quantity in question, 

using measurements of the macroscopic behavior 
of dctoiiations (e.g., the dependence of the deto- 
nation velocity on the diameter of the tube, spin, 
etc.,) and applying an appropriate theoretical 
model. 

(3) Direct investigation of the ‘(reaction zone” 
by measuring density, density gradients, tem- 

perature, concentration of certain components, 
liglit emission or other quantities, which vary in 
the reaction zone. 

As far as results arc available values in thc 
low pressure region agree within an order of 
magnitude.’ This is rather satisfactory if one 
considers the errors involved in the different 
methods. 

While methods (1) and (3) usualIy imply one- 
dimensional behavior of the detonation, method 
( 2 )  is essentially based on the deviations from 
one-dimensional behavior and uses models of 
cylindrical symmetry. For example, tlie influ- 
ence of the wall on the detonation by tlie forming 
of a boundary layer, turbulence, expansion waves 
traveling towards thc tube asis and other ef- 
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FIG. 1. Limits of detonability of CH4-02 mixtures 
at  normal pressure 3s a function of the tube radius 

r ;  c = (*oncentration of CHI in vol rr/o. 

fects are considered. Various models were applied 
to obtain a relation between the extension of the 
reaction zone and the velocity deficit 01 the 

For the different models an ex- 
pression of the form AD/D, = a/r results 
(AD = velocity deficit, D, = theoretical deto- 
nation velocity, r = tube radius, a is directly 
proportional to the extension of the reaction 
zone). Near the limits of detonability one should 
expect a stronger dependence of a on r. On the 
other hand, the limits of detonability which 
clearly arc stability limits are approximately 
related to the tube radius by C,, = I /r .  (CKr = 
concentration a t  the l imkS) (Fig. 1). 

These effects can be described using models 
with strict radial symmetry. However, we know 
that the processes taking place are inore com- 
plex. From these experiments alone it i s  impossi- 
ble to decide which model is to bc preferred. 
Therefore, one may ask how the stability of a 
detonation with a velocity D < D ,  is really 
attained. 

There are several experimcn t s  which could 
throw light on the situation. 

(I)  In  the low pressure region where the reac- 
tion zone can be resolved, it normally shows a 
very irregular structure as shown by the excellent 
interferograms of White? I n  order to obtain a 
rather smooth reaction zone, the detonation sys- 
tem has to  be selected and adjusted extremely 
carefully.I0 Ovcrdriven detonations show much 
less tendency to produce an irregular reaction 
zone?Jo 

( 2 )  If in spinning detonations the reaction 
rate is increasing (e.g., in the CO-0% system 
through the addition of more and more hydrogen) 
the spin frequency increases. The increase is too 

FIG. 2. Smear-camera picture of Lhc front of a CO, 
H2, O2 detonation showing high frequency spin 

(about 20 times the fundamental mode). 

high to be explained by the change of the souilcl 
velocity in the burned gas. Spin frequencies of 
many megacycles can he obtained easily." 
(Fig. 2 . )  

The pressure amplitude of the spin vibrations 
was found to decrease with an increasing number 
(Jf spin modes. If n is the mode and Ap the pres- 
sure amplitude, we obtained Ap - n9-( ' fn)(a > 0) .  
Therefore, the energy involved in the spin vilxa- 
tions is roughly 

E -  (Ap)?n = l/n 

I t  too, decreases with illcreasing spin mode (or 
frequency in a given tubc) . Therefore, that part 
of the heat of reaction which is put into the spin 
vibrations decreases also. 

(3) The velocity of a detonation r1el)entls on 
the flow in the burned gasr2 Comparing the 
velocity of a detonation in a solid tube with tlip 
velocity in a tube which is clcstroycd a ccrtsin 
distance ( I )  behind the reaction zone, one finds 
the velocity of the detonation in the solid tubc 
to be higher. In  order to investigate this effect 
two equal detonation tubes (5 mm lonq) werc 
mounted one above the other, coming out from a 
detonation tube of greater diamrter, wlicrc the 
detonations were initiated. Part  of one of thc 
two tubes (50 cm long) was madc of a specially 
prepared paper which was ruptured by the dcto- 
nation at a certain distanre behind the shock 
front of the detonation. This distance could bcb 
varied by changing the paper and its preparation. 
For the investigation stoichiometric city gas 
oxygen mixtures were used. The detonation in 
the two tubes were photographed together with 
a rotating drum camera. By an optical arrangc- 
ment the rupture of the paper tube could be 
observed. 
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The high pressure in the detonation Eone a t  
first enlarges the area of the paper detonation 
tube. For the burned gas the paper tube acts as a 
nozzle. If one takes into account the increase of 
area due to the acceleration of the paper by the 
pressure one obtains 

F = real area; Fo = initial area of the tube; 
t = time in psec; a = factor depending on the 
mass of the paper (a - 1). The time in which 
most of the chemical change takes place is less 
than 1 psec in the detonations under considera- 
tion and, therefore, only the last part of the reac- 
tion zone may be influenced by the area increase. 

The dependence of the velocity deficit on the 
length 1 is shown in Fig. 3. As long as 1 is not too 
short the increase in tube area acts very similarly 
to a boundary layer. The detonations start to 
fail 1% hen the velocity deficit is approximately 
10% (or even lower in larger paper tubes). 

I n  addition to the three experiments men- 
tioned, we have to consider the fact that  the 
chemical reaction is not completed in the zone 
between shock front and the effective Chapman- 
Jouguet state. Furthermore, the degree of com- 
pleteness of chemical reaction varies within the 
cross section of the tube. With respect to a coor- 
dinate system fixed a t  the front of the detonation, 
the burned gas moves with a velocity which is 
higher than the sound velocity; therefore, the 
Mach number of gases coming from the shock 
front has to pass the value iV1 = 1 in going from 
A1 < 1 to 12/1 > 1. How does this transition take 
place? Two possibilities should briefly be con- 
sidered here. 

I n  a stationary system the relation13 holds. 

9 r. 
6 1  

3 1 ,\. . G;ASSTUBE 

we 0- - - _ _ _  
2 3  4 5 . 6 7 8  

FIG. 3. Velocity decrement ADID, in per cent, of 
city gas oxygen det,onations depending on 1. 

with 

N =  

dx 2 ax 

where F = cross section; q = heat added; and 
K = ratio of specific heats. I n  order to pass 
through 1Il = 1 without an infinite derivative, 
dAM/dx or dT/dx, N has to be zero and the deriv- 
ative is given by dlV!/dx = (dN/2dx)i. N = 0 
means that the addition of heat by chemical 
reaction and by friction has to be compensated 
either by an increase of the effective tube area 
(e.g., due to boundary layer) or by an additional 
heat, consuming process. (e&, radiation or "tur- 
bulence"). 

Using this simplified stationary model one can 
describe the results of the experiments mentioned 
under point ( 3 ) .  In these experiments d( Ink') /dx 
is known. The velocity deficit can be used to cal- 
culate the corresponding reduction Aq of heat of 
reaction used for the propagation of the detona- 
tion through the relation D - qi. Near equilib- 
rium the equations describing the detonation 
process can be linearized and the value of dq/dx 
may be calculated. If one introduces this calcu- 
lated dq/dx into Eq. (1) , another value Aqz re- 
sults. I t  was found that the two Aq values were 
at least in qualitntive agreement. ( I t  should be 
mentioned that the definition of M itself is not 
independent of the process taking place). 

Another possibility to pass through M = 1 
seems to be included in the nonstationary case 
and is suggested by the phenomenon of spin. A 
more realistic description of the situation around 
the zone with iVI = 1 has to be based on the 
corresponding differential  equation^.'^ 

There seems to be a possibility of fulfilling the 
condition M = 1, a t  least as a time average, by 
introducing periodic variations of pressure and 
velocity. 

During the initiation of a detonation, when 
the combustion due to flame propagation goes 
over into combustion initiated by shock wave, 
in most cases strong vibrations occur which in- 
teract with the reaction zone.15 This means that 
vibrations as mentioned above and vibrations of 
the burned gas are present from the beginning. 
The vibrations in the burned gas are either at- 
tenuated by friction or supported due to their 
interaction with the reaction zone if their eigen- 
frequency is properly related to the chemical 
reaction process, resp. the mechanism mentioned 
above; if the vibrations of the burned gas and 
the "vibrations" necessary to fulfill M = 1 are 
in resonance. A similar phenomenon is well 
known from detonation spinning with relatively 
low frequency. The Chapman-Jouguet condition 
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in this case may be considered as a dynamic 
condition and the Chapman-Joumet surface, the 

TABLE 1 

Detonation Induction 
velocity, period, 

Mixture m/sec sec 

effective end of theA reaction >one fluctuates 
around a mean value. These fluctuations in- 
fluence the chemical reaction in the reaction 
zonc. In  addition, they may influence the shock 
front itself and therefore change the conditions 
for srlf-ignition immediatcly behind the shock 
front. This effect, however, becomes less im- 
portant when the mode of the spin vibrations 
increases. Calculations made in order to check 
this model are not yet completed. 

I n  overdriven detonations the flow does not 
have to pass through J4 = 1 ; at the “end of the 
reaction zone” the denominator in Eq. (1) does 
not become zero. Thereforc, the reaction zone of 
overdriven detonations should show fewer irregu- 
larities than that of normal detonations. This was 
really observed!Jo If spin occurred during the 
initiation of overdriven detonations it seemed to 
disappear after some distance, especially if it 
had high frequency. 

At the Combustion Symposium in Pasadena 
in 1960 we reported measurements in the reaction 
zone of gaseous detonations.16 Results reported a t  
that  time were mainly based on measurements of 
density gradients by a schlieren method. In the 
meantime more extensive studies of the structure 
of the reaction zone were made by measuring the 
light emission, the temperature, and the change 
of OH-concentration. The absolute values of the 
induction times and the length of the reaction 
zone obtained by the different methods were not 
the same. However, if one takes into considera- 
tion that the methods used Tere sensitive to 
different quantities one can try to transform the 
results obtained with one method into values re- 

25% H, 

&6.7%H* 

1 100 8,O 60 4p 
110 70 50 30 

p ( m m  Hg)  

FIG. 4. Induction times in HrOP detonations as a 
function of pressure for various concentration (co- 

ordinate system at rest for all figures). 
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sulting from another method. For stable dctona- 
tions this transformation establishes reasonable 
agreement among the values nieasurcd with the 
various methods. 

As quantities characteristic of the reaction 
zone of a detonation we measured induction 
periods, representing the zonc behind the shock 
front in which the change of the quantities under 
investigation was small compared with its change 
in the main part of the reaction zone. In  addition, 
the length of the reaction zone was determined; 
it was defined as the distancc bctwrcn the shock 
front and that zone near the “end of the reaction 
zone” where the change of the quantity under 
investigation became too small to be measured. 

Induction periods for H2-02 detonations are 
plotted in Fig. 4 as functions of the reciprocal 
initial pressure. The fact that  the results can be 
approximated by a straight line should be intcr- 
preted with caution with respect to the order of 
chemical reaction because the tcmprraturc along 
the straight line is not constant (but known). The 
influence of Nz added to H2-02 mixtures is shown 
in Table 1. Initial pressure p = 90 mm Hg. In 
addition, N2 changes the detonation velocity and 
therefore the temperature behind the shock front 
and it influences the stability of the detonation. 
Nevertheless, the results obtaiiicd with the atldi- 
tion of nitrogen fit into the interpretation of the 
induction periods in pure Hz-02 mixtures, usinz 
the well-known mechanism of the 1 3 2 - 0 2  system, 
the reactions H + 0 2  -+ OH + 0 ( E 1  - IS 
kcal/mole) ; 0 + H -+ OH + €I and OH + 112 -+ 
H20 + H (E2.3 - 10 kcal/mole) . 

The “length” of the reaction zonc is shown in 
Fig. 5 for H2-02 detonations as function of the 
initial pressure. Due to the fact that  all measured 
quantities change very smoothly the “length” of 
the reaction zone is not well defined. The plotted 
curves, however, give an impression of the time 
in which the main part of the chemical reaction 
takes place. 

I n  hydrogencarbon-oxygen detonations the 
definition of the extension of the reaction zone is 
easier than in Hz-02 detonations because the 
emission of CZ and CH can be used as an addi- 
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FIG. 5. Length of the reaction zone in psec of Hz-02 
detonations as a function of pressure. 

tional source of information. Values for n-hesane- 
osygcn detonations are plotted in Fig. 6. The 
values are of thc same order of magnitude as in 
112-02 detonations. In  addition, the total reaction 
time is of' the same order of magnitude as the 
(extrapolated) reaction time in flames of the 
same mixture burning at a pressure which corre- 
sponds to the pressure in the burnt gases of thc 
detonation. 

Induction times of benzene-osygen and 

4.4 
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FIG. 6. Length of the reaction zone (in mm) of 
n-hexane oxygen detonations as a function of pres- 

sure (P  in mm Hg). 
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FIG. 7. Induction times for benzene-oxygen detona- 
tions as a function of pressure (I' in mm Hg). 

n-hexane-oxygen detonations are shown in Figs. 
7, S, and 9. In  Fig. 9 some temperatures caicu- 
lated from detonation velocities, assuming com- 
plete equilibrium behind the shock front are 
added. These values show how the temperature 
changes if pressure and concentration in the gas 
mixture are varied. The information obtained 
from the measurements of induction periods is 
not extensive enough to allow reasonable con- 
clusions with respect to the kinetics of hydro- 
carbon oxidation under the conditions in a deto- 
nation. However, some time ago we measured 
the temperature dependence of the induction 
period for self-ignition in the same system using 
the rapid compression technique and shock 
waves. If these results are extrapolated to the 
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FIG. 9. Induction times for n-hexane-oxygen deto- 
nations as a function of the fuel concentration (c in 

vol %); X’s are extrapolated. 

conditions in detonations, induction periods re- 
sult which in most cases arc in agreement within 
a factor of less than two with the valucs ob- 
tained esperimeritally from detonations. 

Besides the substances described abovc, other 
hydrocarbon-oxygen systems Wcrc investigated 
and the results m r e  essentially the same as men- 
tioned abovc ercept in the case of CH4-02 deto- 

Discussion 

nations. In  the CI-14-05 system stahlc dctona- 
tions occurred very infrequently so that  a unique 
interpretation of the signals 11 as c\;trcmely 
cuml~ersome.~~ 
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DR. F. E. BELLES (NASA, Cleveland): The induc- 
tion times T observed when shock waves are driven 
into H2-Or-diluent mixtures correlate as log (~[o?]) 
versus reciprocal temperature, where the tempera- 
ture is calculated as that behind the normal shock. 
Both the temperature dependence and the magni- 
tude of T [O,] are governed by the rate of the reac- 
tion H + O2 + OH + 0, and both can be pre- 
dicted by Nicholls’ theoretical expression. 

In order to see whether the induction times 
measured by Wagner for free-running detonations 
deviate from this pattern, I have reduced his data 
to the appropriate form. The results agree well 
with the shock-tube data of Schott and Kinsey (and 
hence, also, with theory). 

Consequently, stable detonation waves are not 

characterized by an unusually close dcgrce of 
coupling between the reaction zone and the wave 
front, a t  least in HrOt-N2 mixtures. 

DR. C. BROCHET (University of Poitiers): After 
Dr. Wagner’s paper I want to mention one of the 
results found during our investigations of the in- 
fluence of the wall on the detonation velocities. 

As long as the detonation was stable (the con- 
cept of stable detonation that I use here is as de- 
fined in the paper of Manson et al., presented at 
this Symposium) we confirmed that the relation- 
ship between the velocity and the reciprocal of the 
tube radius was indeed represented by a straight 
line. 

However when the detonation became unstable 
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we did not find sucli a result because the deviation 
of thc vclocity measurements r3pidly increased 
with decreasing pipe radius. 

DR. E. E. I ~ F F  (Lnwrence Radiation Laboratory) : 
In one rcspect the point of view expressed in Wag- 
ncr’s paper seems rather different from that taken 
by those more concerned with problems of detona- 
tion instability. It may be of some value to make 
this difference more explicit. This work shows that 
the structure of a “stable” detonation can be dis- 

cussed satisfactprily in terms of the classical Iloring, 
von Neunmn, Zeldovich model even though weak, 
transverse perturbations are present. The per- 
turbations do not seem to play an essential role in 
the initiation of the reaction. On the other hand 
Troshin and his eo-workers seem to assert that the 
transverse and oblique waves existing on the shock 
front are essential to the propagation of the wave 
and that reaction initiation occurs in wave collisions 
or in turbulent slip discontinuities. These two posi- 
tions arc obviously quite different. 



VIBRATORY PHENOMENA AND INSTABILITY 
SELF-SUSTAINED DETONATIONS IN GASES 

N. MANSON, CH. BROCHET, J. BROSSARD, AND Y. PUJOL 

A variation of onc of the parameters (chemical composition, pressure, geometry of the container, 
etc.) of a self-sustained detonation involves a simultaneous modification of its structurc (spacc bc- 
tween thc shock wavc and the flame) and its stability. However, despite the development of tech- 
niques for the observation of the structure and [or me3surement of the characteristics (velocity, 
etc.), it has not been possible to give an unambiguous definition of the stability and to specify the 
interaction between the shock wave and the combustion wave. 

The purpose of the paper is to examine to what extent it is now possible to characterize: the stability 
of a self-sustained detonation, according to  the results of propagation velocity measurements; the 
intrinsic instability, with the help of a scale of the vibratory phenomena frequencies; the coupling 
between the shock wave and the combustion wave, from the behavior of very unstable detonations, 
the self-sustained propagation of which is accompanied by a complete but momentary separation of 
the shock and the flame; the limits of formation of the sclf-sustained detonations, taking into ac- 
count some instability parameters. 

Introduction 

I t  is now well known that during the first 
moments following its generation a detonation 
wave in a gaseous mixture contained in a pipe 
does not propagate with a constant velocity. 
Whatever the device used for generating the 
wave (another detonation, a powerful shock 
wave, a self-accelerated flame, or acceleration 
by means o I  various devices), its velocity during 
the first moments is higher than that observed 
after the detonation has run a further distance. 
The evolution of this velocity and the duration 
of this first phase depend upon the composition, 
pressure, and initial temperature of the mixture, 
upon the pipe dimensions, and, moreover, upon 
the device used for initiating the detonation. 
However, as the detonation runs away from its 
formation locus, the influence of the initiating 
device will attenuate and the detonation tends to 
become self-sustained and independent of the 
aforesaid initiating device. 

For a long time i t  has been thought, in agree- 
ment with the classical Chapman-Jouguct theory, 
that  the propagation velocity of a self-sustained 
detonation in a given mixture did not depend 
upon the traveled distance, and that the striae 
seen on some chronophotographic records (ordi- 
nary or schlieren) were specific for a particular 
type of waves (spinning detonation), but which 
propagate also with a constant velocity. How- 
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ever several investigationsL have revealed that:  

(1) the observed striae were due to the esist- 
ence in gases of some transverse vibratory type 
of motions’. 

(2) the pipe diameter has an appreciable in- 
fluence on the self-sustained detonation velocity3; 
and more recently4v5 that:  

(3) under some experimental conditions, this 
velocity could change notably with the traveled 
distance of the detonation; 
(4) this variation sometimes was accompanied 

by a momentary but clear separation between 
the shock wave and the flame without any defini- 
tive destruction of the self-sustained detonation. 

All these observations have raised with in- 
creased acuity the question of the validity limits 
of the Chapman-Jouguet theory, of the coupling 
mechanism between the shock wave and the 
flame, and of the idea of stability of the detona- 
tion wave. 

The purpose of this paper is to contribute to 
the solution of these questions by analyzing the 
results of our observations on the self-sustained 
detonations in some mixtures, 
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contained a t  ordinary temperature and pressure 
in long (25 to 30 m) pipes of 6 to 52 mm internal 
diarnetcr. 

After describing the experimental techniques 
and the main results of our observa t i~ns~-~  and 
 computation^,^ .\\-e shall examine how and to 
n hat extcnt it is possiblc a t  the present time to 
characterize the stability, the intrinsic instability, 
the coupling between the shock wave and the 
flame, and the limits of self-sustained detonations. 

Apparatus and Experimental Techniques 

dlimtures. The mixtures were prepared jn metal 
tanks (20, 40, or 400 liters capacity) with the 
usual precautions (drying of the gases with 
&SO4 and 1’205; highly turbulent gas flow during 
the tank filling; waiting 2 to 3 hours between the 
filling and the use of the mixture). The propor- 
tions of components were deduced from their 
partial pressures, measured by either a water or 
mercury manometer. The deviation from ideal 
behavior ot gases mas taken into account (through 
suitable values of compressibility factors z = 
p V / R T )  in order that  the corresponding rela- 
tive error of the detonation velocity would not 
exceed 0.1 %. Two grades of propane were used: 
technical propane (TI’) (sometimes containing 
up to 30% propylene CdH~) and purc propane 
(PP) (99.9%). The ethylene was 99% pure. 
Taking into account the various mixing opera- 
tions, the combustible percentage in the mixture 
was known with an uncertainty of about 1% 
and the nitrogen content with an uncertainty of 
less than 0.5%. 

Pipes for Velocity Measurements. Two series of 
stretched seamlcss steel pipes of an over-all 
length of 35 m were used for the velocity meas- 
urements: Tl, Tz, T3, T4 (12 mm, 20 mm, 36 mm, 
and 52 mm in diameter) and TI‘, T i ,  T3’ (14.6 
mm, 2s mm, 44 mm in diameter). Measurements 
for some mixtures aere  also made in a steel pipe 
TO, 6 m in length, 6 mm in diameter. 

These pipes were filled (after they had been 
dried for five to ten minutes by a dry air flow) 
by passing through a volume of the experimental 
gas mixture, of a t  least twice their capacity. I n  
all experiments, both ends of the pipes were shut 
before firing and the initial temperature and 
pressure conditions were p j  = 1 f 0.0015 atm, 
T f  = 290 f 2°K. The formation of the detona- 
tion wavc was obtained via a flame initiated by 
an electric igniter and accelerated with a metal 
helical wire (1.5 ni in length). 

The velocity T T ~ S  measured by two or three 
pairs of ionization probes with time intervals re- 
corded by 1/S psee electronic chronographs 
(Rochar A 809). The distance between two ioniza- 

tion probes actuating the same chronograph was b 
= 500 mm for the local velocity (DL)measurements 
and, a t  least, 5 m for the average velocity (Dm) 
measurements. For every experimental mixture, 
a series of tests was performed to localize the 
locus of‘ initiation of the detonation, after which, 
as a rule, the first pair of ionization probes was 
placed 2 or 3 m from that locus. The other pairs 
of probes were separated from the first by 1.5 m 
steps in the course of successive experiments. 

Photographic Records. The photographic records 
were obtained for detonations propagating in a 
20 mm diameter, 12 to 15 m length steel pipe, 
also fitted with 2 or 3 pairs of ionization probes 
for velocity measurements. This pipe could either 
include a section F1 of an identical tube of 2.5 
to 3 m in overall length and equipped with one 
side window, or another section Ei’z of the same 
diameter, but fitted with two opposite optical 
glass windows, which, without changing the pipe 
section, permitted the use of a schlieren system. 
The position of those pipe sections was changed 
in the course of successive experiments, allowing 
the recording of the detonation waves a t  different 
distances from its formation locus. The camera 
had a 20 em diameter drum (giving a film speed 
of 50 to 80 m/sec) and two Boyer 75/1.4 objec- 
tives provided with mirrors which made it pos- 
sible to record on the same film the detonation 
wave, either in direct light only (over a 1.5 to 
2 m distance in F1) or simultaneously in direct 
and schlieren light (over a 40 cm distance in a). 
The Topler-Foucault type schlieren system in- 
cluded two spherical mirrors (4 m in focal length), 
a horizontal knife, and a flash-lamp actuated by a 
photoelectric eel1 coupled to a thyratron. The 
light from the combustion front could be stopped 
down by a suitable field diaphragm, and one of 
the Boyer lenses was replaced by a 305/5.6 
Gundlaeh lens. 

Summary of Results 

Detonation Velocity. Confirming and completing 
the observations of other investigators, our study 
of the local velocity D I  behavior in terms of the 
distance traveled by a self-sustained wave, and 
that of the average velocity D, over the entire 
distance, +as revealed that the relative deviation 
6 = AD/D (Le., the maximum deviation AD of 
the Di and D, velocities divided by the average 
value D of these velocities)-considered as not 
significant when lower than 0.4%--tends to in- 
crease, with X and Z constant, as the diameter 
d of the tube diminishes; with X and d Constant, 
Z increases; and with d and Z constant, X 
varies (increasing or diminishing according to 
the mixture strength). 
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For instance (Fig. 1) in the case of the mixture 
C3Hs (TP) + 502 f Z Nz, this relative deviation 
6 becomes larger than 0.4% for 2 = 3.5 in the 2000 
20 mm pipe, for Z = 9 in the 36 mm pipe, and 0 2 4 6 
for Z = 10.5 in the 52 mm pipe. Consequently, N2 MOLE NUMBER (Z) X and Z being given, we could determine D, 
with a precision ol rtO.2% by extrapolating the 
D versus (1/d) straight lines that were drawn 
from the values of the DL and D, velocities for 
which the relative deviation 6 was 0.4% and in 
some cases by also taking into account the aver- 
age values D of those velocitieh' €or which 6 was 
less than 1%. 

The comparison of the values of D, with the 
values of Doth computed from the Chapman- 
Jouguet theory with the help of the usual ther- 
modynamic data, * and the assumptions of com- 
plete equilibrium and perfect gas law behavior 
of the burned gases shows that  (Fig. 2 and Table 
1) D, is systematically 0.4 to 0.S% higher than 
Doth. This result can be compared with that of 
M%ite,9 noting that:  

(1) The characteristics computed by means of 
various techniques (semigraphic, or using an 
electronic computer) but with the same numeri- 
cal data agree to within less than 0.3% for the 
velocity Doth and to within 1.5 and 4%, respec- 

FIG. 2. Thcoretical Doth and observed D, velocities 
as function of nitrogen mole number Z.  C3& (PP) + 

502 + Z N2; p /  = 1 atm; Tf = 295'12. 

tively, for the density p b  and pressure p( ,  of the 
burned gases? 

(2) If, instead of considering Doth, we con- 
sider the velocity Dth that  was coinputed with 
the same data, as D0th but taking into sccount 
the deviation from the perfect gas law (as was 
done by Paterson'O in the case of condensed es- 
plosives) we found that the difference Ix%\wcn 
D, and Dth is 0.2 to 0.5% lower than the differ- 
ence betwccn D, and Doth.ll 

Interpretation of Photographic Records. Thc rec- 
ords studied, in terms of the S and Z parameters, 
in the 20 mm diameter tube, have enabled us to 
make the following observations: 

(1) As long as the relative deviation of the 
local ( D t )  and average ( D m )  velocities, is less 

TABLE 1 

Cornp:trison of computed and measured detonation velocities 

D m  (m/sec) 2598 2450 2375 2213 2300 
D'th (m/sec) 2587 2470 2362 2201 2376 
(Da - D"td/Dm 0.004 0.004 0.005 0.005 0.006 
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FIG. 3. Streak schlieren photographs of detonations showing instability evolu- 
tion in C3H8 + 5 0 %  + 2 NB mistures. TJ = 298°K; p ,  = 1 atm; d = 20 mm. 

than to 0.4-0.6%, the direct light records will 
not show any peculiarity, but the schlieren pic- 
tures reveal the existence in the burned gases of 
very high frequency (1 to 1.5 Mc/sec) vibratory 
phenomena, the frequency of which diminishes 
as 2 increases, X being constant (Fig. 3) .  

( 2 )  For incrcasing relative deviations of 6 
> 1 % the direct light records, and more clearly 
thc schlieren records, show the appearance of 
somc strise, the frcquency of which is equal to 
the lundamental frequency of the transverse 
vibrations. Only the vibrations possessing the 
latter frequency can be seen on the records, 
when the deviation 6 tends to become higher 
than 2%. 

( 3 )  When Z has a still higher value, the deto- 
nation decelerates and then gradually separates 
into a shock wave and a flame. Later we observe 
a sudden reformation of the detonation (Fig. 4), 
the phenomenon being repeated, roughly every 5 
or 6 m, in a C3Hs (TP) + 502 + 11.8N2 mis- 
ture. 

It was also noticed that almost immediately 

after a reformation of the detonation (cf. photo- 
graph 2, Fig. 4), the striae, which a t  first had a 
very high frequency, tended stepwise towards 
the fundamental (first) mode transverse vibra- 
tion, and that the latter became distinct a short 
time before a new dissociation took place be- 
tween the shock wave and the flame. 

Conventional Stability and Intrinsic 
Instability 

When we want to summarize our knowledge of 
detonations, we are practically always referred to 
the Chapman-Jouguet wave as defined in the 
classical theory. 

The characteristics of this wave are, in fact, 
a well-defined basis of comparison; but our in- 
ability to localize experimentally the surface 
which can be identified with the Chapman- 
Jouguet plane, allows us to consider only the 
detonation velocity. 

The detonation velocity depends upon the 
pipe diameter. As theory does not take into ac- 
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FIG. 4. Unstable detonation (different phases) in CaH8 + soz + 2 NZ (0 and 
0) and CSH4 + 3.75 0 2  + 14.2 N2 (0 and 0) mixtures ( P I  = 1 ntm, TI 

= 29S"K). 

count this factor, we are led to compare Dth 
values with the values of the experimental veloci- 
ties D, referred to the infinite diameter pipe. 
But these values D, cannot be determined with 
equal accuracy, because the relative deviation 
corresponding to the measured Dl and D, veloci- 
ties in a given mixture also change with the pipe 
diameter (Fig. 1). As this variation of 6 seems to 
be related to the instability of detonation, the 
comparison with the Chapman-Jouguet wave 
will finally be justified only for those detonations 
which are considered as "stable." 

Since in our experiments it was possible to 
attain a relative deviation of 0.004, we have esti- 
mated that the self-sustained detonations for 
which the values D I  of local and D, of mean 

velocities agree within about ,t0.2% can be con- 
sidered as "stable." 

The arguments in favor of this statement can 
be found when examining the schlieren pictures. 
But it is clear that, in relating the idea of sta- 
bility to one particular value 6* of the dispersion 
(6* = 0.004 in our case), we obtain a better 
basis for the comparison of D, with Dth. More- 
over, the comparison between the values of 6 
and a given 6*, may provide a basis for a quan- 
titative description of the degree of stability of 
the detonations. 

Our choice of the value of reference 6" (0.004) 
should not be considered as final because of 
improvement of the experimental techniques (use 
of gases of a higher purity, more precise deter- 
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inination of the composition of the mixtures). 
At the present time it seems difficult to measure 
the local velocities DL with a lower relative devia- 
tion because of the intrinsic instability of the 
detonations. In  fact, the existence of vibratory 
phenoniena of more or less high frequency, proves 
that the gas flow and the combustion wave are 
not truly unidimensional and that, consequently, 
the relative deviation 6 is not only due to the 
experiinental techniques but also to the inherent 
nature of the phenomenon. 

I n  assuming with Duff'" that  the vibratory 
phenomena are a manifestation of the intrinsic 
instability of the detonations in pipes, we can 
verify that there exists some parallelism be- 
tween the variation of 6 and this intrinsic insta- 
bility. Indeed, as long as 6 docs not rise above 
0.004, the frequency of the vibratory phenomena 
is high (1-1.5 Mc/sec) . When it approaches the 
fundamciital frequency 6 becomes about 1 to 2%. 
Though unable to make precise measurements 
of the frequency (except when i t  is fundamental) 
our records confirm all of Edwards'  observation^'^ 
that  for each of these frequencies it is possible to 
attribute a modal number of the transverse 
oscillation which diminishes when one of the 
parameters S, %, or d (Fig. 3) changes in the 
corrcqjondiiig way to diminish the stability. 
This modal number niay be eventually used to 
define a scale of intrinsic instability. 

The cause of this intrinsic instability and con- 
sequently the origin of the vibratory phenomena 
is, a t  present, unknown. They can be attributed 
to various phenomena such as transversal rare- 
faction wavcs, turbulence, timelags, etc., which 
may or niay not be related to the presence of 
walls and their interaction. To understand each 
of these phenomena a more thorough knowledge 
of the nature of the coupling betmen the shock 
wave and the flame seems necessary. At present, 
to cstimate the extent that  a detonation can be 
considered as '[stable" and consequently com- 
parable with the Chapman-Jouguet wave, i t  is 
not only necessary to allow a highest value 6" of 
the relative deviation of the local and average 
velocities, but also to ascertain that, even in 
larger diameter pipes, the vibratory phenomena 
always have a very high frequency (clearly 
greater than the fundamental frequency) inde- 
pendent of the traveled distance. 

Coupling Between the Shock Wave and 
the Flame 

The records (Fig. 3, 4) show that the coupling 
between the shock wave and the flame becomes 
weaker when the frequency of the vibratory 
phenomena approaches the fundamental fre- 
quency and the detonation becomes unstable. 
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FIG. 5 .  Slope of the striae vs shock wave velocity 
D,. Tube d = 20 mm. 

I n  fact, this coupling in some mixtures becomes 
so weak that the shock and combustion waves 
separate. However, this separation is, momentary 
for the self-sustained detonations. Records (Fig. 
4) of this phase show that the interaction be- 
tween these two waves takes the form of a vibra- 
tory phenomenon with longitudinal and trans- 
versal components. Indeed, in a ~ s u m i n ~ ' ~  that 
this complex vibratory motion is forced by the 
transversal vibrations in the gases behind the 
flame, we can compute the slopes of the oblique 
striae 0,. The comparison of these slopes to those 
measured on the records shows that they agree 
to =t5 to 8% and are functions of the velocity 
D ,  of the shock wave (measured on the records 
to about &4-5%) (Fig. 5 ) .  

The behavior of the shock wave and the flame 
indicates that  these forced vibrations contribute 
towards the support of the shock wave by the 
flame. These vibrations seem to insure not only 
an energy transport from the flame to the shock 
wave but are also able to accumulate a sufficient 
amount of energy. to generate one or several new 
flame fronts behind the shock wave and still 
ahead of the main (first) flame. The appearance 
of these new flames is followed by a new and 
strong association of the sliock wave with a flame, 
the whole of this phenomenon plainly resembling 
the formation of the detonation by an accelerat- 
ing deflagrati~n.'~ 

Thus it seems reasonable to presume that 
vibratory phenomena with a very high frequency 
should exist in the very thin gas layer, separating 
the shock wave from the flame front in the deto- 
nations that we have considered as "stable". A 
megacycle frequency is, in fact, compatible with 
the known16 values of the stay-time of the gases 
in this layer. 
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Such an intcrprctatiori does not csplicitly 
cousidrr the effect of the wall surface. We have 
observed it, particularly in repeating some of 
ShchelkinJs17 and Gu6nocheJsIs csperiments con- 
cerning the influence of a helical wire inserted in 
the pipe walls.‘6 Our experiments were performed 
within a 20 mm diameter pipe with a 1.5 mm 
diameter helical wire, having the required char- 
acteristics (the distance between two turns of 
the helix equal to the wire diameter) for observ- 
ing a detonation velocity that would be definitely 
lower than the velocity in pipe. With 
the mixtures CaHs (TY)  f 502 f Z Nz for in- 
stance, i t  appeared (Fig. 6) that (1) for Z < 6, 

100 mm - 
2 = 3  

Z = b  

2 = 1 2  

i.c., for iiiistures in wliich the detonation is 
“stahlc,” thc presence of the hclical wire pro- 
duces a decrease in the velocity that can rcaeh 
10%; (2) for Z ce S, the helical wire caus(~s the 
aplicarancc of fundamental frequency striar, 
which for “smooth” piprs do not appear up to 
Z N 10 to 12; (3) for Z > 10, the detonation is 
fully dissociated, and the distance between the 
shock wave and the flame is constant; likewise 
the velocities arc about 40 % less than tlic vrloc- 
ity mcasurcd in the ‘[smooth” p i p .  

The Limits 

Generally, according to the parameter I, 
( L  = X ,  Z, D, p l ,  T f )  one can conceive that 
therc are two (or eventually just on?) values 
L,” and lis* which characterize the limits of the 
domain where the formation of self-sustained 
detonations is possible. A pair of other values 
L,, I,, of this samr parametcr mill characterize, 
if they exist, the limits within which these deto- 
nations can be considered as “stable.” But, while 
the definition of the first of tliesc involves only 
the self-sustenance of the detonations, the defini- 
tion of the latter involves a choice of a convcn- 
tion defining the “stability” of the detonation. 

The necessity to  distinguish lietwwn these 
two groups of limits was pointed out by Itivin 
and Sokolik.’9 They indicated that their espcri- 
mcnts on the formation limits of dctonations 
generated by self-acceleration of flames could not 
lead to the samc results as those of tlie othcr 
investigators ( Wendt1andJto Laffitte and Bre- 
ton?’) who determined the limits within which a 
stable detonation could be propagated, the 
requisite conditions for its formation bcing 
achieved by the use of an appropriate initiating 
devicc. 

To  determine tlie limits, the initiation mode 
and thc pipe length are of particular importance 
since, using a sufficiently energetic initiation 
mode, the propagation of a detonation over a 
shorter or longer distance can be obscrved al- 
though it is not necessarily self-sustained. Tlic 
determination of the two groups of limits (LL*, 
LA*, and L,, Ls) amounts to the determination 
of domains of existence or‘ self-sustained detona- 
tions and of conventionally defined “stablC” 
detonations. 

From this point of view, thc analysis of tlie 
results ol’ the experiments allows us to indicate 
the general hinits in terms of the pipe diamctcr d 
and the nitrogen mole Z number for the niistures 
C3Hs f 502 f Z Nz at ordinary temperature 
and ixessure (‘Fig. 7 ) .  This figure shows the 

\ -  

FIG. 6. Dctonation waves in tube cl = 20 mm with 
helical wire of 1.5 mm diametcr and three turns 

per cm. C3Hs + 502 + 2 N2 mixtures. 

apprddmate limits of the domain of existence of 
self-sustaincd detonations, within which we have 
detonations considered as “stable” with the corre- 







L STUDIES OF THE STRUCTURE OF GASEOUS 
DETONATION WAVES 

M. L. N. SASTRI, L. M. SCHWARTZ, B. I?. MYERS, JR., AND D. F. HORNIG 

The optical reflcctivity method has been applied to the study of the initial stages of detonation - 
waves in hydrogen-oxygen-argon mixtures. 

Introduction 
Tn o central problems have emerged concern- 

ing the structure of gaseous detonation waves: 
(a) whether the reaction zone js preceded by a 
more or less uncoupled shock wave as proposed 
by Zeldovich,' von Neuman,2 and Doering: or 
whether the two interact strongly4; and (b) 
whether the shock front is flat, indicating one- 
dimensional flow, a t  any pressures. The optical 
reflectivity method is the only one used thus far5 
which has sufficient resolution to detect and study 
the details of the initial compression and it also 
yields information on the second point at much 
higher pressures than other methods! 

Some time ago Levitt and Ilornig observed5 
that when detonations in H2 + 302 mixtures 
passed through an intense beam of monochro- 
matic light, a pulse which appeared to be re- 
flected light from the initial shock front in the 
detonation wave could be detected. This phe- 
nomenon is analogous to that observed in the 
case of simple shock waves where it has proved 
very fruitful in studying their structure. The 
interpretation of the light signals from the deto- 
nation fronts as reflection seemed justified since 
the magnitude of the pulses as well as their de- 
pendence on angle of incidence and pressure was 
about that  expected. Experiments in which the 
size of the exit aperture (and thus the degree of 
collimation of the beam) was varied led them to 
the conclusion that the initial shock front was 
smooth and planar at initial pressures of from 
one to three atmospheres, in contrast to the 
behavior observed by White,6 for example, a t  
loner pressures. We have now extended these 
observations, employing light of two wave- 
lengths (4358 8 and 5790 A) and a wider range 
of angles and initial pressures, and the-situation 
appears considerab1y;more complicated. 

Experimental 
The reflectivity method' is based on the fact 

that  the reflectivity of a gas interface is given by 
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the expression 

R = (1 + tan46)[E(2 ~osO/h)]~, (1) 

where 6 is the angle of incidence (and reflection), 
A the wavelength of the incident light, and F 
the Fourier transform of the refractive index 
gradient, 

F ( 2  cos 6/h) = [: n-'(dn/dx) 
X exp [-2&(2 cos B / X ) ]  dx. 

Equation (1) can be rewritten in the form, 

R = $(l + tan") (An)2 R'(cosO/X), 

( 2 )  

(3) 
in which R' varies from one when h is large eom- 
pared to the scale of the phenomenon to zero 
when X is small, and An is the index of refraction 
change during the shock compression, i.e. 

An = (no - 1) hi/Pn) (AP/PI). (4) 

L = 4 1 0 - 5 ~ m .  

0.6 

Ix 

0.4 

0.2 

0 
0 2 4 6 8 10 

- x 10-3 (cm-1)  cos 0 

FIG. I .  Typical reflectivity for a simple shock wave 
of thickness L. For any other thickness, multiply 

abscissa by L/L'. 
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The subscript zero refers to NTP and one to the 
initial state of the unshocked gas; Ap is the den- 
sity change across the gas interface. The behavior 
of R’ for a simple shock wave is illustrated in 
Fig. 1. 

The experimental method employed, except 
for improvements in the efficiency of the optical 
system, was similar to that of Levitt and Hornig. 
The apparatus was calibrated with weak shocks 
in argon. The results obtained from measure- 
ments on Hz + 302 at, an initial pressure of 20 
psia are plotted in Fig. 2 as R’(Ap/pl) ,2 the known 
variables having been eliminated by means of 
Eqs. (3) and (4). Although the magnitude of 
the “reflectivity” is close to that expected for 
reflection from the initial shock front, the data 
clearly do not fall on a single c u y e  as eupected 
from Eq. ( 3 ) .  Instead, the 4355 A points form 
one curve and the 5790 A points another. 

In Fig. 3 the same results are plotted as total 
observed intensity, normalized against the argon 
reflections in calibration shots. The “scattering 
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LIGHT DEFLECTED BY 
DETONATIONS H2 + 302, 
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FIG. 2. Apparent reduced reflectivities, R’ (Ap /po)2 ,  

from detonations in H2 + 302 at 30 p i a  jnitial 
pressure. Circlcso represent data at  4358 A and 
squares at  5790 A. Dotted points are original older 

results and crossed points are recent results. 
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LIGHT SCATTERING BY DETONATIONS 
H, + 302, 20 PSIA INITIAL PRESSURE 

1 1  I I I I I I I 
10 14 88 22 

SCATTERING ANGLE (degrees)  

FIG. 3. Normalized scattering intensities from det- 
onations in Hc + 302 at 20 psia initial pressure. 
Dotted points are older data and crossed points 

reprcscnt recent rcsults. 

angle” is 2(?r - 6 )  in each case. The fact that  in 
all of our experiments on HZ + 302 at 20 psia 
the 435s 8 signal: were more than twice as in- 
tense as the 5790 A signals clearly indicates that 
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FIG. 4. Reflected intensity from argon shock with 
fixed incident beam as angle of observation is vnricd. 
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the phenomenon was not simple reflection and 
suggests a major contribution by light scattering 
instead. 

To check on this conclusion we did further 
experiments in which the angle of incidence was 
kept constant while the angle of observation was 
varied. In the case of simple shock waves, as 
shown in Fig. 4, reflected light could be detected 
only when the angle of observation was equal to 
the angle of incidence to within 2', which was 
the angular deviation in the collimation of the 
light beam in the optical system. Corresponding 
observations on detonations are given in Fig. 5 ;  
a signal was observed over a wide range of the 
angle of observation and there is no sign of a 
maximum a t  16' which would have occurred if 
there had been reflcction from a plane front a t  
an angle of incidence of 82'. These results show 
clearly that either the major effect is scattering 
or that the reflection occurs from a rough or 
"bumpy" front. The intensity is a much more 
sensitive function of angle than would be es- 
pected for Rayleigh scattering, but it could, 
perhaps, be accounted for in terms of larger 
scattering centers. However, a "bumpyf7 re- 
flccting surfice might also yield a similar angular 
distribution of intensity. The reason is that  the 
magnitude of the reflectivity varies as 1 + tan4 6 
and tliereforc increascs very sharply as 6 tends 
toward 90". 

L I 
SCATTERING CURVES 
H, + 30,. 20 PSlA 

7 MM BEAM AT 
82' INCIDENCE 

\ 'a 0 
1 MM BEAM AT 

90° INCIDENCE 

0 4 8 12 16 20 24 

SCATTERING ANGLE (dcg) 

FrG. 5. Pulse intensity from detonations in Hz + 
302 at 20 psia initial pressure as angle of observation 

is varied. 

1- I I I I I I 1 J 

0 1 2 3 4 5 6 7 8  

VELOCITY x TIME (mm) 

FIG. 6. Pulses observed from shock and detonation 
waves when illuminated with 1 mm wide incident 

beam a t  9 = 82". 
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FIG. 7. Scattered intensity from detonations in 
Hy + 302 with angles of incidence and observation 
of 82' as initial pressure is vaned. Interpolated 

points are taken from curves of Fig. 3. 
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Whatever their origin, the narrowness of the 
light pulses observed demonstrates that  the sig- 
nals originate in a narrow zone of the detonation 
wave. To determine the thickness of this zone, 
measurements of pulse duration were made with 
a 1.0 mm wide incident and observing slit sys- 
tem. Figure 6 shows the results obtained. The 
pulse width for the argon shock is that of the 
optical beam. The wider pulse from the detona- 
tion indicates that the signals originate in a zone 
approximately 2.5 mm thick. This zone may be 
thinner in any local portion of the detonation 
wave since it includes the effect of any curvature 
of the wave front. 

Conclusions 

We can therefore conclude that (a) a t  20 psia 
the detonation front is neither plane nor smoothly 
curved, (b) the optical signal cannot originate 
in reflection alone but may arise predominantly 
from scattering, and (c) the optical signal origi- 
nates in a zone Iess than 2.5 mm thick. 

The situation is not yet entirely clear. Plots of 

signs1 strength vs. initial pressure at a constant 
scattering angle of 16' (6' = 82') (Fig. 7 )  seem 
to show that in going fiom 20 p i a  initial p'cs- 
sure to 60 pia, the %790 A signal becomes strongcr 
than that a t  4358 A, apparently crossing ovcr a t  
about 30 psia. This suggests that  the reflection 
component may become dominant a t  higher pres- 
sures but further experiments are needed before 
the relative roles of reflection and scattering can 
be determined. 
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GENERAL DISCUSSION 

DR. D. R. \ 1 7 ~ ~ 1 x  (General Electric Research 
Laboratory) : Confusion is sometimes generated 
by use of the term “instability of detonation” to 
refer to different phenomena. On the one hand 
we have instability of propagation as studied so 
nicely by Manson et al. On the other hand we 
have instability of structure, by which we mean 
the apparent reluctance of a detonation front to 
possess a laminar, or one-dimensional, shock 
wave-reaction zone structure. This is the prob- 
lem to which Erpciibeck has directed his atten- 
tion, and which may be, if you will permit me, 
reflected in Ilornig’s observations. 

The picture we are obtaining is that  in general 
even detonations which propagate stably appear 
to have a non-one-dimensional structure. 

As one changes the conditions of the esperi- 
ment in such a fashion that the reaction zone 
thickens, the scale of the irregularities increases. 
As this scale becomes comparable with tube 
dimensions, spin is observed and we approach 
instability of propagation. Spin data are ade- 
quately correlated b y  tlie acoustic theory, but 
this tells us little about the origin of spin or why 
i t  is so commonly observed as to perhaps merit 
being called a “stable” phenomenon. It is the 
origin of this instability of structure which we are 
now investigating, and some of our ideas appear 
in the introductory remarks. 

To rephrase them briefly tlie primary shock 
front is followed by xi essentially thernioneutral 
induction period and then by an exothermic rew- 
tion zone. This induction period depends on the 
local gas temperature and density. A weak shock 
front propagating transversely will be followed 
by a higher-than-average reaction rate, the in- 
duction time will be reduced, and the exothermic 
reaction zone will move forward with respect to 
the primary shock front. This transverse wave is 
in essence a “stsbly” propagating “micro-deto- 
nation” wave. The minimum separation between 
two such transverse waves will be determined by 
the time required for the reaction zone to recede 
again from the shock front as the doubly shock- 
heated gas is swept out by gas processed only by 
the primary shock front. The result of course is a 
self-sustaining “stable” transverse structure 
whose scale depcnds (for a given mixture) on 
reaction zone thickness and whose amplitude 
may depend on the temperature sensitivity of 
the reaction rate. The triple shock configurations 

associated with this process are adequate to ac- 
count for the density fluctuations which invaria- 
bly appear in our interferograms of detonation 
in gases. 

PROF. J. A. FAY (M.1.T) : There are two aspects 
of the structure of unstable detonation waves 
which deserve inore esperiinental investigation. 
The first has to do with the occurrence of triple 
shock type configuration of the detonation front 
such as that which has been shown by Dr. White. 
The second problem is connected with the in- 
tensity of tlie “turbulent” fluctuations of the 
flow quantities in the combustion zone and 
their subsequent decay. 

The existence of triple shock configurations 
during initiation or low modal number spin has 
been fairly well established. The principal ques- 
tion remaining is whether this phenomena per- 
sists a t  high pressures where the reaction zone is 
small compared with the tube diameter. One of 
the puzzling features of the structure of spinning 
detonations is that this shock structure always 
adjusts itself to propagate with the phase veloc- 
ity of the acoustic vibrations of tlie product 
gases. At higher pressures where there appears to  
be no clearly defined frequency in the product 
gases, what mill be the mode of propagation of 
these disturbances? 

If the detonation front is unstable so that 
“turbulent” fluctuations of velocity, density 
etc., exist within the combustion zone, the in- 
tensity of these fluctuations ought to be deter- 
mined. If the energy in these fluctuations is ap- 
preciable, it  ought to effect the wave velocity and 
temperature. Even though it may not be possible 
to resolve tlie reaction zone for high pressure deto- 
nations, there ought to be some effects of these 
fluctuations downstream of the reaction zone 
since the viscous damping of turbulence would be 
quite small a t  the high Reynolds’ number ex- 
perienced in most detonation waves. The inter- 
ferograms of White show a marked tendency for 
the intensity of the density fluctuations down- 
stream of the reaction zone to be lower than that 
within the reaction zone, an effect which we have 
also noticed in our schlieren photographs. In  this 
respect the “turbulence” appears to  be quite 
different from that generated by a grid or screen 
placed normal to a flowing gas, where no decay 
in turbulence is experienced, except through 
viscous effects far downstream of the grid. 

474 
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DR. D. R. WHITE: Our interferograms show 
large amplitude density fluctuations resembling 
those to be expected from compressible turbu- 
lence. A second contributing factor could be 
entropy variations in the product gas as a result 
of the shock strength varying from point to 
point over the detonation front. The state of the 
gas leaving the reaction zone could lie at various 
points up or down the equilibrium Hugoniot 
and, of course, the tangent property of the solu- 
tion near the Chapman-Jouguet point results in 
rather large density changes for small changes in 
wave velocity. This effect may be accentuated 
in our optical observations if the square tube has 
imposed some regularity on this structure. 

W. E. GORDON (Combustion and Explosives 
Research, Inc.) : As more information is obtained 
by newly developed techniques, the picture 
emerges ever more strongly that the wave front 

n 

I L 

2H2 - O2 - 13A -+ + 1 msec. 

in gaseous detonations in tubes almost always 
has three-dimensional features with various 
degrees of eomplex3ty. Thcse range from the 
fundamental spin mode observed near the coin- 
position limits, to the multi-headed spins and 
highly turbulent reaction zones in richer mix- 
tures. The question is : Do such three-dimensional 
effects always dominate? Are they, in fact, es- 
sential for the stability of detonation? 

Some evidence obtained in our work at the 
University of Missouri1 a 2  suggests that, in cer- 
tain narrow regions of composition atid pressure, 
mixtures of H2-02-!1, and 0 3 - 0 2  may approach 
the NDZ model detonation. Figurc 1 shows piezo- 
electric pressure records for various mixtures. It 
is seen that for the mixtures 2Is3 + 0 2  + 13A 
and 17.3 mole per cent 0 3  in 02, spin (vibration) 
is virtually absent and sharp von Neuinan 
“spikes” are in evidence. These records, the ones 
showing spin as well as the oiics without spiii, 

77% 0, -0, 

17.3% 0, - O2 

10.5% 0 ,  - O2 - 

-1 rnsec.-i 

FIG. 1. The figures show oscilloscope rccords from four piezoelectric gauges placed at 1-meter intervals in 
the detonation tube. All gauges were connected to one channel; therefore, pressures are superimposed at 
succeeding intervals of time. Faint parts of the traccs have been filled in with ink. Time scales are as indi- 
cated; pressure scales differ from gauge to gauge and record to  record. The “smoothed” pressures, obtained 
by extrapolating the tail of the pressure contour back to the rise line, are comparable in magnitude with 
the theoretical C-J pressures, but always from 10% to 25% lower. On the other hand, the “spikes,” where 
they are present, record pressures about 25% higher than the C-J values. The recorded peaks are, of course, 
reduced below the actual values because of the finite rise-time, which is in the range of 5 to 10 microseconds. 
It mzy be significant that the smoothed pressures are closer to the C-J values when the spike is picsent 

than when it is not. 
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were obtained with identical apparatus and with 
similar methods of initiation (2Hz + 0 2  driver). 

It is likely that the regions in which these 
NDZ-like pressure traces are to be obtained will 
depend on the tube diameter, although this was 
always the same in our experiments (one inch). 
However, it  is to he noted that these detonations 
were not overdriven, since the strength of the 
driver was studied over a wide range? All evi- 
dence in these experiments supported the con- 
clusion that the type of spin mode and the am- 
plitude are intrinsic properties of gas composition 
and initial pressure (and, probably also, of tube 
diameter). 

Although these data give no information on 
the presence or absence of turbulence in the re- 
action zone, they strongly suggest that the shock 
front is sometimes nearly planar and one-dimen- 
sional as prescribed by the NDZ model. 

DR. 13. LEWIS (Combustion and Explosives Re- 
search Inc . ) :  This is a discussion of the cause of 
instability and shock generation in the detona- 
tion wave. I believe the instability to be a mani- 
festation of the sudden ignition of a mass of gas 
that lies between the shock front and reaction 
zone behind it. The gas passing through the 
shock is heated and pressurized. Due to the slant- 
ing of thc reaction front the induction period for 
ignition is transcended and the mass of gas re- 
ferred to burns, giving rise to shocks, transverse 
and otherwise. Upon ignition the reaction front 
straightens out and the process is repeated re- 
sulting in pulsation. For a more detailed ac- 
count of the suggested process I refer the reader 
to Lewis and von Elbe, “Combustion, Flame, 
and Explosion of Gases,” Academic Press, 1951 
and 1961. 

DR. S. R. BRINKLEY (Combustion and Ex- 
plosives Research Inc.) : Brinkley and Richard- 
son: in a discussion of possible quasi-steady 
detonation regimes showed that pulsating propa- 
gation is possible in one-dimensional systems 
under circumstances likely to exist in weak mix- 
tures near the limit. It is felt that the description 
of the wave advanced in that paper provides a 
basis for the discussion of nonsteady propagation 
within the framework of classical theory. 

DR. F. W. RUEGG and DR. W. W. DORSEY 
(National Bureau of Standards) : Instability is 
evident in many schlieren pictures taken of the 
combustion region near a 20 mm spherical mis- 
siIe. The unstabIe detonations appear to be of 
two types. One type produces very regular and 
repetitive patterns from the front to far behind 
the missile. This is probably the result of a large 
amplitude acoustic oscillation that is driven by 

( 0 )  ( b )  
M = 6.04 M = 4.90 
P = 0.50 P = 0.25 

9.50% vo I  CH, in Air 30% vol H2 in Air 

( C )  

M = 6.41 
P = 0.25 

( d )  
M = 5.56 
P = 1.00 

2.55% YO! C,H,:, in Air 

FIG. 2. Examples of unstable detonation near a 
hypervelocity missile. (a) M = 6.04; P = 0.50; 
9.50% vol CHa in air. (b) iM = 4.90; P = 0.25; 
30% vol Hz in air. (e) M = 6.41; P = 0.25; 2.55 
vol % C5Hz2 in air. (d) M = 5.56; P = 1.00; 2.55 

vol % in air. 

the Fame. A second type is probably due to 
surges which are connected with the way combus- 
tion is established as the missile enters the 
combustible gas. Although these patterns are 
repetitive] they do not display the symmetry 
and regularity of the acoustic oscillations, and 
generally the Ieading shock wave is more strongIy 
affected by the surges. 

Figure 2 illustrates the various types of insta- 
bilities observed. Parts (a), (e), and (d) show 
combustion surges, while part (b) illustrates the 
effect of what is believed to be a strong acoustic 
oscillation. In  this latter case, (b), waves propa- 
gate between the flame front and shock wave, 
and are there reflected and returned to the 
flame in proper phase to prevent damping of the 
disturbance. Range of Mach number, M ,  in the 
experiments is from four with hydrogen to seven 
in the pentane mixture. The observed distance, 
d, between surges varies by more than an order 
of magnitude. In  this range of iM the velocity of 
the shocked gas with respect to the missile can 
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vary by about only 35 per cent near the axis of 
flight where the wave is nearly normal to the 
axis. Thus distance, d, is approximately propor- 
tional to the period of the surges and oscilla- 
tions, regardless of M.  

In  some instances the combustion appears 
intermittent, suggesting that ignition delay time 
may be an important part of the period of the 
surge. Ignition delay time, T, is determined 
from the observed separation between the shock 
and combustion waves as described in ref. 5,  and 
also by a technique described in ref. 6. While the 
times are well established for the hydrogen 
oxygen reaction, values used for pentane and 
methane are still tentative. Oxygen concentra- 
tion, ( 0 2 ) ,  mole literw1, accounts for the effect 
of pressure on the delay. A plot of d/R vs T is 
presented in Fig. 3, where a linear relationship is 
obtained for pentane and possibly for hydrogen, 
but not for methane. A line labeled acoustic 
vibrations indicates the region in which the data 
for hydrogen at one-quarter atmosphere lie. The 
smaller values of d indicate a different oscillatory 
phenomenon. 

The visible propagation of waves between the 
combustion and shock fronts of Fig. 2b suggests 
that  acoustic waves a t  the front of the missile 
are responsible for the oscillations. Figure 4 
shows a plot of d/R vs an approximate wave 
transit time between the combustion and shock 
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fronts on the axis of flight. CZ is the speed of 
sound there, and A, - A, is the distance. A linear 
relationship indicates that the vibration is proba- 
bly an acoustic effect. A more complete explans- 
tion would require an analysis involving a three- 
dimensional propagation of waves of finite am- 
plitude with a time varying heat release. 

DR. B. G. CRAIG (Los Alamos ScientiJic Lab- 
oratory): The evidence for turbulence in gas 
detonations presented by D. R. White' has gcn- 
erally been accepted. I n  the past year or so we 
have noted that some condensed explosive deto- 
nation phenomena can be explained by assuming 
that the detonation is not one-dimensional. 

While engaged in reaction zone measurements 
we observed that shocked thin plates lost more 
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rcfiectibity thau thick one5 regardlcss of the 
actual preysure. To investigate this further 11.c 
shockr~d thin alum~nuni foils (0.0003 inch thick) 
with nitromethane, lqater, and aqueous letld 
perchlorate and recorded specularly reflected 
light as a function 01 time and space with a smear 
camera. High magnification and resolution were 
used in order to observe small scale phenomena. 

The photographs so obtained show some pecu- 
liar nonreflecting areas, presumably rough spots, 
which grow in size ni th  time. Whatever is re- 
sponsible for the nonrcflecting areas is, by far, 
more prevalent in the case where the foil is driven 
by detonating nitromethane. The effect was not 
damped even when the length of the column of 
nitroniethaiie was increased from one to six 
inches. A small reduction in the number of the 
nonreflecting areas could be obtained by initiat- 
ing the nitroinethane with a special booster 
system. 

We have tcntativcly interpreted this data as 
evidence of turbulcncc of multidimensional flow 
in the detonation of condensed explosives. It is 
hoped that these comments will stimulate some 
of the audiencc to look for evidence of turbu- 
lence in condensed explosives. 

DR. H. DEAN MALLORY and DR.W. S. MCEWAN 
( U .  X. Naval Ordinance Test Station) : In connec- 
tion mith the discussions of turbulence and other 
two-dimeniional effects found behind the shock 
front in detonating gases, we should like to call 
attention to similar or perhaps rclated effects in 
the dctonation of a homogeneous liquid system 
consiiting of 18 molal hydrazine mononitrate 
(HMN) in hydrazinc. This explosive was used 
bccauic it is carbon frre and it nas hoped that 
its reaction products would be transparent and 
thus permit observation behind the reaction 
front. Nitromethanc, which has been used by a 
number of investigators studying liquid explo- 
sives, was not uieful undcr our experimental 
conditions sincc its products werc opaque to our 

FIG. 6. HMN solution in divided 
tank, half of which was covered by 
tracing paper on tank back. Re- 
duccd brightness shows that bacli- 

light wns transmitted. 

strongest backlight and this we believed was due 
to the presence of free carbon. 

Our experiments consisted of taking high speed 
photographs (0.15-0.20 psec exposures) of liquid 
explosives in 6 X 6 X $ inch “sheets.” A “sheet” 
was contained in a tank having 14 inch thick 
Plexiglas front and back faces and backlighted 
with an explosive flash bomb. It was hoped that 
with clear reaction products, density gradients 
throughout the reaction zone could be observed. 
However, the appearance of strong turbulence, 
as seen in Fig. 5, prevented this. Indeed, the 
turbulence obscured the $ inch grid markers on 
the back surface of the tank. In  experiments 
without backlight, proof of detonation was 61- 
ways obtained in later frames when a brilliant 
flash was observed a t  the liquid-air interface. 
This explosive is unusual in that no other dc- 
tectable light is associated with its detonation. 
This can also be seen in Fig. 6 where a tank was 
divided by an aluminum separator. One division 
of the tank was covcred with a tracing paper 
sheet on the back side which reduced the bright- 
ness showing that it was light from behind the 
tank, rather than in it, which was being trans- 
mitted. 

FIG. 5. Detonation of IS molal 
EIMN in hydrazine, inch thick 
charge, f i  inch grid behind tank. FIG. 7 .  Jets from free surface. 

A 
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FIG. S. Jets developed in failing 
detonation ( G  molal HMN in 
hydrazine), screen wire grid. Tur- 
bulence is not developed behind 

pure shock front. 

We believe the herringbone pattern in the 
wake of the wave can best be explained by initia- 
tion at individual sites. When the detonation 
wave reaches the free surface, small jet-like pro- 
jections can be seen directly beneath the bright 
envelope leaving the surface (Fig. 7). Also, if the 
HMN is further diluted to 6 molal concentration, 
detonation seems to begin but does not propagate 
from a strong external shock. In  this case, similar 
hair-like projections (opaque presumably from 
nitrogen oxides) can be seen extending for a short 
distance into the liquid (Fig. 8) .  From this, we 
postulate that detonation can start at discrete 
random points and spread spherically from these 
points. As the reacting spherical zones coalesce, 
the associated shock wavelets collide and cause 
reinitiation on a line midway between initial 
sites. As this process is repeated, lines of initiation 
tend to move at approximately 45" from the 
center line of the charge. Using plate glass con- 
finement or thinner charges in Plexiglas, (the 
latter is seen in Fig. 9) strong turbulence is still 
observed but the patterns are more random. 
Thus, the herringbone pattern may, in part, be 
due to charge dimensions. 

FIG. 9. Identical with subject of 
Fig. 5 cxcept charge is inch thick. 

Turbulence is more random. 

I n  conclusion we can say that we have seen 
what appears to be turbulence in the reaction 
products of a detonating homogeneous liquid 
which seems to have been generated at discrete 
points near or on the reaction front. The scale of 
this disturbance is similar to that which would be 
generated in a flow system by a mesh of from 25 
to 200 squares per square centimeter. 

DR. J. R. TRAVIS (Loa Alumos Scientific Lab- 
oratory): When nitromethane is detonated in a 
tube near failure diameter or is diluted with an 
inert liquid, end-on smear camera records show 
dark regions crossing the bright field of the deto- 
nation light. We distinguish two types of be- 
havior which are certainly related but the differ- 
ences are quite recognizable. The first type is 
failures, single events due to rarefactions which 
temporarily quench detonation. The second type 
is apparently a set of stable waves which run 
back and forth across the detonation in a quasi- 
steady-state condition. These we call dark waves. 

Several different observations have been made 
on these waves. First, in pure nitrometlmie 
there are: 

1. Failures moving inward from tlic walls of a 
tube near failure diameter; i.e., Fig. 1 in the 
paper by Campbell et aL8 These can be induced 
by grooves or holes in the walls, but large wall 
defects are not necessary to produce failures. 

2 .  Detonation cutoff when the detonation 
wave expands from a well-confined rrgion of 
diameter less than the failurc. tlianietrr; i.e., 
Fig. 3 in ref. S. 

3 .  Any short radius divergent detonation 
shows failures; i.e., dctonation starting from a 
shock interaction a t  a bubble. (See Figs. 13 and 
14 in ref. 9). When nitromethane is diluted with 
acetone (-10 to 30% by volume) or toluene 
(-10 to 20%), one can observe the above phe- 
nomena as well as the follorving: 
4. Quasi-steady-state dark wavcs, such as 

those shown in Fig. 2 of ref. 8. 

These phenomena must be related but the 
cause of detonation quenching and reignition 
may not be the same in each case. 

If the failure is large enough, i.e., if the dcto- 
nation has been quenched for a long enough time, 
one observes the usual initiation behavior. Fol- 
lowing the dark zone on an end-on smear camera 
picture is a region of low-level light, followed by a 
bright overshoot before the steady state intensity 
level is reached. Such evidence in the case of 
dark waves is not as clear largely hecausc of 
camera resolution problems. 

It is reasonable to suppose that the cause of 
failures of the kind described in 1, and 2, above 
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is a large 
hind the 

drop in the pressure immediately be- 
shock due to rarefractions from the 

unsupported edges. 
The explanation for the cause of dark waves is 

still obscure. I believe the mechanism must in- 
volve stable perturbations existing near the 
front. 

One interesting point in connection with dark 
waves is that their velocity is relatively constant 
(and equal to the velocity of cutoff) and is appro- 
priate for sound velocity of nitromethane com- 
pressed to the value it would have immediately 
behind the shock wave. 

Finally, I would like to make two specific 
commcnts relative to the experimental problem. 

1. When photographing dark waves with a 
smear camera only a few of the total number of 
dark waves will register on the film at a particu- 
lar writing speed, slit width, and magnification. 

This can be shown both analytically and ex- 
perimentally. For example, we have taken an 
end-on smear picture of the dark waves in a 25% 
acetone-nitromrthane solution in which in ef- 
fect the charge is observed simultaneously with 
slits perpendicular to each other. At the effective 
area of intersection, each slit should record the 
same event, but a detailed examination of the 
filnis shows no correlation between the two pic- 
tures of dark or light regions. 

2.  Failures in the detonation wave are related 
to the confinement of the charge. The two cri- 
teria which determine whether or not there will 
be failures are the shock impedence, poUs, and 
the time before a rarefaction from the outside 
wall can enter the charge. 

A third condition is related to the smoothness 
of the walls. If the walls are sufficiently rough, 
pressure interactions can raise the local tempera- 
ture sufficiently to lower the critical values of the 
first two criteria. For example, a wire screen 
lining a tube in which detonation would normally 
show large failures will reduce the number of 
failures dramatically. 

DR. S. J. JACOBS (Naual Ordnance Laboratory) : 
It seems to be there is little doubt of the existence 
of such waves moving across the detonation 
front. Unpublished smear camera records by 
Campbell have shown such herringbone patterns. 
I would be inclined to believe that their amplitude 
would not be high, perhaps a few kb above or 
below the norm. However for nitromethane a few 
kb could have a significant effect on the induction 
period and therefore the instability could con- 
tinue to exist once it begins. 

DR. B. B. DUNNE (General Atomic):  Stimulated 
by a suggestion from Dr. D. R. Whitelo we began 
looking into the possibility of detonation wave 

turbulence in condensed media. We now believe 
that we have fairly conclusive experimental evi- 
dence that there is indeed a complex turbulent 
structure in the flow immediately behind an 
overdriven detonation front, in both liquid and 
soIid explosives. The resuIts of this investigation 
imply that the flow behind a C-J detonation 
front, in such media, is also turbulent. Details 
of this work will be published shortly in the 
Physics of Fluids. 

DR. F. E. ALLISON (Ballistic Research Labora- 
tories): The pressure-sensitive electrical charac- 
teristics of have been used for de- 
tecting large pressure gradients in the region 
between SO and 200 kilobars. As shown in Fig. 10, 
the active element is a 0.005 inch thick sulfur 
disc embedded in a Teflon receptacle. Teflon was 
chosen because it is a good impedance match for 
sulfur. Since Teflon is a nonpolar insulator it is 
also free from spurious signals resulting from 
shock-induced displacement currents.13 The re- 
sistivity of vacuum-melted sulfur is shown in 
Fig. 11 for different values of the shock strength. 
The calibration is based on the peak shock 
strength produced in an aluminum buffer plate 
by an explosive charge initiated with a plane 
wave lens. The peak pressure is varied by chang- 
ing the thickness of the aluminum buffer plate. 
After calibrating a device suitable for detecting 
rapid changes in pressure, measurements were 
made which show the pressure profile of a deto- 
nation wave in a condensed e~plosive.’~J~ 

Baratol (67-33) was chosen because the Chap- 
man-Jouget pressure falls conveniently within 
the range covered by the sulfur detector. The 
pressure profile obtained from tests with 2 inch 
diameter baratol charges is illustrated in Fig. 12. 
The lower curve represents the pressure seen by 
the sulfur detector. The upper curve shows the 
time variation of the pressure in the detonating 
explosive. The pressure profile obtained from 
these tests indicates the presence of a von Neu- 

E P O X Y  WATCHED ~ T E F L O W  FY 
TO TfFLON h ,SULPHUR / 

TEFLON 

FIG. 10. Modified sulfur gauge. 
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manii spike followed by a Taylor wave. The initial 
pressure of 190 kilobars is not the masimuin since 
the pulse is limited by the rise time of the asso- 
ciated electronics and the pressure attenuation 
in the Teflon cover, which insulates the sulfur 
element from the ionized gases in the detonation 
front. The change in the pressure-time curve 
indicates a Chapman-Jouget pressure of about 
150 kilobars and a reaction time of about 0.2 
psec. 

Present efforts are directcd toward improving 
the response and reproducibility of the preshurc- 
sensitive sulfur element by using carefully ground 
single crystals. Also, questions associated with 
using a calibration curve based only on peak 
pressure data are being examined. Refinements 
in the technique may change quantative values 
slightly; however, the general characteristics of 
the pressure-time profile and the physical inter- 
pretation of these characteristics appear t o  be 
well established. 
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T SET OF DETONATION IN A DROPLET COMBUSTION FIELD 

FRANK €3. CRAMER 

A sequence of events has been described which offers an explanation for the processes leading to 
the onset of detonation in a heterogeneous field of low volatility fuel droplets. While the gross pattern 
appears superficially similar to that occurring in premixed gases, the detailed mechanisms must be 
explained in terms of the physical behavior of the liquid component of the two-phase system. 

The pressure ratios and shock velocity relations of both weak and strong shocks in this study fall 
very close to the values which are calculated for oxygen. That is, the gas phase into which these 
shocks are being driven is essentially pure oxygen at ambient temperatures. The highest concentra- 
tion of fuel in this study was 0.20 volume per cent. The transport phenomena to produce fuel vapor 
at a rate sufficient to drive these detonation-like waves a t  the temperature difl'erentials involved 
require specific surfaces which are orders of magnitude greater than the original spray presented. 
A type of mechanical shattering must be available which will produce enough of a less than 10- 
micron droplet mist to provide suficient fuel vapor to continue to drive the detonation front. The 
effects of the predetonation, flame-driven flow field controls the time and magnitude of the onset of 
detonation through droplet shattering these flows impose. 

Introduction 
The development of very reliable large liquid 

rocket engines has been accomplished through a 
continuing advancemcnt in the understanding of 
tlie basic meclianisms responsible for combustion 
instability. Studies of heterogeneous combustion 
in high Reynolds number flow fields' lead directly 
to the study of spray combustion in the presence 
of a travelling wave. The earlier phases of this 
work, reported at tlie Sth Symposium,2 showed 
that sprays of very low volatility liquid fuels in 
gaseous osidizers could be induced to generate 
and support high-amplitude, shock-like waves. 
This paper describes the processes which arc oc- 
curring in this heterogeneous system leading up 
to the onset of a detonation-like phenomenon. 

nset of Detonation in Premixed Gases 
A review of the events leading to a detonation 

in a premised gas and in the heterogeneous spray 
system illustrates a superficial parallelism of 
events. This apparent similarity must not be 
interpreted as an actual identity of events. 
There are actually a number of very critical 
heterogeneous phenomena controlling the onset 
of the detonation-like process in sprays. 

Description of Conditions that Lead to the 
Onset of Detonation in a Droplet Spray Field 
Experimental Apparatus  and Techniques. Two, 
2 X 96 inch, shock-tube devices were employed FIG. 1. Droplet spray shock tubes. 

452 
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FIG. 2. Schcmatic of shock-tube installation. 

on this study, one of polyacrylate ester for photo- 
graphic coverage, the other a stainless-steel tube 
for p-t-x records (Figs. 1, 2) .  Both tubes arc 
equipped with five fuel injectors. Each of thc 
central three injectors has an up and a down ori- 
fice. The end injectors each has a single inward 
oriented orifice. The orifice size is 0.0225 inch 
diameter. Fuel was espelled by movement of a 
small piston which was driven by gaseous nitro- 
gen pressure. High-speed movies of the trans- 
parent tube showed a very uniform spray dis- 
tribution throughout the tube in the period 100 
to 300 milliseconds after injection with little 
fuel accumulation on the tube walls. The distri- 
bution follows a reasonably normal pattern 
(Fig. 3 ) .  

The steel tube was equipped with flush- 
mounted pressure pick-ups located a t  the out- 
board end of the driver section and on the side 
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FIG. 3. Measured drop size vs normal accumulation 
ordinate. 

FIG. 4. Pressure record showing detonation. Injec- 
tion to ignition delay, 0.200 see; Fuel type, DECII; 
Fuel amount, 6 ml; Injection pressure, 150 psig; 
Oxygen pressure, ambient; Horizontal scale, 4 milli- 
sec/division; Vertical amplitude, 300 pei/division. 
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The initial portions of the f l o ~  fie1ds"betwcen-the 
contact surface and the shock front were esti- 
inated (Fig. 6).  The pressure histories in Fig. 5 
are from a run with no drodets in the chamber. 

5 .  Prcssurc record showing driver induced 
perturbation only. No fuel. Injector to ignition 
delay, 0.200 see; Oxygen pressure, ambient; Hori- 
zolltaI scale, mi]lisec/division; Vertical ampli- 

tude. 800 usi/division. 

of the main chanibrr a t  positions 3, 6, 12, 24, 4S, 
72, and 96 inches downstream of the position of 
the diaphragm. High rrsponse pressure pickups 
mcrc cmployed, i.e. Photocon (325)  and S.L.M. 
(601) pickups. T h e  Photocon pickup signals 
were subjected to an electronic second order 
differential compensator (DADEE) and the 
S.L.M. signal ';vas filtered for 100 kc ringing. 
The rise times of these output signals so treated 
arc 20 and 15 microseconds, respectively. The 
corrected outputs of the pressure pickups were 
displayed on oscilloscopes to produce pressure- 
timr histories of several locations in the tube 
(Figs. 4, 5 ) .  XI1 of thc oscilloscopes cmployed the 
samc triggering signal for coordinated starts. 
Tlie tiine base of the oscilloscopes was calibrated 

1.5 
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Y, 1.0 
E 
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0.5 

0.5 1 .o 1.5 

x = feet 

FIG. 6. Driver induced shock. a. Burning zone, b. 
contact surface, c. first forward pressure perturba- 

tion, d. shock front (gas velocities in ft/sec). 
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FIG. 7. Location of initial explosion. (Note droplet 
trajectories in the pre-explosion zone.) 

An examination of the predetonation portion of 
the driven wave in Fig. 4, shows that the pres- 
ence of droplets does not markedly impede or 
otherwise change its projected path. This is 
graphically presented in Fig. 7. 

It is reasonable to consider that  the flow field 
calculated from the tube without a spray charge 
will adequately describe the flow field to which 
the spray charge will be subject. In  Figs. 4 and 7, 
it  may be seen that a cataclysmic event occurs 
just short of the 2-foot measuring station and 2 
milliseconds. The bulk of the initial explosions 
takes place in the region of the t-z plot between 
1 and 2 feet, between 1 and 2 milliseconds. When 
conditions in the main chamber are marginal, 
the initial explosions are occasionally delayed. 
It is only on rare occasions that the initial onset 
occurs closer than 1 foot from thc original dia- 
phragm position. 

At ignition, the injectcd fuel may bc considered 
to be a t  rest. The gas drag has brought the spray 
field to an essentially stationary state. At igni- 
tion, the gases in the driver section expand, 
pushing the contact surface into the main cham- 
ber. This moving piston-like action gcncrates 
forward-moving pressure wavelets pushing into 
the heterogeneous field. The heat release in the 
driver section accelerates, resulting in the down- 
stream coalescence of these pressure perturba- 
tions to a shock front. There exists a time space 
period between ignition and the onset of explo- 
sion in which a heterogeneous droplet field is 
subjected to a transient variable flow field. 

Droplet ballistics are described by Newton's 
Second Law of Motion, using empirically de- 
rived drag coefficients, such as: 

dVd/dt = ( 3 C D P g V r  1 vr I ) / Q l D  (1) 

With both burning and nonburning drops, Rabin 

et aZ.,4 observed that flatteiiiiig of the droplcts a t  
high Rcynolds numbers causcs an increase in the 
npgarent drag coefficient. Based on their dntn, a 
combination of expressions was derived to dc- 
scribe drag coefficients over a wide range of tur- 
bulence, namely: 

CD = 27 Rc-'.*~, 0 < Re < SO; (aaj  

CD = 0.271 IZen 217, (213) SO < Re < lo4; 

C D  = 2.0, n e  > 104. (ac )  

Lnmbiris et aZ.,5 showed these values to fit very 
well with the observed droplct trajectories in 
massed-droplet flows in a transparent rocket 
motor. 

From these relations, the paths of three sets of 
droplets and the corresponding initially a~so -  

0 

-SHOCK 
WAVE 

FIG. S. Shear microdrop formation. Breakup of 
water droplet in high velocity air flow. Flow ve- 
locity, 760 ft/sec; Droplet diameter, 927 microns; 

frame rate, 12,700 frames/sec. . 
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ciatcd gas particle path are shomn in Fig. 7 .  It 
is seen that a substantial portion of the fine, high 
specific surface fraction of the droplet population 
is swept away from the contact surface of the hot 
burned gases of the driver region. In  the pre- 
critical zone, the original distribution of droplet 
sizes is nearly restored. This balancing is the re- 
sult of fine droplets which are swept in from up- 
stream elements replacing those original fines 
which are swept downstream by the high relative 
gas velocities. 

In  addition to being displaced, droplets are 
also shattered by high relative velocity gas flows. 
Rabin," showed that 1000-micron-diameter drop- 
lets would shatter with surface shear (Fig. 8)  
when abruptly subjected to flows of markedly 
greater than critical velocities. It appears that  
the sudden increase of relative gas velocity 
causes the shearing off of the surface layers be- 
fore the body inertia of the drop will allow it to 
deform in response to this loading. Lambiris 
et dJ5 found that it was necessary to assume 
delays to shattering of the order of one-half 
millisecond in their rocket chamber flow field to 
make their data self-consistent. Relative gas 
velocities as high as the value which shear 
shattered droplets were frequently found in 
rocket studies. In  Lambiris' rocket chamber, 
however, these high relative gas velocities were 
not imposed abruptly, but took a few tenths of a 
millisecond for full maximum velocity differ- 
entials to occur. It would appear that  when 
loading rates are sufficiently slow relative to the 
fundamental mechanical period of the droplet 
that the time to shatter is substantially in- 
creased. 

The gas flows observed in Fig. 7 present two 
distinctly different types of gas drag loading. In  
the region between the contact surface and the 
collapse of the forward moving pressure pertur- 
bations into a shock front, the droplets are over- 
taken by gases with a gradual velocity build-up. 
Those droplets which are overtaken by the flow 
fields after shock wave formation will be sub- 
jected to a very abrupt gas drag loading with 
initial relative gas velocities of the order of 900 
feet per second. This abrupt type of loading will 
result in surface-shear shedding of microdroplets 
which very rapidly assume the local gas velocity. 
This process can produce a substantial shower of 
microdroplets in the initial 100 microseconds 
(Fig. S), however, nearly a millisecond at full 
gas velocity is required for complete droplet 
shattering to microdroplets. 

The combustion region in the droplet field 
will be exposed to three different droplet popula- 
tion distributions as burning progresses down- 
stream from the contact surface. The first zone is 
relatively free of fine droplets. This zone is fol- 

lowed by a zonc with nearly thc original size 
distribution of droplets. Finally (after 1 milli- 
second) , the burning zone approaches the zone 
loaded with impact shear-produced microdrop- 
lets. At about the time the leading edge of the 
flame zone reaches this zone, the bulk of the 
large droplets in zones one and two (which is 
now a diffuse burning zone) will be shattering. 
Within a very brief period an order of magni- 
tude larger droplet surface is formed. 

A momentary explosion heatzreleasc is achieved 
which is capable of driving the flame front to the 
shock front. The detonation wave is apparently 
maintained by the burning of the shear-produced 
microspray immediately behind the shock front. 

Quite frequently, the rapid shattering of larger 
droplets (above 50 microns) throughout the 
depth of the established flame zones will tran- 
siently result in a greater time rate release of 
heat than can be maintained by a thin flame 
front associated with the subsequent detonation 
front. This results in a velocity overshoot which 
must slow down to the level which can be driven 
by the heat release from the leading edge of the 
flame zone. 

Nomenclature 

Coefficient of drag 
Drop diameter (microns) 
Reynolds number 
Local gas velocity (feet per second) 
Drop velocity 
Relative velocity (drop to local gas) 

Density of gas (pounds per cubic foot) 
Density of liquid (pounds per cubic foot) 
Micron 

(feet per second) 
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STANDING DETONATION WAVES 

INTERCEPTING SHOCK 

y NOZZLE \ 

J. A. NICHOLLS 

REFLECTED 1 SHOCK 

It has long been realized that gaseous detonation waves are capable of propagating at high super- 
sonic or even hypersonic velocities. This characteristic arises from the fact that the associated shock 
wave must elevntc the unburned gas to a temperature sufficiently high that the chemical reactions 
can occur rapidly. The meaning of “rapidly” in this sense is that the length of the reaction zone 
must not be long compared to a characteristic dimension of the system. The usual method of studying 
such phenomena is through the use of flame tubes or shock tubes wherein the detonation wave propa- 
gates a t  thc high velocities mentioned. In recent years a few groups have reported in the open litera- 
ture the results of csperiments direrted to the study of standing or stabilized detonation waves 
(SDW). Such a wave can be attained (maintained stationary relative to laboratory coordinates) 
when n combustible niisture is accelerated to the appropriate velocity, pressure, and temperature 
conditions and then subjected to a shock wave. The ensuing complicated phenomena can vary some- 
wliat betwcen diflercnt experimental environments and from similar results obtained in shock tubes. 
Accordingly, it is well to be able to understand the reasons for these differences so that the shock- 
combustion wave can be better understood and thus the possible utility of the SDW technique 
evaluatcd. It is the purpose of this paper to examine the reported results on SDW as obtained in 
different facilities and compare them. Comparison will also be made with results obtained from 
shock tubes and a ballistic range. Towards this end it will be instructive to consider the ignition 
clelny period, the effects of vibrational relaxation, and the importance of two-dimensional effects. 

xperimental Facilities and Results 

The experiments nt the University of Michigan 
SDIV were effected by expanding high 
pressure, heated air through an axisymmetric 
convergent-divergelit nozzlc exhausting to the 
ntniosphcre. High pressure, unheated hydrogen 
was introduced at the throat and the gases 
mixed partially in the supersonic portion of the 
nozzle. Limited residence time and a dropping 

static temperature ordinarily precluded combus- 
tion in the nozzle. The nozzle was operated highly 
underexpanded and the familiar jet pattern 
shown in Fig. 1 was realized. A relativeIy small 
portion of the total mass flow passes through the 
Mach disc and hence the hydrogen/air ratio 
across the disc was quite uniform. The Mach 
number into the shock was high (4.5-6) so that 
the Mach number immediately downstream of 
the shock was low (E0.4) and the static tempera- 
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FIG. 1. Structure of underexpanded jet. 
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ture closc to the stagnation temperature, this 
temperature being sufficiently high to "ignite" 
the mixture after a suitable ignition delay period. 
A number of experiments were conducted wherein 
the hydrogen-air ratio, the stagnation tempera- 
ture, and the Mach number into the shock were 
varied. Note was taken of the shock wave posi- 
tion with and without combustion and the flame 
front position. 

The supersonic combustion tuiiiirl a t  Arnold 
Enginccring Development Criiter (AEDC) , 
which was originally designed, fabricated, and 
operated a t  Fairchild Engine I)ivision, produces 
a shock pattern in the test section which is very 
similar to the underexpanded jet The 
normal shock is achieved in the two-dimensional 
Mach number 3.1 test section by the Mach 
reflection of two intersecting obliquc shocks 
generated by wcdges on the upper and lower 
tunnel surfaces. The hydrogen (heated to about 
700'F) is introduced on the tunnel centerline 
either by an injector just upstream of the throat 
or right a t  the throat. Thus with the tunnel 
being two-dimensional there is neither truly two- 
dimensional nor axisymmetric flow at  the normal 
shock location. The air is heated to 1200°F by an 
indirect fired heater and the rest of the licating 
is accomplished by the combustion of hydrogen 
in the plenum chamber of the tunnel. 

Rhodes and Chriss7 have reported on a series 
of experiments which were conducted in this 
facility. The experiments covered a range of 
hydrogen-air ratios and stagnation temperatures 
but at a fixed Mach number of 3.1. The use of 
the hydrogen injector upstream of the throat led 
to burning immediately downstream of the in- 
jector. The usc of the throat injector eliminated 
this premature burning and then the phenomena 
observed in the test section were qualitatively 
identical to those observed a t  the University of 
Michigan. 

A variation of the SDW tcchnique is the bal- 
listic range technique as has been reported by 
Ruegg and Dorsey.8 This technique differs from 
the above in that  the wave is maintained sta- 
tionary relative to a projected nylon sphere 
rathcr than stationary relative to laboratory co- 
ordinates.* The three-dimensional geometry 
makes it difficult to compare these rcsults to 
the previous ones but some attempt to do so will 
be made in a subsequent section. 

A comparison of the general results obtained 
in the AEDC and UM facilities reveals the 
following: 

(a) In both cases a certain minimum tempera- 

*These spheres were fired at  different Mach 
numbers into a stoichiometric mixture of hydrogen 
air maintained at  a few different pressure levels. 

turc is requircd before ignition occurs bchind the 
shock. 

(b) The shock wave and combustion zone are 
distinctly separated, this separation dccrcaiing 
rapidly with increasing temperature. 

(c) There is practically no influcnce of thr 
presence of combustion on thc shock wave rxccpt 
for a few isolatrd cases obscrvcd a t  UM wherein 
the shock was observrd to movcx upstrcani slightly 
when combustion commenced. 

Nieholls and Dahora? discuised tlic 1 1 ~  tlro- 
dynamic and chemical kiiietic considrrations in- 
volved in generating SDW. part of this dis- 
cussion they invoked the cxplosion limit critrria 
to arrive a t  a predicted minimum temperature 
required to cause ignition behind the shock. n'ith 
the pressure behind the shock takrn as 1.3 atmos- 
pheres, which was the case in the Uhl rywri- 
ments, the minimum tcinprrature calculatcd 
ranged from about 17SO'R for wry  lcan mixtures 
to about lS50"R for rich mixtur 
pcrimental data appears to br 
ment with these predictions although no sys- 
tematic experimental investigation w a ~  undrr- 
taken to firmly establish this explosion limit 
variation with hydrogen-air ratio. Rhodrs and 
Chriss' indicatc that they first achieve ignition 
when the temperaturc reaches 1750"R. This 
temperature is somem-hat below that indicatcd 
above but the difference is in the right direction 
when one considers that the pressure brhind the 
shock a t  AEDC is 0.S atmosphrres. This lo\xr  
pressure lessens the effect of thc thrrr-body 
chain-breaking reaction, H + 02 f h l  -+ H02 + 
M, which is involvcd in the c~plosion limit 
criteria. Of course, the tcmpcraturc mc'aqire- 
ments in the two facilities arc subjrct to somc 
error which may account for the tliffrrcnce. 

The separation between tlir shock and flsmc 
is attributable to the ignition timc delay which 
is apprcciable a t  the limitcd tempcraturrs utilized 
in the UM and AEDC tests. If one invoke thP 
criteria that the ignition delay distance be s~iiall 
compared to a characteristic dimension of thr 
system, one arrives a t  a tcmperaturr of about 
2050"R behind the shock in the case of the [WI 
facility.3 The results would not be too diffrrcnt 
for the AEDC facility. If one further requires 
that the reaction zone be essentially complc~trtl 
in this same relatively small distance, a tempera- 
ture of a few hundred degrees higher would be 
required. As to the question of coupling between 
the shock and combustion zone, this should 
depend on the stagnation pressure loss across the 
shock as compared to that across the flame. In 
the ease of high Mach numbers, such as are 
achieved in the URI facility, the stagnation prcs- 
sure loss across the shock will far exceed that 
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across the combustion zone so that the shock will 
bc perturbed little by the heat release. It was 
only a t  the higher temperatures with appreciable 
hydrogen content that sufficient energy was re- 
leased near enough to the shock to force the 
shock slightly upstream into a region of lower 
Mach nuinber, presumably to lower the stagna- 
tion pressure loss across the shock to acsomodate 
that across the combustion zone. In  the case of 
the AEDC facility thc Mach number is much 
lower and hence more sensitivity of shock posi- 
tion to heat relcnsc would be espectcd. Evi- 
dently no coupling has becii observed to date, 
howvcver. 

A more detailcd coiuyarison of the results ob- 
tained in the two facilities is presented in the 
following sections. 

Hydrogen-Oxygen Ignition Delag. The experi- 
ments performed a t  the UM and AEDC have 
been limited in stagnation temperatures into 
the wave. Consequently, the static temperature 
behind the shock is not sufficiently high to yield 
“immediate” combustion and an ignition time 
delay zone results. In this zone the hydrodynamic 
variables remain essentially unchanged until the 
immediate vicinity of thc “ffaine.” It would ap- 
pear, then, that the SDW is a convenient tech- 
nique to facilitate the study of very short (micro- 
second range) ignition time delays. In  this sec- 
tion as well as subsequent sections consideration 
will he given to such results already obtained 
and the factors that have influence on the ob- 
served results. 

The hydrogen-osygen-dilucnt ignition time 
delay has been studied quite extensively, theo- 
retically as well as expcrimentally, by a number 

and for the most part is 
quite ~vell  understood. For the temperature 
range 110O0-200O0K the pertinent reactions are: 

k5 
H2 + 0 2  --+ 20H (V 

k6 

H + 0% OH + 0 (VI) 

IC 7 

H, + 0 +OH + H (VI11 

k8 
H, + OH + H + HzO (VIII) 

wherein reaction V is the important initiation 
reaction to start the chain reaction of VI, VII, 
and VIII. Using a definition given by NichoIls,2 
we can write: 

7 = [2%Oz(c)kG]-’ h (n&/nKz.k6/k5) (1) 
where: 7 = ignition time delay; (C) = total 
concentration; n = mole fraction. 

Many esperiments were conducted in the UM 
facility using hydrogen-air mixtures wherein the 
distance between the normal shock wave and the 
visible flame front was measured. The data were 
reduced to yield ignition time delay versus tem- 
perature behind the shock. The details of these 
experiments and the methods of calibration are 
fully explained e l ~ e w l i e r e . ~ ~ ~  Suffice it to say here 
that the hydrogen/air ratio was reasonably uni- 
form over most of the Mach disc area and further 
this ratio has weak effect on ignition delay com- 
pared to the overpowering inffucnce of tempera- 
ture. It mas estimated that the temperature was 
uncertain by about 40°K. The results of these 
experiments are shown in Fig. 2 along with a 
plot of Eq. (1) for stoichiometric hydrogen-air. 
The values used in the rate constants, k = 
A esp ( - E / R T )  were: 

As = loL4 (moles/cc)-I set+ 

E5 = 7 X io4 cal/mole 

1 1 6  = ioi4 (moIes/cc)-l set+ 

EG = 1.8 X lo4 cal/mole 

The data are plotted as nop( C)7 versus reciprocal 
temperature in order to suppress the influence 
of mixture ratio. 

Similar measurements on hydrogen-air were 
made by Rhodes and Chriss’ and their results are 
also included in Fig. 2.  

Ruegg and DorseyS reduced their data on 
hydrogen-air in terms of the same parameter by 
measuring the separation on the axis of sym- 
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mctry between the dctached shock and flame 
front ahead of thc nylon sphere. Thcy incorpo- 
rated the assuinption of a linear decrease in 
velocity with distance from the value immedi- 
ately behind the shock to a value of zero at the 
sphere stagnation point in arriving a t  the expcri- 
mentally determined ignition time delay. The 
cxperimental data was described by a best fit 
equation: 

2.3 loglo(noz(C)T 

X [l - 0.05(P/T) exp (S570/T)]) 

= (6570/T) - 23.49 (2) 

where ( C) is in molcs/liter, T in seconds, P (the 
pressure immediately behind the shock) in atmos- 
pheres, and T (the temperature immediately 
behind the shock) in OK. The extra term, 0.05 
( P I T )  exp (8570/T), arises from the fact that 
the cxperiments involved relatively high pres- 
sures behind the shock (up to about 10 atmos- 
pheres compared to approximately 1 atmosphere 
in the case of the UM and AEDC experiments). 
Consequently the authors considered a gas phase 
quenching reaction, H + 0 2  + I + Hoe + I 
( I  an inert specics), in correlating the data. 
Equation (2) is plotted in Fig. 2 with the pres- 
sure taken as 1 atmosphere. 

It is interesting to include on this same figure 
the shock tube results of Schott and Kinsey.'" 
Their equation for the best fit of their data is, 

loglo [ ( 0 2 ) 7 ]  -10.647 4- (3966 zf= 625) (l/T) 

( 3) 

wherein the units are the same as before. This 
equation is plottcd in the figure. 

Reference to Fig. 2 indicates that  thc results 
of Schott and Kinscy compare very favorably 
with the theoretical curve except for a rather 
small difference in slope, this slope being indica- 
tive of the activation energy of the rate-con- 
trolling reaction. In arriving a t  the theoretical 
Eq. (1), the order of magnitude of no2 and n H z  
was taken as unity, which allowcd certain terms 
in the derivation to be dropped. Schott and 
Kinsey operated at values of no2 and nHz as low 
as 0.02 which is suEciently low to account for 
some discrepancy between the two curves. 

It can be noted that the UM results tend to 
be lower. This is believed to be attributablc in 
part to two-dimensional effects as will be dis- 
cussed in a later section. 

The results from sphere tests of Rucgg and 
Dorsey are seen to be somewhat higher than the 
theoretical curve. The three-dimensional aspects 
of this problem make it difficult to evaluate the 
results as to a possible direction of correction. 

The hEDC tcsts indicate appreciably lower dclay 
times than the othcr results prescntcd. In a 1atc.r 
section correction for two-climcnsionnl effects 
will be seen to be in the wrong direction to ex- 
plain this discrepancy. Probably one contributing 
factor is the nonuniform hydrogen distribution 
over the normal shock zone. Thus very lean 
mixtures in the outcr portions of the shock mean 
higher mole fractions of oxygen which lend to 
shorter delay times. Another possiblc contributing 
factor stems from the fact that  the higher tem- 
peratures were obtained by hydrogen preburning 
in the plenum chamber, thus lcading to some 
chemical differences a t  the test section. 

Vibrational Relaxation Effects. As is well known 
and is apparent from the foregoing, the tcmpera- 
ture bchind the shock portion of a detonation 
wave is of profound importance to ignition time 
delays and composition limits. There appenrs to 
be considcrable doubt, however, ns to whether 
the temperature actually realized in cxperiments 
is one corresponding to a vibrationally cold state 
or a state wherein vibration is equilibrated. 
Schott and Kinsey'O believed that their ignition 
time dclay measurements were subject to both 
cxtrcmes, dependent upon the particular misture 
and experimental conditions. Patch" found that 
he could predict composition limits for hydrogen- 
oxypn-diluent systems much better by assuming 
n vibrationally cold condition. 

In  order to ascertain the sensitivity of the UM 
and AEDC experiments to vibrational excitation 
effects, a few calculations were made for the two 
limiting cases of (a) the vibrational rclasation 
time, v, much greater than the ignition time 
delay, T ,  and (b) v << T .  A mixture of 20% (by 
volume) of hydrogen in air was used and the 
initial temperature takcn as 291"Ii. h rang? of 
velocities into the shock were treatcd. The tcm- 
pcrature bchind the shock was calculated for 
the two cases; case (a) for no vibrational cxcita- 
tion and case (b) full vibrational excitation but 
assuming no dissociation. The temperatures thus 
determined were used in Eq. (1) to calculnte the 
ignition time delay and thus compare the differ- 
ence for vibrationally frozen and excited states. 
For these calculations it was not necessary to 
specify the pressure level in arriving a t  the tcm- 
peratures but in arriving a t  thc value for T the 
pressure behind the shock was taken as 1 atmos- 
phere in all cases. The results arc shown in Fig. 3. 
For the cases considered and over the tcmpera- 
tnre range of validity of Eq. (1), the difference 
between the two eases rangcs from about 30% 
to 60 %. Unfortunately, the scatter of the esperi- 
mental data and the uncertainty as to appropriate 
kinetic constants make i t  impossible to  draw n 
conclusion regarding vibrationnl relaxation on 
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FIG. 3. Ignition time delay at  different free stream 
velocities, with and without vibrational refasation. 

the basis of the SD\V experiments. The effect 
ihould not be significantly different in the UM, 
-UDC,  or Bureau of Standards experiments. 

It should be iiotcd that the lean mixture as- 
sumed in the calculations emphasizes the vibra- 
tional effect due to the high characteristic vibra- 
tional tcniperature of hydrogen. On the other 
hand, the chnrscteristic vibrational tempcrature 

n is appreciably less than nitrogen so 
that the tiifferenee iri T for hydrogen-oxygen 
mixtures for the two cascs of T << v and T >> v 
would be greater than was shown here. 

i n  view of the abovc it is believed that mean- 
ingful rcsults regarding vibrational relaxation in 
dctonatioii waves can be obtained for SDW ex- 
pcriments by judicious selection of operating 
conditions and refined instrumentation. 

T wo-Dimensional EJects in Gaseous Detona- 
tions. lihrly photographic investigation of gaseous 
dctoiiatiori waves gcmxatcd in flame tubes and 
shock tubes revealed the presence of nonuniform 
conditions behind the detonation wave. Such 
phenomcna naturally make one wonder as to 
whetlicr the propagation characteristics and 
detonation limits are not affected by this de- 
parture from one-dimensionality. Simplified anal- 
yscs treating the viscous effects and heat transfer 

a t  tlic wall h a w  bccn carricd out by various 
invcstigators and correctly predicted the general 
trends but not the details. Rather recently, Fay'" 
treated in some detail the influence of the bound- 
ary layer which is initiated a t  the shock wave in 
a tube and builds up through the reaction zone. 
The greater density in the boundary layer means 
that more mass flow passes through the boundary 
layer than mould correspond to the gcometric 
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FIG. 4. Interaction of a hydrogen-oxygen detona- 
tion with an inert boundary gas. (a) Experimental 

set-up. (b) Schlieren photograph. 



proportion. Thus the flow in the reaction zone is 
subject to an effect analagous to mass flow 
bleeding through the sides of the tube. Utilizing 
some experimental results on turbulent boundary 
layer growth and reaction zone thickness, Fay 
was able to show that this model predicted the 
correct effect of pressure and tube size on the 
velocity deficit; that is, the difference in velocity 
for a true one-dimensional case and the expcri- 
mentally observed velocities. 

Recently, some experiments and analyses have 
been effected at the University of Michigan 
Aircraft Propulsion Laboratory which enhance 
the two-dimensional effects in gaseous detona- 
tions. Sommcrs and Morrison13J4 were interested 
in the lateral relief of combustion products of 
detonations in condensed explosives. The ex- 
tremely high pressures behind such waves pre- 
clude the possibility of a rigid boundary and 
hence the properties of the container as well as 
those of the exqlosive enter into determining the 
detonation characteristics. The authors pointed 
out the significance of the ratio of acoustic im- 
pedance (product of density and speed of sound). 
They studied this cxperimentally by means of a 
gaseous analogy. An explosive gaseous mixture 
was caused to flow a t  low velocity into a three- 
sided tube wherein the fourth side was an inert 
gas flowing parallel to the explosive mixture a t  
about the same velocity. A detonation was 
initiated in the explosive column which caused 
either oblique attached or detached shocks to be 
generated in the inert medium dependent upon 
the composition of the detonable medium and 
the inert gas used. Thus there was lateral relief 
on the detonation which caused the detonation 
to slow down, or in some cases, to be extinguished. 
A typical result, along with a schematic of the 
experimental apparatus, is shown in Fig. 4. The 
variation in velocity as a result of the lateral 
relief was measured. 

Morrison and Cosens15 considered the above 
results in establishing the geometry for a small 
workable model of a rotating detonation wave 
rocket motor. The hydrogen-oxygen detonation 
wave traversed an annular combustion chamber 
of rectangular cross section ($ X 2 inches) and 
about 7% inches in diameter. The combustion 
chamber was vented by an annular supersonic 
nozzle so that again the detonation wave ex- 
perienced lateral relief. While the engine was 
operated for only a fractional part of a second 
many passes of the detonation wave were re- 
corded and the velocity appeared constant a t  
about 10,000 ft/sec. It was necessary, of course, 
to inject hydrogen-oxygen continuously in order 
that  a fresh charge be available for each pass of 
the wave. 

It is interesting and logical to apply the gen- 
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era1 ideas of the two-dimensional effects tlis- 
cussed above to the experimentally observed 
results on SDW. This discussion will be con- 
cerned with the results from the UM and AEDC 
facilities and hence will of necessity be limitcd to 
the influence of lateral relief on ignition dclay 
time. This is so because the limitations of stagna- 
tion temperature in all of these experiments led 
to reaction zones far dowiistrcain where all 
knowledge of the flow field is pretty much in 
doubt. 

The theoretical treatment of ignition time 
dclay and the consequent predicted results are 
premised on the assumption that the flow param- 
eters and molecular weight remain constant bc- 
tween the shock and flame front. Further, the 
raw experimental data obtnincd a t  UM were 
reduced to delay times by invoking the same 
assumptions. It can be seen from Fig. 2 that the 
UM experiments indicate shorter time dclaps 
relative to theoretical as the temperature Ievcl is 
lowered. The most palusible (it not only) ex- 
planation for this would appear to be latcral 
relief of the gases behind the normal shock 
causing deceleration to higlier static tempcra- 
tures and hence higher kinetic rates. It is the 
aim here to quantitatively assess this effect. 

The main assumption to be made hcre is tlmt 
the flow immediately behind the Mach disc 
diverges and that the angle of divcrgencc remains 
constant for all ranges of ignition time dclay. 
Thus the two-dimensional effect becomes that 
of finding the effect of increasing flow arm on 
the theoretical delay distance. From the espres- 
sion of the ignition delay time, Eq. ( I ) ,  and thc 
velocity behind the shock, the expression for tlic 
theoretical delay distance, As,, is 

where M 2  is the RiIach number behind the shock. 
Inasmuch as a change in area is assumed, the 
temperature and pressure and Mach number 
change with distance from the shock front. Thus 
Axt is a function of the three variables, P2, T2, 
and M 2 .  Taking the logarithm of Eq. (4) and 
differentiating we obtain 

where the logarithin term of Eq. (4) has hecn 
taken as a constant. Since the flow is subsonic 
behind the shock, an area increase increases both 
the static temperature and the static prcssurc 
and decreases the Mach iiumber and since 
Es/RTz > 3 in the range of tempcraturc of 
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FIG. 5 .  University of Michigan ignition delay re- 
sults with correction for two-dimensional effects. 

intercst here, an area increase reduces the delay 
distance. 

Now, dT2/T2, dP2/P2 and dM2/Af2  can be 
evaluated in terms of M 2  and d A / A  by using 
influence coefficients.l6 Making the substitution 
we obtain 

With the value of &/RT2 = 8.2 corresponding 
to l ' 2  = llOO°K, it can readily be seen that 
d(Azt)/Azt varies between -1.945 dA/R and 
-1.05 dA/A as dI2  varies between 0.4 and 0.1, 
so that as an average one can write 

d ( ~ x , ) / ~ z , -  -1.5 ~ A / A  (7) 
This equation can be written in incremental 
form in terms of the experimental delay distance, 
Ax, the divergence angle, 6, and the Mach disc 
radiub, r ,~ ,  as follows: 

(AxL - A.c)/Azt N 3Az tan 6 / r d  (S) 
whrii Az tan 6 << ~ d .  It shows that the fractional 
deviation between the theoretical and the experi- 
mental delay dibtances decreases with increasing 

radius of the Mach disc and decreasing delay 
distance. Thus the larger the scale of the experi- 
ment and the higher the temperature the better 
the agreement is between experiment and theory. 

It remains now to evaluate tan 6. To do this, 
the results of the UM highest temperature run 
as indicated in Fig. 2, which seems to give the 
closest agreement with theory, are used. Ad- 
mittedly, the values for the theoretical curve are 
not that well known to justify superimposing the 
two but i t  is the best we can do here to assess 
the two-dimensional aspects. Evaluating Az, 
from Eq. (S) and noting that r d  = 0.25 inch, 
tan 6 is found to be 0.145 corresponding to 
6 = S.25'. Although this angle appears to be 
relatively large, it  should be pointed out that  the 
observed divergence angle of the flame is about 
twice this value, therefore 6 = S.25' is considered 
reasonable. With the value of 6 thus obtained, it 
is possible to correct all the other experimental 
distances and thus evaluate T t ,  the corresponding 
theoretical time delay. Figure 5 shows a compari- 
son between the corrected experimental results 
and theory and it can be seen that the agreement 
is extremely good. Most of the corrected experi- 
mental points lie within &25% of the theoretical 
curve. Thus the above, admittedly somewhat 
crude, analysis indicates that  two-dimensional 
effects are of importance in the case of longer 
delays and serve to explain the results observed. 

The data obtained a t  AEDC could be analyzed 
in the same way in order to assess the sensitivity 
of measured ignition delays to two-dimensional 
effects. If one considers their standard run a t  a 
Mach number of 3.1 and stagnation pressure of 
45 psia, the angle of the slip line behind the 
normal shock must be approximately 12' but 
with a slope such as to tend to accelerate the 
subsonic gases behind the shock. Thus the tem- 
perature will drop and the delays would be longer, 
just the opposite of the effect realized in the UM 
experiments. Reference to Fig. 2 reveals that  the 
slope of the AEDC experimental data curve is 
appreciably steeper than would be true for the 
most likely activation energy (Schott has sug- 
gested E6 N 17.5 kcal/mole). This steepness 
could be a result of the two-dimensional effects 
although the evidence is too little to draw a 
firm conclusion. Also, the fact that  the AEDC 
delays are appreciably shorter than the other 
investigators' results suggests that  other factors, 
such as those mentioned earlier, may be 
influential. 

Finally, let us look at two-dimensional effects 
insofar as they influence ignition delay distance 
in shock tube measurements. As mentioned 
earlier, the boundary layer buildup downstream 
of the shock causes the subsonic flow (relative 
to the shock wave) to see an effective area in- 
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crease and hence tends to decelerate with an 
attendant increase in temperature. The situation 
is qualitatively identical to the area relief behind 
the Mach disc in the UM experiments. In  order 
to compare quantitatively it is necessary to 
know some details of the rate of boundary layer 
buildup. The approximate relation of Eq. ( 7 )  is 
still valid here and one needs the fractional area 
increase over the delay distance, Ax. Fay12 has 
shown that GooderumJs17 expression for the 
turbulcnt boundary layer thickness can be put 
in the form, 

where 6* is the displacement thickness, Ax is the 
distance behind the shock in the steady flow co- 
ordinate system, p e  is the viscosity a t  the outer 
edge of the boundary layer, and plul is thc 
density velocity product into the shock wave. 
This can be written as, 

6" = 0.22x( l/Re,)n.2 

where, 

Re, = peuex/pe = prwv'p, 

Substitution of some typical values gives 6' N 
0 . 0 3 ~  so that tan 6 = 0.03 and hence 6 is of the 
order of 1.5-2" as compared to the 8" in the UM 
experiments. Then 

(Axt - Ax)/Axt N 3Ax tan S/r, = O.O9Ax/rd 

where r d  is now the radius of the shock tube. It 
follows that the errors to be incurred in the 
measurement of ignition time delays for hydro- 
gen-oxygen systems in shock tubes are somewhat 
smaller than those realized in SDW when the 
size of the shock tube and Mach disc are of the 
same size. Correction for this effect would tend 
to steepen the slope of Schott and Kinsey's 
experimental curve. 

The existence of appreciable two-dimensional 
effects in detonation waves causes the classifiea- 
tion of such waves as to weak, strong, and Chap- 
man-Jouguet detonation or merely as a shock 
induced combustion wave phenomenon to be 
somewhat ambiguous. Nicholls and Dabora3 
discussed this classification in interpreting their 
results on SDW. However, no attempt has been 
made in this paper to distinguish between shock 
induced combustion waves and detonation waves. 
Bragg'* has proposed a consistent set of defini- 
tions for two-dimensional detonation waves that 
should prove useful. The problem of identification 
on SDW is in knowing how much of the chemical 
energy was actually released. 

Conclusions 

The experimental results ohtainrd on SDW at  
thc UM and i\EDC have been presented and 
compared and have becn found to be in good 
qualitative agreement. The minimum tempera- 
tures required to ignite the mixture behind the 
shock in the two facilities are quite close, thc 
difference being explainable by a difference in 
pressure level behind the shock and some un- 
certainty in the temperature measuremcnts. 
Limited stagnation tcrnperatures have lcd to 
measureable ignition delay times in both facilities 
and consequently attention has been focused on 
this aspect. A consideration of the effects of 
vibrational relaxation (vibrationally cold or 
equilibrated) on ignition time delay indicates 
measureable differences between the two ex- 
tremes but the scatter of the experimental rcsults 
presented precludes a conclusion as to which 
limiting case was realized. 

A correction for two-dimensional effects is 
seen to bring the UM delay data into substantial 
agreement with the shock tube measurements of 
Schott and Kinsey as well as with the theoretical 
predictions. Measurements made on nylon 
spheres fired into a quiescent mixture of hydro- 
gen-air yielded ignition delay results comparable 
to these although a little on the high side. The 
AEDC measured delays are seen to be appre- 
ciably lower. This is belicved to be largely the 
effect of nonuniform hydrogen-air ratio across 
the normal shock. 

It was demonstrated that the errors incurred 
by two-dimensional effects on the ignition delay 
time for hydrogen-oxygen mixtures was smaller 
in shock tubes than in SDW experiments pro- 
vided the scalc of the two experiments werc the 
same. 

It is concluded that thc SDW technique is of 
definite value to the study of certain types of 
problems provided the scalc of the expcrimcnt is 
increased and cxtensive instrumentation is cm- 
ployed. Some of the advantages offered arc: 

(a) Steady flow system; 
(b) There are not the usual lean and rich 

composition limits to contend with and in- 
vestigations can extend continuously through 
these ranges; 

(c) Ideal for studying appreciable ignition 
delay times that could not be obtained in detona- 
tions in shock tubes; 

(d) By the nature of tlic experiment, good 
control of the operating conditions can be 
obtained; 

(e) The high velocities behind the shock 
spread out the combustion process which should 
allow for reaction zone studies. 
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r 1  I IieIriuiii C1isadv:iiit:Lgeb \vould ~ ~ p p c a r  to he : 

(a) tlro rcyuii enrciit of nlq)rcciable flows of 
licated lucl and o\iclixcr at initially high pressures 
that R ould I)c required lor the larger scale 
cxpcrimcnts ; 

(h) the clificulty of ascertaining accurately 
the coiiditioris into the shock wave; for some 
types of experiments this is not too critical, for 
otherb, such as the structure of the reaction zone, 
i t  nould be csseiitial to know the mixture ratio 
quitc xcurately ; 

(e) the cquipmcnt involvrd a i ~ l  method of 
operation makc this technique more cspcnsive 
opcmtionnlly . 
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Discussion 

fjn. 6. I,. SCIIOTT (Los Ala7no.s Scient& Labora- 
tory) : The eBect of vibrational relaxation on the 
ignition delay in hydrogen-oxygen mixtures may 
be more coniplicatccl than the text indicates. To be 
surc, a less than cqrdlibrium vibrational energy in 
m y  diitomic component of a shocked gas results in 
an alniornially high translation-rotational tempera- 
ture, arid this may significantly shorten the ignition 
delay. However, there may be an opposing effect. 
The chemical reaction which controls the ignition 
dclay is H + O 2  3 OH + 0, and if 0. is vibra- 
tionnlly cold, this reaction may proceed abnormally 
slowly, causing the ignition delay to be longer than 
in vibrationally equilibrated 0%. Evidence for this 
latter effect was found in the data of Schott and 
Iiiasey. 

MR. 1%. P. RIIODES (An0 Inc.): The work which 
we have done at the Arnold Center (AEDC) agrees 
in genera1 with the results of Mr. Nicholls. With rc- 
gard to our ignition delay results we feel that there 
is some uncertainty in our measurements because of 
the lack of sharpness in our emission zones, but this 
will not account for the discrepancy between our 
data and that of Mr. Nicholls. One possible reason 
is that since we preheat the air by burning hydrogen, 
we niay have small but significant quantities of OH 
radical in the mixture approaching the shock wave 
which could reduce the delay. 

We take exception to the term “standing detona- 
tion wave” since our data indicate that the phe- 
nomena we see are simple shock waves followed by 
a combustion zone whose boundaries are not re- 



stricted to constant area as in a detonation wave, 
but arc controlled by the pressure field through 
which the combustion is taking place. In our ease 
this is an accelerating flow field with a pressure 
drop through the combustion zone. 

We have takcn data by means of a sampling probe 
in the reaction zone which shows the degree of com- 
bustion as a function of distance behind the shock 
wave and indicates delays comparable to those 
which we rcportcd from emission data. The result 
of our study of normal shock induccd combustion 
may be found in “A preliminary study of shork 
induced combustion,” Rhodes, R. P., Robins, P. M., 
and Chris,, I). E., AEDC TPR 62-7S, May 1962. 

D R .  R. E. DUFF (Lawrence Railiation Laboratory): 
Have any measurements been made with high fre- 
quency response on standing detonations which can 
indicate whether or not instability phcnornena 
analogous to those observed in free detonations 
cxist in this ease? 

MR. R. P. RHOD~S:  We have mcasurcd the in- 
tensity of the 4315 A CH bands from an acetylene- 
air reaction initiated by an oblique shock wave. 
There appear to be large apparently random fluctu- 
ations in the intensity with frequencies from 20 to 
over 1000 cycles/second. These data are very reccnt 
and while they may reflect a factor inherent in the 
combustion proecss, they may also originate from 
disturbances outside the combustion zone. 

PROF. J. A. NICIIOLLS (University of Michigan): 
I know of no meaningful high frequency response 
mcasurements that have been made on standing 
detonations. Such mcasurcments would certainly be 
in order if the expcrimental conditions were suffi- 
ciently clean. The fact that standing waves are 
contained by fluid boundaries rather than walls 
should shed light on the instability problem. 

MR. C. L. SPINDLER (U.S. Naval Ordnance Test 
Station): Nieholls (in a paper in this volume) has 
compared the experimental observations of some 
recent standing detonation wave studics; comparison 
is also made with cxperimental observations of 
classical flame tube detonation waves. In general 
the paper is coneerncd with real gas phenomena 
and two-dimensional effects which result in devia- 
tions between experimental results and ideal theory. 
In this regard the paper is most adequate. How- 
ever, the controlling boundary conditions for each 
detonation wave system have not been extensively 
compared either in this paper or elsewhere. In most 
instances these boundary conditions are apparent 
but in others apparent only to those closest to the 
subject. These boundary or controlling conditions 
must certainly be important in understanding 
differences in detonation wave phenomena. Ac- 
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cordingly the following brief discussion may help 
clarify these differences. 

Presently it will be adequate to consider the 
detonation waves as highly idealiwd, one-dimcn- 
sional, constant area processes consisting of a nor- 
mal shock followed by a reaction or heat addition 
zone. The working fluid considered is a perfect gas 
with statc properties rrprescnted by 

In Eq. ( 1 )  I’ is pressurc, p is drnsily, T is tcmlicr:i- 
turc, and I< n. gas constant. This worlhg fluid ol)eys 
the constant area conservation rqu:hons of mass, 
momentum, and energy for a nonreacting (fixed 
composition) gas-the use of the nonreactivc gas 
equations is justifiable since the reaction aonc 
follows thc shock front and consequently results 
determined for the shock wave will apply t o  the 
detonation wave as a whole. The respective con- 
servation equations are: 

and 

where v is velocity, cp  is the constant specific heat 
capacity, and q is the spccific hcat addition. The 
subscripts 0 and f refer to conditions relative t o  the 
wave front, upstream and downstream, respectively. 
The three conscrvation equations must lie satisfied 
by their nine variables; however, by use of the state 
equation, Eq. (l), they may be reduced to scven 
variables. Thus the boundary or control conditions 
must determine a t  least four of Ihcse variables if 
the phenomena are determinable for the remaining 
unknowns. 

Three of the cases discussed by Nicholls will be 
considered : thc classical flame tube detonation 
wave; the standing detonation wave, SDW, in a 
supersonic tunnel, such as the Arnold Enginccring 
Development Center experiments; and a SDW pro- 
duced in a free jet as invcstigatcd a t  the University 
of Michigan. 

Consider the classical flame tube detonation : 
known values of po or PO, and q are apparent bound- 
ary conditions, but insufficient in quantity to solve 
the conservation equations, (2) through ( A ) ,  ex- 
plicitly. However, they are sufficient to determine 
the end state relationship between either pf or PI 
and of. By employing suitable thermodynamic 
arguments a t  this point, the well-linown Chapman- 
Jouguet condition can be derived. 

The second ease for consideration is a SDW in a 
supersonic tunnel. In this detonation system the 
known boundary conditions, PO, PO, vo, and q, are 



498 DETONATIONS 

obvious as well as sufficient to solve the three 
conservation Eqs. (2)-(4), explicitly for the re- 
maining unknowns. However, if the wave is to 
maintain stability in relation to its coordinate 
systems, Le., remain fixed, there is some maximum 
heat release, qmnr,  which the wave can tolerate. 
This stability point or heat release limit is dictatcd 
by the entropy consideration, discussed in the 
previous case, which requires that V I  5 a/ - qmax is 
termined by solving the conservation equation for 
q = qm.. with the boundary condition pa, Po, and 
uo, while letting u j  = a/ together with the state re- 
Iationsliip given by Eg. 5 .  Thus with the boundary 
condition of pot PO, uo, and q (known q 5 q,,,) the 
properties of the SDW in a tunnel are completely 
determinable. 

The final case for consideration here is the SDW 
in a hydrodynamic free jet which is characterized 
by the known boundary condition pao, Too, q, and 
P I ;  the superscripts 0 refer to total or stagnation 
conditions. But, only two of these, P I ,  and q, appear 
in our set of conservation equations. From the 
hydrodynamics of the free jet it is, however, pos- 
sible to employ the adiabatic relationship between 

the initial static and stagnation state points as 
given by Eq. (5 ) :  

POlPOY = Pao/(Po*)Y. (5 )  

It is also possible to develop an expression, Eq. (6), 
which relates the total and static energy properties 
of the initial gas state. 

(6) 

The conservation equations may thus be solved 
with the aid of Eqs. (5), (6), and the perfect gas 
law, Eq. (I). However, this case, as the preceding 
one, has a limiting qmnr for maintaining stability. 
Values for qmnx arc determined in the same manner 
as described by the previous case but with the 
relevant boundary condition for the case under 
consideration. Thus the properties of the SDW in 
a free jet are aIso determined. 

Although the previous considerations have neces- 
sarily been idealized and brief, it is hoped that they 
may add some insight into this aspect of the simi- 
larities and differences for various detonation wave 
phenomena. 

vo = [ ~ C P  (Too - To)].’ 



THE INITIATION AND GROWTH OF EXPLOSIO 
CONDENSED PHASE 

F. P. BOWDEN 

The Slow Decomposition of Explosive Crystals: Electron microscope studies show that the thermal 
decomposition of some explosive crystals, e.g., silver cyanamide, occurs primarily on the surface. 
With others, e.g., silver azide, the surface reaction is again important but there is evidence also for 
some decomposition within the crystal which can cause it to break up into many small fragments. 
There is also evidence that, for many of these explosives, an actual melting must occur-it is only 
in the molten phase that the reacting species have suficient mobility for a rapid acceleration to take 
place. 

The Effect of Fission Fragments and Nuclear Radiation: By choosing a crystal lattice which can 
be resolved in the electron microscope it has been possible to measure the extent of the damage 
with some precision. The damage dependsoupon the nature of the crystal and on other factors, but 
the track width may be approx. 100-120 A. The disorder produced in the lattice and the holes and 
tunnels formed may be clearly seen. The damage may bc interpreted on a thermal mechanism. The 
experiments a t  present suggest that even the intersection of two tracks would not produce explosion 
in an azide crystal. The intersection of three or more tracks within 10-11 sec is an unlikely event. 

The Effect of Discontinuities in Promoting Shock Initiation: Recent experiments with single 
crystals emphasize the importance of very tiny defects in the initiation of explosion by weak shock 
waves and the part they play in the growth process. A perfect crystal of silver azide is not initiated 
by a shock but a defect only a few microns in size will start reaction. This reaction in small crystals 
(0.01 to 1 mm) is a fast burning. With crystals greater than 2 mm it may grow to detonation. The 
defects may be present initially or may be introduced by a precursor stress wave moving a t  sonic 
velocity through the crystal. When a shock wave of appropriate intensity passes over a crystal con- 
taining multiple defects it can initiate a deflagration a t  each so that the forward movement of the 
deflagration is coupled to the shock wave. In this way a “pseudo-detonation’’ is set up. There is 
evidence that appropriately shaped cavities in liquids and solids can give rise to the formation of 
tiny Munro jets of high velocity. These might aid initiation by concentrating and increasing the 
velocity of impact and by brealcing up the explosivc. 

Introduction 

The Chairman has pointed out, with his usual 
good sense, that the main function of a discus- 
sion paper is to provoke discussion. I would like 
to  begin therefore by asking a few simple-minded 
questions about the initiation and growth of 
explosion in liquids and solids. I will not, of 
course, answer these questions-this gathering is 
much more able to do so-but I will, wherc rele- 
vant, mention some recent experiments which 
my colleagues and I have been making, and hope 
that others will do the same. 

These may be grouped under three main hcad- 
ings: (1) The Slow Decomposition of Explosives; 
(2) The Effect of Fission Fragments; (3) The 
Role of Discontinuities in the Initiation and 
Growth of Explosion. 

(1) The Slow Decomposition of Explosive Crys- 
tals. (i) What do we know about the physical 
changes which occur in an explosive crystal dur- 
ing its slow decomposition? When is the decom- 
position a surface reaction and when does i t  
occur within the body of the crystal? How rele- 
vant is this behavior to their subsequent ~xplo- 
sion and detonation? 

Electron microscope studies show that the 
thermal decomposition of some explosive crys- 
tals, e.g., silver cyanamide, occurs primarily on 
the surface. With others, e.g., silver azide, the 
surface reaction is again important but there is 
evidence also for some decomposition within the 
crystal which can cause i t  to break up into many 
small fragments. There is also evidence that, for 
many of these explosives, an  actual melting must 
occur-it is only in the molten phase that the 
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1c:icting sl)ccici l i n k  e sufhcieiit niobility for a 
lerntioii to tabc 1)l:xe. 
a t  is the idatioii betwen tlie electronic 

itructiue of an explosive molecule and its 
st:tbili ty ‘? 

( 2 )  The E”Jlect of Fission Fruginents and Nuclear 
Radiation. (iii) Can we explode explosives by 
bombardment TI ith fiision fragments, and if not, 
v Iiat c\ffect do T\ c txpcct it to have on tlicni and 
on tlicir subsequent performance? 

13oiul)arcling crystals with fission fragments 
provitlcs a method of introducing a single burst 
ot energy and it is possible to observe the effects 
directly by high rclsolution transmission electron 
microscopy. By choosing a crystal lattice which 
can be rtAsolved in the electron microscope it has 
been poislbk to measure the extent of the damage 
’FI ith miiie precision. The damage depends upon 
the nature oi tlie crjstal and on other factors, 
but the track niclth may be approx. 100-120 A. 
Thr  disorder produced in the lattice and the 
holes 2nd tunnels formed may be clearly been. 
The clamage may he interpreted on a thermal 
mechanism. Rous11 estimates give values for 
npprox. 700’-1000’C for the temperature a t  the 
edge of tlic track which last for times of the 
order of lo-” see. In  addition, there will be heat 
liberatcd by the decomposition of the solid itself 
if it  decomposes cxotlicrnially. We may expect 
the dnniage to be dif!fcrcnt for ionic, valence 
type, and molecular 5olids. 

There is clear evidence that the subsequent 
thermal decomposition and stability of the crys- 
tal i i  proloundly affected by the fission frag- 
menti. With silver cyanamide this would appear 
to be due primar~ly to the increase in surface 
area by the iorination of holes arid tunnels in it. 

The cxpcrimcnts a t  present suggest that  even 
the iiitcrstction of two tracks would iiot produce 
esplomn in an aliidc. crystal. The probahility of 
three or more tracks intersecting within IO-” bcc 
is cxtrtmely mall .  

(3) The 1CJect of Discontinuities in Promoting 
ShoLk Initiation. know that discontinuities in 
an csplosive such as cavities (either empty or 
filled with gas), foreign particles, cracks, and 
crystal imperfections u ill all increase the sensi- 
tivity to shocks of gcntlr or moderate intensity. 
R e  also know that bubbles, cavities, and par- 
ticlci are iinportant in liquids. 

(iv) What arc tlie various mechanisms by 
v,liich these different discontinuities (a) initiate 
tlie reaction and (b) assist its propagation? 

(v) Wc know that the initiation a t  a discon- 
tinuity atid its growth from that point is fre- 
queritly a thermal process. What new information 

;z 
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(Iioth t1icorctic:tl and csperinicnta1) have 1% c 
about the limiting size of tlir hot spotb? 

(vi) We know that shock waves whicli are too 
weak to cause initiation may, if they reinforce 
one another, do so. How iinportant is the re- 
flection and reinforcement in sensitivity tests 
and in practice? 

(vii) There is strong evidence that the fracture 
of the cxplosive and its disintegration into small 
fragments (or its dispersal as fine droplets of 
liquid) is of major importance in aiding both 
initiation and propagation. In  initiation by geiitle 
shock is there a i‘l~rccursor’’ stress wave which 
“prepares” the explosive in this way? If we have 
a perfect crystal free from defects what shock 
intensity do we need to initiate reaction? 

(viii) How important is the shape of the cavity: 
Are micro-Munro-jets formed and what effect do 
they have? 

(ix) What about other mechanisms of initia- 
tion? Russian workers”’ have suggested that the 
heat of crystallization under pressure may be a 
cause of impact initiation in liquids. What addi- 
tional evidence have we for this? 

Is the initiation by shock always a thermal 
process or can it occur by a direct rupture of the 
molecule or other mechanism? 

Our recent experiments with single crystals 
emphasize the importance of very tiny defects 
in the initiation of explosion by weak shock waves 
and the part they play in the growth process. A4 
perfect crystal of silver azide is not initiated by a 
shock but a defect only a few microns in size 
will start reaction. This reaction in small crystals 
(100 microns to 1 mm or so) is a fast burning. 
With crystals greater than 2 mm it may groiv to 
detonation. 

The defects may be present initially or may be 
introduced by a precursor stress wave moving a t  
soiiic velocity through the crystal. When a 
shock wave of appropriate intensity passes over 
a crystal containing multiple defects it can ini- 
tiate a deflagration a t  each so that the forward 
movement of the deflagration is coupled to the 
shock wave. In  this way a “pseudo-detonation” 
is set up. 

There is evidence that appropriately shaped 
cavities in liquids and solids can give rise to the 
formation of tiny Munro jets of high velocity. 
These might aid initiation by concentrating and 
increasing the velocity of impact and by breaking 
up the explosive. 

These experiments help us to explain initiation 
of explosion by shocks of moderate intensity and 
also the propagation of low velocity detonation in 
thin films of compressed powders and of primary 
explosives pressed into cylinders of small diam- 
eter and heavily confined. 
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The Slow Decomposition of Explosive 
Crystals 

Comprehensive investigations have been made 
of the kinetics of dccomposition of esplosive 
solids mainly by  measurement of pressure-time 
curves and an interesting review of this has been 
given.l 

Electron microscopy combined with electron 
diffraction has also proved a useful method for 
studying this slow decomposition of single crys- 
tals. Sawkill? has followed the decomposition of 
silver azide in some detail and shown how the 
silver atonis in the lattice collapse to form mctal- 
lic silver crystals as the Na is removed. This 
appears to he primarily a surface proccss and i t  
is there that the silver nuclei are formed. Nevcr- 
theless i t  has bccn shown that the crystals (par- 
ticularly the thick ones) develop a color during 
decomposition and also crack and split along 
crystallographic plancs. A crystal of silvcr azide 
which is heated under controlled conditions may 
split into iiumcrous small fragments about a 

micron across. This shows that m i l e  tlccoinposi- 
tion is occurring, within the crystal, prohahly at 
localized defects. In this way a. large surface area 
is created during the early phase of dccoinposi- 
tion. 

More recently Dr. Montagu-l'oll~ck~ ha\ uscd 
transmission electron microqcopy combined with 
electron diffraction to investigate the deconiposi- 
tion of thin crystals of silvcr cynn:unide 

Figure l a  shows an undccomposed crystal of 
silver cyanamide. Such crystds give diffraction 
patterns consistent with the ( 100) oricntatioii of 
the structure of silver cyanamide as dctcrmined 
by X-ray methods: This work givcs a nioiiocliriic 
unit cell containing four molcpilcs, idAi a = 
7.26, b = 5.92, and c = 6.61 A, and with p = 
102'20'. The space group is Pz l / ( .  

Figure l b  shows a crystal '~vliich ha5 bccii 
heated for 2 min at 2OO0C in uuruo. A nuinlicr of 
opaque specks can be sccn : k t  the cdge of the 
crystal. Electron diffraction rneasurerncnts \how 
that thcse are single crystal5 of silvrr of raiicloin 

(A&Nz). 

H 
0.5 p 
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FIG. 1. (a) Undecomposed crystal of silver cyanide, about 300 i\ thick. The dark bands are Bmgg contours 
arising from slight elastic distortion. The crystal is highly prrfrct, but a decoration technique can revcal 
surface stcpe. (11) Crystal heated for 3 minutes at 200°C. Part of the siirfncc has dccomposcd to  an average 
depth of appros. 4 molecular layrrs. Thc silver produrcd h:ts migrated over the surface of the rrystal, and 
aggregated to form opaque specks. (c) Crystal heated for S hours at 200°C. Part of the surf:ice 
composed to a depth of appros. 100 A. The silver whisker and specks are single crystals, of random oiicn- 

tation, and do not nucleate any visible decomposition in the adjoining silver cyanamide. 
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orientation. It would seem that the liberated 
silver is highly mobile and can migrate over the 
surface to sites of high surface energy on the 
crystal. These are frequently a t  the edge but 
may be elsewhere. These silver specks normally 
project from the crystal surface and, as they 
grow, develop more or less well-defined crystal- 
lographic faces; occasionally whiskers are seen; 
see Fig. IC. 

Nucleation, in the sense of decomposition 
spreading outwards from certain points, or from 
the silvcr nuclei, is not observed. Instead, the 
silvcr is libcrated by an over-all surface decom- 
position, and diffuses to the aggregation sites; 
this was deduced from plots of the volume of 
silver per unit surface area of crystals against 
time at  various temperatures, and confirmed by 
the observation that thermal decomposition was 
inhibited almost entirely if the crystals had pre- 
viously been coated with a thin layer of carbon, 
evaporated on to the surface in vacuo. If the 
hcating is continued for a sufficient length of 
time, the crystal is completely decomposed into 
crystalline silver and an amorphous layer which 
gives a diffraction pattern similar to that given 
by amorphous carbon (the possibility that  some 
of this amorphous material may be formed by 
the polymerization of cyanogen is not ruled out). 

There is no evidence from these experiments 
that the decomposition occurs preferentially a t  
the silvcr nuclei. It is clear that the liberated 
silver is extremely mobile and that the thermal 
decomposition is essentially a surface process. If 
the temperature is raised the decomposition is of 
course more rapid and a large number of small 
silver nuclei are observed distributed widely 
over the surface. At higher temperatures still the 
crystal explodes. 

Conclusion. The mechanism of slow decomposi- 
tion is clearly important in enabling us to under- 
stand the transition to rapid burning and explo- 
sion. However, we do need measurements on the 
physical propertics of explosive solids at ele- 
vated temperatures, particularly in the region of 
the melting point. If it is a surface reaction the 
behavior may be controlled by the state of sub- 
division of the solid and the area which is ex- 
posed. Some further evidence of the importance 
of surface area in the decomposition of silver 
cymamide will be given below. If reaction is oc- 
curring throughout the crystal the initial rate 
may be determined by the nature and density of 
the dislocation and imperfections within it. With 
some explosives there is evidence that the crys- 
tal must actually melt-a liquid phase must be 
formed before the reacting species arc sufficiently 
mobile to react a t  high speed.36 

Structure and Stability of Solids. The stability of 
a solid to heat and light depends to a large ex- 
tent on the activation energy necessary for de- 
composition. A knowIedge of the kind of bonding 
in the solid is desirable since it determines 
whether decomposition develops by electron 
transfer mechanism or by bond fission. Dr. Yoffe 
has given some attention to this problem?-’ 
For the ionic solids such as the azides the ioniza- 
tion potential of the metal will determine the 
degree of ionic or covalent bonding in the solid. 
The electron energy levels of the simple azides 
have been estimated from measurements of a 
number of the physical, optical, and electrical 
properties of single crystals of the solids. He has 
shown that the activation energy for thermal 
decomposition is related to the gap between the 
full band and the conduction band of the solid. 
I n  the case of photochemical decomposition two 
mechanisms have been proposed. For wave- 
lengths on the long wavelength side of the ab- 
sorption edge, the activation energy for photo- 
chemical decomposition is related to the thermal 
energy required to dissociate optically formed 
excitons. The band gap decreases as the ionization 
potential of the metal increases and this explains 
in a simple way why the stability of azides de- 
creases with increasing ionization potential. If 
the ionization potential of the metal is too high 
then a covalent solid either of the valence type 
or the molecular type is formed. Decomposition 
then develops by a bond fission mechanism and 
the stability can be greater than the correspond- 
ing ionic azides. 

The Effect of Fission Fragments and 
Nuclear Radiation 

We know that most of the metallic azides may 
be initiated by irradiation with light of sufficient 
intensity. The initial step appears to be a direct 
photochemical decomposition and this can then 
grow to an explosion by a thermal mechani~m.6J*~ 
Irradiation of a crystal by an electron beam of 
high intensity will also cause explosion but this 
again is due to the rise in temperature. Kaufmanlo 
has investigated the change in thermal stability 
of explosives during ?-irradiation. Irradiation of 
the crystals of sensitive azides (such as lead 
azide and cadmium azide) with fission fragments 
of uranium, however, does not cause them to ex- 
plode even if the crystals are preheated to ap- 
prox. 280°C.11 Irradiation with neutrons also 
fails to explode the crystals. These observations 
are consistent with the simple “hot spot” theory 
and with earlier experiments, which suggests 
that  for a hot spot temperature of say 500°C the 
critical size for explosion to occur would be 
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appros. cm. Crude calculations of the diam- 
eter of the hot spot (or rather hot cylinder) 
formed by the passage of the fission fragments 
through the crystal show that i t  should be con- 
siderably smaller than the critical size. 

More recently we have attempted to make 
some direct observations of the damage pro- 
duced in an explosive crystal and of the size of 
the track which is formed? In Dr. Montagu- 
Pollock's esperimcnts with silver cyanamide the 
crystals were placed in contact with thin foils of 
natural uranium and were irradiated in the Har- 
well BEPO reactor for periods of 1 min. to 10 
hours a t  a pile factor of 12. The crystals were 

FIG. 2. Crystal irradiated with uranium fission 
fragments (neutron flux density of 7.2-1Ol3 nvt). 
At each bright area, material has been decomposed 
by a fragment. The dark areas are aggregated silver. 

then examined by transmission electron micros- 
COPY. 

Figure 2 shows a typical result of the irradia- 
tion. The light dashes and dots show that where 
each fragment has penetrated the crystal and 
matcrial has evaporated or diffused away from 
the track. The longest tracks represent paths of 
fragments travelling almost in tlie plane of the 
crystal, while dots indicate fragments that pcne- 
trated the crystal vertisally. The mean track 
diameter is about 120 A. The silver originally 
present in the volume occupied by a track has 
invariably diffused away from tlie track and 
accumulatcd as a silver nucleus elsewhere. 

The greater part of the heat liberated by the 
passage of a fission fragment through a solid is 
due to ionization. Taking rough values of range 
and initial energy of a fragment in silver cysnam- 
ide to be 10 p y d  SO Mev. the energy released is 
about 900 cv/A a l o y  a track. With the observed 
track radius of 60 A, this gives a figure of about 
20OO0C (reached in about 5 X lo-" see) for the 
maximum temperature of a molccule a t  the wall 
of a track. This implies that this is the masiinuni 
instantaneous temperature that a molecule can 
reach without decomposing: but the figure of 
2000°C is necessarily very crude, because of the 
assumptions made in the calculation. However, 
the width of each track is appreciably greater 
than that observed in the inert materials (see 
below) indicating that the damage may he 
greater when additional heat is liberated by the 
decomposition of the material. The heat liber- 
ated, however, is not enough to produce csplo- 
sion; this is consistent with estimates of limiting 
hot-spot sizes. 

The silver produced by the fission fragment 
diffuses away from the sites where it is liberatcd. 
It shows a high mobility similar to that observed 
with silver liberated by ordinary thermal decom- 
position. 

The Eflect of Irradiation o n  Subsequent Thermal 
Decomposition 

Dr. M. J. Sole has studied thr effect wliich 
neutron bombardment has on the thermal de- 
composition of crystals of silver cyanamide. The 
rate of chemical decomposition \vas mcasured 
in the temperature range 362O-39loC by deter- 
mining the pressure of the evolved gases as a 
function of time. The behavior is complicated 
and the decomposition may be divided into four 
stages: (a) an initial fast surface reaction; (b) 
an acceleratory period; (c) a linear region; and 
(d) the decay period. In addition there is cvi- 
dence that an intcrmediatc product of uncertain 
composition is formed during the course of the 
reaction. The pressure-time curves may be inter- 
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FIG. 3. Effect of ncutron and fission fragment ir- 
radiation on the subscquent thermal decomposition 
of silver cyanamide crystals: curve 1, unirradiated; 
curve 2, after irradiation in B.E.P.O. for 150 hours 
(thermal neutron flux 6 X 10" n/em2/sec); curve 3, 
after irradiation with fission fragments (sample 
intimately mixed with uranium oxide powder and 
irradiated as above-uranium oxide removed before 

thermal decomposition). 

preted by considering the effect of simultaneous 
formation and decomposition of this intermediate. 

Crystals of silver cyanamide were irradiated in 
three ways. Sample I received a y-ray dose of 100 
megarad from a CoG" source; sample I1 was irra- 
diated in the EIarwcll reactor I3El'O for 150 
hours (thermal neutron flux 6 X 10" n/cm2/sec) ; 
sarnplc I11 mas irradiated in BEPO under the 
same conditiolis except that  the crystals were 
intinintely mixed with uranium oside powder. 
Gamma irradiation produced no darkening of 
the crystals and the decomposition showed no 
departures from the unirradiated case (curvc 1 of 
Fig. 3 ) .  Sample I1 was found to have undergone 
some slight decomposition as a result of the 
neutron irradiation as shown by the formation of 
silver which resulted in changes in thc absorption 
spectrum. Figure 3 (curve 2 )  shows that the 
thermal decomposition is accelerated to some 
extent but that  the general shape of the p-t 
curve is unchanged. On the other hand the crys- 
tals irradiated with fission fragments (sample 
111) showed marked deviations from the unirra- 
diated case ( curvc 3 of Fig. 3) being particularly 
marked by the large and sudden burst of gas a t  
the start of decomposition. Before decomposition 
these crystals showed considerable darkening 
and X-ray photographs have shown that this 
was due to the form:itioii of polycrystalline silver. 
TIP h-latticc parnui&er :is clctcrniined by thc 
oscillation nictliotl shocved no significant lattice 
expniision in this dircction for either sample I1 or 
ianiple 111. 'llier(> \+ab also no indication of spot 
broadening or asterism in either case. 

Owing to the covalent nature of silver cyanam- 

ide the initial act in the thermal decomposition 
must involve bond rupture, as a result of ther- 
mally excited vibrations of the cyanamide radi- 
cal. It thus differs from the inorganic azides 
where electronic excitation is the first step. It is 
therefore not surprising that y irradiation, which 
is mainly ionizing, has no effect on decomposition 
rates. In  the case of neutron irradiation in addi- 
tion to ionization effects displacement processes 
are important and permanent damage will result 
from defect formation. At this stage it is not 
possible to identify the nature of the permanent 
defects involved but if silver atoms are primarily 
concerned damage will predominate along (100) 
planes where the silver atoms arc close together 
and focusing collisions are more likely. In  effect 
this will mean that the CN2 groups in (010) 
planes are linked to adjacent planes by regions of 
disorder. The acceleration of the decomposition 
as a result of neutron irradiation is attributed to 
the fact that  such damage will facilitate the 
propagation from plane to plane of the auto- 
catalytic part of the decomposition which is 
considered to arise from a branching chain 
mechanism along planes of CN2 groups. 

In  addition to the above effect fission frag- 
ments will produce a network of decomposition 
throughout the crystal as a result of the high 
temperatures liberated along the path of each 
fragment. Thc silver which is formed is mobile a t  
these temperatures and migrates to the surface 
of the crystals. It would appear that  the major 
effect of fission damage is simply to increase the 
effective surface area of the crystals by forming 
tunnels and holes in them. Experiments on the 
thermal decomposition of silver cyanamide in the 
form of a fine powder have shown that thc initial 
burst is also greatly magnified because of the 
large surface area. 

Direct Observation of the Damage to the Crystal 
Lattice 

Various workers have examined the damage 
produced in comparatively stable materials such 
as m i ~ a , ~ ~ J ~  uranium o ~ i d e , ~ ~ J ~  and graphiteIF 
and tracks due to individual fission fragments can 
be seen. It should be possible if we choose an 
appropriate crystal to observe directly in the 
electron microscope the lattice disarray caused 
by the passage of a fission fragment and hence 
make a more precise determination of the nature 
and extent of the damage. Some years ago 
MentcrZs showed that i t  was possible to observe 
directly tlie lattice array in a crystal if the niolc- 
cules composing it were sufficiently large and 
possessed the appropriate configuration. h suit- 
able material for exanilile is platinum phthalo- 
cyanine which crystallizes in the monoclinic 
form as long flat needles and with a large unit 
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cell (a0 = 23.9 A, 60 = 3.51 A, cg = 16.9 A, 
/3 = 129.6’). I t  is this property in addition to 
the fact that  the platinum atom, a heavy scattrrcr 
of electron waves, lies in tlic center of the mole- 
cule, which facilitates thc direct ohservFtion of 
(201) lattice planes, separated by 11.94 A, in the 
electron microscope. In  a carefully aligned elec- 
tron microscopc Tit11 a nominal resolving power of 
“better than 10 A,” transmission electron micro- 
graphs of thin unstrained crystals of platinum 
phthalocyanine possess parallel fringes, the sep- 
aration and direction of which correspond to 
(201) lattice planes in the crystal structure. It is 
a stable material and sublimes unchanged at 
about 500°C. 

Figurc 4 shows a transmission picture taken 
at comparatively low magnification (X 160,000) 
of a crystal (a) before and (b) after irradiation 
with fission fragment!. The crystal shows tracks 
and spots about 100 A in diameter. These can be 
attributed unambiguously to individual fission 
fragments, since they do not appear in crystals 
irradiated with thermal neutrons only and since 
their number correlates with that calculated 
from dose considerations. The tracks, which are 
sometimes dashed and which sometimes have an 
alternating light and dark contrast, would ap- 
pear to result from fission fragments which are 
travelling a t  an oblique angle, or almost parallel, 
to the planc of the crystal. The spots, however, 
have a light contrast on a dark background and 
these may be attributed to fission fragments 
travelling a t  a high angle or perpendicular to thc 

(4 (b) 

FLc. 4. (a) Crystal of platinum phthalocyanine as 
seen at low magnification (approx X160,OOO) in 
the electron microscope. No detail is visible. (b) 
Fission fragment bombarded crystal as seen at  low 
magnification (approx. X 160,000). Tracks and 

spots are evident. 

w 
100 A 

FIG. 5. High magnification (approx. X 1,500,000) 
photograph of a spot such as that seen in Fig. 411. 
The molecular array is disordered over T rows of 
molecules. There is a marked inward curvature of 

the adjacent rows. 

plane of the crystal. We shall consider liere the 
damage due to particles such as these wliic!i 
pass normally through crystals about 100 A 
thi* in a direction roughly parallel with the 
(201) planes. 

Figure 5 shows what can lrappcn to the (201) 
fringes when the damage is in the main body of 
the crystal. This is taken a t  high magnification 
(X  1,~00,000) : Thc dark parallel fringes are 
11.9 A apart and rcprrsent tlic regular array of 
the molecules in the lattice. i\ fission fragment 
has passed through the crystal. The regular 
lattice is disordered and thcrr is a roughly circiJ- 
lar diffuse region which extends over about SO _A. 
Close to the edge of thr diffuse region the (201) 
fringes curve inwards towards the disordered 
region: This is shown in the adjoining diagram. 

When the fission fragment penetrates the 
crystal close to one of its paralkl edges. the dam- 
age is very much greater in extent. This is illus- 
trated in Fig. 6. 

If we assume that fringe patterns obtained with 
platinum phthalocyanine crystals in the clcc- 
tron microscopc. r e p s e n t  in 3omc measure the 
behavior of the (201) molecular planes (and for 
thin crystals the approximation is a good one), 
then certain conclusions can be drawn from the 
above observations. 

Extent of the Damage. In  tlic first instance, a 
mcasure of the extent of the damage due to a 
fast-moving fission fragment is obtained. In the 
body of the bombarded crystal the diameter of 
the damaged region caused by one nvclear frag- 
ment varies between SO and 120 A (that is, 
between 7 and 10 molecular planes). In  Fig. 6, 
however, a t  a crysta: edge, the appropriate 
figuzc is nearer 250 A. Thc perfection of thc 
(201) lattice planes is destroyed over this rcgion 



506 DETONATIONS 

H 
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FIG. 6. High magnification (approx. X1,300,000) photograph of the edge of a platinum phthalocyanine 
crystal after a fission fragment has passed through. The damage near an edge is more extensive than that 

observed in the body of the crystal. 

and close to i t  there is evidence for a curvature 
of the molecular planes. 

Nature of the Damage. The energy of a fission 
fragment at birth is about 100 Mev and the 
atomic weight may be anywhere between 72 and 
161. Thus n e  are dealing with very fast moving 
particles ( IOq cm/scc) and thc fragments have 
high charges (18 e) . It can be deduced, using a 
value of 1.70 cv (Chadderton, L.T., unpub- 
lished work) for the low-energy limit of the main 
optical absorption band, that  loss of energy by 
ionization cxcccds that due to elastic collisions 
by :a large factor. The production of primary 
knock-ons by Rutherford collisions accounts for 
only about one 1mt in a thousand of the total 
loss of energy. In such circumstances we may 
consider the resulting excitation to be a purely 
thermal temperature spike; the damage arises 
from the rapid delivery of heat to the lattice by 
the moving particle. A temperature exceeding 
1,000"C endures for times in the neighborhood 
of lo-" sec, exact values depending on the ther- 
mal propertie? of the lattice. Since platinum 
phthaloeyaninc sublimes in air a t  temperatures 
above 50OoC, it becomes evident that  "evapora- 
tion" will occur along the length of the cylindri- 
cal track of the moving fragment and that 
recrystallization, if it  takes place, is unlikely to 
be in perfect register with the undamaged lattice. 

Other Crystals. The tracks produced in molyb- 
denum trioxide under similar conditions are 
shown in Fig. 7. The fission fragments travelling 
through the crystal have produced tracks of an 
intermittent nature and some of the segments 
have a crystallographic shape. It is possible that 
the molybdenum atoms liberated by a high tem- 
perature decomposition in the track are able to 

FIG. 7 .  Fission fragment tracks in molybdenum 
trioxide (approx. X250,OOO). The moire patterns 

are due to overlying crystals. 
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FIG. S. Moire pattern of overlying crystals of 
molybdenum trioxide (appros. X 500,000). The 
white spots are “holes” made by fission fragments. 

move away over the surface in an analogous 
manner to the silver mentioned earlier. The moire 
patterns which may be seen on the figure are due 
to interference between two overlying crystals 
(due to interference between the a and c direc- 
tions). These moire patterns are shown more 
clearly in Fig. S and the white regions represent 
“holes” made by the fission fragments. Again an 
inward curving of the lattice planes adjacent to 
the track may be observed. 

In  molybdenum disulfide clearly defined tracks 
are again formed. These consist of a series of dis- 
location loops which move when the crystals are 
warmed or “annealed” in the electron beam. 

With lead iodide the fission fragments produce 
a mass of dislocation loops of assorted sizes. They 
do not lie on a longitudinal track. They are 
probably due to a coagulation of highly mobile 
lattice defects. Under increased beam currents 
in the electron microscope the loops grow and 
coalesce-electrons and ions formed in the micro- 
scope create some point defects and these point 
defects travel to those dislocation loops already 
present due to fission fragment damage. 

Conclusion. We see that by bombarding crystals 
with fission fragments it is possible to introduce 
single bursts of energy and to observe the effects 

directly in the electron microscope. Rough esti- 
mates give values of about 700-1000°C for the 
temperature a t  the edge of the track, this tem- 
perature lasting for times of the order of 
sec. These estimates are of course based on a 
crudc analysis of the energy liberated along the 
tracks. 

The track width may be approx. 100-120 A. 
It depends upon the naturc of the crystal and on 
other factors but it has been possible to measure 
it with some precision particularly for crystals 
in which the lattice spacing can be resolved in the 
microscope. It is suggested that thc dsniagc can 
be interpreted in terms of thcrmal effects. The 
fragment causes ionization as it passes through 
the crystals and the recombination of electrons 
and positive ions liberates energy corresponding 
to the appropriate ionization potential. In  addi- 
tion there will be electron bombardment and 
heat liberated by decomposition if the solid de- 
composes in an exothermic manner. It is clear 
therefore that the damage and heating will vary 
according to the type of crystal and will be differ- 
ent for the ionic, valence type, and molecular 
solids. The electrical conductivity of the solid is 
also of major importance. Thesc effects can he 
analyzed from a knowledge of the physical and 
chemical properties of the solids concerned. Irra- 
diation with fission fragments can have a marked 
effect on the subsequent thermal stability of the 
explosive crystal. With silver cyanamide, for 
example, it makes the initial stages of thermal 
decomposition much more rapid. The effect can 
be attributed primarily to the increase in surface 
area by the formation of holcs and tunnels in the 
crystals. 

I n  considering the initiation of explosion by 
fission fragments we can speculate as to whether 
an explosion in an exothermic solid such as the 
azides will ever take place. The experiments a t  
present suggest that even thc intersection of two 
tracks will not initiate an explosion. The inter- 
section of three tracks within lo-” see is a most 
unlikely event for fission fragment intensities 
which are being used at present. 

The Effect of Discontinuities in Promoting 
Shock Initiation 

Gentle Impact or Shock 

For initiation by gentle impact or shock (e.g., 
shock pressure of a few kiIobars), it  would seem 
(from most of the experiments that  we have 
done) that the mechanical energy of the impact 
must first of all be degraded into heat in a 
localized region of the solid or liquid and the 
explosion then grows by a normal chemical proc- 
ess. If small gas bubbles or voids are trapped 
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inside the liquid or solid then the gas is heated 
by adiabatic cornpression. Ideally the tempera- 
ture rise is given by 

wherc TI is the initial and T2 the final tempera- 
ture in the gas bubble and y the ratio of the 
specifie heats. Temperatures of the order of 500- 
1000°C are gcneratcd for times of the order of 

sec wlien the compression ratio is 
about 20 to 1. These values are upper limits 
since the compression is not truly adiabatic and 
vapor and fine particles of the explosive must 
also be present insidc the cavity. Foreign par- 
t i c k  :nay also produce a localized hot spot. The 
size 01 thesc hot spots i m y  be to IO+ cm in 
diametcr. 

to 

Shock Waves of Moderate and l l i g h  Intensity 
A considerable amount of work has now been 

done with shocks of moderate and higher inten- 
sity, c.g., in the “gap test” and with detonating 
initiators. The results are beginning to fall into a 
pattern. It seems that if we have a homogeneous 
system, for example a liquid without gas bubbles, 
or a solid without defects, imperfections, or 
voids, then such a system is very insensitive to 
shocks of very high intensity. For example in 
bubble-free nitroglycerine shock waves with a 
velocity 3000-3500 m/sec and shock pressures of 
the order of 40 kilobars need not detonate the 
liquid. For nitrornethanc, pressure of the order of 
85 kilobars is insufficient to initiate detonation 
in tt homogeneous system. Similarly as Dr. Whit- 
bread and othcrs17 have shown single crystals of 
RUT: do not detonate during the passage of a 
shock wave but rather detonation starts from 
the end of the crystal remote from the “donor.” 
We know that a shock wave of moderate inten- 
sity (pressure say 20 kilobars) on passing through 
tlic solid or liquid is sufficient to raise the tem- 
perature only by a few hundred degrees by 
adiabatic compression and this is below the 
thermal ignition temperature. If the shock wave 
is very intense (approx. 100 kb) then we may 
calculate that the temperature rise can be higher 
than 400°C and a thermal explosion leading to 
the usual stable detonation will result. The hydro- 
dynamic calculations of EnigIs and Hubbard and 
Johnson1g apply to this homogeneous case. 

With a nonhoinogeneous liquid or solid the 
situation is differcllt. If we coinpress powder to a 
pellet so that voids are present, or if we have 
foreign solid particles in the pellet then explosion 
and detonation can occur with moderately in- 
tense shock waves.2”~21 Detonation in a solid 
pellet may begin a t  a region well away from the 
surface where the shock wave originally entered. 

#r 

The shock wave may start a reaction in the solid 
which accelerates and builds up finally into a 
detonation after a time interval which depends 
on a number of factors. Again a thermal meeha- 
nism can be proposed for the initiation of explo- 
sion and detonation. Adiabatic compression of 
gas pockets (here the value of y probably corre- 
sponds to monatomic gases), reflection of shock 
waves from inhoinogeneitics in the liquid or solid 
which can result in the intersection and rein- 
forcement of shock waves, car: all result in a high 
temperature in a localized region and these are 
all possible sources of initiation. In  other words 
for a nonhomogeneous solid there is a distortion 
of the plane shock wave leading to localized 
regions of very high pressure and therefore of 
temperature. Since the reaction rate increases 
exponentially with temperature the result on 
over-all decomposition rate is higher than for 
the undisturbed wave. 

The Ini t iat ion of Single Crystals by Slzock of 
Moderate Intensity 

We have been making some study of initiation 
in single crystals and I would like to mention 
here briefly some recent experiments by Dr. T. 
Boddington on the effect of shock waves of mod- 
erate intensity on small crystals of primary ex- 
plosives. The single crystals are used as “Recep- 
torsJJ in what is essentially a gap test assembly. 
The barrier typically consists of a sheet of phos- 
phor bronze with a thickness of 1/64 inch. The 
receptor crystals are usually in the form of long 
thin needles which may be up to 1 em or so in 
length and the thickness may vary from 2 mm 
to 100 microns. The donor is a sinall amount of 
silver azide in contact with the other side of the 
plate and enclosed in plasticine. The shock pres- 
sures may be varied from a few kilobars to all- 
pros. 20 kilobars. The crystal may be sur- 
rounded by vacuum, by air, or by water. 

Primary explosives Silver azide. Figure 9 shows 
the typical behav or of a silver azide crystal 
which is free from defects and is surrounded by 
water. The shock passes through the barr 
enters the crystal. There is a delay of a11 
psec before deflagration begins a t  the 
interface (frame 4). This reaction continues in 
small crystals as a deflagration. The velocity is 
constant and depends upon the diameter of the 
crystal: i t  is not a detonation. The dark hemi- 
spherical shadow moving upwards is the shock 
wave travelling through the water and the pres- 
sure behind this is 13 kilobars. A weaker shock 
frequently fails to initiate deflagration either a t  
the barrier or anywhere else. This is true of crys- 
tals which are devoid of visible imperfections. 

If, however, the crystal contains small imper- 

3 
.‘I 
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FIG. 9. Shock incident on silver azidc crystal, length 
15 mm. Interval between frames = 0.7 psec. Water 
confinement. Deflagration is initiated at  the barrier. 
Hemispherical shadow is the shock wave travelling 

through water. 

fections the behavior is quite diffcrent. Exami- 
nation of this crystal under the microscope shows 
that a number of small imperfections in the form 
of notches arc present about half way along the 
crystal (Typical imperfections are shown a t  
higher magnification in Fig. 10). The effect of 
thesc small imperfections is demonstrated quite 
clearly in the sequence shown in Fig. 11. Rapid 
deflagration is induced a t  each small discontinuity 
about half a microsecond after the arrival of the 
water shock (shock strength appros. 3.6 kb) .  
The water shock produces no apparent effect 
while traversing the perfect sections of the crys- 
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FIG. 10. Scnsitivity sites in silver azide crystals. 
Left: a typical crystallographic “notch.” Right: 
multiple discontinuities capable of propagating 
“pscudo-detonation.” Diameter of crystal on the 

left = 100 p. 

tal but causes initiation a t  cach visible discon- 
tinuity. If the effective discontinuities arc closely 
packed along the crystal length then initiation 
occurs almost continuously, so that a dejlagration 
is coupled to the water shock. This “pseudo-deto- 
nation” is observable in Fig. 11 (frames 4 and 5 )  . 
When no further discontinuities are available 
the deflagration form is left behind by thc water 
shock and again propagates a t  its characteristic 
speed of appros. SO0 m/sec (trainrs 6-9 of Fig. 

Figure 12 is interesting. This crystal is ini- 
tially frec from defects. The shock rntcrs the 
base of the crystal and there is evidencc that it 
proceeds along it a t  sonic speed (appros. 2300 
m/sec) and causcs small “fractures” or impcr- 
fections to form. These can (with difficulty) be 
seen in frames 5-7 about two-thirds of the way 
along the crystal. The crystal initiates a t  the 
base about a microsecond after the passage of 
the shock and the deflagration spreads upwards 
a t  a spced of appros. SO0 m/sec. 

The main shock from the donor may be swn 

11). 
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FIG. 11. “Pseudo-detonation” induced at multiple 
defects in silver azide crystal immersed in water. 
Interval between frames = 0.7 psec, length of 

crystal = 9.S mm, diameter = 110 p. 

travelling ahead through the water at approx. 
m/sec. As soon as it reaches the defects 

h have becn formed in the crystal it initiates 
deflagration which propagates both forwards 

3 
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and backwards with its characteristic velocity of 
approx. SO0 m/sec. (The subsidiary faint shocks 
in the water are generated by these deflagration 
heads.) The remaining frames in the series show 
the collision of the reaction heads, the interaction 
of the shocks, and the expansion of the reaction 
products. 

Figure 13 shows the effect of inclining the 
crystal to the shock axis. Although the shock in 
the water is a very weak one (1.1 kb) the AgN3 
has undergone extensive deformation and crack- 
ing by frame 9. The crystal did not explode. 

Silver azide crystals with water (or air) con- 
finement do not exhibit a true detonation regime 
unless their thickness is greater than 2 mm. This 
regime of true detonation shows the characteristic 
product expansion cone and the wide-angle at- 
tached shock in the confinement. The propagation 
velocity is, for 2 mm crystals, 2900 m/sec and is 
constant. 

Cavities and the Formation of Micro-Munro-jets 

If the liquid or solid explosives contain bubbles, 
cavities, or voids of an appropriate shape we 
might expect them to act as microshaped charges 
and give rise to micro-Munro-jets when a shock 
passes over them. The possibility of this is illus- 
trated by Fig. 14. 

In  these experimentsz9 the liquid (water) pro- 
jected rapidly from a small hole by the impact of 
a bulIet. The hole was about 2 mm in diameter 
but smaller holes showed a similar effect. The 
shape and velocity of the liquid jet was very 
dependent on the curvature of its surface before 
impact. In  Fig. 14a the liquid surface mas nearly 
plane and the front of the jet which emerges is 
approximately so. There is some distortion but 
the main jet of liquid is moving with an approxi- 
mate uniform velocity of 670 meters/sec. In Fig. 
14b and c the liquid interface is concave (i t  
might perhaps be regarded as one side of a spheri- 
cal cavity). TWO examples of the formation of 
micro-Munro-jets are shown. In each case the 
main jet is moving with approximately the same 
velocity as in Fig. 142 but i t  is now preceded by 
a Munro jet, moving at approximately 1.3 times 
and 23 times the speed of the main jet (Figs. 
14b and 14c, respectively). In Fig. 14d the liquid 
surface is surrounded by a curved sheet of liquid 
which lags behind and which rapidly breaks up 
into a fine mist. We may expect that  solids will 
behave in a similar way and we have observed 
this. 

Conclusion. This section has emphasized the 
importance of tiny defects in the initiation of ex- 
plosion by weak shock waves. It also demon- 
strates their importance in the growth process. 
A perfect crystal of silver azide is not initiated 
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FIG. 12. The precursor sonic wave passing through the crystal has produced defects which are subsequently 
initiated by the water shock. Initiation has also occurred at  the barrier. Crystal length = 11.9 mm, diameter 
= 120 p. The framing interval is 0.7 psec between frames 1-15 and 1.4 psec between frames 15-20. 

but a defect which may be only a few microns in 
size serves to start the reaction. With crystals of 
small diameter the reaction continues as a 
deflagration. I ts  velocity is dependent on size and 
for a crystal diameter of 200 microns it may be 
approx. 800 m/sec. Even though the velocity in 
thicker crystals may rise to 1600 m/sec. it  is still 
a deflagration and not a detonation as we had 
previously supposed. This clears up an apparent 
anomaly in the behavior of primary explosives 
since this velocity is lower than that  permitted 
by hydrodynamic 

The defects responsible for initiation may be 
present in the crystal to begin with or they may 

be introduced by the passage of a strcss wave 
along it. I n  these experiments this precursor 
stress wave is of course ahead of the water shock. 
When multiple defects are present the interac- 
tion of the multiple deflagrations may build up a 
shock wave and lead to the transition to a deto- 
nation. Detonation is not observed in these es- 
periinents unless the crystal dismeter esceeds 2 
mm. 

A second and very interesting effect is observed 
when a shock wave passes along a crystal con- 
taining multiple defects. As i t  passes each dis- 
continuity i t  initiates a dejlagration so that the 
forward movement of this dejlagration i s  coupled 
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to the shock wave and moves with i t .  In  this sense a 
“1)seudo-detonatioi)” is set up. This is well illus- 
trated by Fig. 11. It may have all the appear- 
ance of a stable low velocity detonation moving 
through the explosive but in reality the explosive 
is only burning. If no more discontinuities are 
present in the region ahead of the shock wave it 
will cease to propagate with a shock velocity and 
may die out. 

These experiments help us to  explain the ini- 
tiation of explosion by shocks of moderate in- 
tensity and also the propagation of low velocity 
detonation in thin films of compressed powders 
and in primary explosives which are pressed in 
the form of cylinders of small diameter and 
heavily confined in metal tubes such as lead. We 
also see that, if the explosive contains small 
cavities these may lead to the formation of tiny 
Munro jets. The formation of these could aid 
initiation and propagation in two ways. Firstly 
by increasing the velocity of impact and secondly 
by breaking up the explosive into very fine par- 
ticles so that its surface area is greatly increased 
in the critical r e g i ~ n . ~ ~ - ~ ~  If two jets from the op- 
posite sides of a cavity were to impinge the 
velocity of impact might be increased by a factor 
of ten or more. These observations suggest that  
further work might be done on the influence of 
the shape of the caviticls and their effectivencss 
in initiating explosion. It would be interesting to 
hear what further experimental information is 
available about micro-Munro-jets of this type 
and whether there is any direct evidence that 
they can initiate explosion. 

Direct Mechanical Rupture of Bonds in Explosive 
Solids 

Another iiiechanisin which has been suggested 
for the initiation of reaction in solids is the direct 
mechanical rupture of bonds resulting from the 
propagation of intense shock waves through the 
solid. Recently Dr. Field in this laboratory has 
made some direct measurements of the velocity 
with which cracks can propagate in hard solids. 
It is very high: For example with diamond the 
cracks can be propagated with a velocity of some 
7200 m/sec. There i s  tetrahedral bonding in 
diamond and this means that C-C bonds are 
broken in times of the order of 2.1 X sec 
and this is shorter than the vibration period in 
the unexcited state. It is clear therefore that the 
mechanical or “tribochemical” rupture of bonds 
in such crystals is a possibility and a thermal 
nicchanism need not apply. With organic solids 
such as PETN however, the situation is different. 

FIG. 13. Shock wave at oblique incidence causes 
cxtcrisivc deforniation of the crystal but is too 

weak to cause initiation. 

The velocity of crack propagation is much lower 
(approx. 1500 m/sec) and further the solid is of 
the molecular kind. We may in fact separate 



INITIATION AND GROWTH O F  EXPLOSION 

FIG. 14. Influence of shape of interface on thc behavior under impact. I I  the 
interface is concave a micro-Munro-jet is formed. If it is convex a thin unstable 
umbrella is formed which rapidly disintegrates. The velocities of the jets are: 
(A)Main jet: 670 m/sec; (B)Main jet: 670 m/sec; Munro jet: SSO m/sec; 
(C)Main jet: 760 m/scc, Munro jet: 1,900 m/sec; (D)Main jet: 760 m/sec. 

molecules of PETN rather than rupture bonds in 
the molecule itself. Further with such short 
molecules it is unlikely that the pressure profile 
is so sharp that a largc pressure difkrentinl will 
occur along the length of the molecule. This of 
course will not apply to long chain polymers, 
where it is possible to rupture bonds directly. 

We therefore conclude that  it is unlikely that a 
“tribochemical” mechanism will apply to the 
decomposition of simple covalent explosives. It 
is also possible to argue from the electronic prop- 
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erties of the ionic solids such as the azides that 
the rapid break up of the crystal will not result in 
decomposition. The problem liowcver is of some 
interest and would clearly repay further study. 
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Discussion 
PROF. F. P. BOWDEN (University of Cambridge): 

I would like to express my appreciation a t  being 
invited to take part in this symposium where so 
many scientists who are actively engaged in ad- 
vancing our knowledge are present. In particular I 
must express my thanks to Dr. White and to Dr. 
Bed, and the members of the papers committee and 
organizing committee for the job they have done 
in arranging the session, in extracting the papers 
and in getting them distributed to us all in time. 
I am a member of the papers committee who has 
done very little work so I know what a remarkable 
job it was. 

May I next take up a moment to make a mild 
grumbling noise mainly to clear the air in the dis- 
cussion: Shortly before I left Cambridge Dr. Yoffe, 
who had read these preprinted discussion papers, 
asked why, when we have for many years been 
publishing experiments investigating the different 
ways in which discontinuities may initiate ex- 
plosives, we arc branded with only one of them. 
That is the adiabatic compression of gas spaces. 

The position is really a very simple one. If we 
subject an esplosive to a strong shock (say 100 kb 
pressure) no discontinuities are required: The 
adiabatic heating of the compressed explosive can 
initiate the reactions. For mechanical impact 
(pressures of, say, 1-2 kb), however, or for moderate 
shocks (say, pressures of 5-30 kb) this is no longer 
true. We need some mechanism for concentrating 
and loralizing the shock energy so that it can give 
rise to local hot spots. For most explosives the 
temperature of the hot spot may need to be greater 
than 500°C and its diameter greater than 1000 A. 

We find that discontinuities may achieve their 
purpose in a variety of ways which arc not mutually 
exclusive. At the Royal Society Discussion in 1957 
we summarized some of these and perhaps I might 
reproduce this here. 

The Initiation of Reaction in Solid and 
Liquid Explosives 

“There is experimental evidence that, for materials 
which decompose exothermically, initiation may be 
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brought about in the following ways: 

(1) by heat which raises the material to the ignition 

(2) by impact or shock; this can act by: 
temperature; 

(a) an adiabatic heating of compressed gas 
spaces; 

(b) a frictional hot spot on the confining sur- 
face or on a grit particle; 

(c) intercrystalline friction of the esplosive 
itself; 

(d) viscous heating of thc esplosive at high 
rates of shear; 

(e) heating of a sharp point when it is deformed 
plastically; 

(f) mutual reinforcement of gentle shock waves; 
(3) by ultrasonic vibration; 
(4) by electrons, a-particles, neutrons, and fission 

(.5) by light of sufficient intensity; 
(6) by electric discharge; 
(7) by ‘spontaneous’ initiation of a growing crys- 

fragments; 

tal.” 

You may note that under the heading of shock, 
one of the methods is the reinforcement of gentle 
shock waves. I had suggested this to Dr. Winning 
of duPont and in his letter to Nature of 1956 he 
describes this and his very elegant esperiments 
showing that two gentle shock waves meeting could 
cause initiation although either separately was un- 
able to do so. 

Dr. Gurton in 1949 working in Cambridge showed 
that the effect of a shock in dispersing the explosive 
into fine particles or droplets could be a major 
factor in the initiation and growth of explosion. Dr. 
Rogers in 1955 showed that the flying particles from 
an esploding azide crystal could initiate explosion 
in a second crystal. If a device for focusing these 
flying particles were used (e.g., a convex mirror) 
they could produce initiation a t  distances up to 
20 cm. 

I mention these matters not because the History 
of Science i s  also holding a conference at Cornel1 
but to simplify the discussion. These different 
mechanisms may earh be effective under different 
experimental conditions. The most important of 
these are the local pressure of the initiating shock 
(and hence the local temperature it can generate) 
and the time for which it acts. In addition of course 
the scale of the effect, Le., the actual size of the 
region which heated, i s  important. 

For example there are the mechanisms we have 
been discussing this morning: 

1. the adiabatic compression of gas bubbles; 
2. the local distortion and the reinforcement of 

shock waves; 

3. the dispersion of the explosive into fine 

4. the formation of micro-Munro jcts. 

We would consider that for mechanical impact 
and very gentle shocks whcrc the pressure in the 
main shock front may be approx. 1 6b and the dura- 
tion long (perhaps some milliseronds) I, and 3, 
above could be particularly important. If the im- 
pact is very gcntle the y of the gas is significant; if 
it is intense, y does not mattcr bccause any gas or 
vapor can produce a high enough temperature. For 
moderate shocks, however, whcrc the pressures in 
the main shock may be, say 5-30 kb and the det- 
onation short (perhaps microseconds) wr may ex- 
pect that all the methods can operate but that 2, 
3, and 4 could be particularly important. These are 
the conditions which were obtained in Dr. Bodding- 
ton’s esperiments and are, of course, those which 
occur in many gap tests. Boddington considers that 
the main role of the discontinuity in his single 
crystal is 2, that is the local distortion of the plane 
shock wave. For this reason I was particularly 
interested in Dr. Travis remarks describing the 
calculations made by Evans, Harlow, and Meisner 
of the temperature rise which could be produced in 
this way. I think we need to extend both esperi- 
ments and theory here. Further consideration 
might also be given to the effect, of thc reinforce- 
ment of reflected shock waves. 

particles; 

J. R. TRAVIS (Los Alamos Scienti$c Laboratory): 
Our studies of initiation of high-density solid es- 
plosives has convinced us that shock interactions a t  
the wave front are primarily responsible for the 
generation of hot spots with subsequent release of 
energy to the front. We were led to this conclusion, 
in part, from esperiments with liquid explosives. For 
example, roughening the initiating wave will result 
in a shorter induction time. Initiation will occur 
near a bubble (- 1 mm dia.) a t  a much shorter 
time, and the time to initiation is relatively in- 
sensitive to the nature of thc bubble (whethcr it is 
gas or a solid). 

Some new developments along these lines might 
be worth pointing out. M. W. Evans, F. H. Harlow, 
and B. 11. Meixner [Phys. Fluids 5,  651 (1962)], 
have computed that the interaction of a shock wave 
with a bubble in nitromethane will produce a high 
temperature region, of volume approximately the 
same as that of the original bubble, downstream 
from the bubble. Mader has utilized this result and 
investigated the history of this kind of hot spot 
with the computational scheme outlined in my 
comment on the paper by G. K. Adams. He has 
presented the following results in an unclasssed 
Los Alamos Report LA 2703: 

“When a hydrodynamic hot spot has decomposed, 
i t  sends a shock wave into the undctonated ex- 
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FIG. 1. Development of a detonation in shocked nitromethane (94.7 kbar, 1200°K) from a 0.06 cm 
radius spherical temperature hot spot (1404’h). 

plosive which heats it. What occurs thereafter de- 
pends upon the initial strength of the shock wave 
and how well it is supported from the rear. Whether 
the explosion of the hot spot propagates to the rest 
of the fluid or not dcpads primarily on the initial 
size of the hot spot.” Figure 1 shows the propagation 
of waves from a hot spot 0.6 mni in diameter (hot 
spot at 1400°K, nitromethane shocked to 1200°K 
by 2 95 kbar shock). 

We would like to  suggest that hydrodynamic 
heating of this kind must be considered as im- 

portant whenever shock interactions are expected 
and that this heating is independent of particular 
mechanisms such as shear or fracture. 

The shock initiation of a nitromethane-carbo- 
rundum slurry is an example where this is especially 
clear. The initiation behavior of the slurry is identi- 
cal to that of a polycrystalline explosive, such as 
cyclotol. The slurry is composed of inert particles 
with the interstices filled with liquid, a situation in 
which hydrodynamic hot spots would be expected 
and some of the other mechanisms are not. 



THE SHOCK-TO-DETONATION TRANSITION 
EXPLOSIVES 

S.  J. JACOBS, T. P. LIDDIARD, JR., ANI) B. E. IIJZIMMER 

The development of a shock wave and its subsequent growth-to-detonation is considered to be :I 
necessary step in the initiation of detonation in any explosive. Using this argumcnt as n basis, it is 
logical to study in detail, the development of impulse-initiated detonations, to establish the tlc- 
pendence of the growth-to-detonation process on physical, chemical, and geometric variables which 
appear to be of importance. In  this paper, experiments on shock initiation of cast nnd pressed cs- 
plosives are discussed. Plane shocks developed by explosive plane-wave generators, and degraded 
to desired peak amplitudes by the use of intermediate layers of inert materials, werc used to initiate 
detonation in the test explosive sample. The velocity of the shock in each sample was measured ns 
a function of distance into the explosive and as a function of initial shock amplitude. Initial shork 
pressures ranged from 2s to 140 kilobars. Explosives discussed are TNT and various cyclotols. Both 
cast and pressed charges were used. In cast charges other than TNT the shock velocity remained 
essentially constant for a period of time, the length of which depended on the initial shock amplitude, 
and then rapidly accelerated to normal, steady state detonation velocity. In pressed charges it was 
found that in the rapid rise, the shock velocity temporarily exceeded the steady detonation value, 
but decayed thereafter to that of the normal steady detonation. In cast TNT the velocity was found 
to rise to a value intermediate to that of the initial shock and the final detonation, where it persisted 
for a time before growth to the normal detonation value. The over-all results can be explained by :L 
hydrodynamic model in which pressure build-up, due to chemical reaction behind the shock, rcin- 
forces the shock front as it proceeds through the charge. On the other hand, the detailed results 
cannot be explained by thermal reactions in homogeneous domains, hut require the concept of hot- 
spot initiation. In the discussion our findings will be compared with the work of others who have 
used various impact and gap-test configurations. Some of the problems and differences of opinion 
which have arisen in the interpretation of shock initiation will be discussed. 

Introduction 

It may be of historical interest to note that 
many years ago Cornel1 University was the 
scene of another discussion on the problems of 
shock-to-detonation transition. In 1945 a small 
group of scientists from the OSRD, the National 
Research Council of Canada, the Army, and the 
Navy met here to  exchange ideas concerning 
detonation in explosives. Hertzbergl described to  
that group some interesting smear-camera rec- 
ords he had obtained concerning the initiation of 
detonation in solid and liquid explosives. At the 
same meeting he described a card-gap test which 
was probably the first of many to follow. Bogs2  
also presented a number of important, and at 
that time perplexing, experimental observations 
on the transition from shock to  detonation. The 
work discussed in that meeting, and much of the 
work that followed suffered for lack of quanti- 
tative description of the forces and energies 
present in the incoming shock which cause a 
detonation to  form. 

After a lapse of over ten years, work began to 
be reported in the open literature which described 
in quantitative terms the build-up to detonation 
from shocks of known pressure amplit~tlcs.”-~ 
The list of papers has grown rapidly in more re- 
cent years?-15 In the majority of these papers the 
build-up to detonation has bcrn attributed to an 
initiation of chemical reaction by either a unilorm 
or a localized temperature rise associated with 
the adiabatic compression, followed by growth 
determined by the continued speed-up of thr re- 
action once begun. An alternate hypothcsis which 
postulates the development of high thcrnial coii- 
ductivity behind thc shock lcnding to a heat 
pulse has also app~ared.’~-*~ The latter hypothe- 
sis makes no clear distinction between the he- 
havior of liquids and polycrystalline solids. The 
former, more prevalent, vie\q>oint supplies a 
framework for explaining differences in behavior: 
(a) between solids and liquids, (b) betvveen 
solids formed by different techniques (such as by 
casting or by pressing), ( c )  due to  geomrtric 
configurations of the medium under study, and 
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(cl) due to spatial and temporal distribution of 
prcssurc and flow. The transition to detonation 
in EL liquid explosive, wlien a plane step shock is 
induced in it, appears to be the simplest to es- 
plain in its physical aspects.8Js'0 Here the tem- 
perature rise in a homogeneous compression 
seems sufficient to account for the build-up to 
detonation. The meager evidence from experi- 
ments on single crystals, carried out in such a 
way that rarefaction effects may be considered 
negligible, are in accord with this model? 

The response of polycrystalline solid explosives 
to the entering shock is not as clear as in the 
case of liquid explosives. Solid explosives are 
formed into a mass which contains numerous 
crystal entities, and both macroscopic and micro- 
scopic voids. When initiated by plane shocks of 
low shock amplitude, the dependence of build-up 
time on crystal size and void content makes it 
fairly evident that the low temperature rise cal- 
culated for a homogeneous compression cannot 
account for the observed transition. Thus a hot- 
spot mechanism of the type suggested by Uowden 
and is required. The confirmation of 
early work by Winning7 and Marlow,6 who re- 
ported that induced shocks with pressures as low 
as 20 kilobars would cause transition-to-detona- 
tion, has established important support of a 
mechanism centered around a relatively small 
numbcr of initiation sites. Studies to show how a 
detonation develops when both the physical 
state of the explosive and the shock amplitude 
are varied, are beginning to lead to a better 
understanding of the nature, magnitude, and be- 
havior of the initiation sites. 

The shock-to-detonation transition has been 
studied at NOL by the use of a plane-wave sys- 
tem arranged in such a way as to make it possi- 
ble to follow continuously the wave front within 
the shocked  ample.^^^ The experiments to be 
described have made i t  possible simultaneously 
to establish the initial pressure in the shock and 
to observe the growth-to-detonation as it de- 
velops. The observations are made on a wedge- 
shaped test sample, the wedge permitting ob- 
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FIG. 1. Wedge-test arrangement. 

servations without grossly affecting the one- 
dimensional flow in the region of interest. This is 
equivalent to thr observation of growth within 
an explosive charge of much larger dimensions. 
Thus, the results appear to agree reasonably well 
with shock-initiation work on long cylinders of 
cross-sectional area comparable to the area of the 
face of the test wedge, provided: (a) the obser- 
vations in the cylinder are made in the region of 
its axis (not on its exterior surface), and (b) the 
pressure-time histories of the entering shock are 
similar. The results of these experiments are in 
accord with the explanation that  growth-to- 
detonation in polycrystalline solids is the result of 
pressure build-up from temperature-triggered 
chemical reaction spreading from localized sites. 

Experimental 

A typical set-up for generating 20 to 1SO kilo- 
bar, plane shocks in the test specimen is illus- 
trated in Fig. 1. In this example the 11 ern diam- 
eter plane-wave generator developed a detonation 
wave that was flat to f 0 . 3  mm over a diameter 
of 9 cm. A slab of explosive, 12.5 em X 12.5 em X 
2.5 cm was placed between the generator and a 
20 cm diameter disc of inert barrier, or shock 
attenuator. A sample of the test explosive, in the 
korm of a 25O wedge (apex angle 90') was then 
placed on the opposite face of the attenuator. (A 
thin film of silicone grease was generally placed 
between the attenuator and the test wedge to 
minimize the possibility of accidentally causing a 
hot spot by a small amount of entrapped air in 
the region.) I n  general the test wedges had faces 
3.2 cm by 3.2 cm, and therefore were 1.4 cm 
high. For the less sensitive explosives, or where 
very low amplitude shocks were to be used, 
larger wedges were employed: faces 5 em by 5 
cm, and by changing to a 30' angle, were 2.6 cm 
high. 

The different pressure levels in the test esplo- 
sive wedge were obtained by varying the differ- 
ent components of the shock-generating system. 
Thus, the slab of explosive, between the plane- 
wave generator and the inert shock attenuator, 
was either cast Composition B, Baratol, or 
TNT;  in addition, the thickness of this slab was 
increased to as much as 5 cm, as the need war- 
ranted. The attenuator was either solid brass, 
aluminum, or Plexiglas, or was made from 1 cm 
thicknesses of such materials in various laminated 
configurations, to produce the desired shock 
pressures. 

The phase velocity of shock arrival along the 
wedge free surface was determined with a smear 
camera having a writing speed of 3.8 mm/micro- 
second. The arrival of the wave was recorded by 
the camera by using an aluminized Mylar film on 

- *  
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FIG. 2.  Typical NOL wedge-test record. 

the surface of the specimen, and reflecting light 
from an electrically esploded wire confined in a 
glass capillary. When the wave reached any 
point on the surface, the reflection from the 
Mylar mirror was abruptly reduced, as shown in 
Fig. 2, permitting precise determination of time 
vs distance of penetration of the shock into the 
wedge. Velocity of shock propagation m s  then 
obtained by graphical differentiation. The wedge 
angle was chosen to be as small as possible con- 
sistent with the desired height, so that rarefac- 
tions from thc regton previously shocked would 
not penetrate into the region behind the yet- 
unshocked portion of the wedge in time to affect 
the desired observations. 

For each experimental arrangement the initial 
free-surface velocity of the attenuator, without 
the explosive sample, mas determined by direct 
measurement in an identical lens-donor-attenua- 
tor system. Similar preliminary experiments 
determined that, at the center of the plate, over a 
diameter of 5 cm or more, the time-of-arrival of 
the shock was simultaneous to within 30 nano- 
seconds, while the free-surface velocity was con- 
stant to within &2%. The particle velocity in 
the attenuator, at the metal-specimen interface, 
is then given by the usual assumption that it was 
one-half the measured initial free-surface veloc- 
ity. The shock Hugoniots for Plexiglas and for 
the Naval brass used in these esperiments were 
obtained by direct measurement of shock and 

free-surface velocity by the methods described 
by Rice et and by Coleburn.25 The Ilugoniot 
for 24ST aluminum was taken from the report by 
Rice.’4 

Information Obtained 
The explosives studied and their pertinent 

properties are listed in Table 1. The observed 

TABLE 1 

Density 
Explosive State gm/cm3 

Composition B 
RDX/TNT/Wax; 50/40/1 

Composition B-3 
RDX/TNT G0/40 
(Mean RDX particle size, 

60-80 microns) 

Cyclotol 
RDXJTNT; 75/25 

Trinitrotoluene (TNT) 
(Microcrystalline) 

Trinitrotoluene 
(Mean particle size: 40-SO 

microns) 

Cast 1.71 

cast 1.72 

cast  1.73 

Cast 1.55 
1.62 

Prcssed 1.51 
1.61 
1 .G4 
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TABLE 2 

Experimental constants for Eq. (I) 
U and u (mm/microsecond) 

Material PO a b C 

N:Lv:L~ brass 5.37 3.560 1 .S33 0 
Plcsiglns 1.1s 2.710 1.565 -0.037 
Lucitea 1.1s 2.55s 1.51 
TNT I. GO-1.62 2.39 2.05 0 

- 

TNT (liquid)b 1.472 2.00 1.6s 0 
Composition B, U-3 1.72 2.7s 1 .S6 0 

a From reference 12. 
Cam, reference 30. 

time-of-arrival of the shock disturbance a t  the 
.wcd~c free surface was converted to a velocity- 
distniice (U-b") curve within the medge, by carc- 
ful slope measurement of the smear-camera 
record, assuming plane-wave propagation inside 
the wedge. As shown below, the value of the 
observed shock vclocity a t  zero wedge thickness 
\vas used with tlic Hugoniot data for the shock 
attenuator, to determine the initial pressure in 
the csplosive. Hugoniots for the unreacted es- 
plosives were then constructed from these data, 
assuming that negligible chemical reaction had 
occurred a t  this zero wedge thickness during pas- 
sage of the shock. Shock velocities a t  low pressure 
( p  < 2 kb) were established from measurements 
madc on the same explosives, using a simple 
aquarium method for shock transit-time obser- 
vations.'6 

The shock Ilugoniots for both the inert bar- 
riers and the nonreacting explosives are con- 
veniently esprcssecl by relating shock velocity 
(I i )  to particle vclocity (u) in the simple form: 

U = a $- bu 4- cu2, (1) 

where u, b, and c are constants. When this equa- 
tion is applied to the experimental data by the 
method of least squares, the value of the constant, 
c, is often so small, that in the region of interest, 
the U-u relation can generally be considered 
linear to acceptable accuracy. The values of a, b, 
and c in this equation are listed in Table 2 for a 
number of materials used in our work. Pressure, 
density, and energy jumps across the shock front 
sre derived by the well-known hydrodynamic re- 
lations for a shock (assuming initial pressure 
negligible) : 

p = POUU, (2) 

P = pdJ/ (U-  u), ( 3) 

E - E" = p(v0 - v ) / 2  = u"2, (4) 

where p is pressure, p is density, E is specific 
energy, and v is specific volume (reciprocal of p) . 
Subscript 0 refers to the unshockcd state. The 
particle velocity in the nonreacting esplosive 
was determined by boundary-value matching of 
p and u, as illustrated in Fig. 3, using the cali- 
brated values of particle velocity and pressure in 
the barrier (a t  the barrier, test-explosive inter- 
face) and the observed shock velocity in the test 
explosive (at  the same interlace). In  the figure, 
subscript e refers to states within the shocked 
explosive; subscript m refers to states, within the 
shocked metal barrier. I n  applying this method, 
the p-u curve for the reflected rarefaction (or 
shock) wave within the barrier (in this illustra- 

- 
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FIG. 3. Pressure-particle velocity diagram for de- 
termining shock pressure in the explosivc. 
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tion, brass) is approximated by the reflection of 
the shock p-u curve for the barrier, about the 
line: u equal to 3 the free surface velocity for the 
barrier in the given experiment. Since the pres- 
sure and the particle velocity across the interface 
must be continuous, the desired solution is the 
intersection of this rarefaction line, with thc 
straight line for the explosive passing through the 
origin and having a slope 

P/ZL = (POU) c ( 5 )  
where U is the measured shock velocity in the 
test wedge of explosive, a t  the barrier-wedge 
interface. In  spite of the approximation involved, 
this method is a substantial improveiiient over 
the linearized impedance equation assumption 
often made, and previously used in this Labora- 
tory? The latter method leads to a larger sys- 
tematic error in the pressure and particle velocity 
than the prescnt approach. 

Results 

The experimental observations may be con- 
veniently shown as graphs of shock velocity in 
the explosive sample as a function of distance 
traveled from the metal interface. Figs. 4 and 5 
are typical of the results found a t  NOL. In Fig. 
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FIG. 4. Shock-velocity vs distance for 3 cyclotols 
(for each set of curves, reading from left to right the 
brass attenuator thickness was 0.5, 1.0, and 1.5 in.). 
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Shock-vclocitg vs distance for scvcral TNT 
charges. 

results for the three cast cvclotols are 
shown for three initial shock ampl~tudes using 
brass attenuators. The first point to be notcd is 
that the initial wave velocity iiicreasts as tlic 
brass plate thickness decreases. Tlit initial values 
for the tm-o Composition 13 types are the stline 
for a given brass thickness. These velocities 
were converted to the pressures shown in Fig. 4. 
by the procedure previously described. The 
second feature of the curves is that the distance 
to build-up-to-detonation is a function of tlic 
initial pressure. Composition 13-3 shows a sliorter 
transition distance than Composition J3  a t  tach 
pressure level. The diffcrenct most probably is 
due to an RDX particle-size effrct. Thc curves 
of Fig. 4 are typical of the largest majority of 
records obtained in this Laboratory on over a 
hundred trials with a number of cast and plastic- 
bonded explosives a t  bulk densities in excess of 
97 % of theoretical maximum. 

TNT, when cast, exhibits a somewhat differ- 
ent shock propagation history. For initial pres- 
sures in the explosive below 100 kilobars our 
records consistently show evidencc of what ail- 
pears to be a leveling off of velocity in the ncigh- 
borhood of 5.3 mm per microsecond, followed hy 
a second rise, to normal detonation velocity, Fig. 
5a. This type of observation has appeared too 

cp 
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frequently for us to attribute i t  to reading error. 
Majowicx“ first observed this initial step, but 
failed to see tlie later transition-to-detonation 
because his wedge was only 14 mm in hcight. The 
final transition is seen to occur a t  greater dis- 
tances in the pressure range shown in Fig. 5a. 
When the initial shock in the cast T N T  exceeded 
130 kilobars, the initial wave velocity exceeded 
this intermediate, plateau value and only one 
transition n‘as observed, with a considerably 
shortcned distance to detonation. For pressed 
1 h I ,  the results for low initial shock pressure 
show new features, Fig. 5b. The observed initial 
shock vclocity is out of line whcn compared with 
the results from cast TNT, being too high for a 
nonreactive shock. Furthermore, the transition- 
to-tlotonation occurs in a distance considerably 
shorter than in the case of cast T N T  charges 
shocked by the same shock generator system. 
One may note that one of the curves in Fig. 5b 
involves a pressed charge a t  a density higher 
than that of the cast TNT, get the growth dis- 
tancc to detonation is still only 4 mm as com- 
pared to 15 to 20 mm for the cast charges shocked 
in a similar manner. It is therefore quite clear 
that  charge porosity per se is insufficient to de- 
scribe the effect of physical state on the transi- 
tion history. The effect of pressing, shown here 
for TNT, in shortening the transition distance is 
also present in the cyclotols and in other explo- 
sives. We mag cite Composition B as an example: 
With a 1-inch brass barrier (initial p ,  = 77 
kilobars) pressed Composition U reached full 
detonation velocity in less than 2 mm, compared 
to 4 mni for the cast explosive. 

?‘lie “overshoot” shown in the velocity-dis- 
tance curve of pressed TNT, Fig. 5b, requires 
cornment. In  pressed explosives our camera rec- 
ords consistently have shown this irregularity, 
nhich we have interpreted as a transient rise to 
velocities in excess of the normal detonation 
rate. I n  some records the velocities appear to be 
as much as 50% over normal, but more fre- 
quently, as shown in Fig. 5b, the excess is about 
20-30 %. Such overshoots are entirely possible, 
we believe, on hydrodynamic grounds, depend- 
ing on thc naturc of the reaction-rate profile 
behind the shock front. On the other hand the 
distnncc over which excess velocity has been ob- 
served in our records is small, of the order of 
1-3 mm. While reading errors, made during 
measurements of phenomena rapidly changing 
over such small distances, arc aggravated by the 
inathematical process of differentiation, careful 
examination of the photographs indicate that 
the records definitely exhibit such super-veloci- 
ties. We believe therefore, that  the photographic 
evidence of the overshoots is beyond reading 
error, although the magnitudes of the over- 

r 7  T r ,  

shoots cannot be precisely determined. Campbell 
et aL9 have also studied pressed charges. They 
have been quite emphatic that  no overshoot had 
been detected in any of their experiments on 
pressed solids. We admit that  there is room here 
for honest differences, and these may be due to 
differences in the two sets of experiments. More 
refinement of the experiments is needed to settle 
the question. 

The transition distance vs initial shock am- 
plitude within the explosive has now been deter- 
mined for cast Composition 13-3, over the range 
30-130 kilobars. It has been found that a straight 
line very nearly fits the results if one plots the 
reciprocal of the distance against the initial pres- 
sure, as shown in Fig. 6. This line extrapolates 
to an infinite distance a t  p ,  = 28 kilobars. This 
can be interpreted as an indication of the thresh- 
old pressure for initiating this explosive with the 
given shock generator. A cursory examination 
has been made of the rate of pressure decay be- 
hind the shock in the shock generator system 
used to obtain the data of Fig. 6. Our best esti- 
mate is that  the pressure will fall to about 60% 
of peak in a time of 2 microseconds after passage 
of the shock into the explosive, in the absence of 
chemical reaction. This decay rate is comparable 
to that estimated to occur in the NOL gap test.12 
When Composition B-3 was tested in that  gap 
experiment, the 50 % point for detonation was 
found to require an initial peak pressure in the 
explosive of 20 kilobars. The closeness of the 
threshold shock pressures in the two experiments 
for the same explosive may be used to infer that  
the long cylinders will, near the sensitivity limit, 
show the same uniform initial velocity as we 
have found in the wedges a t  very nearly the 
same pressure level. The velocity would be near 
acoustic because a t  pressures in the neighborhood 
of 20 kilobars the shock wave velocity is near to 
the limiting acoustic value. Cachia and Whit- 
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FIG. 6. Effect of input pressure ( p , )  on distance 
(8) to steady-state detonations in cast composi- 

tion B-3. 
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I,read5 have actually observed this iiiitial “con- 
stant” velocity with ionization prolies embedded 
in cylindrical charges a t  somewhat higher pres- 
sure levels ( U = 4 mm/microsecond) . The 50% 
gap esperiment has shown a very sharp cutoff 
between “go” and “no-go” in Composition B. It 
now appcars that  the range between practically 
0 % probability of dctonation build-up and prac- 
tically 100% probability is about 1 to 2 kilobars 
in the donor shock. We could interpret this re- 
sult to mean that in the constant velocity region 
the shock pressure is actually increasing by about 
this amount in the cases where a dctonation is 
established. 

Discussion 

The clarification of the nature of the gromth- 
to-detonation from a niechanical shock has re- 
quired that quantitative measurements of the 
initial shock pressure be established. Since the 
first work a t  NOL we have mapped out (nonre- 
active) shock Hugoniots for a number of solid 
esplosives; two are presented here. Our work has 
shown that both time and distance for growth- 
to-detonation is monotonely related to this initial 
shock amplitude. In 1956 an ad hoc theory was 
presented in a note by one of usz7 to relate the 
growth process to shock and reaction variables. 
It was pointed out in that note that the history 
of the build-up would probably depend not only 
on the initial shock amplitude but also on the 
nature of the rarefactions behind the initial 
shock. A subsequent paper by Majowicz and 
Jacobs3 concluded that the build-up in cxperi- 
ments such as those presented here, must have 
involved a substantial induction period before 
any chemical reaction occurred, because the 
observed shock velocity was initially constant, 
insofar as we could determinc. Our present posi- 
tion has changed in regard to this delay mecha- 
nism. It is now clear to us that our initial shock 
was followed by a rather steep pressure decay. 
111 the presence of this rarefaction, the velocity 
of the leading shock in the explosive should have 
fallen by a measurable amount if it  had not been 
supported by energy contributions from reac- 
tions which must have occurred shortly after 
passage of the shock. The absencc of such a 
velocity decay indicates that  the rate of the reac- 
tion closely behind the wave must be increasing 
as the shock progresses, so that ultimately, the 
reaction rate, increasing nonlinearly, causes the 
shock to build up very rapidly to a detonation. 

There now have been reported a number of 
related studies by several groups to describe in 
quantitative terms, the growth-to-detonation in 
solids. Through these studies i t  is apparent that  a 
unified picture is emerging. I n  discussing the 
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problem we find important support in the I\ ork 
of Campbell et O L . , ~  1dio used plane shocks as n e  
did, but employed donor charges which were con- 
siderably larger, thus leading to a much slower 
decay of pressure behind the incident shock. 
Brown and Whitbread,ls \vho studied initiation 
by the impact of disks made oi several materials, 
shoaed quite clearly that the threshold for ini- 
tiation depends on both the aml)litude and dura- 
tion of the initial shock within the explosive Iiut 
not on the properties of the disk. Favier and 
Fauquignon14 have also shown a depentlencc of 
the build-up distance on the pressure induced in 
the explosive irrespective of the attenuator com- 
position. Similar findings have bcen reported by 
Sultanoff and Boyle’O for shocks through various 
attenuating media including air, and for shocks 
induced by cylinder impact. Jaffe, Bcauregard, 
and Amster12 have established the relation lie- 
tween barrier thickness and shock peak pressure 
in a controlled gap-test experiment and have 
thereby established thresholds for initiation 
where the duration of the incident shock is some- 
what longer than that of Brown and Whitbread. 

If we confine our attention to cast and plastic- 
bonded explosives, the conclusion reached by 
Cachia and Whitbreads and by Campbell, Davis, 
Ramsay, and Travisg for build-up to detonation 
is, with minor modifications, the interpretation 
which we find acceptable. This may he stated as 
follows. The incident shock initiates a sniall 
amount of chemical reaction (in localized regions) 
with essentially no delay. The growth depends on 
the pressure effect due to the initial shock plus 
the pressure contribution due to the reaction. If 
the net pressure behind tlie wave increases, the 
leading shock will grow to a detonation. If it de- 
creases tlie detonation will fail. The first point of 
complete reaction will depend on the reaction- 
time history experienced by the eytlosive layers 
after the shock has passed. If reactions in regions 
behind the shock are slowed down or stopped by 
adiabatic expansion or heat conduction, tlie cleto- 
nation wave will probably form a t  or near the 
shock front, if it  is lormed a t  all. The evtent of 
initial reaction and its subsequent growth in a 
given region will be strongly dependent on the 
shock amplitude entering that region. 

Before exploring the mechanism further, me 
would like to point out a few facts and their irn- 
plication concerning shock initiation of detona- 
tion near threshold pressures. It is now quite 
clear that  detonations can be initiated in solid 
explosives by shocks with peak pressures be- 
tween 20 and 40 kilobars, in cylindrical charges 
of 1- to 2-inch diameter or in comparable square 
c h a r g e ~ . 6 ~ ~ J ~ J ~  By comparison, liquid nitro- 
methane requires S6 kilobars, liquid TNT about 
125 kilobars, and Dithekite 13 (HNOa/nitro- 
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iic/H& ; (i:3lH/1:3) about 53 kilobars.s I n  
tlicsc low tlciisity liquitls, tlic avcragc tenil)era- 
turc rise :It tliwt l)rcssures, in the iieighborhood 
of SOO" to LOOO'C:, appears quitc: adequate to 
account for transition to tlctonation by an ini- 
tiation process involving honiogencous rcaction 
kinetics. The hydrodynamic calculations made 
by IIubbard and Johnson,ls 130yer,1Y and 
clearly show a direct correspondence between 
what is observed experimentally and what is 
1)reclictcd from computer runs. In  particular the 
rapid growth to a tlctonation behind the leading 
shock, the overshoot in velocity and pressure 
~ . l ic i i  this detonation overtakes tlie leading 
shock, and the subsequent decay to normal 
dctonntion, appear in both the experiments and 
in the computations. It is less clear that  the 
teinperaturc rise associated with a homogeneous 
compression can be sufficient to initiate reaction 
in solicls a t  pressures of SO kilobars, and at 20-30 
kiloliars such a possibility is out of the question. 
At SO kilobars the Hugoniot energy jump given 
by Eq. ( 3 )  is 122 calories per gram for Composi- 
tion 13. If we assume that all of this energy is 
tlieriiial and the specific heat is as low as 0.35 
cal/gm/deg tlie teniperature rise would be 35OoC 
on tlic average. At 30 kilobars the Hugoniot 
encrgy is only 2s cal/gni and the average tem- 
perature rise using the above assumptions is 79°C. 
There is ample opportunity to consider the lo- 
calizing of energy in microscopic regions (but 
large relative to molecular dimensions) within 
the solids under compression. Many workers fol- 
lowing 12oivden have noted the existence of sinall 
voids in solids, and have accepted the simple 
hypothesis that gas in such voids would get 
sufficiently hot undcr shock compression to sup- 
ply tlie needed initiation temperature rise. This 
argument was tested by Cachia and Whitbread 
by comparing the 50% gaps for an explosive 
containing in its voids, various gases or a vac- 
uum.5 The saine 50% point was found in every 
case. I s  it not possible that  the void act in other 
ways? We think the answer is yes. 
iZ few of tlic possible ways for localizing energy 

Micro-roughness of the shock and shock- 
wave interaction (Campbell) . 
Elastic-plastic changes behind the shock 
front with localized shear or fracture. 
Discontinuity of flow near voids leading to 
shear. 
Discontinuity of flow at grain boundaries. 
Spalling or spray into voids. (Johannson) . 
Phase change under shock loading. 
Defects in the crystallites. 

We do not have evidence to support unanibigu- 
ously any of the above as the mechanisms. Our 

thinking has strongly Icarnctl to sliock-1)rotluccd 
microshear or ndcrolracturc a t  or near voids, as 
the path by which the explosive is locally ignited, 
but we do not gct know precisely liow to  charac- 
terize these variables. 

I n  the paper by Campbell on initiation of 
solids,!) evidence is cited to the effect that the 
explosive near the entering boundary reacts to 
only a small extent, transmits its escess pressure, 
and then apparently stops reacting. They state, 
on the basis of these experiments, that the es- 
plosive in that region not only fails to react to 
completion but also will not sustain further reac- 
tion when subjected to a second shock (as from 
the region where detonation finalIy is estab- 
lished). This argument is plausible, we believe, 
for some solid explosives in the wedge type ex- 
periment used by Campbell and by us. Two bits 
of information will be used to discuss this point. 
First, UoyeP has used a model to compute the 
transition to detonation in solid explosives in 
which two mechanisms for rcaction are assumed 
to proceed simultaneously. One is an ignition 
reaction based on first order homogeneous reac- 
tion kinetics; the second is a surface burning 
reaction in which the Arrlienius terms contained 
in the equation are the same as in the ignition 
reaction. An arbitrary limit of 1% of the total 
mass is allowed to react according to the ignition 
mechanism. The computed result showed a shock 
velocity vs distance curve very similar to those 
shown in Fig. 4. The result also showed reaction 
to first go to completion a t  points in the explo- 
sive which were near the accelcrating shock 
front. No basis is given for limiting the amount 
of material reacted by the ignition reaction t o  
1 %. It is possible, however, that  heat transfer 
from the reacted sites could, in fact, cause a 
limitation of reaction to this order of magnitude 
provided that the initial shock were not too 
strong. If it is assumed that localized reaction 
can quench after a very short time an explanation 
must still be found to account for l'ailure to re- 
ignite and propagate a detonation backward 
after detonation is established in the forward 
direction. The following observation on detona- 
tion failure in preshocked solid esplosives seems 
pertinent to this problem. 

It has been established by repeated cxperi- 
ments in our Laboratory, that  a steady state 
detonation in a sheet of EL-506C" between 0.05 
and 0.24 inches in thickness, can be quenched if 
the detonation encounters a region in the explo- 
sive which is being compressed to a high density 
by a second shock wave having a peak pressure 

* EL-506C is a pliable, sheet explosive, manu- 
factured by E. I. duPont Co., containing approxi- 
mately 70% PETN, and 30% inert material. 
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Summary 
We have examined the growth-to-cktonation 

froin mechanical shock for TNT and thrce cyclo- 
tols. Both east and pressed charges have Iictn 

a pressure range from 30 to 120 hilolmrs. In  the 
cast charges the initial wzim in the shocked 
specimen has the character of a nonreactive 
shock. The initial wave velocities in thesc charges 
have been used to compute the peak pressures 
behind thesc initial shocks. The build-up to 
detonation has been found to be sensitive to thr 
RDX particle size in two cyclotols of very sinii- 
lar composition and density. The build-up to 
detonation has further been found to occur more 
rapidly in pressed charges than in cast charqes 
of the same composition and density. Tlrcsc 
observations lead us to conclude that in this 
range of initial shock pressures, tlic initiation 
occurs a t  localized centers from which the rcac- 
tion spreads. Before we can be sure that the hot- 
spot mechanism is the only mechanism for p i y -  
crystalline solids a t  higher shock pressures niorc 
information is needed in the higher ranqc. In  
i=rticular it i d 1  be necessary to develop an 
equation of state for solid explosives in which the 

mains a possibility in the highrr range oi‘ pres- 
s u m ,  between about 120 kilobars and tlic tlrto- 

processes going on. More or less homogcncous 
reaction may be taking place nhen tlic Hugoniot 

but then, larly if the activation energy can decrcmtl IIY 

Teller?’ It also remains for future work to  mtsli- 
lid1 the details of the process of localized initia- 
tion of reaction near the threshold limits of sliock 
pressures, that  is, in the range of pressures bclo~v 
40 kilobars for most solid military cxplosivcs. 

TRANS- 
MITTED 

TRACE 
studied. Experiments have becn conducted o w r  

TRACE DEToNATloN 

TIME_ 
WEAR.C&ERA 

F ~ ~ .  7 .  Experinlental for detonation quench- 
ing by preshock and sketch of smear-camera trace. 

between about 10 and 20 kilobars. I n  one series 
of experiments using the of 7 ,  the 
explosive in two parallel layers separated by a 
plastic gap was initiated simultaneously a t  oppo- 
site ends. As both detonations propagated the 
bow shock behind the detonations moved toward 
the alternate layer of explosive. Each layer of 
explosive was thus compressed by a silock from 
the alternate layer of explosive. When a deto- 

to fail very quickly in smear camera records. 
Undetonated explosive could be picked up later 

l)losives have si,nilar quenchout, e.g.., 
cast HMX/TNT, HMX/Plastic. I t  is very 

small degree because of the first sllock, 

suggested by Campbell, but also the explosive 
in this colnpressed state was unable to 
prol,agate a detonation already established in the 
unshocked region. These observations Iead us to 
conclude that the hypothesis of can be 
valid under appropriate conditions. In the case 
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Discussion 

DR. C. H. JOHANSSON (Stockholm, Sweden): In 
transmission of detonation between coasial cylin- 
drical charges of prcssed TNT with d = 21 mm 
through a cylinder of A1 alloy with 1 = I ,  = 20 
mm, we found that the receiver did not detonate 
behind the initiation plane appros. S mm from the 
cnd surface' (d is diameter and I ,  masimum length 
for transmission of detonation). As this part had 
been preshocked to approx. 30 kilobars the result is 
in accordance with Campbell and Jacobs. In pressed 
PETN with d = 20 mm and 1 = 1, = 29 mm the 
dctonation propagated backwards from thc initiation 
plane a t  the envelope surface but the core of the 
chargc was left. 

In mother test with 2 cylinders of TNT having 
d = 21 mm, an aluminum cylinder was inserted 
having a length of 21 mm, a length which barely 
prevcnted the transmission of detonation. Both 

charges were initiated at thcir outer ends with a 
time diflerence of S psec. The detonation wave of 
the last initiated charge (11) met the shock wave 
generated by the detonation of the opposite charge 
(I) appros. 13 mm from the end of charge 11. The 
detonation proceeded in this case through the pre- 
shocked part without any obscrvable disturbance. 
The detonation wave of charge I1 was, however, 
stopped when the length of the A1 cylinder was 
1 = 20 mm. The time difference was chosen so that 
the detonation wave met the oncoming shock wave 
from charge I just as the latter had turned over in 
detonation. Thus the steady state detonation of 
pressed TNT is quenched by preshocking only if 
the intensity of the shock wave is great enough to 
initiate detonation. The result of the interesting test 
performed by Jacobs et al., using the set-up in Fig. 
7 indicates that the steady state detonation of ex- 
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plosive ES-506C, like dynamite, is sensitive to 
pressure even when no reaction has occurred. 

The decreased sensitivity of preshockcd explosives 
may have several sources. If the intensity of the pri- 
mary shock exceeds a limit value detonation is 
initiated due to the partial reaction in the most 
sensitive points. It is fairly obvious to assume that 
the explosive is less sensitive when these points are 
consumed. If the shock intensity is below the limit 
value a t  which initiation occurs it may be too small 
to ignite these points and preshocking does not in- 
fluence the sensitivity of the explosive. Another 
point is that the increase in temperature a t  shock 
front compression is considerably lower if the com- 
pression is made in two stages and the heat losses 
will reduce the effect of the subsequent shock still 
more. 

PROF. F. J .  WARNER (Royal College, Glasgow): It 
was gratifying to see the overshoot shown in the 
velocity curve for pressed TNT. Some work on a 
holeburning model similar to the grain-burning 
model described in the paper by Jacobs, Liddiard, 
and Drimmer produced the same effect a t  roughly 
the same distance, and I spent some time trying to 
decide whether this was a genuine phenomenon or 
some hitherto unsuspected numerical instability. 
Because of the smearing out of the shock wave in- 
herent in the use of finite differences, it is much 
easier in computation to determine thc peak pres- 
sure of the explosive than the velocity of the shock 
wave. The two arc related of course by the Rankine- 
Hugoniot jump conditions. Figure 1 shows the peak 
pressure plotted against time for an input shock of 
100 kbars, and it can be seen that the pressure riscs 
rapidly to over 700 kbars and falls almost as rapidly 
to the steady state value. 

Thc model conccrncd had a burning equation of 
the form 

where so is some small but nonzero parameter. This 
corresponds to a solid explosive containing small 
spheres of gas, burning taking place at the gas/solid 
interface, so that initiation is performed by a hot- 
spot mechanism as suggested by Bowden. The 
parameter f o  is required, otherwise the reaction 
would never start, but its value appears not to be 
critical. Indeed, in the first run on a “Mercury” 
computer the reaction was started by the auto- 
matic roundoff in the floating point arithmetic 
unit, and this showed very little change from a run 
with a proper paramctcr. One difference has been 
observed between my results and those in this 

- 
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FIG. 1. Peak pressure-hole burn in^ explosive, 
300000 , 

DISTANCE ( c m r )  

FIG. 2. Pressure profiles-holeburning explosive. 

paper. The overshoot has always occurred in the 
computer runs, and the pressure has always riscn 
to about the same value, while Fig. 5 of the Jacobs, 
Liddiard, and Drimmer paper would seem to indi- 
cate a variation in the overpressure with the mag- 
nitude of the initiating pressure pulse. This may be 
due to a change in the reaction mechanism, but 
equally it may be that the overpressure was just 
not observed because of the very small distance 
over which it occurs. 

It appears that this overpressure is caused by the 
formation of a detonation wave just behind the 
initiating shock wave, and Fig. 2 shows the pres- 
sure profiles just before and just after the over- 
pressure point. This contrasts with a homogeneous 
(liquid explosive) model where the detonation wave 
forms a t  the edge of the material, and also with a 
grain-burning (cast Composition 13) model where 
the detonation wave forms a t  the shock front. 

PROF. A. K. OPPENHEIM (University of California): 
With reference to the velocity and pressure over- 
shoot that has been remarked upon on several oc- 
casions here, it might be of interest to note that 
there exists a proof2 that if the deflagration is 
initially preceded by a shock, the detonation wave 
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cannot 1)c tst:hlishcd without an overshoot. The 
oliecrvation of the overshoot can be therefore con- 
sidcrcd indicntivc of the nicchanism of the initiation 
process. 

ref. 9) on the initiation of solid explosives it was 
stated that the energy for the build-up of the shock 
wave to  detonation was obtained directly a t  the 
front. I would like to review briefly what we con- 

JIR. J. R. TRAVIS (Los -4lamos Scientijc Labora- 
to ry ) :  Ilr. Jacobs et al., report a large overshoot in 
the velocity at the point of transition from reactive 
shocli to detonation for pressed TNT and other 
presscd explosives. As one of the authors of the 
gaper referred to in their discussion (Jacobs’ 
reference ‘3) I would like to restate our position. In 
our experiments on the initiation of liquid explosives, 
thc presence of an overshoot velocity was an un- 
niistal~able phenomenon. Therefore, in our succeed- 
ing experiments with solid explosive wedges similar 
to those dcscrihed in the paper under discussion, we 
expected to see :In overshoot also. Several dozen 
experiments have convinced us that we can detect 
no ovcrshoot for high density explosives, pressed or 
cast, initiated by a well-supported plane shock wave. 

1 do not intend to dispute their observation, but 
I would like to point out the difficulties in this kind 
of experiment. Of particular importance is uni- 
formity of the charge density. Secondly, it is im- 
portant that the initiating wave be flat, of constant 
prcssure along the front, and have the same pressure 
profile behind the front a t  all points. Finally, the 
eflect is a small one on the film. An x-t plot of even 
the largest overshoot shown in the authors’ Fig. 5b 
is a bump 01 a few shakes (-S) from a smooth 
curve fairecl into straight lines representing the 
initial shock velocity and the final detonation 
velocity. 

DR. S. J. JACOBS (Naval Ordnance Laboratory) : 
The c:rlculations by Warner showing thc overshoot 
in the shock-to-detonation transition are interesting 
because they are the first machine calculations I 
have seen which show this effect. As these calcula- 
tions show and as one must infer on hydrodynamic 
grounds, overshoot would not occur unless the pres- 
sure is higher a t  points behind the shock than a t  
the shock front. Therefore, the establishment of the 
fact as to whether overshoot docs or does not occur 
is an important point in determining what happens 
in real cases. I, for one, feel that the experiments 
nced further checking to convince all concerned 
that the observations we have reported are due to 
the phenomenon and not to other causes. We will 
continue to look into the matter. In the cases where 
ovcrvhoot is absent it would appear that the shock 
must grow to detonation with maximal pressure 
alwnys bcing a t  the shock front. It does not seem to 
me that it necessarily implies that reaction cannot 
go to completion at some points behind the plane 
a t  which detonation is finally established. 

/ 
I 

DR. J. B. RAMSAY (Los Alamos Scientijc Labora- 
tory ) :  In the paper by Campbell et a/. (Jacobs’ 

sider are the significant experiments on this point. 
Mr. Whitbread of ERDE at Waltham Abbey (same 
as Jacobs’ reference 13) and Mrs. Elizabeth Get- 
tings of our laboratory have performed experiments 
in which they shocked solid explosives with thin 
“flying plates.” This put a short duration shock 
into the explosive. In  comparing the results ob- 
tained for the time of run to detonation vs. pres- 
sure for these experiments to our results which 
were obtained using flat, well-supported shocks, it 
was found that there was reasonable agreement. 
The only way in which this agreement can be ob- 
tained is if the energy which is driving the initiating 
shock is obtained very close to the shock front. 

DR. FAUQUIGNON (French Atomic Energy Com- 
mission): This comment reports two types of ob- 
servation about the existence of a retonation wave; 
the observations show also that this wave appears 
only after a quenching of the chemical reaction de- 
veloped by the initiating shock. It is not our pur- 
pose to define the conditions in which this quench- 
ing may happen, probably when steep rear and 
lateral refractions are present. 

In the first experiment we observe, after the shot, 
the deformation of a braes plate used as a gap in 
the gap-test experiment. In the classical case, where 
no retonation appears, there is only a shallow de- 
formation, quite independent of the thickness of 
the plate. This is probably due to the shock gen- 
erated at the section where detonation appears and 
propagating backwards, through the nonsupport- 
ing and partially reacting gases. 

On the contrary, when retonation exists, we ob- 
serve a large hole whose depth increases when the 
thickness of the plate increases. This can be inter- 
preted by the fact that the thicker the plate the 
longer is the predetonation zone. Consequently the 
more important is the explosive supporting the 
retonation wave. 

In the second type of experiments, we measured 
the electrical conductivity, simultaneously, a t  threc 
sections of the predetonation zone. When no re- 
tonation is present we observe a long duration 
pulse, already studied by Los Alamos workers. On 
the contrary, in the retonation case, the conductiv- 
ity developed by the initiating shock rapidly drops 
to zero, and, later on, we observe a second signal. 
This signal corresponds to a phenomenon propagat- 
ing back towards the gap and can be attributed to 
the retonation wave. The amplitude of the signal 
is constant on the three oscillograms and the 
velocity of the corresponding wave is slightly be- 
low the normal detonation velocity. 
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DR. G. K. ADAMS (ERDE): I want to ask 
whether, in wedge type experiments, anyone has 
checked experimentally that the plane shock enter- 
ing the wedge remains planar as i t  builds up in the 
explosive. We have found that if the entering front 
is tilted with respect to the explosive/barricr inter- 
face i t  rapidly loses its planarity in the explosive. 
Although this may not seriously affect the time or 
distance to the steady speed a t  the wedge surface it 
will distort the shape of the run-up curve. I should 
also like to know whether it has been found possible 
to superimpose shock speed/distance curves ob- 
tained with different wedge angles but constant 
initial shock pressure. 

DR. J. R. TRAVIS. In regard to the tilt of the 
initiating wave in wedge experiments we have con- 
vinced ourselves that we have obtained waves with 
no tilt by experiments using electronic chronograph 
measurements. Very fine foils were mounted between 

blocks of explosives under enough static pressurc to 
eliminate air between the blocks. Differcnt pins :ire 
mounted a t  different heights across the block. As 
the reactive shock moves up the explosives, thc pin 
foils are closed and the resulting signals recordcd 
on the chronograph. The space-timc history of the 
wave obtained in this way rrproduccs exactly ihat 
obtaincd from a wedge of thcl samc cxplosivc, 
boostercd in the same way. It is necessary that thc 
wave be flat with no tilt to get reasonable rcsiilts 
from this type of electronic switch cspcrimcnt. 
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NITIATION OF GRANULAR EXPLOSIVES PRESSED 
TO LOW DENSITY 

GLENN E. SEAY 

The dependence of the shock initiation of prcssed granular esplosives on density of the pressing, 
interstitial gas in the pressing, grain size of the explosive, and characteristics of the initiating shock 
is discussed. The validity of applying the hydrodynamic equations for a homogeneous material to an 
inhomogeneous assembly of particles is examined. Various mechanisms for the initiation of granular 
explosives are compared in terms of current knowledge. Initiation of low density explosives is not 
satisfactorily explained by uniform shock heating of the pressing nor by shock heating of the inter- 
stitial gas, as has long been thought. It appears that initiation is dependent on minute shock inter- 
:letions and resulting spalling and jetting, with initiation occurring in the fine particles of the spa11 
or when the products of spalling or jetting are stagnated at the surface of an intact grain. Several es- 
periments are suggested with plane wave constant pressure shocks replacing the complicated geometry 
of the usual gap sensitivity test. Other experiments are suggested for studying small scale details 
of proposed mechanisms of initiation. 

Introduction 

It has long been known that granular erplo- 
sives pressed to a high density are more difficult 
to initiate by shock than the same explosive 
pressed to a low density. I n  one extreme case, a 
single crystal of PETN required about 112 kbar 
for initiation,’ whereas PETN particles pressed 
to a density of 1.0 gram/cc (- 56 per cent of 
crystal density) required only about 2% kbar for 
initiation.2 Thcse facts suggest that  discontinui- 
ties in the explosive and/or interstitial gases 
must be of great importance in the initiation 
mechanism of the low density pressings. 

It will be the purpose of this paper to review 
what is known about shock initiation of low 
density explosives and to define the problems 
that await solutions. Various experimental ap- 
proaches will be reviewed along with a discussion 
of what has been learned. A brief description of 
proposed initiation mechanisms will follow with 
an attempt to evaluate the present status of each. 

The Shock System 

Very little quantitative research has been done 
on the initiation of low density pressed explo- 
sives by shock. hit iation of explosives by shocks 
has been studied most extensively by means of 
various gap sensitivity t e ~ t s ~ - ~  in which the 
geometry is somewhat complicated. Usually such 
tests employ nonplanar shocks with lar, w e  pres- 
sure gradients behind the front, and give results 
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only in terms of the maximum thickness of some 
gap material which will allow transmission of a 
shock of sufficient strength to cause detonation 
of the explosive. Usually the criterion for “go-no 
go” is the presence of a dent in a witness block.6 
Occasionally considerable judgment is required in 
evaluating a “partial” or shallow dent. It has 
also been found that the use of different lengths 
of acceptor explosive can cause different results. 

Gap tests have been made in which the initiat- 
ing shock has been partially defined in the explo- 
sive In the most recent of’ these tests 
peak pressure into the explosive, shock eurva- 
ture, and pressure gradient behind the front mere 
evaluated to varying degrees. Even with these 
added precautions the results deinonstrated the 
complicating influence ol the gap-test geometry. 
It became clear, for example, that  the gap must 
be thick enougli to prevent reverberations from 
reinforcing the shock before initiation takes place; 
otherwise i t  is necessary to determine which 
reverberation is responsiblc for initiation. Also, 
the curvature of the wave changes more rapidly 
with gap thickness for thin gaps and the effect 
of this change in curvature has not been evalu- 
ated. As the gap thickness is changed, not only 
is the peak pressure in the esplosive varied but 
the way in which the pressure varies behind the 
front is also changed. The initiation properties of 
different explosives are expected to depend on 
this pressure-time profile. 

Controlled gap tests have been made with 
tetryl of two different particle sizes pressed to a 
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raiise of tlcnsitics kroiii 1 .O to 1 . G  gram/cc. T ~ v o  
different gap materials, Ixass aiicl Lucitc, wrre 
uscd. It \vas fouiid that tlic tctryl prcssurc a t  
which 50 per cent of the charges detonated 
varied in about the same way with pressing 
density for thc small particle size tetryl with 
both gap materials. The large particle tctryl a t  
the lower densities, however, yielded two curves, 
differing both in magnitude and shape, depend- 
ing on whether brass or Lucite was uscd for a gap 
material. I t  is not known whether this depend- 
ence on gap material is indicative of the large 
particle size tetryl having a “shock impedance” 
which is a function of the impedance of the gap 
matcrial or whether the differences in wave 
curvature and pressure-time profile of the shock 
from a thin brass gap and a thicker Lucite gap is 
sufficient to cause the discrepancy in rcsults. 
This is an example of how a precisely controlled 
gap test can fail to differentiate between the 
effects of the test geometry and the explosive 
being tested. 

Before proceeding further, it should be em- 
phasized that gap tests are an exeedingly valu- 
able tool for sensitivity studies when a practical 
engineering answer or an ordering of the sensi- 
tivity of c\plosives to a given escitation is de- 
sired. The value of a gap test in selecting esplo- 
sives for ordnance design purposes cannot be 
overestimated. The gap test is also an excellent 
rcscarch tool, particularly for survey programs 
and studies on small samples where some par- 
ticular variable is being observed optically or 
electrically. 

It seeins, however, that  if the purpose of an 
experiment is to study the mechanism by whicb 
an esylosivc is initiated by a shock, that  the 
esperiment should, if possible, be designed such 
that the shock can be completely described. 
Further, i t  seems that the shock should be of as 
simple a form as possible, Le., a plane shock with 
a constant pressure behind the front-a step 
function of pressure. With such an idealized 
system the velocity of a shock in the explosive 
would either increase or remain constant. Com- 
plicated situations where the shock accelerates 
for a period of time and then finally fails to go to 
detonation are thus avoided. Certainly initiation 
and buildup are both extremely important proc- 
esses, but is it not much more desirable to study 
them separately than to wonder whether a reac- 
tion was initiated and failed to buildup or was 
not initiated a t  all? Such experiments have been 
made with homogeneous esplosi~es’*~ and they 
have clearly demonstrated the shock-heating 
thermal mechanism of initiation for these mate- 
rials. Similar experiments with high density 
solid explosives1’)+ have not yet resulted in 
complete understanding of the initiation meeha- 

nism. Sonic of thesc espcrimcnts suggest a veloc- 
i ty “overshoot” while othcrs (lo not. This, how- 
ever, may not be too surprising since some recent 
cyieriments with high tlmsity prcssctl explosivcs 
seem to yield results akin to those ol)servctl with 
homogeneous explosives for ccrtam c\plosivcs 
and densities, and results akin to those observed 
with low density cqdosives for other e\plosives 
and den~ities.’~ Perhaps in high density solid 
explosives two diff erent initiation mechanisms 
are competing: one in which energy is being fed 
to the front from all regions behind thc shock, 
and the other where only regions near the front 
of the shock are contributing. 

Low density, 1.0 gram/cc, pressed PETN has 
been studied in plane wave pressure-step type 
experiments.2 The shocks entered I%TN wcdges 
from brass or Lucite plates. Shock pressures in 
the plates and dcpths at which the VETN was 
initiated were measured with a streak camera. It 
was found that a derived pressure of about 2$ 
kbar in the PETN was barely sufficient for ini- 
tiation. Experiments with various interstitial 
gases and low pressure air (50-100 p) showed 
that the initiation process was independent of 
the interstitial gas. Thesc experiments also 
showed that light from the detonation was inde- 
pendent of the interstitial gas or its absence. The 
depth at which initiation occurred, as a fuiiction 
of derived pressure, mas the same for a shock 
entering from Lucite as for a shock entering from 
brass. In  tlicse experiments the csplosive was 
characterjzed as to density, specific surface, and 
grain shape, but these parameters were not 
varied. A detailed history of the initiating dis- 
turbance was not obtained, hut a reflection 
photography technique has since been developed 
for accomplishing this. A low density mirror 
material was tricd on the surface of the PETN 
wedge, but this technique was abandoned be- 
cause i t  gave misleading results for these low 
density pressings. 

Hydrodynamics of Porous Materials 

The term “derived pressure” as used above 
refers to the number obtained by treating the 
explosive sample as a homogeneous material 
and probably has little or nothing to do with the 
details of the mechanism of initiation. 

The meaning of terms such as shock velocity, 
particle velocity, pressure, Hugoniot, etc., arc at 
best vague when these terms are applied to a 
porous material. It is true that the velocity of a 
disturbance can be measured as it moves through 
such a material, but this observed disturbance 
must be the result of minute disturbances occur- 
ring a t  various voids, grain boundaries, etc. 
Numbers corresponding to particle velocity and 
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pressur(> ctln bc obtclinccl by using standard 
iml)edanc.c niatc.11 aiidysis methods; hotvcver, 
these nuinbers must be averages of some sort 
nhirh t t l l  very littlc about thc state variables 
at discontinuity sites in tlie material. At the 
present time littlc is known concerning the gross 
chnractcr ol a shock wave as i t  moves through a 
mnteriul coniposccl oi‘ small regions of two or 
more materials wit11 radically different sonic im- 
pedanrcs and consequently even less is known 
about the details of such a shock. 

Perhaps, before understanding the initiation 
process in porous explosives, it will be necessary 
to untlerstand in more detail the phenomena 
associated with shocks in porous materials, both 
rcactivc and nonreactive. 

Initiation Mechanisms 

Scvcral mechanisms may be considered for the 
shock initiation of low density pressed explosives. 
UniCorm shock heating oi’ the pressing can be 
eliminated inimedistely on the basis of the 
greatly increascd sensitivity of heterogeneous 
explosives relative to homogeneous explosives. 
Probably the most universally accepted mecha- 
nism is that  of shock heating of interstitial gases 
to u tcniperature necessary for ignition of grain 
 surface^.'^ IZcsults with planc waves in low density 
PETN,’ discussed above, and results of gap sensi- 
tivity tests macle in England6 seem to discredit 
the general applicability of this mechanism. 
Minute shock interactions have been given credit 
for the high temperature necessary for ignition. 
Sincc the process has been shown to be inde- 
penchit of the interstitial gas, such shock inter- 
actions would be expected to act on the interior 
of tlie grains or a t  contact points. If this is the 
csse, then tlic high sensitivity of the materials 
suggests that  secondary effects of such interac- 
tions might he niorc effective for initiation than 
the tcrnpcrature a t  the site of the interaction. It 
has been suggested that the reaction might pro- 
ceed jn a fine powder formed by spalling or that  
this po.rvder might initiate reaction on impact 
with the nest g r ~ i n . ~  

A similar mechanism has been recently pro- 
posed and studied by J. H. Blackburn and L. B. 
Seely, JrJ5 This method depends on a secondary 
effect of minute shock interactions, namely 
jetting. It is proposed that material in jets re- 
sulting from shocked irregularities attains a very 
high temperature wlien stagnated against the 
nest downstream grain which constitutes an es- 
sentially rigid barrier. This hypothesis developed 
from studies of the light observed during initia- 
tion and detonation of pressed granular esplo- 
sives. In  particular, it was shown that the light 
observed in these experimcnts was not due to the 

shocked interstitial gas becauso its intensity IVW 

not a function of the gas or tlic gas pressure 
( P  _< 1 atni) . Also, the tcnil~craturc attained in 
the detonation reaction was too low to account 
for the ohserved light. The light could be reduced 
both in duration and intensity by increasing the 
density of the pressing. This suggested that a 
large part of the light was being observed through 
a few layers of translucent grains. A detailed 
study of this phenomenon showed that light of 
thc same nature could be observed from non- 
reacting granular materials. This light never 
lasted beyond the shock transit time in either 
the high explosive or nonreactive material. 

Proposed Experiments 

It is suggested that future work on this sub- 
ject should be divided into two categories: ( I )  
those experiments designed to provide macro- 
scopic results and relationships with an aecu- 
rately known shock and explosive system, and 
( 2 )  those experiments designed to investigate 
the details of near-niicroscopic processes upon 
which certain of the proposed mechanisms of 
initiation depend. 

Judging from past work, it appears that  es- 
periments of the first type can be useful in elimi- 
nating various possible mechanisms of initiation, 
e.g., shock heating of the interstitial gas. Also 
such experiments can provide valuable data, in 
terms of reproducible shocks, on the gross hy- 
drodynamic and thermodynamic properties of 
low density pressed explosives. First priority in 
this group of esperiments might be assigned to a 
study of‘ the hydrodynamic properties of low 
density pressings of a nonreactive material which 
is otherwise similar to a particular explosive of 
interest. It has been the custom to assign pres- 
sure and particle velocity values according to a 
measured shock velocity in the explosive. If, 
however, the shock produces detonation, then 
the “initial” shock velocity must be obtained 
indirectly by extrapolating the velocity record 
back to the explosive-driver intcrface. This 
might be avoided if a complete pressure-volume 
Hugoniot relation could be determined for a 
similar but nonreactive material. Such a pressure- 
volunie Hugoniot might also reveal whether tlie 
material is easily compressed to near crystal 
density and then abruptly becomes stiffer, or 
whether the crushing of grains coupled with 
grain motion and reorientation givcs a smooth, 
slowly changing compressibility. 

The question of the effect of interstitial gas 
seems to have been laid to rest for initial pres- 
sures of one atmosphere or less, but what of 
higher pressures? A t  what pressure does the 
interstitial gas begin to cushion the effect of 
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whatever inechanism is responsible for initiation? 
Possibly a granular explosive might be initiated 
in the same way as a hornogencous esplosive if 
thc interstitial material (obviously not a gas) 
had the same sonic impedance as the explosive 
grains. Perhaps, in this very special case initia- 
tion might even be independent of grain sizeand 
structure. 

The dependence of shock initiation properties 
on grain size is still an unknown. If some process 
generated by shock interactions is responsible for 
initiation, then the number and sizc of the shock 
interactions and thus thc initiation properties 
should dppend on grain size. Grain size would be 
an important parameter in dctermining the way 
an initiated reaction builds up to detonation. 
Whether this buildup is described by the usual 
grain burning or requires additional de- 
tails concerning shock interactions is an open 
question. 

Probably the most obvious parameter for study 
in plane wave pressure-step experiments is the 
density of the pressed esplosive. As already men- 
tioned, some of the esperiments with high density 
solid explosives suqgest an initiation mechanism 
similar to that  which prevails in homogeneous 
explosives. On the other hand, a t  vcry lorn densi- 
ties it can be imagined that a reaction, even if 
weakly initiated, would not be accelerated be- 
cause of the wick separation of the particles. 
This limit might occur a t  densities below settling 
density and experiments have yet to be designed 
to investigate this density region. 

As pointed out earlier, in an idealized plane 
wave pressure-step experiment, the velocity of 
the disturbancc in the esplosive cannot decrease 
and must either remain constant or increase. 
Thus, using existing techniques for observing 
tlie shock as it builds up to detonation velocity, 
much can be learned about this buildup region 
without tolerating and attempting to explain 
complicated geometric effects. 

Also in all of thesc experiments, a combination 
optical detection scliemc can be used where a 
nonluminous disturbance is observed by re- 
flected light and any luininous phenomena is 
observed directly. Observations of this sort led 
to the esperiments15 which yielded the “stagna- 
tion” model of initiation. 

Plane wave “thin shock” experiments have 
been proposed by Lindstrom13 for high density 
prcssed explosives in order to investigatc the 
hypothesis that, a t  high density, presscd explo- 
sives can begin to have some of the initiation 
properties of homogeneous explosives. Such 
“thin shock” eyperiments, applied to low density 
explosives could clarify the dependence of the 
initiation mechanism on processes oecurrin, some 
distance behind the front of the shock. The 

“flying plate technique”16 would be employed in 
order to establish a predictable pressure-time 
profile for a thin plane shock. 

At the beginning of this section it i m s  sug- 
gested that it would bc desirable to iiivcstigatc 
the details oi’ near-microscol~ic processes upon 
which certain of thc proposcd mechanisms 01 
initiation depend. This docs not nccrssarily 
mean near-microscopic studics of such processes. 
Studies of shock interactions in random assernb- 
lies of grains, evtn large grains, of either eqilo- 
sive or nonreactive material, might provide niorc 
insight as to thc number and strength of shock 
interactions occurring in a shockctl prcssing. 
Sccondary effects of such intcrartions such as 
spalling, jctting, and stagnation, could also be 
observed and studied. This general alqiroach has 
yielded rnuch useful information in thc cnsr of 
studies of jctting and stagnation?‘ 

Summary 
The shock initiation of granular explosives 

pressed to low densities is a field in mliich little 
quantitative data is available and about n hich 
little is actually known. Most of the prevailing 
ideas have come from studies macle on high 
density heterogeneous explosives. Perhaps stud- 
ies of heterogeneous explosives in a low dcnsity 
resion where thc heterogencitics arc most promi- 
nent would be more profitable, c v m  for thc  pur- 
pose of understanding initiation i n  the hi:h 
density region. Gap tests liai e yicltlcd invaluable 
results for engineering slid salety pur1)oses; but, 
because of their geometrical romplt\rity, they arc 
not recommended for use in fundamental studies. 
A few experiments have been reported in vl-rich 
shocks with known properties have been i iscd to 
initiatc low density explosivrs. The results of 
these experiments arc not confuscd by lack oi 
knowledge of the geometric and liydrodynsinic 
properties of the initiating shock. In this type of 
experiment the phenomena of initiation and 
buildup to detonation can be selm-atcd and cvalu- 
ated individually. 

I n  low density pressed explosives initiation is 
not tlie rcsult of uniform shock hcating ol the 
pressing, nor can it be satisfactorily explained by 
shock heating of the interstitial gas-as has lon: 
been thought. Initiation secms to depend in sonic 
way on the discontinuities and resulting sliock 
interactions. The shock iiiteractions arc bclievcd 
to contribute to spalling, jetting, or some coin- 
bination of these two phenomcna. Perhaps ini- 
tiation occurs in the fine pnrticlcs of the spall or 
when the products of a jet or spslling are stag- 
natcd a t  the surface of tlic nest doiviistrcam 
ga in .  

Thc experiments proposed here are of two 
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Discussion 

rather estreinc types: those vvhich observe gross 
effects of an  accurately known shock, and those 
which examine in detail the possibly important 
near-microscopic processes. 
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I ~ R .  J. F. WEHNER and DR. D. PRICE (U.X. Araval 
Ordnwnce Laboratory) : “Thin shock-” experiments 
using the “flying plate technique” which were 
proposed by Dr. Scay, have also been proposed a t  
NOL 2nd probably by several other groups. In 
principle, this technique forms the basis of an ex- 
cellent method for determining what effects the 
duration and profile of the pressure pulse have on 
the ability of a shock to initiate detonation. The 
purpose of this comment is to point out that this 
conceptually simple experiment is difficult to im- 
plement. 

While it is easy to drive thin plates explosively a t  
suficicntly high velocities to obtain impact pres- 
sures above 100 kbar, maintaining an unbroken 
plate in a plane configuration is difficult. By con- 
finement of the driver charge and plate, we have 
been able to drive a 20 mil plate 4 inches without 
fracture. However, the planarity at the end of 
flight was very poor; the curvature was greater 
than a t  the donor front. It is expected that the use 
of plane-wave generators of diameters much larger 
than those of the plates will produce the desired 
plane planarity. Without good planarity, the ex- 
perimental design is invalidated. 

These two dilliculties arise when an explosive 
driver is used. A third limitation of this method is 
the loading of the test material by the detonation 
products; this can be avoided by careful design. 
There are, of course, other ways to drive the plate 

which may prove more advantageous in certain 
pressure ranges. 

Dn. C. H. JOHANNSON (Stockholm, Sweden): I 
should like to mention some calculations of H. L. 
Sclberg’ on a simple linear model of a charge with 
interstices. It consists of equidistant homogeneous 
plates of explosive, which have the same thickness 
and are oriented perpendicular to the detonation 
direction. The average density is assumed to be 
small compared with the plate density. Behind the 
detonation front a compact pile of plates is moving 
forward. If the impacts are inelstic the increase of 
the internal energy of the plates when one plate 
after another is connected at the front i s  approxi- 
mately 

E = (Q $. cA”d (7’ - 1) 

Q is explosion heat; cz, specific heat at constant 
volume; and y = c,/c,. With Q = 1200 cal/g, 
cv = 0.4 cal/g”K, TO = 300”K, and y = 1.2 we 
get A E  = 5S0 cal/g and AT = 1450’C. 

The compression heat of the gas between the 
plates is small compared with AE. For atmospheric 
ah- it is only appros. 0.5 per cent of AE and i t  is 
rapidly given off due to the high tcniperature and 
the thin Iayers of the compressed gas. This may 
explain why the light emission is independent of 
the gas in the interstices. 

Dr. Seay emphasizes the importance of a plane 
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shock with constant pressure in the gap test. In 
Sweden we have used a shooting test for a year or 
two to characterize the sensitivity to impact.' Thc 
projectile and the explosive sample are cylinders 
with plane cnd surfaces. We have found the test to 
be of great value in judging the properties of ex- 
plosives with regard to safety in use, but I think it 
may also be usable for fundamental research. It 
has the advantages that it is simple to carry out 
and that all explosives can be included. As an es- 
ample it may be mentioned that the critical velocity 
in meters per second with copper projectile is, for 
dynamite, about 100; phlegmatized PETN, 2.50; 
pure RDX, 360; prcssed TNT, 530; AN-oil, SOO; 

and cast TNT, 900. The test gives very repro- 
ducible results. An outstanding example is prcssed 
T N T  with 15.5 g/cm3. In 20 tests no samplc det- 
onated below 535 m/sec while all detonated kxyond 
545 m/sec. 

REFERENCES 

1. Stiftelsen Svensk Detonikforslining. 
2. The test is based on investigations which have 

been carried out 1959-61 in cooperation between 
the Swedish Defence Research Institute, Nitro- 
glycerin AB and the Swedish Research Founda- 
tion on Detonics. 



TION OF DETONATION IN SOLID EXPLOSIVES 

E’. J. WARNER 

We consider the problcm of tramition from deflagration to  detonation in a solid crystalline ex- 
plosive. A mathematicd model is set up for a semi-infinite block of explosive, and the partial differen- 
tial equatioris resulting from a one-dimensional How are integrated numerically, using an electronic 
computer. 

The explosive is regarded as a homogcneous Huid so far as the hydrodynamic equations are con- 
cerned, hut as a two-phase solid/gas system for the equation of state and equation of burning. This 
leads to  the concept of two different temperatures coexisting in the system, solid explosive at one 
temperature burning to give gaseous detonation products at  another temperature some three thou- 
sand degrees above the first. We assume that the explosive exists locally in the form of spheres and 
that the law of burning involves a pressure term. 

Initiation is by a shock wave incident on the explosive, and in all the cases investigated, we find 
that the transmitted shock wave accelerates or decelerates steadily, and in the results quoted in the 
paper, the von Ncumann spike can be seen building up out of the front of the initiating shock. This 
is in accord qith experimental evidence on solid explosives, but is in sharp contrast with numerical 
rcsults obtained by other workers and with experimental evidence on liquid explosives. It is believed 
that the differences are the result of the introduction of the pressure term into the law of burning. 

Introduction 

In this paper, n e  consider the problem of the 
transition horn deflagration to detonation in a 
solid crystalline cxplosive. The one-dimensional 
partial diffcrential equations relating to the mo- 
tion of and chemical reaction in a detonating 
explosive are derived, and these equations have 
been integrated numerically using an electronic 
coinl~uter. The explosive is regarded as a homo- 
geneous fluid so far as the hydrodynamic equa- 
tions are concerned, but as a two-phase solid/gas 
system for the equation of state and equation of 
burning. 

The equation of burning chosen for this in- 
vestigation involves a pressure term, and the 
rcsults obtained differ significantly from those 
obtained by other workcrs using the conven- 
tional Rrrhenius law of burning. The detonation 
is assumed to have been initiated by a shock 
traveling into the explosive, the shock being 
cauused by a piston pushing onto the surface of 
the cydosive. In the later part of this work, the 
motion of the piston is stopped after a given 
time, and this causes a rarefaction wave to follow 
the shock nhich tends to damp down the 
detonation. 

ain Equations 

We consider our esplosive as a semi-infinite 
block of material which is in the large homogene- 

ous and has a constant specific heat, and we 
assume a one-dimensional flow. The coefficients 
of heat conduction, viscosity, and diffusion are 
taken as being negligibly small. This i s  justified 
as the transport effects are very much slower 
than the gas dynamic effects, a matter of milli- 
seconds compared with microseconds. In  order 
to simplify the equations computationally, we 
take a grid of a Lagrangian coordinate m, meas- 
ured in grams. Equal intervals of rn correspond 
originally to  equal intervals of the space co- 
ordinate z, so that initially 

m = x/vo, t = to, 

where vo is the initial specific volume in cc/grain, 
and the subsequent positions are given by 

ax/& = lo-%, 

t being measured in microseconds, and u in 
cm/sec. This choice of a mass coordinate will 
occasionally lead to quantities in unfamiliar 
units, for example, a shock velocity measured in 
grams/microsec. 

This gives the equation of continuity as 

av/at = 1o-yau/am> 

and the equation of conservation of momentum as 

au/& = -ap/am, 

p being in atmospheres (actually, p is in bars, 
but the difference is only one per cent). For the 
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homogeneous caplosivr, the energy equation is 

c, (a T/&) = Q (af/at) - p (au/am), 

where C, is the specific heat in ergs/grain OK, Q 
is the quantity of heat liberated in burning in 
ergs/gram, and f is the fraction of explosive 
detonated. 

We may assume the detonating explosive to 
exist in two distinct phases, solid unburned es- 
plosive at a temperature T,  and gaseous products 
a t  a temperature T,. Now 1 gram of the aggregate 
contains f grams of gas and (1 - f )  grams of 
solid, so that the energy of the aggregate is 
given by 

fCvTu f (1 - f )  CUT,, CUT 
that  is, the average temperature is given by 

T = f T u +  ( l - f ) T s .  (1) 
We have assumed that neither tlie gas nor tlie 
solid is heat conducting, so that the gas can gain 
energy only by compression or the accretion of 
new gas, while the solid can gain energy only by 
compression and can lose energy only by abla- 
tion. This gives 

for the gas and 

c, a i  (1 - f) Ts) /a t  = -c,T,(af/at) 

for the solid. .4dding, we obtain 

C,(aT/at) = C,( Tu - TS) (a f la t )  - p(au/am), 
and by comparison with the energy equation for 
the homogeneous explosive, we see that 

It is also possible to assume different specific 
volumes u,, us for the two phases, but this is a 
matter properly taken up when considering the 
form of the equation of state. 

If we now add a suitable equation of state and 
a law of burning, we obtain the full partial differ- 
ential equations of the motion 

&/at = 10-G(du/am) 

&/at = -ap/dm 

C,(aT/dt) = Q(af/&) - p(au/am) 

%/at = Fb, T , f )  

ax/& = u 
P = P ( V ,  T )  (3) 

The set of Eqs. (3) forms a hyperbolic system of 

cff'cctivcly fourth order, ns t l i c h  last cquation in 
tlic set is merely one of tlcfinition of our roortli- 
nate system and takes no part in tlrtrrmininq the 
motion. This set must liavc four souiid qmils,  
and these are 

m = O (twice) , 
giving only possible contact discontinuities, and 

The Rankine-Hugoniot conditions for the values 
of quantities across a finite discontinuity moving 
with instantaneous speed s grams/microscc fall 
out from this set as 

s[v] = -10-6[u] 

SCUl = [PI 
S[ Cv T + 3.' - Qf] [PU] (4 

S C f l  = 0 
where [w] denotes the change in the quantity w 
across the discontinuity, and for a shock ad- 
vancing into stationary esplosive a t  atmospheric 
pressure this gives 

ug = 106S(VI - vo) = (po  - l)/s, 

and a third equation which depends on the cqua- 
tion of state chosen. The fourth condition increly 
states that  burning takes place over an intcrval 
much larger than the thickness of the shork. To 
obtain the Chapman-Jouguct conditions attnined 
me11 to the rear ol tlie shock wc have t o  nssuine 
that burning takes place quickly over an interval 
of space much smaller than the distance brtween 
the shock and the point we are interested in, and 
set (4) becomes 

Taken together with the Chnpmnn-Jouguct con- 
dition, that  the particles just a t  the fully burned 
point are moving a t  the locnl spccd of sound with 
respect to the shock front, the tn.0 sets of Eqs. 
(4) and ( 5 )  give some information about the 
values of the variables in the steady statc solu- 
tion, referred to later as the Chapman-Jouguet 
solution, of the differential Eqs. (3) ,  and this 
steady state solution is the onc to which we e y e c t  
our nonsteady solutions t o  be asymptotic. In  
order to obtain numerical information, however, 
we need to inquire into the form of the equntion 
of state satisfied by our explosive. 
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The Equation of State and Choice of 
Parameters 

We require a single equation of state to repre- 
sent both the solid cy)losivc and the gaseous 
clctoristion products, but with two such different 
materials we will riot cyiect a very good fit. We 
take the specific lieat C, as being constant and 
equal for both phases, a t  a value of 0.3 cal/gram 
'I<, that is a t  1.2552 X lo7 ergs/grani OK. 

A very simple cquation of statc is that due to 
M. A. Cook (relerence 1, 11. 64) which is the 
modified Abel equation 

P ( V  - a(V) )  = RlT, 

nhere TI is the gas constant per gram and a(u) 
a function of the specific volume. From Cook's 
graph (ibid.) we may take a linear appro\inia- 
tion to a(u) as 

a(v)  = 0 . 5 ~  + 0.2 

whence the hbcl equation ol state becomes 

p ( ~  - b )  = RT, (6) 
where b = 0.4 cc/gram and R = 2Rl. If we as- 
sume the average niolecular weight of tlie gaseous 
detonation products t o  bc 30, then R = 5.543 cc 
barslgram and y = IOp6 R/Cv + 1 = 1.442. 
We take 1000 cal/gram, that is 4.1S4 X 10'" 
ergs/grain, as a typical value for Q. This i s  almost 
the same as the value of Q of a 40/60 RDX- 
T N T  mixture, ahich is about 9S4 cal/gram. 
From the sets oi Eqs. (4) and (5) we may now 
calculate the Chapman-Jouguet conditions, and 
the conditions a t  the shock of a steady detonation, 
and the values for 311 explosive of density 1.6 
grams/cc are givcn in Table 1. The detonation 
velocity is of the same order of inagnitude as the 
experimental value of 695000 cm/sec for T N T  
given by Robertson.4 However, the temperature 
scale i s  rather distorted, and normal temperature 
is given as 0.04°1<. This is not so serious as it 
sppesrs a t  first sight, as the abnormally low 
teniperaturcs occur a t  low pressures, and are 

associatcd with mainly solid explosive, wliilc the 
equation of state has been fitted to the gaseous 

end of the scale. Despite its bad fit, the modified 
Abel equation lias been used for a11 the subsequent 
nuinerical calculations on account of its 
simplicity. 

An equation of state suggested by some 
workers is that clue to Tait, 

products, so that w e  would expect trouble a t  the 

(P + b>v - ( P o  + b)V" = R ( T  - To), 
and Zovko and illacel? use this with 
b = 100000 bars, R = 43.932 cc barslgram "K 
giving y = 4.5. Table 2 gives the Rankine- 
Hugoniot jump relationships for both this equa- 
tion and the modified Abel equation, and i t  can 
be seen that, while the Tait equation gives a 
better fit for the temperature a t  low pressures, i t  
gives a zero temperature jump. 

Since we already have a two-phase system, we 
might use one equation of state for the gaseous 
products and one for tlie unburned solid explosive. 
As 1 gram of the aggregate mixture consists off 
grams of gas occupying fun cc and ( I  - f) grams 
of solid occupying (1 - f )  v, cc, we have 

= f v I l  + (1 - f ) V f .  

The pressure must be the same undcr both equa- 
tions of state, so that 

p = p d u s ,  TJ = Po(%,  T") 
and the equation linking T, and T,  becomes, in 
its most general form, 

C,",T, - CvsTs = Q 

so that us, q1, and (say) T, can be eliminated to 
give 

P = P ( U ,  f, T,) 

as an over-all equation of state. It should be 
noted that if CUn and C,, are unequal, there 
cannot be said to be any unique "temperature" 
of the aggregate. 

TABLE 1 

Steady State Conditions, AbeI Equation of State 

Gamma = 1.4416 R = 5.5430 B = 0.4 

P v U T F 

Initial values 1 0.6250 0 0.04 0 
Values at  shock 336 340 0.4407 249 160 2469.64 0 
Values at C-J point 142 450 0.5469 105 530 3776.32 1 

Detonation velocity = 1.3499 gm/psec = S13 660 cm/sec 
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TABLE 2 

R. H. Rclntions 

Abel Equation of State 

Gamma = 1.4416 l? = 5.5430 VO = 0.6250 B = 0.4000 

P v U T s 

1 0.62500 0 
10 0.46207 I 211 

100 0.44257 4 246 
1 000 0.44091 13 561 

10 000 0.44072 42 926 
100 000 0.44070 135 758 

1 000 000 0.44069 429 30s 

Tait Epuution of State 

Gamma = 4.5000 R = 43.9320 B = 100 000 

P T i  U 

0.04 
0.11 
0.77 
7.3s 

73.46 
734.21 

7341.71 

Vo 0.6250 

T 

0.00000 
0.00743 
0.02331 
0.07367 
0.23294 
0.73GGO 
2.32933 

To = 2ss.00 

S 

1 0.62499 0 2ss. 00 0.00000 
10 0.62493 25 2ss. 00 0.361S7 

100 0.62437 250 2ss.00 0.396.57 
1 000 0.61591 2 466 2%. 21 0.40.506 

10 000 0.57.598 22 140 307.50 0.45162 
100 000 0.45333 129 0119 951. s9 0.774.59 

1 000 000 0.40570 46s 293 9023.5s 2.13541 

In  the absence of any other information, let 
us assume that C,, = C,, = C,, and that the 
equations of state for thc two phases arc of the 
modified Abel type 

not very well determined. This would seem to 
be about the most complicatctl equation of state 
attainable a t  the presmt time in the abscnce of 
further experimental evidence. 

pb(v8  - b,) = R,T, 

P,(V,  - b,) = R,T, 

and 

( 7 )  
where C, = 1.2552 X lo7, R, = 5.532, and 
b, = 0.4 from our previous considerations. Thcn 
R, and b, arc linked by the form of the equation 
a t  normal temperature and pressure as 

vo - b, = 2SS R,, 

and we have one free parameter, either b,? or R,, 
which TVC can fit by matching some other ob- 
servable quantity. On performing the elimina- 
tions, we obtain as a combined equation of state 

p ( v  - fb, - (1 - f)b,] = { f R ,  + (I - f ) R , }  T 

+f(l  -f)(R,  - f i s ) Q / C v .  

The Chapman-Jouguet conditions depend vcry 
little on the solid phase parameters, which are 

The Choice of the Law of Burning 
It now remains for us to settle on a law for the 

huriiing of our explosive. The one used by most 
workers for homogeneous euplosives is the pure 
hrrhenius law 

Q(af/at) = Z ( l  - f )  C X ~ )  ( - E / R T )  (S) 

where Z is the frcquency factor and B the activa- 
tion energy. This produces rcsults which, as dis- 
cussed later, are not in very good agreement with 
observations on detonating condensed e\-plosivcs. 

We may assume that our burning explosive 
miuture consists of solid grains of unburned ex- 
plosive surroundecl by hot gaseous detoiiation 
products, and we take these grains to  be spherical. 
Burning takes place a t  the surface of each grain, 
so that the rate of burning is proportional to the 
surface area, that  is, to ( I  - f): and not t o  
(1 - f )  . We introduce a pressure term into the 
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burning law so as to make the reaction more 
dependent on pressure than on temperature, and 
since the burning is taking place nest to the hot 
gas and thcre is no transport of heat through 
the grain, we take the temperature in the Ar- 
rlienius term to be To and not T,. Thus me have 

For simplicity, in the first instance, lve assume 
n = 1, and we take 10 000 O K  as a typical value 
for E/R.  Then the Isw of burning becomes 

(9) 

wliere k is a parameter to be determined. 
If \\-e take the set of Eqs. (3) together with 

the ccluation of state (6) and the law of burning 
(9) , wc obtain as tlie full set of partial differ- 
ential equations to be solved 

av/at = i o - ~ ( a ~ / a m )  

au/at = -ap/am 

c,(aT/at) = q(af/at) - p(au/am) : 

Q(WW = kP(1  - f) '  

p ( v  - b )  = RT 

axjar = u. 

The parameter k clearly acts as a scalc factor, 
since if we double k 2nd simultaneously halve the 
scales of t ,  m, and 2, tlie equations are unaltered. 

Under enclosed conditions, an integral of (IO) 
exists and is expressible in closed form in terms 
of elementary functions, for if d/dm zz 0, then 
v, u, 2nd z are all constant and the set of Eqs. 
(10) reduces to 

dT/dt = ( Q / C v )  ( a f m  
V / a t  = ( k p / Q )  (1 - 

10 000 
T +  ( l - j )Q/C, .  

p = R T / ( v  - 6) 

The first integrates up to 

T = ( O / C v ) f  + To, 

wherc T = TO at  f = t = 0, and on substituting 
this in the second and third and combining, we 

obtain a separable first order differential equation 

- 10 000 
esp 

x (1 -.f)"To + f Q / C v > ,  

whose integral is 

where 21 = (1 - f) and 

P3 = (1 + C v  To/Q>-'. 

Most remarkably, the integral is finite a t  f = 1, 
that is, a t  y = 0. 

Experimental observation gives that TNT at 
a pressure of 100000 atmospheres burns com- 
pletely in about 0.1 microsec, and if we put this 
in Eq. (11) we obtain k as 3.901 X lo' cc/gram 
see. Table 3 gives a list of times for complete 
detonation computed for various input pressures, 
assuming that DO and To are given by the Ran- 
kine-Hugoniot relations. This gives a time for 
complete combustion of 0.6 microsec a t  atmos- 
pheric pressure, which is obviously unreal even 
for the rather unreal situation of a completely 
confined explosive, and this points to one great 

TABLE 3 

Times for Complete Detonation for Confined 
Explosion 

K = 3.9013391 cc/gm sec 
R 
Q 
CV = 12 552 000 ergs/gm"K 
B = 0.4cc/gm 
VI = 0.625 cc/gm 

= 5.532 cc atm/gm deg 
= 41 S40 000 000 ergs/gm 

T 
(microsee) 

1 
10 

100 
1 000 

10 000 
100 000 

I 000 000 

0.6328 
0.6196 
0.5194 
0.4081 
0.2794 
0.1000 
0.0063 
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difficulty in using a burning {unction that is 
cvcrywlicre smooth ant1 continuous. For any law 
of burning likc (S) or (9), there is a certain rate 
of burning a t  normal temperature and pressure, 
and after some finite time this burning will have 
released sufficient energy to have raised thc tem- 
perature of our explosive to a point where burning 
will accelerate towards detonation. For this 
reason, we introduce an arbitrary pressure belox 
which burning will not take place. I n  all numerical 
calculations. this was set a t  1000 atmospheres, 
which is sufficiently far removed from detonation 
pressures so as to have a negligible effect on most 
of the results. 

Results 
The set of Eqs. (10) can be approximated by 

finite difference equations using Lads difference 
scheme3 and the resulting set of equations has 
been integrated numerically with various input 
pressure pulses and mesh lengths. This integra- 
tion was performed initially on the DEUCE 
computer a t  Glasgow University, but the main 
bulk of the results was obtained on the “Mer- 
cury’, computer a t  Manchester University. 

The incoming encrgy required to initiate 
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FIG. 1. Shock pressure and position, infinitely long 
pulse. 
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FIG. 2. Pressure profiles, infinitcJly long pulsr. 

detonation is assumed to bc proviclcd by-a piston 
driven into the explosive from the left, where the 
prcssure a t  the left-hand edge of the explosive is 
given as a parameter of the particular case 
under study, and the other variables are dcrivcd 
from the Rankine-Hugoniot relations. This 
means that if there were no combustion a pres- 
sure pulse of given constant height would be 
propagated into the eyplosivc. \There the input 
energy is rcquirecl to hc finitc, the piston is 
stoppcd aftcr a givcn tiinc and tlic variablcls a t  
the left edgc revert instantly to normal, thus 
propagating a rarefaction wavc into the c\plosivc. 

I n  all the cases investigated, TC find that thc 
shock transmitted into the e\plosivc accelerates 
or decelerates steadily. Moreover, the peak 1ms- 
sure never exceeds the calculated C-J value, 
that  is, overshoot does not occur, even with an 
input pressure pulse of 100 000 atmospheres. 
This is in accord with experimental ohscrvations 
on condensed cxplosives,’,s but is in sharp contrast 
with numerical results obtained by other v1 ork- 
ers2r6 and with experimental observations on 
liquid explosives! The diff erenccs must he due 
to our use of the law of burning? 

A typical example of thc behavior follon ing 
the input of a pressure pulse of infinite duration 
is given in Figs. 1 and 2. The position of and pres- 
sure a t  the shock front is plotted against timc in 
Fig. 1, and the smooth acceleration to cletonation 
velocity and the smooth rise of pressure to the 
calculated C-J value can be clearly secn. Figure 
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2 slio\vs t lx  profilcs 01 the pressurc insidc the ex- 
1)losi~ e a t  tfircc sprcific timcs, arid hcrr the von 
Ncumnrin spike is sccn building up. With such 
steady acceleration, a delay time cannot be 
measured to any great accuracy, but the delay 
until complete combustion is attained is quite 
short, of the order of a microsecond a t  most. 
Also, the vast disparity between delay times for 
pulses of oiily slightly different pressures is not 
found. 

With a pressure pulse of finite duration, we 
have the e\perimcntal possibility of a failure to 
detonate. As already mentioned, this cannot 

INITIAL 
SHOCK 

PR ESSU RE 
( n t m )  

20000 

lO0OC 

0 I I I 
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FIG.  3. Critical shock pressures. 

PIJLSE 
LENGTH 
( 1 ,  S C C l \  

happeii in a theoretical system with a smooth 
and continuous law of burning, so we have to 
define what we mean by “failure.” If we introduce 
an arbitrary pressure limit below which no burn- 
ing takes place, then any pressure pulse which 
decays below this limit will fail to detonate. A 
critical pulse can be defined as that pulse which 
will just fail in infinite time. Unfortunately, this 
definition means that the parameters of a critical 
pulse will depend closely on just what pressure 
limit we set. This is illustrated in Fig. 3 which 
gives a plot of pressure hciglit against pulse 
duration for various cases tried, together with 
an estimated curve lor critical pulses. It must be 
appreciated that this curve is purely an estimate, 
and is subject to considerable error. This is 
because the peak pressure will in general not 
occur at a mesh point, so that our criterion of 
failure is affectccl by the size of the mesh and 
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FIG. 4. Shock pressure, finite pulse. 

our estimation of peak pressure. The deterinina- 
tion is lengthy and involves several machine runs 
per point. 

Figures 4 and 5 give the peak pressures and 
pressure profiles obtained in one case, with a 
pulse height of 20 000 atmospheres and a pulse 
length of 0.00617 microsec, which is just over the 
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FIG. 5 .  Pressure profiles, finite pulse. 
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critical length at that pressure. The peak prcs- 
sure drops when the rarefaction wave reaches the 
vicinity of the shock wave, and i t  remains low 
for a comparatively long time until the energy 
released by the burning of the explosive causes it 
to rise again and accelerate the shock to detona- 
tion velocity. The rise in peak pressure occurs 
much more abruptly here than for a shock of 
infinite duration, and the steepness of the gradient 
enables us to define a delay time as the time 
taken for the pressure to reach half the Chap- 
man-Jouguet value. The case given in Figs. 4 
and 5 had a delay time of 2.05 microsec, while a 
just-over-critical pulse of 10 000 atmospheres 
height and 0.0125 microsec duration had a delay 
time of 2.2s microsec, so it appears that  the 
delay time is appreciably independent of the 
manner in which detonation is initiated. It must 
of course vary with the excess of energy input 
over the energy of a critical pulse, and we would 
also expect a marked variation with a variation 
in the pressure limit. 

Conclusions 

The results obtained above show that a lam of 
burning containing a factor depending on pres- 
sure represents a solid explosive better than the 
usual Arrhenius law. We have only looked for 
solutions when the pressure index n is unity. 
The cases n = 2 and 3 and, possibly, nonintegral 
values of n need to be investigated nest. The 
calculations have shown only too clearly some 
of the deficiencies in our knowledge of the equa- 
tion of state; these require further experimental 
investigation both in the solid and gaseous 
phases of explosives. 

Nomenclature 

b 
C ,  Specific heat (ergs/gram OK) 

E Activation energy 
f Fraction of explosive detonated 
m Mass coordinate (grams) 
p Pressure (atm) 

Covolume (cc/gram) or copressure (atm) 

Q 
R 
R1 
S 

t 
T 
U 
V 
2 
z 

Heat liberated by burning explosive 
Modified gas constant 
Gas constant per gram (atm/gram O K )  

Shock speed (gram/microsec) 
Time (microsec) 
Temperature ( O K )  

Velocity of a particle (cm/sec) 
Specific volume (cc/gram) 
Distance (em) 
Frequency factor 

Compound symbols 

1 
(1 + C,T,/R)+ 

y 10-6R/C, 4- 1 

Subscripts 

0 
1 
9 
S 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 

Initial state 
Shocked state 
Gaseous phasc 
Solid phase 
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Discussion 

DR. M. H. BOYER (Aeronutronic): The basic con- 
siderations and mathematical tcchniques discussed 
by Dr. Warner in treating the detonation problems 
are similar to those we have been using, with a few 
differences in detail.’ 

In  the first place, one has to question whether or 
not the energies which exist in the charge can 

always be correctly regarded as “thcrmal.” We 
have avoided the problem by expressing our equn- 
tions in terms of total energy. However, at high 
density an appreciable portion of the energy may 
exist as potential energy of atomic or bond distor- 
tions. Under these conditions, the relation between 
energy density and reaction rate may be diffcrent 
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than the customary one between temperature and 
reaction rate. We are presently engaged in an ex- 
perimental study of this question. 

Our work made use of the Abel equation of state 
as has been adopted by Ih. Warner. However, this 
equation is somewhat in question for solids since it 
does not permit a finite volume a t  zero pressure es- 
cept a t  zero energy. We have since changed to a 
solid equation of state based upon the Gruneisen 
theory of solids2 which is similar to that of Tait, 
namely: 

( P  -t P)v, = (yY - l)e, + C 
We feel th:tt it morc correctly rrpresents behavior 
in the low pressure region. For the gas phase, we 
use the perfect gas equation 

PV, = (r,, - 1 h .  
Both yo and y8 are treated as variable functions 

of vl, and v5 respcctively. They are computed con- 
tinuously by means of a relation dcrived from the 
data used by Cook in defining his variable co- 
volume term, a(vj.  The term p is arbitrarily taken 
as a constant although this is not justified theo- 
retically. We are prcscntly engaged in a program to 
determine more correct functions for both y and p 
from static pressure measurements a t  ultra-high 
pressure. 

The most significant difference between Dr. 
Warner’s work and ours resides in the formulation 
of the rate equations. We use a two-step rate process 
consisting of an ignition reaction which initiates 
and is followed by a grain burning process. The ig- 
nition reaction is assumed to involve a known frac- 
tion, PI, of the charge material, and is described by 
an Arrhenius rate function. The grain burning 
equation is of the original Eyring form as shown in 
Dr. Mrarner’s paper, except for some alterations 
affecting the pressure and energy dependence. 

We have thought that the grain burning equation 
should show a prcssure sensitivity a t  low pressurc 
where it must approximate the strand burning laws 
for esplosives, but that a t  pressures in the detona- 
tion range, it should become independent of pres- 
sure. Accordingly, we have uscd the following 
empirical pressure function to obtain such behavior 

P l [ i P l W )  f 11 
where w is an :trbitrary constant. 

The exponential term of the grain burning equa- 
tion is regarded as more correctly dependent upon 
the energy density on the gas side of the gas-solid 
interface rather than on the average gas energy 
density. Since the reaction is pictured as a stepwise 
process in which small increments of surface mate- 
rial react completely in succession, it is regarded as 
occurring a t  constant pressure as with a deflagration 
wave. The energy in the burned gas immediately 
adjacent to the interface is therefore given by 

e, + Q/ro 
where e, is thc solid phase energy density and Q is 
the heat of reaction. 

With these considerations the following are ob- 
tained for the two reaction rate laws: 

Ignition: 

Grain Burning: 

We find that their use leads to a computed wave 
behavior analogous in most important respects to 
experimental observation. 

DR. F. J. WARNER (Royal College, Glasgow): Dr. 
Boyer questions whether the energies of the charge 
are purely thermal. In this paper, we have assumed 
that they are, in order to keep the approach as 
simple as possible. However, any further develop- 
ment should take the distribution of energy into 
account. At the very high pressures involved, it is 
likely that the equations of state applicable will be 
those of plasma physics, and a magnetohydro- 
dynamic set of equations will have to be used with 
all the complications that this entails. 
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THEORY OF INITIATION OF DETONATION IN SOLID AN 
EXPLOSIVES 

G. K. ADAMS 

Thc experimentally observcd differences in the growth of shock initiated detonation in liquid and 
in solid explosives are discussed with the object of deciding upon a reaction rate modcl for numerical 
calculations on the growth of reactive shock waves in granular solid explosives. It is suggested that 
while a strongly temperature dependent bulk reaction rate model is indicated for liquids and ho- 
mogeneous solids, the behavior of granular solids indicates a reaction rate which is a function of the 
pressure behind the shock front and not of the average temperature. 

A pressure dependent energy release rate is shown to result in the reaction building up at  the shock 
front rather than at  the explosive/barrier interface. Under this condition it is possible to  attempt 
approximate analytical solutions of the reactive shock equations which illustrate the relation bc- 
tween the initial growth or failure behavior of the wave and the initial shock pressure, shock curva- 
ture, and the rate of energy release and its pressure dependence. 

A pressure dcpendcnt energy release rate is shown to  be a consequence of a grain burning modcl 
for the reaction process where the rate of propagation from ignition surfaces is assumed to be a func- 
tion of the pressure and flame temperature of the products of reaction. 

The problems in verifying this hypothesis are briefly discussed. In low bulk density explosive 
where the shock pressure is low enough for it t o  be possible to  make independent measurements of 
burning rate and its over-all pressure dependence, it is diliicult t o  make sufficiently precise measurc- 
ments of shock pressure. In high density explosives where the shock pressure/distance to stcady 
detonation relationship can be determined with some prccision, the magnitude of the pressurc is 
greatly in excess of those at  which burning rate measurements can be made. 

Introduction 

The concept of initiation of detonation in ex- 
plosives through conversion of the mcchanical 
energy of the shock wave into thermal energy 
which activates chemical reaction was introduced 
many years ago for gaseous explosives's2 and \vas 
extended to liquid explosives by Ratner3 and to 
granular solid explosives by Eyring and co- 
workers! The latter assumed that reaction 
was initiated a t  points of contact on the surface 
of crystals where hot spots were produced by 
intercrystalline friction under the compression of 
the shock wave. Alternatively it has been as- 
sumed that ignition sources are produced by the 
adiabatic shock compression of interstitial gas? 

The effect of grain size on the detonation 
speeds and failure diameters of solid high explo- 
sives led Eyring to suppose that the reaction did 
not proceed homogeneously within the solid but 
by a burning or erosive process a t  the grain 
surface. The rate of energy release was assumed 
to be proportional to the area of burning surface 
and by analogy with chemical kinetic laws to an 
Arrhenius type function of thc temperature of 

the decomposition products. However an approxi- 
mate quantitative treatment of the stcady deto- 
nation speed versus charge diameter prohlem, 
based upon this model, led to the conclusion that 
the apparent activation energy of the process was 
too small for i t  to be deterinincd by chcinicnl 
reaction rate but was of the order cspected for a 
transport process? 

Until the last few years there have bccn fcw 
indications of a possibility of advance in tlie 
state of knowledge on the relation betwecn the 
kinetics of the energy release process and tlie 
course of initiation of detonation by shock mvcs.  
The application of finite difference techniques to 
the solution of problems involving unsteady 
shock propagation in a chemically rcactive me- 
dium, and improvements in experimental tech- 
niques for the observation of the propcrties of 
unsteady detonation phenomena have changcd 
this situation. Hubbard and JohnsonG computed 
the course of events following upon the passage 
of a finite duration shock pulse into a slab of 
explosive. The material flow was assumed to be 
restricted to one space dimension and the rate of 
energy release behind the shock front was taken 
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to vary with the teml)erature of the shocked 
explosive according to an Arrhenius type rate 
law n-ith an activation energy of 40 kcal/mole. 
They found that, provided the duration of the 
pulse exceeded the adiabatic explosion time a t  
the shock temperature, a detonation wave 
originating a t  the entry face a t  this time overtook 
the shock front from the rear. The computed 
initiation delays were conipared with those found 
experimentally for a cast RDX-TNT explosive. 
Hubbard and Johnson note that their calcula- 
tions indicate D much larger variation of time 
delay with shock strength than that found ex- 
perimentally but ascribe this to inadequacy of 
their equation of state in the prediction of varia- 
tion of shock temperature with shock strength. 
Canipbell and eo-workers' recognized that, al- 
though the Hubbarcl and Johnson results did not 
conform to the observed initiation behavior of 
solid explosives, they could be applied to their 
observations on initiation of detonation by shock 
waves in liquid explosives. They conclude from 
the order of magnitude agreement between 
calculated and observed initiation delay times 
and the sensitivity of the latter to shock strength 
in liquid explosives, that  the thermal explosion 
resulting from a homogeneous chemical reaction 
in the bulk, was the appropriate model for liquid 
and homogeneous or nongranular, solids. 

The major difficulty in confirming this hy- 
pothesis lies in the absence of precise information 
on either the temperature of the shocked explo- 
sive or on the chemical reaction rate at any given 
temperature at very high pressures (such data 
as is available has been obtained a t  atmospheric 
pressures). 

In  this paper me shall be mainly concerned with 
the problems of a formal energy release rate 
model for solid granular explosives. 

Deductions from Experimental Observations 

The assumption that, in the detonation of 
solid granular explosive composition, chemical 
reaction is initiated a t  hot spots produced at the 
crystal surEaees is of long standing. It appears to 
have been based on the lack of an alternative 
mechanism for obtaining grain temperatures 
sufficient to promote rapid chemical reaction in 
the initiation and propagation of low order 
detonations rather than by direct experimental 
evidence on the origin of the hot spots. Eyring 
and coworkers seem to have been the first to use 
the dependence of detonation velocity on grain 
size to develop a quantative theory of reaction 
zone length but their conclusion that the hot 
spots originated at contact points between the 
grains was based on limited evidence as to the 
effcct of bimodel grain distribution on detonation 

velocity. Taylor5 quotes experiments by Gurton 
on the effect of interstitial gas pressure on low 
order detonations as evidence for ignition by 
adiabatic compression of interstitial gases. 

Although there is little evidence as to the 
physical nature of the initiation process in solids, 
the accumulated evidence for a fundamental 
difference between this process and that in 
liquids (or physically homogeneous solids) is 
very strong. This can be listed concisely as: 

(a) Different orders of sensitivity shown by 
substance of similar chemical constitution but  
different physical state; 

(b) A much larger range of nonideal detona- 
tion velocities found for granular solids than for 
homogeneous material; 

(e) The failure diameters and shock sensitivi- 
ties of granular solids are much less dependent on 
the initial charge temperature; 

(d) The reactive shock in granular solids ac- 
celerates continuously in speed to the steady 
detonation value as opposed to a sudden onset 
of a detonation wave behind the initiating shock 
in liquids; 

(e) The time required to reach steady detona- 
tion speed is much less sensitive to the initiating 
shock strength in granular solids than in liquids. 

The first three of these are easily interpreted 
as indicating that the rate of energy release in 
the case of granular solids is much less affected 
by the temperature to which the bulk of the 
material is raised by compression in the shock 
wave. Indeed the higher sensitivity of a granular 
solid explosive compared with the same explosive 
in the liquid state, in spite of its lower compres- 
sibility, would seem to rule out bulk heating as 
the origin of chemical reaction in the granular 
solid. In  order to understand the existence of a 
minimum shock strength for initiation of detona- 
tion or a minimum diameter for the propagation 
of steady detonation we need to assume some 
degree of increase in the rate of heat release by 
chemical reaction with increasing shock strength. 
It is not sufficient to assume that, for instance, 
there is some critical strength for ignition above 
which the rate is independent of shock strength. 
If one assumes that ignition is due to adiabatic 
heating of interstitial gas then the experiments of 
Seay and Seely* who varied the nature and pres- 
sure of the gas in low density PETN without 
affecting the growth of detonation must be inter- 
preted as indicating that the ignition process is 
not the limiting one. If one assumes that inter- 
crystalline friction or shock reflection a t  inter- 
Crystalline boundaries' is responsible for the 
creation of hot spots then although it becomes 
possible to argue that the number or effective- 
ness of such spots increases with increasing shock 



INITIATION O F  DETONATION THEORY 547 

strength it is difficult to envisage a way of con- 
firming this experimentally or of developing a 
quantitative theory. 

A more useful assumption is that  the ignition 
process is not the factor of niajor importance in 
determining the variation of energy release rate 
with shock strength in a particular granular solid 
esplosive composition even though it maj7 deter- 
mine the different sensitivities of diffcrent forms 
of that  explosive. IGstiakowsky has suggestedg 
that the conversion of chemical cnergy in the 
reaction zone of detonating solid explosives oc- 
curred through a grain burning process analogous 
to the burning of propellant grains in a gun. He 
points out that  secondary explosives when ignited 
obeyed a similar law of increasing burning rate 
with pressure to that of propellants and that, if 
the rates were extrapolated to detonation pres- 
sures, the time of burning of the explosive 
crystals was not inconsistent with observed 
detonation reaction zone lengths. The application 
of this concept, Le., pressure dependence of 
reaction time, to the growth of detonation 
waves appears to have been neglected. Eyring, 
in developing a theory of failure diameter, as- 
sumed the time of burning to be determined by 
the temperature of the reaction products not by 
their pressure. I n  order to fit the experimental 
data he concluded that the reaction time was 
nearly inversely proportional to the teniperature, 
corresponding to a zero activation energy in his 
rate expression. It is easy to show that a similar 
degree of concordance is obtained if one assumes 
the reaction time to be inversely proportional 
to the pressure, i.e., inversely proportional to 
the square of the nonideal wave speed. 

If we now assume that an increase in the energy 
release rate with increasing shock strength is a 
function of the pressure in the reacting medium 
rather than of temperature it becomes possible 
to see why the wave in the granular solid may 
accelerate continuously rather than be overtaken 
by a detonation originating behind it. We as- 
sume that the energy release rate can be written 
as a function of temperature or pressure and that 
these are uniform in a plane normal to the direc- 
tion of motion of the shock. Changes in the tem- 
perature of a particle element due to chemical 
reaction in the subsonic flow behind the shock 
will be dissipated (by thermal conduction) very 
much more slowly than the resultant change of 
pressure. Under conditions of near steady flow a 
temperature dependent reaction rate will cause 
the reaction to build up along a particle path 
and to achieve its maximum value in the esplo- 
sive element adjacent to the surface through 
which the shock entered the explosive. If the 
reaction is pressure dependent one would expect 
it to be more uniformly distributed behind the 

shock and to build up a t  the shock front if the 
shock pulse has a positive pressure gradient. 

The Problem of a Reactive Shock Wave 

The conditions for the growth of the wave 
can be more clearly sccn if we write down the 
equations for the time rates of change of intrrnal 
energy and preswrc along a particle path in one- 
dimensional linear flow. Let B, p ,  and 7~ reprrsrnt 
the local values of internal energy, pressure, and 
particle velocity, respectively, a t  the point 
(x, t )  and let Q be tlir, local heat rrlcasc rate. Tlirn 

D In E/Dt = ( q / E )  - ( y  - 1 )  du/dz (1) 

and 

D In p/Dt = (@//E) - y du/dz (2) 

where we have assumed an equation of state 

The rate of change of both iiiternal encrgy and 
pressure along a particle path are therefore 
determined by the heat release rate and the local 
gradient of particle velocity. Consider a nrar 
steady shock traveling into thr explosive (z in- 
creasing) with initial and boundary conditions 
such that dp/dz and du/dx are positive behind 
the front. Then it is clear from these equations 
that even when D In p/Dt is negative D In E/Dt 
can be positive. If D In E/Dt is positive, dE/dx 
is negative, and @ is proportional to a high power 
of E the reaction rate will increase fastest a t  the 
explosive surface since the time rate of change of 
E along any other path corresponding to a 
speed S greater than the particle velocity, is less 
than that along the particle path 

p = ( y  - 1)Ep. 

dE/dt = (DE/Dt)  + (S - U )  dB/& 

I n  the case of a reaction rate term which iii- 
creases with a power of pressure such that Q/E 
also increases then, assuming that the rear 
boundary condition imposes a positive pressure 
gradient, the rate of energy release must be a 
maximum a t  the head of the shock. We may 
therefore expect a pressure dependent encrgy 
release rate to result in the pressure building up 
most rapidly at the front and in a continuously 
changing shock speed. 

In order to find the space-time history of the 
reactive shock wave and the condition for the 
wave to accelerate to the steady detonation state 
we need to integrate Eq. 1 and 2 together with 
the equation of motion 

Du/Dt = - (y  - 1) E d In p / d x  

In  general this can only be achieved by numcrical 
integration but it is useful to try to gain some 
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insiglit into thc behakior of the system by seeking 
approximate solutions. 

In the linear one dimensional flow case the 
variation of parameters a t  any point behind 
thc shock is determined by the local energy release 
rate and also by the local velocity gradient which 
is influenced not only by the rear boundary eondi- 
tions ltut also by the energy release at other 
points in tlie wave. In the case of nonlinear flow 
t h e  will also be a term due to the local diver- 
gence of’ the flow. We may seck situations where 
the tlcvelopnient of the wave is dominated by 
thc boundary conditions or by the divergence 
term. 

Consider a spherically symmetric shock di- 
verging from a point source in an inert medium 
and passing into an explosive a t  radius To. The 
acoustic impeclance is assumcd to be the same 
for inert and explosive so that the transmitted 
pressure is equal to the incident pressure. The 
pro1)crties of the incident wave can be determined 
from known similarity solutions. If the state 
equation is assumed to be of the form 

P = (Y - 1)EP 

tlie equations of motion and energy can be com- 
b i n d  to give equations for the time rate of 
change of pressure and velocity along a path 
dcfined by dr/dt = S 

nlierc a is the local sound speed. Putting S = U 
(shock speed), u j, a or u we obtain the time 
derivatives for points moving with the shock, 
along the characteristics defined by dr/dt  = u =t a 
and along particle paths, respectively. 

At the head of the shock the parameters are 
related by the Rankine-Hugoniot equations 
across the shock wave. 

If we assume that the energy release rate p 
can be mi t ten  in the form: 

q = kp”, m >  1 

and is greatest at the head of the shock we may 
try to approximate the development of the shock 
by an ordinary differential equation for the prop- 
erties a t  the shock front. The problem lies in the 
velocity gradient term. An obvious first approxi- 
mation which should be valid for the initial path 
of the wave in the explosive is to use the same 
function of u and r as is given by the solution for 
the nonreactive medium. In the case of y = 7 
this is particularly convenient since du/dr = 
u / T . ~ O  It i s  clearly invalid for the later history of a 

wave which approaches the steady detonation 
speed since then the LHS of tlie equation ap- 
proaches zero and the gradient term must be- 
come equal to the heat release term. It may be a 
reasonable approximation for the initial stages 
ot spherically symmetric initiated detonation 
since the divergence term is comparable with the 
heat release term. The equation is particularly 
simple for a strong shock where U/ao >> 1 and 
for y = 7 when au/& = u/r. Putting S = U = 
dr/dt and using 

u = ~ U / ( Y  + 11, 

cc” = r U ( U  - u ) ,  

a = kpm (4) 

P = pouu, 

E = Eop/po, 

we obtain the rate of change of shock pressure 
with shock radius as: 

Since p varies as U2 this also gives the variation 
of shock speed with distance. It is exact in the 
inert medium where k = 0 and p and U very as 
r-3 and r-9, respectively. At the explosive-inert 
interface it defines critical values of the param- 
eters at which the wave will start to grow in 
strength as i t  enters the explosive: 

If we regard this equation as defining a critical 
initial pressure and rewrite the differential 
equation in terms of P = p / ( p o ) c ,  R = r/ro, 
and n = rn - h, i.e., 

g(d  In P/dR) = Pn - ( l / R )  (sa) 

the solutions passing through the point P = Po, 
R = 1 are 

n # O or 4 (7) 

The curve Plz = R is the locus of points of zero 
gradient which occur a t  values of R given by 

R1-h = Po-”(l - 312) + 3n. (S) 

For Po > 1 [when ( d  In P/dR)o is greater 
than zero] d In P/dR remains positive for all 
values of R > I. Thus an initially accelerating 
wave continues to grow in speed. 

If PO < 1 and the wave in the explosive is 
initially decelerating, its subsequent history 
depends upon the value of PO and of the espo- 
nent n. If n = m -$ > $ then the wave will 
start to accelerate a t  a radius given by Eq. (8) 
for all values of 1 > PO > [(3n - 1)/3n)Y’”. 
For values of the initial shock strength less than 
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this it will continue to fade as it propagates into 
the explosive. Thc r s n q  of initial shock strengths 
over which a detonation results aftcr the wave 
travels into the explosive as a fading wave, clc- 
creases with increasing values of the reaction 
rate exponent, m. We see that  the history of the 
process will depend not only on the parameter 
which determines the energy release rate but 
also on the rate of change of the rate with respect 
to that  parameter. Failure is ensured if the losses 
due to the gradients behind the front and the 
divergence of the flow decreasc less rapidly in 
the progress of' the wave than the energy release 
rate. 

Reaction Rate Models for Liquid and 
Solid Explosives 

It is clear that  the growth of the incident shock 
must depend not only on the functional de- 
pendence of heat release rate and the incident 
shock strength but also on the shape of the shock 
pulse and the curvature of the wave. One diffi- 
culty in interpreting or comparing experimental 
data is that no information is given on the shape 
of the pulse even in the extensive set of experi- 
ments on liquid and solid explosives made by 
Campbell and coworkers.' They did not use 
similar shock generating systems in the liquid 
and solid explosive esperiments so that the pulse 
shapes were not necessarily similar in both sets 
of experiments. However it seems probable that 
in both sets the incident pressure pulse was 
nearly flat although slowly weakened by the 
Taylor wave expansion in the products of the 
donor charge. We may therefore assume that the 
difference in the observed behavior was due to 
different modes of heat release in the liquids and 
the granular solids. For the liquids the concept 
of a reaction rate strongly dependent on tem- 
perature would seem to be adequate providing 
we assume the velocity gradient a t  the interface 
was sufficiently small to allow the nct time rate 
of change of temperature to be positive and the 
temperature gradient to be negative (Le., the 
temperature to be higher a t  the interface than 
at points nearer to the shock front). The fact 
that they did not detect any change in the ina- 
terial velocity a t  the explosive/barrier interface 
during the time scale of their experiments would 
support this assumption. 

Although the experimental data on the varia- 
tion of time delay with shock strength, and the 
relation between the latter and shock tempera- 
turc, are insufficient to enable the activation 
energy of the reaction process to be calculated, 
we may accept their conclusion that the activa- 
tion energy of the thermal decomposition of 

nitromcthaiw is adequate to account for the 
obscrvcd variation. 

We have suggested that the tliffcrent behavior 
of granular solid e\-plosives can be understood if 
it  is assumed that the energy release rate is prcs- 
sure dependent rather than temperature de- 
pendent. The problem is to find a model which 
will give this result. Let us examine the conse- 
quence of assuming that the chcrnical reaction is 
in this case controlled not by a bulk reaction 
process but by a deflagration or burning process 
set up in a time which is much shorter than the 
time scale of the growth of the wave and oriqi- 
nating a t  surfaces of temperature discontinuity 
in the solid. The rate of heat release will be pro- 
portional to the area of thcsc surfaces and to the 
rate of propagation from them. 

Elementary flame theory predicts that  the 
rate 01 propagation is proportional to some power 
of the pressure of the order of unity and is also 
a function of final product temperature. The 
pressure dcpendence is the net result of the prcs- 
sure variation of thermal diffusivity and of the 
specific reaction time determined by the effective 
reaction order of the rate-dctcrmining chemical 
process. The temperature dependence will I x  of 
the form esp - (*4/2RT).  This differs from that 
of the bulk reaction process in the factor t r o  in 
the denominator and in that the temperaturc is 
given by the initial temperature plus the tcm- 
perature rise due to reaction. Sinte the latter is 
in general 2000-3000°K then, even if the activa- 
tion energy is the same as that of the hulk de- 
composition process, the sensitivity of the licat 
release rate to variations in initial temperature 
is reduced by about a factor of five or si-.. How- 
ever more important in the devclopmcnt of the 
wave is the fact that  this teml,eraturc, being 
that of the products of complete chemical rcac- 
tion, is independent of the extent of chemical 
reaction except in so far as this rletcrinines the 
mass average internal energy and thc pressure. 
(If we assume the pressure and velocity t o  be 
uniform the internal energy of the explosive and 
product phases a t  any space coordinate will 
differ by the enthalpy change due to  complete 
chemical reaction.) Then the temperature oL the 
reaction products which determine the heat 
release rate can be written as a function of the 
local pressure using the equation of state and 
the Hugoniot relations. Neglecting any variation 
in the area of burning surface \\-itli time, the 
heat release rate is then a function of pressure 
only. The over-all pressure dependence is then 
that due to the variation in rate a t  constant flame 
tempcrature plus that  due to the variation in 
flame temperature produced by the shock coni- 
pression and the expansion behind the front. 

It should be possible to determine the pres- 
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sure a r ~ l  temperature coefficients ol burning rate 
esperimcntally by conventional internal ballistic 
technique up to pressures of a t  least several 
kilobars. Then, if tlic Hugoniot curve for the 
solid explosive is known, the variation of internal 
energy and therefore of burning rate with shock 
pressure can be determined. Using this informa- 
tion in numerical integrations of the reactive 
shock equations, the computed development of 
the shock with time can be compared with es- 
perimental data on the growth of the shock into 
detonation. 

The major difficulties are likely to be estra- 
polation of esperimental burning rate/pressure/ 
temperature relationships and the assumptions to 
be made as to the variation of the area of burning 
surface with time or with the fraction of explosive 
reacted. These suggest that  the most fruitful 
field of application is to the shock initiation of 
detonation in low density pressings of fast burn- 
ing colloidal propellant grains which can be 
initiated by shocks of the order of a few kilobars 
and where the surface area can be controlled. 

It has not yet been possible to determine the 
shock pressures induced in low density materials 
with a sufficient degree of precision to make 
significant deductions on variation of the distance 
to detonation with shock pressure. Measure- 
ments with cast esplosives suggest that  this 
distance increases with about the reciprocal first 
pov er of the pressure. 

I n  terms of a pressure dependent heat release 
rate model and linear one-dimensional flow this 
would indicate a burning rate varying with a 
power of pressure of between two and five halves 
depending on the form of the shock pressure/ 
shock speed relationship. Although this is con- 
sistent with burning rate data in the range of 1 
to 2 kilobars there is no justihcation for estra- 

polating this data to the tens of kilobars rangc 
appropriate to the initiation of cast esplosives. 

It is particularly difficult to justify any assump- 
tions as to the variation in the area of burning 
surface with fraction reacted in such esplosives 
since this must depend upon the physical nature 
of the ignition process. If the time to reach a 
maximum rate of energy release after the transit 
of the shock is small compared with the time 
scale of the growth of the wave this would be 
unimportant provided the area factor was not 
itself a function of shock pressure. Such problems 
can be determined only when esperimental 
methods for the study of the wave structure 
become available. 
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Discussion 

DR. J. R. TRAVIS (Los Alamos ScientiJie Lubora- 
tory) : In regard to the fourth section of Dr. Adams’ 
paper, I would like to summarize some recent cal- 
culational studies’ by Charles Mader from Los 
Alamos on the initiation of detonation in physically 
homogeneous explosives. He has attempted to  find 
complete numerical solutions to the equations of 
fluid dynamics for a reactive material. The follow- 
ing equations and conditions were used: 

1. One-dimensional finite-difference form hydro- 

2. -500 finite-difference space zones with IBM 

3. Arrhcnius first order reaction equation; 

dynamic equations; 

7090 computer; 

4. Best available equations of state for unreactcd 
explosive and reaction products; 

5. Initial and boundary conditions: plane shock 
wave. The rear boundary moves forward impul- 
sively at the appropriate particle velocity for the 
desired shock pressure. When detonation begins, 
the wall is stopped. 

Good agreement is obtained with the experi- 
mental results of Campbell, Davis, and Travis; 
first, in the qualitative description of the initiation 
process and, second, in calculation of the hydro- 
dynamic parameters. 

The progress of the waves in initiation of nitro- 
methane by a plane 92 kbar shock is shown in 
Fig. 1. 
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DR. M. H. BOYER (Aeronutronic): Dr. Adams’ 
paper emphasizes that the theoretical treatment of 
initiation and growth of detonation requires some 
means of representing the energy release processes. 
As he has indicated, this is a dificult problem and 
it is necessary to resort to the use of a simplified 
model which, one hopes, will be sufficiently close to 
reality to be useful, and at the same time capable 
of being used without presenting completely in- 
tractable mathematics. 

We have also been concerned with the develop- 
ment of such a model and its use in predicting the 
detonation behavior of real systems. We divide the 
energy release process into two steps (three, in the 
case of composite propellants) : an ignition reaction 
described by an Arrhenius rate law, and a following 
reaction represented by a surface regressive or grain 
burning rate law. This arrangement requires two 
parameters in addition to those normally appearing 
in these rate equations: a term, F,, the fraction of 
the total charge material reacting via the ignition 
process, and a term, Z, which is the maximum re- 
gression distance of the surface burning process 
(Le., the grainlradius in the original grain burning 
concept). 

The term F 1  relates to the physical nature of the 
ignition process. An interesting type of ignition 
occurs when there are pores or voids in the charge. 
It is found that if, upon passage of a shock over a 

porous material, the pores are compressed to zero 
volume, then the energy deposition in escess of 
that deposited by a shock of similar intensity in 
nonporous material is approximately proportional 
to the initial pore volume. This excess energy repre- 
sents work done in collapsing the pore. It is associ- 
ated with motion and viscous dissipation, and pre- 
sumably is deposited in the vicinity of the pore. If 
the volume of material so afTected is approximately 
equal to the pore volume, then the temperature 
rise will he twice that in bulk material. A hot spot 
approximately equal to the pore volume is there- 
fore created; this logically becomes the volume of 
the ignition region, and it is concluded that in the 
initiation of porous explosives by such a mech- 
anism, the parameter F I  can be taken to be equal 
to the fractional porosity of the charge. It is to be 
noted that the foregoing arguments do not depend 
significantly upon the type, or even the presence of 
occluded gas. 

This relation between porosity and the ignition 
process provides a reasonable interpretation of many 
widely observed characteristics of detonation waves. 
It is first necessary to realize that representation of 
the ignition reaction by an Arrhenius function 
means that the ignition reaction zone width is very 
narrow. Its energy contribution to support of the 
wave is therefore not seriously degraded by lateral 
expansions, even a t  small charge diameters. This 
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will t)c equally true of Taylor expansions behind the 
W:LVC after a very short propagation distance. It 
follows that if a large fraction of the charge mate- 
rial is consumed in the ignition process, as would be 
the case, according to the previous argument, with 
loosely packed, porous charges (Le., large F1) one 
would expect a very short wave run-up to steady 
state and a small critical diameter. With a high 
density nonporous charge, the converse would be 
expected. Such behavior is in general accord with 
experiment. 

The parameter 2 has a similar effect upon the 
surface regressive process. A small 2 provides a 
thin reaction zone width and consequently a short 
run-up distance and small critical diameter, whereas 
the converse is true with large 2. We have observed 
that computed waves in charges defined to have a 
Iargc 2 combined with a small value of F1 will run 
for large distances at a velocity of about 4 mm/psec 
before accelerating to  steady state value. Since 
these waves were computed with one-dimensional 
geometry, the eflect of lateral losses could not be 
ascertained, but i t  is believed that had such losses 
been present, these low velocity waves could have 
been indefinitely stabilized. Experimentally, it is 
reported that the condition of large grain size, high 
density, and small charge diameter is just that 
which results in stable low order detonation. The 
correlation is apparent. 

The situation represented by a charge in which 
no centers of ignition are present is also of interest. 
Here one can think of the ignition reaction as the 
sole heat release process. However, an important 
distinction from the previous case exists, in that 
the heating due to pore collapse does not occur. 
The shock intensity required for ignition therefore 
should be approximately twice that of a porous 
charge of the same material. 

The nonporous charge in which reaction occurs 
homogeneously as with a gas, and according to an 

Arrhenius rate law, is 'the problem treated by 
Hubbard and Johnson. Their work showed the 
occurrence of ignition behind the shock front, 
followed by a very rapidly moving reaction wave 
which overtakes the front. Such phenomena have 
been experimentally observed in gases, and occa- 
sionally in liquids where this type of ignition is 
most to be expected. 

MR. G. K. ADAMS (ERDE): The burning rate 
functions used by Dr. Warner and Dr. Boyer are 
similar but assume that the difference in internal 
energy of initial and burned phase is given by the 
constant volume and constant pressure heat of 
reaction, respectively. In Warner's treatment this 
results from the assumption of uniform pressure 
and particle velocity in the two phases a t  any x 
plane. The use of the constant pressure by Boyer 
is more consistent with what one expects for a 
steady burning model but might be expected to 
require a differcnt formulation of the energy and 
mass conservation equation. 

DR. M. H. BOYER: Dr. Adams commented that 
use of constant pressure heat of reaction requires a 
velocity difference between solid and gas. This is 
not necessary. We assume a reaction unit partly 
solid and partly gas. Solid is converted to gas as a 
constant pressure process but the unit moves as a 
single entity. 
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SOME REMARKS ON THE THEORY OF FLAME PRO 

JOSEPH 0. HIBSCHFELDER 

The principal problems and the salient features of the theory of flame propagation are discussed 
in a qualitative manner. 

The theory of flame propagation can be stated 
very succinctly. The detailed structure of a flame 
is detcrmined by solving the equation of state 
and the hydrodynamical equations of change to- 
gether with thc boundary conditions which are 
experimentally imposed. The equations of change 
comprise1: 

(1) The equation of continuity of each chemi- 
cal species. 

(2) The equation of motion. 
(3) The equation of energy conservation. 

In addition to these principal relations there are 
the auxiliary relations: 
(4) The complete set of reaction rate equa- 

tions in terms of the chemical reaction rate 
constants. 

( 5 )  The equations for the diffusion velocities 
in terms of the usual binary diffusion coefficients 
and the multicomponent thermal diffusion 
coefficients. 

(6) The equation for the pressure tensor in 
terms of the coefficjents of shear and hulk 
viscosity. 

( 7 )  The equation for the energy flus in terms 
of the coefficient of thermal conductivity. 

(8) The equation for the radiation energy 
flus in terms of the absorption and emission 
spectra of the molecules and the radiation emitted 
or absorbed as a result of the chemical reactions. 
Furthermore, there arc the subsidiary relations 
which detcrmine: 

(9) The coofficient of viscosity for the multi- 
component mixture. 

(10) The coefficient of hcat conductivity for 
the multicomponent mixture disregarding the 
effects due to chemical reactions (which are 
taken care of in the encrgy flus equation). 

The boundary conditions should include heat 
transfer from thc flame to the flaintholder and to 
the surrounding medium. Cheniical reactions 
may, or may not, occur on the surfaces of the 
combustion chamber. 

There are a numbcr of reasons why thc theorv 
of flame propagation is difficult: 

(1) The principal equations of changc form 3 
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set 01 nonseparable nonlinear partial differential 
equations. 

( 2 )  The boundary conditions are difficult to 
satisfy both a t  the flameholder (where there are 
problems arising from back diffusion and from 
the heat transfer to the flameholder) and at the 
hot boundary (where the flame equation can 
almost, but usually not quite, be linearized). 

(3) The sheer complesity of the hierarchy of 
equations is horrible to contemplate, even if we 
knew a suitable method of solving them on a high 
speed computing machine. 

(4) For most practical flame systems we are 
lacking necessary input information such as the 
reaction kinetics and the values of the reaction 
rate constants. 

(5) And last but not least, the intrepid 
theorist must be prepared to cope with convec- 
tion, turbulence, or flicker. 

Thus, if you are interested in determining ab 
initio thc properties of a particular flame system, 
you would be wise to study it experimentally. 
Honever, the theory is very useful if you are 
interested in: 

(1) The general features which are common 
to all flamcs. 

( 2 )  The differential effects expected when one 
makes small changes in the fuel, the combustion 
system, the ambient temperature, etc. 

(3) The effects of scaling the combustion 
system. 

(4) Or the effects of changing the ambient 
pressure. 

For such applications, the problem and the equa- 
tions are idealized so as to preserve the feature 
in question while rcndering a less faithful dcscrip- 
tion of other properties. 

Most treatments of flame propagation are 
limited to steady state considerations of a flat 
flame such as could be produced experimentally 
with a very large bunscn burner. This has the 
advantage of' reducing the flame equations to a 
set of simultaneous one-dimensional ordinary 
differential equations in which the flame velocity 
is an eigenvalue determined by the boundary 
conditions. Heat conductivity and diffusion must 
bc included in any realistic treatment of flames. 
However, the essential features of the chemical 
kinetics can be idealized so as to make the 
mathematics a bit simpler. Unfortunately, the 
Arrhenius temperature dependence of reaction 
rate constants is somewhat hard to cope with 
and frequently it is replaced by a simpler func- 
tional form. 

The one-dimensional steady state treatments 
are good for describing the nature of a reaction 
zone, or the effect of varying either the fuel or 

the ambient pressure. A one-dimensional steady 
state treatment can be used as the basis for a 
study of stability. However, such a treatment 
cannot be used to estimate the effects of varying 
the flameholder or the scale of the combustion 
system. We hope that satisfactory mathematical 
methods will soon make it possible to follow the 
variations with time of a hypothetical one- 
dimensional flame. 

One of the most interesting features of research 
in flame propagation is that it has brought to- 
gether a large number of scientists with a great 
variety of backgrounds: chemists, mathema- 
ticians, physicists, chemical engineers, mechanical 
engineers, aeronautical engineers, etc. These 
scientists come from all parts of the world and 
each group speaks a different language. It is the 
language barrier which has made it difficult for 
theoretical combustion researchers to climb upon 
the shoulders of others and advance as rapidly 
as they should. It is relatively easy for an Ameri- 
can chemist to translate and to understand the 
works of his German or Russian colleagues. I t  is 
much more difficult for the American chemist to 
translate the work of an American aeronautical 
engineer. The aeronautical engineer is accustomed 
to using different types of approximations corre- 
sponding to different concepts and what he says 
is rspressed in terms oE different symbols. Thus 
i t  may take more than two days of hard work to 
understand and to transcribe into your own nota- 
tion an idealized set of flame equations as given 
in some journal article. As a result, the esperi- 
mental combustion research workers, who can 
understand each other, cooperate and work to- 
gether very efficiently. 13ut the theoreticians, 
who generally have not taken the time and the 
trouble to understand one another, have each 
developed independently and have little use for 
the works of others. 

Since I, too, must plead guilty to not knowing 
enough about the work of my colleagues, the 
rest of this paper is devoted to a summary of the 
work of our group a t  the University of Wisconsin. 
I expect that the other speakers a t  this sym- 
posium will also talk about their own research. 

I n  1947 the Applied Physics Laboratory, The 
Johns Hopkins University, asked us to develop 
the theory of flame propagation on a rigorous 
basis. Their primary concern was the combustion 
in ram jets a t  pressures of the order of a few 
hundredths of an atmosphere. Which fuels would 
burn best, what size of combustion chamber 
would be required, and what sorts of problems 
in ignition and stability would be encountered? 
Since there was no empirical experience in this 
type of combustion, it seemed very desirable to 
obtain an ab initio theory which was not biased 
by known behavior a t  atmospheric pressure. 
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The first problem which we encountered was 
the development of the equations of change. 
These are based on the rigorous kinetic theory of 
gases. I n  Chapman and Cowling’s treatise2 the 
equations of change arc given for a binary mis- 
ture of nonreacting monatomic gases. It is stated 
that the extension of these formulae to a multi- 
component mivture is obvious and “no essentially 
different features are introduced when more 
than two gases arc present.” It took C. F. 
Curtiss and myself a year and a half to perform 
this trivial evtension of the theory. Furthermore, 
i t  was necessary to include the effects of chemical 
reactions, internal degrees of freedom of the 
molecules, and radiative energy transfers. The 
equation of energy balance was particularly 
difficult to derive but our effort was repaid when 
we found errors in the previously accepted 
equations. 

The second problem was to set up a mathe- 
matical model for a highly idealized flame system. 
Clearly we wanted to limit ourselves, a t  least in 
the beginning, to considerations of one-dimen- 
sional steady state flames for which the equa- 
tions of change form a set of simultaneous 
ordinary differential equations. The model which 
we envisaged was a giant flat-flame bunsen 
burner. Radiative energy transfers were neg- 
lected. The hot boundary was taken to be an 
infinite distance above the flameholder. At the 
hot boundary, we supposed that complete thermal 
and chemical equilibrium would be attained. The 
real problem was to idealize the cold boundary 
conditions a t  the flameholder. Two difficulties 
arose. First, because of back-diffusion of the 
product gases into the mising chamber, the 
chemical composition of the molecules entering 
the reaction chamber is ill-defined. Then, too, 
unless there is a t  least a small amount of heat 
transfer from the flame to the flame-holder, (1) 
the position of the flame with reference to the 
flameholder is undetermined, and (2) if the 
chemical reaction rates are not mathematically 
zero a t  the ambient temperature, then the flame 
velocity is not determined by the boundary con- 
ditions. For Arrhenius temperature dependence 
of the reaction rate constants, some infinitesi- 
mally small amount of chemical reaction takes 
place a t  even very low temperatures. Thus, our 
idealized flameholder has two properties : 

(1) It serves as a porous plug permitting the 
reactant gases to pass through it freely but pre- 
venting the back-diffusion of the product gases. 

( 2 )  It serves as a heat sink with a small 
amount of heat transfer taking place from the 
flame to the flameholder. 

With this idealized flameholder it is then possible 
to say that a t  the cold boundary the composition 
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FIG. 1. The heat transfer to the flame holder, 
X(dT/dz)o, versus the flame velocity for a typical 
case. Note the minimum value of the flame velocity 

for stable flame propagation. 

of the molecules entering the reaction chamber 
is the same as the composition of the reactant 
molecules in the mising chamber and the average 
speed with which these molecules enter is equal 
to the flame velocity. 

Somehow, our cold boundary conditions, espe- 
cially the requirement for heat transfer to the 
flameholder, seemed to violate the intuition of a 
number of eminent authorities including Theo- 
dore Von Karman, Sol I’enner, and Bernard 
Lewis. A rather interesting hassle developed. 
Howard Emmons came to our rescue with a set 
of heat transfer calculations which bolstered our 
arguments. Finally, the weight of the mathe- 
matical arguments overcame the intuitive feel- 
ings. Unfortunately, the vehemence of the dis- 
cussions developed antagonisms which persistcd 
for a long time. 

Subsequently we found a curious result of our 
cold boundary conditions. Let us plot, as in 
Fig. 1, the heat transfer from the flamc to the 
flameholder, (A d T / d z ) o ,  as a function of the 
flame velocity, vo. There is a maximum amount 
of heat transfer to the flameholder consistrnt 
with a steady state flame. For smaller amounts 
of heat transfer to the flameholder, the flame 
velocity is double valued. It is easy to show that 
the smaller of these two values corresponds to 
an unstable flame. Thus, there is a lower limit to 
the flame velocity of a stable steady state flame. 
An upper limit to the flame velocity corresponds 
to the gases a t  the hot boundary having a Mach 
number of unity. Usually, the flame velocity is 
very well determined and quite insensitive to the 
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lieat transfer to tlic flarncholder as long as it is 
vaned through reasonable limits. Thus, in the 
example shown in Fig. 1, the ordinary flame 
velocity would be 30 cm/sec and to obtain any 
other valuc would require either unreasonably 
largf or unreasonably small aniouiits of heat 
transfer. 

Just from dimensional considerations, it is 
~ ~ s y  to see from the structure of the flame equa- 
$ions that if the chemical kinetics consists of only 
one step corresponding to an nth order reaction, 
the flame velocity varies as p(n-2)/2 and the flame 
thickness varies as p l z .  Herc p is the ambient 
pressure of the flame system. Thus the flame 
velocity for a unimolecular reaction system de- 
creases with increasing pressure; the flame 
velocity for a bimolecular esample is inde- 
pendent of pressure; and the flame velocity for a 
triinolecular reaction increases with pressure. 
Thc flame thickness should decrease with pres- 
sure regardless of the reaction order. 

Once the equations of change and the boundary 
conditions had been determined, i t  was a simple 
matter to determine the properties of a hypo- 
thetical flame involving a single esothermic uni- 
molecular reaction A-+B. This was accomplished 
in time for the Third International Combustion 
Symposium a t  Madison3 in 1949. For this case, 
the flame equations boiled down to the solution 
of a single ordinary differential equation in 
which the assumed flame velocity was adjusted 
so as to satisly the cold boundary conditions 
when the equation was integrated point by point 
from the hot boundary. Nowadays, with the use 
of high speed computing equipment and good 
formulae for the point by point integration of 
differential equations, such a problem would 
require a single mathematician an hour or so to 
codc and a few minutes to run off on the giant 
brain. However, in 1949, we required a team of 
eleven girl mathematicians (most with a master’s 
degree) a period of one to two months during 
which they were making the desk computers 
hum. High speed computing machines have two 
great advantages over desk machines. First, 
is the matter of accuracy-the chance of random 
errors in desk computations is very great and 
these errors are difficult to detect. Secondly, the 
high speed computers carry out iterative and 
cyclic procedures quickly and easily. This is 
important since most methods for numerical 
integration of differential equations involve 
iteration. It is doubly important since the best 
procedures for solving the flame equations as 
developed by Klein start with an approsimate 
solution which gets progressively improved by 
carrying out an iterative cycle: 

The flame velocity for the A-+B esample is 
proportional to the square root of the reaction 

rate constant a t  the flame teinperature. This 
result shows up very clearly in any one of the 
escellent approximations5 which have been made 
to the structure of the A -tB flame. Indeed, this 
dependence of the flame velocity on the square 
root of the high temperature reaction rate (for 
the principal reaction) is common to most flames. 

Even in the A+B flames, diffusion plays an 
important role. The flame velocity decreases with 
increased diffusion. Thus, the flame velosity for 
a reasonable amount of diffusion (Lewis nuin- 
ber=l)  is about one-half what it would be for 
no diffusion. However, diffusion leads to a very 
big difference between XA, the mole fraction of 
A, and GA, the fraction of the mass rate of flow 
contributed by molecules of A. The value of XA 
varies almost linearly with the temperature. 
However, GA remains almost constant until the 
chemical reaction rate becomes large. Thus, the 
flame thickness based on XA is much larger than 
flame thickness based on GA. Esperimentally, it  
is the chemical composition, rather than the mass 
f lues ,  which is easy to determine. 

We followed the hypothetical A +B flame with 
a treatment of a flame produced by the bimolecu- 
lar dissociation of nitric oside 2NO -+ Nz + 0 2 .  

In  this reaction only a very small amount of 
energy is released and our experimental col- 
leagues were unable to produce such a flame. A 
few years later, Wolfhard succeeded in making a 
nitric oxide flame at very low pressures. However, 
for better or for worse, we have never discovered 
the accuracy of our theoretical predictions. 

Flushed with the ease of solving the flame 
equations for systems involving one step of 
chemical reaction, we proceeded to consider 
practical flames which involved two or more 
chemical reactions. It did not take very long to 
discover that such flame systems are orders of 
magnitude more difficult to solve. However, in 
many cases, including chain-branching reactions 
such as the hydrogen-osygen flame, a good first 
approximation to the properties of the flame are 
obtained6 by assuming that a11 of the free radicals 
are in “pseudo-stationary” equilibrium with the 
reactants (and the number flus of the free radicals 
is zero). This has the effect of reducing the chemi- 
cal kinetics to that of a one-step reaction. The 
resulting flame equations are then easy to inte- 
grate. However, a somewhat better approxima- 
tion is obtained if we recognize that the “pseudo- 
stationary” concentration of the free radicals in 
the flame is not the same as for a static system. 
Thus, in a flame the equilibrium concentration 
of a free radical B is given by the solution to the 
equation 

KB = (M/nmb) d ( B ) / d z  - D cF2(B)/dz2 
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Here Z<B is the net rate of production of B by 
the chemical kinetics at the temperature in 
question, (M/nmb) is the mass rate of flow of the 
flame gases divided by the density of the B, the 
D is the effective coefficient of diffusion of B, 
and z is the distance from the flameholder. The 
effect of the mass flow is to shift the maximum 
in the free radical concentration away from the 
flameholder toward the higher temperatures. 
The effect of the diffusion is to decrease the 
maximum concentration of the free radical and 
a t  the same time increase the concentration of 
the free radicals at the very low and again a t  the 
very high temperatures. Thus, the back diffusion 
of free radicals only occurs a t  very low tempera- 
tures. Such arguments tend to dispel the Tan- 
ford-Pease’ purely diffusional theory of flame 
propagation. It was easy to develop the theory of 
flames involving chain reactions assuming such 
pseudo-stationary concentrations of the free 
radicals. 

Depending on the values of the reaction rate 
constants there may be more than one pseudo- 
one-step chemical reaction which approximates 
the behavior of a multiple reaction flame system. 
For example, consider the case of a flame with 
the hypothetical chemical kineticss corresponding 
to 

IC/ W t f  

. l e  B --+ C 
h 

Here A is the reactant species, B is the free 
radical, and C is the product. If w << k,./kf, then 
B is in “pseudo-stationary” equilibrium with A 
and the effcctive one-step reaction is A -+ C. 
However, if w >> k,/k/, then almost every time 
that a molecule of B is formed, it reacts to form 
C. The effective one-step reaction for this second 
case is A -+ B. The surprising result of carrying 
out accurate numerical calculations for this 
flamc system was that there is only a small range 
of parameters, around w = k,./kf, for which 
neither the first nor the second model provides a 
good approximation. Thus, in a complicated 
flame system, it may be useful to use a bit of 
ingenuity in selecting an appropriate idealized 
one-step chemical reaction to represent the 
kinetics. 

I n  those rare cases where neither the chemical 
reactions can be idealized by an effective one- 
step reaction nor where the concentration of the 
free radicals is “pseudo-stationary,” we must 
deal with the full sequence of flame equations. 
This leads to a number of mathematical diffi- 
culties. First, we see that the hot boundary condi- 
tions do not uniquely specify the flame solution _ _ .  ” 

for systems involving more than 
reaction even when we assume a 

one chemical 
value for the 

flame velocity. Second, for those flames where 
the iipseudo-stationary’J approximation is not 
valid, we cannot linearize the flame equations in 
the vicinity of the hot boundary and start a 
point-to-point integration towards the cold 
boundary. And third, the equations of continuity 
for the free radicals are extraordinarily difficult 
to integrate. 

The equation for the kinetics of formation and 
destruction of a free radical has a slowly varying 
principal solution and very rapidly varying 
transient solutions? Equations of this type are 
called ‘[stiff” because this behavior was first 
noted in connection with servomechanisms having 
a tight coupling between thc driving and the 
driven member. The “pseudo-stationary” con- 
centration of a free radical is, as we shall see, a 
first approximation to the principal solution. 
For example, let us consider th t  formation of the 
hypothetical free radical B from the plentiful 
stable molecules A by the unimolecular reaction 

It /  
A-c=t B. 

7; 

Thus, 

d ( B ) / d t  = k f ( A )  - k,(B). (1) 

Letting ( B ) e q  = k 1 ( ~ 4 ) / k ~  and y = ( B ) / ( B ) ? * ,  
the kinetics equation bccomes 

dy/dt  = k,(l - y). 

y = 1 + c csp (-k, t) ,  

( 2 )  

(3) 

Of course this equation has the solution 

where c is an arbitrary constant. However, since 
k, is very large, Eq. ( 2 )  is extraordinarily difficult 
to integrate by the usual numerical point-to- 
point procedures. Integrating in one direction, 
the smallest rounding errors will throw one on to 
the transient solution; integrating in the oppo- 
site direction, one obtains hash as the result of 
over-stability. Such “stiff” equations are best 
integrated by an iterative procedure in which 
the differential equation is treated like an algc- 
braic equation. Here the “pseudo-stationarv” 
concentration serves as the first approsimation. 
The nth approximation for y is then obtained by 
solving the kinetics equation in which the time 
derivative is taken of the (n  - 1)st  approx%na- 
tion. This procedure is only asymptotically con- 
vergent. For “stiff” equations, this procedure 
converges to the principal solution (to the re- 
quired precision). If the equation is not “stiff,” 
this procedure usually does not lead to a solu- 
tion. In  practice, there are all degrees of “stiff- 
ness” and a particular equation may be “stiff” 
for only a limited range of thc variables. Thus, 
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in iiitegrating the flame equations we frequently 
obtained reasonable solutions for a considerable 
temperature range, then all of a sudden the solu- 
tions would go wild. I n  most cases this type of 
behavior was traceable to one or more of the 
equztions becoming “stiff.” I n  general, the 
forward eltrapolation formulas behave best with 
respect to “stiffness” and they behave better 
the larger the integration interval 

Klein4 has developed a good iterative procedure 
for determining the structure of a complex flame 
system, given a good approximate solution. One 
typc of approximate solution corresponds to as- 
suming that the enthalpy remains constant 
throughout the flame and the free radicals have 
pseudostationary state eoncentrations.1° With 
thew assumptions, the flame equations are re- 
duced to the Equations corresponding to a single 
step of chemical reactions and can be solved. 
This solution can then be used as a starting point 
for the Klein iterative procedure. The assumption 
ol constant enthalpy corresponds to assuming 
that all of the binary diffusion coefficients are 
equal to each other and equal to the ratio of the 
coefficient oE thermal conductivity to the specific 
heat per unit volume of the flame gases.l1 In  the 
il 3 B flame, the enthalpy remains constant 
through the flame if the Lewis number is unity, 
a very rrasonablc value. In  complex flames, the 
assumption of equal diffusion constants is gen- 
erally unrealistic and the assumption of constant 
enthalpy is not very good. 

The hydrogen-bromine flame is the most 
perplexing problem which we tackled. This in- 
volvcs the simultaneous chemical reactions: 

X + Br:! F? 2Br + X 

Br + H, it HBr + H 

H + Brl F? HBr + Br 

S + 2H e H, + S 
X + R + Br +HBr + X 

All of the reaction rate constants, thermodynamic 
properties, and transport coefficients for this 
system are either known or can be estimated 
fairly accurately. The hydrogen-bromine flame 
has been studied estensively in various labora- 
tories. Thus, this should be an excellent problem. 
However, the solutions are complicated by the 
fact that at low temperatures the bromine atoms 
behave like free radicals, whereas a t  high tem- 
peratures it is the bromine molecules which have 
this property. Gradually, over a period of many 
years, the theoretical solution was approximated. 
1 am sure that the hydrogen-bromine flame prob- 
lem could be solved rather easily with today’s 
giant computing machines using Klein’s iterative 

procedure together with some of the improved 
techniques for numerical integrations. 

The flame problems of the future will un- 
doubtedly be much more complicated and 
realistic than any which have been tackled to 
date. Already Spalding and Weeks are trying to 
integrate time-dependent flame equations. Others 
are considering the propagation of spherical 
flames. And still others are considering the 
propagation of flames with complex three- 
dimensional geometry. Clearly, these are prob- 
lems for the aerodynamicists and the applied 
mathematicians. With the help of clever nu- 
merical methods and giant computing machines, 
they will succeed in using mathematical flame 
experimentation to optimize fuels and combus- 
tion chambers. They will also succeed in pre- 
dicting the optimum procedures for producing 
costly chemicals as a by-product of partial eom- 
bustion or quenched flames. The theory of flames 
has passed into a new and much more practical 
phase. 
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CONCENTRATIONS AND REACTIONS IN A 
METHANE-OXYGEN FLAME 

R. M. FRISTROM 

A complete set of characteristic profiles is presented for a spherical methane-osygen flame 
[(CH,) = 0.0%; ( 0 2 )  = 0.92; P = 0.05 atml. The intensive properties which are presented as a func- 
tion of radial distance include measured temperature, derived velocity, measured compositions of 
all of the stable species and measured and derived concentrations of the major free radical species. 

The new type of information presented is the radical concentrations. Oxygen atoms were meas- 
ured hy a combination of microprobe sampling and chemical scavenging. Hydrogen atom concen- 
trations were derived from the observed rate of osygen reaction and confirmed by a preliminary 
scavenger sampling study. Hydroxyl radical concentrations were derived from the measured rate of 
carbon dioxide appearance and confirmed by direct measurement using the UV absorption. An 
upper limit hm been set for methyl radical concentrations. 

These data have been used to  test various proposed mechanisms in this flame. Two alternative 
mechanisms are suggested. For the reaction OH + CH, -+ HzO + CH, the data suggests an activa- 
tion energy of 6.5 kilocalories/mole and a frequency factor of 1.4 X cc/moles/sec. 

Introduction 

Residence times in laboratory hydrocarbon- 
oxygen flames are short. The reactions involved 
are very fast and most of them appear to involve 
either atoms or free radicals. 

The methane-osygen flame, which is the 
simplest of the hydrocarbon series, involves 
some fifteen species for which over a hundred 
reactions can be written." It is easy to reduce 
this number to perhaps firty reactions which 
require serious consideration. Since the reactions 
are coupled, only certain combinations are 
mutually consistent. The observed concentra- 
tions of the intermediate species, particularly 
radicals, provide clues as to the dominant reac- 
tions. Spccific mechanisms have been proposed 
for this flame by a number of The 
present work is an estension of the study by 
Westenberg and Fristrom,2 using the new in- 
formation presented here and recent work re- 
ported by Fenimore and Jones.3 

*This estimate is the combination of fifteen 
species taken one or two at  a time. It assumes 
that a pair of molecules can react in only one way 
and that under given conditions either the termo- 
lecular reactions or the equivalent bimolecular 
reaction will be dominant. This argument is valid 
for a given set of conditions, but if estremely wide 
conditions were considered the number would have 
to  be increased to include the possibility of more 
than one product for a given reaction pair. 

The appropriateness of a reaction can be tested 
by seeing if the observed concentrations and net 
species production rates give self-consistent 
kinetic constants. These constants can he com- 
pared with literature values from other types of 
chemical kinetic studies. This ideal can not al- 
ways be realized because of the interference of 
competing reactions or revcrse reactions, or be- 
cause one of the species concentrations (usually 
a free radical) has not been measured. In  the 
latter case, progress can be made if two reactions 
can be found which involve the missing species. 
The rates of these two competing reactions can 
be compared and kinetic constants can be de- 
rived for one reaction provided values are known 
for the other. I n  other cases one can take a known 
or assumed kinetic constant and clerive a radical 
concentration profile necessary to give the ob- 
served reaction rate. The resulting profile can 
be tested for reasonableness and this technique 
can often be used to eliminate a reaction. 

Experimental 
A premised spherical methane-oxygen flame 

[(CH4) = 0.078, ( 0 2 )  = 0.92, P = 0.05 atm, 
mo = 0.11 g/sec] was used in this study. The ap- 
paratus is shown in Fig. 1. The materials were 
c.p. tank gases which were checked by analysis. 

Characteristic Profiles 
A one-dimensional flame can be described by a 

set of characteristic profiles giving temperature, 

560 
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WATER COOLED 
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MASS S P ECT ROM t' T E R 

(a) Schematic diagram of spherical flame burner and 
associated equipment. 

REACTION MIXING FROZENFLOW - .. I.,.'. 
REGION , REGION , REGION 

(b) Schematic diagram of scavenger probe. 

FIG. 1. Apparatus. 

gas velocity, and composition, as a function of 
distance (Fig. 2 ) .  Temperatures were measured 
with small silica coated Pt/Pt-10 % Rh thermo- 
couples. Compositions were derived by micro- 
probe sampling followed by mass spectral analy- 
s ~ s ~ - ~ ;  and velocities were calculated from the 
known mass flow, temperature, composition and 
radial position using Eq. (1). 

Here mo is the mass flow (g/sec) ; v the velocity 
(cm/sec) ; r the radial distance (cm) ; T the 
temperature ( O K ) ;  M the molecular weight 
(g/mole). The subscript zero refers to inlet gas 
conditions. The superscript bar indicates an 
average. 

Osygen atom concentrations were measured 
by the scavenger sampling technique.' This 
method consists of microprobe sampling followed 
by rapid mixing of the sampled gases with a 
species which reacts quantitatively with the 
radical under study to give an analyzable product 
(Fig. lb). It has been demonstrated that the 
reaction NO2 + 0 --+ 0 2  + NO gives a quantita- 
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(a) Stable species (mole fraction versus distance from 
sphere surface, temperature, and velocity). 
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(b) Radical species (mole fraction versus distance). 

FIG. 2. Characteristic profiles of a spherical flamc; 
(CH,) = 0.075; (Os) = 0.92; P = 0.05 atm. 

tive measure of oxygen atom concentration.1° The 
technique is interfered with by H and OH which 
also can react with N0z8 so that the quantity 
actually measured is [O + l$H + ;OH]. In  thc 
primary reaction region these corrections can be 
made. In the recombination region the relation 
between the radical species can sometimes bc 
estimated from equilibrium information: so that 
the concentrations of all three radical species can 

\' 4 
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FIG. 3. Reaction of hydrogen atom with oxygen. 
(a) O2 concentration versus distance. 

(b) H atom concentration versus distance [derived 
from Eq. (2)J 

(c) Rates of oxygen consumption versus distance. 

be inferred from the single measuremcnt. Un- 
fortunately, this latter simplification is not 
applicable to this flame. 

Hydrogen atom concentration was measured 
directly using the scavenger reaction, H + 
CCI4 + HCl + CC13. The reaction was not 
quantitative under the conditions used7J0; how- 
ever, they set a lower limit for maximum hydro- 
gen atom concentration at 10-~ mole fraction. 
The estimate of hydrogen atom concentration 
given in Fig. 3 was obtained from Eq. (2) which 
assumes that all of the observed reaction of 
oxygen molecules is with hydrogen atoms. 

where: 
() brackets indicate species concentration 

(mole fraction) ; 
N is the molar density (moles/cc) ; 
kij the rate constant for species i with species 

j (cc/moles/sec) ; 
Ki the observed rate of reaction of species 

i (mole/sec/cc) ; 

Subscripts i, j ,  are species indices. 

Hydroxyl radical concentrations were esti- 
mated from the rate of carbon dioxide formation 
(reaction 12, Table 1) using Eq. ( 3 )  ? 

It is believed that the most probable niocle of 
methyl radical disappearance in the sampling 
probe is by reaction with oxygen to form formal- 
dehyde. This would mean that methyl radical 
concentration cannot exceed the observed formal- 
dehyde concentration of 10W mole fraction. The 
absence of ethane in thc sampled gases also 
argues for a low methyl radical concentration 
since the recombination of metliyl radicals to 
form ethane is a very rapid reaction occurring on 
almost every collision around room tcmperaturc.l' 

The radical concentration profiles are presented 
in Fig. 2b. 

Data Analysis 
To facilitate analysis the temperature and com- 

position data were reduced to equal distance 
increments using a least squares, second order, 
five point, running smoothing routine. Smoothed 
data points and first derivatives mere tabulated 
a t  intervals of 0.02 em. From these data rates of 
species production were calculated using Eq. 
(4). The smoothed data, calculated rates, and 
the standard deviation of the experimental data 
from the smoothed points are collected in Table 
2. This method of analysis has been discussed in 
the l i terat~re .~,~J~-l4 

K;= (rno/4ar2) dG/dr, 

where G is fractional mass flus (dimensionless), 
and D is effective diffusion coefficient (cm2/sec). 

Discussion 

The purpose of this study is to determine 
which elementary reactions are important in this 
flame and, if possible, to use the data to derive 
kinetic constants for the reactions. A number of 
the reactions seem well established and can be 
quantitatively accounted for. However, the pic- 
ture is not completely clear and several ap- 
parently self-consistent interpretations might be 
made. For simplicity, this discussion will be re- 
stricted to reactions which can be considered 
irreversible. The other extreme where forward 
and reverse reactions are in equilibrium occurs in 
the radical recombination region and is a factor 
in rich  flame^.^ The intermediate case where the 
back reaction is appreciable, but an equilibrium 
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but rather diffused from the higher temperature 
regions of the flame. This interesting phenomena 
points out one of the crucial differences between 
flames and homogeneous reactions. This behavior 
cannot be attributed to a surface reaction be- 
cause a platinum thermocouple located on the 
flamc holder shows no abnormal temperature 
rise. The reactant species is probably cithcr 
methyl radical, formaldehyde or both. Reactions 
with methane, hydrogen, and carbon monoside 
are negligible. 

0 f OCH, -+ OH + HCO. The reactions of 
formaldehyde are a problem in this flame. 
Formaldehyde has been reported to undergo 
rapid reactions with most of the radicals present 
in the methane flame' and in addition there is a 
question whether part of the observed formalde- 
hyde may be due to methyl radical combining 
with oxygen in the probe after sampling. The 
best present guess is that  an appreciable part of 
the observed formaldehyde ahead of station 0.65 
is methyl radical (see Table 4), but that beyond 
this point the major part of the observed formal- 
dehyde is real. If this interpretation is correct it 
appears likely that the reaction of formaldehyde 
is primarily with oxygen atoms and i t  is possible 
to assign a rate constant. Contribution from the 
reaction OH + OCH2 -+ H2O + HCO cannot be 
excluded, but it definitely is not the dominant 
reaction since kinetic constants calculated using 
this assumption and OH concentrations estimated 
from the C 0  rraction showed wide variation. 

0 + H2-+ OH f 0 and 0 f H20 -+ 20H. These 
reactions arc too slow to be important in the 
primary reaction region. They arc discussed in 
the section on recombination region. 

TABLE 4 

Rate Constant for Possible Reaction 
0 f OCH? + OH + HCO 

1.6 1090 - 
1 .7  1540 ( 9 . 5 ) b  
1.s 1666 ( 1 . 7 ) b  
1.9 1660 0.129 
2.0 1679 0.115 
2.1 1670 0.077 
2.2 1655 0.057 

a Radial distance (cm). 
Region where part of CHEO may be (CHs). 

Hydroxyl Radical 

The OH radical is important in the mctliane 
flame; [(OH),, - 5 X and can react 
with most of the reducing components in the 
flamr (CH4, CH3, OCHs, HCO, 131, and CO) . Its 
principal source is the reaction 13 + 0 2  + 013 + 
0 with possible contributions from 0 f OC& -+ 
OH + HCO, and 0 2  + CITd--+ OH + 0C13~. It 
seems to be well established that in this flame the 
principle route of methane and carbon m o n o d e  
attack is by hydroxyl radical. It can also react 
with methyl radical, formaldchyde or HCO. but 
the present evidence favors the other reactions. 

OH 3. CO -+ COS + H. Thc rate constant has 
been investigated by several authors2 a d  
there appears to be gcncral agrcrmcnt on the 
rate in the region of 1500-20OO0K, although the 
separation of the rate brtwecn stcxic factor and 
activation energy is in doubt and estimates of 
activation energy vary by several kilocalories. 
This uncertainty is not important for present, 
purposes. This is a fortunate situation because it 
offers a method of estimatinq 013 radicd 
concentration. 

These calculated concentrations can he coin- 
pared with experimental values determined by 
spectroscopic absorption on a flat flamc of the 
same composition, pressure, and maximum tcm- 
perature.* (See Table 5 ,  Fig. 5.) 

OH + CH4 -+ H2O + CH3. This is tlir dominmt 
initial reaction in this flamc (along nith the 
hydrogen atom attack of oxygcn) . Rcartions of 
CH4 with H and 0 are not important. Since thc 
present data covers a lomrr tcmpcraturc range 
than previous studies of this laboratory,2 I2-l4 it 
seems possible to combine these data t o  dcnve 
thc activation energy and frequrncy factor (Fig. 
5c). This estimate of the kinctic constant i s  
essentially a comparison of the net rates of GOJ 
and CH4 assuming that thry react with thc same 
species, (OH). 

The results are in good agreemcnt in absolute 
rate among themselves and with a rrcently rc- 
ported study on flames with lower oxygen con- 
centration." The choice of activation energy 
differs from that of reference 3 and rcfrrrnce 16, 
but the diffcrcnce is within the coinbincd limits 
of error. The present value may bc more reliable 
because more data is available. ,2 lcast squzrcs 

*The author would like to thmk Dr. H. Gg. 
Wagner of the Institut fur Physikalische Chemie 
of the University of Gottingen, Germany, for this 
information and permission to publish it here. 
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(a) Concentration of CH,, CO, and OH [derived 
from Eq. (3)]. 

(b) Rates of CH, disappearance and CO, formation 
(moles/cm3/sec). 
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(c) Rate constants (cm3/moles/sec) for the reaction 
OH + CHI -+ CH, + H 2 0  versus 1/T. 

FIG. .5. Reaction of OH radicals. 

fit was made of the data. The recommended con- 
stants are given in Table 2.  

Methyl Radical 

Methyl radical is an important intermediate in 
this flame. In  lean flames it is a transient species; 
though appreciable amounts might be in equilib- 
rium in the burned gases of rich flames. We have 
no direct experimental values for the concentra- 
tions although we suspect that an appreciable 
part of the observed formaldehyde may be 
methyl radicals which recombine with oxygen 
after sampling. 

Tlie upper limit for methyl radical conccntra- 
tion is approximately mole fraction. Two 
reactions have been suggested to account for 
methyl radical disappearance in tlie methane 
flame. 

CI13 + 0 3  -+ OsCHs -+ OCH3 + OH. This re- 
action was postulated by Westcnberg and 
Fristrom2 for this flame. It has been reported to 
be moderately rapid a t  room temperature' and 
the high concentration of oxygen favors the 
possibility. 

CH3 + 0 OCH3 4 H 3. OCH2. This reaction 
was suggested by Fenimore and Jones,3 for 
flanies with lower oxygen concentration than the 
present one. They believe that this reaction is 
rapid compared with the corresponding oxygen 
molecule reaction under all concentration con- 
ditions. The choice between thesc two possibilities 
requires more experimental study, particularly 
direct measurement of methyl radical con- 
centrations. 

The latter reaction is probably dominant in 
flames where excess molecular oxygen is not 
present since the concentration in the reaction 
zones of such flames is tenfold lower than the 
inlet value due to the effects of diffusion. In 
osygen-diluted flames such as tlie present one, 
however, tlie question seems to he open since thc 
argument given by Fenimore and Jones for 
escluding the molecular oxygen reaction is 
based on a rate constant which was estimated 
by assuming the methyl reaction is with oxygen 
atoms. 

The provisional rate constants given in Tahle 
2 are based on the integrated rate and an as- 
sumed methyl radical concentration of 10" M.F. 
Tlie two values are mutually exclusive since one 
or the other reaction is likely to be dominant. 
The estimates do represent upper limits. 

Radical Recombination Region 

The direct measurenient of oxygen atom con- 
centrations has opened up the study of the radical 
rcconibination region (Fig. 6). Here the radicals 
and atoms formed in excess by branching reac- 
tions in the primary reaction zone are brought 
into thermal equilibrium. These reactions must 
be three-body since recombining radicals liberate 
sufficient energy for the dissociation of the re- 
combined molecule. Unless it is stabilized by 
energy loss, the complex will decompose uni- 
molecularly after a few vibrational periods. This 
period is about 10W3 sec for diatomic and simple 
polyatomic molecules. The usual mode of sta- 
bilization is by transfer of kinetic energy to a 
third molecule which because of the short lifc- 
time of the collision complex must be a three- 
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FIG. 6. Radical recombination region. 

( a )  Disappearance rate (moles/cm3/sec) of oxygen 
atoms. 

(b) 0 and OH radical concentration versus distance. 

body collision. Deactivation by light emission is 
usually an unimportant process and stabilization 
by distribution of the energy among many vi- 
brational degrees only plays a role in complex 
molecules. 

Because these reactions require rare three- 
body collisions they arc generally much slower 
than bimolecular reactions. The ratio of three- 
body to two-body collisions is 0.001 a t  atmos- 
pheric pressure and falls off proportional to 
inwrse pressure. 

This difference in rate should result in a 
physical separation of the recombination region 
from the 1)rimary region, and indeed this is ob- 
served. Spatially separated reaction regions can 
only interact bia transport processes which de- 
crmw in importance as spatial separation is in- 
creased. I t  nould be cspected that in very low 
pressure flaines the two regions might be com- 
pletcly separated in the manner of the Smithells 
burner double flame?' 

This sliatial eytension adds an interesting com- 
plirntion to the spherical flame. It is cooled by 
heat transfer to the walls of the flask so that it is 
not adiabatic. The maximum temperature is 
300' lom er than the adiabatic value and is reached 
even bcfore the carbon monoxide reaction has 
been completed. The burning velocity as nor- 
mally defined is not strongly affected (94 cm/sec 
for the flat flame a t  400'K and 100 em/sec for 
the spherical flame at 40OOK). However, this is 
not the proper comparison because of the effects 

of curvature and the comparison should be made 
in the primary reaction zone ( T  = 1675%). 
Here the effect is appreciable (spherical flame 
164 cm/sec and flat flame 220 cm/sec), and i t  
can be seen that the spherical flame is actually 
appreciably slower, as would be expected. 

Sugden has pointed out that in the recombina- 
tion region of a flame the three-body reactions 
are so slow compared with the two-body reae- 
tions that two-body reactions which eschange 
the identity of radicalsg will maintain a pseudo- 
equilibrium between the species which is deter- 
mined by the temperature alone. Thus, if one 
radical is in excess of thermal equilibrium all 
radicals are in escess, but their ratio is the same 
as determined in equilibrium calculations. Only 
the most rapid recombination reactions will be 
important since the radicals are readily inter- 
converted. The situation in this flame appears to 
be more comples than that described by Sugden. 
I n  the present case the temperature is falling so 
rapidly that the initial excess of oxygen atoms 
(over both thermal equilibrium and the pseudo- 
equilibrium) over hydrosyl radical is never 
brought into equilibrium by the eschange reac- 
tions (see Table 6). The reaction responsible for 
oxygen atom disappearance is probably that with 
water to form 013 radicals which are used up by 
reaction with carbon monoxide. If this inter- 
pretation is correct it may be possible to derive 
the rate of the reaction 0 + H20 + 20H but the 
situation will have to be clarified by direct es- 
perimental measurements on OH and H. 

The recombination process is probably domi- 
nated by oxygen atom reactions since osygen 
atom concentration is higher than that of both 
hydrogen atom and hydroxyl radical. I n  addition 
two of the fastest known recombination reactions 
involve oxygen at0ms.t 

0 + 0 + M+ 0 2  + M*. This recombination is 
the fastest reaction in pure hydrocarbon oxygen 
systems, but the reported rates are too slow to 
account for the observed rate of osygen atom dis- 
appearance in this flame. 

0 + NO + M+ NO2 + My; 0 + N O 2 4  NO + 
0 2 .  This pair of reactions is some twenty times 
faster than the direct recombination reaction at 
room temperature. If they have the same or a 
lower temperature dependence the nitric oxide 
catalyzed recombination of oxygen atoms should 
be the dominant reaction wherever (NO) > 
0.05 (0) .  

i. These conclusions may be modified by the 
recent studies reported in this volume by Kaufmann 
and DelGreco which indicate that 20H -+ H,O + 0 
is a fast reaction. 
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TABLE 6 

Comparison between Experimental Radical Concentrations and Equilibrium Calculstions in 
the Radical Recombination Region, r > 2 cm 

lT [HI [Ol [OH1 
( O W  Cdc  . Esptl. Calc. Esptl. Calc. Esptl. 

1300 1.3 X 10F - 6.9 x 10-7 2 x 10-3 3 x 10-5 4 x IO-' 
1.200 1.3 x 10-6  - 3.7 x 10-6 3.7 x 10-3 s.9 x 10-6 4.7 x 10-1 
1500 9.7 x 10-8 - 1.6 X 6.5 X 2.3 x 10-1 7 X 1 0 F  
1600 5.6 x 10-7 - 5.6 x 10-6 1.1 x 10" 5.3 x JO-1 2.5 x 10-3 
1 680 2.5 x 10-6 - 1.5 x 10-4 1.2 x 10-2 I x 10-3 5 x 10-3 

I n  our flame nitric oxide was 4 X mole 
fraction while 0 atoms ranged from 
mole fraction. Thus the direct oxygen atom re- 
combination would be important in the early 
recombination region while the nitric oside re- 
combination would be important in the later 
region. It seems likely that in air flames the 
nitric oside catalyzed recombination would 
always be dominant while in oxygen diluted 
flames it would depend on the purity of the 
oxygen used. The characteristic greenish yellow 
glow which is associated with this reactionla has 
been observed in this and several other oxygen 
diluted flames. The experimentally observed 
NO is presumably derived from traces of nitrogen 
in the tank osygen. 

The importance of nitrogcn oxides in oxygen 
atom recombination may explain some of the 
discrepancies between the high temperature and 
low temperature values measured for oxygen 
atom recombination.'8 

to 

Summary 

Although a number of questions still remain, 
the main outline of the dominant reactions in 
the methane flame appears to be fairly well es- 
tablished, and the dominant reaction scheme can 
be narrowed down t o  a choice between a few 
self-consistent systems. Further work should 
allow a choice between these competing 
possibilities. 

Several of the reactions are well enough estab- 
lished so that the flame rate information can be 
used to determine kinetic constants. 
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Discussion 

DR. H. GG. WAGNER (Gottingen University) : Ex- 
tensive experimental investigations of the structure 
of the reaction zone of the laminar flames performed 
#luring the past few years has improved consider- 
ably our understnnding of the flame propagation 
process. An important part of this work was done 
by Dr. Fristrom and his colleagues. It is therefore 
a great pleasure for me to be able to make a few 
remarks on his paper. 

Dr. Fristrom mentioned that due to the low rate 
of recombination reactions a t  low pressure, the 
flame may be separated into two parts. This can be 
clearly seen from profiles of H2-Oe flames burning 
a t  a few millimeters of mercury. In these flames a 
stationary state is observed behind the main reac- 
tion zone (derivatives of concentrations and tem- 
peratures go to zero). The water concentration and 
the temperatures are far below the equilibrium value 
arid the radical concentration is very high. This 
state can be described using the well-known chain 
and chain-branching reactions of the Ht-02 systcm 
(but no real recombination reaction) in a way that 
forward and reverse reactions have the same rate. 
In addition, the rate constants of these reaclioiis 
can be evaluated using the measured profiles. The 
results are in fair agreement with those reported by 
Ur. Kaufman a t  this Symposium. As the total pres- 
sure is increased one can easily observe how recom- 
bination reaction becomes more and more important, 
and the existence of a peak in the concentration of 
radicals which arc also present in the burned gases 
is observed. This peak-radical concentration seems 
to be of great importance for the understanding of 
the influence of inhibitors, the pressure dependence 
of flame velocity, and other flame properties. 

One might expect that a maximum in the concen- 
tration of these radicals depends on the presence of 
a chain-branching reaction. Some calculations with 
the HL-CIL system, however, show that a peak 
radical concentration can exist in a system without 
branching reactions. 

For the evaluation of the rate constants in Dr. 
Fristrom’s paper the radical C H ,  among others, is 
of some importance. We have recently started some 
experiments which enable us to determine the con- 
centration of radicals and stable products by taking 
samples immediately into the ionization chamber of 

a time-of-flight mass spectrometer. The profiles ob- 
tained from CH,-OL flamcs arc in principle in agrce- 
ment with the measurements of Dr. Fristrom. The 
CH, disappears rather early in the flame. The 
maximum of the CH? concentration is close to the 
middle of the luminous zone and behind the max- 
imum value of H,CO, while C,H2 appears rather 
late in the reaction zone. 

Figure 1, below, illustrates some preliminary 
results obtained in flames of different CH, concen- 
tration. (The final temperature of these flames was 
not the same.) The maximum concentration of CHJ 

10 20 30 40 5 

FIG. 1. Maximum concentration (in arbitrary units) 
of intermediates in methane-osygen flames. Num- 

bers on curves show approx. concentrations. 

%CHq 
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increases with 'increasing CH, content. The HLCO 
.   on cent ration is less dcpcndcnt on the CH, content. 
The 0 atom conccntration decreases from lean to 
rich mixtures, while C?H, strongly increases toward 
the rich side. Besides the species mentioned, many 
others could be detected. Though the method is not 
as accurate as other methods used by ourselves and 
by others it seems to provide useful information for 
the interpretation of flame processes. 

DR. R. M. FRISTROM (APLIThe Johns Hopkins 
University) : Dr. Wagner has raised an interesting 
point on the relation between bimolecular flame rc- 
actions and the termolecular recombination reac- 
tions. Perhaps a few general comments on this 
problem would be in order. 

Flame reactions can be divided into two genernl 
types-bimolecular and termolecular, Le., 

A + B + C + D  

A + B  + M*-+AB + M* 

In many flames and the methane flame in par- 
ticular, the initiating reactions are bimolecular 
while the terminating reactions are termolecular. 

In a flame consisting of bimolecular reactions, 
distancc structure scales as 1/P. Such a flame when 
measured using a distance scale proportional to the 
mean free path is independent of pressurc. In other 
terms, it requires a constant number of collisions to 
go to completion. This was first pointed out by 
Hirschfelder and Curtiss' and has been quanti- 
tatively checked on the initial portion of this flame.2 

In the case of the termolecular reactions of the 
recombination region, the situation is different. For 
a given number of collisions required for comple- 
tion, the required characteristic flame thickness will 
decrease as pressure is increased. This occurs be- 
cause the ratio of thrce-body collisions to two-body 
collisions varies proportionally to 1 / P .  

At high pressure the thickness of the recombina- 
tion region will he small and transport processes 
will be important. At low pressure the thickness 
will become very large compared with correspond- 
ing bimolecular reactions and ultimately transport 
processes will become unimportant. The crossover 
point occurs at about 10 atm. In low pressure flames 
with apparatus of normal size, one deals primarily 
with the bimolccular reactions, and much of the 
recombination reactions occurs on the walls of the 
apparatus. This does not affect the measurement or 
analysis of flame structure data and is not a problem 
unless one is interested in the rccombinstion reac- 
tion per se. 

DR. T .  M. SUGDEN (University of Cambridge) : The 
question of the bimolecular recombination step has 
been raised. In hydrogen-air systems at l c a y t ,  a11 
bimolecular steps of type A + B + C + D cannot 

lcad to effective recombination bccause the number 
of free valencies cannot be reduced in this way, and 
the quantity [HI + [OH] + 2[O] + 2[OJ would be 
constant and equal to twicc the original concentra- 
tion of molecular oxygen. 

It might be interesting to consider whethcr reac- 
tions which can occur in hydrocarbon flames, such 
as CH + 0% + CO + OH, might not be stable bi- 
molecular recombination processes. In this example, 
the number of unpaired spins is reduced by two. The 
initial production of CH might, however, involve on 
increase in the number of free spins. 

DR. R. M. FRISTROM: We have not considered 
this interesting rcartion because no method is 
available at present to measure concentrations of 
CH. We have assumed it to be a trace species (bc- 
low 10-6 mole fraction). If this is not the rase, the 
reaction should receive serious consideration and 
studies of it in a simple system would be most 
desirable. 

DR. R. R. BALDWIN (University o j  Hull) : I would 
like to draw Dr. Fristrom's attention to some recent 
data given by l l r .  Hoan of Ilundw on the relative 
rates of the reaction 

OH + CH, (3) 

OH + CO, (12) 

and 

in which dissociating hydrogen peroxide was used 
as the source of OH radicals. The values of k l? /k ,  
obtained decrease from 1.1s at 400°C to 0.20 a t  
65O"C, with intcrmediate valucs at intermediate 
temperatures. The decrease corrcsponds to E ,  - 
El? = 7 kcal/molc. The Arrhenius constants for 
rractions (3 )  and (12) given by Dr. Fristrom wonld 
makc k r  > k,? at all temperatures, and the r:ttio 
kl : / k 3  ranging from 0.005 a t  400°C to 0.01 at G50"C. 
These discrepancies suggest that Dr. Fristrom's 
combinations of Arrhenius parameters need modi- 
fication, and a combination more suitable over a 
wide range could be obtained by combining his 
data with those of Dr. Hoan. 

DR. R. M. FRISTROM: Dr. Hoan's study is new to 
me and I am looking forward to studying his paper. 
Hydrogen peroxide is a very treacherous source of 
OH since if any excess peroxide remains, the OH 
undergoes a very rapid quantitative reaction to 
form H02.3 

OH + HZOz -+ H?O + HO, 

DR. B. A. THRUSH (University of Cambridge): 
How does the presence of H atoms affect the 
scavenging of 0 atoms by NOr? The reaction 
H + NO, = NO + OH is much more rapid t,han 
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0 + NO, = NO + 0 ,  and subsequently reactions 
such :is the very rapid process 0 + OH = H + O L  
hape to be considered. 

sults and catalytic detector measurements under 
identical discharge and flow conditions. 

DR. R. M. FRISTROM: The scavenger probe tech- 
DR. It. ill. FRISTROM: As Dr. Thrush noted, the nique was developed for studying radical concen- 

presence of hydrogen atoms does interfere with the trations. It combines microprobe sampling4 with 
determination of oxygen atoms. In this particular chemical s~avenging.~ The advantages are: (1) 
flamc this is not a scrious problem because of the spatial resolution is high, (2) concentrations are 
low concentration of H atoms (0.004) relative to 0 determined in absolute rather than relative terms, 
atoms (0.015). The possible interference by OH and (3) it can be used in high temperature systems. 
would seem more serious. Our results are corrected In  a microprobe the sample is rapidly expanded 
for Imth of these interferences based on scavenger adiabatically. This simultaneously reduces tem- 
studies made in systems where these radicals were perature and pressure and slows the flame reactions 
prepared by electric discharges. 

h. A. FONTIJN (AeroChern Research Laboratories) : 
Scavenger probes of the general type described in 
l>r. Fristrom’s paper may be extremely useful as 
atom dctcctors in very different environments as 
well. We have simultaneously developed a quartz 
sc:ivcnger probe for measuring focal atom concen- 
tr:itions in supersonic plasmajets and have applied 
the technique to the quantitative determination of 
N atoms and excited N, molecules in Mach 3 
streams of active nitrogen. We have used C,H4, 
EO,  and NH, as scavenger gases and made use of 
product formation, scavenger gas destruction, or 
light titration end point to estimate the composition 
of thc samplcd gas. Further details concerning this 
application may be found in AeroChern TP-40 
“Chcniicnl Scavenger Probc Determinations of 
Atom and Excited Molecule Concentrations in 
Nonequilibrium Supersonic Streams of Active 
Nitrogen,” by A. Fontijn, D. E. Rosner, and 
S C. Knrzius. We subsequently hopc to make a 
systematic comparison between scavcnger probe re- 

so the sample composition is frozen$ close to the 
inlet conditions. Thus, sufficient time is available to 
allow the frozen sample to be mised with 3 scavenger 
species which undergoes a quantitative reaction 
with the radical being studied to  form a stable 
analyzable product. The initial radical concentra- 
tion can then be deduced from its relation with this 
stable product. 

For quantitative application the decompression, 
mixing, and scavenger reaction rates must be rapid 
compared with any other reactions which the 
radical can undergo; and the scavenger reaction 
must produce a unique product. The fast reaction 
0 + NO? + 0% + NO was used for 0 atom studies. 
The reliability of the method has been tested by 
comparing the results of scavenger probe sampling 
in an electric discharge with the more established 
technique of gas phase titration. The average 
deviation for a test set of comparisons was 4% and 
more than half of the dispersion was due to our 
titration technique. 

In preliminary work, hydrogen atoms were 
studied using cxbon tetrachloride and other 
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FIG. 2. Methyl radical concentration profile. 
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chlorinated hydrocarbons for scavenging. These re- 
sults were reproducible and appeared proportional 
to H atom concentration, but the scavenging 
efficiency was only 20%.1.* 

The scavcnger probe used for flame studies is a 
standard quartz microprobe with a 100 micron 
orifice and a water-cooled body. Continuous flow 
sampling is used a t  a pressure level of 50 microns 
backed by a 6 liter per second diffusion pump, and 
isolated from the spcctrometer inlet by a 3 f t  section 
of 1 em tubing. The scavenger gas is introduced a t  
the base of the expansion section through a small 
Teflon tube. Results are independent of NO? con- 
centration and sampling level. 

Recently, Dr. Wilson and I have used this tech- 
nique and an iodine scavenger to study the concen- 
tration of methyl radical in this methane-oxygen 
flame; preliminary results are shown in Fig. 2. 

DR. L. S. ECHOLS (Shell Oil Company): In  the 
sampling nozzle choked flow exists and presumably 
a shock pattern. How does one visualize this 
situation and its effects? 

DR. R. M. FRISTROM: Choking flow does occur 
in the nozzle of the probes. Because of the large 
pressure drops employed (>lo) ,  supersonic flow 
might be expected and the gas is strongly cooled 
(simple adiabatic expansion considerations would 
predict a twenty-five-fold temperature drop). If 
such gas flow passes over an obstruction a strong 
shock would be expectcd. With complete recovery 
the gas would reach the inlet temperature, but no 
higher. In  practice no shocks are observed in a 
probe when luminous gas from a discharge is 
sampled, and a thermocouple inserted in the probe 
registers a temperature much below the inlet tem- 
perature. This is because the ratio of mean frec 
path to probe diameter is usually 5-10 and the 
boundary layer occupies most of the tube so that 
viscous losses drop the kinetic energy below the 
point where strong shocks can be observed. 

DR. H. WISE (Stanford Research Institute): In 
the interpretation of the data, certain transport 
parameters are employed. What is the state of our 
knowledge on multi-component diffusion coeffi- 
cients and their temperature coefficients? 

DR. R. M. FRISTROM: In the data presented in 
this paper and most flame structure work, all 
species are treated as being traces in an oxygen 
carrier and binary diffusion Coefficients are used. 
This results in errors which are of the order of 31% 

for this flame.g This is less than the error introduced 
by the neglect of thermal and the errors 
introduced by the extrapolations rcquircd above 
1200°K which is the upper limit of the experi- 
mentally determined diffusion coefiicients" used for 
this study. 

The rigorous multicomponent coefficients can be 
derived from a knowledge of all of the binary dif- 
fusion coefficients and the conccntrations of the 
species.12 For the fifteen componcnts of this flame 
this would require a knowledge of over a hundred 
binary diffusion coefficients, only a fraction of 
which are known. The calculation is too cumber- 
some for present day use on systems of this com- 
plexity. 
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SERVATIONS ON THE STRUCTURE OF A SLOW BURNING 
RTED BY THE REACTION BETWEEN HYDROGEN 
OXYGEN AT ATMOSPHERIC PRESSURE 

G. DIXON-LEWIS AND A. WILLIAMS 

The complete analysis of a flame structure consists of studying the variation of the temperature 
and all thc cornposition parameters with distance y perpendicular to the flame front. By means of 
such analyscs it is possible to investigate the mechanism and kinetics of the processes controlling 
the flame. However, for such investigations to have maximum effectiveness it is necessary to use 
the simplest flames consistent with the type of reaction mechanism. For this rcason hydrogen-oxygen 
flames have for some time been studied in this laboratory as comparatively simple flames supported 
by a branched chain reaction system. The flame studied in this paper has an initial composition of 
4.6C4 per cent oxygen, 1S.63 per cent hydrogen and 76.56 per cent nitrogen. This flame is within the 
range of hydrogen-osygen-nitrogen flames which can be stabilized at atmospheric pressure on an 
Egerton-Powling type of flat flame burner. For a matris temperature of 336°K the theoretical flame 
temperature is 107S°K, and the burning velocity, measured by means of particle track techniques, 
is 9.2 cm/sec.1 The flame burns as a flat disc with the reacting gases flowing in a direction normal to 
the plane of the reaction zone. This produces an approximately one-dimensional flow system, and 
thus simplifies the analysis. 

In this paper the results of both an esperimental and a theoretical investigation of the flame are 
described. These are combined in an attempt to give information about the flame mechanism. In 
thc theoretical investigation the effccts of alterations in some of the reaction and transport param- 
etcm on the flame have also been studied. 

Conservation Equations 

In addition to the burning velocity (which 
sets the time scale) i t  is necessary, in order to 
make a complete analysis of a flame, to know the 
temperature profile and the composition profiles 
of all the species present. For the one-dimensional 
system, let y be the distance coordinate in the 
direction of motion, and let H (in cal cmL2 seed1) 
represent the flow of heat liberated by the reac- 
tion across a plane normal to  the y axis at dis- 
tance y and time t .  Then a€€/dy represents the 
volumetric heat release rate in cal em+ sec-l. 
Ii' the kinetic energy and pressure terms in the 
conservation equation are neglected for this slow 
burning flame, then the conservation of cncgy  
nisy he writtcn as Eq. (1). 

Here p is the density, T is the absolute tempera- 

ture, Jf is the mass flow velocity, cI, is the specific 
heat at constant pressure, and A is the thermal 
conductivity at temperature T.  

In the eqierimental investigation a stationary 
flame was used. If now the system is rererred to 
a set of coordinate ases which are fixed in space, 
then the time derivatives in Eq. (1) all vanish. 
Equation (I) may then be replaced by Eq. (2), 

d H / d v  = d f M c ,  T - A (d  T / d y )  1 / dy  

d{X?,,( T - TLL) - A(dT/dy))/dl/ 

( 2 )  

where E,, is the mean specific heat between T 
and Tu. Equation (2) gives the volumetric heat 
release rate in terms of the mass burning velocity, 
the thermal properties of the gas mixture, and 
values which may be derived from a measured 
temperature profile. 

Similarly for each species in the nzisture, if 
wz is its weight fraction at distance y and time t, 
and its chemical rate of formation in mole emp3 
sec-l is [dnJatlGhem, then the conservation of 
species equation niay be written as Eq. (3) ,  
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p(dlo,/dt) = d/dy(pD,durJdy) 

- Jl(dwt/dz/) + ma[d:dnL/dt]ch,nr (3) 

where D, is the diffusion coefficient of spccies i 
in the mixture and m7 is the molecular weight. 
Strictly, the binary mixture form of the diffusion 
equation is not applicable to multicomponent 
mixtures, for which the exact forms are given by 
Hirschfeldcr, Curtiss, and 13id2  The much sim- 
pler binary form nevertheless gives a good ap- 
proximation when i is present in only small 
amounts, a condition which applies fairly well to 
all the important reactive species in this flame. 
In  this case the value of D, in a mixture of i with 
A, B, - - , is given by 

\vhere X represents mole fraction and the 9's 
represent the binary diffusion coefficients. 

Again, for a stationary one-dimensional flame, 
Eq. (3) may be replaced by Eq. (5). 

Here G, is the weight fraction of i in the mass 
rate of flow. Equations of the form of (3) and (5)  
may be set up for each species present in the 
flame, and the solution of the problem consists 
of satisfying the whole set of simultaneous 
equations. 

The thermal conductivities of the mixtures 
encountered in the flame were calculated by the 
method of Lindsay and Bromley3 from the con- 
ductivities of the pure constituents. For this 
purpose the composition was assumed to vary 
linearly with temperature. Even at the flame 
temperature of 1078'K little or no extrapolation 
ol available data is needed. The sources of the 
data arc given e l s e ~ h e r e . ~  Diffusion coefficients 
were calculated to be consistent with the appro- 
priate scts of data of Walker and We~tenberg,~ 
and with the data of Wise6 for H atoms in 
hydrogen. 

Experimental Methods 

The apparatus consists basically of a burner 
and fuel supplies, and methods of studying the 
flame. The burner used was of the Egerton- 
Powling type as modified by Dison-Lewis and 
Isles.' The temperature of thc gases entering the 
flame was measured by means of chromcl-alumel 
thermocouples silver soldered to the top of the 

tris. The temperature during thc es- 
was 336"K, and was low enough for 

catalytic oxidatioii inside the burncr to 1)c 
negligible. The hydrogen, oxygen, and nitrogen 
were drawn from cylinders, and the flow ratm 
were carefully controlled and measured, after 
which the gases were thoroughly mixed before 
passing to the burner. Various chemical indi- 
cators could be added to the unburned, grcmi.;cd 
fuels. Sodium chloride or other solutions, or 
heavy water, could be added in sinall amounts 
by means of a Collinson atomizer a t  a known 
steady rate. Small amounts of deuterium c.ould 
also be metered and introduced. 

In order to correlate the various profile meas- 
urements the plane of the schlieren maximum was 
used as the reference plane on the y asis. This is 
nccessary since the flame itsclf is nonluminous. 

Temperature profile measurcments have been 
carried out usin: a suitably designed lAatinum/13 
per cent rhodium-platinum thermocouple with 
its thermojunction made from 0.01 mm diameter 
wires butt-welded togethcr and supported in a 
stirrup ol somewhat thicker wires of the same 
material. The wires in the immediate neighbor- 
hood of the junction were then in an isothermal 
plane in the flame. Catalytic effects were elimi- 
nated by quartz coating? Dison-Lewis and 
Islcs have shown that with such thermocouples 
any small distortions of the flamc which may 
occur have a negligible effect on the profile? 

Corrections were applied to the thermocouplr 
readings to allow for heat losscs by radiation. 
The rnuimum correction was only 12'K in this 
flamc, and the maximum measured temperature 
was only BOK below the theoretical flamc tclm- 
perature. This small difference may be caused by 
radiation from the flame gases. 

To determine the composition profiles the 
method principally used has been to withdraw 
samples of the gases from various positions in 
and near the flame by means of a quartz micro- 
probe, and subsequently to analyze the samples. 
The probe itself consisted of 1 mm O.D. quartz 
tube drawn down to produce a 25 1 orifice. The 
analyses were carried out in different cases by 
gas chromatography, by mass spectrometry, and 
by volumctric methods. 

Spectroscopic methods have bccn used in the 
study of radical concentrations, both in absorp- 
tion for a preliminary estimate of hydrosyl 
radical concentration, and in emission when in- 
vestigating hydrogen atom concentrations in 
the burned gas. In both cases a narrom- vertical 
aperture was used, the light actually detected 
bcing restricted to that from a slice of flame 0.1 
mm high a t  the flame center and 0.3 mm high 
a t  the edges. Detection was by a photomultiplier 
tube with quartz window. The light beam was 
chopped at 460 cps and the signal was amplified 
by means of a homodyne system and presentcd 
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on a h a r t  recorder. Spatia1:scaniiinESat:the flame 
was effected by means of a calibrated thread 
and synchronous niotor which raised the entire 
burner. To avoid difficulties due to schlieren 
effects thc measurements were restricted to the 
burned gas and to the hotter parts of the flame. 

rofile and Composition 
ofiles for Stable Species 

Figure I shows the temperature profile for the 
flame under investigation while Fig. 2 gives the 
composition profiles for the stable species hydro- 
gen, oxygen, and steam. Analysis of the tempera- 
ture profile by the methods already outlined 
leads to the curve shown in Fig. 3 for the over-all 
heat release rate. 

1100 

900 

O K  700 

SO0 

300 
-5.0 -2.5 0 2.5 5.0 

DfSTANCE m m  

FIG. 1. Temperature profile for a hydrogen-osygen- 
nitrogen flame with initial composition 4.604% 
oxygen, 1S.S3y, hydrogen, and 76.56% nitrogen. 

easurement of Hydrogen Atom 
Concentration 

I n  order to  follow the hydrogen atom coneen- 
trations three methods have been used. First, the 
chemiluminescence when small amounts of so 
dium salts (about one part in lo6) are added to 
the flame gases has been shown by Sugden and 
collaborators10 to bc due to excited sodium atoms 
formed by reactions (I) and (11). I n  the gases 

H + H + Na = H2 + Na* (1) 

H $- OH + N s  = H20 + Na* (11) 

OH + HLeHzO + H (111) 

immediately behind the flame H and OH are 
present in concentrations much above their 
equilibrium value. If, however, it  is assumed that 
reaction (111) is sufficiently rapid to maintain 
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FIG. 2. The composition profiles of the stable 
molecular species. 

the ratio [H]/[OH) a t  its equilibrium value 
while the general third order recombination re- 
actions (IV) and (V) proceed, then the result is 
obtained that [H] a IN&$. Hence the decay of 
chemiluminescence in the burned gas may bc 
used as a measure of relative hydrogen atom con- 
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FIG. 3. The heat release profile. 
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centrations in this region. I n  these low tempera- 
ture flames thermal emission from sodium is 
negligible. 

H + H  + M = H? + M (IV) 

H + O H  + M H%O + M (VI 

Secondly, the reaction of H atoms with heavy 
water to form HD by reaction (VII) and as- 
sociated reactions has been used to measure their 
relative concentrations in the burned gas region. 
I n  this method, which has been used by Fenimore 
and .Jones,11 small measured amounts (0.1 to 1 
per cent) of heavy water are added to the gases 

kG 
H + D i ~ = = t  HD + D (VI) 

+k, 

k7 6k3 

Ik, i k7 
H + D , O k H D + O D + D O H +  

%k? 

k ,  
D e -  D? + OH 

entering the flame and the H D  formation is 
followed by mass spectrometric measurement of 
the [HD]/[Hz] ratios in samples withdrawn 
from the flame. If it is assumed (a) that  He, 
Dz, and HI1 are always in equilibrium among 
themselves (since kg >> k,) ,  (b) that  rate con- 
stants are independent of isotopic species, and 
(e). that  Eq (6) holds then it can be shown 

kJOH][Hz] = h[H][H+3] 
4- [d(HzO)/dt],h,, (6) 

that  [d(HD)/dt],h,, is given by Eq. (7), where 
the subscript zero denotes initial concentrations 
corrected for the temperature rise. 

I n  this work [d(HD)/dt],ho, is obtained in 
mole sec-l by converting the mass fluxes of 
H D  in Eq. (5) into molar fluses. Figure 4 shows 

15 1 I I 1 1 I 

- 1 0  2 1 6  8 1 0 1 2  

DISTANCE ( m m )  

FIG. 4. The formation of HD by the reaction of 
hydrogen atoms with heavy water. X denotes mole 
fraction. I M G H D / ~  is the molar flux of chemically 

formed HD. 

the appropriate molar quantities. Since k7 is not, 
accurately known, this method again only gives 

relative H atom concentrations, in the form 
k,[H]. Due to the compmativcly high activation 
energy (appros. 20 kcai mole-') of the reaction 
between H and DzO, this method is again only 
suitable for the burned gas region. In  the post- 
flame gases [d(HeO)/dt],,,, = 0, and if H D  
diffusion is ignored here Eq. (7) is that derived 
by Fenimore and Jones." 

In  somewhat hotter flames than the present 
one it is possible to calibrate both the above 
methods by studying the processes concerned 
when the burned gas is in full equilibrium. I n  
this low temperature flame this is not possible 
due to the low H atom concentration at equilib- 
rium, and another approach is necessary in order 
to calibrate the system. The third approach i s  
provided by adding measured traces of Dz to the 
flame gases, a method which again has been used 
by Fenimore and Jones.12 I n  the flame the cy- 
change reactions (VI) and VIII) occur, together 
with oxidation of both Dt and HD. The build up 

D + H Z ; t H D + H  (VIII) 

and subsequent decline of H D  due to osidation 
can again be followed by sampling and mass 
spectrometry. If [D] = [H][HD]/2[Hz] and 
[Dz] >> [HDl2/4[H2], that is, if the reaction 
has not proceeded too far towards equilibrium, 
then the net rate of formation of H D  is 

[a[HD]/at]~hen~ = h[H][D2] 

At the maximum value of [d[HD]/dtlche, tlic 
above inequality was satisfied. The maximum H 
atom concentration derived by this means was 
therefore assumed to coincide with the maximum 
chemiluminescent intensity, so that a calibration 
of the chemiluminescence profile in the burned 
gas is provided. The method depends, of course, 
on an accurate value for the rate constant of 
reaction (VI). Using the recent value of ks = 
6.1 X lo1' cm3 mo1e-I sec-l a t  lOOO'K obtained 
by Boato et u Z . , ' ~  together with an activation 
energy of 6.65 kcal m ~ l e - ~ , ~ ~  a maximum H atom 
concentration in the flame of 2.5 X mole 

P- a 
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FIG. 5 .  The hydrogen atom concentration profile 
in the flame. 

cinP at 900’K is obtained. The calibration of the 
chemiluminescence curves depends also on the 
equilibration of H and OH by reaction (111) 
throughout the chenliluminescent region. This 
will not be strictly true, and will tend to lead to  
low apparent values of the H atom concentration 
further out in the burned gas. 

In  order to fit the D10 results into the scheme, 
the latter were scaled so that a position was 
found where they could be superimposed on the 
chciniluminescence profile. Figure 5 shows the 
conydetc H atom concentration profile, together 
with the rangc covrred by thc different methods. 
As  a further product of the analysis a value is 
obtained for the rate constant oE the reaction 
between H and DzO at 1072’K. It is k7 = 5.0 X 
IO9 cm3 mole-’ sec-I. Due to the uncertainty al- 
ready mentioned about the equilibration condi- 
tion, this may be an upper limit for k7. 

Concentration of Hydroxyl Radicals 
Hydroxyl radical concentrations in flames have 

been measured by absorption spectroscopy by 
both KaskanlS and by Bonne, Grewer, and 
Wagner.T6 Kaskan’s method involves absorption 
by the broader ultra-violet absorption liFes of the 
014 in the flame (0, 0 band at 3064 A) of the 
narrow emission lines from a cooled water dis- 
charge lamp. This does not require such high 
spcctrographic resolution as the more general 
method involving absorption from a continuous 

I 

4 

I 
I 

background as used by Bonne, Grewer, and 
Wagner. However, the strict applicability of 
Kaskan’s method depends on the emission lines 
from the water discharge being sufficiently 
narrow, and this introduces some uncertainty. 
I n  the flame under consideration containing es- 
cess hydrogen, the OH Concentration is low and 
the absorption small. Kaskan’s method has been 
used to give preliminary results. The max+mum 
OH concentration was found to be about 3 X 

mole ~ m - ~ .  

Preliminary Kinetic Analysis 

Burned Gas Region 

I n  the burned gas region of the flame the es- 
tablishment of full equilibrium proceeds by means 
of the third order reactions (IV) and (V),  to- 
gether with associated rapid reactions which 
tend to keep the [H]/[OH] ratio a t  its equilib- 
rium value. In this region therefore the chemical 
rate of formation of H atoms is given by 

where ka is an apparent second order recombina- 
tion constant for the particular gas composition. 
The diffusion Eq. ( 5 )  may therelore be written, 
for H atoms in the burned gas region, 

Hcre & is the linear flow velocity OF the burned 
gas and [HI is the molar concentration. The 
constant k ,  may therefore be found for the flame 
by means 01 a straight line plot. Alteration of the 
composition OF the gases entering the flame to 
give different burned gas compositions having a 
common flame temperature enables ka to be 
resolved into its six constituent third order con- 
stants. A preliminary analysis along these lines 
by Dison-Lewis, Sutton and Wi1liamsl7 leads to 
values of the third order constants a t  1072OK: 

k4N2 = k4H20 = 1 X cm6/moIeculez/sec 

k4HZ = 1.7 X cm6/niolecule3/sec 

ksNZ = kZr2O = 2.5 X cm6/molecule2/sec 

Consideration of Neat Release ProJle 

If it is assumed (a) that  the maximum H 
atom concentration corresponds with the masi- 
mum rate of heat release, and (b) that the heat 
release is principally due to the recombination 
reactions, then the maximum heat release rate is 
found to be about 1.5 ea1 ~ m - ~  sec-l, compared 
with an experimental value of about 20 ea1 c m 4  
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si+. On pure rcaction kinetic considerations, 
this discrepancy could he accounted for by as- 
suming that the measured H atom concentrations 
are too low, by an order of magnitude. From 
Eq. ( lo ) ,  such a correction would involve a 
simultaneous reduction in 1ca by a factor of 10, a 
result which is not in line with values of ha ob- 
tained by I3ulcwicz and SugdenIs and others 
(c.g., ref. 19). The alternative explanation is that  
the bulk of the heat releasc occurs by a mecha- 
nism other than the recombination. Because of 
this possibility, but primarily bccause of interest 
in the kinetic effect in flames, the expected prop- 
erties of a few flames controlled by some varia- 
tions of a simple hydrogen-oxygen reaction 
mechanism have been studied by numerical 
solution of thc flame equations. 

Manipulation and Solution of Flame 
Equations 

The method used has been that proposed by 
Spalding”o and by Adams and Cook,?’ and again 
used by Zeldovich and Barrenblatt.2z It consists 
of setting up the time dependent heat conduction 
Eq. (1) and the diffusion equations of type (3), 
assuming an arbitrary initial set of temperature 
and concentration profiles, and then integrating 
by finite difference methods until the steady 
state profiles and propogation velocity arc 
reached. The method is a powerful one for dealing 
with complex mechanisms. Details of the method 
itself will not be given here. 

Kinetic Models Used 
The main features of the hydrogen-oxygen re- 

action in static systcms are now fairly well under- 
stood. The effect of many of the reactions in 
flames, however, is not known. For example, the 
simplest reasonable mechanism which could be 
assumed for a rich hydrogen-oxygen flame would 
be reactions (111) , (IV) , ( IX) , and (X) . 

OH + Hz = H20 + H (111) 

H 4-01 = OH + 0 (IS) 

0 + HZ = OH + H (W 

H + H  + M = HS + M (IV) 

Assuming reaction (IX) to be rate controlling 
in the oxygen deficient flame, reactions (111), 
( IX),  and (X) may be combined to give: 

k.9 

H + 0 2  (+3H2) ----j 2 8 x 0  + 3H (1%) 

AHs = -11.4 kcal mole-’ 

This over-all reaction does not liberate muc,li 
energy, and the principal energy releasing reac- 
tion may be thc I3 atom recombination rcaction 
(IV) , with AH4 = - 104.2 kcal mole-’. 

Reactions (IX) and (IV) could provide a 
complete flame reaction mechanism. Unknown 
features of such a mechanism are the effect of the 
velocity constants kg and Icq on the burning 
velocity and other features of the flame. In  addi- 
tion, in explosion limit work, an alternative rc- 
action path via H01 formation is usually assumed 
as part of the basic mechanism. If it is furthw 

H + 0,  + M = KO: + M (SI) 
H + HO, = OH + OH ( X I )  

ki I 

H + Or + M (+2H:) -+ 2HzO + M + 11; (SIa) 

AHl1, = -115,s kcsl mole-’ 

assumed that in the flame the HOz is rapidly 
removed by further reaction (XII) with H atoms, 
then the alternative cycle (XIa) is possible. 
Reactions (XIa) may be regarded as a chain- 
propagating cycle involving HO2, whereby the 
heat releasing potential of the H atoms formed 
in the branching cycle (IXa) is increased. 
Further, reaction (XI) has virtually zero activa- 
tion energy and hence, energetically, may occur 
in the cooler parts of the flame. Since oxygen is 
present in large concentration in this part of the 
flame, H atoms diffusing into this region may now 
alter the heat release pattern, and so also the 
other flame properties. Such effects may be im- 
portant in our low temperature flame. 

Another reaction which may follow HOz forma- 
tion is reaction (XIII)  which may result in a 
chain-l-breaking cycle (XIb) . 

HOL + HOi = H202 + 0 2  

H20, + H = HLO + 01% 

(XIII) 

(XIV) 

Hence 

H + 0 2  + M (+4H + 4HJ = 

HZ0 + 3H + M + (SIb) 

AHllb = - 110.0 kcal mole-l 

I n  all the composite reactions the important 
rate-controlling steps involve only H or 02. 
Hence diffusion equations are only set up for 
these species, and suitable approsirnations are 
made when other concentrations are needed for 
third body effects. 

The diffusion and transport properties of the 
mixtures appear in the equations in the forms 
Xp/c, and Dp2. Average values of these and othcr 
thermal constants are used, and assumed inde- 
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TABLE 1 

Propcrties of F'lanics in Hydrogen-Oxygen-Nitrogen Mixtures, Showing ELfects of Reaction Mechanism 
and Rate Constants, and of Diffusion of Hydrogen Atoms. Initial mole fractions: XH, = 0.1SS3, 

S N ~  = 0.765ti, X o z  = 0.0460. In all cases c, = 0.3055 cal gram-' OK-', and ( h ~ / c * ) ~  = 
(Dozpz)m = 2.37 x 10-7 gram2 cm-4 sec-1 

D ~ ~ Z  x 107 kq X 1033 kllH2 x 103' [HI,,,, 
(gram* SU (mole cm-3 

Run sec-1) k9 (em6 molecule- sec-1) (cm sec-l) x 10s) 
I_ 

I 
2 
3 
5 4 

fi 
S 

10 
11 

13.4 
13.4 
13.4 
13.4 
13.4 

13.4 
13.4 
13.4 

2.37 

Aa 
A 
A 
A 
A 
A 
A 
A 
B b  

60 
tid 

1 . 5  
24 
6 
6 

12 
12 
12 

0 
0 
0 
0 
2.468 
0 
0 
2.46f 
0 

6.0 
6.1 
6.6 
4.6 

S6.4 
s.5 
5.5 

v. small 
14.1 

6 . 5  
5.s 

10.4 
2.6 
5.1 
I0.S 
4.1 

s.3 

A = 7 X 10-10 exp [ -1s 000/RT) cm3 molecule-' sec-1. 
6 B = 2.S X 10-9 exp (-IS 000/RT) cm3 molecule-' sec-l. 
r H20 only effective third body. 
d All molecules have same third body efficiencies in runs below this. 
e Mechanism (XIS). 1120 assumed 8 times as efficient as Hz; N2 half as efficient as third body. 
f Mechanism (XIb). HzO assumed S times as efficient as H,; Nt half as efficient as third body. 

pendcnt of composition and temperature. DH 
was given a value about five times that of Do,, 
except in one run where both were made equal in 
ordcr to study the effect of H atom diffusion. I n  
the finite differencc form in which the equations 
are used, the form of thc equations themselves 
indicates the dependencc of burning velocity on 
thermal conductivity, namely X,, a 1:. 

The conditions used in a number of calcula- 
tions arc given in Table 1, together with steady 
state burning vclocitics and maximum H atom 
concentrations. Figures 6 and 7 show a few heat 
release profiles and H atom profiles. Clearly 
inany of the burning velocities are sufficientIy 
closc to the experimental values to justify the 
study of these modcls. 

The effect on the flame of varying the H atom 
recombination rate constant was first investi- 
gated. Assuming all molecules to be equally 
efficient third bodies, varying the recombination 
constant by a factor of 16 from 1.5 X to 
2.4 X emG molecule-3 sec-' only reduces 
the burning velocity by about 30 per cent. Heat 
release profiles for runs 2 and 4 are shown in 
Fig. 6, and a hydrogen atom profile is shown in 
Fig. 7 for run 2.  The maxima in both the heat 
release curves occurs at around 900°K, a property 
shared by the experimental profile. 

The effect of reducing the diffusion coefficient 

of H atoms by a factor of between 5 and 6 is 
shown by a comparison of run 2 (large DH) 
with run 6 (Table 1 and Fig. 7) .  The reduction 
in 011 increases both the burning velocity and 

3 0  500 700 900 1100 
O K  

FIG. 6. Some calculated heat release profiles. Curve 
drawn for run 5 shows 0.1 actuaI values. 
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FIG. 7. Some calculated hydrogen atom concentra- 
tion profiles. WE is the weight fraction of hydrogen 

atoms. 

the masimum H atom concentration. This is 
parallel with the effect obtained by Hirschfelder, 
Curtiss, and Campbell23 for a flame supported by 
a unimolecular decomposition, and provides a 
further argument against the so-called “diffusion 
theories” of flamc propagation. Clearly the flame 
is favored if H atoms can be kept in the high 
tempcrature chain-branching region. 

Run 11 shows, as expected, that increasing the 
chain-branching rate constant increases the 
burning velocity. A4 fourfold iiicrcase in the 
branching increases S, by a factor of about 2.5. 

The H02 mcchanisms(X1a) and (XIb),  in the 
forin in which they have been included, produced 
spectacular results. Mechanism (XIa) is equiva- 
lent to vastly increasing the reactivity of H 
atoms in all parts of the flamc. The hcat release 
pattern becomes entirely different in form, and 
the msimutii H atom concentration moves 
towards highcr tcmperaturcs as compared with 
the other runs. The burning velocity increascs 
somc 15 times. In contrast with this behavior, 
the chain-breaking mechanism (XIb) causes the 
burning velocity to fall to an insignificantly small 
value. 

One further point about the profiles should be 
mentioned. The osygen concentration becomes 
very small at about 900°€i, whcre the masiinum 
reaction rate and the masimum H atom concen- 
tration occur. The total enthalpy of the gases 
was therefore esamined a t  a number of positions 
in one or two flames. It was found not to vary 
greatly through the flame (as would be expected 

since Xp/c, = Do2ppy). In  addition, hoivcver, it 
was fourid that in those flames with a low rc- 
combination constant, where diffusion of 1% 
atoms was most marked, thcre was a small 
enthalpy excess a t  each end of the flame, with a 
deficiency in the chain-branching region. 

Comparison between Theory and 
Experiment 

It has not yet been possible to reproduce the 
espcrimental flame by the numerical approach, 
although the levrl of agreement is reasonable. 
The main anomaly in the evperimeiital flame 
appears to be as between heat release rate, K 
atom concentration, and recombination rate 
constant. The last two quantities are too small to 
account for the first in a simple manner. This 
could be due to some esperimental problem, or 
alternatively it may be explicable by means of 8 
more realistic reaction mechanism than has so 
far been used. 
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Discussion 

DR. PATJL KYDD (General Electric Research 
Laboratory): The central problem posed in this 
paper is the lack of agreement between the rate of 
heat release obtained by differentiating the meas- 
ured temperature profile and the same quantity 
deduced from the measured H atom concentration 
and the rate constant for H atom recombination. 
The maximum heat release is derived from the 
temperature profile a t  a point where its gradient is 
extremely steep, making the differentiation difi- 
cult; and the hydrogen atom concentration must be 
determined from the rate of the deuterium exchange 
reaction at a point where this method is losing its 
validity. The exchange rate constant is not without 
error and the atom concentration obtained must be 
squared and multiplied by the recombination rate 
constant which is also somewhat uncertain. In 
view of this, a discrepancy of a factor of ten in the 
two heat relcase rates is not a t  all surprising. 

What is more serious is that the heat release and 
H atom profiles do not agree in shape as well as 
absolute magnitude. When the latter is squared as 
required by the proposed heat release mechanism 
and compared with the profile determined from the 
temperature, the temperature profile is more 
sharply peaked. If the latter is not in error, this 
can only be explained by a different mechanism 
than that proposed. Dr. Wagner's description of a 
hydrogen-oxygen flame a t  such a low pressure that 
no recombination was possible, and yet which still 
released enough heat to  sustain itself suggests that 
the detailed stoichiometry and therefore heat re- 
lease of the branching phase of the reaction may 
provide the answer. Certainly the calculations in- 
volving HO, or a change in the branching rate 
constant are not satisfactory as they either do not 
reproduce the burning velocity or fail to solve the 
discrepancy. 

PROF. G. UIXON-LEWIS (University of Leeds): It 
seems to us that perhaps Ur. Kydd has placed too 
much emphasis on the preliminary kinetic analysis 
outlined as the starting point for t,he theoretical 
section of the paper. 

This preliminary analysis indicates the nonap- 

plicability of the assumption that the major heat 
releasing process is the recornbination reaction. The 
subsequent numerical solutions support this. and 
show that near the maximum heat release rate the 
less exothermic but much faster chain branching 
cycle provides the principal heat releasing step, 
when reasonable values are employed for the rate 
constants. 

With regard to the accuracy of the esperimentsl 
heat release profiles, similar measurements using 
the temperature profiles have been made on other 
flames with properties close to the one described in 
the paper. The heat release profiles all fall into a 
regular pattern, and indicate a lower limit for the 
maximum rate of about 18 cal cm-3 sec-1. In addi- 
tion, we have used D. B. Spalding's centroid rule 
in conjunction with our experimental profile in 
order to calculate the burning velocity of the flame. 
Granted that this contributes nothing about the 
detailed heat release profile, nevertheless the cal- 
culated 9.0 cm sec-' as compared with the experi- 
mental 9.2 cm sec-1 argues well for its general 
correctness. 

The H atom concentrations are also probably not 
too much in error, its evidenced also by the recom- 
bination rate constants obtained in reference 17. 
These are in reasonable agreement with literature 
values. 

The picture that emerges from this work is that 
of a flame in which H atoms are produced very 
rapidly in the region of the maximum heat release 
rate. The majority of these diffuse out towards the 
hot and cold boundaries of the flame before recom- 
bining, so that in the region of the mLxima in the 
profiles most of the heat release is associated with 
the branching cycle of reactions. 

In  assessing the contributions of HOz reactions, 
we would agree that as far as agreement with ex- 
periment is concerned these are not satisfactory. 
But then, the reaction mechanisms involving H 0 2  
as investigated in the paper are clearly oversimpli- 
fied and unrealistic. Alteration of the branching 
constant clearly can bc made to reproduce the 
burning velocity alone, whatever reaction mech- 
anism is assumed, but, as pointed out in the paper, 
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some further kinetic analysis is necessary to  obtain 
agreement with burning velocity and profiles. 

DR. G. L. SCHOTT (Los Alamos Scientific Labora- 
tory): The analysis of the heat release rate made by 
Dixon-Lewis and Williams provides a ncw avenue 
of insight into the chemical progress of thc flame 
that was not pursued heretofore. In considering 
further thc apparent discrepancy between the 
measured heat release rate and the recombination 
rate computed from thc measured H atom concen- 
tration, it is instructive to compare the integral of 
the heat release profile with the total power which is 
chemically available from the flame. From Fig. 3, 

( d H / d y ) d y  = l.S cal/sec/cm2, rmm -1IlXll 

E 
and the crudely extrapolated contribution of the 
tail of the curve beyond y = +2 mm indicates 

( d H / d y ) d y  = 2 cd/sec/cm2. 

Now the velocity of the gas mixture into the flame 
is 9.2 cm/sec, measured at 1 atm and 291"K, so 
that the total input concentration is 4.2 X IOw5 
mole/cm3. Of this, the fraction 4.6 X is the 
stoichiometrically limiting component, 0,. Burning 
of 0, to H,O will be complete at 107S"K, releasing 
1.14 X lo5 cal/mole of 0%. The product of these 
numbers, 2.0 caI/sec/cm?, is the total chemical 
power per unit area of the flame. Thue, the approxi- 
mate magnitude of ( d H / d y )  presented in Fig. 3 is 
confirmed, and it would seem that the difficulty 
probably lies in the assessment of the recombina- 
tion rate. The consequences of energy transport by 
diffusion, and also the small area change of the 
flame, remain to be explored. These effects were 
included in the analysis of Fristrom et al.' 

It would be possible, using the original data, to 
obtain a check on the H atom concentration (within 
the precision of the H, and H,O data) by examining 
the conservation of hydrogen atoms using thc 
methods of Fristrom.' 

It would also be possible to determine the net 
progress of recombination, irrespective of the 
mechanism, using the relationship given recently 
by Kaskan.? The net rate of recombination in the 
flame is 

II c lani/atl,I,,m 
2-1 

moles/cm3/sec, where the sum is over all species 
present. The net progress of recombination through 
the flame from the cold boundary to any point is the 
integral of this sum along y. From the final stoichi- 
ometry of oxygen consumption, we should expect 

to be 9.2 X 4.2 X 10-5 X 4.6 X lo" = 1.S X 
moles/cm2/sec, apart from the small effect of area 
change. 

It is also interesting to note that Dixon-Lewis, 
Sutton, and Williams (reference 17 of the paper) 
find that N:! and H,O arc of comparable efficiency 
as third bodies in the recombination reactions of 13 
atoms with both H and OH. In reducing their ralc 
data on these reactions, BuIewicz and Sugden 
(reference 1s of the paper) assumed the efficiency of 
H20 to be very much greater than that of any other 
species in their system, which contained sizeable 
quantities of N,. 

PROF. G. DISON-LEWIS: The intcgration of the 
heat release rate as performed by Ilr. Schott is in 
fact a reversal of the final step in our derivation of 
the latter, and tells us nothing about the distribu- 
tion of heat release rate. A similar argument would 
seem to apply to the comment regarding thc net 
rate of recombination over the whole flame. We 
have not in the paper carried the analysis so far as 
to determine the terms [dn2/at],l,,m experimentally 
over the whole flame, since this involves extremely 
accurate knowledge of the diffusion characteristics 
throughout. 

The suggested check on the H atom conccntra- 
tion profile in the particular flame would not bc 
feasible, since we deal with N atom concentrations 
of the order of 0.1 mole per cent maximum. 

DR. T. M. SUGDEN (University of Cambridge): 
I should like to raise three points concerned with 
recombination in these flames: 

(1) The reactions H + H + H,O 4 H, + H1O 
and H + OH + H, -+ HA0 + H, are indistinguish- 
able in systems such as these where the balanced 
reaction H? + OH S H20 + H is set up. What 
assumption was made in obtaining a rate constant 
for the first of the above reactions? 

(2) Was heat release from H + OH + M 3 

H,O + M taken into account in the calculations? 
(3) In connection with rate constants for recom- 

bination, Dr. T. W. Rosenfeld and I have recently 
made measurements on hydrogcn-rich flames at 
atmospheric pressure, but with temperatures in the 
region of 1500"K, i.e., well above that used by 
Prof. Dixon-Lewis. The results are in broad agree- 
ment with these presented by Prof. Dixon-Lewis. 
Atomic hydrogen was studied by thc chemilumi- 
nescence of lead and thallium. Accuracy is not great, 
enough, however, to make the results comparable 
enough to derive a meaningful activation energy. 

In the earlier work of Dr. Bulewicz and myself, 
we made the assumption that H,O was the only 
third body. This was only one of the poesible 
points of view, and cannot he distinguished from 
the case of H2 and N, having nearly equal effi- 
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ciencies, however large. The difficulty arises be- 
cause of the relatively small range of relative con- 
centrations of third bodies which has been obtained 
experimentally at any one temperature. 

1 l R .  P. J. PADLEY (University of Cambridge): 
It would like to draw Prof. Dison-Lewis’ attention to 
the paper by Padlcy and Sugden which he quotes, 
jn which is given a very reasonable quantitative 
rqdanation of his temperature profiles over the 
first 1 millisecond or so after primary combustion, 
in terms predominantly of recombination of H and 
O H  radicals in thr reaction H + OH + M -+ 
H O L  + M. Since he, in agreement with earlier work 
by Bulewicz and Sugden, and Padley and Sugden, 
finds that reaction (17) is about twenty times as 
fast as reaction (IV), his omission to consider re- 
action (V) as a more likely means of radical destrue- 
tion than reaction (11’) is surprising. 

PROF. G. DIXON-LEWIS: We agree with Dr. 
Sugden regarding the indistinguishability of the two 
reactions mentioned. In the flames studied by us in 
reference 17 (of the paper) the ratio (H)/(OH) was 
very high (up to 500) in one or two of the flames, 
and the over-all eRect in these most hydrogen-rich 
flames was therefore ascribed to the H atom re- 
combination. 

The heat release from H + OH + M -+ HLO + M 
was not taken into account in the calculations pre- 
sented in the paper. However, the equilibrium 
IH)/(OH) value even a t  the flame temperature is 
about 250, and the esploratory calculations showed 
at that time that the recombination rate did not 
have too much effect on a t  least the burning veloc- 
ity. The effcct of reactions involving OH has since 
been esamined in more detail, and it turns out that 
our assumptions in this direction were completely 
justified for this flame. 

DR. F. FINE (NASA,  Cleveland): I n  an earlier 
investigation, Fenimore and Jones3 determined a 
rate expression for the reaction H + NrO + N2 + 
OH based on the assumption that the value of (H) 
in the flame zone was constant throughout and 
equal to the value determined in the downstream 
zone. Their flames were stabilized at several pres- 
sures up to more than half an atmosphere and had 
masimum temperatures near 1750°K. To what 
estent does the observation of a sharp masimum in 
(H) within the flame zone vitiate their assumption? 

PROF. G. TIISON LSWIS: In considering the as- 
sumption made by Fenimore and Jones regarding 
constancy of (H) over a large part of the flame, it 
must be noted that in addition to their working a t  
lower pressures than ourselves, their values of (H) 
were about 50 times lower than our masimum value 
for their flame at 41 cm pressure, and 25 times 
lower a t  12 cm. The combined efl’ects of pressure 
and (H) are equivalent to decreasing the recom- 
bination rate for H + H + M = Hz + M by a 
factor of about four to five thousand. This would 
tend to produce constant (H) on the rccombination 
side of the profile. Their flames also involved faster 
flows than ours, and this would enhance the effect. 
There would seem to us at present to be no dim- 
culty in reconciling the assumption with our results. 

1. 

2 
Y. 

3. 
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THE STUDY OF THE STRUCTURE OF LAMINAR DI 
FLAMES BY OPTICAL METHODS 

T. P. PANDYA AND F. J. WElNBERG 

This communication deals wit,h progrcss made in the stabilization of flat diffusion flames and 
with the establishment of optical methods for the analysis of their structure at velocities up to 

The system has been considered theoretically to  allow analysis for rate of heat release and cor- 
rection for the effect of composition. Considerations of the magnitude of optical path gradients 
in such flames have led to the adaption of two types of optical method: one based on deflection 
mapping and the other on interferometry. The results presented include photographs of the flat 
diffusion flame, records of the distribution of flow velocities, and of refractive indes and their inter- 
pretation. 

blow-out. 

Introduction 
Methods based on refractivc indes measure- 

ment have proved to be well suited to the study 
of temperature distributions across flat premixed 
flames. This approach, which makes possible the 
in situ measurement of heat release rate and its 
distribution, is however limited a t  atmospheric 
pressure to near-limit mixtures. Unless recourse 
is taken to reduced pressurcs, it  is impossible to 
study the structure of flames of burning velocities 
much in excess of 12 cm/sec-not to mention 
reactants too active to be premixed (which are 
becoming increasingly important in practice) . 

This communication reports on progress made 
in a project concerned with the stabilization of 
suitable diffusion flames and with the establish- 
ment of optical methods for the analysis of their 
structure a t  velocities up to blow-out. 

The Flame 

Experimental 

I n  recent ycars, diffusion flames have been 
stabilized‘J in the counter-flow region of two 
directly opposed jets carrying individual rc- 
actants. The use, in such a system, of the flow 
rate of reactants a t  blow-out as a measure of 
reaction rate has been advocated. A flame of 
this type seemed, in principle, suitable for the 
present work, provided the following modifica- 
tions could be implemented. 

Firstly, for optical analysis, a flat flame sur- 
face of appreciable area is desirablc. In  order to 
achieve this, the reactant flow velocity dis- 

tributions wcre rectified to approach constant 
and uniform values across the burner mouths. 
The method employed is analogous to that used 
in the “flat flame burner.” The approach velocity 
distributions arc first randomized by beds of 
glass beads and then streamlined by matrices 
of flame-trap material. The latter are con- 
structed of adjacent plane and corrugated 
cupronickel strips spirally wound. 

Secondly, the inert gas flow (e.g., the nitrogen 
of air) was always divided between the two jets 
in such a manner as to make volume flows equal, 
when the reactant supply rates are in stoichio- 
metric ratio. This bestows kinetic, as well as 
aerodynamic advantages. The large difference 
in jet momenta involved a t  stoichiometric with- 
out this device, set a limit to Aame flatness. As 
regards reaction velocity, the admixture of 
diluent makes possible the approach to blowout 
conditions a t  conveniently low flow rates. 

GAS(02tN2) INLET 

COLLARS HAVING THREE 
LEVELLING SCREWS. 

COOLING COILS 
WATER 

UTER MATRIX 
ATRIX FOR RECTIFYING GAS FLOW 
RASS CYLINDER 
HERMOCOUPLES (Six) 

GLASS BALLS 

IHERMOCOUPLES LEADS 

FIG. la. Opposed jct burner. 
,\ 
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FIG. Ib. Flow delivery apparatus. 

n 
T 

CAPILLARY TUBE 

GAS OUTLET 

MANOMETER 

FIG. le. Capillary flow meter for measuring ethylene 
and oxygen flows. 

Since the boundary between escaping hot 
products and the surrounding atmosphere gives 
rise to appreciable refractive index gradients, it 
seemed advisable to control it by streamlining 

the effluent also. Additional inatrices were there- 
fore wound on the outside of the vertical burner 
tubes. 

In order to ascertain the approach stream 
temperatures and any variations in them across 
the burner mouths, six thermocouples were 
welded onto the downstream face of each matrix. 
The temperatures were controlled by water 
jackets around the burner tubes. 

These measures proved successful and led to 
the stabilization of suitable flames. Figure 1 
illustrates the layout of burner and flow systems. 
A photograph of the flame is shown in Fig. 2. 
The diameter of the luminous zone is about 8 cm. 

FIG. 2. Flat counterflow diffusion flame. 

The flow velocity patterns were ascertained 
by photographing particle tracks under inter- 
rupted Tyndall beam illumination. A typical 
record is shown in Fig. 3. The light source was a 
high pressure mercury arc operated by ac of 
50 cps (i.e., 100 interruptions/sec). Matrix 
temperatures were of the order of SO°C and 
varied from their means by less than 5OC. 

Theoretical 

The system is axially symmetrical. Conserva- 
tion equations can therefore be expressed in 
terms of z and r, the axial and radial coordinates 
respectively. (This is convenient for a general 
approach but is not necessarily the most suitable 
frame of reference. In particular cases i t  may be 
more convenient to resolve along, and a t  right 
angles to, lines of flow.) The generalized steady 
state equation for any gas property whose flow 
rate is F per unit area and whose rate of genera- 
tion is p per unit volume, is 

where suffixes denote axes along which com- 
ponents of vectors are taken. For heat, the flow 
rate per unit area along any coordinate, p ,  is 
given, under conditions of laminar flow, by 

F p  = - k ( a T / d p )  + pvpH 4- R 

where v, k, p ,  and H are, respectively, the local 
velocity, thermal conductivity, density, and 
enthalpy of the gas. R is the radiant energy flow 
rate, which is negligible in the absence of an 
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FIG. 3. Particle tracks in diffusion flame; ac-operated high pressure mercury arc (100 interruptions 
per second). 

appreciablc concentration of radiating and ab- 
sorbing soot particles. Apart from this, only 
frictional terms will be neglected. The source 
term, q, becomes wQ, where w = rate of reaction 
and Q = heat of reaction, such that the product 
is the rate of heat release pcr unit volume. 
The full equation is therefore, 

Away from zones of reaction, the equation must 
balance without the last term. Elsewhere, the 
differentials must be determined experimentally, 
in order to deduce heat release rate. It is worth 
noting that in the presence of appreciable 
pyrolysis a heat sink rather than a source term 
can appear on the fuel side. 

Inspection of the heat conservation equation 
reveals that  the deduction of local reaction rate, 
defined in terms of hcat release, demands knowl- 
edge of the following data: 

(1) The distribution of temperature in r and z. 
This is the primary function of the refractive 
index distribution measurement. It can be 
shown3 that in flame systems, refractive index 
variation is occasioned mainly by changes in 
temperature. Secondary composition variations 
can be corrected for as indicated below. The 
method of refractive index measurerncnt in this 
type of flame is detailed in a later section. 

(2) The distribution of flow velocity in r and z .  
This is obtainable directly from photographs of 
particle tracks illuminated by an interrupted 
Tyndall beam. The light from a high pressure, 
AC-operated mercury arc is focused along a 
plane containing the burner axis. The particles 
are bentonite of mean diameter 4 microns. Larger 
agglomerates, which occur occasionally, can be 
identified and ignored on the photographs. 

(3) Calculation of local values of thermal 
conductivity, density and enthalpy. In the case 
of the reactants under study, thc major com- 

ponent in the variation of each of these param- 
eters is temperature, which is known a t  every 
point. The remaining, composition-induced vari- 
ation is duc largely to diffusion. Only near the 
central zone of the flame is reaction likely to 
contribute appreciably. Calculation of composi- 
tion effects can be based on t h e o r i e ~ ~ ? ~ , ~  of diffu- 
sion flame structure. Such theories involve as- 
sumptions concerning interrelations between 
transport properties (in particular, equality of 
diffusion coefficient and thermal diffusivity) . 
Because of the secondary importancc of com- 
position effects, i t  follows that these approxima- 
tions are much less significant here than in the 
theories from which they derive. The same ap- 
proach is involved in correcting the refractive 
index-temperature conversion for composition 
effects. 

The Optical Method 

Choice of Technique in Terms  of Optical Path 
Gradient 

The magnitude of the optical path gradient 
(which is the product of refractive index gradient 
and geometric path length in the flame-if the 
latter is constant) determines the steepness of 
the perturbations induced in an initially plane 
light wavefront by the test space. Two kinds of 
approach are available for determining tlic 
topography of the emerging wavefront. The 
methods of geometric optics-notably mapping 
the angles of deflection-are based on the con- 
cept of rays orthogonal to the cmerging wave- 
front. They therefore record the slope of per- 
turbations on the front and are most sensitive 
for large gradients, irrespective of the terminal 
values. 

The methods of physical optics-notably 
interferometry--"shear" the wavefront, usually 
with an unperturbed one, producing fringes at  
fixed phase increments. Thcy therefore record 
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absolute heights of the perturbations in the 
form of contour maps and are less suited to 
measuring steep variations, both because of 
consequent crowding of fringes and because of 
deflection effects which here become aberrations. 
In the analysis of “flat” premixed flames, de- 
flection methods therefore become accurate3f7 for 
large diameters. Interferometry has recently 
been successfully usedS for a flat flame whose 
flat portion was relatively small. 

The theory of diffusion flames suggests that, 
so long 3s blowout conditions are not approached, 
smaller refractive index gradients are to be 

cted. On the other hand, large geometric 
path lengths are again advisable, to guard 
against predominance of edge effects. It therefore 
sccmcd prudent to  approach the problem without 
an a priori choice of only one method. The eom- 
plementary nature of the techniques suggested, 
on the contrary, that  one approach should be 
perfected from each, the deflection-mapping and 
the interferometric principles. This seemed de- 
sirable in view of the large range of conditions 
(e.g., flow velocities) that might be encountered 
and because i t  seemed quite possible that differ- 
ent approaches might be required even for differ- 
ent regions within the same flame. 

Dejection JIapping 

In  previous deflection mapping studies of pre- 
mised flat  flame^,^^^ the distorted shadows or 
images of slits placed before, and inclined at 4 5 O  
to the flame, were recorded some distance beyond 
the flame. This method is convenicnt and ac- 
curate for thc large angles of deflection caused by 
the large optical path gradients across these 
flames. If the method is to be extended to very 
much smaller optical path gradients, inaccuracies 
arise because of diffraction a t  the slits. Every 
criterion on the diffraction pattern which could 
be used to  read the record, such as the central 
diffraction maximum, is defined by a given 
angle subtended at  the slit. Thus the sensitivity 
of the method cannot be increased beyond a 
certain amount by increasing thc displacement 
on the record per unit angle of deflection (e.g., 
by increasing the distance between test space 
and receptor). The width of the central diffrac- 
tion maximurn, for instance, will increase pro- 
portionately, and, by remaining a constant 
fraction of the displacement, will place an 
absolute limit on sensitivity. This difficulty is 
further aggravated if not only sensitivity, but 
also resolution in the test space, is to  be in- 
creased. This can be achieved only by decreasing 
slit width and thereby increasing the diffraction- 
induced indeterminacy on the record. 

If deflection mapping were to be extrapolated 

to opticaI path gradients very much smaller 
than those occurring in flat premixed flames, an 
alternative method of “marking the wavefront” 
would be advantageous. The principle of the 
“half-wave step’’10 seemed readily adaptable to 
present requirements. Parallel strips of magne- 
sium fluoride film, half a wavelength thick, were 
evaporated onto an optically flat glass plate. 
The distances between adjacent strips were 
equal to each other and to the width of the strips. 
The equidistant steps so produced were used in 
the same manner as inclined slits in studies of 
premixed flames. At every step, the wavefront 
emerging on one side of the edge is a out of phase 
with the adjacent front. The destructive inter- 
ference which takes place along the surface 
containing the step and perpendicular to the 
glass plate, results in a sharp dark line on a 
screen or photographic plate, as long as the latter 
is not too far removed from the half-wave step. 

The “resolving power” of this device is com- 
pared with that of slits in Fig. 4. Both were 
placed in an accurately parallel light beam and 
the “shadow” recorded a t  a distance of 165 em. 
The width of the slits shown lie between 0.049 
and 0.123 cm and the wavelength of the light 

FIG. 4a. Slit diffraction patterns at 165 cm. Slit 
widths, left t o  right, are 0.49, 0.66, 0.90, 1.13, 1.23 

mm. 

FIG. 4b. Half-wave step diffraction patterns at 
165 cm. 

FIG. 5 .  Half-wave step diffraction patterns beyond 
flame. 

G 
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was 5461 AU (green line of mercury). It will be 
seen that  a very considerable improvement in 
accuracy results from the use of a grid of half- 
wave steps. 

Figure 5 shows the distorted pattern of the 
half-wave grid after passage of the beam through 
the flat diffusion flame. Large deflections are 
observed in thc immediate vicinity of the burner 
mouths. These are also responsible for the all- 
parent increase in the distance between the 
burncr mouths. This property of thc deflection 
field of such diffusion flames has two undesirable 
consequences. Firstly, the angles of deflection 
are seen to fall to small magnitudes in the central 
zones, which are likely to prove the most inter- 
esting from the point of view of the flames’ 
mechanism. Secondly, because the refractive 
index gradients extend right to the burner mouths, 
the undistorted shape of the grid cannot be 
ascertained readily from the distorted pattern. 
I n  the premixed flame, the refractive index 
gradient and hence deflection falls to zero on 
either side of the reaction zone, well before any 
solid boundary obscures the light beam. Conse- 
quently, the undistortrd pattern can be con- 
struedg 011 thc record by interpolation between 
the undeflected extremities, without requiring a 
superimposed “blank.” The difficulty is ag- 
gravated, in the case of the diffusion flamcs by 
the necessity of recording the direction, as well 
as the magnitude, of deflection. The observed 
deflection pattern thus suggests that  an inter- 
ferogram of the diffusion flame would be valuable, 
a t  least as an auxiliary to the ray displacement 
record. 

Interferometry 

An iiiterferometer for use in the present work 
must satisfy the following requirements in addi- 
tion to those generally common to the study of 
refractive indes fields: The transluminating beam 
must be collimated in all directions (i.e., the 
effective source must approximate to a point, 
not to a line), because the depth of the test space 
is too grcat to permit traversal a t  morc than one 
angle. Furthermore, the interferometer must 
make possible the recording of fringes with the 
camera focused on the center of the test spacc, 
in order that  thc appreciably deflected “rays” 
may terminate on the corresponding points of 
the “image.” This narrows the field very con- 
siderably. 

The four-mirror Mach-Zehnder11J2 interferom- 
eter is the one most comnlonly used for this 
kind of work. Its disadvantages from our point 
of view, are its very high initial cost and its 
difficulty of adjustment. The latter is inherent 
in any instrument based on beam reflection. 

Thus for mirrors 15 cm in extent and a wave- 
length of 5 X 10“ em, one “involuntary” fringe 
will appear for an angular misalinement of each 
mirror of 8 X lo-’ radians! 

An interferometer based on much the sainc 
principle but employing four diffraction gratingsI3 
instead of mirrors, is free from these objections; 
it is both insensitive to misalinement and re- 
markably inexpensive. It is, however, wasteful 
of light and has hitherto been used only for non- 
luminous phenomena. Although the flat diffusion 
flame is found to be steady enough to permit 
extended exposure times, it is conceivable that 
the range of interest niay include flames of ap- 
preciable luminosity and this interferometer was 
therefore not used. 

The interferometer which appeared most 
suitable is that  discovered by k-ra~shaar’~ during 
his attempts to extend a “Ronchi schlirrm” 
system to gratings of greater line frequency. In  
this, the beam is split and recombined a t  points 
of focus by two fragments of a diffraction grating. 
The theory of the instrument has been developed 
~ubsequently.’~,~ It has bcen shown that the 
interferometer is insensitive to misalinement, 
provided3 that the optical elements used are 
long-focus schlieren mirrors. Where these are 
already available, the instrument is also inex- 
pensive. It is less wasteful of light than the 
four-grating interferometer though, of course, 
more so than the Mach-Zehndcr interferometer. 

The optical system used is illustrated sche- 
matically in Fig. 6. A circular field of view of 
diameter equal to the radius of the schlicrcri 
mirrors was employed. Thus thc gratings should 
be blazed for maximum transmissioii in the zero 
and first orders and thcir spacings should bc 
X/sin (u/j), where ( a / f )  is the ratio of the 
mirrors’ radius to thcir focal length and X is the 
wavelength. (Apart from this relationship, 
however, the interferometer can be s h o ~ n ~ ~ , ~  
virtually not to diffcrentiatc between wave- 

FIG. 6. Two grating interferometer. A-Schlieren 
mirrors, f = 243 cm, 2a = 20 em; B-plane trans- 
mission gratings 20CO lines/inch; C-front surfare 
polished plane mirrors; &-convex lens of variable 
aperture; E-pin hole; F-condensing lens; G- 
M.V. arc; H-Camera focused on test space I. 
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FIG. 7 .  Interferogram of part of diffusion flame. 

lengths). IVitli the (a , / f )  of 1/24 used, the grating 
dispIacement involved in going from 10 fringes/ 
cm to thc infinite fringe condition \vas approxi- 
mntclg 2.5 cni. 

Figurc 7 sho~m an interferogram extending 
ovm half of a diffusion flame. 

Analysis of Results 
Assuming only radial symmetry, the test space 

w m  first divided into 10 [‘slices” by planes 
r~nrsllcl to the burner mouths. Each slice was 
then divided into 25 annular rings, thus giving 
250 elements, n itliin each of which the refractive 
index \vas, in thc first instance, assumed to be 
constant. Each slice was now treated inde- 
lrndently by a method of numerical analysis: 
The optic31 pa th  difference deduced from the 
intcrferograni for the outermost annulus was 
used to deduce the menn refractive index of that  
clement. Considering: nest the beam which 
traverses the first and second, but not the third 
zone, the now calculable optical path due to the 
first zone u7as subtracted from the value recorded 
bg the interferogram, to yield the optical path 
and hence the refractive index within the second 

annulus. This process was continued until the 
axis was reached. In  some cases, the refractive 
index was observcd to vary so steeply that a 
further subdivision of the “elements” seemed 
advisable. This treatment yielded the complete 
refractive index distribution. 

The next step was the translation of the re- 
fractive index into a temperature distribution. 
While temperature is the main variable, the 
di ffusion-induced variation in composition was 
also taken into account. As discussed above, this 
secondary dependence was calculated on the 
assumptions underlying the theories of diffusion 
flame structure, viz.,  the equality of diffusion 
coefficients with the thermal diffusivity. Under 
these conditions it can be shown that the frac- 
tional change in composition is (T - l ) / ( ~ b  - I ) ,  
where T denotes the ratio of temperature ( O K )  

to its initial value (a  parameter convenient in the 
calculation of refractive index) and the suffix b 
indicates the burned state. 

One method of solution is the use of successive 
approximations. In  this, the entire refractive 
index distribution is assumed, as a first approxi- 
mation, to be due to temperature variation alone. 
The resulting temperature distribution is used to 



compute the composition distribution, according 
to the above equation. The approximate tem- 
perature distribution is next corrected and the 
entire process is repeated until further variation 
is negligible. 

Since, using the above relationship, the com- 
position distribution can be expressed uniquely 
in terms of temperature, i t  is equally valid and 
more rapid to exprcss the dual dependence 
analytically. Thus, in the law relating refractive 
index, (1 + 6) ,  to tempcrature: 6 = &/7; 6, 
refers to the mixture composition corresponding 
to 7 and the suffix u denotes initial temperature. 
Adding the contributions of reactants (suffis T) 
and products (suffix p )  , 

using this initial condition, it can be shown that 

where 

The flame portrayed in the interferogram in 
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FIG. S. Approximate temperature distribution in an 
opposed jet diffusion flame. (Gap = 1.50 cm). 

Fig. 7 was of CzH4, OS, and N:! in stoichiometric 
proportions. The approach volume flow rates 
were equal to each other and to S2.5 cc/sec. 
Thus the two approach molar compositions 17-cre 
CtH4 + lON:! and 302 + SNz. Thc nican :tp- 
proach tempcratures wcrc 75.6"C (top matrix) 
and S2.2'C (bottom matrix). ilnnlysis of the 
interferogram yielded tlw temprrsturc distriliu- 
tion shown in Fig. S in ~ ~ ~ h i c l i  arc plotted ap- 
proximate graphs of temperature against the 
radial co-ordinate in various planes between the 
burner mouths. At the flow rate employed, it 
appears that maximum temperatures are not 
attained until the gases approach the flame cdgc,. 

[Note added in proof. Recent work indicates that  
this is not typical for conditions away from blow- 
out.] 

Conclusions 
1. A method of stnbilizing large, flat diffusion 

flames in an equal-volume, counterflow reginic 
has been established. 

2. Instrumentation to measure the distribution 
of flow vclocities and the approach stream tcm- 
peratures has been set up. 

3. Two optical methods, one based on deflcc- 
tion mapping and the other on interferometry, 
have been developed for the incasurement of the 
distribution of refractive index and hence of 
tcmperature. 

4. Their usc is illustrated by a complete tem- 
perature map of a flame in two dimensions. 

5 .  The approach for analyzing the flamcs' 
structures to  deduce heat release rates is di+ 
cussed. Results of such analyses will be pub- 
lishcd elsewhere. 
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Discussion 

H. 6. WOLPIIARD [Thiokol Chemical Corporation). 
The mthors describe temperature measurements in 
flat diffusion flames using a modified interferometer. 
This allows the detailed plotting of a temperature 
map, which ultimAtcly can be used to calculate 
reaction rates. This method is superior to Schlieren 
methods as temperature can be measured at low 
and high values and does not depend on tempera- 
ture gradients. Two disadvantages, however, are 
apparent. The maximum temperature in the flame, 
on which reaction rates are finally based, will not 
be very accurate. This is due to the uncertainty of 
the composition and is also caused by the fact that 
density is proportional to 1/T, thus at high tempera- 
tures the number of fringes will be smaller. In 
addition, the flame is not absolutely flat and correc- 
tions have to be applied for the curvature at the 
flame edge, again reducing the accuracy of the 
result, besides making this method rather tedious. 

The purpose of this comment is to point out that 
temperature measurements by line reversal are not 
only practical but give reliable results and very 
good space resolution for temperature mapping. In 
flames as discussed by Dr. Weinberg the tempera- 

- 2 m m  - I m m  0 I m m  2mm 3 m m  

FIG. 1. CyH2-air diffusion flame. 

ture gradients are not stcep enough to deflect 
narrow beams of light. Sodium can be introduced 
into the flame locally, thus edge effects ran he 
prevented. 

The two figures give temperature measurements 
in vertical flat diffusion flames, the burner having 
two sections, each measuring 3.3 by 0.5 cm, one 
carrying the fuel, the other, air. It can be seen that 

25000c 

0.08 em ABOVE 
BURNER RIM 

, O O r J ~ C ~  
2 mm 4 mm HA1 R-LIN E 

FIG. 2.  HB-air diffusion flame. 

the scattering of the reversal temperatures is very 
small and that various regions in the flame can be 
clearly distinguished. Of course, temperature meas- 
urements by reversal are only practical down to 
about 1300°C. Thus this method is not suggested to 
supersede Dr. Weinberg's method but to supplement 
it in the high temperature region. 

There is nothing new in sodium line reversal. The 
point here is that this method is also useful for de- 
tailed temperature mapping and that it is possible 
to plot many temperature points within a distance 
of one millimeter by using very slender beams of 
light for temperature reversal. 

DR. F. J. WEINBXRG (Imperial College): We have 
already measured the maximum temperatures of 
these diffusion flames by line reversal (and, inci- 
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den tally, also by mcms of thermocouples). Sodium 
is not very suitable because its salts are insufri- 
ciently volatile for these low-temperature flames 
and chromium, introduced as chromyl chloride, was 
used. 

Because of the finite angle subtended by the light 
beam a t  the center of the flame (wherc the source 
image is projected) such methods are not suited to 
the measurement of steep temperature gradients in 
large flat flames. Indeed, we found line reversal to 
occur over a range of temperatures a t  one position. 
It is, however, possible to deduce the maximum 
temperature of the range and when the interpreta- 
tion of the interferogram is pegged to that value- 
rather than to room temperature-an extremely 
accurate temperature profile is obtainable. 

PROP. L. WALDMANN (Max Plunck Institut fur 
Chemie, Muinz): A nonuniform gas mixture exerts 
a force on small suspended particles. The particle 
velocity due to the force by a temperature gradient 
and due to friction is v = 0.14 X d T / p  dx, X being 
the heat conductivity, p the pressure. For air a t  
room temperature and 1 atm one finds v = 3.4 
cm/sec for a temperature gradient of 104"C/cm. 
The particle velocity due to the force by a gradient 
of composition in a binary gas mixture with molecu- 
lar masses ml,L and due to friction again is 

v = - 6 m :  D d y l / ( n z : )  dx, 

where 6nzk = W L ~ ;  - ml:, and (mi)  means an average. 
For a mixture of hydrogen with a heavier gas in 

which the Hl-mole fraction drops from about 1 l o  
about 0 at a distance of I mm, the particlc velocity 
is u = 10 cm/sec.l 

My question to Dr. Weinberg is whether thcsc 
forces must be taken into account when interpreting 
the particle tracks in the diffusion flame in terms of 
the gas flow velocity. 

DR. F. J. WEINBERG: These effects are relativcly 
small at barometric pressures and for thc flames we 
are discussing (as, indeed, the numerical value c31- 
culated by Prof. Waldmann indicates). Over the 
central regions of the diffusion flame studied, Fig. 
S of our paper shows that this velocity will barely 
exceed 1 cm/sec. A correction factor is readily 
calculable from our results. 

The effect seems rather more perturbing in those 
studies of premixed flames where particle tracks 
were used for purposes other than the measurement 
of burning velocity. Considering the effect in the 
preheat zone alone, 

A(dT/dX) = pvc(T - To) 

where p = density, v = flow velocity, c = mean 
specific heat, suffix 0 denotes standard state. 

Thus the percentage error in v becomes 

l14PC(T - Tll)/Pl% = [(14Mc/R)(t - TO/T)l% 

where ZZ = gas constant and M, molecular weight. 
The maximum value of this, (14Mc/R)%, seems un- 
reasonably large; it would be valuable to have Dr. 
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FIG. 3. Regions of quantitative applicability of particle track studies. Burning 
velocity (cm/sec) is plotted against particle radius (cm). The region for satis- 
factory particle track studies (error less than 3%) at 0.1 atm is cross hatched. 
To outline the region for any other pressure, locate the pressure on the di- 
agonal axis. From this point drop a normal to the particle radius abcissa and 

run a line parallel to the pressure diagonals. (Figure 11-7 of reference 3.) 



596 FUNDAMENTAL FLAME PROCESSES 

Fristrom’s view on this matter, since he used 
particle tracks in premixed flames in this capacity 
and has, no doubt, given the matter some thought. 

1 ) ~ .  E. M. FRISTROM (RPLIJohns Hopkins Uni- 
vejsity) : As Prof. Waldmann indicatcs, the thermo- 
nicchaiiical eflect can be a serious problem in 
particle track studies. The differenccs between 
Prof. Waldmtnn and Dr. Weinberg can perhaps be 
resolved by noting that the equation derived by 
Prof. W:ddmann refcrs to particles which arc small 
cornparcd with thc mean free path, while the 
pnrticlcs used by Dr. Weinberg and Dr. Pandya 
were no doubt large compared with the mean free 
path. (In an atmospheric flame, mean free path 
ranges from 10-4 to  cm, where particles are 
usually cm.) The thermomechanical effect 
for large particles is a factor of 4 5  smaller than 
estimated by the Waldmann-Einstein relation. 
(See Waldmann, reference 1, and also reference 2.) 

The situation may be clarified by Fig. 3 which 
gives the rough rc1:ttion between Iimits of error im- 
posed by accelerational lag (calculated from Stokes 
law) and thcrmomwhanical effect (using the rela- 
tions of Prof. Waldmann for large particles, refer- 
ence 3). An arbitrary acceptable error of 3% and an 
empirical relation between the thickness of the pri- 
mary reaction zone, Eq. (l), were chosen 

L = 3P-1 vo-l, (1) 

where L is flame thickness (cm), P is pressure 
(aim), :~nd vo is burning velocity (cm/sec). These 
c:ilcul:rtions are rough and only apply directly to 
premiicd hydroc:xbon oxygen (or air) flames. They 
(lo, howcvcr, provide a rough guide in determining 
whcthcr qunntit:ttive particle track studies can be 
mtde and what particle sixes should be used. 

In relation to the velocity induced by a concen- 
tration gradient, it would seem that this could 
introduce serious errors if the products are of ap- 
preciably clifkerent molecular weight than the 
reactants. This means a change in mole number is 
nrceseary ; otherwise, a first order cancellation 
occurs betwcen the effects of the gradients of the 
products :md reactants. The effect would also be 
reduced by the addition of a diluent. 

DR. G. S. LONGABABDO (Columbia University) : 
As a ray passcs through a flame it is refracted 
tow:ird the higher density region in both the r-0 
planc and the 2 direction. This results in two 
effccts: the geometrical path, and hence the optical 

path length, ditfers from that of an unrefracted ray, 
and, if not considered, results in an error in fringe 
shift; the location of an image point in the inter- 
ferogram is only an apparent one, being displaced 
as it is from its true location by an amount deter- 
mined by the slope of the ray as it emerges from 
the flame and its distance at this point to the 
object plane. 

Would Dr. Weinberg please comment on the mag- 
nitude of these corrections in his work and, if pos- 
sible, make some remarks on what “tcmperature” 
is being measurcd? 

DR. F. J. WEINBERG: It can be shown, either by 
calculation, or by direct measurement of our ray- 
deflection profiles, that the effects of refraction are 
negligible in our flames, so long as the receptor is 
focused on the center of the flame. 

The temperature measured is translational. We 
are indeed comparing them with both line (chro- 
mium) reversal and thermocouple temperature in 
the zone of maximum temperature. The agreement 
is reasonable. 

DR. B. FINE (NASA, Cleveland): If the Reynolds 
number of the opposed jets were sufficiently high 
that the flames were turbulent, would one expect 
the same sort of temperature distribution and flow 
pattern? In particular, is it not likely that opposed 
jet flames stabilized under the conditions of Potter 
and Anagnostou would show a much less sharp radial 
temperature profile because of increased mixing in 
the flame zone? 

DR. F. J. WEINBERG: I should have thought that 
for hydrocarbon flames, the slower second stagc of 
the reaction (CO ---f CO?) is always likely to be 
blown to the periphery, when blow-out conditions 
are approached. This would, of course, give rise to 
higher peripheral tempcratures and the appearance 
of Potter and Anagnostou’s flamcs at blow-out may 
be partly due to that effect. This, however, is 
speculation. 
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THE DECOMPOSITION OF ETHYLENE AND ET 
PREMIXED HYDROCARBON-OXYGEN-HYDROGEN S 

C. P. FENIMORE AND G. W. JONES 

The experimental procedures used previously to study the breakup of CH4 in flames are applied 
to C2Ha and C,HF. Composition and temperature profiles are obtained by probing low pressure, flat 
flames; the profiles are recast as reaction rates, and it is sought to cypress 

-d[hydrocarbonJ/[hydrocarbon]dt = k[H] + k'[OH] + k"[O] 

and to estimate k ,  k', and/or k" from the variation of the specific decay rate with [HI, [OII], and 
[O]. The necessary radical concentrations can be inferred from --d[O,]/dt and d[CO>]/clt or from 
their equivalents if, as earlier work suggests, O1 is consumed mostly by W + O L  $ OH + 0 and 
CO, generated by CO + OH t CO, + H; and this is assumed true. The estimatcs of lr, k', and IC" 
found in this way are expected to be correct to within a factor of about two. 

In ethylene flames, the consumption of hydrocarbon is found to be due mostly to an attack by 0 
atoms; k" - 3 X 1O'O liter mole-' see-' a t  1400" to 1860"Ii with little temperature dependence, in 
fair agreement with recent estimates a t  much lower temperatures. In the presence of much added 
H,, transient CH, appears in the reaction zone in amounts which are quantitatively consistent 
with a formation of CH1 radicals at the rate k"[O][C,H,] and with the reaction CW, + HI e CH, + H 
and CH3 + 0 + --f CO + * - e ,  as previously deduced in CH, flamcs. This too is consistcnt 
with recent work a t  lower temperatures. 

In ethane flames, an initial attack by 0 atoms is not important, and k[H] or Ic'[OH] prcdoniin,ites 
depending on the [OH]/[H] ratio in the reaction zone. For H + C,W,, k N 1.4 X 10" cxp (-0 7 
kcal/RT) liter mole-' see-' in fair agreement with most estimates at lower tempernturcs, the activn- 
tion energy being thought reliable to about f 2  kcal. For OH + C2HG, k' N 3 X 10l0 nt 1400" to 
1600"K, but the temperature dependence has not been determined as well for k' as for IC. 

- d [ 0 2 J /d t  and d [ CO 4 / d t  in Hydrocarbon 
Flames 

In flames of OZ-CO-H~ mistures, O2 is con- 
sumed largely by reaction (1) and COz generated 

kl 
H + Os.--=' OH + 0 (1) 

k-I 

OH f CO e C 0 ,  + H; (2 )  

and in hydrocarbon flames, it i s  probable that 
these reactions still play the sitme roles. Evi- 
dence that 0 2  disappears mostly by (1) in several 
hydrocarbon flames was obtained1 by estimating 
[H] and showing tha t  - d[Oz]/dt  approx5mated 
to kl[H][Oz] as long as the reverse of ( I )  was 
negligible. This did not altogether exclude other 
reactions of 0 2 ,  to be sure, nor has conclusive 
evidence been obtained since then; although no 
case has been found in which jt would seem forccd 
to  ascribe all of -d[Oz)/dt to  (1). The impor- 

by ( 2 ) ,  

697 

tance of (2) in hydrocarbon flaii~es is generally 
accepted and is surely true if there is only oiic 
major path of C02 formation. 

In CHI flames, furthermore, the roles snggcstccl 
for reactions (1) and (2) are supported by more 
detailed studies. CH3 radicals are thought to be 
formed by (3)2s3 and (4): and destroyed by 0 
atoms in  the incompletely undcrstoocl (5) 

OH + CHI + CH, + H>O ( 3 )  

H + CH, F.', CHj + Hi ($1 
CHI + 0 + -. - --f eventually CO + . . *., (5) 

As far as is known, therefore, the CH4 flame is 
an Oz-CO-H2 flame fed by the breakup of CH4, 
and the breakup neither consuincs Os directly 
nor generates COr directly. 

The evidence just cited1-* suggests, and it is 
assumed true, that  Os is consumed entirely by 
(1) and C02 generated by ( 2 )  in the C2H4 and 
C ~ H G  flames studied in this paper. Then i t  is 
shown that CZH4 reacts mostly by 0 + -+ 
CzH40" --j e - . ,  where CZH4O* decomposes to 

f 
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give a CH3 radical and CO, and the CHJ radical 
reacts subsequently as in CH4 flames. The initial 
reactions of C2Hs do not involve 0 atoms, but 
are analogous to (3) and (4). 

A Typical Experiment 
It was not possible to interpret in a self-con- 

sistent fashion the decay of hydrocarbon by a 
hypothetical reaction with 0 2 ;  indeed, such an 
interpretation uoulcl contradict the hypothesis 
about reaction ( I ) .  The starting point, therefore, 
was to ask if the hydrocarbons could be destroyed 
by any of the probable reaction partners, H, OH, 
or 0. To answer this question, composition, and 
temperature profiles were obtained by probing 
low pressure, flat flames on porous burners.'J 
Thc profiles were corrected for diffusion and re- 
cast as reaction ratcs, and it was sought to espress 
- d[liydrocarbon]/[h ydrocarbon] dt 

= k[H] + k'[OH] + k"[O] 
and to estimate k ,  k', k" from the variation of 
the specific decay rate with [HI, [OH], and 
[O]. The following esample shows how this was 
done for a C2H4 flame for which some profiles are 
plotted in the upper part of Fig. 1. 

The necessary diffusion coefficients were ob- 
tained by assuming that any COZ found where 
T < 1300'K had diffused from hotter parts of 
the flame. Dcol as calculated on this assumption 
was fitted to the equation Dcon = AT" cm2 
see-'; the parameters found A = 7.5 X loF4, 
n = 1.55. DcOn a t  higher temperatures was 

- 2000'K 

- 1500'K 

-4 looox 

- 

D: 0.2 0.4 cm 

DISTANCE FROM BURNER SURFACE 

FIG. 1. Profiles through s flame of C2Hl + 8.32 Ol 
+ 1.45 N20 + 3.50 Ar; burned at  3 cm of Hg pres- 
sure with s mass flow of 3.61 X lop3 gm cmU2 

see-'. 

taken by extrapolation, and D for other species 
taken from an inverse dependence on the square 
root of molecular weight. In  other flames, the 
temperature range where COz was supposed to 
he present only because of diffusion differed from 
that used for Fig. 1, but it was always a range in 
which most of the hydrocarbon had not yet 
reacted. 

Then -d[C2H4]/dt as calculated from Fig. 1 
attained a maximum at 1520' and was still 75 
per cent of this a t  1620'. -d[C2H4]/[C&]dt 
increased by a factor of 2.5 in this interval; so if 
the specific decay rate was proportional to [HI, 
[OH], or [O], one or more of the radical con- 
centrations must have increased also. 

Radical concentrations were estimated from 
reactions (1) and (2) or from their equivalents, 
[HI and [OH] being correct relative to each 
other to perhaps 20 to 30 per cent, but [O] 
being less accurate. This estimate reflects the 
estimated relative accuracy in kl, ICZ, etc., which 
has been measured previously in terms of onc 
another. A comparison of the kl with independent 
measurements, given in Table 3, suggests that  
the absolute radical concentrations might be 
wrong by a factor of about two. 

The assumption that N20 in Fig. 1 was con- 
sumed by reaction (6)J35 

H + NZO ---t Na + OH (6) 

gave constant [HI = 2.0 X mole liter-1 in 
the interval, 1520' to 1620'. Reaction (6) was 
convenient because it stayed irreversible every- 
where through the flame. Its use was equivalent 
to the assumption that 0 2  was consumed by (1) ; 
for early in any flame examined where the reverse 
of (1) was negligible, - d[N20]/ke[&O] dt was 
the same as -d[O,]/k,[o~] dt. 

Measurements of 
d[CO,]/dt = kz[OH][CO] - k-a[H][COl] 

gave essentially constant [OH] = S X lo-' 
mole liter-'. The reverse of ( 2 )  was negligible in 
this esample and small in all runs. 

Measurements of 
--d[Or]/dt = kl[H][OJ - L[OH][O] 

[HI and [OH] being taken as above, gave [IO] = 
6 X molc litere1 a t  1520' and 14 X lop7 a t  
1620'. [O] depended on the diEerence, 

ki[H][o~] - ( - d [ O ~ ] / d t ) ;  

since this was only 1s per cent of the calculated 
kl[H][Oz] at 1520" and 37 per cent a t  1620', as 
is shown at the bottom of Fig. 1, [O]  could be 
considerably less certain than [HI or [OH]. 

It is certain that [0] increased, however; for 
otherwise the reverse of (I)  could not have in- 
creased while [OH] remained constant. Also, 
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[O] could be estimated from the little NO 
generated by reaction ( 7 ) 6  

0 + NgO 4 2NO; (7) 

and [O] = d[N0]/2k7[Nz0]dt agreed with that 
from (I)  and had the same trend of increasing 
value. Reaction ( 7 )  could bc uscd in this sample 
because NO is essentially inert in very lean 
flames; but  NO is not inert in rich hydrocarbon 
flames, and ( 7 )  could not be used in general. 

Thus, of the radical concentrations, neithcr 
[HI nor [OH] followed the incrcase in 
- d[CzHd]/[CzH&t; but [O] increased about 
2.3 times as the specific decay rate increased 
by 2.5. 

The Decomposition of Ethylene 

Results from sis flames are listed in Table 1; 
the first three were fuel-lean, the others fuel- 
rich. Transient CH4 and CzHz were formed in the 
rich flames and the CH4 will be discussed below; 
but the CzHz was ignored because i t  corre- 
sponded to only 1 and 3 per cent of the CzH4 fed 
in the two flames a t  4 cm P. The hottest, and 
richest, run a t  12 cm P gave a maximum yield of 
CzHz equal to 17 per cent of the fuel and some 

of the CzHz survived into thc post-flame gas; but 
only an upper limit for [O] could be deduced for 
this run anyway, thc last in Table 1, and no 
conclusions were based on it. 

The question is whether an attack by OH, H, 
or 0 could account for the rate of drcomposition 
of C2H4. The hypothetical process, OH 3- 
CzH4 -+ * * -+ eventual decomposition, could 
account fairly well for the average consumption 
in each flame, but not for the increase of 
- d[C2H4]/[CzH4]dt within individual runs; tlic 
failurc escludes attack by OH as the chief reac- 
tion, although a smaller contribution of this 
process cannot be escluded. 

The process, H + CzH4 -+ - - - -+ dccomposi- 
tion, could not account evrn for thc average 
decay of the fuel. A rate constant smaller than 
10'O liter mo1e-I sec-l at about 1700' would en- 
sure tho unimportance of this process in all runs 
except the last, and would not conflict with what 
is known of the reaction of H f CzH4 a t  much 
lower temperatures.' 

A destruction by 0 atoms is most probable. 
The correlation of - d[CzH4]/CzH4]dt with [O] ,  
as described for Fig. 1, was gcneral; the rate 
constant in the last column of Table 1, 3 X IOio 
liter molt-' sec-' with no marked dependence on 

TABLE 1 

Rate of Decay of C,H, in Flames 

s.32 0 1.45 3.50 3 0 1520-1620 
5.50 1.35 3.00 3.60 4 0.01 1720-1 S60 

14.1 0 2.54 6 .  I1 I1 0 1350-1420 
3.16 4.52 1.5 3.62 4 0.0.5 1670-1770 
6 . 3  17.1 3.0 7.2 4 0.20 1220-1420 
1.21 0 0.41 1.41 12 0.04 lSS0 

Radical concentrations 

(mole liter-' X IO7) 
-d[C~H41 X 10-4/[CsHal dt k x 10-10t 

(sec-I) [HI PHI  [Ol (liter mole-' sec-1) 

1.9-4.9 
2.8-7.2 
1.0-4.0 
2.3-7.5 
0.7-1.2 
1 .o 

2 5.0 6-1 4 3.4 
5 10.0 6-26 3.  I 
1.2 s.9 5-12 -2.7 

16-20 5.0 7-2 2 3.5 
27.0 5.5 3 f l  2 to 4 
7.0 O.s - <5.0 22 .0  

:L Obtained by dividing the maximum CH4/Ar in the reaction zone by C!H4/Ar fed. 
t k = -d[C,H,]/[C,H,][0] dt. 
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temperature, agrees as well as should be expected 
with recent estimates by CvetanoviP and by 
Elias and Schiff? Their values are quoted in 
Table 3, and their activation energy of 1.6 to 2.9 
kcal mole@ might easily be missed at flame 
temperatures. 

CvetanoviC'o found that the attack of 0 atoms 
a t  300' to 400'K was probably 

ks 
0 + C2Hn --i CzHrO* + CH., + HCO 

(or + H + C0) (8) 

wliere C2H4Q* can be stabilized by transferring 
its energy to another molecule, but otherwise 
breaks up. Some support for this formulation was 
also found in flames; a mixture of cZH4 + 32Hz f 
S.lOz burned a t  7 cm of Hg pressure gave a trace 
of substances early in the reaction zone which 
had the mass spectroscopic peaks of CH3CH0 
and H2CO. The substance or substances could 
be frozen out by liquid Nz, revaporized a t  room 
temperature, and could be largely removed from 
the sample by absorption on Ascarite. 

I t  is reasonable that any C2H40* which is 
stabilized in flames would still yield a Clls 
radical and CQ on its decomposition, and there- 
fore that CH3 should be generated a t  about the 
rate of -d[Cz&]/dt. From the discussion of the 
CHI flame in the introduction, it is expected that 
such CH3 would disappear by reaction (5) even- 
tually, but also might form transient CH4 by 
reversible reaction (4) if much Hz were present, 

k4 

H + C H , G  CHj + H:! 
k-4 

0 + CHs---t ..* + C 0  + - * e .  

ki, 

Table 1 shows indeed that more CH4 was 
formed the greater the [Hz]; from a rich mixture 

1500'K 1 /e--- 

/TEMPERATURE 
Z 

of CzH4 + 42H2, for which some traverses are 
shown in Fig. 2, a maximum yield of CH4 was 
obtained equal to 46 per cent of the CzH4 fed, 
Le., 23 per cent of the C atoms. When Fig. 2 was 
corrected for diffusion, d[CH4]/dt was found to 
equal zero a t  1060'. The ratio [CH&'[CzH,] = 
8.4 at this point can be shown in the following 
way to be compatible with reactions (4), (-4), 
(51, and (S). 

When d[CHh]/dt = zero, the approximation 

d ( d[ C&]/dt) / d t  d (L4[ CH,][Hz] 

is all right, the omitted terms being small; if so, 

The equilibrium constant, IC-4/k4 - 0.2 X 
exp (-2/RT),  is known relative to kg,4 and ap- 
proximate values of the other constants are 
listed in Table 3. Also at 1060' in Fig. 2, [Hz] = 
4 X mole liter-', [HI = 91 x IO-' mole 
liter-l, -d[CzH4]/dt = 0.019 mole liter-' sec-l, 
and d(d[CH4]/dt)/dt - -410 mole liter-' 
se@. Hence, 

as compared to S.4 observed; so the transient 
CH4 was compatible with (4),  (-4), ( 5 ) ,  and 
(8). I n  the same way, the smaller CH4 in the 
flame of C2H4 + 17.1Hz listed in Table 1 was 
compatible with these reactions. 

To sum up: The destruction of CzH4 and the 
formation of transient CH4 are consistent with 
the predominance of (8), and the k g  obtained 
agrees as well as should be expected with recent 
literature values. A partial consumption of 
CzH4 by attack of OH is possible, but is not as 
important as (8). Very rich, and hotter, flames 
form considerable CzHz and possess an additional 
complexity which has not been treated. 

0.3 0.6 cm 

DISTANCE FROM BURNER SURFACE 

FIG. 2. Profiles through a flame of CzH4 $. 43.3 He + S.S0 0, + 3.0 N20 + 7.0 Ar; burned at 5 cm of 
Hg pressure with a mass flow of 3.16 X 10- gm 

cm-2 sec-l. 

Experiments with Ethane Flames 

NzO was now omitted to avoid interfering 
with the mass spectroscopic analyses for CzH6; 
[HI, as estimated from -d[O&dt early in the 
reaction zones where the reverse of (1) was 
negligible, was assumed to persist into regions 
where -d[Oz]/dt decreased because of the onset 
of (-1). The assumption was doubtlessly all 
right; it was certainly true in the CzH4 flames 
described in the last section. 
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DISTANCE FROM BURNER 

FIG. 3. C& + 10.4 O2 + 6.5 Ar; 3 cm of Hg 
pressure with a mass flow of 2.72 X 10-3 gm cm-* 

sec-l. 

Figure 3 represents traverses through one flame 
and shows at the bottom of the figure how 
-d[Oz]/dt was accounted for by k1[H][OZ] up 
to  about 1420', and how (- 1) became important 
thereafter. [OH] was estimated as before and 
was almost constant a t  1420' and 1460', so the 
onset of (-1) should be ascribed mostly to  an 
increase in TOT. 

CzH6 approiched zero more slowly in Fig. 3 
than CzH4 did in Fig. 1; when the specific decay 
rate was worked out, -d[CzH,j]/[CzH,j]dt did 
not increase greatly as the fuel neared complete 

it follows that CZHG was not destroyed largelyqs- over a 
by 0 atoms. Either of the two reactions 

Y oonsumPtion. Since [Ol increased in this region, lower temperatures. It is less satisfactory that 
range, ~~~b~~ and Nalbandian 

found El - Elo = only 3.1 kcal mole-'; for from 
flames, El - El0 - S kcal. But the indirect OH + C2Hs 4 C?H, + HSO (9) 

H + C2Hs -+ CsH, + Hz (10) 11 

or both together would be consistent with the 

and this was true of all the runs. The results are 
summarized in Table 2 where the average value 
of kg and k10 are listed which would be required 
to account entirely for - d[C2H~]/dt by either 
(9) or (10). 

From the required values of kg and klo, i t  can 
be seen that  if (9) was important in fuel-lean 
flames where [OH]/[H] was 1.0 to 3.3, it could 
not have been very important in rich flames too 
where [OH]/[H] was only 0.03 to 0.08, and 
conversely for (10). The most reasonable inter- 
pretation is that  (9) and (10) were predominant 

LOG kg I t4  LEAN FLAMES 
= 12.07-11.6/2.3 RT essentially constant [OH] and [HI, however, 

10 

LOG k,, IN RICH FLAMES 
= 11.14-9.7/2.3 RT 

9 
6 8 10 

1 0 ~ 1 ~  

FIG. 4. Rate constants required to account for the 
destruction of C,H, if this occurred entirely by 

irreversible reaction (9) or irreversible (10) I 

in lean and rich flani@s, respectively. The con- 
stants selected in this way are plotted in Fig. 4, 
the lower curve giving separate estimates of klo 
a t  0.025 cm intervals through each rich flame, 
and the upper curve giving only the average k~ 
from Table 2 because of the small temperature 
interval covered in each lean flame. 

The estimate of ks was made in a more re- 
stricted temperature range than k ~ , ,  and I& and 
its associated pre-esponential factor me more 
uncertain than the corresponding quantities for 
klo. For this reason, only an average value of kg 
is listed in Table 3, but this absolute value should 
be correct to about a factor of two; klo would be 
too small if (10) had been reversible. But this is 
very unlikely; the values should scatter more if 
they reflect varying degrees of reversibility. 

Previous measurements of klo, listed in Tablc 
3, give an activation energy of about 9 kea1 and a 
steric factor of 0.1 to 1.0,' or alternately a smaller 
activation energy and a 100-fold smaller steric 
factor." The flame value is consistent only with 
the larger steric factor, and a similar result was 
obtained before for the analogous IC4. The flame 
work asserts that the rate constants for H + 
RH 3 R + Hz, R H  being CH4 or C2H6, must 
have pre-exponential factors of order 10l1 liter 
mole-l see-' a t  high temperatures. 

Another comparison with previous work is 
possible. Since [HI was inferred from reaction 
(l), the quantity really measured was the ratio 
klo/kl, and this has already been estimated from 
shifts of the explosion limits of H2-02 mixtures 
by additions of czH6. Baldwin and co-workers12 
deduced klo/kl = 6s at 793'K; Gorban and 
NalbandianI3 found essentially the same, 40 a t  
753'; while the flame work, the ratio of the 
starred values in Table 3, extrapolates to klo/k1 = 
52 at 773' and agrees therefore with estimates a t  
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TABLE 2 

Decay of C2HG in Flames 

Required constants* 
(liter mole-' sec-1 X 10-9) Reactants 

P T 
OZ/C?Hc Hr/CzHc Ar /C,H 0 (cm Hg) ("a ks k," 

10.4 
5.0 
5.2 
7.3 
3.7 
4.55 
7.1 

12.0 

0 
0 
0 
0 
0 
6.3 

14.S 
46.5 

6.54 
6.4 
6.6 
6.6 
4.1 
0 
4.6 
6.9 

1440 
1600 
1600 
1420 
1610 
1350 
1260 
1050 

20 
30 
30 
17 
36 
47 
51 
s4 

67 
40 
31 
31 
35 
3.5 
3.0 
1.4 

* Constants required to account for the consumption of C2H6 by reaction (9) entirely or by reaction 
(10) entirely. 

evaluation from esplosion limits assumes that 
C2Hs always consumes the same number of free 
valencies, and there is no evidence that such is 
the case. This is not to question the approsimate 
validity of the low temperature interpretation, 
as 13aldwin and co-workers esamined i t  carefully 
a t  793', but only to suggest that  it is not quan- 
titatively invariant over a 100' range as Gorban 
and Nalbandian supposed. 

The subsequent reactions of the C~HS radicals, 
supposed to be formed in (9) and ( lo) ,  have not 
been worked out in flames; nor is it clear how this 
can be done as well as was possible for CH,, since 
[C2HJ cannot be measured even roughly, as 
[CH,] W ~ S .  

Discussion 

Hydrocarbon flames are essentially O2-CO-H2 
flamcs which are fed by the breakup of the hydro- 
carbon. The important reactions of the 02-CO-H2 
flames are known, including approximate values 
of the rate constants, so the chief question re- 
maining is the course of the breakup. Some 
understanding of this has now been attained in 
moderately low temperature CH4 and C2H4 
flames, although reaction (5),  which plays an 
important role in both of these, is not yet under- 
stood. A plausible course of (5) is 0 + CHs + 
]El[ + H2CO followed by a facile destruction of 
&CO, but no test of this possibility has been 
made. 

Only the initial reactions, (9) and (lo), have 
been identified for c&,, but it is probable that 
flames of this fuel too involve bimolecular, 
radical terminating reactions analogous to and 

r 

P 

even the same as (5). Although it was not dis- 
cussed, considerable transient CHI was formed 
in rich C ~ H G  flames, and this suggests that ( 5 )  
occurred in competition with the rcverse of (4). 

The work supports the old suspicion that low 
temperature oxidation mechanisms, involving 
reactions of hydrocarbon radicals with 0 2 ,  do not 
describe steady premised flames. Doubtlessly 
an important reason is that reaction ( I ) ,  with 
its IS kea1 mole-' activation energy, is 1000 times 
faster a t  1500' than a t  700'K, but the reactions 
of hydrocarbon radicals with 0 2  do not increase 
nearly so rapidly with increasing temperature. 

Dependence of the Results on k2 
The value for k2 was obtained by comparison 

of the reverse of reaction ( 2 )  with the analogous 
H + HzO -+ H2 + OH. Kaufman and Del 
Greco's discharge work, reviewed in this volume, 
proves that the activation energy used for k 2  was 
too large, and that E2 = 6 kea1 moIecl would be 
nearer the truth. I f  8 2  is decreased to 6 kcal but 
the absolute value of kz kept unchanged a t  
1350'K, the values of ks and kg in Table 3 do not 
change very much although the roughly deter- 
mined activation energy indicated on Fig. 4 is 
lowered. The rate constant for 0 + C2H4 is still 
kg = 2 to 3 X 10'O liter mole-l sec-l, according 
to this paper. The activation energies for the 
reactions of CH4 + OH and CzHs + OH are the 
same, within experimental error, as for CO + 
OH, but the absolute rates are faster for the 
hydrocarbons. CH4 reacts 152 or times faster 
with OH than does CO, c&, reacts 34 times 
faster according to this paper. 
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TABLE 3 

Reaction Rate Constants 

loglo k(1iter mole-' sec-1) = log A - E(kcal)/2.3RT 

Reaction log A E T("W Reference 

2. OH + CO + COI + H 

4. H + CHa 4 CH, + H, 

5. 0 + CHa -+ -+ CO + -. 
6. H + N 2 O 4 N I + O H  
7. 0 + N 2 0  -+ 2NO 
8. O + C& 4 CZHIO -+ - * 

9. OH + CZH, -+ CZHs + H?O 
10. H + CIH, 4 C,H, ,+ HI 

-10.3 
10.75 
11.7s 

10.35 
logki= 9.15 

log k2- s.9 
-11.5 - 9.0 
-10.9 

11.3 
log ksm10.3 

11.6 
11.0 
10.77 
10.04 

log k,-10. 5 
log ks-10.4 

11.4 

11.1 
9.53 

15 
15.1 
1Sk3 

1 0 . 3 f 3  

12 to 13 

a t  

at 

S 
7.5 to 10.1 

11 .5 f2  
at 

16 .3 f2  
2853 
2.6 to 2.9 
1.6 

at 
a t  

-9.0 
6.8 
9 . 7 3 4  

770-620 
730-870 

1100-1.500* 
1650 
1200-1350* 
1950 
500-SO0 i 
400-500$ 
630-740 0 

1300-1790* 
1200-1900* 
1260-17S0* 
1400-1900* 
300-400 
220-460 

1400-1560* 
1420-1610* 
300-580 
350430 
990-1430* 

14 
15 
5 

10 
17 
2 

18 
19 
20 
3 
4 
5 
6 
8 
9 

This work 
This work 

7 
11 

This work 

* These values, used or derived in this paper, are supposed to be self-consistent a t  flame temperatures. 
The errors in E should not change the absolute values of the constants at flame temperatures; for example, 
a decrease of 3 Bcal in E a t  1500" is to be compensated for by a decrease of 0.44 in log A .  If the starred k ,  
is extrapolated to the temperatures of the other three estimates, it predicts values 4.4 or 1.6 times larger 
than the independent estimates a t  SOO", and 2.0 times larger than that a t  1650"; and this comparison sug- 
gests that the starred k might be wrong absolutely by a factor of about two. 

t An approximate composite of older determinations. 
1 So small a log A is inconsistent with an important role for this reaction in flames. 
0 In reference 20, E, reported as -8 based on 5.4 kcal activation energy for D + H, --3 HD + H. The 

7 Ford and Endow21 suggest an absolute value of ks from CvetanoviC's relative measurements. Accepting 
broader range is written because the deuterium exchange might have E = 4.9 to 7.5 kcal. 

this and CvetanoviC's activation energy, one gets the log A written. 
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Discussion 

UR. R. M. FRISTROM ( A P L / T h e  Johns Hopkins 
University) : The two major observations of this 
paper, (1) that the initial attack of ethane is by 
OH in lean flames and by H in rich flames, and (2) 
that the initial attack of ethylene is by oxygen 
atoms, adds to the number of fundamental reactions 
which have been studied in hydrocarbon flames by 
flame structure techniques. Initial reactions are 
known for a number of hydrocarbons including 
niethane,1f*J ethane,' ethylene," and p r ~ p a n e . ~  
Acetylene and the higher hydrocarbons are yet to 
be elucidated but there is hope that before many 
symposia we will understand hydrocarbon oxidation 
in general mechanistic terms. 

I would like to ask Dr. Fenimore if he found any 
ethane formed in this ethylene flame and if he feels 
that the reactione 

H + CxHa -+ CxHr, 

can be ruled out. This is a known reaction which is 
rapid a t  room temperature, and seems quite at- 
tractive in flame studies. 

I t  should be emphasized, as Dr. Fenimore is no 
doubt aware, that obtaining poor correlation be- 
tween radical concentration and reaction rate is not 
sufficient evidence to rule out a particular reaction, 
since this may mean that more than one radical is 
competing in the initial attack. 

DR. C. P. FENIMORE (General Electric Research 
Laboratory) : In answer to Dr. Fristrom's questions, 
we found no appreciable ethane in the ethylene 
flames, but a little could have escaped detection. 
The flames contained added N 2 0  which, with its 
decomposition products, would have obscured traces 
of ethane. The reaction H + C,H, -+ C?H, would 
have been unimportant if its rate constant were 
about 1010 liter mole-' sec-', the value extrapolated 
from Darwent and Robert's results at far lower 
temperatures. If Melville's tenfold larger rate were 
combined with Darwent and Robert's temperature 
dependence, a participation of H + CxH1 -+ C,Hs 
in the decay of C,H, could not be excluded. A 
partial destruction of CxH, by OH and even by H 

if the larger rate constant were accepted, cannot be 
excluded. Our point is that a destruction prin- 
cipally by 0 atoms makes the best sense of the 
data and also agrees moderately well with the known 
reaction rate of 0 + C,H, at lower temperatures. 

DR. R. R. BALDWIN (University of Hul l ) :  I agree 
with Dr. Fenimore's concluding comment that low 
temperature oxidation mechanisms may not de- 
scribe the chemical processes in flames. The corre- 
lation of low temperature and high temperature 
kinetic studies can be very valuable, however, and 
I should like to illustrate this with reference t o  the 
reaction 

H + CZH, = H, + CxH5. (10) 

Estimates of the steric factors and activation 
energies of such reactions of H atoms with hydro- 
carbons have fluctuated considerably, since the 
first edition of "Atomic and Free Radical Reac- 
tions" by Steacie, in 1946. Dr. Fenimore prefers a 
high steric factor and high activation energy for 
(IO), and this view can be supported by drawing in 
evidence from a wide range of temperatures. Four 
estimates of klo are available: 

(a) From the flame studies described by Dr. 
Fenimore and based on his previously determined 
value of kl(H + 0, = OH + 0). 

(b) From studies of the inhibiting action of ethane 
on the H,/On reaction, which give the ratio klo/kl. 
The discrepancy between our results and those of 
Gorban and Nalbandian is less serious than appears 
from Dr. Fenimore's paper. Our value of 68 for 
~ I O / ~ I ,  quoted there, was based on the scheme given 
by Lewis and von Elbe for the second limit in KCl- 
coated vessels. Adoption of the simpler scheme that 
we now believe to operate gives a value of 38 a t  
813"K, in close agreement with the value of 40 
given by Russian workers. We had previously used 
an extrapolation of the expression for kto given by 
Berlie and LeRoy to obtain an estimate of kl at 
S13"K. It was noticeable a t  the time that this gave 
a lower value for kl than other estimates; this dis- 
crepancy would disappear if an activation energy 
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higher than the 6.S kcal/mole, given by Berlie and 
LeRoy, were used. We have recently confirmed the 
higher est,imate of 4 by studies of the inhibiting 
action of formaldehyde on the H2/02 reaction,7 and 
the mean value of 0.6 X lo7 liter mole-' sec-l a t  
813°K should be accurate to f 5 0 % .  It now seems 
more sensible to use this value with the ratio 
klo/kl to estimate klo at 813°K. 

(c) From the values given by Berlie and LeRoy 
from a study of the direct reaction between H 
atoms and ethane over the temperature range 

(d) From the studies by Darwent and Roberts 
of the photolysis of DZS in the presence of ethane. 
This gives the ratio of the velocity constants for 
the reaction of D atoms with D2S and C?HG. The 
former reaction was evaluated relative to D + H?, 
so that the absolute rate of D -+ C,H, could be 
obtained. An improved interpretation of their re- 
sults is possible, however, using the recent calcula- 
tions of Shavitts for the velocity constant of D $. H,. 

These various values, at the extreme temperature 

353-436°K. 

range of each investigation, are given below. 

k 
Temp. (liter mole-' 

Author ("Io sec-l) 

Fenimore and Jones 1000 1.05 x 109 
1500 5.4 X log 

Baldwin and Simmons 513 2 .3  X 108 

Berlie and LeRoy 353 2 . 1  x 105 
436 1 .3  X IOG 

Darwent and Roberts 300 S .9 X IO3 
600 3 .9  X lo7 

The values give an extremely good log k-l/T plot, 
the values of the Arrhenius parameters being: 
log,, A = 11.19 =t 0.4; E = 9.9 f 1.0 kcal/mole. 
The estimates of error are generous as they assume 
a possible 100% error in both high and low tem- 
perature values. 

DR. F. J. WRIGHT (ESSO Research and Engineer- 
ing Company): In his comments on the paper by 
Fenimore and Jones, Dr. Fristrom indicated that 
there existed a definite need for more information 
concerning the reaction of hydrocarbons with 
radicals such as 0, H, and OH. This being also our 
own view, we have recently investigated the chem- 
istry of the reaction of 0 atoms with several hydro- 
carbons such as propane, isobutane, neopentane, 

etc., using a flow system at 30°C and a titration 
technique for the production of 0 atoms. Using a 
variety of analytical tools, complete quantitative 
analysis of the reaction products has been obtained. 

These studies have led us to the conclusion that 
the initial attack of the hydrocarbon by 0 atoms is 
not an abstraction of hydrogen to yield OH and 
one alkyl radical as is generally believed. Rather, 
we found that this initial step consists in the simul- 
taneous displacement by an 0 atom of two groups 
on the parent hydrocarbon to yield either ketones 
or aldehydes. For instance, it is belicved that the 
acetone which is the major reaction product formed 
from isobutane is produced by the replacement of 
CH3 and H by an 0 atom without the intermediate 
formation of a terl-butoxy radical. Similarly, the 
acetone which is produced from neopentane also as 
the most abundant product results from the direct, 
replacement of two CH, groups by one 0 atom. 11 
appears from our work that there is a high prob- 
ability for the 2 radicals (CH3 or H) to become not 
as separate entities but combined as molecular 
species (H?, CH, or C2H6). The details of the evi- 
dence and of the arguments which have led to this 
hypothesis will be published elsewherc. Suffice to 
say here that a mechanism involving hydrogen ab- 
straction and the formation of alkoxy radicals as 
intermediates with which the reactive products are 
formed cannot account for the quantitative aspect 
of the product distribution and other experimental 
evidence that we have obtained. 

We have also been able to calculate the rates of 
the reaction of 0 atoms with a number of saturated 
hydrocarbons. I hesitate to quote values a t  this 
moment, the work being still in progress. They are, 
however, of the same order of magnitude as those 
found by CvetanoviC and by Schiff for n-butane. 
They are therefore quite low, several orders of mag- 
nitude lower, in fact, than the rates for the reaction 
of 0 atoms with olefins. 

As an initiating reaction, an attack by 0 atoms 
on the parent hydrocarbon is thus even less favor- 
able a resction than the low rate constant would 
indicate, since, as our studies would indicate, there 
exists a high probability of formation of molecular 
products rather than free radicals. It is interesting 
to note that Fenimore and Jones, whose conditions 
are vastly different from those of our own work, 
have also reached this conclusion for ethane flames. 

DR. F. J. WEINBERG (Imperial College): Concern- 
ing Dr. Fenimore's reference to our earlier work, we 
thought at the time that the concentration of any 
radical on which the over-all reaction rate were to 
depend, should have to pass through a mas<rnum. 
I must confess that I still do not see how this can 
be avoided, since the radical concentration must 
eventually revert to a (lower) equilibrium associa- 
tion value. 
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DR. C. 1’. FEN~MORE~ Levy arid Weinberg9 de- 
duced the local rates of heat evolution through lean 
C?H-air flames a few years ago and considered the 1. WESTENBERG, A. A. and FRISPROM, R. M.: 
following question. If the rate of heat evolution, at, 
was proportional to [CzH,][z]k~ exp ( -E /RT) ,  2. FENIMORE, C. P. and JONES, G. W.: J. Phys. 
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SOME OBSERVATIONS ON THE MECHANISM OF I 
IN FLAMES CONTAINING HYDROCARBONS 

J. A. GREEN AND T. M. SUGDEN 

Some new results using the mass spectrometric technique for studying positive ions in flames are 
reported. The great bulk of the ionization found in hydrogcii flames is found to arisc from traces of 
hydrocarbon impurity. Most of the work described deals with the ionization induced by addition of 
small amounts (about 1%) of acetylene to  hydrogen-oxygen-nitrogen flames. A distinction between 
ions formed in the flame itself and those resulting from secondary reactions associated with the 
sampling system is drawn. The principal mechanism is found to be 

CH + 0 3 CHO+ + e -  

CHO+ + H?O -+ CO + HzO+ 

H,O+ + e- + HtO + H 

IC 1 

kt  

k3 

k3 is found to be 2.3 X 

reactions are discussed. 

cm3 sec-I, and k t  to be 7 X 10-9 em3 sec-1. An estimate of k ,  of 3 X 
cm3 sec-I is made. Thermochemical and structural considerations of possible primary ionization 

Introduction 

The past five years have been notable for a 
concerted attack on the problem of ionization in 
hydrocarbon flames by mass spectrometric means, 
instruments having been developed for this pur- 
pose by three separate groups, that  of Calcotel 
in the United States, that  of van Tiggelen%~~>~ in 
Belgium, and that of Sugden5-* in England. All 
the instruments sample ionized gas directly from 
a flame, the most important differences between 
them being that Calcote's operates on flames a t  
pressures of the order of 10" atm, van Tiggelen's 
a t  about 10-1 atm, while the Cambridge instru- 
ment has so far been applied to flames a t  atmos- 
pheric pressure. 

The most significant point about the results is 
the fairly good agreement both on points of im- 
mediate fact, and on the type of reaction mecha- 
nism involved. The purpose of this paper is to 
present some new evidence in favor of a particular 
mechanism-that favored by Galcotel-which 
has also been discussed by Bascombe, Green, 
and Sugden.8 This is 

CH + 0 + CHO+ + e- 

CIIO+ + H,O + H,O+ + CO 

H30+ + e- + II,O + H 

for the main part of the reaction. A particular 

feature of the work to be presented i s  thc use of 
hydrogen flames with controlled, small, amounts 
of hydrocarbon as additive. This has the ad- 
vantage of making the source of ionization a con- 
trollable variable. 

Experimental 
The essential features of thc mass sprctro- 

metric apparatus havr already been discussed in 
some detail.' Briefly, the flame, burned with 
premised gases a t  a 1.5 mm diameter Pyres 
capillary tube, plays directly on to a water- 
coolcd platinum foil about 0.002 inch thick, in 
which is pierced a hole of diameter in the range of 
0.001-0.003 inch. Rapid pumping on the low 
pressure side of the foil maintains a pressure of 
about mm Hg in the first chamber, about 3 
cm long. The ions pass to a convciitional 60" 
deflection magnetic analyzer via slits leading to  
further chambers maintained a t  about and 
1 0 P  mm Hg by additional pumping systems. 
Collimation is achieved by a system of electro- 
static lenses in the various chambers. 

Improvcments since previous reports have been 
directed towards reproducibility and rapidity of 
mcasuremcnt. These factors are tied together 
since thc worst feature of tlie instrurncnt, when 
used with hydrocarbons, is a drift on account of 
deposition of reaction products on the electrodes 
of the first chamber and tlie first slit. 
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The burner is held on the axis of two coaxial 
brass rings by three centering screws in each 
ring. This permits the flame to be centered ac- 
curately on thc sampling hole in the platinum 
disc. The rings are mounted on a small sliding 
carriage, with a maximum traverse of about 4 
inch, controlled by a micrometer. This carriage 
is mounted on a much larger slide, with a traverse 
of about 5 inchcs. This slide is operated by a 
motor-driven screw of 1 mm pitch. The drive is 
obtained either from a dc motor, with reversing 
facilities, at a rate of about 2 inches/min, or, 
when correct positioning has been obtained, by 
a constant speed 1500 rpm ac motor coupled via 
a, worm gear and an electromagnetic clutch. 
This latter motor synchronizes with the chart 
drive motor of a pen recorder, so that ion profiles 
can be plotted automatically. This is normally 
clone over a distance of about 1 mm through the 
flame front a t  the tip of the reaction cone. An 
increase in working speed of about tenfold over 
manual operation is attained. 

9nother feature is the possibility of automatic, 
rather than manual, scanning of the final ac- 
celerating voltage over a portion of the range 
corresponding with about 4 mass units in the 
region of mass 20, and somewhat larger scans in 
higher mass regions. A 12-volt repetitive saw- 
tooth signal is obtained either from a motor- 
driven potentiometer (period 10-60 sec) or from 
a time-base unit (period 20 sec or less). This is 
coupled to the mass spectrometer by a dc ampli- 
fier to give a scanning voltage amplitude of about 
300 volts. The output from the detector of the 
mass spectrometer is fed either to an oscilloscope 
or to a pen recorder. Sweep periods of less than 
20 sec are rarely used because of long time con- 
stants in the counting system. This device pro- 
vides a marked improvement over manual scan- 
ning for limited ranges, and enables useful 
information to be obtained from small samples 
of relatively rare fuels (i,e., very pure or iso- 
topically enriched) . 

The basic flame was obtained by burning pre- 
mised hydrogen, oxygen, and nitrogen, all from 
cylinders, with an unburned composition of 
E12/02/N2 = 1.0/0.3/1.0 (by volume). The pri- 
mary reaction cone was about 3 mm in height, 
with a column of burned gas a few cm long. The 
burned gas just beyond the reaction zone had 
a sodium D line reversal temperature of 2300OK. 
The reaction zone (about 0.1 mm thick) became 
clearly visible on addition of I % of acetylene to 
the fuel. 

A feature of the present work was variation 
of the size of the input hole. This could be done 
rapidly by mounting platinum discs, each with 
a different sized hole, on separate front plates 

which were readily interchangeable. Further es- 
perimental points will be discussed as they arise. 

Ionization in “Pure” Hydrogen Flames 

Knewstubb and Sugden’ have discussed a t  
length the positive ions-principally H30+ and 
its hydrates-which are obtained with a hydro- 
gen-osygen-nitrogen flame, using standard cylin- 
der gases. Up to IO9 ions in the reaction zone 
were observed. On the basis of discussions at the 
8th Combustion Symposium, and of the use of 
pure hydrogen as a nonionizing flame source for 
gas chromatographic detection, it was decided 
to see whether the ions observed arose from the 
presence of such impurities as would occur in 
cylinder gases-principally hydrocarbons and 
their derivatives. A significant point in this con- 
nection is the presence of small but distinct peaks 
at mass numbers 43, 59, and 77, which appear 
very strongly in pure hydrocarbon flames, and 
which cannot be given reasonable formulae unless 
carbon is included in them. 

For this purpose the apparatus depicted in 
Fig. 1 was used. A is a precision steel tube about 
70 cm long and 7 cm in diameter, closed at both 
ends, and containing a very light aluminum 
piston B. The piston is fitted to the tube so that 
it does not fall under its own weight when the 
closed tube is held vertically. A may therefore 
be filled with a mixture of combustible gas and 
oxidant through a valve at C, and B will remain 
a t  the top. 

A tap (not shown) is operated so that  the 
normal premised supply to the burner is diverted 
through D, E being simultaneously opened to the 
burner. Thus the special supply of premised 
gases from A passes to the burner through E, 
the piston R being driven down by the normal 
supply. At the end of the traverse of B, the normal 
supply is restored to the burner via D and E. 
Thus samples of special gas-e.g., very pure, or 
isotopically enriched-may be burned without 
the necessity of estinguishing and relighting the 
burner with consequent wastage. Valves a t  G 
and F give protection against striking back 
(which has not yet occurred). The cylinder holds 
sufficient supplies for about 20 sec of burning 
time. 

Gas chromatography of cylinder hydrogen 
showed significant hydrocarbon peaks which 
became larger as the cylinder emptied. Esperi- 
ments on electrical conductivity of diffusion 
flames with addition of small controlled amounts, 
up to 500 ppm, of acetylene to hydrogen fuel 
indicated that cylinder gas contained the equiv- 
alent of about 75 ppm of acetylene. The gas sub- 
stitution apparatus of Fig. 1 was then run with 
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FIG. 1. Gas substitution system for burning mixtures 
of special fuels and oxidants. A, cylinder; B, alu- 
minum piston; C, input valve; D leads to “normal” 
flame supply; E leads to  burner; G and F, anti- 

“flash-back” valvcs . 

purified hydrogen and air. The hydrogen was 
obtained by electrolysis of aqueous barium hy- 
droxide using nickel electrodes. Air was purified 
by passing it over red-hot copper oxide, washing 
with 40% sodium hydroxide, and collecting over 
distilled, air-free, water. With thcse precautions, 
the ion count of HsO+ (by far the most abundant 
ion) registered by the mass spectrometer fell by 
a factor of 7 as compared with cylinder hydrogen 
and ordinary air. 

It is considered that  the residual ionization- 
equivalent to that  of about 10 ppm of hydro- 
carbon-could arise from contaminants from the 
PVC connecting tubing, from thc piston itself, 
or from indrawn ambient air around the flame. 
It is reasonable to draw the conclusion that the 

positive ions-presumably H30+-observed in 
hydrogen flames are produced through the inter- 
vention of hydrocarbon impurities. A carbon- 
containing precursor is therefore to be expected. 

Addition of Hydrocarbon to 
It has been seen that, whcn a pure hydrocarbon 

is burned a t  atmospheric pressure, a bcwildering 
array of positive ions is observed, which puts 
severe strains on deciding on rcaction mcchs- 
nisms.6 Further, variations of the system by 
changing the hydrocarbon/osygen ratio, for 
example, give simultaneous changes in com- 
position, temperature, flame speed, and all othcr 
parameters of the flame. Some simplification 
should be achieved by using hydrogen as a basic 
fuel, adding to i t  controlled amounts of hydro- 
carbon sufficiently large to swamp the effects 
of adventitious impurities in thr cylinder hy- 
drogen, but small enough not to cause marked 
changes in the bulk properties of the flames. 
This enables the nature and quantity of the 
hydrocarbon additive to be used as separable 
variables, against a relatively constant back- 
ground. 

Hydrogen-osygen-nitrogen flames as a basic 
system have the advantage of being rathcr well 
understood from the chemical standpoint. Largc 
amounts of the radicals H, OH, and 0 are pro- 
duced in thc reaction zone, their concentrations 
in the burned gas right up to  the zonr being intcr- 
related by the establishment of certain equilibria 
by rapid, reversible, bimolecular reactionsg: 

H: + OH H:O + H 

HJ + 0 e OH + H 

O J + H , O H + O  

HO and HzO molecules are thc bulk constituents, 
with N2 diluent, for a fuel-rich flame. [H] and 
[OH] then considerably exceed [O], and thc 
recombination of radicals in the burned gasrs 
towards full equilibrium is governcd by 

H + H + S + H L  + S 
H + OH + X + HzO + X 

where X is a third body. Flame photometric 
methods have been deviscd for measurement of 
[HI and [OH], and have been applied by Padlcy 
and Sugden’O to obtain values in the region of 
emergence from the reaction zone. Observations 
on the NO-0 “continuum” indicate that [O] 
is related to the concentrations of H and OH 
as would be expected Erom the above equi1ibria.l‘ 

A very useful advantage for the present work 
is the observation or‘ P a t l l ~ y ’ ~  that addition of 
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u p  to I % of various hydrocarbons (including 
acctylcnc) t o  the hydrogen fuel does not ma- 
terially affect the concentrations of H and OH 
near the rcaction zone. It follows that [IO] will 
bc siniilarly unaffcctcd. Combining Padlcy's ob- 
servations TT itli the most recent calibrations by 
Phillipsrd, thc ina\iinuni values of [HI, [OH], 
and [O] reached in the reaction zone of the 
present hydrogen flame are 6 X 10IG, 2 X 
and 1 X cni?, respectively. 

Ions Detected on Addition of Acetylene 
to Hydrogen Flames 

Figure 2 shows the maximum counts of posi- 
tive ions up to mass 67 obtained when 1% of 
acetylene is added to the flame gas supply. The 
pattern is interrnediate between those obtained 
with cylinder hydrogen with no hydrocarbon ad- 
c l i t i~e ,~  and with pure acetylene as fuelG I n  
particular mass numbers 19, 37, and 55 stand 
out, corresponding with the H30+ ion (19) and 
its first two hydrates, although to a lesser extent 
than with the nominally pure hydrogen. 

Identification is relatively easy although in 
some cases not without ambiguity. The following 
general points were of assistance: 

1. All ions are based on C, H, 0, and N, apart 
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FIG. 2 .  Masimum ion counts in a flame of H2/Oy/ 
N? = 1.0/0.3/1.0 with 1 % of acetylene in the fuel. 

TABLE 1 

Assignment of Formulae to Ion Pcalcs of Fig. 1 

Mass Mass 
No. Formula No. Formula 

1 5  
1s 
1 9 
26 
25 
29 
30 
31 
32 
33 
36 
37 
39 
41 
42 

43 
45 
47 
49 
51 
53 
54 
55 
5s 
59 
61 
63 
65 
67 

from the possibility of a trace of potassium 
impurity. 

2.  Masses IS and 36 were very markedly re- 
duced when argon was substituted for nitrogen 
in the flame gas supply, as was to some extent 
mass 26; this identifies them as NH4+, NHdt. HzO, 
and (partially) CN +< 

3. Many ion peaks are explicable as isotopic 
satellites of their immedjately lower mass neigh- 
bors, on the basis of natural concentrations of 
H', C13, 017, and 0ls; such peaks are dotted in 
Fig. 2.  

The assignment is given in Table 1. Where more 
than one formula is quoted in Table 1 there are 
ambiguities which arise because the basis of as- 
signment docs not lead to a unique result. The 
mass spectrometer does not have sufficient resolu- 
tion to separate mass peaks of similar (integral) 
masses. There is, of course, no necessity for a 
mass peak to be unique to a particular ion in the 
flame. Some formulae have been omitted because 
of their chemical improbability, e.g., CzH90+ 
for mass 49. Others have been omitted because 
they correspond with substances of much higher 
ionization potential than substances of the same 
molecular weight. Thus CzH4+ is preferred to 
CO+, and CH40+ is preferred to Oz+. Where a 
second formula is quoted in parentheses it is dis- 
tinctly a second preference. I n  the case of mass 
29, CHO+ is preferred to CzHs+ since its profile 
through the flame front is very different from 
those of ions which must uniquely be hydro- 
carbons, e.g., CH3+ (15), CsH3+ (39), C4H3+ (51). 
For mass 33, CH50+, the methyl derivative of 



H30+, is preferred to H02+ because of the sta- 
bility of H30+ and of the rather high ionization 
potcntial of HOz (11.53 ev) . 

Investigations were not pursued beyond mass 
67, although it is known that ions of greater mass 
occur,6 because of what seemed to be unnecessary 
complication, and because it would seem likely 
that a mechanism involving production of pri- 
mary positive ions of rather low molecular weight 
can operate, since considerable ionization occurs 
in low pressure flames.l The list of Table 1 is still 
a formidable one which fortunately can greatly 
be simplified by furthcr experimental consid- 
erations. 

“Flame Ions” and “Input System” Ions 

Among the early fcaturcs of the csperimental 
results was the strong variation of the relative 
numbers of various ions. I n  particular, the 18/19 
ratio (NH4+/HaO+) ranged from 10-1 to 1OW. 
This was established as depending on the size 
of the input hole-small holes giving relatively 
more NH4+ ion, and relatively less H30+. Exam- 
amination of other ion counts showed that 
broad classification into those that behaved like 
NH4+ and those that behaved like H30+ on reduc- 
tion of hole size could be made. 

I n  the class that  are emphasized by small holes 
are notably the three known hydrates a t  masses 
36, 37, and 55. These are molecules bound to- 
gether by ion-dipole forces, which should not 
givc bond strengths of morc than 50 kcal/mole 
a t  the outside. Such ions could not be stable a t  
flame gas temperatures. It is natural, therefore, 
to look for their formation in regions of lower 
temperature, Le., in the boundary layer between 
the flame gases and the outer face of the platinum 
foil,14 which will be about 0.1 mm thick, or in the 
gases expanding into the first chamber, which will 
have been cooled somewhat by contact with the 
walls of the hole. Decreasing the size of the hole 
will have the effect of allowing the boundary 
layer more effectively to cstcnd across it, so 
that ions from the flame will have to pass through 
it, where they may be modified by reaction. A 
smaller hole will also give greater cooling of the 
gas passing through it. 

One may therefore distinguish between “flaine 
ions,” which are produced homogeneously in the 
flame gases, and would be so in the absence of the 
sampling system, on the one hand, and on the 
other, “input system ions,” produced in the 
boundary layer or first chamber by reactions of 
“flame ions” with neutral molecules. Counts of 
the former are decreased strongly by decreasing 
the hole size, while the latter may actually in- 
crease in number under these conditions. Table 2 
shows the mass numbers which can firmly be put 

TABLE 2 

Mass Numbers of Various Ion Types 

Flame 
ions 

Input system 
ions 

Ions with no 
positive 

assignment 

19 
26 
29 
31 
40 
47 
49 
61 
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1s 
28 
32 
33 
36 
37 
42 
43 
45 
51 
53 
54 
55 
56 
5s 
59 

1.5 
30 
39 
41 
63 
6 5 
67 

into one or the other category for the fuel system 
used here. The assignment of an ion to  the “flame 
ion” group means that thcre is definite evidence 
for its production in the flame, and hencc a com- 
plete mechanism must include it. Assignment of 
an ion to the “input system” group unfortunately 
docs not mean that  it cannot be produced in the 
simple flame as well. As pointed out abovc, how- 
ever, some of the ions listed as “input system” 
types are most unlikely, for stability reasons, t o  
be produced in the simple flame, and the point 
of view will be taken here that all ions in this 
class need not be considered in formulating a 
mechanism. 

Among the ions which show insufficient effect 
of hole size for distinct classification mass 39 is 
of interest. The difficulty arises because of con- 
tamination of the platinum with potassium, 
which has proved to be very difficult to eliminate, 
and which gives rise to a large 39 count with small 
input holes. Mass 40, however, which is reason- 
ably esplicable with large holes as a CI3 isotopic 

TABLE 3 

Flame Ions 

H30+ 
C,H,+, CN’ CUH,O+, CH:<02+ 
CHO+ CHsO?’ 
CH:;O+ C %H 5 0  ‘A+ 
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FIG. 3. Dependence of maximum counts of ions at  
mass 19(H,O+) and mass 29(CHO+) on % acetylene 

in hydrogen fuel. 

form of C3H3+, is a flame ion, and hence C3H3 
must be included in the list of ions to be dis- 
cussed. These are set out in Table 3. 

Effect of Variation of Amount of Additive 

Figure 3 shows the effect of varying the amount 
of additive on the maximum counts of two 
ions-19 (HaO+), and 29 (CHO+). The loga- 
rithmic plot has a slope of 1.1 for CHO+ (or 
unity within experimental error) and 0.5 for 
I-130+. These experiments were all done with a 
rrlatively large input hole so as to give a minimum 
of interference by the sampling system. Similar 
plots for CH30+ (31) and C3H3+ (39) gave slopes 
of 1.6 and 2.1, respectively. Plots for the other 
flame ions of Table 3 are not yet available. Thus 
one may sav. within experimental error that  
[H30+]- a [CZH&:~ [CHO+] 0: [Cd%lo, 
[CH30+] c: [C2H2]~’3, and [C,H3+] a [CzHzlo2, 
where rC2H210 denotes the concentration of 
acetylene in the unburned gases. These indices are 
of great value in testing suggested mechanisms. 

on Profiles and the Recombination Rate of 
H,O+ 

Figure 4 shows the profiles of two ions-19 and 
29-through the flame front into the burned 

n-l 0 * 

0.1 0.2 0.3 
DISTANCE ALONG FLAME AXIS ( m m )  

FIG. 4. Profiles of ion counts of mass 19(H,O+) and 
mass 29(CHO+) through the flame front of a hydro- 

gen flame with 1% acetylene. 

gases obtained with a fairly large hole. Observa- 
of this kind on “input system” ions are not very 
helpful a t  this stage because of lack of precise 
knowledge of the history of such ions and thus 
of correlation of the position of the burner with 
the region of gas sampled. On the other hand, 
such profiles for “flame ions” should be mean- 
ingful if taken for large holes where the counts 
of these ions are not seriously depleted by input 
system effects. 

The H30+ ion is the only flame ion which per- 
sists downstream out of the immediate reaction 
zone, and is detectable with rapidly decreasing 
concentration for almost 2 mm. Under these 
conditions one may write [H30+] = [e-], since 
experiments with the mass spectrometer show 
negative ions to be negligible. Disappearance of 
ions will then be by 

HJO+ + e- -+ H20 + H k ,  

or possibly to give other products, and with equal 
concentrations of positive ions and electrons. 
H30+ will follow a bimolecular decay law 

where t denotes time. Since the speed of the 
burned gases is known, the time scale may be 
converted into a distance scale. An absolute 
calibration of the detection system was made by 
spraying very dilute cesium chloride solution 
into the flame gas supply so as to deliver a known 
amount into the flame. The cesium is almost eom- 
pletely ionized, supplying therefore one Cs+ ion 
for each added atom. On the basis of this calibra- 
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tion absolutc values can be given to [H30+]. 
Plots of 1/[H30+] downstream of the reaction 
zone against distance can thus be made to yield 
values of the recombination rate constant ka. 
Values of k3 obtained in this way were found to 
depend on size of sampling hole since, as the hole 
becomes smaller, serious depletion of the H30+ 
yield by hydrate formation occurs, giving too 
large a value of k3. Estrapolation to infinite hole 
size, howcver, is short, and a final value of ki  of 
(2.2 f 1.0) X lo-' cm3 scc-l is obtained. This 
compares well with Calcote's value1 of 2 X IO-' 
cm3 sec-l for low pressure Aames, and King's 
valueL5 of 2.5 X lW7 cm3 sec-' for a methane-air 
flame a t  66 mm pressure. 

The 29 profile differs from that of other flame 
ions (and most input system ions except hy- 
drates) in not having a sharp cutoff on the down- 
stream side. Some of these other ions are hydro- 
carbon ions, and i t  is this feature of mass 29 which 
supports the view, very important to the subse- 
quent development, that it  is CHO+ rather than 
CzHs+. 

The Mechanism of Reaction 

The general mechanism 

B + C -+ AH+ + e- kl 

AH+ + HZO -+ HjO+ + A kz 

H30+ + e- -+ H,O + H k ,  

is proposed to explain the formation of H30+ via 
a precursor primary ion AH+. The formulae of 
AH+, B, and C are to be determined. The experi- 
ments with the substitution cylinder show that 
AH+ must be carbon-containing, as therefore 
must be a t  lcast one of the molecules B or C. 

Thc great excess of H30+ among the flame 
ions shows that AH+ must be a reactive inter- 
mediate, and application of steady state treat- 
ment to it yields 

d[AH+]/dt = 0 = kl[B][C] - k2[AH+][H20] 

At the maximum of the H30+ profile, one may 
also put 

d[H30+]/dt 0 = k,[AH+][HZO] 

- k3[Ha0+]2m?,, 

since [HaO+]mss = [e-] (or very nearly). 

[H3O+Imas = (kl[B][C]/k3) ' 
[AH+] = h[B][C]/k~[&0] 

Hence the intermediate must follow the rule 
CL4K+] a [H30+]fss, and thc only ion which 

has been examined which does this is CHO+ (29) : 
I ts  behavior must therefore br looked a t  more 
carefully. [HaO+lmnl for 1 % acetylene i s  found 
to be 2.0 X 10l1 ~ m - ~ .  Therefore 

kl[ul[cj = 4.0 x 1022 x 2 x 10-7 
= S X 10*5cn~-3sec-L, 

where k2 is the rate constant of a proton transfrr 
reaction which should be e\othermic if i t  is to  
produce HiO+ with the necessary efficiency. A 
survey of similar reactions by Trotman-Dickrn- 
sonz1 leads to a suggestion of cm3 sec-l for 
kz, a value also chosen by Calcote,' and one which 
is confirmed by a rough determination described 
below. This leads to [AH+] = 8 X lo5 
taking [HZO] as l0l8 Thus the ratio 

while the experimentally observed ratio is 
4 X lo5, which is very satisfactory. Thus [CHO+] 
fits well from a quantitativc standpoint. 

The product [B][C] is observed to be pro- 
portional to [C2H2]o, which makes i t  very un- 
likely that both R and C arc carbon-containing. 
This would imply that one of them, say C, is a 
molecule normally to be found in hydrogen 
flames, the most likely candidatcs being the re- 
active radicals H, OH, and 0. If this is so then 
B is CO, C, or CH, respectively. There is neg- 
ligibilc ionization in flames of hydrogen and 
carbon monoxide, and, using data from Gaydo@ 
and from Field and Franklin,I7 the reaction 
H + CO -+ HCOf + e- would be 176 kcal endo- 
thermic, and thus negligible. The reaction C + 
OH -+ CHO+ + e- is only 23 kcal endo- 
thermic, using 170 kcal/molr for the latent lieat, 
of sublimation of graphite, but in any case the 
evidence for appreciable atomic carbon in flames, 
except a t  very high tempcraturr,ls is slender. 
On the other hand the reaction CH + 0 -+ 
CHO+ + e- is thermoneutral, using the heat of 
formation of CH of 143 kcal/mole (Le., the value 
based on L ( C )  = 1'70 kcal/mole), and further, 
CH is well known in electronically rxcited form 
as a reaction zone constituent, and thr ground 
statc has recently been detectcd in absorption 
 experiment^.'^ Padley'l has shown that the CH 
emission from the reaction zone of hydrogrn 
flames with small amounts of acetglcne is di- 
rectly proportional to the amount of additive, 
and it has already been pointed out that  [O] 
is hardly affected by the additive. 

A rough estimate of kl of 3 X em3 sec-l 
for reactants CH and 0 has been obtained by 
Bascombe, Green, and SugdeiiS by considering 
the known rate constant of NO+ + e--+ N + 0, 
which is an esothermic reaction, and equating 
the frequency factor of its reverse rraction, oh- 
tained by statistical thermodynamic calculation 

[H30+]m,/[AH+] should be about 2.5 X I@, 
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of tlic ccpilibrium constant, \vith kl. A very rough 
estirnatc of ground state [CHI of 1013 c n F  
(probably to within an order of magnitude in 
either direction) is based on consideration of the 
threshold of detectable absorption spectrum. 
Taking [0] = 10'; from above, then 
lcl[B][C] is estimated to be 3 X loL6 cm-3 see+, 
nliich is within a factor of 4 of that  obtained in 
the present experiments. 

'I'hc second reaction becomes 

CHO+ + Hi0 3 CO + HJO' 

and is exothermic to the extent of 34 kcal, iE a 
heat of formation of 137 kcal/mole for &Of is 
used. This value is based on the very reliable 
mcisurcrnrnt of the proton affinity of H20 by 
Tal'rose and FrankevicVO of 169 f 2 kcal/mole. 
The heat of formation of 195 kcal/molc quoted 
by Field and Franklin is ~nreliable.'~ Thus the 
mechanism 

CH + 0 --+ CHO+ + e- 

I c ~  AH N 0 kcd 

CHO+ + HrO ---f CO + H30+ 

kp AH = -34kcal 

H3Of + e- ---f HlO + H 

k ,  AH = -145 kcal 

has been put on a firm quantitative basis. The 
revised thermochemistry strengthens the argu- 
ments in its favor already advanced by Ca1cote.I 

The ncst section deals with possibilities of re- 
action of 0 atoms with other flame radicals R. 
It has proved impossible to find m y  reaction 
in which the molecules H, OH, HOz or O2 in their 
ground states react with carbon-containing radi- 
cals in their ground states which remotely ap- 
proaches thermoneutrality. There seems to be 
little reason for considering reactions involving 
electronically excited molecules, since their con- 
centrations are always very low, when there is 
a thermoneutral reaction involving ground state 
molecules only. 

Thermochemical and Structural 
Considerations of R + 0 4 RO+ + e- 
The data given by Field and Franklin17 show 

that, in general, radicals R with odd numbers of 
hydrogen atoms are about 40 kcal/molc easier to 
ionize than those with even numbers of these 
atoms. Table 4 lists the H-odd radicals up to an 
(arbitrary) limit of mass 65. The second column 
of this table shows the values of heat of forma- 
tion of' R with the addition of the heat of forma- 
tion of atomic oxygen (59 kcal/mole) . Heats of 
formation were derived from Field and Franklin,17 
a special point about CH being that the value 

TABLE 4 
Thermochemical Considerations of the Reaction R + 0 -+ ROf + e- 

Heat of formation Heat of formation 
Radical of radical + 59 Ion of ItO+ 

R (kcaI/mole) RO' (kcal/mole) 

202 
90 

(ISO)? 
142 
s3 
? 

143 
92 
79 
? 
'I 

59 
50 
59 
49 
41 
? 

CHO+ (39) 
CH:IO+ (31) 
CXHO+ (41) 
CzH,Of (43) 
CzHr,O+ (45) 

CBHO+ (53) 
C,H,O+ (55) 
CaHsO' (57) 
C:jH70+ (59) 

C4HO+ (65) 
C&O+ (67) 

CH02+ (45) 
CH,O,+ (47) 

CZHOp' (57) 
CzH302+ (59) 
CzH,Oz+ (61) 

CHOs' (61) 

203 
173 

(200)? 
174 
165 

? 
(160) 
(150) 
136 

? 
? 

150 

(130) 
(110) 
(100) 

? 

(130) 
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TABLE 5 

Structural Formulae of Radicals, R, and Ions, RO+ 

Radical It Positive ion RO+ 

CH 

.CH3 

- C s C H  

H,C=CH 

H-C=O 

Hzc-OH, H3C-0 

HC=C==O, H-CkC-6 

+ + 
CsC-OH, O=C=C-H 

HO H H 0 
\ +  \ +  \+ // 

C=C-H, C=C-OH, c-c 
/ 
H 

/ 
H H 

/ \  
H 

+ + + 
O=C=C=CH, OEC--C=CH, O=C-C%CH 

HO HO H 
\+ \ -c \ +  

/ 
C-CaCH, C=C=CH, H-C-C=C=O 

/ / 
H H 

HO-C=O, H-O=C==O, HO-CzO 

H 

+ + + 

HO HO 
\+ \ +  

/ 
c-OH, C=O-H 

/ 
H H 

+ + 
HO-C=C=O, H-O=C=C=O 

based on 170 kcal/mole for the latent heat of 
sublimation of carbon was taken. The value for 
C2H is a rough estimate of an upper limit assum- 
ing D(HC = C-H) to bc 120 kcal/mole. The 
third column shows the ions RO+ and heats of 
formation, where quoted without parentheses, 
from Field and Frank1in.l' The values in paren- 
theses are rough estimates from data for related 
ions, and arc not likely to  be in error by more 
than 20 kcal/mole. 

Table 4 shows at once that R molecules with 
one atom of osygen are improbable sources of 
ions RO+, since they give very endothermic re- 
actions with 0. Examination of Table 5, where 
representative structural formulae of R and RO+ 
are set out, shows the kind of extra bonding 
achieved by the R0+ formation. It is obvious that 
R molecules with two osygen atoms can be ruled 
out. The examples of CH3 and CzH3 in Tables 

4 and 5 show that  only very unsaturated hydro- 
carbon radicals need he considered. From a bond- 
ing point of view (Table 5) CH clearly scores 
over C2H in stabilization by RO+ formation. The 
radicals C3H and C3H3 must clearly be left as 
possible sourccs, as must higher, heavily un- 
saturated radicals. 

The only clear case of a very simple radical R 
which yields positive ions RO+ by an almost 
thermoneutral reaction is, howevrr, CH. Morc- 
over, this radical is known to be present in tlir 
reaction zone, both in the ground state and 
electronically excited, which cannot a t  present 
be said for CzH, C3H, C3H3 or highcr vcry un- 
saturated radicals, although the spectra of elec- 
tronically excited CP and C3 are known.'s Thus, 
thermochemical and structural considerations 
lead directly to CH f 0 -+ CHO+ + e- as a 
primary ionization reaction. 
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The Behavior of Ions in the First Chamber 
and an Experimental Estimate of kz 

It is possible to arrive at, a value of 7cz by con- 
sidering the bchavior of various ions in the first 
chamber of the mass spectrometer. Between the 
entrance hole arid the slit leading to the second 
chamber is a hollow conical electrode with a hole 
in its apex7 about 2 mm in diameter, directed 
axially along the analyzer with the apes pointing 
towards the entrance hole. This is usually main- 
tained a t  a potential of about - 150 volts relative 
to the platinum foil (ground), and serves to 
help to form and collimate the positive ion beam 
in an axial direction. The apes is about 1 cm 
from the cntrsnce hole in the foil. 

Figure 5 shows plots of four ion counts as the 
voltage on this conical electrode is varied. The 
collimating action is shown by the roughly linear 
variation of mass 19 (H,O+). A similar effect 
is shown by mass 18 (NH4+). This is an "input 
system" ion, sild this result shows that it is made 
in the boundary lsyer outside the entrance hole- 
lmmrnsbly by reaction of IIjO+ with ammonia 
niolecules generated by catalytic action a t  the 
platinum. 

HjOf + NHa -+ €€'io + NH4+ 

Oncc in the first chamber, it is subject to the 
same collimation as H30+ ions. 

I 7 

M 100 150 200 
ACCELERATING VOLTAGE 

FIG. 5 .  Ion counts against accelerating voltage 
(negative) on thw conical electrode in the first 
chamber of the mass spectrometer system, for a 

hydrogen flame with 1% acetylene. 

The monohydrate of H30+ a t  mass 37 shows a 
much steeper slopc-roughly proportional to the 
square of the voltage. This suggests that  it is 
made by attachment in the space between the 
entrance hole and the elcctrode. 

H30+ 3. HZO + H,jO?+ 

Higher accelerating voltages increase the chance 
of attachment by enhancing the retention of 
H30f and H50z+ ions in the nascent beam in 
the first chamber. 

The CHO+ ion (29) is of great interest here. 
At high accelerating voltages i t  behaves not very 
differently from H30+ but falls away very rapidly 
a t  low voltages. It is suggested that this is caused 
by reaction of CHO+ in the chamber with HzO 
to give H30+, On the basis of an estimated prcs- 
sure of 10-' mm Hg in the cloud of gas just inside 
the entrance hole the time for a CHOf ion to 
travel from the entrance to the apes of the first 
electrode, beyond which it j s  effectively collision- 
free, is 5 X sec, when the clectrode potential 
is - 100 volts. Figure 5 suggests that  this is about 
the half-life for reaction with HzO in the chamber. 
Thus the half-life in the flame gas a t  atmospheric 
pressure js of the order of loplo sec. Since this 
gas contains about l0ls molecules of HZO, 
then 

kz - [In 2 / (  10-1~ X 1 0 9 1  = 7 x 10-9 em3 see-* 

This is in agreement with the empirical estimate 
of lo-* cm3 set+ used above. A similar value has 
been used by Calcote.' 

Other Flame Ions 
The mechanism of production of the other 

flame ions of Table 3 deserves some considera- 
tion. Only one reasonable primary reaction has 
been found, and it is therefore natural to look for 
processes in which the other ions are derived 
from either CHO+ or H30+, preferably the latter 
because of its abundance. One should also, as far 
as possible, be restricted to neutral molecules 
which are either major constituents or known 
intermedjates. 

Thus, the equilibrium 

CHSO' + H'iO F! HgO' + CHZO (AH N -4 kcal) 

appears reasonable. The equilibrium constant of 
this reaction will be of order unity, and the ratio 
[CH30+]/[H30+] is about a t  the maximum 
of HzO+. This would imply a concentration of 
CHZO molecules of about or about 
0.02% of the total gases. Since formaldehyde i s  
a known intermediate in oxidation a t  lower 
temperatures (cool flames), its presence in re- 
action zones to this extent is not improbable. As 
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it was consunicd downstream the CH30+ would 
rapidly be convcrted to H30+. 

Similarly, the CaH3+ ion could be established 
from CH30+ by the equilibrium 

CH30+ + CLH, e CaH,+ 4- H,O ( A H  - -12 ked) 

involving unburned acetylene, or acetylene ac- 
tually produced in the reaction zone. This re- 
action, with an equilibrium constant of about 10, 
and with [C3H3+]/[CHaO+] - 10, would imply 
about 0.2% of acetylene in the reaction zone, 
d i i r h  seeins on the high side. 

The above equilibria require that [CH30+] a 
[C2H&':, and [C3H3+] a [CZH,]C?', if both 
[CH20] and [C2H2] a: [C2H& The former rc- 
quirement is in good agreement with observation, 
the latter not so good, the observed index being 
2.1. Elucidation of the other flame ions must 
await further e-qxrimcnts, the number of re- 
action possibilities being large. 

General Conclusions 

Summarizing the evidence in favor of the pri- 
mary ionization reaction proposed: 

1. CHO+ is observed to be a genuinc "flame 
ion", the difference between its profile and that 
of known hydrocarbon peaks being sufficient to 
eliminate C%H5+. 

2. Thermochemical evidcncc, backed by struc- 
tural reasoning, shows the reaction of CH with 
0 to be about thermoneutral; the reaction is un- 
likely to involve significant energy of activation. 

3. The count of CHO+ is proportional to added 
acetylene, as is also [CH*] in the reaction zone, 
while [O] is almost independent of the additive; 
it would seem probable that ground state CH 
shows the same dependence of CH". 
4. The reaction of CHO+ with water molecules 

is very exothermic and should proceed with ease; 
estimated rate constants for this rcaction and 
that of the recombination of H30+ with electrons 
lead to values of [H,O+]/[CHO+] in good agree- 
ment with experimental values. 

5 .  Very approximate calculations of the rate 
constant for formation of CHO+ from CH and 
0 are in fair agreement with values inferred from 
the observations combined with rough estimates 
of the concentrations of CH and 0. 

Evidence against other primary reactions is: 

1. Primary ionization reactions involving other 
radicals and molecules of the hydrogen flame 
with carbon-containing radicals are all too endo- 
thermic, if only ground state spccics are con- 
sidered. 

2.  Even though such reactions can be made 

exothermic by use of electronically excited 
species, the low concentrations of such species 
makes the reactions improbable c o q a r e d  v\.ith 
the one proposed. 

3. No other reaction R f 0, cicept for rather 
improbable R for which thrre is no dirrct evi- 
dence in the flame, have even remotely thc snnie 
therinocheinical advantagcs as tlic proposd 
reaction. 

4. No other flame ion has bcen fouiitl wliicli 
gives a mechanism for subsequent I-IdO+ forins- 
tion with the functional and quantitative agrce- 
ment with the observations shon 11 by CHO+. 
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Discussion 
DR. W. A. R ~ ~ S E R  (Stanford Research Institute): 

It is noteworthy that all three papers of this session 
propose the same reaction, Eq. (I), as a reaction 
which can produce ultimately the ions observed in 
hydrocarbon-02 flames. 

CH + 0 -+ CHO+ + e-. (1) 

It seems clear that thc energy necessary for ioniza- 
tion results from the formation of a carbon-oxygen 
double bond with an energy ceiling of 256 kcal, the 
hwt of dissociation of CO. 

Professor Sugden’s argument in support of Eq. 
(1) depends heavily on the experimentally deter- 
mined relations summarized in the section on 
“Eftect of Variation of Amount of Additive” of the 
paper. Because of the importance of the cited rela- 
tions, I have several questions concerned with 
factors which might affect the apparent relation 
between maximum ion current and the concentra- 
tion of CSHz in the unburned gas. The first of these 
relates to the partition of observed ions into “flame” 
ions and “input system” ions. The procedure 
whereby ions of a given mass number were assigned 
to  one or the othcr class is clear but not the extent 
to  which the presence of input ions represents the 
loss of flame ions. Specifically, I would like to know 
whether this loss was considered in experiments 
which led to data such as shown in Fig. 3. 

The second question concerns the statement at 
Ilie end of the section on “Addition of Hydrocarbon 
to Hydrogen” that the “addition of up to 1% of 
various hydrocarbons to the hydrogen fuel does not 
materially affect the concentration of H and OH 
near the reaction zone.” The reference cited (refer- 
ence 12) is not readily available. Therefore, I hope 
the authors can amplify on the quoted statement. 
The reason for touching on this point is the ob- 
servation‘ that low concentrations of CH, or CzH4 
will noticeably reduce the flame speed of a Hz-air 
mixture similar in composition to that noted at thc 
end of the section on “Experimental.” I seek assur- 
ance that the flame chemistry has not been scram- 
bled by the addition of CzH2. 

In the section on “The Mechanism of Reaction,” 
a brief steady state treatment of [AH+] and [H30+] 
leads to the relation 

From the derivation it is clear that the proportion- 
ality refers to the concentration of AH+ at the point 
corresponding to [HaO+]mnx. The conclusion that 
AH+ = HCO+ requires the proportionality 

[AH+I,,, [H~O+l’max (3) 

which is not the same thing as Eq. (2) because 
HCO+ and H30+ peak a t  different points (see Fig. 
4). 

If, as claimed, Eq. (1) is the initial ion-producing 
reaction, then the origin of the CH radicals becomes 
as intriguing a problem as the origin of the ions 
themselves. Consider for instance the reactions 
recently proposed2 to account for the kinetic be- 
havior of shocked mixtures of C ~ H S ,  OS, and diluent. 

H + 0 2  -+ HO + 0 

CzHS + (0, OH} ---t CzH + (OH, H,O} 

(4) 

(5) 

(6) C2H + CZH2 -+ C4Hz + H 

To this list could then be added such reactions as 

0 + CSH -+ CO + CH (7 )  

0 + C,H, -+ CO + CaH, (8) 

and then on to the ions CHO+, H30+, CZHS+, 
C,H,+, CsH3+, etc. Such a reaction path is based on 
the radical CSH, only one step removed from C2HS 
but many steps removed from all the other hydro- 
carbons which also produce ions (e.g., Fig. 5 in the 
paper by Bulewicz and Padley, this volume, p. 643. 
How then can one account for the fact that hydro- 
carbons as diverse as CHa, CZHZ, and CsHs give 
similar ion yields per carbon atom (see Fig. 5, 
Bulewicz and Padley, this volume, p. 643). Perhaps 
Eq. (I) is but one of several reactions which can 
produce ions. I am sure that Professor Sugden, and 
the authors of the other two papers, have considered 
the consequences of accepting Eq. (I) as the initial 
ion reaction and will be willing to comment thereon, 
even though i t  may require venturing into the 
quagmire of speculative kinetics. 

DR. T. M. SUGDEN (University of Cambridge): In  
reply to the points raised by Dr. Rosser, I hope the 
following explanations will be satisfactory. 

1. Direct accounting for all the “input system” 
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ions in terms of initial “flamc” ions is difficult. 
However, when ammonia is added to  the flame gas 
supply in small amounts, under experimental con- 
ditions such that “flame” ions predominate, the 
count of H30+ (a flame ion) decreases by as much 
as the NH4’ ion (an input system ion) increases. 
This work, done in collaboration with Prof. H. I. 
Schiff, is to be published in the near future. The 
reaction is 

H30+ + NH, 3 H?O + NH4’. 

2. The work of Padley on the effect of small 
amounts of hydrocarbon on radical concentration 
in hydrogen flames is in the course of publication. 
One per cent of acetylene (hydrocarbon used here) 
gives reduction in (H) and [OH) of the order of 
10-20%, which should be of small account in the 
present work, is.,  not sufficient to refute the 
analysis. 

3. We must apologize for not having stated that 
the whole CHO+ profile varies linearly, and not 
only its maximum. This validates the use of the 
mechanism suggested, a t  the maximum of H,O+. 
Measurements of H30+ a t  the maximum of CHOf 
are very difficult because of its rapid variation with 
position there. 
4. I would rather not enter into the discussion of 

the mechanism of CH production a t  this stage, 
having no new ideas to offer. I would point out, 
however, that the reaction 

Cz + OH 3 CO + CH 

offers possibilities, as well as the suggested 

CzH + 0 -+ CO + CH. 

PROF. G. B. KISTIAKOWSHY (Harvard University): 
Our investigations of the oxidation of acetylene in 
shock waves3~4.5 have demonstrated a branching 
chain mechanism determined by the rate of the 

H + 0 2  +OH 4 0 (1) 

reaction. The oxidation observed in the 1200- 
3000°K temperature range is accompanied by the 
emission of short UV radiation, since identified as 
the fourth positive band system of CO and ioniza- 
tion of the gas. Both rise exponentially and then 
decay, showing identical dependence on tempera- 
ture and composition of the gas mixture. We be- 
lieve, therefore, that very closely related reactions 
are responsible for both, for instance, the sequence 

(2) 

HC + 0 -+HCO* (3) 

C,H + 0 2  -+ COz + HC 

HCO* 3 H + CO* 4 H + CO+ hv 

HCO* 3 HCO+ + e- 

(4) 

(5) 

Itcactions (3) and (5)  arc thc oiics suggcstctl by 
Ih. Sugden as the mechanism of ionization, hut, rr- 
action (4) occurs at least an order of magnitudr 
more frequently and, therefore, thc sequence ( 3 )  
and (4) is kinetically more important than ( 3 )  
and (5). 

DR. T. M. SUGDEN: In relation to Prof. Kistiakow- 
sky’s remarks, I would like to mention the following 
result which we (Green, Larin, and Sugden) have 
obtained in recent months. There is a broad parallel- 
ism between maximum flame ionization and emis- 
sion from CH* in the reaction zone when hydrocnr- 
bons (CH4, C2H2, C2H4, C2H6, C,Hs), as wcll as 
methyl alcohol, are added to a hydrogen flame. The 
relation is monotonic but not linear. Linearity is 
not expected from our mechanism, which indeed is 
possible with ground state CH, which need not be 
very closely related to CH* in all the circumstances. 

As for the suggestion for testing the validity of 
the initial ionization step suggested, investigation 
in the hydrocarbon flame bands, which might well 
be produced by CH + 0 + M -+ CHO“ + M, as 
well as on the chemiluminescence of adgtives such 
as iron in the ultraviolet a t  about 2000 A, which wc 
believe could be caused by CH + 0 + Fe - 
CHO + Fe*, should be considered. 

DR. H. F. CALCOTE (AeroChem Research Labora- 
tory) : It is most satisfying to see so much agreement 
not only in numerical constants derived from two 
different techniques, the mass spectrometer, and the 
Langmuir probe, but in actual interpretation of the 
phenomena in terms of elementary reactions. 

In addition to these points of agreement noted by 
the authors, I would add one more. Whcrc Greeri 
and Sugden found the rate of ion formation with 1 ‘?y 
acetylene added to a Hz-02-TCT2 flame to be S X 1016 
ions/cc/sec, we found the rate of ion formation to 
be 2 X 1OI6 ions/cc/sec in a propane-02-N2 flnme.6 
Both flames were at 1 atm. As the pressure is de- 
creased this rate also decreases.7 Bascombe, Green, 
and Sugden (reference S of the paper) estimatr thr 
rate constant to be kl = 3 X 10-l2 cc/sec. My 
estimate from collision theory was 5.4 X 10-11 
cc/sec. 

Green and Sugden’s observation that the value of 
AHf(CH) = 103, which I had used from Field and 
Franklin’s review (reference 17 of the paper), is low 
is certainly agreed to; the preferred value is 143. 
However, I would still prefer to hold open the 
question of the heats of formation of CHO+ and 
H30+. For CHO+, Field and Franklin gave -203 
kcal/mole. A recent review by Bernecker and Longs 
gives 220 kcal/mole for AH, (CHO+). 

For HBO+ Field and Franklin give 195 kcal/molc 
and Bernecker and Long give 207 kcal/mole. Green 
and Sugden use a value of 137 kcal/mole obtained 
from the proton affinity of H20f. Both of the high 
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values are based on electron impact studies which 
may involve ~ X C C S S  energy in the fragments. Ber- 
necker and Long, however, point out that in seven- 
teen randomly chosen polyatomic molecules, the 
ionization potentials by the impact method are 
only :&bout 3.5 kcal/mole higher than those from 
photoionization. Mujer, Patrick, and Robby find 
that when the uncharged fragment, produced by 
electron impact, is more complex than a single 
atom, the appearnncr potentials may include excess 
energy. In studies on the acetyl radical ion, this 
excess energy was 5-9 kcal/mole. The measure- 
ments upon which the high values of AH,(H,O+) 
are based included initial reactants H, + O?, 
CJI,OH, and HCOOCIH6, so it is difficult to ration- 
alize the difference between these values and 137 
lical/niole, which Green and Sugden use based on 
the proton affinity of H,O. A difl'erence of 5s to 70 
kcal/mole is required. Certainly the correct value 
is still open to question. 

The ion-molecule reaction CHO+ + H,O + 
CO + H30+ is exothermic by 34 kcal/mole using 
the data employed by Green and Sugden. Using 
Field and Franklin's values, I found this reaction 
to be endotherniir by 25 kcal/mole.? With Bernecker 
and Long's values for CHO' and HjO+, the reaction 
is endothermic by 19 kcal/mole, and with Bernecker 
arid Long's value for f&O+ and the other data used 
by Green and Sugden, the reaction is endothermic 
by 37 kcal/niole. 

If the above reaction were not endothermic, my 
explanation' for the formation of NH4+ and H2CN+ 
ahead of the N30+ peaks in van Tiggelen's experi- 
ments with the addition of NHJ and HCN would 
not be valid 

We have d l  been defending various reaction 
mechanisms on the basis of ground state thermo- 
dynamics, but it may be well to remind ourselves 
of the hazards involved. The products may very 
well be in excited states and may involve excess 
cmrgy causing all of our calculated heats of reaction 
to be low. 

I prefer Green and Sugden's explanation of the 
formation of C,H,+ via 

HiO' + CHiO + CHjO+ + HrO 

CHjO' + CIH2 + CjH?+ + HLO 

to the mechanism I discussed in my paper (this 
symposium) : 

Fristrom and Westenberg'o report, in a methane- 
oxygen flame, CI-120 to be present to 0.2%, which 
is morc than sufficient for Green and Sugden's re- 
quirements of 0.02%. However, we find CH,O+ to 
be present only in extremely small concentrations, 
and van Tiggelen does not report it at all. Of course, 

the subsequent reaction with acetylene could be so 
fast that the steady st& concentration of CH,,O+ 
is negligible. Both mechanisms sufl'er in requiring 
hydrocarbon fragments in a lean flame to be about 
comparable to their concentration in a rich flame 
because we observe little difference in the magni- 
tude of the C3H.,+ ion in rich and lean flames. More 
study is obviously required on the mechanism of 
producing C.$H2+. 

DR. T. M. SUGDEN: We have used the heat of 
formation of H30+ (137 kcal/molc) based on the 
value of the proton affinity of water obtained by 
Tal'rose and Frankevich (169 f 2 kcal/mole). 
This latter wm based on the reactions 

HzS+ + HyO --t HS + H30' 

C,Hit + HZO --t CpH + HSO' 

Although the accuracy is probably not quite so 
high as the author claimed, nevertheless, it seems 
better to us than the electron impact data. Even if 
i t  were in error by as much as 30 kcal, which is very 
improbable, the reaction 

H20 + CHO+ H3O+ + CO 

would still be exothermic. 

PROP. T. KINBARA (Sophia University, Tokyo) : 
Dr. Sugden started with the equation CH + 0 + 

CHO+ + e-. A hydrocarbon flame is divided into 
three regions-a green region from which mostly 
C2 band is emitted, a blue region from which 
CH band is emitted mostly, and a faint purple 
region. This is clearly demonstrated in a low pres- 
sure flame. We used a concentric double tube as a 
burner, the hydrocarbon gas and the air being sent 
through the inner and the outer tubes, respectively. 
1Xffusion takes place quickly a t  the top of the 
burner, and the flame thus obtained is very stable. 
The flame is a flat and thick flame. At the bottom of 
the flame, we could see the C? region of 2-3 mm 
thickness, and above this layer the CH region of 
3-4 mm is observed, followed by the faint purple 
region. 

We observed the ion concentrations a t  several 
points of the flame by the Langmuir probe method, 
and obtained the distribution of ion concentration 
in the flame. Our results show that the ion concen- 
tration, 3s we go upwards, increases gradually in the 
C t  region, whereas it keeps constant or decreases in 
the CH region. This means that the ions are created 
in the C2 region, and the ion production is likely 
connected with C, radicals rather than CH radicals. 
Of course, the green region is the one where excited 
Cp radical predominates in number, and this does 
not necessarily mean the region where normal C2 
radicals predominate. CH radicals can predominate 
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in the Crrcgion. However, I feel something un- 
natural in the theory that CH + 0 + CHO+ + e- 
is the first step of the combustion mechanism. Does 
Dr. Sugden think that the reaction Cy + OH -+ 

CH + CO takes place before CH + 0 ---f CHO + e? 

DR. T. M. SUGDEN: The production of CHO+ by 
CH + 0 will depend on the profile of (0) as well 
as on that of (CH). Prof. Kinbara’s observations on 
the distribution of C?’ and CH* in a diffusion flame 
are not inconsistent with the mechanism suggested. 

3. 
4. 

5. 
6. 

7. 

S. 
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ION AND ELECTRON PROFILES IN FLAMES 

H. F. CALCOTE 

It is shown how Langmuir probes can be used in flames to obtain not only the positive ion con- 
centration but electron concentrations and electron temperatures. An internal method is presented 
for checking the results by comparing the wall potential calculated from the above three quantities 
with the observed wall potential. Satisfactory agreement between these two values in hydrocarbon 
air/or oxygen flames from 1.5 to  760 mm Hg increases the confidence in the use of Langmuir probes 
to  obtain plasma profile properties in flames. The accuracy of positive ion and etectron collision 
cross sections appears to  be the major factor limiting the accuracy of the probe. 

Detailed results are presented for a number of flames. The positive ion concentration always es- 
ceeds the electron concentration indicating the formation of negative ions. Electron temperatures 
csceed the gas temperature and do not decay as rapidly as might be expected. 

A mass spectrometric technique for obtaining ion profiles of good spatial resolution is outlined and 
detailed profiles arc presented for an acetylene-oxygen flame at 2.5 mm Hg. The ion CHO+ peaks 
ahead of C,H,+ which precedes H30+. Many other ions are observed to  peak at  about the same posi- 
tion in the flame as C3H,+. There are still problems, however, with respect to  interpreting the results 
in terms of the first ion produced from neutral species and the sequence of ion molecule reactions 
which follows. 

Introduction 

It is generally agreed today that chemi- 
i ~ n i s a t i o n - ~  is the dominant ion producing 
mechanism in hydrocarbon-air or oxygen flames. 
There is even some accord that an important ion 
forming reaction isGJs9 

CH + 0 + CHO+ + e- 

However, evidence for this reaction is still not as 
conclusive as we would like. From flame ioniza- 
tion detectors in gas chromatography, we have 
learned that about one ion is produced for about 
every million carbon atoms in the combustion 
gasess; this is consistent with the rate of ion 
formation obtained by Langmuir probe studies? 
Ionization flame detector studies for gas chro- 
motogrnphy have also shownS that the rate of 
ion formation in a hydrogen-air flame is directly 
proportional to the hydrocarbon concentration 
over a concentration range of roughly 1 to lo9. 
Detailed studies of ion precursors do not make 
clear why this should be so. Although mass 
spectrometric studies of ions in flames have done 
much to increase our understanding of ionization 
in flames, because of rapid ion-molecule reac- 
tions, they have still left doubts as to the primary 
ions produced from neutral species. Recombina- 
tion measurements of flame ions are also vague 
on the point of whether the negative species is an 
ion or an eIectron. 

There is therefore a need in hydrocarbon 
flames for more detailed flame profile studies of 
total positive ions, electrons, and individual 
positive and negative ions. I n  addition, the gas 
temperature and stable species profiles should 
be obtained in the same flame. We have em- 
barked upon such a program, and this con- 
tribution represents a progress report. I n  previous 
work in this field either positive ion or electron 
concentrations have been measured. Positive ion 
concentrations have been obtained with Langmuir 
probes which give a high degree of spatial resolu- 
tion but suffer from a bad reputation.loJ1J2 
Microwave techniques have been used by 

for determining electron concentra- 
tions, but such experiments have the basic 
limitation of poor spatial resolution. We will show 
in this paper that  Langmuir probes can be 
reliably used for obtaining both positive ion and 
electron concentrations. Electron temperature 
measurements in flames will also be presented. 
Results of detailed mass spectrometer profiles 
will be described for low pressure flames where, 
because of the flame thickness and the ion sam- 
pling technique employed, the spatial resolution 
is greatly improved. 

Consistent with the invitation to present work 
in progress, it  is not the intent of this paper to 
present a final piece of work with arguments for 
interpreting the data in terms of theoretical con- 
cepts but to outline the results of experiments in 
progress with the hope of stimulating discussion. 
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Langmuir Probe Studies 

In the last symposium9 we outliiicd the usc of 
Langmuir probes to obtain positive ion concen- 
trations; we will now discuss the use of the probe 
to obtain electron concentrations and electron 
temperatures and some of the problems involvcd. 
As our use of probes has continued and we have 
gained more confidence in them, it has become 
more and more evident that one of the main limi- 
tations is our lack of knowledge of collision cross 
sections of both positive ions and electrons. Inci- 
dentally, thc electron collision cross section is also 
necessary for interpreting microwave techniques 
in terms of electron concentrations-it appears 
as collision frequency. We will therefore! discuss 
how this problem can be handled in treating 
probe data and a t  the same time show how a self- 
consistency test can be applied to the probe data 
to increase confidence in the results obtained. 
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FIG. 1. Typical Langniuir probe curve in ethylene- 
oxygen flame, p = 2.6 mm Hg. (See Table 6.) 

Small  Probes 

In our previous work relatively large probes 
were employed, frequently stretching across the 
flame, so that it was difficult to  obtain saturation 
electron currents on the probe without saturating 
the other electrode, usually a screen over the 
entire flame. This difficulty arises because of the 
large mobility of free electrons with respect to 
positive ions. The currents (electron) to a 
positive probe are always much larger than 
currents (positive ions) to a negative probe 
(See Figs. 1 and 2 ) .  With large probes the large 
electron currents also produce excess drainage 
on the flame plasma, which affects the plasma 
being studied. We have been thwarted pre- 
viously in attempts to build small probes because 
all electrical insulators become either semicon- 
ductors or thermal emitters a t  the elevated 
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FIG. 3. Typical Langmuir probe curve for obtaining 
electron concentration and electron temperature 

(from Fig. I). 

temperatures of flames; considerable attention 
was therefore directed to the solution of this 
problem, and after many attempts a small 
water-cooled probe was developed and is shown 
in Fig. 3. 

The insulating member, Fig. 3, is cooled by 
being in contact with a tube of material of good 
thermal conductivity, which is in turn cooled by 
circulating water. The cooling tubc extends 
beyond the insulator to kecp the tip of the in- 
sulator cool and, hencc, a stagnant gas forms at 
the end. Several difficulties still must bc recog- 
nized. The probe length is now not accurately 
known, but this can be checked by testing probes 
of varying lengths. The cooling effect on the 
gas and the effect on the ion sheath are difficult 
to assess, although the visual disturbancc in the 
low pressure flames is negligible. They must also 
be evaluated by varying the probe length and 
diameter. 

Interpretation of Probe Cu.rves 

In the last symposiumg thc equation was given 
for an ellipsoidal approximation to the equatioiis 

COPPER COOLING COILS 
/ 

SILVER COOLING JACKET 
A . 3 2  cm 

EL€ 
C 

COPPER TUBING 
FOR STRENGTH 

FIG. 3. Electrically and thermally insulated probe. 
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of i~ol im,  l<~irliop, :uid Masscy' for calculating 
I)oiiti\ c ion coacciitrations froiii 1)robc currents, 
Le., the C J  liiitlricnl 1 ) roh  wa\ apl)rosiri~atcd by 
an c~llipsoid. '1 siini1:ir approsiniation can also be 
given for :~ii infinite cylindcr. Thew tn o rqua- 
tiom can be ibrittcn for eithcr pxitive ions or 
c4cctrons by substituting the appropriate quan- 
tities. For eiectroiis they would read for a 
positivc probe: 

( 1) ellip5oidal approsiniation; 

( 2 )  i n h i t c  cylinder approximation; 

!\llcic: 

j ,  = clcctron current dciisity a t  the plasma 

e = cliargc on electron; 
k = Boltaman constant; 
mL = ninss of electron; 
T ,  = electron temperature, obtained from 

A, = electron incan frec path; 
d = probe diameter; 
L = probe length; 
X = I, + 2X,; and 
R 

potential; 

tlic Laiigmuir probe data; 

= [.F - ( d  + 2hJ3-J. 

For a negative probe Eqs. 1 and 2 must be 
niultiplied by esp (--eV/kl',) where V is the 
potential diffcrcncc bctm ecn the probe and the 
plasma potential and represents tlie barrier over 
wliicli the electrons must diffuse. The plasma 
potential nticl the proccdure €or obtaining it arc 
presented in Fiq. 2. 

l'hc w:~lJ potential, Vu, is tlic potential, with 
Icspect to thc plasma potential, a t  which the 
p ~ o b c  current is zero, Fig. 1. ht this potential 
the positive ions reaching the wall are just 
Ir:dmced by the electrons aiid negative ions reach- 
iiig tlie wall. It can be demonstrated that, unless 
the electron concentration is very much less than 
the negative ion concentration, the contribution 
ol negative ions to the wall potential can be 
~icglccted. Then by equating j+ = j, and letting 
V = V,, tlic rvall potential is given by: 

.Ivhere [+] :xiid [e - ] ,  sometimes called correction 
factors, nre the rtqcctive bracket terms for 
Ilositivc ions aiid electrons from Eqs. (1) or (2). 

The electron temperature can he obtained by 
writing either Eq. 1 or 2 forj, to a ncg:itive probe: 

On taking logarithms of both sides: 

lnjL = In [nee(/cT,/2am,) ~[e-]"]- ( eV /kTc )  

( 5 )  
Neglectiiig the weak tcmpcraturc dcpendcncc of 
the first term on the right-hand side, this is the 
equation of a straight line: 

l n j ?  = B - (e/kT,) V .  (6) 
Thus, a plot of l n j c  against the probe voltage, 
as in Fig. 2, yields through the slope, the electron 
temperature, T,. Because thc total current to 
the negative probe is: 

j tdr r l  = j+ + j ,  ( 7 )  
with appropriate signs the electron current may 
be obtained by extrapolating the approximately 
linear leg of the current to the negative probe in 
order to obtain the positive ion contribution a t  
any particular voltage. The electron current is 
then obtained by subtracting the positive ion 
current from the meter or probe current. 

Thus it is possible to extract from probe data: 

1. The electron concentration from Eq. (I) 

2. The positive ion concentration from Eq. 
(1) or (2) substituting positive ion values; 

3. The electron tempcrature from the slope of 
ln je  vs. V ,  Ey. ( 6 )  ; 

4. The wall potential by the voltage difference 
betmen the plasina potential aiid the probe 
voltage (mctcr) a t  which the probe current 
(meter) is zero. 

An internal check on the results is afforded by 
tlic observation that tlic first three quantities 
caii be used in Eq. (3) to calculate the fourth. 
Thus the values of n,, n+, aid T ,  are used to 
calculate V,  by Eq. (3) and this value compared 
with the observed value of V,. With the degree 
of independence of the various quantities, the 
restrictions imposed by the theory and the com- 
plexity of the experimental curves, agreement 
can htlrdly be considered as fortuitous. This 
agreement over a range of pressures and a range 
of the parameters invoIved justifies considerable 
confidence in the results. Experimental results 
will be presented in a later section. 

One major stumbling block to the satisfactory 
interpretation of Langmuir probc data is the 
need for accurate knowledge of the mean free 
paths of positive ions and electrons, or more 

or ( 2 )  ; 
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basically, the need for accurate collision cross 
section data. As our work has progressed it has 
becomc more and more apparent that  the 
diffcrcnces between observed and calculated wall 
potentials were well within the choice of collision 
cross sections available in the literature. h 
brief discussion of this prohlem is thus war- 
ranted. 

illean Free Paths and Collision Cross Sections 
r ,  1 he gcneral cquation for mean free path is14: 

is H30f, so the collision crobs section of this ion 
with the various neutral components such a1  
HSO, COS, and Nz is required. Thcse data arc not 
readily available and hence were estimated by 
assuming the additivity of molecular and ionic 
radii. The radii of neutral molecular q)rcirs were 
taken froin Hirschfclder, Curtis, sild Rird" 
except for ITSO, which  vas estimated to 1)c 1.7 /? 
by comparison with other rnolcculc~. No value 
for HJO+ nor HmO+, which might bc eslmted to 
be close, has been found. This valut was tlierE- 
fore cstiiiiated froin Pauling'i datn"j to be 1 .S k .  
Thus the collision diainrtcrs and cross sectioiii 
for fIIOf with the products of comhri~tioii wcrca 
cstiiiiated to be: 

wliere : 
X,, = distance bctmcn centers of colliding 

species i and s, Le., collision diameter 
for positive ions, 

Qt, = collision cross section of species i col- 
liding with species s; 

m,, m, = masses of colliding particles i and s; 

Collision s 

I-I:jO+ + N? 3 . 6  ;i 
H:O+ + 0 2  3 . .5 
H,O+ + CO, 3 , s  
HaO'. + HzO 3 . 5  

&+ 

4.1 X cm2 
3 . 9  
4.5 
3 . 0 

and 
n, = numhcr density of s species. 

It is unfortunate that bcttcr values zrc not 
avnilablc. In  ixevious lTorkl,q we assuincd S = Bccause for electron collisioiis m,/m, << 1 : 

(9) 2.6 X. 
There are several sourccs of clcctron collision A, = (E ns&es)-l. 

cross sections including actus1 incaiurcmciit of 
the collisioii frequency in flainc.s. Most of thc 

x+ = (ax n9Qzs) - ' .  (IO) electron collision cross sections arc itrniigIy 
clcctron temperature dcpendcnt :~nd thus must 
be obtained as a function of electron tnnper,ttui c 

Bccause for positive ions mzL/7ns =: 1 

Thc dominaiit ion in uncontaininatcd flames 

TABLE 1 

Measurements of Electron Collision Cross Sections in Flames 

Conditions 

Collision 
Reference frequency 

No. (scc-1) 

Collision 
cross section 
(10-15 ramz) 

Acetylenc-air flame 
760 mm Hg, 24SO"K 

Acetylene-oxygen flame 
7.5 mm Hg, 2300°K 
6-40 mm Hg, 2200°K 

Acetylene-oxygen detonation 
76 mm Hg, 3500-4000°K 

Coalgas-air flame 
760 mm Hg, 3200°K 

Propane-oxygen flame 
760 mm Hg, 1S00-2400"1< 

2s 2.6 X 10-11 

2s 3.7 x 10g 
1s - 

- 29 

30 s.s x 10'0 

__ 31 

2 .F 

3 .9 
4 

2 .5  

S .4 

1 .o 
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TABLE 2 

Electron Collision Cross Sections Used 
in Calculations 

Electron 
temperature 

Collision cross sections (10-15 em*) 

("K) co 2a con N p 

2,000 1.7 1 .1  0.S5 
3,000 1.4 1.1 0.95 
4,000 1.1 1.1 1.0 

a Data from reference 21, chap. 3 (Ramsauer and 
Townsend values), and reference 32. 

FIG. 4. Electron collision cross sections for water 
(see references 17 to  21). 

b Data from reference 33. 

annronriate electron collision cross section would 
bk' toAcompute it from the components of the 
mixture. Water is usually a major and 
has the largest cross of the products of 
C, H, o, flames. Literature vaIues for H20 
are nresented in Fig. 4. Values for COO. CO. and 

in the flame. Some literature results in flames are 
summarized in Table 1. The collision cross sec- 
tions when not given in the references have been 
calculated from: 

Y -, I 

Qe = v / E m  (11) Nz which have been used in reducing our data 
are presented in Table 2. 

where: 

v = measured collision frequency; Plasma Properties of Flames 
no = total number of molecules; and The techniques of the previous section have 

been applied to a number of different flames, and 
the results are presented in this section. 

E = mean electron velocity. 

A more sophisticated means of obtaining the 

TABLE 3 
Plasma Properties of a Propane-Air Flame at  1 Atmosphere 

Probe: Platinum Equivalence ratio = 1 .O 
Gas temperature = 2270°K 
Electron temperature = 2S50"K 

Length = 1.5 cm 
Diam. = 0.063 ern 

= 3.23 X 10l8/cc 

Cylindrical probe approximation used 

j +  = 3.94 X 10-8 amperes 
&+ = 4.15 X em2 
A+ = 5.26 X em 
n+ = 1.42 x 10'0 ions/cc 

j ,  = 5.05 X amperes 
Qe = 1 .63 X 
A, = 1.90 X 10-4 cm 
ne = 2.92 X IO9 electrons/cc 

em2 

Vu (obs.) = 1.2 volts 
V,  (calc.) = 1.20 volts 

Sheath thickness 
(at -3 .O volts) 

Parallel plate theory 0.036 cm 
Cylindrical probe theory 0.035 em 
Simple current increase 0.031 cm 
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TABLE 4 

Plasma Properties of a Propane-Air Flame at  33 mm Hg 

Probe: Pt-40% Rh Equivalence ratio = 0 .SS 
Gas temperature = 2100°K 
Flow velocity = 1S2 cc/sec 
no = 1.52 X 1 0 ' 7  molecules/cc 

Diam. = 0.025 cm 
Length = 0.50 em 
Q+ = 4.11 X em2 

Ellipsoidal probe approximation used 

Probe currents Cone. (10-9 
Distance (10-8 amperes) mole fraction) v, (volts) 

____ from burner T ,  Q. 
(em) i+ i, (OK) cm3) n+/no n,/no Obs. CdG. 

0.34 0.77 150 2060 1 .s 6.4 2.1 0 .ss 0.93 
0.56 3.90 155 2400 1.7 32 2 .o 0 .GS 0.76 
1.02 1.95 142 2500 1 .6  16 1 .7  0.85 0.92 
1.4s  0.90 135 2700 1.6 7.4 1 .5  1 .I 1 . 2  
2.40 0.52 133 2350 1 .7  4.3 1.6 1.1 1 . I  
3.32 0.27 S5 2350 1.7 2.3 1.1 1.1 1 .2  
4.01 0.22 74 2600 1 .6  1 .s 0.85 1.2 1 .3  

For a stoichiometric propane-air flame at 1 
atmosphere thc results are summarized in Table 3 .  
The internal check via the wall potential is better 
than could be espccted. Note that the electron 
temperature exceeds the adiabatic gas tempera- 
ture, and the positive ion concentration is more 
than five times the electron concentration. If 
the ion sheath thickness around the negative 
probe is calculated by the usual theory described 

in Loeblo the two theoretical results reported in 
Table 3 are obtained. According to the simple 
picture upon which the Langmuir probe theory 
is based, the increase in current to the probe as it 
is made more negative is due to an incrcasc in the 
positive ion sheath thickness, so that thc area into 
which ions are diffusing is being increased. If the 
sheath thickness is zero a t  the plasma potential, 
then the sheath thickness at any voltage is 

TABLE 5 

Comparison of Data Reduced by Several Alternativesa 

Positive ionb 
Distance Collision Positive 

from burner diameter Correction ion conc. 
(109/4 (cm) cm) Probe theory factor 

0.34 3.6 
3.6 
2.6 
2.6 

1.02 3.6 
3.6 
2.6 
2.6 

Cylindrical 
Ellipsoidal 
Cylindrical 
Ellipsoidal 

Cylindrical 
Ellipsoidal 
Cylindrical 
Ellipsoidal 

41 0.96 
31 0.97 
21 0.50 
16 0.50 

41 2.4 
31 2.5 
21 1 . 3  
16 1 . 3  

~~ 

a See Table 4 for esperimental conditions. 
The collision diameter assumed prior to this report was 2.6 X 10-8 em. The weighted average of the 

species involved gives 3.6 X 10-8 em. 
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TABLE G 

l’lttsina Propertics of nn Ethylcne-Oxygen Flnme a t  2.6 mm Hg 

Varying composition 

Probe: Pt-40% Rh T+ (assumed) = 2000°K 
120 = 1.22 x 1016 Diam. = 0.015 cm 

Length = 0.159 cni 
-_____ 

Maximum probe 
currents Max. cone. (lo-’ 

(1 O-G amperes) mole fraction) vu (volts) 
13quiv:~lenc:c _______--__ Tea 

ratio i+ i, (“Io .+/no n h  Obs. Calc. 

0.553 0.16 15 7SOO 3 .O 0.74 2.7 3 .O 
0.70s 0.19 16 8500 3.6 0.76 2 .s 3.2 
0 ,751) 0.22 22 7SOO 4.2 1 .1  2.7 3 .O 
0.S31 0.23 20 9900 4.4 0 .ss 3 . 2  3 .s 
1 .oo 0.55 26 4330 10.4 1.7 1 .5  1.4 
1.03 0.45 2s 3SSO 9 .o 2 .O 1 .3  1 .3  

At the distance of niasimum ion mole fraction. 

obtained simply from the ratio of current at the 
1)articular voltage to  the positive ion current at 
the plasma potential. The value from this calcula- 
tion IS givcri as “simple current increase.” The 
ngrecinents :LE remarkable. 

The results for a fuel lean propane-air Aame 
at 33 min Hg are suinmarized in Table 4. Again 
the electron temperature exceeds the adiabatic 
qas tcinlmaturc, and thc positive ion concentra- 
tion i s  greater than the electron concentration. 
‘ V ~ P  internal clicck via thc wall potential is satis- 

factory. The cylindrical probe approximation 
was used for the experiment in Table 3 and the 
ellipsoidal approsirnation for the experiment in 
Table 4 because of the relative probe lengths to 
diameters. Table 5 summarizes some results using 
combinations of the two different approximations 
in the probe theory, and the collision diameter 
assumed in our previous workg as well as that 
obtained by a weighted average of the major 
product species. The choice of approximation in 
the probe theory would appear to make little 

TABLE 7 

Plasma Properties of an Acetylene-Oxygen Flame at 1.5 mm Hg 

Varying composition 

Probe: Pt40q: Rh T+ (assumed) = 2,OOO”K 
no = 7.29 X 1015 Diam. = 0.01.5 cm 

Length = 0.159 cm 

Maximum probe 
currents Max. cone. (lo-? 

(10-6 amperes) mole fraction) vu (volts) 
Equivalence T,  

ratio i+ i, (or<) n+/no n,lno Obs. Calc. 

0.415 0.26 40 3070 9.5 1.9 1.1 1 .o 
0.519 0.30 42 4030 9 .5  4.7 1.9 1.9 
0.550 0.45 52 4030 15. 4.9 1 .6 1.6 
0 .640 0.50 31 4530 16. 7.1 1.7 1.7 
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TABLE S 

Plasma Properties of an Acetylene-Oxygen Flamc at 1.5 mm Hga 

Distanceb 
(cm) 

0 .OO 
0.78s 
1.45 
2.42 
3 .07 
3.74 
4.76 

Probe currents 
amperes) 

0.12 12 
0.30 24 
0.2G 21 
0.22 1s 
0.19 18 
0.21 16 
0.17 11 

T, 
(“K) 

2320 
3070 
33SO 
3100 
2650 
3020 
2260 

Conc. (lo-? 
mole fraction) v,, (volts) 

011s. Calc. 

4.0 1 .9  
9.5 I .9 
s .4 2.7 
7.0 2 .0 
G.1 2.1 
8.9 2 .1  
5 . 4  1 .s 

0.07 0 . O 1  
1 .1  1 .0 
1 .I 1.3  
1.2 1 . I  
0.9s 0 .<IS 
1 . 2  1 .1  
0.97 0 .s2 

a Equivalence ratio = 0.415. See Table 7 for experimental conditions. 
b Measured from beginning of luminous zone. 

difference in the results. However, the different 
choice of collision diameter leads to almost a 
factor of two differences in the results. 

The results for an ethylene-oxygen flame a t  
2.6 mm Hg with varying equivalence ratios are 
recorded in Table 6. In the flame the electron 
temperatures arc far in excess of the adiabatic 
flame temperature, and the positive ion conccn- 
tration exceeds the electron concentration. At 
such low pressures the correction term in the 
probe theory reduces to 1. The same comments 
can be made for the acetylene-osygcn flame 
described in Tables 7 and 5. 

Thc internal check through the wall potential 
certainly adds confidence to tbc validity of 
Langmuir probe data. The excess electron tcm- 
pcratures in the combustion zone, wherc clcc- 
trons are being created, arc no problem to cs- 
plain. In  chemi-ionization thcrc inay certainly bc 
sufficient available energy to “kick” the clcctron 
out with an escess of kinetic energy. The per- 
sistence of these tcinperatures doivnstrcam of thc 
coinbustion zone, where presumably electrons arc 
no longer being created does, however, represent 
a problem. Although electron temperatures 
would be espccted to decay relatively slowly 
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because of inefficient momentum transfer to 
heavy molecules, the theoretical decay times25 
we expected to be measured in microseconds and 
not milliseconds. The explanation may lie in the 
high diffusion velocity of electrons, but this 
remains to be demonstrated. 

The persistent excess of the positive ion con- 
centration over the electron concentration indi- 
cates the presence of negative ions. Pagez6 and 
Sugdenz7 from microwave studies of electrons in 
flames deduced the presence of OH-. This has, 
however, not yet been identified in mass spec- 
trometric studies of flames. 

Mass Spectrometer Studies 

Although the Langmuir probe gives reasonably 
accurate data on total ion concentrations, this is 
insufficient to formulate B complete picture of the 
ion processes occurring in flames. The identity of 
the individual ions and knowledge of how they 
vary through the combustion wave are required. 
It has been shown by Knewstubb and SugdenZ2 
and by Deckers and Van Tigge1enz3 that many 
different ion species exist. Neither of their 
experimental systems was capable, how-ever, of 
obtaining ion profiles with any spatial resolution 
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because the sampling orifice was in a flat platc 
against which the flame played and they operated 
a t  relatively high pressures, 1 atm, and 10 to 40 
mm Hg, respectively. We have developed tech- 
niques at lower pressures, 1 to 10 mm Hg,% which 
allows reasonably good spatial resolution. The 
techniques will be briefly described with some 
typical data, and the questions these detailed 
profiles raise will be discussed. 

Mass Spectrometer 

Thc instrument is shown in Figs. 5 and 6. 
It consists of a low pressure burner, a cone- 
shaped ion sampling probe, two vacuum systems 
for the mass spectrometer, an ion focusing section 
to focus the ions from the entranccrorifice onto 
the first slit of the radio-frequencyimass spec- 
trometer, an ion multiplier tube to detect the 
ions, and an electrometer recording system. 

Ion profiles are obtained by moving the flame 
across the orifice by adjusting the position of the 
10 cm diameter flat flame burner. The cone- 
shaped sampling probe represents a compromise 
to give a minimum disturbance to the flame while 
allowing a maximum pumping speed in the mass 
spectrometer. The pressure inside the orifice is 
about mm Hg, and in the analyzer section it 
is about mm Hg. The entrance orifice is 
about 0.25 mm in diameter and 0.2 nim long. 
These dimensions are approximately equal to the 

- 

1 2 3 4 5 6  7 

DISTANCE ABOVE BURNER, cm 

FIG. 7 .  Mass profiles for an acetylene-oxygen flame; 
pressure = 2.5 mm Hg; equivalence ratio = 0.66; 

total Bow = 61 cchec. 

PROFILES IN FLAMES ($3 1 

mean free path of the ions in the flame, and thus 
ions pass through thc orifice without colliding 
with the wall. 

Ion profiles are obtained by sweeping the 
analyzer frequency and recording the ion cur- 
rent (measure of ion concentration) against the 
frequency (measure of ion mass). The frequency 
scale is calibrated in terms of mass by sevrrnl 
means involving alkali metal ions and isotopes. 

Ion Profiles 

Ion profiles are shown for a lean acctylcnc- 
oxygen flame a t  2.5 mm Hg in Fig. 7.  The C3H,+ 
ion was identified by the addition of deuterated 
acetylene to the input gas; t h t  other ions arc 
probable identifications from the possibilities 
open to the system C, H, 0. The general features 
of these results are consistent with other experi- 
ments with both acetylene-oxygen and ethylene- 
oxygen flames over a range of equivalence ratios.24 
A number of ionic species other than those noted 
in the figure also reach maximum concentrations 
a t  about 2 cm from the burner. These arc: 

Mass Probable ion Maximum current 

42 C,H,O+ or C&+ SO X ampcrcs 
53 H,O+(OH)? 15 
55 H:jO+(H,O), 7 
27 CqH;\+ 6 
36 C,H?+ 5 

Massnumbers: 15, 16, 21, 23, 25, 30, 31, 41, and 
54 were also observed in very small concentra- 
tions. 

The ion CHO+ (mass 29), often considered 3s 
the primary ion produced from neutral species, 
appears in only small concentrations early in the 
flame. The ion has been observed in other flames 
but always in small concentrations. Van Tig- 
gelen’s group also observed mass 29 but only in 
small concentrations. This is as cxpectcd due to  
rapid proton charge transfer, but is unsatisfactory 
with regard to obtaining experimental verifica- 
cation of the first ion produced, because the 
concentrations are too low to accurately plot tiic 
CHO+ profile. We are increasing the sensitivity 
of our equipment by a factor of about 100 and 
plan to study dilute hydrocarbon systems, 
various fuel systems, and the effect of additives 
as a means of seeking out the primary ion produc- 
tion mechanisms. 

One of the most interesting results from this 
work has been the persistent appearance in large 
concentrations of CjHjt (mass 39) and thc 

< *  
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consistency with which many ions, particularly 
masses 39 and 43, reach their maximum values 
at the same position in the flame-and ahead of 
H,O+. Many mechanisms for ion formation 
have been discussed (e.g., references 4 and 9), 
so i t  does not seem worthwhile belaboring the 
point here-more information is required before 
anything of consequence can be addcd. The 
problems associated with most of the previous 
proposals for the formation of C3H3+ have 
already been pre~ented.2~ 

The fact that  the ion concentrations all reach 
a maximum at about the same position in the 
flame indicates either that they are all formed 
from the same precursor or that  they are all 
produced very rapidly after the generation of 
some single ionic specie. 

The appearance of C3H3+ in the flame front 
ahead of €Isof does not necessarily mean that 
i t  is the precursor of H30+, although i t  would be 
nice if the interpretation were so simple. Suppose, 
for example, that C&+ were produced by the 
sequence of reactions: 

CHO+ + H,O 4 H,O+ + CO 

HjO' + C,H, CiHj+ + HlO 

The coiiceiitration of C3Ha+ would then be 
strongly dependent upon the concentration of 
C3H2, which must certainly be decreasing rapidly 
downstream from the flame front while the 
concentration of H20 is steadily increasing. In 
Pact, in a lean flame such as described in Fig. 7 it 
is difficult to understand the formation of any 
reasonable quantity of CaH2 or other hydro- 
carbon fragments of greater than two carbon 
atoms. Nevertheless, the relative concentrations 
of C3H3+ and E O +  differ very little in rich and 
lean flames. This again focuses attention on the 
need for more detailed profiles of as many facets, 
cg., stable species, free radicals, and flame tem- 
perature, of the combustion wave as possible in 
order to choose between the possible explanations 
of ion production and subsequent reactions. With 
present informatioii one is unable to make a 
unique choice. 
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Discussion 

DR. I. R. KING (Tezaco Experiment, Inc.): Dr. 
Calcote is to be commended on the excellent work 
he has done and is still doing in the field of “Ions in 
Flames.” His many papers, including the present 
one, have added much to our knowledge in this 
area. Calcote was, I believe, one of the first to 
postulate the CHOC ion as the parcnt or initial ion 
crcated in the combustion of hydrocarbon-air mix- 
tures. This idea is rapidly gaining wide support, as 
evidenced at the present meeting. 

I was particularly intercsted in Calcote’s findings 
concerning the electron dcficiency in flames. At 
Texaco Experiment, Incorporated, I have becn 
interested in recombination processes in flames for 
some time and have been using both a probe and 
an electromagnetic attenuation technique in these 
studies. The probe measures positive ion conccn- 
trations while the attenuation technique measures 
the concentration of free electrons. Our results also 
show a deficiency of electrons. As Calcote has sug- 
gested, this is indicative of negative ion formation. 
Indeed, if we assume charge balance in the flame 
and obtain positive ion and electron concentration 
profiles downstream of the combustion zone, then 
by subtracting the two, we may obtain a negative 
ion profile. Second order recombination rates de- 
termined from the positive ion profile and from the 
negative ion profile give almost identical values. 
This is strongly suggestive of an ion-ion type re- 
combination. The order of magnitude of the re- 
combination coefficient is also indicative of an ion- 
ion process. Furthermore, the fact that recombina- 

tion coeacients determined in a number of .different 
hydrocarbon-air flames give almost identical values 
suggests that not only the same process is active in 
all these flames but the same species must be in- 
volved. Some typical results are shown in Table 1. 

TABLE 1 

Recombination in Flames of Several Fuels” 

Recombina- 
Ambient tion 

Eqnivalencc pressure cocacient 
Fuel ratiob (ittm) (cm3/sec) 

Methane 1.0s 0 . 0 ~ 7  2.5 x 10-7 

Acetylene 1.15 0.026 2.s x 10-7 
Propane 1.1s 0.072 2.9 x 10-7 

a Oxidizer, air. Platinum probe; radius, 0.007 cm. 
Equivalence ratio, 4, is the stoichiometric air- 

fuel ratio divided by the actual air-fuel ratio. 

An examination of flame intermediates shows a 
number of species which are electronegative. Of 
these the OH radical seems to be the most likely to 
attach an electron and become a negative ion. Al- 
though there seems to be some disagreement as to 
the actual electron afinity of this radical, it does 
seem to be fairly high. Page and Sugden have sug- 
gested a value of 65 kcal/mole. If we assume this 
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vdue, 3 cslculation of equilibrium concentrations 
shows that O W  may actually outnumber the free 
electrons. Furthermore, all hydrocarbon-air flames 
contain fairly large amounts of OH. Thus OH- seems 
the most likely candidate for the negative ion. In a 
recent article we suggested recombination in hydro- 
carbon-air flames probably occurs between the 
H30+ ion, already identified in flames, and the 
OH- ion. Although mass spectrometer studies have 
thus far failed to verify the presence of negative ions 
in these fl:tmes, it is extremely difficult to account 
for the observed electron deficiency in any other way. 

Diffusive losses are undoubtedly responsible for 
some of the electron deficiency, especially a t  the 
lower pressures, but it is difficult to account for the 
entire loss in this manner. A dissociative recombina- 
tion process, where the H30+ ion picks up an elec- 
tron and dissociates into H?O and H, or similar 
products, has also been suggested. This process 
would also account for the loss of some electrons. 
However, under these conditions we would expect 
the positive ion and electron concentrations to be 
equal. This has not been found to be the case. 
Furthermore, the effects of temperature and pres- 
sure on recornbination rates are not indicative of a 
dissociative process. Experimental results show that 
the recombination coefficient, a, varies inversely 
with pressure and shows a slight increase with in- 
creasing temperature. Theory says a should be 
independent of pressure and should vary approxi- 
mately as T-:. Also, according to Loeb, a dissoci- 
ative process has only been observed in inert and 
pure nonelectron-attaching gases. Thus it seems 
rather unlikcly that a dissociative recombination 
process is active in these flames. 

All of the above evidence tends to verify the 
presence of negative ions in hydrocarbon-air flames. 
However, much remains to be done before a com- 
plete understanding of the ionization and recom- 
hination processes occurring in flames is-obtained. 
Calcote has stressed the need for detailed profiles of 
ions, electrons, temperature, stable species, and 
intermediate species through the flame front of a 
number of different flames as a logical step in solv- 
ing the riddle. Although this approach presents 
many problems, it does seem to be the most logical 
plan of attack for such a complicated system. 

PROF. A. VAN TIGGELEN (University of Louvain) ; 
I would like to confirm the presence of OH- ions in 
the hydrocarbon flames. We have recently identified 
a very weak peak at mass 17. 

Concerning a primary process for ion formation I 
would suggest CH + O L  -+ COaH+ + e- ( f15 
kcal?) as more probable. A lower apparent activa- 
tion energy (as observed) would correspond to this 
process as compared to CH + 0 3 COH+ + e-. 
Furthermore, it is supported by the fact that the 
OH emission varies linearly with ion concentration 

as we have observed 

C02H+ + e- 
/” 

L 
CH + 0,  

CO + OH* 

Both processes occur simultaneously in an almost 
constant ratio. 

DR. H. F. CAI~COTE (AeroChem Research Labora- 
tories) : While I agreel.2 with King’s interpretation 
that the ion recombination process in flames may be 
an ion-ion recombination as opposed to an ion- 
electron recombination, I cannot agree with some 
of his arguments nor with his interpretation of 
Langmuir probe experiments. 

He states that “the order of magnitude of the re- 
combination coefficient is also indicative of an 
ion-ion process.” True, three-body ion-ion recom- 
bination coefficients and mutual neutralization 
ion-ion recombination coefficients may be of the 
magnitude observed in flames, but so are ion- 
electron dissociative recombination coefficients (see 
reference 1 of this discussion for details). 

When ambipolar diffusion is neglected, as King 
does, in computing the effect of pressure on recom- 
bination coefficients calculated from Langmuir 
prove curves, an inverse pressure relationship is 
obtained which is difficult to explain. When the 
correction for ambipolar diffusion is made the re- 
combination coeflicient is independent of pressure 
as the following data2 shows: 

Recombination 
Pressure coefficient 
(mm W (a, 10-7 cc/sec) 

33 1.6 
66 2.4  

520 1.6 
760 2 
760 (Green and 2.2  

Sugden, this 
symposium) 

Actually we agree that the recombination process 
is second order; this is consistent with a recombina- 
tion coefficient which is independent of pressure. A 
pressure dependence of 01 for a second order process 
would require some explaining. 

King further argues against a dissociative recom- 
bination process on the basis that his results for (Y 

show “a slight increase with increasing tempera- 
ture” and he continues that “theory says (Y should 
be independent of pressure and should vary ap- 
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proximately as T-8.‘’ It is a common error to 
interpret Bates’ theory of dissociative recombina- 
tion as giving a T-3 dependence.3.4 It may be this, 
or conceivably a positive temperature dependence. 
The theoretical treatment is hardly sufficient in its 
present state of development to elinunate from 
consideration a specific recombination as being dis- 
sociative because it does not conform to a particular 
temperature dependence. In  fact the slight tempera- 
ture dependence observed by King5 may be de- 
pendent upon the means he uses to reduce his probe 
data or on his neglect of the diffusion correction. 

The argument from Loeb’s book published in 1955 
is of little weight because most of the work on dis- 
sociative recombination has been donc subsequent 
to the time that book was prepared. 

Thus I see no reason, arising from the presence of 
negative ions, to abandon the dissociative recom- 
bination concept for ion losses in flames. In fact, the 
original proposal that the loss mechanism was dis- 
sociative recombination is completely consistent 
with negative ions. In reference 1 of this discussion 
it is stated: “The expected recombination process 
might be: 

HaO+ 4- OH- -+ 2He0 

or 

-+ HeO + OH + H etc. 

or 

&Of + e- 4 H20 + H ( 2 )  

or 

-+ OH + 2H”. 

The consistent observation of an excess of positive 
ions and negative ions over electrons and the ob- 
servation that the electron-concentration-distance 
curves are relatively Bat certainly favors reac- 
tion (I). 
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DR. P. F. KNEWSTUBB (University of Cambridge): 
In view of the remarks which have been made re- 
garding the occurrence of large numbers of negative 

ions in flames, I should like briefly to recount some 
experiments which we did, seeking to estract nega- 
tive ions into our mass spectrometer and to analyze 
their masses. 

Negative ions were not dctected a t  all unless the 
flame was seeded with sodium or potassium to pro- 
vide a considerable concentration of frrc elcctrons. 
When this was done, negative ions wcre readily dc- 
tectable in the upper parts of the flame, hut not in 
or near the reaction zone. Details of th(J numerous 
types detected are to be published. The suggestion 
is strong that the heavy negative ions are formcd 
only in the cooled parts of the flame, and this is 
supported by thc mobility experiments of Kinbar;$ 
and Nakamura (Seventh Symposium on Combus- 
tion). 

There is a t  first sight a possibility that the 
sampling of negative ions might be prevented bj- 
the retarding potential at the boundary of the 
plasma, until this falls with decreasing electron and 
flame temperatures. However, it was found that on 
introducing various amounts of iodine into the 
system, I- ions could be found throughout the 
flame in concentrations satisfactorily close to those 
expected. Thus it does not seem that the sampling 
of negative ions from Barnes i s  seriously impeded 
by any wall potential in this apparatus. 

DR. P. J. PADLEY (University of Cambridge): Dr. 
Calcote mentions the difficulty of interpreting tlic 
observation in gas chromatography that the rate of 
ion formation in a hydrogen-air flame is directly 
proportional to the concentration of hydrocarbon 
introduced. 

Flame ionization detectors are usually operated 
under such conditions that, once an ion is formed 
in the flame, it is drawn out and dctected as a cur- 
rent reading. Thus the method unambiguously 
measures the rate of ion production directly, giving 
it, for this purpose, certain advantages over the 
mass spectrometric or cyclotron rcsonance type of 
observation presented a t  this Symposium which, a t  
best, have to infer rates of ion production from 
steady state considerations and from rates of ion 
disappearance. 

Now the work of Bulewicz and Padlry (this Sym- 
posium) has shown that the concentration of single 
carbon atom species involved in the primary 
ionization step is directly proportional to the fuel 
concentration, for all hydrocarbon type fuels. An 
interpretation of the gas chromatography obscrvn- 
tion thus immediately follows. 

We have interpreted our results (this Symposium) 
as implying an electron attachment process pre- 
dominantly responsible for disappearance of elcc- 
trons in both hydrocarbon-oxygen and cyanogen- 
oxygen flames; these may therefore lend support to 
the view that H3Of probably reacts with an OH- 
species rather than directly with an electron. How 
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ever, it seems rather unlikely that the observed 
discrepancy between positive ion concentration and 
electron concentration can be explained satis- 
factorily also in terms of this same species, OH-. 
Taking a figure of 50 kcal/mole for the electron 
:iXinity of OH, the negative ion is most likely to be 
produced by direct attachment, in the pseudo- 
equilibrium 

e + OH + S + OH- + S 
r:ithrr than by 3 process of thc type 

e + H:O e OH- + H. 

Thus the Saha equation can still be used, even 
though both [e-] and [OH] are well out of equi- 
librium. Such calculations suggest that the observed 
discrepancy could, indeed, be accounted for in 
terms of OH- at atmospheric pressure, but not, 
however, :It lower pressures, since the ratio [OH-]/ 
[e-] decreases as the pressure decreases. The dis- 
crepancy does not seem to decrease as the pressure 
is reduced, and to account for it in the lowest pres- 
sure flames the flame gases would have to consist 
purely of OH. 

DR. H. F. CALCOTE: Knewstubb has pointed out 
that he does not find OH- with a mass spectrometer, 
although he has looked for it in I atm pressure 
flames. Padley has raised the question of equi- 
librium attachment of electrons to OH in low pres- 
sure Aames and has pointed out that this would 
require an unreasonably large concentration of OH 
radicals. Both of these observations are incon- 
sistent with our observation that T Z ~  > n, and 
thus negative ions must be present in large concen- 
trations. In  spite of the uncertainties involved in 
electron determinations by Langmuir probes, it is 
difficult to concede that the probe results might be 
off by more than an order of magnitude which these 
two observations would require. Possibly Knew- 
stubb has worked in different flames because in our 
1 atmospheric flame (Table 3 of the paper) a reason- 
able excess of OH over the equilibrium value would 
account for the observed negative ion eoncentration. 
Such esresses of OH radicals have been reported by 
several authors in this and in previous symposia. I 
think the essential problem is the rate of attachment 
and we plan to address ourselves to this subject in 
the near future. Williams (Seventh and Eighth 
Combustion Symposia) has already shown that 
electron attachment rates are important in some 
flames. 

1 recognize the diEiculty which Padley raises for 
low pressure flames; part of the explanation of low 
electron concentrations in these flames is certainly 
related to the high diffusion coelficient for electrons. 
We have already, pointed out that diffusion is the 
dominant loss mechanism for both electrons and 

ions at low pressures (reference 2L of the paper). 
We are pursuing the problem of negative ion forma- 
tion in flames further with both Langmuir probes 
and mass spectrometry; this paper represents only 
a progress report. 

PROP. T. KINBARA (Sophia University, Tokyo)  : 
We must be very careful in applying the Langmuir 
probe method to the mcasurcment of ion concentra- 
tion in a flame. I would like to ask about thcse 
points. 

1. A probe, except €or its end, should be pro- 
tected by a tube of some kind which is very re- 
sistive to the electric current through it. However, 
it is almost hopeless, I believe, to find :L materi:d 
which is completely resistive to an electric current 
at high tempcmtures in a flame. Such materials can 
br resistive but are porous and electrons can easily 
pass through them. The surface area of the protect- 
ing tube is quite large compared with that of the 
wire esposed to the flame, and this leakage current 
cannot be neglected. How does one correct the 
actually observed current and get the pure ion 
current which flows out the naked end of the probe 
wire? 

2. I suppose platinum was used as a probe wire. 
Can one make sure that the catalytic action of 
platinum does not give any efrect on the ion con- 
centration in a flame? 

3. In studying the ion concentration using a 
Langmuir probe wire of cylindrical form, it is neces- 
sary to know the surfare area of thc sheath around 
the probe wire. The area changes according to the 
current, and we need some assumptions for this re- 
lation. Results depend upon the assumption adopted. 
I would like to know how this problem was dealt 
with and I would like also to mention that the tem- 
perature of the probe is, in general, lower than that 
of the flame. This difference s h o ~ l d  be taken into 
account. 

DR. H. F. CALCOTE: I certainly agree, thr use of 
Langmuir probes in flames is fraught with difi- 
culties. We tolernte its idiosyncracies because it is 
essentially the only means of oht:tining local ion 
and electron concentrations through a flame front. 
In its defense, it should be pointed out that the 
rates of ion yecombination and the mechanisms first 
deduced from probe measurerncnts are bring con- 
tinually reconfirmed by other techniques as we have 
observed in this meeting. 

In answcr to the specific questions raised by 
Professor Kinbzira. 

1. We did not usc only the end of the probe to 
measure currents but part of the cylindrical area. 
In some cases the prohe was stretched completely 
across the flame so no insulators were involved. 
Data obtained by this technique and with the in- 
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sulated probe (Fig. 3 of the paper) gavc the samc 
result. Leakage current was m:tintained a t  a neg- 
ligible level by thc silvcr (or sometimes copper) 
cooling jacket. 

2. Platinum-40% rhodium has been found to be 
the best probe material. Platinum is much morc 
catalytic. Sometimes catalytic action, usually indi- 
cated by abnormal probe temperatures, efiects the 
ion concentration but often it does not. Probes of 
different substances, e.g., rhodium, nickel, pal- 
ladium, and stainless steel have been used at various 
times to verify the lack of influence of catalytic 
action. 

3s. The dificnlty of knowing the sheath area is 
avoided by extrapolating the positive ion current 
(at negative probe voltage) to the plasma potential 

where the sheath thickness is zero. Then the probe 
arca is used. As can be seen in Fig. 1 of the paper 
this cxtrapolation is reasonable because thc ncga- 
tive portion of the curve is essentially linear. 

3b. The temperature of the probe is always lower 
than the flame temperature, the difference incress- 
ing with decreasing pressures because radiation 
cooling is independent of pressure and convective 
heating decreases with pressure. I do not believe 
this temperature difference is very important so 
long as small probes are used which do not greatly 
cool the surrounding gas. A quantitative analysis of 
this problem could be made by comparing the dis- 
tance the probe cooling extends into the flame and 
the relaxation distance of the plasma properties as 
they diffuse through this cooled gas. 



C TRON RESONANCE STUDY OF IONIZATION I N  
LO W-PRESSURE FLAMES 

E. M. BULEWICZ AND P. J. PADLEY 

Electron concentrations and electron-niolecule collision cross sections have been measured by 
the cyclotron resonance method in flames of hydrocarbons, alcohols, esters, ketones, and ethers, all 
:it reduced pressure. The following summarizes the main observations made in the reaction zone: 

1. The average electron-flame gas molecule collision cross section varies little from fuel to fuel. 
2. The electron concentration in hydrocarbon flames is proportional to the total pressure. 
3. A plot of the ratio of the electron concentration per molecule of fuel to  the total burned flame 

gas concentration against the number of carbon atoms in the molecule shows the following regu- 
larities: points €or saturated hydrocarbons lie on a smooth curve; those for unsaturated hydrocarbons 
lie on various smooth curves displaced upwards to greater ionization levels; if the fuel contains one 
oxygen atom the ionization is lowered by an approximately constant amount with respect to  the 
corresponding saturated hydrocarbon; when two oxygen atoms are present the effect is doubled. 

4. The efl'ect of inert additives such as argon, and of nonhydrocarbon fuel additives such as hydro- 
gen was studied. 

The results are shown to suggest that a very important step in the process of ion production is the 
reaction CH + 0 -+ CHO+ + e-. Polymerization reactions as a means of ion production appear 
to be of secondary importance. 

Introduction 

The understanding of the phenomenon of 
ionization in flames is a problem which has re- 
ceived increased attention in the last decade.'-8 
The experimental methods which havc been 
usccl fall into three general groups: (a) rneasure- 
nicnts with probes,l giving quantitative informa- 
tion about the over-all ionization level; (b) 
studies of the effect of free electrons on the char- 
acteristics of microwave and radiofrequency 
e i r c ~ i t s ~ , ~ ;  (c) recent, elegant applications of the 
mass spectrometer, by which the individual posi- 
tive ions can be id~ntified.4-~ 

hlthough it is well known that the ionization 
in the region of primary reaction in hydrocarbon 
flames is nonthermal, the process by which the 
ions are produced is still a subject for consider- 
able speculation. This situation exists mainly 
Ixcause the rapidity of the initial combustion 
lxocesses has so far precluded kinetic studies of 
the individual reactions. In general, the nature of 
the elementary processes must still be inferred 
from their over-all effect, on the level of ioniza- 
tion [inethods (a) and (b)] and from the type 
of ions produced [method (c)]. So far, only the 
results of method (c) have led to any significant 
elucidation of the problem. 

There has as yet been no systematic, quantita- 
tivc study of the behavior of the over-all ioniza- 
tion level in a wide range of fuels under similar 
conditions with the view to understanding these 
processes in any detail. Such an attempt forms 
the basis of the present paper. The cyclotron 
resonance method used-essentially a type (b) 
method-is novel in its pmsent application and 
will therefore be briefly outlined. 

Theory of Method 

The principle utilized here is that  the cyclotron 
motion of free electrons, which takes place in an 
applied magnetic field, will cause power to be 
absorbed from a beam of electromagnetic radia- 
tion with its electric vector perpendicular to the 
field, provided that the radiation frequency is 
equal to that of the cyclotron motion. The 
product of power loss and line width at the reso- 
nance frequency can be related quantitatively to 
the concentration of electrons present in the 
flame. From the width of the resonance curve, 
electron-molecule collision frequencies can be 
calculated.+13 

The salient features of the theory of cyclotron 
resonance relevant to the present work arc re- 
produced below. 

635 
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The attenuation, p, in db, of the intensity of 
an electromagnetic wave passing through a 
partially ionized gas is related to the real part, 
u', of the electric conductivity by the expression 

p = 407rdo'/e - log,, e (1) 
where d is the path length in em, and c the veloc- 
ity of light. In  a uniform magnetic field, parallel 
to the 2 axis, the attenuation of a microwave 
beam travelling with E vector perpendicular to 
the field will be determined by the rcal part of 
the (transverse) component, uzL, of the con- 
ductivity, given by 

uz; = neZ(v/[v2 + (w + wc)2] 

+ ./CY2 + (a - wc)"I)/2m (2) 
where n is the number of electrons/cc, v the 
electron-molecule collision frequency, w and wc 
the microwave and cyclotron frequencies, re- 
spectively, and e and m have their usual signifi- 
cance. When w >> v, cyclotron resonance occurs 
near 

w = wc = eH/mc, 

where H is the magnetic field strength in gauss. 
From Eqs. (1) and (2)  it can be shown that 

n = AHuz,'/ec = AH@/40rred logloe (3)  
where AH is the cyclotron line width between 
the half conductivity points and p the attenua- 
tion at  the center of the line. 

Equation (3)  holds provided that w2 >> w 2  = 
nez/me, where w, is the plasma frequency and E 
the dielectric constant. This condition is satisfied 
for values of n (1-5 X 1O'O electrons/cc) and w 
used in this work. 

When the cyclotron line is sufficiently sharp, 
v is given by 

AH/Ho = 2v/w (4) 

where HO is the value of the field a t  which mas<- 
mum attenuation occurs. Hence the electron- 
molecule collision cross section, &, can be ob- 
tained from 

Q = v/NO ( 5 )  

whcre ij is the mean electron velocity 

[O = (SkT/am) :] 

and N the concentration of neutral molecules. 
Rearrangement of this equation leads to 

where No is Loschmidt's number and p is t l x  
pressure in mm Hg. Equation (6) reduces to 

AH/p = (6.8 X IO1') * &/Ti  ( 7 )  

Experimental 

The premixed flames were burned at pressures 
between S and 200 mm Hg inside a cylindrical 
Pyres vessel, 20 mm in diameter on burner tubes 
10-15 mm in diameter-an arrangement es- 
sentially similar to that described by Gaydon 
and W01fhard.l~ The vessel was air-cooled. 
Gaseous fuels were obtained from the Matheson 
Gas Company, and all were statcd to be at  least 
99 per cent pure. The gases were metered at  
atmospheric pressure with rotameters, after 
which they were sucked into the reduced pres- 
sure part of the apparatus through controlled 
leaks. Liquid fuels were introduced by bubbling a 
measured part of the oxygen supply through the 
thermostated fuel, contained in a saturator a t  
atmospheric pressure. The total gas flow (at  
room temperature and atmospheric pressure) did 
not exceed SO0 cc/min. The flame compositions 
were varied between X = 0.6 and X = 2.0 (A, thc 
mixture strength, = [oxygen present in un- 
burned gases]/[oxygen present a t  stoichiom- 

The flame vessel was arranged vertically in the 
2.3 cm gap of a 12-inch, 20,000 gauss maximum, 
Varian Associates' electromagnet (field homo- 
geneity over 1 cu inch volume at the center of 
the gap better than 1 part in lo4). Radiation a t  
48 kMc/sec (obtained from a standard 2K33 
Raytheon klystron combined with frequency 
multiplier), and modulated at 2 kc/sec, was 
passed horizontally through the flamc in the 
vicinity of the reaction zone, Le., the region of 
mastmum electron concentration. The transmis- 
sion across the flame was effected by two wave- 
guide horns (I to  K band transition sections) 
firmly clamped in a mount which surrounded 
tightly the flame vessel. The direction of flame 
propagation, the magnetic field and the E vector 
of thc radiation were, therefore, all mutually 
perpendicular. After crystal detection and suit- 
able amplification, the power transmitted through 
the flame was plotted automatically as a func- 
tion of magnetic field strength, which rvas swept 
electrically over a range of about 3000 gauss in 2 
minutes. This was sufficient to cover the whole 
of the resonance curve, the center of which lay 
near 17,000 gauss. Unless otherwise stated, all 
measurements were made in the reaction zone, 
which was several mm thick at the pressures used. 

etry]) * 
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TABLE 1 

Electron Molecule Coliision Cross Sections in Different Fuels 

C : €I ratio Fuel 
A H l p  observed Average Q 
(gauss/mm Hg) (caIc., A) &. p / A H  

1:1 
3:4 
2:3 
1 :2 
3:T 
5313 
2:s 
3:s 
1 :3 
1 :4 

Acetylene 
Methyl acetylene 
Ethyl acetylene 
Ethylene 
n-Hexane 
%Methyl butane 
Diethyl ether 
Propane 
Ethane 
Methane 

49 
50.5 
52 
55 
56 
5s 
54 
57 
5s 
60 

51.5 
54 
55.5 
5s 
60 
60.5 
61 
61.5 
63 
65.5 

1.05 
1.07 
1.07 
1.05 
1.07 
1.03 
1.13 
1.0s 
1.09 
1.09 

Results and Discussion 

.Iveraye Electron-illolecule Collision Cross 
Sections 

The third column in Table 1 lists observed 
A I I / ~  values for a selection of stoichiometric fuel- 
ovygcn flames; a more detailed list can be found 
clscn here.l3 Q values are not given since tlie tem- 
peratures of all these flames are not knonx. HOW 
ever, since Tj is hardly likely to  vary greatly 
from one stoichiometric flame to another, the 
Al l /p  valucs should be approximately propor- 
tional to Q. 

T h e  fourth column in Table 1 lists the values 
of Q calculated for each fuel on the reasonable 
zssumptioiis that only carbon dioxide and mater 
contribute sigiiificantly to the over-all Q in 
stoichioinetric mixtures, and that the values 
found for Q I I , ~  and Qp, in acetyleneoflames a t  
2000°K, Le., SO f. 4 A2, and 37 f 2 A?, respec- 
tively,l' are of general applicability. That these 
zpprosimations are reasonable is illustrated by 
the fact that the values of Q p / A H  (colunui 5 )  
sliotv no depeiiclence on the carbon to  hydrogen 
ratio. Further, the absence of significant devia- 
tions from the mean value of 1.06 (the closeness 
to unity is fortuitous) suggests that  the tempera- 
ture factor in Eq. ( 7 )  is, indeed, unimportant. 
Tlius tlx average electron-molecule collision 
cross sectioii for a flame can apparently be prc- 
clictecl with some certainty from known cross 
section valucs for its constituents. 

Electron Concentration us a Function of Pressure 

for 
propane-air flames bctweeii 100 mm Hg and 1 
atmospherc, that tlie ratio of positive ion pres- 
sure to the totzl burned flainc gas pressure is 

It bas been previously found by 

c: 

constant. I n  this work this relationship was 
tcstecl a t  lower pressures (between 12 and 45 
mm Hg) with other hydrocarbons. A typical 
plot of the electron concentration, n, against the 
total pressure, p ,  for an acetylene-oxygen flame 
is shown in Fig. 1. It is a good straight line (in 
agreement with King's observations a t  higher 
pressure) and appears to pass through the origin. 
Similar rcsults arc obtained a t  other mixture 
strengths and for other hydrocarbons-at least 
for those used in compiling Fig. 3. Thus R, the 
ratio of the clectroii pressure to the total burned 
gas pressure, is independent of the total pressure. 

This suggests that  the most important proc- 
esscs of electron production and decay are 
kinetically of the same order, because a t  the 
point of measurement (maximum electron con- 
centration in the reaction zone) steady state con- 
ditions for electrons are presumed to exist. Since 
termolecular reactions in flames (at  atmospheric 
pressure) are known to require of the order of 10 
milliseconds to rcacli completion,16 and since a 

P (mm Hs) 

FIG. 1 Variation of electron concentration with 
total flame gas pressure in an acetylene-oxygen 

flame (A = 0.9). 
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inoleculc passcs through the reaction zone in 
about 50 microseconds, it  is reasoilable to  coil- 
clude that bimolecular processes predoiniiiate. 

Ionization in the Prcsenee of Nonreactive &Additives 

The preburncd mixtures were diluted with 
argon and nitrogen in such a manner that both 
the mixture strcngth, X, and the total flow rate 
of unburned gases remained constant. Repre- 
sentative results for fuel-rich, stoichiometric, aiid 
fuel-lean acetylene-oxygen flames are shown in 
Fig. 2, which is a logarithinic plot of R (gropor- 
tional to  n( T / p ) ,  where T is tlie measured flame 
temperature) against the mole fraction of acctyl- 
ene present in the unburned gsses. The features 
of interest arc: firstly, all plots for nitrogen and 
argon addition have tlie same slope of two; 
secondly (again for nitrogen and argon) all 
points for X > 1.0 lie on the same straight line; 
thirdly, if n is measured in pure acetylene- 
oxygen flames a t  various X, and thc same type of 
graph plotted, then for oxygen-rich flames the 
experimental points fall exactly on this same 
straight line. 

Identical behavior is exhibited by all other 
hydrocarbons examined : Fig. 3 shows the results 
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FIG. 3.  Ionization as a function of fuel concentr:L- 
tion. As for Fig. 2, but using otlm fucls. 

for methane, ethane, propane, butane, etlrylenc, 
propylene, and bcnzene. Sincc the temperatures 
of these flames rvere not studied in detail, tlic 
quantity n / p  mas used to  rcprcscnt R;  exclusion 
of thc T factor, hornever, slioultl not introclucc 
more than about 20 per cent error over the dilu- 
tion range examined. The dotted, curved lpor- 
tions on the right-hand side of each plot are oh- 
taincd only wlicn X < 1.0; thcsc will not be dis- 
cussed here. These results canilrm that tlic ioniza- 
tion is nonthermal, since flames containing tlic 
mine proportions of iiitrogrn and argon tliffcr 
in tlic temperature on account of the clifl'crcnt 
specific heats of these two gases. .Ilso, o\ygcn 
molcculcs in escess of those required for coin- 
plete combustion of the fuel, in bcliaving in the 
same manner as an equivalent amount of either 
nitrogen or argon, apparently make no significant 
contribution to  the primary ionization proccsscs. 

The consistent depciidcnce of R on the squarr 
of the fraction of fuel in the unburiicd gases mas 
an unexpected result. If the differences in ioniza- 
tion level in different hydrocarhoiis are related 
to the ability of the hydrocarbon firstly to forin 
intermediate species (such as acetylene or a11 
acetylenic fragment) and sccondly for this species 
t o  iiolvmcrizc and then moduce ions. as has bren 
sul;po&d,s then some \:ariation in the slopcs oi 
Fig. 3 might have been expectccl. As an e\sinple, 
since acetylene eshibits a much greatcr dcgrce of 
ionization and more diverse spectrum of hydro- 
carbon ions than methane,5 R for acetylene might 
have been expected to depend on a lower power 

FIG. 2. Effect of inert dilucnte on ionization in 
acetylene flames. Plots of log (fuel fraction) against 
log (nT/p) ,  where (nT/p) is proportional to E ,  the 
ratio of electron partial pressure to the total burned 

flame gas pressure. 
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of tlic fuel fraction than R for methane, which 
molecule-on the polymcrization theory-would 
prcsuniahly have to degrade and forni unsatu- 
rated linkages before producin, 0‘ ions. . 
,I reconciliation of the observed results with 

the polymerization theory would be possible if all 
hydrocarbons degraded to a single carbon atom 
species which could combine with another frag- 
ment also containing only one carbon atom, 
leading directly to ionization. Ferguson’s observa- 
tions on C2 emission from acetylene flames, 
using and @13  isotope^,'^ in demonstrating the 
carbon atoms comprising the C2 to be randomized, 
have already suggested at least a limited break- 
down of the fuel into single carbon atom species. 
This possibility will be examined shortly. 

Ionizution in the Presence of Nonhydrocarbon Fuel 
Additives 

The fuels chosen were hydrogen, carbon mon- 
oside, hydrogen sulfide and carbon disulfide. 
None of these, when burned alone with osygen, 
gave measurable ionization (which, with our 
apparatus implies n < IOs electrons/cc, i.e., a t  
least 3 orders of magnitude lower than in hydro- 
carbon flames). During the substitution of 
diluent fuel for hydrocarbon, both X and the 
total rate of flow of unburned gases were kept 
constant, as in the previous section. Figure 4, a 
plot of relative R against hydrocarbon fuel frac- 
tion, illustrates typical results for a stoichio- 
metric acetylene-oxygen-additive flame; points 
for argon, nitrogen, and oxygen additions are 
included for comparison. 

The lowest curve (nitrogen, argon or osygeri) 
is known from Figs. 2 and 3 to correspond to R 
depending on the square of the fraction of fuel. 
Inspection of the curves for carbon monoxide 

and hydrogeii shows that R now depends on a 
lower power of the fuel fraction. Furthermore, 
the value of the exponent varies with the flame 
composition-another difference from the be- 
havior with inert diluents. For exampIe, the 
exponents a t  h 0.7, 1.0, 1.4, and 2.0 for acetylene- 
oxygen-hydrogen flames are approximately 1.4, 
1.1, 0.85, and 0.85, respectively. Similar results 
are obtained for acetylene-oxygen-carbon mon- 
oside flames, except that in this case the loga- 
rithmic plots are, in addition, slightly curved. 

Low exponents are also obtained when either 
carbon disulfide or hydrogen sulfide are used 
(0.80 and 0.95, respectively, a t  X = 2.0). These 
two cases are more complicated in that, for 
h < 1.5, sulfur-containing fuels give rise to elec- 
tron acceptors which modify considerably the 
free electron concentration.l* For X > 1.5, how- 
ever, such interferences have been shown to be 
negligible.18 

All these results are in broad agreement in the 
sense that they exhibit a pattern of behavior 
quite different from that found with “inert” 
additives. 

It is very difficult to see how a polymerization 
theory-already a little strained in order to es- 
plain the observations with inert additives-can 
meet the additional requirement of interpreting 
the above results. However, it is still necessary 
to postulate that from the ionization viewpoint 
all hydrocarbons degrade to a single carbon atom 
species in order to esplain the consistency of the 
slopes of the plots of Fig. 2 and 3. The new evi- 
dence provided by the present section is that  
these single carbon atom species must be reacting, 
not with themselves or some other carbon-con- 
taining fragment, but with a species which does 
not contain carbon, the concentration of which 
in the presence of a non-hydrocarbon fuel addi- 

FIG. 4. Ionization in C2H2-02 flames in presence of diluents. As for Fig. 2 (but 
not plotted logarithmically), and including curves obtained with carbon mon- 
oxide and hydrogen as diluents. Note the difference between these curves and 

that obtained with argon and nitrogen diluents. 
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tive does not decrease so rapidly as when inert 
additives are used. Now the non-hydrocarbon 
fuels chosen for this study were selected so as to 
eliminate the possibility that  the additive fuel 
itself, or its combustion products, were reacting 
with the single carbon atom species. Thus hydro- 
gen molecules and atoms, water, hydroxyl 
radicals, carbon monoxide or carbon dioxide 
cannot be participants in the primary ionization 
reaction. 

The only species left unconsidered are oxygen 
molecules and oxygen atoms. When an inert 
dilueut is introduced into a hydrocarbon-oxygen 
mixture, not only the fucl concentration, but also 
the oxygcn molecule and atom concentrations 
must necessarily decrease. On the other hand, it 
is in the nature of the experiments performed 
with nonhydrocarbon fuel additives that the 
oxygen molecule and atom concentrations need 
not be so affected. Indeed, depending on the 
diluting fuel and on the stoichiometry it is pos- 
sible for the oxygen molecule and atom concentra- 
tions actually to increase : a quantitative analysis 
of this point would, of course, require esperi- 
mentally measured values of [O,] and [O]. Now 
the effect of oxygen molecules can be discounted 
immediately, for it was shown in the preceding 
section that, when in excess of the number re- 
quired for the stoichiometric reaction, oxygen 
molecules behave effectively as an inert diluent. 
Therefore it is inferred that the single carbon 
atom species is reacting with an oxygen atom. 

The simplest explanation, then, of the ob- 
served square dependence of R on fuel fract,ion 
when inert diluents are used is that  both the con- 
centrations of the singlc carbon atom species and 
of oxygen atoms are proportional to the fraction 
of fuel present. 

Ionization in Flames of Mixed IIydrogen-Non- 
hydrocarbon Fuels 

Fuels containing carbon, but not hydrogen, 
such as carbon disulfide, carbon monos<de, and 
cyanogen, were mixed with various proportions 
of hydrogen and burned with oxygen. This was 
to test the possibility of producing reactions 
similar to those responsiblc for electron produc- 
tion in hydrocarbon-osygen flames. 

Mixtures with either carbon disulfide or carbon 
monoxide gave no measurable ionization at any 
composition (at  a pressure of about 20 mm Hg, 
10s elcctrons/cc would have been detectable). 
Mixtures with cyanogen gave a pronounced 
ionization peak at 10-20 per cent cyanogen in 
the fuel. The effect is, however, too complex for 
analysis here, and it is sufficient to note that  the 
characteristics of this “induced” ionization are 
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quite different from that found in hydrocarbon 
flames. 

This negative evidence suggests the presence 
of the C-H bond in the original molecule to be 
an important prerequisite before any appreciable 
ionization can take place. I n  this case, the pri- 
mary ionization process suggested by the results 
so far discussed is 

where R+ represents the positive ion produced 
and X may be a fragment split off in the reaction. 
If the simple interpretation of the slopes of 
Figs. 2 and 3 is correct, then the species CH, 
cannot itself contain oxygen. The value of m 
remains, as yet, unspecified. 

Relative Ionization in Flames of Di,ferent Carbon- 
and Hydrogen-Containing Fuels 

The electron concentration was measured as a 
function of preburned fuel-oxygen composition 
for a wide range of fuels; the maximum values of 

1 2 3 1 5 6  
NO. OF C ATOMS IN MOLECULE 

FIG. 5 .  Relative ionization in different fuels. Plot of 
relative n v / p  (proportional to  R) per molecule of 
fuel burned against the number of carbon atoms in 
the molecule. The points are identified as: (1) 
methane, ( 2 )  ethane, (3) propane, (4) butane, ( 5 )  
n-pentane, (6) n-hexane, (7 )  isobutane, (S) %methyl 
butane, (9) cyclohexane, (10) methyl cyclohexane, 
(11) ethylene, (12) propylene, (13) 1-butene and 
also %butene, (14) butadiene, (15) benzene, (16) 
acetylene, (17) methyl acetylene, (18) ethyl acetyl- 
ene, (19) methyl alcohol, (20) ethyl alcohol, (21) 
n-propyl alcohol, (22) dimethyl ether, (23) diethyl 
ether, (24) dioxane, (25) acetone, (26) 2-butanone, 
(27) methyl formate, (28) methyl acetate, (29) ethyl 
acetate. Of these fuels, 1-4, 7, 11-14, 16-18, and 22 

are gases under normal laboratory conditions. 

’. ’ 
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?i so obtained (iouiid in slightly fuel-rich flames) 
wrrc~ tlicn compared. 

In Fi:;. 5 tlic value of R per wzolecule of fuel 
burned (sicen hcrc thc syinbol EF) is plotted 
against thc nuiiilirr of carbon atonis in thc inolc- 
cu l r :  in this nay the effect of molecular size and 
h t i  ucturc, a n  l x  truly cwmiined. Every point in 
Yir. 5 usunllj- rqtrrscnts thr mean of several 
tl(.tcriniiiations, w c h  of xhich was accurate to 
:bout 10 1)cr wilt; antl c\cq)t for one or two of 
tlir lrast vo1:Ltilr roqiounds thcre was never any 
:iiihiguity in tlic EF value obtained. 

r), isomeric 7, S, and 
lic 9, 10; unsaturated hydrocarbons, 11-14, 

I(;-1 S, and bcnztiic 15; alcohols, 19-21; ethers, 
22-24; ketones, 2,5, 26; esters, 27-29. The range 
o t compounds c\aminccl was limited only by 
consitlcrations of volatility. 

E'igurc 5 slions a number of very striking 
rcTularities: 

(a) Points ;or a11 saturated hydrocarbons con- 
taining up to seven carbon atoms lie on a smooth 
c u n c  nhich appears to pass through the origin. 

(b) If the fuel contains one oxygen atom, the 
ionization is lo\\ ered by an almost constant 
aniount n ith respect to the corresponding hydro- 
carbon, apparently irrespective of the carbon- 

en atoms arc present the 

(cl) Points for unsaturated hydrocarbons lie 
011 \ arious smooth curves (dcpentliiig on the 
type of  unsnturation) displaced up\mrds to 
grcYLtcr EF valucs. 

bctl in (b) is doubled. 

Thc fact that tlic smooth plot obtained for 
liydrocarbons (points 1-10) is almost a straight 
linc suggests tlint essentially the same process of 
clcctrou procluetion takes placc in all thcsc. f'uels; 
lurthcr, sincc, the EW value for inethanr also lies 
on this curvc, nncl not bclo~v it, this process 
iirobably iiivoh cs mainly single carbon atom 
sl~ccics. '~hcre  is no determined gain or loss of the 
1CF value if the hydrocarbon is cyclic or branched- 
elmin rather than straight chain. A general rule, 
tlicn, is that  the level of ionization for saturated 
hydrocarbons tlcpends only on the number of 
cnrbon atoms, and not in any detectable way on 
tlic molecular structure. 

llic plot also suggests that  the value of m in 
CH, cannot be greater than two, because if it 
nere three or four the EF values would most 
probably tail off with increasing numbers of 
carbon atoms in the molccule. The cause of the 
slight u p  ard curvature may be connected with 
the increasing carbon to hydrogen ratio as CH4+ 

r 7  

C71114, hccause this implies that the lower the 
hydrocarlion, the more advanced must the com- 
bustion process be before free CH, can be re- 
leased. On balance, then, the evidence of this 
scctioii suggests that saturated carbon atoms 
beliavr preclominantly as inclegcndent units. 

The consistency ol the effect of the presence of 
oaygeii is remarkable. The presence of oiie osygcn 
atom (points 19-23, 25, 26), whether in alcohols, 
ctlicrs or kctoncs, lowers the ionization compared 
to thc corresponding hydrocarbon with the same 
nuin1)cr of carbon a t o m  by an approximately 
constant amount, irrespective of the number of 
carbon atoms in the molecule. LE there are two 
oxygen atoms, as in esters or dioxane (points 24, 
27-29), the lowering is doubled. Any difference 
betweeii the effect of a double and a single C-0 
bond was too small to detect. 

This provides strong confirmation of the con- 
clusions already reached, i.e. that  from the ioniza- 
tion viewpoint the fuel molecules arc indeed 
shattered into single carbon atom fragments in 
passing through the reaction zone, and that the 
species CH, most probably docs not involve 
oxygen. 

For unsaturated hydrocarbons (points 11-1S), 
a less simple pattern of results is observed. The 
EF value, however, is certainly greater than that 
lor the correspondinq saturated hydrocarbon 
antl, moreover, depends on the type of unsatura- 
tion involved. Simple nianiCestations of this 

, that  an acetylene flame contains more 
ions than one of ethane, are already tvcll linown.5 
Suficient data are presentcil in Fiy. 5 to shorn 
t h e e  patterns oE results: for olefins (points 11- 
13) ,  for molecules in which each carbon atom 
makes a t  least one double bond (points 11, 14, 
15), and for acetylenes (points 16-1s). 

These curves show that the property of the 
unsaturatcd bond responsible for enhanced 
ionization becomes impaired in the presence of 
sa tura td  carbon atoms-the EF value for 
mcthylacctylcne is found to be actually lower 
than that for acetylene itself. There appears to 
be no such impairing effect, however, when all 
carbon atoms in the inoleculc can exhibit the 
same unsaturated bond type: thus the EF values 
for ethylene, butadiene, and benzene all seem to 
lie on a good straight line passing through the 
origin. It is also interesting t o  note that the EF 
value for benzene, (CH) 6 ,  is not three times that 
for acetylene, (CH) 2. 

Since both benzene and acetylene eshibit very 
high ionization levels, the value of m in CH, is 
therefore most likely less than the maximum 
value of two, previously suggested. A value of 
zero is iniprobable on several grounds; for es- 
ample in viem of the absence of detectable 
ionization in mixed fuels (preceding section), 



and also siiicc the ionization potcntial of carbon 
monosidc is 32.5 kcal/niolc, wherras its (lis- 
Forintion cncrgy is only 256 kcal/niolr.'Jq 7'11ue 
tlic primary ionization step suggested by all 
these results is 

which is the reaction already proposed by Cal- 
cotr.30 The process is energetically feasible, for, 
taking the heat of dissociation of CH as +SO 
kcal/mole, the hrats of formation ol 0, H, and 
CHOf as -555.6, -51.9, and f203 kcal/mole, 
rcspectivcly, and the high (170 kcal/mole) value 
for the latcnt heat of sublimation of carbon,19$21 
the heat of reaction (11) can be as large as +a 
kcal/molc. The CHOf ion has becn recently 
identified mass spcetroinetrically as a minor coii- 
stitucnt in flames, by Bascombe, Grecn, a i d  
Sugclcn."2 and kinetic calculations by the same 
authors have indicated the plausibility of a 
process such as reaction 11. 

Once such an ion is formed, other ions can be 
produced by proton exchange reactions. Thus, 
following C a l ~ o t e ~ ~  

CHOf + H20 --t CO + H:+O-l- (111) 

H30f + CaH2 ---t C,H,+ + 1 3 2 0  (IV) 

Vaidya's hydrocarbon bands have recently 
becn shown to arise from escited CH0.e3 This 
species might be an intermediate in reaction (11) 

CH + 0 -+ CHO" ---t CHO+ + e- (V) 

Now recent work by the authorsz4 has indicated 
the possibility of a direct conncctioii betwerii the 
abnormally high electronic excitation tempera- 
tures measurcd in the rcactioii zones of hydro- 
carbon flames aiid the initial proccss of ioniza- 
tion. The simplcr of two possible explanations 
was in terms of an unknown bimolrrulsr process 
which had to be rrspoiisible for ion l)rocluction, 
which also had to hc capable of producing an 
exi ted specics that could c v i t c  inrtal a t o m  by 
iiiclastic collision, and ~ ~ h i c h  furthermore had to 
be, apparently, a t  lcast 174 kcal/molc exothcrmic. 
It is perhaps, therefore, of interest to note that 
reaction (V) coupled with 

where M is a metal atom iiitroducccl into the 
flame, would satisfy a11 these requirements. 

Conclusions 

1. From the ionization viewpoint the fucl mole- 
culcs are predominantly shattered into species 
containing siiigle carbon atoms. 

2. If thc fucl molecule is a saturated I~ytlro- 
carbon, racli carbon atom hclravcs almost 3s an 
indcpendcnt unit, tlic ionization dcj)cnclin=. rs- 
scntially oii the nuinbcr of carlmi atoms and not 
in any measurable way on tlic inolccular 
structure. 

4. The primary ionization step suggested is 

5. The effect of uiisaturation in increasing the 
ionization level does not seem to arise from in- 
troduction of new charge producing reactions 
related to the appcaraiice of ion polymers. Ii 
the effect is not simply one of modifying the 
concentrations of reactants in process 11, tlieii 
it  could be related possibly to tlic ability of the 
uncharged polymer fragments to provide a widr 
spectrum of positivc ions in 11-vhich rhargc could 
I)c storcd. 
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A STUDY OF IONIZATION IN CYANOGEN FLAMES AT 
PRESSURES BY THE CYCLOTRON RESONANCE MET 

E. M. BULEWICZ AND P. J. PADLEY 

The ionization in the reaction zone of cyanogen-oxygen flames at reduced pressure was studied 
by the method of cyclotron resonancc. Although the temperatures of these flames arc sufficiently 
high for thermal ionization of nitric oxide to  account for the observed free electron concentrations, 
other characteristics of the ionization are consistent only with the operation of nonthermal processes. 
These processes, however, appear to  be different from those inferred to be taking place in hydro- 
carbon-oxygen flames, and seem to involve energetic three-body reactions. Some auxiliary spectral 
evidence is also presented. 

When traces of hydrogen are added, the electron concentration decreases considerably-particu- 
larly for fuel-lean flames. As the concentration of cyanogen in the fuel is reduced to about 20 per 
cent, a second ionization maximum appears, associated with a greenish glow from the burned gases. 
It is shown that attempts to explain this effect simply in terms of reactions occurring in hydrocar- 
bon-oxygen flames meet with difficulties which cannot be resolved at  this stage. 

Introduction 

I n  spite of the potentialities of the cyanogen 
flame as a high energy spectroscopic source1 
(calculated maximum temperature about 
48OO0K), the fuel has so far received compara- 
tively little attention. A study of the spectroscopy 
of the cyanogen-oxygen flame was made by 
Thomas, Gaydon, and Brewer," but thc few 
kinetic data so far available have been obtained 
in lower tcmpcrature, static ~ y s t e m s . ~ ~ *  CN and 
CN intermediates are frequently found in other 
gas reactions, e.g., whcn active nitrogen and other 
gas discharge products rcact with hydrocarbons, 
carbon monoxide, and carbon dioxide?-' Apart 
from mass spectrometric observations carried out 
by van Tiggclen? ionization processes appear 
not to have been studied a t  all. 

The most easily ionizable component of 
cyanogen flame gases is NO ( 1 2 .  = 9.25 ev)? 
I n  fuel-rich flames a t  thermodynamic equi- 
librium, calculated [NO] is low-not greater 
than per cent of the total gases (using equi- 
librium constants from Gaydon and Wolfhardlo 
and an estimated flame temperature of 4000°K) . 
In  lean flames, however, [NO] can be of the 
order of 1 per cent of the burned gases. Thus, if 
the ionization is thermal, and if the Saha equa- 
tion can be applied, a concentration of free 
electrons in the range 101o-lO1l electrons/cc is 
expected a t  the pressures (approx. 0.1 atmo- 
spheres) used in this study. Such concentrations 

should be readily detectable by the cyclotron 
resonance method. 

Experimental 

The cyclotron resonance method of measurr- 
ment of free electron concentrations and of 
electron-molecule collision cross sections in 
burned flame gases under 3. variety of conditions 
has been described in earlier papcrs"J2 and clse- 
where at this symposium.18 

A simplc quarter-plate Hilger spectrograph 
was used to investigate qualitativcly some of thc 
spectral features of the flames under thc samc 
conditions as when the clectron concentrations 
were measured. Photographs were taken on 
Kodak 103%-0 and F plates. The emission was 
studied both in the reaction zone and in the 
burned gases; for this purpose the reaction vessel 
was fitted with plane quartz windows. A small 
grating monochromator was also used for visual 
observations. 

Cyanogen was obtained from the American 
Cyanamid Co. It was prepared by the high 
temperature reaction of hydrogen cyanide arid 
chlorine; drying of the gas was therefore con- 
sidered unnecessary. Its toxicity only occasionally 
proved troublesome, as the flames were burned 
in a closed system and the components of the 
burned gases not removed by the pump traps 
were piped directly out of the building. Since the 
flame was not in direct contact with thc vessel 
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walls, air-coolccl Pyrex vessels used in previous 
studies were found to be adequate here. The 
flames were burned in the pressure range 50-200 
mm Hg, above Pyrex tubes 10-15 mm in diam- 
eter. Measurcments were made in the reaction 
zone, a t  the position of maximum attenuation, 
unless otherwise stated. 

Results and Discussion 

Cyanogen-Oxygen Flames 

Electron Concentration and Electron-Molecule 
Collision Cross Section as a Function of Flame 
Composition. A typical cyclotron resonance line 
for a C2Nz-02 flame a t  60 mm Hg is shown in 
Fig. I, with a line for a CzH2-02 flame a t  10 mm 
Hg included for comparison. (The cause of the 
slight asymmetry of the lines is discussed elsc- 
where.lz) 

It has been shown*3 that the observed cyclotron 
resonance line width, AII,  in gauss, is related to 
the average electron molecule collision cross 
section Q and the total pressure p in mm Hg 
by the equation 

AZZ/p = 6.S X lOI7  X Q / P .  

Allowing for the pressure difference between the 
two flames and for the fact that the temperatures 
of the cyanogen and acetylene flames were about 
4000OK and 2000°K, respectively, i t  can be seen 
that if the average electron-molecule collision 
cross section were the same in both cases, the 

1. C 2 N 2 - 0 ~ ~  h = 1.4 
p = 60mm He 

2. c,n,-o,, x = 0.9 
p =  lOmm Hg 

0 P I 
15 16 17 18 

MAGNETIC FIELD STRENGTH (k.gouss) 

FIG. 1 .  Typical cyclotron resonance absorption 
lines: curve 1, CzN2-O2, A = 1.4, p = 60 mm Hg; 

curve 2, C2H2-02, x = 0.9, p = 10 mm Hg. 
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cyanogen line would be expected to be wider 
than observed by a t  least a factor of two. Evi- 
dently the average Q for cyanogen flames is 
considerably lower than the value of about 
40 w3 found for near stoichiometric acetylene 
flames, due probably to the absence of HzO from 
the burned gases for which Q 'V SO ig.? under these 
conditions." 

The variation of A H / p  with X { X being defined 
as ([O,] unburned) /( [O,] required for com- 
bustion to carbon monoxide and nitrogen)] is 
shown in Fig. 2. Absolute values of Q cannot be 
given since the temperatures of the flames have 
not bcen measured. 

The electron concentration, n, is related to 
A H ,  (defined above) the attenuation a t  the 
center of the line, /3 (in db) and the thickness of 
the flame, d (in cm) , by the expres~ion'~ 

n = AH/3/40?red loglo e = 3.87 X lo7 AH@/d.  

The flame described in Fig. 1, for which p, AZZ, 
and d were about 2.3 db, 1500 gauss, and 1.5 em, 
respectively, contained closc to 10" electrons/cc, 
which is very similar to the electron concentra- 
tion found in acetylene flames a t  about 15 mm 
Hg. 

3 

2 

1 

0 
1.0 2.0 3.0 

X 

FIG.  3. Variation of n/p2 with A. 
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P P2 

FIG. 4. Plots of n as a function of p i ,  p ,  and p2 .  p in mm Hg. 

The dependence of the ionization on the flame 
composition is illustrated in Fig. 3, whcrc n/p2 
has been plotted against X (this type of plot was 
chosen for reasons to be discussed shortly). 
The sharp drop of n/p2 on the fuel-rich side is 
not a result of the presence of several per cent 
of the electron acceptor CN, for even a t  a flame 
temperature as low as 3000°K, the formation 
of CN- will reduce n by not more than about 20 
per cent.14 The only positive ion associated with 
the free electronss is NO+, contrasting sharply 
with the complexity of the ion spectra of hydro- 
carbon flames, in which H30+, various hydro- 
carbon fragments and other ions appear.15-” 

Since the tcmperatures of the flames used were 
not known (an attempt a t  measuring them, using 
a modification of the line reversal methodI8 is 
to be made shortly), the equilibrium concentra- 
tions of all the species present could only be 
approximately estimated. For temperatures in 
the 4000-3000°1( range, however, the ionization 
expected on the basis of equilibrium is com- 
parable to that obscrved; in hydrocarbon 
flames, on thc other hand, the ionization is 
known to be very considerably above the equi- 
librium level? It is, therefore, of some interest to 
determine whether the ionization in cyanogen 
flames is, in fact, thermal. 

On simple kinetic considerations this would 
seem unlikely, since it has been shown1g that, for 
alkali metals, processes of the type 

M + X + M + + e  + X  

where X is a third body, require a t  least 1 msec 
for equilibration at atmospheric pressure, for 
activation energies greater than about 5 ev. 
For NO, with an ionization potential of 9.25 ev 
and with a binary collision frequency of about 
2 x IOs see-’ under flame gas conditions, it  
appears that  thc ionization could be produced in 
the time taken by the gases to travel through the 

000 

reaction zone (ea 100 msec) only if these gases 
consisted of pure NO. In addition, it might be 
noted here that thc introduction of NO into the 
preburned gases in quantities up to 5 per cent 
of the total volume has very little effect on the 
level of ionization other than that which can be 
attributed to a [‘dilution” effect. Thus the 
measured electron concentrations may be about 
two orders of magnitude too high. 

Variation of n with Pressure. n was measured for 
cyanogen-oxygen mixtures burned a t  50-200 mm 
Hg. Typical results are shown in Fig. 4 whcre n 
has been plotted against p : ,  p ,  and p2.  If the 
ionization were thermal, the first plot should bc a 
straight line. Since for cyanogen flames n a: p 2 ,  
it  is evident that the ionization is nonthermal, 
but different from that found in hydrocarbon 
flames for which n p (see Fig. S). The quan- 
tity n/p2 is therefore used throughout this paper 
in comparing ionization levds in different 
flames. 

Ionization i n  Cyanogen-Oxygen Flames Con- 
taining Argon, Nitrogen, and Excess Oxygen. 
Figure 5 is a logarithmic plot of n/p2 against r, 
where r = [CzNz -I- O&[total unburned 
volume] for the addition of argon and nitrogen 
to a cyanogen flame. Reduction of r to about 
0.5 results in a pressure rise from approx. 60 mm 
to 170 mm Hg, and an approximately threefold 
decrease in n, irrespective of which gas is added, 
although the nitrogen-containing flames are 
cooler than those with the same proportion of 
argon. Further, if r were reduced to 0.5 by 
nitrogen addition, an initial flame temperature 
of about 4500’K would fall to below 3OOOOK 
which, even neglecting any changes in [NO] 
would lead to a t  least 103-fold reduction in n as 
calculated from the Saha equation. This is about 
lo2 times greater than the observed change. 
Thus nonthermal ionization is confirmed. 
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FIG. 5 .  Addition of argon (open circles) or nitrogen 
(closed circles) to  a C7NZ-02 (A = 1.4) flame. (Both 

sets of results fall on the same line.) 

The slope of the plot of Fig. 5 shows that, ap- 
proximately n / p 2  appears to vary as r4 ( T  is 
proportional to the fraction of fuel in the un- 
burned gases)-this is true for flames with 
nitrogen or argon at all A. For undiluted flames 
containing excess oxygen, 

n / p 2  a ([CJ%l/[C& + 0 2 1 ) 2 .  

In  contrast, for hydrocarbon flames n / p  a 
(fuel fraction)2 for all flames with nitrogen, 
argon, or excess oxygen. This emphasizes again 
the marked difference between cyanogen and 
other fuels. 

Decay of n Above the Reaction Zone. Figure 6 
shows that the experimental points fit a first 
order decay plot reasonably well. There is slight 
curvature near the reaction zone itself, in the 
sense expectcd if there were some contribution 
from second order decay processes a t  very high 
electron concentrations. 

Both Williams2" and Calcott?' have obtained 
similar plots for hydrocarbon-oxygen flames 
below about 30 mm Hg. Williams attributes this 
effect to electron attachment whereas Calcote 
ascribes it to ambipolar diffusion. Above about 
30 mm Hg, second order recombination becomes 
of increasing importance in hydrocarbon-osygen 
flames?' In  cyanogen-osygen flames, however, 
the present authors find that first order processes 

1.0 

0.5 -IQ 
0 

D o 
- - 

0.0 

-0.5 0 

0 5 10 l! 
DISTANCE FROM ELECTRON MAXIMUM (mm) 

FIG. 6. Decay of ionization with time (proportional 
to height in the flame) after leaving the reaction 

zone. C2Nr02, A = 1.25, p = 55 mm Hg. 

appear to persist up to a t  least 100 mm Hg (the 
highest pressure a t  which such measurements 
were made). Interpretation of such results as 
favoring electron attachment as the main process 
of electron decay must be made with caution, 
howcver, on account of changes of flame shape 
and temperature over the region of measurement, 
and on account of the thickness (appros. 3 mm) 
of flame sampled. 

Spectral Features of Cyanogen-Oxygen Flames. 
The strongest features in the reaction zone of 
these flames were the CN red and violet systems 
and the Cz Swan system. The y-NO syste? and 
an unidentified s y ~ t e m ~ ? ~  a t  3250-3300 A ap- 
peared less strongly. The P-NO system was only 
just detectable-at atmospheric pressure i t  is 
reported to be strong? The intensities of the CN 
and Cz systems are greatest in fuel-rich flames, 
whereas the intensities of the 7-NO and the 
unidentified system are at a maximum in thc 
X = 1.1-1.5 range. Very fuel-rich cyanogen 
flames are brilliant white, and deposit carbon-in 
contrast to acetylene flames and cyanogen 
flames a t  atmospheric pressure? 

In the burned gases up to about 5 cm from the 
reaction zone all the above features are still 
observed, together with a strong continuum in 
the blue and ultraviolet (probably mainly due 
to the CO + 0 reaction22) and a greenish glow, 
which may arise from the NO + 0 reaction.22 



IONIZATION I N  CYANOGEN FLAMES 65 1 

The intensity of the glow, ?-NO, and the un- 
identified system all vary ivitli flame composition 
rather like the rlcctron concentration. 

Addition of up to 5 per cent of NO to the 
burned gases weakens the CN and Cz emission, 
possibly through reactions of the type 

CN + NO -+ Nz + CO -144 kcal/mole 

-160 kcal/mole Cz + NO -+ CN + CO 

In the absence of precise photometric data it is 
not possible to give an unambiguous interpreta- 
tion of all the ionization phenomena described. 
The following suggestions are, therefore, mainly 
tentative. 

The explanation of the pressure dependence of 
n most probably lies in the production of ions in a 
reaction of a higher kinetic order than that by 
which they are destroyed, since a t  the point of 
measurement (maximum electron concentration) 
steady state conditions are presumed to csist. 
The siniplest reactions energetically feasible for 
production of NO+ are all termolecular, viz., 

CN + 0 + 0 -+CO + NO+ + e- 

- 6 kcal/mole 

NO + N + N -+ N, + NO+ + E -  

- 12 kcal/mole 

NO + C + 0 -+ CO + NO+ + e -  

-42 kcal/mole 

Of these the first could possibly proceed vis CNO 
intermediate. The second has been proposed to 
explain the presence of free electrons in active 
nitrogen containing traces of ~ x y g e n . ~ ~ ~ ~ ~  The 
addition of NO to these flames has little effect on 
n, but this does not necessarily rule out the 
second reaction since extra NO can reduce [N] 
as well as produce NO+?5 For electron removal 
the simplest reaction to propose is the dis- 
sociative recombination process 

N O + + e - + N + O  

which can be up to 63 kcal/mole exothermic. 
This reaction has been recently shown to be the 
predominant process of electron decay in ionized 

The occurrence of such processes a t  the 
point of measurement in the reaction zone (where 
steady state conditions apply to n )  would give 

n = (k(A+B+C)[AI[B][Cl/k(NO++e7)’ 

provided [NO+] = [e-] = n, and where A, B, 
and C represent the species involved in the ion 
production reaction. If [A], [B], and [C] are 
all proportional to (approximately) the first 

power of p ,  then a reasonable explanation of thc 
pressure dependence is provided. 

It is perhaps of interest to note that, if the 
predominant process of electron removd is 
electron attachment to  a species X, with [X] 
proportional to p ,  then 

and thus an exact fit with the observed pressure 
dependence could be obtained. Such an esplana- 
tion-the simplest which gives exact agreement 
with the pressure dependence-would also 
provide an undcrstanding of the apparently first 
order decay plot of Fig. 6. Similar arguments 
could be invoked to explain the more detailed 
evidence available for hydrocarbons.” 

Cyanogen-Hydrogen-Oxygen Flames 

Ionization in the Presence of Hydrogen. The effect 
of hydrogen on the ionization in cyanogen flames 
is different from that of any other additive, since, 
depending on its relative proportions it can either 
depress it markedly or enhance it. 

The ionization in flames with hydrogen was 
investigated by replacing the cyanogen gradually 

[ C2N2in fuel 1- Per Cent 

FIG. 7 .  Ionization in C~NTOZ-H~ flames, in terms 
of n/p2, as a function of the percentage of cyanogen 
in the fuel. Curves A-E, X = 0.625, 1.0, 1.5, 2.0, 
and 4.0, respectively. Curve F, x = 1.5, with X 
redefined in terms of combustion to NP and CO,. 
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TABLE 1 

Ionizat,ion in CzN2-Ha--Oz Flames (A = 1.5) 

yo C2N2 in fuel 0 9 17 27 42 60 71 83 95 100 

n / p  X lo8 - 2.7 8.5 8.3 3.7 3.0 6.1 12 18 19 

P ,  nxn Hg 25 23 20 18 19 27 36 44 44 70 
tL(CC-1)  x 109 __ 6.2 17 15 7.1 8.1 22 52 80 135 

rk/p2 x lo7 - 7.2 4.3 4.6 2.0 1.1 1.7 2.7 4.1 28 

by hydrogen while keeping both the total un- 
burned volume and X constant. Plots of n / p 2  
against the percentage of cyanogen in thc fuel 
are shown in Fig. 7, A-E, for X between 0.625 
and 4.0. 

Although the flames with low [C,N,] are 
cooler than those with high [CzNz], these curves 
should reflect the true variation in the ionization 
level a t  d l  points to well within a factor of two. 
The most outstanding feature of the curves of 
Fig. 6 is the appearance of a maximum (the 
“second ionization maximum”) at about 20 per 
cent of cyanogen; with all other additives used 
n / p 2  falls continuously from the value for the 
pure cyanogen flame. For 0.8 < X < 1.5 addition 

FA C2N2-02-H2,X = 1.5 

1 
500 1000 

2 

1 

- 0  
> 
0 
.- - 

p2(mm 2Hg 1 - u 
Y 

= 2  

1 

0 
10 20 30 

P (mm Hg) 

FIG. 8. A. Variation of n with p2 in a CzNz-OrH2 
(A = 1.5) flame. B. Variation of n with p in a 

C2H2-02 (X = 0.9) flame. 

of only a trace of hydrogen causes a very sharp 
fall in n, and a rapid increase in the burning 
velocity of the mixture (as noted by a decrease 
in pressure at which the flame burns). Further 
addition of hydrogen produces a rise in n up to 
the second maximum-the burning velocity also 
goes through a maximum a t  that  point-and 
then a decrease below the limit of measurement 
The results of a typical run are listed in Table 1 

The presence of the second ionization maxi- 
mum is real, and is not due to changes in the 
cyclotron line width-the quantity A H / p  in- 
creases continuously as cyanogen is replaced by. 
hydrogen. Nor is it  an effect of a play on the 
definition of X, since the maximum in n / p 2  is 
hardly less pronounced when X is defined in 
terms of combustion of the cyanogen to nitrogen 
and carbon dioxide, not carbon monoxide-see 
Fig. 7F, plotted for X = 1.5 on the alternative 
definition. Figure 7 F  also shows that the ap- 
pearance of yet another maximum in n / p 2  a t  
high cyanogen content in oxygen-rich flames may 
be spurious. 

These results have been plotted in terms of 
n / p 2  over the whole composition range, since the 
relationship n cc p2 is found to hold, even a t  the 
second ionization maximum. This is illustrated 
in Fig. S, and suggests that  the processes of 
ionization in cyanogen flames containing hydro- 
gen are not analogous to those found in hydro- 
carbon-oxygen flames, for which n a p .  The 
further facts that n a t  the second ionization 
maximum, in fuel-rich flames a t  least, is greater 
than the value found when the cyanogen is 
replaced by acetylene and that NO+ is still the 
only positive ion: support this view. 

Spectral Features of Cyanogen-Hydrogen-Oxygen 
Flames. In  the presence of hydrogen, systems due 
to NH, CH, and OH appear, their intensities 
being a function of X and of the proportion of 
cyanogen in the fuel. The addition of even a 
trace of hydrogen reduces very markedly the 
intensities of the green glow, the y-NO system, 
and the unidentified system in the ultraviolet, 
paralleling the behavior of the ionization level 
under the same conditions. The green glow is, 
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however, unique in one respect. While the in- 
tensities of the above systems decay smoothly 
to zero as the proportion of hydrogen i s  increased, 
the glow begins to be stronger again a t  low 
[ CZN2) (20-30%) and disappears only with 
complete removal of cyanogen. Thus the greenish 
glow appears to folIow n under the same con- 
ditions, a t  allX and a t  all proportions of hydrogen. 

The addition of hydrogen results in the forma- 
tion of H, OH, and HzO, because of the operation 
of the rapidly balanced reactions3? 

Hz + 0 = OH + H 

H? + OH = H2O + H 

This causes a reduction in [O] and lowering of 
the flame temperature. The pressure a t  which the 
flame burns decreases on account of the presence 
of new radicals through which the combustion 
process can proceed. These effects will, in gen- 
eral, be most marked in flames with less oxygen. 

The production of NH can take place by, e g . ,  

CN + OH -+ CO + NH -51 kcal/mole 

CH can be produced by a number of reactions, 

-120 kcal/moIe 

-69 kcal/mole 

-32 kcal/mole 

Cz + OH -+ CO + CH 

Cz -t NH -+ CN + CH 

CN + NH -+Nz + CH 

The decrease of the intensities of the y-NO 
system and the green glow can be explained in 
terms of the removal of 0 atoms and operation 
of the reactionz8 

NO + NH -+ Nz + OH 

No satisfactory explanation of the ionization 
maximum observed at high [Hz] can at present 
be put forward. The definite presence of CH in 
such flames makes i t  tempting to infer that the 
phenomenon arises simply through occurrence of 
reactions similar to those suggested to be taking 
place in hydrocarbon flames, viz., 

- 93 kcal/mole 

CH + 0 -+ CHO+ + e -  

CHO + H,O -+ H30+ + e- 

H30+ + NO + NOf + H?O + H 

Knewstubb and Sugden’j have suggested the 
third reaction to occur in hydrocarbon-oxygen 
systems containing added nitric oxide, and its 
operation could explain the limitation of the 
positive ion spectrum to NO+. There are puzzling 
features of the phenomenon, however, such as 
the pressure dependence, which do not seem to 
fit with such a simple explanation. It is hoped 
that further insight may be provided by a 

quantitative photometric study of the spectral 
features described, and this is currently being 
undertaken. 
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Discussion 

DR. E. P GRAY ( A Y L I T h e  Johns Hopkins Uni- 
versity): The comments which I want to make on 
the paper of Dr. Bulewicz and Dr. Padley, are 
concerned solely with the limitations inherent in, 
and the care required in using the cyclotron reso- 
nance method for probing the plasma constituting 
:t flame; I shall not discuss the mechanism and 
chemistry of the flames inferred from the measured 
quantities, namely the average electron concentra- 
tion and the collision frequency. 

The main object of these comments is to point 
out that special care is required to keep the electron 
concentration of the flame being probed very low. 
Failure to do so will result in a broadening of the 
cyclotron resonance line by a mechanism unrelated 
i,o collision broadening, so that the collision fre- 
qucncy and the electron concentration are not 
obtainable from the line width. However, before 
proceeding any further I want to stress that the 
authors of this paper did take the requisite care, 
and that their results can not be criticized on those 
grounds. What I want to accomplish is to show how 
fscvere the rcquirements are, so as to help others 
who might want to use this method to avoid this 
trap. 

The theory for the line width in terms of the col- 
Lision frequency, upon which the interpretation of 
the measurements depends, was developed by Kelly, 
Margenau, and Brown’ for resonance absorption by 

a single particle in a magnetic field. Only when the 
circular plasma frequency, wP = (4?me2/m) (where 
n is the electron concentration, e the electronic 
charge, and m the electron mass) is sufficicntly 
smaller than the circular cyclotron frequency, 
wc = eB/mc (where B is the magnetic field and c, 
the velocity of light), is this single particle theory 
applicable. 

An exact theory for cyclotron resonance absorp- 
tion, which is valid even if wP > wC, has becn de- 
veloped by Buchsbaum, Mowrer, and Brown.2 
They compute the complex frequency shift, Af/f, 
of the resonant frequencies of a cylindrical cavity 
filled with a uniform plasma subjected to an ex- 
ternal axial magnetic field. The imaginary part of 
A j  is directly related to the real part of the trans- 
verse conductivity, and therefore to the line shape. 
Their calculation for the TE01l resonance is quali- 
tatively applicable to Bulewicz and Padley’s ex- 
periments, in that for both cases the esternal 
magnetic field, the direction of propagation of the 
microwaves, and the electric field vector are mutu- 
ally perpendicular. The difference in geometry be- 
tween the computed case of the cylindrical cavity 
and the actual experimental situation will make an 
accurate numerical comparison impossible, but 
should not affect the order of magnitude of the 
quantities involved. 

The theory predicts that the complex frequency 
shift for the TE0ll resonance is given by 

where zol = 3.532, the first root of Jl(z) = 0; R is 
the radius of thc (uniform) plasma column; a is 
the radius of the cavity; CY = o P / w ;  p = W J W ;  

y = V / W ;  v is the collision frequency; and w is the 
(circular) microwave frequency. From the imaginary 
part of Af/f the cyclotron resonance absorption has 
been obtained. This is shown in Fig. la, with the 
parameter v / w  = 0.01, very close to the value of 
0.015 used in Bulewicz and Padley’s experiment. 
The most striking feature is a shift of the resonant 
frequency from w = oC to a new value, w = (wc2 + 
w,”):, but with a line width which does not change 

markedly until wP approaches W .  This phenomenon 
is caused by the absorption associated with an 
anomalous dispersion of the real part of Af/f (i.e., 
of the index of refraction), which has also been 
noted by Bulewicz and Padley.3 If the plasma were 
uniform, therefore, the electron concentration and 
collision frequency could be obtained from the line 
width even for relatively large values of wp. 

For the highly nonuniform plasma actually used, 
however, this conclusion changes drastically. In 
that case the observed line can be considered as an 
appropriate average over a group of these lines 
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FIG. la. Absorption vs. magnetic field in a uniform 
plasma. 
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FIG. Ib. Absorption vs. magnetic field in anon- 
uniform plasma. 

computed for the uniform plasma. Since each of 
these lines peaks a t  a different cyclotron frequency, 
the average will have a width that is governed by 
this frequency shift and not by the collision broad- 
ening which governs the width of the individual 
lines. The resuIt of this averaging is shown in Fig. 
Ib, where the average has been computed over n 
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FIG. 2. Microwave power absorption in a cavity-plasma system as a func- 
tion of magnetic field. The plasma is the positive column of a helium dis- 

charge at a pressure of 0.5 mni Hg. 
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plasma profile of the form nln,,, = 1 - r2/R2, 
whcre R is the radius of the plasma column. The 
values of wY shown correspond to the electron con- 
centration on the asis. It is evident, therefore, that 
wp2/m2 must bc considerably below 0.1, thc lowest 
value shown, in order that the line width be due to 
collision broadenins A sensible criterion would 
appear to be the requirement that the real part of 
thc (circular) frequency shift, AwL, be considerably 
less than the line width. Such a criterion leads to 
the requirement that 

(w,/w)Z << 4 v l m .  

These calculations have been confirmed esperi- 
mentally by Bekefi, Coccoli, Hooper, and Buchs- 
baum.4 Figure 2 shows the cyclotron absorption 
line for threc differcnt values of the current (cor- 
responding to different m,). For case (b), mP2/w2 is 
roughly 0.2, and the line is evidently broadened. 
For case (c), wp2/m* is about 0.01, and no broaden- 
ing is evident. (I do not know thc value of v / m ,  es- 
cept that it lies between and lo-’.) These 
cases bracket the regime where noncollisional broad- 
ening could be troublesome. 

In  Bulewicz and Padley’s esperiment this restric- 
tion has been observed. For the highest value of 
electron concentration they mention, namely 5 x 
10‘0 per cm3, the parameter w,*/m? is approximately 
0.002, as compared to a value for 4 v / w  of about 
0.06. Their line widths, therefore, may certainly be 
interpreted on the basis of collision broadening. 

In conclusion, I want to note that the qualitative 
fcaturcs of this anomalous dispersion, and its effect 
on the asymmetry of the resonance line, have been 
pointed out previously by Bulewicz and Padley.3 
Only the application of Buchsbaum, Mowrer, and 
Brown’s2 detailed numerical calculations to the 
cyclotron resonance probing of flames is new. I also 
wish to acknowledge several useful conversations 
with Ur. Buchsbaum, and to thank him for provid- 
ing me with a copy of some of his computed curves. 

DR. P. F. KNEWSTUBB (University of Cambridge): 
In connection with the results shown in Fig. 7 of 
the paper by Bulewicz and Padley, I feel that it 
may be of interest to present a brief account of 
some measurements relating to the ionization of 
nitric oxide in flames. A premised flame of acetylene- 
osygen-nitrogen was formed, and 1% by volume of 
nitric oxide added to the misture. The concentration 
of nitric oxide ion, measured by the mass spectrom- 
cter was found to reach a large maximum value just 
above the reaction zone, falling to lower values up- 
stream, but to  be everywhere many times greater 
than the level expected for thermal ionization. This, 
coupled with thc rapid variation with distance, con- 
vinces us that the ion is produced by chemi-ioniza- 
tion. The observation that addition of nitric oxide 
causes also a large reduction of H30+ ion concentra- 

tion suggests strongly that the NO+ is derived from 
the same source of chemical energy, a t  the expense 

Accepting the scheme of chemi-ionization which 
is proposed by three papers in this Symposium, we 
may consider the interfering effect of nitric oxide 
in possible change exchange reactions: 

CHO+ + NO + NO+ + CHO (1) 

Ha0+ + NO * NO+ + HZO + H. (2) 

of H30+. 

Esamination of the quantities involved suggests 
that reaction (1) is unlikely to compete so success- 
fully with the proton transfer reaction (3) as to 
produce the observed results 

CHO+ + HZO -+ HsO’ + CO. (3) 

A suggestion of the importance of reaction (2) with 
which we are credited towards the end of this 
paper, was, I believe, made a t  a time when a high 
value of the heat of formation of HaO+ (of about 
195 kcal/mole) seemed tenable. As a result of work 
published in the interim, a much lower value (of 
about 137 kcal/mole) is now favored for this 
quantity, and we would no longer support reaction 
(2) as likely to produce NO+. 

One suggestion may be made which seems to fit 
well all tests which we have been able to apply, as 
follows: 

H + N O  + M +HNO + M (4)  

( 5 )  HNO + HnO + NO+H? + HI0 

Details of the arguments leading to this will be given 
elsewhere. A scheme of this type, with the addi- 
tional parameters thereby introduced, might be 
able to esplain the results portrayed in Dr. Padley’s 
Fig. 7. 

DR. P. J. PADLEY (University of Cambridge): 
A priori, a scheme along the lines suggested by Dr. 
Knewstubb appears to  be highly plausible: for 
esample, it gives a qualitative explanation of the 
shape of our Fig. 7. However, as we have pointed 
out, any such scheme involving “reactions similar 
to those taking place in hydrocarbon flames,” i.e., 
where the primary ionization step is bimolecular, 
does not escape the difficulty presented by the pres- 
sure-dependence of the electron concentration in 
cyanogen-oxygen-hydrogen flames ; the scheme of 
ion production must, apparently, involve a ter- 
molecular reaction, as in flames from which hydro- 
gen is absent. 

So far we have only thought of one mechanism 
satisfying this requirement and one, indeed, involv- 
ing HNO, in an ion-producing scheme. This species, 
highly likely to be present in such flames and not, of 
course, present in pure cyanogen-oxygen flames 
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seems to be produced by a three-body reaction 

H + N O + X - + H N O + X ,  (1) 
where X is a third body. If this were to react with 
CHO* (vibrationally and electronically excited 
CHO), produced as an intermediate in the reaction 

CH + 0 4 [CHO*] CHO+ $- e- , (2) 

then ions could be produced by 

CHO* + HNO + CO + HP + NO+ + e-. (3) 

Such a scheme would be about 5 kcal/mole exo- 
thermic. We have already suggested (our paper, 
this Symposium) that a reaction of type (3), viz., 

CHO* + M +CO f H + M’, 

where M is an electronically excited metal atom, 
appears to satisfy well all observations so far made 
on metal atoms in the reaction zones of such flames. 
However, this scheme, (1)-(3), requires an almost 
impossibly high concentration of CHO* and will 
fail if reaction ( 2 )  is faster than reaction (3); thus 
we had not proposed it in our paper. 

DR. A. FONTIJN (AeroChem Research Labora- 
tories): Could Dr. Padley elaborate on the reasons 
why acetylene flames have a higher degree of 
ionization than the other flames studied? 

DR. P. J. PADLEY: Comparing various hydrocar- 
bon fuels, it appears quite possible that both [CHI 
and [0] could increase slightly as the hydrogen-to- 
carbon ratio decreases, whether or not there is a 
change in the degree of unsaturation in the original 
molecule. In  CzHs-Oz flames, for examplc, a smaller 
proportion of the combustion steps will involvc 
processes similar to those in H2-02 combustion than 
in, say, CH4-02 flames, and this may well cause [O] 
to be higher. Again, the more hydrogen atom 
stripping that is necessary to produce CH from the 
original molecule, the later in the combustion is 
ionization likely to take place. This would certainly 
explain the slight upward curvature of the saturated 
hydrocarbons’ plot. The picture is not necessarily 
complicated by the observation that the EF value 
for benzene is not three times that for acetylene. 

The extraordinary behavior of the EF values for 
the acetylenic series would also be intelligible on 
this basis, when it is remembered that, from our 
results for mixed fuels, the presence of the CH bond 
in the original molecule appears to be a necessary 
condition for the production of ions by the CH + 0 
mechanism. Methyl acetylene is the first member of 
the series to contain a carbon atom which does not 
make a CH bond; therefore, the EF value for this 
molecule can certainly be no greater than that for 
acetylene itself (the same should be true for allene, 
when compared to ethylene). In fact, it is observed 

to be somewhat less, which can be interpreted in 
terms of the slightly different over-all carbon to 
hydrogen ratios in these two molccules. From 
methyl acetylene onwards the series procceds 
“normally,” Le., the increment in EF for each 
additional carbon atom is, to a good approximation, 
the same as for other hydrocarbons into which an 
additional CH group is introduced. 

Those who have remarked on parallels bctwren 
CH emission and degree of ionization (e.g., Professor 
Kistiakowsky’s shock tube studies) may be ovcr- 
simplifying the issue if such observations arc sug- 
gested to support the CH + 0 + CHO+ + e- 
ionization mechanism. For if t r a m  of various 
hydrocarbons are introduced into hydrogen-osygcn- 
nitrogcn flames, the CH emission intensity is found 
only in isolated cmes (e.g., benzene and acctylene) 
to be approximately proportional to the fuel con- 
centration; for most fuels a power dependence bc- 
tween 1.5 and 3.0 is observed. Since the proposed 
ionization mechanism requires CH ground state to 
be proportional to the fuel concentration, a t  least 
some CH emission must arise by processes other 
than by excitation of the ground state CH. 

There are two important consequences of our ob- 
servation that the electron concentration in hydro- 
carbon-oxygen flames is proportional to the pressurc : 

1. It is highly unlikely that the forward ioniza- 
tion step involvcs a third body. A priorz the electrons 
could be produced in either a bimolecular or tcr- 
molecular process; they could be destroyed by 
direct recombination with positive ion (either with 
or without a third body), by electron attachment 
or by diffusion to the walls. Thus eight simple 
steady state equations for the electron conccntra- 
tion can be set up, and of these only two satisfy 
the pressure dependence observation: termolecular 
electron production coupled with termolecular de- 
struction, or bimolecular production coupled with 
bimolecular destruction. Now the recombination 
constant measured with positive ions, a t  2 X 
cm3 sec-l (King; Calcote; Green and Sugden; vzde 
this Symposium) is rather fast for a tcrmolecular 
process, and the fact that this recombination con- 
stant does not increase as the pressure dccreases 
points to a bimolecular recombination process. 
Therefore the forward step, producing thc ions, 
will be bimolecular. 

2, Electron attachment is indicated as responsible 
for electron removal in our low-pressure system. 
Diffusion processes would imply an electron con- 
centration proportional to the cube of the pressure, 
and seem therefore to be eliminated. A second order 
(in ions) recombination process is eliminated since 
this would predict the electron concentration pro- 
portional to the square root of the CH, or fuel, con- 
centration, whereas our results indicate a direct 
proportionality. Thus one is only left with a bi- 
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molecular, first order (in electrons) process to con- 
sider, and this corresponds to electron attachment. 
It is perhaps significant that a similar analysis of 
the cyanogen-oxygen system, for which we observe 
a quite different pressure-dependence of the electron 
concentration, also leads to the same conclusion. 

Thus in hydrocarbon-oxygen flames the recom- 
bination step could be 

H30+ + OH- + products 

with the OH- produced by electron attachment, 
and in cyanogcn-oxygen flames, 

NO+ + CN- -+ N:! + GO 

with the CN- produced by electron attachment. A 

slightly puzzling point is that our results imply the 
concentration of the attaching species not to vary 
significantly with flame composition, contrary to 
expectations. A more detailed answer must await 
the results of future work. 
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FAST REACTIONS OF OH UDICALS 

F. KAUFMAN AND F. P. DEL GRECO 

The reversible, bimolecular reactions of OH radicals with OH, H2, 0, and H are discussed. New 
experimental data for the first three, in their forward direction, near 300"K, are obtained by meas- 
uring local OH concentrations in a discharge-flow system of high pumping speed in which the OH 
is produced by the fast reaction H + NO2 -+ OH + NO. For the reactions 20H -+ H2O + 0, 
OH + H? + H20 + H, and O H  + 0 -+ O2 + H we measure rate constants of 1.5 f 0.4 X lo9, 
4.3 =t 1.0 X 1 0 6 ,  and 1.1 & 0.4 X 1010 liter mole-' sec-1. The present status of the thermodynamic 
quantities AHo and AFo for the four equilibria is summarized and approximate expressions for the 
equilibrium constante are presented. Other recent work on these eight reactions is described and 
Arrhenius expressions me proposed for all the rate constants. 

Introduction 

Recent interest in the detailed understanding 
of combustion processes, in the reactions of the 
upper atmosphere, and in the fundamentals of 
reaction kinetics has greatly accelerated progress 
in atom and free radical reactions. 

For the reactions of OH radicals with H, 0, 
OH, and Hz, which are the topic of this paper, 
new experimental results come from four areas: 

1. Flame photometry and sampling tech- 
niques in which the roughly isotliermal approach 
of flame gases t o  equilibrium is measured; 

2.  Studies of the H2-02 system a t  elevated 
teinperaturcs near the explosion limit; 

3. Shock tube studies involving the OH radical; 
4. Studies of 0 and OH reactions in discharge- 

flow systems at  low pressure. 

'while each of these techniques provides useful 
information, individual shortcomings must be 
kept in mind. 

Flame techniques suffer from lack of specificity. 
At the high temperature and pressure of these 
experiments, several sets of fast, bimolccular re- 
actions produce balanced steady states which, 
by rapidly distributing concentration changes 
among all s,)ecies, mask the occurrence of particu- 
lar, slow reactions. When flame methods are 
applied close to the reaction zone they require 
accurate knowledge of diffusion coefficients and 
temperature-distance plots, and may suffer from 
adverse effects due to  the sampling probe or from 
deviations from an assumed one-dimensional flow. 

The main shortcomings of gas-kinetic work 
near thc explosion limit are the uncertain role of 
the surface and, more seriously, the limitations 

inherent in testing fairly elaborate mechanisms 
for their agreement with few experiments. This 
is equivalent to fitting data (usually over a small 
range of observables) to many-parameter espres- 
sions. As the complesity of the system increases, 
this approach may lose all meaning. 

Shock tube studies suffer from the scatter of 
data due to a difficult esperimental method, from 
uncertainty of the temperature and of one- 
dimensionality. It shares with the above two 
methods the difficulty of fitting elaborate kinetic 
models with limited experimental data. 

The discharge-flow method suffers from in- 
complete knowledge of the discharge products, 
which may include electronically or vibrationally 
excited species; from the increased importance of 
surface reactions due to the low pressure; and 
from the intricacies of steady state, viscous flow 
which are usually disregarded. 

It is a reassuring fact, however, that  all of 
these methods have been used successfully to 
measure the rate constants of some OH radical 
reactions. Because of some of the limitations 
mentioned above, probable errors can not bc 
expected to be less than f10  to 20 per cent. One 
comment might be made which is generally ap- 
plicable: Too often, in published work the cm- 
phasis i s  on the estraction of rate constants by 
fitting data to a proposed mechanistic scheme, 
but unless the scheme is clearly established, the 
uniqueness of this procedure is qucstionablc. 
Therefore, the greatest effort should bc expended 
towards demonstrating the correctness of the 
proposed mechanism by devising critical tests 
extending over a wide range of parameters. 

In  this paper, four reversible, bimolecular rc- 
actions of OH will be discussed. For three of 
them, ( I ) ,  (a), (3) ,  new experimental data ob- 
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taiued by the discharge-flow method will be 
presented. 

IC 1 

k- 1 

kz 

k-2 

k d  

k-J 

k4 
OH + H e  Hz + 0 (4) 

k-4 

The equilibrium constants, K1 to K4, will be dis 
cussed briefly, and a general survey and discus- 
sion of the rate constants will follow. 

OH + OH HZ0 + 0 (1) 

OH + H? HzO + H (2) 

OH + 0 0 2  + H (3) 

Experimental 
Though the apparatus has recently been de- 

scribed,l it  is licre reviewed briefly. As shown in 
Fig. 1 it consists of a quartz flow tube a t  whose 
upstream end there are four inlet tubes for the 
nietered addition of gases, and of an optical- 
spectroscopic system for the measurement of OH 
by absorption spectrometry a t  any point along 
the quartz tube. A two-stage Roots pump (Con- 
solidated Vacuum Corporation, Model VP-R- 
152A) backed by a mechanical pump (Cenco 
Hypervac 25) is able to produce linear average 
gas velocities up to 40 m/sec in the flow tube 
(3.0 cm inside diameter). The main discharge is 
excited by a microwave power generator (Ray- 
theon PGM-100) and the auxiliary discharge by 
a magnetron oscillator a t  similar frequency (2450 
mc/sec) but lower power (Microtherm, Model 
CMD-4). 

The absorption measurement utilized a light 
source emitting OH radiation, quartz lenses, 

I 

d 

and front-surfaced mirrors which produced a 
light path traversing the flow tube three times 
perpendicular to the direction of flow, and a 
grating monochromator (Jarrell-Ash, Model 
52-000) which isolated and recorded the intensity 
of particular lines of the (0, 0) or other bands of 
OH, zBf -+ ?II, in the absence or presence of 
absorbing OH molecules. The entire light ab- 
sorption apparatus was mounted on a platform 
movable along the full length of the flow tube. 
The three traversals across the tube gave a path 
length of 9 cm and were completely contained in 
an over-all width of 1.3 cm in the direction of 
flow, corresponding to a maximum time resolu- 
tion of 4 milliseconds under steady state 
conditions. 

The light source was a microwave discharge in 
flowing hr:H,O mixtures with large excess Ar 
and a t  a pressure of 1s mm Hg. This discharge 
was operated at low power (Raytheon Micro- 
therm, Model CMD-4) so as to  emit OH radin- 
tion corresponding to low rotational (and transla- 
tional) “temperature” and thereby of small 
Doppler line width. This is important becaus: 
the monochroamator, whose resolution a t  3000 A 
is about 0.2 ,A, only isolates OH lines (Doppler 
width 0.01 A),  but does not resolve them and 
therefore integrates thc emitted intensity over 
the entire line shape. The narrower the emission 
line compared to the absorbing line, the larger i s  
the effective absorption coefficient. Since both 
emission and absorption line are of Doppler 
shape, the total absorption, (IO - Z>/Io, can be 
expressed in terms of a01  if the ratio of Doppler 
widths, @ AvE/A.YA, is known. Here, IO and I 
are recorded intensities with the monochromator 
set at the peak of a line, in the absence ( I o )  or 
presence ( I )  of absorbing OH, LYO is the true 
absorption coefficient a t  the center of the line, 
and 1 is the optical path length. It can also be 
shown that Beer’s law is obeyed for Io/I 5 1.5 
and that In Io/I  = L Y O Z / (  1 f P )  ;. 

I n  this work, OH was generated by the very 

LIGHT SOURCE 

MONOCHROMATOR 

FIG. 1. Diagram of apparatus. 
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fast reaction 

H + N O p - + O H + N O  . ( 5 )  

To a rapidly flowing He: Hz: H mixture containing 
98 to 99 per cent Hc (or other inert diluents) 
NO2 was added through a fast-mixing inlet (D) 
consisting of a ring of small Teflon tubing per- 
forated with 31 small holes. Cylinder gases of 
best commercial grade were used. 

Results 

The Decay of OH Radicals 

When OH was generated by adding NOz at 
D (Fig. 1) to a gas stream containing H atoms, 
strong light absorption was observed immediately 
downstream of D. By isolating various rotational 
lines from several branches of the (0, 0) band it 
was established that the absorber was OH in its 
ground vibrational state and with a distribution 
of rotational states corresponding to a tempera- 
ture of 310” to 3SOaK, depending on the amount 
of NOz used (or OH formed) . Such a temperature 
rise i s  reasonable since for reaction ( 5 )  AI3298’ = 
- 29.15 kcal/mole. It was also confirmed that 

1000 

800 

? 

m 
I 

600 
I 

400 

200 

0 

TIME, MSEC. 

FIG. 2. Second order plots of OH decay. (Flows in 
moles/sec, pressures in mm Hg.) A: 0.041 Hs, 0.41 
He; 0.52 mm Hg. B: 0.05s HP, 6.26 He; 3.57 mm 
Hg. C: 0.042 HP, 2.22 He (auxiliary discharge)] 2.22 
He (bypass); 2.70 mm Hg. D: 0.058 N?, 6.26 He; 
3.87 mm Hg. E: 0.032 Hz, 3.5s He; 2.05 mm Hg. 
B and D differ only in the amount of NO2 added. 

D and E are displaced 1 msec for clarity. 

OF OH RADICALS 66 1 

this rotational “temperature” of the absorbing 
OH was approximately equal to the kinetic gas 
temperature in the mixing region by probing the 
region with glass-enclosed Pt, Pt-10 per cent l th  
thermocouples. 

As shown in Fig. 2, the OH decay downstream 
of the mixing region was of secoiid order and 
could be followed over a tenfold decrease of 
initial OH concentration without change in rate 
constant. Two further results must be empha- 
sized here: (1) Repeated searches for vibra- 
tionally excited ON in v” = 1 and 2 in the mixing 
region and downstream were entirely unsuccessful 
and an upper limit of 0.02 can be set for the ratio 
of populations in v” = 1 to v” = 0. (2) The f- 
value for the electronic transition OH, %+ 3 TI, 
based on the stoichiometry of reaction (5) and 
on the assumption of thermally equilibrated 
OH (Q) is in good agreement with the best 
recent measurements. These two points are im- 
portant, because they rule out energy transfer 
reactions of vibrationally excited OH as con- 
tributing to or masking the observed changes. 
These measured changes pertain to ground state 
OH (a, 0’’ = 0) and they can not he explained 
in any way except by chemical reaction of OH. 
The interesting questions arising from the ab- 
sence of vibrationally escited OH and the detcr- 
mination of the f-value will not be further dis- 
cussed here. 

The second-order decay of OH was found to  be 
entirely reproducible, and the magnitude of its 
rate constant proves that earlier e s t i n ~ a t e s ~ ~ ~  of 
the lifetime of OH were in error. The cause of 
this error (which amounts to about two orders 
of magnitude) lies in the method of production 
of OH. In the earlier investigations OH was made 
by electrical discharges in water vapor, and these 
are now known4J to produce OH mainly by 
reactions of H and 0 2  outside the discharge 
region throughout the flowing gas. This entirely 
falsifies the decay of OH, since it results in the 
slow disappearance of a steady state OH con- 
centration which largely depends for its per- 
sistence on the long lifetime of H atoms. Entirely 
similar second order plots to those of Fig. 2 
were recorded for He or Ar as diluent gas; a t  
total pressures ranging from 0.ti to 3.9 mm Hg; 
a t  discharge power levels differing by a factor of 
7 ;  a t  ratios from 1: 6 to 6: I for gas flows through 
and bypassing the discharge; and for thc follow- 
ing gases added bypassing the discharge, with 
fraction of total flow given in parentheses for 
each gas: Nz (0.5), O2 (0.05), NO (0.05), 
H20 (0.05). Since the initial OH concentration 
corresponded to 0.002-0.02 of total flow, the 
above amounts represent 5- to 50-fold escess of 
added gas. The initial (OH) was controlled by 
the measured addition of NO2  diose concentra- 
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cent error over the indicated temperature range: 

(300' to 2400') 

(300' to 2200') 

K1 = 0.092 esp (17.06/RT) 

& = 0.21 esp (15.19/RT) 

KO = 3.33 X 10-3To.372esp (17.13/RT) 

(300' to 2500O) 

or 

K3 = 0.048 esp (16.SO/RT) 

Ka = 0.077 esp (15.9/RT) 

(300' to 600') 

(1500' to 1700') 

K q  0.44 C S ~ )  (1.87/RT) (300' to 2500') 

Only K3 requires a third parameter which is here 
given as a power of T.  Two simplified, two- 
parameter espressions are also given, but they 
fit less well and over small ranges of temperature. 
The temperature change of AH' for this reaction 
is so large that large errors result if AHo' is used 
a t  a11 temperatures. 

The above espressions are based on reliable 
thermodynamic quantities for the species H2, 02, 
H, 0, and HzO. However, a change of 0.5 kcal 
mole-' in the heat formation of OH would pro- 
duce large changes in the K's. At 3OO0K, K1 
would change by a factor of 5, K2 to 4 by a factor 
of 2.3. .4t 20OO0K, Kl would change by 2s per 
cent, Kz to 4 by 13 per cent. 

The Rate Constants for Reactions (1) to (4) 

and I L ~ .  Schott'O sets 
There appears to be little information on kl 

kl = 3 X 10" esp (- 6.O/RT) 

(all rate constants are given in the units liter 
mole-' scc-', activation energies in kcal mole+) 
though in the earlier quoted paper, Duff" has 
IC' = 3 X 10"esp (-2.5/RT) quoting a private 
communication by Davidson. 

Voevodskii and KondratievI2 quote an activa- 
tion energy E-1 of lS.O rt 0.2 on the basis of 
preliminary results by Azatyan. 

In flame studies, thc concurrent reactions (2) , 
(3), and (4) make direct observation of (1) im- 
possible. Using kl = 1.5 X lo9 at 310'K as 
determined in this work and assuming El = 1.0 
(near 300'K0, E1 = 1.5 is an upper limit if 
~ 0 1 - 1  = 2.7 11 is used), we obtain kl = 7.6 X 
109esp (-l.O/RT) and k-1 = 5.3 X 10'O X 
esp (-lS.l /RT).  E-.' is thus in good agreement 
with Azatyan's result. It must be remembered 
that kl is defined by the rate of disappearance of 
OH, and that k-1 therefore refers to the rate 
of' disappearance of 0 atoms. 

Reaction (2) mas investigated by Avramenko 

and Lorentso13 in a discharge-flow system and 
by Fenimore and JonesI4 a t  1300' to 1500'K by 
the addition of D20 to rich Hz-air flames. More 
recently, Fenimore and JonesI5 in a summary of 
bimolecular rate constants have suggested kz = 
2.5 X 10'' esp (- 10/RT) . This espression gives 
kz = 2.2 X lo4 a t  310'K whereas we find 4.3 X 
lo6. If we assume the frequency factor to be 
2.5 X lo1', the activation energy E2 is 6.S kcal 
mole-l. This difference of 3.2 kcal in E2 amounts 
only to a factor of 3 in kz a t  1500'K, but it rules 
out Avramenko's low temperature results. The 
tentativc value of 2 x lo7 at a temperature of 
793'K which Baldwin16 obtained from a study of 
the first esplosion limit of the H2 + O2 reaction 
is also in poor agreement with the present results, 
but is in good agreement with E'enimore'~'~ esti- 
mate of Lq. Since Baldwin's interpretation sug- 
gests an identification of either kz or k-q with his 
calculated rate constant, i t  now appears that  he 
measured k-4. 

Clyne and Thrush'7 recently studied reaction 
(5) and, finding more NO2 used per H atom in 
the presence of much H2, ascribed this apparent 
occurrence of reaction ( 2 )  to vibrationally es- 
cited OH made in reaction (5). As we found' 
no vibrationally exi ted OH, but observed a 
faster decay of ground state (0'' = 0) OH when 
H2 was added, evidently there is direct reaction 
between OH (D" = 0) and Hz. If we fit an 
Arrhenius espression to a value of k2 a t  1500'K 
from Fenimore's suggested rate constantI5 and 
to our value 4.3 X 106 a t  310°K, we obtain 
k2 = 6.3 X 10'O esp (-5.9/RT). From this, 
using the equilibrium constant K2, k-2 = 3.0 X 
10" eyp (-21.1/RT). These last two espres- 
sions for k2 and k-2 are to be preferred over those 
with E2 = 6.S because of their somewhat lower 
prc-esponential factor. With E2 = 6.8, k-2 
would be 1.2 X 1012esp (-22.O/RT), but 
1.2 X seems esccssively high even for an 
H atom reaction. 

Though little work has been done on reaction 
(3) ,  much information is available on reaction 
(-3) which is, because of its endothermicity, 
the rate-determining step in the H2-02 reaction. 
Thus, Karmilova, Nalbandyan, and Semenov's 
obtained k-3 from the slow osidation of H2 over 
the temperature interval 733' to S73'K and re- 
ported & = 5.7 X 10"esp (-15.1/RT). 
Ualdwin16 reported k-3 = 2.7 X 106 at 793'K 
and an activation energy E--3 of 15.2 which gives 
k-3 = 4.2 X 1010esp(-15.2/RT). Schott and 
Kinseyl9 studied the formation of OH during the 
induction period of the H2-02 reaction in a shock 
tube, deduced a value of 1.4 X lo9 a t  1650'K 
from their esperiments, and combined i t  with 
5 X lo6 at 793% to yield k-3 = 3 X lo1' X 
esp [- (17.5 f 3)/RT].  Fenimore and Joneszo 
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Log10 A and E for Rate Constants /GI 

k ,  = A ,  CXP (--E,/RT), i = f l  to zt4 

obtained km3 = 1.5 X IO8 a t  llO0'Ii and E-3 = 
18 3 kcal mole-' in Hz-air flames and thus re- 
ported15 k-3 = 6 X 10l1 ex11 (- lS/RT).  Using 
the reflected shock technique, Strehlow and 
Cohenzl reported E-3 = 16.5 over the tempera- 
ture range 900" to 2000'K. I t  is seen that most 
of the quoted values of E-3 cluster around AZI' 
for that  reaction which is 16.8 to 16.0 a t  500' to 
1500'K. The values of 15.1 and 15.2 by Semenov 
and Baldwin are somewhat too low, since the 
reverse reaction is a bimolecular one which is 
unlikely to have a negative energy of activation. 

Our experimental result, k3 = 1.1 X 10'O a t  
T = 310', i.e., about 1/10 of the gas-kinetic 
collision frequency, can be combined with the 
equilibrium constant espression near 300'K to 
give L3 = 2.3 X 1@' esp (- 16.8/RT) ( T  = 
300' to 600'K) . For an estimate of k-3 at higher 
temperatures, some dependence of k3 on tempera- 
ture must be assumed. Two examples will be 
tiven. If Jc3 is proportional to i.e., k3 = 

esp (-17.1/RT) ( T  = 300" to 2500'). If IC3 = 
1 kcal mole-' is assumed, k3 = 5.6 X 1O'O X 
esp (-l.O/RT), and k-3 = 1.2 X 10lz X 
exp (-17.S/RT) (T = 300' to 600'), 7.3 X 
10"esp (-16.9/RT) (T = 1500' to 1700'), 
or 1.7 X 10133T-0.3' esp (-lS.l/RT) (T = 300° 
to 2500'). 

Our experiments showed that reaction (4) 
must have an appreciable activation energy, but 
we can not extract quantitative information. 
The presence or absence of excess H atoms did 
not influence the bimolecular decay of OH. From 
this we estimate an approximate lower limit for 
the activation E4 2 4 kcal mole-' if the pre- 
esponential factor is within a factor of ten of thp 
gas-kinetic collision frequency. This is equivalent 
to E-4 2 6. There are three recent studies, how- 
ever, which have presented quantitative data on 
k-4. Clyne and Thrushzz studied the 0 + Hz re- 
action in a discharge-flow system at temperatures 
from 409' to 733°K. 0 atoms were produced 
from active nitrogen by the N + NO reaction 
(in the absence of 0,) and their decay was 
measured by  the intensity of the air afterglow 
produced by known additions of NO. A value of 
1.2 X 10'O exp (-9.2IRT) was obtained for k a .  
Fenimore and Jones15 calculated k-4 to be 2.5 X 
lo8 a t  1660' and 3.0 X IOs a t  1S15'K from a 
study of composition and temperature traverses 
through low pressure flames. These rate constants 
are lower by a factor of three than those of 
Clyne and Thrush. Combining the flame work 
with Baldwin's16 estimate of either kz or k-4 at 
793'K, Fenimore and Jones report k-4 = 2.5 X 
lo9 esp (-7.7/RT).  Azatyan, Voevodskii, and 
Nalband~an?~ studied the explosion limits of 
CO-02 mixtures with small amounts of added 

TABLE 2 

6.3 x 1 0 ~ 0 . 5 ,  k-3 = 1.9 x 1 0 ~ 0 . 1 3  x 

E" 

+I 
-1 
$2 
-2 
+3 
-3 
-3 
+4 
-4 

9.SS f 0.3 
10.92 f 0,s 
10.80 f 0.7 
11.45 f 1.0  
10.75 f 0.3 
12.0s f 0 . P  
11.86 f O . S c  
9.76 f 1.0 
9.40 f 0.7 

I .0 f 0.5 
ls . l  f 1.0 
5.9 f 1.0 

21.1 f 1.5 
1 .o f 0 . 5  

17.8 f 1.06 
16.9 f 1 . O c  
5.s  f 1.5 
7.7 f 1.0 

a All values are applicable over the range 300" to 
2000"K, escept where noted otherwise. 

T = 300" to  600°K. 
T = 1500" to 1700"Ii. 

HZ a t  S40' to 930'K in vessels of high surface 
recombination efficiency and concluded k-6 = 
9 X 101oesp (-12.1/RT). I n  its temperature 
range, this expression can not be reconciled with 
the other results, whereas the three other studies 
are in moderately good agreement with the rate 
expression of Fenimore and Jones. We therefore 
prefer k~ = 2.5 X lo9 exp (-7.7/RT) and 
k4 = 5.7 X 109es1~ (-5.8IRT). 

Table 2 presents a summary of recommended 
rate espressions. The simple form IC, = il, X 
esp (- E J R  T )  is retained, though, liarticularly 
for reaction (3),  it is of doubtful validity. 
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Discussion 
PROF. 1’. HARTECK (Rensselaer Polytechnic Insti- 

tute)  : It may be interesting to recollect some historic 
points. Prompted by band spectroscopic investiga- 
tions of W. Watson’ and others, Bonhoeffer and 
Reichardtz in Haber’s Institute showed that at high 
temperatures above 1000°C water vapor docs not 
dissociate simply into oxygen and hydrogen, hit  
also into hydrogen and two OH radicals This was 
indeed of pnramount importance bemuse band 
spectroscopic data had for the first time helped to 
modify basic thermodynamic results which until 
then had been considered definite and complete. 

1. Dr. Kaufrnan made his beautiful esperimcnts 
with rather refined cxperimental tools : pumping 
velocities an order of m:igriitude faster than nor- 
ni:dly used, md concentr:ition measurements via 
OH band absorption observed through a mono- 
chromator with a photomultiplier. This reminds me 
of sn experiment which I made thirty years ago 
lrtting ozone and nitrogen dioxide react with hydro- 
c?en atoms :md trying to get the OH absorption 
spectrum with the help of a hydrogen continuum 
:tnd :I Hilger qu:trtz spectrograph. Obviously this 
:&rrangement was doomcd to failure even though 
this was a good equipment for those times. But I 
also recall a very sensitive device for determining 
OH radicals which I didn’t pursue becausc a t  that 
time I left Haber’s Institute. This method was cn- 
visaged in discussions with Dr. F. G. Houtermans 
and I don’t believe anyone is now using such a tech- 
nique and therefore, I may be allowed to briefly 
mention it. Suppose we would interrupt the emission 
eource as used by Dr. Kaufmnn and simply observe 
the fluorescent radiation ahich would also be inter- 
mittent. This intermittent fluorescence could be 
easily amplified and conveniently measured. This 
method would riot give absolute OH concentrations, 
but could be calibrated similarly by the NO2 with 
€I atom reactions. This mrthod I belicve would es- 
teiid tho mensurements to much lower concen- 
trations. 

2. I would like to show some results obtained by 
Dr. Reeves. The accompanying figure shows the 
OH flame with ozone and hydrogen atomu. The flame 
is T shaped because it impinges on the opposite 
glass wall. On the upper left side the flame is shown 
in the infrared. Using an ultraviolet fioltrr a flame 
emitting the ultraviolet band at 3060 A (OH -+ 

OH2H) of about the same shape can be seen as 
shown in the lower left. By adding 0 atoms to the 
H atoms it can be seen that both these flame in- 
tensities can be substantially increased in agree- 
ment with the high reaction rates for OH + 0 ---f 

OL + H as indicated by Dr. haufman which re- 
generates the H atoms, once more reforming the 
excited OH radie:& via renctiori with ozone. It is 
therefore of major interest, that H + N O  gives 
OH only in the vibrational ground state. 

3. The rate coefficients given by liaufman and 
Del Greco are of paramount importance for better 
understanding of the Meinel or OH bands observcd 
from the night sky.3 Since per square centimeter per 
second over 10’2 OH photons are emitted by pri- 
marily formed OH vibrationally excited molecules 
produced by the H atom plus ozone reaction, the 
question arises how high the hydrogen atom con- 
centration must be in the atmosphere. It was gen- 
erally assumed that the hydrogen atoms were re- 
generated by the OH plus 0 atom reaction, and 
with the more precise results the necessary H atom 
concentration needed can be given with much 
smaller limits of error. It also shows that the OH 
concentration must be minor or the 011 reaction 
with itself would destroy H atoms and the catalytic 
chain would become broken because the relatively 
stable H20 molecule would become formed. This 
does not occur since the intensity of the OH is 
reasonably constant during the entire night. 

4. In radiation chemistry there are two groups 
which have different ideas on the formation of 
hydrogen peroxide when liquid water is irradiated 
with ionizing radiation. In one case the H atom 
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I 
Infrared emission of OH bands from 0, + H + 0, 4- OH 

O3 + H  0 3 + H t 0  O + H  

Ultraviolet emission of OH bands (identical conditione) 

plus Or yields HO, and 2HOi yiclds HLOA plus 01, 

a mechanism whieh is generdly accrpted. But the 
question ariscs if in the aqueous solution two OH 
molecules may recombine forming predominantly 
H 2 0 1  or if they may form predominantly HLO + 0. 
I would like to ask Dr. Iiaufman to comment on 
this and if he thinks it is possible that 20H may rc- 
combine predominantly in aqueous solution to form 
HiO?. 

DR. R. R. BALDWIN (University of Hull):  One of 
the difficulties of using high temperature studies to 
obtain activation energies of frce radical reactions 
is the low temperature coeklicicnt involvcd. Thus 
even if an activation energy as high 3s 20 kc:il/molc 
is determined by measuring the velocity constant at 
two temperaturcs 100"I< apart and around 1000"1i, 
an error of 10% in each k causes an crror of 5 kcal/ 
mole in E. For this reason, the value of 15.2 kcall 
mole for E-?, quoted from my palm by Kaufman 
and Del Greco, was never intended as an accurate 
estimate, but rather as confirmation that thc 
relevant reaction involved was (-3) 

H + 0 2  OH + 0 (-3 
The most accurate estimate of the activation of 
this reaction can probably be obtained by combin- 
ing the following sets of values on a log k-1 /T  plot: 

1. The value of 1.5 X lo9 liter mole-l scc-l a t  
1850°K obtained by Schott and Kinsey from meas- 
urements of the H 1 / 0 2  reaction in a shock tube. 

2. The value of 1.5 X lo8 a t  1100"Ii given by 
Fcnimore and Jones from studies of Hrair flames, 

3. The value of 0.6 X IO7 a t  513"1<, given by 
Baldwin and Cowe4 as the mean oE values obtained 
by Baldwin from studies of the first limit of 8 2 / 0 2  

mixtures, by Semenov6 from studies of the second 
limit, and by Baldwin and Cowe from studieb of 
the inhibiting action of form:tldehyde on the H2/0, 
reaction. 

4. The value of 0.334 a t  310°K obtained by com- 
bining the value of 1.1 X lolo, given by Tiadman 
and Del Greco for the reverse reaction, with their 
value for the equilibrium constant. 

5. The value of 0.19 atl 293°K oljtained by com- 
bining the value of 3 X 1O1O, given by Clyne for the 
reverse reaction, with the equilibrium constant, 
given by Kaufman and Del Greco. 

Assuming that thcee results follow an Arrhenius 
expression over the range 293"-1SO0"1<, the param- 
eters are given by: E = 16.6 f 0.S kcal/molc, 
loglo A = 11.33 f 0.3. The estimates of error are 
generous and allow a 50% crror in both high and 
low temperaturc values. If the 2': relation is pre- 
ferred, then k-? = 4.2 X lo9 T cxp (-l5,900/RT). 

DR. B. A. TIIRUSH (University of Cambridge): 
Dr. Clync and I considered that the value of k-4 
given in our paper 

1.2 x 10'O exp [ - (9200 It 600)/RT] liter mole-1 sec-1 

is prcfcraltle to that given by Kaufman and Del 
Greco for the following reasons: 

1. Our data covers a greater range in 1/T than 
do the high temperature data. 
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2. Our pre-exponential factor is closer to that 
normally encountered in related reactions such as 

3. If the data of Azatyan, Voevodskii, and 
Nalbandyan are included, our rate expression is a 
very good compromise between the three sets of 
high tcmpersturc data. 

61 + H2. 

DR. R. R. BALDWIN: I should like to comment on 
the reaction 

0 + H, OH + H, (-4) 

discusscd by Kaufman and Del Greco, in relation 
to thc rcaction 

0 + co = con. 
This latter reaction has recently been Btudied by 
Avramenko and Kolesnikova, who give evidence 
that the reaction is bimolecular and give ka, = 
1.S X 10TT: exp (-3000/RT) liter mole-' sec-1. 
The ratio k--4/ki3 can be obtained from studies of 
the second limit of CO/O, mixtures sensitized by 
HA. From results given in 1938 by Buckler and 
Norrish? and in 1953 by Dixon-Lewis and Linnett,8 
a ratio of 50-100 is obtained assuming that 0 + CO 
is bimolecular and that this reaction causes chain 
termination. The velocity constant for 0 + HZ 
given by Azatyan, Nalbandyan, and Voevodskii, 
and referred to by Kaufman and Del Greco, was 
obtained by studying the first limit of CO/O, mix- 
tures sensitized by traces of H,. I t  was assumed 
that there was a competition between 0 + H, and 
0 + surface; if the surface process is diffusion con- 
trolled, its rate can be calculated and hence k,? can 
be obtained. I have not been able to find any evi- 
dence in their papers that the competing process is 
surface dependent, and it is equally possible to 
interpret thcir results by assuming a competition 
between 0 + H, and the bimolecular reaction 
0 + CO, in which case the ratio k-&?$ comes out 
as 60-70, in closc agreement with the previous esti- 
mates. If this interpretation should be correct, it is 
not surprising that, as pointed out by Kaufman 
and Del Greco, the value of k-4 given by Azatyan 
et al. is inconkistent with other estimates. 

However, the evidence on which 0 + CO is con- 
sidered bimolecular also needs re-examination. If 
we combine the expression given by Kaufman and 
Del Greco (L4 = 2.5 X lo9 exp ( -7700 /RT)  with 
Avramenko and Kolesnikova's value for k ~ , ,  the 
ratio k-q/k23 is about 3 a t  540°C. This suggests that 
one or both of the expressions for k--4 and k23 may 
be in error, and since the values for k-4 obtained by 
different workers agree reasonably, k,? seems likely 
to be wrong. Once this is admitted, the evidence 
that 0 + CO is bimolecular becomes lees convinc- 
ing. The only alternative explanation is that the 
excited COJ from reaction (23) is capable of con- 

(23) 

tinuing the chain in the H2/02 reaction about 19 
times out of 20. 

DR. H. WISE (Stanford Research Insiitute) : 
Although the results suggest a minor contribution 
to the loss of OH radicals by heterogeneous recom- 
bination, I wonder whether an estimate could be 
made of the upper limit of the recombination coefi- 
cient of OH on the walls? 

IIR. F. KAUFMAN (Ballistic Research Labora- 
tor ea): In reply to Prof. Harteck's comments, the 
use of OH fluorescence would probably not be a 
very sensitive method and it may suffer from the 
variable and efIicient quenching of the upper elec- 
tronic state by molecules such as 01 or H20 as was 
shown convincingly by Carrington.9 It should be 
possible, however, to improve the sensitivity by 
using chopped double-beam operation with ac 
amplification as recently described by Oldenberg, 
Bills, and Carleton.10 Regarding the formation of 
H?Oy from OH in aqueous solution I see no reason 
for excluding such a process. Even in the gas phase, 
Black and Porterll have recently shown that the 
rcaction 

OH + OH + M -+ HnOt + M 

is fast enough to become rate-determining in the 
pressure range of 0.1 atm and above. 

In reply to Dr. Wise, a very approximate upper 
limit of 10-1 to 10' can be estimated for the re- 
combination coeflicient of OH on the walls of our 
quartz tube. 
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A STUDY OF THE REACTION OF POTASSIUM WIT 
I IN CROSSED MOLECULAR BEAMS 

M. ACRERMAN, E. F. GREENE, A. L. MOURSUNI), AND J. ROSS 

The reaction K + CHaBr --f KBr + CHI has been studied by measurements on the scattering 
of a vclocity selected K beam by 3 crossed thermal beam of CHIBr. Although KBr could not be 
detected directly, information about thc reaction could be obtained from the measurements of the 
elastic scattering in the reactive system. An analysis based on the assumption that the interaction 
of the reactants can be represented by a spherically symmetric potential led to:  (1) potential param- 
eters for an assumed analytic form of interaction; (2) the threshold of the reaction cross scction, 0.24 
kcal/mole; (3 )  the probability of reaction as a function of relative initial kinetic energy at the dis- 
tance of eloscst approach; (4) the energy dependence of the total reaction cross section; and (5) an 
estimate of the absolute value of the total reaction cross section, 21 AZ, at 1.93 kcal/molc. 

Introduction 

The usual approach to the study of the 
kinetics of a chemical reaction begins with 
measurements of the variation of the rate of the 
reaction with temperature and the concentrations 
of reactants and products. These experiments 
lead to an empirical rate law and are often very 
helpful in the postulation of a mechanism for the 
reaction. If the mechanism is simple, the reaction 
rate may be compared with predictions based on 
theoretical models. One of the most common of 
these models for bimolecular reactions is that  of 
hard spheres which react if and only if the com- 
ponent of the relative kinetic energy along the 
line of centers a t  impact is greater than a mini- 
mum or threshold value, E". The temperature 
dependence of the rate coefficient, k (  T ) ,  prc- 
dicted by this model is 

k( T )  - P! csg(-EE"/kT) 

a relation obtained by averaging the total 
chemical reaction cross section as a function of 
energy over the Maxwellian distribution. Al- 
though the threshold energy may be obtained 
from measurements of this temperature de- 
pendence, comparison of theory and experiment 
usually can not be made with sufficient precision 
to serve as a reasonable test for the model. 

The reason for using crossed molecular beams 
in studying the kinetics of reactions is that  a 
significant part of the normal averaging over 
collisions can be avoided. Instead of examining 
the temperature dependence and postulating 
mechanisms, individual collisions between known 
species a t  known kinetic energies can be studied. 

The desirability of this approach has long been 
evident, but the number of molecules scattercd 
in reactive collisions is so small that only recently 
have experimental techniques advanced suffi- 
ciently for meaningful studies to be made. 

The present paper is concerned with a par- 
ticular example of a reaction in crossed molecular 
beams of uncharged chemical species, namely 
potassium atoms and methyl bromide molecules. 
Reactions between ions and molecules have becn 
studied much more extensively because electric 
and magnetic fields interact with the charge on 
the ion and provide a convcnient way to produce 
collimated ion beams of known energy. These 
reactions are in a separate class and are not clis- 
cussed here. 

Very few renctions between neutral particlcs 
have been examined by crossed molecular beam 
techniques up to the present time. Brief mention 
of some of this earlier work illustratcs the ad- 
vantages and complications of the method. 

1. The first detailed study of a chemical reac- 
tion in crossed beams was Taylor and Dntz's 
examination of the scattering of K by HBr to 
produce KBr and H.' The experimental results 
have been reanalyzed by Datz, Herschbach, and 
Taylor.2 This reaction was chosen for three 
principal reasons. Alkali metals and alkali 
halides can be detected conveniently and quan- 
tatively by surface ionization on hot platinum 
and t ~ n g s t e n . ~  Secondly, the activation energy is 
low enough so that  a significant fraction of the 
collisions between molecules in thermal beams 
lead to reaction. Thirdly, the very unequal masscs 
of the products and the small change in zero 
point energy for the reaction, ADOo = -4.2 f 1 

669 
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lxd/iuolc,l~5 require that the I<13r s h y  close to 
the center of mass vector for the collisioii so that 
ciiergy a i d  iiioiiieritum be conserved. This fact 
lends to a coiicentratioii of the flus of I<Ur in a 
small fraction of tlie available solid angle. The 
measured angular distribution of the h U r  corre- 
sponded reasonably well to the calculated dis- 
tribution of the center of mass vectors for the 
collisions, hut the Maxwellian distribution of 
speeds in tlie beams and the range of beam inter- 
section angles, due to the angular distribution of 
the HUr beam, prevented a clear-cut dctermina- 
tion of the energy threshold for the reaction. 
‘The authors suggest a value of E” between 2.5 
:md 3.0 kcnl/inolc. 

2. Herschbach, Kwei, and Norris have studied 
the reaction of alkali metals with a series of 
alkyl iodides.F These reactions are sinlilar to that 
of I< with Hl3r except that the niass ratio of the 
proclucts is much closer to unity. Thus, the 
nlkali lialicle formed can leave tlie center of mass 
of the collision and incasurenient of thc diffcr- 
entia1 reaction cross section becomes possible. 
I-Icrschbach et al. could vary the angle of interscc- 
tion of their thermal beams of reactants and also 
niove their cletector above arid below the plane 
ol the crossed beams. They found that the varia- 
tion in scattering angles of the products with 
chaiiges in experimental parameters could be 
predicted by their analysis of the mechanics of 
tlic scattering. Their most intriguing result vas 
the observation of an asymmetry in the detected 
distribution of the alkali iodide with respect to 
the center of niass vector. For the reaction of K 
with CH:?I this asymmetry indicated that:  (a) 
‘30 per c m t  or more of the detected KI returncd 
nithin a fcw degrees of the direction from which 
tlic I< had conic, while tlie corresponding CHa 
must of necessity have continued in the original 
direction of the I<. (b) Of the 25 kcal/mole 
txiergy of reaction only about 0-5 kcal/inole on 
the averagr appeared as relative kinetic energy of 
the detected products, while the rest was con- 
verted into intcrrial energy of vibration and 
rotation. (c) Tlie duration of the collision must 
have been small compared to the rotational 
period ol the coniples (about 3 X sec) . 
Thus, there is 110 evidence for “sticky” collisions 
in this case. 

3. The first chemical reaction studied in some 
detail as a function of relative eiiergy by crossed 
molecular beam techniques was that of E\: with 
HBr.7 Measurcments of the scattered KUr gave 
nn indication of the energy dependence of the 
total chemical reaction cross section. This result 
depeiided on the angular distribution of the HBr 
beam which was not known precisely; however, 
it  was concluded that the threshold of the 
chemical reaction is less than 0.4 kcal/niole and 

tlic cross section varies but little with eiicrgy 
above this value. 

More detailed iiiforinatioii on the reaction n as 
obtained from incasureiiients of the elastically 
scattcrrd potassium and an analysis based 011 

the theory of two-body collisions. U y  cornparison 
of the elastic scattering in the reactive system 
with that of a noiireactive system it was possible 
to clcduce the probability of reaction as a func- 
tion of the energy and either the impact param- 
eter or the potential energy a t  the distance of 
closest approach in t,he collision. For iinpact 
parameters below 3.5 A, about 90 per ccnt of all 
collisions lead to reaction. The total chernic~l 
reaciion cross section was estimated to be 34 iV2 
a t  E = 2.6 kcal/mole. At a constant distance 
of closest approacli, the probability of reaction 
was noted to decrease with increasing energy, 
and this variation was interpreted 3s a come- 
quence of the conservation of angular momentum. 
Calculatioiis showed that for large impact param- 
eters the initial orbital niigular inomenturn had 
to be converted essentially completely into 
angular niomentuni of rotation of KUr n ith 
rotational quantum nuinbcrs ranging up to 
J = 200. Finally, an analysis based on the two- 
body mod$ led to a value of the size parameter 
r,, = 4.5 A in the eq-six potential Eq. ( 5 ) .  

Apparatus 

The apparatus has been described p r e ~ i o u s l y , ~ ~ ~  
so oiily a very brief outlinc. of the essential 
features will be given here. The iinportant parts 
are shonn in Fig. 1. The potassium beam is 
foriiiccl by effusioii from a rlouble-chamhrred 
Monel oven (A) located in the first of three 
separately pumped vacuum clianibcrs. Those  
atoms moving in the right direction pass through 
slit (13)  and meet the rotatiiig velocity selector 
(E).  The latter is an aluminum cpliiidcr inilled 
ni th  504 helical slots 0.5 min wide and driven 
by a variable speed motor outside the vacuum 
chamber. The selector es the fraction of the 
incident K atoms which have the appropriate 
speed. The transmitted distribution of speeds is 
triangular with a nidtli a t  half-height O.OS4 times 
the central speed ul. 

After emerging hoin the selector tlic E\- atoms 
pass through slit (G) into the reaction chamber 
and form a beam 0.5 inm wide by 3 inn1 high. 
The K bcam then intersects the crossed beam of 
CH3Br, effusing from oven (H), a t  right aiigles 
to its center line. The intensity of the scattering 
gas is found esperiinentally to have an angular 
distribution about its center line proportional to 
coss ( y  - $r), where y is the angle between the 
two beams. The high pumping speed necessary 
to niaintain a vacuum of 1 O W  nim in the presence 
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(b) 

FIG. 1. Schematic diagram of apparatus. (a) Place- 
ment of components of molecular beam apparatus 
(top view); not t o  scale. (b) Detail of oven H with 

beam flag (side view). 

of the large amount of CH3Br is obtained by 
surrounding as much as possiblc of tlie scattering 
center by a inch thick copper shield cooled to 
the temperature of liquid nitrogen. A beam flag 
(I) can interrupt the flow of CH3Br to the scat- 
teriiig region without changing the flow rate 
from the crossed beam oven (H) into the vacuum 
chamber. The scattering volume is defined by 
the region of overlap of the ribbon-shaped E( 
bcam with the diverging CH3Rr beam. 

K and IiBr may be detected by surface ioniza- 
tion on 13, which is sensitivc only to I<, and on 
W, which is sensitivc to both KBr and Ii.3 
The detector filaments used are ribbons 0.5 mm 
wide and 0.013 mm thick arranged vertically with 
a 6 mm central section exposed to the bcam. The 
W ribbon is plated to 3 times its original thickness 
with W from the decomposition of W(CO)+j in 
order to reduce the background noise from K 
atoms in the lV? The positive ions from tlie P t  
or W filaments are collected a t  an electrode 30 V 
negative with respect to thc filaments, and then 
the resulting current is amplified in a vibrating 
reed electrometer. The collector and the two 
filaments arc 5 cm from the scattering center slid 
can move in the plane of the two beams over the 
range -5" < /3 < 115'. 

In  a typical run the front and rear chambers of 
the K oven are a t  710' and 5SO'K respectively 
corresponding to a K pressure of 0.35 mm. The 
CHaBr oven is a t  2S8'K and the gas is introduced 

from an external supply. The pressure is un- 
certain but may be checked for coiistmcy by 
the attenuation of the I( beam, which is typically 
30 per cent. In  use, the W and Pt filaments are 
hcated to 14SOo1< and 10IOoI<, rcspcctively, as 
determined with a Leeds and Northruy S623-C 
optical pyrometer; the emissivities used arc 0.3 
and 0.65, respectively. At higher filament tcm- 
peratures the CH.jBr beam impinging on cithcr 
ribbon contributes csccssivcly to the positive 
current. 

The Reaction K with CH3Br 

Kinematics 

Consider the collision of a potassium atom of 
speed v l  with a CH& molccule of speed v2 and 
let the initial velocity vectors be perpendicular 
(Fig. 2 ) .  The relative velocity vector v = VI - ~2 

connects the two initial velocity vectors, and the 
center of mass motion vector (centroid) (mi + 
m z ) ~ ,  = nz1~1 + mzv2, intcrcepts the relative 
velocity vector a t  a point detcrmiiicd by the 
equations 

Vl = v c  + [m/(m1+ m2)lv 

v2 = vc - [ m d ( m ~  + m2)lv. 

The vector diagram in Fig. 2 is drawn to scalc 
for the case of the higliest experimental relative 
energy. This is the most favorshle condition 
achievable in our experiments for the dctection of 
KBr because tlie raiigc of laboratory anglcs 
which must be scanned to detect KBr is then the 
smallest. The final relative velocity vector, v', may 

FIG. 2. Vclocity vector diagram for Iienms of h-, VI, 
and CHIBr, vl, crossing at right angles. Two final 
relative velocity vectors, v', and two velocity vectors 
of KBr, v4, are drawn for a typical case, Q = 5 
kcal/mole, corresponding to detection a t  laboratory 

angles p from VI. 
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K + CH, Br 
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20 40 60 EO 100 120 140 
SCATTERING ANGLE x DEGREES 

FIG. 3. Measured differential cross section multi- 
plied by sin x for K scattered by CH,Br, a@x) 
sin X, vs scattering angle x in center of mass co- 
ordinates at  four energies. Triangles denote meas- 
urements with the tungsten filament as a surface 
ionization detector; circles, platinum filament. 
Signals from the two filaments are normalized in 
the main K beam. The solid lines are calculated by 
two methods which lead to the same curves for the 
two lowest energies, and to  the curves marked I 

and I1 for the two highest energies. 
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be drawn to pivot a t  the end of the centroid but 
the absolute magnitude (final relative speed) is 
unknown. Limits on the final relative kinetic 
energy E' may be obtained from the equation of 
conservation of energy 

E + U = -ADoo + E' + U', (1) 
where U and U' are the internal energies of the 
reactants and products, respectively, and ADO' 
is the difference in zero point energy, estimated 
to be - 24 kcal/mole.10 If the velocity of KBr is v4 
and that of CH3 is v3, then the product KBr 
appears a t  a laboratory angle p. If E' is so large 
that v'm$(ml +- m4) extends to a circle including 
the origin 0, as may be the case in this reaction, 
then the product KUr may appear at all labora- 
tory angles. The analysis of the distribution of 
products is further complicated if account is 
taken of the angular spread of the CH3Br in the 
crossed beam, i.e., the distribution of beam 
intersection angles. 

Measurements on KBr 

A search for KBr in the horizontal plane in the 
quadrant containing the centroid indicates that  
the product flux a t  the detector was below the 
limit of detection. This limit varied from 2 X 10-'6 
amp at angles where there was not much scat- 
tered K to much larger values near the K beam. 
The absence of KBr is shown by the identical 
signals received by the W and Pt detectors a t  
all scattering angles (Fig. 3) .  The signals of the 
two detectors are normalized at the main K 
beam. For the present reaction, unlike the reac- 
tion of K with HBr, 110 confinement of IiBr to 
the centroid is required. 

ilileasurements on Scattered Potassium 

In  collisions of reactive molecules the possi- 
bility of chemical reaction may be expected to 
alter the scattering pattern of unreacted mole- 
cules from that of a similar system in which 
chemical reaction does not occur. This difference 
may provide further information about the reac- 
tion. If a I( atom collides with a CH3Br molecule, 
not only is reaction possible but also eIastic 
scattering and nonreactive inelastic scattering 
may occur. In  our apparatus we cannot distin- 
guish between the various types of nonreactive 
scattering. Elastic scattering is certainly much 
more probable than inelastic scattering resulting 
in translational-vibrational energy exchange. 
Although elastic scattering is also more probable 
than scattering resulting in translational-rota- 
tional energy exchange, there is some theoretical 
evidence that the two may differ by only a 
factor of two." In principle, the scattering which 
would occur in the absence of chemical reaction 
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can be either estiniated experimentally or calcu- 
lated. We do not have measurements of the 
scattering of a satisfactory nonreactive analog of 
CH3Br, and therefore we attempt a comparison 
with a theoretical calculation. For this we have 
to neglect the effects of nonreactive inelastic 
scattering as well as changes in the elastic 
scattering due to deviations from central forces. 

Let a beam of K atoms with speed VI collide 
with a perpendicular beam of CHI Br atoms with 
the average speed of a Maxwellian distribution 
02. The initial relative kinetic energy is thus 
13 = (1/2)p(v? + f i z z )  , and the reduced mass is 
p =- mlrnz/(rnl + mz). The number of K atoms, 
I k (  E@$), arriving per unit time a t  the detector 
situated a t  given laboratory angles (ap) is pro- 
portional to 

CU( sin a A a  A,R[l + (rn~/rn&j)~]~Nlnz, (2) 

where a(&$) is the differential scattering cross 
section, c is a geometric factor, Q is the ratio of 
momenta (mlvJrnz&) , N1 is the flux of K atoms 
per unit arca and unit time, nz is the density of 
CH3Br in the source chamber, and sin a A a  A,R is 
the solid angle subtended by the detector. (For 
further details see reference 7.) From the rela- 
tion of the differential scattering cross section in 
laboratory coordinates (ap) to that  in relative 
coordinates (xq)  

n(&,R) s i n a d a d @  = a(&) s i n x d x d q ,  (3) 

i t  is seen that the differential scattering cross 
section, as a function of the relative scattering 
angle x, is proportional to the flux of K; in the 
horizontal plane (a  = %r) we have the equation 

a (Ex) sin x = I k  ( Z?@) (da d@/& a) 
X (~Nins A a  APC1-t (mi/~~zq)~]:)-~. (4) 

A plot of a(&) sin x vs x is shown in Fig. 3 for 
the system IC and CH3Br. The four curves illu- 
strate the angular dependence of the elastic 
cross section for four relative energies. At small 
scattering angles each curve displays the maxi- 
mum characteristic of the rainbow scattering 
phenomenon predicted for two-body collisions.’2J3 

If an analytical form is assumed for a spheri- 
cally symmetric intermolecular potential energy 
V ( r )  as a function of the reduced distance 
(r/rm> J say 

x - e x p  {: [ a ( 1 - -  ;)I - ty). ( 5 )  

where E is the value of the potential a t  its mini- 
mum and r, is the intermolecular separation at 
that point, then i t  is possible to evaluate the 

TABLE 1 

Parameters for thc Scattering of E( by CHJ3ro 

E E X threshold ?J V(!J/) 

1.12 0.305 55.0 0.S76 0.237 
1.93 0.329 44.0 0.571 0.275 
2.64 0.316 25 .s 0.579 0.205 
4.92 0.330 19.5 0.SSI 0.192 

a For each of the four curves shown in Fig. 3 there 
is listed: the initial relative kinetic energy E; the 
potential parameter E determined from thc angular 
position of the rainbow angle; x + I ~ ~ ~ ~ I ~ ~ I ~  the 
threshold angle (deg) at  which a decrease of elastic 
scattering appears due to the onset of chemical re- 
action; the reduced distance of closest approach y 
for collisions resulting in scattering to  the threshold 
angle; and V(y), the potential energy at  the distance 
of closest approach. 

parameter E from the position of the rainbow 
angle (marked by horizontal arrows for each of 
the curves). For the exp-six potential, CY = 15, 
the parameter E is found to be 0.32 kcal/mole 
(see Table 1) and these potential parameters 
are used in the interpretation of the esperiment. 
For the exp-six potential with a = 12 we find for 
e and V(y) a t  threshold 0.34 and 0.18 kcal/mole 
respectively; however, with these alternative 
parameters the rest of the interpretation is es- 
sentially unchanged. 

For comparison, the elastic scattrring behavior 
of a nonreactive system, K + Kr, is shown in 
Fig. 4.14v7 More pronounced rainbow srattering 
is observed, and the value of E for this system is 
0.15 kcal/mole (a  = 12). The important differ- 
ence to be noted is the behavior of the cross 
section for scattering angles larger than the 
rainbow angle. The sharp decrease in seattrred 
potassium for the case I< + CH3Br beyond 
threshold angles observable for three curves 
(vertical arrows, Fig. 3) is interpreted as an 
indication of the onset of chemical reaction. For a 
given relative kinetic energy and intermolecular 
potential of a two-body system the threshold 
angle of scattering is uniquely related to a given 
impact parameter or a given potential energy a t  
the distance of closest approach, which con- 
stitutes the threshold energy or “activation 
energy” of the reaction. The vertical arrow for the 
curve of lowest energy is drawn to give a distance 
of closest approach a t  threshold which is the 
average of that for the three higher energies (see 
Table 1). 

On the basis of the stated assumptions, the 
determination of E and the threshold energy of 
the rcaction proceeds straightforwardly from the 
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FIG. 4. Me:isured differential cross section in 
xbitrary units multiplied by sin x for K scattered 
by Iir, c ( E x )  sin x, vs scattering angle in ccnter of 
mass coordiuates at thrcc encrgies. The solid lines 
scrvc to  conriect the measured points. The dashed 
lines are c:ilculated from classical two-body scatter- 
ing theory [esp-six potential Eq. ( 5 )  with CY = 12, 
E = 0.1s kcal/mole] and fitted to the solid lines 

near x = 40". 

measured scattering curves. Next, we wish to 
evaluate the probability of reaction defined 
by the equation 

I' [u,(Ex) - U ( ~ ? X ) ] / U ~ ( ~ ? X ) ,  (6) 

where u,(l?x) is the differential elastic cross 
section calculated for a iionreactive system with 
the potential Eq. (5) and the energy parameter 
determined above. The functions uc(Ex)  sin x for 
the appropriate energies are fitted to the meas- 
ured values a t  the threshold angles, Fig. 3, curves 
labelled I. However, this procedure does not con- 
form to all the requirements of the model chosen 
for the representation of the nonreactive two- 
body scattering because the relative heights of 
the curvcs (I)  differ from those predicted by the 
model. For this reason, a second set (11) of 
curves is drawn in Fig. 3 which do have the 
predicted relative heights. The curves for the 
loiver two energies are identical for (1) and (11) , 
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V ( y )  kcal/rnole 

FIG. 5.  Probability of reaction vs potential energy 
at distance of closest approach evaluated for each 
of the four energies with use of curves (I), Fig. 3. 

but- for the higher two energies the functions 
uL(Ex) sin x for curves (11) are drawn in arbi- 
trarily a t  small angles to connect with the 
measured curves a t  the threshold angles. This 
second set of curves is shown to demonstrate the 
influence of the choice of theoretical nonreactive 
scattering curves on the interpretation of the 
data. 

I n  Figs. 5 and 6 we plot the probability of 
reaction evaluated from Eq. (6) and the calcu- 
lated curves I and I1 as a function of the po- 
tential energy a t  the reduced distance of closest 
approach V(y) for the four esperimental relative 
initial kinetic energies. There is not very much 
difference between the PI and PII  curves so 
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FIG. 6. Probability of reaction vs potential energy 
at distance of closest approach evaluated for each 
of the four energies with use of curves (11), Fig. 3. 
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that the probability of reaction appears to bc 
relatjvely insensitive to the precise method of 
choosing the hypothetical scattering curve. The 
features of the curves of P vs V(y) are the nearly 
constant threshold of reaction, 0.24 kcal/mole 
independent of E, the rise to a maximum less 
than one, and the variation of the probability of 
reaction with the initial relative kinetic energy. 
The maximum value of P is reached a t  relatively 
large impact paramet_ers (b/rm = 0.7 a t  V(y) = 
1.17 kcal/mole for E' = 4.92 kcal/mole) indi- 
cating that reaction may occur for a large range of 
impact parameters. It is possible that the varia- 
tion of the probability of reaction with I!: is due 
to penetration of a barrier. 

The total chemical reaction cross section ufi (e) 
can- be shown to be related to uc(E', x) and 
u( Ex) by the equation 

r ~ ( z )  = 2~ [crc(&) - .(Ex)] sin x dx, 

(7) 
c 

which can bc rewritten by use of Eq. (6) as a 
function of the impact parameter b, 

u f i (E)  = 2arm2 ~ b m n x ' ' m  P(b/r,) d(b/r,) ( 8 )  

The total chemical reaction cross scction can 
therefore be calculated as a function of energy 
either from Eq. (7) by graphical integrations 
of the appropriate areas on Fig. 3, or by graphical 
integrations of plots of Pb/r, vs the reduced 
impact parameter b/r,. The symbol b,,, de- 
notes the impact parameter a t  the threshold 
angle, i.e., the maximum impact parameter 
leading to reaction a t  a given E. Figure 7 shows 
the curves for the variation of the chemical 
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FIG. 7 .  Reduced total chemical reaction cross sec- 
tion vs. relative initial kinetic energy for K and 

CH3Br evaluated by methods I and 11. 

reaction cross section with initial relative kiiictic 
energy based on the two sets of P vs V(y)  
curves. 

In  order to calculate absolute values of the 
total chemical reaction cross section froin either 
Eq. ( 7 )  or (8) it is necessary to know the param- 
eter r,, Eq. (5) .  If we estimate its value to be the 
same as that of system I< + Hl3r, then the total 
reaction cross section a t  1.93 kcal/mol is 21 i2. 

We realize tlie limitations of an analysis of the 
measurements based on the assumptions that 
the scattering behavior of tlie system I< + CI3& 
follows that of a two-body system 2nd is iiot 
influenced by iioiircactivc inelastic scattering. 
Evideiice for and against these assumptions i s  
available from measurements on other systems. 
In  the system E( + Kr we see raiiibom maxima. 
and curve shapes consistent with the theory 
but there is not enough evidence to compare the 
relative heights of the scattering a t  large angles 
with the predictions of the theory a t  different 
energies. For K + HCI we still rainbow 
maxima and there are ranges of angles between 
the maxima and the reaction threshold to w6ich 
we can fit curves calculated from the theory of 
two-body collisions. The ratios of the functions 
(Ex) sin x in these ranges for different cncrgies 
arc not consistent with the theory hut deviate 
in a way comparable to that for I< + CI[-I:&-. 
For K + Brz no rainbow masinix are obscrved.I5 
For I\' + CHsBr there is enough rescmblaiicc to 
the scattering of a two-body system for an 
attempt a t  an interpretation based 011 these 
assumptions. There arc enough differeiiccs to 
view the conclusions with caution. 

In  the absence of adequate theories of scattcr- 
ing of many body systems it may be better to 
estimate the probability of rcaction by com- 
parison of the elastic scattering of reactive 
species with elastic scattering of structurally 
similar non-reactive species, rather tlian with 
theoretical predictions. 
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Discussion 

PROF. J. E. SCOTT (University 01 Virginia) : It is 
generally rccognized that the molecular collisions 
which lead to chemical rcaction can be effectively 
studied by means of molecular beam experiments. 
Professor Greene and his colleagues a t  Brown Uni- 
versity have taken another step in the actual 
demonstration of this fact as evidenced by their 
study of the reaction of K with CHRBr in the 
crossed beam experiment which has just been de- 
scribed. Crossed beam experiments usually involve 
the measurement of the collision yield as a function 
of energy from which the total reaction cross section 
can he determined. In addition, the angular dis- 
tribution of the products can often be interpreted 
in terms of the internal energy states of the reaction 
products and the dependence of reaction cross sec- 
tion on initial kinetic energy and molecular orienta- 
tion. Grcenc et al. have taken a somewhat different 
approach in the use of the nonreactive scattering 
system for the determination of the “activation 
energy,” the reaction probability, and the total re- 
xtion cross section. These results are based on a 
number of assumptions which must be madc in 
connection with the scattering behavior of the 
system. Consequently, it should be emphasized 
that the validity of the reaction characteristics so 
determined may be limited by the assumptions re- 
quired for the interpretation of the scattering data. 

Continued emphasis should be placed on the 
examination of the internal energy states of the re- 
:xtion products together with an investigation of 
the dependence of the reaction cross section on the 
internal energy states of the reacting partners. I am 
afraid, however, that these very worthy objectives 
are likely to require much diligence over a long time 
period prior to their attainment. 

There are two questions which I would like to 
pose for Professor Greene: 

1. Could he comment a little further on his pro- 
posed explanation of the variation of reaction 
probability with potential energy a t  the distance of 
closest approach? In particular, could he cxplain 
why these curves exhibit maxima? 

2. Is the variation in potassium beam energy, 
restilting from the finite width of the selector slots, 
a serious shortcoming in the determination of the 
effective energy available in the collision system? 
Would not the effect of the divergence of the 
CHjBr beam on the energy available in the center 
of mass system cause even more serious difficulties 
in the interpretation of the scattering data? 

PROF. E. F. GREENE (Brown University): We 
believe that our curves of PI and PI1 vs. V(y) give 
the general behavior of the actual probability of 
reaction. The curves are based on two approxima- 
tions for the scattering curve to be expected in the 
absence of reaction. The use of these approxima- 
tions and the existence of relatively large experi- 
mental errors in measurements a t  large angles 
mean that details of the structure such as the slight 
fall off a t  high energies may not be significant. The 
approximation of the K and CHjBr velocities by 
delta function distributions is not likely to make 
any qualitative change in the conclusions, but a 
final decision must wait until a more detailed 
anaIysis is available. 

I)R. R. M. FRISTROM (APL, The Johns Hopkins 
University): I wonder if Prof. Greene would com- 
ment on what differences there would be in his 
analysis if the product were detected rather than 
the reactant and whether this approach would re- 
sult in any simplifications. 

PROF. E. F. GREENE: Measurements of reaction 
products would have permitted us to make an 
analysis similar to the one described by Hersch- 
bach, Kwei and Norris. However, we would not 
have been able to deduce the variation of the 
probability of reaction with impact parameter or 
potential energy a t  the distance of closest ap- 
proach, since this type of analysis depends on a 
comparison of calculated and observed elastic 
scattering curves. The two approaches give differ- 
ent sorts of information and one is not necessarily 
less complex than the other. 
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D R .  T. CARRINGTON (National Burea,u of Stand- 
ards): I would likc to mention the matter of estab- 
lishing a connection between the microscopic cross 
sections for interaction between molecules in speci- 
fied quantum levels, on the one hand, and, on the 
other, the macroscopic behavior of chemical systems 
and the rate equations of conventional chemical 
kinetics. I t  is now clear that the “un-averaging” of 
conventional chemical kinetic rate constants to give 
detailed cross sections for interaction of molecules in 
specified quantum states is useless in practical cases. 
I would like to point out, however, that the reverse 
process, the averaging of the detailed cross sections 
to give over-all chemical behavior is also very diffi- 
cult in cases where there are considerable depar- 
tures from equilibrium. One must then use the 
detailed cross sections for molecules in specified 

quantum levels to calculate the actwtl distribution 
of molecules over internal states, and thcn use these 
distributions to calculate macroscopic behavior. 
The point I wish to emphasize is the difficulty of 
calculating nonequilibrium distributions from the 
measured detailed cross sections. 

PROF. E. F. Greene: Even though an exact de- 
termination of a rate constant from measured cross 
eections may still be very difficult, this problem is 
much more likely to be solved than is the reverse 
one of the determination of cross sections from 
measurements on rate constants. In addition, some 
features of the cross section, such as the threshold 
energy, should lead to a number of helpful dcduc- 
tions about special properties of the rate constant. 



C FLAME REACTIONS INVOLVING N ATOMS, H ATOMS 
AND OZONE 

D. GARVIN AND H. P. BROIDA 

Although no radiation is observable from the fast exothermic reaction 

N + O a - + N O + O e  

thc addition of H atoms produces a flame with ultraviolet and visible emiesion. The emitters in the 
flames are OH, NH, NO, N2 and, under certain conditions, NH?. 

The characteristics of this prototype combustion system are: 

(a) N atoms, H atoms and O., must a11 be present in the reaction zone. 
(b) H atoms catalyze the consumption of ozone beyond that expected from H + O3 ---f OH + O?. 
(c) NO and NO, are not important intermediates. 
(d) The nitrogen emission (1st positive bands) is not the result of the mechanism operating in the 

(e) Vibrationally excited OH radicals are important in the mechanism for forming NH and in 
Lewis-Rayleigh nitrogen afterglow. 

the excitation of the emitters. 

The rate constant for the reaction N + OH + NO + H is estimated to  be greater than 10-11 
cc/molecule-second. 

Introduction 
13nlission spectra of ordinary flames and atomic 

reactions have long been used for the interpreta- 
tion of combustion processes and to establish re- 
action mechanisms. The atomic flame technique 
in lvhicli a "fuel" molecule is reacted \+ith an 
atom or a free radical has been particularly help- 
fu l  in isolating elcmentary steps that occur in the 
more complcx combustion processes and in pro- 
viding detailed information about very rapid 
chemical reactions. 

After noticing that the low pressure reaction of 
N atoms and ozone sometimes gave bright rcac- 
tion zones, we began a more systematic esaniina- 
tion of this emission. The reaction is of some 
intercst because the process 

N + O , - + N O + O L  (1) 

is highly euothermic, AN = -125 kcal, and 
either product might be in an excited state. This 
energy, if concentrated in NO, could excite the 
A .E+ state, from which the y bands are emitted, 
or if concentrated in 02 could lead to the emis- 
sion of the Herzberg bands, as suggested by 
Barth and Kap1an.l Thus the reaction is one of a 
few bimolecular reactions that may serve as the 
source of chemiluminescence in combustion 
processes. 

The kinetics of this reaction have been deter- 
mined. It is first order in N and in O3 and the 
initial products are as shown in reaction (1). The 
rate has been measured by Cben and Taylor 
( k  = 1.6 X 10V4 cc/molccule and by 
Phillips and Schiff ( k  = 5.7 X 10W3 cc/molecule 
sec) ? 

One may predict the initial escitation. Both 
flash photolysis and atomic flame studies have 
shoivn that in exothermic reactions in which one 
atom is transferred there is preferential escita- 
tion of the product in which the new bond is 
formed. Several esamples are4-7 

0 + NO? + 0,' + NO 

H + C1, ---f HClt + CI 

(2) 

(3) 

( In  these and subsequent equations a dagger ( +) 
indicates vibrational escitation of the ground 
state and an asterisk (*) electronic excitation.) 
Thus in reaction (1) we would espect either the 
production of NO in a high vibrational level or 
in the A 2Z+ electronic state but very littlc 
escitation of 0,. 

It has turned out that  it is the introduction of 
H atoms to the N + 03 system that causes visible 

NO + Or ---i NO?* $. 0 3  

H + 0, -i 01%' + Os". 



flaincs. Wc havc okscrvcd no radiation in tlic 
region 2200-7000 A from N + 0 3  without H 
atoms even when tlicrc was significant reaction. 
Also, H atoms have a markedly catalytic effect 
on the consumption of ozone. The effect is larger 
than that due to the H + O3 reaction. It is ob- 
servable at the trace impurity level of tank nitro- 
gen and may be made large by deliberate addi- 
tion of H atoms. Our examination of the pub- 
lished purification proredures used in the two 
kinetic studies leads us to believe that neither 
rate dctcrmination was made in a system entirely 
free from hydrogen. 

Two different characteristic flaines have been 
observed in mixtures of H atoms, N atoms, and 
ozone. At prcssurrs below 1.5 mm Hg and with 
small amounts of H atoms and ozonr a pink 
brush, filling a volume of 3 to 5 cc forms. With 
more hydrogen present and also a t  higher pres- 
sures (up to 10 mni €19) a relatively bright white 
flame is found with a rather sharp zone no larger 
than 0.3 t o  0.4 cc in volume. An intermediate 
regime can be established with a white flame 
surrounded by a pink halo. 

to S900 8 
the pink brush shows relatively strong emission 
from the 1st positive bands of Nz, inclu9ing emis- 
sion from v’ > 12 and from the 3360 A bands of 
NH. I n  addition there is weaker emission from 
the ultraviolet OH, the NO ,B and y bands and, 
the 3240 NH system. The white flame is con- 
siderably brighter and shows the same emission 
systems plus strong emission from NH2 (the a 
bands of a m m ~ n i a ) ~ ~ ~  and weak emission from 
the OH vibration-rotation bands. Moreover, the 
ultraviolet OH in the white flame is strong, as is 
NH. Except for the presence of NZ 1st positive 
and OH vibration bands, the white flame has a 
spectrum similar to thc ammonia-oxygen atmos- 
pheric pressure flames and the hydrazine 0 atom 
reaction.’O 

In the spectral region from 2200 

We have tested this system under various flow 
and pressure conditions and havc examined a 
number of other atomic reactions that might be 
related to it. Our conclusions may be summarized 
as follows: 

(a) N atonis, H atoms, and 0 3  must all he 

(b) H atoms catalyze the rate of consumption 
prescnt in the reaction zone. 

of ozone. 
(e) 0 atoms do not promote the phenomena 

(d) NO and NO2 are not important intermedi- 

(e) Vibrationally excited OH plays an im- 

( f )  The first positive bands of nitrogen are not 

we have observed. 

ates (in macroscopic amounts). 

portant role. 

the result of the mechanism producing tlicsc 
bands in  active nitrogen. 

Thc experiments are described beloiv and tlic 
discussion of likely steps in the mechanism is 
given. 

Experimental 

Reactor and Reagents 

A low pressure (0.4 to 10 mm Hg) moderate 
throughput (5 to 15 cc/sec, STP) kinetic vacuum 
system was used. The reactor in which the re- 
agents were mixed (Fig. 1) was constructed of 
Pyrex glass 25 mm in diameter and 150 min long. 
It was fitted with quartz windows and two side 
arms each of which had a port (D) for admitting 
streams of partly atornizcd gas and nozzle (N)  
of adjustable length for ozone and othcr gases. 
Either pure or mixed gases could be supplied to 
any of these entry ports. The reagent gases, alter 
purification and metering at pressures slightly 
above atmospheric, entered the glass system via 
stainless steel or nylon control valves. Stop- 
cocks and semi-ball joints in the vacuum system 
were lubricated with “Apiezon” grease. The gas 
flow and purification system was glass and copper 
or stainless steel tubing (in the case of oxygen). 
Bourdon gages were used for lircssure measure- 
ments with the esception that a Hg manometer 
was used for NO. 

Tank oxygen (<1.5% N2 + A) and nitrogen 
(<0.1% 02 + A) were dried by passage through 
beds of calcium chloride, Ascarite (sodium 
hydroxide on asbestos) , and magnesium perchlo- 
rate. Tank hydrogen was freed from oxygen by a 
“Dcoso” catalytic unit and dricd as above. Tank 
nitric oxide was passed through a dry-ice-cooled 
trap prior to use. Nitrogen dioxide was prepared 
from nitric oxide and excess oxygen. The product 
used formed colorless crystals a t  77’1<. Ozone 
(less than 3 % in oxygen) was madc from purified 
oxygen in a Siemens type Pyrex ozonizer powered 
by a 25 kv transformer. For the studies of the 
N + 0 3  reaction it was necessary to reducc 
further the residual impurities in the nitrogen 
with a liquid-nitrogen-cooled glass spiral in the 
low pressure system upstream of tlic discharge 
region. Nitrogen, orygcn, and hydrogen atonis 
were produced by passing these gases through an 
electrodeless discharge powered by a 24.5 kmc 
microwave generator. In  all cases the discharged 
gases flowed more than 15 em beyond the dis- 
charge region before reaching the mixing region 
in the reactor. At this point both nitrogen anti 
oxygen showed only their typical afterglow emis- 
sion and none of the spectral charactcristics 
associated with the discharge. 
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N 

N' 

FIG. 1. Rcactor for the low pressure H + N + Oi and rel:ited reactions. 

Spectrographic Arrangements 

Several different spectroscopic instruments 

8900 h. Light absorption in the reactor was 
measured with an f/S Ebert-Fastiell double pass 
yonochromator using a Hg light source a t  2537 
A for ozone and a low pressure discharge in air 
for detecting the NO (0, 0) y-band a t  2269 8. 
Emission from the atomic flames was surveyed 
from 2200-7000 with the same instrument. 
Photographic spectra were obtained with an f/4 
Cornu-type spectrograph with glass and quartz 
optics over the same range and with an f/l.5 
13ass-Kesslcr13 grating instrument from 4000- 
8900 A. A limited range (4000-5000 A) was 
photographed with a slower f/12 Cornu spectro- 
graph (glass optics) in order to bring out more 
detail in some of the spectra. Several visible 
region spectrograms of very weak sources also 
were taken with an f/O.S Auroral transmission 
grating spectrograph. Eastman Kodak films and 
plates Types 103a0, 103aF, and I-N were used. 

were ;sed covering the region from 2, 900 to 

Results 
The characteristics of the three most closely 

related systems we have studied are described 
immediately below. Then details of the spectro- 
graphic analyses of the H f N + O3 system are 
given, followed by a summary of' the other 
diagnostic tests. 

N f 0 3  

Active nitrogen produced from prepurificd 
nitrogen (passed through a trap a t  77OK) 
partially decomposed ozone but produced no 
emission spectra, other than the typical Lewis- 

Rayleigh active nitrogen afterglow (Fig. 3a), 
over the entire range studied. However, when 
water-pumped nitrogen was used for atom pro- 
duction a faint white emission zone, with an 
outer pink border, was observed a t  the end of the 
ozone nozzle. Purification of the nitrogen by 
trapping a t  77OK eliminated the flame zone. 

1-I + N f 0 3  

The weak white and pink emission noted above 
could be made much more intense by the addi- 
tion of hydrogen atoms. Either the addition of 
hydrogen to the nitrogen before passage through 
the discharge or the separate addition of active 
( N  atoms) nitrogen and active ( H  atoms) hydro- 
gen to the reactor served the purpose. The ap- 
pearance of the emission was markedly dependent 
upon the mixture ratios and upon the sequence 
of mixing. Two cases will serve as illustrations. 

(a) When active nitrogen (6.0 cc/sec) and a 
trace of ozonized oxygen (0.1 cc/sec) were mixed 
in the horizontal side tube via D' and N' (Fig. 1) 
and then this mixture met a moderate flow of' 
active hydrogen (0.45 cc/sec) from the vertical 
entry port, D, a bright pink brush was formed, 
extending out from the horizontal port. An in- 
crease in the hydrogen flow (or an increase in the 
power supplied to the hydrogen discharge unit) 
restricted the size of the brush. Further increase 
of H changed the color to white and restricted 
the emission to a conical region a t  the entry 
port. The pink brush could be obtained a t  pres- 
sures from 0.S to 1.5 mm Hg and was brightest 
near 1.0 mm Hg. 

(b) When mixed Nz (5.6 cc/sec) and Hz 
(0.25 cc/sec) passed through a discharge, D, 
and then encountered a coaxial flow of ozonized 
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TABLE 1 

Consumption of Ozone 

Flows (cc/scc, STP) A[(),] (arbitrary units) 
Prrssurc _____ __ - 

H2 N, 0 2 (mm Hg) H f0:j N + 0 3  White fl:imc 

0.23 4.7 2.45 1 .s 7 .4  7 3 5 
0.20 4.7 2.4.5 1.8 6 5 3 6 
0.54 4 . 7  2.45 1 .8  2 5 11 40 
1.77 s.1 4 . 6  2 .3  1 :i 0 27 
0.21 s . l  4 . 6  5 .0 4 19 so 

oxygen (I .75 cc/sec) from nozzle N, the emission 
appcarcd whitc. Increase of the hydrogen content 
of the gas caused an intensity incrcase and a 
simultaneous contraction of this white flame. 
When hydrogen was varied from the trace level 
upward a progression lrom a pink cmission to a 
1)ink bordered white flame to a well-defined white 
pencil-likc flame was observed. White flames 
were obtained a t  pressures from 0.4 to 10 mm 
Hg and were brightest near 2 mm Hg. 

H +  @a 

This system, which produces vibrationally ex- 
cited OH: showed a dull red emission when H 
and O3 were nii\ed coaxially. If this flame was 
first established on the vertical nozzle with a 
molecular nitrogen flow in from the side, and 
then the nitroqen was atomized, a white flame of 
roughly the same size replaced the red. 

The sizes of the flame zones of either the red 
H + O3 or the whitc N + H + Oa reactions were 
pressure dependent. At pressures greater than 
about 2 mm Hg the flame zone became sharp and 
appeared somewhat like a Bunsen cone but a t  
lower pressure the flame zone was quite diffuse. 
We interpret the above effects to mean that H 
atom diffusion controls the size of the rcaction 
zone, that the H + 0 3  (dull rcd) and H + 03 + 
N (white) processes arc of comparable speed 
while the pink process is an order of magnitude 
slower. 

Absorption Studies 

Production of NO. In neither the N f Oa nor 
the H + N f 03 reaction was sufficient NO 
absorption found in a 15 cm path to permit 
photometry. Thc limit of sensitivity of our in- 
strument for this path length was about 1 micron 
pressure of NO. 

Consumption of 03. The reagents were mixed 
together in the horizontal side tube using a short 

nozzle, while the absorption was mcasurcd in the 
main reactor. Total flows werc maintained con- 
stant by admitting the nonatomizcd rcagcnt 
through the vertical entry port. The ozonc con- 
sumption is shown in Table 1. In each case the 
amount consumed in the H + N + 0 3  flame cy- 
ceeds the sum of the ozone disappearing in the 
individual cases. Coupled with the fact that the 
effective contact time prior to observation is 
shorter for the mixed system, this indicates 
catalysis of ozonc consumption in the mixcd 
system. Viewed as H atom catalysis of N + 03, 
the effect is large. The mising regime used in the 
absorption studies of N f 0 3  was the same as 
that used for the pink brush emission. This shows 
the presence of ozone in the reaction zone of the 
latter. 

Emission Spectra 

Both similarities and marked diffcrenccs owur 
in the emission spectra of the pink brush ant1 
whitc flame variants of the H + N + O3 reaction. 
Their spectra are shown in Figs. 2 and 3 along 
with pertinent comparison spcctra. 

Briefly, the characteristics of the emissions 
are these. Both h%ve essentially thc same spec- 
trum below 4000 A: NOy(A '&+--;, X%) and 
P(B'II -+ X'II) bands, OH(% --;, X'D) and 
NH('II -+ 38, c'II 4 a l a ) .  In  thc visiblc 
and near infrared region the pink brush shows 
only the nT, first positive ( B  311 4 A %Sl;t) band 
while the white flame shows extensim NH' bands 
(a bands of ammonia), N' first positivc bands 
and, weakly, several OH vibration-rotation 
bands. Details are discussed below. 

I n  the ultraviolet region thc pink brush was 
five or more times weaker than the white flame 
at comparable pressures based on NII emission. 
Thesc relative intensities correlate with the ozone 
flows for the particular cases compared, but, 
generally less hydrogen and less ozone were 
needed for the pink brush than for the white 
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3650 4047 4358 H” 2537 2967 3132 

Fro. 2. Ultraviolet emission spectra. Except for (a) all spectra were taken 
on an f/4 Quartz Cornu Spectrograph using 103a0 plates. (a) Ammonia- 
oxygen atmospheric pressurc flame 103aF plate f/12 Quartz Cornu spectro- 
graph. (b) H + N + 0, white flame, 1.S mm Hg, 103a0, 10 min cxposure, 
12 p slit. (c) H + N + O j  pink brush, 1.S mm Hg, 45 min for comparison 
with (h). (d) H + N + O.( white flame with pink border, 2 mm Hg, 7 min 
exposure, 30 p slit. ( c )  NO emission bands from N + 0, 2.2 mm Hg, 30 p slit. 

flame. The NO ,f3 bands were slightly more intense 
compared to NH in the pink brush than in the 
white flame while OH and the NOy bands were 
weaker by factors of 5 and 2, respectively. Both 
NO band sequences are moderately strong in the 
li-hite flame with the y bands predominating a t  
low pressure, < 1 mm Hg, while above 3 mm Hg, 
the 6 hands become of comparable intensity. 

The rotational intensity distribution of OH in 
the white flame was analyzed from photometric 
records. It is similar to that in a nonequilibrium 
hydrocarbon flame at 3000’K or to that in the 
H + O3 rea~ti0n.l~ The rotational distribution 
changes only slightly with pressure increase, the 
higher levels having lower populations. NH shows 
a vibrational “temperature” exceeding the am- 

monia-oxygen atmospheric pressure flame and a 
nonequilibrium rotational distribution which 
populates high rotational levels. 

In the visible and near infrared region the pink 
brush had the simpler spectrum. The Nz first 
positive bands are extensive, each band having, 
qualitatively, a rotational distribution similar to 
that found in active nitrogen. That these bands 
are not merely those of the active nitrogen used 
in the experiments is apparent upon comparing 
Figs. 3a and 3c. The vibrational distributions in 
the upper state are different. Neither the inten- 
sity masima at v’ = 11 in active nitrogen are 
present, nor is the 6-3 band of abnormal intensity. 
I n  addition, faint bands oGginating in u‘ > 12 
are present, Le., a t  5210 A and 5185 corre- 
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11,s 6,3 

b 

1 1 

N2 1st POS. 18.13 12,7 12.8 5, l  2,O 7.6 2,l 1.0 

E 

N H 2 1 1 1  I I I 1 
‘-1 

e 

OH I I I  I I I I  I I 
8,2 9,3 6, l  7.2 8,3 9,4 5,l 6,2 7,3 0,12 0.13 0.14 3.17 5.20 ..- - 

4000 5000 6000 8000 9000 Io 
FIG. 3. Visible and near infrared emission spectra. All spectra taken on film with a f/1.5 Bass-Iiessler 
Grating spectrograph. Above 6500 k the first ordcr was uscd; the rest are second order. Typical slit 
width was 30 p but throughout the resolving power is limited by the emulsions. Comparison of intensi- 
ties is feasible only for individual strips in the composite photographs. Spectral “cutoffs” at  short 
and long wavelengths arc due to exposure time, emulsion sensitivity, and filters except for (e) and 
(d). Obscure reference lines are indicated by dots. (a) Active nitrogen 10 mm Hg. Ilg and Nercfcrence 
spectra. (b) Discharge through nitrogen, Ne reference spectrum. ( c )  H + N + O1 pink brush. (d) 
H + N + OJ white flamc. (e) Ammonia-oxygcn atmospheric pressure flamc. if) H + O? atomic 

flame. (g) Blue glow from N $. 0 recombination. 

sponding to 17,12 (5214 A) and 15,13 (51S4 A) ?4 

The closcst comparison is with the discharge 
through nitrogen (Fig. 3b) or the pink nitrogen 
aftergl~w.’~ We conclude that these bands are 
not a result of the reaction sequence in the usual 
active nitrogen afterglowA6 

The most prominent visible fcaturc of the white 
!ame was the spectrum of NH2. From 4300-5700 
A the correspondence with the ammonia-osygen 
flame is striking (Figs. 3d and 3c). These bands 
cstend farther into the red, but are less prominent 
than in the ammonia flame and are overlaid by 
weak Nz first positivc and by weak OH vibration- 
rotation bands. The OH bands are those expected 
from the H + 0 3  reaction, with a similar non- 
equilibrium vibrational population distribution 
and a similar low rotational “temperature.” l3 In 
comparative experiments the OH vibration- 

rotation band intcnsitics wcre similar in the 
H + 0 3  and H + N + 0 3  flamcs. I n  the latter 
system the intensities paralleled the hydrogcn 
content of the gas passed through the discharge. 

The NZ first positivc bands in the white flame, 
as in the pink brush, did not show the same 
vibrational population distribution as does active 
nitrogen. Here again, emission from levels with 
8’ > 12 probably occurs but because of the over- 
lapping NHz bands the identification is uncertain. 
The vibrational distribution was somewhat 
similar to that of the pink brush with some indi- 
cation of a superposition of active nitrogen. Thc 
rotational distribution secms to be markedly 
different from that in any of thc comparisoii 
spectra. The long wavelength head, PI, is weaker 
compared to the ncst ( Pz)  and the charactcristic 
head near the middle of the band (Q3) is sup- 
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l)rcssed. A\ltliougli the relative intensities are 
confused by the NH2 spectrum in the same region 
the general appearance of these bands is con- 
sistent with a higher rotational temperature than 
in the discharge. 

The relative intensities of the vibration-rota- 
tion bands of OH and its electronic bands merit 
mention. An earlier study13 showed that the elec- 
tronic bands vary in intensity with the square of 
the vibration-rotation band intensities; In a 
comparison using the S-2 head (5570 h) and 
the 2X-211 Q head (3090 b) ,  a twofold increase 
(maximum) occurred in the vibration-rotation 
bands when N atoms were added to the H + 03 
flame while a 30-fold increase occurred in the 
electronic band. Clearly the H + O3 reaction is 
not the major cause of the ultraviolet OH emis- 
sion in the H + N + 0 3  flame. 

Tests of Other Systems 

Oxygen Atoms 

When 0 atoms were added to mixed N and H 
stoms the eniission changed from that of active 
nitrogen to a blue glow (NO p and y bands) 
which is associated with17 

0 + N + M +NO* + M (4) 
and then to the green-white air afterglow at- 
tributed to the excited nitrogen dioxide formed 
inLs 

0 + NO + M +Nor* + M. (5) 

No flame zones were formed. (Here and below 
third bodies are shown in recombination reac- 
tions. The three-body reactions probably are the 
predominate sources of product, but those 
products that  emit may be formed in the com- 
peting two-body rcsction.) 

Nitric Oxide 

NO is an expected product of N + 03, but, 
although present in at least trace amounts in 
the pink and white flames, it does not appear to 
be a necessary intermediate. Coaxially mixed 
€I + NO produced a red flame showing only the 
HNO bands. Other work has shown this to be a 
result of the primary r eac t i~n . ’~*~~  

H + NO + M + HNO + M (6) 

Addition of N atoms superimposed the air after- 
glow on this flame. The mechanism is1’ 

N + NO + NZ +- 0 (7)  

followed by reaction (5). The H + NO reaction 
either with or without N atoms did not show any 

ultraviolet emission. I n  all proliability, reaction 
( 7 ) ,  wliich is very fast, accounts for our failure 
to observe NO in absorption in the N + Os 
reaction. 

NO + 0 3  formed a dull red flame above 6 
mm Hg. This emission has been shown6 to be due 
to NO:, lormed in the reaction 

NO f O,j +NO?* + Or (2) 

Addition of H or N superimposed the air after- 
glow on the red flame but did not form a white 
flame. 

Nitrogen Dioxide 

dioxide2L J 3  

The reaction of H atoms, with nitrogen 

H + NO, -+OH + NO (8) 

produced no ultraviolet emission. Weak visible 
emission due to reaction (6) was found. The air 
afterglow also appeared when either the H atom 
concentration was high [reaction (5)] or when 
a large excess 01 NO:, was used. This has been 
e ~ p l a i n e d ~ ~ l ~ ~  in terms of 

OH + OH -+ HSO + 0 (9) 

followed by ( 5 ) .  
The systems H + N + NO2 shows the same 

color changes as 0 + H + N and N + NO. 
Here the initial reaction probably is the forma- 
tion of NO: 

N + N O , + N O + N O  

The addition of 03 to 13 + NO2 also produced 
the air afterglow. 

Well-defined flames were not formed in these 
NOz tests. This is interpreted to mean that the 
OH radicals produced in (5) do not support the 
“white” or [‘pink” H + N + 0 3  flames. These 
OH radicals have been shown to be predomi- 
nately in the v = 0 level of the ground state.e3 

Ozone 

Several experiments on the H + 03 system 
are pertinent. An H + O3 red flame [reaction 
(3)] was established on the vertical nozzle 
(N, Fig. 1). A mixture of 0 2  and Nz passed 
through the horizontal discharge at (D’) and 
into the reactor. When N atoms were present, as 
seen by either the sctive nitrogen or the blue NO 
glow [reaction (4)] the usual white flame was 
formed. When the air afterglow [reaction (5)] 
issued from (D’) the white flame vanished but 
the H + 0 3  emission remained. The change was 
coincident with the appearance of the air after- 
glow. Oxygen atoms (and a trace of NO) are 
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present in the air afterglow but N atoms are not. 
We interpret these results to mean that N atonis 
are essential for the white flame and that neither 
0 atoms nor trace quantities of NO interfere 
with it, or with the H + O3 reaction. [Large 
quantities of NO, however, quenched the H + 
0 3  emission, replacing i t  with an air afterglow, 
probably by competition for H atoms and reac- 
tion (6) followed by ( S ) . ]  The addition of NOz 
to a H f 0 3  flame also quenched it for the same 
reason. 

On the other hand, when a H + 0 3  flame was 
established on nozzle (N') in the side tubc and 
the products then flowed to meet N atoms from 
(D) no flame occurred. This is interpreted to 
mean that the vibrationally excited OH produced 
in ( 3 )  are required in the pink and white flames. 
They must be formed in situ becalise they arc 
quenched, on the average, in about 300 
col l i~ions.~~ 

Ammonia and Hydrazine 
Ammonia had little effect on a H f 03 flame. 

Ammonia after passage through a discharge re- 
duced the NH emission of a white flame while 
N + NHJ showed little if any emission in the NK 
region. The flame of 0 atoms with hydrazine is 
known to produce NH, OH, NO, and NH2 
radiation,1° but in our tests these emissions were 
weak compared to the white flame. Ozonized 
oxygen weakcncd the emission, possibly by 
dilution. The color of the well-defined flame is 
tail, or dirty yellow, like the ammonia-oxygcn 
atmospheric pressure flame. The atmospheric 
NH3-02 flame gave a spectrum very much like 
the white flame except that  NO p and y bands 
arc very weak and the N2 1st positive bands are 
not observed. Moreover, the rotational distribu- 
tion for OH in the ammonia-oxygen flame is 
nearly thermal.25 The reaction N + N2H4 pro- 
duced no NH or other emission. 

Discussion 
Our main conclusions concerning the H f N + 

O3 system have been summarized in the introduc- 
tion. The bases for these have been stated in the 
presentation of the experimental results. We 
attempt here to interprct these conclusions in 
terms of likely elementary reactions. 

Of prime importance are (a) the necessity for 
H + N + 0 3  to be present in the reaction zone 
(or N f OH') and (b) the catalytic effect of H 
atoms. The following sequence accounts for this 
by 

H + 0, + OHt + O,* 
Ir 2 4 x 10-12 cc/moIecule see (:3)*4 

N + O H - - + N O + H  0 0 )  

providing a two-step catalytic cycle. The dis- 
appearance of NO and further production of H 
atoms are provided by 

N + NO +NzO + 0 

k = 2.2 X lo-" cc/molecule sec (7)3 

0 + OH +Oe  + H 

k = 3.3 X lo-" cc/molecule see (11)'2,25 

O H + O H - + H L ) + O  

k = 2.5 X cc/molecule sec (9)23  

The rapid reactions (3) , (7), (9),  and ( I  I) 
are two to three orders of magnitude faster than 

N + 0 3  + N O  + 0, (1) 

They are all sufficiently rapid to be consistelit 
with the small sizes of the reaction zones observed 
here. Thus, for reaction (10) to be effective its 
rate constant must be of the order of klo = lo-" 
cc/molecule-sec. 

The reaction sequencc above accounts for the 
negative results in the NO absorption studics 
[reaction (7)]. It also explains why the process 
is limited by the ozone supply as was found 
experimentally. 

However i t  does not account for most of the 
emission bands. This is a common flaw in inccha- 
nisms for chemiluminescent flamcs. The main 
problem is to find reactions that arc sufficiently 
exothermic to providc the escitation. Even the 
type of reaction is in question because of the 
limitations of emission spectroscopy. The rcason 
is that it is not possible to tell whether the species 
that show nonequilibrium vibrational and rota- 
tional population distributions arc formed di- 
rectly in their excited electronic states or are 
formed in the ground state and arc subsequently 
excited. 

A particularly apt statement of tliis problem 
has been made by Wolfhard and Parker.26 They 
suggested that all elementary reactions in coin- 
bustion processes perturb the Maxwell-Boltz- 
mann distribution, but whether or not these 
perturbations are observed depends on the reac- 
tion velocities and the temperature, Le., on thc 
time scale of the subsequent processes. 

The problem is very troublesome when thc 
excited species are present only in trace amounts, 
as is true here, but also remains when the emitters 
are major products. Only a combination of ah- 
sorption spectroscopy (where possible) and emis- 
sion studies would permit a decision between tllc 
two possible excitation routes. 

We have not found suitable s~iecific reactions 
for forming OH, NH, and NH2 in their excited 
states. Several possible cases have been rcjected. 
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The reaction 

OHt + OHt + OH* + OH 

lias been shown to be too slow to account for the 
amount of OH” observed. The analogous reaction 
for NH would not be expected to be more effi- 
cient. The process 

0 + N + M +NO* + M (4) 

is also too slow, being a three-body reaction, to 
serve in the white flame although it may con- 
tribute to the pink brush emission. Also, the 
reaction 

N + Hz + M -> NH,” + M AH = -74 kcal 

may be ruled out for the same reason and be- 
cause it is not observed in N + Hz mixtures. 

Thus we suggest that  it is more likely that 
these species are formed in their ground states 
and then are excited. I n  our system the principal 
energy source is the recombination of nitrogen 
atoms. Either of these processes may apply 

N + N  + X + N z  + X* (12) 

N,”t + )i: + Nz + X* 

or 

(13) 

n k m  Ni” ‘ represents any of the excited nitrogen 
molecules formed in the atom recombination, 
and X any of the species to be exited.  The final 
reaction (13) should be favored slightly over (12) 
since these N2*+ molecules need not be formed 
solely in the reaction zone but may come from 
the N atom recombination a t  all points down- 
stream of the discharge in which atoms are 
formed. 

Reactions (12) and (13) imply the formation 
oE ground state E13 in our system. Since this 
iiiolecule has been observed (in emission) only 
when O3 is present [and reaction (3) can occur], 
it  may be formed by 

N + OH’ i NH + 0 AH = 14 -E kea1 (14) 

where E represents the vibrational excitation of 
OH. For a thermally neutral or exothermic reac- 
tion E eorrcsponds to OH in v 2 2. Such excita- 
tion is readily available from reaction ( 3 ) ,  but 
lias not been observed in the H + NO2 reaction. 
This is consistent with an absence of NH emis- 
sion in our N + H + NO2 studies. Reaction (14) 
would be likely to have a rate comparable to 
(IO), the conversion being limited by the con- 
centration of exi ted OH. Also, it could easily 
occur in high temperature processes where 
mildly exi ted OH could be present due to other 
processes or thermal excitation. 

Experimentally the Nz first positive bands in 

the pink brush also depend on the presence of 
ozone. Here a specific exitation process may 
apply 

N (‘8) + N (‘8) + OH’ -+ Nz I?(%, v > 12) + OH. 

(15) 

OH in v’ 2 6 would be sufficiently energetic to 
provide the maximum excitation. The third 
order nature of reaction (15) also is consistent 
with the pink brush reaction zone being larger 
than the white flame. 

The essential feature of these excitation reae- 
tions (13, 15) is that a large amount of energy is 
transferred from one exi ted species to another. 
This implies a strong interaction or, in the 
language of chemical kinetics, a “sticky colli- 
sion.” The nonequilibrium populations observed 
for the upper states may be produced in these 
strong interactions, rather than be due to the 
specific esothermic chemical reactions that form 
the species in their ground states. Indeed, the 
studyI3 of H + O3 in which the OH* has been 
shown to have an entirely different rotational 
population distribution than the OHt bears out 
this contention. The effect may be common and 
suggests that  a search for specific excitation 
mechanisms must continue to be a major facet 
of the study of radiation froin flames and other 
combustion processes. 
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Discussion 

DR. M. A. A. CLYNE (University of Cambridge): 
This paper poses the interesting problem of dis- 
tinguishing emission by electronically cxcited mole- 
cules formed by third order combination processes 
from emission due to molecules produced by subse- 
quent excitation of ground state molecules. In this 
work, the “pink brush” and “white flame” emission 
depend upon the simultaneous presence of N, H, 
and OJ (or OH). The fairly rapid reaction (9), 

O H + O H + H 2 0 + O  (9) 

is the process responsible for removal of active 
species, and the size of the reaction zone is deter- 
mined by the rate of this reaction (9). The emission 
of chcmiluminescent phcnornena occurs only within 
the reaction zone. However, one cannot therefore 
exclude on the grounds of their slowness a possible 
contribution to the emissions by third order com- 
bination processes (involving 0, N, H or OH) which 
lead directly to the formation of electronically es- 
cited molecules. This is because removal of emission 
precursors is controlled not by the rate of the third 
order processes concerned but by the much more 
rapid reaction (9). It seems possible therefore that 
the NO y (A22,+ --$ Xzn)  and p (H 2n -+ X 2n) 

bands observed in the white flame and pink brush 
are due to the formation of excited NO* molecules 
in the third order process (4), 

N + O + M + N O *  + M 

Guenebaut, Pannetier, and Goudmandl have ob- 
served the NH PII + %) emission band a t  3360 A 
with moderate intensity in the reaction of N with H, 

N + H + M +NH* + M, 
and it may be that this reaction is a source of the 
NH emission observcd in the present work. The 
authors suggest that ground state NH may be pro- 

(4) 

duced in the reaction of N with vibrationally excited 
ground state OHt, 

N + OHt ---f NH + 0 E - 14 kcal/mole. 

NH* is then formed by excitation of this NH radical. 
However, the fact that products of the H + 0, 
reaction do not give a flame with atomic nitrogen 
does not prove that vibrationally excited hydroxyl 
are necessary for the emission, since the concentra- 
tion of OH would be expected to be near zero a t  the 
point of addition of nitrogen &oms on account of 
the rapid reaction (9). 

The observations on ozone removal in the presence 
of N and H give clear support for thc postulated 
mechanism, involving the regeneration of hydrogen 
atoms in a rapid chain process. The reaction 

OH + l I 2  -+ H2O + H (1 5) 

should also be includcd in the chain reaction scheme, 
since its rate is quite appreciable even a t  293”1\1.2.3 
I think it might be useful if the authors can indicaOe 
the approximate ambient temperatures of thc 
N + 0 3 ,  H + 0 3 ,  and N + H + 0, systems. The 
reason for this suggestion is that the occurrence of 
rather exothermic reactions in a. short reaction zone 
could lead t o  a higher temperature for H + N + O3 
than for either H + 0 3  or N + 01. Reactions (l), 
(3), or (15) could have an activation energy of one 
or two kcal/mole, and an increase of temperature 
of a few tens of degrees could increase the reaction 
rate appreciably. More 01 would then be consumed 
in N + H + 0 3  than in the H + 0, and N + Oz 
systems together. 
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Faraday Soc. 33, 139 (1962). 

F:traday Soc. 33, 12s (1962). 

DR. D. GARVIN (National Bureau of Standards) : 
Dr. Clyne has made many worthwhile points that 
deserve consideration. I agree that the experiments 
with premixed H + OJ do not show the importance 
of OH’. They do show the need for OH. However, 
experiments in which OH was produced by H + 
NO, 4 OH + NO showed no excitation such as we 
have observed. Since the H + NO2 reaction does 
not form escited OH, the two sets of cxperiments 
show the need for excited OH. 

The ambient temperatures are unknown. Spectra 
suggest that thcy are low and similar for H + OJ and 
the “pink” H + N + 0,. The evidence is that the 
OH rotational “temperatures” in the infrared bands 
nre less than 450°K. Also the N2 first positive bands 
have “low” temperature structures. The “white” 
flame, on the other hand, may be a high tempcra- 
ture phenomena. 

I do not agree with the idea espressed by Dr. 
Clyne that three-body reactions are the primary 
means of excitation. The problem is this: our reac- 
tion zones are small, gas residence times arc 1-5 
milliseconds, while the three-body reactions would 
have 0.5-10 second half-lives in our system. This 
means that the intensity of radiation due to the 
three-body reactions would be very low. 

DR. A. FONTIJN (AeroChewL Research Laboratories) : 
I would like to suggest a mechanism which c\syjd 
explain the formation of Na ( B  3n v > 12) and which, 
contrary to reaction (14), fits into the mechanism 
of the usual nitrogen afterglow as given by liigtirt- 
liowsky and co-workers. The part of this mechanism, 
pertinent to this discussion is: 

N (4S) + N (4S) f M e NL (“2) + M (A) 

NJ (“2) + M + NL ( B  311 v = 12,11,10) + M (B) 

Reaction (B) is a radiationless collision induced 
transition. If reaction (B) occurs with an exited 
OH radical, then it is conceivable that the B 311 
state gets formed with more than 12 vibrational 
quanta which is the number correspbnding to the 
cross-over of the 5 2  and B 311 potential energy 
curves. 

L)R. D. GARVIN: I am in agreement with l h .  
Fontijn’s suggestion on the formation of excited 
nitrogen. Two reactions in sequence are entirely 
reasonable. The main point is that the source of 
the excitation energy is a very specific one 

1 ) ~ .  R. REEVES and PROF. P. HARTECK (Rens- 
selaer Polytechnical Institute) : Some pictures of the 
reaction of active nitrogen atoms with ozone have 
been made in our laboratory. We have also observed 
a pink emission a t  the interface between the ozone 
and nitrogen stream as they come together. A 
photograph shows three different emission regions, 
one yellow for the nitrogen afterglow, an interface 
pink, and a third in blue is due to be the NO B-bands. 
Using a filter to eliminate the red and yellow, we 
observcd the green portion of the emission from the 
nitrogen afterglow and the blue of the nitric oxide 
emission, but the interface was dark. We attributed 
this to mean that the pink was probably coming 
from the interaction which would quench the 
nitrogen afterflow. This isolated pink zone is only 
obtained under the appropriate physical arrange- 
ment. The spectral results which were not anywhere 
near as refined as those of Garvin and Broids, indi- 
cated emission of the sixth vibrational level of the 
nitrogen B 311g state causing thc pink and therefore 
,,$e thought thc following mechanism was probable: 

N L  (52,+) + OJ 4 NL ( B  311gJ& + 0 2  + 0 

The reaction ol  N + OJ can yield an electronically 
excited 0, molecule. We have observed the Herz- 
berg emission from this molecule produced by 
surface catalysis where a trace of H atoms can yield 
the OH molecule electronically excited, via: 

0 2  ( A  3Z:,+) + H (‘5) OH (‘2) + 0 (’1’) 

This could also be the origin of the OH electronically 
excited species in this case. 

DR. D. GARVIN: The suggestions made by Reeves 
and Harteck concerning N Z  + OJ are reasonable. 
We have not observed this effect which merely 
means that, in our system, the effect was slight 
compared to the one we studied. The suggestion 
that OH (‘22) is formed from Or R(32b+) is one with 
which I find it hard to agree. I cannot devise an 
efficient process for the formation of the excited 
oxygen. 



A KINETIC STUDY O F  HYDROCARBON-OXYGEN-NIT 
FLAME SYSTEMS AND MOLECULAk WEIGHTS 0 

CHAIN CARRIERS 

W. E. FALCONER AND A VAN TIGGELEN 

On the basis of thrce cspcrimental properties which have been measured in n-butane, isobutanc, 
and ncopcntane flames in mixtures with oxygen either at different stoichiometric ratios or a t  different 
preheating temperatures, two important paramcters have been derived : the over-all activation 
energy E, of the branching procem and the mean molecular weight M of the chain carricrs in such 
flames. 

The results are rcspcctively: 

n-butane: M = 23; E, = 33 kcal 
isobutane: M = 24; E, = 31 kcal 
neopentane: M = 26; E, = 36 kcal. 

These results are compared to analogous data obtained previously with other hydrocarbons and 
an interesting relation is observed between the bond energy CH and the activation energy of the 
branching process a t  least for saturated hydrocarbon compounds. Furthermore the rathcr low valuc 
of the mean molecular weight of the chain carriers constitutes an argument in favor of a rapid de- 
struction of the alkyl radicals in their reaction with molecular oxygen; no peroxy radicals persist a t  
the higher temperatures of the flame as compared to the temperature in slow oxidations. 

Introduction 

The complexity of most theories which attempt 
to correlate the basic principles of flame propaga- 
tion restricts their practical application to the 
simplest systems. A general but very simple 
theory of stationary premised flames has been 
developed in this laboratory.',' It proposes that 
reaction is sustained by active centers which 
diffuse, against the gas flow, from the burned gas 
into the reaction zone. Chain branching compen- 
sates for radicals which are lost through tcrmi- 
nating reactions, or by being swept away with 
the burned gases. A simple expression for the 
propagation of the combustion wave into the 
unburned gas is obtained from an  analysis of 
this branched chain mechanism. The justifica- 
tion for this simplified approach lies in the ability 
of the theory to  correlate all the experimental 
data relating to tlie different flame properties. 

The burning velocity, VO, relative to the un- 
burned gases at the temperature TO, at which 
gas flows are measured (rooill temperature), can 
be expressed as 

where P is the total pressurc, (A) and (B) are 
the partial pressures of oxidant and fuel, rcspcc- 
tively, R is the gas constant, ill is the mean 
molecular weight of the chain-carrying species, 
and E is an over-all activation energy. T, is thc 
mean flame temperature for which the following 
relation has been proposed' as a firit approxi- 
mation : 

T, T ,  + 0.74( Tf - T , )  ( 2 )  

where T ,  and Tf arc, respectively, the initial 
temperature of the unburned gas, and the maxi- 
inum flame temperaturc. Exponents a and b are 
the partial orders with respect to oxidant and 
fuel; their sum a f b = i, has been found to be 
unity for all flames studied to d a t ~ , ~ , ~ ? ~  except 
those of hydrogen." Since the branching reaction 
is also first order with respect to radical con- 
centration, the global order is i + 1 ; that is, two 
for the majority of flames. 

An activation energy can be determined by 
observing the change in burning velocity with 
temperature, keeping all other parameters, 
notably Concentration and pressure, constnnt. 
Thus if Eq. (1) in a logarithmic form, 

(3) 
log e 

log VO + a log T, = constant - E __I 2RT, 
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is applied to a series of flames with a given 
mixture composition and pressure but burning a t  
different temperatures, a plot of log VO + 3 log T,  
against 1/ T, will give the over-all activation 
energy E of flame propagation. This activation 
energy will be principally that of the chain 
branching process, with smaller contributions 
from the propagating reactions. Such a series of 
rxperiments can be effected by preheating the 
gases which feed the burner. However, as the 
preheating temperature must not exceed that 
a t  which slow reactions begin, this method is a t  
tinies rcstricted to a prohibitively small tempera- 
ture range. Equation (1) may be written as 
follows: 

I * C X ~  (- E / R  T,) 

where Y = [(A) + (B)]/P; that is, Y is the 
fraction of flammable mixture in the total gas 
volume. Then, if the logarithmic form of this 
equation 

log Vo + log T, - (i/2) log Y 
log e 

= constant - E ( 5 )  
4 l b  1 m. 

is applied to a series of flames with a constant 
oxidant-fuel ratio, burning a t  constant pressure, 
but with T,  varied by changing the value of Y ,  
E can be obtained by plotting the left-hand side 
against l/Tm. The changes in Y are achieved by 
adding increasing amounts of an inert gas (Nz) . 
This method makes a wide temperature range 
available for study, but requires the a priori 
knowledge of the global order of reaction. 
Fortunately, this can be deduced from a thro- 
retical consideration of the branching mechanism. 
Excellent agreement has been found between 
these two methods for determining activation 
energies. 

The partial orders with respect to oxidant and 
fuel, a and b, are not necessarily constant if the 
composition of the burning mixture is varied 
between wide limits, but the sum remains con- 
stant and equal to i. The variation of a and b 
when the fuel to oxidant ratio is modified can be 
shown from an analysis of flame velocities and 
temperatures if the activation energy is known 
from one of the methods described above. Equa- 
tion ( I )  can be rearranged in the following form: 

the logarithmic form: 

2 log Vo + log T,, + 0.4343 ( E / R  T,) 

- i log [ ( U ) / P ]  = 2 log KOTO 

+ a 1% C(N/(B)I  ( 7 )  
A plot of thc left-hand side of Eq. ( 7 )  against 
log (A)/@) gives a curve, the slope of which a t  
any point gives the partial order a with respect 
to oxidant for the particular composition 
(A)/(B). The corresponding order b with 
rcspect to fuel is obtained by subtracting a 
froni i. 

The chain is propagated by two radicals; X, 
which is formed from the fuel, I3, and reacts with 
the oxidant, A; and Y, which is formed from a 
reaction with a fuel molecule, and in turn reacts 
with the oxidant. The mean molecular weight of 
the chain carriers ill! can be defined as follows: 

fifxrx + llfyry M = 
7 

where r s  and ry  are the mean lifetimes of radicals 
X and Y; r = r~ + ry  and is the total duration 
of one complete chain link; fils and M y  are the 
actual molecular weights of radicals X and Y. 
The mean molecular weight can be calculated 
from the following equation2: 

Vo/(T,)~ = C(3.9 x l0-2)/nr3 - ( l / X O )  (9) 

if the mean free path of the chain carriers under 
standard conditions is accepted as em. Here 
Xo is the flame front thickness, which has been 
demonstrated experimentally to obey the follow- 
ing relationship,5 

s = 4.7& 

where 8 is the distance between the luminous 
and the schlieren cones of a flame. Thus 4/1 can 
be determined from a knowledge of Vo, T,, and 
8, all of which are experimentally determinable. 
Flames propagating in mixtures of oxygen with 
such hydrogen-containing fuels as hydrogen 
itself, acetylene, methane, ethylene, ethane, 
propane, benzene, carbon monoxide contami- 
nated with hydrogen, diethyl ether, and am- 
monia have been found to have a nearly common 
value for M .  This is expected if: (a) M s  and My 
are almost equal, e.g. such pairs as CH3- and 
OH-,  or NHy and OH-, or (b) one chain- 
propagating radical has a much longer life-time 
than the other [e.g., if ry  >> rx, which implies 
that rate (X + A) >> rate (Y + B)]. The 
variety of fuels giving a single value for M 

[exp ( E/RT,)]+ = [($;$” ___ (6) suggests that  one, a t  least, of the chain carriers 
is the same in each case. The chain carrier is most 
probably the radical OH, with d/l  = 17. Its life- 

=* 
KO To 

Since-a + b = i, Eq. (6) can be transformed into 
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time, 7013, would be cxpected, theoretically, to 
be greater than TX, because a hydrogen abstrac- 
tion by 011 from a l iydro~arbon,~ for example, 
will have an activation energy of 6-S kea1 mole-'; 
whereas that for reaction of the resultant alkyl 
radical with oxygens is unlikely to be greater 
than 0-1 kea1 mole+. Furthermore, the two 
examples in case (a) for ammonia and methane 
flames will give a value of 11f near to 17 for all 
ratios of T X  to TY. 

However, the tested hydrocarbons are such 
that they have either low molecular weights 
and/or strong C-H bonds, which properties 
would, if OH is to be accepted as one chain 
carrier, tend to lower the molecular weight of its 
alternate and/or reduce TX; both trends lead to 
values of 64 which will be experimentally indis- 
tinguishable from one hydrocarbon to another. 

Isobutane has been selected for the present 
investigation because its corresponding alkyl 
radical has a molecular weight 3.3 times that of 
OH, and furthermore because the weaker tertiary 
C-H bond should give rise to a more stable alkyl 
radical than in previous cases. An augmented 
value for ll/r might thus be found, if alkyl radicals 
are chain carriers complementary to OH in the 
flames. Also, these same properties might exert 
some influence on the activation energy of the 
branching process. 

For comparison, and to distinguish between 
the effccts of molecular size and of C-H bond 
strength, neopentane, containing only primary 
bonds, has also been investigatcd. The system 
n-butane-oxygen was chosen to complete the 
study because those effccts attributable to bond 
strength should lic between the extremes found 
for isobutane and neopentane for such a sub- 
stance which contains secondary C-H bonds. 

Burning velocities, flame tcrnj)eraturcs, and 
the distances between schlieren and luminous 
cones have therefore been determined for iso- 
butane-oxygen mixtures, ncopentane-oxygen 
mixtures, and n-butane-oxygen mixtures, all 
diluted with nitrogen, and the experimental 
results and their implications are presented in 
the following sections. 

Experimental 
Photographic images of the schlieren and 

luminous flames cones of approximately equal 
intensity were obtained as described previously: 
Flame velocities were determined by the total 
area method applied to the outside edge of the 
schlieren cone for those flames in which the 
schlieren and luminous cones were distinguish- 
able. At preheating temperatures above about 
500'1<, the previously observed coalescence of 

schlieren and luminous ima,ges4 n c  
calculation of flame velocities from the inner 
edge of the luminous cone. The surface of the 
cones was calculated from tenfold enhrgements 
of the photographic images. Each velocity is the 
mean of three measurcrnents, rejxoducible to 
within Ita%. 

The method of measurement of the distance 
between the schlieren and luminous cones is 
described in reference 6. Each distance reported 
is the mean of twelve measurements, four made 
on each of three films; reproducibility is =t5 o/o. 

For unpreheated mixtures, 5 mm diameter 
waterjacketed conical burners, 100 em in length, 
produced flames whose schlieren images ap- 
proached perfect right cones. Preheating of the 
mixture by the burning flame did not exceed 5°K. 

When the gases were to be preheated, isobutane 
and nitrogen were entrained together and passed 
through a 300 em length of 4 mm stainless steel 
tube, wound in a spiral around a 60 cm length of 
10 mm diameter steel tube. Oxygen passed 
through a similar spiraled tube, and all gases 
entered the central tube at its base. The central 
tube, which was long enough to insure thorough 
mixing and a laminar gas flow a t  tlie flow rates 
used, was fitted with a 5 mm diametcr burner 
head to give a conical flame. An insulated heating 
coil was wound outside the two spirals, and the 
whole was insulated with asbestos to reduce heat 
loss to the atmosphere. By maintaining a con- 
stant current input to the heating coil, exit gas 
temperatures could be held constant to k 2 " K  
for an indefinite period. 

The preheating temperature was measured im- 
mediately upon extinguishing a flame, after each 
series of photographs, with a single junction iron- 
constantan thermocouple insertcd to a depth of 
1 mm along the burner axis. No evidencc of 
erroneously high temperatures due to catalytic 
effects on the thermocouple surface was found. 
At the maximum preheating temperatures, 
635'K for isobutane mixtures, and 560°K for 
neopeiitanc mixtures, neither carbon dioxide nor 
formaldehyde could be detected in tlie unignited 
gas stream. Mixtures containing n-butane were 
not preheated. 

Flame temperatures were measured by the 
sodium line reversal method? Flames were uni- 
formly colored by heating a sodium borate bead 
formed on a small resistance coil placed in the 
nitrogen stream. The calibrated tungsten ribbon 
lamp was frequently checked against standard 
methane-oxygen-nitrogen flames, to detcct pos- 
sible misalignment of the optical system, or 
drifts in the lamp. Reproducibility of tenym-ature 
measurement is 410'K. 

All gases were commercial grade, purity about 
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TABLE 1 

Preheated Isobutzlne-Oxygen-Nitrogcn Flamcs; 
R = 0.130 

GG 

67 

67 

69 

71 

73 

75 

300 
3G0 
426 
469 
531 
636 

300 
360 
424 
4 64 
S2S 
G25 

300 
361 
424 
466 
530 
623 

303 
360 
482 
464 
52s 
GO5 

303 
361 
421 
465 
525 
599 

300 
359 
417 
459 
512 
5S6 

2535 
2564 
2555 
2600 
2625 
2650 

2473 
2492 
2530 
2552 
2572 
2590 

2397 
2430 
2457 
2474 
2506 
2526 

231 3 
2345 
2362 
237s 
2402 
2430 

2219 
2254 
227s 
2293 
2317 
2341 

2134 
2165 
2190 
2200 
2234 
2260 

1954 
1991 
2024 
2046 
20so 
2126 

190s 
1936 
19x2 
2009 
2041 
2079 

1552 
1s90 
192s 
1952 
1992 
2031 

1790 
1929 
1S5S 
1SS3 
1915 
19.56 

1721 
1762 
1795 
151s 
1851 
lSSS 

1657 
1695 
1729 
1753 
17S6 
1S25 

90 
100 
104 
1 0s 
114 
120 

55 
90 
96 
99 

105 
114 

73 
77 
54 
si 
92 
97 

-59 
63 
69 
72 
76 
53 

45 
49 
53 
57 
59 
65 

33 
3s 
41 
43 
45 
4s 

99 %. Trace impurities cause negligible errors, as 
i t  has bccn showng that changes in velocity and 
temperature, when a second fuel is added to  a 
flammable mixture, are small, and as a first 
approximation, may be taken as a linear ex- 
trapolation of the values for the separate fuels. 

Gas flows IWPC incasured against a constant 
counter pressure of 6 cin I-Ig, to conipcnsate for 
any resistance in the preheating tubes or in the 
burrier itself. Hydrocarbon flow rates were 
measured on cqil lary flow meters; oxygen and 
nitrogen flows on rotameters. The flowmeters 
were calibrated a t  frequent intervals against a 
standard wet test meter. 

Results 

The Isobutane-Oxygen-Nitrogen System 

Preheated Mixtures. Flame veIocities and tem- 
peratures of six mixtures where 

and the nitrogen content varied from 66 to 75 
per cent, wcre measured over an initial tempera- 
ture range of 300" to 635°K. Straight lines are 
obtained if the experimental values of Tf, T,,, 
and VO (presented in Table 1) are plotted against 
the initial temperature, T,. 

An activation energy of 30.0 f 1.6 kcal mole-1 
is found by plotting these data in accordance 
with Eq. (3), as has been done in Fig. 1. When 
the data for mixtures diluted with 66 to 73 per 
cent nitrogen are plotted in accordance with 
Eq. ( 5 )  , a single line is found whose slope corre- 
sponds to an activation energy of 31.0 kcal mole-' 
(Figs. 2 and 3) .  The inclusion of the more er- 

4.5 5.0 5.5 6 .O 

1 0 4 / ~ ,  

A:X = 0.15, E = 31.3, N2 = 66% 
C:X = 0.05, E = 27.7, Nz= 67% 
E:X = 0 , E = 31.2 N, = 69% 

B:X = 0.10, E = 30.4, N2= 71% 
D X  = 0 
F:X = 0 

, E = 32.1, NZ = 73% 
, E = 27.5 NZ = 75% 

FIG. 1. Activation energy of isobutane-oxygen 
flames from preheating dab.  
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TABLE 2 

Unpreheated Isobutanc-Oxygen-Nitrogen Flames 

0.140 57.5 
60.7 
62.5 
65.0 
67.5 
70.0 
72.5 
75.0 
77.5 

0.138 57.5 
60.0 
62.5 

271s 
2665 
2620 
2545 
24.54 
2357 
2240 
2117 
1950 

2775 
2728 
2660 

2056 12s 
2049 110 
2014 103 
1955 96 
1591 51 
1519 69 
1733 52 
1642 38 
1540 22 

2120 126 
2090 115 
2040 csp?iOS 

65.0 2568 1975 
67.5 2475 1905 
70.0 2372 1825 
72.5 2260 1745 
75.0 2132 1650 
77.5 1995 1550 

0.130 57.5 2723 2090 
60.7 2672 2050 
62.5 2620 2014 
65.0 2550 1962 
67.5 2465 IS99 
70.0 2367 1527 
72.5 2262 1749 
75.0 2130 1651 
77.5 2005 1559 

0.120 55.0 2740 2103 
57.5 2733 2095 
60.0 2647 2034 
62.5 2610 2005 
65.0 2532 1945 
67.5 2445 1880 
70.0 2360 1820 
72.5 2247 1735 
75.0 2147 1660 
77.5 2000 1550 

52.5 2713 2083 
55.0 2707 2078 
57.5 2657 2042 
60.0 2603 2000 
62.5 2567 1975 
65.0 24SO 1910 
67.5 2392 1840 
70.0 2297 1770 
72.5 2215 1710 
75.0 2100 1625 
77.5 1968 1530 

94 
52 
65 
50 
37 
26 

126 
110 
105 
95 
53 
71 
53 
39 
29 

139 
123 
114 
102 
90 
so 
67 
53 
43 
29 

145 
137 
132 
111 
100 
s9 
72 
63 
52 
43 
29 

1.42 
1.54 
1.74 
1.91 
2.31 
2.34 
2.50 
3.62 
.5.57 

1.34 
1.49 
1.69 
2.00 
2.0s 
2.46 
2.95 
3.91 
5.00 

1.30 
1.42 
1.55 
1.s0 
2.24 
2.25 
2.72 
3.66 
4.04 

1.27 
1.26 
1.53 
1.65 
l.SO 
2.00 
2.29 
2.62 
3.09 
4.17 

1.15 
1.21 
1.35 
1.47 
1.62 
1.8s 
2.11 
2.32 
2.90 
3.19 
4.30 

693 J 

TABLCE 2 (continued) 

N3 
R (%I 

50.0 
52.5 
55.0 
57.5 
60.0 
62.5 
65.0 
67. .5 
70.0 
72.5 
75.0 
77.5 

Tf 
(OK) 

2730 
2693 
2685 
2609 
2570 
2500 
2413 
233.5 
2235 
2152 
2055 
1905 

2097 
2070 
2060 
2005 
1975 
1920 
I S60 
1500 
1730 
1665 
1595 
1450 

VU, 
cm/sec 

151 
135 
123 
110 
104 
94 
79 
71 
60 
45 
3 S 
27 

8, 
cm X lo2 

0.97 
l.lG 

1.49 
1.49 
1.00 
1.91 
2.12 
2.43 
3.09 
3.44 
4.69 

__ 

ratic data for slow propagation flamrs with 75 
per cent nitrogen in the plot would incrrase this 
value by about 1 kea1 mole-'. 

Unpreheated Mixtures.  The rcsults froin espcri- 
ments with unpreheated isobutanc-oxygen mis- 
tures are reported in Table 2.  For six fuel- 
oxidant ratios, the dilution by nitrogen was 
varied over as wide a range as was practicablc. 
The minimum nitrogen content was dictated by 
thc maximum temperaturc that could bc mcas- 
urcd by the sodium line reversal apparatus; tlic 

4.1 

- * 
m 
9 3.9 

1 
N 

I 

2 
2 3.7 

P 

D 0 - 
+ 

m 

+ 
x 

- 
Y 

3.5 
4.6 5.0 5.4 5.8 

1 0 4 1 ~ ~  

A: ISOBUTANE-OXYGEN FLAMES, X = 0.1, E = 31.0 

B: NEOPENTANE-OXYGEN FLAMES X = 0, E = 36.7 

FIG. 2. Activation energies from preheating data 
using dilution method of calculation. 
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4.6 5.4 6.2 
104/~,,, 

7.0 

A:X=0.6,R=0.100, E=29.6 B:X=0.5,R=O.l lO,E=29.3 
C:X = 0.4, R = 0.120, E = 29.7 D:X = 0.3, R = 0.130, E = 31.7 
E:X = 0.15, R = 0.133, E = 32.6 F:X = 0 R = 0.140, E = 31.5 

FIG. 3. Activation energy of isobutane-oxygen 
flames from dilution data; i = 1. 

maximum dilution was that which still permitted 
the stabilization of conical flames on the burner. 

Plots of flame velocity, Vo, and the reciprocal 
of the intercone distance, 1/S, against the frac- 
tion of flammable mixture, Y, are straight lines 
within the experimental accuracy; plots of mean 
flame temperature, Tm, against Y are curved 
towards the concentration axis. 

It is noteworthy that for mixtures burning 
with constant dilution, but with 

(iso-C.&) 
(iso-C4Hlo) 4- ( 0 2 )  

R =  

varied between 0.100 and 0.140, that  the maxi- 
mum of flame temperature and velocity shift 
towards lean mixtures when the dilution in- 
creases. This behavior has also been observed for 
H2S flames burning in oxygen,1° but it is opposite 
to the normal drift for fuel-oxygen systems. 

An activation energy of 30.7 =t 1.2 kcal molc-' 
is found whcn the data in Table 2 are plotted as 
in Fig. 3. 

A plot of VO/(  T,): against 1/S for the six 
values of R studied, (Fig. 4) gives a single 
straight line whose slope yields a value of 24 for 
the mean molecular weight M of the chain carry- 
ing species. Lean mixtures tend to give a slightly 
higher value for M than stoichiometric or rich 
mixtures, but the difference is less than the ex- 

4 

3 

? 

P 
E 2  

I- 

1 

I I 
. .  

3.2 I 

FIG. 4. Mean molecular weight of chain carriers for 
isobutane-oxygen flames. 

perimental deviation, and it is doubtful if any 
significance can be assigned to this trend. 

In  Fig. 5, the left-hand side of Eq. ( 7 )  is 
plotted against log [ (02)/(iso-C*Hlo)]. I n  calcu- 
lating these points, i was assumed to be unity, 
and a mean value of 30.5 kcal mole-' was taken 
for the activation energy. Each point is the mean 
of between 30 and 40 measurements; the vertical 
lines indicate the mean deviation from the plotted 
values. 

From the slope of this line, the partial order, a, 
with respect to oxygen is found to be constant, 
and equal to 1.5. Since i is unity, the partial 
order, b, with respect to fuel is also a constant, 
- 0.5, over the concentration range investigated. 

The Neopentane-Oxygen-Nitrogen System 

Preheated Mixtures. Flame velocities, tempera- 
tures, and if possible, the distances betwecn the - 
n 
\ 

12.2 ... 
3 
Y Y 

12.1 - 
I 

E l- K 

12.0 
\ 
Y 
+ 
E 

t- 
11.9 

0 - 
+ 
>" 
- 0" 11.8 
r4 

FIG. 5.  Order of the branching reaction with respect 
to oxygen for isobutane-oxygen flames. 
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TABLE 3 

Preheated Neopentane-Oxygen-Nitrogen Flames; 
R = 0.111 

65 

67 

69 

71 

73 

300 2569 1950 
355 2591 2009 
437 2607 2043 
530 2630 2055 
55s 2642 2101 

300 2490 1921 
354 2510 1957 
43.5 2533 19S7 
524 2556 2027 
553 2563 2041 

300 2423 1571 
352 2439 1596 
435 2462 1934 
520 2454 1974 
54s 2495 1955 

300 2333 1504 
347 23.50 1530 
433 2375 1572 
512 2400 1909 
536 2411 1923 

300 2260 1751 
344 2277 1774 
426 2300 1S14 
501 2322 1549 
528 2326 1S61 

90 
95 
9s 

10s 
111 

so 
55 
s9 
99 

102 

70 
71 
77 
54 
ss 

54 
57 
64 
69 
72 

44 
4s 
-54 
5s 
61 

1.s0 
- 
__ 
- 
- 

1.97 
1.54 
- 
- 
- 

2.13 
1.97 
- 
- 
__ 

2.66 
2.46 
- 
- 
- 

3.10 
2.66 
- 
- 
- 

luminous and schlieren coiies for five mixtures, 
where 

= 0.111 
(neo-CsHn) 

R =  (neo-CsHlz) f ( 0 2 )  

and the nitrogen content varied from 65 to 73 
per cent, were measured over an initial tempera- 
ture range of 300" to 560'11. Straight lines are 
obtaincd if the experimental values of Tf, T,, 

and VO (presented in Table 3) are plotted against 
Ti. 

An activation energy of 39.3 =t 1.1 kcal mole-' 
is found by plotting these data in accordance 
with Eq. (3), as has been dolie in Fig. 6. If these 
data are plotted in accordaiice with Eq. ( 5 ) ,  a 
single line is found whose slope corresponds to an 
activation energy of 36.7 kcal mole-' (Fig. 2B). 

4.8 5.2 5.6 

1 0 4 4  

A X  0.25, E 36.5, N2 65% B:X = 0.15, E = 40.7. N2 = 67% 
C:X=O.lO, E=40 .1 ,N2=69% D:X=O.O5, E=39 .4 ,N2=71% 
E:X = 0 , E = 39.9, Nz = 73% 

FIG. 6. Activation energy of neopentanr-oxygen 
flames from preheating data. 

A plot of VO/(  T,)4 against l/S has lsccii imde 
in Fig. 7 using the data. for thosc preheated inix- 
tures in which S was measured combiiicd with 
the data from unpreheatcd mixtures. A siiiglc 
straight line whose slope yields a value of 28 for 

0 20 40 60 80 100 

FIG. 7. Mean molecular weight of chatin carriers for 
neopentane-oxygen flamcs. 

I/S 
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TABLE 4 

Unpreheatcd Neopcntane-Oxygen-Nitrogen 
Flames; It = 0.111 

65 256s 1976 SS 1.6s 
67 2495 1922 76 1.93 
69 2422 IS67 66 2.16 
71 2333 1504 53 2.50 
73 2266 1752 43 2.95 

2165 1675 35 3.55 -.. 
i i ,  

the mean molecular weight of the chain carrying 
specks is obtaincd. 

Unpreheatecl Nixtures. The results from experi- 
ments with unpreheated neopentane-oxygen 
nitrogen mixtures are reported in Table 4. When 
these data arc plotted in accordance with Eq. 
(5), as in Fig. S, a straight line is obtained whose 
slope corresponds to an activation energy of 38.8 
kcal mole-I. 

The n-Butane-Oxygen-Nitrogen System 

Oiily unprcheated mixtures containing n- 
butane were investigatcd; the data are prescnted 
in Table 5. For two fuel-oxidant ratios, the dilu- 

4.1 

3.9 - + 
D 0 - 

y;: 
c 
m 

x 
= 3.7 

P 
t 

m 0 - 
Y 

+ 
x 3.5 

4.8 5.2 5.6 6.0 
1 0 4 1 ~ ~  

ANEOPENTANE-OXYGEN FLAMES, X = 0.2, R = 0.111. E 
B:n BUTANE-OXYGEN FLAMES, X = 0, R = 0.120, E = 32.7 
C n  BUTANE-OXYGEN FLAMES, X = -0.05, R = 0.133, E = 33.3 

38.8 

FIG. S. Activation energies from dilutions data, 
i = 1. 

TABLE 5 

n-Butane-Oxygen-Nitrogen FIames 

Nz Trf T m  Vo, 8, 
I2 (%) ('I<) (OK) cm/sec cm X lo2 

0.120 59 
61 
63 
6.5 
67 
69 
71 
73 

2697 
2659 
2615 
2551 
2496 
2423 
2355 
2262 

0.133 59 2720 
61 267.5 
63 2623 
65 2574 
67 2511 
69 2450 
71 2378 
73 2250 

206s 
2040 
2010 
1961 
1920 
IS67 
1517 
175s 

20S7 
2055 
2017 
1953 
1933 
lSSS 
IS35 
1760 

130 
120 
10s 
100 
90 
7 S  
71 
57 

1.36 
1.4s 
1.51 
1.63 
1.74 
2.04 
2.26 
2.59 

129 I .45 
120 1.49 
109 1.59 
100 1.70 
90 1.99 
79 
67 2.43 
56 3.00 

- 

tion by nitrogen was varied between 59 and 7 3  
per cent. Plots of flainc velocity, VO, and the 
reciprocal intercone distancc, I/S, against the 
fraction of flammable mixture are linear. Plots 
of the mean flame temperature, T,, against I- 
are concave towards the concentration axis. 

The data in Table 5 have been plotted ac- 
cording to Eq. (5) in Fig. S, curves B and C. 
The slopes of the resulting lines correspond to an 
activation energy of 33.0 f 0.3 kcal mole-'. 

4 

3 

5 2  
t- 
P 

1 

0 
0 20 40 60 80 100 

1/S 

FIG. 9. Mean molecular weight of chain carriers for 
n-butane-Oxygen flames. 



A plot of V(\/(  T,,,) against 1 / X  gives a common 
straight line for both furl-osidant ratios studicd 
(Fig. 9).  The slopc of this line yields a value of 
23 for the iiieaii molecular weight of the chain 
carriers. 

Discussion 

When the previously proposrd mcchanism2 for 
the flame reaction is applied to isobutanc-oxygen 
flames, two distinct possibilities exist, depending 
upon whether the isobutaiie is initially attacked 
a t  a primary or the tertiary position. Considering 
the propagation steps for attack on a primary H, 

C ~ H I O  + OH -+ (CH,)rCHCH?* + HI0 (I) 
or 

followed by 

(CHa),CHCH,* + 0 2  + (CH:i)&HCH?OO* 

+ (CH3)yCHCHO + OH (11) 

i t  is likely that the energy-rich isobutylperosy 
radical will dissociate rapidly into OH and iso- 
butylaldchyde. Thus the chain may be considercd 
to propagate alternately by isobutyl and OH 
radicals. However, for tertiary attack, the propa- 
gating sequence is as follows: 

C4HIO + 6 H  -+ (CH:I):C- + He0 (111) 

or 

(IIIa) 

followed by 

ICHx):iC- + 0 2  + (CHI)&OO* + ? (IV) 

Tertiary butyl radicals may be coilsidered to be 
one of the chain carriers hcre, but the identity of 
thc second is less clear. Tertiary butylperosy 
radicals cannot undergo a simple decomposition 
to aldehyde and OH, analogous to reaction (11). 
Therefore, if OH is to be accepted as the second 
chain-carrying species, a decomposition yielding 
isobutenc oxide or the biradical 

CH2. 

as co-product with OH would have to take place. 
Alternatively, the peroxy radical itself might be 
the second species to propagatc the chain. 

Falconer, Knos, and Trotman-Dickenson have 

shown" that in slow oxidations 133 

attack a t  the tertiary position is rlcvrii times as 
probable as that a t  a primary C-H bond a t  
350°C. Thcy found no appreciablc activation 
energy differcnce between the reactions a t  these 
two positions. If a similar prcfcrcncr for tertiary 
attack of isobutane by the cliain-l)ropagating 
species, Y, is accepted for thc flame reaction, 
then, due to tlic larger number of primary posi- 
tions, reaction will follow the two paths (1-11) 
and (111-IV) in approximately equal proportions. 

Two factors may thus contribute to the ob- 
served increase in molecular weight: First, if the 
two proposed mechanisms together constitute thc 
propagation rcactions and alkylpcrosy radicals 
arc important as chain carriers in onr (or both) 
of the mechanisms, the large value of J//c4r-r,oo 
would tend to clcvate the mean molecular weight 
of the chain carriers. Second, if C4H9 has a re- 
duccd reaction efficiency due to possible steric 
hindrance in its subsequent reaction with oxygen, 
its lifetime mould be increased, and thr contribu- 
tion of M c ~ H ~  to the mean molecular weight 
would be greater than that of less hindcrcd alkyl 
radicals. 

If perosy radicals are neglected on the grounds 
that their lifetimes are short compared with OH 
and alkyl radicals, the mcchanisni for propaga- 
tion simplifies to 

Then 

where f is thc ratio of frequency factors for rrac- 
tions of C4H9 and OH radicals. Inserting thc 
known value of M into Eq. (S), T C ~ I L J T ~ I I  is 
found to be 0.21. For the present series of expcri- 
ments, (C~HIO)/(OZ) is 0.10 to 0.15, and T, 
varies between 1530" and 2120°K. Epr is zeroY 
to a good approximation, and Ep is about 6 
kcal mole-l (reference 7 ) .  Then f in Eq. (10) is 
found to be about 9. That is, the collision effi- 
ciency of reaction ( P ' )  is about onc-tcnth that 
of reaction (E') .  As the orientation for an effcc- 
tive collision between a small reactive radical, 
such as OH, with a hydrocarbon is not critical, 
reaction ( P )  should have a high collision cffi- 
ciency. However, an alkyl radical, such as iso- 
butyl, must have a more specific spacial orienta- 
tion to undergo an addition reaction with oxygen. 
Therefore, thc lower collision efficicncy observed 
for reaction ( P ' )  is in the expected direction. 
Any contribution of peroxy radicals to the mean 
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iiiolccular w i g h t  of 24 of the chain carriers will 
necessarily lower T C ~ ~ ~ ~ / T ~ - , H ,  and as a result, also 
lowcr the factor f. 

For n-butane-oxygen flames, two possibilities 
again exist, :IS initial attack may be a t  a primary 
or secoiidary position. If a primary H is attacked, 
then 

CIHio $- 6 H  + CHx(CH,)rCH,- + H?O (V) 
or 

C4Hia + C4HsOO. + CHz(CH,?)?CH?. + CaH900H 

(Val 

followed by 

CH:,(CH,)nCH?. + 02 + CH,(CH?)2CH?OO. 

-+ CHs(CHp)?CHO + OH (VI) 

The energy-rich butylperoxy radical formed in 
reaction (VI) will probably be dissociated rapidly 
into OH and butyraldehyde: and the chain may 
be considered to propagate alternately by n- 
butyl and OH radicals. 

If attack occurs a t  the secondary position, then 

C~HIO + 6H -+ C,H,CHCH, + H?O (VII) 

or 

C,HM + C4H$OO- + C,H,CHCH, + C4H900H 

(VIIa) 

followed by: 

CzH,CHCfI, + On + CeH,(CH,)CHOO. 

-+ C,H,(CH,)CO + OH (VIII) 

Here the secondary butylperoxy radical formed 
in reaction (VIII) will probably dissociate into 
OH and mcthyl ethyl ketone, and the chain thus 
propagates alternately by secondary butyl and 
OH radicals. 

If secondary attack is accepted as being four 
tiines as probable as primary attack, as in slow 
oxidations," tlie reaction will follow path (VII- 
VIII) about three times as often as path (V-VI) . 

The observed mean molecular weight of 23 can 
be explained in the same manner as for isobutane- 
oxygen flames. Either butylperoxy radicals may 
be important in the chain propagation, or the 
collision efficiency of reactions (VI) and (VIII) 
inay be less than that of reactions (V) and (VII) , 
or both factors may contribute. The enhanced 
stability of secoiidary butyl radicals over normal 
butyl radicals favors a longer lifetime for those 
radicals arising from secondary attack (tertiary 
butyl radicals should be again more stable). 

If peroxy radicals are neglected as before, the 
relative collision efficiencies may be calculated. 

Inserting the valuc of d l  = 23 into Eq. ( S ) ,  
T Q H ~ / T ~ H  is found to be 0.18. From Eq. (10) a 
factor f of about S is found. These values arc not 
unreasonable, for the same reasons as have been 
emphasized for the isobutane-oxygen flame reac- 
tion. Again, any contribution from peroxy radi- 
cals will lower T C ~ H ~ / T ~ H ,  and as a consequency 
lower f. 

If neopentane undergoes an abstraction reac- 
tion similar to the butanes, only attack a t  1x5- 
mary C-H bonds is possible. The resulting 
neopentyl radical will not benefit from additional 
stabilization as do secondary and tertiary butyl 
radicals. Thus it should react rapidly with 
oxygen to yield 2,2-dimethyl propionaldehyde 
and OH, 

(CHj)jCCH,* + 0 2  + (CH,),CCH,OO- 

+ (CH,),CCHO + OH (IX) 

Peroxy radicals are no more likely to contribute 
to the mean molecular weight of the chain 
carriers than in ethane flames, where the mean 
molecular weight is 17. Neopentyl radicals and 
OH may be considered to be the alternate chain 
carriers. 

Knowing that ilf = 25 for ncopentane-oxygen 
flames, T C , H ~ ~ / T ~ H  is found from Eq. (S) to be 
0.25. The ratio (C5H12)/(O2) is 0.125, and T, is 
about lS0O0K. Choosing (Ep - Epr) N 6, as 
before, then from Eq. ( lo ) ,  f is found to be 
about 11. 

Thus the values of il!! observed for isobutane, 
n-butane, and neopentane can be explained by a 
sterically hindered reaction of the alkyl radical 
with oxygen. Alkylperosy radicals, which may 
also contribute to the higher values found, need 
not have long lifetimes if the alkyl radicals them- 
selves have lifetimes about one-quarter of those 
of OH radicals. 

If steric hindrance alone were insufficient to 
reduce the collision efficiency of reaction (X) , 

Re + 02 + ROC- (m 
the factor f could also increase with increasing 
stability of the alkyl radical. Then f would be 
expected to be highest for isobutane, and lowest 
for neopentanc, as the neopentyl radical is the 
least stable. However, if an entire methyl radical 
is abstracted in neopentane attack, 

/ 

(CHS),CCHz + OH-+ (CHx):$C- + CH:jOH (SI) 

or 

(CHI),CCH, + ROO. + (CH8)zC. + ROOCHI 

(XIS) 

then the more stable n-butyl radical will be 
formed. If reaction (XI) competes effectively 
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with the normal hydrogen abstraction reaction 
to form neopentyl radicals, then the concentra- 
tion of t-butyl radicals could be higher in neo- 
pentane flames than in isobutane flames. I n  
isobutanc, only one-half of the alkyl radicals are 
formed from tertiary attack; the remainder will 
bc isobutyl radicals. 

The l~reviously observed" forination of iso- 
butane as an initial product in the slow oxidation 
of ncopentane cannot be explained in an analo- 
gous maniirr to the formation of olefins as first 
products in mobt paraffin oxidations. 

The following reaction sequence is suggested: 

(CH,),CCH, + HO?. + CHjOOH + (CHj)zC. 

(XI11 

(CH3)ZCCHa + 0 2  + (CHa)zC=CH, + HO,. 

(SIII) 

By analogy, reaction (XI) is not unrcasonable. 
The thrce possible explanations for the ob- 

served mean molecular weights of the chain- 
propagating radicals in isobutanc, n-butane, and 
ncopentane flames burning in oxygen are then: 

1. Steric hindrance may dccrease the collision 
efficiency of alkyl radicals reacting with oxygen. 

2.  Alkyl radical stability increases with de- 
creasing strength of the C-H bond broken to 
form the radical; more stable radicals should 
have longer lifetimes, and tertiary radicals should 
be able to contribute more to the value of 
than secondary, and secondary more than 
primary. 

3. The lifetimes of alkylperoxy radicals may 
be long enough to effectively increase M. The 

effect should increase with the stability of the 
alkylperosy radical, which probably parallels 
that of the alkyl radical from which it is formed. 

The present expcriments do not cnable a cboicc 
to be made from these possibilities. 

The activation energies dcrived by thc two 
methods explained in the introduction give vxluc~i 
in excellent accord. Activation cmcrgies of 30.5, 
33.0, and 38.3 kcal mole---' will be tnkrn as r q m -  
sentativr for isobutanc-, n-butane-, and IWO- 
pentane-oxygen flaines, reyiectivclg. They :ire 

compared in Table 6 with over-dl activation 
energies of hydrocarbon-osygcn flanics which 
have been investigated prrviously. 

It can be seen from Fig. 10 that the activation 
energy for saturated hydroearhon flames (di- 
ethylether and benzene flames can probably be 
included with those of alkanes in this grouping) 
decreases in an approximately linear fashion with 
the decreasing bond strength of the weakest 
carbon-hydrogen bond in thc molecule. Ethylene 
and acetylene have activation energies much 
lower than this relationship would indicate. 

The over-all activation encrgy determined 
experimentally is principally that of the branch- 
ing reaction, with smaller contributions from thc 
alternating propagating reactions. The differ- 
ences in activation encrgy of about S kcal inole-' 
observed between those saturated hydrocarbons 
containing only primary C-H bonds and iso- 
butane, containing a tertiary C-H bond, cannot 
be attributed to differences in activation energies 
of the propagating reaction alone because, for 
radical-hydrocarbon reactions where absolute 
activation energies are small, activation energy 
differences when the substrate molecules arc 

TABLE 6 

Activation Energies for Hydrocarbon-Oxygen Flames 

Weakest C-H bond 
Hydrocarbon (kcal mole-') 

Activation energy 
(kcal mole-') 

Methane 
Ethane 
Neopentane 
%-Butane 
Isobutane 
Diethyl ether 
Benzene 
Ethylene 
Acetylene 
Hydrogen sulfide 

103.9 (14) 
9S.3 (14) 
99.3 (14) 
94.6 (14) 
91.4 (14) 

101 .S (13) 
102.5 (16), 105 (17) 
121 (13) 
90 (13) 

95-100° 

35 (4), 40 (5), 41 (15) 
39 ( 5 )  
3s .3 
33 
30.5 
3S.5 (10) 
40 (5) 
36 ( 5 )  
32 (18, 19) 
26 (10) 

a This value for D(C-H) in diethyl ether appears reasonable in light of the similarities in the nature 
of reactions of ethers and of saturated hydrocarbons. 
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45 

40 

35 
1 

Although the exact form of reaction (XIV) is 
not easy to visualize, the reaction is certain to be 
highly exothermic, and this esothermicity cou- 
pled with the excess vibrational energy of forma- 
tion possessed by the alkylperoxy radical could 
overcome to a large extent unfavorable molecular 
rearrangement in the reaction. However, a reac- 
tion such as 

ItOO. + 0, -+ RO. + 0 4  (XIVa) 

which has been proposed by I-Ianst arid CalvertT2 
for photosensitized hydrocarbon oxidations, pro- 
vides branching with very little rearrangement. 

ns ari alternative a possible branching reaction 
could be proposed according to the very general 
process: 

It 

It-COY- + 0, -+ CO:! + 21tO. + R* 

R 

85 90 95 100 105 

\ 

/ 

BOND STRENGTH, k cal mole -' 
FIG. 10. Depeiidence of activation energy upon 

bond strcngth of weakest C-H bond. 

cliaiiged are also Therefore, the differ- 
cnces in activation energies must be assigned 
partly to the branching mechaiiism itself. 

The obscrved parallelism between activation 
energy and bond strength suggests that those 
more stable radicals formed by the breaking of 
weak C-H bonds lead to a branching reaction 
with a lowcr activation energy in saturated 
hydrocarbon-oxygen flames, and that the activa- 
tion energy is not greatly influenced by the 
molecular size. For unsaturated compounds, 
however, a reaction a t  the multiple bond must 
iiorinally dictate the activation energy for sub- 
sequent branching. For an unsaturated hydro- 
carbon containing an easily abstracted hydrogen 
atom, as, for example, propylene, the reaction 
path having the lower activation energy would 
be espectcd to predominate in the chain branch- 
ing. Thus by extrapolating Fig. 10, an activation 
energy of about 20 kcal mole+ might be expected 
for propylcne, based on B carbon-hydrogen bond 
strength of 77 lical mole-1 in the paraffinic part 
of the ~nolecule.'~ 

The pnrtial orders of 1.5 and -0.5 for osygen 
and isobutaiie, respectively, are identical to 
those previously fouiid by Vandenabeele, Cor- 
beels, and A. Van Tiggelen4 for methane-oxygen 
flames. Froni the observed orders, it is clear that 
chain branching must occur between an oxygen 
molecule and a chain-carrying radical that  was 
also formed in a collision with oxygen. The 
most probable r e a c t i ~ n ~ * ~ ~ J l  is one between the 
short livede nergy-rich dkylperoxy intermediate 
formed in reaction (X) and oxygen: 

where R represents either any alkyl radical or 
even a single hydrogen atom as in the simplest 
case : 

CHD,. + 0 2 4  CO, + 20H + H- 
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Discussion 

DR. G. VON ELBE (Atlantic Research Corporation) : 
It seems that correlations such as presented in 
this paper can be obtained by means of a simple 
formulation of the conservation equations together 
with a nonspecific chemical rate expression. For 
exnmplc, we may write 

(Ixo = cpVo(T, - T,) (1 1 
where (I is the average rate of chcmical heat release 
per unit volume (callcm3 see), So is the thickness of 
the reaction zone, and c and p are specific heat and 
density, respectively. Thc thickness of the reaction 
zone may bc taken to be proportional to a charac- 
teristic length represented by the ratio of the 
thermal diffusivity K to the burning velocity VQ, 

XQ - K/Vo (2) 

whencc Bo N @. The expression (I presumably has 
an Arrhenius type temperature dependence, so that 
a plot of log V n  vs. the reciprocal of a “mean” tem- 
perature T,  should yield straight line correlations 
and activation energies, such as obtained by the 
authors. Furthermore, since the observed intercone 
distances S are also -K/Vo, plots of V O  vs. l/S 
yield slopes proportional to the thermal diffusivity 
K ,  which in turn is proportional to I/(&’$), M repre- 
senting an average molecular weight of the mixture. 
Correlations of this kind do not yield reaction- 
kinetic information escept for “activation energies.” 
The latter shed little light on the chemical mech- 
anism and certainly provide no evidence concerning 
the branched chain character of the reaction, which 
the authors arc postulating. 

DR. W. E FALCONER and DR. A. VAN TIGGCLEN 
(University of Louvain): The straight linc plots pre- 
sented in the paper demonstrate that the tempera- 
ture variation of thc reaction rate, as reflected by 
the flame velocity, obeys an Arrhenius type law. It 
would not be surprising if (I, the average rate of 
heat release per unit volume as defined by Dr. von 
Elbe, followed an identical law, because (I itself 
must be a direct measure of the reaction ratc. Evi- 
dence that the flame process must be a branched 
chain reaction is given in references 1 and 2 of tlie 
paper. Because the mechanism is of the hranchcd 
chain type, the over-all activation encrgy is ascribed 
mainly to the branching reaction, which initintes 
the chains, and to thc propagating reactions which 
carry them. The latcr are known to have low activn- 
tion energies, and therefore, to a good approxima- 
tion, E (branching) < E (over-all) < E (branch- 
ing) + E (propagating). 

The experimental facts thernselvcs best demon- 
strate that the proposed relationship betwern 
velocity and intercone distance gives useful informa- 
tion about the reaction kinetics. For fuels as heavy 
as benzene and diethyl ether, the valuc of M as de- 
fined by Eq. (9) remains equal to that for light fuels 
such as methane, ammonia, or even hydrogen itself. 
However, for the butanes, neopentane, and propyl- 
enel substantially increased values for M are found, 
as is to bc expected from the increased stability of 
the alkyl radicals formed from thesc fuels. I t  ap- 
pears that the phenomenon involved in fixing the 
intercone distance is not solely a diffusion of heat, 
in which all species are included, but in addition a 
“chemical diffusion” of reactivc species to an ini- 
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port:mt cstmt. It is this diffusioIi of active centers 
1)ac.k into the unburned gases which provides the 
observed vari:itions in slope in the plots of Vo/(T7,$ 
vs. 1/s. 

DH. F. J. WEINBERG (Imperial College): This 
question concerns the “flame thickness” used by 
the authors, which has been defined as proportional 
to the separntion between the schlieren and the 
luminous zones of the flame. 

The lower (srhlieren) boundary has been shown 
to occur‘I3 a t  a temperature (AT,) OK, where T o  
is the initial gas temperature (OK) and A is a con- 
stant depending on the variation of thermal con- 
ductivity of the reactant gas with temperature. If 
thcrmal conductivity increases with tcmperature, A 
is less than 2 and for most gases it is in the neighbor- 
hood of 1.5. In any case, the schlieren image occurs 
in a zone where temperature varies only gradually 
with distance, so that a small change in initial tem- 
perature will rcsult in a very appreciable change in 
the thickness as defined above-a change which will 
lie almost entirely in the prereaction zone. Under 
these circumstances I find it difficult to understand 
how the variation of this thickness with initial tem- 
perature could convey any information of kinetic 
significance. 

The low value of thc temperature a t  which the 
schlieren image occurs is due entirely to the form of 
the tlcpendcnce of rcfractive index on temperature- 
the variation decreasing rapidly as temperature 
r im.  We could postulate a purely physical analogue 
in which gas a t  an initial temperature To  flows into 
a porous plate which is maintaincd at a higher tem- 
perature, T,. A “thickness,” defined in tcrms of the 
distance betwecn the schlieren image and the plate, 
for iiist:mce, would be approximately inversely pro- 
portional to flow velocity. Yet there would be no 
kinetics to  study! The schlieren image would 
coalesce with the plate when To was raised to 
(TP/A). 

I t  can readily be shown2.3 that the refractive index 
distributions in the two cases are virtually identical 
in the zone of the schlieren maximum. 

DR. W. E. FALCONER and DR. A. VAN TIGGELEN: 
It appears that the point in question here is whether 
or not there is a kinetic significance to the flame 
front thickness as we have defined it. 

I)r. Wcinberg makes a comparison between the 
laminar flame and a heated porous plate towards 
which a gas is streaming a t  a constant velocity. In 
that case a schlieren image would be observed which 

he states would bc located a t  a position which de- 
pends on the flow velocity, and, although not es- 
plicitly said in Weinberg’s comment, the distance 
from the plate will also vary with the temperature 
of the plate. However, what Dr. Weinberg does not 
point out is that the equilibrium plate temperature 
will depend upon the energy input to the plate per 
unit time, that is, the rate of heating. Once a given 
temperature is assumed for the plate, and the 
schlieren image is located a t  a distance fixed by the 
flow velocity of the impinging gas stream, the rate 
of heating of the plate is also fixed. 

The analogy with the flame lies in the fact that 
the rate of heating of the plate is equivalent to the 
rate of reaction in the flame front, which is of course 
flame kinetics. 

Weshould also point out that the variation of flame 
front thickness with initial temperature is not the 
relationship we have used to obtain kinetic informa- 
tion, as Dr. Weinberg intimates. However, when the 
initial temperature was varied, the agreement 
among the various experimental parameters re- 
mained unchanged. 

As Dr. Weinberg points out, the location of the 
schlieren image relative to the hot plate, or in our 
casc, to the flame front, is very sensitive to small 
temperature changes in the region of the schlieren 
zone; however, the distance between this zone and 
the hot front is even more critically aKected by the 
rate of heating of the fresh gases, which in turn is 
closely related to the ease of diffusion, and hence the 
Fixe, of the chain propagating radicals. The meas- 
urement is thus a sensitive indicator of the quantity 
in question. 

For these reasons, Dr. Weinberg’s comments, in- 
stead of constituting an objection to our work, give 
further support to our own conclusions. The meas- 
urement of the distance between the schlieren and 
visual image of the flame indeed gives us direct 
information about the reaction kinetics. The theo- 
retical equations needed to interpret the measure- 
ments have been derived in a previous work (refer- 
ence 2 of our paper). 
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of metal oxide which may be recovered in the 
combustion products. 

In the following paragraphs, the highlights of 
our earlier work' are reviewed. 

The plan has been to inject single spherical 
aluminum particles of controlled sizes (10 to 74 
microns) into hot product gases of propane- 
oxygen-nitrogen flames and to observe ignition 
and combustion behavior. A previously described' 
flat-flame burner of 4.25-em diameter, operating 
at atmospheric prcssure, was employed to 
produce a uniform laminar flow of combustion 
products of known and indrpendently variable 
temperature and oxygen content. (A substantial 
watrr vapor content, 14-15 per cent, was always 
present, a fact which will later be seen to be 
significant.) Combustion behavior of injected 
particles was studied both by photographic and 
particle-recovery techniques. 

It was found that injected particles would only 
ignite under certain conditions. Investigation of 
critical conditions for ignition showed that 
particle size and ambient osygen content were 
relatively unimportant variables, but an ambient 
gas temperature of about 230OoK was the neces- 
sary condition for ignition. This coincides with 
the melting point of aluminum oxide. A detailed 
mathematical theory of the ignition limit was 
developed' which assumes that melting of the 
protective oxide layer causrs a discontinuous 
increase in the surface reaction rate, leading to 
ignition. 

An ignition delay time was measured in those 
cases in which ignition occurred. This time, which 
was found to vary with the square: of particle 
diameter, was in agreement with a throretical 
calculation of its magnitude. The calculation m'as 
bawd on the particle being heated from its 

initial state to the alumina inclting point by 
conductive transfer from the hotter ambient 
gas. It was shown that the Nussclt number may 
be taken as two and that radiation may hr 
neglected under the prevailing cxpcrimcntal 
conditions. The agreement betwcrn measurement 
and calculation shows that oxidative h a t i n g  is 
negligible during this pre-ignition period. 

Studies of the combustion mechanism of the 
ignited particles revealed a number of un- 
espected phenomena. When the ambient gases 
contained less than 28-35 per cent oxygcn 
(depending on ambient temperature) , a burning 
particle would appcar as a sharp, straight, 
vertical track on an esposed photographic film. 
This mode of combustion is assoriatcd with 
growth of transparent alumina bubblcs. Tlic 
particles frequently burn on only one side, and 
may rotate at several thousand revolutions per 
second. The burning time is roughly proportional 
to the 1.5 power of particle diamrter. 

We believe that in the above mode of burnins 
the aluminum starts to boil soon after ignition 
and inflates the surrounding alumina bubble 
asymmetrically, the not-yet-burned metal ad- 
hering to one side of the bubble. The combus- 
tion occurs a t  the bubble, as aluminum vapor 
meets osygen. The bubble is an important diffn- 
sion barrier to reaction. 

At ambient oxygen contcnt ahovc 2 S 4 S  prr 
cent, anothcr phenomenon, fragmcntation, M as 
observed. Particulate matter may bc ejected in a 
random direction from the burning droplet. This 
may be preceded by ejection of a diffuse cloud 
from the burning particle, the cloud presumably 
being aluminum vapor burning to form colloidal 
alumina. The occurrence of droplct shatterin: 
greatly reduces burning time. 
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FIG. 1. Calculatcd adiabatic flame temperatures of CO-02-N2 mixtures at 1 atm. 
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relationships for combustion gases) 

FIG. 2.  Minimum ambient temperature for ignition of aluminum particle (Avg. particle diameter is 34 
microns). 

We believe that the higher reaction rates and 
mctal flame temperatures associated with the 
higher osygen content lead to more rapid boiling 
of the aluminum (superheating is possibly but 
not necessarily involved) , resulting in rupture 
of the alumina bubble. 

I n  the new work to be reported below, which is 
still in progress, emphasis is being placed on 
study of the variables governing transition 
between various modes of combustion. Effects of 
composition of ambient atmosphere and pressure 
are being sought in particular. 

Combustion in Moisture-Free Gases 

The hot gases produced by the propane-osygen- 
nitrogen flames utilized in the above-described 
work had a rather high watcr vapor content, 
typically about IS per cent. In  order to assess 
the significance of this variable, experiments 
have been conducted with dry carbon monoxide- 
oxygen-nitrogen flames, stabilized on the same 
burner. I n  order to obtain a stable flat flame, it 
has been necessary to add a small proportion of 
hydrogen to the mixture, so that about 0.5 per 

cent water vapor is now present in the com- 
bustion products. 

As in previous work,l the flame temperatures 
were computed by an IBM-704 program .which 
assumes adiabatic equilibrium conditions, and 
takes into account all pertinent dissociation 
equilibria. Temperatures were then corrected 
for the heat loss to the water-cooled burner. 
Adiabatic temperatures for carbon monoxide 
flames are shown in Fig. 1. 

The following esperimental rcsults on com- 
bustion of aluminum particles in low-moisturc 
gases are similar to the rcsults in high-moisture 
media: 

a. Ignition is very abrupt at all ambient oxy- 
gen concentrations higher than about 2 per cent. 
The pre-ignition delays increase with the square 
of particlc diameter as in the high-moisture 
gases. 

b. The most important requirement for igni- 
tion, by far, is that the metal particle be heated 
to the melting point of alumina (2303 f ZO°K). 
As has been shown in the previously developed 
theory,l this occurs a t  ambient temperatures 
between 2200' and 2300'R, depending on the 

TABLE 1 

Some Ignition and Combustion Times 

Avg. particle Ambient 
diameter temp. Per cent Per cent Ignition time Burning time 
(microns) ("W 0, H?O (t;, msec) ( tbr  msec) t b / t i  

3 5 2510 5 .8  l s . l  7.6 f 0.4 10.5 f 0.5 1 . 4  
49 2510 5.8 lS .1  11.7 f 0 .7  E19 1 .G 
35 2510 7.9 0 .5  10.7 f 1.0 6.6 f 0.7 0 .G 
49 2510 7 . 9  0 . 5  16.5 E l 2  0 . 7  
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uiuount of oxygen present. Figure 2 shows the 
minimum ignition temperatures as a function of 
osygen content for particles of 34-micron average 
clianieter both in high-moisture and low-moisture 
media. I t  can be seen that the linear relationship 
holds down to about 2 per cent of ambient osygen. 
The relatively wide scatter of the data a t  very 

low oxygen content is due to the fact that in 
such oxygen-poor gases the ignition criteria are 
ill-defined. 

Combustion of aluminum particles in low- 
moisture differs from that in high-moisture 
media in the following aspects: 

a. While the striking feature of aluminum 
combustion in the presence of appreciable 
amounts of water vapor is the growth of a hollow 
shell of aluminum oxide attached to the uncon- 
sumed portion of the metal particle, the com- 
pletely burned particle being a hollow sphere of 
translucent aluminum oxide of approximately 
the same size as the original aluminum, there is 
no evidence of such a process in low-moisture 
gases. Rather, the combustion is characterized 
by a steady diminution of the original particle; 
the oside product consists of particles of irregular 
shapes and widely varying sizes smaller than the 
original particle. If, however, a significant 
amount of hydrogen is added to the carbon 
monoxide flame, the large translucent bubbles 
reappear. The amount of hydrogen necessary for 
this result is 5 to 10 per cent. 

FIG. 3. Burning and fragmentation of 34-micron 
diameter particles. Ambient conditions: T = 

2390"K, 0 2  = 31.2%, HzO = 17.0%. 

FIG. 4. Burning of 34-micron diameter particles. 
Ambient conditions: T = 24SO"K, 0 2  = 34%, 

HsO = 0.5%. 
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b. Combustion of aluminum particles is con- 
siderably more rapid in low-moisture media 
than in the presence of appreciable amounts of 
water vapor. This can be seen from Table 1 
which gives experimental preignition and com- 
bustion times for two particle sizes in two 
atmospheres which arc similar except for widely 
different moisture contents. 

c. Whilc typical time-exposure photographs of 
burning particles in high-moisture gases show 
sharp tracks, there is much more diffuse lumi- 
nosity in the low-moisture gases. This is illu- 
stratcd by Figs. 3 and 4 which show photographs, 
taken at 1/50 scc, of burning particles in low- 
moisture and high-moisture media; the oxygen 
content in both cases is quite high. I n  the case of 
the high-moisture ambient gas, the tracks are 
sharp both before and after fragmentation which 
occurs after about 2 msec of burning. I n  the case 
of the low-moisture gas, large amounts of alumi- 
num vapor appear adjacent to tlic particle. This 
appearance is often accompanied by sudden 
change in the direction of motion of the particle. 

Combustion in Ammonium Perchlorate-Fuel 
Flames 

While burning of aluminum particles on the 
flat-flame burner has given good results at at- 
mospheric pressure, the method cannot be easily 
extended to higher pressures. A procedure is, 
therefore, being developed wherein aluminum 
particles are burned in the combustion products 
of ammonium perchlorate with fuels added. 
Combustion can take place either in the open or 
in a window bomb at pressures up to 2000 psi. 
Small amounts of spherical aluminum powder of 
controlled sizes are admised to the combustible 
mixture, and burned either pressed into strands 
or in loosely tamped powder form. The latter 
method, employed by Arden, Powling and 

appears somewhat more satisfactory. 
Our procedure has been to mix 0.05 or 0.1 per 
cent of aluminum powder of controlled size with 
a finely ground ammonium perchlorate-powdered 
organic fuel mixture which is tamped into 
cylindrical form (6.5 mm diam) surrounded by 
an annular “guard ring” of unaluminized per- 
chlorate-fuel mixture of 17 mm diameter. Both 
triosymethylene and plastisol-type polyvinyl 
chloride have been employed as fuels. The use of 
powdered fuels in a tamped or pressed composi- 
tion rather than a polymeric binder system per- 
mits much greater latitude in fuel-oxidizer ratios 
and fuel type to obtain desired flame tempera- 
tures and combustion product compositions. 
Figure 5 shows calculated adiabatic flame tem- 
peratures as a function of pressure for the am- 
monium perchlorate-triosymethylene system. 

2900 

2600 
c 
Y 

2300 
2 
2 2000 
5 

4 LT 

I- 

1700 

1400 
0 5 10 15 20 25 30 

TRIOXYMETHYLENE (per cent) 

FIG. 5.  Calculated adiabatic flame temperatures of 
ammonium perchlorate-trioxymethylene mixtures at  

several pressures. 

FIG. 6. Burning of pressed strands containing 78.7% 
ammonium perchlorate and 21.2% polyvinylchloride. 
Left: 0.1% aluminum (34-micron diameter) added. 

Right: no aluminum. 
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Experiments done so far have given the follow- 
ing results: 

a. Aluminum does not ignite in the products 
of pure ammonium perchlorate Aames a t  any 
pressurc up to 2000 psi. I n  view of the fact that 
temperatures in such flames are far below the 

FIG. 7. Burning of a loose powder containing S4% 
ammonium perchlorate and 16% trioxymethylene; 
0.05% aluminum (25-micron diameter) added. Am- 
bient conditions: T = 241Ci°K, 0 2  = 9.2%, 

H?O = 43.2%. 

melting point of alumina, this result is most 
reasonable. 

b. Aluminum particles do ignite in mixtures 
which contain sufficient amounts of fuel both a t  
atmospheric and at higher pressures. The mini- 
mum ambient temperature necessary for ignition 
a t  one atm is 225O-230O0K, in excellent agree- 
ment with the results obtained in the gas-burner 
work. 

e. The ambient gases in these experiments 
generally contain about 40 per cent water vapor, 
and the combustion process follows the general 
pattern previously established for high-moisture 
media. The particle tracks in photographs are 
sharp. Combustion products have been collected 
at atmospheric pr~ssure, and were found to 
contain translucent oxide bubbles. The particlcs 
fragment if there is sufficient oxygen in the hot 
ambient gases. Figwe 6 shows two pressed strands 
of mixtures of ammonium perchloratc and poly- 
vinyl chloride, one without aluminum, the other 
containing 0.1 per cent of aluminum powder, 
burning at atmospheric pressure; the product 
gas contains very little osygen. Figure 7 illu- 
strates the process of fragmentation as it occurs 
a t  atmospheric pressure in the flame products 
of a loose powder mixture of ammonium per- 
chlorate and triosymethylene. In  view of the 
fact that  the combustion gas in Fig. 7 contained 
only about 9 per cent of free oxygen, it appears 
probable that the fragmentation occurred upon 
contact with ambient air. 

Discussion 
The main topic requiring discussion is the 

pronounced difference in burning characteristics 
induced by the presence of water vapor in the 
combustion atmosphere. The discussion of this 
problem must be highly speculative, because 
very little is known of the alumina-water inter- 
action a t  flame temperatures. 

Brewer and Searcy7 heated molten alumina in a 
Knudsen effusion cell and found the rate of 
volatilization to be the same in the presence and 
absence of one micron pressure of hydrogen. 
They presumed from this that  no very stable 
gaseous aluminum subhydroxide species, such as 
AlOH or EIAIOz, esists. Also, Glemser and V o l ~ , ~  
studying volatility of solid alumina a t  170OoC, 
found no significant change when one atm of 
water vapor was present. However, R. F. 
Walker et al? have reported qualitative esperi- 
ments with the solar furnace which indicate the 
volatility of molten alumina to he considerably 
enhanced by a pressure of 25 mm water vapor. 
They are continuing the study of this interaction. 

It is clear that  more definitive experiments of 
behavior of molten alumina in the presence of 
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11 atcr vapor must be carried out before our coin- 
bustion results can be properly analyzed. Hom- 
ever, we tentatively suggest at this time that our 
results are indicative of a chemical alteration of 
some property of molten alumina by water. For 
example, if a subhydroside forms which is soluble, 
in the molten alumina and changes its surface 
tcnsion, or alternately forms early in the com- 
bustion process and decomposes again when the 
temperature has risen to a higher level, the 
bubble-forming property of the alumina to 
create a diffusion barrier to reaction could he 
influenced. 

Conclusions 
All esperimental observations point to the 

conclusion that thc ignition process is not 
affected by the moisture content of the hot 
ambient gas. The pre-ignition reaction is always 
controlled by diffusion through the oxide layer 
which coats the particle, and ignition occurs 
only when the layer melts, regardless of the 
composition of ambient gas. On the other hand, 
there is a distinct effect of water vapor on com- 
bustion of aluminum particles. In virtual absence 
of water, diffusion and combustion take place 
freely in the gas phase, whereas in the presence 
of significant amounts of water the process is 
impeded and confined to  a smaller region, bc- 
cause the reactants must diffuse through a 
condensed oxide layer. Hence the qualitative and 
qusntitativc differences. 
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Discussion 

PROF. I. GLASSMAN (Princeton University) : In 
our spectroscopic investigation of burning alu- 
minum wires in oxygen-inert gas mixtures, all 
bands and lines on the aluminum flame spectro- 
grams are identifiable as Al, AlO, and impurities, 
and none can be attributed to A1,O. The wavelength 
region covered was from the UV to 7400 (Fig. 1). 
Even time-resolved spectrograms synchronized with 
the ignition process show no unidentifiable bands 
which could possibly be ALO. Although A120 has 
been reported in very low pressure vaporization 
studies of A120, there is no evidence to support its 
existence in aluminum flames. The only possibility 
that could resolve this disagreement would be for 
A120 to be present as a short-lived intermediate a t  
the higher pressure a t  which aluminum flame experi- 
ments are carried out. 

It is our belief that aluminum oxide hollow 
spheres are obtained not from a build-up of alu- 
minum vapor pressure under a molten oxide, but 
from dissolved gas in the metal particle as initially 
suggested by Gordon.' Further, we believe that i t  

is the burning rate, heat loss, and particle size 
which determine the type of product obtained, as 
shown in Fig. 2.2 We would like to emphasize that 
in this scheme we showed the importance of having 
the surface temperature of thc particle reach the 
oxide melting point in order to allow rapid com- 
bustion to be established. Also, the authors imply 
that the flame temperature increases with increas- 
ing oxygen content and that this factor as well can 
play a part in the type of products found. It is not 
apparent to us that the temperature of an aluminiim 
particle diffusion flame could vary with the osygen 
concentration, except a t  very low concentrations. 
The statement made is inconsistent with the fact 
that the flame temperature corresponds to the boil- 
ing point of the oxide. 

In review of their past work the authors state 
that they find transparent alumina bubbles which 
they postulate are formed by metal vapor inflation. 
In their discussion of their new work they state that 
they find translucent spheres tho size of the original 
particle. One must conclude then that, the exhaust 
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FIG. 1. Flame spectrum of aluminum wire burning in a mixture of oxygen and argon a t  50 mm Hg. 
Oxygen 50%. 

spheres are inflated to the size of the initial particle, 
which would be somewhat fortuitous. 

In our work with aluminum wires burned in a 
certain regime of oxygen partial pressure and total 
pressure, we observe no change in the character of 
the aluminum flame or products with or without the 
presence of appreciable amounts of water vapor as 
shown in Figs. 3 and 4. In both cases vapor phase 

flames appear surrounding the lower ends of burning 
vertical wires. The appearance and spectrum of 
both flames are very similar. In the regime of opera- 
tion given in Figs. 3 and 4, most of the products are 
small translucent spheres some of which are hollow. 
It may be interesting to note that we find hollow 
spheres for Zr and Ti when they are burned in a 
moisture-free oxygen atmosphere (Fig. 5 ) .  More im- 

A. 

B. 
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< T i $  --.- @- OXIDATION -0 
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FIG. 2.  Postulated explanation of observed burningmechanisms of aluminum powders (from reference 2 ) .  
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FIG. 3. Vapor-phase flame surrounding thc lower 
end of a vertical aluminum wire. Pressure 50 mm 
Hg. Oxygen 50%; argon 50%. Wire diameter 0.9 mm. 

portant to this point are our magnesium studies. A 
complete total pressure-oxygen partial pressure 
map of the burning characteristics of Mg wires in 
0,A (moisture-free) mixtures was made. Again, in 
a certain regime hollow MgO spheres were found. 
From photographs taken the spheres appear to 
form in the flame zone. The boundary of each 
product regime has been associated with a change 
in burning mechanism as cstablished with corre- 
sponding spectrographic observations. 

From these corollary pieces of evidence, it is our 
opinion that the presence of the metal oxide product 
as hollow spheres is due to a combination of burning 
mechanism, oxygen partial pressure, total pressure, 
heat loss, and particle size. The presence of water 
vapor can alter only the burning mechanism. Ap- 
parently the authors are near a regime boundary 
where a slight change of burning mechanism as 
altered by the presence of water vapor places them 
in another product regime. 
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FIG. 4. Vapor-phase flame surrounding the lower 
end of a vertical aluminum wire. Pressure 50 mm 
Hg. Oxygen 50%; water vapor 50%. Wire diameter 

0.9 mm. 

of the 17th Meeting of the JANAF Solid Pro 
pellant Group, SPIA-APL, Johns Hopkins Uni- 
versity, Silver Spring, Maryland, May 19G1. 

DR. F. J. WEINBERG (Imperial College) : I should 
like to contribute some observations on the esperi- 
mental study of combustion involving both radiativc 
and molecular transport processes, in which the co- 
operative effects Friedman and MaEek mention, be- 
come serious. This arises from the work on dust 
flames by Mr. W. S. Affleck and myself. We sct out 
to stabilize a coal dust flame on a burner and, using 
the built-in particle tracks, deduce burning veloci- 
ties, temperature changes across the flame zones, 
etc. If such information is to have any absolute 
value, the flame must “think that it is infinite,” 
Le., i t  must be very large by comparison with the 
mean free path of photons as well as of molecules. 
But this is incompatible with the attempted meas- 
urement; for if the cloud is so large that its center 
becomes a black body then, by definition, it is im- 
possible to see those regions. 

We are therefore making use of the large differ- 
ence in the two kinds of mean free path. The dust 
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FIG. 5 .  Products of combustion of zirconium foil in oxygen (from reference 2). 

cloud under study is small enough to be transparent, 
yet the cross section of the burner from which it 
issues is effectively infinite for molecular transport 
processes. It is viewed through an aperture in a 
radiating cnclosure which surrounds it. The radia- 
tion from this enclosure corresponds to that of a 
black body a t  the (calculated) flame temperature of 
the cloud. A furnace would therefore not be ade- 
quatc and a luminous annular diffusion flame of a 
hydrocarbon with oxygen (with some nitrogen, if 
necessary) is used. This is adjusted until pyrometric 
and calorimetric measurements indicate the desired 
radiation level. In this manner the cloud is in radia- 
tion equilibrium and, a t  the same time, is accessible 
to optical methods. 

DR. H. SIXANFIELD (Aeronutronic) : The author 
has noted that a change occurs in the physical nature 
of the combustion products of aluminum where 
water vapor is present compared with the case 
where it is absent. It is worth noting that the 
presence of such a substantial amount of water 
vapor must result in a materially lower combustion 
temperature for the aluminum particle. On a dif- 
fusional basis, water will be principal reactant in 
the flame zone and the presence of the hydrogen 
will act as a diluent, leading to a reduced maximum 

temperature. In view of this, the surface tcmpera- 
ture of the central particle may be considerably 
lower, favoring excessive condensation of product 
aluminum oxide on the particle. It is suggested that 
this be checked as a possible source of the differences 
observed . 

DR. R. FRIEDMAX (Atlantic Research Corporation) : 
Dr. Shanfield suggests a materially lower flame 
temperature when water vapor is present in the 
oxidizing atmosphere because of hydrogen diluent. 
The calculation of combustion temperature under 
the prevailing nonadiabatic two-phase diffusion- 
flame conditions is a formidable task and we have 
not attempted it. Whilc there is a possibility that 
the point is valid, wc feel that the lowering of tem- 
perature would probably be quite small unless new 
species such as AlOH and HA102 form. Regardless 
of hydrogen, nitrogen is already present in substan- 
tial proportions as a diluent. Further, the high heat 
of vaporization of Also,, most of which remains un- 
vaporized, makes the flame temperature relatively 
insensitive to diluents. Again, our experiments 
showed no influence of ambient oxidizer tempera- 
ture on the combustion mode, and this should have 
had as much effect as diluent on combustion tem- 
perature. 



THEORY OF TRANSPORT PROPERTIES OF GASES 

E. A. MASON AND L. MONCHICK 

This paper reviews recent theoretical work, some still in progress, on the transport properties of 
gases, with emphasis on those aspects which may be of importance in connection with flame processes. 
The classical Chapman-Enskog theory of gaseous transport properties is strictly valid only for 
molecules interacting with a singlc central force law, and undergoing only elastic collisions. Real 
gases can difkr from this ideal model in a t  least three important respects: (1) Free radicals and 
valence-unsaturated atoms, such as occur in partially dissociated gases, can interact along a family 
of force laws rather than along a single force law, each force law corresponding to a different align- 
ment of the electron spins as the atoms approach. (2)  Real molecules usually have force laws which 
depend on the relative Orientation of two molecules, and so are angular-dependent and not central 
forces. This is especially pronounced for polar gases. (3) Diatomic and polyatomic molecules can 
undergo inclastic collisions and intcrchangc molecular energy. This affects the heat conductivity 
particularly strongly. 

Recent mcdifications of the Chapman-Enskog theory which allow these effects to be taken into 
account (at least approximately) retain the general form of the Chapman-Enskog formulas, but 
some of the quantities in the formulas must be interpreted and calculated differently. In addition, 
a new quantity enters, the relaxation time for the transfer of internaI molecular energy. The net 
result is that viscosities and diffusion coefficients are not affected much, but the heat conductivity 
is significantly affected. This should be taken into account in the estimation of commonly used di- 
mensionless ratios such as the Lewis number and the Prandtl number. 

Finally, there is discussed the peculiar special case of a dusty gas, which has also been treated 
earlier by Waldmann, using different methods. If the diameters of the dust particles are smaller 
than the mean free path of the gas molecules, the particles can be considered as giant molecules 
and treated by the prescnt kinetic theory methods. Flames and rocket exhausts frequently contain 
very small suspended particles, and it is pointed out that the effective forces acting on these particles, 
owing to gradients of temperature and composition in the gas, can be very large. 

Introduction 

The purpose of this paper is to report on some 
recent theoretical work on the kinetic theory of 
transport properties of' dilute gases, with empha- 
sis on those aspects which may be important in 
connection with flame proccsses. The rigorous 
Chapman-Enskog kinetic theory of gases in- 
volves, among others, three important assump- 
tions : 

1. A pair of molecules interacts according to 
a single force law. 

2.  This force law is central; i.e., the force 
depends only on the distance of separation be- 
tween the molecules. 

3. Molecular collisions are clastic. 

Thus the Chapman-Enskog theory strictly 
applies only to  the noble gases, although i t  often 
gives a good account of the viscosity and diffu- 
sion properties of simple nonpolar polyatomic 

gases.',3 Real gases can often violate these 
three assumptions, as follows: 

1. Free radicals and valence-unsaturated atoms, 
such as occur in partially dissociated gases, can 
interact according to a multiplicity of force laws 
rather than a single force law, each force law 
corresponding to  a different alignment of the 
electron spins as the atoms approach. For in- 
stance, two hydrogen atoms will strongly attract 
each other if their electron spins are antiparallel 
(paired), or they will repel cach other if their 
electron spins are parallel. These two situations 
correspond to  the and 32 spectroscopic states 
of Hz, respectively, and a collision of two hy- 
drogen atoms will on the average follow the l2 
force law of the time and the 32 force law $ of 
the time. 

2. Real diatomic and polyatomic molecules 
usually have intermolecular forces which depend 
on the relative orientation of two molecules as 
well as on their distance apart. These forces are 
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thus angular-dependent and not central forces. 
In some cases this complication can be avoided by 
assuming that the molecules interact on the 
average according to an effective central force 
la!$-, obtained by averaging the correct force law 
over all relative orientations. This assumption 
could hardly be expected to be satisfactory for 
polar molecules, however, for which the sign of 
the force a t  large separations (i.e., repulsion or 
attraction) depends on the relative orientation. 
I n  fact a simple unweighted average over all 
Orientations causes the dipole-dipole force to 
vanish, and so such averaging artificially de- 
stroys the polar nature of the molecules. 

3. Diatomic and polyatomic molecules can 
uiidergo inelastic collisions and interchange 
molecular internal and translational energy. 
Furthermore, polar molecules can often directly 
iiiterchange a quantum of rotational energy on 
collision, without any change in the relative 
translational energy. These effects do not seem 
to have any important influence on viscosity and 
diffusion, but do strongly influence the heat 
conductivity. 

Rccciit modifications and extensions of the 
Chapman-Enskog theory now allow us to take 
these effects into account, a t  least to a first 
approximation. This work is outlined in more 
detail in the following sections. Although some 
of the work is still in progress, the following 
general conclusions seem justified at this time. 
The Chapman-Enskog formulas retain their 
same general form, but some of the quantities in 
the formulas must be interpreted and calculated 
differently. I n  addition, some new quantities 
enter the formulas, which are essentially cross 
sections for the transfer ol' internal molecular 
energy. These are in some cases available es- 
perinlentally from relasation times detcrmined by 
ultrasonic or shock tube techniques, but in other 
cases they must be estimated theoretically from 
the properties of the molecules themselves, or as 
a last resort treated as disposable parameters. 
The net result is that  viscosities and diffusion 
coefficients are not affected much, but the heat 
conductivity is significantly affected in almost all 
cases. This should probably be taken into account 
in the estimation of commonly used dimensionless 
ratios such as the Lewis number and the Prandtl 
number. 

We first consider multiple interaction curves, 
and the solution of this problem suggests an 
approximate treatment of orientation-dependent 
forces, which are considered nest. Attempts to 
give a more mathematical expression to the 
physical arguments used to simplify the problem 
of Orientation-dependent forces are discussed. 
These lead further to an approximate calculation 

of the effects of inelastic collisions, which are 
considered in the third section following. Finally, 
in the last section a peculiar special case is men- 
tioned in which some of the molecules are es- 
tremely hcavy and large (but not larger than the 
mean free path). This case is approximated in 
practice by a gas containing small suspended 
particles of dust or droplets of liquid. From 
the present point of view these are simply giant 
molecules. This special case of a dusty gas has 
been treated earlier by Waldmann by different 
methods than those used here, with essentially 
the same results. What is perhaps significant, 
however, is that flames and rocket eshausts fre- 
quently contain very small suspended particles, 
and it turns out that  the effective forces acting 
on those particles, owing to temperature and 
composition gradients in the gas, can be very 
large. 

Multiple Force Laws 

To explain the effect of multiple force laws it is 
convenient to recall first the Chapman-Enskog 
results for a single force law, using the viscosity 
q as an illustration. For a pure gas composed of 
molecules of mass m at absolute temperature T ,  
the viscosity is'J 

where k is 13oltzmann's constant and r is a 
molecular '%ize" or range-of-force parameter. 
The heart of the theory is contained in the 
reduced collision integral Q@,?)*, a dimensionless 
quantity which depends on the temperature and 
on the force law through the angle of deflection x 
suffered in a binary molecular collisioii. The 
deflection angle is suitably averaged over all 
initial velocities g and impact parameters b to 
produce the collision integral, as follows: 

QC".")" = u-2 7 7  esp ( - 7 2 )  

X Irn [ (1 - cos2 x) b db] dy, (2) 

where 7." = (m/4kT)g2. The details of this es- 
pression do not concern us here; what matters is 
that  !W2)* can be calculated straightforwardly 
by classical mechanics if the force law is given as 
a function of molecular separation. The definition 
of fP2)* is such that it is equal to unity for rigid 
spheres of diameter u, so that its deviations from 
unity as the temperature is changed can be 
considered as a rough measure of the %oftness" 
of the intermolecular forces. Other collision 
integrals, involving somewhat different averaging 
over collisions than Eq. (2), arise for other 

0 
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transport properties; of course the expressions for 
multicomponent mixtures are algebraically much 
more complicated than Eq. (l), but the basic 
computational procedure is always the same. 

To allow Tor multiple force laws it is necessary 
to solve the whole kinetic theory problem over 
again from the very beginning. Somewhat 
surprisingly, the final result is quite simple and is 
valid to all degrees of the Chapman-Enskog 
approximation for mixtures of any complexity? 
All the formulas retain exactly their original 
form, but each collision integral which appears 
must be replaced by a weighted mean over the 
different possible force laws. That is, for a given 
pair of colliding molecules we make the rrplace- 
ment, 

(3) fi(l,v)* ---f (fi(~.~)*) E Cpt&(z.e)*, 
where p ,  is the statistical weight of the i th force 
law. For instance, in a gas composed of ground- 
state 1iydrog;cn atoms, the p ,  take just the two 
values of 3 and 2 in Eq. (3) .  After (fW)*) is 
formed, Eq. (1) can be used as it stands. I n  a 
gas composed of a mixture of ground-state 
hydrogen and nitrogen atoms, the p ,  take the 
values of a and 2 for H-H collisions; for N-N 
collisions they take the values -&, Ts, fk, and 
-& corresponding to the four spectroscopic 
states of the Nz molecule, and for N-H collisions 
they take the values 3 and $ corresponding to the 
two spectroscopic states of the NH molecule. 
Alter the average collision integrals are formed, 
the rest of the calculation proceeds as for a 
binary mixture of inert gas atoms. ( I t  is assumed 
in the foregoing that the same value of u is 
chosen for all curves corresponding to a given 
hinary encounter; otherwise it is the quantity 
u2Q(z,s)* that must be averaged.) 

Orientation-Dependent Forces 

Orientation-dependent forces produce two 
basic complications in the Chapman-Enskog 
theory. I n  the first place, they provide a mecha- 
nism for the interchange of rotational and trans 
lational energy, and so introduce all the tradi- 
tional difficulties associated with inelastie colli- 
sions in kinetic theory. I n  the second place, the 
very complicated molecular collision trajectories 
associated with orientation-dependent forces 
make the mathematical computations necessary 
to obtain a collision integral almost impossibly 
difficult, even for a modern computing machine, 
and even if inelastic collisions are ignored. 
Fortunately, a little consideration of the basic 
physics of molecular collisions suggests two 
simplifying assumptions which make the problem 
mathematically tractable? 

Two .lssu?nptions ubout Collisions 

The first assumption is that  the inelastic col- 
lisions, even though they may occur frequently, 
have little effect on the trajectories. Most in- 
elastic collisions might be expected to involve the 
transfer of only one or two quanta of rotational 
energy. At ordinary temperatures, however, this 
amount of energy is much less than kT ,  but the 
averay translational kinetic energy is of the 
order of kT.  On energy grounds me thus c\pcct 
rotational energy transfer to have only a sinnll 
effect on the trajectories, and we neglect it. 
Evidence from the transport properties of non- 
polar polyatomic gases also supports this as- 
sumption, since most of their transport proper- 
ties can be described fairly well on the basis of a 
central field force law.3 Thus the transport of 
momentum (viscosity) and of molecules (diffu- 
sion) are not much affected by inelastic collisions, 
and the very existence of molecular internal 
energy can largely be ignored for these properties. 
It cannot be ignored for any property which 
depends specifically on the transfer of internal 
energy, however, and this assumption is ad- 
mittedly inadequate for the heat conductivity of 
polyatomic gases. Heat conductivity requires s n  
entirely separate discussion, which is given in 
the next section. 

The second assumption concerns the distortion 
of a collision trajectory by the oricntatioii-de- 
pendent part of the intermolecular force. To at 
least a first approximation, the only feature of a 
collision which affects the transport properties 
is the angle of deflection x in a collision, as illu- 
strated by Eq. ( 2 ) .  Although the force acts along 
the whole trajectory, x is determined priinarily 
by the interaction in the vicinity of the distance 
of closest approach of the pair of colliding molc- 
cules. In more mathematical terms, the integral 
over the trajectory, which gives x as a function of 
g and b, has its integrand sharply peaked in the 
region corresponding to the distance of closest 
approach. Over a small portion of the trajectory 
around the distance of closest approach it seems 
reasonable that the relative orientation of two 
colliding molecules does not have time to change 
much, so that x is determined largely by only one 
relative orientation, rather than by all possible 
orientations assumed along the entire trajectory. 
We therefore assume that in a given collisioii 
only one relative orientation is effective, and for 
simplicity evaluate x as if the orientation were 
fixed a t  one value throughout the whole collision, 
since the orientations away from the distance of 
closest approach have little effect on x. Different 
collisions correspond to different fixed orienta- 
tions, but in any one collision the force law is 
now effectively spherically symmetric. The col- 
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lisiori clynainics of this problem are soluble, so 
that the original insoluble problem has been con- 
verted t o  a different one which is soluble. 

The approhimation of a fixed relative orienta- 
tion changes the emphasis of the problem from 
the collision dynamics to the kinetic theory. The 
kinetic theory problem now corresponds to a gas 
in which collisions follow not one intermolecular 
force law, but any one of a very large number 
of force laws, one for each relative orientation. 
Although we could not solve the original dy- 
namical problem, we can solve this new kinetic 
theory problem-in fact, i t  is just the problem 
n hose solution was discussed in the preceding 
section. 

Polar Gases and Gas Mixtures 

The foregoing approximations should be ap 
plicable to any angular-dependent force law, 
but the angular-dependent force of most practical 
interest is that between two dipoles, and this is 
the only case for which detailed numerical calcu- 
lations have yet been made? The simplest model 
which we can invent and which we may hope 
will mimic the main features of forces between 
two real polar molecules consists of a spherically 
symmetric force plus an angular-dependent force 
due to the two dipoles. For the spherical part it is 
reasonable to choose a form similar to that used 
for nonpolar molecules. A potential energy of 
interaction which has been very widely used for 
polar molecules is the Stockmayer potential, 

where cp is the potential energy between two 
molecules a t  a given separation distance r and a 
given relative orientaiton, pl and p2 are the 
molecular dipole moments, and 5‘ is the angle- 
dependent factor, 

f = 2 cos el cos 81 - sin el sin 82 cos 4, 
in which 01, 02, and 4 are the usual angles specify- 
ing the relative orientation of two dipoles. As 
p l  or p2 approaches zero, cp is just the Lennard- 
Jones (12-6) potential used for nonpolar gases, 
with a potential well depth of EO and a “diani- 
eter” of uo. 

According to our simplifying assumptions, 
collision integrals can be evaluated with r given 
a series of different fixed values, and then an 
average taken over the values of {. When this is 
clone, the kinetic theory of polar gases looks 
just like the kinetic theory of nonpolar gases, 
but with a different set of collision integrals 
which still have to be calculated by numerical 
integration. We have carried out these calcula- 
tions,” and used experimental viscosities and 
dipole moments of a number of polar gases to 

determilie the parameters €0 and uo of Eq. (4), 
which we then uscd to calculate other properties 
for comparison with espcximent. The overall 
agreement, which is discussed in detail else- 
where; is comparable to that obtained for non- 
polar gases with the Lennard-Jones (12-6) 
model. 

Although practically no measurements have 
been made on mistures of two or more polar 
gases, many measurements are available on 
mixtures of a polar and a nonpolar gas. Our 
model can be easily extended to include mis- 
turesJS with results for diffusion coefficients and 
viscosities which are generally of the order of 
experimental scatter ( 5  to 10% for diffusion and 
1 to 2% for viscosity). Thermal diffusion results 
are potentially the most interesting, since they 
are very sensitive to the intermolecular forces, 
but experimental data are scanty. Our pre- 
liminary results look promising, nevertheless.5 

Possible Further Applications 

Although our treatment of orientation-de- 
pendent forces has been applied only to polar 
gases, it  is applicable to any orientation-de- 
pendent force which falls off fairly rapidly with 
distance. It thus provides a mathematically 
tractable model for the investigation of the 
effect of molecular “shape” on gaseous transport 
properties. Although these “shape effects” are 
probably not of great importance in eases of 
interest in flame and combustion phenomena, the 
question has never been investigated in detail. 
It should now be possible to estimate these 
effects and see whether or not they need to be 
taken into account in fundamental flame pro- 
cesses. 

Hornig and Hirschfelder6 have given quantum- 
mechanical arguments for a similar treatment of 
collisions of molecules with angular-dependent 
forces. Essentially their argument amounts to the 
observation that the potential curves are func- 
tions only of r,  the distancc between the centers 
of mass of the two molecules, and the fact that 
in an impact parameter type of calculation the 
molecules will tend to follow one particular 
potential curve, although transitions between 
the various curves are possible. The results of a 
calculation along the lines proposed by these 
authors would be unambiguous only for large 
impact parameters, or if Ae << 1 in the notation 
of the ncxt section. In  an entirely different srgu- 
ment, Arthurs and Dalgarno’ show that the 
classical limit of a distorted wave approximation 
for the collision of a linear rotator and an ion 
leads to an averaging procedure for the cross 
sections similar to that outlined in the previous 
section. 
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Inelastic Collisions 

The arguments in the preceding section, about 
the effect of inelastic collisions, are plausible but 
not completely convincing. In  particular, there 
is the implicit assumption that the only effect of 
inelastic collisions on viscosity and diffusion is a 
distortion of the collision trajectories, so that if 
this distortion is negligible, then the whole effect 
of inelastic collisions is also negligible. It is 
conceivable that inelastic collisions might in- 
fluence these transport propertics in other mays 
than through the trajectories, and it would be 
comforting to be able to investigate this point 
in more detail. Such an investigation requires 
as a starting point a comprehensive kinetic 
theory for polyatomic gases which includes the 
effects of inelastic collisions. Such a theory 
actually exists for a pure gas, developed over ten 
years ago by Wang Chang and Uhlenbecks in a 
semiclassical approximation, and more recently 
by Taxmang for the classical limit. These theories 
formally solve the kinetic theory problem, but 
they appear almost unusable because the task of 
solving the dynamical problem of inelastic 
molecular collisions seems hopelessly compli- 
cated, even with modern computing facilities. 
However, when the formula for the viscosity 
is examined with the aim of providing a better 
justification for the approximations wc have 
madc, it becomes apparent that the terms re- 
ferring to inelastic collisions can be sorted into 
several types, some of which can be reasonably 
neglcctcd and some of which can be expressed in 
terms of other experimental quantities. This 
rather simple observation provided a key by 
which the effect of internal energy and inelastic 
collisions on the thermal conductivity could be 
handlcd by the existing formal theory. 

I n  the first part of this section we illustrate this 
line of approach for pure gases. To proceed to 
mixtures we first need to develop a formal ki- 
netic theory for multicomponent mixtures ana- 
logous to the theory of Wang Chang and Uhlcn- 
beck and of Tasman for pure gases. This is 
straightforward in principle but very compli- 
cated and tedious in practice, and we are still in 
the process of working it out in collaboration 
with Dr. Kwang-Sik Yun. ,4 few preliminary 
results are available, however, and these are 
discussed in the second part of this section. 

Pure Gases 

We first show how the formal theory can be 
handled for the comparatively simple properties 
of viscosity and diffusion, and then discuss the 
more complicated case of the thermal con- 
ductivity.lo 

Viscosity. The formal expression for the viscosity 
still looks like Eq. (1) , but the collision integral 
is more complicated: 

2 ~ & W ) * = [ t :  exp(-eEi)]-2 C exp ( - e i  - q) 
z i j k  I 

x Jo?T[y4(i - + +(A€)?  

- sin2 x]lijlcz a+, ( 5 )  

where the internal quantum states of the mole- 
cules are denoted by the subscripts i, j, k ,  I ,  
and e< = B&T, where Ei is the energy of the 
i th internal quantum state. A collision occurs 
between two molecules initially in internal 
quantum states i and j ,  which are scattered 
through the polar angle x and the azimuth angle 
4, and end up in states k and 1. The differential 
cross section for this scattering process is Iijkl = 
l i t L ( g ,  X ,  Cp), and Ae = ck + EL - ~i - ~j = 
y2 - y'2 , where the prime refers to the relative 
kinetic energy after collision. 

According to our assumptions, A€ << y2, and 
the terms in A€ may be dropped from Eq. ( 5 ) .  
The assumption of negligible distortion of the 
trajectory means that can be replaced by 
the differential cross section for elastic scattering, 
Iel. The summation over internal states can be 
carried out because we assume the translational 
motion is independent of the internal states, aiid 
the integration over d+ yields 2n. Thus Eq. ( 5 )  
reduces to 

& p a *  = y7 esl, (+) dy lm 
X /i Ie~( l  - cos2 x) sin x dx, (6) 

which is exactly equivalent to Eq. (2) in the 
classical limit, for which Iel sin x dx = b db.'f2 

We thus find that  our approximations do 
indeed lead to a mathematically consistent result. 
We can even proceed to a higher approximation, 
since the terms involving are given by the 
theory in terms of a relaxation time 7: 

0 

T-' = ( 2nk/cint) ( k  T / ~ r n )  exp ( - ~ i ) ] - ~  
i 

X C exp ( - ~ i  - q) 
igc 1 
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where n is the number of molecules per cc and 
tint is the internal heat capacity per molecule. 
It is convenient to break the coupling between 
internal and translational motion which occurs 
in the term sin2x of Eq. ( 5 )  by using some 
sort of average value for sin2x. This procedure 
yields 

where is the clastic collision approximation 
obtained from Eq. (6). If we use for a 
value of Q corresponding to the rigid sphere 
model, we find the correction term vanishes. To 
a rough second approximation, then, the vis- 
cosity is not affected by inelastic collisions. 

Di$usion. Diffusion is really a mixture property, 
even self-diffusion in pure gases, and the follow- 
ing result for the self. diffusion coefficient Dll is 
really a limiting case of the result in the second 
section: 

X J,' (y' - yy' cos x) sin x dx [ d#~, 

(10) 

where p = nm is the gas density. If for a first 
approiimation we entirely neglect inelastic 
collisions, we recover immediately the Chapman- 
Enskog elpression. For a second approximation 
yy' may be expanded as a series in Ae and only 
the first two terms kept.1° The first term gives 
us back the Chapman-Enskog expression; the 
second term is linear in Ae and should integrate 
approximately to zero, since Ae would be es- 
pccted to be negative about as often as positive. 
I o  a rough second approximation, thc self- 
diffusion coefficient is also not affected by 
inelastic collisions. 

Thermal Conductivity. The traditional approsi- 
mate approach initiated by Eucken has been to 
break up the transport of energy into two 
parts: one due to the translational energy of the 
molecules, which is taken to be the same as for 
the inert gases, and one due to the internal energy 
of the molecules, which is assumed to be trans- 
ported by a diffusion mechanism. This approach 

7 ,  

leads to the following expression for the thermal 
conductivity X: 

Xm/T = $($k)  + (P&/v) (Cint), (11) 

= Xtrmh + hintm/777, 

where the first term on the right is the trans- 
lational contributiori and the second term is the 
internal contribution. 

The formal expression for X given by Wang 
Chang and Uhlenbeck is quite complicated, and 
we shall not write it out; but when we neglect 
inelastic collisions and distortions of trajectories, 
we find to our surprise that Eq. (11) emerges 
directly. Although Eq. (11) has been derived 
many times by a variety of argumcnts, this is 
the first derivation by purely kinetic theory 
methods (for details see reference 10). Having 
established this much, we can now go one step 
further and include a t  least a first-order correc- 
tion for the inelastic collisions. Instead of the 
factors (s) and (pDll /~)  in Eq. (11) we get 

in which Dint is the diffusion coefficient for the 
diffusion of internal energy, and 17 is the true 
(experimental) viscosity, not just an approxi- 
ination to it. For nonpolar polyatomic gases 
Dint should be essentially the same as Dll. 

Equations (12) and (13) seem to give quite 
satisfactory agreement with experiment for 
nonpolar gases, as far as we have been able to 
test them,'" and most of the previously noted 
anomalies in the ratiof = XIIf/qCv are accounted 
for quantitatively. It turns out that  the only 
significant contribution to r under ordinary 
circumstances is that due to the interchange of 
rotational and translational energy. The decrease 
of At, and the increase of Xin$ with the onset of 
energy interchange between internal and trans- 
lational energy are very likely universally true. 
This was deduced 20 years ago in an intuitive 
argument by Schafer, Rating, and Eucken.'l 
They observed that the rate of transport of 
translational energy in the absence of energy 
exchange is times as fast as the transport of 
internal energy (taking p&/v = 1 for sim- 
plicity) . This is because the molecules with 
translational energy +mvz > $kT travel faster 
than inolecules with $mu2 = 3kT. When an 
average is taken over all velocities, the factor 
$mu2 shifts the maximum of the velocity dis- 
tribution and increases the net rate of transport 
of translational energy. When there is a possi- 
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bility of interchange of translational and internal 
energy, they argued, a molecule may travel with 
its energy in the form of translational energy 
part of the time and in the form of internal 
enerp;y part of' the time. The result will be a 
decrease in the net rate of transport of trans- 
lational energy and an increase in the net ratc of 
transport of internal energy. 

For polar gases a second effect is often im- 
portant in that a resonant exchange of rotational 
energy between two molecules is probable. 
Thus a glancing collision with exchange looks 
like a head-on collision without cschange, as far 
as tlic transport of the quantum of internal 
energy is concerned. This has the effect of re- 
ducing the value of Dint below that of D11. This 
exchange effect can be calculated theoretically 
without too much trouble because of the reso- 
nance conditions, and nicely explains the fact 
that the thermal conductivity of some polar 
gases appears anomalously low. 

Detailed numerical computations and com- 
parisons with experimental results arc given in 
reference 10. 

Mixtures 

The trick by which we have made the formal 
kinetic theory of pure polyatomic gases usable 
is to avoid trying to solve the difficult dynamical 
problem inherent in the differential cross sections 
1 1 ) 2 ( g ,  x, +), and instead to lump together the 
difficult parts and express them in terms of new 
experimental quantities, the relaxation times. 
We are, so to speak, letting tlie experiments 
evaluate the integrals for us. This can obviously 
be extended to mixtures, which arc the cases of 
real interest in practical applications. Our work 
on this is still in progress, but we can a t  present 
report on the results for diffusion and viscosity. 

Di.ffusion. Multicomponent diffusion is com- 
pletely described by a set of binary diffusion 
coefficients,2 so we need consider only these. 
The expression is 

where 

where p = mlm2/(ml + mz) is the reduced mass 
of a pair of colliding molecules of species 1 and 2, 
and now y2 = (p /2kT)g2 .  We can make exactly 
the same approximations as for Dll, and we find 
that to a rough second approximation the binary 
diffusion coefficient is not affected by internal 
energy and inelastic collisions. 

Viscosity. The classical expression for the vis- 
cosity of a multicomponent mixture of gases with 
central forces and elastic collisions is2 

where x ;  is the mole fraction of tlie i th coni- 
ponent and 

When we formally allow for inelastic collisions, 
we find that the results can be arranged to look 
exactly like Eqs. (15)-(17), with true (experi- 
mental) values of r ] ,  and D,, rather than elastic 
approximations, but that the collision integrals 
in the ratio A,,* are now given by Eqs. (5) and 
(14), with of course 2pt3 replacing m everywhere. 
In other words, the relation among experimental 
quantities is practically the same whether elastic 
collisions occur or not, and we can deposit the 
whole deviation from the relation in the quantity 
A,,*. But when we make our systematic approxi- 
mations to evaluate the effect of inelastic colli- 
sions on we find as before that there is no 
effect to at least a rough second approximation. 

Equations (15)-(18) can be used to calculate 
diffusion coefficients from measurements on the 
viscosity of mixtures without the introduction of 
any specific information about intermolecular 
forces, other than through their very weak in- 
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Aucnce on L3*. Very good agreement with direct 
nieasureinents of diffusion coefficients has been 
obtained for inistures of simple nonpolar gases.lL 
The loregoing results now validate this useful 
procedure for mixtures involving polar molecules 
and complicated polyatomic molecules. 

Other Trunsport Properties. The properties of 
mpst interest from the point of view of inelastic 
collisions are thermal conductivity and thermal 
diffusion. Unfortunately the results for these 
properties are estreniely complicated when 
inelastic collisions are possible, and no final 
results have yet been obtained. 

A Special Example : Dusty Gases 

There is a peculiar special case, of some 
practical interest, \\hich can be treated by the 
methods outlined in the preceding sections. 
It arises mhen one of the species in a gas mixture 
is present only as a trace (i.e., its mole fraction 
approaches zero), but the molecules of this 
species are much heavier and much larger than 
any other molecules in the mixture. Such a situa- 
tion is closely approximated in practice by a gas 
mixture containing small suspended particles 
(dust, smohe, aerosols, etc.) , the suspended 
particles acting like giant molecules. For brevity 
we refer to such a mixture as a dusty gas. It 
turiis out that  the effective forces on the dust 
particles, due to gradients of temperature, pres- 
sure, or composition in the gas, can be extremely 
large. For instance, a temperature difference of 
the order of a degree is sufficient to sweep almost 
all the dust out of the gradient region and into 
the colder boundary, if sufficient time is allowed 
to reach the steady state. The subject goes back 
at least to 1S70, ahen Tyndall noticed a dust- 
free region (the "Tyndall dark space") in the 
gas space about a hot body,13 but it is only in 
comparatively recent times that  the subject has 
been viewed as merely a peculiar special case of 
the kinetic theory of gases. Since flames and 
rocket exhausts frequently contain very small 
suspended particles whose behavior may be of 
importance in understanding the flame processes, 
this special case may be of some interest in this 
symposium. 

The dusty gas has been treated by Wal~lmann'~ 
by the procedure of adding up all the impulses 
transferred to a dust particle by the colliding 
gas molecules. Much the same procedure was 
carried through independently even earlier by 
Russian workers.15 These momentum transfer 
calculations are much more difficult to carry 
through than the kinetic theory calculations 
(essentially because the difficult part of the 
calculation has already been completed in the 

kinetic theory), but the results are of course 
the same. The kinetic theory approach has been 
carried through by Mason and Chapnian.l' 

The results depend to some estent on the 
nature of the collisions between gas molecules 
and dust particles. It is usually assumed that the 
dust particles can be taken as spheres and three 
scattering patterns are distinguished: 

(a) Elastically specular scattering, in which 
the impinging molecule is reflected specularly 
from the sphere with no change in relative 
velocity. This corresponds to the classica1 
Chapman-Enskog kinetic theory case, and 
leads to a collision integral for diffusion of dust 
particles of radius R of 

(b) Elastically diffuse scattering, in which 
the gas molecules rebound from the sphere with 
unchanged relative velocity, but in random 
directions. This corresponds to the multiplicity 
of interaction curves discussed in the second 
section, and gives a collision integral for diffu- 
sion of 

,,%Q(1,1)* = (13/9) TP. (20) 
Usually specular and diffuse scattering are 
mised, it being assumed that a fraction f re- 
bounds diffusely and the remainder specularly. 
This yields Q(lJ)* = 1 + (4/9)f. 

(e) Thermally diffuse scattering, in which the 
gas molecules rebound from the sphere with a 
random distribution of directions and a random 
(Maswellian) distribution of speeds. This cor- 
responds to inelastic collisions and must be 
treated by the methods of the preceding section. 
The collision integral for diffusion found by 
Waldmann for this case isI4 

,SQCI,l)* = [I + (n/8)]aR2. (21) 

If specular and thermally diffuse scattering are 
mised by assuming that a fraction a rebounds 
diffusely and the remainder specularly, the 
result is WJ)* = I + ( n / S )  a. 

Among the most interesting results for the 
dusty gas are the strong forces exerted on the 
dust by a temperature gradient. This corre- 
sponds to the kinetic theory phenomenon of 
thermal diffusion. The thermal diffusion factor a 
for the dusty gas, as worked out by the methods 
outlined earlier in the preceding section, can be 
written as 

cz = (1/5) (6c12* - 5 )  ( TXtJpDiz) (22) 
where Cl2" is a collision integral ratio (analogous 
to 8 1 2 * ) ,  At, is the translational heat conductivity 
of the gas, and 0 1 2  is the diffusion coefficient 
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of the dust through the gas. For ordinary gas 
mixtures cy is of the order of magnitude of unity 
or less. But  for a dusty gas cy is of the order of 
magnitude of lo6  to  108.14 This accounts for the 
tremendous effect of a very small temperature 
difference on suspended dust particles. Of 
course, DlZ is reduced by a similar factor, so that 
the operation of thermal diffusion in a dusty 
gas is rather slow compared to that in an ordi- 
nary gas mixture, although much greater in 
magnitude. 

For scattering patterns (a) and (b) , the value 
of (6Clz* - 5 )  is unity, but for scattering 
pattern (c) , Waldmann's results suggest that 
(6Ciz" - 5 )  = [l + (7r/S)u]-l. The occurrence 
of A,, in Eq. ( 2 2 )  is particularly interesting. 
Usually one succeeds only in measuring the total 
thermal conductivity X = At, + Alnt.  This sug- 
gests that  it may be possible to  make a direct 
measurement of At, and so check individually the 
results given in Eqs. (12) and (13) for the effect 
of inelastic collisions on thermal conductivity. 
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Discussion 

DR. R. S. BROKAW ( N A S A ) :  The thermal con- 
ductivities of highly polar gases (e.g., HF, H20, 
NHI) appear to be anomalously low in relation to 
their viscosities. Mason and Monchick propose that 
this effect is largely duc to a resonant exchange of 
rotational energy, which is probable on self-col- 
lisions of polar molecules. 

We have made preliminary measurements on the 
relative thermal conductivities of H20 and D20 
which we believe provide experimental verification 
of Mason and Monchick's postulate. In the absence 
of the resonant phenomenon we expect the thermal 
conductivity of H20 to be somewhat larger than 
that of D2O. This is a consequence of the smaller 
mass of ordinary water and also the smaller mo- 
ments of inertia (which lead to larger rotational 
relaxation times for ordinary water). These factors 
are expected to outweigh the effect of the some- 
what greater heat capacity of DzO. 

On the other hand, the resonance correction is 

inversely dependent on the moments of inertia and, 
hence, is larger for H20. From Mason and Mon- 
chick's equations [J. Chem. Phys. 36, 1622 (1962)], 
we calculate that if the resonant exchange of rota- 
tional energy does indeed occur, it will outweigh a11 
other effects and the thermal conductivity of H20 
should be smaller than that of D20. 

We have used a Gow-Mac thermal conductivity 
analyzer to compare the conductivities of H20 and 
D20 a t  215°C. The apparatus was calibrated using 
air, 0 2 ,  Nz, COS, HzO, and Ar. Results may be 
summarized as follows: 

Theory 

Nonresonant Resonant 
XH20/XD20 -1.05 0.92-0.99 

Experiment 
-______ 

XH20/XD20 0.9S6 

3 
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Thus, experiment indicated that resonant es- 
change of rotational energy does indeed affect the 
thermal conductivities of polar gases. The calcula- 
tion for resonant theory is uncertain to some extent 
because it was necessary to approximate the water 
molecule as a symmetric top, whereas it is in fact 
quite asymmetric. We plan to carry out more re- 
fined measurements which will include other iso- 
topically substituted polar gases as well. 

PROF. L. WALDMANN (Max-Planck-Institut, 
M a i m ) :  Generally I should like to emphasize that 
onc is very much impressed by the progress which 
Dr. Mason and Dr. Monchick have made in the 
theory of polyatomic gases. For the first time they 
have made detailed and realistic calculations on a 
sound kinetic theory basis and shown that an over- 
all qunntitative picture is possible. 

Now there are some comments and questions. 

Multiple Force Laws 

The state of a gas, the molecules of which are 
capable of the degenerate internal eigenstates q~ 
(different orientations), has exactly to be described 
by a dittribution matrixf(t, r, C)MM,. The subscripts 
M and M' are magnetic quantum numbers running 
from -J  to J ,  and c means the molecular velocity. 
The uncorrelated distribution matrix of two mole- 
cules is given by 

~ M M ~ , M , M ~ ~ ( c ,  c') = ~ M M ~ ( C ) J C W ~ M ~ ~ ( C I )  
or in short matrix notation 

f ( C ,  c,) = f(C) x f(C1) 

For the distribution matrix thc following matrix 
Boltzmann equation is valid 

= Jtrl (Sate, e')f(c', c l ' )a+ ie ' ,  e)de' 

- (27r/i)[a(e, e)f(c, CI) - f(c, cl)a+(e, e)])g dcl/k2 

Here, a means the matrix scattering amplitude for a 
binary collision of two molecules with relative 
velocity g' = ge' before collision and g = ge after 
collision and trl means trace over the second of 
the pair of subscripts in those matrices like a(e, e') 
or f(c, cl). The wave number is denoted by k .  

From this matrix Boltzmann equation, which has 
been derived by the discussor' and independently in 
a subsequent paper 'by R. F. Snider: the multiple 
force law formalism may be obtained by two steps. 

(1) One assumes the scattering amplitude a to be 
diagonal 

aMMiM'M1' = aMM$MM'6MIMI' 

(2) One assumes the distribution matrisf(c) to be 
diagonal 

fMM'(c) = fM(C)6MMt 

a t  time t = 0. Then the latter is true a t  any time 
and the matrix Boltzmann equation turns out to be 
of the clasdical mixture type 

afM (c) - + ... 
at 

with the scattering cross section 

CQ4M, = k-* I a M M ,  12 

Finally, isotropical orientation is assumed: 

By summing on M one obtains a classical Boltz- 
mann equation of the pure gas type for the dis- 
tribution function f(c) with the effective differential 
cross section 

1 
uMM1 g=- 

(2J + 1)2MMl 

This immediately yields Eq. (3) of the Mason- 
Monchick paper. 

Fixed Orientation during Collision 

There are phenomena which are not covered by 
this approsimation. The assumption of fixed orien- 
tation means that the molecular moment of inertia 
should not influence the gas kinetic coeflicients. 
However, one observes, c.g., with the mixtures of 
the hydrogen isotoped, a thermal diffusion factor 
according to the semi-empirical formula3 

(m, molecular mass, 8, molecular moment of inertia). 
Especially, one observes with the isobaric mixture 
Dr/HT a thermal diffusion factor, resulting solely 
from the difference in the moments of inertia, which 
is nearly as great as the thermal diffusion factor for 
DT/Dz. Physically one might say that a molecule 
with small e is more easily turned around in a col- 
lision than a molecule of large 6 and thus has ef- 
fectively a smaller cross section, the molecules with 
smaller 6 thus going to the hot side in a temperature 
gradient, as the small molecules do in the mon- 
atomic case. Obviously this effect cannot be under- 
stood if the orientation of the molecules is assumed 
to be fixed during collision (putting e = 03, so to 
speak). 



To study thc cffcct of thc momcnt of inertia, 
E. Triibenbacher‘ has calculated the thermal dif- 
fusion for a binary isobaric mixture of rough sphere 
molecules. The sign of OL was in accordance with the 
D2/HT experiments; the calculated absolute value, 
was however, much too small (by about a factor 
of 20). 

Shape EJects 

In support of the assumption that shape eflects 
are vmall, one might refer to the viscosity and heat 
conductivity of para and ortho hydrogen a t  20°K. 
Both coefficients are different by only 0.5% for 
both modifications.6,6 The para molecules are not 
rotating; there is only one potential for them. The 
ortho molecules are rotating; they have a potential 
depending considerably on the orientation. Ncver- 
theless, there is nearly no diffcrcnce in viscosity 
and heat conductivity! 

Inverse Collisions 

The detailcd balance relation for the cross section 
Zcrl,z~ follows exactly from quantum mechanics and 
I should think that there are no intuitive elements 
in the derivation, as, e.g., given by the divcussor in 
Handbuch der Physik.7 

The argument briefly runs as follows. Let II’, I,‘ 
comprise the angular momentum and magnetic 
quantum numbcrs of two molecules before collision; 
and let k’ = k‘e‘ be their relative momentum before 
collision. The asymptotic wave function depending 
on thc relative coordinate r and thc quantum num- 
bers 1 1 Z 2  then is 

esp irk 
r(kk‘j I 

+- a(eZl12, e‘lI’12‘, E )  

Here e = r/r is a unit vector, E means the total 
rnergy in the ccnter of mass systcm-this variable 
will be omitted in the following-and k is the wave 
number after collision. The incoming intensity is 
proportional to k’; the scattered intensity per unit 
solid angle is proportional to k .  (kk’)-I J a 12 = 
k‘. 1 a The cross section for an inelastic 
scattering process leading from the state e’11’12’ to 
the state e11Z2 therefore is 

From invariance of molecular dynamics under time 
reversal follows 

a ( e Z J 2 ,  e’11’Z2’) = a(-e’  - Il - Zz ,  -e  - Il 12j 

so that 

k’a(e’Zl’12’ --f e l J 2 )  

= k*u(-e  - Z l  - Z z  ---f -e‘ - ZI’ - I,’) 

Now, the sum may be taken on the magnctic quan- 
tum numbers contained in 11, ctc., on both sidcs of 
this relation. Then one is left with only tlic angular 
momentum quantum numbers which shall be de- 
noted by z j  and z ‘ j ,  respectively. The niagnetic 
quantum number sum of the U’S may be denoted by 
I .  Hence one finds the final detailed balance relation 

This equation is also valid if by rearrangement, of 
atoms the molecular masses arc changed during 
collision (binary chemical reaction). 

Determination of At, by Obsewation of Dust Particles 

The force K on a small spherical drop with radius 
r and velocity d 8 p T L )  in a resting polyatomic gas with 
molecular mass m, pressure p ,  and translational 
heat conductivity At, is given by Eq. (5.1) of 
reference (14) 

in thc two limiting cases in which (a) the rcbounding 
molecules are translationally entirely accommodated 
to the temperature of the drop, but their internal 
energy is conserved, and (b) both energies, transla- 
tional and internal, are fully accommodated in a 
collision with the drop surface. Hence, the observa- 
tion of the motion of a small oil drop (or dust 
particle) in a heat conducting gas should indeed 
provide a good means for the determination of A t , .  

This statement is easily inferred from the general 
formula for the force dK on a surface element dS 
with normal unit vector e directed into the gas 

Here, f; means the distribution function of the mole- 
cules in the internal state i, cc = c - e  and the sub- 
scripts - and + on the intcgrals mean integration 
on the incoming or outgoing molecules, respectively, 
as in Eq. (1.1) of reference (14). 

Now, in the above case (a), the distribution of 
the outgoing molecules is 

where f;(o) denotes an equilibrium distribution and 
where ni+ is determined by individual particle con- 
servation : 

This immediately yields n;+/ni = 2 ( d ) Z ;  and 

where the integrals Zi, Zi are given by (6.la,b) of 
reference (14). In the above case (b) one has 
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wlierc n+ is determined by over-all particle con- 
servation 

2(J-c,f ,  d3c + J c f * +  dJc) = u 

This yields n+/n = 2 ( d )  2$+ 2, and thence the same 
formula for dK as in case (a). 

Case (a) can be treated further along the same 
lines as thc monatomic gas mixture in referen.& 
(14). Putting 

with B = m/2kT, S being the Sonine polynomials, 
and ,4 i,? being series coefficients, one obtains for the 
temperature force in first approximation 

The heat conductivity is exactly given by 

2 , 1  - ~ 

2 , n  ( 2 kT - & 
k n2 5 =-E- - A  

E ,  being the internal energy. From this expression, 
the translational heat conductivity is taken ac- 
cording to 

516 n 
At, = -C" At.1 

4 % n  

and this now yields directly the formula for K stated 
a t  the beginning. Finally, in case (b), the same 
formula for dK being valid as in case (a), the result 
for K covers both limiting cases. 

DR. L. MONCHICK (AI'LIThe Johns Napkins  
University) : Professor Waldmann has gone into the 
fundamental theory deeper than we have: we have 
begun, essentially, where he has ended. I think that 
we are in substantial agreement in most things. 

The fixed orientation approximation cannot ex- 
plain all effects and for thermal diffusion ratios we 
would expect that inelastic effects would be im- 
portant. This is a consequence of the well-known 
fact that, whereas most transport properties depend 
primarily on the existence of collisions, thermal dif- 
fusion depends primarily on their nature. 

We re-evaluated the Wang Chang, Uhlenbeck 
formulas using the symmetry condition advocated 
by Professor Waldmann and found no change. 
Indeed, it seems that for ordinary processes kinetic 
theory seems to be independent of whether exact 
detailed balance or quasi-detailed balance is as- 
sumed. 
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ROTATIONAL RELAXATION AND THE RELATION BETWEEN 
THERMAL CONDUCTIVITY AND VISCOSITY FOR SOM 

NONPOLAR POLYATOMIC GASES 

R. S. BROBXW AND C. O'NEAL, JR. 

The dimemionless ratio f = XM/qC, relating the thermal conductivity, molecular weight, vis- 
cosity, and constant vo!ume molar heat capacity has been determined experimentally for oxygen, 
nitrogen, carbon dioxide, and acetylene (linear molecules), 2nd also methane (nonlinear) in the 
neighborhood of room temperature (275"-29O0K.). The experimental method provides a direct de- 
termination o f f  by memurement of the subsonic temperature recovery factor. A recent theory of 
Mavon and Monchick has been used to obtain collision numbers for rotational relaxation from the 
experimental dsta. 4 quantitative, but semiemgirical analysis of the data on the linear molecules 
indicates that coilisior, numbers fcr rotational relaxation for rhese molecules are determined by the 
following factors: (1) the molecular mass distribution, ( 2 )  the strength of the intermolecular nt- 
tractive forces, and (3) the moleculw asymmetry (characterized by the quadrupoie moment). An 
empirical expression for collision number which involves these factors gives values for nitrogen, 
oxygen, and carbon dioxide which are nearly independent of temperature over the range which has 
been investigated experimentally. The data on methane show that a different expression is required 
for nonlinear molecules. 

Introduction 

Fundamental flame, processes involve a com- 
plex wedding of transport properties and chemical 
kinetics. Thus a precise esperimental and theo- 
retical knowledge of the transport phenomena is 
basic to a detailed analysis and understanding of 
flames. This paper concerns an experimental in- 
vestigation of the relation between thermal con- 
ductivity and viscosity. A theoretical analysis of 
the results yields informat,ion on rotational energy 
nlasation rates. 

The fundamental equations of rigorous kinetic 
theory were established by Maswell and Boltz- 
msnn, starting about a century ago, and in 1916- 
17 Chapman and Enskog independently obtained 
Pneral solutions of these equations for the trans- 
Port properties of monatomic gases.' However, i t  
1s only relatively recently that the necessary 
tnnsport integrals (which must be evaluat,ed 
PJmerically) havt? been computed for inter- 
?olecular potentials which approximate the 
:ones betweea real molecuIes.'-6 

Although the rigorous Chapman-Enskog 
" W n ;  is applicable strictly only to the noble 
Ys. it provides a reasonable description of the 
'jsosity and diffusion coefficients of nonpolar 
:dYstorriic gases and gas mist,ures. This is pre- 
'umhly because the presence or absence of 
,nbnal energy states has little effect on the 

I 
transport of momentum or mass. On the other 
hand the internal degrees of freedom can make a 
substantial contribution to the energy flus, so 
that the theory must be modified to account for 
the thermal conductivity of polyatomic gases. 

it is convenient to examine the thermal con- 
ductivity of a gas in terms of its relationship to 
the viscosity through the diniensionIess ratio 

f = X14!f/qCv. 

Here X is the thermal conductivity, and 7 is the 
viscosity; iM is the molecular weight, while C, is 
the constant-volume heat capacity. According to 
ultrasimplified kinetic theory,6 f = 1. However, 
the Chapman-Enskog theory for monatomk 
gases predicts that f should be very nearly 5 / 2 .  
This is due to the fact that the translational 
energy is related to the molecular velocity; the 
molecules possessing the most energy are the most 
rapid, have the longest mean free paths, and 
hence make an enhanced contribution to the 
heat transport. Indeed, it is found eArerimentally 
that f is about 2.5 for the noble gases. 

For polyatomic gases, f is less than 2 2 ,  being 
least for molecules with the most complex struc- 
tures. In other words. j i s  smailest when the molar 
heat capacity is largest and originates mostly 
from internal eiiergy modes. Consequently, 
Eucken' suggested that the transport of tmnsia- 

735 
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tional and internal energy be considcred sepa- 
rately. and proposed 

f = (ftransCctrms + . f m t C v m t ) / C v .  

where Cwtrans and CSlnt are the translational and 
internal contributions to the total heat capacity 
C,,. Eucken assumed ftrans = 5/2, by analogy 
with the monatomic gases. However, because 
there should be little correlation between the 
velocity of a molecule and its internal energy, 
Eucken = 1, the result of the ultra- 
simple kinetic theory which does not account for 
the velocity-translational energy correlation. 

Eucken's arguments are in no wise rigorous; 
the most obvious defect lies in setting fin$ = 1. 
Ubbelohdes took the next important step. He 
considered molecules with escited internal energy 
states as belonging to different chemical species, 
and pointed out that the flow of internal energy 
can be regarded as energy transport due to diffu- 
sion of the excited states. This concept has been 
elaborated by Chapman and cowl in^;,^ Schafer,lo 
and HirschfeldeP; it leads to the result 

fxnt = PD/T 

where p is the density and D the self-diffusion 
coe6cient. For many realistic intermolecular 
force laws pD/q = 1.3 over a large temperature 
range. Thus 

fmodified Euoken = + - 3 ( 5  - - ?)E. (1) 7 2 2  

Experimental values of f int .  calculated from 
esperimental data by assumingftranE = 5/2 seem 
to approach 1.3 for comples pol jratoniic molecules 
a t  high temperature.'? However, for simpler 
molecules. where the internal energy is largely 
rotational ( 0 2 .  h-2, CO?, CHI), experimental fint 
values are somewhat smaller. 

Recently, Mason and X40nchick~~ have derived 
esplicit expressions for ftrana and fint from the 
formal kinetic theory of polyatomic gases of 
\Tang-Chang and Vhlenbeckl4 and of Tasman.16 
By systematically including terms involving in- 
elastic collisions they derive the modified Eucken 
espression [Eq. (I)] as a first approximation, 
and, as a second approsimation, an exqression 
dependent on the relasation times for the various 
internal degrees of freedom. For nonpolar gases 
their result may be wit ten 

fhlason-Monchick = .fmodificd Eucken 

Here r h  is the relasation time for the kth internal 
energy mode and CUI; is the heat capacity of that 
mode, while P is the pressure. 

It is convenient to  express relasation timeb in 
terms of a collision number 

zk = TL,/Tcoll = (4/7;j ( P w ~ ) .  ( 2 )  

where ';toll = (7i/4) (7,'P) is the mean time be- 
tween collisions. Consequently, 

fNsson-Monchich = fmodified Euchen 

Erom Eq. ( 3 )  we see that deviations from the 
modified Eucken expression arise from internal 
energy modes with low collision numbers. In 
small polyatomic molecules these are the rota- 
tional modes, where Zrot (with the exception of 
H2) is generally less than 20 collisions. (Zv lb  is 
usually the order of lo3 to lo7, so that the terms 
involving vibrational relasation are negligible.) 

I n  this paper we have used an esperimental 
technique devised by Eckert and Irvine,16 which 
is in essence a direct determination of f. Their 
method is based on the relation describing the 
adiabatic temperature attained by a flat plate 
in a high-velocity subsonic gas stream. This 
recovery temperature Tr is conveniently de- 
scribed in terms of a recovery factor 

where T, is the static temperature of the stream 
at a sufficient distance from the plate, and TL is 
the total temperature. (The total temperature is 
the temperature mrasured at a stagnation point.) 
Pohlhs;usen17 calculated tkJe recovery factor hy 
integrating the laminar boundary layer equations, 
and found that T is a function of Prandtl number 
C,v/dih only; for Prandtl numbers between Z / 3  
and 1 the approsimation 

T E  (Cp7/&fA)$ = (C,/fCJ~ (5) 

reproduces numerical calculations to better than 
sisteen parts in ten thousand. Here C, is the 
molar heat caparity at  ronstant pressure. 

I n  Eckert and Irvine's esperiment the gas 1s 
espanded through a convergent nozzle; the pres- 
sure ratio is such that the issuing gas remains 
slightly subsonic. A butt-welded differential 
thermocouple is suspended along the nozzle axis 
with one junction upstream of the nozzle and 
the other junction just downstreani of the nozzle 
esit. The upstream junction is in a low-velocity 
region, and senses the total teniperature of the 
gas, while the downstreani junction assumes the 
flat-plate recovery temperature. The static tem- 
perature T, is not measurrd; rather it is computed 
from the pressure ratio across the nozzle and the 
isentropic flow relationship 

Ts/TC = (PS/P,)("cd. (6) 
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In a previous paper1* we reportedf values meas- 
ured by this technique over the temperature 
range from 90’K to room temperature for helium, 
argon, nitrogen, osygen, and hydrogen. The data 
on the noble gases were in close accord with 
rigorous kinetic theory for monatomic gases. 
Results for nitrogen, osygen, hydrogen. as well 
3s data for carbon dioxide1g were analyzed in 
terms of Mason and Monchick’s theory for 
poiystomic gases; for nitrogen and osygen, the 
data yielded collision numbers for rotational re- 
laxation in reasonable agreement with literature 
values. These collision numbers were nearly inde- 
peadent of temperature. The results confirmed 
the fact that the interchange of translational and 
rotational energy is unusually difficult for 
hydrogen. 

This paper reports f values in the vicinity of 
room temperature for several nonpolar poly- 
atomic molecules. Linear molecules included 
oxygen, nitrogen, carbon dioxide, and acetylene ; 
methane was the only nonlinear molecule. Colli- 
sion numbers for rotational relasation have been 
computed using the theory of Mason and Mon- 
chick; these results give an insight as to the 
molecular parameters which determine rota- 
tional relaxation rates. 

Expe&ental 
We have described the apparatus and esperi- 

mental procedure for measurement of recovery 
factor by Eekert and .Irvine’s tecbnique previ- 
ously.’s The present determinations were all 
carried out a t  room temperature; hence tempern- 
ture control was no problem. Furthermore, it 
mas possible to work with fairly high flow rates 
so that the pressure ratios and differential 
thermocouple emfs could be read with greater 
accuracy. As a consequence the present measure- 
ments show considerably less scatter than our 
previous data. 

In order to detect instrumental errors, 11 
check determinations of the recovery factor of 
argon were interspersed throughout the course 
of this work. These values correspond to a tem- 
perature of about 275OK and yield a mean value 
qff  = 2.502 with a standard error of 0.006. (The 
standard deviation of each datum was 0.019.) 
This is in excellent agreement with the theo- 
retical value off = 2.5023, and may be regarded 
as 5 calibration of the apparatus. 

In the previous work, t,he gases investigated 
‘He. Xr, H2, &, 02) had heat capacities which 
‘Wied only slightly with temperature, so that 
there was little problem in selecting an appropri- 
Ite heat capacity for use with Eq. ( t i ) .  However, 
sewral of the gases considered in this paper have 
ieat capacities which vary appreciably with 

temperature, so that it seemed worthwhile to 
reexamine the pressure-temperature relationship 
for the isentropic espansion, and to include 
deviations from the perfect gas law as well. 

We wish to obtain the stream temperature 
from the total temperature and the pressure 
ratio by means of the relation 

In (p,/p,j = (a In ~ / i e  in T) s d 1n T ( 7 )  

where the subscript S indicates that the process 
considered is isentropic. For an ideal gas, 

(8 in Pia In T )  = CpjR ,  
and if the heat capacity is constant, Eq. (6) is 
obtained. 
Ey straightforward thermodynaniic mechods 

we find that 

( 8 )  
T 1 

= P p  + (ViCP)7 

where p is the Joule-Thompson coefficient. This 
is a convenient expression because formulas for p 
and C p  are often given esplicitly for the various 
equations of state. 

We have chosen to use the first two terms of 
the virial espansion, 

P V / R T Z  14- ( B / V ) ,  
where B, the second virial coefficient, is a func- 
tion of temperature alone. In  this eventz0 

PE (Bi - B)/Cpo 
C p g  CPgo - RB?/V, * 

where B I G  (dB/d In T )  and Bz = !P(cPB/dT2) ; 
C,o is the zero pressure heat capacity. By sub- 
stituting these expressions into Eq. (8) and 
eliminating terms of higher order involving BZ, 
BB1, etc., we find 

The term involving volume is a small correction: 
hence ideal gas relationships may be used to 
eliminate volume in favor of temperature. Thus 

( A P )  
d I n T  s 

Bere C?,o/R is a suitable mean vaiue: it may be 
taken a t  a temperature midway between 7’ and 
Tt.  Equation (9) now contains only the tempera- 
ture as a varrahle; therefore Eq. ( 7 )  can in prin- 
ciple be integrated numerically. In pracmce we 
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found that Eq. (9) varied by ten per cent or less 
over the tempcrature range of interest. Thus we 
merely used Eq. (9) to  compute an effective 
ralue of E / C p  for use in Eq. (6) ; this value was 
taker. a t  a. temperature half way betmeen the 
stream and total temperat>ures. A numerical inte- 
gration revealed that this procedure introduced a 
maximum error of one part in four thousand or 
less. 

Zero pressure heat capacities for oxygen and 
nitrogen were taken from reference 21, while 
values for the remaining molecules were calcu- 
lated from suitable spectroscopic constants. Cor- 
rections for deviations from ideal gas behavior 
were made using B, B1, and Bz values computed 
assuming a Lennard-Jones (12-6) potential 
together with appropriate force constants.3 

Results and Discussion 

Esperimcntalf values are presented in Table 1 
together with corresponding temperatures. Also 
shown are values of Z-l, the reciprocal of the 

TABLE 1 

Experimental Results 

T j Z-1 

Oxygen 

276.1 1.9SS 0.076 
276.S 1.991 0.069 
377.3 2.001 0.041 
37’7.3 1.971 0.124 
27S.2 2.003 0.036 
276.3 1.975 0.105 
278.3 1.9s2 0.093 
279.4 1.991 0.069 
279.5 1.995 0.05s 

Nitrogen 

274.3 1.977 0.122 
274.3 1.963 0.160 
375.4 1.974 0.129 
275.6 1.974 0.129 
275.9 1.979 0.117 
276.4 1.97s 0.11s 
277.0 1.9SG 0.097 
277.3 1.962 O.lG2 
2 i i . 5  1.9S1 0.109 
27S.S 1.9SS 0.092 
37S.9 1.97s 0.119 
2SO.7 1.9S4 0.102 

T .f Z-1 

Carbon Dioxide 

2 8  1.724 0.454 
2S2 1.723 0.457 
2S3 1.732 0.420 
2S3 1.731 0.425 
254 1.732 0.415 
2S4 1.740 0.3SS 

Acetylene 

253.6 1.662 0.394 
2S4.0 1.662 0.395 
234.9 1.660 0.399 
255.0 1.661 0.395 
2S9.1 1.651 0.426 
290.7 1.656 0.393 

Methane 

279 1.S31 0.09s 
250 1.544 0.064 
2S1 1.S34 0.0S7 
2S2 1.846 0.056 
2S3 1.554 0.037 
284 1.557 0.038 

collision number for rotationa.! relaxation, a p  
caiculated from Eq. (3). Thus, for linear 
molecules 

whereas for nonlinear molecules (methanej 

In  order to calculate fmodifred Eucken from Eq. (1, 
and Z-’ from Eq. (10) or (11) it is necessaq t o  
evaluate pD/q .  Values were computed from the 
relation pD/q = (6/5)A*, where A* is a very 
slowly varying function of the temperature.% A* 
values were obtained by assuming either the 
exponental-6 or Lennard-Jones (12-6) potential 
and the €/IC values set forth in Table 2.  

Mean values of Z-I (which mag’ be regarded 
as collision probabilities for rotational relaxation) 
are shown in Table 2. It is seen that the experi- 
mental errors in 2-1 are about the same size for 
the various molecules; therefore it is convenierit 
to deal with Z-l rather than Z. Note, hoawer, 
that Z is in the range of 2-20 collisions. The 
collision numbers for nitrogen and especially 
oxygen differ somewhat from the values reported 
previously.‘s (For nitrogen we find 8.3 rather 
than 6.S collisims, and for oxygen 13 rather than 
6 collisions.) We believe o m  present results are 
the more reliable. 

Brou@ has calculated the rotationd energy 
transition probability for homonuclear distonllc 
molecules. For molecules with molecular weight 
greater than 20 his result may be written as 

Z B r o u t i  $ ( 4 l j m u f ) .  (12) 

Here 1 is the moment of inertia, m is the molecu- 
lar mass, and G~ is a kinetic theory collision 
diameter. The viscosity collision diameter is ap- 
propriate (d-S2~*)* in the notation of rpference 6 J 

because the collision number involves the n s -  
cosity [Eq. (2)]. 

Collision numbers for rotational relasation 
can also be calculated for rough spheres. This 
model has been rigorously analyzed by classitd 
kinetic theory:5 and relaxation times (or bulk 
viscosities) have been e ~ a l u a t e d . 2 ~ J ~  L4ccordink~. 
for rough spheres 

In  Fig. 1 the experimental 2-I values are 
plotted against the parameter 41/mu$; theo- 
retical values from Eqs. (12) and (13) are s l i on~  
as well. Viscosity collision diameters were coni- 
puted using the force constants for the e w o -  
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TABLE 2 

$nalysis of Data 

7-39 

Carbon 
Oxygen Nitrogen dioxide Acetylene Methane 

Molecular properties 

Type of potential 
Force constants: 

eik, OK 
u or r,,,, .A 
01 

>loment of inertia, gm cm? X 1040 
Quadrupole moment, esu em* X 1026 

Experimental data 

Temperature 
Z-1 expt (mean) 
Standard deviation 
Standard error of the mean 
Collision number, Z 

esp-6 

132 
3 . E 6  

17 .O 
19.3 
0.19 

27s .o 
0.075 
0.025 
0.010 

13 .O 

1.35 
1.03 
0.0034 
1 .oo 
0.075 

esp-6 

101.2 

17 .O 
14.01 

1.49 

4.011 

2 i i  .O 
0.121 
0.022 
0.006 
s . 3  

2 .S3 
2.27 
0.177 
0.96 
0.126 

L-J 12-6 

300 
3.952 
- 

71.47 
3.07 

253.0 
0.427 
0.036 
0.011 
3 .3  

4.60 
3.13 
0.26'7 
1.02 
0.417 

L-J 12-6 

231 .s 
4.033 
- 

23.65 
5.2s 

356 .O 
0.401 
0 .OK3 
0.005 
2 .5  

s .53 
5.54 
0.60 
0.99 
0.40i  

exp-6 

152 .s 
3.306 

14.0 
5.341 
0 

351 .o 
0.062 
0.027 
0.011 

16 .O 

(2.56) 
(1 .SS) 
0 
(1 .SS) 
(0.032) 

nential-6 and Lennard-Jones (12-6) potentials 
listed in Table 2. 

Figure 1 indicates little correlation with the 
experimental data-the oxygen data fall reason- 
ably close to the Brout prediction, and the 
methane data lie close to the curve for rough 
spheres (which may perhaps apply to nonlinear 
molecules), but the results for nitrogen, carbon 
dioxide, and acetylene are widely scattered. 
Although Brout's expression was derived for 
homonuclear diatomic molecules, we might es- 
pect it  to apply as weU to symmetrical linear 
polyatomic molecules, such as carbon dioside 
and acetylene. We would not e q e c t  Brout's 
expression to apply to nonlinear molecules such 
% methane, which possess three rather than two 
rotational degrees of freedom. Values of 
Zqt-l/ZBrout-l presented in Table 2 difier con- 
siderably from unity-hence we conclude that 
other factors in addition to the molecular mass 
distribution must be involved. (The value for 
methane is shown parenthetically, since the 
arout analysis is not expected to apply to this 
molecule.) 

Both Brout's analysis and the rough sphere 
model consider only repulsive intermolecular 
forces, yet the interchange of rotational and 
translational energy occurs a t  close separations 
where attractive forces are important with real 
molecules. Schiifer'O pointed out that the attrac- 
tive forces increase the relative kinetic energy of 
the colliding molecules. Hence the relevant 
energy is of the order of (3/2) kT + e, where E is 
the depth of attractive well of the intermolecular 
potential. We would expect this increase in 
kinetic energy to increase the transition prob- 
ability, and lead to a correction factor of the type 

Indeed, Parker"' has calculated rotational relaxa- 
tion for 3 two-dimensional mode! with attractive 
forces, and finds that reiamtion times are de- 
pendent on e/kT.  (Parker's analysis predicts a 
considerable variation of collision number with 
temperature; this is not borne out by previous 
recovery factor determinations.l8) Consequently 
the espression 

( j k T  + E)/@T = 1 + j ( E / k T ) .  

Zlinenr. z.ttraotwBi = Z~rout-'C1 + 3 ( ~ / k T ) ]  (14) 
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OS I 

ROUGH SPHERES, 
EQ. (13) 

NZ 
e 

MOLECULES 
EQ. (12) 

0 
0.1 0.2 

4 I / m  4 2  

FIG. 1. Reciprocal collision number for rotational 
relasation (calculated from experimental tempera- 
ture recovery factor) as a funct,ion of mass dia- 

tribution parameter. 

might be expected t o  sccount for the intermolecu- 
lar attractive forces; values of Zexpt--l/Zl,a-l are 
also shown in Table 2.  

Equation (14) predicts the collision number for 
oxygen rather well, but fails for the other mole- 
cules. Especially surprising, at least a t  first, glance, 
is the difference between oxygen and nitrogen. 
since these molecules ha17e many similar physical 
properties: boiling point, molecular weight, 
moment of inertia, and collision dismeter. HOW- 
ever, oxygen and nitrogen do differ in one prop- 
erty which seems relevant: oxygen has almost 
no quadrupole moment whereas the quadrupole 
moment of nitrogen is appreciable. Furthermore, 
the quadrupole moments of carbon dioside and 
acetylene are even larger; values derived from 
microwave collision diameters2* are shown in 
Table 2.  Indeed, the quadrupole moments 
parallel the values of Zerpi-l/Z 2 . 3 .  

The quadrupole interaction leads to an asym- 
metry in the intermolecular potential which may 
wAl be important in the interchange of rotational 
and translational energj-. Let us now see if this 
variation in the potential is appreciable. The 
potential WQ* Q) between two identical cylindri- 

cally symmetric quadrupole moment>. Q ,  is'$ 

3&? 
[f(O, ,  s2.41 - 42) 3. @('4 Qi = - 

1 6r5 

Here r is the intermolecular distance and 
f(61. 62, (61 - (62) is E function of the angles 
el, 62, &, (62 which define all possible orientations 
of the two molecules-it ranges from -4 to +S. 
Hence the variation in the potential is 

+max(Qs Q )  - Gmin(Q% Q )  = A@Q, Q) = %(&2//.") 

We might reasonably regard the ratio AWQ. Q)/k T 
at a distance of the order of the kinetic theory 
diameter as a rough measure of the importance 
of asymmetry due quadrupole interaction; values 
of this quantity are also shown in Table 2. Indeed 
it is found that the exqxession 

reproduces the esperimental results. Thus values 
of Zexpt-l/Z~, a ,  q-l differ from unity by only a 
few per cent. The final entries in Table 2, 
ZZ, a ,  c-l, are in excellent agreement with eqeri -  
ment (generally R-ithin the standard error of the 
mean). At first sight the empirical factor 7.7 
might seen1 unduly large ; homwer, the quad- 
rupole moments of Table 2 are for rotating mole- 
cules and are roughly one-half the values for non- 
rotating molecules. Thus if the nonrotsting quad- 
rupole moments were available, t,he empirical 
factor would be reduced to  about 2.  

There remains anoiher test for Eq. (15) : Pre- 
vious work suggested that colIision numbers for 
carbon dioside, nitrogen, and oxygen show little 

0 NOVOTNY AND IRVINE, REF. (19) 
U THISPAPER 

MODIFIED EUCKEN 
1.8 

I 
1 I I 

3 0  350 400 450 
TEMPERATURE, OK 

FIG. 2.  Experimental and theoretical valuee of j for 
carbon dioxide. 
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variation with temperature.Is Equation (15j 
meets this test over the eyperimental tempera- 
ture ranges. This is illustrated in Fig. 2, where f 
for carbon dioxide is shown as a function of 
temperature. The esperimental data are mainly 
from the work of Novotny and IrvineIs but in- 
clude the data of this paper as well. The solid 
curve has been computed from Eq. (3), with 
collision numbers from Eq. (15). The dashed 
curve represents the Xodified Eucken espres- 
sion, Eq. (1) , and is the limiting value as Zd14 0. 

Thus Eq. (15) grields rotational collision num- 
bers which, together with Eq. (3) ,  describe the 
relationship between thermal conductivity and 
viscosity for linear nonpolar molecules (with the 
exception of hydrogen and deuterium). The data 
an methane show clearly that Eq. (15) is not 
applicable to nonlinear molecules; for methane 
Z-' = 0.061 whereas Eq. (15) predicts a value 
oniy about one-half as large. This is scarcely 
surpnsing-there must obviously be s whole 
class of collisions which are effective in trans- 
ferring energy between rotation snd translation 
in three-dimensional molecules, which are not 
effective for linear molecules. 

In conclusion, it must be emphasized that Eq. 
(1.5) has been deduced by qualitative arguments 
nther than a rigorous mathematical develop- 
ment-hence i t  must be regarded as tentative 
rather than proven. Nonetheless it appears that 
the following factors profoundly influence rota- 
tional relasation rates for linear nonpolar 
molecules: 

1. The mass distribution (characterized by 
the parameter 41/mu:). 

2. The strength of the intermolecular attrac- 
tive forces (characterized by q'k) . 

3. The molecular asymmetry (characterized 
by the quadrupole moment). 

It is hoped that this paper wi l l  provide the 
impetus as well as some guidelines for a renewed 
attack on the theory of rotational relxation. 
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Discussion 

DR. L. MONCHICK (APLjThe J O ~ S  Hopkins Unz- to be correlated with a Z that is substantially tem- 
verszty) : This paper by Brokaw and O’Tu’ed describes perature independent, which agrees with the thec- 
a very ingenious determina.tion of the ratio j i  and retical calculation of Brout. I might cite a theoretical 
yields some very int,eresting data. We found that estimate by 6. Takayanagi [Sci. Rep. Saitama 
we could correlate the values of XBS Circular 564 Univ., Series A, I I I ,  65 (1959)) that predicte yet B 

using the theory of J. G. Parker for the temperature third temperature dependence, Z a 2‘-I. This would 
variation of Z, the average number of collisions re- suggest the need for new work-theoretical and ex- 
yuired for the rotational degrees of freedom to relax. perimental-to determine the behavior of this new 
But Brokaw and O’Neal find that their data seem transport property. 
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HOMOGENEOUS AND HETEROGENEOUS REACTIONS OF 
FLAME INTERMEDIATES 

H. WISE AND W. A. ROSSER 

Studies of the homogeneous reaction kinetics of flame intermediates yield 3 reaction mechanism 
for the combustion of simple hydrocarbons. On the basis of such a mechanism the inhibition of 
flames by halogenated compounds and inorgmic snits may be interpreted in terms of the removol 
of specific chain carriers as a result of: (1) their replacement by halogen atoms which no longer can 
lead to branching reactions, or (5) their homogeneous recombination catalyzed by alkali stoms. 

The interaction of free radicals with solid surfaces may result in chemical reaction with the sub- 
strate and the formation of a volatile or nonvolati!e product, or the reaction with the adsorbate. 
Measurements of the surface-catalyzed recombination of stoms have demonstrated the sontrolling 
effect of energy transfer to the solid in such exothermic heterogeneous reactions involving hydrogen 
or oxygen atoms. In the case of Pyres glass and quartz a change in the order of the surface reaction 
with temperature has been noted. A number of tables are presented which summarize the available 
information on the catalytic efficiencies of various solids for atom recombination. 

Introduction 
During the past several years some advances 

have been made in our understanding of the 
kinetics and mechanism of flame reactions. 
Various experimental measurements have been 
carried out which have been aimed specifically 
at an elucidation of some of the reaction steps 
occurring in the gas phase and on surfaces of 
condensed materials. Some of the intermediates 
expected to occur in flames have been examined 
in an environment less comples than that pre- 
valent in the high-temperature system. In 
general, the chemical composition of the re- 
actants is simple since we are dealing pre- 
dominantly with monatomic and diatomic 
species. However, their high reactivity and short 
lifetime require novel techniques with high time 
resolution, high sensitivity to constituents pre- 
sent at low concentrations, and preferably 
experimental determinations under time-in- 
variant conditions. In the selection of topics for 
this paper several important aspects of flame 
kinetics have been ignored, such as the non- 
equilibrium distributions ol the reaction inter- 
mediates and their reactivity in vibrationally, 
rotationally, and electronically excited states. 
Also the -kinetics of charged particles has been 
neglected since it forms the subject matter of 
other papers in this discussion. 

Homogeneous Reactions 
Various optical and mass spectrometric stu- 

dies*-' of premised hydrocarbon-02 flames have 
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revealed some features of the flame structure. In 
the case of CH-02 combustion the temperature 
and composition changes which occur during 
steady-st& burning ha1.e been interpreted to 
some estent in terms of mechanisms of chemical 
change. This discussion of combustion reactions 
will be devoted primarily to CHJ combustion, 
but with the understanding that some of the 
features may apply equally well to the combustion 
of other hydrocarbons. There is a strong family 
resemblance in all hydrocarbon flames and, by 
implication, a strong chemical similarity in the 
reactions which determine the rate of burning. 

In  general, a premised CH4-02-diluent flame 
may be divided into three zones: (1) a preheat 
zone extending from the cold boundary to the 
visible flame; (2) a reaction zone coinciding 
approximately with the visible flame; and (3) a 
recombination zone in which the escess concen- 
tration of H, 0, and OH crested in the flame zone 
are removed by recombination reactions. The 
transition between zones is not precise. Transport 
processes are important in a11 three zones, but 
from a kinetic viewpoint each zone differs 
markedly. 

Reaction Zones 

TJery Little of kinetic importance to combustion 
takes place in the preheat zone. The fuel-osidizer 
mixture is heated by conduction t o  a rather high 
temperature, 1000° to 1500°K, depending on the 
circumstances. Simuitaneonslp, a flus of reactive 
radicals from the downstream reqion of the 
flame, in conjunction with the high temperature. 
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results in a significant rate of reaction, and 
provides through the einission of radiation via 
secondary resctions an obvious transition from 
zone (1) to zone ( 2 ) >  the main reaction zone. 
The number of different rewtions which take 
place in the reaction zone is undoubtedly very 
large. Man? of these are secondary processes, 
dependent on but, not aEecting the main route of 
osidation and the overall rate of combustion. 
The main reactions appear to be the following: 

CHJ + 0 4 CH?O + II 

H 
CHzO + 

CHO 4 C O  + H 

H + 0 2  +OH + 0 

OH + CO 4 CO, + H 

io 1 /OH 
\ } + H z + {  i + E  
LOHJ (H2Oj 

OH 

CH, 

H2 

H20 

OH 

As shown, the initiating reactions ( l a ) ,  ( lb )  , 
and (IC) involve CHI and the three principal 
chain carriers H, 0, and OH. -4 similar initiating 
reaction involving moiecular oxygen is too slow 
to contribute signibcantly to the initial reaetion.4 
The reactants s h o ~ . n  in reaction ( 2 )  are indi- 
cated by results of a recent mass-spectrometric 
study.5 The products arc- consistent with these 
tn-o exl)erimental facts: (a )  CH20 is a combustion 
intermediate,i and (b) reaction ( 2 )  leads ulti- 
mately5 to CO. The stripping reactions (3a), 
(3b), (3c), and (3d) are assumed if the integrity 
of the carbon-oxygen bond is to be preserved in 
these and subsequent reactions. The decomposi- 
tion of the HCO radical, reaction (4),  is an 
automatic consequence of reaction (3) and of 
the aeakness of the H-CO bond. Reaction ( 5 )  
is the only reaction involving molecular oxygen. 
I ts  occurrence during hydrocarbon combustion is 
inescapable.6 Reaction (6) is well verified as a 
kinetic feature of hydrocarbon combustion. The 
final pair of stripping reactions, (?a) and (7b) , 
must occur because Hz. from reactions ( l a )  and 
(3b), is kno.rm to be a combustion intermediate.' 

The reaction mechanism, reactions (1) through 

(f), represents the main path lor oudation of 
C&. Secondary reactions rcsulting ultimate1~- in 
ions and electronically escited molecules are not 
included in the scheme. Nost oT the secondary 
features must ultimately be rrlated to the CHs 
radicals produced by reaction (I). h4ethyl 
radicals  ma^- react, in ways not shown to produce 
eventually a variety of carbon-containing niole- 
cules. In  prtrticular, CH, is subject to  abstractive 
reactions in the same way as CH4 and CH&. 
In principle, the complete sequence represented 
formally by reaction (S) is possible 

-E -E -E -E 
CH, --+ CHI ---+ CHz -4 CH -3 C ( S )  

with a wealth of associated kinetic possibilities. 
All the main reactions, (1) through (7) ,  

except (2) and ( 5 )  produce as many free valences 
as they consume. Reaction ( 2 ) ,  however, con- 
sumes two free valences per reaction and would 
quickly use up the arailable supply if not 
sustained by the chain-branching reaction (5). 
Due to this branching reaction, the overall 
mechanism will produce two free valences for 
each molecule of CH, converted to carbon 
osides. Consequently, CH4 combustion, once 
initiated, will result in a rapid increase in the 
concentration of free radicals to an extent 
limited by the depletion of fuel and oxidizer. and 
by the recombination of chain carriers; these two 
influences jointly impose a ceiling on the con- 
centration of radicals and therefore on the 
maximum and average rates of reaction. 

Recombination Zone 

The attainment of a maximum in both reaction 
rate and in radical conrentration may be re- 
garded as marking the transitiou froni the main 
reaction zone to the recombination zone. The 
products leaving the reaction zone will usually 
include concentrations of H, 0. and OH greater 
than those corresponding to  thermal equj- 
ljbriuni,' and some unburned CO and H? 
The characteristic reactions in this zone are 
recombination reactions like those shown : 

III 
Ii + H-+ 8 2  (9) 

o+o--+o? (10) 

H +OH-* HtO ( l i i  

.4s implied by the symbol d l  in reactions (9). 
(10). and (111, all three reactions require 
third-body stabilization for most esperimental 
conditions. Because in flames resctions (9), 
( lo) ,  and (11) inr-olve two scarce species and 

M 

211 
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require third-body stabilization, the rates of 
recombination are slow compared with possible 
bimolecular reactions. Consequently, reactions 
like ( 5 ) ,  (6 ) ,  (Ta), and (5b) which go primarily 
to the right in the reaction zone can be ap- 
prox<mately balanced by the opposing back 
reactions: 

OH + 0 -+ H + 0 2  (12) 

Is. + CO, -+ CO + OH (13) 
H + OH -+ 0 + Hz (14) 

H + H?O -+ OH + Ht ( 15) 
The kinetic results are ratios H/O/OII deter- 
mined by the local concentrations of Hz, CO, 
CO?, HzO, and 02. These ratios in turn will 
determine the relative importance of the various 
possible recombination reactions. Simultaneously 

$3.5 

with the recombination of radicals, the excess of 
CO and Hz is also consumed but at a rate gov- 
erned by the rate of recombination. 

Some but not a11 of the rate constants for the 
reaction scheme represented by reactions (1) 
through (15) are known. Those which are avail- 
able are listed in Table 1. 

Chemical Inhibition 

The two important kinetic festures of the 
reaction mechanism, linear chain-branchins by 
a moderately endothermic reaction [reaction 
( 5 ) ] ,  and quadratic chain termination [reac- 
tions (9), (IO), and (11) ] imply a sensitivity to 
kinetic inhibition. In fact, kinetic inhibition of 
the type and degree observed rcquires for sensi- 
ble interpretation exactly those two features. 

TABLE 1 

Specific Reaction Rates of Elementary Reactions in Premised CH4-0.-Diluent Flames* 

Footnote 
Reaction Rate constant references 

2 2 X 1013ml/molesec (a) 
5 

(b) 
6 2.3  X 10la exp (-10,300/RT) ml/mole sec (b) 

2.9 X 1013 exp (-BTOO/RT) ml/mole sec (c) 
7a -6 X lo1* exp ( -6OOO/RT) ml/mole sec (C) 
7b 1.3 X 1014 exp (-10,00O/RT) ml/mole sec (c), (d) 
9 2 X 1016 mI*/mole2 bec (e) 

(f) 
10 -7 X 1014 ml*/mole* sec (P) 
11 5 X lox7 mlz/mole* sec (f) 

(h ) 
(h) 
(h) 

13 3 X 1015 exp ( -33,00O/RT) ml/mole sec (b) 
15 1 X 1015 exp (-25,5OO/RT) ml/mole sec (b) 
16b S X 1011 Ti exp (-1100/RT) ml/mole sec (i) 

1.5 X IO1' ml/moIe sec a t  1100°K 
E, = 18 f 3 kcal/mole 

2 X lGIs ml*/mol@ sec 

2 X 101' ml*/rnolez sec 
1 X lot7 mP/mole* sec 
2 X 1016 ml*/moIe2 2ec 

Remnr ka 

room T, M = H? 
1600"K, iM = HzO 
2000°K, M = 0 3  

1600"K, ai! = H?O 
2000"K, M = H?O 
2WO°K, M CO: 
2000"K, M = N? 

Some information also avaiitzble for reactions [la), (3a), and (Xb), in reference j, below. 

(a) FENIMORE, C. P. and JONES, G. W.: J. Chem. Phys. Chem. 66, 1532 (1961). 
(b) FENMORE, C. P. and JONES, G. W.: J. Phys. Chem. 63, 1534 (1959). 
(c)  KONDRATIEV, V. N.: Seventh Symposium (International) on Combustion, p. 41. Butterworths, 1959. 
(d) FENIMORE, C. P. and JONES, G. W.: J. Phys. Chem. 62, 693 11958). 
(e) WISE, H. and ABLOW, C. M.: J. Chem. Phys. 36, 10 11961). 
( f )  BULEWICZ, E. M. and SUGDEN, T. M.: Trans. Faraday Sac. 54, lS55 (19%). 
(g) KAUFMAN, F. snd XELSO, 6. R.: Chemical Reactions in the Lower and Upper Atmosphere, p. 255. 

(h) Mc~S~~DREW, E. snd WHEELER, R.: J. Phys. Chem. 66, 229 (1962). 
(ij GILEERT, M. and ALTMAN, D.: Sixth Symposaum (Intemtzonalj  on Combustzon, p. '722. Reinhold, 

(j) STEACIE, E. W. R.: dtcmac and Free Radical Renctions, 2nd ed. Reinhold, 1954. 

Interscience, 196 I. 

1957. 
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Consider first the class of inhibitors represented 
by HBX-.~ By virtue of abstraction reactions such 
as (16a) (16bl. and (16c) 

[ "  /OH 1 (164 

{ H  1 + K B r -  i- Br (16b) 

\OH)  ( 1 6 ~ )  

all three of the chain carriers H, 0, and OH will 
be directly affected. Reactions (16a), (16b), 
and (16c) do not alter the supply of free valences, 
but rather replace H, 0, and OH by Br atoms. 
The Br atoms may carry out, with regeneration 
of HBr, the abstraction function represented 
specifically by reactions ( I ) ,  (3), and (i), or 
more generally by the sequence, reaction (8). 
However, Br atoms cannot substitute for H 
atoms in the branching reaction, nor for OH 
radicals in the osidation of CO, nor for 0 atoms 
in the ccnversion of CH3 to CHzO. The net 
effect of replacing H, 0, and OH by Br is then a 
reduction in the overall reaction rate and meas- 
urable changes in the properties which depend 
on reaction rate-flame speed, quenching dis- 
tance, etc. 

Inhibition of the type described is only effec- 
tive because the critical link in the reaction 
chain, reaction ( 5 ) .  is an endothermic branching 
reaction. The branching insures a magnification 
of the effect of substituting Br for H and the 
endothermicity (about 20 kcal) permits reaction 
(1611) (an esothernljc reaction) t o  be com- 
petitive with reaction ( 5 )  for large vslues of the 
ratio (02)/(HBr).  The substitution of Br for 
the other two chain carriers, 0 and OH, provides 
an additional contribution to  inhibitor effective- 
ness in that the H atoms required for branching 
are supplied by reactions (2),  (4),  and (6). 

Another class of inhibitors appears to  affect the 
rate of combustion in a way quite different from 
that represented by reactions (16%) , (16b), 
and (16c) . Finely powdered materials. P;a&Oa 
for esample. are strong inhibitors of hydro- 
carbon combustion in general and CHa com- 
bustion in particular.1° Esanlination of this 
phenomenon revealed that the powder particles 
partially evaporate (possibly with decomposi- 
tion) in the reaction zone and that the effective 
inhibitor in the case of Na2C03 is the sodium 
atom. Various processes which might result in 
inhibition are possible. The most reasonable of 
these consistent with the reaction mechanism, 
reactions (1) through ( 7 )  , involves the catalyzed 
recombination of chain carriers such as, for 
example : 

M 

H + NaOH --+ N s  + H.0 
OH 4- Na -- NaOH ( l i )  

(18) 

Other similar recombinations are possible, but 
the cited reaction pair, reactions (17) and (18) , 
exemplify the main features. 

Reactioii (171, an exothermic recombination 
similar in nature t o  reactions (9), (IO), and (11) 
will involve third-body stabilization of the 
product. Nevertheiess, the specific sequence 
reactions ( l i )  and (18) can sipificantlg- in- 
crease the overall rate of recombination of H 
and OH if the concentration of Na is corn- 
parable with or greater than the concentration of 
H. Because the concentration of chain carriers in 
the reaction zone is partly determined by the 
rate of carrier recombination, an increase in the 
rate of recombination will have obvious consc- 
quences. Chain branching, while not directly 
required by this type of inhibition mechanism, 
will provide an amplification €actor in the 
same manner as it did in the case of halogen 
inhibitors. 

Elements other than Na may presumably 
function in a similar manner, represented for- 
mally by the reaction pair 

I 
M 

A + Z - + A - Z  (19) 

B + A  - Z-+dB + Z (20) 

where A and B are chain carriers (e.g., OH and 
H) and Z IS the inhibitor (e.g.. Ka).  Effective 
inhibition can only be expected if two criteria 
are satisfied: ( u )  the bond strength of -4 - 2 
must br peat enough t o  insure stabilization of 
AZ until reaction with B ;  and ( b )  the strength 
of -4 - 2 should be no greater, and preferably 
much less, than the bond strength of the eventual 
product -4B. These criteria are satisfied in the 
case of the reaction pair, reactions (17) and 
(18) : D(Ka-OH) = 90 kcal. and D(H-OH) = 
120 kcal. Based on these criteria, a number of 
substances can be expected to affect hydro- 
carbon combustion in the manner described. 

Heterogeneous Reactions 

The property of a solid surface to catalyze 
the formation of reaction intermediates as well 
as their destruction has been recognized for some 
time. By suitable choice of esperimental con- 
ditions some of the characteristics of the es- 
plosion limits in the thermal reaction of hydro- 
gen-osygen nustures have been interpreted in 
terms of 3 surface reaction leading to  the de- 
struction of chain carriers."'3 Most of these 
experimental measurenients were carried out in 
glass containers containing a coating of various 
salts such as KC1. BaCI2, N%TV04, K2B407, etc. 
.4lthough qualitatively such esperiments demon- 
strate variation of the efficiency of removal of 
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the chain carriers by different surface coatings, 
few reliable measurements are available of the 
kinetics of such heterogeneous raclical reactions 
2nd the specificity of various surface coatings 
for the destruction of chain carriers. Such a 
parameter may be conveniently expressed in 
terms of a surface reaction coefficient 7, which 
is defined as the ratio of the rate of effective 
surface collisions between the gaseous reactant 
snd the solid to the total collision rate. In  many 
of the published results on the relative effi- 
ciencies or” various suliaces for radical or stom 
removal the temperature rise of the solid nt a 
gven point in the system is taken as an indes 
of the catalytic proper tie^.^^*^^ However, as will 
be shown in the following section, such a calori- 
metric measurement by itself is not a satis- 
factory means to evaluate surface activity or 
free-radicsl density. 

.tieasurement of Svrfuce Activities for ,Itom 
Recombination 

Of the various esperimentai techniques em- 
ployed for the determination of the kinetics of 
iree-radicaI reactions on solid surfaces, a steady 
state esperiment based on diffu~ion flow of 
reactants inside a cylindrical enclosure has 
iwmd application in our laboratory. The details 
of the measurements have been described.“+--”0 
Over a wide range of gas pressures and surface 
temperatures the kinetics has been found to be of 
first order with respect to the radical concentra- 
tion.*6;20s21 However, more recently, surface 
reactions of second order have been observed.” 

In our measurements the atoms are generated 
in an electrodeless discharge. They diffuse into a 
closed cylinder where they recombine on the 
~ a l l s  of the tube and on the catalytically active 
filament employed to detect the residual atom 
concentration by microcalorimetryJ6 This probe 
can be moved axially inside the tube and the 
residual atom concentration determined a t  
various distances from the atom source. From the 
%torn-concentration profile so obtained the 
surface activity of the walls and of the filament 
may be evaluated. In  addition. quantitative 
measurement of atom densities is accomplished 

means of electron paramagnetic resonance 
spectroscopy. This tool has proved to be of high 
‘ensitivity and its applicability to problems 
plated to the gas-phase and surface-catalyzed 
3 ~ m  and free-radical reaction has been demon- 
strated by several workers.13 ?* 

EJPerimental Results 
(;hS and Quartz. Because of the widespread use 
of &ss in constructing esperimental appantus. 
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FIG. 1. Temperature dependence of mte‘of hydrogen 
atom recombination on Pyrex glass nnd fused quartz 

surfaces. 

an understanding of its catalytic properties is 
desirable. 9 detailed study of the recornbination 
rate of hydrogen atoms on Pyres glass and fused 
quartz has been carried out over a temperature 
range from TOo to l12.5°K. The glass and quartz 
surfaces used in the esperiments were washed 
with concentrated nitric acid and rinsed in dis- 
tilled water prior to use; no change in activity 
was noted. It was found that a t  temperatures 
above 55O0K and less than 120% a transition 
occurred from first- to second-order kinetics in 
the surface reaction. The results of our meas- 
urements are summarized in Fig. 1. In s tem- 
penture range from approximately 150” to  
550% the recombination coefficient of glass 
increases monotomically by a factor of 200. 
The observed kinetics may be interpreted in 
terms of two adsorption states with different 
binding energies.15 Our results are in substantial 
ageement with the data obtained by Smi5hdo 
and by Tsu and Boudart26 over a, smaller tem- 
perature interval. In  a more recent publication” 
a value of y = 7 X has been reported for 
Pyres %!ass treated with HF, compared inch a 
value of y = 4 X 10+ for glass rinsed with 

Xumerous investigators added water vapor 
HN03. 
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to the hydrogen on the hypothesis that vrater 
acts as a suriace Recent nicasurements 
question tlic inhibiting action of water although 
they suggest an increase in the production of 
hydrogen atoms in the presence of water vapor. 
Our measurements in the presence and absence 
of water vapor slioa a very smaIl effect of the 
H20 on the surface activity of Pyres glass.2g 
TVhile for dry hydrogen y~ = 4 X was ob- 
tained in our measurements, the recombination 
coefficient in moist hydrogen was found t o  be 
y~ = 3 X which represents an insignificant 
change ' in the catalytic activity of glass. The 
enhancement in the concentration of H-atoms 
by the addition of water vapor to a hydrogen 
discharge is more likely due to phenorncna in 
gas phase rather than inhibition of hetero- 
geneous processes leading to atom destruction.3°va1 

A considerable amount of information has 
been accumulated on the kinetics of recombina- 
tion of osygen atoms on glass3$ and quartz. In 
general it is found that the recombination 
coefficient yo for oxygen atoms is smaller by 
approximately a factor of ten than y~ under 
comparable conditions (Table 2). The values of 
yo of Pyres glass appear t o  fall into two groups: 
one obtained a t  l o r  pressures where the wall 
reattion predominates, the other a t  higher pres- 
sures where gas-phase atom recombination con- 

T-4BLE 2 

Recombination Coefficient of Glass for Oxygen 
Atoms a t  Room Temperature 

Surface 
Footnote 

Y O  reference 

Pyres g h S F  2.1 X Present. work 
Pyrex glass 1.3  x 10-4 (a) 
Pyres glass < 5  x 10-5 (bj 
Pyres glass 7 . 7  x 10-5 (c) 

Soda glass 3 . 4  x 10-4 (dl 
Vitreosil 1.6 X 10-4 ( e )  
Quartz (fused) 4 x 10-8 (f)  

(a) LIKNETT, J. m7. and MARSDEN, D. G. H.: 

(h) KRETSCHMER, C. B. : Private communication. 
[c) ELIAS, L., OGRYZLO, E. A., and SCHIFF, H. I.: 

(d) GREAVES, J. C. and LINXETT, J. \.Ti.: Trans. 

(e) GREAVES, J. C. and LINNETT, J. K.: Trans. 

( f )  HACKER, D. S., MARSHALL, S. X., and STEW 

Proc. Roy. Soc. (London) AW4, 4S9 (1956). 

Can. J. Chem. S7, 1680 (1959). 

Faraday Soc. 54, 1323 (1958). 

Faraday SOC. 56, 1355 (1959). 

RERG, M.: J. Chem. Phys. 36, 1'78s (1961). 

tributes to  the loss of osggen atoms. In  the 
latter case, much lower recombination coefE- 
cients haT-e been reported. The cause for this 
discrepancy i s  not apparent. 

Certain analogies are apparent between tne 
catalytic properties of glass for oxygen-atom and 
hydrogen-atom recombination. First of all. it, is 
noted that water vapor has little if  any effect3" 
on the value of yo. Secondly, quartz and Pyrex 
glass appear to exhibit the same catalytic eE- 
ciencies for this process. Also the variation of yo 
with temperaturea4 has certain characteristics 
observed in the case of the heterogeneous re- 
combination of hydrogen atoms. The value of yo 
on glass rises from about a t  3OO0I< to about 
10-? at S5O"K. The flattening of the curve 
depicting the vltriation of log yo versus the 
reciprocal temperature suggests a complexity in 
the mechanism of the surface reaction which, as 
in the case of hydrogen, may be related to a 
change in the order of the reaction due t o  the 
presence of different adsorption states. It would 
be desirable to extend these measurements to 
higher and lower temperatures in order to  
examine in more detail the kinetics under such 
conditions. 

For nitrogen atoms recombining on glass, the 
value of YN is still lower than that for hydrogen 
or oxygen atoms (Table 3) .  So far the nitrogen 
system has not been studied in great detail. For 
flame5 and related processes the role of nitrogen 
atoms is of less importance than that of H and 0. 
In the case of alkyl the catalytic effi- 
ciency of glass is of the same magnitude as for 
hydrogen atoms (yc~~, yc2wS - lo3). Tu'o re- 
liable data are available on the kinetics of OH 
destruction by glass surfaces. In  some early 
experiments, SmithZo observed a large tempera- 
ture rise on a IiC1-coated glass sun'ace when 
exposed to the products of a gas discharge 
through K2-H20 mixtures. However, no tem- 

TABLE 3 

Rrcombination Coefficients of Various Surfaces for 
Nitrogen Atoms at Room Temperature 

Surface 
Footnote 

Yh' reference 

Pyrex glass 1 .G x 10-6 (a 1 
Pyrex glam 3 x 10-5 (b) 

(a) HERRON, J. T., FRANKLIN, J. L., BRADT, P., 
and DIBELER, T'. H.: J. Chem. Phys. SO, 897 (1939). 

(b) WENTINK, T., SULLIVAN, J. O., and WRAY, 
K. L.: J. Chem. Php. $9, 231 (195s). 
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perature increase was noted as a result of the 
interaction between KCI and hydrogen atoms. 
From such measurements YOH for Pyres glass 
was evaluated. It ranged from Y ~ H  = 10-* a t  
400°K to about 6 X lo-? a t  SOO'K. It is not 
known whether the glass surface catalyzes the 
reaction H + OH, or OH + OH, or both, under 
these experimental conditions. 

JIetaZs. Numerous measurements of the catalytic 
properties of metals for atom recombination 
have been reported. The problem is complicatrri 
by the fact that. in addition to atom rccombinn- 
tion, chemical reaction between the solid and the 
gas may occur with the formation of volatile 
oe nonvolatile p r o d u ~ t s . S ~ - ~ ~  In this paper we 
shall not be concerned with these reactions; 
rather we shall confine our remarks to heterogene- 
ous atom recombination. 

In  Table 4 the measured recombination co- 
efficientsl'j of a series of metals for hydrogen 
atoms are summarized. For each of these metals 
the kinetics eshibited first-order dependencey on 
gaseous atomic hydrogen concentration over a 
wide temperature range (for W the temperature 
was varied from 350' to llOO°K, for r\Ti from 
300" to 900"K, for Pt from 350" to 1600°K). 
I t  is apparent that no correlation is to be found 
between the catalytic properties of these metals 
and the electron distribution in the valence 
band of the solid. As a matter of fact, some of 
the nontransition metals appear to hsve more 

TABLE 4 

Recombination Efficiencies YE of Various Solids for 
Hydrogen Atoms at Room Temperature 

Metal Y a . OD 

Titanium 0.35 
Aluminum 0.37 
Nickel 0 .OS 
Copper 0.11 
GoIda 0 .os 
Palladium 0.07 
Tungsten 0.06 
Platinuma 0.02 
Alloy (38 atom 7/0 Pd, 62 

atom % Au) 0.07 
Carbon 0.009 

430 
375 
413 
343 
164 
375 
270 
233 

- 
- 

Material exhibits an activation energy for atom 
recombination: E,  > 600 cal/mole. 

favorable catalytic activity than the transition 
metals. However, it is to be remembered that in a 
system containing atomic hydrogen the fornia- 
tion of a chemisorbed layer can proreed readily 
without any activation energy. Such an adsorbate 
may cause changes in the electronic properties of 
the solid, such as filling of positive holes in the 
d-band, analogous to those produced by the 
formation of solid solution composed of transition 
and nontransition metals. Such an esplanation 
may be offered in comparing the recornhination 
coefficients of pure Prl vith that of the Prl-.!,u 
alloy (Table 4). .Also it mould be rypected that 
in the presence of atomic hydrogen the formtltion 
of a chemisorbed layer on gold mould occur. -1s a 
result the formation of a hydrogen molecde by 
the Rides1 mechanism. S-H + H -f S -+ Hz 
(where S-H is a surface-adsorbed atom), is 
feasible. 

Some indication esists that the rlissipation of 
the energy released in the heterogeneous reaction 
may play an important controllinc role in this 
process. The normal mode-frrqueney spectrum 
of a lattice has an upper limit a t  the Dehye 
frequency. It may be expected that those solids 
which eshibit a high velocity of propasation of 
longitudinal and transverse waves will tend to 
have high recombination efficiencies. Indeed 
a correlation is found between catalytic activity 
and the Debye characteristic temperature of the 
solid, 00 (Table 4). At the same time it is to be 
noted that in the collision between a gas atom 
and a solid, the transport of energy by phonons 
in the solid becomes less efficient above a critical 
value of the incident energy.d0,41 During a highly 
esothermic reaction on the surface of the solid 
similar limitations may prevail. 3 s  a result, 
partial accommodation of the energy released 
during heterogeneous atom recombinations may 
result in the formation of a molecule containing 
escess kinetic or internal energy. Recent oh- 
servafions have indicated the existence of elec- 
tronically escited molecules formed presumably 
by reaction of atoms on a solid surface."2 

We have carried out a series of esperimental 
measurements in order to esamine the co- 
efficient of energy accommodation of various 
metals during atom recornbination. For this 
purpose the atom flus incident upon the solid 
was determined by measuring the atom density 
with the electron parsmaqetic resonance spec- 
trometer. The energy released as a result of 
the recombination process was found simul- 
taneously by evaluation of the difference in 
electric power required to maintain a c3,talg;tic 
metal fiiament a t  constant tempemture (i.e., 
constant resistance) in the presence or' the atomic 
species and in the presence of molecuiar hydrogen. 
From such esperiments the product of the EM:- 
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TABLE 5 

Energy Accommodation by Solid during Hydrogen 
Atom Recombinat,ion at 400% 

Solid o! TQ O D b  

Ni 0.2 0 .os 413 
mT 0 . 5  0.06 270 
Pt 0.2 0.03 233 

a WOOD, B. J. and WISE, H.: J. Phys. Chem. 

6 GRAY, D. E. (ed.): American Institute of 
66, 1976 (1961). 

Physics Handbook, McGraw-Hill, 1957. 

commodation cy and recombination coefficients y 
may be obtained. For those metals for which the 
values of y have previously been determined,I6 
the energy accommodation coefficients may 
readily be computed (Table 5). It is to be noted 
that on19 a fraction of the energy released is 
transmitted to the solid. 

On the basis of theoretical considerations for 

collisional energ- transfer. the propagation of 
lattice waT-es from the point of impact may be 
expected to reach an upper limit at some fre- 
quency characteristic of the lattice. The quantity 
of energy that cac be transferred would tend to  
decrease with increasing latticeforce constant, 
which in a one-dimensional lattice is related to  
the Debye characteristic temperature, OD (Table 
5 ) .  From these considerations we may conclude 
that a solid may exhibit high efficiency for atom 
recombination, yet at the same time low-energy 
accommodation. 

The nonequilibrium distribution of energy 
between tlie solid and the product molecule 
formed in the heterogeneous rekction must be 
taken into account, in esperiments in which a 
catalytic surface is employed for the quantitative 
detection of atoms by calorimetry. The energy 
released is related to the absolute atom density 
through the product of the two coefficients 
w y .  Unless their magnitude is known, measure- 
ments of atom densities in flames by means of 
catalytic thermocouple p r ~ b e s ~ ~ J ~  are difficult 
to interpret. Similar considerations apply to 
other systems containing free radicals and atoms 

1 

TABLE 6 

R.ecombination coefficients of Yarious htetal Oxides for Oxygen AtcmE 

Metal oxide YO OD‘ 

Footnote 
references 

Arsenic 5. 1 x 10-6 120 (AS?O?) (a 1 
Chromium 2 . 5  x 10-4 2 i 5  (Cr?03) ia) 

(a) Antimony 2.i X 10-4 - 
Zinc 4.4 x 10-4 2175 IZnOl (a) 
Vanadium 4.5 x 10-4 200 (1’20s) (ai 

(a) Lead 6.3 X 10-4 
Tin 1.0 x 10-3 300 (SnO,), 220 (SnO) (a) 
Molybdenum 1.0 x 10-3 200 (MOO,) (a) 
Calcium 1.6 X 10-a 450 (CaO) (a) 

(8) Cobalt 4.9 x 10-3 - 
Iron 5 . 2  x 10-3 310 (FeO) (a, 
Nickel 8.9 x 10-3 400 (KiO) (a) 
Manganese 1.3 x 101 310 (MnO?) (a) 
Magnesium 2.5 x 10-2 530 (MgO) (a) 
Copper 4.3 x 10” 300 (CuO) (a) 
Magnesiumh 6 x 10-3 530 (hlg0) (b) 

(b) ZnO - Cr?03 1 .o - 

- 

c The Debye characteristic temperatures were estimated from specific heat data listed in footnote refer- 
ence (c), below. 

hT 550°K. 
c Footnote references: 

(a) GREAVES, J. C. and LINNETT, J. W.: Trans. Faraday Soc. 65, 1355 (1959). 
(b) LATROSKATA, G. K. and VOEVODSKII, T. V.: Zhur. Fiz. Khim. 26, 1050 (1951). 
(e) KELLET, K. K.: U. S. Department of Interior, Bulletin 4ii, 1950. 
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TABLE 7 

Recombination Coefficients of Various Glass 
Coatings for Hydrogen Atoms a t  300°K 

Footnote Reccmbination 
Costing reference6 coeficient i r H j  

A1103 (a) 4.5 x lo-'" 
Na3P04 (a) 2 10-1 
K?C03 (4 2 10-1 
IlCl (a 1 2 x 10-5 
K2SiOl (8) 7 x 10-3 
Pyres glass (81, (b) 4 x 10-3 

a Interpolated value. 
b Footnote references: 
(a) SMITH, W. V.: J. Chem. Phys. 11, 110 (19-23). 
(b) WOOD, €3. J. and WISE, H.: J. Phys. Chem. 

66, 1049 (1962). 

I n  the case of osygen- and nitrogen-atom 
recombination on metallic surfaces the experi- 
mental data are relatively meager. The catalytic 
properties of the solid are obscured by  the 
chemical reaction these metallic surfaces undergo 
when exposed to  the gaseous atoms. I n  the case of 
platinum catalyzing the recombination of osygen 
atoms the results indicate that at T > 1100'K 
the metal oxide is un~table ."~ At these tempera- 
tures we have measured a recombination co- 
efficient of yo = 0.04." At lower temperatures 
where the oxide is stable the measured value was 
y ~ 1 !  0.01. However, the oxide surface is not well 
defined. Work is in progress to  esamine the 
catalytic properties of metallic surfaces in the 
presence of nitrogen atoms. I n  the case of a nickel 
filament esposed to an atmosphere containing 
atomic nitrogen, a stable nitride NiZN was pro- 
duced on the surface. Its recombination co- 
efficient was found to be YN = 0.1 for a tempera- 
ture range 350'K < T < 800'K. 

iVebaZ Salts. Greaves and LinnetP  have measured 
the efficiency of various metallic oxide coatings on 
glass for osygen-atom recombination. Unfortu- 
nately, the metallic oxides present on the surface 
are not well defined and i t  is difficult to draw 
any quantitative conclusion from these results 
(Table 6) other than the fact that  differences in 
activity were observed. However, analogous with 
observations for pure metals, the results for the 
metal oxides suggest that  a high Debye char- 
acteristic temperature favors high catalytic 
activity. It is of interest that  the efficiencies of 
the oxides reported are in qualitative agreement 

* A  similar value for Pt has been reported at 
900°K in reference 46. 

with the results obtained in studies of first 
explosion limits oi hydrogen-oxygen mixtures" 
in glass vessels with various oxide coatings. 

Various salt coatings on glass were examined 
for their catalytic properties toward hydrogen 
atoms. As shown in Table 17 most of the materials 
tested are superior to glass except for KCl. 

Comparison of Homogeneous and 
Heterogeneous Reaction 

The destruction of atoms by gas-phase reac- 
tion and by surface reaction proceeds by different 
mechanisms a t  widely different rates as shown in 
the preceding pages. It may be instructive to 
compare the loss rate of atoms by these two 
processes as a function of gas pressure, atom 
density, surface activity, and temperature. In a 
static cylindrical system the ratio of the gas- 
phase R, and the surface renction Rs rates is 
given by 

where [X] is the concentration of atoms of 
mass m; T ,  the temperature of the gas and the 
cylinder walls (which are asiumed to be equal) ; 
k, the rate constant for gas-phwe atom recom- 
bination by three-body collisions; and ( S / V )  , 
the surface-to-volume ratio of the cylinder. 

In  Fig. 2 a series of curves are drawn which 
show the magnitude of the ratio of reaction 
rates as a function of temperature for various 
values of the different parameters. In  this calcu- 
lation the rate constant for the gas-phase reaction 
was taken to be loL6 (gm atom/ml)-2 set" and 
independent of temperature. For an  atom con- 

-2 1 I I I 1  
1000 2000 3000 

T ( O K )  
FIG. 2. Comparison of gas-phase and surfsce reac- 
tion kinetics; [SI = 1 O - J i 3 3 ;  k ,  = 1016 (gm atom/ 

ml" sec-1. 
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centration oi 0.1 volume per(-ent of thr totai 
pressure. it will be noted that at T < 1000°k- 
the gas-phase reaction outweighs the surfare 
reaction. As the total pressure is lowwed from 1 
atm to 0.1 atm in the presence of a highly 
catalytic surface (where y = 0.6) the surf CP- 
reaction rate matches the @+phase rate at 
about 1200'E; for a surface-to-volume ratio of 
the cylinder equal to unity. For second-order, 
gas-phase reactions the relative influence of the 
wall may be more pronounced than shown by 
the theoretical curves in Fig. 2. illso i t  is to be 
expected that with increasing temperature the 
surface reaction becomes of second order with 
respect to  the reactants. 
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REACTIONS OF FLAME INTERMEDIATES 

Discussion 

DR. A. A. WESTENBERG (BPLIThe Johns Hop- 
kins University): Tine present comments are re- 
stricted to the sections on heterogeneous atom 
recombination. 

Very little about experimental research with free 
radicals and labile atoms lends itself to simple, un- 
ambiguous interpretation, and surface catalysis of 
:Itom recombination is certainly no exception. Thus 
the slthors’ comments on m y  or 311 of the follow- 
in2 points would be helpful: 

1. An interesting question has come up in con- 
nection with the Wood-Wise technique’,? for mem- 
uring atom recombination coefficients on the surface 
of the probe used as an atom detector, LLS described 
briefly in the paper. The first set of data‘ published 
using this technique for a series of metallic surfnces 
indicated that they all had nearly the same [within 
3 factor of ?) catnlytic activity for hydrogen atom 
recombination. This result, I must confess, did not, 
strike me as particularly surprising at the time, 
eince I doubt that we know enough about the de- 
tails of such surface recombinations to say a przori 
whether various metals should act the same or dif- 
ferently. (If surface recombination occurs by reac- 
tion of an incoming atom with one in an absorbed 
layer completely covering the surface, perhaps all 
surfaces uiould act about the same, except for small 
effects due to differences in the surface forces ex- 
tending beyond the adsorbed layer.) Apparently it 
did surprise some people, however, since Tsu and 
Boudart took the trouble to look into possible ex- 
planations in the technique itself, and published a 
paperJ on it. Now a basic assumption of the theo- 
retical model4 used to interpret the probe experi- 
ments is that the atom concentration a t  the origin 
ke., in the discharge) is a constant independent of 
the position of the probe. Without going into mAthe- 
matics1 details, which are simple enough, the es- 
sence of Tsu and Boudart’s point was that if the 
presence of the probe (a partial atom sink) perturbs 
the atom concentration a t  the origin, and if this 
perturbation is taken into account, then the experi- 

position would depend on the catalytic efficiency of 
‘he tube walls, but not on that of Ehe probe. Thus 
:he apparent efficiencies of all probe materials 
might be expected to be about the same, as had been 
reported. 

And Eoudart required an answer. In a later paper? 
from mhich Table 4 of the present paper was taken), 

xood and Wise reported revised data on H atom 
7ecombination on metals taken with a coiled fila- 
men% probe instead of the metal-coated. glass- 
’mlosed thermocouple probe used earlier. The new 

do show some variation in camlytic efficiency 
Amow metals. The authon also implicitly ucknow- 

1 nental data of relative concentration 7s. probe 
. 

J Obviousiy, the legitimate question raised by Tsu 

I I 

1. 

ledged the problem by noting some auxiliary ex- 
periments designed to show whether or not the 
probe perturbs the source concentration. Probably 
the most significant of these was an experiment with 
two side-arms containing “identical” platinum 
probes, in which they state that movement of one 
probe caused no “significant” steady state change 
in the relative concentration measured by the other 
(stationary) probe. This would seem to indimte 
that the basic objection nbout the probe perturbing 
the source may be unfounded. Apropos of this prob- 
lem, it may be worth remarking That we have made 
some observations on the source concentration on a 
similar system used in connection with experiments 
for measuring the digusion coefficient of the 0-02 
system. Monitoring of the 0 atom concentration 
was done by a photomultiplier which senses the glow 
(proportional to 0 concentration) given off when n 
trace of NO is added to the oxygen flow. With the 
photomultiplier a t  the junction of sidearm and 
main flow tube, there was indication of a drop in 
concentration when s nickel screen was closer than 
about 20 tube radii. These were rather crude experi- 
ments, however, and further checking of this point 
seems important, both for recombination esperi- 
ments and others making use of similar discharge 
tube apparatus. 

2. Another point about the probe experiments 
has occurred to me which seems worth bringing up, 
since if it is valid it would have fairly important 
bearing on the interpretation of the results. This 
has to do with the boundary condition a t  the probe 
when the latter is heated to obtain the dependence 
of the probe recombination coefficient on surface 
temperature. One can show (rigorously, as far as I 
can see, within the limits of Chapman-Enskog 
dilute gas theory) that, for atoms present at low 
concentrations, the concentration gradient nt the 
probe surface ( x  = L )  is given by 

- d(Nt /N) /dx  = (Nl /a’RN)  + kTdiln T)/dx (1) 

where X I  is the atom concentration and N the total 
molar density, R is the side-arm radius, k~ is the 
thermal diffusion ratio for the atom-molecule pair, 
T is temperature, and 

6‘ = [4D(l - * / ‘ / ~ ) ; / - { ’ C R  (2) 

where D is the atom-molecule diffusion coefficient, c 
is the kinetic theory mean velocity of the atoms, and 
7’ is the probe recombination coefficient. The probe 
surface boundary condition used in the theoreticai 
model for the Wood-Wise experiments [see Eq. ( 5 )  
of reference 4 of this Discussion] was apparently 
obtained by neglecting the thermai diffusion term 
in Eq. (1) and regarding iV JS constant ke., assum- 
ing constant pressure 2nd temperature throughout\, 
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which gives simply 

- (diVii‘dz)L = (hT1)~/6’R (3) 
as one required boundary condition. 

The neglect of thermal diffusion ie certainly 
understandable since it makes the data analysis 
very complicated, if not impossible. It is obviously 
difficult to calculate the temperature gradient at 
t.he probe. I have made a very crude estimate of 
this gradient under typical conditions which, com- 
hined with the recent thermal diffusion recom- 
mendations of Weissman and Mason5 for H-H2, 
indicates that the thermal diffusion term in (1) may 
not be negligibje. But aside from this complication, 
the thing that bothers me is t.hat the authors ap- 
parently use values of D and c evaluated a t  the gas 
temperature to get y’ from t,he measured quantity 
6’ in Eq. ( 2 ) ,  whereas it would seem that the probe 
surface temperature should be used. Abide from the 
so-called “tempera.ture jump,” the gas near the 
surface will be approximately a t  the surface tem- 
perature and not at that chamcteristic of the main 
tube (Le., room temperature). For experiments 
where the probe was heated as high as l l O O o k i ,  as 
i t  was in certain cases (tungsten, platinum), this 
would be quite important. 

If this is a valid point, i t  would seem that the 
temperature dependence of y‘ should really be 
stronger than reported. Thus, from Eq. ( 2 ) ,  and 
noting that c a and D (LI T1.‘ froughly), we 
have 7’ a (T1.2/6’). This would mean that a metal 
like tungsten which was reported as being essen- 
tially independent, of temperature might actually 
show 7’ CI TI.* under this interpretation, which in 
turn would imply a,n activation encrgy for recom- 
bination. 

3. Further lack of agreement in this controversial 
field is revealed by t.he fact that, in this paper the 
authors report. przictically no inhibiting effcct of 
E20 for the recombination of H atoms on Pyrex, 
while Boudart, et aE.6 claim to have shown “un- 
equivocally” (their word:) that, HzO vapor lowers 
this recombination coefficient by a factor of 10-8. 
The latter experiment was an entirely different one 
involvicg the first explosion limit of K1-Oz mix- 
tures. As such it  requires knovledge of certain ele- 
mentary gas phase reaction rate constants t o  obtain 
a value for the surface recombina.tion coefficient, a 
fact which shouid immediately give Wise et al. the 
offensive. 

Another point of interest is that, while most re- 
sults indicate an increase in surface recombination 
coefficients with temperature, at least one report’ on 
the behavior of a Ago detector seems to show the 
reverse trend. It, seems clear, therefore, that this 
area of research is stili not completely settled. 

DR. E. WISE (Stu.nford Research Institute) : The 
first question concerns the perturbation of the &Om 

TABLE 1 

Perturbation of Atom Source 

Response of 
Diecharge Probe distance Probe A 

power between (arbitrary 
(vatt) A and B units) 

24 0.3 0.415 
0.6 0.412 
0.9 0.412 
1.2 0.411 

65 0.4 0.354 
0.9 0.354 
1.2 0.358 

source by the catalytic probe surface. Erperimen- 
tally this problem was investigated with hydrogen 
atoms in two sets of measurements. In one set, a 
two-probe syst,em was employed. The first probe 
(A) consisting of a small tungsten filament was lo- 
cated in a fixed position very near the atom source 
(z = 0), while. the second probe (B), made of nickel 
wire was movable. In this way the distance between 
the two catalytic surfaces could be varied. During 
steady state conditions the atom density as de- 
tecteda by probe A was examined while the position 
of probe B was varied. The results obtained at a 
total gas presence of 50 X 10-L mm Hg are shown 
here in Table 1. 

In the second t.ype of measurement the hydrogen 
atom concentra,tion profile in a. quartz cylinder con- 
taining a movable catalytic probe wab determined 
with the aid of an electron-paramapetic resonance 
spectromet.er IEPR!. Since the catalytic a.ctivitiee 
of the teungsten probe and the quartz walls had 
previously been determined. a theoretical analysisg 
of the relative a.tom density st a given distance from 
the source as a. function of the position of the 
tungsten probe was feasible. The excellent agree- 
ment obtained between the measured values of the 
a.tom concentration and the theoretical dn.ta sug- 
gests that the perturbation of the atom source ie 
small under our experimental conditions.’@ 

The nest question concerns diffusion in a. cylinder 
of finite length under nonisotherrnal conditions BO 

that, the differential equation is given by a ( D  
an/ax) ax = 0, rather than D a‘nlaz? = 0. It can be 
shown that for the case of noncatalytic cylinder 
walls the relative atom densky at the catalytic end 
plat,e9 is given by 

[(noin) - 13=-~  = L/6’R 

(for terminolo~y see. text of main paper) under iso- 
thermal conditions. If the end plate is at a different. 
temperature, T,, from that of the gas, To, one 
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obtains instead 

where the term in square brackets on the right- 
hand side of the equation repregents 3 correction 
term due to the nonisothermal model. A Lewis 
number of unity was assumed for the nonisothermal 
case. It is of interest to compare the theoretical 
stom-concentration gradient a t  the catalytic %a- 
ment surface as derived from the equation shown 
under isothermal and nonisothermsl conditions 
{Table 2) for two probe locations. It may be con- 
ciuded that the perturbation on the atom gradient 
is small when caused by the temperature difference 
between probe and gas. Consequently it appears 
more appropriate to employ the bulk gas tempera- 
ture in the evaluation of tht. diffusive flus and the 
collision frequency rather than the probe surface 
temperature. 

The inhibition effect of water on the recombina- 
ticn efficiency of Pyrex glass as deduced from in- 
direct determinations is difficult to explain. Our di- 
rect measurements for hydrogen atoms and those 
of Linnett and co-workers for oxygen atoms11 show 
no such poisoning of the walls for the atom-recom- 
bination reactions. Several authors have found pro- 
nounced effects of trace impurities in the gas phase 
on atom production caused either in the electrode- 
less discharge or by subsequent gas reactions down- 
stream of the discharge. This problem merits further 
investigation. 

As for the apparent negative temperature coeffi- 
cient of silver oxide, a eimi1a.r trend was observed 
for other metals in the case of oxygen-atom recom- 

TABLE 2 

Effect of Catalytic Filament Temperature on 
Atom Concentration Gradientu 

Relative atom concentration gradient 
at probe 

Ulna) (dnldx) 

T, Probe distance = Probe distance = 
(“W 1 radius 10 radii 

300 0.167 0.066 
400 0.164 0.064 
600 0.162 0.060 
YO0 0.161 0.058 

1000 0.160 0.057 

“These calculations are based on a surface ac- 
tivity corresponding to b’ = 5 (cf. reference 2 of 
this discussion). 

Isothermal conditions. 

7-15 

bination.12 Most likely this phenomenon is associated 
with phase and composition changes of the metal 
oxide Elm with temperature. For esnmple in the 
case of platinum. the oxide formed at  lower tem- 
perature tends to vaporize nt high temperature. 
Experiments indicate that the oxygen atoms re- 
combine on a platinum oxide at 2’ > 1000°K and 
on the metal surface at T > 1000°K. Such surface 
variations are accompanied by pronounced changes 
in the value of the reconibination coefficient. 

DR. G. M. MARKSTEIN (Cornell .leronnutic.aZ 
Laborator?/) : I would like to :isk whether tiny effects 
of condition of the surfttce on the recombination 
coefficient have been observed, and any change of 
the coefficient with time. 

DR. E. S .  BROKAW (NASA, Cleveland) : The work 
of George Prok of the NASA Lewis Research 
Center on nitrogen atom recombination indicates 
that the method of surface preparation and prior 
history may profoundly influence catalytic activity. 
Thus the activity of a platinum surface increased 
from y = 0.012 to y = 0.032 over a period of two 
hours under nitrogen atom bombardment ; similarly, 
the activity of a lithium chloride surface increased 
by more than two orders of magnitude after forty 
minutes of bombardment.13 More recently, Prok has 
shown that the steady state activity of platinum 
varied by a factor of two, and the activity of copper 
varied by more than threefold, according to the 
method of surface preparation and cleaning.14 

DR. D. E. ROSNER (AeroChem Research Laboru- 
tory): Wise and Rosser called attention to the fact 
that incomplete energy accommodation can cause 
large systematic errors in the use of calorimetric 
atom detectors, adding that unless the magnitude 
of oy is known, atom concentration estimates in 
flames, such as those reported by Kondratieva and 
Kondratiev, are difficult to interpret. While many 
calorimetric techniques are unquestionably subject 
to this uncertainty, it may be interesting to note 
that a diffusion-controlled continuum catalytic de- 
tector (which the thermocouple device used by 
Kondratieva and Kondratiev approached) is a mem- 
ber of perhaps the only class of energy transfer atom 
detectors whose sensitivity can conceivably be inde- 
pendent of the magnitude of cry. .4s previouslv dis- 
cussed15 the active member of a differentid probe 
will be diffusion-controlled for very iarge values of 
a parameter i which is of the order of r/Kna. Here 
y is the conventionally defined heterogeneous atom 
recombination coefficient and Kns is the Knudsen 
number based on the prevailing mean free path and 
diffusion boundary layer thickness, 6. In the ex- 
treme { >> 1 for the active member 2nd f << 1 for 
the inactive member, the differential probe output 
becomes independent of the magnitude of y for 
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either surface, and the a,tom concentration (mass 
fraction) c c  i s  obtained from a linear relation of the 
form 

c c  = ( C ~ * A T ) / ( T D - Q )  (1) 

where AT is the differential t,emperature output, cp 
is the mean specific heat of the prevailing gas mix- 
ture, Q is the effective heat of recombinartion and 
T D  is a “recovery factor for chemical energy“ which 
depends principally on the ratio of the atom-mk- 
ture binary diffusion coefficient D1-mir to the ther- 
mal diffusivity amir of the g a ~  mixture. This is es- 
sentially the same as the relation used in references 
43 and 44 of the paper except that Iiondratieva and 
Kondratiev took T D  = 1 for their quantitative 
estimates, whereas, in fact, values of T D  somewhat 
in excess of unit,y would be more realistic [ T D  = 

Now suppose that the energy accommodation 
referred to by Wise and Rosser is poor and the ef- 
fective heat of recombination is less than the 
thermodynamic value appropriate to the catalyst 
surface temperature. If the latter is used in Eq. (l), 
are the values of cc so derived proportionately falsi- 
fied? The answer to this quest.ion is likely to be no. 
Indeed, this process of surface catalyzed excitat,ion 
(6CE) could possibly cause a negligible error in the 
inferred atom concentration. The reason is that in 
the diffusion controlled estreme excited molecules 
produced at the interface run the risk of being col- 
lisionally deactivated before proceeding very far 
into the boundary layer. If deactivated, their energy 
would. in fact, be releaped, but. in the la,yers of gas 
near t,lie int,crface instea.d of at the interface itself. 
Since ordinary heat. conduction in the gas is avail- 
able as 30 energy tra,nsport mechanism, Eq. (1) can 
remain correct; only the recovery factor T D  would 
undergo a small reduction reflecting the “round- 
ahoutness” of the energy transfer mechanism to the 
solid. XOK the number of binary collisions a mole- 
cule mnkes in escaping the diffusion boundary layer 
is of the order of (Knaj”. It can therefore be shown 
that the effect o i  surfacr catalyzed excitation would 
be negiigible unless tfhe desorbed molecules had an 
average collisional deactivation number Z* ap- 
proximat,ely equal to ,  or much great,er than r2/y8.  
The parameter i is necesmrily much larger than 
unity for t,he active member of a diffusion controlled 
detect,or and y is, at most, of order unity. Thus, 
unless the desorbed molecules can survive some lo4 

or more binary collisions in the gas phase, poor 
energy accommodation a t  the surface could have a 
very minor effect on the output. of such probes. 

This a,rgument lezds one to conclude that the 
effect, of a coeiiicient. such as a y  on the output of 

( D ~ - - m i x / ~ m i z ) f ’ s l -  

an at,om detector will depend greatly on the extent 
of diffusion control and should be negligible when the 
active probe member is diffusion controlled and the 
excited molecules iii any) formed at the surface are 
rapidly de-exited in the gas phase. 

DE. H. WISE: In the double-probe experiment 
suggested by Rosner the difLerentia1 temperature 
output will be affected by incomplete accommoda- 
tion of the atom recombination energy even in the 
diffusion controlled regions. As a result of the 
heterogeneous formation of molecules with an ex- 
cess of energy which are subsequently equilibrated 
by collisional deactivation, the total gas mixture 
(molecules and atoms) is raised in temperature. As 
pointed out by Rosner this process will tend to re- 
duce the possible error introduced into this meas- 
urement so far as the catalytic probe is concerned. 
However, the noncatalytic probe will “see” a higher 
gas temperature than in the absence of the phe- 
nomenon of incomplete reaction energy accommoda- 
tion and the differential temperature (0) will be 
perturbed accordingly. Also changes in transport 
parameters may take place. 
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INTRODUCTION 
PETER P. WECENER 

The field of chemical reactions and phase 
changes in supersonic flow is an extended one. 
Historically, the earliest work on the dynamics of 
such processes concerns the applications of chemi- 
cal kinetics to rocketry. In recent years sontribu- 
tions from aeronautics have been cdded. From 
this viewpoint we find, for example, treatments 
of expansions of real gases in hypersonic nozzles, 
blunt body flows, boundary layer flows, wakes, 
trails, etc., all directed toward engineering solu- 
tions for hypersonic flight. Simultaneously, 
chemists turned to gasdynamic techniques to 
obtain information on mechanisms and rates of 
fast reactions. It is our hope for this colloquium 
to provide a broad meeting ground for indi- 
viduals whose original work has been primarily 
sssociated with any one of the special fields 
mentioned. This is in keeping with the traditional 
spirit of the Combustion Symposium. 

In order to reduce the coverage to manageable 
proportions we arranged a sequence of invited 
papers around the central ideal of flow of real 
gases in converging-diverging nozzles. common 
hasis to the treatment of such flows is the under- 
lying chemistry to be discussed by S. W. Benson, 
nith invited comments by 8. H. Bauer. The paper 
by S. S. Penner, J. Porter, and R. Kushidn 
brings us to the forefront of current problems in 
rocket nozzles. K. N. C. Bray presents his work 
on the calculation of flow pnrameters throuqh 
hypersonic nozzles, B treatment which originated 
from the viewpoint of gasdynanlics while assist- 
m p  in the understanding of rocket nozzle flows as 
well. This discussion is estended hy the paper of 
.I. A. Westenberg and S. Favin who work in detail 
d h  some of the comples chernical reactions 
involved. Presentations closely related to these 
papers have been given by others notably in the 

paper by Dr. Eschenroeder P t  01. ivee p q e  2-41). 
Three additional aspects of nozzle flow arc 

included in the colloquium. Condensation is 
discussed by W. C. Courtney who treats the “low 
temperature’’ espansions in nozzles. Not unlike 
the chemical kinetics problem, the high rate of 
cooling may lead to a metastable thermodynamic 
state of the vapors leading to spontaneous con- 
densation delayed with respect to equilibrium. 
J. R. Kliegel investigated gaseous espansions 
with solid, inert particles distributed in the gas. 
This process may also introduce a lag problem re- 
sulting in detrimental effects, for esample, on 
specific impulse. Finally, W. R. Sears. S. Rubin, 
and R. Seebass trent the fascinating flow processes 
occurring in nozzles if the fluid medium is an 
electrical conductor and moves in the presence of 
magnetic fields. 

The papers present a wide spectrum of pro- 
cesses, most of which are of immediate technical 
importance. In  scanning this picture it appears 
to the esperimentalist that many of the problems 
discussed show a state of analytical development 
that has forged ahead of careful esTerimentation. 
For example, much experimental work needs to 
be done to improve our understanding of reaction 
mechanisms and rates of chemcal reactions. 
Furthermore, it is not yet possible to predict the 
onset of condensation in the metastable state 
based on first principies alone. However. even 
esperimental verification of some simpler con- 
densation problem is not available. Effects such 
3s those of the presence of solid partxles on 
specific impulse have been measwed. However, 
the details of the flow processes have not bwn 
studied. It is to be hoped that in two years hence, 
st the next symposium, we will hax-e :nade 
espenmentnl progress in these areas. 

7-27 
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RATE AND EUDIATIVE TRANSFER PROCESSES DURING 
FLOW IN DE LAVAL NOZZLES 

6. S. PENNER, J. PORTER, AND R. KUSHIDA 

Some of the important physical ideas that have been used in analyses of chemical changes in 
rocket nozzles are reviewed with particular reference to three-body recombination reactions. The 
conditions are specified under which the near-equilibrium flow criterion developed about 15 years 
ago leads to results that are substantially equivalent to estimates derived from the criterion of Bray, 
after the latter has been suitably corrected. 

The problem of chemical changes during nozzle flow for interdependent, concurrent chemical re- 
actions is examined. An explicit relation is presented for the rate of entropy production. A set of 
linear algebraic equations is derived for near-equilibrium flow in terms of the logarithm of the di- 
mensionless ratio of the pressure quotient to the corresponding equilibrium constant. 

Surface-catalyzed processes are likely to be important in determining atomic recombination rates 
in the nozzles of present-day solid-propellant rocket engines. The influence of radiative energy 
transfer on the effective thermal conductivity in two-phase nozzle flow (with chemical reactions) 
has been studied in t,he diffusion approximation. 

Introduction 

In  the literature we find frequent reference to 
Lighthill’s “ideal diatomic gas.” This “ideal 
diatomic gas” refers to the classical harmonic 
oscillator-rigid rotator approximation’ for di- 
atonlie molecules and includes only consideration 
of the electronic ground states for the atom A 
and for the molecule A ?  which participate in the 
homogeneous recombination reaction of the 
atoms. Lighthill noted that [I - esp(--z)]-z-$ 
is a slowly varying function of x and proposrd t o  
replace it by an effective mean This 
“Lighthill approsimstion” is well justified for the 
range of values of z = h / k T ( h  = Planck’s 
constant. v = characteristic frequency, k = 
Boltzniann constant T = temperature) actually 
encountered in some conventional rocket nozzles. 
I t  may be shown that the statement [l - 
ex13 (-x)]z-* = constant corresponds to the 
assumption that the vibrational energy of the 
molecule is half excited. The approsimations 
involved in (a) neglecting the influence of es- 
cited electronic states. (b) assuming that the 
vibrational degrees of freedom are only half 
excited, (c) neglecting anharnionicity terms in 
the vibrational partition function. and (d) 
neglecting vibration-rotation interactions in the 
partition function for A2. are all ultimately 
justified in view of the low accuracy inherent 
in nozzle-fiow calculations because chemical 
reaction rates are usually not known to better 
than an order of magnitude. 

Among the earliest studies of chemical reactions 
during %ow through rocket nozzles are approsi- 
mate numerical calrulations by Penner and 
Ahman: the development of approsimate pro- 
cedures for defining “near-equilibrium” flow- and 
“near-frozen’’ fiow [af. reference 1 (hereafter 
referred to as I) Chapter cXXIII] by Penner@ 
in which earlier work of Scha‘er: was estendpd, 
and presumably esact numerical solutions of 
f l o ~  with recombination of hydrogen atonis tq- 
Iirirger.s Actually Krieger made 3 slight error 
in his work since he treated the flow problem as 
isentropic. Revised calculations have been 
published recently. 

The near-equilibrium and near-frozen f l o ~  
criteria (cf. I, Chapter XXJII) had as objective 
the determination of the point in 3 nozzle where 
effective freezing of cheniical equilibria would 
occur. A serious difficulty arose in 1949 and 1950 
because there existed a t  the time essentially no 
precise data which could be used in defining the 
absolute magnitudes not for conservative but 
rather for practical applications of the criteria. 
Owing to the concentration of effort in this field 
in recent years2J0-’4 we are now in a position to 
refine the method of application of the criteria. 
That this is indeed useful has been pointed out 
by Barr&rels who showed that the near-equi- 
librium criterion could be made to yield sub- 
stantially equivalent results to those of Bray? lo 

for Wegener’s esperimental data on the system 
Xz + 2N02 f ~XZ + Kz04.14 Before proceedins 
with the quantitative studies, it appears ap- 
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propriate to note the slow convergence of a 
recently developed relasation proc~dure ,~  
Rudin's" reevaluation of the near-equilibrium 
criterion,'O the very esncting calculations carried 
out particularly by Hall and his c o l l a b o r a t ~ r s , ~ ~ ~ ~ ~  
as well as the experimental work of Wegener.I4 
Special mention should also be macle of a review 
paper by VincentP and a demonstration by 
W. T. Yang" that Vincenti's expansion is cquiva- 
lent to Penner's near-equilibrium criterion. 

Bray's Approximate Criterion for Freezing 
and Penner's Criterion for Near-Equilibrium 

Flow 

Barr6re*5 has recently called attention to the 
fact that Bray's approsimate criterion for freez- 
in$O and Penner's espression for near-equi- 
librium we both useful in correlating 
Wegener's esperimental resultsL4 for the system 
Nt + 2NOz e Nz +- XzO4. The =me conclusicn 
is reached from an emmination of Wegener's 
1960 paper for properly determined values of 
the important parameters (cf. Figs. 5, 7, and 9 
in Wegener's paper). We shall verify Barr&re's 
observation by an analytical comparison be- 
tween the methods of Bray and Penner for the 
reaction 

where B represents an inert carrier that is present 
in vast escess. 

Rejinement of Bray'sLo Approximate Procedure 

Bray's approximate procedure is well docu- 
mented in the literatureL0J4 but appears to invoive 
a logical inconsistency which introduces a factor 
of one-half in the final expression for practical 
calculations. For this reason, we present now a 
detailed, appropriately modified, derivation in 
which we retain the physical ideas of Bray. 

For the chemical reaction described in Eq. ( 1 )  
it  is readily shown that 

3 R ( 1 - $ )  ( 2 )  

where k~ = specific reaction rate constant for the 
forward reaction. p = qas density, Yr = mass 
fraction of species S, ~ V X  = molecular neiqht of 

*Perso~.~nl cornmimication from Dr. P. P. Weg- 
ener; slso ARS Journal 32, 782 (10621 

species X ,  

R = 2kRp1a2 (= recombination rate) 
IVB Jvdi 

(4 
and 

R = YAJY.~', Ke = (Y.4JYA2),, (5) 
with the subscript e identifying local equilibrium 
conditions and the subscript 0 denoting initial 
(or nozzle entrance) conditions. Here we have 
also assumed that ( Y.4JD = 0 so that YA + 
Y.hn = ( YA)o .  Our analysis is now specifically 
applicable to the system -4 = 

The deviations from locsl equilibrium are 
conveniently described through the parameter 

In  terms of T and cye,  Eq. ( 5 )  becomes 

K/Ke = (T?)-I[(l - rae) / ( l  -  CY^)]. 
Similarly, Eq. ( 2 )  may be written in the form 

- D a / D t =  R [ 1 -  (T?)--l[(l-rcye)/(l-~e)]] 

R - D ( 7 )  

where D represents the dissociation rate. For 
equilibrium flowJ r = re = 1, Eq. ('7) becomes 
indeterminate and should be replaced by the 
law of mass action. 

If R is sufficiently large, near-equilibrium flow 
obtains, 

1 - (?)--'[(I - r a e ) / ( l  - ae) ]  << 1, 

and, therefore, 

-Da /Dt  << R(P)-I[(l - ra,)/( l  - CY,)] 
for near-equilibrium flow. (8) 

On the other hand, when large deviations from 
equilibrium flow occur, r = Y,i/( Y.4)e becomes 
much larger than unity, 

(?)-'[(1 - rae) / ( l  -a,)] << 1. 

and 

-Da/Dt >> R (+)-l[(l - me),'(l  - sei] 

for large deviations from fyuilibrium flow i 9 I 

Comparison of Eqs. (8) and (9) shows that 

-Da /Dt  = R(T")-'[(l - ras) / i l  - aP) j  
betmeen near-equilibrium flow and larqe 
cieviations from cear-equilibrium rlow. 10) 
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We identify the spacial location where Eq. (10) 
is satisijed bg the coordinate z = x0. 

If i t  is indeed true that a well-denned: narrow., 
spacial region esists in the nozzle where an abrupt. 
transition occurs froni near-equilibrium flon- to  
near-frozen fiou-. then Eqs. ( 8 )  to (10) must all 
be sa.tisfied in 3 small spacial region near zli. i.e., 
Ey. (S ’ J  applies at 2 = xo - 6’> Eq. ( l O j  applies 
a t  2 = xo, and Eq. (9) applies at z = xu f 6”. 
The hypothesis of Bray is equivalent to the 
assumption that. ($0 - 8‘) /zo = 1: (20 + 6” )  /Q, = 
1. Bray now assumes that, in this case r zi re cz 1> 
a ‘U ac, -Da/Df -N -Da,/Dt, and Eq. (10) 
therefore reduces directly t o  the expression 

- Dcr,/Dt IV R, (Bray’s criterion). 

However, i t  has been found by direct comparison 
with e~periments,’~ that Re should really be 
replaced by a factor of order O.SR, in Bray’s 
criterion. 

It appears more logical to use Eqs. (7) and 
(10) first to define conditions at 50: Thus 

or 

(D/R).,= {(+)-y-(1-- T C Y e ) I ( l  

(11) 
Hence, again assuming that near-equilibrium 
flow is maintained to x = 50, we find 

- (Dae/Df)zo= ($&)so (12) 
which is in better agreement with experimental 
findings14 than is Bray’s criterion. T?’e shall refer 
to  Eq. (12) as Bray’s modified rriterion in the 
following discussion. 

Equation (11) may be used to obtain the value 
of r at xo, vi:., 

Reference t o  Eq. (13) leads to the important 
conclusion that r at x = zo is not equal t o  unity 
but actually depends on the value of cy, at q,. 
In  fact. Ey. (12) cannot hold independently of 
a, but rather depends on r being sufficiently 
close to unity ewn d i e n  Eq. (13) is satisfied. 
K e  have thus obtained an important criterion 
for checkiiig the consistency of the ides that 
“sudden freezing” is possible: ‘‘sudden freezing’’ 
is possible, and Eq. (12) applies, only if the value 
of ( r ) z o  computed from Eq. (13) differs from 
unity by a negligibly small amount. Hence the 
modified Bray criterion must be used with 
circuispection and cannot be espected to hold, 
even for a given chemical system, when t,he 

boundary condition,. (e.g., nozzle inlet and esit 
temperatures) are varied over wide limits. Toe 
precise meaning of the statement that (T),~ must 
be “suBciently close to unity” to  justify the use 
of Eq. (12) is clearly ambiguous. What is re- 
quired here is an honest perturbation calculation 
that is substantially equivalent to the precise 
solution of the problem. Xevertlieless, the 
availab1el4 data for the recombination of NO2 in 
the presence of p42 suggest that the condition 
given in Eq. (12) is useful for determining the 
approlrimate location of XO. 

Comparison Between Bray’s Modi$ed Criterion 
and Penner’s’. h‘ear-Equilibrium Criterion 

Since 

- Da,/Dt = - (8  In cye/d In T)sa,(D In T/Dt) 

it follows that the modified criterion of Bray in 
Eq. (12) may be written in the form 

3 = [ ( a,/ Re) (D In T/Dt) (- 8 In a,/8 In 2”) s ] ~ ,  

( 14) 
where the subscript S identifies isentropic flow. 
Barrsre has noted that the right-hand side of 
Eq. (14) is essentially Damkohler’s first simi- 
larity group DI (cf. I, Chapter XXV) and that 
we may regard it as the ratio of a chemical time 

( T d B  = (ae/Re) (-8 In 4 8  In 2”)s 

to a convection time 

rmeca = Dt/D In T.  
This observation is of considerable d u e  since 
me espect. OIL the basis of very general principles 
for reacting iiow systems. that large deviations 
from equilibrium flom will occur for a specified 
d u e  of this important similarity group. 

Penner’s approx+matc criterion ior near- 
equilibrium flow is [cf. I, Eq. (9) on p. 2991 

(E) (T’ - T ) / T - v  - (D In T/Dt ) z  
where [cf. I, Eq. ( 7 )  on p. 2991 

(2‘’-  T ) ,  T z [ ( K -  K c ) / K , ] i a h  T,/aInK,)s 

(16) 

and K and IC, have been defined in Eq. ( 5 ) .  
The quantity : is a reaction time which becomes, 
for the chemical process described in Eq. (I)  
[cf. I, Eq. (10) on p. 3001, 

I t  is apparent that ( T’ - T) / T again represents 
a form of Damkohler’s first similarity group. K e  

. - 
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shall assume that T’ has the maqnitude corre- 
sponding to a mass fraction Y.1 which has 
deviated from the local equilibrium mass frac- 
tion ( Y-4) e such that 

T = Y,/(YA)e 

at the point in the flow where effective freezing 
occurs. 

From Eqs. (l.5), (16), and (17) we find thatX 
K -  K ,  a,  D i n  T 

K e  
-~ 

R, ( Dt )( a,‘::), 
(1% 

1 
[ae/( 1 - a e  j J + 2 j ’ 

But. using the definitions of K .  K?, r, a ,  and a?, 

K - Ke - 1. (1 - rap) - 
(19) 

Introducing Eq. (19) into Eq. (IS) we finally 
obtain the result 

-- 
K, rL (1 - a,) 

( 20) 
since 

(a In &/a In T ) s  = (-a lnae/a In T),Y 

X 12 + C a e / ( l -  a e ) l l -  

Comparison of Eqs. (14y, and (20) shows that 
the quantity q replaces 4 in Bray’s modified 
criterion. Thus Eqs. (14) and (20) are identical a t  
the point in the flow where 

(?)-f(1 - T L Y e ) / ( l  - L y e ) ]  = 4, 
a condition which is precisely satisfied a t  the 
point 2 = zo as may be seen by reference to 
Eq. (11). Therefore, if we define ( T’ - T ) / T  in 
such a way that Eq. (11) applies, then Bray’s 
modified criterion and Penner’s near-equiiibrium 
criterion will necessarily yield identical results. 
The numerical value of the reduced temperature 
for7 = + i s  

(T‘- T)/T=-q(a lnT/a InKe)s (21) 

a t  the point of significant departure from near- 
equilibrium flow. But, for Wegener’s experi- 
ments, 

( a I n K , , ’ a I n T ) s ~  (AHo/ET)  +-y / ( *y -  I), 
*Equation (1s) is actually independent of the 

approximation implicit in the use of Eq. (15) since 
it  represents simply a form of the continuity equa- 
tion. However, the use of Eq. (11) in Eq. (15) does 
provide us with m imambipous definition for 
(T’ - T ) / T .  

whcre AHo is the standard molar heat oi reac- 
tion, and is an effective value for the heat 
capacity ratio. Thus 

- T/2 
T E  (AHo/RT) + T/(? - 1)’ T‘ - ( 2 2 )  

For Wegener’s AH’ N - 13,000 
cal/mole, N_ 1.3, and T % 30O0f< whence it 
follows that T’ - T ‘V 9°K. This value is in 
good accord with the observed esperirnental 
results (cf. Kegener, 1960. rei. 14, Fig. S i .  

Concurrent, Interdependent Reactions 

Consider the case where there are simul- 
taneous (coupled) chcrnical reactions occurring 
in a gaseous misture containing n chemical 
species formed from m elemctntal species. The 7th 
reaction may be written formally as 

where Jlf represents the j t h  chemical species and 
vi,l and v+” are the stoichiometric coefficients for 
species j in the rth reaction progressing in the 
forward and reverse directions, respectively. 

For any misture which contains all of the 
equilibrium species in nonzero concentration, we 
may write the quotient of partial pressures, 
Kpr, for the rth reaction as 

?I 

In Kpr (Yrj”  - vrj’) In p j  (24) 
3-1 

where p j  is the partial pressure of species j. I n  
general, the misture contains n distinct chemical 
species, ( n  - m) > 0 independent relations esist 
among the Kpr, snd more than n - m reactions 
are possible in the misture. The condition 
for choosing a set of independent IC, is a non- 
vanishing determinant of rank n - m for the 
difference between the stoichiometric coefficients, 
(vn” - I+$’). If this condition cannot be s e t  for 
the set of E reactions, then equilibrium is not 
possible and additional reactions must be in- 
cluded. We ssume that a complete set of reac- 
tions has been included, a t  least during the 
initial part of the nozzle espansion process. We 
identify by the index q,  where q = 1, - - a ,  n - m. 
those reactions which have lineariy independent 
values of In&,,. The dependent Kpr may then 
be obkAined from a set of equations of the form 

In&,= C agrInK,, ( r = n - r n + + ; - - , , t )  

( 2 5 )  

n-M 

q-1 

where the coefficients aqr are constants. The 
equilibrium constmts d l  have esactlp the same 
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coefficients for corresponding r e m s ,  sinre KPr - 
(K,jc a t  equilibrium, vi:.. 

In Rp,/ ( IC,?) = C apr ln ICrn/ ( Krn) e 

Mn 

Fl 

( ~ = n - m + I ,  ...,,t). (26) 

The Noczle Flow Equations in Term o j  
ka,/(GJ e 

The ratio of the partial pressure quotient, 
Rpg. to  the equilibrium constant. is 
determined by the relation 

In K,q/(K,q)e = 
n 

(v3/ - v J i )  In I-, 
3 - 4  + An, In g' + Anq In p 

- C (v,," - v,:) In TI', 

+ (4H,O/RT) - (ASgO/R) 

li 

3-1 

( q  = 1, --., n - m) (27) 
where 

whence i t  follows that 

a - In KPq ( &'I E 

a h  T 

Here Hia is the standard molar heat of forma- 
tion of species j and C, is an average molar heat 
capacity at constant pressure for the fluid 
misture. The rate of change of the j th  species 
produced by chemical reactions is given by 

(31) 
where 

n 

Anq = (vjd' - vjg') We finally obtain the following differential 
3-1 equation for Kpq/ (KpQ)  e: 

and 

is the average molecular weight of the fluid 
mixture. Since the temperature always decreases 
monotonically in a supersonic nozzle without 
shocks. me may define a function F ( t )  such that 

in T = --I"(t) 
and 

F = DF/Dt = -D In T/Dt. 
Equation (27) mzy then be differentiated with 
respect to In T to yield the relation 

a In &,m*& = - 
a In T 

d In TI: d !n p AHq' 
d l n  T RT a l n  T 4- An, - 

( q  = I, . . a ,  n - m).  (2s) 

From the one-dimemiona1 nozzle A ov- equations 
(i.e., from the conservation equations for one- 
dimensional, inviscid, adiabatic flow combined 
with the ideal gas equation of state) for constant, 
specific heat, me obtain 

where 

The term on the left-hand side of Eq. (32) may 
be identified with Damkohler's first similarity 
parameter. since it is the modified r$io of a 
characteristic convective f ior  time. 1/F, to the 
characteristic reaction time, l/&'. Equation 
(32). together with Eq. (X),  may be used to 
solve for KpJ(Kpg), .  

Rate of Entropy Increase in A.'Oz.de Flow 

In  the absence of chemical reactions and for 
equilibrium flow, the usual ideal nozzle flow 
approximations are equivalent to the assumption 
of isentropic expansion. Exylicit relations for 
entropy production may be obtained when 
chemical reactions occur in an otherwise ided 
nozzle. 
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The entropy per unit mass of a mixture of 

s = 5 ( Y ~ / T V J  (sj" - R In pj> (33) 

where Sj' is the standard molar entropy of 
syecies j .  Taking the substantial derivatives of 
S, we find that 

perfect gases, 8, is 

j-1 

1 DYj _-  os - 2 (&'- R I n p j )  - - 
Dt j-1 W j  Dt 

where 

Combining the relation for D$/Dt with the 
nozzle flow relation [cf. Eq. (%)I and with the 
reaction rate espression [cf. Eq. (31 ) ]  we obtain 

p j  = pmYj /w j .  

' - TSio + In p j ) ]  R,' [I - "-1. '(" R T  (Kpr) e 

(34) 

But the first term in the bracket in Eq. (34), 
after the summation over j has been performed, 
is seen to be AF,O/RT, where AFT is the stand- 
ard Gibbs free energy change for the rth reactim; 
this quantity, in term, is related to the equi- 
librium constant ( Kpr)  e by 

- In (Kp,.) e = AF,O/RT 

The second term in the large braces is defined 
by Eq. (24) and is the quotient of partial pres- 
sures, In Kw. Therefore, 

for near-equilibrium flow, 

Since R: is a l w a p  positive, i t  is apparent from 
Eq. (35) that  DS/Dt > 0 for any positive value 
of Kp,./(Kp,.)e. Also DS/Dt clearly vanishes for 
frozen flow (R,' = O i .  For equilibrium flow, i t  
may be shown that DS/Dt must also vanish.* 

* Reference to Eq. (31) indicates that the quan- 
tity R,'[1 - Kpr/ (Kpr)J  is finite for a one-step 
reaction. Hence DS/DT in Eq. (35) must go to 
zero as K,, approaches for a one-step reac- 
tion. This argument can be generalized to concur- 
rent, interdependent reactions. 
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Near-Equilibrium Flow 

Noting that Eq. (30) and the atomic species 
conservation laws are linear in D Y / D t ,  we may 
write formally an esplicit equation for DYj/Dt, 
ViZ. ,  

-AH: 6, D Y .  n-m + An, - d = F x  Dt q-1 A,j[- RT R 

where we need only n - m terms on the right- 
hand side of Eq. (36) because the other co- 
factors in the species conservation law will 
necessarily vanish for n - m independent 
equations. In  general, the coefficient ii,j will not 
be zero. By definition, in equilibrium flow the 
ratio K p , / ( K p J e  is unity throughout the nozzle; 
hence the derivative of Km/ ( Kpq) e vanishes. 
Therefore, even though 1 - Kpq/(Kp,)  e vanishes 
in the rate law given in Eq. (31), it is evident 
from Eq. (36) that  

vs) lim (z) eq equilibrium 

is nonzero. It is plausible to assume, therefore, 
that  in near-equilibrium flow, when Kpq/ ( Kpq) e 

is close to unity, the rate of change DYj/Dt is 
close to its equilibrium value. For frozep flow, 
DYj/Dt = 0 whence it follows that (for F f 0) 

(37) 

Equation (37) can be integrated without diffi- 
culty. 

Application of the Near-Equilibrium Flow .4p- 
proximation 

The condition for near-equilibrium flow is 
that  1 - Kpq/ ( Kpq) e is small whereas 

R,'C1 - Kp'I/(Kpq)el 
is not small. Then 8 In Kp,/(KpJe/6' In T is 
negligibly small in comparison with other 
terms in Eq. (32). Thus Eq. (32) becomes, in 
the near-equilibrium approximation, 
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which. ‘together with Eq. (26’1. constitutes a set 
of linear algebraic: equations in In Kpr,/(Kp7je. 
Once the K p T / ( K p , . ) c  values are determined, a 
standard thermodynaniic subroutine for com- 
putation of equilibrium composition in nozzle 
flow may be used with the difference that &,, be 
substituted for ( K p r ) c  as the equip5 num . con- 
stant. 

The present formulation permits starting 
solution of the esact differential equations a t  any 
point in tlie nozzle where near-equilibrium flow 
obtains (8 ’V Shitipl) since the basic espressions 
are completely algebraic. In  this respect, the 
present procedure is superior to  the expansion 
methods used by Hall’? and by T’incenti.I6 The 
computational difficuky is, hou-ever, somewhat 
increased because i t  is necessary to solve itera- 
tively for Kpr/ ( Kpr) 

Equation (38) has be,en used for a quantitative 
analysis of the recombination rate of NO2 in 
nozzle flow. Details concerning this work are 
described elsewhere by one of us (R. Kushida) . 

Influence of Surface-Catalyzed Processes on 
Atomic Recombination Rates in Rocket 

Nozzles17 
I n  two-phase nozzle flon. processes, it is of 

interest to consider the relative importance of a 
three-body gas-phase recombination reaction and 
a succession of heterogeneous two-body reactions. 

TTe consider a uniform mixture of gaseous 
hydrogen and small liquid or solid particles. 
For the particle concentrations actually en- 
countered in some rockrt nozzles. the rate of 
heterogeneous two-bod>- reactions may be equal 
to or larger than the rate of the three-body gas- 
phase recombination reaction. I t  is, therefore, 
clearly important to consider such heterogeneous 
two-body recombination reactions in quantitative 
rocket perforniar~ce evaluation. 

The folio\\-ing considerations are also of 
interest in connection with the development of 
esperimental procedures for improving the 
performance of nuclear rocket.. using hydrogen 
as driring fluid. Finally. tliey msy be modified 
to infer conditions under which the flow pro- 
cesses in hypersonic air-breathing engines can 
be influenced by induced, heterogeneous chemical 
reactions. 

The two assumed reaction paths for the re- 
combination of hydrogen atoms are: 

2 H + H + & + X  (39) 

H + T - t H - - - Y  (40s) 

H + H --- 1- + H? + Y .  (40b) 

The quantities k;. k h )  k2b denote appropriate 

t a  

h a  

specific reaction rate coefficients X represcntb 
either H or Hz. T is a small sohc! or liquid 
particle, and E-1’ denotes a hydrogen atom 
adsorbed on the surface of T. 

The rztio 

is a measure of the relative importance of 
heterogeneous two-body to three-body processes 
in the removal of hydrogen atoms wh, an nx 
denotes the number of particles of species S 
per unit volume. We denote by a the fractional 
number of collisions that lead t o  adsorption in 
reaction (40a) and by p the fractional number of 
collisions leading to H? formation in reaction 
(40b). If the concentrations (H), (P), and 
(H--Y) are small compared with (Hz), the 
nx = nIi, and we obtain (17) for R* the result 

where nzB = mass of the hydrogen atom, AI = 
Avogadro number, Q- = collision diameter of the 
solid particle Y .  

The ratio R* has been calculated from Eq. 
(43) for the following numerical values: T = 
1365’1<, pressure = 5 atmos, CTX- = 3 X l(Ffi cm, 

kp = 3 X 10l5 mole-+2 (em3) see-’. W e  find 
that 

h’* h ( 5  X lo6) (an17 + fln%~.---yj / n ~ .  

Therefore. the heterogeneous two-bod >- processes 
will become of comparable importance with the 
three-body gas-phase collisions ir” 

(any + @??H- - -I-) /nH 2 x lo-’ 

or 

for (Y - fl - 1/10. But. for a representative 
propellant system in two-phase nozzle flow. 
( 1 1 ~ ~ )  10” ~ r n - ~ ,  (nH)  -N IOis cnr3,  and 
[ (ny) + (.E- - J)] LS: IO’? to ioi5 cm-3. Hence 
(ny + nn---y)/m zz t o  lW3, i.e., the 
heterogeneous reconibination processes may ac- 
tuitlly become dominant. 

The product cy3 appears to be of the order of 
lo-? for the conditions existing in representative 
rocket n o z ~ I e s . ~ l ~ ~  

(VT + nH---Y)/?zE 7 2 x 10-6 

The Infiuence of Radiant Energy Transfer 
on (Two-Phase) Nozzle Flow 

The influence of radiant energy transfel-73-‘5 is 
not considered in conventional treatments of 

! 
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(two-phase) nozzle flow. That the assumption 
that radiant energy transfer is unimportant is 
not obviously valid follows most simply from the 
fact that spectral ahsorption coefficients in 
homogeneous and in two-phase systems may 
become very large even a t  moderate optical 
depths. For example, carbon particles with 
diameters of the order of 0.05 p are sensibly 
black in the visible and near-infrared regions 
of the spectrum for absorption and emission of 
radiation if about particles are present per 
unit volume and these particies are viewed 111 

geometric lengths exceeding about 1 em. 
For very large and for very small values of the 

spectral absorption coefficients, it appears at  
first sight that radiant energy transfer will be 
unimportant for the following reasons : 

a. For sufficiently large values of the absorp- 
tion coefficient, the diffusion approsimation 
applies, the Rosseland mean absorption co- 
efficient is very large. and the radiant energy is 
essentially trapped 10cally.'~ 

b. For sufficiently small vaiues of the spectral 
absorption coefficient, the Planck mean may he 
used. In  the limit of zero optical depth, radiant 
energy transfer will again he unimportant.26 

It is apparent from the preceding considera- 
tions of the limiting cases that radiant energy 
trans1er may well play an important role for 
intermediate values of the absorption coefficient. 
The quantitative importance of radiant energy 
transfer on nozzle flow processes cannot be esti- 
mated without actual solution of representative 
cases. X particularly interesting example concerns 
condensation processes in the nozzle for which 
the local values of the absorption coefficients 
may suddenly increase from relatively small 
values to very large values. 

If photochemical processes are neglected, 
radiant energy transfer does not influence the 
species conservation equations.?? w6 Similarly, 
if radiation pressure is neglected, which is well 
justified a t  the temperatures that are of interest 
in two-phase nozzle flow, the momentum equa- 
tion remains unchanged. However, radiative 
transfer can esert an imporcant influence on the 
energy equation even a t  relatively iow tempera- 
tures for systems with opacity values in the 
range evpected for two-phase flow processes. 
For the followinq crude calculations, we shall 
assume that the diffusion approsimation is 
applicable, i.e., that the radiation mean free 
path a t  all important wavelengths is >mall 
compared with the characteristic dimensions oi  
the problem. In this special esse it is readily 
shoWn?3.24.26 that the heat flus term involving 
the thermal conductivity, 

T'T, 

should he replaced by 

n-here 
(,A, $. 1,) V T  ( 4:3) 

= 16UT'/:36LL'& (44) 

may be regarded as an effective conductivity 
associated with radiant energy transfer, g 

Lepresents the Stefan-Boltzrnann constant, and 
~ L , R ~  is the Rosseland mean absorption co- 
efficient per unit length. The Rosseland mean 
free path xx0 equals the reciprocd (g the Rassc- 
iand mean absorption coefficient J ; L . R ~  m c i  is 
defined by the relation 

xp.o = ( G L , R ~ ) - ~  (151 4a*) 

x lm (kL&T)-'[L+ (,ez - 1 L i 2 ]  d ~ .  (45) 

where x = hv/'kT snci k i , , , ~  is the linear absorp- 
tion coeficient [including the induced emission 
term (,I - e-.)] in the frequency intervsl lie- 
tween v and u $. dv at the temperature T .  

The fact that the present estimates must be 
regarded as highly approximate foliovc-s most 
obviously from the fact t,hat Eqs. (43) and (44.) 
are appiicable only if $L.R~ is very large ut U Z Z  
important wavelengths whereas A, can become 
large compared with A, only for small values of 
,&,R~. In  two-phase nozzle f l o ~  problems it ap- 
pears reasonable to assume that Eqs. (43) and 
(44) will le2d to correct order-of-magnitude 
estimates if  X R ~  3 em and that appropriate 
integral techniques must he used fo; larger 
values of the radiation mean free path. 

Theoretical estimates of k ~ , ~ , *  can he made, in 
principle, for all particles by using the Mie 
theory?' provided the optical constants are 
available for the particle system. TTnfortunately, 
thisis not the case. For this reason, it is customary 
to assume that bulk properties (usually eutra- 
polated from low-temperature measurements) 
may he used. Stull and PlassLY have performed 
extensive calculations of absorption, scattering, 
and total cross sections and of spectral emissivi- 
ties for carbon using (extrapolated) bulk proper- 
ties and the &lie theory. We shail use the resuits 
obtained by Stull and P!ass for the absorption 
cross section even though we recognize that this 
particular parameter will vary significantly 
from one soiid material to another and that 
carbon is not representative of the solid phase in 
solid-rocket propeilant esnausts. 

The total cross section (u. in c d )  is plot,ted 
as a kunction of rvav$ength in Fig. 1 fof carbon 
pasticles with 200 h radius and 987 .-l radius 
using the (.lata of Stuil and Plass.2s For t!iese 
carbon particies, the scattering cross section is 
so small cornpared with the sbsorptiori cross 
section that the latter is practically identical 
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WAVELENGTH ($1 

FIG. 1. The total absorption cross section (nV) for 
spherjcal carbon particles with radius 200 and 
9S7 A as a function of wavelength (from Stull and 
Plass, reference 3s). The dashed part of the curves 

is extrapolated. 

with the totai cross section. Furthcrmore, the 
optical constants (at least for carbon) are 
presumably only weakly dependent on tempera- 
ture2s so that we may use the data of Fig. 1 at 
all temperatures. The h e a r  absorption coefficient 
is related to  the absorption cross section through 
the exyression 

kL,v ,T  = x U v ( 1  - e-=) (46) 

where denotes the total number of particles per 
unit volume. 

The quantity G(z)/kL, , ,r  where G(z) = 
z4@/(e" - 1)' i s  plotted as a function of x in 
Figs. 2 and 3 for the two selected particle radii at 
temperatures of 1000° and 20OO0K and for a 
number density of lo'? particles/cma. The 
calculated Rosseland mean free paths are also 
indicated in Figs. 2 and 3. For 1OI2 particles/cm3 
with200 A radius, we find" x ~ ~ l i  3 cm at 1000°k- 
and 1~~ N 1 at 20OO0K. Similarly, for the par- 
ticles with 98i radius, we find r ; ~ ~  = 0.046 cm 
at 1000°Ii and x~~ N 0.014 em at 2000°K. 
Therefore, the diffusion approsimation may be 
applicable for the assumed number density. 
On the other hand, for N less than about 1015 
particles/cm3, the effective thermal conductivity 

* Note that xx0 is inversely proportional to  the 
number density of carbon particles. We are in- 
debted to L. D. Gray for performing the numerical 
calculations. 
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FIG. 2 .  The quanti$y G(x) / l c~ . ,  ,T as a function of x = hv/kT for carbon particles 
with radius 200 -4 at 1000" and 2000DK for a number density of 10'2 par- 

ticles/cm3. 
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FIG. 3. The quantity G ( z ) / k ~ , ~ , ~  as a function of z = hv/kT  for carbon 
particles with radius 9Si a t  1000" and 200O"IS: for a number density of 1012 

palticles/cm3. 

A, is that of the gas phase. Thus we find for 1iS2 
carbon particles/cm3, that  X,/X,.u 270, at 1000°K 
for 200 A radius; A,/A,-N 3.8 at 1000°K for 987 4 
radius; and X,/A, rr 480, at 2000°K for 200 A 
radius;X,/X,cu 6.5 at 2000°K for 987 A radius. 
Since the assumed number density for the carbon 
particles lies in the range of values encountered 
in some liquid-propellant systems, we conclude 
that, for these systems, radiative energy transfer 
between the particles is more important than 
gas-phase conductive heat transfer. Similarly, 
for solid-propellant engines with larger values of 
N and presumably smaller values of cV and 
t t ~ , ~ , ~  than for carbon, a similar conclusion may 
well be applicable. 

The preceding considerations clearly require 
careful refinement before anything resembling 
a reasonable estimate for gas-phase to  solid- 
phase heat transfer can be obtained in two-phase 
systems. Fortunately, the large uncertainties in 
the effective conductivity do not influence the ob- 
servable performance parameters ~ i ~ p i f i c a n t l y . ~ ~  
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Discussion 

PROF. S. 1%'. BENSOK (University o j  Southern 
California): The treatment of H atom recombina- 
tion via surface catalysis is extreniely crude and 
ignores the details of the sorption process which in- 
volves the reverse process of dssorption and the 
problem of surface saturation. These rates are not 
independent of the  rate of surface IT atom recom- 
bination but are rather coupled to  this latter. It 
would not be very difi7rult for the authors to extend 
their analysis to the more complete system: 

I 
S + H e E - * . H  

From t,hc stfoichiomet,ry c:ondit,iorj S $- P- - -H = 
So, the total number of active shes, and the usual 
steady state technique we find: 

d(Hn)/dt = k,(Ej(S--.H) 

[kika(H)2(S~)]/[kz + k1(H) + ka(H)l 

Under most conditions one would expect kl(H) > 
ki(H) > k2 and the rate becomes: d(H,)/dt - 
k3(H)(S0). However, this could be very sensitive to 
the precise reaction conditions. 

DR. R. KUSHIDA (Xational Engineering Science 
Company) : The illustrative calculation of the paper 
neglects the back reaction 

H-*.Y -+ H + Y 

because we seek only orders of magnihde effects. 
To include i t  would require a slightly more elab- 
orate t,rea.tment, which was not, redly just,ified in 
this upper limit estimate. 

DR. A. Q,. ESCHENROEDER (Cornell Aeron,uutica,I 
Laboralory) : Dr. Kushida has raised some quest,ion 
in his paper regarding the uniformity of the freez- 
ing criterion as an approximat,ion. J .  A. Lordi a.t 
our labora,torp has published recently [AES Journa! 
55, 1355 (196aj-j a comparison between exact and 
approximate results for frozen atom fraction in 
nozzle expansions of singly dissociating gases. The 
approximately determined values never deviated 
more than 3 per cent. from the results of emrt  
numerical solutions. Reservoir pressure, reservoir 
temperature, and ratBe-geonietlry parameters were 
varied over wide ranges in this study. Based on 
these comparisons it appears as if the eudcien freez- 
ing assnmption gives a uniformly good approxima- 
tion for cases characterized by h e  freezing t,o an 
asgmptoticaliy constant. composition. 

DR. R. KUSHIDA: For engineering approximation 
the freezing point analysis is an extremely handy 
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in escess of the times of motion of their com- 
ponent atoms. 

This very elenientary version of the famous 
Rice-Ramsperger-Kassel Model of unimoleculsr 
reactions conceals another important concept, 
the transition state. That is? there must esist a 
configuration of the molecular system such that 
it demarcates reactant and product species. 
For computing rate events we must picture some 
transition structure through which a11 reactant 
species pass irreversibly on their way to products. 
The mathematical alternative to this (which 
has never been seriously esplored) is a cradle-to- 
grave program in which we follow reactsnt(sj 
over its entire history to ground state productjs). 

In  the range of temperatures between iOOO*I< 
and 5000°1i, the average energy content of 
molecules becomes so high that the rate of 
internal energy migration is sufficiently rapid 
to make collisional activation the rate-deter- 
mining process lor a unimoiecular reaction. Thus 
even comples molecules like C ~ H G  or C3H8 will be 
espected to split into radicals at  2500’K a t  
rates which are governed by second-order 
collisional activati0n.l Such processes which are 
termed, “energy-transfer processes” are then 
typical of the high temperatures of stioaked 
gases. 

It is the purpose of the present paper to review 
some simple energy-transfer processes from the 
point of view of the foregoing concepts and to 
esamine the present kinetic evidence concerning 
them. 

Recombination of Atoms-Experimental 
Studies 

One of the most important chemical reactions 
occurring in shocked gases is the dissociation of 
diatomic molecules. In the subsequent espansion 
and cooling of the shocked gases the inverse 
processes of recombination of atoms to form 
diatomic molecules take a dominant role. 

Exyerirnental studies of both of these reactions 
are of relatively recent origin, dating back about 
three decades. The measurements of recombina- 
tion have been done only once in a photo- 
stationary system by Rabinowitch and Wood.? 
Although potentially the most accurate method 
for these rate studies, the original studies gave 
very crude results and have not been repeated. 

Studies of the recombination a t  room tempera- 
ture by the photoflash technique have yielded 
the most reiiable rate constants to date. They 
are believed accurate to within 10 to 30 per cent. 
The precision is limited by the accuracy of high 
speed spectrophotometry and a detailed knowl- 
edge of the behavior oi metastable species. 

Unfortunately no lhotoflaah measuremmts 
have been rnnrie a t  sufficiently high temperatures 
to obtain reliablr (.stirnates of the teniperaturc 
coefficient ot the rwombination rate constant. 
Ins ted  the high temperature data have nil come 
from shock tube studies of the rate of dissocia- 
tion. The recombination rate constants have 
been deduced from these latter by means of thc 
thermodynamic relation: 

where ri,, is the precisely known equilibrium 
constant for the dissociation reaction, k d  is the 
second order dissociation rate constant, and kT is 
the third order recombination rate constant. 

The spread in rate constants measured by 
shock tube is usually within a factor of 2 to 10. 
The accuracy of shock tube rate constarits is a t  
present completely uncertain since there are few 
independent studies with which to compare 
them. If cve take as an esampie the shock tube 
measurements of the rates of recombination: of 
0 atoms in the range of 4000°-60000R one finds 
that the results of 5 different laboratories cover 
a tenfold range. 

The values of kT calculated from Eq. (1) are 
subject to considerable uncertainty since Ke, and 
k d  are both very sensitive to temperature. Thus 
for 0 2  at 3000°K, the critical ratio, E / R T  is 
about 20 so that a 1 per cent error in tempera- 
ture will lead to a 20 per cent error in either ri,, 
or kd. Here E is the bond dissociation energy. 
This is not true of k ,  and it is hoped that future 
shock tube work will turn to direct measures of 
IC,  rather than kd. 

One further technique of measurement of k, 
a t  room temperature has been made popular 
recently and this is the titration technique first 
reported by Harteck and co-~orkers .~ Once again 
the accuracy of the method is still uncertain and 
there have been spreads of factors of 2 and 3 
reported by different 1aboratories.j Here surface 
reactions and impurities can play an important 
role. In  addition it is not quite certain that the 
metastable species produced in the initial dis- 
charge are without effect. 

The result of the foregoing is that while it is 
generally believed that k ,  decreases with in- 
creasing temperature, the magnitude of the 
effect is almost completely uncertain. 

Raicroscopic Reversibility 
-1. number of wthors have questioned the 

validity of Eq. (1) for calculating the values of 
k,  and k d .  The basis on which these criticisms 
rest is that in 3 given experiment. there is 9 
non-Maswellian distribution of excited species. 
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If this energy distribution shifts with the relative 
concentration of atoms and molecules in the 
system. then, it is stated, there is no necessary 
relatioil between thr niecha.nisni far Eroni equi- 
librium arid near equilibrium. Hence there need 
he no sinqile relation such as Eq. (1) between B 
measured I;, (or k d )  and its inverse constant. 

This argument, is not. correct. The applicat,ion 
of microscopic reversibility can be readily 
justified if t,he system is in a stationarj- state, i.e., 
if there are no important concentrations of 
reactants tied up in intermediate states. Tinder 
these conditions it, does not matter how non- 
Masmellian the intermediate states; l’orawd and 
hack reactions will proceed through these at 
equal rates. Gntil there is some cogent esperi- 
mental evidence indicating the contrary Eq. (1) 
ma?. be considered to hold rigorously for kinetic 
studies. 

The Collisional Deactivation Model for 
Recombination 

We hm7e recently proposed a modification6 
of the original Rice model for atom recombination 
which is the first to account for two anomalous 
features of this process. The first anomaly has 
to do wit11 the fact that the -4rrhenius factor of 
the inverse process, dissociation, is from 100 to 
1000 times larger than collision frequencies, 2. 
This is in sharp contrast to the usual values of 
the Arrhenius factors for ‘‘normal” chemical, 
bimolecular rate constants which are all snialler 
than collision frequencies. 

The anomalous value of Ad was esplained by 
Rice‘ by invoking a pre-equilibrium between 
ground state molecules X? and a group of highly 
energized molecules. X2 (n’ possessing energy on 
the average about R T below the dissociation 
threshold. 

His dissociation mechanism is 

0 

X-2 -+ M t  X’n‘”’ + M 
1, 

( 2 )  

-+ hf - 2x -+ 1%. 
C 

If k ,  > k,  n-hich seems reasonable, then the 
value of k d  is given by 

kd = k , p ) ,  (3) 

where K(”) is the equilibrium constant for forma- 
tion of Since the entropy of the &(%) 

species is very likely of the order of 8 to 13 eu, 
in escess of X2. the value of Ad [which is given 
by A, exp (AJS‘~~) , ’R) ,  m-it11 -4, of the order of the 

I 

collision frequency Z] can readily exceed 2 
by two to three orders of magnitude. 

I t  is importantj to note that, the Rice model 
airea,d\; implics the t.ransfer of vi’urational energy 
or coliision in sniali increments. Any theory 
which pi-o~~oxes very large, transfer of vibrational 
energy on coliision will immediaseiy lose the 
pre-equilibrium of X2 with X2(’IJ along with 
the favorable entropy involved. Such theories 
will therefore not be able to account for the very 
large values of A d .  

The second anomaly which required esplana- 
tion is the weak decrease of k, with increasing 
temperature which we have discussed briefly. If 
one uses (3) and (1) to calculate k ,  one finds 
that k, is not sensitive to temperature. Our 
modification of the Rice model which gives such 
an effect is to replace his pre-equilibrium by a 
stationary state so that k ,  and k ,  are not neces- 
sarily very different. From the point of view of 
recombination, the model looks like the follow- 
ing: 

x + x* x2* 

XZ* + x p  + M 

x p  + &I* Xp-1) + x4 

X‘p + 1\4* x p  + biz. (4 
X2(%) is the highest, bound, vibrational state 

oi‘ X2 while X2* is any pair of X atoms whose 
separation is less than some assignable distance 
r,. Employing the usual steady state technigue 
which can be readily justified for this system it is 
possible to  derive the I’oIiowing expression for t,: 

k ,  = XZK*G( T )  . ( 5 )  

Here X is the probabilit,y that. a collision of Xs* 
with M wi!l lead to deactivation, K* is the equi- 
librium constant ior 2X= X?* while G( T )  is for 
all practical purposes the inverse of the number of 
vibrational states of X2 within the energy range 
RT of the dissociation threshold. 

The j~hysical interpretation oi’ this result, 
[Eq. (ti)] is that when 2X atoms come within 
bonding range of each other, 3 propcrly phased 
collision with a third body hl  can lead to  the loss 
of sufficient energy so that n bound state of X2 
will be formed. The probability of such an oc- 
currence per collision is given by the parameter X. 
It is also assumed that the amount of energy 
lost by Xp* in this collision will be of the ord5r of 
RT so that one of the hi_&est vibrational states 
of the species, &in) will result. This highlg- 
excited species X Z ( ~ )  may howel-er regain this 
energy in a further collision and be redissociated. 
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TABLE 1 Vithin the imprecision of current data. Eq. 
( 5 )  may be said to he in crcellent asreement. 
It leaves unanswered a Lumber or' questions. 
One of the most interesting of these is xvhy the 
upper electronic states of S.2 which are accessiblc 
to 2X atoms do not appear to contribute to 
recombination. The second concwns the corrcvt 
value for X. The third has to do with the prop'r 
potential function to use to ticscribe S2* while the 

energy transfers occurring on collision. 

Some Rate for htomic 
in ArgonY 

k, X 10-'J(l*/mole%ec) 
~ 

Cnlc. 
Temp - 
("Ii) IB Case IIB Ohs. fourth has to do 5vith the justification for sniali 

13 ..i 3.s 9*7iH?=W The value of ,kr is ciuite sensi-civc to t,he IW- H 

N 

0 

Rr 

I 

:300 
600 

1000 
2000 
6000 

300 
600 

1000 
2000 

300 
600 

1000 
2000 
3400 

300 
600 

1000 
2000 

300 
600 

1000 
2000 

12.2 :3 .? - 
10.3 2 .i - 
7 . 3  1 .s 
2.9 0 .sl - 
1.27 2.1 1.4 
1 .If! 1.6 - 
0.96 1.3 - 
0.67 0 . i 9  - 
1.14 2 .O 1 .o 
0.iO 1 .os 
0.48 0.69 
0.25 0.36 
0.1s 0.21 0.06 

2.32 6.4 3.1 
1.17 2 .s 1.2 
0 .'io 1.6 0.6 
0.34 0.6s 0.3 

3.20 I 10.0 3.9 
1.35 3 .i 1 .2  
0.75 1.9 0.6 
0 -34 0 .i6 - 

- 

- 
- 
- 

aReprinted in part from reference 6 .  IB is for 
Morse potential, IIB for Lennard-Jones potential. 

B s  the temperature increases, the probability of 
redissociation increases and thus the total rate of 
recombination decreases. 

In effect the group of highest vibrational states 
within RT of dissociation constitute an in- 
creasing barrier to recombination with increasing 
temperature. The net temperature dependence 
oi  k,  from this model approaches T-l at high 
temperatures. i.e.. temperatures of the order of 
(hv / k )  . 

Table 1 shows 9 comparison of some values of 
kr calculated from Eq. ( 5 ) ,  assuming X = 1 and 
neglecting any contribution to recombination of 
upper excited electronic states. The values of K" 
used here are calculated with a Sutherland cor- 
rection to the viscosity diameters. The Suther- 
land is on the average about 10 to 20 per cent. 
thus almost negligible within the present un- 
certainties. 

tentisl of interaction betawn S atonis at, large 
distances. The Xorse (Case IB) and the Lcn- 
nard-Jones (Case IIB) potentials give results 
differing by factors of from 2 to  5 .  This is an 
unfortunate but real result. It is difficult to 
foresee any simple resolution of this problem 
other than an investigation of the S. - - X  intcr- 
action potential a t   lo^ energies 2nd large dis- 
tances. 

On the question of the contribution of upper 
electronic states (such as and !E for O?) there 
is again no simple answer. One would expect 
contributions from such states, particularly a t  
low temperatures. Their participation mould 
imply values of X of the order of 0.1 to 0.3 rather 
than unity as assumed. In addition they would 
be expected to contribute another source of 
negative temperature coefficient to k, of the 
order of T-l. Some indepenclent studies of these 
states would appear to be well vorth vhile. 

On the question of small energy transfer we 
shall offer some evidence in the last section. 
First we shall present some aspects oE an inde- 
pendent, homogeneous, catalytic mode for re- 
combination. 

Homogeneous, Catalytic Recombination of 
0 Atoms 

We have recently considered the general 
prospects for a homogeneous catalystS for the 
recombination of atoms. Such considerations 
stem from the idea that if a species C forms a 
strong bond with an atom iY and C has many 
internal degrees of freedom. then the nascent 
species, CS" formed in a bimolecular collision 
process may have a sufficiently long life to be 
able to be deactivated by collision. In  such cases 
one can reasonably expect the following (,hain 
sequence for recombination: 

1 c f sr:cx 
(6) 

CX + s- c f X?. 



764 CHEMICAL REACTIONS AND PHASE CHbNGEE IK SUPERSONIC F L O T  

Under the conditions that 7cs(X) > k2 so that. 
dissociation of CX is negiigible. and further that, 
the rea.ction of C with X2 (reverse of 3) is also 
negiigibk compared to the reaction of C with X, 
the rate of catalytic recombination R, will be 
given by k , ( C )  (X) . Comparing this with the 
terniolecular process in which the third bod!- M 
is X, we find 

EJRt = k J k i ( X )  X (C)/(I;z). ( 7 )  
ISOK since kl may be expected to  be of the 

order of 10’O I/niole-secl while ki is about i0 lU 
12/mole2-sec, we see that R,/R, will be of the 
order of 200 (C)/(&)(X) at 25OOOK with all 
concentrations expressed in atmospheres. Thus 
for (X) = 0.001 atm and (C)/(X,) = 0.01 
(i.e., 1 mole per cent) the catalytic rate can be 
2000 times faster than the homogeneous, thermo- 
lecular rate. Under these conditions, the efficiency 
is still considerable when an appreciable fraction 
of CX redissociate via step 2 and there is 
appreciable back reaction of X2 with C. 

The corollary of all this of course is, that for 
such species C, one must be certain that they are 
not present as impurities in amounts of the order 
of 1 part in 100,000 or they will make an error of 
100% in measurements of kt. 

The above mechanism, if applied to the very 
important problem of H atom recombination at 
very high temperatures and low pressures, sug- 
gest a number of possible catalysts approaching 
the above hypothetical efficiency. These are in 
descending order of utility, CHI, C&z, NHa, and 
H20. -4 more detailed analysis of these molecules 
will be found in an independent paper (rcfer- 
ence 8 ) .  

The chief requirements on C for high efficiency 
are that, it contain a t  least three atoms and that, 
the C-H bond strength be very large relative t o  
RT. Both of these guarantee a long life for the 
nascent, CX;* species. Practical considerations of 
the method of utilization of C will dictate other 
requirements, not least, of which is that C and 
CX be stable with respect to other kinetic 

es in the regime and time of utilization. 
‘e shall not be able to  discuss here. 

The possibility of finding efficient, catalysts 
rests on the existence of species CX €or vliich 
the rate of dec,omposition is controlled by internal 
energy migration. Gnder consideratious n-here 
this is not the case, the decomposition of CX 
will be controlled by the rate of energy transfer 
and the lifetime of CX* may be too short to be 
of interest in the chain cycle, (6). 

satisfied under these, conditions is if the Ar- 
rheniiis A fa,ctor for step 2 is much lowcr than 
that for step 3 (i.e., Az << A i ) .  

The assipment of an activation energy to 

Ionization Rates in E o t  Gases 
At temperatures above 4000°K, ionization 

becomes an important phenonlenon in hot, gases 

and the process of dissociation into ions and 
electrons and the inverse recombina.tion shoa- 
many simiiarities with atom recombination. In  
recent, years studies of the rates of ionization of 
rare gas atoms in shock tabesg.’” have pointed to  
metastable states as being thc chief precursor t o  
ionization in the absence of impurities with low 
ionization potentials. The evidence adduced for 
this is that the activation energy for the rate of 
ion production has been considerably below the 
ionization potential of the rare gas in question. 
The mecha,nisni for such a process is one of the 
two follolving: 

Case A 
1 

2 
M + X+X* + M 

X*+ M + X + +  e - +  M 
3 

Case B 
1 

2 
A4 + X z X *  + M 

X* + X -+ Xz+ + e-. 
31, 

If we apply s t e d y  ‘state methods to X*, the 
metastable species, then we find for the rates: 

Rate.4 = [k&(M) (X>] / (~Z + k3) ( s> 
RateB = [ k $ k ~ ( M )  (x)?v[kp(M)+ka’(X)]. (9) 

When (AI) = (I;) the two rate l a m  are in- 
distinguishable. Let, us consider the consequences 
of the fact that the ionization activation e n e r a  
is very much less than the ionization potential. 

Let it be first noted that nieelianism A is 
inherently implausible relative to  B if only by 
virtue of the fa.cta that  any second higher excited 
state of S produced by collision with J/r will 
dissociwe its electron so rapidly 
sec) that the product XM+ will be effectively 
left behind. For this reason me shall consider 
only Case B even x.;here the bond energy of 
X J P  is very small. 

In order for Rates to givc an overall activatiol: 
energy corresponding to  step 163‘ > k2 (assume 
M = X) . Kowxer k; is not without actimtion 
energy of its own, namely the ionization po- 
tential of I;* minus the bond dissociation energy 
of X,+. The former is oi’ the order of 4-5 eV while 
the latter is about 1-2 ev. Thus k3/ should have 
an activation energy of the order of 3 ev. The 
only way in which the relation kz < ka‘ can be 

to 

I 
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step 2 is not a solution &ice the activation energy 
for step 1 would have to be miscd by an identical 
amount in view of the relation El - Et = AE* = 
the excitation energy of X*. 

But if kz has a very low .\rrhcnius .1 factor, so 
must ICl since R In ( - l ~ / - l J  = AS* - 3 (the 
entropy of excitation of Y * ) .  However at  the 
very high temperatures where the rates have 
been studied ( i . jOO"K),  these inequalities are not 
very large. Thus an activation energy difference 
of 3 ev which will contribute a factor of 
(a t  2~jooOK) to the ratio of two rate constants. 
will contribute lo-? a t  .jOOOaK and lo-' a t  
7500°K. However the -1 factor for 3', A3/ is 
already low. The standard entropy change in 
reaction 3' is about 22 *u so that .ia/ is about lo6 
smaller than A;, the A factor for dissociative 
recombination. The latter however cannot 
esceed frequencies of about IO'? l/mol+sec so 
that ;1$' < IO7 l/mole-see. This in turn implies 
that A2 < lo5 l/mole-see which is then also the 
order of magnitude of AI. There is no evidence 
a t  present to indicate that the Arrhenius factor 
for the ionization rate constant is so small. 

.in alternative mechanism has been presented 
by Petschek and Byron for the latter stages of 
ionization in shocked argon. They skip over the 
details of the process, assuming only that colli- 
sions of "colder" electrons mith metastable Xr* 
are rate controlling. They further assume that 
Ar* are in equilibrium with electrons and not 
with Ar, ground state. But this assumes nithout 
evidence that the inelastic collision of e-* + 
Ar 3 Ar* + e- is not reversible compared to the 
further excitation of Ar* + e- -+ Ari + 2-3-. 
This seems indefensible in terms of detailed 
balancingJ3 

It is my feeling that there is as yet very 
meager experimental evidence on which to base 
any detailed mechanism of ionisation in shocks. 
What does appear to be well established is the 
diaculty of controlling impurity generated 
ionization. 

Vibrational Energy Transfer 
From the foregoing discussion it is perhaps 

evident that the inelastic transfer or' energy 
between an internal oscillation in a comples 
molecule and the translation degrees of freedom 
is one of the keys to high temperature reaction 
rates. This problem has been under active 
investigation since the early 19.30'~'~ with results 
which are in about order of magnitude agreement 
with laboratory esperiments. 

There are two aspects of this work which have 
3 direct bearinq on the problems oi c:liemicai 
kinetics which it is of interest to riiscuss here. 
One has to  do with the .probability of collisionn.1 

76.3 

loss of a vibrationdl quantum by a highly escitccl 
oscillator (such as _YL('~)  or &*) while the othcr 
has to do with the relative probability of cscita- 
tion of 3 lower cncrgy oscillator to vcry high 
vihrstional levels by an energetic collision. 

We have recently a t  the Douglas Research 
Laboratories completed some computations of 
the classical, inelastic co-linear collisions of 2 
diatomic molecule (harmonic oscillator) A B  \yith 
an atom, C.I5 The computations were clone on :L 
machine (IBM 7090) and constituted a precise 
calculation of the mechanical trajectory or' the 
collision over a broad range of the dynamicnl 
parameters OC the system. 

The interactions between the colliding species 
were represented by a Morse (or Lennard-Jones) 
potential with shallow minimum between atom 3 
of the diatom .4B and the atom C. For simplicity 
the collision was always between B and C. This is 
pretty much the model which has been csamiiieec! 
by most previous investigators. 

If I is taken as the range of the repulsive forces 
in the Xorse potential 

jv,Q-,, = [I - esp ( -a(z -  X0))I2- I) ( IO)  

with E = 1/3a, Vo the well depth and the 
equilibrium separation of B and C, then a hard- 
sphere, impulsive collision could be represented 
by setting I G 0.01 (a =. 50 &&-I). These 
results could then be checked against the esact 
explicit solution which is available for the 
impulsive, hard sphere collision.'5 Some sur- 
prisingly interesting results came from this 
latter problem. 

In Fig. 1% is shown a space-time diagram of 
the hard sphere collision. The straight lines 
through C represent the trajectories of C rela- 
tive to A-B for different initial separations of C 
and A-B. The sinusoidal curve through B repre- 
sents the harmonic trajectory of B relative to the 
center of mass of the oscillator (assumed fised) . 
All possible initial separations of C and A-B mill 
be represented by a family of curves parallel to 
the lines through C. 

What is most striking here is the fact that no 
intersection of the two trajectories can occur 
beween the phases of oscillator motion repre- 
sented by the resion between the points P and 
&! Between P and R, no collision can occur 
because B is moving faster than C and away from 
it vvhiie between R and Q the collision is pro- 
hibited by the prior collision a t  the preceding 
crest (e.g., P') . What this oversimplified mode! 
dhow is that the collisions tend to be confined 
to oscillator phases correspondicq :o cspansion 
which would on the sveraqe  cause lie-excitation. 

Two estreme cases are represented in Fiq. i b  
2nd tc. In Fiq. l b  we see the m u i t  of LL !lard 
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FIG. 1. Space-time trajectories for colliding hard 
spheres showing excluded phase angles. 

sphere collision between a “cold” atom and a 
highly excited oscillator. This is the sit,uation we 
envisage as the rate-determining step in atom 
recombinations. JVe see that the relative slopes 
are such as to  favor collision near the peak of the 
oscillator separation where little kinetic energy is 
present for de-escitation. The effect of an- 
kiannonicity is slmwii in Fig. 1 d. The result, is to 
weight even more heavily the configurations of 
very large separation OS thc oscillat,or atoms and 
again make more probable the exchange of small 
amounts of kinetir energy. We believe that with 
ali tlit. limitatious of the oversimplified model: 
this result, added weight, t o  our assumption that 
vibrational energy eschange takes place in small 
rather than large increments. 

The other estreme situation where no oscillator 
configurations are excluded is shown in Fig. IC 
representing the hard sphere collision of a “hot” 
atom C with a “cold” oscillator. There is now no 
longer any absolute restriction on phases but 3, 
further consideration appears. 

This second consideration has to  do r i t h  the 
observation that even in the completely classical 
system, the probability of escitation shows a 
sharp cutoff with collisional energy. This cutoff 
energy increases in magnitude with increasing 
Poftness of collision and is in fact a very sensitive 
function of the parameter CY [Eq. (IO)]. This is 
illustrated in Fig. 2 showing the de-excitation 
probability per collision, Pl-0, as a function of 
collisional energy and range Q for 3 “soft” 
collision. The Pl-0 curves go through a maximum 

O2 - Ar 
60 I 

0 2 4 6 8 

ER x 

FIG. 2. Probability of excitation and de-excitation 
per collision from the first vibrational level to 

ground state. 

and fall to zero with increasing energy. The 
reason for the maximum is that  at higher colli- 
sional energies, escitation rather than deexcita- 
tion predominates (Fig. IC). 

If the excitation curves are examined ( Pb1) i t  
is found that they exhibit a sharp decrease with 
increasing energy above their own cutoffs. This 
is due to the fact that with increasing collisional 
energy the probabilities of 2 ,  3 ,  and higher 
quantum excitation becomes important. Hoa-- 
erer. inspection of the curves shows that the 
cutoff for these higher order processes does not 
occur at  an energy just hv higher than the cutoff 
for the lower quantum jump. On the  contrary, 
there is a considerably higher energy requirement. 

Khat  this impl~es is that if we consider the 
stegv-ise escitation of an oscillator (originally in 
the ground state) to  any quantum level n h .  the 
stcywise rate will always be iaster than the 
multiple quantum excitation. The kinetic reason 
for this arises from the steady state analysis of 
the system. For a 2-quantum process for example, 
the stepwise mechanism IS 

1 
h/l + X2‘”)S h l  + X?“’ 

3 

4 
hl + &(‘)e M + X2(2’, (11) 

while that for the 2-quantum jump is: 
1’ 

2‘ 
(12) 1LI + X,@) t A l  + X*‘?). 

The ratio of stationary rates for these protesbes, 
neglectmg for the momement the deactivation 
rates 4 and 2’, is: 

RIIIRI? = kikd[ki’(kz -I- ka)]. (13) 
If ka > k2 then R~I /RI?  ---i kl/kl’ while if 

3s is much more likely k? > k ~ ,  then RllI/RIP 7 

. 
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K~.&/kr‘ where Kl.z is the equilibrium con- 
stant for Xz(l) and has a temperature coefficient 
of precisely hv. It turns out however that the 
activation energy of k3 is much less than that for 
kz so that process (11) is always faster than 
process (12). The exception to this is in the hard 
sphere case where the threshold energy is very 
close to the enthalpy change for escitation. Even 
in this case, however, there is a small, not in- 
appreciable activntion energy. This arises from 
the circumstance that if atom C were to transfer 
100 per cent of the relative energy of the collision 
to vibration, i t  would be trapped as a motionless 
particle nest to AB. On the nest half-cyc!e of 
oscillation E would strike C and be de-escited. 

A s-ery crude analysis of the excess ‘Lacti\*ation” 
energy required in the classical, hard-sphere case 
yields a vdue of about 14% of the quantum 
excitation. That is, if C i s  to escite A-B by 
nhv, then the minimum relative collision energy 
of the system must be about 1.14 nhv. Sub- 
stituting any such result in Ev. (13) yields the 
same conclusions, namely a more rapid stepwise 
excitation. 
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Discussion 

PROF. S. H. EAUER (Cornell University): For an 
audience which consists of a minority of chemical 
kineticists, it may be worthwhile to underscore that 
the notation and formalism of chemicni kinetics is 
based on the assumption that each symbol is to be 
clearly identified with a distinct chemical species, 
the concentration of which could be measured, at 
least in principle. I should also remind you that the 
“rate constants” which chemical kineticists use to 
express probabilities of transformation of one such 
specie to others are averaged over many moiecuiar 
parameters and states. If one is not on guard as to 
the significance of these hidden parameters, he will 
easily become confused. 

The accepted formulation oi a unimolecuiar 
process is: 

8 2  

-4. C S = = A *  +s;  
h 

.I* -+ transision state - products. 
bo 

The “transition state” of the chemist is to the 
physicist a region of phase space which corresponds 
to the accumulation of a large amount of internal 
energy in a few (critical) vibrational modes. When 
these modes attain large amplitudes, the atoms are 
brought into 3 sequence of configurations required 
for the transformation of the reactant to the prod- 
uct. The “transition ntate” is that. region of phase 
space which corresponds to the maximum of the 
potentia1 eneryy siirface alony the minimum energy 
path isaddle point) in which the represent:itive 
points are moving toward the configurations rppre- 
sentative of the products; the correct vect,or quality 
is essential. 

I must admit that I did not have the proper 
intuitive feeling for Prof. Eenson’s statement chat 
a t  aueciently high temperatures the rate of internai 
energy migration is dficiently rapid to  make coi- 
lisional xtivat.ion che rate-determining process for 
3 rinimoiecuiar reaction. However, on &he dide !is 
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argued its validiq- by miting: 

I ; ,  Î vi(: - E*!/Z-Jn-’. 

Oi course, if he chooses, he ma.y introduce this de- 
pendence as an essential postulate; and then he 
nil! not obtain the usual Arrhenius tempera.ture 
dependence oi k;. Generally, it- has been assumed 
that 

kr = [ k(e)D( t )  de, 

where 

];(E) = 0 for t < e*  = ~ [ ( t  - t*)/c]n-l 

for c 2 €* 

and D ( E )  is the distribution function over states. 
Then lia = Y exp (- e*/&), and the unimolecular 
limit is maintained. Thus by performing the aver- 
age over energies rather than over probabilities for 
reaction [ k ( 4 ] ,  -%son reached this rather unex- 
pected conclusion, for which, as far as I know, there 
is no evidence. 

The matter of notation arises again in t8he com- 
parison of 0. K. Rice’s model for t.he dissociation of 
diatoms with that of Benson. 

(1 

x’? + M X?(”) + M 
b 

Prof. Benson treats &(n) as a distinct chemical 
species for which one may m~ite  a meaningful par- 
tition function, and thus deduce an equilibrium 
constant, for the reaction, as writt,en. Prof. Rice did 
not use this formalism because the XZ(n)’s a.re 
nothing but, I;? molecules in their uppermost vibra- 
tional sta.t,es which have already becn included in 
the partition functions and equilibrium constants in 
t,he manner proposed. Kow, t,he rat8e constant for 
dissociation rna.y be simply w-rit,tm as the product 
of the normal collision number times the population 
of molecules in the statee v-ithin kT of the dis- 
sociation limit. 

k d  = Zn* = &(Do - kT)  exp i- (Do - kT)/X-T! 

where q(D0 - k T )  is the total number of states 
wit,hin kT of the dissocia.tion limit. The last term 
assumes the essential attainment of a Boltzmann 
distribution for these states. Benson stated that his 
estimate of the populat.ion R ~ S  obtained by solving 
for a steady state condition, with det,ailed balance 
among all the upper stat,es. From the material prc- 
sented it. is not evident, that) his temperafure de- 
pendence of the pre-exponential term could differ 
substantially frcm that of Eice. I strongly suspects 
that, differences by a factor of TI/* or even T could be 
introduced by follo~ving different. avera,ging paths. 
For example, a classical treatment of a11 the vibra- 

tional 1evelE will give a, different T dependence than 
one in mThich the lower levels are quantized. 

I m+h t o  counter to some extent, the pessimism 
regarding diatom dissociation data, as derived from 
shock tubes. If one considers all the published works, 
values for selectfed ratme constants do differ by a 
factor of 10. However, values which appea.red 
during the past 2-3 years are much more con- 
sistent; these range only over factors of 2-3. I n  
particular, the rate constants for 0, have settled 
down, and &s was not admitted by Prof. Benson, 
Jack Wilson has shown that at 2S00”K his directJy 
measured recombination rate constant, checks 
within 30% the value deduced from Skip Byron’s 
measured dissociation rates. 

Finally, with respect to the use of hydrocarbons 
such as CH4 and C& as catalysts for H atom re- 
combination in nonequilibrium nozzle flow, atten- 
tion is called to the paper by A. Q. Eschenroeder and 
J. A. Lordi (this volume, p. 241). They reported on 
a numerical analysis of the effect of introducing 
such species in the flow, and concluded that the loss 
in specific impulse due to the increase in average 
molecular weight is significant. The over-all gain 
is not dramatic. 

. PROF. S. W. BENSON (University of South,ern 
CuZ<fomiu): In answer to Dr. Bauer’s first point, 
that of the estima,te of the half-life or mte confitant 
of a critically energized species, this is done by a 
method indicated in my text “Foundations of 
Chemical Kinetics”.’ 1Vha.t. is done is t o  set. E = 
t* + nkT on the crude assumption tha.t, the mean 
reactive molecule contains nkT excess internal 
energy beyond the barrier energy. There is con- 
siderable evidence for such an estimate. 

In his second point Dr. Ba.uer confuses Rice's 
treatment and our own. Rice assumed that X:(fl’ 
u‘as in equilibrium with the ground statsee of X?. Vie 
show on the contrary that Xi,(n) is in 3 steady state 
whose concentration is less than equilibrium. 
Further this steady state concentratioo decreases 
with increasing temperature about, like T-1. It, is 
this latter behavior which is responsihle for t,hr 
negative temperature dependence of the rate con- 
stant for termolecular recombination. I think it 
would be best on this score to refer to the original 
pa,per .2  

On his last point, concerning the ra.te of homogene- 
ous catalysis I have not made an effort to calculat,e 
the performance gain in propulsion due to small 
amounts of CE, or CzH?. I did calcula.t,e the effects 
on the recomhina.t,ion rate of CH;, C.HP, KHs, and 
E&. They are in the order giveii with CH, &out, a 
factor of 10 more effective than C,H2. In view of the 
smaller molecular weight of CH, vs. CzH? and the 
greater catalytic efficiency I would be surprised if 
it did not. increase propulsion in the Ion- thrust, (lorn, 



shamber pressure) cnginrs. But that is for the 
engineers to discover. 

PROF. H. B. PALMER (Pennsyluanza State Uni- 
versity) : Professor Benson has chosen as nn esample 
of shock tube kinetic results the case in which I 
believe the disagreement is the worst known from 
shock tube studies. In contrast I might cite the four 
independent studies that have been made of Br? 
dissociation, using difl’ering tubes and differing 
inert gas dilution ratios. As I recnll, the scatter in 
the entire collection of data is q~prosimutely a 
factor of two. -4s for checks of shock tube results by 
other methods, two esamples with which I am 
familisr come to mind. At the iast symposium, 
Deklau and I reported work on nitrosyl chloride de- 
composition in shock waves. Our scatter was iarge, 
but by using the kinetic results of Xshmore and of 
Waddington and Toiman at low temperatures, we 
were able to make ~1 rate constant plot over tl large 
temperature mnge. Dr. Xshmore has recently sent 
me a new result for nitrosyl chloride that f:tlls 
aimost perfectly on our best low 2’-high T line. 
Finally, in the case of CHI decomposition, T. J. 

Hirt and I have rate coristant data, d)taincd from 
kinetic studies of carbon film formation, th:ic agree 
extremely well with the best line through the shock 
tube data of Skinner and of Glick. 

PROF. S. W. BEXSON: In regard to the problem of 
the precision of shock tuber;. raised by Dr. Bluer 
and Dr. Pttlmer I must, of course? confess to playing 
devil’s advocate in sonic rnezsure. I would be very 
pleased to know thas the precision of race consttlnts 
from shock tube studies was within tl iactor of 5W% 
(spread of 2 ) .  This is certainly not, trce of the data 
with which I am currently acquainted. I think it is 
very important that Shock Tubers point out 2nd 
emphasize the precision of their me:isurernents. 
I hope that, in future work, independent checks of 
the type mentioned by Dr. Palmer will he :tvailable 
for com9arison. 
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CE-IEl\\lfICAL REACTIONS IN SUPERSONIC NOZZLE FLOWS 

I<. Ii. C. BRAY 

Departures from thermochemical equilibrium involve energy withhdd from the act,ive degrees of 
freedom of the gas and may therefore cause a large loss of thrust in propulsive nozzles. Nonequilibrium 
effects are also important in the use of high enthalpy wind tunnels, where they may produce a test 
fluid whose composition and properties are very different from those of equilibrium air. Finally, 
freezing of the ionization level in a channel-type- MHD electrical generat,or could lead to a useful 
increase in the dc conductivity of the gas. 

The object of this paper is to provide a summary of the present state of knowledge concerning 
these problems. Basic assumptions which are made in theoretical studies of nonequilibrium flows are 
first reviewed. From the gas dynamic point of view, nozzle flows are well represented by the very 
simple, quasi-one-dimensional adiabatic flow approximation. All transport processes are neglected 
except, in narrow boundary layers on the walls, whose only efiect on the remainder of the Bow is a 
small reduction in the effective cross-sectional area. Chmges in chemical cornpositlion, ionization 
level, and vibrational excitation are assumed to occur through a finite number of supposedly ele- 
mentary chemical reactions, and the rates of these reactions are obtained from experiments on 
simpler systems often under very different conditions. Large errors may result, if the a,ssumed reac- 
tion mechanisms are not, in fact elementary or if an incorrect temperature dependence is assumed. 
Generalized computer programs exist, which can solve nozzle flow problems in which an arbitrary 
set of relaxation processes is occurring. Results can continually be improved as more accurate kinetic 
data becomes available. At present, the accuracy of numerical results will often be severely limited 
by uncertainties in the kinetic data, so emphasis is placed on simple a,pproximate solutions. A gen- 
eralized sudden freezing method is presented for flows in which coupled chemical reactions are oc- 
curring. Each reaction is assumed to cease suddenly at a fieparate point in the flos-. The inclusion 
of sudden freezing of vibrational energy is straightforward. Agreement. with exact solutions is satis- 
iact,ory. 

Finally, the paper includes a hrief survey of puh!ished experimental results. It is concluded that 
two t,ypes of experimental data are urgent,ly required: experiments on simple chemical systems to  
cietermine ratme constants applicable t o  nozzle fiow problems, and experiments on  flow^ where coupled 
cheniicd reactions are predicwd t o  play a dominmt. role. Mu& effort. is being inaest,ed in these proh- 
lems and knowledge is likely to increase rapidly. 

Introduction 

Thc. ohject of this paper is to  provide a sum- 
mary of the present state of knowledFe on the 
subject of supersonic nozzle flows in which 
thermodynamic and chemical equilibrium is not 
always maintained. K e  are therefore concerned 
r i t h  a situation in which the rh~racteristic times 
for various molecular relasation processes may 
he comparable with the residenre time during 
which particles pass through the nozzle f l o ~ ~ .  
Processes diich may depart significantly from 
eyuilibriuin include chemical and ionizing reac- 
tions and adjustment of molecular vibrational 
energies. Rotational relasation occurs too rapidly 
to depart significantly from equilibrium in 
nozzle flows. 

The conrergent-divergent de Lava1 nozzle is a 

device for accderating a gas stream from subsoriic 
to supersonic speed. In performing this function. 
it converts the thcJrrna1 energy and notential 
energy (in the forin of pressure) of the nearly 
stagnant, hot gas ahead of the nozzle. into the 
kinetic energy of the supersonic stream which 
emerges with l o w r  temperature and pressure. 
If the ratio of exit area to throat area is large, 
most of the energy is converted into kinetic 
energy, and the pressure, density. and t,empera- 
ture ai the esit are very niuch less than at t h e  
entrance to the nozzle. The nozzle then produces 
a hypersonic flow. 

Consider a situation where a chemical reaction 
occurs in the accelerating gas as a result of the 
decreasing temperature and pressure. Energy 
released during the reaction Fill be in the forrx 
of thermal energy and the expanding nozzle will 

770 
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convert some of this to kinetic energy. Both the 
exit velocity and the exit temperature will be 
higher than if the reaction had been too slow to  
occur within the nozzle. Most energy will be 
released, and the velocity and temperature will be 
highest, if the reaction is fast enough to remain 
essentially in equilibrium during expansion. The 
chemical kinetic and gas dynamic aspects of the 
problem are coupled together, because the rate 
of energy release affects not only the flow but 
also, through the temperature? the rate or" the 
reaction. As the gas passes through the nozzle 
the density falls. so the rate of reaction is reduced 
and the composition tends to  "freeze." 

Departures from equilibrium are important in 
the design of propulsive nozzles. If combustion 
is not completed before the gas enters the exhaust 
nozzle, the combustion reactions may be too slow 
to  reach completion within the nozzle. Xiso, the 
hot combustion products will be partly ciissociated 
in the combustion chamber. The full chemical 
energy will only be available to the flow if re- 
combination of dissociated products can occur as 
the temperature falls through the nozzle. If 
any of these reactions departs from equilibrium, 
or "freezes," energy is withheld from the active 
degrees of freedom of the gas. This frozen energy 
cannot be converted into kinetic energy by the 
nozzle and large losses in thrust can result. The 
hypersonic ranijet engine is particularly sensitive 
to nonequilibrium effects',? and, a t  high Mach 
numbers, the thrust may go to zero if complete 
freezing occurs. Important losses in thrust can 
also occur as a result of freezing in rocket nozzles.' 

Nonequilibrium nozzle problems also arise in 
the use of high enthalpy wind  tunnel^^^^^^. In  
this case, departure from equilibrium results in a 
test fluid which does not possess the composition 
and properties of equilibrium air, and may 
therefore give misleading exp+mental results. 
Wind tunnel experiments involving, for esample, 
nonequilibrium flow past a body, or radio wave 
propagation through Dhe ionized layer round 
such a body, may require detailed knowledge of 
the concentrations of all constituents of the test 
gas. This is obviously a much more rigorous 
requirement than in the case of the propuisive 
nozzle, where we are primarily interested in the 
gross properties which determine the thrust. 

The desim of magneto-hydrodynamic gen- 
erators may also be significantly affected by 
nonequilibrium flow etfects. As pointed out by 
Eschenroeder, the freezing of reactions between 
ionized species may lead to a large increase in 
dc electricat conductivitv in ii supersonic nozaie 
flow, and this can perhaps be used to improve the 
efficiency oi a channel-type generator. 

Very similar problems also arise in computing 
the dow field past a hypersonic vehic!e entering 

the earth's atmosphere, ander conciitionh ahere 
nonequiiibriuni chemical reactions occur in the 
hot air surrounding the vehicle. T>-pical resuits 
are reported by Vaglio-Laurin and Bloom.' 

Formulation of the Problem 
In this selection 15-e list snd ciiscuss the various 

gas dynamic and kinetic assumptions to he madc 
in formulatinq the pnerni problem u i  LL flow a i t h  
coupled chemical snri ionizing rcac tions a d  
simultaneous vibrational rrlmation. Equations 
embodying these assumptions wiii he presented 
in the following section. 

Gas Dynamics 

As the overall accuracy of computed resuits is 
likely to be iimited by the kinetic d a t ~ ,  g r e x  
sophistication mould be out of place here. The 
yuasi-one-dimensional approximation, in which 
all thermodynamic, chemical, and flow variables 
are assumed to depend only on the axial distance 
down the nozzle center line, has proved to be 
useful in many applications. To this approsima- 
tion, velocity components and variations of 
properties in directions normal to the center line 
are ignored. Viscous, thermal conduction, and 
diffusion effects are confined to narrow boundary 
layers on the nozzle walls. These boundary 
layers are excluded from the region to be studied, 
it being assumed that their only effect on the 
main body of the flow is to produce a small dis- 
placement of the effective wall position. Conse- 
quently, friction, esternal, heat transfer, and 
heterogeneous chemical reactions are all escluded 
from the region of interest, in which the flow is 
assumed to be steady, frictionless, and adiabatic 
and only gas phase reactions are considered. To 
this approximation, the gas dynamic side of the 
problem is very much simpler than in many cases 
of technical combustion, where diffusion and 
turbulent mixing processes predominate. 

If conditions upstream of the nozzle are non- 
uniform and unsteady, as is often the case ir 
propuision applications, an exact solution of :he 
flow problem becomes very difEcult, and it is often 
necessary to appiy empiricai corrections to 
steady me-dimensional flow solutions. When the 
flow upstream of the nozzle is steady anti uni- 
form, the one-dimensional approximation iesds 
to negiigible errors under suitabie conditions. 
The nozzle expansion angle must not be too large, 
the overall pressure ratio must be adjusted so 
that shock waves do not occur inside the nozzle 
and the Reynolds number must be suficientiy 
high for boundary layers to be thin. The last 
restriction is often the most serious. 3s very 
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thick boundary layers may be formed on the 
malls of large area-ratio nozzles 

Three-dimensional nozzle flon problems may 
be solved by the Metnod oi Charact, wstics. . 
However, it 1s again necessary tu make empirical 
corrections for any nonuniformities that may 
esist in thc f l o ~  ahead of the nozzle, as wel! as 
for boundary layer growth. These corrections 
may lead to larw errors so that the solutions may, 
in fact, not be significantly more accurate than 
the much simpler quasi-one-dimensional results. 

The Method of Characteristics must be used 
in order to predict the transverse gradients of 
concentrations and temperature, etc., ivhich 
arise in a relaling flon., because flow through 
different stream tubes will have different time 
histories (see, for example, reference 8). Calcu- 
lations of this type have not been done for nozzle 
flows, and need to be carried out for a few cases 
in order to check that transverse gradients are 
small. Eowever, the one-dimensional approxima- 
tion should be adequate for the present purpose. 

Vibrational Relaxation 

The classical work of Landau and Tellerg and 
maiiy others has shown that  the vibrational 
energy of a system of harmonic oscillators re- 
laxes according to the equation 

dc,,/dt = kI,o[l - esp (-hv/kT)][(e,), - e,] 
( 1) = [(e,), - c,] /T.  

where kl,o is the rate per second of transitions 
from state 1 to state 0, (e,,)eq is the equilibrium 
vibrational energy and 7% is the vibrational 
relaxation time. This expression. with its at- 
tendant assumption that coupiing between 
vibration and translation is weak. has been 
confirmed experimentaliy, but attempts to 
predict the numerical value. ot 7,  have not yet 
been completely successful. The best approach 
at the present time seems to be to use an em- 
piriral espression for based on esperimental 
results. This can make use of a theoretical tem- 
perature dependence such as 7% - esp (T-3) 
as predicted by Landau an2 Teller Also, hecausc 
oniy binary collisions are irnportant. 7% - p-1 a t  
fised temperature. 

A large amount of experiments! data has been 
published (see, for example. references 10 and If) 
concerning the vibrational relasation of pure 
gases and simple mistures. In applying such data 
to  situations involving a complicated mir;ture of 
reacting species many additional efiects must be 
ignored because of lack of quantitative informa- 
tion. For example: 

(a) The many species present may have 

widely different efficiencies in promoting the 
relasation of a particular molecular vibration. 

(b)  The vibrational energies of diBerent 
species may be coupied together so that they do 
not relax jndependently. 

(c) kfoiecuhr species produced in cbemid  
reactions may not be formed with their vibra- 
tional energy in equilibrium with local condi- 
ditions.'* This could lead to the rapid equilibra- 
tion of vibrational energy, or could accentuate 
vibrational nonequilibrium. 

Fortunately, great accuracy is not required for 
the present purpose, because the fraction of the 
total flow energy which can be frozen into 
molecular vibrations is normally much less than 
that involved in chemical reactions. 

Chemical Reactions 

Only gas phase react.ions will be considered 
here, as explained above. For an elementary, 
gas phase reaction of the form: 

kf 
aA 4- b B e c C f  dD f eE (2) 

where a, b,, ctc., a.re stoichiometric coefficients, 
the rate equation is 

-a'-'[d(A)/dt] 

kb 

= -b-'[d(B)/dt] = c--'[d(C)/dt] 

= d-'[d(D)jdt] = C--l[d(E)/dt] 

= ~ C ~ ( A ) " ( B ) ~  - k, ,(C)c(D)d(Eje! ( 3) 

where ( A I .  ( B ) :  etc.. are concentrations in 
moles/cc. The rate constants k f  and kb cannot he 
predicted accurately from existing theories (see 
reference 13 for an up-to-date revier) and must, 
normally be obtained from experiments. For an 
elementary reaction they are functions of tem- 
uerature only, and their ratio can therefore be 
obtained from the equilibrium constant 

K (  T )  = kf,/kS (41 
even under conditions removed from equilibrium. 
The equilibrium concrntrations ( etc., are 
related through the equation 

k'( T) = (C>,,"(D>,"~~,"/iA>,"(B),,b. ( 5 )  

Is it justifiable to represent a comples reacting 
system by the sum of a limited number of sup- 
posedly elementary reactions obeying the above 
equations, and to  determine the mtes of these 
reac,tions from experiments on simpler systems 
under different conditions? This procedure has 
given a satisfactory explanation of the processes 
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occurring behind strong shock waves in air.I4 
However, the rate constants used in this way 
represent a gross average over a number of 
elementary procrsscs. For csample. when air is 
heated by 5 sufficiently strong shock wave, 
dissociation and vibrational excitation of iV2 

proceed a t  comparable rates. If, in these circum- 
stances, dissociation IS represented by single 
reaction of the form of Eq. ( 2 ) ,  then the rate 
constant k f  describes an average rate of dis- 
sociation over a particular noncquilibrium 
distribution of vibrational energies. Clearly, this 
k f  cannot be used in Eq. (4) to predict the 
recombination rnte constant kb applicable to a 
nozzle espansion, where ii different nonequi- 
librium vibrational energy distribution exists. 
Also. in many cascs, it  is difficult t o  find a set of 
elementary reactions which will providr 9 satis- 
factory esplanation of observed phenomena. 

Unfortunately, thr majority of high tempera- 
ture kinetic data must be obtained in shock 
tubes as rates of dissociation (see. for esample, 
ref. 11), and the corresponding recornbination 
rates must be obtained through use of Ey. (4). 
It is possible thst  this procedure may lead to 
significant errors. Also, dissociation rates are 
usually exponentially dependent on the tempera- 
ture, and it is therefore very difficult to determine 
the much weaker temperature dependence of the 
recombination rate from an esperirnent in which 
the dissociation rate is measured. The many 
catalysts present in the system may have widely 
different efficiencies, and the temperature de- 
pendence of a reaction rate may also be affected 
by the catalyst. There is very little data on the 
efficiency of electrons as catalysts. Further 
information is also required on coupling between 
the relasation rates of different internal energy 
modes and on the rates of photochemical proc- 
esses. 

Shortage of information about rate constants 
and their temperature dependence i s  still the 
most serious obstacle in the way of accurate 
nonequilibriuni flow calculations. For the present 
application, a disturbing feature is the almost 
complete lack of kinetic data obtained in a 
recombining environment. Eowever, many people 
are working on these problems and the situation 
is likely to improve rapidly. 

Reactions Involving Ions and Electrons 

Conventionally, the rates of ionizing and 
de-ionizing reactions are lowally represented 
in terms of second order kinetics. indrpendently 
of the order of the actual changes occurring. This 
convention tvill not be followed here, as it is more 
convenient to use the same formalism ior reac- 
tions involving charged and neutral particles. 

Equations (2)-(.5) may then br applied to 
ionizing reactions, and riitlny of the comments 
macle in the previous section still apply. How- 
ever, additional complications may aribi: when 
free electrons are present. --I very largp number of 
alternative mechanisms must be considered6 and 
there is very little data on reaction rates. The 
gas dynamic side of the problem may be com- 
plicated by ambipolar diffusion and charge 
separation effects. Also. because electrons are 
very much lighter than the other particles. a 
large number of collisions may be required to 
equilibrate the electron temperature with the 
translationai temperature of the atoms anci mns, 
particularly in inert gases. High electrnri tern- 
peraturrs have been measured in ardiested 
wind tunnels employing I t  hss been 
suggesteP that a t  !east part of this effect can be 
e\rplained by assurmng an electron-ion recom- 
bination mechanism in which an electron acts as 
a chird body, SO that the energy released cluring 
recombination raises the temperature of the 
eiectron gas. 

General Equations 

For steady, adiabatic, quasi-one-dimensional 
flow, the three conservation equations of  as 
dynamics are 

pV.4 = p*V*ii* = constant, (6) 

p-'(dp/dz) + V(dV/dz) = 0, 

h +- 4V = ho = constant, 

(7) 

(8) 
and 

where p is the density, V the velocity, A the 
nozzle cross-sectional area, p the pressure, and 
h = e + p / p  is the specific enthalpy, e being the 
specific internal energy; ho is the stagnation 
enthalpy and * represents conditions a t  the 
nozzle throat. The cross-sectional area is as- 
sumed to be given as a function of the distance 
I down the nozzle center line 

d = 44. (z) . (9) 

-4. notation similar to that of references 17 and 
18 will be used in generalizing the equations oC 
the section on Chemical Reactions. Let the total 
number of chemical species such as M, be n, of 
which the first nA are atomic and the remaining 
nv = n - n A  are diatomic and poiyatomic 
molecules. The rth elementary reaction taking 
pkce in the mixture is formally wntten 2s 

n kf' n 
Y,+Jf, f c Y . r ' f J t ,  i 10; 

where r = 1. 3, - - .V, ,V is the total number cii 
reactions, v," and IJ"~'' are the stoichiometric 

Llpl h5- 4 - 1  
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coefficients of the forward and backward reac- 
tions and 1c.J and kt,’ are the rat? parameters for 
the forward and backward changes in the rtli 
reaction. Free electrons and ionized species are 
inciuded in this formulation. 

For a mixture of monatomic and diazomic per- 
fect gases, the equations of state may be written 

/ i /R = 2 yZ[-$T + ff,] 
2-1 

n + C rLDT 4- (e,JR) + e,] (12) 
i==7Ld+l 

where y ,  is the concentration of the i th species in 
moles/gm of mixture, Rff is the heat of formation 
of the ith species from a standard state, evi is 
the vibrational energy of the i th species (per 
mole of the i th species), and R is the universal 
gas constant. 

If vibrational and translational energies are 
not in equilibrium, evl must be obtained from 
equations similar to Eq. (1) 

T i  devi/dx = [(evi), - eu;]/rVi, 

i = (nA + i j  TZ (13) 

where 

Here h’o is Avogadro’s number and vz is the 
frequency of the relevant vibrational mode. 

Similarly. when chemical reactions depart 
from equilibrium. therr are nM differential equa- 
tions expressing conservation of the ?‘LM diatomic 
and polyatomic molecular species. These equa- 
tions contain terms of the form of Eq. (3) for 
each contributing reaction, and are writ;ten here 
as : 

N 

W l  
= U;X’, i = (nA4 + i j  -.. TZ, (15) 

diere  

= ka7 fi vir’’ 
?=I 

We may also write 12-4 equations expressing 
conservation of the ~ Z A  elements in bot11 atomic 

and molecular forms. The ith of tliese IS 

n 

y2 f c s,,y, = r,, i = 1.2 - * .  ,‘??A (16) 
-*+I 

where I‘, is the totai concentration in rnoles/gm 
of nxs%ure, of the ith eiement in both atomic and 
molecular forms, and is therefore constant. S,, is 
the number of atoms OS the i th element in the ptli 
molecular species. 

If the chemical kinetic data suggests that the 
rth reaction proceeds sufficiently fast t o  remain 
in chemical equilibrium, then the equilibrium 
Law of Mass Action: 

Rf  = Rb’ 
or 

kfT/kbr = jp fi (py,) w’/-w’ (17) 
Z-1 

may be used in place of one of Eqs. (15). If all 
the iV reactions remain in equilibrium, then AJ 
Eqs. (17) may be written. It will be found that 
only nM of these are independent, replacing the 
nM Eqs. (15). In fact,lS N - nM reactions can be 
arbitrarily slow, and the system can be kept in 
equilibrium by the remaining nM independent 
reactions. However, as soon as the concentrations 
depart from their equilibrium values, any number 
of reactions may contribute, as is clearly illu- 
strated by the kinetics of high temperature air.’4 

The general problem is described by the 
(6 4- n + n ~ )  equations: (6)--(9), (11)-(13)’ 
(E), and (16). The independent variable is z and 
the (6 + n + n ~ f )  dependent varikbies are: 
p ,  p ,  T ,  h, T’, A , y z ( i  = 1, 3, - e - ,  n) and cvi ( i  = 
n A + I , * - - , n ) .  

Bozmdaq- conditions may be specified in 
several ways. If the fion- is supersonic everywhere, 
a consistent set of initial values may be chosen at  
any station z. However, in the more usual case 
of a convergent-divergent nozzle, one boundary 
condition must ensure that the flo\? is choked, 
that is. that  the mass flow rate is the maximum 
possible for given stagnation conditions. This n-ill 
occur if the local f i o r  velocity is equd to  the 
“frozen” speed of soundIY 

c = [ e p / a p  (S, yl ,  e,,% = const) .I$. (18) 
at the “critical point” just downstream of the 
nozzle throat,” where the flow will exhibit sonic 
behavior. In  Eq. (18) S is the specific entropy. 
The other boundary conditions for thil: case 
are a consistent set of dependent variables a t  
any chosen station 5. It is convenient t o  specify 
these far upstream of the throat where I- -+ 0, 
so that they become the “stagnation” values 
pol To, etc. which are related through the equi- 
librium relationsliips of Eqs. (14) and (17). 
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We then have a itrobleni with two-point boundary 
conditions, which niust be applied upstream of the 
throat, where V - 0, and at  the critical point 
x c J  where V = c. The esact location of z,: is not 
known a priori. 

Equations (13) and (1.5) show that, with 
kj', kbr ,  r,i, dyi/dx,  and de,,;/dx all finite, cle- 
partures from equilibrium must always occur. 
In other words, complete equilibrium cannot 
esist in a flow with finite gradients, unless all 
relaxation rates are infinite. Mathematically, the 
departure from equilibrium is a singdar pertur- 
bation problem, because the equilibrium state is 
described by algebraic Eqs. (14) and (1'7) 
whereas the relaxing state requires differential 
Eqs. (13) and (15). A solution for the re- 
lasing case therefore demands additional bound- 
ary conditions (the time history of the 9om) 
which are not needed at  equilibrium. Care is 
therefore required in carrying out a numerical 
integration in which the transition from an 
equiiibrium to a nonequilibrium state occurs. 

Whereas the flow strictly deviates from equi- 
librium as soon as nonzero concentration gra- 
dients exist, common sense and analysis both 
show that departures from equilibirium will be 
quite insigdicant, numerically, if the reaction 
rates are sufficiently fast. In  the nozzle problem, 
conditions very close to equilibrium will therefore 
esist a t  stations sufficiently far upstream, where 
the rates are fast. The equilibrium Laws of Mass 
Action may then be used, which may be written 
(Eqs. 15 and 17) in the form Rf' = Rb'. A useful 
criterion for the rth reaction to be close to 
equilibrium is therefore Rf  = Rb' or [see Eq. 
(Is)] Rj' >> I X? I.  It is convenient (reference 
18) to define a quantity 

R' = Rf'/[ X' leq, (19) 

where the suffix eq indicates that X' is to be 
evaluated with the rth reaction in equilibrium. 
Under these conditions X' is the small but 
finite difference between the two large numbers 
Rjr and Rb'. It must be calculated by differ- 
entpating the equilibrium law for the zth reaction 
[Eq. (1711 to find dyq'dz, substituting in Eq. 
(15) and solving for F (see reference 18) . 

Using this definition oi R', the criterion for the 
rth reaction to be very close to equilibrium is 
simply 6" >> 1. Under these conditions S' is 
numerically indeterminate as the difference 
between Rj' and Rb', and numerical difficulties 
will be experienced in integrating Eq. (Xi. 

This criterion has been used by Appleton"' 
to compute the mininium !enoh of nozzle 
required to expand air to a given area ratio while 
maintaining conditions close to equilibriiim. The 
results suggest shut impossibly long aozzles are 

newlet1 under many conditions of prttctical 
interest. 

Methods of solution of the equations intro- 
duccd in this section have been discussed by 
Bray and Xppleton.lY 

Numerical Results 

Exact Solutions 

Exact step-by-step integration of the i'ull set of 
equations listed above is quite possible with a 
high speed computing machine, and several 
generalized computer programs exist:,"," which 
can solve nozzle flow problems in which an arhi- 
trary set of relaxation processes is occurring. 
Speciai techniques, such as linearization of the 
governing equations about the infinite rzte 
equilibrium soIut i~n,~*. '~  are necessary during the 
initial departure from equilibrium (B' >> 1) ~ 

Results obtained in this may will be illustrnted 
here from computations carried out a t  Cornell 
Aeronautical Laboratory. and reported by 
Eschenroeder, Eoyer, and Hall? These com- 
putations deal with air in vibrational equi- 
librium, with chemical changes represented by 
the following set of five reactions: 

(20) 

(21j 

(22) 

N + O ? * N O  + 0, (23) 

(2.1) 0 + N : e N O  + N .  

0: + M e 0  + 0 + M, 

x2 + Me N + N + M, 

NO + M e  N + 0 + M, 

Results show that important deviations from 
equilibrium can occur when high temperature air 
espands through a nozzle, for a wide range of 
stagnation conditions. The large reduction in 
density which takes place as the gas passes 
through the nozzle reduces the rates of all the 
reactions and freezing tends to occur. -4s a 
consequence, energj is withheld from the active 
degrees of freedom of the gas and the tempera- 
ture, pressure, and velocity are all reduced. 

The fast nitric oxide exchange reactions, ( 2 3 )  
and (24) , play an important role in Beeping the 
nitrogen atom concentration close to equilibrium 
long after the three-body recombination or' reac- 
tion (31) has frozen. Over a range o i  conditions, 
most of the energy invested in nitrogen dissocia- 
tion is recovered in this way, but the exchange 
reactions do no2 postpone the freezinq of osygen 
ntom recombination. Figure i shows a typicai 
computed result from reierence 5 .  Composition 
is piotted against nozzle area ratio for 3 23se 
where po = 100 mnospheres and To = YOOV:<, 
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FIG. I. Mass concentrations in moles per gram of 
mixture for air flow in hypersonic nozzle (from 
reference 5).  To = SO00"Ii; pa =. 100 atmos; - 
finite rate nonequilibrium; - - - infinite rate equi- 

lihrium. 

FROZEN 

1 I I 

10' 102 i o 3  104 
AREA RATIO 

FIG. 2 .  Atom mass fraction for an ideal dissociating 
gas flowing in hypersonic nozzle iu typical result 
from reference 3);  - numerical sobition for finite 
rate nonequilibrium; 0 -- - - sudden freezing asp- 

proximation. 

and innnitc rate equilibrium values a x  also 
presented for comparison. 

An inportant conclusion t o  be drawn from the 
work of reference 5 is that, a t  low temperatures: 
when osygec dissociation is the only energeticaii>- 
significant process occurring, the kinetics of 
expanding air are wer! represented by Eq. (20) 
alone, but when nitrogen dissociation becomes 
significant a set of coupled reactions is required. 

Numerical integrations where only one chemi- 
cal reaction is  ons side red^^*^ are useful, not only 
when one reaction actually dominates the chem- 
istry, but also more generally, in throa-ing light 
on the coupling between flom- and chemistry. 
Figure 2, taken from referenc,e 3? illustrates the 
conclusions which can be drawn from simple 
calculations in mhich one dissociation-recom- 
bination reaction is considered. Three regions 
may be distinguished from Fig. 2. 

(a) An upstream region of flom- very close to 
equilibrium, in which Rf = Rb so that the 
equilibrium Law of Mass Action is obeyed. 

(b) A transition region in which significant de- 
partures from equilibrium become apparent. 
Energy' is withheld from the a,ctive degrees of 
freedom of the gas, so the temperature falls 
below the infinite rate equilibrium value, as 
shorn-n in Fig. 3. The falling temperature rapidly 
decreases Rf,  because of the exponential tempera- 
t8ure dependence of ,kft so that, dy/ldx = - a&. 

( e )  A downstreani region of nearly frozen 
Bow, brought about by the large fall in densit8y 

I 1 
I I 

0.8 

T - 
To 

0.4 

0 

!OD 10' 102 i o 3  104 

AREA RATIO 

FIG. 3. Translational and vibrational temperatures 
for an ideal dissociating gas flowing in hypersonic 
;loezle (from references 3 and 30); - numerical 
solutjons for finite rate nonequilibrium: 0 -- - -- 

sudden freezing approsirnation. 



CHEMICAL REACTIONS I N  SUPERSONIC NOZZLE FLOWS 777 

which has by now occurred, due to  the espansion 
of the gas. Since dy/dx  u -uRb- p2,  freezing is 
virtually complete in this region. 

Figure 2 also shows that  freezing occurs quite 
suddenly in this case, as the transition region (b) 
is small in comparison with regions (a) and (c) . 
Physically, this is a consequence of thc rapid 
decrease in the number of intermolecular colli- 
sions which results from the falling density. 
Also, the fraction of collisions that are effective 
in bringing about recombination is rcduced as the 
gas passes through the nozzle. These observations 
have led to the introduction of thc “sudden- 
freezing” approximation3 which is described 
below. 

Sudden-Freezing Analysis 

I n  this method the transition region is shrunk 
to a point where the reaction is assumed suddenly 
to cease. Upstream of this point the infinite rate 
equilibrium solution is used while, downstream, 
the gas composition is frozen. The freezing point 
must be determined from an empirical criterion. 
I n  reference 3 this was chosen as the point a t  
which the quantity B [Eq. (19)] was unity, but 
freezing was so sudden that the exact form of the 
criterion was not critical. Figures 2 and 3 show 
that the approximation givcs reasonable agrec- 
ment with numerical results. 

Clearly, the best rcsults will be obtained in 
applications involving large area-ratio nozzlcs, 
whcre the transition region can be a small part of 
the total flow. Also, freezing vi11 be most rapid for 
three-body reactions, especially if the rate con- 
stant decreases as the temperature falls, and 
sudden freezing will be a good approximation in 
such cases, On thc other ha,id, freczing will be 
much more gradual for two-body reactions and 
for reactions Jvhere the rate constant increases 
with falling temperature. In  fact, Eschenroedcr 
has shown6 that, in extreme cases, it is not 
possible to define a sudden freezing point because 
the reaction continues at a significant rate 
throughout the nozzle. 

A simple representation of the sudden freezing 
solution has bcen demonstrated by Bray25 for a 
specified three-body recombination mechanism 
occurring in a given nozzle. If the sudden freczing 
points are plotted on a Mollier diagram for a 
wide variety of stagnation conditions, it  is found 
that a single line can be drawn which accurately 
represents all the freezing points. It is then 
possible to make a Mollier diagram representa- 
tion of the flow through a given nozzle, with 
equilibrium above this freezing line and constant 
composition below it. A diagram of this type is 
shown in Fig. B5 for air under conditions where 

0 5 10 15 20 

So col/mole “K  

FIG. 4. Mollier-type diagram for air (from rrfercnce 
25, using data from reference 36). The zero of 

entropy has been chosen arbitrarily. 

osygen rccombinatioii is the only significant 
process. The data for plotting Fig. 4 was takcn 
from reference 26. 

Another conclusion which may bc dran-n from 
simple nonequilibrium flow solutions? is the 
following. Many orders of magnitude in either 
recombination rate constant or in nozzle scale 
lie between solutions which approach the limiting 
cases of infinite rate equilibrium and frozen flow. 
Therefore, for many purposes, thc recombination 
rate constant is not required with great accuracy. 
On the other hand, feasible increases in nozzle 
scale are not very effective in achieving equi- 
librium conditions. Because the recombination 
process involves three-body collisions, departurrs 
from equilibrium are very sensitive to thc stng- 
nation density or pressure, high pressure fnvoring 
equilibrium. 

Many of the general conclusions obtained from 
single reaction flow systems apply also in cases 
where a set of coupled reactions arc taking glace. 
The rates of all chemical processes are reducccl 
as the gas flows down the nozzle, because of the 
rapidly falling density. Particularly in large 
area-ratio, hypersonic nozzles, all processes may 
be expected to have effectively ceased before the 
nozzle exit where the density will be very lorn. 
This suggests that  an extension of the sudden- 
freezing technique will apply in such cases. 
A method has been formulated by Bray and 
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AREA RATIO 

FIG. 5. Mass concentrations in moles per gram of 
misture for air flow in a hypersonic nozzle: com- 
parison of c x x t  and sudden freezing solutions. 
T o  = SO00"K; p ,  = 100 atmos; - exact solution 
for finite rate nonequilibrium (from refercnce 5) ; 
0-0-0-0-0 sudden frcezing solution (from 

reference 2'7). 
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FIG. 6. Temperature distribution for air flow in s 
hypersonic nozzle: comparison of exact and sudden 
freezing solutions. To = SOOOaF, po = 100 atmoe; 
- exact solution for finite ratc nonequilihrium 
(from referencc 5); 0 0 0 0 0 sudden freezing 

solution (from reference 27). 

curately to determine the coupling between 
flow and chemistry, and accurate values or' 
overall flow quantities are obtained. Figure 6 
gives the temperature distribution calculated in 
this way. 

Simple solutions such as the one described 
above, in which only algebraic equations are 
involved, do not compete with full numerical 
solutions such as those of refercncc 5 .  However, 
there are many cases in which the accuracy of 

hppletonlY in which each of thc N reactions has the kinetic data a t  present available does not 
its own suddcn heczing point, is infinitely fast justify a full solution. 11, such cases, the all- 
upstream of this point and ceases completely proximate method may give results whose 
downstream. Examples have been worked accuracy is limited by the kinetic data rather 
by this technique for comparison with the esact than by the analytical tc,chnique. 
numerical solutions of reference 5.  For each 
reaction the suddcn freezing point was deter- 
mined from the empirical criterion used in 
reference 3, namely: B' = 1 at  the freezing point 
for the r t h  reaction. 

Figure 5 shows concentrations computed by 
this inethod for the same air flow as that illu- 
strated in Fig. 1. The three-body recombination 
rcnctions [Eqs. (20-22)] freeze first, while the 
cwhange reactions (23,24) remain in equilibrium 
until further downstream. The concentrations are 
riot predicted as accurately as in the one-reaction 
ease,3 because rcactions (23 )  and (24) invoIve 
two-body collisions. These reactions depart from 
equilibrium quite slowly because their rate is 
proportional to p instead of p2. Better results 
could have been obtained using a freezing 
criterion: B* = constant < 1 a t  the freezing 
points for these reactions. However, the concen- 
trations have been predicted sufficiently ac- 

Vibrational Relaxation 

The major uncertainty here is the degree of 
coupling between the rates of chemical and 
vibrational relaxation, as discussed in the 
section on Formulation of the Problem. Fortu- 
nately, the fraction of energy involved in vibra- 
tion is not large, and for many purposes vibra- 
tional relaxation can probably be neglected.23 

Numerical solutions by Lick and LiZ8 and by 
S t ~ l l e r y ~ ~  in which chemical relaxation effects are 
not included, and by Musgrove and Appletodo 
in which both chemical and vibrational rates are 
included but not coupled, all show that  large 
deviations from vibrational equilibrium can occur 
under favorable circumstances. If vibrational 
energy is a small fraction of the stagnation 
enthalpy, the effect can be treated as a small 
perturbation on a previously determined flow. 
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h typical coiiiputetl result is included in Fig. 3 
from reference 20. It will be seen that rclaxation 
can lead to an effective temperature for vibra- 
tion, T,, considerably in excess of the trans- 
lational temperature. This could be important if 
the spectral line reversal technique31 is used to 
mcasure temperature in an expanding flow, as 
this method tends to folloiv the vibrational 
temperature. The falling temperature and the 
falling pressure, as the gas passes through the 
nozzle, both tend to increase the vibrational 
relaxation time T ~ ,  so vibrational freezing occurs 
rapidly. For large area-ratio nozzles a sudden 
freezing approximation will represent T, very 
well. 

Electrons and I o n s  in Nozzle Flows 

Most of the conclusions which have been 
drawn above apply also to reactions bctmcn 
charged particles, as these obey rate equations 
similar to those describing other reactions. 

Eschenroeder6 has studied electron-ion re- 
combination in high temperature air flowing 
through a wind tunnel nozzle, and has also 
considered the effect of seeding the air with 
cesium. He concludes that, under some condi- 
tions, many parallel recombination mechanisms 
can be of comparable importance, but that  for 
typical air operation of a hypersonic mind 
tunnel, the single reaction 

N O + + e - + N + O  (25)  

will predominate. Departure from equilibrium is 
predicted to be gradual, and the reaction has not 
ceased a t  large downstream distances, so the 
sudden freezing approximation is not accurate. 
This arises because of the two-body mechanism, 
together with the assumed T-: temperature 
depciidence of the rate constant, which keeps 
tlie recombination rate high in tlie expanded cold 
air. Eschenroeder introduces a modified sudden- 
frccziiig approximation employing an asymptotic 
form of the recombination rate expression in 
order to allow for this effect. 

Bray and W i l ~ o n l ~ . ~ ~  have considered the flow 
of highly ionized argon through a hypersonic 
nozzle. The recombination mechanism which 
they assume is the inverse of the ionization 
process studied theoretically and esperimentally 
by Petschek and Byron.33 Recombination is 
assumed to take place via the first excited state 
of the atoms, leading to a recombination rate 
which increases exponentially as the electron 
temperature decreases. Electrons are assumed 
to act as third bodies in the recombination 
process, and the electron temperature is deter- 
mined from a balance between energy gained 

in this manner and energy loht 111 elastic coll1s1011i 
with ions. Results inch& a grxlual departure 
krom equilibrium and no sudden freezing, 
because of the exponential tempcraturc de- 
pendence of the rate constant. Elrctron tempera- 
tures are predicted which arc considerably in 
excess of the temperature of atoms and ions. 

In  both of these examples departure from 
equilibrium is gradual and no sudtlen freezing 
occurs. This mill be the case if tn  o-body mcchn- 
nisms and mechanisms with a large invcrsc 
temperature dependence predominate For the 
removal of electrons. If recombination occurs 
through a three-body reaction such as the 
Thomson mechanism, then frrezing nil1 he 
sudden. 

Experimental Results 

In  this section some relevant experimental 
work is reviewed very briefly, nith the objectix e 
of showing up areas mhere lurther experiments 
are required. Two types of experiment may be 
distinguished: those which study simple chemicd 
systems in order to collect fundamental kinetic 
data and check relaxing flow theories, and 
experiments to determine departures from 
equilibrium in complex reacting mixtures for 
practical applications. No mention will bc inatlc 
here of the large amount of data that has bccn 
collected from experiments behilid shoch wav('s 
in conventional shock tubes, as this work has 
been reviewed elsewherc.11J3 d4 

The classical experiments of W~gener"~  on 
nozzle flows in which a reacting mixture of NOn 
and Na01 was carried in inert N2, have demon- 
strated the close agrcemciit existing betwet~ii 
relaxing gas flow theory and experiment in cascs 
where the chemical kinetics is $5 ell understood. 
Wegener detected departures irom equilibrium 
by means of light absorption and also from 
static pressure measurements. Results were in 
good agreement with numerical calculations, 
and departure from equilibrium was found to 
correlate with Eq. (19). A rurther series oi 
experimentsy6 confirmed the theoretical pre- 
diction1$ that weak waves in a reacting gas mi\- 
ture propagate at the frozen sound speed. 

A recent paper by Wilson37 describes results of 
experiments to measure the recornbination rate 
oi" oxygen. A small supersonic nozzle was set up 
in a shock tube. The oxygen, mixed a i t h  argon, 
was partly dissociated by the primary shock 
wave and the supersonic flow behind the shock 
wave passed through the nozzle. Oxygen molcculc 
concentrations downstream of the nozzle were 
monitored by ultraviolet light absorption. Wilson 
deduces a value of the recombination rate 
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constant ivliicli is coriqtatible, within the scatter 
of his data, rvitli values calculated from the 
dissociation rate constant and tlie equilibrium 
constant, via Eq. (4). 

An interesting technique for measuring tem- 
perature in a supersonic flow has been developed 
a t  tlie Gniversity of Toronto, and reported by 
Muntz.3s A narrow beam of electrons is passed 
through a supersonic stream of nitrogen in the 
nozzle of an arc-heated wind tunnel. Thc path of 
tbc electron beam is luminous, and spectroscopic 
measurements on the emitted light yield the 
r'otational and vibrational temperatures of the 
nitrogen. Muntz reports a rotational tempera- 
ture of S90"K and a vibrational temperature 
o'f 1020°K a t  the nozzle center line where the 
Mach number was about 1.S. The experiment 
thus provides direct evidence of vibrational 
temperature lag in a nozzle. 

The three esperinients described above illu- 
strate the close agreement that can be obtained 
between relaxing gas theory and experiment 
for simple reacting mixtures. They also show 
that nozzle flow are capable of providing valuable 
kinetic data on elementary reactions under 
conditions of practical interest. Much more work 
is needed along these lines in order to develop 
measuring techniques and to produce the neces- 
sary data. 

Four more espcriments, dealing with com- 
plex reacting mixtures, will be described briefly 
'below. The first published experimental data on 
(chemical relaxation in air during nozzle expan- 
;sion is due to Kagamatsu et U L . ~ ~  Departures from 
equilibrium mwe detected from static pressure 
measurements 011 the nozzle wall. Hall et al.= 
have used the computer program mentioned 
above to calculate the static pressure under the 
conditions of these experiments for two typical 
cases. They fouiid that, if they applied a suitable 
boundary layer correction to the theoretical 
results, these agreed with experimental pressures 
to within S.6% and 1.5% for the two cases. 
The difference between equilibrium and frozen 
flow pressures is much greater than this. 

It is worth noting that, according to the calcu- 
l a t ion~ ,?~  oxygen recombination was the only 
energetically significant process occurring under 
the conditions of the experiments. Nitrogen 
clissociation was negligible, and the role of the 
nitric oxide exchange reactions [Eqs. ( 2 3 )  and 
(24)] in recombining nitrogen atoms was not 
therefore tested in comparing theory with 
experiment. 

Preliminary results of microwave interferom- 
eter measurements of electron densities in the 
nozzle of a shock tunnel have recently been 
reported by Eschenroeder et ~ 2 . 4 ~  The results 

JI ere in cxcellcrit agrccmciit \I itli theoretical 
predictionsb in which the dissociative reconibina- 
tioii rate constant for NO+ [Eq. ( a s ) ]  was 
obtained from Lin's ionization rate constant41 
for the inverse of Eq. ( 2 5 ) .  As the departure 
from equilibrium of neutral species concentra- 
tions was propably not large a t  the measuring 
station, the effect of coupled chemical reactions 
was again not tested critically in these experi- 
ments. 

Nozzle experiments involving combustion 
products have been reported by Lezberg and 
Lancashire4? and Lewis and Harrison?? The 
former authors used static pressure measure- 
ments and line reveryjal temperatures to study 
recombination in hydrogen-air combustion prod- 
ucts. They carried out a sudden-freezing analysis 
assuming an overall reaction between hydrogen 
and oxygen, and predicted a sudden freezing 
point just downstream of the nozzle throat. 
Calculations assuming the flow to be frozen 
downstream of this point gave results which were 
generally in reasonable agreement with measured 
temperatures and pressures. Lewis and Harrison43 
used a gas sampling technique to study the com- 
bustion and recombination reactions occurring 
during the nozzle expansion process of a liquid 
propellant rocket engine. In  this technique, the 
gas sample must be cspanded rapidly, so that 
further reactions do not occur behind the shock 
waves which must exist when the supersonic 
flow is brought to rcst in the probe. Reactions 
on the probe wai!s must also be avoided. Results 
indicated departures from equilibrium within the 
nozzle. 

None of the above espcrimcnts has setis- 
factorily tested theoretical predictions under 
conditions where coupled chemical reactions are 
expected to play a dominant role. Further ex- 
perimental work is urgently required. 

Concluding Remarks 
The following points seem to be worth empha- 

sizing. 

(a) Steady, quasi-one-dimensional nozzle flow 
equations can easily be formulated to take 
account of an arbitrarily complex system of 
coupled chemical reactions, ionization mecha- 
nisms, and internal energy relasation processes. 
If rates are specified for all the processes to be 
considered then these equations can be solved on 
existing high-speed  computer^.^^ 6,31,32 The quasi- 
one-dimensional flow approximation is adequate, 
except possibly in cases where very nonuniform 
flow exists upstream of the nozzle, or where very 
thick boundary layers form on the nozzle walls. 

(b) Presently available chemical kinetic and 
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relaxation rate data is inadequate for many 
purposes. Further information is needed on the 
temperature dependence of recombination rate 
constants, and on the coupling between simul- 
tancous relasation processes, as well as data on 
mcchanisrns and rates in combustion products. 
Experimental data11J7$40 has not contradicted the 
much used equation: 

K = k,/kb, 

but  further work i s  necded on this subject. 
(c) In view of the uncertainty of much of the 

available kinetic data, there are many applica- 
tions where a full numerical solution of the 
problem may not be justified. In such cases, a 
simple sudden freezing analysis, either with a 
single freczing point"~'4~"~44 or with a separate 
freezing point for each reaction,27 may yield 
results whose accuracy is limited by  the kinetic 
data rather than by the method of analysis. 

(d) Further experimental work is urgently 
required. Nozzle experiments on simple mixtures 
can yield much of the basic physicochcmical data 
which is needed for practical applications. Ex- 
periments on more realistic flows are also required 
in order to  check theoretical predictions con- 
cerning the effects of coupled chemical reactions. 

Much cffort is now being invested in these 
problcnis and knowledge is likely to  increase 
rapidly. 
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Discussion 

PROF. SIDNEY W. BENSON (University o j  Southern 
Culzjornia): I don’t see how one can ignore the de- 
tails o€ the vibrational relaxation process when the 
initial conditions of the expansion usually prescribe 
vcry large quantities of atoms. These atoms form 
molecules (during recombination) in very high vi- 
brational lcvels niid one has to permit the decay of 
these very highly excited species or the recombina- 
tion rate is itself affected. At the higher temperatures 
with large concentrations of atoms we have results 
which iiidiratc that collisions of atoms with mole- 
cules are extremely efficient in relaxing vibrational 
energy. Because of this result, I wouId be in favor of 

+? 

assuming very rapid vibrational relaxations in 
systems with appreciable atom concentrations. 

PROF. S. H. BAUER (Cornell University): Prof. 
Benson called attention to an important point. It is 
essential to introduce a coupling term between 
vibrational relaxation and dissociation. Failure to 
do so has led, iii the past, to strange conclusions. For 
the temperature distribution in a normal shock such 
an omission resulted in a computed vibrational 
temperature which overshot that calculated for 
translation during the latter stages of the relaxation 
process. When a coupling term was introduced in 



CHEMICAL REACTIONS I N  SUPERSONIC NOZZLE FLOWS 753 

the machine program b y  Ih .  C. E. Trc:mor (CAL) 
such a strange situation was no 1oiigc.r predicted. 

Not only are the vibrational cxcit:ttions coupled 
to dissociation but they are d s o  coupled to a variety 
of scrambling reactions. Those which involve the 
oxides of nitrogen are clearly important a t  tempcr- 
atures below 8500°K. In a forthcoming paper wc 
have estimated half-times for scrambling reactions 
which are of importance at higher temperatures. 
These are best illustrated, but not limited to cases 
where isotopic labels are present: 

O P ( v ,  exc) + OP(z), eq) 8 O W l s ( v ,  relax). 

Any such atom switching process strongly couples 
vibrations to translations and serves as a highly 
effective path for vibrational relaxation. The above 
reaction has an estimated activation energy of 70 
ked, compared to 11s kcal required for dissociation. 
In computational programs such reactions must be 
specifically inserted; otherwise one is lcd to the 
conclusion that vibrational disequilibrium is main- 
tained for too long a time. 

PROF. K. N. C. BRAY (University oj" Southampton) : 
I fully agree with the comments made by Prof. 
Benson and Prof. Bnucr and, in fact, I drew attcn- 
tion to the likclihood of coupling between chemical 
processes and vibrational relaxation in the written 
version of my paper. However, to  the best of my 
knowledge, there is not yet sulficiently accurate in- 
formation available to enable one to include such 
coupling effects in a machine program with :my 
degree of confidence. It is not obvious to me that 
esisting theories' for coupling dissociat,ion and vi- 
bration rates are appropriate in the present con- 
test. 

DR. A. &. ESCIIEXROEDER (Coornell Aeronautical 
Laboratory): First, I would like t o  congratulate 
Professor Bray for his vcry valuable documentation 
of not only the previous contributions, but also of 
the significant problem areas involved in carrying 
out the analyses. This should serve as an caxcellent 
paper for the newcomer to the field t o  gain insight 
into the problems and the methodology. 

Second, in answer to Professor Bray's question 
regarding the existence of specific experimental re- 
sults in the regime of coupled rate chemistry, I 
wish to describe some recent experimental work a t  
the Cornel1 Aeronautical Lab. John Daiber is meas- 
uring electron densities and collision frequencies in 
a parallel flow portion of the &foot hypersonic shock 
tunnel nozzle. Since the presentation of the AGARD 
paper2 we have obtained many more data for air- 
flows over a range of 3500°K to something exceeding 
T000"K reservoir temperature. Since the reservoir 
pressure range is from about 50 to 500 atmospheres, 
the measuremcnts extend into a region of significant 
coupling involving N atoms and NO molecules. 

Chemical freezing occurs well upstrc:im from 1 lie 
microwave test station while thc deionization ron- 
tinues to follow a descending noncquilibrium trclnd. 
Because the rate constant for the KO+ + e- 
N + 0 is least certsin of a11 the values, the com- 
puting machine code described in reference 3 of 
the paper has been used to determine what value of 
this rate gives the best agreement with observations. 
Although final data reduction is incomplete, the 
results indicate that thr rate constant giving Imt 
agreement is of the same order of magnitude as 
that deduced from the work of Lin et al. which was 
determined by an entirely diflerent technique. The 
reporting of an actual rate vdue based on our 
measurrments awaits :L careful :tsscssment of pos- 
sible impuritics effects. 

PROF. li. N. C. BRAY: I was very interested to 
hem about the experiments described by I>r. 
Eschenroeder, which provide much-nccded rvitlencc 
that the theoretical work on this problrm is con- 
sistent with what actually happens. 

PROF. P. WEGENER (YaEe University): We wish 
to give Dr. Rosner the opportunity to present some 
rcmarks a t  this time. 

DR. DANIEL E. ROSNER (AeioChem Rescarc I L  
Laboratorzes): One may wish to pass t o  the limit or 
maximum simplicity in nonequihbrium flow prob- 
lems because the corresponding results exhillit vcry 
useful similitude properties, i e., an extremely large 
amount of information can be compressed onto :I 
single picrc of graph paper. In  thc course of :I 
recent parametric study of the fcssibility of m:lg- 
ncTto-hydrodynamic thrust vectoring of roehct 
motorsJ it was found that an :Lccur:itc nnd romp:ict 
rcprcscnt:ttion of the rocket nozzlc ionmition prob- 
lem was made possilh by invohiiig :I method 
equivalent to  that first proposcd by Smitli.4 Tlic 
problcm treated5 is that in which smdl amourits of 
a single impurity or seed material prcscnt in the 
chamber, c, lead to an electron concentration n, 
which decays within the nozzle but which may 
depart from equilibrium by a consider:ible amount 
at the nozzle exit section due to the rapidity 
of the expansion p ro~ess .~  In the nonrquilihrinm 
regime [i.e., where ne >> (n,),,] a closrd form 
asymptotic solution is readily obtainable. It can 
further be shown that the nc(z)  distribution obtained 
by patching together the equilibrium solution a n d  
the appropriatc asymptotic solution at their com- 
mon point of tangency constitutes :i maximum lower 
bound to  the exact solution. 

For a prcscribed family of nozzles this allowed a 
single logarithmic plot to be madr of thr normalizcd 
local dc conductivity, u/uc versus pressure rat io  
PJP,  showing the various loci of "match" tnngcncy 
points for fixed values of a nondimrrisional recom- 
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bination r:ite paramcter. This fundamental scaling 
p:Lrameter is simply the ratio of the characteristic 
‘%ow” time Dt/cs  for the rocket, to the electron 
hdf-liic in the chamber (where D c  is the throat 
diameter and eo the characteristic velocity of the 
propellant). Using this plot one can immediately 
locate the match point conditions for a given elec- 
troii-ion recombination mechanism and B/T, (ratio 
o l  characteristic ionization temperature to chamber 
tempcrature) . This information, coupled with the 
ayymptotic relation, tillows a very rapid calculation 
of tlie remainder of the dc conductivity (or electron 
number density) curve. In practice this is further 
f:xilitatecl by providing certain tabulated functions 
of hlach number and y alone, which appear in the 
asymptotic solution. Because of the universal 
ch:i,r:xter of those plots and functions they parallel 
the usual plots of thrust coefficient and related dc- 
sign parameters for constant, y isentropic nozzle 
espnnsions. As in the latter case, accurate results 
caii be obtained in this way, and perhaps more im- 
portant, the domiiittnt trends are immediately per- 
ceivcd. Having generated just a few illustrative 
1)lots and tables of this typc3J on a desk calculator, 
onc cannot help but feel that electronic computers 
would be uscful here, too. The results generated 
are, of coursc, approximate, but so are the well sub- 
t,abulated, constant y, isentropic flow tables, the 
existence of which has been a blessing for some time 
uow. In short, it seems to me that in the rush to 
gencratc vcry realistic results with virtually no 
generality, simple but useful nonequilibrium prob- 
lems (which would require an insignificant amount 
of mschiric time) have been passed by. If carefully 
calculated and propcrly displayed this body of 
results would constitute a valuable addition to the 
litcrnturc. 

DR. A. Q. ESCHENROEDER: An interesting feature 
of the dc conductivity profiles calculated by Dr. 
Bray is their reversal in slope. One of the promis- 
ing applications which occurred to us when we 
noticed this reversal6 was the use of a supersonic 
nozzle to supply a magnetohydrodynamic generator 
duct. This application had been rejected in the past 
on the grounds of insufficient equilibrium dc con- 
ductivities. The possible benefits are a t  least two- 
fold: (1) Having converted a larger fraction of the 
internal energy of the working substance to directed 
kinetic energy, one can hope to remove a larger 
fraction of the total enthalpy in the form of elec- 
trical energy; and (2) the low static pressures which 
are possible with this mode of operation help al- 
leviate the elertrode heat transfer problems. The 
Parsons Company/Nuclear Research Centre a t  
NewcastIe-upon-Tync is carrying out experimental 
evaluations of this application using cesium-seeded 
helium flows. The work there is under the direction 
of Dr. B. C. Lindley. 

REFERENCES 
1. HAMMERLING, P., TEARE, J. D., and KIVEL, B.: 

Phys. Fluids 2, 422 (1959). 
2. ESCHENROEDER, A. Q., DAIBER, J. W., GOIJAN, 

T. C., and HERTZBERG, A.: Shock Tunnel Studies 
of High Enthalpy Ionized Airflows, AGARD 
Specialist Meeting High Temperature Aspects of 
Hypersonic Flow, April 196’3. To be published. 

3. I~OSNER, 11. E.: AcroChem. TN-41, February 
1962. 

4. SMITH, F. T.: Seventh Symposium (International) 
on Combustion, pp. 93-97. Butterworths, 1959. 

5. ROSNER, D. E.: AeroChcm. TP-41, February 
1962; ARS Journal’S2, 1602 (1963). 

6. ESCEIENROEDER, A. Q.: ARS Journal 52, 196 
(1962). 



COMPLEX CHEMICAL KINETICS IN SUPERSONIC 
FLOW 

A.  A. WESTENBERG AND R. F A V I N  

The subject to be discussed is that in  which niany elementary chemical reartions occur simul- 
taneously in a gas undergoing laminar, steady, adiabatic flow through a supersonic r\panzion nozzle 
Some general comments on the techniques involved in the numcrical analysis of this type of non- 
equilibrium flow with a high-speed digital computer will be given, but the emphasis throughout is 0 1 1  

the chemical kinetic aspects of the problem. All internal degrecs of freedom of the molcciilcs :ti-(' 

assumed to be in equilibrium with the local translational temperature evcrywherc. The flow is t:&n 
to be one dimensional in the usual fluid dynamic sense. 

The interaction between chemical and fluid dynamic variables is illustrated by actual results on 
two types of mixtures. The first is characteristic of many ordinary solid or liquid roclwt propellant 
eshaust gases and contains the species HZ, HzO, GO, GO?, H, and OH. The reasons for assuming 
that these take part in four elementary (reversible) reactions of importance are given. The second 
example considers B nlixture containing the active species HL, HLO, 0,, H, OH, and 0 such as would 
be involved in a hydrogen-fueled ramjet, where eight elementary reactions are used. The relativci 
significance of two-body and three-body reactions in influencing the gas composition and other flow 
variables is discussed. Some indication of the sensitivity of the results t o  the magnitudes assumed 
for the rate constants will be given. The degree of utility and validity of various popular approxi- 
mations in this field is assessed, and some practical implications pointed out. 

Introduction 

The problem of calculating the flow of a 
chemically reacting gas through a supersonic 
nozzle has occupied the attention of a number 
of investigators in recent years. More than a 
decade has passed since the pioneer work of 
Penner' and Krieger? in this field. Later research 
by Wegener3 was noteworthy in tha t  it was the 
first to  combine theory with a careful esperi- 
mental program. The theoretical studies of 
Bray4 and of Hall and Russo5 added greatly to 
our knowledge of the details of such chemically 
reacting flow processes. All of the foregoing work 
was concerned with the simplest practical case, 
namely a flow in which a single reaction (gen- 
erally of the atom recombination-molecule dis- 
sociation type) takes place. The general picture 
which emerged from thesc studies of such a flow 
expanding through a supersonic nozzle is that  
the mixture tends to follow more or less the 
composition characteristic of equilibrium at the 
local temperature and pressure until the reac- 
tions involved can no longer keep up  even ap- 
proximately with the rate of change of these 
variables. The gas then rapidly freezes to  a fixed 
composition for the remainder of the flow. 

as their chemistry is concerned. n7ith sevcml 
chemical species present, therc is the probahilit y 
that several elementary reactions will occur to an 
appreciable extent. The qualitative and quanti- 
tative uncertainties surrounding the cheniicaJ 
kinetics in such cases, as well as the rather formid- 
able numerical task of solviiig thesc complex 
flow problems, have meant that  there has bceii 
relatively little work done on theni until recciitly . 
Wider access to modern high-sped computers-- 
a necessary tool in the thorough study of com])Ic s 
kinetic processes-has led to somc proqress in 
this field. Some calculations by Vincenti.6 
Eschenroeder, Boycr, and Hall,7 and Westcn- 
berg and Favin,s have appeared, nhilc Bray 2nd 
Appletong have discussed sonic general a s l ~  
of flows with complex chemistry. Other aut1 
in this symposium have also attackcd thc 
problem, so that the field is opening up rapidly. 

The present paper contains some remarks 0x1 
the technique, its significance, and the limitation:; 
of comples kinetic flow computations, illu - 
strated by actual results for a typical rocket 
eshaust and that of a possible hyperso 
utilizing hydrogen as fuel. 

Fundamentals 
Most real propellant and wind tunnel gas 

mixtures are more complicated than this insofar 
The basic assumptions we,shall make for the, 

calculations are that the flo pis laminar, steady, ix 
785 
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adiabatic, and one diniensioiial (in the usual 
fluid dynamic sense), and that cflects due to 
cliff usion, thermal conduction, viscosity, and 
estcwial forces are negligible. These conditions 
arc p~actically always assumed in studies ol this 
kind. The first condition-that of laminarity of 
the flon--(leservcs somr sl)ecial comment, since 
it is not always stated e\plicitly and yet is an 
important restriction. I t  is a necessary restriction 
at the present time bccausc we shall be using, 
basic chemical kinetic data and concepts nhich 
arc valid for rnolccular processes, and the lattcr 
w e  tlirectlg applicable only when the fiow is 
IainintLr. Il turbulcncc eaists in the flon, as 
would be the case in many practical supersonic 
noiizlcs, tlic prop'r nay to incorporate chemical 
kinetics into the problem remains essentially 
unknown. I t  is t h t  percnnial "turbulent flame" 
problcm ivhich, a t  least as far as the nriters are 
conceriied, is an entirely unsolved one, despite 
c.onsitlcrable attention at these Symposia over 
the years. Thus onc should not forgrt to exercise 
soitir healthy skepticism toward rracting flow 
calculations nhcn the turbulence complication 
cYlsts. 

In addition, R C  shall make another iunda- 
mc~ntal assumption, namely, that  the internal 
dcgrcics of freedom of the molecules present are in 
cquilihrium vt ith the local temperature a t  all 
tiincs. If we c.oiiiparc first the transit time 
through the iiozzle with rotational and vibra- 
tional relaxation times, the equilibrium assump- 
tion is questionable only for the lattcr. The 
effect of vibrational nonequilibriuni can be 
included in tlic analysis" but is generally small 
in any case, aiid since the focus in this paper is 
more on cliemical effects the above assumption is 
~ i -~a~le .  The influence of cliemical reaction in 
disturbing local equilibrium of internal degrees of 
freedom is a much inorc difficult situation, and 
rqircscnts a basic, important problem in chemical 
kinetics a t  the present time. Since we have 
assumed such cqidibrium, however, this implies 
that KC may relate forward and reverse rate 
constants of a qivcii elementary reaction by its 
equilibrium constant, as we shall see. Since there 
is usudly eyieriincntal information on only one 
of the rate constants (if there is any a t  all), this 
relation is important. 

Consider the gas to  be composed of N chemical 
spwics each presciit a t  a concentration F ,  
(moles per unit inass of mixture) . The usual flow 

variables are temperature T ,  density p, pressure 
P, and velocity v, making a total of N + 4 de- 
pendent variables. The asial distance z along the 
flow direction is the independent variable, and 
the cross-sectional area ratio 11 (relative to 
some relerencc-usually the minimum area) of 
the nozzlr is assumrcl given as a function of z. 
The mass flow rate TI.' pcr unit reference area is 
also assuiiircl to have been chosen. Then tlie 
basic equations governing the flow arc, first of 
all, tlie four fluid dynamic relations (summation 
over i means i = 1, 2, - - a ,  Ai) : 

pv dv/dz + dP/& = 0 (momentum) ( I )  

[F, dEi, /dz  4- / I ,  d F , / d z ]  + ( v / J )  dv /dz  = 0 

(energy) ( 2 )  

p = P / ( R T C  FL) (state) (3) 

TIT = pv.1 (over-all continuity) (4) 

where the I I ,  arc absolute molar enthalpies. If 
there are L chemical elements represented in the 
mixture, and the nunibcr ol atoms of an element 
e in a molecule of species i is called nLb, there will 
be TJ element conservation equations of the form 

= Constant (e  = I, 2, * - e ,  L )  ( 5 )  

To complete the necessary number of equa- 
tions for the number of unknowns, N + 4, 
there will then be required N - L species 
continuity relations of the form 

i 

z 

z 

d F t / d z =  ( A / T V ) y b  ( i =  1 , 2 , * * * , N -  1,) (6) 

Tvherc rz. is the net rate (moles per unit volume 
per unit time) of change in tlie concentration of 
species i due to all thr chemical rcactions in 
n-hich it takes part. These equations introduce 
the chemical kinetics into tlic problem. The r L  
T+ ill involve various concentration variables P,, 
the density, and the temperature through the 
kinetic rate constants, as specific examples will 
show later. 

The N + 4 equations, Eqs. (1)-(6), may 
easily be reduced to N + 2 equations by elimi- 
nating P and v as variables. Making use of the 
fact that for ideal gases the entlialpy 13, is a 
function only of T,  so that  &Ib/& = ( d I I % / d T )  
(dT/dz) = C, (dT/dz),  where C, is the molar 
heat capacity at constant pressure, it  may be 
shoir-ns that 

and (7)  
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Thus, for nunic~ical solution, the equations arc 
( 5 ) ,  (6), ( 7 )  , and (S) for tlic N + 2 variablcs 
T ,  pi and tlie F,. 

Numerical Techniques 

Solutions to actual problems in this work were 
obtained on an IBM-7090 computer. With all 
quantities known a t  some starting point z = 0, 
the machine was programmed to calculate the 
tlcrivativcs in Eqs. (6), ( 7 ) ,  and (S). The 
derivatives were then fed to an available inte- 
gration routine (IBM Share No. 602) for simul- 
taneous, first-order differential equations which 
had a variable step-size feature for automatically 
doubling or halving the interval to satisfy a 
chosen precision index 

There arc various practical aspects of a 
numerical noncquilibrium flow calculation which 
deserve some comment. Since i t  is usually as- 
sumed that the starting point is one where a 
state of chemical equilibrium exists, the static 
temperature, static pressure, and chemical 
composition are specified initially. The only 
remaining quantity to be established before 
proceeding with a numerical solution is tlie mass 
flow parameter W .  How this i s  done depends on 
whether the solution is begun upstream of the 
throat of a convergent-divergent nozzle, or a t  
tlie inlet to a divergent section with the flow 
assumed to be initially supersonic. I n  the former 
case, there is only one value of TV which is 
allowed, i.e., which will give a monotonic de- 
crease in temperature and density throughout 
tlic nozzle. This unique T I T  for specified geometry, 
chemical kinetic behavior, and inlet conditions 
must be found by iteration until the solution 
satisfies the condition that the frozen Mach 
number is unity st a point somewhat down- 
stream of the t l ~ r o a t . ~  When the solution is 
begun supersonically a t  the entrance to a di- 
vergent section only, any supersonic value of TI’ 
will allow a solution and no iteration is ncces- 
sary. The e\-amples to be reported here mere done 
in this way, since most of the chemical interest is 
in the divergent portion of a nozzle anyway. 

Starting a numerical solution from a state of 
equilibrium may give some trouble on occasion. 
This is because the d P J d z  from Eq. (6) are 
(strictly, a t  least) zeros obtained from the 
differences of large numbers-the forward and 
reverse rates of the various elementary reac- 
tions-which tends to makc the first few inte- 
gration steps quite sensitive to truncation errors, 
etc. Formal perturbation schemes to solve this 
problem have been amply described in the litera- 
ture.5b6 The same thing can be accomplished in a 
less formal way by empirically adjusting the 
initial F, slightly from their equilibrium values to 
make the derivatives approximately correct, 

siner tlic subsequent solution is 11c 

by small initial I)erturl)ations.b 
practical matter, smooth solutions were easily 
attainaldc simply by using directly the cqui- 
librium initial conditions ol,tainctl from a scl~a- 
ratr, standard program1” ( M hicli ncvcr gave 
exactly zcro d F , / d s  to eight significant figurcs) . 
hftcr a negligibly small initial region (typically 
<0.05 em) where the solution “found itself,” the 
integration proceeded smoothly xvith no tronl~lc. 

A Carbon-Hydrogen-Oxygen Example 

Many common solid propcllants, or fuel-rich 
liquid hydrocarbon- oxygen systems, have an e\- 
haust gas containing the stable species CO, CCh, 
Hz, and HpO, as well as various unstable atoms 
and radicals. The case chosen for study had tlic 
elemental mass fractions carbon = 0.25, hy- 
drogen = 0.1, oxygen = 0.65. 1~7ith static pres- 
surr and temperature at the inlet of a divcrgcnt 
section of Po = 40 atm, To = 300OoI<. A tlicrmo- 
dynamic equilibrium Calculation of the gas coin- 
position under these conditions yielded the 
following F ,  values: 

(Fco)~ = 1.9254 X lo-’; 

( F c o , ) ~  = 1.5608 X 

( I j ; ~ ~ ) o  = 3.0S70 X lo-’; 

( l i ‘~>o)o = 1.0541 X lo-’ 

( F H ) ~  = 1.1739 X 10V; 

( F ~ ~ ~ )  ,, = 2.0~17 x 10-4. 

The only other species prcscnt in calculsble 
amounts were 0 and 0 2  which wcrc t n o  2nd three 
orders of magnitude, reslmtivcly, 1 x 4 0 ~ ~  OH, 
and mere ignored. (.Justification for this is given 
later.) 

The elcincntary reactions which are likely to 
occur in such a mixture have hcen ctisrusstd 
rlsccvheres in detail. It will br sufficient to say 
here that only atom and radical reactions arc 
important, and that for these six species the only 
such reactions one can write (othrr than r\- 
changes) are given belon nith the rate coil- 
stants used : 

k l  

I- 1 

k l  = 1013 exp (-1OIIRT) cm3 mole-’ see9 

C O + O H ~ C O ~ + I I  (I) 11,lr 
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h4 

h-4 

H + O H  + 31 Fi.H>O +- M (IV)’8 

X 

KO distinction 7\35 made between the various 
third bodies J f .  The reverse rate constants were 
related to tlie fornard rate constants by the 
equilibrium constant, e.g., k-1 = k1/K1. As 
previously mentioned, this is a questionable 
assurnption in general, but justified here by the 
basic condition of local equilibrium assumed for 
the internal degrees of freedom. If separate data 
lor the two rate constants were available (which 
they ere not) they could just as well have been 
used. The T-2 dependence for (111) and (IV) is 
by no means established. 

A!ll calculations were done for a simple conical 
eyiansion section ni th  total angle of 25” and 
inlet radius 01 1 cm, i.r., 

= 1 0iJ 2’-2 anG rnolc-’ see-1 

A = (0.22l695f 1 ) Z  

In  the prcsrnt e\aniple, the inlet flow was taken 
to he slightly suprrsonic at TI- = 335.570 g 
S C F ~ .  Iteration lor TV was unnecessary in this 
case, and thr elact  supersonic value of IT’ was 
immaterial for present purposes. Thermodynamic 
data w r e  taken from an available talx~lation.’~ 

Since n e  are dealing with N = 6 chemical 
specim in\dving 1, = 3 elements, there will be 
N - L = 3 rate eymssions of the form of Eq. 
(6 )  required. Ii n e  use the major species CO, 
112, and H20, tlrcsc equations are 

The othrr s1)ecics are then obtained from the 
~ k n i r n t  conservation relations (51, i.e., 

FCOL = (P’CO2 + h’C0)” - Fco, (12) 

Note that the number of elementary reactions 
has nothing to do with the number of rate equa- 
tions necessary; each reaction simply contributes 
a pair of terms-one positive and one negative- 
to the quantity in brackets of the appropriate 
dF, /dz  equation. 

Solution for chemically frozen flow was ob- 
tained from the same program simply by setting 
all the rate constants kl - kq equal to zero, 
while that  for shifting chemical equilibrium 
(“equil”) was calculated by a separate 7090 pro- 
grarn.l0 The exact nonequilibrium solution 
(kinetic) required about 10 minutes of machine 
time to go a distance of about 35 em down the 
nozzle. The temperature profiles for the three 
cases are given in Fig. 1, with the kinetic results 
occupying its expected position between the 
frozen and “equil” extremes. The difference 
between the latter two is not very great in this 
case because the concentrations of H and OH are 
rather small and, as we shall emphasize, it  is the 
recombination of these which is the predominant 
influence on the gross flow variables such as 
temperature. 

Of greater diagnostic value in analyzing the 
flow is the behavior of the composition variables 
F%, 01 which three representatives are given in 
Fig. 2 (normalized to their inlet values) with 
their corresponding profiles for shifting equi- 
librium flow. The striking thing is the degree to  
which the actual gas composition deviates from 

A ( A r m  Ratio) 

5 10 20 30 40 
30 I I I I I 

o k 3 = k d = 0  

II EOUlL TO 2 = 2. 
FROZEN BEYOND 

10 - 

FIG. 1. Static temperature profiles in divergent 
nozzle for C-H-0 example. 
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equilibrium. While the latter curves are still 
changing sharply (off scale in the graph) through- 
out the nozzle length of practical interest, the 
kinetic solutions level out and “freeze” after the 
first few centimeters and relatively little com- 
position change has occurred. Thus, the exact 
solution of a realistic, complex, reacting nozzle 
flow demonstrates the phenomenon of freezing 
like that first found by Bray4 for a simple atoiii 
recombination case. With an inlet pressure as 
high as this (pressure effects are discussed more 
fully in the next section), the kinetic profiles 
follow the [[equil” results for a short way and 
then rapidly deviate as freezing occurs. 

The important difference between the freezing 
phenomenon in a complex flow and a simple 
flow involving one reaction (with its reverse) 
is that  the former does not have a single freezing 
point but a separate one for each elementary 
reaction taking place. I n  the present case it 
is possible to determine these separate freezing 
points by proper application of the method 
devised by Bray4 for a single reaction, and later 
extended to complex flows? The Bray argument 
for a single recombination dissociation reaction is, 
in essence, that  in the early stages of flow thc 
reaction is nearly in equilibrium and the net 
rate must be small compared to either the re- 
combination or dissociation rates, while far down- 
stream where both temperature and pressure 
have dropped drastically, the net ratc must be 
large compared to the dissociation rate with its 
exponential temperature dependence. Thus at 

some intermediate point thc net ratc and dis- 
sociation rate must be equal, and this may be 
defined as the freezing point (F. P.) . This scheme 
was originally devised as a nicaiis of avoitling 
a complete, numerical nonquilibrium solution, 
since the assumption is inatle that chcinic~tl 
equilibrium exists up to the F.P. and equilihrium 
concentrations, temperature, and density mny 1 )e 
used to compute the necessary ratcs. 

For a complex flow, the difficulty is that tlie 
overall rate of change ol concciitration for a 
species as determined from thc equilibrium 
solution will not  be the net ratc tluc to  3, slrcific 
reaction if the sprcies is involvcd in more than 
one reaction. To apply the Bray nicthotl to each 
elementary reaction, thc contriliutioii of cadi to  
the overall net equilibrium rate of ft 
be determined. In  general, this is 1 
when the number of reactions docs not c\ccetl 
N - L.” I n  the present case this conrlition is not 
met but seeins to be an interestin: e\crption 
in that CO appears only in reaction ( I ) ,  so the 
method is directly applicable to  it. This thrn 
furnishes a starting point to determine the othw 
freezing points. (-1 rigorous proof or the validity 
of this procedure is not evitlcnt as yet and rc- 
quires further study.) Figure 3 shons a section 
of the net rate [ d F ~ o / d z ] , ~ , , ~  obtained hy qr:ipI~- 
ical differentiation of tlir rquilihriurn solution, 
and also a section of the rcwrse ratc tcrin (if 

reaction (I), Le., rdcrring to  Eq.  (g), thc 
quantity QI = np2klFC(~2f~’,r/ll-lil ,  with a11 
variables taken from the cquililiriuin solution. 
The intersection of thcsc tvco curvcs clrfiiws tlw 
freezing point of (I) . 

To find the other freezing points n e note that-- 
a t  equilibrium-reactions (I) and (11) niav be 
combined to give the water-gas reaction CQ + 
Hz0 e COz f H2. Thus the change in b’IxLcl ilut. 
to reaction (11) is equal to the change in FC,, 
a t  any point, and the change in FT7;;r?o due to (IV) 
may be determined by subtractin: that  tluc~ to 
(11) from the total change in the equilibrium 
solution. The other net rates ~ w r c  found similarly 
to give the other three intersections shonn iii 
Fig. 3. The sequence of freezing points in the 
nozzle is thus noted to be reaction (111) first a t  
I -  0.4 cm, followed by thr other slom rccombina- 
tion reaction (IV),  a t  z - 1.2. The slonrr of thin 
two-body reactions, reaction ( I ) ,  freezes nc\t a t  

*Bray and Appletong have used the critcrion 
that the number of reactions must not exceed t11e 
number of molccules (i.e., dial omir or polyatomil* 
species). The number of molecules cqn:t.ls N - 1, 
only if a11 elements are present in the atomic state, 
which is not always the case as in the prcwiit 
example. 



. -  

790 Cf-IEMICAL REACTIONS AND PHASE CHANGES I N  SUPERSONIC FLOW 

1 
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Z ( c m )  

Fro. 3 .  Plots of rates defining separate freezing 
points (F.P.) of elcmentary reactions (1)-(IV), in 

C-H-0 example. 

&I = Ap"kiFco,F~/WKi; 

Q r r  = flp21C?FH2Fo*I/WKz; 

= A p 2 k ; j F ~ ~  Zi Fi/WKaRT; 

Qrv = Ap'kqF~,o Bi FiIWKqRT 

x - 2.5, nhile considerably later (11) freezes a t  
3 i- 5.3 .  

Xost of the cnergy release due to chemical 
reaction is associated with the recombinations 
( I  I I )  and (IV) . This is clearly indicated by the 
fact that  a kinetic solution with k3 and kq set 
equal to zero, so that only the bimolecular steps 
( I )  and (11) operate, follows nearly exactly the 
fully frozen solution in temperature (see Fig. 1) , 
pressure, and the other overall flow variables 
(hit not in composition, of course) . Also, tlie 
net heat release due to (I) and (11) combined 
is about 10 kcal/inole, while (111) and (IV) each 
yield about 100 kcal/mole. Thus, even though 
the net mole change due to (I) and (IT) is 
larger than that due to (111) and (IV) , the latter 
account for most of the energy release affecting 
the flow. TVhrn (111) and (IV) arc frozen, the 
ndiolc flow is essentially lrozeri so far as tempera- 
ture, pressure, ctc., are concerned. Therefore, a 
good approl\iination to these flow variables could 
be attained by calculating an equilibrium solu- 

tion to a point approximately a t  s = 2 and a 
frozen solution beyond. A few points plotted on 
tlie temperature profiles in Fig. 1 were obtained 
this way, and the agreement with the exact 
kinetic solution is good. That the gas composition 
is not really frozen beyond the recombination 
freezing points, however, is obvious from the 
profiles in Fig. 2 .  Appreciable cliangcs continue 
owing to (I) and (11) for some distance beyond 
5 = 2.  Whether an approximate solution obtained 
this way is really worth while seems questionable. 
The kinetic information is necessary to calculate 
a reasonable freezing point anyway, so when 
high-sped computing facilities are available it 
would seem better to do the complete non- 
equilibrium problem. Furthermore, if the ener- 
getically important reactions should have ap- 
preciably different freezing points, assuming a 
single such point would be less satisfactory, nor 
is it possible to find the freezing points a t  all in 
more complex cases such as that which follows. 

Hydrogen-Oxygen-Nitrogen Example 

Basic Solutions. A more elaborate study has 
been carried out on mixtures which might be 
typical oE those employed in hypersonic hydrogcn- 
burning vehicles of various kinds. Hydrogen-air 
mistures corresponding to stoichiometric equi- 
valence ratio (E.R. = 1) and six times stoichio- 
metric (E.R. = 6) a t  an equilibrium temperature 
of 3000°K and a range of pressures were con- 
sidered. The calculated equilibrium conccntra- 
tions of tlie six significant species (besides the 
inert N2) Hz, Hz0, 02, OH, H, and 0 are given 
in Table 1. The elementary reactions and rate 
constants used are as follows: 

I< 1 

k-I 

H,O + H $ H, + O H  ( I p  

kl = 1016 csp ( - 2 . 5  x 1 0 4 / ~ T )  cm:' mole-' sec-' 
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TABLE 1 
Equilibrium Concentrations at  3000°K for Hz-Air Combustion Products at Nozzle Inlet" 

0 .1  0.4111 
1 0.2S61 

10 0.1541 
100 0.0762 

0 .1  4.6056 
1 5.6412 

10 6.0110 
100 6.1324 

0.4966 
0.9396 
1.1S70 
1.3075 

0.  S6S3 
1.1415 
1,2100 
1.2293 

E.R. = 1 

0.1539 0.2971 
0.1000 0.199s 
0 . 0 5 2  0.1060 
0.0255 0.0520 

E.R. = 6 

0. 00ss 0.2376 
0.0009 0.0S37 
0.0001 0.0266 
0.0000 0.00S4 

0.7157 
0.1770 
0.0400 
0. 00ss 

3.6675 
1.2040 
0.3545 
0.1219 

0.3126 
0.0747 
0.0166 
0.0036 

0.1143 
0.0108 
0.0010 
0.0001 

2.32S1 
2.3231 
2.32SI 
2.3251 

a All F i  have been multiplied by 10%. 

1.5 

k-:, used. 

the E.R. = 6 and E.R. = 1 srts, respectirely. 
Pressures of Po = 0.1, 1, 10, and 100 atm wrrc 

For this example, AT = 6 specics and f, = 2 
elements (eacluding N 2 ) ,  so four dli',/dz relatiioiis 
mere required, and wcrc taken to bc dP,,/dz, 
dFEI,o/ds, dFh,/dz,  and dli'oa/dz. These will not 
be reproduced here but wcrc similar to ICqs. 
(9)-(11) of the previous example with all- 
propriatc terms for each oi' the reactions (1)- 

H + H + M + HL + M (Jr)11-17 

k i  = 2 x 101s T-1 cmG mole-2 ECC-1 

A6 

A-G 

0 + 0 + M +Oo? + M (VI)24 

kG = 2 x 1013 T-1 cmG mole-2 sec-1 

I7 

kc-7 
(VI11 A ( A m  Ratio) 

H + 0 + M + O H  + M 
5 1 10 20 30 40 

30 (No data on k 7 .  Assumed same as k:, and kG.) 

'ts 

k-3 

H + OH + M + H D  + M ( V I I I ~  25 

k s  = 3 x 1019 T-1 cm6 mole-2 sec-1 

No other reactions can be written for these six 
species except OH + OH iS Hz + 0 2  and 0 + E 
H20 H2 + 02, both of which were considered 5 
highly unlikely on steric grounds. Note that 
ks-ks were given a T-l dependence here instead 5 
as T-2 as in the recombination reactions of the + 

previous example. Actually, variation in this 
temperature dependrnce was one of the things 
examined in this study, as will be shown. The 
nozzle geometry was the same as used previously. 
Inlet velocity was held constant a t  5 X io5 5 
cm/sec for all the cases treated, so that the mass 
flow parameter TV varied for each case with the 
inlet density. This velocity corresponded to FIG. 4. Static temperature profiles in divergent 
frozen inlct Mach numbers of roughly 3 and 4 for nozzle for two inlet pressures in H-0--N cwmplc. 
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(VIII) in nhich a given species appears. Two 
elemcnt conservation equations analogous to 
(12) -( 14) were then used. 

F i g m  4 shows samples of the “equilJ” frozen, 
and kinetic temperature profiles for two cases: 
E.R. = 1 a t  PO = 0.1 and 100 atm. The pro- 
nounced difference in the spread between the 
“equil” and frozen limits a t  the two pressures is 
clear. The lower pressure results in a much 
grcater degree of dissociation for the given inlet 
temlmature of 3000°1<, and recovery of this 
dissociation energy in the “equil” flow keeps the 
static tcmpcrature much higher than in the high- 
pressure case. I t  is also clear that  the actual 
kinetic. profile follows the frozen profile much 
closcr than the “equil” profile a t  the lower 
prcssure, while the PO = 100 atm kinetic solution 
lies about midway between its two limits (similar 
to the previous C-H-0 example). This is an 
indication of the direct effect of pressure on the 
reaction rates. That high prcssure keeps the 
solutiort nearer equilibrium is also shown by the 

A ( Arfd Ratio) 

- - - - T i  
5 10 

- KINETIC 
EPUlL ---_ 

E.R. = 6 
P, = 0.1 

0 I I 
0 5 I O  15 20 25 

I h. \ E.R. = 6 

FIG. 6. H concentration profiles (normalized to 
inlet values) in divergent nozzle for two equiva- 
Lence ratios and two inlet pressures in H-0-N 

example. 

A ( Amo Ratio) 

0 5 10 15 20 25 
Z (c.1 

FIG. 5. HA concentration profiles (normalized to 
inlet values) in divergent nozzle for two equivalence 
ratios and two inlet pressurcs in H-0-N example. 
(Kinetic and equilibrium profiles for E.R. = 6, 

Po = 100 atm arc indistinguishable on graph.) 

1 5 10 20 30 40 
1.0 L I I , 

considerably increased computing time required, 
altbough the time for the 100 atm runs was not 
excessive (-15 min) . The temperature profiles 
for the E.R. = 6 case showed similar behavior, 
except that a t  PO = 100 atm the kinetic and 
“equil” cases esseiitially coincided. The im- 
por tance of pressure in maintaining equilibrium 
has been noted by Hall and Russ0.S 

... . 
0 5 10 15 20 25 

Z ( c m )  

FIG. 7. OH concentration profiles (normalized to 
inlet values) in divergent nozzle for two equiva- 
lence ratios and two inlet pressures in H-0-N 

exampie. 
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Sonic rclmscntativc concentration profilcs a t  
the cstremcs of prc’ssure aiid for the two cquiva- 
lence ratios are given in Figs. 5-7. These illustrate 
the complcx behavior the gas composition can 
follow in certain cases. As is mcll-known by now, 
a reacting mixture can maintain itself nearly in 
chemical equilibrium with changing temperature 
and pressure only as long as the three-body 
recornbination rractions follow fast enough. 
They are the controlling steps in the way that 
they are when a nonequilibrium mixture ap- 
proaches the equilibrium ~ t a t c . 1 ~  Thc two-body 
reactions merely exchange radicals back and 
forth, and may be individually nearly in equi- 
librium even though the mixture as a whole is 
not, owing to the slowness of the thrce-body 
reactions. This means that once the latter have 
frozen, large concentration changes can occur 
which may be opposite to that expected on the 
basis of full equilibrium calculations-and thcre- 
fore surprising a t  first sight. 

From the direction of shift in their equilibrium 
constants with decreasing temperature, thc two- 
body reactions (I)-(IV) would tcnd toward 
thc left as mitten while the recombinations (V) - 
(VIIJ) would tend toward the right. But the 
coupling of all these reactions, which determines 
the increase or decrease of each species down 
the nozzle, is obviously an impractically difficult 
(if not impossible) thing to prcdict a priori. 
Thus in Fig. 5 for Hz, the kinetic solution for 
E.R. = 1, Po = 100 atin, follows rather closely 
the rapidly dropping “equil” solution for a way 
and then deviates sharply as freezing sets in. 
This might be said to be the “normal” or ex- 
pected behavior. At E.R. = 1, Po = 0.1 atni, 
however, the kinetic profile ac%ually drops faster 
than thc “equil” a t  first, presumably because the 
recombinations freeze very early in this low 
pressure case and HZ is lost via reaction I faster 
than it is produced by (111). Eventually, the 
kinetic and “equil” curves cross as freezing of 
(1)-(IV) sets in. In  the E.R. = 6, Po = 0.1 
atm e‘~ample, the kinetic and “equil” profiles 
proceed in oppositc directions, xhile a t  P = 100 
atm the two solutions coincide for all practical 
purposes, as has already been noted for the 
corresponding temperature profiles. I n  this very 
fuel-rich case a t  high pressurc there is relatively 
little dissociation to begin with, and therefore 
little change in the major species like Hz down 
the nozzle. 

Interesting composition changes are demon- 
strated by the H profiles in Fig. 6. All the “equil” 
solutions predict decreasing concentrations of H 
atoms and thc other radicals with distance 
(temperaturc) , as would be expected. Note, 
however, that  the PO = 0.1 atm kinetic solutions 

for both E X .  values sliow incrcnsing H coi~ccn- 
trations. ,It ri, = 100 atm tlic. recoinhination 
reactions are more effcctivc in rcducing II. but 
for E.R. = 1 the profile goes through 3 minimum 
and starts back up again as the recombinations 
freeze and the t\vo-bocly renctions operate alonc 
for a time. Effects like this TToulcl be prac~ticnlly 
impossible to predict without a complctc nu- 
merical solution. The OH profiles in Fig. 7 
are ‘hormal” at Po = 100 ntm, but a t  Po = 0.1 
atm the kinetic results drop faster than “c3quil” 
for both E.R. values, showing the tlominance of 
reactions (I) - (IV) . 

&te Constant Variations. Since chemical rates 
are at the heart of nonequilibrium nozzle flows 
such as we are dcaling with here, it is of interest 
to find out how sensitive the results are to the 
values assumed for the basic kinetic quantities-- 
thc elementary reaction rate constants. Experi- 
mental data on thcse are often questionablc or 
completely lacking, as we havc seen, and it i s  
natural to ask how crucial our ignorance in this 
area might be expected to be. The kinetic solu- 
tion was carried through (€or E.R. = I, Po = 1 
atm) with various changes in the rate constants 
to shed some light on this question. 

First, the three-body recombination rate 
constants were raised by a factor of 10 lrom the 
values originally used. The curves designated 
(ks  . - -  k8) x 10 in Figs. 8 and 9 resultcct :tnd 
are to be compared with the original results 
labeled “correct.” The tcmperature profile in 
Fig. S was raiscd somewhat by raising the 
magnitude of k5&. Since these are the reactions 
releasing most of the energy, increasing their 
rates ~ o u l d  be expectcd to affect the temptmi- 
ture in this way. The change is not great, how- 

A (Arcs Rotio) 

(cm) 

FIG. 8. Effect of rate constant variations on static 
ternpcrature profile for a H-0-N example. 
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A ( Arco Rotia) 
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FIG. 9. Effect of rate constant variations on H 
:md 0 profiles (normalized to inlet values) for a 

H-0-N example. 

ever, and the variable of greatest importance 
for propulsion, i.e., velocity, is practically 
unaffected. The gas composition is appreciably 
altered, however, especially as far as the radicals 
are concerned. This is shown in Fig. 9 for two 
representative species. Both H and 0 are reduced 
by the increase in ks-ks since they are more 
effectively removed in these recombination 
rcaclioiis. 

Neat, the three-body rate constants were made 
proportional to T-l instead of T-l as originally, 
but kept the same in absolute magnitude a t  the 
inlet tcmpcrature of 30OO0I<. This had no ap- 
preciable effect whatsoever on any of the profiles, 
intliratiiig that  a t  the lower pressures these 
reactions are unimportant by the time the 
tliffcJrence in temperature can have any influence 
on the magnitude ol the rate constants. At the 
higher pressure some small changes become 
noticeable, but the exponent of T used is generally 
quite irrelevant in this work. Hall and Russo’ 
hac1 similar experience. 

Clianges in the activation energies of some of 
the two-body reactions were tested by changing 
that  of reaction (I) from 25 to 20 kcal/mole, 
and tlicn that of reaction (111) from S.5 to 5 
kcalhole .  This amounts to altering their 
temperature dependences, of course, and neither 
change had any effect on the teniperature solu- 
tions. This might be expected since these are 
not the main reactions energetically. The change 
in activation energy of (I) had a very slight 
effect on the composition beyond z - 5 cm, 
and the change in (111) none a t  all. Thus one 

woiild conclude that thc two-body activation 
energies are not very critical within modest 
limits. Absolute magnitudes of the rate coii- 
stants (Le., pre-exponential factors) are some- 
what more important. 

When the two-body reactioiis are ignored 
entirely by setting (k1 * - - k4) = 0,  the tempera- 
ture is lowered somenhat in Fig. S and the 
concentrations changed appreciably in Fig. 9. 
With only recombinations operating, all radicals 
decrease with distance. At the rather low pres- 
sure Po = 1 atm these reactions are slow, how- 
ever, and the changes are slight-the difference 
between H and 0 not being enough to distinguish 
on the graph. 

More informative perhaps was a series of runs 
in which the two-body reactions were eliminated 
one a t  a time, Le., kl,  kz, k3, and k4 were separately 
set equal to zero. This enabled the relative im- 
portance of these reactions to be assessed. 
Eliminating either (I) or (IT) caused large 
composition changes, and small (but not neg- 
ligible) changes in temperature, etc. Removing 
(IV) had no effect on teml,erature-l,resumably 
because the species involved (especially 0) 
mere present at low concentration-but some 
effect on concentrations. Removing (111) had no 
effect on anything. Qualitatively, the reason for 
these differences is that (I), (11) , and (IV) all 
have roughly the same molar heat of reaction 
and rate of change of equilibrium constant with 
temperature, while (111) is much smaller in both 
these respects. Thus it would be eyected that 
removing (111) from the reaction scheme would 
have the least effect on the results, as was the case. 

As a final comment to this section, one should 
note that the results of these rate constant 
variations-and the generd comple\ity of the 
kinetic processes in any real flow-are a good 
indication of the futility of trying to deduce 
anything reliable about kinetics from measure- 
inents only of gross flow properties such as tem- 
perature and/or pressure in a nozzle. These 
variables are rather insensitive to fairly large 
changes in rate constants, and meaningful in- 
terpretation of such data (difficult to obtain a t  
best) without good composition data in addition 
seems practically impossible. 

Two-Body Equilibrium. I n  view of the fact that  
the two-body rates are much faster than the 
three-body rates, an approximation which sug- 
gests itself is to assume that the former are 
equilibrated throughout the flow. (This has 
been referred to as the “partial equilibrium” 
state in the literatur~.~’) Under this assumption, 
three of the four d F  ,/dz kinetic relations required 
in the complete problem may be replaced by 
equilibrium constant relations for reactions (I) - 
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(IV) ; any three of the latter may be used, while 
the fourth is not an independent relation. Only 
one kinetic equation is then required, and this 
involves the nonequilibrium recombination re- 
actions (V)-(VIII). 

To calculate the flow history using this ap- 
proximation, the following procedure was carried 
out: First, one may show rigorously by simple 
elimination of terms that the four species deriva- 
tives for the main dependent composition vari- 
ables are related by 

dFII,/dz f dFo,/dz + dFo’oa/dZ + 2 ( d P ~ , o / d Z )  

+ J C ~  [pFo‘ - (Fo,/&RT)] 

+ k7 [pFEFo - ( F o I I / K ~ R T ) ]  

4- ks C P ~ ~ ; I J ~ ~ H  - (Fn,o/K&T)]]. (15) 

The differentiated forms of the equilibrium 
constant relations for reactions (I), (11), and 
(111), together with the two (differentiated) 
element conservation relations provided five 
more equations, making six equations for the 
six species variables. I n  addition, differentiating 
the equilibrium relations introduced the deriva- 
tive of the equilibrium constants with respect 
to distance. Since these are temperature func- 
tions only, one can write d K , / d z  = (dK,/dT) 
(dT/dx) and use dT/dz as a seventh variable 
by way of Eq. ( 7 ) .  dKJdT was obtained from 
a polynomial fit to the K%( T ) .  Thus, a set of 
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FIG. 10. Effect on static temperature profiles of 
assuming equilibrium of two-body reactions (I)-(IV) 

in two H-0-N examples. 
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FIG. 11. Effect on H? and 0, profiles (normalized 
to  inlet values) of assuming equilibrium of 6wo- 
body reactions (I)-(IV) in two H-0--N esnmplcs. 

seven simultaneous equations was solvrd a t  
each point (by a standard machine program) 
for the six dF,/ds and dT/dx, and these clcriva- 
tives fed to the regular intcgration scheme. 

Figures 10 and 11 illustrate the results for two 
pressures a t  E.R. = 1. For Po = 0.1 atm, the 
two-body equilibrium temperature solution fol- 
lows the full (correct) solution rather rlosely 
out to x - S cm before starting to tlcviatc, 
while for Po = 100 atm thc apl)ro\-imatc solu- 
tion is poor from the start. I t  is iiitertlstinq that 
the two-body equilibrium curvw deviate in 
opposite directions a t  two pressure5. Figure 11 
for HZ and 0 2  concentrations emphasize this 
behavior. The PO = 0.1 atm curves a t  least start 
out with the correct curves, while a t  Po = 100 
atm even the directions are opposite--to say 
nothing of the gross differrnccs in magnitudc. 

This effect of pressure should be expected. 
At low pressures the thrce-body rcactions arc 
quickly frozen and inoperative, so that the 
two-body equilibrium assumption ought to be 
qualitatively correct, and more or less quanti- 
tatively correct for a while until these reactions 
also freeze. At  higher pressures where reactions 
(V) -(VIII) make significant contributions, how- 
ever, the approximation can he very poor and- 
especially for composition-downright mislesd- 
ing. 
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Other Approximations. I t  is not possible to estab- 
lish freezing points for the separate reactions in 
this example as was done in the C-H-0 case. 
There are more reactions than can be handled to 
determine the individual contribution of each to 
the ncbt change in conccntration of a given species 
from ithc equilibrium solution. 

I t  is ~)crhaps worth noting that the classical 
stcady state approsirnation often invoked in 
lianclling complex kinetic problems is not ap- 
plica1,le here. The hasie assumption necessary is 
that radical ronccntrations are small compared 
to major species and may be considered constant. 
This is 1)atently mot true in such cases as are dealt 
with hcre, nor would it introduce any real 
simplification evcn il it  were. I t  should also be 
apparciit that  applying so-called “overall” 
kinetic expressions to complex flows like these is 
a very risky business. The effort involved in 
establishing that such an c.xpression is really 
al)plii:ablc to a given case might be better spent 
in analysis based on basic elementary reactions. 

An npprosiniation which may seem ques- 
tionable a t  first sight is that of neglecting 
certain species in a kinetic calculation on the 
basis of low equilibrium inlet concentration, 
such as was done for 0 and 0 2  in the C-H-0 
esample. It would seem, however, that the only 
ways such neglect could lead to appreciable 
error w e :  (1) if thc species were directly in- 
volvcd in reactions of great energetic importance 
so that small amounts could have an effect on 
the flow, or ( 2 )  if the species wcre involved in 
reactions of very high rate so that thL. lir concen- 
tration might increase down tlie nozzle to values 
which would affect either the energetics or the 
com1)osition of the flow. In fact, neither of these 
possibilities is very likcly. I t  is difficult to think 
of reactions which are so energetic or fast com- 
pared to the others occurring that they could 
affect conditions a p p c i a b l y  even though one or 

more of the participating species is initially two 
or more orders of magnitude below the others in 
concentration. Thus it would seem that elimina- 
tion of species and their reactions on the basis of 
low equilibrium concentration should generally 
be. a legitimate procedure. To check this, the 
C-H-0 example was re-run with 0 and O2 
included, which necessitated adding reactions 
(II), (111), ( IV),  (VI) ,  and (VII) of the 
H-0-N reaction scheme to tlie four reactions 
of the original C-H-0 case. A comparison of 
sonic of the results is given in Table 2, and it is 
clear that the diffcrenccs are entirely negligible. 
Even the sensitive radical concentrations are 
only slightly affected. Actually, once the equa- 
tions are to be set up and programmed anyway, 
i t  is not much simpler to omit a few reactions. 
But in cases where there are a great many 
conceivable species and reactions, elimination of 
those a t  very low concentration can afford ap- 
preciable simplification. 

Practical Implications 

The most important implication of the chemical 
kinetic behavior 01 nozzle gases from a practical 
point of view is probably in the area of pro- 
pulsion. Whatever energy from a propellant goes 
into dissociating the gas and is not recovered by 
recombination in the nozzle cannot appear as 
directed kinetic cnergy of the exhaust, which is 
the quantity of propulsive interest. One way of 
presenting rcsults to illustrate this behavior is by 
comparing the kinetic energy difference between 
nonequilibrium and frozen flow with the masi- 
mum kinetic energy difference obtainable from 

TABLE 3 

Approximate Values of Kinetic Energy Parameter 
(6) in Noncquilibrium Flows 

TABLE 2 

Coniparison of Results for C-H--0 Example with 
and without Inclusion of 0 2  and 0. Values are 

for z = 20 ern 
~- ~ 

With 0, and 0 Without O2 and 0 

T (OK) 960 960 

.Fco 1.8784 X 1.8786 X 10” 
FH2 3.1643 x 3.1649 X 
F H ~ O  1.7758 X 1.7782 X 
F H  3.4456 x 10-4 3.4442 x 10-4 
FOH 0.14 X 1W6 0.15 X 

~ 

$ (percent) 

2 = 10 cm 2 = 20 ern 

C-H-0 example 
H-0-N example : 

E.R. = 1, PO = 0.1 atm 
E.R. = 1, PO = 1 atm 
E.R. = 1, PO = 10 atm 
E.R. = 1, PO = 100 atm 

E.R. = 6, PO = 0.1 atm 
E.R. = 6, PO = 1 atm 
E.R. = 6, P O  = 10 atm 
E.R. = 6, Po = 100 atm 

70 

5 
10 
40 
90 

5 
20 
25 
90 

55 

5 
5 

25 
90 

5 
5 

30 
70 
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shifting equilibrium flow. Thus we define a 
kinetic energy parameter + a t  any station in the 
nozzle by 

where v, V J ,  and veq are the velocities for the 
actual, frozen, and equilibrium flows, respec- 
tively, for given input conditions. 

The examples studied in this work arc com- 
pared in Table 3, using Eq. (16), for two different 
stations in the nozzle. The numbers are only 
approximate since they are quite sensitive to 
small interpolation errors, etc., depending as 
they do upon differences in squares of nearly 
rqual velocities. The general trends are clear, 
however, and reflect what has been said about 
the importance of pressure in determining how 
far the flows deviate from equilibrium. The 
chemical energy recoveries a t  low pressure 
(PO = 0.1 and 1 atm) are very small indeed, and 
only at PO = 100 atm does it approach 100%. 
Once the flow has frozen, of course, no further 
energy release occurs, so the percentages tend 
to decrease with distance along the nozzle. 

Whether such deviations from the equilibrium 
flow limit will be of real practical importance to 
an engine designer depends on circumstances. 
I n  a typical rocket, where tlie unburned pro- 
pellant is essentially a t  room temperature and 
then burns to some high flame temperature, the 
fraction of tlie total chemical energy rrleased 
which is tied up in dissociation (not to be con- 
fused with the quantity +) is rather small, so 
that the difference between frozen and equi- 
librium specific impulse is usually a few percent 
a t  most. Furthermore, rocket chamber pressures 
tend to be high and area ratios low, which would 
favor fairly substantial values of +. Thus, kinetic 
effects may be of minor-though perhaps not 
negligible-importance. In  a high Mach number 
ramjet, however, the incoming air is typically 
diffused to a rather high static temperature before 
the fuel is injrcted. The combustion process may 
then result in very little actual temperature rise 
with a large part of the energy going into dis- 
sociation, and recovering this in the nozzle can 
become vital. The pressure will be an important 
factor here. 

Aside from considerations of energy and 
propulsion, i t  seems likely that in certain types 
of combustion wind tunnels the kinetic behavior 
may be of interest simply because it determines 
the gas composition. As we have seen, large 
concentration changes can occur even after the 
flow is essentially frozen as far as energy effects 
(i.e., three-body recombinations) are concerned, 
because of the faster two-body steps. It may be 
important to know the gas composition in the 

test section, for cxamplc, rrgardlcss of ovcrall 
cnrrgy effects-and a kinetic calculation could be 
of great assistance here. 

Another practical matter may be mciitionccl in 
connection with gas sampling in reacting flows, 
such as has been extensively done in laminar 
flames.11J3J4 The basis for using tiny uncooled 
probes for sampling in such systems is the as- 
sumption that rapid expansion through them 
(they are effectively small supersonic nozzles, 
with transition to free molecule flow) will quciich, 
or freeze, the composition of the gas nearly a t  its 
inlet state-at least in regard to tlic major, stahlc 
species. Obviously, if large coiicentrations of 
atoms and radicals are present, such a sampling 
procedure will always be in error when used nith 
ordinary gas analysis instrumrnts sudi as mass 
spectrometers or gas chromatographs, sinrr thr 
radicals will recombine some\diere hefor(. rcach- 
ing the end instrument (without very spet.ializctf 
techniques involving molecular brams, for ex- 
ample). Generally such large concentrations arc 
not present, however, and kinetic analysis of 
such probe techniques would be very useful, 
although this has not been done as yet. It, is 
clear that low pressure would be favorrd in this 
application, in which one drsircs as early frcrzing 
as possible. 
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CONDENSATION IN NOZZLES 

WELBY G. COURTNEY 

No definitive experimental work has been done with condensation via homogeneous nucleation 
and very little work apparently has been done with condensation in nozzle flow, where thc compli- 
cations of a dynamic system are added. 

A review is given of the theories of homogeneous nucleation and of growth during condensation 
from the vapor phase. A t  the present time the usefulness of these theorics remains unccrtsin or at 
least quite arguable. The principal current theoretical problems are the kinetic and thermodynamic 
behavior of ultra-small particles and particularly the accommodation coefficients for thc growth of 
these particles and the possibility of non-Maxwellian vapor-particle collisions when growth is rapid. 

A detailed theoretical analysis of condensation in nozzles requircs solution of the diflercntial equa- 
tions of nozzle flow together with nucleation-growth kinetics. With rocket nozzles the influencr of 
chemical reactions among the variety of vapor species on nozzle aerodynamics and particularly on 
nucleation and growth kinetics must be included. The mathematical equations rclating nucleation 
kinetics to chemical reactions are briefly noted in this paper, but the relevant specific rate con- 
stants are unknown. 

A semiquantitative insight into condensation in nozzles may be obtained by comparing supcr- 
saturations and the simple model of liquid-drop homogeneous nucleation and collision-frequency 
growth kinetics to the local residence times in the nozzle. This comparison suggests that nonstcndy- 
state nucleation may be a bottleneck in certain cases and that even if particles are nucleated thrir 
subsequent growth may be too slow to permit appreciable condensation in the short times available 
in a nozzle. Clarification will require exact solution of the flow equations together with the 100 or so 
differential equations describing nonsteady-Ptate 
condensation [e.g., Eq. (as)]. 

Introduction 

Condensation is encountered in many practical 
situations, such as the formation of metal oxide 
or halide particles in a combustion chamber or 
expansion nozzle in conventional rocket pro- 
pulsion, the formation of zinc,l mercury,l or 
mercuric chloride particles2 for use in electro- 
static colloid propulsion, and the formation of 
water or liquid nitrogen drops in a supersonic 
wind tunnel. Condensation must be avoided 
completely for most wind tunnel applications, 
but the equilibrium amount of condensation is 
dcsired for most rocket and colloid propulsion 
applications. Also, thermal and mechanical 
slippage of particles in a nozzle or the plastering 
of particles onto the nozzle wall or turbine 
blades is intimately related to particle size and 
thus to  condensation kinetics. This article reviews 
recent work on condensatioii and particularly 
examines the theoretical condensation behavior 
of representative systems in a nozzle. 

Statement of the Problem 

For the present purpose, nozzle flow involves 
cooling by  expaiision flow of a vapor mixture 

nucleation [Eq. (L')] or an equation drscrihing 

containing condcnsible coniponrnts. I f  ai1 cciui- 
librated particlc-vapor mixture is passed into the 
nozzle, the expansion cooling of tlir vapor mill 
immediately cause the condensable vapor com- 
ponents to becomc supersaturated and to con- 
dense onto the particles. If an  uiidcrsaturated 
homogeneous vapor niisturr is passed into the 
nozzle, the vapor Kill become supcrsaturatrd, 
and particles will form, only at a crrtain position 
along the nozzle wherr the expansion i s  suffi- 
ciently drastic. 

For e ~ a m p l e , ~  almost all rocket propcllaiits 
which contain oxygen and aluminum or mag- 
nesium components should give a condcnscd 
oxide phase in the combustion chamber and IJSSS 

a particle-vapor mixture into the nozzle. lj ost 
propellants containing boron and oxypcn or 
lithium and fluorinc compounds should form a 
coiidenscd phase in the charnbcr, but a f m  Tor- 
inulations should give particlcs only in the nozzle 
and particularly only whcn cy)an(lcd to lcss than 
1 atm pressure. In a typical colloid gcncrittor 
being studied for heavy-particle electrostatic 
propulsion, the incoming vapor phase is s:ttu- 
rated niid immediately hecoines suprrsaturated 
in the nozzle. 

From a more fundamental vicwpoint, tlrr rate 
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of condensation (i.e., the rate of disappearance 
of vapor molecules) and also the size and number 
distributions of the product particles involve the 
simultaneous kinetics of a sequence of nucleation, 
growth, and agglomeration reactions. Nucleation 
is defined as the formation of the least stable 
(thermodynamically or kinetically) cluster or 
particle of the new phase; nuclei contain less 
than 100 atoms (molecules, ions) in most cases 
and perhaps less than 10 atoms in some cases. 
Growth is the atom-by-atom deposition of new 
material onto the nucleus or larger particle. 
Agglomeration is the coalescence of two colliding 
particles to form a larger particle and includes a 
particle plastering onto a wall surface. Agglom- 
eration kinetics was reviewed recently4 and mill 
be omitted here. 

The kinetics of condensation will also depend 
upon whether the vapor phase contains only 
parent monomer molecules or whether i t  con- 
tains polymeric species or other species which 
must react chemically to give condensation. The 
condensation of H20 or Hg vapor is simple 
because the vapor presumably contains only 
monomer molecules. However, condensation in 
rocket systems may be quite complex because the 
vapor contains a variety of chemical specics; 
e.g., with a B-0-H propellant, the vapor 
phase includes HB02 and (HB02) 3 molecules 
which condense to form liquid B s 0 3  drops and 
HsO vapor. Hereafter, the term "simple system" 
will be used to describe one in which condensation 
of only monomer vapor is involved. A "complex 
system" will refer to one in which condensation 
occurs from polymer and/or other chemical 
species. Table 1 lists the various metal-contain- 
ing vapor species according to the JANAF 
thermodynamic tables5 and their relative con- 
centrations in typical LiH-NsF4, BjHy-Hz02, 
and BjHy-N204 rocket systems in order to 
outline the problem in those systems. A Li-H- 
F-N system includes 7 Li-containing species 
while a B-0-H system includes 15 B-con- 
taining species, and any or all OC these species 
may be important in condensation. 

I n  general, condensation may be considered to 
involve a set of chemical reactions of the type 

P-P 

l/n P, --+ P 

a i l  + 6B-P + dD 

mhcre 1' is a vapor molecule which condenses to 
form P, P, is a polymeric vapor molecuIe, and 
A and B are vapor molecules which react and 
condense to form P and D vapor with a, 6 and d 
denoting stoichiometry. The case when the 
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conclenscd phase is a mixtureG is omitted lwrr for 
simplicity. 

The nozzle-condensation problem thus in- 
volves condensation kinetics via (1) simple 
nucleatioii and growth (wind tunnrl and colloid 
propulsion), (2) cornplrx nuclration and growth 
( a  few rocket systems), or ( 3 )  inerrly coinples 
growth (most rocket systems). The local “rrsi- 
dencc times” for condensation can be 3p sec/cm 
(vapor velocity = 10,000 ft/src) or less. In a 
combustion process, particle conccntrations arc 
about IO9 to 1011 particlrs/cc and thc rnd-product 
particles have diameters as low as 50 A.“ 

Experimental 

Condensation from ordinary impure vapor 
often occurs readily, but condensation from the 
pure vapor usually takes place only after an ap- 
preciable and moderately critical supersaturation 
is imposed. Since condensation readily occurs if 
largr particles of the new phase are already 
present, nucleation is often a bottleneck in 
condensation-that is, the nucleation of particles 
is difficult compared to their subsequent groxth. 

Nucleation ran be either homogeneous or 
heterogrneous. Hetrrogeneous nucleation occurs 
when the new phase initially deposits onto 
foreign impurities (e.g., dust, salt particles, ions) 
and thus bgpassrs the more difficult homogcneous 
nucleation step. Homogeneous nucleation occurs 
in the absence of such impurities. There is con- 
siderablr uncertainty whether or not a true 
homogeneous nucleation ever does occur because 
the total absence of subtrace amounts of catalytic 
impurities is unlikely in nature and is difficult to 
prove rven in a laboratory rsperimcnt. 

Quantitative data on the rate of nucleation 
from the vapor phase is very liinitrd. It is 
genrrdly concludedG (however, see Masons and 
this writerg) that  the rlassical steady-state 
liquid-drop throry of the kinetics of homogeneous 
nuclention is in satisfactory qualitative agreement 
with “critical supcrsat~ration’~ data obtained 
with water and various organic vapors in an 
cspansion-type cloud chamber.1° Some data with 
water and nitrogen have been obtained in super- 
sonic wind tunnels.”J3 18~14 Gilmore concluded 
that nonsteady-state nucleation problems in 
nozzles are unimportant compared to steady- 
state nucleation15 (howevrr, see WildelG) . There 
appears to he no quantitative data on the 
nuclration of materials occurring in rocket or 
colloid-generation nozzles. 

Quantitative data 011 the rate of growth of the 
ultrasmall particles occurring in nozzle con- 
densation and under radiation conditionsx7 ap- 
parently are completely absent. 

Theoretical 

NUCLEATION 

Nucleation involves the kinetics of n serirs 
of - stepn-ise reactions where vapor molccules 
coinbine with a cluster of the daughter phase to 
form a larger cluster. Any one of these reactions 
or wen  a sequence of several reactions could he a 
bottlrneck in a nucleation process. Furthrrmorr, 
nucleation kinetics may be strndy-state or rioii- 
steady-state. 

For a simple condensation wherc moiiomcric 1’ 
vapor forms P particles (r.o., the condensation of 
H20 or Hg vapor), nucleation involrrs a sequencc 
of kinetic reactions of the type 

li,l 

Lo‘ 
P,-I + P P, ( 2  5 g 5 G )  (1) 

where P is a vapor molecule, P, is s cluster con- 
taining g molecules of 1’ vapor, k,-l and I I C , ~ ~  are 
specific rate constants for the growth and clis- 
sociation reactions, respectively, and G is thc 
number of molecules in a cluster which grows to 
form a particle. G is usually about 100 or so but 
can be as small as 40 for the condensation of €120 
a t  233OK and as large as 1300 for the condcnsa- 
tion of LiF at 2000°1<.’8 The kinetics of simplc 
nucleation therrfore involve a series of 100 or so 
differential rquations of the type 

dc,/dt = qg-1cg-l - Tarr/ + sgilrHj ( 2 )  
where c and c, arc the concentrations of P :md 
P, in the system in, e.g., molrculrs or clustcrs/cc, 
yo = kUc, s, = kgr,  and r, = g,? + s(,. The net 
flow betwren PgVl sild P, is 

I q  = q,-lcu-l - s,ru. 

For the general case,Is kinetic rrartions of the 
tYPc 

( 3 )  

Ai g-1 

all + pn + P,& e P, + 6D (4) 
A hi r 

and 

must also be included, wherc a,  p, and 6 denote 
the kinetic mechanisms, *Agpl and are the 
specific rate constaiits for the forward :tnd 
reverse reactions in Eq. (4), and 2ko-z aiicl 21~,r 
are the rate constants in Eq. ( 5 ) .  Assuming that 
the mechanism of the chemical rraction docs not 
change with concentration or cluster sizr, 

dcg/dt = p1g-2cq-2 + ~ ‘ ~ - ~ c ~ - l  - doco 

+ sl,/+lcII+l + t ’ , 4 y + 2 ,  (6) 
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\\11erc 

p f U  = 'Lf,c,, q', = 1c,c + Akgr,lOL[~j~, 

str1 = 16,' + .%gTLDG, t', = %"r, 

and 

Xlso, 

1,  = p'o-z~o-2 + d u - ~ c g - ~  - ($0 + t ' n ) ~ u .  

r'ri = P'O + qnl + SI, + t'p 

(7 )  
"uiy theoretical approach to the kinetics of 

nucl&ion must deal with the batch of 100 or so 
iiitcrc1c~)endent differential equations in Eq. (2) 
or (:i) tor a simple system or Eq. (6) or (7) for a 
complex system. Even if the kinetic rate con- 
stan ts m r e  known, the resuIting mathcmatical 
problcm obviously would be formidable. The 
various theoretical approaches assume different 
approuinations in order to simplify the mathe- 
matical probleni. Only a simple system has 
Iiith(Jrto been examined with the single exception 
that condensation from a mixture of monomer 
and dinicr vapor has been approhimately treated 
by Friseh and Willis (see below). 

Steady-State ATucleation (Simple) 

In stcacly state the values of I q  in Eq. (3) arc 
cqual and can he replaced by I,, the steady-state 
rate of formation of particles in, eg., particles/cc. 
scc. Equation (3) can thcii he rearranged to give 

where C and C, are the equilibrium concentra- 
tion:; of P and P, arid R, is the thermodynamic 
(yuililiriurn constant 

Sinw c = G, each tcrm in the dcnoininator of 
Eq. ( 8 )  is directly related to the forward rate of 
a cluster reaction. 

Tllicrc are three gcneral theories of simple 
steady-state nucleation wherein values for ku 
and Ii, are assumed and the sum in the de- 
nominator ol Eq. (S) is then approximated. 

Constant-h'urnbcr Theory. The constant-number 
tlicory assumes that the concentration of a 
particular-size sinall cluster, P,, is always present 
in its equilibrium Concentration because of 
kiiietic or thermodynarnic reasons. The number of 
inolcculcs in the nucleus thus is essentially inde- 
pcntlcnt of temperature and supersaturation. 
The slow step in nucleation could be, for example, 

the initial forination of a two-atom cluster from 
monoatoinic species because the recombination 
energy must be radiated or absorbed by a third- 
body collision; or perhaps it is the latter forma- 
tion of a cluster containing lrss than about 10 
atoms eithrr because the equilihriuin concentra- 
tion of the l', cluster is very low since its free 
energy is very high owing to excess energy 
reasonsg or because k ,  is very small. Equation (S) 
then becomes 

(Js)lsdistion = ~ , C A C I I  (10) 

where k ,  and k M  are the specific rate constants 
for the radiation and recombination reactions, 
CA and c~ are the concentrations of the recom- 
bining s~~ecies, and C M  is the concentration of the 
third body. Typically, k ,  is about cc/mole- 
culeesec and k M  is about ccz/moleculez-sec.lg 
The radiation and recombination models do not 
appear to have been applied to nucleation but 
probably are unimportant (see later). 

Liquid-Drop Theory, Most theories of nucleation 
are formulated in terms of the classical liquid- 
drop (LD) theory. The LD theory of the thermo- 
dynamics of cluster formation assumes that the 
equilibrium concentration of clusters can be 
calculated a priori in terms of the macroscopic 
volume and surface free energies of the vapor 
and condensed phases. 

For a simple monomer vapor, the modified 
versionzo of the classical treatment gives 

C, = C, cap { g In S - pg2Iin ] ( 13) 

where C, is the concentration of monomer vapor 
in equilibrium with bulb condensed phase, S is 
supersaturation and is equal to c/C,, p = 
4 ~ ( 3 ? n / 4 ~ p ) ~ 1 ~ u / k T ,  m is the mass of P, p is the 
macroscopic density and c the macroscopic 
surface tension of the condensed phase, k is the 
Boltzmann constant, and T is absolute tempera- 
ture. In  the original version the pre-esponential 
factor was c. As g increases, C, goes through a 
minimum value C, * given by 

C,l* = C, exp ( - 1 6 a ~ ~ ~ ~ / 3 p ' ( k T ) ~ ( l n  8)') 

= C, esp { - p ( g * ) z D / 3 ]  ( 14) 

where g* is the number of molecules in the 
cluster present in smallest concentration and is 
given by 

g* = ( 2 4 3  In S)3  (15) 

The P,* cluster is conventionally called the LD 
nucleus. The size of the LD nucleus decreases 
with increasing S or temperature. 
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The LD thermodynamic approach has limita- 
tions when it is applied to small clusters because 
u decreases for small clusters, although this 
effect tends to bc canceled by a similar decrease 
in p .  The lower limit of applicability has been 
taken as a duster containing 20 m o l e c ~ i l r ~ , ~ ~ ~ ~ ~  
10  molecule^,^^ 23 aiid 2 inolerul~s.24 

Thc classical LD theories of steady-state 
nucleation kinctics assumed the Maawellian 
mean collision frequency for k,,. V ~ l l n c r ~ ~  assuind 
the nucleus to be present in the cquilibriuin 
concentration; Becker and Doring26 and FrenkeP 
tfcrivcd a rate of nucleation by assuming that 
the steady-state kinetics of nucleation involved 
a sequence of similarly slow reactioiis localized 
around the nucleus. nccker and Doring took k ,  
as cqual to kl,  while Frcnkel took k, as equal to 
the more realistic value of k,*. Equation (S) was 
thcn converted to a continuous function of g and 
approximated by assuming c = C, substituting 
the original version of Eq. (13) for C,, expanding 
thc exponential factor about g (thus presuming 
C, to have a sharp minimum a t  C,*), using 
integral limits of + m and - a, and evaluating 
the resulting error integral. Frenkel’s result can 
be written as 

(Is) Frenkel = ancce(2mu/T)1’2( l/P) 

X esp - p( g*) 2’3/3 1 ( 16) 

where a, is an accommodation coefficient for 
nucleation. The pre-exponential factors obtained 
by the three treatments differcd, but the critical 
exponential factor m s  identical. 

An exact mathematical cvaluationls of tlie 
summation in Eq. (8) indicates the Frenkcl I s  
tends to be in error by a few per cent because of‘ 
tlie mathematical approsimations. This error is 
insignificant compared to eyperimcntal errors 
and uncertainties in a,, p, and u. 

It will be noted that nucleation rates which 
involved CN kinetics would necessarily be less 
than nucleation rates predicted by the LD 
theory. 

Statistical ~l[echunical Theories ( Simple)  . Sta- 
tistical mechanical t e c h n i q ~ e s ~ ~ - ~ ~  have been used 
to predict equilibrium cluster concentrations; 
for example, the Cahn-Hilliard theory proposes 
that a t  high supersaturation the nucleus is larger 
than predicted by the LD theory. Also, quantum 
mechanical techniques were used by Taylor 
et aLa2 to predict cluster concentrations. 

Steady-State Nucleation (Complex) 

Nucleation kinetics in a rocket system probably 
involves a variety of chemical or polymeric 
species since appreciable quantities of such 
species euist in the parent vapor phase. 

Frisch and \J7illis33 exaniinctl iiucleation ki- 
netics when the vapor contained an equi1ihratc:d 
mixture of monomer aiid dimcr and obtaincd 

where IC’(, = k,‘ + 2kl,-27 aiid I<’, is a c o i n l h  
alterrating wries of k,,r and ,Vu. They neglcrt~d 
K’i, approxiinatcd the sum a t  g = g*, and ton- 
cluded that an appreciable rffect due to dinncr 
reaction is found oiily t~hci i  the monomer con- 
centration is very small. A2n 
Eq. (17) indicatcs that tIic 
appreciablc but probably still is ncgligiblc c8oi-n- 

pared to the other errors.ls 
For thc generalized system \\ hcrein rcac%ions 

of the type in Eqs. (4) and ( 5 )  must hc 111- 
cludcd, the equilibrium roncrntrntion of thcl P, 
cluster isIs 

C, = C, ex11 ( g  In S - pg3” ] (IS) 

(19) 

where 

s = S,( 8 2 x 3  - - - &T)”d‘r 

where 8 1  is the supersaturation of morionirr P 
vapor related to bulk P (i.e., is the previous S), 
S, is thc supersaturation of thc i th reactioii 
related to P vapor, and N is the nuinhcr of 
independent reactions giving P. AT is cqual to 7 
for Li-H--E”-N system and 15 for a B-O--IP 
system according to the .JI\N\ThF tables. For 
examplc, if S2 is the supersaturation of thc 
chemical reaction noted earlier, thcn 

where the numerator involvcs actual conccntra- 
tions and the denominator involves cquilibriuin 
concentrations. Only the su~)ersaturations of 
vapor species which are not in cquililirium with 
monomer must be included in S. Equations ( 14) 
and (15) relnaiii unchanged c\ccpt that  S 
replaces S.  

Although only one of tlic vsricty of possiblc 
reactions usually will be ratc-controlling in 
nucleation kinetics, the gencralizcd steady-statc 
rate 01 nucleation islS 

(Islgeneral = rrv/’Vq (21) 

where U, and V ,  are complicated functions of thc 
rate of the dissociation reactions. 

Nonsteady-State Nucleation ( iYimpZe) 

Nonsteady-state nuclratioii kinetics are tliffi- 
cult to cvaluate esactly, partly bccnusc of thc 
mathematical complexity of solving the G 
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siniultaneous differential equations in Eqs. (2) 
or' (6) but mainly because of uncertainty in the 
kinetic and thermodynamic behavior of small 
clusters. Only the simple system has been 
examined although the complex system excmpli- 
ficd by Eq. (6) is rcadily amenable to coinputer 
solution. 

Most authors uscd the kinetic and thermo- 
dyii.aniic assumptions of the classical LD theory 
and approximated thc mathematical problem by 
accepting Frenkcl's conversion of the right-hand 
sidc: oE Eq. (2) to a continuous function of c, 
and approxiniatiiig the resulting mathematical 
csprcssion in various ways. 

I<autrowitz,~4 I-'robstein,35 Collins,36 and Wake- 
diirna"' assumed that only clusters in the vicinity 
of the nucleus were important. Thc result for the 
first three authors was 

whtw I,* is the net rate of nucleation a t  time t ,  
K is a. constant, and P, is the vapor pressure of 
the hulk conclcnsed phase in dynes/cm2. The 
authors obtained different values for K ,  but all 
took the time lug for the establishment of steady 
state as the time v hen the exponential was unity. 
This time lag thus is the time for I,* to be about 
$ of I , .  Wakeshima's time lag was smaller by ST. 

C h r i ~ t i a n s e n ~ ~  obtained an exact mathematical 
solution of a batch of four equations from Eq. (2) 
aftm assuming all k,  were equal, all k,' were 
equal, and k , , ~  >> k,'. Gi1morer5 obtained semi- 
exact niathcmatical solutions of batches of 100 
or more equations by numerical methods, but 
npl)licd the LD theory to small clusters and used 
apliro\imate values for k, and k;. He concluded 
that steady state in vater vapor in air a t  0°C 
wai; established in less than 0.1 pscc. TurnbulPg 
solved batches of 4 and 25 of the differential 
cquatioiis on a computer using arbitrary num- 
bers ior IC, and kQr. This writer? solved batches of 
1001 and 200 of thc equations on a computer, 
using collision-frequency kiiietics and LD thermo- 
dynamics m ith the boundary conditions that the 
PI9 cluster was a t  its cquilibrium concentration 
and the concentrations of the PSO, PZ1, etc., 
clustcrs wew, e.g., zero a t  zero time. The physical 
usc.fulness of this approach must remain uncertain 
because the PI9 cluster in a typical cloud-chamber 
c\periiiient must increase from an initial value 
of clusters/cc to an equilibrium value of 2 
clusters/cc and the actual build-up time depends 
in part upon the particular experiment. The 
times required for e,* to reach 95% of its steady- 
state \ d u e  were a few microseconds for the 
condcnsation of water vapor a t  typical cloud- 

chamber conditions. The approximate time lag 
estimated by Eq. (22) was within 100% of the 
exact 95% timela and probably is sufficiently 
accurate for most purposes. 
-4 serious limitation to the LD approach is 

that the time required for the dynamic surlace 
energy to reach its steady-state static value 
has been neglected, although this time is re- 
ported to bc about 1 inillisec for and 
several minutes for m e r c ~ r y . * ~ ! ~ ~  

GROWTH 

The rate of growth of a particle depends upon 
the kinetics of a scquencc of bulk diffusion (mass 
and heat), adsorption, surface and desorption 
reactions. 

When the mean free path for vapor-vapor 
collisions is much larger than the particle radius, 
the vapor-particle collisions should resemble the 
discontinuous nature of vapor-vapor collisions. 
For a simple system where vapor diluted with 
inert gas is slowly condensing, the collisions 
between vapor and a particle should be Max- 
wellian. If temperature equilibration between 
the growing particle and vapor-inert gas mixture 
is also assumed, collision-frequency-controlled 
growth of a spherical particle gives18 

dR/dt = (a,mc/44ap) [ (Rp/R)  + I]? 
x { (SnkT/m) [ (m/m/)  + 1 ] } 1 ' 2 ,  (23) 

a here R is the radius of the growing particle a t  
time t ,  cyIl is the accommodation coefficient for 
growth (assumed constant) and is the proba- 
bility that a molecule which hits the particle will 
be incorporated into it, m' is the mass of the 
particle, and R, is the effective collision radius of 
the condensing vapor molecule. Equation (23 )  
applies to a polyclisperse colloid system. When 
the radius of the particle is much grcatcr than 
that of the molecule, Eq. ( 2 3 )  reduces to a 
linear growth law 

dR/dt = ( a g / p )  (mkT/2a)'~%. (24) 

When condcnsation is rapid, the collision 
frequency for vapor-particle collisions can be- 
come non-Alaxwellian, particularly if a high heat 
of condensation is involved. Frisch and Collins4" 
treated this case for a spherical particle in a 
monodisperse colloid and obtained 

where R, is the final particle radius, D is the 
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diffusion cocfficicnt of I’ vapor, y = 2 (s2 ) /3(s)a,  
\\ here (s) and (2 )  are the mean jump lcngth and 
mean square jump length Eor vapor-particle 
collisions, and cn. is the particle concentration. 
If y >> R and ( s )  is Ma\wellian, Eq. (25) 
reduces to Eq. (24). Frisch and Collins’ corrc- 
sponding equation for particle growth in a poly- 
disperse colloid is unwieldy even if the particle- 
distribution function were known. 

\Then the particle radius is much greater than 
the mean free path for vapor-vapor collisions, 
the parent vapor is essentially a continuous 
medium and Fick’s diffusion equation should 
apply. Bulk-diffusion-controlled growth has iio 
rigorous mathematical solution,44 but appro\i- 
mate solution of Fick’s equation for quasi- 
steady-state spherical diffusion of mass and heat 
(radiation neglected) in a simple system indi- 
cates parabolic grou th kinetirs for large single 
par t ic l~s ,4~-~~ or 

dR2/dt = Kc, (26) 

where K is a constant. Equation (25) reduces to 
(26) when R >> y and then applies to isothermal 
mass-diffusion-controlled growth in a mono- 
disperse colloid. Also, the particle radius raised 
t o  the third power vs. time has been proposed 
an appr0\iination,4~ and a radius to the 4.4 
power vs. time has been Oscillating 
growth rates could occur in diffusion-controlled 
growth if transient currents disrupt and quasi- 
steady-state diffusion gradient in the bulk 
phasc.4’ Thc growth of a particle is fastest when 
limited by bulk diffusion disrupted by convcc- 
tion, is slower when limited by the quasi-steady- 
state diffusion gradient, and is slowest when 
limited by a surface reaction. 

Particle growth in a complex system again 
should usually be controlled by the kinetics of a 
single slpecies and thus would usually follow one 
of thc above treatments. The kinetics of coin- 
peting surface reactions has often been examined 
in the literature.”O 

The growth kinetics of a particle particularly 
depends upon the mechanism whereby new 
material deposits onto its surface. The surface 
of a liquid drop in contact with its vapor pre- 
sumably is atomically rouzh or “melted,” and a 
new molecule can deposit rapidly a t  almost any 
position on the surface. However, the surface of a 
solid particle in contact with its vapor is probably 
atomically smooth and a new molerulc would 
only deposit either very slowly by a two-dimen- 
sional nuclcation of an “island” on the surface or 
rapidly at kinks in the spiral surface steps 
generated by a screw-dislocation emerging from 
thc surface of the imperfect particle.jl Theo- 
rctically, a solid particle which is bound by 

iioiidislocated closc-packed surfaws ~ o u l t l  iioit 
grow dcspite an appreciable supersaturation iii 
the vapor phase. This has brcn e\pcriinrntally 
observed in growth from aqueous solut1on.5~ 

The principle current theoretical proljlcms in 
growth kinetics are (a) the accommodation 
coefficient for particle growth and particularly 1 or 
small particles, (b) the growth behavior of 
particles when the particle radius is much less 
than thc mean free path for vapor-vapor colli- 
sions and when the particles may he undergoing 
non-Maswellian collisions, and (c) radiation 
c00ling.l~ When growth involves a chemical 
reaction, the accommodation coefficient must 
involve the usual activation energy and i i  
probably less than one. The accommodation 
coefficient for siinplc condensation of a material 
onto an infinite liquid surface has been inter- 
pretccP4 in terms of the “free angle of rotation” 
in the liquid p h a ~ e . 5 ~  h vapor molecule must 
preserve its rotational energy during condcnsa- 
tioii and an adsorbed molecule would tend to 
re-evaporate if it  must lose some ol this rotational 
energy in ordcr to fit into a rcstrirted liquid 
lattice. 

CONDENSATION KINETICS 

In a simple system, the rate of condensation 
at any time can bc written in terms of a collision- 
frequency growth model as 

- (a+%) v = . C “ P ( C  - C,) S L ,  (27) 

where - (ac/&) is the rate of disappcaraiicr of 
vapor molecules a t  constant volume, P is the 
collision frequency per unit particle area and 
unit vapor concentration of vapor molecules 
against the particle, and St is the total surface 
arca/cc in thc system a t  time t. The rate of 
disappearance of vapor molecules due t o  nuclea- 
tion is ncgligiblc compared to  Eq. (27). 

When a particle-vapor mixture is passed into 
the nozzle and only particle growth occurs, St 
depends upon the initial size clistribution of the 
particles a t  the nozzle entrance and their sub- 
sequent growth in the nozzle. Very little is known 
about the initial particle-size distribution in 
combustion systems. 

When a homogeneous vapor is passed into the 
nozzle, the rate of condensation can be writteii in 
terms of nucleation and growth kinetics. As- 
suming a simple constant-volume system and 
also classical steady-state LD nucleation of 
liquid nuclei, rapid freezing of thcsc liquid nuclcL, 
Mauwellian collision-frequency growth of sphcriL 
cal solid particles, and thrrmal equilibrium 
between vapor and particles, the concentration 
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oi vapor a t  tiinc. t is1\ 

wlicre L O  is tlic initial moiiomer concentration, 
(C6) \  and (C')[ arc the vapor conrentrations in 
equilibrium a i t h  bulk solid arid liquid, U L  is the 
macroscopic surface tension of the bulk liquid, t' 
is the timc when a particle was nucleated ( t  - t' 
is tlic age of the particle) , aiid 

Kl = 47rnt"a 'q/p,?p1) ( k / 2 m )  %Yo(, (2nz/7r) 112 

(29) 
fin = 167r~n~ / :~p~~I l c~ ,  

nhcrc p, and p z  arc the macroscopic densities of 
bulk solid and liquid. The temperature-dependent 
functions can in turn be related to supersatura- 
tion aiid t by tlie heat of condensation and heat 
cqaci ty  of the particular vapor mixture. Equa- 
tion (2s) can readily be solved by a computer 
ai ter coiiversion of integrals to intervals. Also, 
Eq. (28)  simplifies somewhat if condensation is 
isotlicrmal and if nucleation and growth of only 
solid or liquid particles is assumed. Solution of 
Eq. (2s) gives a sigmoidal c-t curve from which, 
for cwmiple, the time required to  achieve 50% of 

atioii may hc taken. Condensation in- 
nucleation and growth of liquid particles 

is faster than coiidcnsation involving only solid 
pxkiclcs.lb 

Coiideiisation from a complex vapor system 
rtquires use oi X aiid inclusion of the more 
complicated I ariations of nucleation [Eq. (21)] 
and gron th kinetics. Homcvcr, if the condensa- 
tion of monomer is slow compared to reactions 
involving the otlicr vapor species, thc nucleation 
and g r m t h  proccsscs are simple and Eq. (2s) 
applies. 

Application 

C'onclensation in a nozzle is occurring from a 
c1,ynaiiiic vapor system whose local temperature, 
pressure, and composition are continuously 
cliaiiging with time. An exact analysis of nozzle- 
condensation kinetics therefore requires a simul- 
ktneous solution of the differential equations 
which describe (a) the aerodynamics of nozzle 
flow, (b) a particular nozzle geometry, (c) any 
vspor-phase chemical reactions, and (d) nuclea- 
tion-growth kinetics of the type in Eq. (2s) or a 
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FIG. 1. Typical condensation conditions obtained 
with H20-N2 in a nozzle. Initial conditions: [A) 
N, + 0.0061H20 (saturated a t  273"K, 1 atm, 
29S"K); (B) Ne  + 0.002SH20 (saturated a t  263"K, 

1 atm, 29S"Ii). 
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of these equations by a computer would give an 
exact solution to the matliematical problem of 1000 

0 nozzle condensation. Unfortunately, the specific 
rate constants for the various vapor-cluster 2 2 700 
reactions are quite unknown and even the rate 
constants for the various vapor-vapor reactions w z 2 10 
in the complex systems are usually unknown. 

nozzle condensation can he obtained by calcu- 

8 

f 
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Y However, a semi-quantitative insight into 0 1 -  
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FIG. 3. Typical condensation conditions obtained 
with semishifting expansion of combustion products 

1 0.8 0.6 0.4 0.2 0 from B-0-H propellants. Init,ial nozzle conditions: 
EXPANSION RATIO (A) 3922"K, 6s atm (obtained from BsH, + 2.1Nr04 

a t  29S"K); (B) 2543"k-, 6s atm (obtained from 
BaH, + 3 . 7 5 ~ 2 0 2  at 2 9 s " ~ ) ;  (c) 317501<, 6s :itm 

(obtained from BeH, + 5HAOr a t  39S"K). 

FIG. 2. Typical condensation conditions obtained 
with Hg vapor in a nozzle. Initial conditions: 

3.59 X 10-4 atm, 373°K (saturated). 
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coinplcx systcin the collision-frequency behaviors 
of the assumed simple vapor and the actual 
coinples vapor nil1 be similar but the actual aO 
will hc less than 1 since a chemical reaction is 
involved. 

Figures 1 to 4 give typical local supersatura- 
tions, temperatures, residence times, theoretical 
time lags for nonsteady-state LD nucleation, 
and the theoretical 50% times required for con- 
densation a t  constant volume which were ob- 
tained along an expansion nozzle for several 
systems. Seniishifting espansion was assumed, 

50% TIME 

RESIDENCE TIME 
I - - - - B + A A - - - i  

B 
0.1 I I 

- 

- 

I I I I 

100 

1 

0.1 

0.01 
1 0.1 0.01 0.001 0.0001 

EXPANSION RATIO 

I b G .  4. Typical condensation conditions obtained 
with semishifting expansion of combustion products 
from Li-F propellants. Initial nozzle conditions: (A) 
4.59S°K, 68 atm (obtained from LiH + O.5N.Fa at  
29S"K); (B) 3439"K, 66 atm (obtained from LiH + 

0.25N2F4 at  29S"K). 

wherein all vapor species TYCI'C assuincd t o  
equilibrate with each other but 110 condensation 
was permitted. The expansion ratio is the final 
pressure divided by the initial pressure. JANAF 
data were used to  calculate the rocket super- 
saturations, and supersaturations generally are 
somewhat questionable because of uncertainties 
in the thermodynaniic data. The LD nucleation 
rates assumed a liquid condensed phase and also 
are often uncertain because the required data 
had to be estrapolated from other temperatures. 
The nucleation time lags were calculated for 
water from the esact Eq. (2) and for the other 
systems from the approximate Eq. (22). The 
steady-state nucleation rate along the nozzle was 
obtained by multiplying the nucleation rate from 
Eq. (16) (calculated as particles/cc-pscc) by the 
reciprocal of the linear gas velocity. Dashed lines 
indicate that the LD g* is less than 20 molecules. 
Dotted lines indicate extrapolations. Details are 
given elsewhere.'Y 

Supersaturations to 430 were encountered with 
H20, to 1012 with Hg, and to 3.5 in seniishifting 
expansion and to loa6 in frozen expansion in the 
rocket systems. 

It will be noted that the LD theories of nuclea- 
tion apply to only short sections of the nozzle 
because a t  low supersaturations the steady-state 
rate of LD nucleation is negligible but a t  high 
supersaturations g* becomes less than 20 and the 
LD theory becomes inapplicable. 

A nonsteady-state kinetic problem should be 
expected when the time lag is similar to or greater 
than the local residence time. Similarly, a con- 
densation problem would be expected if the time 
required for 50% of condcnsation (computed 
assuming steady-state LD nucleation and colli- 
sion-frequency growth) is greater than the 
local residence time. 

With HzO vapor, computer solution of Eq. 
(2)22 indicates a 95% time for the establishment 
of steady-state nucleation of 10 psec when S = 15 
at 233OK. The present wind-tunnel esample in 
Fig. 1 has a local residence time of about 32 psec 
a t  that  temperature (case A, expansion ratio = 
0.45). Since the residence time is appreciably 
greater than the time lag, steady-state nucleation 
probably is established in the present case. 
However, the local supersaturation increascs 
from about 10 to only 20 as the temperature de- 
creases from about 240 to 230OK. The steady- 
state rate of nucleation increases from about 1 
to 100 particles/cc.psec, or about 30 to 3000 
particles/cc- em along the nozzle. For com- 
parison, the isothermal condensation of H20 a t  
233'K and S = 15 theoretically requires about 
10,000 hsec to achieve 50% of condensation.9 
Therefore, even though particles are nucleated, 
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0 0.4 0.8 1.2 1.6 2.0 

TIME ( p s e c )  

FIG. 5. \-ariation of conccntrations of liquid B10.7 
clusters with timc at 17OO"Ii: and S = 2 .  

oizly a small amount of condensation should be 
expected in the available time. 

Hg vapor has a negligible steady-state rate of 
LD nucleation because of the high surface ten- 
sion of liquid Hg, and Hg vapor should not 
nucleate homogeneously under the noted con- 
ditions despite the high supcrsaturation. 

The condensation problem in a 13-0-H or 
Li-F nozzle system depends upon the particular 
system. Figures 3 and 4 show that with cases A 
the approximate nucleation time lags are ap- 
preciably greater than the local residence times, 
and nonsteady-state problems should be es- 
pected. The time lags for the other cases are less 
than the residence times, and steady-state 
nucleation should be approached. For esamplc, 
monomeric LiF vapor a t  S = 1.5 establishes 
steady state in about 0.03 and 10 pscc at 1854' 
(case U) and 1521'1.; (case A ) ,  respectively, 
where the values lor g* are 27 and 105 molecules. 
The local residence times are only 3 psec, and 
case A probably involves a nonstcady-state 
nucleation problem. With E3203 vapor a t  1700'K 
and S = 2, Fig. 5 shows that nucleation requires 
greater than 2 psec to establish steady state 
according to computer solution of Eq. (2).16 

Howevcr, the local residence time in Fig. 3 is 

about 3 psec for these conditions with case A. 
The times required for 50% of condensation are 
all less than the local residcnce times escept for 
case A in the LiF system, and a condensation 
problem may be espected in that instance. I t  
will be noted that with case A in the E203 system 
a nonsteady-state nucleation problem was antic- 
ipated and the predicted 50% timc for r011- 

dmsation is invalid since this 50% timr JUT- 

sumes steady-state nucleation. Results are 
summarized in Table 2. 

It is perhaps of interest to note that tlic 
radiation and recombination aspccts of the CN 
theory of nucleation do not apply to the prcscnt 
systems (escepting Hg) bccausc the ino lcdar  
specks should already be prcsent a t  thc nozzle 
entrance in sufficicnt quantitirs to nuclcatc 
particles. It is generally difficult to decide al3out 
the excess-energy aspect of the CN theory. 
However, it  will be noted (Table 1) that the 
Li-F systems already contain high concentrs,- 
tions of dimer and trimer molrcules, e.g., the 
trimer concentration typically is 1 011 trimers/cc 
after frozen expansion and trimrrs/cc sftrr 
semishifting espansion. I n  either case, these 
concentrations would be sufficicnt to nucleate 
the 1O'O or so particles/cc presumably required 
to achieve condensation. In  any event, CN 
nucleation rates can be estimated by Eq. (12) 
assuming collision-frequency kinetics and Ji1N.W 
thermodynamic data. Values of the mean colli- 
sion frequency for monomer-dimer and monomer- 
trimer collisions for case il in Fig. 4 a t  S = 1.8 
and 1521'K were about l0l4 times the corre- 
sponding values of LD nucleation. Since it is 
unlikely that the accommodation cocfficicnt 
would be as small as the LD theory ])re- 
dicts slower nuclration and would he applicable 
rather than the CN theory. However, the mran 
collision frequency for monomer-dimer and 
monomer-trimer collisions a t  S = I .S and 
lS54OK for case B in Fig. 4 is only 10-fold grcater 
than ( I s ) L D ,  and the CN theory may be ap- 
plicable if the accommodation cocfficicnt is small. 

TABLE 2 

Summary of "Predicted" Condensation Behavior for Selected Nozzle Cases 

B-0-H propellants Li-F propellants 
Wind Hg colloid - 

Problem tunnel generator (A) ( C )  LA) (B) 

Nonsteady-state nucleation? NO ? Yes No Yes No 
Rate of condensation? Yes Yes (No) No Yes N V  

Does condensation occur? No NO NO Yes NO YCS 
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GAS PARTICLE NOZZLE FLOWS 

JAMES R. IiLIEGEI, 

The equations govcrning the one-dimensional flow of gas-parliclc mistures arc tliscnssed. It is 
shown that the sound velocity in the mixture is the frozen sound velocity in the gas alone and is un- 
affected by the presence of the particlcs unless the misture is always in equilibrium. Thc equilibrium 
sound velocity in the misture ie derived and is shown to be lower than the frozen sound vclocity. 
Shock waves in gas-particle mistures are discussed and it is shown that two shock structures arc 
possible. When the flow velocity in front of the shock is supersonic (based on the frozen speed of 
sound), the shock consists of a discontinuous shock front followed by a relasation zone. When thc 
flow velocity in front of the shock is greater than the equilibrium eound spced but lees than thc 
frozen sound speed, the shock is fully diffuse and confists of a relasation zone in which both the gns 
and particle propertits vary continuously. The frozen sound velocity is found to occur downstream 
of the nozzle throat for all gas-particle nozzle flows. It is shown that the throat conditions depend 
on the nozzle inlet geornctry, and that the nozzle mass flow and performance are determined by thc 
nozzle inlet geometry. Analytical and numerical solutions to thc equations governing the one-di- 
mensional flow of gas-particle mistures through nozzles are preeented. The particle vclocaity and 
thermal lags are found to be greatest at the nozzle throat and expressions :ire given for estimating 
these lags. 

The equations governing axially symmetrical flows of gas-particle mixtures are briefly discussed 
These equations are of hyperbolic type when the flow is supersonic (based on the frozen specd of 
sound in the gas) and can be solved by the method of characteristics. A sample nozzle calculation 
is given and compared with one-dimensional calculations. A summary is given of d l  gas-particlcx 
nozzle experiments and the results are compared to the calculated gas-partirle nozzle flows. I t  is 
found that the calculations and experiments are in agreement within the accuracy of the c’\pc’ri- 
mcntal measurcmcnts. It is concluded that the flow of gas-particle mixtures can bc accur:itelp prr- 
dicted by the prescnt analysis. 

Introduction 

The use of propellants with mctal additives 
has greatly increased in recent years. The 
exhaust products of these propellants contain a 
large fraction of condensed oxides and the 
cxpansion of such a gas-particle mixture through 
nozzles has been extensively studied in rcccnt 
years. Enginc firin% cxpcricnce has shown that 
the efficirncy of metallized propellants (delivered 
impulsc/theoretical impulse) is lower than the 
efficiency of nonmetallized propcllants. This 
decreased efficiency has been observed to be 
approximately proportional to the particle mass 
fraction in the exhaust mixture. One can cydain 
the above observations by postulating incomplete 
combustion of thc metal additives. Chemical 
analysis of particles collected from the exhaust 
of such propellants has shown only trace amounts 
of unburned metal, however. These amounts 
(typically 0.2% of the total mctal in the sample) 
correspond to performance losses much smaller 
than observed. This evidence suggests that the 

observed efficiency losses of metallized 1)ro- 
pellants are not primarily caused by incaoinplctc 
combustion of the metal additives. It lias also 
been observed that nozzle pcrlormancc prctlir- 
tions based on treating the gas-particle cxliaust 
of metallized propellants as an equivalent pcrict% 
gas can be seriously in error. In particular, larp,c 
nozzlc losscs havc been obscrvcd when optimurn 
contoured nozzles (calculated assuming gas- 
particle equilibrium) iwrc used with imtalli 
propellants. 

It would appear from the abovc obscrvntioiis 
that nonequilibrium effects are important in 
metallized propellant systems and should be 
considered in making performance predictions for 
these propellants. Early studies of gas-particlc 
nozzle flows are suminarizcd by Altinan and 
Carter.’ These studies placed bounds on the 
performance losses by examining the equilibriuin 
and complctc noncquilibrium cases and clcinon- 
strated that gas-particle velocity noncquilibriurn 
had a much larger effect on pcrformancc than 
gas-particle thermal noncquilihrium. Gill)ml,, 

SI1 
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I>ai ih, aut1 A\lt~naii2 J (' tlic first t o  relate per- 
lornitlnw losscb to particle size. They studied 
the velocity history of particles moving through 
n givvii gas flon in thti nozzle and estimated 
peri oriiiance losscs from tlic gas-particlc velocity 
lag a t  the nozzle c u t  plane. 1\11 of these early 
studws treated the nozzle expansion process as 
uncoupled since the particle velocity and thermal 
lags were considercd independently, and the 
effcct of the particles on the gas expansion was 
ignored. 

The object of this paper is to summarize recent 
theoretical studies of gas-particle nozzle flows 
which include the most important coupling 
effects and to compare the results of these 
studies with experimental measurements. It will 
be shown that the behavior of gas-particle 
mixtures is quite similar to the behavior of 
chemically reacting gases. 

One-Dimensional Gas-Particle Flow 
Equations 

Let us consider the steady one-dimensional 
flow of a gas-particle mixture. The following 
assumptions will be made: (I) There are no 
mass or energy losses from the system; ( 2 )  there 
is no mass exchange between the phases; (3) 
the volume occupied by the particles is negligible; 
(4) the thermal (Brownian) motion of the par- 
ticles is negligible; (5) the p:wticles do not 
interact; (6) the gas is inviscid except for its 
iiitcractions with the particles; (7) the gas is a 
perfect gas of constant composition; ( 8 )  the 
particle size distribution may be approximated 
by groups of different size spheres; (9) the in- 
ternal teniperature of the particles is uniform; 
(113) energy exchange occurs between the gas 
and particles only by convection; and (11) the 
heat capacity of the gas and particles are con- 
stant. 

These assumptions have been used in pre- 
~ i o u s j - ~  studies of gas-particle nozzle flows. I t  is 
easily vcrifiedlJ that  they are reasonablc for 
most gas-particle nozzle flows. 

Using the above assumptions, the equations 
governing the steady one-dimensional flow of a 
gasparticle mixture are 

puuuA = w, (1) 

( 2 )  ppiu,ill = w Pt ' 
N 

i=l 
W u d . ~ ,  + wpidupi + AdP, = 0 (3) 

The momentum and energy equations, Eqs. 
( 3 )  and (4), are seen to contain terms coupling 
the gas and particle momentum and energy. 
Thus the coupling between the gas and particles 
will be very strong and any particle lags (either 
velocity or thermal) can be expected to have a 
large effect on the gas flow if the particle loading 
is appreciable. Since the particle mass fraction is 
typically 30% by weight of the exhaust of metal- 
lized propellants, gas-particle nonequilibrium 
effects can be anticipated if the characteristic 
relasation distances for particle velocity and 
thermal lags are of the same order as a char- 
acteristic nozzle dimension. Equations (6) and 
(7) show that the characteristic relaxation 
lengths are of the same order for particle velocity 
and thermal lags and are proportional to the 
ratio of a characteristic nozzle dimension to the 
square of the particle size. The particle size will 
thus have a strong effect on the particle velocity 
and thermal lags and these lags will be approxi- 
mately proportional to the square of the particle 
size. 

For fixed chamber conditions, two gas-particle 
nozzle flows will be similar in geometrically 
similar nozzles if the ratio of the nozale throat 
size to the square of the particle size is similar in 
both nozzles. Thus one can scale gas-particle 
nozzle flow only if the particle size can be sc&d 
as the square root of the nozzle size. Since the 
particle size formed during propellant combus- 
tion is independent of any nozzle or engine char- 
acteristic dimension, the estahlishmeiit of sinii- 
larity through scaling is not possible in engine 
firings. 

Sound Propagation 

Let us examine the conditions under which an 
infinitesimal discontinuity may exist in a gas- 
particle flow. If Po is eliminated from the mo- 
mentum equation, Eq. (3) ,  by use of Eqs. ( I ) ,  
(4), and (5), the momentum equation becomes 

C p p d  T p i  1 x [(u, - y 
= d A / i l .  (8) 
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The particle velocity and temperature will re- 
main unchanged through a discontinuity since 
there is a finite relasation time associated with 
changes in these particle properties. Since the 
flow area does not change across a discontinuity, 
the momentum equation across an infinitesimal 
discontinuity is 

Thus for an infinitesimal discontinuity to exist 
in a gas-particle flow, it must travel a t  the gas 
sonic speed, (y.RT,)k. The speed of sound in a 
gas-particle mixture is unaffected by the presence 
of the particles and the relaxation processes 
occurring in the flow, and is identical with the 
speed of sound in the gas alone. This result is 
similar to the situation found in reacting gas 
mi.;turesI0 where the speed of sound propagation 
is found to be independent of the chemical reac- 
tions occurring in the flow. 

The above result is valid for the high-frequency 
sound propagation case (Le., the time in which 
the disturbance occurs is much smaller than the 
relalation time of the particles). The low- 
frequency sound propagation case in which the 
gas and particles remain essentially in equi- 
librium through the disturbance can be similarly 
treated. I n  thc limit of complete gas-particle 
equilibrium the momentum cquation across the 
disturbancc is 

and the disturbance must travel a t  the equi- 
librium sound speed, (ycRT,/[l  + ( W p / W , ) ] }  
where 

Since ye < y, the equilibrium speed of sound in a 
gas-particle mixture is less than the nonequi- 
librium (or frozen) speed of sound in the mis- 
ture. A similar result is found in studies of sound 
propagation in reacting gas mistures.1° 

Shock Waves 
Let us examine the conditions esistant across a 

normal shock wave in a gas-particle misturc 
where upstream of the shock the gas and particles 
are in equilibrium ( u p z l  = ugl, Tp71 = T,1) and far 
downstream of' the shock the gas and particles 
are again in equilibrium (up7z = ugz, T p 1 3  = Too). 
Across the shock ~ \ ~ a v e  the continuity, ino- 
mentum, and energy equations become 

P Q l u D l  P(J3uI/3 (9) 

(10) p p  ,17Lp L 1  = P p  l D p  L3 
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FIG. 1. Supersonic gas-particle shock wave velocity 
profile. 

(121) 

where T, has been eliminated through the use of 
the perfect gas law. Solving the above algebraic 
equations we find that" 

P,2/P,l = 1 + [2Ye/(Ye + 1)](11lCi~ - 1) (13:) 

P,,Z/P,l = [ ( r e  + 1)Me131/[(Yl - 1)Me12 + 21 
= u,1/u,2 = Pp.r$Ppzl.  (14 )  

-2 0 2 4 b 0 1 0 

INCHES 

FIG. 2.  Supersonic gas-particle shock wave tern- 
perature profile. 
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The above equations are the perfect gas normal 
shock relationships except that  yc and M e  replace 
y :md JI. n'ith these modifications, gas tables 
can hc used to obtain the final equilibrium flow 
conditions behind a normal shock in a gas- 
particle flow. 

[f the flow in front of the shock is supersonic 
(.1 l1 > I ) ,  the shock will consist of a shock front 
srvcral nwan frw paths thick folloryed by a 
rclaxation zone.S3 '\cross the shock front the 
particle properties do not chanSe and the gas 
propcrties can br obtained from the perfect gas 
normal shock relationships. Figures 1 and 2 show 
the 1 clocity and temperature profiles in this type 
of gas-particle sliock It is seen that the 
rrlaxation zone behind the shock front is quite 
thick, being many inches in length. Thc thickness 
of this rclaxation zone decreases as the shock 
strength increases.12 Tf the flow in front of the 
shock is not supersonic (AI, < I ) ,  a shock can 
still occur if XC1 > I. In  this case the shock ~vave 
nil1 be fully diffuse and the gas and particle 
propcrties will vary continuously through the 

shock wave. Figures 3 and 4 show the velocity 
and temperature profiles in this type of gas- 
particle shock wave.'2 I t  is seen that the relaxa- 
tion zone is very thick in these shocks and the 
shock structure is similar to those found in non- 
reacting gas rni~tures.'~ Similar shock phenomena 
occur in reacting gas ~ ~ o w s . ~ ~ J ~  

Throat Conditions 

The second term of Eq. (S) is always positive 
for accelerating flows. Thus the gas Mach number 
must always be less than 1 a t  the nozzle throat 
(111" < 1) unless the axial gas velocity gradient 
is infinite a t  the throat. The sonic point in a gas- 
particle nozzle occurs downstream of the throat. 
At the sonic point 

7 - 1  __ 
$7 L = l  w, Y dx 
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FIG. 4. Fully diffuse gas-particle shock wave temperature profile. 
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This condition tletermincs the inass flow through 
the nozzle for a gas-particle system. Siiicc thc 
conditions a t  the sonic point depend on the 
particle lags a t  the sonic point, these conditions 
can be changed by changing tlie nozzle inlet and 
throat geometry. Thus the mass flow through 
the nozzle is not a unique function of throat size 
for a gas-particle system but also depends on 
the nozzle inlet and throat geometry. Similarly, 
the sonic point location depentls on the nozzle 
geomctry. The nozzle inlet and throat geometry 
will be of much greater importancc for gas- 
particle nozzle floas than for pure gas nozzle 
flows. I t  is possible to significantly alter tlie 
performance of a gas-particle nozzle by changing 
only the nozzle inlet aiid throat geometry. 
Similar throat phenomena occur j i i  reacting gas 
nozzle flows. 

Constant Fractional Lag Nozzles 
Let us now limit ourselves to flows in which 

the particles are always in Stokes' flow regime. 
In order to simplify the analysis and the inter- 
pretation of the results only one particle size 
will be considered present in the flow. It has 
been found4 that there exists a family of solutions 
to the equations governing gas-particle flows in 
which 

where K aiid L are constants and 

c = 1 + (W*/W") {k'[(l- k')Y + k'l 

M* 

0 0.2 0.4 0.6 0.8 1.0 

1 -K 

FIG. 5. Throat Mach number versus particle 
velocity leg in a constant fraclional lag nozzlc. 

Equations ( IG) through (20) are the on('- 
dimensional pg-fect gas flow relationships e u c p t  
that  -7 and M replace y and M. With these 
modifications, gas tables can he used to prcdict 
the flow of a gas-particle system through a 
constant fractional lag nozzle. In equilihrium 
(IC = 1, = l),  -7 and M become equal to ye 2nd 
ill, as expected. 

In  most cases of engineering interest, PrCp,/C,,, 
is greater than so that L is less than Zi and the 
particle thermal lag ( 1  - L) is greater than the 
particle velocity lag ( I  - IC) . 

Equations (16), (27) and (2s) sliow that lq 
equals 1 a t  the throat of a constant fractional 
lag nozzle and d /*  < I unless there is no particle 
flow. The throat conditions de1)cnd on thc particle 
lags a t  the throat and hence on the nozzle inlet 
geometry as was shown carlicr. Figure 5 is a plot 
of the throat Mach number in a constant frat- 
tional lag nozzle vs. particlc velocity lag for 
typical metallized propellants. The throat Mach 

1 .3  

1 .2  

1 . I  

1 .o 
0 0.2 0.4 0.6 0.8 1.0 

I - K  

FIG. G .  Mess flow versus particle velocity lag in II 
constant fractional lag nozzle. 
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FIG. 7. Expansion coefficicnt versus particle velocity 
lag in a constant fractional lag nozzle. 

nuimber increases as the particle lags increase and 
is only slightly dependent on the particle mass 
fraction. 

The mass flow through a constant fractional 
lag nozzle is easily obtained from the throat 
conditions and is found to depend on the particle 
lags a t  the throat and hence on the nozzle inlet 
geometry as was shown earlier. Figure 6 is a plot 
of nozzle mass flow (normalized with the equi- 
librium mass flow) vs. particle velocity lag in 
constant fractional lag nozzles for typical 
inctallized propellants. The nozzle mass flow 
increases as the particle lags increase and is 
strongly effectrd by the particle lags. 

Figure 7 is a plot of the effective espansion 
coefficient vs. particle velocity lag in constant 
f rslctional lag nozzles for typical metallized pro- 
pdlslnts. The effective rspansion coefficient 
incrcascs as the particle lags increase but is 
rathrr insensitive to  particle lags for small 
particle lags. 
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FIG. S. Constant fractional lag nozzle profile. 

Through use of Eqs. (ZO), (21), and (2s) the 
area variation in constant fractional lag nozzles 
can be found as a function of the nondimensional 
distance 

9 pur* 1 - K (  B ) 
2. - 

2 mprP2 KL 2 CPU Tu0 

Figure S illustrates the shape of an axially sym- 
metric constant fractional lag nozzle. I t  is noted 
that these nozzles are trumpet shaped and arc 
approximately symmetrical through the throat. 
Most of the length in these nozzles is in the throat 
section. 

By relating the wall radius of curvature a t  the 
nozzle throat to the axial gas velocity gradient 
(and hence the particle lags), I<liege14 has ex- 
tended Sauer'sI6 throat relationships to gas- 
particle flows and found that 

0.2 

0 
0 2 4 6 8 IO 12 14 16 

r * ,  INCHES 

FIG. 9. Particle velocity lag versus throat size for constant fractional lag nozzles. 
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in axially symmetrical constant fractional lag 
nozzles. 

Solving Eq. (31) for IC, the relationship 
between particle lag and throat geometry in an 
axially symmetrical constant fractional lag 
nozzle is 

the required integrals cannot be expressed in 
closed form for the general case of arbitrary 
particle lag. For cases of engineering interest, 
appreciable particle solidification rarely occurs 
in rocket nozzles. 

Nozzle Performance 

One measure of nozzle performance is the 
specific impulse which for a fully expanded gas- 
particle nozzle is defined as 

1 8 ,  = gC1+ (Wp/Wn) I I -'E., + ( W p / W ( / )  .,I. 
Figure 9 is a plot of particle lag vs. nozzle throat 
size for a typical gas-particle exhaust mixture 
flowing through an axially symmetrical constant 
fractional lag nozzle whose wall radius of curva- 
ture a t  the throat equals the throat radius. It is 
seen that 1 p particles arc essentially in equi- 
librium unless the nozzle is very small while 10 p 
particles are essentially in equilibrium in only the 
largest nozzles. From Eq. ( 3 2 )  it  is found that 
for small particle lags, 

(36)  
For a constant fractional lag nozzlc in which the 

do not a p]lasc cllangc, 

[ I+  (%/Wn)KI 
qC1+ (?-i)pl?-i)n) 1 Iw = 

1 + ( W P / W , )  ( C,,/CPrJ L 

x 2CpJ T,o - Toe) . (37 )  I: 
If the above dimensionless number is very s m d ,  
gas-particle nonequilibrium effects will be neg- 
ligible. 

Equation (21) shows that the axial velocity 
gradient is constant in constant fractional lag 
nozzles. Since this condition is approximately 
true in the throat region of most nozzles of engi- 
neering interest, it would appear that  the above 
results have general applicability. GilbertI7 has 
recently shown that this conclusion is correct and 
extended the analysis to the case in which the 
iiarticles do not remain in Stokes' flow regime. 

Altman and Carter' givc expressions for the 
specific impulse of a gas-particle system for the 
special cases of complete kiiietic and thermal 
equilibrium and nonequilibrium. The above 
expression for the specific impulse reduces to  
Altman and Carter's exprcssions for thrsc cases. 

Since most of the thrust of a nozzle rcsults 
from the expansion which occurs between thc 
chamber and the throat, it  is of intcrcst to rsti- 
mate the efficiency of this expansion. The cffi- 
ciency a t  the nozzle throat in a constant frac- 
tional lag nozzle is 

k s  Carrier3 observed, the ratio C D R ~ / N U  is 
approximately 12 for spheres even outside Stokes' 

1 + (Wm'Wn) K* + (1 /YJ~*') 
+ ( 2 i ) p / W g )  + ( l/YA,,e*2) flow regime. With this assumption the relation- 

ship between the particle velocity and thermal For moderate lags (K* > 0.6) the above expres- 
lag is unchanged. The nozzle axial scale is changed sion can be approximated by 

since I sp / Iype  N 0.53[Wp/(W, + W p ) ]  K*. (311) 

d u d d x  = B(pnfpr*/mpr$) [(I - K)/K31 (34) 
when the particle is not in Stokes' flow regime. 
The particle velocity lag a t  the throat now 
becomes 

Comparison of the above two expressions as a 

I n  principle, the flow properties can be ob- 
tained during particle solidification in constant 
fractional lag nozzles: It appears however that 

function of K* for various metallizid pi-opc'llants 
showed that the efficiency was accurately rsti- 
mated by Eq. (39). Thus tlic efficiency loss in 
gas-particle nozzles is approximately proportional 
to the product of the particle mass fraction and 
the particle velocity lag. 

To obtain optimum engine performance, one 
should optimize the propellant metal fraction 
and nozzle together since both have a large 
effect on the engine performance. For a givcn 
nozzle, the optimum metal fraction in the pro- 
pellant will be less than the thermochemical 
optimum. 
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the present time one must use approximate 
RIGHT GAS MACH niethods to obtain gas-particle flow properties in 

the nozzle throat region. 
PARTICLE STREAMLINES A qualitative description of the gas-particle 

flow in a nozzle throat can be obtained by 
considering the near-equilibrium case. I n  this 
case the gas properties in the throat rcgion can be 

POINT TO BE COMPUTED approximated b y 4 3  

STREAMLINE un/uo* 1 + a(s/r*) + (-ye + 1)/S)a2(r2/r*?) 

(40) 
V~,/Z~,* N (re + I/4)a2(sr/r*') 

4- [(yc 1)2/16]a3(Fj/r*a) (41) 

[JIG. 10. Gas-particlc characteristic mesh. 

Characteristic Calculations 

1. sing the sanie assumptions as above, the 
equations governing axially symmetrical gas- 
particle flov~s have been studied by Kliegcl and 
Nickcrson.Is l9 They find that all the character- 
istirs of tlie equations governing the flow of 
gas-p:wticlc mixtures are real if the flow is super- 
somc (,\I > 1). Thus the supersonic flow of a 
gas-particle iiiiaturr can be computed using the 
nicthotl of characteristics. One of the character- 
istiv tlircctions ot these equations is inclentical 
nit11 the gas Mach lines and is indcpenclent of 
1)rtwiwe of the partirles. This result is similar 
to the situation found in reacting gas mi\tures20 
in which one of the characteristic directions is 
also itleutical nitli the gas Mach lines and is 
indepcndent of rlwmical reactions occurring in 
the flow. Figure 10 illustrates the characteristic 
inesh €or pas-l)artic.le flows. The inesh calcula- 
tioiis arr quite similar to those employed in 
calculating rotational perfect gas flows with the 
adthtional complication that one must compute 
don8 hoth gas and particle streamlines. 

In ordcr to calculate the flow in a nozzle by 
tlw iiictliotl ol characteristics, one must know the 
flon prol)(lrties in the throat region near the 
sonic h e .  For pcrfect gas flows, one can obtain 
transonic solutions to the flow equations by 
tahinq p e ~  turbations about the sonic velocity.I6 21 

This method is applicable for perfect gas flows 
bccausc~ the throat conditions are essentially 
determined hy thc nozzle geometry in the im- 
incdiate neighborhood of the throat and are quite 
insensitive t o  tlie nozzle inlet geometry. This is 
not true for gas-particle flon7s as the throat 
conditions are determined by the nozzle inlet 
geometry. To obtain initial conditions to start a 
characteristic cslculation for a gas-particle 
system, the complete subsonic and transonic 
floa field in the nozzle inlet and throat section 
must be solved. This is a formidable task and a t  

where 

= [(&)($)I 
and the nozzle throat location is given by z*/r* = 
-[(re + I)a]/S.  To order of approxi- 
mation is is foundlS that 

(43) 
where IC* is given by Eq. ( 3 5 ) .  The particle and 
gas streamlines diverge in the throat region for 
all particle sizes even though the flow may be 
essentially in equilibrium. As shown in Fig. 11, 
the particles concentrate along the nozzle axis 
which greatly complicates calculation of the gas- 
particle flow properties in the nozzle throat 
region. 

Equation (42) shows that the axial particle 
velocity is a constant fraction of the axial gas 
velocity in the throat region. Since the axial 
velocity is much larger than tlie radial velocity 
in the throat region, the gas-particle flow in a 
nozzle throat is approximately a constant frac- 
tional lag flow. Thus the gas properties in the 

FIG. 11. Gas-particle flow in a nozzle throat. 
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throat region can be approximated by the pcrfcct 
gas relationships [using the appropriate expan- 
sion coefficient, Eq. (31)] and the particle 
trajectories can bc traced through the throat 
region to determine the particle proprrtirs along 
the initial dsta  line. This method of obtaining 
the gas-particle flow properties in the throat 
region was used by Kliegcl and Nickersonls 
in their study of gas-particle flows in axially 
symmetrical nozzles. The initial conditions 
thus determined arc sclf-consistcnt since the 
characteristic calculatioiis proceeded smoothly 
away from the initial line. Although the ac- 
curacy of the method has not been established, 
it is elact for equilibrium flows and one would 
exprct that the flow properties predicted for near 
equilibrium flows would be substantially correct 
except possibly near the wall where the effect 
of tlie particles not following the gas streamlines 
will be largest. 

Numerical Solutions 

Tn addition to the physical properties of the 
combustion products, one needs the particle 
size distribution and particle drag and heat 
transfer coefficients in order to integrate the gas- 
particle flow equations. A discussion of numerical 
integration of these equations and of the accuracy 
with which thcsc quantities are known has 
recently bceii given by Hogland.22 Particle 
samples taken from the exhaust of various 
aluminized pr~pellaiits?~ 24 have been found to 
follow a logarithmic normal particlc size dis- 
tribution 

] (44) 
(In d, - In &) ' 

2 ln'u, 

where 2, = 3.5 II~I 1.0 p, u,, 1.9 =I= 1.0 p. 
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FIG. 12. Measured particle size distribution for 
aluminized propellants. 

Figurr 12 is a plot of this size distribution n h ~ h  
was found to be independent of engine siz(' ant1 
geometry, propellant composition, and chsmlm 
conditions for rather large engiiics. (There now 
exists experimental cviclencc25 shom ing that in 
small test engines the particlc size is dcpendcnt 
on tlic chamber prcssure and/or gc3ometry.) All 
particles collected w r e  sphtrical and contaiited 
less than 0.2 by weight of unburned aluininuin.2* 

I n  choosing the correct particle drag and hcat 
transfer cocfficicnts, rarefaction, comyressihility, 
and free stream acceleration effects must bc 
considercd. A study of these effects for spheres 
showed that for the above particlc size c1istril)u- 
tion only rarefaction effrcts are important in 
gas-particle nozzle flows of rngiiiccring intc7rrst. 
The rarefaction corrections used in the iiumcrical 
calculations were26 

C D  = C,(O) 

(1 + 7.5Kn) (1 + 2Kn) + 1.91 zinz 
-[(* + 7.51Cn)(l+ 3 1 h )  + (2.29+ 5.16Kn)IC2] 

where CD(O) and Nu(o)  arc the drag and heat 
transfer coefficient for spheres in the aliscncc of 
rarefaction c f f e c t ~ . ~ ' - ~ ~  

Using the above particle size distribution and 
drag and heat transfer coefficients, thc one- 
dimensional gas-particle flow equations havc1 hccli 
nuinerically integrated for a large number of 
cases. Typical results are given in Figs. 14 
through 19 for the conical nozzle shon-ii in Fig. 
13. The propellant exhaust mixture containrd 
38 Yo by weight condensed oaidcs. For comparison 
purposes, the constant fractional lag 11rctlic.tioiis 
are also shown. The constant fractional lag 
prcdictions were calculated using Eq. (35) a i d  
the constant fractional lag relationsliips ignoring 
the fact that  thcse solutions arc valid only for 
linearly accelerating flows. 

Figure 14 is a plot oE the gas vclocity profile 
in the nozzlc. The flow is appro\iinatcly a 

6 
5 ' I ' ' ' I - I  

-6 -4 - 2  0 2 4 6 8 IO I% 
z / r *  

FIG. 13. Nozzle geometry used in numcricd cal- 
culations. 
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FIG. 14. One-dimensional gas velocity profile in 
nozzle shown in Fig. 13. 

linearly accclerating flow in the nozzle throat 
section. The constant fractional lag estimate of 
the vclocity in the throat and inlet sections is 
quite good. I n  the esit cone the constant frac- 
tional lag estimate is only fair, being in error by 
about 5% a t  the csit planc. 
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Fro. 15. One-dimensional gas temperature, pressure, 
and dcrisity profiles in nozzle shown in Fig. 13. 

Figure 15 is plot of the gas temperature, 
prrssure, and density profiles in the nozzle. The 
coiistnnt fractional lag relationships accurately 
estimate thcsc profiles in the nozzle throat and 
inlet sections. In  the exit cone the constant 
fractional lag estimate of the temperature 
profile is fairly good, the error being less than 1 % 

% -4 -2 0 2 4 6 8 IO 12 
z/r* 

% -4 -2 0 2 4 6 8 IO 12 
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FIG. 16. One-dimensional particle velocity lags in 
nozzle shown in Fig. 13. 
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FIG. 17. One-dimensional particle temperature lags 
in nozzle shown in Fig. 13. 

a t  the exit plane. The small values of the pressure 
and density ratios in the exit cone mask the fact 
that  the error in the constant Tractional lag 
estimates of these quantities is about 5% a t  
the exit plane. 

Figure 16 is a plot of the particle velocity lag 
through the nozzle for various size particles. It 
is seen that the particle velocity lag is greatest 
in the throat region and is reasonably well esti- 
mated by Eq. (45). The large effect of the 
particle sizc on the particle velocity lag is evi- 
dent. 

Figure 17 is a plot of the particle thermal lag 
in the nozzle for various size particles. The 
particle thermal lag is greatest in the throat 
section and is fairly well established a t  the 
throat by Eqs. ( 2 5 )  and (35 )  . The particle size 
is seen to have a large effect on the particle 
thermal lag and the particle thermal lag is 
greater than the particle velocity lag as was 
shown earlier. Since only the smallest particle 
has begun to solidify in the nozzle, particle 
solidification has little effect on the nozzle flow 
and performance. 

Figure 1s is a plot of the ratio of the particle 
density to the gas density in the nozzle. It is 
secn that the particre lags cause the concentra- 

Z / T *  

FIG. 1s. One-dimensional particle-gas density ratio 
in nozzle shown in Fig. 13. 
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FIG. 19. One-dimensional nozzle efficiency in nozzle 
shown in Fig. 13. 

tion of particlcs to increase in the nozzle, the 
ratio of the particle density to the gas density 
in the nozzle being everywhere larger than in the 
chamber. This increase in particle mass (com- 
pared to the gas mass) in the nozzle occurs during 
the nozzle starting transient. 

Figure 19 is a plot of nozzle efficiency (delivered 
impulsc/theoretical impulse) in the nozzle. 
I t  is seen that the particle lags cause an ap- 
preciable efficiency loss in the nozzle and that 
most of this loss occurs upstream of the nozzle 
throat (hence the large loss present at the 
throat). The constant fractional estimate of the 
nozzle efficiency is excellent a t  the throat and 
fairly good for the rest of the nozzle. 

The major difference between one-dimensional 
and axially symmetrical gas-particle nozzle 
calculations is the change in the particlc mass 
distribution in the nozzle due to the inability of 
the particles to follow the gas streamlines. 
Figures 20 through 25 arc plots of the flow 
propertics in the nozzle shown in Fig. 13 calcu- 
lated by an axially symmetrical gas-particle 
characteristics program. The one-dimensional 
results are again given for comparison. 

Figure 20 is a plot showing the limiting particle 
streamlines in the nozzle. These streamlines are 
those that originated a t  the wall in the nozzle 
inlet section. All particles of a given size will be 
located between the axis and its limiting stream- 
line. It is seen that only the smallest particles 
follow the gas and that the largest particles are 
concentrated near the axis, filling only about a 
third of the nozzle area a t  the exit plane. The 
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FIG. 20. Limiting particle streamlines in nozzle 
shown in Fig. 13. 
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FIG. 21. Limiting particle strramlincs in vawuxn 
cxpansion plume outside nomle shown in Fig. 13. 

particles are turned in the throat section and 
although only the limiting particle strcamlinrs 
are shown, all particle strcamlines arc straiqlit 
lines in the exit cone. Characteristic calculations 
have shown that, even in contoured nozzles, the 
particle trajectories are essentially straight lines 
in the exit cone owing to thr particles’ high 
inertia. Thus the particle flow field in any nozzlc 
exit cone is essentially conical and the particles’ 
drag on the gas will force the gas flow ficld to bc 
essentially conical also. The performancr in- 
creases due to nozzle contouring are thus much 
lower for gas-particle systems than for purc gas 
systems since the particles cause the flow ficld to 
be essentially conical even though the nozzle wall 
is contoured. Figure 21 is a plot of the limiting 
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FIG. 22. Particle-gas density ratio at various st,:t- 
tions in nozzle shown in Fig. 13. 
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FIG. 2 3 .  Axis and wall gas velocity profiles in 
nozzle shown in Fig. 13. 

1)articIc strcaiiiliries in the vacuum expansion 
1)lurne outside the nozzle. It is seen that only the 
snisllcst particles are turned and even they are 
riot greatly affectccl by the expansion outside the 
nozzle. ,\I1 particle trajectories become straight 
lines shortly outside the nozzle ( 2  or 3 nozzle exit 
diainrtcrs) since the particle drag coefficients go 
to zero owing to rarefaction effects as the gas 
clcnsity drops outside the nozzle. The particle 
flon held outside the nozzle is conical and ap- 
lwars to  originate from a source near the nozzle 
throat. Siiicc the particle drag and heat transfer 
coefficwnts decrease to zero owing to rarefaction 
cfccts shortly outsick the nozzle, the gas expan- 
sion i b  little effwtrd b y  the particles. 

Figurcx 22 is a plot of the ratio of the particle 
and qas densities a t  various stations in the 
iiozzlc, shon iiig tlic concrntration of the par- 
ticlcs near the axis. This concentration a t  the 
nozzlr axis is iiiuch larger than the one-dimen- 
siorial cxstimatc and near the nozzle wall the par- 
ticlc yoncentration is very low. Since there are no 
particles a t  the wall and the particle concentra- 
tion i rar  the nall is very small, the nozzle 
boumtlary laycr can be treated by standard 
niei;lio~ls~~ nithout one having to consider particle 
cffccts. T h e  stcps in the figure occur a t  the 
limiting partide streamlines and are caused by 
considcriiig tlic particle distribution to consist 
of five tliscrctP sizes in the calculation. 

z/r* 

FIG. 24. Axis and wall gas temperature profiles in 
nozzle shown in Fig. 13. 
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FIG. 2.5. Nozzle efficiency in nozzle shown in Fig. 1 3 .  

Figure 23 is a plot of the gas velocity on the 
nozzle wall and axis. It is sceii that  the gas ve- 
locity on the nozzle wall is higher than the onc- 
dimensional estimate while the gas velocity on 
the axis is lowcr than the one-dimensional esti- 
mate. Because of the high particle concentration 
on the nozzle axis (and hence high particle drag 
force on the gas) the gas velocity on the nozzle 
axis reaches a masimum in the nozzle and de- 
creases slightly near the exit plane. 

Figure 24 is a plot of the gas temperature 
along the nozzle wall and axis. It is scen that the 
gas temperaturr along the wall is lower than the 
one-dimensional estimate and the gas temperature 
along the nozzle axis is higher than the one- 
dimensional estimate. 13ecsuse of the high 
particle concentration on the nozzle axis (and 
hence high particle heat transfer to the gas) the 
gas temperature on the axis remains esseritially 
constant in the exit cone. 

Figure 25 is a plot of the nozzle efficiency. It is 
sccn that the eEcirnc*y is lower than the one- 
dimensional estimate. This efficiency difference 
is largely the result of the gas-particle mass 
separation which is not accounted for in the one- 
dimensional calculations. This difference is 
about 0.7 % in conic nozzles.18 

Gas-Particle Nozzle Experiments 

In recent years there have been many esperi- 
mental studies of gas particle nozzle flows. 
13rown6 has measured the particle velocity lag a t  
the nozzle exit plane of small solid propellant 
engines using a high-speecl framing camera 
which allowed him to photograph particle posi- 
tion as a function of time a t  the nozzle exit 
plane. The results of his study are summarized in 
Table I. The measured velocity lags are within 
those calculated to exist a t  the exit plane. Since 
the size of the particle tracked by the camera 
could not be determined, a quantitative inter- 
pretation of the results is impossible. Brown’s 
study does demonstrate, however, that  velocity 
lags of the orcler of those calculated do exist in 
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TABLE I 

Measured Exit Particle LagG 
~~ ~ 

Calculated Particle L:tg" 
Nozzle length Measured 

Motor (inches) particle lag 1.5s p 3.54 p 7.90 /l 

TPC 5 .31  
FPC 9.45 
FPC-BT s.27 

0.47 0.11 0.2s 0.49 
0.30 0.04 0.1.5 0.32 
0.05 0.04 0.1.5 0.3% 

a By author. 

TABLE I1 

Comparison of Measured and Calculated Gas-Particle Expansion Losses in  Conic:d ?Joxzlcs 

e 
T* hclics) 
R*/r* 
Cone angle, dcg. 
Calculated heat losses, % 
Calculated friction losses, % 
Measured engine efficiency, % 
Measured expansion losses, % 
Calculated expansion losses, % 

3.5  
I .32 
2 

25.2 
0 . 6 f 0 . 2  
0 .7 f0 .2  

95 .4f0 .3  
3 . 3 f 0  .7 
5 . 0 f l  .o 

20 
1.32 
2 

21.5 
O.Sf0.2 
1 .5 f0 .5  

94 .7f0 .3  
3 . 0 f l  .O 
4 .Sf I  .o 

24 
1.32 
2 

24 
0 .9hO.3  
1 . 4 h 0 . 4  

9 4 . 7 f 0 . 6  
3 . 0 f l . 3  
4 . 9 f l  .0 

24 
1.32 
5 

12 
1 . 3 f 0 . 4  
2.9fO.9 

95. I f0. 3 
0.73z1.6 
3 .5f1 .0  

24 
1.32 
) 

18 
1 .110 .3  
2 . 0 3 z O  . 6  

95.1 f 0  .3 
1 .S f l  , 2  
4.1 h1 .o 

34 
1.32 
5 

24 
I . 010 .3  
1 . 6 f O . 5  

9.5.1 f O  . 3  
3 .311 .1  
I . 6  f I . 0 

nozzles. Carlson"" recently measured thr  particle 
thermal lag of inert MgO particles in a research 
motor. The effective single particlc size in 
Carlson's experiment was 1.9 p and he I'ound that 
the measured thermal lags agreed ~ w l l  with the 
tlicrmal lags calculated for 2 p particles. Carlson's 

I 
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0.02 

O 

f* = .125 INCHES 
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9 P  

FIG. 26. Comparison of measured and calculated 
effects of nozzle throat geometry on nozzle mass 

flow. 

study t1cmoiistrate.s that  thermal laqs o l  thc 
order of those ralculatetl do mist 111 iioxzlcs 

Gilert et aLsl have recently mrssurctl tlic inns5 
flow variation as a function of partirlc i i i : ~  

fraction and nozzle inlet geometry 111 a carrRill.lr 
controlled cqieriment. T h y  mcasurctl thc 
difference in mass flow through ti\ o nozzles of 
the samc throat area but diffrrinq throat gcom- 
etrics for a suspension of glass beads in nitroqm. 
Typical results from this c\pcriin(~iit arc shon 11 111 

Pig. 26 which compares the prctlic.tcd and I'IICBS- 

ured differential mass flow through two noxz1c.i 
as a function of particle mass fraction. It I 
tha t  the measurements arc 111 good sgrcemmt 
M ith the theoretical predictions. 

0 2 4 6 8 10 12 14 16 
R*/ r* 

FIG. 27. Comparison of the measured and ca1cul:rtcd 
effects of changes in nozzle throat, gcomctry on 

nozzle eficicncy. 
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0 5 I O  15 20 . 25  30 3 5  40 
NOZZLE INLET ANGLE, DEGREES 

FIG. 26. Comparison of the measured and calculated 
effects of changes in nozzle inlet geometry on nozzle 

efficiency. 

Kliegel and Nickersodh have presented a com- 
prehensive comparison of calculated and meas- 
ured gas-particle nozzle efficiencies in small solid 
propellant engines. Their results are summarized 
in Table I1 and Figs. 27 through 29. Table I1 
summarizes the measured and calculated nozzle 
efficiencies of six conical nozzles. It is seen that 
the calculated heat, friction, and expansion loss 
reasonably account for the observed efficiency 
losses. Since these calculations were made 
assuming no combustion losses and the calculated 
losses slightly escecd the observed losses, i t  is 
concluded that the combustion losses in these 
firings were much smaller than the expansion 
losses due to particle lags in the nozzles. 

Figure 27 compares the experimental and calcu- 
lated effect of changes in nozzle inlet geometry. 
Thew nozzles consisted only of a convergent 
section. The nozzle inlet geometry was fixed and 
the wall radius of curvature upstream of the 
throat was varied. I t  is seen that  the experi- 
mental results arc in good agreement with the 
predicted efficiency decrease as the wall radius 
of curvature decreases. 

Figure 28 is a comparison of the experimental 
and calculated effect of changing the nozzle inlet 
angle. These nozzles had identical throat and 

'SP 
I- 
sPe 

0.97 

0.96 

0.95 

0.94 

exit cone geometries and the wall inlet angle 
from the chamber wall was varied. It is seen 
that  there is a slight efficiency increase as the 
nozzle inlet angle decreases which is well pre- 
dicted by the calculations. 

Figure 29 is a comparison of the experimental 
and calculated effects of nozzle contouring. The 
nozzles inlet and throat section were identical. 
The exit cones were the same length and had the 
same expansion ratio but different wall contours. 
It is seen that the efficiency gain from nozzle 
contouring is small and is accurately predicted 
by the calculations. 

The above experimental results clearly demon- 
strate that  the nozzle throat geometry has the 
largest effect on nozzle performance of all nozzle 
design parameters. 

Conclusion 

The experimental studies summarized above 
demonstrate that  the expansion behavior of 
gas-particle mixtures in nozzles canbe accurately 
predicted. Particle velocity and thermal lags 
have been measured in nozzles which are in 
substantial agreement with the calculated lags. 
The predicted mass flow increase with increasing 
particle concentration and particle lags in the 
throat section has been measured. The measured 
effects of changes in nozzle geometry are in 
good agreement with the predicted effects. It is 
concluded that the present analysis is capable 
of predicting the behavior of gas-particle mixture 
and their expansion through nozzles with good 
accuracy. 

Nomenclature 

il Flow area 
Co Particle drag coefficient 
C,, Gas heat capacity 

21 22 23 24 25 26 27 28 

INITIAL DIVERGENCE ANGLE - DEGREES 

FIG. 29. Comparison of the measured and calculated effects of nozzle contouring 
on nozzle efficiency. 
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Particle heat capacity 
Particle diameter 
Ratio C~Re/24 
Gravitational constant 

AcsNoWLEoGMEsT 

This research was sponsorcd by Air Force, B:tllist,ic 
Missilc Division Contract No. AF O4(694)-1. 

Ratio Nu/2  
Film heat transfer coefficient 
Vacuum specific impulse (unless noted 

Constant defining particle velocity lag 
Knudsen number 

Constant defining particle thermal lag 
Modified Mach number for a gas- 3. 

Gas Mach number 
Particle density 

Gas pressure 

Gas constant 
Particle Reynolds number, 

in test) 1. 

Gas thermal conductivity 2. 

particle system 4. 

Nusselt number, 2hrPi/ku 5 .  

Gas Prandtl number pQCPff/kQ 6. 

7. 
2P"rPi I uu - UPi l/P" 
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MAGNETO-FLUID-DYNAMIC NOZZLE FL 

W. R. SEARS, A. R. SEEBASS, AND S. G. RUBIN 

Studies are reported here of both crossed-fields and aligned-fields channel flows to  asccrtnin 
whether and under what conditions the various transitions between elliptic and hyperbolic I) (>-  
havior can be crossed smoothly in steady flow and whether such nozzle a.nd diffuser flows nro 
stable to propagating disturbances. 

Within the limits of various necessary approximations it is concluded (1 ) that smooth transitions 
occur in steady flow provided that choking at the speed of sound is avoided by meeting necessary 
design conditions, (2) that the resulting nozzle flows are stable to sufficiently small disturbancrs, 
(3) that aligned-field diffusers are unstable a t  the speed of sound and may also he unstable at thc 
Alfv6n speed, and (4) that crossed-field diffusers are generally unstable at a critical supersonic specd 
but may be stabilized by a divergence of area and the presence of a strong magnetic field. 

Introduction 

In conventional gas dynamics the most inter- 
esting features of nozzle and diffuser flows are 
related to passage through the speed of sound. 
There are, for example, the phenomenon of 
choking and the instability of decelerating, 
transonic, isentropic flow. It is therefore natural, 
when we examine the analogous magneto-gas- 
dynamic flows, to expect profound effects in the 
neighborhoods of the analogous “critical speeds” 
or “transitions.” 

What is especially interesting about magneto- 
gas-dynamic flows is that  there is not just one 
such transition speed but several. Basically, this 
results because the propagation of small dis- 
turbances in a conducting gas in the presence of a 
magnetic field is anisotropic; the field direction 
is a preferred direction and the isotropy of con- 
ventional sound propagation is lost. (See, for 
example, references 1 and 2 . )  It has been pointed 
o ~ t ~ J - ~  that this anisotropy leads to reinarliablc 
standing-wave phenomena in steady flow, the 
details depending on the geometry, and to the 
appearance i n  some cases, of several different 
transition speeds whcre conditions change from 
elliptic to hyperbolic or vice versa. ,4lthough a 
transition or critical speed is always the result of 
wave effccts, i t  is important to notice tha t  a 
critical speed is not always a wave-propagation 
speed. 

The purpose of the present note is to  report 
briefly on investigations of two different kinds: 

I. Studies of steady channel flows, with particu- 
lar attention to flow behaviors near the transi- 
tions from elliptic to hyperbolic conditions or 
vice versa. 

2. Studies of the stability of such bteady flons 
with respect to unsteady, prol)agating (11s- 
turbances. 

In  both categories \\e report on two diffcicnt 
types of channel flow, namely crossed-jields flow 
and aligned-Jields flow. The fornicr rcfrrs to flon s 
in which the fluid nio~7es arro5s thr  inagnctic 
lines of force, a5 for example 111 sn acwlcrator or 
a generator; in general such motion iiiducrs an 
electric field. We treat here only thc typical cnse 
wherein the applied magnetic field (in thc : ~ h -  
sence of fluid motion) is dircctcd eSi~nt l~11,~  
perpendicularly to the flow dircctioii and the  
electric field is directed perpendiculxrly to  both 
the flow and the magnetic firld. Thc~ lattcr 
(aligned-fields flow) is atypical; it is thc singulnr 
case wherein the flow velocity and thc inaqncti :: 
field are substantially parallel or anti11arallcl. 111 

steady plane or auisymnictrir aligncd-hcl(li 1110- 

tion no electric field orcurs. 
Crossed-fields flows, thcrcforc, rrprcwnt chaii- 

nel flows of conyidcrable technical iiit 
Aligned-fields flows, on thc contrary, arc of n i o r ~  
academic interest; they call casily br approxi- 
mated in the laboratory by pasiing conducting 
fluid axially through a solenoid. They arc alio 
approximations to flows iii mhich highly con- 
ducting fluids are guided through “niagnrtir 
nozzles” and similar devices. 

Crossed-Fields Steady Flows 

Channel flows of the crossed-fields category 
are usually treated in the approximations of 
quasi-one-dimensional gas dynamics. This :ip- 
proximation applies when the gromctrical condi- 
tions, and also the configuration of applied fields, 
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Vary only moderately along the length of the 
channel. It does not, as is sometimes erroneously 
supposed, imply that the dependent variables 
are independent of the cross-flow coordinates. 
Instead it is an approximation in which only the 
variations along the channel are involved. 

This approximation was introduced in refcr- 
cnces 5,  6, and 7 ,  and has been extended and 
applield in many subsequent papers and reports. 
Zn the present paper we wish only to emphasize 
certain conclusions that were draxTn in refer- 
ences 6 and 7 ;  namely: 

1. Chokiny, i.e., the inability of a given channel 
to pass more than a certain maximum mass flow, 
occurs in general a t  the sonic speed (lid = 1). 

2. The occurrence of the sonic condition in 
such channels is divorced from the occurrence of 
a throat (minimum area) and is controlled by 
the interplay of electromagnetic effects, area 
variation, and the addition of heat. 

3. %or any channel, it  is possible to pass through 
the sonic condition \Yithout choking by means of 
special variations of these variables. These special 
channels are the analogs of Lava1 nozzles but  
provide more generality, since, as emphasized 
above, there are such nozzles and diffusers for 
all choices of channel expansion or contraction. 
It is these channels, within the scope of certain 
furtlier approximations, whose stability will be 
studied below. 

Aligned-Fields Steady Flow 

The most interesting aligned-fields flows are 
those of high electrical conductivity. In the limit 
of infinite Reynolds number and magnetic Reyn- 
olds number these are isentropic rotational flows. 
Their  equation^^^^ display three distinct transi- 
tion speeds as indicated in Fig. 1 ; these occur a t  
the speed of sound a, a t  the speed of Alfv6n-wave 
propagation a, and at the speed (a-?-c~-~)-:, as 
shown. 

The curves “S = constant” in Fig. 1 are 
typical isentropes and therefore loci of A versus 
111 for flows of this category. Note that the se- 
quence of transition speeds-and the number of 
such speeds occurring-may be different for 
different isentropes. The isentrope for any given 
flow is determined by the ratio of static pressure 
to “magnetic pressure” pH2/%, i.e., by the 
relative strength of the magnetic field. 

It seems pertinent to examine the ability of 
steady flow to pass smoothly through such critical 
speeds. Does the phenomenon of choking, for 
example, appear a t  one or more of these speeds? 

This study has been made in reference S. For 
isentropic plane flow i t  was found possible to 
adapt the technique of the hodograph transforma- 

A 
I 

ELLlmlC 

I 
I 

M 
FIG. 1. Alfv&n number A versus Mach number M 
for isentropic, aligned-fields, steady flow. The flow 
is elliptic (wave-free) in unshaded areas and hyper- 
bolic in the cross-hatched areas. The curves S = 

constant are typical isentropes. 

tion, Le., transformation of the equations from 
the physical plane to one in which the velocity 
components are the coordinates. Thus lineariza- 
tion is avoided, as appears necessary in a study 
of trans-critical flows. Some results are presented 
iu Figs. 2, 3, and 4; they may require some 
interpretation. 

\ A*+M*= I 

-0 

FIG. 2. Plane, steady, isentropic, subsonic, aligned- 
fields snurce or sink flow. 
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, 

FIG. 3. An example of plane, steady, isentropic, 
aligned-fields flow that exhibits three transitions. 

Figure 2 is a case of subsonic source or sink 
flow. It has previously been described in refer- 
ences 9, 10, and elsewhere. As is always the case 
with compressible source-sink flow, choking oc- 
curs a t  sonic speed (114 = 1) because a throat is 
not provided there. In  the case illustrated, the 
flow crosses the Alfvh  speed ( A  = l), thereby 
becoming hyperbolic in character, and then the 
speed (UP +  CY-^)-^, where i t  becomes elliptic 
again. Any two radii of Fig. 2 can be chosen to 
form a radial two-dimensional diffuser or nozzle. 

Figure 3 shows a rather similar flow. This 
pattern is periodic in the vertical direction; 
slightly less than a half-cycle is shown. Here the 
three solid lines running from left to right (or 
the reverse) are typical streamlines, the dash 

FIG. 4. An esample of plane, steady, isentropic, 
aligned-fields flow that exhibits two transitions. 
Streamlines and limit lines of two distinct sheets 

are superimposed here. 

lines arc the transitions, and home tyl~ical chnr- 
-acteristics arc also shown. Like the sink flow of 
Fig. 2; this flow accelcrates from rest a t  far lcft, 
becomes hyperbolic by crossing the transition 
A2 + M 3  = 1, becomes elliptic again a t  the 
hlfvdn speed, and proceeds to the sonic transi- 
tion. What is essentially different about this 
particular flow is not visible in Fig. 3, but is 
theoretically important: this pattern actually bc- 
comes supersonic and hyperbolic to the right of 
the transonic transition, then encounters the 
mathematical phenomenon of the “limit liiic,” 
and there reverses itself (not shown). The limit 
line is so close to the sonic line that it cannot be 
shown in the figure; nevertheless, the two curves 
arc not identical (as they are in Fig. 2 )  but are 
separated by a small region of supersonic-hyper- 
bolic flow, except a t  the lower right-hand point 
of Fig. 3, where they are tangent. Thus the flow 
of Fig. 3 crosses all three transitions. Further- 
more, since a supersonic-hyperbolic flow can be 
truncated and patched to an infinity of down- 
stream patterns, this flow could, in principle, be 
produced in an experiment. 

Figure 4 was also presented in references 8 
and 10. It is another flow derived from a simple 
solution in thc hodograph plane as described in 
reference S. It involves three distinct categories 
of streamlines: 

1. Those running from rest a t  upper left, 
crossing the horizontal axis a t  lower right, and 
proceeding symmetrically to rest in the loa-er 
half plane (not shown). These are always sub- 
sonic-elliptic and therefore not of particwlar 
interest liere. 

2.  Those running from rest a t  upper left, pii- 

countering two branches of limit lines, and 
finally running out to the right on a difffcrcnt 
sheet. These are not physically meaningful. 

3. The lowest streamlines in Fig. 4, running 
from rest a t  far left, accelerating through the 
transition AL + dP = 1, and proceeding to far 
right where, at infinity, they reach the A1fvi.n 
speed. These do not encounter any limit lines; 
they appear to cross one (and also to cross the 
streamlines of category I), but they are on a 
different surfacc. 

Any two of these Streamlines can be chosen to 
form the walls of a two-dimensional channel, i.e., 
a nozzle or diffuser. This flow is subsonic-hypclr- 
bolic everywhere to the right of the transition 
line, and again some typical characteristics are 
drawn; the flow specd rapidly attains a value 
close to A = 1 and so is nearly uniform alnd 
parallel in the lower right-hand part of the 
diagram. The flow of Fig. 4 is, of coursc, also 
reversible. 



s:30 CIIEMICAL REACTIONS AND PHASE CHANGES I N  SUPERSONIC FLOV 

X X 

PIC. 5. Charactcristics and streamline (channel- 
wall’i r<jnfigur.:itiorl for small-perturbation sub- FIG. 7. Characteristics and streamline (channcl- 

Alfvi.llic. tr.:iI>sjtion tllrough the speed of sound. wall) configuration for small-perturbation transi- 
tion through the critical speed (a-2 + O I - ~ ) - ~ ’ ~ .  

A sccond technique for fiiiding transition solu- 
tion.; of the aligned-fields equations, namely 
that of nonlinear sindl-l,erturl,ation~ theory, has 
also bccii uscd in reference S. This is the technique 
by which the well-known von K&rm&n equation 
of transonic flow i s  derived. One assumes that the 
flow consists of small perturbations from the 
critical speed niid simlllifies the differential 
equations in a consistent manner; the result is a 
much simplcr, but still nonlinear, equation. The 
process rcquircs an aiialysis of the relative orders 
of itingiiitude in each cnsc, and therefore an as- 
sumption of similitude or the equivalent. 

Tliis is carried out3 for the cases of small per- 
turbations from (a) sonic speed a, (b) Alfv6n 
sl)ccd a, ( G )  the critical speed (a-? + 
and (d) the sliceid case a = a. The results, i.e., 
the siii311-i)erturbntion equations and statements 
of ordttrs of mngnitude, will not be repeated here, 
but soiiic sim1,lc: flow 1)atterns obtained by in- 
slmctioii froin thcsc equations in cases (a),  (b) , 
a d  (c) arc shown in Figs. 5,  6, and 7. These are 
1nrp;elj- self-csplanntory. In each case the only 

X 

FIG. 6. Characteristics and streamline (channel- 
wall) coufiguratiori for small-perturbation subsonic 

transition through the AlfvGn speed. 

curves drawn are typical characteristics and the 
transition line. 

All of these flows are reversible. We cspect a11 
transition flows in magneto-gas-dynamics to be 
locally similar to these. Note that only the sonic 
transition (Fig. 5 )  occurs a t  a throat, as anti- 
cipated. The other two transitions also occur a t  
locations determined solely by the channel area 
for any given isentrope of Fig. 1, in contrast to 
the crossed-fields case. 

The conclusion that one may draw from these 
results is that  aligned-fields channel flo~vs that 
cross the various transitions smoothly can he 
found in both esact solutions of the isentropic 
equations and nonlinear small-perturbation de- 
scriptions. The sonic transition can be crossed 
only a t  a geometric throat. In  the nest section 
we discuss the stabilities of such flows. 

Stability of Aligned-Fields Channel Flows 

The question of stability of trans-critical 
channel flows is analogous to the question posed 
by transonic nozzles and diffusers in conven- 
tional gas dynamics. The latter was studied by 
Kantrowitzll and by Meyer.12 The investigatioiis 
reported here are generalizations of Meyer’s work. 

Briefly, Meyer’s technique is to assume one- 
dimensional, steady, isentropic, transonic flow 
and to study the propagation of one-dimensional 
disturbances in such a steady flow. This study is 
accomplished by writing the differential equa- 
tions of the disturbance in characteristic form 
and ascertaining thereby whether the disturbance 
grows or subsides as time goes on. The dis- 
turbances are assumed not to involve shock 
waves initially; thus the flow variables are taken 
to be continuous a t  the front of the disturbance. 
The growth criterion used by Meyer i s  the 
particle acceleration at the front; if i t  grows 
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without limit as time progresses, i.e., t -+ ~0 

the flow is deemed to be unstable. 
The estciision to magncto-gas-dynamic chan- 

nel flows is carried out in reference 13. The diffcr- 
entia1 equations for the unsteady isentropic 
disturbance in characteristic form display four 
propagation speeds; viz., 

v f a ,  and v &  a, 

where v is the flow speed, a the spccd of sound, 
and a tlie &4lfv6n-wave speed, as before. 

Now, following Mcycr, i t  can immediately be 
concluded that disturbances propagating a t  the 
speeds v + a and v + a cannot producc insta- 
bility, a t  least for finite-length channels and small 
enough disturbances, for they pass downstream 
through the channel in a finite length of time. 
Furthermore, channels that accelerate through 
the critical speed ( a  or a )  cannot be unstable, 
for in such channels disturbances from upstream 
are carried downstream in finite time while dis- 
turbances from downstream cannot propagate 
upstream and never enter the channel. Thus 
nozzles, defined here as channels in which the 
flow accclerates through the sonic or Alfv6nic 
speed, can be said to be stable. 

The analysis of the sonic diffuser, however, is 
identical with Meyer’s analysis for conventional 
gas dynamics. Thc characteristic equations dis- 
close that any disturbance propagating with 
speed v - a (or upstream with spccd a - v) is 
trapped in the sonic region and grows without 
limit. T h u s  sonic diffusers with aligned fields are 
unstable. 

It is still of interest to investigatc the stability 
of a diffuser a t  v = a, since it is clearly possible 
to produce a channel that  crosses this critical 
speed, either subsonically or supersonically, and 
does not involve sonic diffusion. This analysis 
has been carried out and leads to the following 
remarkable conclusion: Instability occurs when 
the Alfv6n speed is crossed from abovc. 

Thus, a diffuser is always unstable a t  the 
Alfv6n transition. But the nature of the disturb- 
ances that propagate a t  the speed v f a raises a 
question rcgarding the significance of this cri- 
terion. The polarization of these disturbances is 
such that their velocity increments are across 
the channel. It seems clear that  such disturb- 
ances might occur in an annular channel, but 
their significance with respect to channels of 
rcctangular or circular cross scction is more 
difficult to judge. 

Finally, there appears to be no danger of in- 
stability a t  the third transition speed 

(a-a+ a )  -; 

since, as mentioned above, this is not actually a 
wave-propagation speed. 

Stability of Crossed-Fields Channel Flows 

1 he analogous analysis for crossed-fields c h m -  
nels is also carricd out in referelice 13.” I t  rc- 
quires certain additional simplifications and some 
further explanation. 

First, the analysis, like tlie steady-flow analysis 
discussed at the beginning of this paper, is 
limited to channels along which the geometry and 
applied fields, and therefore the steady-flow quan- 
tities, vary only slowly. Second, the annlysis 
neglects the effects of both viscosity and elcc- 
trical resistance; specifically, the diffusion of the 
magnetic field is neglected in writing Farnday’s 
law of induction. It can bc shown that this ay- 
proximation requires that the electric-current 
density be small. Fortunately, this is a very good 
assuniption for some of the nonehoking diffusm 
that wc wish to investigate. 

Within thesc approximations the Mcyer analy- 
sis can now bc undertaken for the crossed-fields 
case. The differential equations of propagating 
disturbances, in characteristic form, arc some- 
what more complicated than before but disclosc 
that the propagation speeds are 

v f c, 
where 

c = (aZ+ “2): 

r 3  

as is consistent with other analyses of magncto- 
gas-dynamic wave propagation, previously re- 
ferred But this propagation speed is not, 
in general, constant over a cross section of the 
channel, for both a and a vary across the section, 
even in a uniform or nearly uniform channel. Tlie 
approximation of small current density, howcvcr, 
insures that this variation is small, so that the 
propagation speed can be considered to vary only 
with the time and the streamwisc coordinate. 

Once again nozzles are stable in the same sense 
and for the same reasons as explained above, 
but disturbances propagating with speed v - c 
are trapped in a diffuser a t  the cross section 
whcre v = c, i.e., at a point upstream of the sonic 
point, and so there is a possibility of instability. 
The equations show that the condition for 
stability is 

a t  the point where v = c = ( a 2  + 2) ;. Here the 
prime means differentiation with respect to the 

* A s  explained here, an earlier a.nalysis of this 
problcm by J. Naze14 is believed to be in error. 
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stresinwise coordinate and Q is the channel cross 
section. Thus a crossed-fields d i fuser  is necessan'ly 
unslable i f  it i s  untapered or convergent at the 
critical section, but i t  can be stable i f  it diverges and 
the magnetic field i s  strong. We emphasize again 
that, in contrast to  conventional gas dynamics, 
diffuser may be convergent, untapered, or 
divergent. 

ConcIusions 

Cln the basis of the quasi-one-dimensional gas- 
dynamic approximation we conclude that crosscd- 
fields magneto-gas-dynamic nozzles and diffusers 
can be designed for steady flow. To avoid choking 
at Mach number equal to one, however, they 
must possess special properties at the sonic point. 
Convergent, untapered, and divergent nozzles 
and. diffusers may be designed. A stability analy- 
sis for inviscid flow and small current density, 
however, discloses that whereas such nozzles are 
stable (to sufficiently small disturbances), dif- 
fusers ar'e unstable unless an additional inequality 
is satisfied. This inequality requires that the 
diffuser be divergent at a certain critical super- 
sonic point and that the magnetic-field strength 
be large. 

In  the category of aligned-fields flows at large 
Reynolds and magnetic-Reynolds numbers, non- 
linear analysis of pIane flow shows that nozzles 
and diffusers can be found that cross the three 
transition speeds smoothly. The sonic transition, 
however, requires a geometrical throat. Stability 
analysis discloses again that nozzles are stable 
with respect to small propagating disturbances. 
Diffusers are unstable at sonic speed. If a diffuser 
crosses the Al fvh  speed Q it is unstable to dis- 
turbances propagating with speed v - a, but 
these disturbances involve cross-stream velocity 
perturbations, and i t  is not clear whether these 
must always be assumed to occur in diffusers of 
various cross sections. 
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Nomenclature 

AUvBn number, v/01 
Speed of sound, (yp /p) :  
(a2 + cy2)  3 
Magnetic-field strength 
Mach number, v/a 
Static pressure 
Cross-sectional area of channel 
Entropy 
Time 
Fluid-flow speed 

01 Alfvkn-wave speed, (p1 I2 / /4~p)  
y Specific-heat ratio 
p Permeability 
p Mass density 
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TEE ART OF PARTIAL MODELING 

I). B. SPALDING 

The strict requirements of similarity theory are shown to be so numerous and restrictive that 
complete modeling of combustion processes is practically impossible; all successful modeling so far 
has involved deliberately ignoring many of the similarity rules. The paper reviews somc of the 
more notable examples of this partial modeling, and mentions thc physical facts which underlie 
their success. I t  is emphasized that every combustion-modeling technique represents a compromise 
between the requirements of cheapness and reliability. 

Introduction 

The Purpose and Nature of 2vIodeling 
The term “modeling” is here used to connote 

the practice of predicting the likely results of 
one experiment by way of the interpretation of 
the results of another experiment; if the tech- 
nique used is a reliable one, only the second ex- 
periment needs actually to be performed. The 
first experiment is the one of main interest; it is 
usually described by the words: “full-scale,” 
“prototype,” “original,” or ‘LHauptausfuhrung.” 
The second is called the “model” experiment. 

The technique of modeling is employed when 
the prototype experiment is prohibitively ex- 
pensive of time, money, or material, or when its 
nature is such (e.g., short time, or high tempera- 
ture) that  certain desirable measurements are too 
difficult to make with sufficient accuracy. Satis- 
factory model experiments are correspondingly 
those which are cheap and quick to perform, or 
which permit the desired observations to be 
made with greater precision or leisure. 

The practices which fall under the abov 
definition are of many different kinds. In the 
present paper, modeling will bc held to include 
the use of analogs, in which the physical or 
chemical processes of the model are of a diffcrent 
nature from those of the prototype. Perhaps 
arbitrarily, mathematical models, in which thc 
experiment takes place in the mind of the analyst 
or within the circuits of a digital computer, will 
be excluded from consideration. 

Our particular concern in the present col- 
loquium is with the modeling techniques which 
are useful in the study of combustion, whether 
it be in connection with the control of a forest 
fire, the development of an engine, or the dcsign 
of an industrial furnace. Such techniques have 
been widely used for many years, and i t  is irn- 
possible here to review the whole field or to 
name all the contributors. However, the following 
pioneers should be mentioned a t  the outset: 
Groume-Grjimail~,~ who studied the flow in 
furnaces; Damkohler5 who worked out the sirrii- 
larity rules for the modeling of chemical re- 

533 
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nct,ora; IiosiiP who used models for research on 
open fires; TraustcP who worked out the theory 
of tiiodeliiig applied to fuel beds; and Putnam 
and ,JensenL2 who correlated the blow-off proper- 
ties of gas flames by the use of dimensionless 
groups. 

Set-up Rules and Interpretation Rules 

'l'hc theory of rnodeliiig lays down tlie rules 
which must be obeyed, in setting up and in 
intrrprcting the rchults of the model experiment, 
if the prediction which is the aim of the esercise 
is l o  be reliable. These rules, which may be de- 
rived either by dimensional analysis or from 

study of tlie governing differentid equations, 
mainly take the form of specifying which di- 
mensionless groups of quantities must have the 
same value in the model as in the prototype. 
The groups referred to in the set-up rules con- 
tain only those quantities which may be chosen 
by the esperimenter (e.g., equipment size, 
density and velocity of entering fluid); tlie inter- 
pretation rules refer to groups containing, in 
addition, quantities which are measured in the 
course of tlie esperiment (e.g., shear stress on a 
wall, conibustion efficiency). 

Some of the dimensionless groups which are 
encountered in the modeling rules appropriate to 
combustion are collected in Table 1. There, each 

Buoyancy 

Surface tension 

Compressibility 

Kinematics I 

Dynamics 

IIomogcneous 
reaction 

Heterogencous 
reaction 

Fhme propsgition 

Hrst trsnsfrr 
to wall 

hhss  transfer 
t,o \\.a11 

Ibdiat ion 
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column is headed by the name of a physical or 
chemical phenomenon; immediately bcneath the 
heading is the symbol of a rclcvant physical or 
chemical quantity, associated with the symbols 
for length, density, specific heat at constant 
pressure, and the constant in Newton's Second 
Law, in such a way as to give thc group the 
common dimension of (time)-'. The body of the 
table contains dimensionless groups of symbols 
formed by dividing the group at the head of the 
column by the group at the head of that column 
which lirs irninediately beyond the left-hand end 
of the row, as indicated by the arrow; thus the 
group pVl/pgo is obtslined by dividing VI1 by 
pgolpl'. Since several of the groups have been 

LE 1 

want to Combustion Modeling 

distinguished by the names of various research 
workers, these names have been inserted in the 
table where appropriate; the group just refcrrled 
to is, of course, the Reynolds number. Although 
the table contains explicitly many of the groups 
which are commonly used, the csistencr of othcrs 
is merely implied; for examplc, the length-frcr 
group characteristic of laminar flamc propaga- 
tion, S,p/(Z"'k/c) i, though absent itself, can be 
obtained by multiplying S,p/Z"'I by thc group 

Most of the phenomena mriitioned in the 
table play some part in nrarly all combustion 
processes; i t  follows that the designer of a inodcl 
experiment must maintain the constancy of a 

(Zr%/k) :. 

Homogeneous Heterogeneous 'Flame Heat transfer Mass transfer Particle 
Dynamics reaction reaction propagation to wall to wall Radiation disrrppearnnce 
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large number of dimensionless groups, actually 
equal to the number of relevant columns minus 
one. However, the number of rules to be obeyed 
for correct modeling of a combustion process is 
even larger than that so computed, for the follow- 
ing reasons: 

1. A dimensionless group of given kind may 
be represented in the set-up rules several times; 
for example, when two streams enter the com- 
bustion space, the velocity of each of them ap- 
pears in a separate Reynolds number. Similarly 
each strcam fluid has its own density, specific 
heat, and viscosity. It is usually convenient to 
consider one strcani as providing the reference 
velocity, density, etc. for the formation of the 
groups of Table 1; then the similarity require- 
ments for the other streams are expressed through 
din-tensionlcss groups comprising velocity ratios, 
density ratios, etc. 

2 .  In unsteady combustion processes, time 
itself must enter; correspondingly a further row 
of groups can be added to the table by multiply- 
ing the quantities in the top row by t. The first 
dimensionless group so formed would be kt/cp12, 
which is the reciprocal of the Fourier number. 

3,. There exist further set-up rules which are 
not easily espressed by means of dimensionless 
groups, namely those concerned with similarities 
of shape. The most obvious of this kind is the 
geometrical one: the boundaries of the model 
apparatus must be geometrically similar to 
those of the prototype. Others relate to func- 
tions; for example, when large temperature dif- 
ferences arise, the shape of the viscosity-tem- 
perature relationship appropriate to the model 
mu.st be the same as that appropriate to the 
prototype. 

T h e  Central Problem of Combustion Modeling 

‘I’he main practical consequence of the situa- 
tion revealed above is that, except in rare cases, 
cornbustion wiodeling i s  impossible : already the 
number of set-up rules to be obeyed esceeds the 
degrees of freedom a t  the disposal of the experi- 
mmter; and, in addition, the requirements of 
cheapness, speed, and accuracy have to be met. 
How then is it possible that modeling techniques 
are used in combustion research, and that one 
can even hold a colloquium on the subject? 

The answer to this question is that, though 
the theory of modeling requires that all the set-up 
and interpretation rules should be obeyed, es- 
perience has shown that flouting some of them 
does not entirely invalidate the prediction. Thus 
nearly all currently used combustion models* are 

* The same is true, perhaps to a lesser extent, of 
the modeling techniques used in other fields also, 
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examples of partial modeling, in which only a few 
of the rules are obeyed; the disregard of the 
others inevitably introduces some uncertainty 
about how the results of the experiments should 
be interpreted. 

As a consequence, the mere enumeration of the 
dimensionless groups which must be held con- 
stant, though an easy and attractive task to  
theoreticians, has but slight value. The central 
problem of partial modeling is to discern which 
modeling rules need not be obeyed, and to estimate 
the resulting errors in the predictions which are 
made. There is no technique as mechanical and 
certain as dimensional analysis for the solution 
of this problem, which necessitates a high degree 
of physical insight and inspired guesswork on the 
part of the experimenter; i t  is for this reason that 
the word “art” has been included in the title of 
the present paper. 

The art  of partial modeling is rendered prac- 
ticable by two main facts. The first is that it is 
never necessary to make a complete prediction 
about the outcome of a prototype experiment; 
often only a few pieces of information are de- 
sired, for example the overall pressure drop, the 
length of the flame, or its efficiency of combustion. 
The second is that, though many processes and 
input quantities influence the outcome of a given 
experiment, some influences are much weaker 
than others; it  may therefore be permissible to 
observe only the modeling rules appropriate to 
the strong influences. The skill of the modeler, 
and his good fortune, are measured by the ex- 
tent to which he is able to sort out the variables 
and phenomena with which he is concerned into 
semi-independent sets. Sometimes this separa- 
bility is suggested by a study of the differential 
equations; more often its esistence is perceived 
intuitively, or even assunied unthinkingly as a 
result of blissful ignorance. In  the remainder of 
this paper, we consider some of the more suc- 
cessful or theoretically interesting examples of 
partial modeling applied to combustion. 

Some Examples of Partial Modeling of 
Combustion Processes 

T h e  Case W h e n  Interest i s  Restricted to Fluid- 
Mechanical Features of the Process 

Prototype Variables Which  M a y  B e  Predicted. The 
interest of the experimenter in the outcome of a 

e.g., in marine enginrering. The special dilliculty 
about combustion modeling is that it involves 
chemical reactions; so of course do the scale-up 
techniques used for reactor design in the chemical 
industry. 

c 
C” 
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combustion experiment is often, a t  least tempo- 
rarily, restricted to certain fluid-mechanical 
quantities; for example, the designer of a gas- 
turbine combustor may wish to predict the 
pressure drop in the gas stream between entry 
and exit, or he may wish to observe the quali- 
tative pattern of the flow within the combustor 
so that his experienced eye can assess its suit- 
ability for the maintenance of flame. Similarly, 
an early question asked by those who wish to 
predict the effect of very large city fires is: “How 
strong a wind will be generated, and how will it  
interact with the meteorological wind?” I t  is 
this restriction of interest which permits fairly 
reliable predictions to be made on the basis of 
model experiments which are superficially far 
from similar to the prototype in question. 

Modeling Rules Which  May Be Neglected.* Ex- 
perience has shown that, in many practical cases 
of the above kind, the experimenter may fairly 
safely ignore the dictates of similarity theory in 
the following ways: 

1. If the Reynolds number is sufficiently large 
(e.g., > lo5 when formed from the largest V and 
I appearing anywhere in the problem), the 
Reynolds numbers of model and prototype need 
not be equal. This is particularly the case when 
the flow is of the “jet-mixing” type so common 
in furnaces. 

2. If the Mach number is sufficiently low 
(e.g., 0.S a t  the point of highest velocity), the 
Mach numbers of model and prototype need 
not be equal. 

3. If the Froude number is sufficiently high, 
the Froude numbers of model and prototype 
need not be equal. This is the case for high- 
velocity flows, e.g., those in rocket motors, in 
which buoyancy effects are negligible; the flows 
in industrial furnaces have relatively low Froude 
numbers, however, so that this rule cannot 
always be safely ignored. 
4. Two-phase flow effects (e.g., those associ- 

ated with the presence of liquid-fuel sprays, 
clouds of coal particles, etc.) need not be simu- 
lated provided that the settling time of a particle 
is very much lower than the time of residence of 
the particle in the chamber. 

5 .  If the density change associated with com- 
bustion is not too large, there is no need to main- 
tain groups such as .Z”’l/pV equal for model and 
prototype; indeed therc is no need for any chemi- 
cal reaction to take place in the model. It is 
solely through the density change (and to a 
minor extent the viscosity change) that combus- 

* The facts and suppositions described here werA 
summed up in an earlier paperlG as “the aerodynamic 
half-truth.” 

tion has any fluid-mechanical influence ; so, wlien 
the density variations due to cornbustion in the 
prototype are too large to be ignored, they can 
be produced in the model by any convenient 
technique, e.g., electrical heating. 

6. While geometrical similarity is usually re- 
quired between model and prototype in all gross 
features of the apparatus, minor departures from 
similarity are permissible and may even I x  a,d- 
vantageous. Thus, when the two fluids entrring 
a model have a different density ratio from that 
appropriate to the prototype, it is better to dis- 
tort the model injection system, so that the 
velocity ratio and the mass-flow-rate ratio have 
equal values in model and prototype, than to 
maintain the areas of the two streams in the 
same ratio for model and prototype. This pro- 
cedure seems to have been first advocated hy 
Thring and Newby,21 following a suggestion of 
Squire and Trouncer.20 

The Use of Water Models for the Study of Steady- 
Flow Combustion Systems. The relative unim- 
portance of the modeling rules just referred to 
gives the designer of the experiment considerable 
freedom in the choice of apparatus size, operat- 
ing pressure, nature of fluid, time scale, tem- 
perature level, etc. This freedom appears to have 
been first exploited by combustion workers in 
connection with steady-flow industrial furnaces 
of the open-hearth type:? Water has been widely 
used as the fluid of study, and t,he model has 
usually been much smaller than the prototylie. 
Subsequently, the designers of gas-turbine corn- 
bustion chambers have developed the watcr- 
model technique, often using models constructed 
from perspex (lucite) having the same linear 
dimensions as the original. Work of this kind 
is represented in the present colloquium 1)y the 
paper of Clarke, Gerrard, and Holliday.4 No at- 
tempt is made to maintain equality of Reynolds, 
Froude, or (of course) Mach numbers; and the 
density change resulting from combustion is not 
simulated a t  all. The flow is made visible by in- 
jection of air bubbles or other light-scattering 
particles. The users of the technique claim to 
have received great benefit from it, even though 
the results of the model experiments arc often 
only interpreted qualitatively. 

Accounting for the EJect of Combustion-Prod?cced 
Density Variations. When the attempt is made 
to base quantitative predictions on water-modlel 
experiments, it is found that appreciable dis- 
crepancies exist between the prediction and the 
prototype results. The main reason is usually the 
absence in the water model of the density change 
which accompanies combustion. The mark(ed 
effect which this density change can have, even 

1 
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on the qualitstive nature of the flow, is strik- 
ingly denionstrated by the work of Hern et ~ 1 . ~  
rcportcd in the present colloquium; their tech- 
nique of simulating the density variations oc- 
curring in liquicl-l)rol)ellant rocket combustion by 
the flash vaporization of liquid kerosene was 
originally suggested by Bragg. 

Of course the technique in question might also 
be hcld to simulate the two-phase flow and 
vaporization effects of rocket motors. However, 
no :ittempt has been (or could easily be) made to 
obey the relevant set-up rules. If the flow pat- 
terns revealed in I-Iern’s photographs are repre- 
scn‘tativc of rocket motors, it can only be by 
favor of the dispensation mentioned under (4) 
above. Further, the rates of phase change by 
“flsshing” must be roughly those which keep the 
time of phase change in the same ratio to l/V for 
the model as for the prototype; this will only be 
fortuitously the case. 

Another method of simultlting combustion- 
produced density changes is to have a flame in 
the model also; this may sometimes eliminate 
the advantage of cheapness which the model 
experiment is supposed to possess, but not 
always. An example of the way in which flow 
patterns, even in premixed flames, seem some- 
tinies to depend only on the density ratio is pro- 
vid.cc1 by the spread of a turbulent flame from a 
fiaiiie holder across a confined stream.lg 

Tke Case I;l‘hen Interest I s  Concentrated on Mix ing  

Prototype Variables Which M a y  B e  Predicted. A 
mere knowledge of the velocity distribution in tl 
combustion process does not usually suffice for 
tho designer of equipment; he needs to know the 
corresponding flame length, the temperature 
distribution a t  the combustion-chamber outlet, 
and the distribution of fuel/oxidant ratio through 

tem. If a phase change takes place, knowl- 
edge may be required of the extent of its eomple- 
tion a t  various locations; as an example, it  
appears to be the vaporization of the injected 
droplets which controls the efficiency in liquid- 
propellant rockets. 

Knowledge of the fuel/oxidant ratio is useful 
because, coupled with the assumption of thermo- 
dynamic equilibrium, it permits most of the 
mixture properties to be calculated”; the flame 
length and outlet temperature distribution there- 
fore appear as deductions from the mixture-ratio 
distribution. 

I; This fact is expressed somewhat more precisely 
in the “thcrmodynnmic half-truth,”1G together with 
the accompmying corollaries and notes. 

Illodeling Rules Which  May Be Neg1ected.t sincc 
the distribution of fluid composition depend\ 
strongly on the fluid-mechanical aspects of the 
process (fortunately the reciprocal influence is 
incomparably weaker), it  is clear that  a model 
experiment in which mixing is of direct interest 
must satisfy the inescapable requirements of 
fluid-mechanical modeling in the first part of 
this section. Table 1 indicates some of the further 
rules which ought to be obeyed (see the columns 
headed “conduction,” “diffusion,” “heat trans- 
fer,” “mass transfer,” “radiation,” “particle dis- 
appearance”); we here concentrate on the dis- 
pensations which are sometimes allowable from 
these requirements. 

1. If the Reynolds number i s  sufficiently large, 
there is no need for the Prandtl and Schmidt 
numbers to be equal in model and prototype. 
This results from the unimportance of all niolecu- 
lar transport processes in such flows. 

2.  If the injected particles (oxidant droplets, 
coal-dust, smoke) are so small that their dis- 
appearance time is much less than the residence 
time of the fluid in the whole system, it may be 
permissible not to maintain equality of the di- 
mensionless groups headed “particle disappear- 
ance” in Table 1. 

3. If phase-change effects do have to be simu- 
lated, the similarity requirements are actually 
fewer than might be suggested by a straight- 
forward application of dimensional analysis. For 
example, it  suffices to maintain constancy of the 
so-called “transfer number” BXs; so a mass- 
transfer process involving combustion may be 
simulated by one in which vaporization takes 
place without chemical reaction, or by arti- 
ficially forcing an inert gas through a porous 
wall. 

Model Experiments Using Tracers. The freedom 
to break the rules of strict modeling, implied in 
the above remarks, has been employed by many 
workers, particularly in the steel industry. The 
paper by Beer, Chigier, and Lee2 in the present 
colloquium is an interesting development of a 
commonly used technique of this kind: a geo- 
metrically similar model of the furnace is used 
for the study of the mixing between the injected 
reactants and the recirculating combustion 
products, the latter being simulated by injecting 
helium as a tracer a t  a suitable point of the model. 

Models using liquids are sometimes used. These 
give the possibility of making the mising pattern 
visible by means of differences of color between 
the streams; the review paper by Hottel‘O a t  an 

?Some aspects of this matter are discussed in 
reference 16 under the heading “the mising hdf- 
truth.” 
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car1ic;r combustion symposium givcs a good de- 
scription of these. Of course, there is no need to 
restrict the technique to steady-flow systems, as 
witness the elegant work of RizP4 in modeling 
the inflow of fresh change to the cylindcr of an 
internal-combustion engine. 

Two-Phase Flow Models. The present colloquium 
also contains an example of the deduction of 
mixture ratio from a model experiment in which 
droplets of liquid are injected with a gas stream, 
as in so many combustioii devices; this is the 
paper of Ellor,6 who replaces a fuel (kerosene) by 
water, for the sake of experimental ease. It all- 
pears that  experiments bear out the expectation 
that it is permissible to keep constant only the 
ratio of the entry velocities and the ratio between 
the mass flow rates; rate-of-vaporization effects 
appear negligible. 

The Case W h e n  Interest I s  Extended to the Gross 
EJects of Chemical Kinetics 

The  Importance of Chemical Kinetics. The tech- 
niques described in the previous subsection are 
useful because it can often be assumed that local 
departures from chemical equilibrium are small; 
this assumption holds fairly well for ground-level 
fires, for large industrial furnaces, for liquid- 
propellant rocket motors, aiid for gas-turbine 
combustion a t  low altitudes. In many eircum- 
stanccs, howcver, the ratc constants of the 
chemical transformatioii are such that large 
departures from equilibrium can be found to 
exist; in extreme eases these lead to “flame ex- 
tinction.” Such departures occur particularly a t  
high volumetric flow rates, a t  low pressures, and 
with the reaction zone in good thermal contact 
with cold surroundings. They may be found in 
ram-jet combustors a t  high altitude or in a small 
solid-fuel bed. 

In  addition to the above rolc of chemical 
kinetics in modifying a process which would still 
proceed a t  a finite rate if the rate constants of the 
reaction were infinite (Le., a “physically con- 
trolled” process), there are several practically 
important combustion phenomena in which the 
chemical-kinetic constants exert a more direct 
influence. These include the propagation of flame 
across the combustion space of a gasoline engine, 
and the burning of a solid-propellant rocket 
motor, under either steady or transient eon- 
ditions. 

Prototype Variables W h i c h  M a y  B e  Predicted. The 
devising of modeling techniques for the above 
combustion phenomena would be impossible 
were it not for the fact that  the experimenter’s 
interest often extends merely to the gross features 

of tlic outcome of tlie prototype csperiincnt: It is 
not necessary to be able to predict the distriliu- 
tion of OH radicals through the flamc, hut 
merely to decide whether the flame will be I~lowii 
out; the combustion efficiency has to be ctjti- 
mated in terms of temperature rise, but the 
nature of the intermediate combustion products 
is not required; the engine designer wants to 
know the time between the passage of the spark 
and the completion of burning, not the thickness 
of the flame front. It is this restriction of interest 
which has permitted a relaxation of the strict 
requirements of similarity theory and has per- 
mitted modeling to throw light on kinetically 
influenced combustion also. 

ilfodeling Rules W h i c h  M a y  Be Neglected. The 
rate of chemical reactioii at any point is of course 
greatly influenced by tlie fuel :oxidant ratio a t  
that  point; i t  follows that the rules for partial 
modeling of kinetically-influenced systems arc 
based on those for partial modeling of mixing 
models, just as the latter were based on the rules 
for fluid-mechanical models. Further rules which 
ought to be obeyed are indicated in Table 1, 
whereby i t  should be remembered that the 
quantities 2”’ and 2” are reference values of t8he 
reaction rate; that  there are as many of these 
quantities as there are chemical reactions which 
occur; that in addition most reactions are char- 
acterized by an activation energy E,  so that 
E/RT, is an important dimensionless group; and 
that even very simple conibustion proccmes 
(e.g., the hydrogen-oxygen diffusion flame) 
represent the outcome of a large number of 
chemical reactions (between radicals and other 
intermediate products). It is evident that  the 
experimenter must look with more hope to the 
rules which may be ignored than to thosc from 
which no departure is permissible. The former 
include : 

1. Under some circumstances” it is possible 
for thc reaction-kinetic constants of thc com- 
bustion processes in the prototype model to be 
specified by a single set of numbers, just as 
though only one (“global”) chemical reaction 
took place. There, if the exothermic proccss in 
the model is similarly specified, tlie requireinen ts  
of similarity theory are met by causing a single 
dimensionless group (e.g. , “Damkoliler’s first 
group,” or the “chemical loading”) to have tllic 
same value in both the model and the original. 
Actually, few experimenters can afford to inquire 
about whether the “certain circumstances” pre- 
vail in their particular case, but adopt a single 

* These are detailed in refercncc 16, whcre t,hc 
facts underlying this paragraph are expressed as 
“the chemical half-truth.” 
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group ncvcrthelcss; though the resulting predic- 
tions are thereby rendered unreliable, the method 
has produced some uscful results. 

2.  When a global homogeneous reaction is 
presumed, strict similarity requires its rate to be 
the same function of. temperature for model and 
prototype. This requirement may be relaxed for 
flame-propagation problems if the reference 
value of 2”’ is the value of Z”’ averaged over the 
temperature range of the process; for flame-es- 
tinction problems, the maximum value of 2“’ 
may form a more suitable reference. A similar 
relaxation may be presumed for heterogeneous 
reactions. However some error in the resulting 
prediction is inevitable. 

3. Whenever the homogeneous reaction zone 
is vary thin, and the Reynolds iiumber is high, 
as when a turbulent flame can be regarded as a 
wrinkled laminar one, or when the chemical 
transformations occur only near the boundaries 
of the gas space, it is possible to ignore the di- 
mensioiiless groups involving 2”’ and Z” and 
employ only those involving X,,, the laminar 
flame speed. Thus the gross features of a com- 
bustion process of this kind might depend only 
on the dimensionless groups Xu/ Ventry and the 
density ratio between burned and unburned 
gases. This use of S, is quite distinct from that 
in which groups involving S, are used in place of 
groups involving Z”’, without any reduction of 
the total number of modeling rules.” 

4. With the shapes of reactor commonly used 
in the chemical engineering industry (tubes, 
paekcd beds) , the requirement of geometrical 
similarity may be considerably reIased, as was 
already recognized by Damkohler5; here the flow 
pattern is imagined as being essentially that of 
plug flow, with chemical transformations dis- 
tributed uniformly across any cross section, and 
other fluid-mechanical factors only influential 
through the effect they have on the heat and 
mass transfer coeficients a t  the boundaries; of 
course the dimensionless groups involving these 
coefficients and the homogeneous and heterogene- 
ous reaction-rate constants must have the same 
valuc for model and original. Some discussion of 
this type of modeling is given in the paper pre- 
sented by Barkelewl in the present colloquium. 
Unfortunately combustion chambers are seldom 
of a suitable shape to permit the geometrical- 
siniilarity requirement to be ignored. 

:* Putnam and JensenI3 happened to  use dimen- 
sionless groups of the latter character rather than 
those involving 2”’. Since S,, 2”’ and the trans- 
port  properties are connected via laminar flame 
theory, it is it simple matter to  transform from one 
mode of espreszion to the other. 

“pl  Scaling.” One of the most useful modeling 
techniques used in the development of air- 
breathing engines is that  in which the only rules 
observed are that: there is geometrical simi- 
larity ; fuel and air input velocities and tempera- 
tures are the same for both model and prototype; 
and the product of the absolute pressure and the 
linear dimension is also made equal for the two 
combustion chambers. The utility of this pro- 
cedure derives from the fact that it preserves 
constancy of the Reynolds and Mach numbers 
(though variations in these numbers would 
actually be of minor importance) and also of the 
“global” chemical loading parameter (provided 
that 2”’ is proportional to the square of the 
absolute pressure) ; it  permits high-altitude com- 
bustion to be simulated by atmospheric-pressure 
tests on a smaller scale. 

A study of the literature reveals that  “pl  
scaling” was invented first by many different 
workers. One of them was Stewartz1 who con- 
tributes to the present coloquium. The method 
is implicit in Fig. 3 of Ellor’s papert6 where the 
product of pressure and a linear dimension ap- 
pears in the abscissa of a graph showing extinc- 
tion conditions. Many other versions of the 
method are current. The paper by Hottel et al.” 
in the present colloquium contains, among other 
things, a critique of the validity of the method; 
these authors point, as others have done before, 
to the importance of the Reynolds and heat-loss 
parameters; they also draw attention to the role 
played by the Knudsen number a t  low pressures. 

Water Injection. In  “pl scaling” the reactants 
and their temperature levels remain constant 
from prototype to model, while the linear size 
changes. It is however possible to equal the 
chemical loading of a prototype chamber operat- 
ing a t  low pressures by using as a model the 
identical chamber operating at atmospheric 
pressure; in this case the temperature or com- 
position of the reactants must be modified so 
that the value of Z”’ is appropriately decreased. 
A simple method of so reducing 2”’ was de- 
scribed by Lefebvre and Halls1% at the Seventh 
Combustion Symposium: They injected water 
iiito the air stream along with the fuel and con- 
sidered 2“’ to vary monotonically (though, of 
course, nonlinearly) with the easily measured 
kerosene/water ratio. Though not giving rise to 
quantitative predictions about low-pressure per- 
formance, and despite the fact that  Reynolds 
number and other effects may be appreciable, 
this procedure appears to be useful to develop- 
ment engineers; it illustrates well the fact that  
the most successful technique is often that which 
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disregards the requirements of similarity most 
boldly.* 

Simulation of Kinetically InJEuenced Combustion 
by Electrical IIeating. A model technique which 
involves an even more drastic disregard of the 
rules of strict modeling is the "electrothermal 
analogueJJJ1* in which the burning gas is simu- 
lated by a stream of air flowing through a space, 
throughout which are distributed electrical heater 
wires; the power dissipated in each heater is con- 
trolled by an external mcchanism to have a rela- 
tion to the local air temperature which is similar 
to the global-reaction-rate relation supposed to 
exist in the prototype. The reliability of the pre- 
dictions afforded by this method, and by modi- 
fications of it, is discussed in the present sym- 
posium by VortmeyerJZ4 who concludes that, 
mainly because the density ratio of real flames is 
not simulated, the method is too unreliable to 
serve as a guide to development en,' winters even 
though its predictions are correct as to order of 
magnitude. Of course, this judgment may be 
considered too harsh when compared with the 
fact that  the water-flow model, which equally 
fails to simulate density differences and provides 
no prediction a t  all about the stability or effi- 
ciency of the flame, is nevertheless highly re- 
garded by designers; however, it is perhaps 
proper that the electrothermal analog, which is 
somewhat more difficult to construct and to 
understand than the water model, should be 
judged by higher standards. 

Partial Modeling of Flame Propagation in Spark- 
Ignition Engines. As a final example of the 
modeling of a kinetically influenced combustion 
process, we consider one in which dispensation 
3 (above) is exploited; this method was sug- 
gested by the present author for correlating data 
for the time of burning of the gases in a gasoline 
engine. If tb is the time taken for thc flame to 
spread from the spark throughout the gas, tstr  
is the time of an engine stroke, 1 is a typical di- 
mension of the combustion space (e.g., piston 
diameter) and S, is the laminar flame speed, 
dimensional analysis suggests that  the experi- 
mental data for a given engine should obey the 
relation: 

l / tbSu = f(Z/SUtstr, Reynolds number), (1) 

where f( ) is a function to be determined by 
experiment. The Reynolds number influence 
may, with good fortune, be fairly small. 

This supposition has been put to the test by 

* Of course a bold disregard of the rules is not a 
suficient condition for success in modeling; care and 
intuition are equally necessary. 
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Harm\ and Orman8 who measured the flame- 
t ravd time tb  on a Ricardo E 6 engine, using 
variouh fuels and luel/air ratios. Since data for 
the laminar flame speeds S, .tliere not available 
for the conditiolis of pressure, temperature, 
and dilution vith nhause products prevail- 
ing a t  the moment of ignition, curves of I / t b  
nerr  plotted versus 1/t,t,; each curve related to 
a pnrticular fuel and air/fuel ratio. Then a factor 
t, m t b  found for each curve which, when the 

values for each point on the 
by it, caused all the curves 

to coincide; the coninion curve of t r J tb  versus 
t,,/t.t, was regarded as the characteristic of the 
engine, while t ,  was regarded as proportional to 
the rcciprocal of S,, a fuel characteristic. 

Figure 1 contains the engine characteristic for 
the E 6 engine a t  full throttle, when the spark 
passed 15’ bcfore top dead center. Figure 2 
eoiiitaiiia corresponding fuel characteristics, l / tLc  
versus air/fuel ratio, for three different fuels. The 
fact that the points on Fig. 1 can be caused to  lie 
fairly close to a single curve, and that the l/t, 
curvcb are qualitatively similar in form to curves 
of 23, which prevail a t  atmospheric conditions, 
may be regarded as encouraging preliminary 
resudts. 

Conclusions 

The foregoing incomplete survey of the prob- 
lems and practices of combustion modeling all- 
pears to suggest the following conclusions : 

1. The strict requirements of similarity theory 
are so numerous that complete modeling of com- 
bustion processes is practically impossible. For 
this reason, only partial modeling is practicable. 

2. Partial modeling gives useful results in 
cornbustion work mainly because the fluid- 
mechanical processes are not greatly influcnced 
by mixing, and mixing is little influenced by 
chcmical reaction. Success in modeling depends 
on the recognition and exploitation of such weak 
influences. One of the main functions of theory 
in combustion research is to facilitate this 
recognition. 

3. No absolute or final decision can be made 
about the permissibility of a given modeling 
technique ; the decision must always depend on 
the interests of the esperimenter, the accuracy 
and urgency of the required prediction, and the 
availability of other techniques. Often the 
modeling technique which most flagrantly flouts 
the similarity rules is the most useful one in 
practice. 

PRINCIPLES 

Nomenclature 

aErav Gravitational acceleration [ft/hr2] 
B 

c 

D Diffusion coefficient [ft2/hr] 
go Constant in Newton’s Second Law of 

k 
1 
4’’ 

p I’ressure [1b,/ft2] 
s Surface tension [lbf/ft] 
S, Laminar flame speed [ft/hr] 
t Time [hr] 
tb  

tu 
laminar flame speed [hr] 

T Absolute temperature P R ]  
2‘’ 

rate [lb/ft2 hr] 
Z”‘ 

rate [lb/ft3 hr] 
01 

hr O F ]  

p Dynamic viscosity [lbs hr/ft2] 
u Stefan-Boltzmann constant [Btu/ft’ 

p Density [lb/ft3] 
p c  
p F  Density of particle [lb/ft3] 
isent Isentropic (subscript) 

“Transfer number” or “driving force” for 

Specific heat a t  constant pressure [Btu/ 
mass transfer 

lb O F ]  

Motion [lb ft/lbf hr2] 
Thermal conductivity [Btu/ft hr O F ]  

Typical dimension of body [ft] 
Mass-transfer rate across a phase interface 

[lb/ft2 hr] 

Burning time in spark-ignition engine [hr] 
Scale factor, proportional to reciprocal of 

Reference value of heterogeneous reaction 

Reference value of homogeneous reaction 

Surface heat transfer coefficient [Btu/ft2 

m u 4 1  

Density of gas phase [lb/ft3] 
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SIZE OF FLAMES FROM NATURAL FIRES 

P. H. THOMAS 

Uncontrolled fires produce flames where the initial momentum of the fuel is low compared with the 
momentum produced by buoyancy. The heights of such flames with wood as the fucl are examined 
and discussed in terms of both a dimeneional analysis and the entrainment of air into the turbulent 
flame. They are then compared with other esperiments on the flow of hot gases. 

Some recent experiments on thc effccts of wind on such flames are also reported. 

Introduction 

This paper discusses one of the least studied 
features of natural fires-the length of the turbu- 
lent flames rising from the burning fuel. 

Horizontal sources of fuel in still air are con- 
sidered first either circular, square, or in the form 
of a m  infinite strip, each characterized by a 
single linear dimension D (diameter or width). 
The effects of wind are discussed later. The fuel 
is the gas or vapor generated by the heating of a 
solid or liquid. This heating is, of course, accom- 
plisliecl for large fires by the heat transfer from 
the flame zone itself. However, the solid or liquid 
fuel can be regarded as a burner of dimension D, 
and the mass rate of burning m is treated as an 
indc pendent variable. 

The fueI burns in a flame zone to a height L to 
produce a column of hot gases. At heights above 
the top of the flame this column may be con- 
sidered as a thermal plume with constant con- 
vective heat flus. It is possible to correlate data 
on velocity and temperature in this plume for 
isothermal atmospheres by means of dimension- 
less variables deduced either from the appropriate 
diff ercntial equations or from elementary con- 
siderations of buoyancy and the conservation of 
convected heat. Because it will be shown that 
data on flames can be related approximately to 
data obtained in studies of nonreacting hot gases, 
reference will first be made to such dimensionless 
variables. 

The temperature rise 0, a t  a height z, in the 
center oE a plume of negligible initial momentum 
is determined by the convected heat flus H ,  the 
specific heat e, the density p, the coeficient of 
cqiansion of the gas (I/ TO), the linear size of the 
source D, and the acceleration due to gravity g. 
Density is conventionally assumed constant in 
plumes and jets except where it affects local 
buoyancy. Considerations of the conservation of 
heat and the relation between momentum and 

buoyancy or a direct dimensional analysis of the 
above variables leads to the relationship for a 
plume 

For a point source or for an extended source 
a t  values of z large compared with D ,  this corre- 
lation must become independent of D and the 
well known result is obtained 

f ( z / D )  (D/s)313, 
i.e., 

For a line source, the correlation must similarly 
be independent of D except that  11 must only 
appear as the heat per unit length of the line 
source, i.e., in Eq. (1) H is replaced by II'D 
and a function is found such that 0, is inde- 
pendent of D. The well known result for the line 
source is then obtained 

0, E H f / ~ 5 / 3 .  ( 2 )  

f ( z / D )  a D/z 

Equation (1) is a general form for finite sources 
except that the unspecified function f depends on 
the shape of the source. Yokoil has in fact 
presented correlations of this form for a variety 
of different shapes of source in horizontal and 
vertical planes. Lee and Emmons2 have recently 
given a theoretical treatment of a strip source. 

Where there are density differences between 
the two mising fluids, the mixing, and conse- 
quently the expansion of the plume, can be re- 
Iated to the excess momentum?,* However other 
difficulties arise in applying such arguments in 
detail to flames. Tall flames will be much taller 
than the potential core, but smaller flames will 
not necessarily be so. Heat is generated in flames 
so that the conservation of sensible heat in the 

844 
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conventional treatments must be modified to 
allow for the progressive release of heat as a 
result of mixing with air. The application of 
theoretical analysis is also more difficult because 
the flamc zone does not necessarily have the 
simple geometry associated with point or line 
sources. Arguments have previously been given"' 
for assuming that for any one fuel the height of a 
turbulent diffusion flame is related to the volu- 
metric flow rate of fuel Q1 and the burner dimen- 
sion D, as described by 

LID = f (Qi2/gD5). (49 
For an infinite strip source Eq. (4i) is used in 

L / D  = f ( Q < 2 / g I Y )  (4ii j 
the form 

or more generally 

Ii/D = f (&F2/! /sD).  (4iii) 

The variable quantities in these equations are 
similar to those in Eq. (I) if 0, is regarded as con- 
stant a t  the flame tip or if Eq. (1) had been rc- 
placed by a similar equation involving concentra- 
tion, and concentration wcre put as equal to a 
constant. The connection between the two equa- 
tions is discussed below but a more direct deriva- 
tion of Eqs. (4) follows immediately, which 
shows the physical basis more clearly. Some 
experimental results for the mean upward 
velocity of the gas in the flame zone arc first 
discussed. 

Velocity of Gases in the Flame Zone 

Rasbash et aZ.7 presented regression equations 
for the rate of increase of flame height during the 
course of the short pulsation of a flame. They 
found that the time of burning was a significant, 
though small, factor for petrol and kerosene 
but not for alcohol and benzole, despite the fact 
that the rate of burning varied with time most 
for benzole and alcohol and varied little for 
kerosene and petrol. However, plotting their 
original data averaged over all times of burning 
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FIG. 1. Upward velocity of flame tip. 

and introducing their values for the estimated 
flame temperature which varied between 921' 
and 121SOC for the four fuels, and assuming an 
ambient temperature of 15'C enables the upwctrd 
velocity wc to be plotted against (2gBflz,/T'0) 
(Fig. 1) which is the theoretical maximum 
velocity a t  a height z t  if the lateral transfer of 
momentum and friction are neglected. The 
straight line drawn in Fig. 1 is: 

( 5) wt  = 0 . 3 6 ( 2 g e ~ ~ z ~ / ~ ~ j :  

RabashS recently presented his original data in 
the form 

prlw2 =r 0 . 2 7 ~ ( p l  - p r l )  

which is virtually identical with Eq. ( 5 ) .  
The value zt extended from about $D for 

alcohol to 5 0  for the other fuels. If the flamc zone 
is treated as a region of uniform tempcratiire 
which is constant for a given fuel and a large 
enough fire, the characteristic mean upw:trd 
velocity for similarly shaped flames where the 
injection velocity w1 is small compared with 
(gzI): (where 1, is the mean flame height, i.c. the 
mean of z t )  will, from dimensional arguments, be 
of the form (gL) i. For differently shaped flames 
the inclusion of a shape factor may bc necessctry 
and the mean velocity would then mor(' generally 
he written as 

GL, ( g L ) : F ( L / D ) ,  (6) 
where the bar denotes the mcaii value over 1 he 
whole flame height. 

The numerical value of (gL): for flames Eay 
200 ern high is about 450 cm/sec. The ratc wl, a t  
which fuel gases leave a burning surface, for e\- 
ample a tank of fuel, is of the order of 1 cm/sec 
which explains why the velocitics are correlated 
with buoyancy and not with thc ratc of burning 
or burner size. 

Air Entrainment 

Taylorg introduced the assumption, later used 
by Morton, Taylor, and Turnerlo that if air 
enters a rising column by entrainment, the en-  
trainment velocity 2) is proportional to  the local 
rising velocity w;. The total flow into the rising 
plume may be then represented by: 

Qo ijG(I,/D)LY ( 7 )  

where G represents a shape factor for the en- 
velope of the flame zone. For the two-dimensional 
flame from a strip source, Q; is considered instead 
of Qo. The flame area per unit length of strip 
would be represented by G( L/D) D. From the 
above assumption regarding the proportionality 
between v and wz, which is discussed in more 
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detail bclow, and with the total quantity of air 
Qo proportional to the quantity of fuel Ql the 
following relation is obtained from Eqs. (6) and 

(S) 
from vhich Eq. (4) follows. 

For turbulent flames in which the momentum 
of the injected fuel is significant compared with 
buoyancy, Eq. (6) must be generalized to 

(7) 7 

(lo a QI a (gL)iE(L/D)G(L/D)D2 

*L a ( g  1,) ?( L/D, Q?/gD5), (9) 
nhere Qi2/gD5 is the form of a Froude number 
expressing the ratio of the initial momentum to 
the buoyancy in terms of the characteristic di- 
menjsion. Clrarly this does not change the es- 
sential result of Eq. (4) escept that  it shows how 
&I can have a double significance, one related to 
inonientuin the other to fuel and air quantity. A 
decrease in buoyancy relative to orifice mo- 
mentum leads to a decrease in the velocity in the 
iucl stream and hence to a lower rate of entrain- 
ment and a larger flame. Thus LID is an in- 
creasing function of Q;l/gD5 and I,/D should 
tend to an upper limit which has the value typical 
of a turbulent where buoyancy is of minor 
importance and L / D  cannot depend on g. 

In Rq. (7) G is proportional to LID for cylin- 
drical flames and also for conical flames with the 
burrier as the base and the flame top as thr apex. 
It is proportioned to (I , lD)Z for long conical 
flames with the flame zone espanding upwards. 
Thus if 

G ( L / D )  a ( I J / D ) ~  (10) 

the indes q might be cspectecl to increase from 1 
to 2 with increasing L / D .  
If 6 is taken as proportional to L: and F con- 

stant, Eqs. (S) and (10) lead to 

(11) LID a ( Q12/gD5) 1/(%+1) 

This equation shows that the L / D  versus Q?/gD5 
relakion on a log-log basis is convex upwards. 
The indes of Qi2/gO5 thus varies from 4 to as 
L/D increases, until a t  high values of Q12/gD5, 
vhen the effect of orifice momentum becomes 
significant, it tends to zero and L/D becomes 
constant. The value of p is 1 for strip sources 
when Il /D is >> I, and the indes of Q2/gDj  is 4. 
Thus neither for long flames from finite burners 
nor from infinite line burners does theory suggest 
that L depends on D. 

I t  will usually be necessary to employ ml 
(which is measured directly by weighing) instead 
of 121, and hence use mill be made of the relations 

ml‘D2 nzl plQ1, 

Q?/gD5 = mi’2/p12gD 
i.e., 

WOOD CRIB 

FIG. 2.  Diagrammatic sketch of esperimcntal ar- 
mngrmcnt. 

Experimental 
Cribs on Xquure Horizontal Base. Cribs of wood 
(spruce) sticks arranged on a square horizontal 
base of side D have been burned in the laboratory 
(Fig. 2 ) .  Varying the amount of wood and the 
design of the crib allowecl a range of mass rates 
of burning, i.e., rates of weight loss ml could be 
obtained by direct weighing for a givcn value of 
D. The flame was photographed and the height 
measured from the base of the shallow crib. 

The burning rate reached a maximum value 
\vhich remained steady for a period; this and the 
mean height of the continuous flame zone corre- 
sponding to it were recorded as ml, and 11, re- 
spectively, the flame heights being averaged over 
a period considerably longer than the fraction of 
a second taken for a single fluctuation. I n  the 
period of steady burning it is mainIy the volatiles 
from the wood that are involved. Apart from a 
small amount of carbonaceous residue burning a t  
the crib edge, little carbon burned until the flames 
subsided and the gross rate of burning fell. The 
results are plotted in Fig. 3 as LID in terms of 
m”/po(gD)j. The viscosity of the volatiles p1 was 
assumed to be cgs units and the density 
taken as 1.3 X gram/cc, or the density of 
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air. (Since the density of the wood volatiles is 
not properly known the value for air has been 
inserted solely to enable the order of magnitude 
of the dimensionless parameter to be seen.) 
Apart from one result of 1250, the Reynolds 
number Re at the orifice (ml/plD) was over 2000 
in all experiments, but in more than half it  ex- 
ceeded lo4. Some unpublished data are also 
available. 

Gross,15 at the National Bureau of Standards, 
Washington, D.C. has burned sticks of Douglas 
fir of square section assembled in the form of 
cubical cribs. The Reynolds numbers based on 

cgs units for pl fell in the range 13 to 6400. 
Some of the results clearly referred to laminar 
flames, but all the data where the flames were less 
than 2 feet (50 cm) high have been escluded 
and the rest are plotted in Fig. 3. These results 
where the flame height was measured by eye 
follow the same trend as the others but are about 
20 per cent higher. For these cubical cribs the 
crib height is also D ,  but a reduction of L / D  by 
0.5 on the assumption that the effective source 
is a t  the mid-height of the crib is not sufficient 
to explain the difference between the two sets 
of data. Some more recent comparisons suggest 
that this may be mainly a difference between 
visual and photographic measurement. 

Use has also been made of some data given by 
Fons et allG These refer to experiments on the 
spread of a burning zone along a crib of wood 
(white fir). Data obtained photographically 
from these esperiments have been plotted using 
an equivalent square base defined by D = (WZ) k, 
where W is the width of the crib and 1 the meas- 
ured length of the flame zone in the direction of 
flame spread along the crib. The few results where 
the flame height was not greater than three times 
the larger of either I T ’  or 1 have been excluded 

because they cannot be rcgarded 2s spl)roxi- 
inately radially symmetrical. The remainder arc 
shown in Fig. 3. 

The best equation for the photographed flames 
in terms of the measured quantities is 

LID = 4.4(mW3 X 10G/D5)0.30 (in cgs units). 

( I  2;) 

In  accordance with the notion of using air 
density for the purpose of plotting results on a 
dimensionless scale this equation may be mit ten 

L/D = 42(m”/po(gD) i)o.G1. (12ii) 

Rasbash has recently evaluated the flame height 
of a fire in a whisky warehouse and estimated the 
rate of burning from the thermal conditions in 
the fire. The result is shown in Fig. 4 where the 
data of Fig. 3 are also shown. I h o v  and Iihuclia- 
k0v7d7 data arc shown in Fig. 4 for tanks greater 
than SO cm diameter. No attempt has been made 
to allow for the different character of thew fuels. 

There are in addition two “large-scale” wood 
fires reported in detail. These are the Camps Park 
fire, reported by 13roido and NIcMasterslS snd 
the Trensacq test reported by g t i e n n ~ ‘ ~  and 
Faure.20 The results arc plotted in Fig. 4 and lie 
below the extrapolation of the laboratory data. 
I n  the Camps Park fire the flames were rcporited 
as merged, for a short time, but because the fuel 
was in separated piles of timber the fire may not 
strictly be comparable with those in which fuel is 
spread over the whole “burner” area. The avcriige 
rate of burning per unit area mi’, was about 1 
mgm cm-2 see-’ which is about an order less than 
the values for the laboratory data given in Fig. 3. 
The fuel loading in Etienne’s esperiment was 
lower still giving a mean valuc of m?, of sbout 

as 
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0.0s) nigin sec-l. Clearly rates of burning 
per unit area comparable with the laboratory 
fires might lead to flames several hundred feet 
high. Under such conditions the properties of 
the atmosphere near the ground would pre- 
sumably influence not only the plume of hot 
gases but the flame too. 

For a very large fire area and rates of burning 
of the order found in a large fire, L/D may be so 
sm:tll that turbulence niight be expected to  
break up the flame envelope. Therefore a large 
fire could not be Considered as having a continu- 
ou: envelope bounded by the fire area, but would 
tend to  become a collection of fires of probable 
varying area and number. The flame height 
IT oulcl therefore teiid to be intermediate between 
$hakt appropriate to an isolated fire of smaller 
size and that obtained by extrapolating the 
laboratory d a b  assuming no break-up, i.e. as- 
suming these fires arc fully merged. This has the 
effect of reducing the value of L below that given 
by Eq. (1%) or (12ii). These results suggest that 
the index 1/ (2q  + 1) in Eq. (11) increases above 
4 for small values of LID. This may be due to 
the break-up of shallow flame envelopes: Fig. 4 
shows how the position of the points would be 
affected by taking a smaller value of D. The 

suggestion given in a previous paper6 as to how 
the index might increase above 4 for small values 
of L / D  is to some extent unsound as it considers 
total flamc envelope area, not that  projected 
vertically. But consideration might be given to 
the possibility of heavy cold air “falling” into 
the flame zone from above in between areas of 
rising he1 and combustion products. 

Related Gas Experiments. Putnam and Speich’s 
data21 for city gas, which appears to be similar to 
methane, follow the law appropriate to a point 
source [Eqs. (10) and (11) with 9 = 21, and 
are represented by 

LID 29 ( Qi2/gD5) (13) 

in the range 100 < L/D < 200. 
For the sake of presenting as much data on one 

graph as possible this correlation has been modi- 
fied to  make it comparable to the data for wood 
fires. This has been done on the assumption that 
the flame tip is defined approximately by a cer- 
tain temperature rise and that in flames wholly 
controlled by buoyancy the only role of Q1 or ml 
is to be a measure of the fuel supply. Hence for 
different fuels L has been assumed to be deter- 
mined by the enthalpy supply and the modifica- 



SIZE OF FLAMES FROM NATURAL FIRES 849 

v) v) 

w 
-1 
Z 

Z w 
0 

E 
n 

In 

100 

10 

1.0 
10-4 10-3 10.2 lo-’ 1 10 102 

DIMENSIONLESS 

Arrows show effect of reducing D for a given m ”  
FIG. 5. Flame height correlation (modified scales). 

tion based on the ratio of the calorific values of 
wood volatiles and city gas. Equation (13) may 
be written as 

L = 140mI’5, ( 1 4 )  

where 0.6 X gram cm-3 was taken as the 
density of city gas. 

Allowing for the difference in calorific values 
between wood and city gas the equation for wood 
volatiles would be 

L = 9 0 ~ ~ 1 ~ .  (15) 
The lower calorific value of wood volatiles 

means that a higher volumetric flow (about 
three times) would be required to achieve the 
same flame length. But this higher flow and 
higher velocity could result in the initial mo- 
mentum (increased about eight times) bccoming 
significant so that Eq. (15) may well overestimate 
the flame length. With these reservations, Eq. 
( 1 4 )  is used in Fig. 14 to show the extent of the 
range of interest and the limited parts of the 
range for which data are available. The data in 
Fig. 4 cover an immense range of (rn2/po2gD5) 
and it  is desirable to adopt different dimension- 
less variables. X is accordingly defined as: 

X = L/D(po(gD) 8/m”)2/3 (16) 
Figure 5 shows the data of Figs. 3 and 4 

plotted as X with p taken as po against 
(m”/po(gD) i): for wood and city gas transformed 
as above to a wood basis. 

Flames f rom Cubical Enclosures and Windows. 
The second experimental arrangement for which 
data on flame lengths are available is shown in 
Fig. 6. Varying amounts of wood (spruce) were 
burned inside a cubical enclosure having one side 
completely open. The mean rate of burning in 
the period when the burning was approximately 
constant and the corresponding mean flame 
height were measured, the latter visually. Some 
unpublished data of Webster and Smith of the 
Joint Fire Research Organization are included in 

addition to data previously publishedP The 
results which cover a range of 3-, I-, and 2-inch 
sticks in cribs of heights varying from 4 to 16 
inches in 2- and 3-foot cubes are 1)lottcd in Fig. 7. 
The Reynolds number ( m l / p l D )  with pl equal to 

cgs units varied from 2300 to 5400. These 
results also lie on a line of similar form .to Lhat 
for the open fires given in Fig. 3 but this corre- 
lation is relatively less well established in tiew 
of the small range of D. 

As shown above, flames from an infinite strip 
source should follow Eq. (11) with q = 1 and Q 
replaced by Q’D so that 

L = Q’:. (17) 
In the range of these esperiinents with cubical 

boses the results do follow this law. Howewr, 
departures from it might be expected wlicn: 

(a) The flames are short in comparison with 
the size of the wood crib and the bo\; and 

FLAMES DEFLECTION OF 
SUPPORTING 
CAN TI LEVER 

WEIGHT LOSS 

CUBICAL ENCLOSURE 
WITH ONE SIDE OPEN 

FIG. 6. Diagrammatic sketch of measurement of 
flames from windows. 
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(b)  When the flame is very much longer than 
the width of the strip, in this case D ,  so 
that i t  is no longer two dimensional. 

The equation to the line in Fig. 7 is 

L = 400%’: cgs units (IS) 

for 1.5 < L/D < 4. 
111 an enclosure there is the added feature of 

entrainment in the horizontally moving stream 
under the “roof,” but this might be expected to 
be small because of the relative difficulty of ex- 
changing cold gas with lighter hot gas flowing 
over it.23 Equation (IS) should be increasingly 
close to  the equation for a horizontal strip source 
as tlne ratio J,/D increases. 

Sonic experiments have been made by Thomas, 
Picliard, and Wraigh-ht‘23 for wood fires on cfl‘ec- 
tively infinite strips of width D. The results are 
shown in Fig. 7 together with Eq. (IS). There is 
indeed a discrepancy for small values of L/D,  
but a t  higher values the two sets of data tend to 
a similar form. The cliscrepancy a t  small values 
of L/D arises from the difference in geometry 
betceen the two situations. The slight discrep- 
ancy a t  large values of LID may well arise from 
the difference between visual and photographic 
asstissments of J,. It should be emphasized here 
that these results do not apply where there is a 
vertical “wall” above the opening though such 
results would be espected to be correlated by a 
relation of the same form. h one-sided flame 

could he regarded as having the same height as a 
two-sided flame burning twice the fuel.’ From 
this argument it would be expected from Eq. 
(IS) that a one-sided flame would be 23’3, Le., 1.6 
times taller than a two-sided flame for the same 
value of m i .  

Comparison with Calculations of 
Entrainment 

It has been shown that flame lengths can be 
correlated by equations deduced from simple 
flow theory. These theoretical equations do not 
give the numerical value of flame length but only 
the form of the variation with ml and scale. 
However in the following sections the significance 
of the numerical results obtained experimentally 
will be discussed in the light of quantitative con- 
siderations of the entrainment of air with flames. 
These results will be compared with those from 
experiments on the flow of hot gases for which 
Yokoil assumed the flame length to be the dis- 
tance to the point where the rise in temperature 
falls to 500°C. 

Entrainment into buoyant turbulent flames as 
opposed to plumes, where tlie density difference 
is small, has not so far been widely studied but it 
can be shown from the data of Rouse, Yih, and 
H ~ r n p h r i e s ~ ~  that the horizontal velocity of en- 
trainment u is 0.16 times the upward velocity w 
in the center of the plume a t  the same level. A 
momentum jet of local density p~ entrains sur- 

-, & 
-i! 



SIZE O F  FLAMES FROM NATURAL FIRES 85 1 

rounding fluid of density po a t  a rate depeiident 
on the excess monientuiiy' and it can be shown 
that this implies that 

IJ a w(Ps/P")l (19) 
which will be here assumed to apply to flames. 
In  a flame from an infinite strip source it is there- 
fore assumed that 

21 a O . ~ ~ ( P ~ I / P O ) ' ~ ,  (20) 
and for a nominal temperature rise of 1OOO'C 
and To equal to 290°1i this becomes 

v = 0.075 w. 

Because this discussion is only concerned with 
obtaining an approximate comparison it is as- 
sumed that Eq. (5) applies a t  all values of z less 
than zt as well as a t  z t  itself and that it applies to 
line sources as well as radially symmetrical ones. 
Likewise Eq. (20) will be assumed to apply to 
radially symmetrical sources as well as to line 
sources. These approximations are sufficient for 
the immediate purpose of this paper; further ex- 
perimental work in these fields is necessary before 
it is worth while undertaking more detailed 
analysis. 

The mean mass rate of air entrainment per 
unit area in the vertical plane of the flame en- 
velope is, from Eqs. (5) and (ZO),  in cgs units 

md' + $ X 1.3 X X 0.16 X 0.36 

x (gL)  (2Ofl/Tf1) 
li. 0.062 x lO-"gL)i. 

Since md' is proportional to (Ofl/Tfl) small 
variations in Of1 are not important. 

The total mass rate of air entrainment per 
unit length of strip is 

m i  + 0.062 X lO-"(gl,): X 21, in cgs units. 

Eliminating L by means of Eq. (1s) gives 
mi/%' as 31. If the nominal calorific value is 
taken as 2500 cal/gram (allon-ing for radiation 
loss) and the specific heat as 0.21; cal gramp1 OC-l, 

the value of 31 gives an effective mean tempera- 
ture rise of 320'C. 

If i t  is assumed that the temperature distribu- 
tion across a horizontal plume through the mean 
flame tip is the same as for a plume from a 
thermal line source, the data of Rouse, Yih, 
and Humphries can be employed to obtain the 
equivalent center line temperature. 

The effective mean temperature is given by 
H/mc  where m is the integrated mean mass flux. 
From the equations for velocity and temperature 
given by Rouse, Yih, and Humphries, the ratio 
of the maximum center-line temperature to 
ZZ/mc can be evaluated as 1.47, giving the flame 

tip temperature rise as 470'C. This is of t l i  
order but is less than thc tcmliemture a t  I 
hot carbon 1)article is visihle. 

For a flame idealized in the form of a (wie or a 
pyramid with the burner as base, the vertical 
projection ol the flame envelope may lie taken as 
aDL/2 for a circular base and 2DL for a square 
fire. The total rate of air entrainment far a 
square-based fire is therefore expec'ted to lie 
about 

mo li. 0.063 X 10-32~~(gi , ) !  (in cgs units). 

If, instead of Eq. (l2i) a line is drawn through 
the data of Fig. 3 having a slope of $, a slight 
distortion is introduced, but this makes the coni- 
parison between theory and experiment much 
easier. The best line of slope 5 is 

T,/D = 420(%?/D5) (in cgs units). (21) 

Eliminating L by means of Eq. (21) gives the 
ratio of air to fuel (mo/m,) as 33. 

For a radially symmetrical source the fai'tor 
1.47 is replaced by 1.67 as a result of applying 
the appropriate plume equations. I t  may then 
be shown that the air/fucl ratio 33 corresponds 
to a flame tip temperature rise of 510'6. In view 
of the assumptions and approhimations made, 
these results can be regarded as satisfactory. 

A Practical Application of Entrainment 
Calculations to Fire Protection within 

Buildings 

An interesting practical problem arises in the 
control of fire spread in a building without a 
complete fire division wall. Consider a fire ex- 
tending over that area of the floor beneath a 
part of the ceiling bounded by vertical curixtins 
extending down from the ceiling (Fig. S) . Air 
enters the fire from four sides and hot gasc's are 
exhausted through a hole in the roof. It is as- 
sumed that the total inlet area is large enough 
in relation to the roof vent for the horizontal air 
flow to be given by Eq. (20). The value of the 
vent area A is sought for given values of building 
height h, curtain depth d, curtain perimeter p ,  
and curtained area a. For Of,  = lO0O'C itnd 
TO = 290'K the application of Eqs. ( 5 )  and 
(20) gives the total air flow, neglecting cffcrcts 
a t  the corners, as 

m," = 0.06~ x 10-3[g(h - d ) ] r . p ( h  - (i) 

(in cgs units) . 

The mass rate of fuel input is ml"a. With 0.6 as 
the discharge coefficient for the roof vent, the 
discharge due solely to the buoyancy of hot gases 
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FIG. 8. Diagrammatic sketch of experiment simu- 
lating roof vciiting of a large fire. 

of dcpth d is calculnted as 

0.6pfLI ( 2gOfld/ To) ’1. 

Combining these quantities and inserting nu- 
merical values 

1.94 X 10-3-3p(h - d)”‘” + m”a = 0.015A(d:) 

(in cgs units), (22)  

which is the theoretical relationship between rl 
and Iz - d for no flsines or hot gases to emerge 
under the curtain. Some experiments were made 
with u = 61 cni’, d = 30 em, p = 244 cm, and 
d ’ c c  = 6 gram/scc of town gas. The measured 
niid calculated results given in Table 1 agree 
satisfnctorily. The calculations are for no spill of 

TABLE I 

Heights of Opening to Prevent Flame Spillage 

Opening height (h  - cl) 

Measured Calculated 
Vent area, A (cm2) (em) (em) 

232 S 8.5 
522 21 17 
932 33 25 

hot gas while the observations refer to no visible 
flame. 

If this is the major part of the explanation for 
the slight difference, practical applications of this 
method will incorporate a safety factor. 

Calculations for this kind of situation employ- 
ing methods described by Fujita,?” Kawagoe,26 
and YokoF7 lead to air flows approximately an 
order larger and consequently to much greater 
vents or deeper curtains than are in fact neces- 
sary. This discrepancy arises because the method 
used by the Japanese workers is applicable only 
to situations where there is a relatively slow 
movement of the hot gases within the enclosure. 
This allows the velocity head of the inlet and 
outlet flow to be calculated from pressure differ- 
ences arising within the enclosure as in conven- 
tional “chimney theory.” Such large pressure 
differences do not arise where there is a signifi- 
cant vertical acceleration. 

Comparison with Yokoi’s Data 
Yokoi’ has measured temperatures at various 

heights above alcohol fires of different sizes and 
has employed the dimensionless parameters 0 
and z / r  appearing in Eq. (1) except that  to make 
presumably a first approximation for the sec- 
ondary effects of density in the “hot” part of 
the plume he has used the local density p in- 
stead of po. For different rectangular shapes of 
burning tray with sides VV and 1 he took an 
equivalent radius 

r = (WZ/r)! 

n = W/L. 

instead of D, and a shape factor 

The range of FZ2/r5 which arises in Eq. (1) was 
relatively small (about 2: 1) , and although no 
data on flame heights are reported, only about 25 
per cent variation in L/r would be expected on 
the basis of Eq. (12) . The dimensionless relation 
similar to Eq. (1) was used by Yokoi to obtain 
flame heights taking a temperature rise of 500” 
or 550°C to define the limits of the radiating 
region which may for practical purposes be re- 
garded as the visible flame tip. These results may 
now be compared with those described earlier in 
this paper using the criterion of 500°C which, 
as seen from above, is close to the values calcu- 
lated from the entrainment of air into the flame. 

Inserting the value Yokoi employs for c, the 
value of p at 500”C, 2500 cal/gram for the net 
convective calorific value of wood, and inserting 
6, = 500”C, his correlation, which is the form of . 

Eq. (I), can be redrawn as a relation between 
z/r and mW2/r5 and a direct comparison made 
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FIG. 9. Correlation for horizontal circular and 
square heat sources. 

with the correlations given in this paper. How- 
ever, to retain his results in their original form 
the reverse procedure was adopted; namely, 
Eq. (12) has in effect been superimposed on 
Yokoi’s results (Fig. 9). The discrepancy in 
trend between the two sets of data is a result of 
their diff erent basis. However, the results agree 
in the region of z/r in the range 2 to 3 corre- 
sponding to  the heights of the flames for Yokoi’s 
experiments. 

Yokoi gives data relating the temperature rise 
to s, the distance along the trajectory of hot gas 
emerging from windows, when there is no wall 
above them, a condition Yokoi refers to as “free 
space.” He also gives data relating s t o  the corre- 
sponding vertical height z which is always less 
than s. 

In comparing these data with corresponding 
data on flame height the following approsima- 

tions and assumptions have heen made : 

(1) 5 ;j: s. 
(2) In  Eq. (18) m, is the total rate of burning 

while in Yokoi’s corrclation / I  is the hcat passing 
through the window. It has been assurncd that 
the difference in origin is partially compciisated 
for by using L from the base of the window 111 a 
manner analogous to s from the top of the 
window. The error entailed in this procedure 
tends to decrease a t  large values of L I D  and 
z/r . 

(3) Flame height and temperature depend on 
m’ and H’, respectively, not on m and / I .  

In the region of q‘r and 0, where the rcslults 
follow the espected relation Eor a line source, 
i s .  @z/r is constant, it would be expectcd from 
this last assumption that n:@:/r is constant. 

Yokoi’s data for different values of n (lo, in 
fact, follow this law as is seen in Fig. 10. The 
equation is 

where he uses half the window height for 1. 

becomes 

n@z//r = 1.0, 

After substituting for n and r the esprcspion 

5 = 1 .o (T T*/P”tg) ( T~’j/&) . 

YOKOI’S CORRELATION 
FOR LINE SOURCES 

33 0.1 0.5 
@ 

FIG. 10. Yokoi’s data replotted as zn113/r (hot gases 
from windows). 
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With Tu = 29OoIi, G = 0.24 cal grain-' OC-'; 

8, = 500OC; p = 0.000456 gram/cc; and an effec- 
tive calorific value of 2,500 cal/gram, 

2 = 160m,':, 

which niny be conil)ared a i th  Eq. ( IS) ,  which is 
also plotted in Fig. 10 in the equivalent form 

n:@z/r = 2.5 (23) 

n%z/r = 1.76 (24) 

For line sources on the ground Yokoi gives 

also Fhonn in Fig. 10. 
The discrepancy betneen this latter set of 

temperature data and the flame length data is 
less. 'To get still better agreement a higher effec- 
tive calorific value or a lower temperature 
criterion v-ould have to be assumed. Some in- 
crease in the assumed calorific value is possible, 
of course, but not nearly enough to account for 
the discrepancy. A much lower temperature 
would not seem reasonable either. The use of the 
normal ambient density for air (1.3 X 
grarn/cc) makes the discrepancies greater. 

There is, however, no real reason why there 
should be any close agreement although correla- 
tions exhibiting tlie same trends would he es- 
pected between the variables 5 and 8. On the 
one hand there is a variation of a parameter 
through a region where conservation of heat ob- 
tains and on the other a variation determined by 
the limiting position of an extended region of 
heat generation. It \vi11 be shown in the nest 
section that a siniilar comparison can be usefully 
made when there is the added influence of a 
wind. 

Effect of Wind on Flame Length 
Cribs of white-pine sticks were burned in a 

wind. The experimental arrangement is shown in 
Fig. 11. I n  order to vary the rate of burning in- 
dependently of the over-all base dimensions of 
the cribs, sticks of square sections 1, 3, and 
inch were used. The cribs were 3 feet wide with 
their sides parallel to the wind protected by non- 
conibustible board. The length of the cribs in the 
clircction of the mind was varied from 6 inches to 
2 feet and the cribs were all less than 6 inches 
hi&. The moisture content of each crib was deter- 
niinetl and in most of the experiments it was 11 
per cent though in some it was as low as 9 or as 
high as 15 per cent. Each crib was mounted on 
iionconibustible iiisulating board extending to 
the Ice and the \vhole supported on a bdaiice. 
Loijs of wood from the crib was prevented by 
surrounding the lec side with wire netting. The 

NONCOMBUSTIBLE 
INSULATING BASEBOARD 

FIG. 11. Cribs burning in wind (diagrammatic 
sketch of experimental arrangement). 

results of experiments in still air have been re- 
ferred to previously. 

The speed of the applied wind, which was in 
the 5-15 ft/sec range, was adjusted first to the 
required value using a vane anemometer. The 
crib was shielded and lit using a small quantity 
of kerosene and the shield removed after 13 
min. The loss in weight of the crib was recorded 
and time-lapse photographs taken a t  5-second 
intervals. The mass rate of burning was deter- 
mined during the period when it was effectively 
constant and the ten or so photographs taken 
during that time were used to obtain average 
values of tlie flame length L to the tip of the con- 
tinuous flame (Fig. 11) . 

Values of the inclination of the flame and the 
height above ground were also obtained. These 
will be reported elsewhere. In  some of the early 
experiments the estension of the base board was 
very short. The results were studied to see if 
there was any noticeable difference but none 
was found to be significant when compared 
with thc experimental variation. These results 
were thereforc pooled with the others. 

The results were analyzed statistically and the 
following equation was obtained: 

L I D  = 70(m"'/p$gD)0.43( U2/'gD)".'' 7 (25)  

where, for the sake of presenting the results in 
dimensionless variables, the value of p for air po 
was inserted. Had the cribs not been effectively 
infinite or had the Reynolds number been relevant 
there would have been a residual effect of D 
over and above that in the two variables rnfp2/D 
and V / D .  There was, in fact, a slight one, but 
i t  was not significant at the 5 per ccnt level. Its 
sign was positive, i.c., L / D  increased slightly 
with D ,  and this probably corresponded to an 
effect of Reynolds number not of crib width. 
The range of Reynolds number (GTD/u) was IO4 
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FIG. 12. Effect of wind speed and burning rate on flame length. 

to 2 X lo5. Over this range flame length varied as 

for a given mfP2/D and CJ2/ln. 
I n  some esperiments the Reynolds number a t  

the base of the flame was below lo3, but there 
was no systematic effect on 1,; moreover, this is 
not regarded as a major criterion. The more 
relevant Grashof number based on the height of 
the top of the flame was in the range los to 
5 X 101o. It was disregarded because of the 
weakness and lack of statistical significance of 
the effect. 

The results are shown graphically in Fig. 12 as 
( L / D )  ( U2/gD)"." plotted against m"/[po(gD) i]. 
The range of values of U2/gD was between 0.5 
and 20. For comparison the data from Fig. 7 are 
also shown with ( U2/gD) nominally constant 
a t  0.52. 

The standard deviation of the individual results 
about the regression line of Eq. (25) corresponded 
to =t16 per cent and the overall correlation co- 
efficient was 0.985. No part of this variation 
could be ascribed to the variation in moisture 
content. Further controlled experiments are 
being made to esplore this factor. 

T l w e  are two points of interest in Eq. (25) 
and Fig. 12. Firstly, the indes 0.43 is somewhat 
larger than was found in any of the preceding 

L a &OJIS 

correlations hut the graphical plot in Fig. 12 
shows that a power law is an appro\imation only 
and a t  large values of L / D  the indey is lower a i d  
the results lie closer to those for strip soums  
and windows in still air where the index is i. 

Secondly the effect of wind speed on flame 
length is relatively small. 

Over a range of 4.5 in U/(gD)L, 1, varies by 
only 37 per cent. Other results yet to be puhlishrd 
show that the height which the flame reaches 
above the ground is affected much more. 

The reduction in flame length with incrcasirig 
wind speed is presumably a result of better 
mising. 

Equation (25) can be rearranged with no loss 
of accuracy as 
L (gp*/m'Z) j 

= 70[ Up":/ (m'g) i 1 - O  ( mf'L/gpi2/)) "", 
where m' = m"D. 

It may be noted in passing that the variable 
containing L is related to X as defined in Eq. 
(16). 

To obtain the equation for a line source 

L (gp$/m'2) ( up":/ ( m ' g )  :) 0 

was plotted linearly against D / d f 2  a i d  e\tra 
polated to the zero value of D / r d f 2 .  



E ' S  DATA FOR A LINE  SO^^^^ 



1. 

2. 

3. 

4. 

5. 

6. 



86s MODELING PRINCIPLES 

7. I ~ A ~ B A ~ H ,  1). J., I tocoms~r,  %. W., and STARK, 
C ; .  W. V.: J .  Inst. Fuel 36, 94 (19515). 

S. TIASBASH, D. J . Fire Research Abstracts and 
Reviews 3, 25 (1963). 

9. TAYLOR, C .  1.: U. S. Atomic Energy Commic- 
sion. MUDC-919, 194.5. LADC-276. 

10. MomoN. B. L.. TAYLOR. G. I.. and TURNER. 

11 

12 

1 3 

14. 

15 

16. 

17. 

J. 8.: Proc. Roy. Soc. (London) As%& 1 (1956). 
YAGI, S.: J .  Sor. Chem. Ind., Japan 46, 608, 
521, 873 119&3). 
YAGI, S. and SAJI, I<.: Fourth Syrriposizm~ (Inter- 
natmriul) on Co?nhustion, p. 771. Williams and 
Wilkins, 1953. 
HAWTHORNE, W. R., WEDDEL, I>. S., and 
HOTTSLI., H. C. : Third Symposium (Interna- 
tzonal) on C077LbUstiOn, p. 282. Williams and 
Wilkins, 1949. 
Worn, K., GAZELEY, C., and KAPP, N.: zbid. 
p. 2ss. 
GROSS, D.: J. Research Nntl. Bur. Standards 
(Enp. and Inst.) 66C, 99 (1962). 
Fom, W. L. et al.: Project Fzre Model, Summary 
Progress Report 1, h’ov. 1958-60. U. S. Depart- 
ment of Agriculture, Forest Service, Pacific 
Southwest Forest and Ikinge Experimental 
Station, Berkeley, California, 1960. 
BLINOV, V. I. and KHUDIAKOV, G. N.: Iloklady 
A h d .  Nauk S.S.S.R. 113, 1094 (19.57). 

18. UIEOIDO, A .  and MCMASTERS, A. W.: Effects of 
Fires orL Personnel in Shelters. Pacific Southwest 
Forest and Range Espcrimental Station, 
Berkeley, California. Technical Paper 50 (1960). 

19. ETIENNE, --: Rapport de ilJissiork-Incinera- 
tion de la lande de Trensaeq, April 13, 1955. 
Ministere de 1’Int6rieur, Paris, France. 

20. FAURE, J. : International Symposium on the Use 
of Models in Fire Research, p. 130. U. S. Na- 
tional Academy of Sciences, Pub. 7% (1961). 

21. PUTNAM, A. A. and SPEICH, C. F.; A Model 
Study of the Interacting EJects of Mass Fires. 
Battclle Memorial Institute, Columbus, Ohio, 
Research Rcport, Nov. 9, 1961. 

22. RICHARDSON, L. F.: Proc. Roy. Soc. (London) 
A97, 354 (1920). 

23. THOMAS, P. H., PICKARD, R. W., and WRAIGHT, 
H. H.: To be published. 

24. ROUSE, H., YIH, C. S., and HUMPHREYS, H. W.: 
Tellus 4, 201 (195’2). 

25. FUJITA, IC.: Japan Ministry of Construction, 
Building Research Institute. Report 2 (h). 

26. KAWAGOE, K.: ibid. Report No. 27, 1955. 
27. YOKOI, S.: ibid. Report No. 29, 1959. 
25. RANKINE, A. 0.: Proc. Phys. Soc. (London) 

A63, 417 (1950). 

Discussion 

1 ) ~ .  A. F. ROBERTS (Safety an Manes Research 
Establrshmer~t, Englard) : The relative importance of 
convection and radiation as heat feed-back mech- 
anisms to :I burning fuel was under discussion. 
Soinr e\perimcnts using high flash point alcohols 
were described In which the flame advanccd across 
the liquid surface. Since the flame was nonluminous 
and the liquid was of low absorptivity, heat transfer 
by radiation from the flame to the liquid was 
negligible. Measured heat transfer rates were of the 
ordler of 2 to 3 cal/em2 sec; these were attributable 
mninly to intense recirculation of hot products of 
combustion in a small region a t  the base of the 
flame front. Such rates are ample for ignition of 
wood and are comparable with the heat flux from a 
black body a t  500°C. 

D R .  P. H. THOMAS (Fare Research Station, 
Englard):  Such a rate of heating could be very im- 
poi-t:~iit locally, but the long range effect of radia- 
tion could be more important than a short range 
corivcction cffect. It depends on the distribution of 
heat with distance. The relative importance of 
radiation and convection will no doubt vary with 
the conditions under which fire spread takes place. 
For example, we are concerned with Aame spread 

up walls and across streets, etc., as well as through 
a bed of fuel and for some of these radiation would 
certxirily pl:iy :in important, if not decisive, role. 

DR. A. E. PENGELLY (United Steels Research): All 
the papers concerned with natural fire propagation 
have treated rate of spread and scale but have con- 
sidered mechanism in but summary form. Two con- 
nected points seem likely to have s bearing on the 
correlations : 

Assuming temperatures of the order l000OC and 
active plumes of reasonable height, a buoyancy 
force may be calculated and compared with other 
local forces-wind. Essentially they are comparable 
since buoyancy is clearly equivalent to velocities of 
about 20 fps when expressed kinetically. Has con- 
sideration been given to these effects and, particu- 
larly, the possibility that ignition of given sections 
dependent on availablc oxygen may be dependent 
on the balance between wind and entrainment 
forces? 

Second and closely related-ignition depends on 
the achievement of a high fuel temperature by some 
heat transfer mechanism, and the simultaIieous 
availability of oxygen. It seems possible, therefore, 
that in some cases spread may be critjcally de- 
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pendent on heat transfer while in others early mix- 
ing may be crucial. For examplc: fast spreading 
crown fires with plenty of air from below might be 
heat-transfer dependent while crib fires of close 
packcd easily flammable material might depend 
on oxygen arrival. Could such n balance dictate the 
dil'ferent slopes rcported for correlations? 

DR. P. TI. TIIOMAS: Thc importxncr of wind 
effects lies prc.cisely in this, that these typical wind 
speeds arc compamblc with the vrlocitics of thc 
gsscs in these flames. 

Results are given in the papcr for thc effrct of 
wind on flame length and these show that when 

u2/gD > 1 the effect of wind is app:~rcnt, though tlic 
effect on deflection is greater than that on iiame 
length, but these data have yc~t to be reported. 

An attempt has been made in the paper to rela te 
the results for flame length to the other parameters, 
burning rat,? R and size D for s i  ill air and i t  is hoprd 
to extend this approach to consider the cflrcct of 
wind. 

This relation, for still air, treats m, the ratr of 
burning, as an independent v:triablc. The dctermina- 
tion of m, even if it partially drpcnds on flame 
length, will certainly involve :t consideration of tlic 
factors described. 



I3 EFFECTS ON PROPAGATION RATE OF LABORATORY 
CRIB FIRES 

W. L. FONS, H. B. CLEMENTS, AND P. M. GEORGE 

This paper presents results of a laboratory-scale propagating flame model in which crib fires are 
used. The modcl permits establishment of a steady-state condition for the free burning of solid 
fuels in the form of wood cribs. The principal objectives are to  evaluate quantitatively the effects of 
thc properties of fucl and fuel bed on the many attributes of fire behavior and to establish relation- 
ships of the variables in terms of several dimensionless groups. 

A dimensionless reIationship of flame dimensions and modified Froude number is presented for 
data from a propagating flame model and is in close agreerncnt with findings of other investigators 
using stationary flime models. Scale effects are also given for the fuel and fuel bed variables on 
burning time, propagating rate, and burning rate of laboratory crib fires. 

The work led to the following conclusions: (1) Laboratory crib fires may be used to represent line 
fires; (2) scaling of fuel size to  the 1.5 power for burning time is valid for loosely packed fuel beds; 
(3) same dimensionless groups may be used for correlation of data from propagating flame models 
and from stationary flame models. 

Plans for future investigation include the use of crib fires to determine the effects of fuel spacing, 
wind, and slope on the burning characteristics. 

Introduction 

ltescarch in the area of free-burning fires is 
re1:itively small and neglected when compared to 
the large and impressive effort in the field of 
combustion which is applicable to heat and power 
production. Combustion research has been moti- 
vated by useful rather than destructive applica- 
tions, and consequently has contributed little to 
an understanding of free-burning urban and 
forcst fires. Studies of fires under natural condi- 
tions over many years have produced mostly 
qualitative descriptions. This is understandable 
since free-burning fires are not only unplanned 
and unexpected but occur in many different and 
complicated situations. I n  other problems as 
complex as free-burning fires the basic research 
approach has led to great success. The Committee 
on Fire Research and the Fire Research Con- 
ferencc of thc National Academy of Sciences, 
National Research Council, studied the present 
status of firefighting techniques and concluded 
that the ability to cope with large fires, both 
forest and urban, can be realized only through a 
major expansion of fundamental research? 

In the development of model laws for fire be- 
havior in solid fuels, some attention has been 
given to the design and use of models representing 
uncontrolled fires. The reported work on models 
of free-burning fires includes studies under 

transient and steady-state conditions for sta- 
tionary and propagating 

This paper presents results of a propagating 
flame model in which wood crib fires were used. 
The experimental work was initiated early in 
1959. The model used permits establishment of 
a steady-state condition for the free burning of 
solid fuels in the form of wood cribs.2 The im- 
mediate objectives are to evaluate quantitatively 
the effects of the properties of fuel and fuel bed 
on the many attributes of fire behavior and to 
establish relationships of the variables in terms 
of dimensionless groups for laboratory-scale 
fires7zs 

A dimensionless relationship of flame dimen- 
sions and modified Froude number is presented 
for data from a propagating flame model. Scale 
effects of the fuel and fuel bcd variables are also 
given for burning time, propagating rate, and 
burning rate. 

Experimental 

The essential elements of the model are: a 
wood fuel bed built in the form of a crib, a com- 
bustion table equipped to transport the fuel bed 
at a controlled rate, a base of inert material of 
known density, and sensing and recording instru- 
ments to measure specified variables.' 

The fuel bed is a crib of wood sticks of square 

860 
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cross section. The physical features of such a 
crib can be controlled; for example, the species, 
density, moisture content, and stick size, as well 
as width and height of the crib. The crib is 
formed by placing the sticks in tiers with a par- 
ticular spacing between sticks. h drop of re- 
sorcinol-formaldehyde resin glue is placed on 
each junction to bond the crib into a rigid as- 
scmbly. For several weeks before burning, the 
crib is conditioned to moisture equilibrium in an 
atmosphere of constant temperature and relative 
humidity. 

The ignition device is a narrow, shallow trough 
containing an asbestos wick saturated with a 
liquid hydrocarbon fuel. To start the test, the 
ignition device is placed a t  one end of the crib, 
which is set on fire by ignition of the asbestos 
wick. The fire gradually spreads to the other end 
of the crib, reducing the wood to a residue of ash 
and charcoal. 

The combustion table is equipped with a 
chain-belt mechanism which moves the crib and 
two heavy asbestos sheets, one on each side of 
the fire, in synchronism with the flame spread to 
simulate the relative movement of the fire front 
with the ground. The crib and its inert base rest 
on the chain-belt, which is moved manually by a 
gear drive in order to hold the flaming zone of 
the burning crib in a fixed position. 

During the burning period, the combustioii 
gascs diluted by the entrained air are expelled 
from the room through a 2-foot diameter stack. 
Incoming conditioned air a t  the rate of about 
5000 cubic feet per minute is supplied to the room 
through several louvered outlets in a continuous 
duct located near the ceiling around the room. 
The entrance to the stack is a hood 12 feet in di- 
ameter and located 12 feet above the combustion 
table. 

Time-lapse cameras mounted on the wall 
photograph the test fires for subsequent mcasure- 
ments of flame depth and length. Three grids of 
thermocouples, suspended at different levels 
above the combustion table, measure tcmpera- 
tures of the convection column. A thermocouple 
and a Pitot tube mounted in the exhaust stack 
measure the temperature and velocity of com- 
bustion gases. Thermopile radiometers located a t  
the front, rear, and side of the test fire measure 
radiation. The sensing elements are connected to 
recording instruments located in a control room 
adjacent to the combustion room. 

Two important features of the model are: (1) 
The crib is made relatively long and a zone or 
band of fire travels the length of the crib. After 
an initial buildup, the rate of burning or spread 
reaches a constant value, which holds until near 
the end, and thus the difFiculty of investigating a 
fire burning under transient conditions is avoided. 

FIG. 1. A test fire during the steady-state burning 
period. 

(2) The position of the flaming zone is held fixed 
in space by moving the fuel into the fire. This 
method permits a grid of therinocouples in the 
flame and convection column, radiometers sur- 
rounding the fire, and other sensing devices to be 
stationary. The rate of fire spread is equal to the 
rate the crib is moved to maintain the flame in a 
fixed position (Fig. 1). 

The duration of the steady-state burning 
period is limited only by the buildup time arid 
the length of the crib. The time for the burning 
to reach a steady-state condition after onc end 
of the crib is ignited is dependent upon such 
factors as spacing, density, sizc, and moisture 

40 
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FIG. 2.  Steady-state burning through cribs of white 
fir wood with different specific gravities. 
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content OT the n ootl sticks. Typical curves for the 
sprcd of fire through cribs slion-ing the stcady- 
state pcriotls for cribs of different wood density 
arc presented in Fig. 2.  

Results and Discussion 

Influence of Spec@ Gravity and Moisture Content 
of CVood on Rate of Pire Spread. Sis series of tests 
were made to determine the effect of specific 
gravity of wood on rate of fire spread for different 
levels of moisture content. The cribs for these 
tests were 5.5 inches high, 9.25 inches wide, and 
35.5 inches long, and made from nominal *-inch 
square sticks of white fir (Abies concolor) with 
spacing of 1.25 inches between sticks in each tier. 
As shown in Fig. 3, the rate of spread increases 
rapidly with decreasing moisture for specific 
gravity less than 0.45 and moisture content less 
than 10 percent. Since litter, bark, moss, grass, 
leaves and partially decomposed wood have 
specific gravities somewhat less than 0.45 and 
are the fuels which mainly contribute to the 
spread of most forest fires, it is apparent that 
moisture content and specific gravity of these 
fuels me important in tlie spread of forest fires. 

Flame Dimension Correlation. When buoyant 
combustible gases emerge from a burning fuel 
bed into an uiiconfiiied atmosphere where they 
burn QY a flame, the rate of osygen diffusion into 
the gaseous fuel stream determines the length of 
the flame. For free convection fires this diffusion 
of osygen controls the rate of burning of the fuel 
per unit arca of the burning zone. A detailed 
derivation of a simple dimensionless relationship 
among flame length, flame depth, and rate of 
burning for buoyant diffusion flames, including a 
discussion of tlie work of others. can be found in 
tho paper by Thoinas et a1.3 

4 \  
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SPECIFIC GRAVITY 

Pic. 3 .  Effect of specific gravity of wood on rate of 
fire spread through cribs at  different moisture 

content. 

PRINCIPLES 

The derived diinensionlcss relationship of the 
flame dimensions with the modified Froudc 
number containing the conibustion gas velocity 
Y is 

L I D  = f (V2/gD).  (1) 
Assuming that the temperature of the eom- 

bustion gases emerging from the fuel in the 
flaming zone is the same for the different fires 
and that i t  is equal to the flame temperature of 
1650°F, then the velocity V of the gases is 
calculated by the relation 

V = CGIp,. (2) 

The term C is the weight of gas produced per 
unit weight of solid fuel. For conditions of com- 
plete combustion, no escess air, and gas temper- 
ature a t  1650°P, C = 6.13 and p, = 0.019 lb/ft'l.Y 
The flame dimensions can be expressed in terms 
of the rate of burning per unit area G by coni- 
bining Eqs. (1) and (2): 

LID = f(C2G2/pg2gD). (3) 
From time-lapse motion pictures taken during 

the steady-state burning period, measurements 
of length of flame L and depth of flaming zone D 
were made of 66 crib fires. These cribs were of 
varying width and height and contained wood of 
varying density, fuel size, and moisture content; 
but, in this flame dimension correlation, it is 
assumed that the fuel and fuel bed parameters 
are important only in their effect on G,  the rate 
of burning per unit area of each crib, which was 
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FIG. 4. Dimensionless correlation of flame dimen- 
sions and burning rate for crib fires (propagating 

flame model). 
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FIG. 5. Flame length as a function of rate of energy 
released per unit lcngth of fire front. 

calculated by the equation 

G = W R / D .  (4) 

Since the ratios of the flaming zonc D to the 
width of the crib wb for most of the fires burned 
were less than 1.0, i.c., D/wb < 1.0, the advanc- 
ing flaming zone for these fires may be con- 
sidered, ideally, a semi-infinite strip or line fire. 
The results are shown in Fig. 4 and the equation 
for the line is 

L I D  = 4.5(C2G2/pg2gD)0 43. ( 5 )  

The exponent 0.43 in Eq. (5) is in agreement 
with the value found by Thomas4 for line fires 
which were burned both with and without wind. 
This suggests that  the functional power relation- 
ship between flame length and Froude number is 
independent of wind. 

Data from fires with D/wb < 0.5 were used to 
determine the relationship between the flame 
length L and the energy liberation rate per unit 
length of fire front HWR. Figure 5 shows that L 
is proportional to the two-thirds power of HWR. 
The value of 3 is in agreement with that found 
by others for strip or linc fires. The equation for 
the line is 

I, = 0.74(11WR)3'3. (6) 
Burning T i m e  Correlation. A flaming zone of 
depth D moving a t  a rate R through a fuel bed 
of solid fuel particles will require a time 0, to  
pass a reference point in the fuel bed. During the 
time O,, a quantity of fuel TI '  is burned a t  a rate 
G. Thus, by definition, 

6, = D/R = W / G .  (7)  

If the position of a fuel particle is used as a 
reference point, then Or will be the time during 
which a fuel particle resides in the flaming zone 
and may be referred to as residence time. This 
fuel particle of initial thickness do when ignited, 
is a t  the front of the flaming zoiic and ii sur- 
rounded by a gas a t  temperature t,. The gas is 
emitted by the buriiing particles spaced a t  regu- 
lar intervals from each other. At ignition, the 
center of the particle is a t  temperature t p ,  and 
its temperature increases with time until thc 
particle reaches the rear of the flaming zone. It 
is assumed that when the particle arrives a t  the 
rear of the flaming zone all of its volatiles are re- 
leased, and its center reachcs the same tcmpera- 
ture as that of the surrounding qas. The heat 
flow a t  the boundary between the gas aiid the 
burning particle is proportional to lzdc/lc,. Siiicc 
the temperature of the surrounding gas is ns- 
sumed to be constant, it  follows then that the 
ratio h /k ,  is effectively constant. The tempera- 
ture t, of the gaq will depend on it? heat capacity 
and the amount of heat trancfcrrcd to it by the 
burning particles of the combustion zone less the 
losses by convectioii to the atmospherc. For 
steady-state conditions, it  is assuincd that thc 
gas temperature t, and density p o  remain con- 
stant and have the values of 165OoF, aiid 0.019 
1b/ft7, respectively.9 

Consider a flaming zonc moving through a fu el 
bed of height h b  and width wb, and compoicd of 
fuel particles with initial thickness do, moisture 
content AT/, and density p j .  At the time 0, after 
the particle enters the flaming zone, thc tempera- 
ture t a t  the center of a particle may be dctcr- 
mined by an equation which expresses thc fuel 
and fuel bed parameters and the mass and 
energy transfer rates in terms of dimensionless 
groups. The equation is written as 

(t  - t d / ( t l ,  - I C )  

The first two dimensionless groups on the 
right-hand-side of Eq. (5) are the Fourier nuin- 
ber, and the ratio of the length and depth of 
flame, respectively; the latter is a function of 
Froude number as presented in the preceding 
section. Fourier number dcstribes the heat 
transfer by conduction into :L solid body from 
its surface and in this analysis it is assumed to 
be proportional to mabs transfer.l0 Froutle 
number, in this case, represents the natural 
convective heat and mass transfer from a source 
to the atmosphere. The third dimensionless 
group k,/hdo is the reciprocal of Nusselt number 
which describes the heat transfer to the surface 
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TABLE 1 

Range of Fuel and Fuel Bed Parameters 

Source No. of 
of data fires P I  do ha wb MI V*/Vf 

(ib/ft3) (in.) (in.) (in.) (per cent) 

1.2-4.1 Ref. 8 54 19-47 0.25-1.25 2.72-12.7 5.75-16.2 2.5-16.7 
0.4-2.3 Ref. 6 22 27 0.065-3.6 0.65-36 0.65-36 9.2 

of the particle by the surrounding gas. The re- 
maining six groups are ratios involving fuel and 
fuel bed parametcrs. 

I t  folloivs that when 8 = O r ,  then t - to = 
t, - t o  and Eq. (S) may be written as 

(ora/&2) (Yo) 
= f (kdhd0, P//Pm h b / W b ~  

Vg/ VJ, 4h/'d1, D/do). (9) 

In Eq. (9), if 8, is replaced by D/R from Eq. 
(71, then the left side becomes La/Rdo2. Simi- 
larly, when Or is replaced with WIG in Eq. (9), 
the left side becomes WLa/GDd?. The product 
CD is the rate of burning per unit width of a 
line fire. 

To determine the numerical value of the di- 
mmsionless group Bra/do2, a is replaced by 
k/,o,CP and Or is replaced by D/R [Eq. (7)].  For 
each fire, measurements of the width of flaming 
zone D are taken from 3-second time-lapse mo- 
tion pictures. Thermal diffusivity a is determined 
by using an empirical equation for thermal con- 
ductivity k expressed as a function of density p/ 
of bone-dry wood,11 and a value of 0.327 is used 
for the specific heat C, of bone-dry wood." 
When pf is exprcssed as lb/ft3, the equation for 
a in units of in?/min becomes 

a = (O.lOO/p,) f 0.0137. (10) 
Data from 106 fires, including 22 fires by 

were analyzed to establish exponents for 
the dimensionless ratios on the right-hand side 
of Eq. (9). For fires by Gross, D/do was held 
constnnt a t  a value of 10. For the propagating 
flame model in which the depth of the flaming 
zone was allowed to assume a natural value, 
data showed that the ratio D/do for each fire 
was approximately 10.5. Since D/do remained 
constnnt for the two types of models, this group 
w:ts not considered in the analysis. In  the dimen- 
sionless group k,/hdo, a value of unity was chosen 
for the ratio k,/h. Table 1 shows the range of the 
fuel and fuel bed parameters for the fires used in 
the analysis. The fires by Gross were used to de- 
termine the exponent for V,/Vf, because the 

ratios h b / w h  and 4 h b / d o  for these cribs were con- 
stant and V,/Vf was varied independently of 
fuel size. 

Equation (9) with the exponents for the di- 
mensionless groups becomes 

(LID) 

= f[(k,/hdo)'.5Co//pff)n~/o.1' 

( h b / W b ) o ' * ( h b / h ) o . 6 5 ] ,  (11) 
where 

h = Vgdo/4V/. 

Figurcs 6 and 7 show the correlation of data from 
the fires based on Eq. (1 1) with L / D  values taken 
from the curve in Fig. 4 for calculated Froude 
numbers. Figure 7 shows that the curves for the 
stationary flame model6 and the propagating 
flame model are almost superimposed and have a 
slope of unity. 
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FIG. 6. Dimensionless correlation of heat and mass 
transfer with fuel and fuel bed parameters for 

laboratory crib fires (propagating flame model). 
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FIG. 7 .  Dimensionless correlation of heat and mass 
transfer with fuel and fuel bcd parammeters for 

laboratory crib fires (stationary flame model). 

The ratio h,/h scales to the 0.65 power and its 
magnitude plays an important role in controlling 
the convective heat and mass transfer and the 
burning time. The 0.65 power compares favorably 
with the value of 0.50 reported for light forest 
fuels.13 

Bryan5 conducted experiments with a sta- 
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FIG. S. Effect of fuel s i x  on burning time for 
laboratory crib fires with different gas-to-fuel- 

volume ratios. 

tionary flame model and conclucletl that 1)uriiing 
time scales as the 1.5 power of the fuel size. 
However, iio eoiisidrratioii was given to L / I )  arid 
V,/ V I  in Bryan’s experiments. Closc obscrv:ttioii 
suggests that for fircs in fuel bt 
time@, iiicrcascs as gas/fuel-volumc ratio vg,/l~’,~ 
approaches zero. The fircs hurned by Gross6 
wcre in cribs with three different values of 
V,/V/ (Table 1). Figure S shows burning tinie 
8, plotted agaiiist fuel size do for different values 
of V,/Vf .  For cribs with V,/V,. = 2.3 and 
do > 0.2 inches, and for cribs with V,/VJ = 1.0 
and do  > 0.6 inches, fuel sizc scales to the 1.5 
power. This agrees with the findings of Bryan5 
for cribs with V,/V/ = 1.3 and for fuel sizes 1.3, 
1.7, and 2.0 inches. Figure S illustrates that in 
the range of fuel size studied its scaling for burti- 
ing time is dependent on both tlic ratio of 
V,/Vf and the ratio of LID.  

In  summary, Eq. (11) gives tlie scale effects of 
the fuel and fuel bed variables on burning time, 
propagating rate, and burning rate for labora- 
tory crib fires. With the exception of the gas/ 
fuel-volume ratio, the range of fuel and fuel bed 
variablcs covered by the crib fires is comparable 
to that generally found in forcst areas. For most 
forest fuel types, such as grass, litter, and brush, 
the gas/fuel-volume ratio (V,/Vj) is greater tliaii 
4.0.’3 Equation (11) coinbiiicd with Eq. (6), 
however, may be used to make quantitative 
estimates of flame length L, rate of propagation 
R, and rate of burning per unit width GD for line 
fircs in forests. 

Conclusions 
1. Laboratory crib fires may bc used to repre- 

sent line fircs providing the depth of flaniing 
zone is less than the width of crib. 

2. Dimensionless relationship of flame dimen- 
sions and modified Froudc’s number for the 
propagating flame model is in agreement with 
findings of other researchers using stationary 
flame models. 

3. Individual effects of the various fuel and fuel 
bed parameters on the heat and mass transfrr 
for laboratory crib fires can be determined 
independently. 

4. Data from propagating flame models and 
stationary flame models can be correlated by the 
same dimensionless groups. 

5 .  The scaling of fuel size to the 1.5 power for 
burning time is not valid for tightly packed fulel 
beds where V,/Vf < 1.0. 

6. The results obtained by the propagating 
flame model give certain guides to a better 
understanding of the behavior of wildfires and 
provide several relationships between the fuel 
and fuel bed parameters and the burning clizrac- 
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ctic:sI al)l)lication in the field of 01 

0 “ I iine 
0, Burning time of fuel 

Tlierriial diffusivity of hone-dry fuel 

Plans for Future Work 

Plans for futurc work include the use of crib 
fires to determine tlie effects of spacing, wind, and 
slope on the burning characteristics. The spacing 
in  the vertical plane for cribs burned thus far was 
always cqud to the thickness of the fuel particles. 
I t  is planned to burn cribs in which the vertical 
spacing of the fuel will be varied indepenctently 
of fuel size. Since for most forest fuel types 
V, /V/  > 4.0, cribs will be made and burned 
with values of V,/V, several times larger than 
used thus far. A low-speed wind tunnel will be 
used to  evaluate the effect of wind speed on the 
flame dimensions and the burning rate of propa- 
gating and stationary fires in wood cribs. Cribs 
will. bc burned at different inclinations, simulat- 
ing uphill and downhill burning, to determine 
the eEects of slope on their burning character- 
istics. In addition, the scaling of fuel and fuel bed 
parameters established by laboratory crib fires 
will be applied to data collected on actual field 

pg Density of gas 
p/ Fuel density, boric dry 
X Volume of voids per unit of fuel surface 
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A MODEL STUDY OF THE INTERACTION O F  
TURBULENT DIFFUSION FLAMES 

A. A. PUTNAM AND C. I?. SPEICH 

This research progrnm has shown that n valid iiiodel for studics of inass firm wn 1x1 prodiircd 
using multiple jets of gascous fuels. The basic requircmcnt is that thc fuel jets protliwr turl~ulcnt 
diffusion flamcs which arc buoyancy controlled. A specific operating range wherc Ihis rcqiiirernrrrt 
is met was found for this modcl. 

A number of flamc arrays have been studied in which tlie dimcnsionless groups of (:LrriLy-fl:tm(i 
height/single-flame height), number of jets, source-shape factor, and [flamc sp:tcing/(fucl-flow 
rate)2’5] were the important variables. Assuming the flame to be a series of point sources, only (ar- 
ray-flamc heightfiinglc-flame height) and [flame-spacing/(fuel-flow rate)2’&] showed a SI rong corrcla- 
tion. This correlation is shown to esist both analytically and expcrimentally, but not to the samca 
extent. The experimental data showed no consistent effect of jet numbcr or flame array. The diffw- 
ence bctween the analytical and csperimental trcnds is accredited to a mutual aspirating effect of 
one flame upon another which decreases the effective spacing betwccn the jets. A good correlation 
was also obtained, considering the flame as a continuous %rea fire, betwccn the dimensionless flnmc 
hpight based on the extent of thc fire area and the total fuel-flow rate. 

Introduction 

In recent years there has bccii interest in trying 
to model mass fires for the purpose of isolating 
those parameters which are most influential in 
determining the size, spread, and burning rate of 
such fires. A related problem is that  of dctermin- 
ing the parametcrs which arc significant in tlie 
changeover or mcrging of a number of individual 
flames into a mass fire. Previous investigations 
havc covered tlie flames produced by multiple 
sources of cither liquid or solid fuels in close 
proximity. In these flames, the rate of fuel supply 
to  thc flame was determined by tlie strength of 
the back radiation which is the primary source of 
hcat for vaporizing a id  pyrolizing the fucl. How- 
ever, the difficulties encountered in modeling this 
radiant-energy transfer have greatly complicated 
the construction of a valid iiiodel for mass fires. 
One approach to  the establishment of the desired 
modeling laws was to first use fires where radia- 
tion was not an  important factor in controlling 
the fuel-flow rate and then consider the influence 
of radiation separately. A gaseous fuel, such as 
methane, would produce the type of flame de- 
sired for this study. The fuel-flow rate would be 
controlled by the investigator and thus would be 
an independent variable in the establishment of 
the modeling laws. 

In liquid or solid-fueled fires where the fuel is 
stagnant, the physical transport of fuel, oxidant, 

and combustion gases occurs because of gradicn1;s 
set up by changes in density. For a gascous fuel, 
however, the thrust of tlie fuel being injccted 
into the ambient sir can also affect these trans- 
port processes. Therefore, for this program, thc 
condition was set that  the fucl velocity and 
nozzle diameter be such that forces arising from 
buoyancy considerations always be controlling 
relative to forces arising from jet-thrust con- 
siderations. By holding to this condition, it  vas 
hoped that data using gaseous-fueled flames 
could eventually bc correlated with data from 
flames of liquid and solid fuels. If such a flamc 
could be established with a reasonable fuel-supp1,y 
rate to tlic flame, then the second objcctive 
would be to investigate tlic influence of jet 
spacing, fuel-flow rate, and jet array gc0mctr.y 
on the resulting flamc configuration. 

This paper is intended to report the prc- 
liminsry findings of a study to establish modeling 
laws for partially and fully mergt4 flames using 
gaseous fuels. The paper first discusses the efforts 
made to determine those flow conditions and 
nozzle diameters which produced single turbulent 
flames which were buoyancy controlled. Data for 
flames from different arrays of multiple jets are 
then presented and analyzed from two different 
viewpoints-considering the total flame source as 
a series of small or point sources of fuel, and con- 
sidering the total flame source OD an area basis. 
During tlie course of this initial program, hot11 
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andlytical and experimental approaches were 
uscd to predict the important parameters af- 
fecting the merging phenomena. The analytical 
treatment, although admittedly unsophisticated 
in nature, has been of definite value in delineating 
the important parameters. An appendix is pro- 
vided which briefly describes the apparatus used 
in this program. 

Analytic Considerations 

111 tlie study of flames, particularly gaseous 
jets, one of the flame parameters which is of 
intercst is the ratio of flanie height to initial jet 
dismetzr (Llclo). It is known that for thrust- 
controlled flames, this ratio is independent of 
fuel-flow rate. However, for buoyancy-controlled 
fla,mes, this ratio is not independent of fuel-flow 
rate. Thus, the preliminary experimental and 
theoretical analyses of this program were con- 
cerned with the determination of the dimension- 
less height relationship and its dependence upon 
fuel-flow rate. Subsequently, tlie theoretical 
andysis was extended in an attempt to predict 
the Bnme height of multiple sources of fuel. 

Single-Jet, Buoyancy-Controlled Turbulent D$- 
fusion Flames 

In  order to obtain the type of flame believed 
nccesiary for this study, two relations between 
jet diameter and flow velocity had to be con- 
sidcrcd. For the first relation, a sufficiently high 
Reynolds number of the jet of fuel had to be 
achieved in order to assume turbulent flow for 
the flame. For this program, Reynolds numbers 
in csccss of 5000 were always used. Since for a 
given flow rate the Reynolds number is inversely 
proportional to the diameter, small diameter jets 
for reasonable gas-flow rates would be desired. 
In  addition, for the jets used in this study, the 
ratio of the buoyancy force to the thrust of the 
jet had to be sufficiently greater than unity so 
that the flame could be primarily buoyancy con- 
trolled. Some trivial manipulation shows this 
ratio is proportions1 to the Froude number to 
tlie - 2/5 power for a given combusted fuel; thus, 
the second relation is concerned with a suffi- 
ciently low value of Froude number. In  other 
words, for a given flow rate, a maximum nozzle 
diameter is desired. 

To aid in the determination of actual values of 
flow rate and jet diameter which could be used 
in this study, the work of several investigators 
was studied. Since Spalding2 and Rieou and 

Spalding? extended their relations for the mass 
flux induced by a buoyant jet to the ease where 
jets of combustible material were burned in a 
diffusion flame, their approach was used in this 
study for a given fuel. 

Figure 1 shows the data of Ricou and Spalding3 
in which they measured the amount of air as- 
pirated within a given height for a convective 
jet or plume. These data were obtained by 
placing a porous cylinder around the flame and 
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FIG. 1. Experimental data, for turbulent diffusion 
flames (after Ricou and Spalding). 

supplying sufficient air to cause a zero pressure 
difference between the region near the flame 
and the ambient. The symbol 5 which appears 
in the term used for the abscissa of Fig. 1 is not 
the flame height, but rather the height of the 
concentric cylinder used in the experiment. A 
well-fitting line through the data was found to 
have the equation 

(k/ko) Fr-l= 0.165 [(z/&)(PI/Po)~ FP-;]~'~, (1) 

where P r  is a modified form of the Froude num- 
ber. For a jet in which chemical reaction occurs, 
Ricou and Spalding3 define the Froude number as 
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Substituting Eq. ( 2 )  into Eq. (1) and reducing 

(3) 

I t  is assumed that vi/ mu and the term within the 
brackets arc constant at the end of the visible 
flame, where z = L. This assumption has impli- 
cations with rcspcct to: (a) the accuracy of the 
measured position of the flame tip, as related to 
the thickness of the region of a strong rate of 
change of luminosity relative to total flame 
length; (b) the accuracy of height measurement 
as related to a change in curvature of the flame 
tip from one type of flame to another; and (c) 
a chemical mechanism leading to production of 
a luminous flame. In  the judgment of the authors, 
it  is an acceptable assumption a t  this stage of 
progress. However, confirmation should and can 
only be found through experimental testing of 
the assumption by chemical composition measure- 
ments on several flames. 

Proceeding on the basis that  our assumption 
is valid 

L/do = K(Qo2/gdo5)1/5, (4) 
or 

L = Z<’&,12’5. 

Equation 4 suggests that  dat,a of flame height 
from buoyancy-controlled flames should fall along 
a line whose slope is 1/5 on log-log coordinates 
when plotted in terms of the parameters given in 
the equation. If, for a given flame, the flame 
height follows this relationship for low flow rates, 
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FIG. 2. Dimensionless flame height as a function of 
Qo2/gdo5 for single flames using experimental burners 

I and 11. 

but diverges from the line a t  higher flow rate<, i t  

can be assumed that the divergence occur5 bc- 
cause the flame becomes thrust controlled. Figure 
2 shows the variation in dimensionless flame 
height as a function of the term (Qo2/gdo5) as 
found for the experimental I~urncrs used in this 
research program. By following the datum 
points for specific diameters through increasing 
flow rates, i t  is seen that above certain values 
the datum points (as indicated by the boy) do 
break away from the predicted trend and the 
flame height tends to remain constant. 

Using only the points u hich follow the trcnd 
establislied for buoyancy-controlled flames, a 
value for the constant I< in Eq. (4) can be 
established. Thus, Eq. (4) becomes 

Data of the type discussed ahovc can also be 
used to establish an operating range over wliich 
the subsequent experiments can be run with 
some assurance of having flames which are 
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FIG. 3. Operating range of nozzle sizc and flow 
velocity. 



8701 MODELING PRINCIPLES 

t u r l d c n t  atid I)uoyancy coutrolled. Figure 3 
s h o w  the rangc of operation found for this es- 
periinental study in terms of the velocity of the 
fuel gas issuing from the nozzle and the nozzle 
diameter. Tlie desired range is within the wedge 
forined by the limit line for which the Reynolds 
number is equal to or greater than 5000 and the 
liinit line above which the flames are found t o  be 
thrust controlled. 

I t  is interesting to note that somewhat below 
the lift-off limit the flame could be forced to lift 
off by passing a rod across the jet entrance. 
Pertincnt to the approximation indicated in the 
analytical treatment was the observation that 
this lift-off did not change the shape or position 
of the upper portion of the flame, although i t  
ch:ingccl the luminosity 01 the lower portion. 

Merging EJects in Arrays of Flames 

flame under the condition of closc proximity and 
n is the number of jets, each with a flow rate of 
Qo. If the height of a single isolated jet with the 
same fuel-flow rate is given by L*, thcii 

B more general case would be where the jets 
are spaced by a distance S. Thc flame interaction 
in this case is only partial. However, the height 
of the combined flame I,’, might be given by the 
relation, 

L‘/ L* 
= function [source-shape factor, n, S/(QG2/g)1i5], 

(7)  

where the source-shape factor is some function 
which describes the shape of the set of small or 
point sourccs. A r i  alternate formulation, which 
has the advantage of having the limits of zero 
and one, is 

(L’IL*) - 1 

The single jet study outlined above was for 
the case wherein thc ratio of height of observa- 
tion (or flame height in our case) to spud diameter 
is large. Furthermore, the remaining data dis- 
cussed in this report are for the same condition. 
As a result, the diameter do, may be eliminated 
in the correlating relation. For the ease wherein 
th4e ratio of observation height to the spud di- 
ameter (or puddle or fuel-array size in the many 
studies reported in the literature) is small, this 
ratio must remain as a second correlating di- 
rnmsionless group. While this is not the case in 
the present study for an individual flame, it 
might be expected that arrays of large numbers 
of flnines could act in a way similar to a con- 
tinuous flame of large diameter relative to the 
height. This study is concerned, however, with 
thc interinediat,e numbers of flame in arrays, 
and with flames which individually are tall com- 
pared with their base dimensions. Based on this 
stipulation, the upper limit in flame height of 
multiple jets can bc obtained from an extension 

If the multiple jets are very close together, 
relative to the height of the flame, it would be 
expected that the flame-array height will be 
given by the single-jet relation using the total 
flow rate. Thus, the flame-height relation 

of Eq. (4). 

tion was that the rate of‘mass flus of aspirated 
air to mass flux of injected fuel   vi/^&) a t  the 
flame tip is a constant for a jet, whether it is 
isolated or in close proximity to other jets. From 
these two assumptions, i t  would thus be expected 
that jets whose aspirated air supply is shielded 
will be taller than isolated jets where no shielding 
takes place. A third assumption was that there 
is no significant deviation of a jet from the 

I ,  = I<QgP/B 

would be moclified’ to 

1; = R ( T L Q ~ ) ~ ’ ~ ,  

where I,’ is the flame height of the combined 

= function [source-shape factor, n, s/(Q~’/g)’’~]. 

(SI 

The disadvantage of this relation is that the term 
(L’/L*) - 1 exaggerates smaIl variations in the 
measurement of flame height. 

With the limits of fltlme height determined, 
the next problem is to determine a relation for 
the height a t  intermcdiate jet spacings. In  the 
derivations which will be discussed, three basic 
assumptions were made. In the first of these, a 
given jet was assumed to be shielded by all other 
jets in the array in that  the path for the aspirated 
air for the given jet is partially blocked by the 
other jets. The blockage is assumed proportional 
to the diameter of the blockage jet as seen from 
the jet in question. Thus, it  takes longer for the 
given jet to aspirate a specific mass flow of air 
when it is part of an array. The second assump- 



MULTIPLE TURBULEKT DIFFUSION FLAMES 

0.04 0.1 1 
S - [,) 1’5 

10 

FIG. 4. Experimental and theoretical correlations of a dimensionless flame 
height as n function of S/(&02/g)1’s for the point source dnta. 

vertical because of the mutual aspiration of ad- 
jacent jets. Such a “pulling together” of the 
flames would decrease the actual spacing be- 
tween jets. This particular assumption, used in 
many combustion flow studies in the past, turns 
out to be a fatal flaw to the theory in this case, 
but its failure is quite illuminating and leads to a 
revised approach which will be discussed subse- 
quently. 

Using these assumptions, Eq. 3 was extended 
for the cases of: (a) two jets in close prosimity; 
(b) three jets in an equilateral triangular pat- 
tern; (e) six and seven jets in a hexagonal pat- 
tern; and (d) three jets in a line. Some considera- 
tion was also given to the extension of the case 
of three jets in a line to many jets in a line. In 
no instance was a closed form of solution found. 
The resulting curves will be discussed in con- 
junction with the experimental results. The de- 
tails of the analyses will be found in reference l. 

Discussion of the Experimental Results 
on Multiple Sources 

Symmetric Flame Sources Treated As Point Sources 

As shown by Eq. ( 7 ) ,  the experimental data 
could be correlated by the dimensionless groups of 

L’/L*, number of jets, source-shape factor 

87 1 

and 

In the correlations of data reportcd herein, 
L’/L* has been plotted as a function of S/(Qo2/ 
g ) l i r ,  with number of jets and source-shape factor 
as independent variables. Figure 4 shows a plot- 
ting of the esperimental data as well as thc 
predicted theoretical curves. Although the 
ordinate is expected to reduce all of thc data to 
the range between 0 and I, it  has a tcndenry to 
accentuate experimental scatter, particularly a t  
small values of the ordinate; this esplains the 
points below zcro. In  future studies an individual 
flame will be run a t  thc same time as an array 
flame, but outside its influence; this will elim- 
inate one source of scatter. 

The horizontal position of the tlieorctical 
curves, as compared with the data, is not sig- 
nificant; only the shape is important since a eo- 
efficient requiring experimental evaluation 113s 
bcen omitted. 

It is of interest to note first that  the theoretical 
curves show a strong correlation between 
(L’/L*) and S/(&02/g)1/5. In  addition, there is a 
small effect of number of jets or source-shape 
factor, or both, which causcs a displacement 
among the curves. It is not possible to dis- 
tinguish which of the two factors, number or 
arrangement, is responsible for the shift. 
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I t  cnii be readily seen from Fig. 4 that  the,- 
cy)nrimcntal data do not correlatc with the 
theoretical curves but instead show a more 
rapid rate of change of flame height. There is 
comiderable scatter in the data as evidenced by 
a comparison of data for similar configurations. 
Evcn so, the data do fall in a relatively narrow 
scstterband. I n  contrast to the results shown by 
the theoretical curves, there does not appear to 
he any consistent effect of jet number or source 
shape for the experimental data. Specific corre- 
lations which would delineate any such trends 
were also not effective in separating the effect of 
jet number. Also, a comparison of the two la-jet 
arrays does not reveal any noticeable effect of 
source-shape factor. 

Perhaps the most important difference between 
the esperimental data and the theoretical curves 
is t,he trend in the data for decreasing values of 
S/(Q02/g)1’5. The vertical rise in the data a t  
about 2 indicates that all of the arrays studied 
in thc program show a similar rapid increase in 
flame height and are apparently almost fully 
merged. Since the theory outlined above ac- 
counted for the increase in flame height by the 
mutual blocking effect of jets on the aspired air 
supply, the further increase in the flame height 
must be accredited to some other mechanism. 
The most logical explanation is that  a t  close 
spxings, the flame of each jet is aspirated by 
thc adjacent jets, thus decreasing the effective 
sp:tcing between the jets. That is, the third 
assumption used in the theoretical derivation is 
untenable. Thus, for a given array, the flame 
height will increase as the jets are spaced closer 
together until the flame aspirating effect becomes 
strong. Then large increases in flame height will 
occur with small further decreases in spacing as 
the Aames merge. Further decreases in spacing 

seein to have little effect on the flame height. 
‘These trends can he seen by following the data 
for individual arrays. 

To check on this explanation of the deviation, 
the third assumption related to vertical jets was 
dropped from the anaIyticaI treatment. The 
spacing between jets in a pair of jets was made 
a function of the height. The rate of change of 
spacing with height was considered to be a re- 
sult of the unbalancing of momentum of the 
inflow due to the shielding on one side of each 
jet by the othcr jet. The result of this computa- 
tion, as shown on Fig. 4, is seen to be that the 
two-jet curve rises more rapidly. While the rate 
of rise is still not quite as much as indicated by 
the experimental data (it should be recalled that 
the horizontal coordinate as far as this theory is 
concerned is relative and may be shifted), this 
may be the result of an arbitrary assumption 
that had to be made in assigning effective jet 
radii in the computation. Therefore, it is be- 
lieved that mutual entrainment explains fully 
the rapid increase in flame height with a decrease 
in spacing, at the critical spacing distance. 

Symmetric Flame Sources Treated as an Area Fire 

The correlation as presented incFig. 4 con- 
siders the merged flame as a set of point sources. 
The correlating functions are based on the flow 
rate and geometry of the individual jets which 
make up any given configuration. It is also pos- 
sible to correlate these data in terms of an area 
fire in which the fuel-flow rate is the total fuel 
available for combustion and the principal di- 
mention is some dimension indicative of the 
total area of the fuel source. This permits a 
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FIG. 5.  Correlation of the data assuming an area source. 
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comparison with area fire data. The principal 
assumption which must be made concerns the 
“shape factor” for the array. In  view of the 
small amount of data available, and the prc- 
liminary nature of this portion of thc study, a 
very simple approach was used to determine an 
equivalent array size; it  was assumed that the 
jets, regardless of their array pattern, are in a 
square array. With a spacing bctwcen jets of S, 
the principal dimension of the array then is 
equal to one side of the squarc or 

n = S(ni - 1) 

where n is the numbcr of sources in the array. 
This relation can now be used to obtain D from 
X and n for other than square arrays. One can 
now correlate the gaseous-fuel data obtained in 
this study in a form used by such investigations 
as Thomas4 in his work on solid fuel fires. 

Figure 5 shows a correlation of our jet data 
for gaseous fuels on an area source basis. The 
particular coordinates, a dimensionless flame 
height (LID)  and $-/go5 where q is the total 
fuel-flow rate, were found by Thomas to give a 
good correlation. Specifically, the jet array to 
area conversion factors are 

L / D  = L/X(ni - 1) 
and 

q2/gD5 = ( Q ~ ~ / g d ~ ~ ) ) c n ~ d ~ ~ / ( n ~  - l)5S.5]. 

I t  is of interest to  note that the data fall quite 
well along a line where the slope is 1/5. For com- 
parison purposes, the best-fit line for the J.F.R.O. 
data on Fig. 10 of Thomas’ paper have been 
superimposed on Fig. 5 .  This line has also been 
extrapolated beyond the range of data reported 
in his paper. Although there is a difference in 
slope between the two sets of data, it is not 
deemed necessary that a constant power relation 
exists over the wide range of data encompassed 
by these ~ t u d i e s . ~  Furthermore, our data fare 
nicely into the referenced data at the lower co- 
ordinate values. 

Line Fires 

One of the arrays studied in the program was 
that of the line fire. Figure 6 shows a correlation 
for the data obtained with line fires of various 
lengths and two different fuel-flow rates. In  a 
very elementary sense, it can be argued that in- 
creasing the number of fuel sources in a line fire 

should have a “marginal-return” effect on the 
over-all flame height of the array. Thus, an ex- 
ponential-type equation might be expected to 
best fit the data. A curve, which has been found 
to pass through the data for all values of n uscd 
is given by 

From this equation, a maximum valuc of (L ,z /S)  
would be 

It is of interest to note that the flame height for 
any given number of jets and spacing varies with 
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FIG. 6 .  Correlation of thc finite linc firr data using 
Eq. (3). 

the fuel-flow rate to the 2 /5  power instead of the 
2/3 power as would be predicted from theoretileal 
considerations of infinite line sources. Apparently, 
the jets were too widely spaced in the experi- 
mental studies reported herein with the results 
that  the jets acted as individual point sourccs 
and not as a line source. 

Conclusion 

It appears that  gaseous fuel jets in arrays can 
be used to study the merging of individualIy 
acting fires into mass fires. To satisfy the re- 
quirement of being a turbulent, buoyanoy- 
controlled flame, the individual jets must exceed 
a critical Reynolds number, and be less than a 
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critical Froude number. Increasing the jet di- 
ameter increases the range over which this 
condition can be met. However, in modeling, 
therl: is a practical limit to the increase in single 
jet size that can be tolerated. 

Providing these requirements are met, the 
ratio of flame height of the array of jet flames to 
single-jet flame height is a function of a dimen- 
sionless spacing, the number of jets, and source- 
sha1)e factor. For roughly circular arrays, 
combining the height ratio and nuinher of jets 
iii such a manner as to give a range froin zero to 
one permitted a correlation with the spacing 
factor that  shows no further effect of source 
shape or number of jets. At a critical spacing 
factor of about two, the jet flames changed 
abruptly from acting as single jet flames to 
acting as a mass fire. 

There is a strong indication that  a t  a moderate 
number of jets, the exact number depending on 
the array pattern and the dimensionless spacing, 
the array rnay be treated as a single extended 
fire, giving results correlating with results on 
stacks of wood and similar fire sources. 

In  the study of the linear arrays, a gradual 
shift of the relation of flame height to flow rate 
from that observed for individual sources to 
that predicted for a pure line source was es- 
pected. This shift did not occur. Apparently the 
c1ia:racteristic spacing for these studies was not 
made small enough to obtain this expected 
shift. A semi-empirical correlation of the array 
flanie height indicated that flame height reaches 
a finite niaxiinuni as the iiumber of jets in a line 
is increased. 

Nomenclature 

C 

do Nozzle port diameter 

D 

Fr 

Specific heat a t  constant pressure 

Principal dimension of an area fire 

Froude number [defined Eq. (a)] 

Mass flux of the induced air 
Mass flux of the injected fluid 

Mass fraction of fuel in the injected fluid 
Number of jets 
Total fuel-flow rate 
Volume flux of injected fuel 
Spacing between jet center lines 
Absolute temperature 

Injected-fuel-flow velocity 

2 

P Mass density 

Distance above a reference plane 

Subscripts 

0 Injected fluid 

1 Ambient atmosphere 

ACKNOWLEDGMENT 

This paper is based on a program sponsored by 
the Office of Naval Research and the Office of Civil 
and Defense Mobilization through the Fire Re- 
search Section of the National Bureau of Standards. 

REFERENCES 

1. PUTNAM, A. A. and SPEICH, C. F.: A Model 
Study of the Interacting Effects of Mass Fires, 
Battelle Summary Report to  Fire Research Sec- 
tion, National Bureau of Standards, November 
9, 1961. 

2. SPALUING, D. B.: The Theory of Turbulent Jets 
of Nonuniform Momentum, to be published. 

3. RICOU, F. P. and SPALDING, U. B.: J. Fluid 
Mech. 11, 21 (1961). 

4. THOMAS, P. H.: Research on Fires Using Models. 
Institution of Fire Enginecrs Quarterly, X X Z .  
197 (1961). 

Gravitatiorial constant 5 .  THOMAS, P. H.: Personal communication. Q 

tl Neat of combustion 

k ,  K ,  R' Constants Appendix 

L, L' Height of the flame array Description of the Apparatus 
L* 
L, 

Height of a single, unmerged flame 

Height of flame array made up of (n) jets 
Figure 7a is a photograph and Fig. 7b is a 

schematic sketch of the larger of two burners 
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used for the multiple-flame studies. The burner 
face was 4 feet in diameter with an apron at- 
tached to increase the effective diameter to 5 
feet. In  contrast, the first burner was 10 inches 
in diameter with a 4-foot apron. Accommodations 
for 120 nozzles were available in the second 
burner, as contrasted to 7 in the first burner. A 
hexagonal pattern was used for the spud ar- 
rangement in both burims. However, a eenter- 
to-center nozzle spacing of 4 inches was used in 
the second burlier as compared to a 2-inch space 
in the first burner. 

Figure S is a line drawing of the gas nozzle 
used throughout this program. Each nozzle was 

FIG. S .  Line drawing of nozzles. 

calibrated to determine its diicharge coefficient 
for a t  least one flow rate. 

In the beginning of the progrmi, sufficient 
nozzles were tested under various flow conditiuns 
in order to establish a curve of flow discharge co- 
efficient as a function of Reynolds number. By 
using flow-visualization studies, i t  was cstah- 
lished that no eena contracta existed dowmt 
of the nozzle. Therefore, the discharge cocfii 
could be associated with vclocity losser only. 

When the larger burner was used with a iiuni- 
her of gas nozzles firing, care was taken to usc 
the nozzles with the samc dificharge coefficient 
throughout. 

The principal task in the cxperiinental phase 
of this research program was to record :md 
measure the changes which occurred in thc flame 
array with changes in the fuel-flow ratc, spacing 
between jets, and/or the diameter of the jet. 
Photography served as the tool to makc these 
flame-height measurements. For each flow con- 
dition or spacing of interest, a photograph was 
taken. The top of the flame was taken as the 
highest point ivhcre a flame image was recorded 
on the film. 

Orthochromatic film (Kodak Royal Ortho) 
was selected and used consistently for iiiost of 
the program. The slowest automatic speed on the 
camera used for this program mas I second; this 
speed was used for the majority of the photo- 
graphs. 
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Discussion 

Dit. U. G. STEWART (Aeronautical Research 
Laboratory, Australia) : There has been some doubt 
espresscd as to whether radiation is an important 
feature in the propagation of forest fires. It may be 
of interest that, in Australia, where such fires are 
unfortunately quite common, the vegetation con- 
sists mainly of tall Eucalyptus trees which have 
highlly inflammable foliage located mainly a t  the 
top. Under these conditions, “crown fires” occur in 
which the foliage can definitely be ignited by 
radkttion, ignition often occurring quite explosively. 
A knowledge of radiation effects is thus of great im- 
portnncc in the design of fire breaks. 

DR. I3. R. MORTON (Manchester University): 
I should like to add some comments on Professor 
Spalding’s introduction to modeling, and to illus- 
trate my points by particular reference to the 
papers presented by Dr. Fons and Mr. Putnam. 

The technique of modeling serves as an important 
stag,? in our progress towards the understanding of 
any complicated physical system. Whether we pro- 
ceed by theoretical argument, by experiment, or by 
the proper combination of the two, our aim is 
always to identify and concentrate our attention on 
the ]physical features which play a dominant role in 
our particular problem. These are the features 
which are important in our formulation of a theory, 
and over which we seek independent control in de- 
signing esperiments. We do not expect that such 
theories will correspond esact,ly with nature, but 
rather that thcy will predict (within the general 
latitude of experimental error) the most significant 
aspects of behavior within some prescribed range of 
operating conditions. Nor need our model espcri- 
ments rcproduce csactly a natural situation, pro- 
vided that we can infer from them what is likely to 
happen in practice. To put it very simply, particle 
dynamics provides a reasonably good model theory 
for the flight of a baseball from the hand of an in- 
ferior pitcher, because the inertia of the ball is about 
its only property that he uses. But the skilled 
pitcher will spin his ball so that it swerves in the air, 
and we can model esperimentally the aerodynamic 
effects that he is using by mounting his actual ball 
on it rotating shaft in a wind tunnel and measuring 
the transverse force acting on it. (We did not ask 
our pitcher to step into the wind tunnel!) 

The propagation of fire through a complex of 
wooden fuel is an estremely complicated situation. 
It certainly involves heat transfer by radiation, con- 
vccition, and conduction, pyrolysis of the wood, com- 
bustion of solid and vapor fuel, and fluid flow and 
mixture in m d  around the flame. Moreover, most 
of thcsc effects are interrelated, though the degree 
of coupling will change markedly according to the 

nature of the fire. Thus, for csamplc, ai1 incrcase in 
luminosity of the flame causes an increase in radia- 
tion which may affect the combustion balance, and 
also the pyrolysis rate and hence the supply of fuel 
vapor, and so on! If we are to model such a process 
effectively we must restrict our attention as nar- 
rowly as possible (without losing the problem 
altogether), or we may lose our way in the com- 
plexity of the problem. And, while we can neglect 
weak inter:ictions, we must also try to sirnulate 
some of the strong interactions in such a way that 
we can exert an independent control over key 
features of the experiment. This breaking open to 
experimental control of tight, ill-understood COLI- 

plings is one of the great benefits of experimental 
modeling. 

Dr. Fons’ crib burning experiments have the 
considerable advantage of reproducibility, but 
there are so many factors involved that for my own 
part I am very vague as to what he is reproducing. 
It seems to me that he does not have the sort of de- 
tailed internal control of his experiment that is so 
necessary; and in particular that he might learn 
more from his csperimcnts if he were to decouple 
the processes of pyrofysis from thcse of fire spread, 
and by this I mcan carrying out the pyrolysis and 
fire spread esperiments quite separately so that he 

FIG. 1. Model of propagating fire. 

might have greater control over each. Indeed, I 
have never understood why it should be assumed 
so widely that wood is a suitable material for use in 
model esperiments of fire spread, without any regard 
to the changes in time, length, and other scales in- 
volved. As Dr. Thomas has just observed: “Wood 
is an unhappy substance.” Perhaps I can bring 
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out my ideas more clearly if I describe an al- 
ternative ideal propagation esperiment for two- 
dimensional propagation. This consists of a serics of 
metal bars (B) arranged with uniform spacing in a 
horizontal plane. As each bar is heatcd it expands 
and (in some way or other) opens a gas tap allowing 
gas to discharge from an associated underlying gas 
supply pipe (P). After a prearranged time (say) the 
supply of gas to P is shut off again. We now start a 
fire from one end of the system and observe its 
propagation. I am quite willing to concede that this 
experiment is mechanically naive, but I doubt that 
it is as naive scientifically; for we should be free to 
vary thc properties of the fuel gas which in turn 
will govern the luminosity and other properties of 
the flame, we can introduce delay times and vary 
the rates of gas release, and we can select the 
sensitivity of the sensing bars (B) to radiation. 
Experiments with an apparatus of this general type 
might show up the relative importance of radiation 
and convection in flame propagation without con- 
fusion due to the peculiar properties of wood. 

The esperiment described by Mr. Putnam is not 
a case of fire but one of flame interaction. It has all 
the advantages of direct experimental control over 
thc fuel supply, although they have not made full 
use of these yet. It could be extended into a study 
of fire if an arrangement were made to control the 
flow of gas according to  the temperature of one or 
more thermal sensing elements placed on thc upper 
surface of the loose plate, and this offers intercsting 
experimental possibilities in view of the existing 
knowledge of pan fires. A disadvantage of working 
with such small numbers of jets is that the results 
show a major dependence on the source geometry; 
it appears that results with larger arrays which 
would not show this dependence might he more 
uscful, and that thesc results should then bc corre- 

lated in terms of mass, momentum, and buoyancy 
flow per unit area of base. 

MR. A. A. PUTNAM (Battelle Memorial Institute) : 
Dr. Morton’s comments on our multiple gas-jet 
model are greatly appreciated. With regard to his 
suggestion for modeling a spreading flame, we 
should like to make the following observation. Such 
a flame model would require that a decision be 
made as to (I) the proper modeling relation between 
the back radiation in the vicinity of each fuel-supply 
nozzle and the consequent fuel-supply rate, and c2) 
the total (time integrated) radiation to  the vicinity 
of the unactivated jets to he required to turn them 
on. The thermal radiation pattern of any gaseous 
flame array, as seen from the “ground,” as well as 
any variations of the relative radiation pattcrn with 
fuel type for particular flame arrays and flaine 
heights, can be determined experimentally. A de- 
cision on the relationship between the radiation and 
the fuel-supply rate would have to bc based upon 
independent studies of the radiation effects on the 
combustible to be simulated. Once the decision is 
made, however, no further study of the type we :we 
outlining appears necessary to accomplish lh. 
Morton’s aim, because each new set of jets ignilcd 
would merely result in a new array, for which st,atic 
array rules would already be available. A similar 
argument can be used in relating the consiimpt,ioii 
of available fuel to the turning off of jets. Thus, wc 
have, as Dr. Morton suggests, managed to break 
our interaction problem into separate parts. 

Relative to the number of jets used, we have now 
used up to 29 jets a t  one time. For the larger num- 
bers of jets, the exact number depending on the 
other dimensionless parameters involvcd, the per- 
formance appears to be equivalent of that from a w t  
fires. 



IENCES IN GAS TURBINE COMBUSTION CHAMBER 
ING WATER FLOW VISUALIZATION TECHNIQUES 

A. E. CLARKE, A. J. GERRARD, AND L. A. HOLLIDAY 

This paper presents a case study using a practical production-type of combustion chamber for 
an aircraft gas turbine, in which qualitative and quantitative data obtained using the water flow 
analogy are compared with corresponding data obtained when the chamber was operated under 
air flow, both isothermally and under combustion conditions, using a gaseous and a liquid fuel. 

Introduction 

The application of flow visualization techniques 
using the water flow analogy has received much 
attention over the past sixteen years in the 
diverse field of combustion research and practice, 
including ramjet and gas turbine engines, 
reciprocating engines, industrial furnaces, and 
domestic heating equipment.* 

The water flow visualization technique pro- 
vides a direct means of continuously observing 
detailed flow patterns by the use of transparent 
models, in which suitable tracers are introduced 
into thc water flow a t  selected regions. The 
patterrii are observcd with the aid of a high in- 
tensity light source. I n  this way, an extremely 
useful means of analyzing the flow patterns in a 
complex fluid dynamic system is provided. 

The advantages are obvious. The fulfillment 
of the aerodynamic design requirements can be 
assessccl almost a t  a glance, and in a relatively 
short time any flow anomalies or undesirable 
patterns can be eliminated without resort to 
long and expensive combustion development 
programs, which in many cases are dependent 
upon ad hoc methods to obtain optimum per- 
formance. I n  addition, owing to the relatively low 
costs ot operating a water flow model compared 
with testing full bizc equipment, which may re- 
quire large quantities of compressed air as in the 
case of gas turbines, the overall cost of experi- 
mental work is considerably reduced. 

Thcre are, however, disadvantages. The use of 
an incompressible fluid to simulate the motion of 
a compressible gas flow is restricted, as is the 
clioicc of suitablc tracers, which might be in- 
fluenccd by buoyancy, or inertial or gravitational 
cKelots. -4gain the cspansion processes due to the 

* Rcfrrences to  flow visualization techniqucs and 
their application n i  combustion studies are listed 
in the Bibliography. 

evolution of heat cannot be simulated; hence in 
applications where pressure differences are small 
and convective flows weak, some reserve has to 
be placed on the interpretation from isothermal 
flow models. The superimposition of a fucl spray 
and the relative momenta between the fuel 
droplets and the local air flows are additional 
factors which might change the isothermal flow 
patterns. 

The success of using water flow visualization 
techniques in combustion chamber practice has 
depended to a large extent on the qualitative 
correlation of flow patterns with the resulting 
combustion performance. For example, in the 
particular design of chamber described, i t  has 
been shown that optimum combustion per- 
formance in the primary zone is associated with a 
stable and orderly recirculatory flow pattern in 
the form of a toroid. In this connection, certain 
empirical relationships have been established 
which have enabled designers to fix a flame tube 
geometry such that the required flow pattern 
conditions and proportionate air/fuel ratios 
throughout the chamber are obtained in practice. 

The use of water flow models has also been 
extended so that quantitative predictions can 
be made of the component pressure losses and 
flow distributions; and with the aid of a suitable 
chemical tracer it is also possible to predict the 
general pattern of the temperature distribution 
of the chamber exhaust. 

Basic Requirements 

The design of a gas turbine combustion cham- 
ber has to satisfy many stringent requirements. 
Not the least important is termed “combustion 
performance,” which may broadly be subdivided 
into the following: 

1. The attainment of a high rate of heat release 
for the minimum expenditurc of pressure loss. 

s7s 
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FIG. 1. Detnils of combustion chamber and instrument traverse plmcs. 

2.  A high combustion efficiency over a wide 
range of operating pressures and air and fuel 
flows. 

3. A wide range of flame stability. 
4. Ease of ignition and cross flame propagation 

under starting and arduous relight conditions. 
5 .  The attainment of a specified temperature 

distribution a t  the chamber to match with the 
stressing of the turbine blades. 

6. Stability and consistency throughout the 
range of operation. 

Data obtained using water flow techniques 
have contributed in inany ways to the ultimate 

FIG. 2.  Sheet metal and transparent flame tubes. 

__ I 

achievement of the above performance rcquire- 
ments. However, the question has often been 
put as to how accurately the flow patterns ob- 
served, together with the quantitativc infornia- 
tion obtained under isothermal flow conditions, 
simulate the true combustion performance in an 
actual chamber, and to what extent the dcnsity 
changes due to the addition of heat might influ- 
ence the basic isothermal patterns. 

The studics described were confined to a 
practical chamber. Although they might bc rc- 
garded as limited in scope thcy were ncvcrthclrss 
sufficiently comprehcnsivc to satisfy the basic 
objects of the investigation. 

The test conditions (Table 1) wcrc such that 
the effects of compressibility under isotlicrmal 
air flow were negligible and the type of liquid 
fuel injection also ensured that the atomization 
would be satisfactory. 

Description of the Combustion Cham 

Details of the combustion chamber uscd s,re 
shown in Fig. 1. Figure 2 is a photograph showing 
the sheet metal and transparent flamc tubes. In  
describing the general design features, rcfercnce 
is made to  the flow pattcrn sketched in Fig. 7. 

The chamber is typical of Lucas practice, in 
which the primary zone flow pattern is charactor- 
ized by the recirculatory flow of toroidal form. 
This flow is generated by the injection of air 
through the first of two rows of sccondary holes, 
thus supplementing the primary air ~ ~ h i c h  passes 

r C? 
1 %  
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through the swirler. I\dditional combustion air, 
tertiary air, is injected through two rows of intcr- 
mediate holes, followed by the admission of dilu- 
tion air through a single row of six holes. Flame 
tube wall cooling is achieved by introducing air 
through rows of small diameter holes and thence 
deflecting the flow by rings which are riveted to 
the inside of the flame tube. The inner bore of the 
swirler locates the pressure-jet atomizer of nomi- 
nal coue angle 90". Both sheet metal and the 
transparent model were similar in size and 
geometry. 

A further cliaracteristic feature of the chamber 
is the control of hclical swirl components in the 
primary zone flow pattern such that swirl is 
negligible compared with the two-dimensional 
nature of thc flow across any diametral section of 
the toroidal flow pattern. This feature facilitated 
flow pattern observations and instrumentation 
for determining local velocities in the primary 
zone. 

Techniques and Test Results 

Inlet Ii'low Conditions 

In any fluid dynamic exercise using model and 
sirnulation techniques, it  is imperative to ensure 
that the inlet flow characteristics arc identical to 
those in the practical equipment. It cannot be 
stressed too emphatically that failure to have the 
correct inlet flow conditions could lead to mis- 
leading data from a model. Experience in this 
field has shown that similarity of inlet flow and 

n AIR FLOW 1.52 Ib/sec 

AIR VELOCITY [ f t /sec) 

FIG. 3 .  Typical inlet velocity prdilc. 
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FIG. 4. Plot of weighted inlct velocity rntio v/O for 
air and water flow tests. 

vclocity distributions arc inorr important t h m  
equality of Reynolds numbers, providcd Lhe 
lattrr arc well into the turbulent flow regimes. 

111 the tests described, the transparent and 
actual combustion chambers m r r  conncctcd to 
the same length of inlet pipe, 9 ft in length, for 
all the studics. A typical inlet flow velocity dis- 
tribution across a reference diameter is shown in 
Fig. 3; and a plot of weighted ratios of local 
velocity v, divided by mean vclocity D for all l,hc 
tests is shown in Fig. 4. The general scattcr of 
the v/D values is within &2%, which was con- 
sidered satisfactory. 

Flow Visualization Using TVater 

The isothermal flow patterns using water flow 
were obtained using the transparent model 
mounted with its axis vertically in a closed- 
circuit water tunnel. The patterns were observed 
by using small air bubbles as tracers, injccted 
well upstream into the inlet pipe. Buoyancy 
effects were negligible a t  the flow conditions 
within the model, and air tracers were preferred 
simply becausc solid particles are difficult to 
remove from a closed-circuit system and they 
are also potential obstructions in pitot instiru- 
ments. 

Photographic reproductions of the flow pat- 
terns are shown in Figs. 5 and 6 and a diagram 
sketched from Fig. 5 is shown in Fig. 7 .  

In the authors' experience, the general observed 
flow pattern as a whole was stable throughout thc 
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FIG. 5. Flow pattern in the axial plane through secondary and dilution holes. 

flame tube, particularly with respect to the admis- 
sion jets through the various flame tube holes, 
arid in the intcrmediatc, dilution, and exhaust 
rcgions. Sonic slight fluctuations in the shape of 
thc primary zonc recirculation were apparent, 

however, as a result of a small lateral or radial 
low-frequency oscillation of the “core” of the 
recirculatory flow, which probably accounts for 
certain differences experienccd with the traverses 
shown in Figs. S, 9, and 10. 

FIG. 6. Flow pattern in the axial plane between secondary and dilution holes. 
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FIG. 7 .  Sketch of flow pattern in axial plane through secondary and dilution holes. 
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AIR VELOCITIES ( W s c c )  

FIG. S. Comparison of primary zone velocities using 
water and air flows. 

The injection of gaseous fuel was simulai,cd 
by injecting separately metered water such that 
the overall “air-fuel” ratio was 60/1, and the 
ratio of momentum of “fucl” to momentum of the 
inlet flow was maintained equal to that using 
gascous propane fuel and air flow under both 
isothermal and combustion conditions. Dct:ds 
of the injector are given in the Appendix. 

The effects of the “fuel” flow on the flow pat- 
tern were confined locally in the vicinity of the 
injector and in thc flow in the outer boundaries 
of the recirculation, where the velocities were 
accelerated owing to the induced effects of the 
individual “fuel” jets. No further significant 
effects, however, were noticed on the general 
primary zone flow patterns. (See Fig. 9.) 

Velocity Distribution Across the Pr imary  Zone 
Toroidal Recirculation 

The cylindrical-type pitot instrument used in 
the determination of velocities is simple in con- 
struction, and in water-cooled form facilitates 
traversing across a combustion zone. The direc- 
tions of flow in the regimes explored, however, 
must be at approximately right angles to the 
axis of the instrument; hence care must be mer- 
cised in siting such instruments to ensurc valid 
results. By traversing across a diameter through 
the axis of the toroidal recirculation undcr iso- 
thermal conditions as shown in Fig. 7 ,  the limita- 
tions of the instrument were probably satisfied. 

A comparison between the velocity profiles 
under water and isothermal air flow conditions, 



S84 

--+ WATERCCHEMICAL 1 - COLD AIR+PROPANE 

+ A I R  FLOW ONLY 

PRIMARY ZONE 
TRAVERSE PLANE 

MODELING PRINCIPLES 

-Q - 

?--- - 
L 

UPSTREAM DOWNSTREAM 

AIR VELOCITIES, FT/SEC 

Fit. 9. Comparison of primary zone velocities using 
(1) water flow with chemical and (2) air flow with 

propane. 

slio’wn relative to the prirnary zone, are plotted 
in Fig. S, from which it can be seen that, over 
the stable regions of the flow pattern, that  is, in 
the vicinity of the axis of the flanic tube and near 
thc walls of the flame tube, the correlation for 
the metal unit was satisfactory. Away from the 
axis, the difference between the water and air 
results, where the velocity gradients are high, 
would probably be due to the displacement of 
thc core, as already described in the preceding 
subsection. 

.In the transparent model the velocities in the 
axial and peripheral regions compared satis- 
factorily with the above results, although the 
differences within the recirculatory flow were 
more significant. 

Cfiertrical Trncer Technique 

‘The use of a chemical tracer enhances water 
flow visualization studies so that mixing processes 

may be studied quantitatively. In the clianibcr 
investigated the chemical used mas acidified ani- 
inoiiiuni ferrous sulphate, in solution n ith the 
water v hicli simulated the “fu~’1” flow. The tests 
wcrc on the sheet metal chamber fitted with thc 
saine injector and operated a t  the same condi- 
tions as in the subsection on Flow Visualization 
Using Water. 

The test procedure was to inject the “fuel” a t  
an overall air/fuel ratio of 60/1 and then to 
cstract samples from the primary zone and the 
exhaust scction rcspectivcly while discharging 
the outlet flow to waste. The iron content of the 
samples was thus measured quantitatively by 
adding thio-glycollic acid to give a purple colora- 
tion, which was assesscd quantitatively using a 
Spckker absorptiometer. The results were then 
expressed in terms of equivalent air/fuel ratios. 

A plot of the air/fuel ratios across the primary 
zone is shown in Fig. 11. 

The exhaust concentrations were corrected to a 
mean overall air/fuel ratio of 60/1, to compensate 
for small experimental differences, and then, as- 
suming combustion of gaseous propane fuel at a 
mcm combustion efficiency of loo%, were es- 
prcssed as equivalent gas temperatures. 
11 contour diagram showing the distribution of 

temperature a t  the exhaust plane using the 
chemical tracer technique in ~ a t e r  is shown in 
Fig. 1%. The comparison between the contour 

AIR t PROPANE 

-E- AIR FLOW ONLY 

PRIMARY ZONE 
TRAVERSE PLANE 

UPSTREAM DOWNSTREAM 

FIG. 10. Comparison of primary zone velocities 
with combustion using (1) air flow with propane 

and (2)  air flow with kerosene. 
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diagrams shown in Fig. 12 is discussed in the 
following section. 

The velocity distribution across the primary 
zone is shown in Fig. 9, where i t  can be seen that  
the correlation of the correspoiidiiig isothermal 
air conditions is satisfactory in the more stable 
regions of the recirculation; and that the effects 
of the “fuel” on the velocity distribution in the 
traverse plane were confined to the outer regions 
in which there was an apparent increase in 
velocity. 

Isothermal Air Iqlow Using Gaseous Propane as a 
Tracer 

Tests were repeated on the sheet metal cham- 
ber undcr isothermal air flow conditions a t  the 
same inlet plane Reynolds number as for the 
water flow. The requirement to maintain the 
same ratio of fuel momentum/inlct air mo- 
mentum for both air and water flow necessitated 
a change in the size of injector holes. (See Ail- 
pendix and Fig. 13.) Commercial propane gas 
was used, preheated to approsimately llO°C at 
114 psig for metering purposes and injected at a 
temperature and pressure of approsimately 
75OC, and 4; psig, respectively. The resulting 
propaiie-air misturc was subsequently burned 
in the ducting downstream of the exhaust plane 
of the chamber. 

Samples of propane-air mixtures were ob- 
tained from the same cross section stations in 
the primary zone and the exhaust plane as before, 
and the concentrations were determined by gas 
analysis and esprcssed as equivalent air/f uel 
ratios. The primary zone air/fuel ratios arc shown 
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FIG. 11. Comparison of primary zone air/fuel ratio 
concentrations using (1) watcr flow and chemical, 
(2) sir flow and propane without combustion, and 

(3) air flow and propanc with combustion. 

plottcd in Fig. 11, from which both nater and 
isothermal distribution may be compared. 

The eshaust concentrations were corrected to  
a mean overall air/fucl ratio of 60/1 and expressed 
as equivalent gas temperatures, assuming a 
combustion efficiency of 100%. The tempcratui-e 
contour diagram is shown in Fig. 12D. 

Pressure and velocity dctcrminations were also 
obtained across the inlet and outlet ducts, and 
also across the primary zonc. In  Fig. 9 the general 
similarity is shown together with the increased 
velocities in the outer regions due to the effects 
of the fuel injection. 

Combustion Test Using Gaseous Propane Fuel 

The above tests were repeated with coinbudon 
of the propane fuel. Air/fucl ratio concentrations 
in both the primary zone and cshaust planes were 
determined from gas analyses using modificd 
Orsat technique and the corresponding plot 
across the primary zone is shown in Fig. 11. 

The eshaust concentrations wcre corrected to 
a mean overall air/fucl ratio of 60/1 and the 
equivalent gas temperatures computed, assuini ng 
a combustion efficicncy of 100%. The tempera- 
ture contour diagram i? shown in Fig. 12E. 

The actual temperature distribution arrosb 
the eshaust plane was dctcrniiiicd I,y traversing a 
shirlded impact-type chrorncl-aluincl tlicrnm- 
couple across the duct, in the iamc plane as for 
gas sampling aiid pressure determinations. The 
contour diagram of the tcniperaturcs, corrcctcd 
to a mean overall air/fuel ratio of 60/1 and 100% 
combustion efficiency is shown in Fig. 12F. 

Pressure and velocity travcrses were alio oh- 
tained across tlie inlet aiid the primary zone. 
Allowance was made for the density changes duc 
to combustion in the latter when computing thc 
actual velocities which are shown plotted in 
Fig. 10. The appropriate data arc shown in the 

It can be seen that in the center and 
ns the effects of coinbustioii -n ere to 

increase the local velocities, as would be expcxc+,c,d, 
and also to change the shape of the plot o\cr the 
whole region of thc don nstrcam flow. Thi. may 
partly explain the increase in fuel richness in tlie 
primary zone under combustion conditions d o w n  
in Fig. 11, in that the increase in velocities ad- 
jacent to the flaine tube ivall would tend to reduce 
the angle of penetration and Iiencr the coctfi- 
cients of dibcliarge of thc first row of secondary 
holes. Thii  would rcducc tlw proportion of air 
flow into the primary zone rccirculation. .in sddi- 
tional factor is the slight change in charnlier 
static pressure distribution undcr combusti oil 
conditions. 
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Diagram Conditions Fuel Details 

A Water flow Chemical Temperatures from chemical con- 
centrations 

B Air flow Kerosene Temperatures from gas analysis 

C Air flow Kerosene Temperatures from temperature 
traverse 

D Air flow Propane Without combustion, tempera- 
tures from gas analysis 

E Air flow Propane Temperatures from gas analysis 

F Air flow Propane Temperatures from temperature 
traverse 

FIG. 13. Comparison of exhaust temperature distribution. 

Combustion Test Using Liquid h-erosene Fuel Pressure, velocities, air/fuel ratio concentra- 
kerosene fuel tions, and exhaust temperatures were again 

whic11 was: injected through a conventional determined, the results of which are shown, 
simplex-type pressure atomizer, of flow number corrected to 60/1 and 100% combustion effi- 
0.6, and cone angle 90'. ciency, plotted in Figs. 12B and 12C. 

rrhe tests were repeated 
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TABLE 2 

Inlet mean Overall loss 
Reynolds dynamic in total 

Mass flow number pressure pressure Pressurc loss 
Fluid (lb/sec) at inlet pvi2/2g (psi) (LTP) (psi) factor 

Water 77.5 293,000 0.27 0.59 2.1s 
Water 141 .O 576,000 0.91 1.9s 2.1s 
Air 1.52 293,000 0.096 0.20 2.0s 
Air 2.9s 576,000 0.354 0.75 2.12 
Air 3.96 773,000 0.627 1.36 2.17 

Pressure Losses 

The overall pressure losses, expressed as an 
“inlet” pressure loss factor 

a; = Loss in Total Pressure (LTP)/(pv;2/2g), 

where v; represents the calculated mean velocity 
across the inlet plane, both for water and iso- 
thermal air flow, are shown in Table 2. 

In  Lucas practice i t  is customary to express 
the pressure loss factor in terms of the theoretical 
mean air velocity through the maximum cross 
sectional area in the plane of the primary zone, 
as follows: 

Mean air casing velocity, uc 

total mass flow 
inlet density X max. area 

- - 

hence 

Pressure Loss Factor (PLF) = LTP/(pv,2/2g). 

Under combustion conditions the increase in 
prcssure loss due to combustion depends upon 
the type of chamber and the operating conditions. 
Usually, the pressure loss factor under combus- 
tion is expressed as follows: 

where kl is the isothermal pressure loss factor; 
pr is the ratio of density at inlet plane to density 
at outlet plane; and kz is the “hot loss factor,’’ 
dependent upon the type of chamber; that  is, 
kz = 5 for the design of pipe chamber 
investigated. 

Generally, the difference in pressure between 
the inlet and outlet planes, together with the 
change in gas constant may be ignored, hence pr 
may be substituted by TT, where T,  represents 
the ratio 

mean outlet temperature - T3 
mean inlet temperature T2 

_ -  

hence pressure loss factor = kl f k2( T,  - 1).  

Prediction of pressure loss. For the chamlier 
studies, the method of estimating prcssurc loss 
under combustion conditions from the data ob- 
tained under isothermal flow conditions using 
water is as follows: 

Combustion conditions = Test 9, Table 1. 
Air mass flow = 1.52 lb/scc. 
Inlet air temperature = 312.S”K (39.S”C). 
Outlet gas temperature = 971.3”K (695.3”C). 

Maximum inside diameter of the air casing in 
the plane of the primary zone = 11i inches. 

Calculated mean velocity of inlet air u L  = 
109.5 ft/sec. 

Calculated mcan air casing velocity vc = 3l .7  
ft/sec. 

From the water flow tcsts the loss in total 
pressure under isothermal condition is therefore 

I,TP = 2.18 X (pv2/2g) = 0.199 psi. 

Measured LTP under isothermal air conditions = 
0.19s psi.  Now the isothermal casing PLF, 

kl = 0.199/(pv,2/2g) 26.1. 

Hence PLF under combustion conditioiis = 
26.1 f 5 (  (971.3/312.8) - 1) = 26.1 $- 10.52 = 
36.62. 

conditions = 36.62 X (pv,2/2g) = 0.280 psi. 

Measured L T P  under combustion conditions = 
0.997 psi.  In  a similar way, the full load LTP can 
be obtained from knowledge of the operating 
conditions. 

Therefore, predicted LTP under combustion 

Discussion 

The object of this paper was to present com- 
parative data which would satisfy the question 
of how accurately the data obtained from iso- 
thermal water flow models simulate the actual 
combustion in a gas turbine combustion chainbrr. 
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/‘ .i 

16 ~IOLES EQUALLY SPACED 
0.096” DIA. FOR CHEMICAL INJECTION 
0.082” DIA. FOR PROPANE INJECTION 

FIG. 13. Injcctor for gaseous fuel. 

There appear5 little doubt that  in the chamber 
studied the obierved flow pattern using water 
correlates satisfactorily with the velocity dis- 
tributions across the primary zone, obtained both 
under water flow and isothermal air flow respec- 
tiwly. Also, as would be anticipated, the cold 
prcsure loss factors correlate well. 

The data obtained using the chemical tracer 
technique in water also correlate well with that 
obtained using the propane gas tracer under 
iso1,hcrmal air conditions, as can be seen in Figs. 
11 and 9. 

I n  comparing the results obtained under 
actual combustion conditions, the evidence in 
Fig. 10 shows that the recirculatory flow pattern 
in the primary zone remains generally similar. In  
Fig. 11 the changes in local mixture distribution 
under combustion are probably due to the com- 
bined effects of the increased gas velocities near 
thr  walls of thc rhamber which would reduce the 
angles of penetration of the sccondary air jets 
ant3 hence the amount of air entrained into the 
reciroulation, and also an increase in chambcr 
static pressure which would tend to reduce the 

proportion of secoridary air injected through the 
holes. 

Comparing the temperature distributions a t  
the exhaust plane shown in Fig. 12, the general 
similarity shown by the diagrams is particularly 
encouraging. -4lthough differences in levels of 
actual teniperatures are apparent, the region of 
high temperature which extends across the sec- 
tion and the two cooler regions above and below 
are characteristic throughout. The similarities 
remain despite the two different types of fuel 
uscd and their mode of injection, which supports 
the hypothesis that  the air flow pattern is the 
major controlling feature in this type of combus- 
tion chamber; and, provided the liquid fuel 
atomization is satisfactory, the fuel soon loses its 
identity and momentum in the flow pattern. Thc 
latter feature is supported by observations when 
the fuel injection is simulated under water flow 
Conditions, and also by short duration tests in 
which liquid fuel is ignited in a transparent 
chambcr and the resulting flame propagation ob- 
served and recorded by high speed photography. 

Finally, although in some cases there might be 
certain technical objections to the use of the 
water flow simulation technique, there is no 
doubt that it is extremely valuablc both qualita- 
tively and quantitatively when supported by 
experience in its translation into practical com- 
bustion hardware. 

Conclusions 

A s  anticipated, there is a close similarity be- 
tween water flow and isothermal air flow data 
with resliect to relative velocity distributions 
(i.e., flow pattern) and pressure loss charactcr- 
istics. Hence, if a hot loss factor for the particular 
type of unit is known, the overall pressure loss 
may bc estimated. 

Using a chemical tracer as “fuel” in water and 
a gaseous tracer in air under isothermal condi- 
tions gives similar concentration distributions in 
both the primary zone and eshaust planes. 

Under combustion conditions, the flow pattern 
in the primary zone (as shown by velocity dis- 
tribution) remains essentially similar to the 
water flow pattern, due allowance being made for 
density changes. 

In  the primary zone, the concentration dis- 
tribution patterns are geometrically similar 
under combustion and water flow (with tracer 
as “fuel”) conditions. In the combustion case 
the air/fuel ratios are slightly “richer,” probably 
owing to small changes in static pressure and air 
jet angle of penetration. 

The general similarity between the actual 
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TABLE 3 

Primiry %one Velocities for 1’rop:tne Combustion“ 

Air /fuel 
Station ratio 

Combustion 
efficiency 

( 76) 

Temperature 
T 

(“IC) 

I>ynamic 
headb 

h ” (a&) 
Dcneity 

(Ib/ft3) 
P 

1 7.3 
2 6.7 
3 6.1 
4 5 .5  
5 5.6 
6 5.7 
7 6.0 
5 7.2 
9 9 .O 

10 11.1 
11 14.1 
12 15.7 
13 15.6 
14 14.5 
15 13.0 
16 11.5 
17 9.3 
1s 7.5 
19 7.2 
20 7.0 
21 7.1 
22 7.5 
23 5.2 
24 9 .o 
25 9..5 

43.5 
43.5 
43 . .5 
44.0 
44.0 
44.0 
45.0 
45.0 
52.0 
61.5 
75.0 
53.0 
54.0 
77.5 
71.5 
65.0 
54.0 
45.7 
46.0 
45.5 
45.5 
46.2 
49 .O 
52.0 
54.0 

754 
724 
704 
676 
666 
697 
s32 
s72 

10S7 
1310 
1670 
1575 
192.5 
lSl0 
1632 
1435 
1090 
590 
552 
552 
572 
ss2 
954 
954 

1075 

0.56 
0.66 
0.46 
0.36 
0.16 
0.06 

-0.04 
-0.14 
-0.14 
-0.14 
-0.24 
-0.24 
-0.34 
-0.24 
-0.14 
-0.14 
-0.14 
-0.04 
-0.04 

0.06 
0.06 
0.16 
0.26 
0.36 
0.46 

0.0304 
0.0316 
0.0325 
0.0339 
0 .0344 
0.0330 
0.0276 
0.0263 
0.0211 

0.0137 
0.0122 
0.0119 
0.0127 
0.0141 
0.0160 
0.0211 
0.0257 
0.0269 
0.0269 
0.0263 
0.0260 
0.0230 
0.0237 
0.0223 

0.0175 

97.3 
S3.6 
GS.8 
59.6 
39.5 
24.7 

--22.0 
-42.2 
-47. 1 
-51 .s 
-76.6 
-SI. I 
-97.5 
-79.6 
-57.5 
-54.2 
-47.1 
-22,s 
-22.3 

27.3 
27.6 
45.4 
61 .A 
70.0 
S3.1 

Mean static prcssure = 3.34 inches H20; barometric pressure = 29.53 inches Hg. 
Negative sign denotes upstream velocities. 

exhaust tcmperaturc distributions and those 
derived from the isothermal studies with simu- 
lated fuel injection arc particularly encouraging. 
Although differences in actual temperature levels 
are apparent, the hot and coolrr regions remain 
similar throughout. 

Nomenclature 
Area [sq inches] 
Effective area [sq inches] 
Isothermal pressure loss factor 
“Hot loss factor” 
Mass flow [lb/scc] 
Loss in total pressure [lb/sq inch (psi)] 
Mean inlet temperature r K 3  
Mean outlet temperature [OK] 

T3/ T? 
Velocity [ft/sec] 
Mean velocity [ft/sec] 

p Density 
p r  Density at inlet/density a t  outlet 

Pressure loss factor 

Subscripts 
a Air 
f Fuel 
i Inlet 
s Fuel injector 
w Water 

Appendix 

Fuel Injectors 

Details of the fuel injectors are shown in Fig. 
13. The momentum ratios of the gaseous fuel/sir 
and the water-chemical/water injectors were cor- 
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TABLE 4 

Primary Zone Velocities for Kerosene Combustion" 

Combustion 
Air/fuel efficiency 

Station ratio w) 
Temperature 

T 
( O W  

Dynamic 
head6 
h"(Hn0) 

1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

15.6 
14.S 
12.5 
10.3 
7.6 
5.7 
4.4 
4.5 
5.9 
6.7 
7.9 
s.s 
9.6 
9.7 
9 .2  
5.2 
6.S 
5.7 
5 .1 
5.3 
5.7 
6.3 
7 .3  
s.0 
8.1 

56.0 
47.0 
42.8 
37.5 
33.0 
25.0 
20.0 
20.0 
29 .O 
34.2 
42 .O 
49.0 
51 .S 
52 .O 
4S.5 
40.0 
31 .O 
23.0 
19.0 
19.5 
21 .o 
24.0 
27.4 
29.2 
32.0 

1413 
1173 
953 
773 
715 
753 
s53 
793 
543 
673 
853 

1012 
1123 
1163 
1036 
543 
653 
46s 
413 
443 
493 
543 
59s 
633 
673 

0.61 
0.61 
0.41 
0.31 
0.21 
0.11 
0.01 

-0.19 
-0.19 
-0.19 
-0.19 
-0.19 
-0.19 
-0.19 
-0.19 
-0.09 
-0.09 
-0.09 
-0.01 

0.01 
0.11 
0.21 
0.31 
0.31 
0.41 

Density 

(lb/ft3) 

0.0155 
0.0157 
0.0230 
0.0254 
0.0307 
0.0291 
0.0257 
0.0276 
0.0407 
0.0326 
0.0257 
0.0217 
0.0200 
0.01s9 
0.0212 
0.0260 
0.0336 
0.0468 
0.0531 
0.0495 
0.0445 
0.0404 
0.0367 
0.0346 
0.03% 

P 
Velocityb 

V 
(ft/sec) 

114,s 
104.6 
77.2 
60.5 
47.9 
35.6 
11.41 

-33.03 
-27.34 
-44.2 
-49.s 
-54.2 
-57.1 
-58.1 
-54.8 
-34.1 
-30.0 
-25.4 
-7.9 
8.25  
2s.s 
41 .S  
53.2 
54.s 
64.9 

~~~ ~~~~~ 

a Mean static pressure = 3.49 inches H20; barometric pressure = 29.55 inches Hg. 
Negative sign denotes upstream velocities. 

related using tlie following relationship : The above injectors were designed to ensure 
that the injection angle of fuel jets originated 
from the same point as that  from the standard 
liquid fuel atomizer. 

monicntum of fuel 
momentum of inlet air 

= constant, 

1.e., 

m3,ss flow of fuel X theoretical iniection velocity 
total mass of' air X mean inlet velocity 

where A,, = effective area of the fuel injector; 
and A,  = aren of cross scction of inlct pipe. 

The above rclstionship was satisfied by cali- 
brating the injectors using water and propane 
respectively. The differences in density ratio 
pa/p/ were mainly responsible for the change in 
the diameter of injector holes. 

Primary Zone Gas Velocities Under 
Combustion Conditions 

The effects of density changes due to combus- 
tion were taken into account as follows. 

A/P  ratios and combustion efficiencies, across 
the primary zone, were determined from gas 
samples and analyzed by a modified Orsat 
technique. By the use of theoretical temperature 
rise curves, the corresponding temperatures were 
computed. 

The dynamic and static pressures across the 
primary zone were obtained by traversing the 
cylindrical pitot instrument and thence the 
density was derived using gas constants of 92.5 
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and 100 f t  lb/lb "C for propane and kerosene 
combustion, respectively. 

The corresponding values are shown in Tables 
3 and 4. 
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NG OF DOUBLE CONCENTRIC BURNING JETS 

J. M. BEgR, N. A. CHIGIER, AND H. B. LEE 

The mixing in a furnace and cold model has been determined from measuremcnts of gas concen- 
trations and velocity distributions and the enclosed double jet has been reduccd to its three com- 
ponent parts: the primary, secondary, and recirculated fluids, with the aid of tracer techniques. 

Good agreement was found between the mixing patterns in the fumnce and in the cold model 
vvhcn the nozzle diameters in the model were distorted according to  the modified Thring-Newby 
similarity criterion. The similarity of mixing in the region close to the burner, however, required 
also that the mass ratio oi thc primary to the secondary fluids should be maintained the same in 
thc model as in the furnace. 

Buoyancy in the furnace was found to  affect the mixing psttern near the burner when the gravi- 
tational forces were large compared with the inertia forces. Experimental evidence suggests that 
for these cases a dimenEionlees group, the Archimedes number, should bc considered in addition t o  
the abovemcntioned modeling criteria. 

Introduction 
l h c  conipound jets considered in this paper 

consist of a central primary jet, surrounded by a 
secondary annular jet. Both the primary snd the 
secondary jets enter the conlbustion chamber with 
considerablc momenta and mising occurs between 
the two jets and also between the jets and the 
ambient fluid surrounding the jets in the com- 
bustion chamber. 

Flames emerging from burners of the double 
concentric type represent a group between the 
estreme cases of the premixed flames and the 
pure diffusion flames. The primary jet usually 
transports the fuel in a rich mixture and the 
annular secondary jet supplies the rest of thc 
combustion air. These burners are widely applied 
for combustion processes requiring a fuel-rich mis- 
ture a t  the flame front but a stoichiometric or 
lean mixing ratio further downstream so that 
cornplrtc combustion is obtained within the 
combustion chamber. Such a mixing program 
can be desirable for different reasons, suck as to 
increase flame luminosity of hydrocarbon flames, 
to improve the stability of lean pulverized coal 
flames, or to avoid pre-ignition or explosion 
dangers inherent in 1)remiscd systems. 

Modcling of single axial enclosed burning jets 
was considered by Thring and Newbyl and the 
conclusion was reached that the similarity con- 
dition can be expressed by the dimensionless 
group : 

I n  the present invcstigation mixing patterns 
in flames were compared with those in cold 
models when the above similarity criterion was 
used in a modified form for the case of the 
double concentric jet. The significance of de- 
scribing the mising pattern in the conibustion 
chamber in terms of three components, the 
primary, the scconclary, and the recirculated 
streams, was recognized from studies on the 
mechanism of ignition and of combustion. It was 
found for esample that the entrainment of hot 
recirculated gases in the pre-ignition zone of the 
fuel jet was of great importance to flame sta- 
bility. I n  the present investigation the three 
Components have been distinguished by means of 
suitable tracer techniques. 

Experimental 

T h e  Experimental Apparatus 

Experiments were carried out wit11 three 
different systems: The IJmuiden tunnel furnace 
with burning pulverized coal; the same furnace 
but used as a hot moclel with burning coke oven 
gas; the 1:5 scale cold model ol the IJmuiden 
tunnel furnace. 

The furnace and burners are shown sche- 
maticalIy in Figs. 1 and 2.  The pulverized coal, 
105 kg/hr, mised with 140 kg/hr primary air a t  
SO'C, entered through the centrally arranged 
primary burner and the secondary air (1222 
kg/hr) , preheated to 500"C, entered the furnace 
through an annulus surrounding the priniary 

s9a 
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FIG. 1 . 1’l:~n : ~ n d  swtional elcvntion of furn:acr. 

burner. The range oE variables is listed in Table 1 .  
Helium was injected as a tracrr far down- 
stream from the burner into thr jet and samples 
were collected bctwcen the burner and the point 
of helium injection. The samples were analyzed 
cor helium by a gas phase chromatography ap- 
paratus. From the helium concentration of these 
samples the distribution of the recirculated fluid 
entrained by the jet was calculated. The meas- 
urements also included temperature, velocity, 
and solid and gas concrntration traverses. 

For the esploration of the region near the 
burner the same furnace arrangement as shown 
in Fig. 1 was used but no pulverized coal was 
supplied through the primary burner so that 
detailrd measurements of concentration were 
possible close to the burner where otherwise 
the high solid Concentration of the primary jet 
would have caused great cspcrirncntal diffi- 

culties. Instead, a coke oven gas burner was 
placed on the furnace axis a t  a distancc 31, from 
the burner. 

I n  this way a nonisotherrnal system was ob- 
tained with conditions similar to those in the 
furnace under conditions of operation. The 
relatively cold double concentric jet was sur- 
rounded by hot recirculated combustion prod- 
ucts, and the COS concentration of the samples 
taken near the burner could be used as a tracer to 
calculate the concentration of the entrained re- 
circulation within the boundaries of the jet. 

In the 1:5 scale model the primary burner di- 
ameter was calculated from 

and the annuIar cross section of the secondary 

D. 

FIG. 2.  Diagrammatic arrangement of hurncrs. 
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TABLE 1 

Input Conditions 

a.  Furnace burner 

technique used was based on this property of 
enclosed jets. The tracer was introduced far 
downstream from the burner into the jet and was 
carried around by the recirculating stream. I n  
this way it was possible to distinguish between 
the fractions of samples arriving a t  the point of 

A B c sampling from the burner and from the recircu- 
___ lated fluid, respectively. A similar technique was 

used by Ibiricu3 in his study of recirculation in 4 [ml 

When in addition to this the fuel in the primary DI bl 
DL [ml 0.26 0.70 0.22 

jet was also considered as a tracer for the primary U p  [m sec-l] 20 40 20 
fluid, the concentrations of all three components. U ,  [m see-I] 2 5 2 -50 

m, [kg sec-l] 0.04 primary, secondary, and recirculating fluid, could 
be determined a t  any point inside the m, 'kg see-'] 0.34 

Instead of the fuel, however, considerations 
based on the conservation of mass, heat, or T, I"C1 

momentum could also provide the second tracer T ,  I"C1 

required for a three component mixture. These TI" ["Cl 

considerations were applied, for example, in the 
evaluation of the cold model data discussed in 

__ 

.034 
o.ls o.ls o.Is enclosed jets. 

so 
500 

I500 

h. Cold model 
____ this paper. 

A' B' C' 

d, Iml 0.023 0.016 0.023 
DI [ml 0.036 0.036 0.036 
D? [mi 0.070 0.215 0.056 

U ,  [m sec-'] 25 2 50 
U p  [m see-l] 20 40 20 

nzp [kg sec-I] 0.010 
m, [kg sec-I] 0 .oss 

nozzle from 

( A ) m  = ( ~ m / L P ) 3 ( A , ) F ( P s F / P P ) .  (3) 

The ratio brtween the primary and secondary 
m~tss flow rate ivas maintained constant in model 
and furnace, i.c; 

(mP/ms), = (mJm, )~ .  (4) 

Under these conditions the exit Reynolds 
numbers of both primary and secondary jets 
wcrr maintained well above the critical Reynolds 
number, and for all the burners considered in this 
paper the Reynolds numbers were within the 
range 104-105. 

Tfie Tracer Technique 

I t  was found in the IJmuiden experiments2 
that both in the hot furnace and in the cold 
model the concentration of the recirculated gases 
surrounding the burner was practically the same 
as the concentration of the combustion products 
a t  the exit from the furnace when the burner 
radius was small compared to the width of the 
combustion chamber Q'/L < 0.1. The tracer 

Experimental Results 

Fully Developed Region. A mathematical analysis 
of the velocity distribution of double concentric 
jets5 showed that a t  some distance downstream 
from the nozzle the two streams combine and the 
velocity distribution can be described a t  that  
point as a single Gaussian distribution. The jet 
was regarded as "fully developed" from this 
point downstream. Most of the following dis- 
cussion concerns this region. 

The total mass flow rate of gases within the 
boundaries of the combined jets was determined 
by integrating the measured velocity distribu- 
tion a t  each section of the furnace. 

The mass flow rate increased with distance 
from the burner owing to entrainment of re- 
circulated gases until it reached a maximum 
a t  a position corresponding to the core of re- 
circulation. After this maximum the mass flow 
rate decreased to the value of the input mass 
flow toward the exit from the furnace. 

From the law of conservation of mass the 
difference between the total mass flow rate and 
the input mass flow rate a t  any section gave the 
mass flow rate of the recirculated gases a t  that  
section, i.e., 

&I - (m, + m,) = m,. 

I n  Fig. 3 the ratio of the recirculated mass flow 
rate to input mass flow rate is plotted along the 
jet and hot furnace data are compared with 
those from the cold model. To enable comparison 
of diffcrent double concentric jets in both non- 
isothermal and constant density systems, the 
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FIG. 3. Comparison of flow rate of recirculation in furnace with cold modd. 

ratio of mr/m0 has been multiplied by r;/L 
where the equivalent nozzle radius rd mas calcu- 
lated from the combined masses and momenta 
of the primary and secondary fluids as 

rd = (m, + ?nd/[(G, + G , ) p ~ a l ~ .  ( 5 )  

The graph in Fig. 3 shows that the recircu- 
lated mass flow rate increased from the nozzle 
exit almost linearly with distance to reach a 
maximum and then decreased to zero toward the 
end of the furnace. 

It is clear from Fig. 3 that  there is agreement, 
both in form and magnitude, of the recirculation 
in furnace and cold model when the results are 
compared on the basis of the equivalent nozzle 
radius. 

I n  Fig. 4 the ratio of the maximum of the 
recirculated mass flow to the input mass flow is 
plotted as a function of the inverse of the modified 
Thring-Newby criterion l/fl', as suggested by 
Cohen de Lara." 

Points on the graph of Fig. 4 originate from 
both hot furnace and cold model esperiments. 
The hot furnace data are from IJmuiden oil and 
pulverized coal flames, respectively, and the cold 
model data from the 1:5 scale model at IJinuiden 
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and also from esperiments of Cohen de Lara c.t d6 
with a circular cross section cold model. 

The decay of the burner fluid concentration 
(primary and secondary) on the axis of the jet is 
plotted in Fig. 5 for the 1: 5 scale cold model and 
hot furnace. In  the hot furnace experiment the 
tracer technique described above was used with 
helium injection into a pulverized coal flamcx. 
Good similarity was found between the axial 
concentrations in thc model and in the hot 
furnace. 

Unlike in free jets there is no unique radial 
velocity and concentration distribution in en- 
closed jets but similarity can be shown by comt- 
paring radial concentration distributions of cor- 
responding cross sections of model and hot 
furnace (Fig. 6 ) .  Here again the tracer technique 
was used in the hot furnace (coke oven gas 
burner) to determine the concentration distribu- 
tion of the entrained recirculated fluid. The 
burner fluid concentration plotted in the grap h 
was then calculated as 

Cbf = 1 - c,,,. 
In the model the burner fluid concentration is 
taken as the sum of the mole fractions of the 
primary and secondary nozzle fluids. 
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FIG. 4. Ratio of the maximum recirculated mass flow rate to the input mass 
rate as a function of the modified Thring-Newby criterion. 
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FIG. 5 .  Burner fluid concentration on the axis of the jet. 
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FIG. 6. Radial concentration distributions of burner 
fluid at  two sections of the furnace and model (P = 
mole fraction of primary fluid; S = mole fraction of 

secondary fluid). 

The Region Close to the Burner. In modeling 
double concentric jets it is of importance that the 
mising between the two jet fluids, the primary 
and secondary, is also similar in the cold model 
and hot furnace. It was found that, when the 
primary and secondary burner cross sectional 
areas were corrected for the density differences 
according to Eqs. (2) and (3) and the mass ratios 
satisfied Eq. (4 ) ,  reasonably good similarity of 
the mixing between the primary and the sec- 
ondary fluids could be obtained as shown in 
Fig. 7. 
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0.4 
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FIG. 7 .  Relative portions of primary, secondary, 
and recirculated fluid on the jet axis for fumarc 

and model. 

Experiments in the model furnace have shown 
that  the mixing in the region near the burner 
depends on the mass ratio of the primary to  
secondary nozzle fluids. The concentration of the 
entrained recirculation, however, is independent 
of the mass ratio and depends on the ratio r ; / L  

The effect is clearly shown in Fig. S where 
results of experiments are plotted in which the 
mass ratio m,/m, was varied in the range 0.03 
to 0.7. 

I n  the region close to the burner the mixing 
pattern can be distorted by buoyancy. The 
problem of the deflection of the axis of a single 
jet under the effect of buoyancy has been dealt 
with by several investigators ( Horn7 and Regen- 
scheit8) but from the point of view of mixing 
between the primary and the secondary jet it  is 
the effect of the buoyancy on the secondary jet 
which is of greater importance. It seems thak 
when the gravitational forces are importanit 
owing to the density difference between the 
relatively cold secondary jet and the surrounding 
hot recirculated gases, compared with the 
inertia forces, i.e., the momentum of the sec- 
ondary jet, the secondary fluid falls out of the 
jet to the bottom of the furnace and the primary 
jet is surrounded by a higher concentration of hot 
recirculated gases. This change in the density 
of the entrained mass in the early part of the jet 
was found to have a considerable stabilizing 
effect on pulverized coal flames? 

I t  is suggested that the Archimedes number 
(Ar) which expresses the ratio of the gravikt- 
tional and inertia forces in a nonconstant density 
flow system be chosen to indicate the importance 
of the gravitational effect close to the burner. 
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FIG. S. Effect of varying thc mass ratio of primary and secondary nozzle fluid 
on the axial concentration distribution (cold model-burner A). 

The Archimedes number ran he given in the 
form: 

Ar = (D2g AT)/Ui2TT, ,  (6) 

where Dz = the diameter of the secondary 
burner; AT = T ,  - T,; T ,  is the recirculation 
tcniperaturc in OK; Us = the secondary velocity; 
and g = the gravitational acceleration. 

I n  Fig. 9 the concentration of the recirculated 
fluid is plotted dong the flame axis in the form 

Crec(rd/L) versus (q’L). 

The graph shows that in the case when the 
Archimedes number was low (burners A and C) 
the buoyancy did not affect the entrainment of 
the recirculated fluid into the jet. I n  contrast to 
this the concentration of the recirculation 

increased considerably on the jet axis when the 
secondary jet was affected by buoyancy, Le., the 
Archimedes number was high. 

Conclusions 

An experimental tracer technique was de- 
veloped in order to differentiate between frac- 
tions of samples arriving from the burner directly 
and from the recirculating fluid. The technique 
can be used in both the cold model and the 
hot furnace. 

It i s  shown experimentally that the mixing 
between burner fluid and recirculated fluid in 
the fully developed region of enclosed double 
concentric jets depends onIy on the modified 
Thring-Newby criterion rd/ L, where the equiva- 
lent burner radius r i  is calculated from thc 



0 

0.1 

-21-1 

V g o  

0.0 

I 

MODELING O F  DOUBLE CONCENTRIC BURNING JETS 

GAS FLAME 
25 SO 

I 

FIG. 9. Effect of buoyancy on the concentrattion of the reoirculatcd fluid on 
the jet axis. 

combined masses and momenta of the primary 
and secondary jets as 

TIE mixing between the primary and secondary 
fluids in the region near the burner was found 
similar in the hot furnace and cold model when 
thc primary burner was calculated as 

and the area of the secondary burner as 

The similarity required also that the ratio of the 
input mass flows of the primary and the sec- 
ondary fluids be the same in the model as in the 
hot furnace. 

(?np/'%) m = (mp/'&) F .  
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'VVlien the Secondary velocity is low and tlic 
density of the secondary fluid is considerably 
higher than that of the rccirculating fluid 
correspondingly more recirculation and less 
secondary air is entrained in the early part of 
the primary jet. This means that the fuel heats 
up fmter-which has far-reaching effects on the 
stability of the flame. 

Tlic effect of the buoyancy near tlic burncr can 
be characterized in terms of the Archiinedcs 
number which is the dimensionless ratio of thc 
gravitational to inertial forces. 
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Nomenclature 

annular burner [m2] 
Cross sectional area of secondary 

Burner fluid concentration ( P  + S )  
Concentration of recirculated fluid 
Diameter of primary burner [m] 
Intcrnal diameter 01 secondary 

Esternal diameter of secondary 

Equivalent nozzlp diameter [in] 
Momentum flus through nozzle 

(Thring-Newby) [kg ni sec-Z1 
IhIomentuni flus through primary 

and secondary burners rcspec- 
tivcly [kg ni se@] 

Half-width of furnace in cold model 
and hot furnace respectively [m] 

Mass flow rate of nozzle fluid and 
surrounding fluid respectively 
[kg set+] 

iMass flow rate of primary, secondary, 
and recirculated fluid respectively 
[kg set+] 

Mass flow rate within the combined 
jet boundaries [kg sec-l] 

Mole fractions of primary and sec- 
ondary nozzle fluid respectively 

Radial distance from the asis of the 

burner [m] 

burner [m] 

jet [m] 
Eauivalent nozzle radius for single 

jet (Thring-Newby) [m] 
- 

Equivalent nozzle radius for double 

13urncr exit temperature of primary 

,4veragt. temperature in the furnace 

jet Em1 
and secondary fluids ["C] 

past the flame front ["C] 

Up,  U ,  Primary and secondary velocity at 
burner csit [m sec-l] 

ppF, psF,  P F  Density of fluid based upon T,, Tal 
and T p ,  respectively [kg mP3] 

8 Thring-Newby criterion; 8 = 

8' Modified Thring-Newby criterion 
[ (ma + mo)lmol(rol~~) 

8' = r { /L  

Subscripts 

m Cold model 
b' Furnace 
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APPLICATION OF THE WATER TRAVERSE TECHNIQUE T 
THE DEVELOPMENT OF AN AFTERBURNE 

.JAMES 0. ELLOR 

A technique was dcveloped for assessing the fuel-air ratio distribution of a rehcat burner with 
the engine run at design conditions, but without reheat in operation. Water is injected from the 
reheat liurner fuel manifold, the associated drop in gas temperatures recorded by lhermocouplcs in 
traverse planes around the burner being a measure of the water-air ratio distribution. Primary 
interest was in the radial and circumferential spread of the fuel at these planes, and the location of 
the jet core. By repeating the tests to cover the operational How range of the burner, the local fuel-air 
ratio at  the stabilizers can be expressed as a percentage of the total fuel-air ratio, at  each condition. 

The extinction limits of the burner having been established with rehcat in operation in terms of 
total fuel-air ratio, the local stability limits of the Hame stabilizers can be estimated. Howcver, as 
the extinction limits generally occur at jet pipe conditions other than those a t  which the water 
traverse tests are carried out, appropriate similarity parameters must be used. Thesc are comparcd 
quantitatively with the parameters affecting fuel penetration and dispersion in the literature. 

A correlation has been donc of the extinction limits of a series of diffcrent reheat burners from 
Hight and test bed results using the water traverse technique. 

Introduction 

In  developing an afterburner system for a jet 
engine it is essential to know the distribution of 
fuel produced by the various injection arrange- 
ments. However, not only is i t  difficult to con- 
struct accurate and reliable sampling gear for 
this purpose, but prolonged running a t  after- 
burner conditions is expensive while injecting 
fuel without lighting i t  is dangerous. Tests on 
small models tend to be unreliable because of 
scale effects. 

We have therefore developed a t  Rolls-Royce a 
simple simulation technique for assessing the 
distribution of fuel in an afterburner system with 
the engine running at design conditions, but 
without afterburning in operation. Water is 
injected from the reheat burner fuel manifold, 
the resulting drop in gas temperatures, recorded 
by thermocouples in traverse planes around the 
burner, being a measure of the water:air ratio 
distribution. By taking account of the similarity 
parameter discussed later in the test, the water: 
air concentrations can be related to the fuel: air 
distribution of the afterburner. In  a typical 
system the fuel is injected from a series of 
small holes in a circular manifold situated up- 
stream of an annular V-gutter stabilizer. We are, 
of course, primarily interested in the radial 
and circumferential spread of the fuel a t  the 
burning zone and in the location of the “core” 
of the fuel jet. By rcpeating the tests to cover 
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the operational flow range of the burner, thc loml 
fue1:air ratio at the stabilizers can bc esprcsscd 
as a percentage of the total fuel: air ratio a t  each 
condition. 

Once the extinction limits of the burner have 
been established in terms of total fue1:air ratio 
with reheat in operation, the stability limits of 
the flame stabilizers can be estimated in tcrms 
of local fuel: air ratio using the results of the water 
tests. However, as the extinetion limits gcnmally 
occur at jet pipe Conditions other than these a t  
which the water travcrsc tests are carried out, 
appropriate similarity parameters must be used. 

Prjnciples 

Assuming all the hcat and mass transfer is by 
turbulent mixing alone, so that the local entlialpy 
is uniquely related to the concentration, an 
energy balance gives : 

= Jt,C,,( TL - Tz) 

where M ,  is the water flow past a point in the 
sampling plane, Mg the gas flow, L the latent 
heat of water, C,,, C,, the specific hcats of steam 
and gas, respectively, and Tz and T I  the measured 
temperatures with and without water injection. 
T, is the initial water temperature and TL the 
boiling temperature of water a t  jet pipe pressure. 

For a typical case in which TI = 75OoC and 
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F U E L  MANIFOLD 

LEGEND 

Between 300° & 600°C 
Between 200°& 300°C 

P I P E  

FIG. 1. Typical thermocouple traverse. 

M,,,/Ll/g = 1/10, n r  would have TI - T2 = 
300°C which is easily measured to an accuracy of 
1%. It is evidently not possible to measure a 
water: gas ratio much greater than twice this 
amount bime all the water may not then be 
evaporatcd. This would result in the thermo- 
couple recording T,  independently of the true 
mixture ratio. 

Practice 

Figure 1 shon s a typical thermocouple trans- 
in the plane of the gutter, the results being 

exlircssed as the temperature difference between 
watm off nrid wntcr on conditions. It will be 
scwi tkerc are 17 thermocouple probes each 
traversing radially, the assembly covering a 
1100’ sector. Readings have been taken at 0.25 
in. and 0.5 in. radial increments over a 3 in. 
annulus in a pipe of 29.0 in. diameter. In  some 
tests a larger range of probe penetration is 
rrquired. The thermocouples are either the 
“stagnation” type or of “open head” construc- 
tion, with chromel-alumel bimetal junctions. We 

have found these accurate enough in view of the 
comparative nature of the temperature measure- 
ment, even a t  low values of temperature drop. 
The gutter position is shown in Fig. 1, as is the 
location of one of the three radial arms support- 
ing the burner. Since there is no fuel injection 
hole immediately behind the arm the fuel pattern 
is interrupted at this point. 

The temperature drops are then averaged 
over an annulus of 0.25 inch radial depth, 
converted to  a water: air ratio by energy balance 
as above, and plotted as shown in Fig. 2. A 
check is made that  the integrated water: air 
distribution and airflow traverse in this 100’ 
sector gives a total water flow in the correct 
proportion of the water feed to the manifold. 
It may be necessary to traverse other quadrants 
if the pattern is assymetrical. When as in this 
example, the fuel jets are closely pitched, the 
individual sprays fairly quickly form an annulus 
and i t  is not necessary to adopt a very close 
pitching of the radial traverse lines. I n  certain 
spoke injection systems, where the circum- 
ferential spacing is large, the fuel sprsys must he 
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trcatcd as sei~aratc corics, necessitating a grcatcr 
iiuniber of radial traverses. 

Figure 2 shows the water: air distribution 2.0 
in. downstreani of the stabilizer, at plane 2, in 
comparison with the distribution incident to thc 
gutter a t  plane 1. As would be expected the 
patterns in plane 2 are similar to the two parts 
into which the gutter splits the distribution a t  
plane 1. The further spread due to eddy diffusion 
between the planes has been more than offset 
by the acceleration of the flow, leading to a 
slightly narrower pattern a t  the downstream 
plane. 

These particular tests are for downstream fuel 
injection where it was found that the jet "core" 
or locus of maximum concentration points 
followed a path midway between the injection 
direction and the airflow stream lines for S in. 
from the point of injection, thereafter following 
the gas flow. This was the case for both water and 
fuel injection and will be discussed under simi- 
larity parameters. 

Although it is open to discussion as to which 
local fuel: air ratio controls gutter stability, we 
have assumed i t  to be the value a t  the gutter lips. 
I n  future tcsts we would only traverse in this 
plane. 

Similarity Parameters 

The EJect of Evaporation 

Bahrl gives the following relation for the 
factors governing injectant evaporation: 

- ( vA)o s/( loo) l/pA1 2 -  P? 43- LO s, 

where N = evaporation as percentage; TA = gas 
stream temperature; V A  = gas stream velocity 
(ft/sec) ; pA = gas stream static pressure (in 
psi;) Pr = fuel stream pressure drop (in psi;) 
and L = distance from fuel injector in inches. 

I 

FUEL/AIR CORE 
PATH 

FUEL/AIR SPREAD PLANE 
n 1 

2 JET PIPE $ 
----___.__-_ 

FIG. 2 .  Change of fuel/air spread with flow area. 

The relation was bascd on tcsts \\it11 contra- 
stream fuel injrction using iso-octanc a t  stream 
temperatures not exceeding 200°C, the author 
stating the relation should al)ply to kerosene. 
Our results were with both kerosene or water 
with downstream injection at 750°C gas tem- 
perature. At this temperature, according to the 
equation kerosene will be 90% evaporated a t  
0.25 in. from the point of injection. For the same 
degree of evaporation a water spray will prohalily 
travel 1.5 in., based on the relative values of the 
heat necessary to evaporate the two fluids. These 
evaporation distances are small compared with 
the scale of the apparatus and thus the sprays of 
either water or kerosene may be treated effec- 
tively as vapor sprays. No similarity parameter 
based on evaporation is therefore required. 

Factors Governing Fuel Dispersion with Down- 
stream Injection 

Beaton2 and King3 give expressions for the 
spread of a fuel spray caused by the eddy motion 
of the airstream, the tests being limited to an 
airstream temperature of 80°C. 

Bahrl modifies the mathematical relation to 
include the effect of evaporation on dispersion, 
his formula being based on tests with airstream 
temperatures of up to 200°C. Interpreting the 
expression given: 

where f is the fue1:air ratio a t  a given radial 
distance ( r )  from the core; f @ r = o  is the peak 
fue1:air ratio in the core; and M is the spread 
index, which is related in the text to the relevant 
paramaters as follows: 

M = 0.05959 + 0.00042, 
where 

D is the diameter of the jet orifice in inches (the 
rest of the symbols have been defined earlier). 

If the fuel spread radius is arbitrarily defined 
as that radius a t  which the local fuel: air ratio is 
5Oj, of the peak value, our results agree well with 
the above relation as shown in Appendix 1. 
We have defined dispersion as twice the fuel 
spread radius. 

By comparing the results of references 2 and 3 
with reference 1, i t  is found that evaporation 
appears to make very little difference to the 
dispersion. Comparative tests carried out by us 
at the same injectant flow with water and fuel 
have certainly given identical dispersion results. 
Thus the injectants used need not have a similar 
boiling point. Also if the above equation for 9 is 

"= II 
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using the fuel: air ratio a t  the stabilizer calculated 
from the results of' the water traverses. The 
stability characteristic for plain gutters is given 
in Fig. 3, where the equivaleiice ratio a t  the 
gutter lip is plotted against the aerodynamic 
loading paranieter p d / (  V / T )  . The symbols used 
are : 

_ _  

p = static pressure a t  the gutter lip (psi) ; 

The curve shown is a mean line for a range of 

psi to 50 I,sj and for jet ,,ipe 
looked a t  carefully i t  will be seen to depend 
alirmximately on tlic ratio of fuel to air mo- 
mentum, a t  a given distance from the injection 
point, and this Iiarametcr is kept constant be- 

gutter widths from 
sure range of from 

in. to 2.0 in. over a 

from 5oo~c  to sOo~c. 
It he noted that: 

tween tests in any case. 

Factors A fect ing Dispersion and Penetration with 
45" Downstream Injection 

Thcre appears to be no reference in the Iitera- 
ture either to fucl spray dispersion or penetra- 
tion when the fucl is injected at an angle to the 
airstream. However, the following penetration 
relation for normal to stream injection, suggested 
by 13ragg4 gives very good correlation with our 
results (see Appendix 2).  

z /d  = 0.7[Pf / (P  - p)]-ln ( L / d )  

wlwc 1: = cross stream penetration; d = jet 
orifice diameter; P - p = gas stream dynamic 
head; Pf = fucl injection pressure drop; and 
L = downstream distance from injection point. 

The ratio P f / (  P - p )  is essentially the fuel: air 
momentum ratio and as mentioned in reference 4 
evaporation appears to have a negligible effect 
on the penetration, as the relation hoIds equally 
ivvc:ll for air temperatures below the above the 

(a) The aerodynamic loading is least when the 
local overall fucl: air ratio is 90% of the stoiehiom- 
etrie value, i.e., an equivalence ratio of 0.9. 

(b) De Zubag's Law (ref. 5 )  holds very well 
a t  the "blow-off" p o i n t 4 . 9  equivalence ratio- 
and a t  equivalence ratios greater than this. 

(e) It is surprising that  the weak estinction 
fue1:air ratio is independent of the De Zubay 
number p d / (  V / T )  over so Iargc a range of it. 

(d) A stabilizer is able to work over an 
equivalence ratio range of 0.60 to 2.0 a t  thc 
value of p d / ( V / T )  corresponding to the sea 
level static conditions of most of our jet engines. 

Conclusions 

The technique of simulating the fuel distribu- 
tion of an afterburner by injecting water from 
the burner manifold is a useful development tool 
with the onIy proviso that the fuel:& nio- 
mentum ratio must be the same in model test 
and prototype. 
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Appendix 1 

0.02 1.75 3 .o 3 .S 
0.04 1.75 3 .o 3 .2  

Appendix 2 

With 45' downstream injrction, we found the 
dispersion and penetration varied with flow in  the 
following manner, measuremciits again bring 
referred to a plane S.O in. from injection point. 

Gas velocity: 676 ft/scc; 
Gas temperature: 750°C; 
Gas pressurc: 37.5 psi; 
Mach No.: 0.30; 

Dispersion with Downstream Injection 

With downstream injection we have found no 
change in the fuel dispersion of 3.0 in. width, 
when the watrr flow varies from 0.02 to 0.04 
lb/sec per jet, the dispersion being measured 5.0 Penetra- 
in. from the point of injection. This is in good Water Jet Diaper- Pcnetra- tion Dye- 
agreement with reference I, as tlic following flow .$ flow sion tion dictcdflom 
table shows : (lb/scc) No. (in.) (in.) ref. 4 

Gas mass flow: 160 lb/scc.; 
Je t  diameter: 0.039 in. 

(in.) 
Gas velocity: 654 ft/scc; 
Gas temperature: 760°C; 
Gas pressure: 35 psi; 
Gas mass flow: 160 lb/sec; 
Jrt diameter: 0.039 in.; 
Jet flow No.: jet flow in imperial gal/hr per 

0.06 1.75 5.3 - - 
0.03 1.75 4.35 0.765 0.745 

3.5 - - 

psi pressure drop. 

Discussion 

DR. I). G. STEWART (Aeronautical Research 
Laboratory, Australia) : The general success achieved 
with the water traverse technique is most encourag- 
ing. We have contemplated its use in ramjet scaling 
work but concluded that, a t  our air temperature 
(ZOO'C), evaporation would be incomplete. The de- 
pendence of evaporation on ( tempera t~re)~ .~  quoted 
by Dr. Ellor explains the success obtained with 
temperature over 500°C. 

The expression quoted for fuel distribution from 
downstream facing jets differs greatly from that of 
King for upstream facing jets and appears to lend 
itself more effectively to the achievement of simi- 
13,rity in scaling. This may be an argument in favor 

of the use of downstream jets when scaling is 
necessary. 

Despite differences in the two cxpressions, it is, 
however, interesting that bot,h tend to  rcducr in t,hc 
simplest form to the approsimat,e scaling law: 
(Injector:diameter)[Ia (Chamber linear dimension):. 

MR. P. F. ORCHARD (Bristol Siddeley Engines, 
Ltd.): We have also used the water traverse tech- 
nique to examine fuel distribution in reheat systems, 
but, while I agree that the peaks in the fueI/gas ratio 
can be traced quite adequately, I think the exten- 
sion of the technique to predict quantitative values 
of fuel/gas ratio away from these peaks can be mis- 
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leading, for confirmatory checks made by taking gas 
samples of the same flame in a burning system have 
shown up significant discrepancies. This is es- 
pecially important in high efficiency, high boost 
systems where fuel must be made to approach the 
wall of the liner as closely as possible without 
actually impinging on it. 

DR. J. 0. ELLOR (Rolls-Royce, Ltd.): We have not 
in fact applied the water traverse technique to the 
kind of reheat system referred to by Mr. Orchard. 
Because of this I cannot but accept this limitation 

of the technique. However, I should have thought 
t,he criticism restricted to the traverse method 
rather than to the injectant used, our experience 
being that water or fuel injectants give almost the 
same distribution under similar conditions. I would 
be interested to know from Orchard why the fuel 
distribution measured away from the peaks can 
give misleading results. While it is agreed that off- 
peak distributions are more difficult to measure, a 
reasonable accuracy of technique should give a 
satisfactory answer. 



SIMILARITY AND SCALE EFFECT IN RAMJET CO S 

D. G. STEWART AND G. C. QUIGG 

In view of thc successful application of “pressure scaling” to gas turbine and reheat combustors, 
there is interest in using the technique for ramjets. However, as the fuel distribution process in 
typical ramjet combustors was suspected of causing scaling difficulties, the present work set out to 
determine the value of pressure scaling undcr these circumstances and to  establish the appropriate 
fuel injector scaling criterion. 

The work was carried out using a current design of practical ramjet combustor in sizes of approxi- 
mately 3-, 5-, and S-inch duct diameter. Besides direct scaling comparisons, i t  was found necessarjr 
to investigate the detailed performance of this type of combustor and to study the fuel distribution 
process, both from isolated injectors and within the actual combustor. 

An important irregularity of combustor performance noted was the phenomenon of primary fuel 
penetration into the secondary zone, this giving rise to a high sensitivity of performance to  fuel dis- 
tribution effects. The injector scaling conditions necessary to preserve similarity of the penetration 
process under these circumstances have been determined in the form of an empirical law. 

Assessment of the comparative performance of the three combustors shows that, under thoso 
operating conditions in which the above fuel penetration does not occur, combustion similarity is 
achieved by pressure scaling, broadly independent of fuel injector size. For conditions in which fuel 
pcnetration is marginal, use of the empirical law found for injector scaling results in reasonablr 
similarity. 

The only scale effect noted has been in the tendency of the primary zone stability limits to de- 
crease in mixture strength as scale increases. This appears to be related to dissimilarity of air flow 
distribution, an effect which is being further investigated. 

Introduction 

The simple “PL” scaling law was first stated 
iii 19511 when i t  was shown, by consideration of 
the componcnt processes occurring in a com- 
bustion chamber, that similarity of those proc- 
csscs most likely to control the performance of 
the combustor could be achieved by ‘‘pressure 
scaling,” i c., by: 

1. Maintaining geometric similarity between 
model and full size unit; 

2.  Operating both at the same inlet tempera- 
ture, inlet velocity, and fuel-air ratio; 

3. Operating the model at a higher pressure 
than the full size unit, determined inversely as 
the ratio of linear dimensions. Hence the terms 
“PL” scaling or “pressurc scaling.” 

The principle behind pressure scaling is easily 
understood by reference to  a simplified com- 
bustion system whosc performance is dependent 
only on the processes of mixing and reaction 
kinetics. Thc parameter controlling the former 
process is Reynolds number, constancy of which 

leads to  
vLP = constant, (1) 

where temperature and composition are con- 
stant and the quantities v, L, P refer t o  velocity, 
length, and pressure, respectively. The latter 
process, requiring reaction time to  be propor- 
tional to residence time leads, under the same 
circumstances to: 

1/P proportional to L / u ,  
i.e., to 

Equations (1) and (2) togcthcr give the familiar 
scaling requirements: P L  = constant and v = 
constant. 

Although the treatment of reference I is far 
more comprehensive than that abovc, thc final 
simple result is the same. This treatment was 
later extended to  cover atomization by swirl 
atomizers and other relatively minor refinements 
were introduced; a consolidated statement was 
presented at  the 1955 AGARD Colloquium? 
Experimental assessment of the theory com- 
menced at  Rolls-Royce in 1952 and work was 
later carried out at Lucas and N.G.T.E.3 Other 

PL/v = constant. ( 2 )  

907 
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FIG. 1. N.G.T.E. “long colander” ramjet combustor. 

contributions on scale effect appeared at the 
AGAR11 Colloquium, dealing with combustion 
in both jet  engine^^-^ and rockets.‘~~ The present 
status of scaling techniques is reviewed by 
Lrfcbvre in reference 9. 

It i i  now clear that  “pressure scaling” is highly 
successful in relatively simple combustors such 
ab those of reheat systems whcre the important 
component processes are essentially those of 
mixing and reaction kinetics. I n  less simple com- 
busltors, such as those fitted with swirl atomizers, 
pressure scaling is still effective provided simi- 
larity of the fuel injection process is msintained.2~~ 
Essentially this involves maintaining the same 
fuel-air momentum ratio in both model and 
full size unit. 

One second order departure from similarity 
found in pressure scaling is the scale effect in 
flame tube tempcrature dealt with in references 
9 and 10. This arises essentially becausc, although 
convective heat trarisfcr remains proportional to 
heat rcleasc, thc ratio (heat absorbed by radia- 
tion) /(hcat lost by convection) is proportional 
to L2/uIJ2f‘, i.c., to l/vP, and so larger units, 
opcratd a t  l o w r  pressure, tend to run hotter. 

As yet little has been published regarding the 
use of scaling techniques in ram jet combustors 
and i t  is this gap which the present investigation 
attempts to fill. Potentially, an effective scaling 
technique should be most useful for ram jets, as 
it is for reheat systcms, becausc of the very large 
cornbustor sizes and testing plant capacity 
required. The major difficulty to be expected 
here is in effective scaling of the fuel injection 
and distribution processes since preliminary 
assessment of King’s work on fuel distributionl’ 
has iridicated scaling difficulties. 

In  carrying out this work, a current design of 
practical ram jet combustor, the N.G.T.E. “long 
colander” c o m b ~ s t o r ~ ~ J ~  (Fig. 1) was chosen and 
practical operating conditions wcre closely 
simulated. The range of combustor operating 
conditions covercd corresponds, according to the 
Y L  scaling law, to those of an IS-inch dianicter 
ranijet operating a t  Mach number 2.5 a t  altitudes 
from 50,000 to  75,000 ft. 

The objectives of the work were to assess the 
degree of similarity achieved by pressure scaling 
with this type of combustor, particularly under 
circumstances in which sensitivity to fuel dis- 
tribution proccsscs was Ltpparent and to find, 
under these circumstances, what fuel distribution 
scaling criterion was nccesssry. 

As a preliminary to the work i t  was found 
necessary to assess the performance of this type 

FIG. 2. Fuel distribution from upstream facing in- 
jector (air flow from left t o  right). 



RAMJET COMBUSTOR SCALING 909 

of combustor fairly thoroughly and this aspect is 
dealt with in an A.R.1,. report to be published. 
The actual scaliiig investigation is recordcd in a 
further A.R.L. report and the present paper forms 
a summary of those two reports. 

Preliminary Consideration of Fuel 
Distribution 

To place in correct perspective the problem of 
fuel distribution scaling, i t  is necessary to make 
some initial remarks conccrning this process. 
The combustor of Fig. 1 employs simplc up- 
strcam-facing tubular fuel injectors and the 
distribution of fuel from these may be observed 
qualitatively in the photograph of an isolated 
injector (Fig. 2 ) .  The fuel penetrates a distance 
p upstream and then diffuses laterally as it 
moves downstream towards the combustion 
region. To  maintain similarly of this process 
during scaliiig i t  is clearly desirable that the 
fuel-air ratio distribution downstream of the 
injector should be the same in model and full 
size unit. 

This process has been esteiisivcly studied by 
King" who found the lateral diffusion process to 
be essentially in agreement with the theory of 
diffusion from a point source as described in 
references 14 and 15 and that the effective 
point source was a t  the point of maximum 
upstream penetration. He furthrr found empirical 
laws defining the penetration distance p and the 
effective diffusion coefficient. 

Fuel distribution similarity implies similarity 
of both the diffusion and penetration processes. - 
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For thc former, it  can readily be drduccd"J4J" 
that the parameter D / L v  is required to remain 
constant between scales, where 11 is the diffusion 
coefficient. For gaseous diffusion D/Lv is a func- 
tion only of Rcynolds number, but Icing's work 
shoivcd empirically for spray diffusion 

D/v X lo4 = 5.2(1 4- 7.5Q~) (3) 

whcre D/v is in feet and Q f ,  thc fuel flow per 
injector, is in lb/sec. This latter csprcssion, 
covering a limited rangc of variables, may how- 
ever be misleading and more recent work a t  
N.G.T.E. which, althougli inconclusivc, did 
cover a range of duet sizes, indicates that  morc 
suitable empirical parameters in expression (3) 
might be D/Lv and Qf /L  The first of these is the 
requircd similarity parameter and the second is 
effectively Reynolds number so that the require- 
ment becomes similar to that for gaseous diffu- 
sion. It may thus be reasonably expected that 
constant Reynolds number, as maintained in 
pressure scaling, will achieve rcasonablc simi- 
larity of the diffusion process. 

Regarding the penetration process, King found 
an empirical relation in the form: 

whcre p = upstream fuel pcnetration distance; 
d = injector inside diameter; p ~ ,  pa = fuel and air 
dcnsitics; and vf ,  ua = fuel and air velocities. 

The term in the parentheses is, of coursc, tlic 
fuel/air momentum ratio, hascd on equal areas 
of fuel and air flow. 

Applying to this the obvious scaling rcquirc- 
ment ( p / L  = constant, PIJ = constant, u = 

LINEAR SCALE RATIO 

5 10 20 50 100 200 500 1000 U 
w 1 2  

z v 

FUEL-AIR MOMENTUM RATIO IN FULL SIZE UNIT 

FIG. 3. Dependence of injector sealing on fuel-air momentum ratio (based 
on King's correlation). 
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constant, and the condition of constant fuel-air 
ratio) can be show to lead to: 

( 5 )  

wherje the suffixes 1 and 2 denote two scales of 
combustor. 

If the momentum ratio is large compared with 
unity, this expression leads to: 

constant. ( 6 )  d4n- l /~3n- l  = 

Figure 3,  based on Eq. ( 5 ) ,  shows the de- 
pendence of injector scale ratio on fuel-air 
momentum ratio, for the case of n = a (as found 
by King). It is apparent that, unless the mo- 
mentum ratio is large compared with unity 
[in which case Eq. (6) applies] no one value of 
injector diameter is suitable for scaling over a 
range of momentum ratios. Thus i t  is inherently 
impossible to achieve similarity of fuel pene- 
tration using one fuel injector over a range of 
fuel flows. (This situation i s  very similar to that 
found for swirl atomizers in reference 3.) 

The results of ref. 11 all correlated very well 
with expression (4) using k = 31.0 and n = 4. 
However, other investigations at A.R.L. using 
isolated injcctors show some variation. Some of 
these show n = 3 but with k tending to decrease 
as turbulence level increases. Others show cor- 

PRINCIPLES 

relation to be best with n = 3/4 and with the 
p / d  term modified to (p/d)/Re: where the 
Reynolds number Re is based on air flow and 
jet outside diameter. Thus i t  appears that  fuel 
penetration depends, not only on momentum 
ratio and jet size, but also on turbulence level, 
Reynolds number, and other factors not yet 
completely investigated. Equation (4) never- 
theless forms a good first approsimation to 
describing the process. 

For approsimate use in sealing the fuel pme- 
tration process, exprcssion (6) reduces to : 

( 7 )  d/L"2 = constant (if n = i)  
d/L5'8 = constant (if n = 2) ( 8 )  

An alternative expression, more applicable to 
conditions in the present combustor, is derived 
below. 

Experimental 
Thc N.G.T.E. combustor I2,l3 (Fig. 1) con- 

sists essentially of a central pilot colander fed 
with fuel from six primary injectors and an 
annular passage fed with secondary fuel from 
three injectors. Mising of the two streams is 
effected by a mixer having three fingers, on each 
of which is a small V-gutter, these being situated 
behind the three secondary injectors. Com- 
bustion is completed in a tail pipe section. 

For the present investigations, three scales of 

g 7 0.5'' 
.n 

FIXED NOZZLE 

ORBUTTERFLY XIBLE CASCADE ELBOWS 

FIG. 4. Test rig (5-inch rig shown). 
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combustor were made, equivalent to duct inside 
diameters of 3.34, 5.06, and 7.75 inches (for 
conveniencr these are referred to as the 3, 5,  and 
S-inch scales). The smallest of these was con- 
sidered the minimum desirable from the point of 
view of testing and manufacturing accuracy and 
the largest was set by the available plant ca- 
pacity. Great care was taken in the manufacture 
of these to preserve true geometric similarity, 
even to the extent of scaling metal thickness 
proportional to linear dimension. 

The general arrangement is shown dia- 
gramatically in Fig. 4, the dimensions shown 
being those for the 5-inch rig. Thr pipework was 
suspended on a floating thrust cradle and thrust 

mcasurcmcmts when required wcrc made using a 
calibrated proving loop. A ball-jointed swinging 
link was used to supply air without introducing 
axial forces and, because of some air leakage at 
the hall joints, the air venturi was located after 
these. To ensure uniformity of fuel flow to the 
three secondary injectors, a distribution chamber 
was installed ahead of these. Arrangements for 
primary fuel injection and high energy ignition 
are shown in Fig. 1. 

As shown in Fig. 4, a heavy turbulence grn- 
erator was fitted upstream of the combustor to 
simulate practical combustor inlet conditions. 
At the exhaust end, a sharp-edged nozzle plate 
was used in most tests to provide 92% nozzling. 

TABLE 1 

Summary of Test Program 

Type and number of observations 
Primary injector 

Secondary - Penetration 
Rig injector Diam. Thrust 

(in.) (in.) No. (in.) (L ) / (d )  P L  comb. comb. stability stability eficiency 
size (L)  diam. d Without With Primary Overall and 

5.06 0.116 

3.34 0.094 

7.75 0.144 

0.029 

0.041 

0.020 

0.024 

0 .033 

0.052 

0.060 

0.073 

174 

123 

167 

139 

101 

149 

130 

106 

- 135 6 
200 7 
300 6 
400 - 

135 6 
200 S 
300 7 
400 - 

- 
- 
- 

- 
- 
- 
- 

- 135 6 
200 5 6 
300 - 

13.5 5 2 
200 12 G 
300 4 5 

135 7 
200 S 
300 6 
400 - 

- 

- 
- 
__. 

200 7 9 

200 S 5 
300 10 3 

200 S 
300 7 

- 
- 

27 
43 
12 
12 

19 
4s 
27 
24 

9 
1s 
- 

15 
29 
1s 
7 

23  
- 
- 

19 

5 
2s 

23 
37 

- 
- 
- 
- 

260 
5S0 
160 
so 

- 
- 
- 
r 

S 
5 

37 
96 
39 
IS 

- 

- 
27 

- 
36 
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For tests of primary zone stability, requiriug in- 
clcpeiidciit variatioii of‘ chamber velocity, this 
was r ~ l i l ~ e d  by a water-cooled butterfly valve. 

ilirec t y l m  of iiieasurement were macle as a 
basis ol comparison 01 overall combustion per- 
Yormancc of the threc scales; these were primary 
zone stability, overall stability (in which primary 
and scconrlary fuel flows mere independently 
varied), and combustion efficiency (determined 
hy thrust measurement using a calibrated proving 
loop). Fuel penetration behavior in the com- 
bustor was investigated using the small thcrnio- 
couplc loentcd as slio~vn in Fig. 1 to detcet the 
presence of primary fuel a t  the shroud edge. 

Throughout this work, so as to facilitate 
cmnparison of thc rmults of the three scalps of 
cornbustor, stancktrd values of combustor inlet 
total prcssurc wcrc used, corresponding to values 
of I’L of 135, 200, 300, and 400 where P is inlet 

a. and L is duct inside diameter 
in inches. If the Pf, scaling law applied, this 
would then result in performance dependent 
only on PO irrespective of scale and so com- 
parison of scaling effects could be readily made. 
The range of P L  chosen corresponds to an Winch 
diamctcr rnmjct operating a t  Mach number 2.5 
a t  altitudes froin 50,000 to 75,000 f t ,  the ap- 
propriate inlet tcrnperature of 200°C being 
achieved using a kerosene-fired preheater sup- 
plying vitiated air. Plant facilities allowed the 3- 
ant1 5-inch combustors to  be tcsted a t  all these 
vaIucs of PI; although operation of the 5-inch 
combustor a t  PO 135 resulted in the final nozzle 

r ,  

being unchoked, arid this fact must be con- 
sidered in assessing the results. The S-inch eom- 
bustor could be tested completely only at PL 
300 but lower values of P L  were possible when 
the eshaust butterfly was used (i.e., when 
choking of the final nozzle was unnecessary). 
h range of fuel injector sizes was used during 

this work. The basic 5-inch rig injectors (0.116- 
inch dia. secondary and .041-inch dia. primary) 
were designed to operator over the same range of 
fuel-air momentum ratios as occurred in the 
N.G.T.E. 6-inch high altitude combustors of 
rcfs. 12 and 13. The 3-inch and 8-inch rig see- 
ondary injectors were then derived from these 
using Eq. ( 7 )  and a range of primary injectors 
was used as discussed below. The full range of 
injectors, test conditions, and number of observa- 
tions made is summarized in Table I. 

Comparison of Scaling Behavior 

General Comments 

Before making detailed comparison between 
the three scales of combustor, the general char- 
acteristics of this type of unit were esamined 
using the 5-inch combustor. 

In  general, three particular characteristics of 
the combustor behavior were noted: 

1. There is a tendency for “multiple” stability 
loops to occur-that is the curve of overall 
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FIG. 5 .  Five-inch rig, primary zone stability. 
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FIG. 6. Primary zone behavior-cffect of injector size on stability (3-inch 
rig, P L  = 200, d = 0.020, 0.024, 0.033). 

stability can close i t t  two or more distinct values 
of total fuel-air ratio (Fig. 8).  

2.  Under some circumstances, primary furl 
may penetrate beyond the primary shroud and 
enter the secondary stream, causing a large effect 
on performance and thus great sensitivity to fuel 
distribution. (See for example, the marked effect 
of injector size in Fig. 6 ) .  

3. When such penetration does not occur, 
sensitivity of performance to primary fucl 
distribution is small. 

Reference to these points will be made during 
discussion of the comparative results. In  the 
following section thc three aspects of pcrformance, 
namely, primary zone stability, overall stability, 
and combustion efficiency, will be discussed by 
comparing the effect of varying scale at constant 
P L  with that of varying PI ,  a t  constant scale, 
the criterion of reasonable similarity being that 
the former effect is significantly less than the 
latter. 

Primary Zone Stability 

Figure 5 shows the 5-inch rig results over a 
range of values of PL. It is apparent that  the 
lean stability limit is insensitive to P L  but the 
rich limit generally shows the improvement to be 
expected as this quantity increases. (The rela- 
tively low values found a t  P L  400 were probably 

due to instability arising in thc buttrrfly wntcr- 
cooling system). 

As noted earlier, it  is possihlc for primary fucl 
to penetrate into the secondary rc\gion ant1 t,hc 
full significance of this will be discussed bclow. 
It is sufficient a t  the moment to  note the curms 
in Fig. 5 indicating the rnisturr strrngtlis abovc 
which this occurs. 

Figure 7 shows the over-all comparison of tlie 
effect of scale on primary stability, illustratrtl lor 
P L  = 200 (results at othcr valurs of P I ,  arc 
very similar) . Again, the fuel I)rnrtmtion limits 
are shown. Agreement bctwecn the tlircc scalrs is 
generally quite good in thc region in which fuel 
penetration does not occur, although thcrc is a 
quite definite tendency for both lcaii and rich 
limits to increase in value as scale dccrcasrs. 

In  thc region in which fuel penetration docs 
occur there is a pronounced effect of scale, t'he 
reason for which will be will be clarified below. 

Overall Stability 

Figure S shows the complete results for the 
5-inch combustor over the range of values of P L  
and illustrates both the degree of experimental 
accuracy achieved together with the occurrence 
of multiple stability loops mentioned above. 
The experimental scatter shown generally oc- 
curred in the form of differences between suc- 
cessive runs and, despite great care in ensuring 
reproducibility of hardware during rcpairs and 
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Fro. 7. Overall scaling comparison, primary zone stability. (PL = 200) 
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FIG. S. Five-inch rig, overall stability (complete results). 
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FIG. 9. Overall scaling comparison, overall stability. 

in maintaining rcproducible test conditions, no 
better accuracy could be achieved. 

The phenomenon of multiple stability loops 
was carefully examined to see whether any 
extraneous influences could be responsible for 
these but the only significant conclusion drawn 
was that the “long” loop was generally associatcd 
with a low level of combustion noise. Extinction 
would usually occur a t  the “short” curve but 
under some circumstances (apparently those of 
low combustion noise level) this contributory 
cause of extinction was thus eliminated and 
stable burning would continue up to the “long” 
curve. Intermediate extinction points were also 
possible and this accounts for the large variation 
in the results at P L  = 200. The two smooth 
curves shown on this figure refer to two typical 
individual runs giving rise to the “long” and 
“short” curve. For the purpose of the present 
scaling comparison it is necessary to accept this 
phenomenon as a characteristic of the com- 
bustor. 

Figure 9 shows the overall comparison of the 
effect of scale a t  all values of P L  (the S-inch 
combustor could only be tested a t  P L  = 300). 
The following observations may be made: 

1. Within the limits of experimental accuracy 
there is quite good agreement in the region of 
rich primary mixtures (the regions referred to 
the indicated in Fig. 9d) although there is a 

slight tendency for extinction limit to increase 
as scale decreascs. 

2. In  the lean primary region there is a 
definite scale effect with thc limit increasing as 
scale decrcascs. This effect and that of 1, above 
are in the same direction as that observed with 
primary zone stability. 

3. In  the rich sccondary rcgion the 3- and 
S-inch rig results agrcc well with the 5-inch rig 
“short” curves and there arc also some 3-inch 
rig results a t  P L  = 300 and 400 (and possibly 
200) which indicatc extinction on the “long” 
curve. 

Thus, apart from the scale effect in primary 
zone mixture strength it may be gcnerally 
concluded that similarity between scales is good. 
Certainly the effects of scale change arc small 
compared with those caused by a change in PL. 
The question then arises as to whether similarity 
has been achieved by effective scaling of the 
fuel distribution process or whether, in fact, 
overall stability is relatively insensitive to fuel 
distribution. The result of Fig. 10 supports 
the latter view at least as regards primary fuel 
distribution; two different sizes of primary fuel 
injector have been used to give differing fuel 
distribution patterns and it is apparent that, 
except when fuel penctration takes place from 
primary to  secondary region, overall stability 
remains unaffected. Other tests, as yet incom- 

I 1 
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FIG. 10. Eight-inch rig-overall stabi!ity results. (PL = 300, cl = 0.060, 0.073.) 

1)letcly assessed, confirm the almost complete Combustion Eficiency 
iiisciisitivity of perlormance t o  primary fuel 
distribution undcr nonpenetrating conditions. Combustion efficiency, based on thrust meas- 
Thcsc rectnt tcsts nevertheless shorn a reasonable urement, was determined at constant values of 
sensitivity of perf'orinmcc to secondary fuel secondary/primary fuel flow (i.e., by operation 
dist,ribution. along the straight lines shown in Fig. Sd.) Typical 
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FIG. 11. Five-inch rig, air specific impulse and combustion efficiency. Effect of 
secondary/primary fuel flow ratio (PL = 200). 
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T O T A L  FUEL-AIR RATIO 

FIG. 12. Fivc-inch rig air specific impulse, effect ol  PI,. 

results (for the 5-inch rig at PI ,  = 200) arc 
shown in Fig. 11. 

To facilitate overall comparison it is more 
convenient to deal with the envrlope of the 
specific impulse curve and Fig. 12 cxprcsscs the 
effect of P L  on the 5-inch rig results in this way. 
Figure 13 shows the comparison of rcsults of thc 
thrce scales a t  P L  = 200, 300, and 400 (results 
a t  P L  = 135 are omitted because the 5-inch rig 
final nozzle was barely choked a t  this condi- 
tion). 

In  general Fig. 13 shows the agreement be- 
tween scales to be very good a t  thc lower fuel-air 
ratios and, although some divergence appears a t  
richer mixtures (comparable with that caused 
by P L  change in Fig. 12), the observation of 
some efficiencies over 1 0 0 ~ o  indicates the diver- 
gence to be no worse than the esperimental 
accuracy. It is also significant that the diffcr- 
ence between 3-inch rig and 5-inch rig results a t  
P L  = 200 are in the opposite direction to those 
a t  P L  = 300 and 400 so that no consistent scale 
effect is apparent. 

Notes on Fuel Penetration Effects 

The phenomenon of primary fuel penetration 
round the primary zone shroud was first noticed 
during preliminary running of the 5-inch rig 
when the primary injectors were initially made 
too small. As a result of this the injectors were 
redesigned on a basis of constant fuel-air mo- 

mentum ratio as mc3ntioned in thc Experinic~ntal 
section. 

Irregularitics observed i n  iiiaiiy rich primary 

observations of the condition st which priiiia,ry 
fuel just starts to penetrate round thc sliroud 
(observed both with and without combu 
It is apparent that the rich extinction liin 
sharply when fuel starts to penetrate as it thcn 
burns in the sccondary zone. 

This behavior constitutes an important sensi- 
tivity of performance to fuel distribution which 
must be taken into account in scale testing. T o  
investigate this further, a large number of ob- 
servations of penetration limit were made untier 
both burning and nonburniiig conditions. Al- 
though great experimental accuracy was probnldy 
not achieved in these tests, i t  was found possible 
to correlate all results empirically as shown in 
Fig. 15 by means of tlie formula: 

where I< = 49.15 for “cold” tests and 3.5.3 for 
“hot” tests. (See Nomcwdaturt~ section for uniti.) 

The use of the pclnetration limit corrcllation is 
illustrated in Fig. 6 to explain tlw obicrvcd 
dependence of primary rich stability limit on 
injector size. It i s  apparent that  a u d d c n  in- 
crease in stability occurs when tlie penetration 
limit curve mects the stability limit. (In the caw 
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TOTAL FUEL-AIR RATIO 

FIG. 13. Overall scaling comparison, specific impulse. 

of the 0.033-inch dia. injector, no penetration 
occurred throughout the range of stability 
measurements.) A furthcr example of the use of 
the penetration limit curve to explain the 
sudden increase in primary zone rich stability 
has already been quoted in Fig. 5. 

The empirical penetration expression of Eq. 
(9) may be compared with the correlation for 
isolated injectors in Eq. (4). It can be shown 
that, using the units shown in the Nomenclature 
section, Eq. (9) reduces to 

p / d  = (122.O/fi) ( L2P’’4/d1’2Q,”2) 

(Momentum ratio)l13, (10) 

so that the term in the second parentheses con- 
stitutes an empirical correction factor necessary 
to relate actual conditions in the practical com- 

bustor to those appropriate to a simple isolated 
injector. It has not yet been found possible to 
determine the dimensionless significance of this 
correction factor. 

Regarding the significance of the penetration 
expression for scaling purposes, i t  can be shown 
that “pressure scaling” conditions together with 
the fundamental requirement, p / L  = constant, 
lead, when applied to Eq. (10) to: 

d/L7i6 = constant. (11) 

This lcads to very different values of d from 
those determined by the earlier expression for 
isolated injectors [Eqs. (7) and (S)], where the 
exponent of L is 3, or 5, respectively. 

It is now possible t o  assess more completely 
the effect of scale on primary zone stability 
shown in Fig. 7. Taking the 5-inch rig, 0.041-inch 
dia. primary injector as standard, Eq. (11) leads 
to .025- and .067-inch dia., respcctively, for the 
3- and 8-incb rig injectors necessary to preserve 
similarity of fuel penetration. In actual fact sizes 
of .024- and .073-inch dia., respectively, were 
used. Figure 7 shows the penetration limit 
curves for the ideal injectors and for those 
actually used. Although there is some scatter in 
the experimental stability limits in the pene- 
tration region, the 3-inch results (which used the 
.024-inch dia. injector, close to the ideal of .025- 
inch dia.) show some agreement with the 5-inch 
results. The 8-inch rig injectors were relatively 
too large (.073-inch dia. instead of .067-inch dia.) 
and so show a delayed penetration effect. (Re- 
sults obtained subsequently using S-inch rig 
injectors of .067-inch dia. show much better 
agreement with the 3- and &inch results.) 

There is thus some indication that, despite the 
uncertainties of running in the penetration region 
(rough combustion and experimental inac- 
curacy usually occurrcd as a result of irregular 
combustion in the secondary region), some 
measure of combustion similarity can be achieved 
by correct scaling of the fuel penetration process. 

Scale Effect in Primary Zone Performance 
It has been noted that obvious scale effect 

exists in the primary zone stability limits (see 
Figs. 7 and 9) in the form of s progressive shift 
towards leaner mixtures (with both lean and 
rich extinctions) as scale size increases. In round 
figures the discrepancy bctween 3- and 5-inch 
rig and between 5- and S-inch rig is about 20% for 
lean limits and 0-1 0% for rich limits. 

When this effect was first encountered, the 
accuracy of fuel and air flow measurement was 
carefully checked and the total pressure profile 
ahead of thc 3- and 5-inch combustors was cali- 
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brated. The latter calibration showed the differ- 
ence in total pressure ahead of the primary and 
secoindary regions to be less than 0.1% for both 
3- and S-inch rigs. As a further check thc air 
niass flow-pressure loss rclationship for the 
primary zones of tlie three combustors was 
calibmtcd under cold conditions, showing the 
relative mass flow of the 3- and S-inch com- 
bust,ors to he about 5% high and 2$% low, 
respectively, compared with the 5-inch com- 
bustor. While this lattcr effect is in tlic right 
direction, it is insufficient to account for the 
obscrvcd variation in primary mixture strength. 

l'hcse observations led to tlie belief that  there 
was a genuine scale effect in combustion per- 
formance and the hypothesis was advanced that 
this was related to the increased colander metal 
temperatures which might be expected with 
increased scale.9J0 The effect of this would be to 
gencrally widen the stability limits (see ref. 16) 
and also to reduce the primary air mass flow 
because of increased air temperature ahead of the 
colander metering holes. The interaction of 
these two influences would be t o  progressively 
lower the lean primary limit as scale increases 
while not greatly influencing the rich limit. This 
would thui; be a possible explanation of the 
obsorved behavior. 

More recently however, attempts have been 
made to nicuurc the primary and secondary air 
mass flows under various operating conditions 
and, while great accuracy has not been achieved, 
there are indications that the proportion of 
prinnary air is greater in the 3-inch combustor 
than in the S-inch combustor, even under non- 
burning conditions, and that thc magnitude of 
this effect would be sufficient to account for the 
observed variation in lean stability limit. 

The effect is consistent with the earlier meas- 
urements of pressure traverse and primary zone 
flow calibration, only if some dissimilarity exists 
in the secondary zone flow characteristics, and 
work is currently in progress to assess this. 
Although a firm conclusion must await comple- 
tion of this work, the observations have stressed 
the need for accuracy of aerodynamic similarity 
as :t prercquisite for combustion similarity. 

Conclusions 

The most important conclusion from this work 
is that pressure scaling results in reasonable 
combustion similarity in this type of ram jet 
conibustor, certainly under conditions in which 
performancc is relatively insensitive to fuel 
distribution. While this result is not unexpected, 
it is significant that even such an unpredictable 

effect as the existence of multiple stability loops 
shows similarity between scales. 

The phenomenon of fuel penetration from 
primary to secondary zone results in marked 
sensitivity of performance to fuel distribution 
under some operating conditions. Even in these 
curcumstances there is some indication that 
reasonable combustion similarity may be achieved 
when the required fuel penetration conditions are 
fulfilled (this is very nearly the case in Fig. 7 ) .  

The empirical relationship found to predict the 
phenomenon of primary fuel penetration in this 
combustor bears littlc resemblance to that 
found for ideal isolatcd injectors and i t  must be 
concluded that, pending further work, practical 
combustors must be individually investigated 
with respect to their fuel distribution behavior. 

The only pronounced scale effect observed in 
this work is that  in primary zone mixture 
strength and this appears to be related to dis- 
similarity of air flow distribution, an effect which 
is being further investigated. 

Nomenclature 

d injector inside diameter [inches] 
f Fuel-air ratio, @/QU 

D Diffusion coefficient [ft2/sec] 
k Constant 
R Constant 
L Linear dimension (tyl)ically combustor 

duct diameter) [inches] 
n Exponent in penetration expression 
p Penetration distance [inches] 
P Total pressure upstream of combustor 

Q 
v 
p 

ppf2/pav2 is the fuel-air momentum ratio 

[Total fuel (primary and secondary)]/( Total air) 

(Primary fueI)/(TotaI air) is the primary fuel 

[psia] 
Mass flow (of fuel or air) [lb/hr] 
Velocity (of fuel or air) [ft/sec] 
Density (of fuel or air) [lb/ft3] 

is the total fuel-air ratio 

air ratio 

Subscripts 

a Sir  

f Fuel 
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Discussion 

DR. M. G. PERRY (Shefield University, England) : 
Would the authors comment on the figure showing 
primary fuel/total air ratio against inlet Mach 
number for various injector sixes? It seems that if 
the step change in the curves is due to primary fuel 
leakage into the secondary zone, then this method 
of plotting is oversimplifying the picture, if we 
don’t know the amount of leakagc. If we do know 
it, then it ought to be possible to modify the pri- 
mary fuel/total air ratio to allow for this, and so 
obtain a smooth curve. 

DR. I). G. STEWART (Aeronautical Research 
Laboratories, Australia) : It is true that if the amount 
of fuel leaking into the secondary zone were known, 
it would be possible to espress the results in terms 
of effective primary fuel flow, and there is little 
doubt that a unique curve for all primary injector 
sixes would result. 

However, our objective was to express the results 
in such a way that sensitivity to fuel distribution 
was made apparent, and the figure referred to, 
together with that showing the final scaling com- 
parison, stress the sensitivity of pcrformance to fuel 

distribution and indicate that if this process is 
correctly scaled, overall combuslion similiirily is 
B chievcd. 

DR. J.  0. E~i~o~-(Roll~-Royce, Enqlancl): I :tm 
particularly interested in the weak estinction 
characteristic quoted by Stewsrl. It occurs at a 
primary fucl/totxl air ratio of ,005 independent of 
the PI ,  and M rnngc investigated, at a vitiated 
tcmperatnrc of 200°C. 

Now, if the weak extinction is espresscd in terms 
of primary fuel/primary air ratio, as it should be, 
the value will increase to 0.0334-the primary air 
being some 15 per cent of the total air flow. Addrng 
to this the amount of fuel burned initially to raise 
the air temperaturc to 200°C (about 0.006 fuel/air 
ratio) gives an overall primary flow weak estinction 
of 0.04 which is 0.60 equivalcnee ratio. 

This is, in fact, the same ratio weak rxtinctioii as 
that quoted in my paper for gutter stabilization a t  
700°C. We also found the weak estinction fuel/air 
ratio to be independent of gas conditions over 
about the same range as Stewart both in respect of 
M range and of pressure range (his minimum PL of 
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135 corresponds to 7.0 psi on the 1S.0-inch full-scale 
combustor). 

fundamental local weak extinction characteristic of 
a kerosene-air mixture using very different geom- 
etries of burner and values of gas temperature. 

wakes downstream of the injector stems. Could Dr. 
Stewart describe their limits of accuracy in position- 

We appear iudepcndently to have found the ing the injectors, and also could he comment as to 
what extent a small angle of yaw, say half a degree, 
would make to the resulting fuel distribution and 
combustion efficiency? 

DR. D. G. STEWART: The point raised by Ilr. 
Ellor is most interesting. Although in our work 
precise determination of primary air mass flow is 
difficult, we have made preliminary observation of 
this qunntity and find it to be 10-1.5% of the total 
air Row. Thus, the comparison quoted by Dr. Ellor 
is valid and does show a lean equivalence ratio of 
about 0.6 in his work and ours, independent of 
operating variables. This agreement, for two very 
different combustor types, gives promise of its 
general application to other combustors. 

1 ) ~ .  A. J. GERRARD (Lucas Gas Turbine Eyuip- 
ment, Ltd.):  In his paper Dr. Stewart correctly 
emphasizes the importance of fuel distribution in 
the scaling exercise. To spray a pencil-jet of fuel 

DR. D. G. STEWART: Realizina the importance of 
fuel injector alignment, reasonable care was used 
throughout in the positioning of fuel injectors. In 
the case of primary injectors, a special jig was used 
to position them, both as regards radial location and 
axial direction and the latter property was further 
checked by setting the assembled injector block 
vertically and flowing fuel upwards under static air 
conditions-a very sensitive test of flow alignment. 
It is estimated that setting accuracy of the order of 
& l / l O  degree would result. 

In the case of secondary injectors, normal machin- 
ing accuracy was used as the relatively smaller fuel 
penctrations in this case would be espected to make 
alignment less critical. 

directly opposing an air stream requires precision 
setting of the injectors, even in Pig. 2 a slight asym- 
metry of the fuel plume can be observed; and in 
addition, fuel would be entrained in the aerodynamic 

It is now felt that the setting accuracy in both 
cases was greater than necessary and that misalign- 
ments of about one degree would not show signifi- 
cant performance changes. 



MODELING STUDIES OF BAFFLE-TYPE COMBUST 

H. C. HOTTEL, G. C. WILLIAMS, W. P. JENSEN, A. C. TOBEY, AND P. M. R. BURRAGE 

Geometrically similar ramjet-type combustion chambers of 1.61, 4.026, and 6.065-inch diametcr 
and lengths of 5.250 and 4.250 were operated at Reynolds numbers ranging from 24,000 to  230,000 
and ambient pressure levels from 0.2 to 1.5 atmospheres, with propane fuel. Flameholdrrs werc 
annular V-gutters having a leading-edge included angle of 30" and producing 44% blockage of thc 
combustor cross section. Excepting the wall thickness of some burners, all dimensions of burners, 
flameholders, upstream piping and mixing sections were scaled in proportion to burner inside di- 
ameters. 

Analysis indicated the importance of keeping the following parameters constant if the model 
experiment was to  reproduce prototype performance: 

a. Reynolds number, DUp/p. 
b. Chemical loading parameter, kp"-'D/U. 
c. Mach number, M U/C.  
d. External heat-loss group, XQ/D[(L~/X,) + (1/hW7,0)] 
e. Helmholtz resonator group ( D 3 / V ) i / M .  

Analysis indicated the probable importance of group d above-the csternal heat-loss group- 
and a poorer performance to be expected of larger burners modeled by use of groups a and b alone, 
because of abnormally high external loss from large burners. An experimental study of the effect of 
wall losses, using emissivity control or radiation shielding, confirmed the analysis and explaincd 
some of the deviations in burner efficiency results of modeling based on groups a and b alone. This 
indicated the importance of including group d if the prototype walls run hot. 

Longitudinal, tangential, or radial oscillations that may occur in modeled combustors are scaled 
only if thc Mach number is kept constant. AS indicated above, this is automatic with modeling bascd 
on Reynolds number and the chemical loading parameter if, but only if, the pressure cxponcnt 
n is 2. 

Introduction 

The purpose of this work was to discover the 
chemical and flow parameters characterizing the 
modeling of ramjet-type burners. This work has 
been more fully described in reports of limited 
distribution.'S2 

Interest in model studies is twofold, to im- 
prove understanding of combustion in turbulent 
flow (a process too complicated for rigorous 
mathematical analysis), and to save time and 
expense of propulsion engine development. 
Clearly the number of groups retained for the 
second interest may be less than for the first. 
Theoretical analyses of modeling for flow systems 
with combustion have been more numerous 
than experimental modeling programs. Among 
outstanding analytical papers in the field are 
those listed as references 3 to 11 inclusive. Note- 
worthy papers that report experimental similitude 

studies of air-breathing combustors are refcrcnccs 
12 to 1'7 inclusive. 

Depending upon the viewpoint of the analyst 
several different techniques have been used 
for finding the modeling parameters pertinent to 
given problems. The analysis used here was to 
write expressions for all the forces and transport 
processes conceived to be involved and combine 
thesc into parametric groups governing similitude 
between a prototype and its model. Some of the 
groups are mutually incompatible, and establish- 
ment of which groups can be neglected in char- 
acterizing performance must in some cases lbe 
done experimentally. 

I n  operation of a ramjet-type combustor fed 
with a homogeneous gaseous fuel-air mixture the 
forces involved are: 

1. Momentum, pU2D2. 
2.  Viscous, I?( U / D )  . 

923 
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3. Pressure-area, PD2. 
4. Buoyancy, ( p  - pa)g03. 

The tcims which describe the mass conversion or 
transport are: 

5 .  l+rd rate, pUD2. 
6. Gas diffusion, D2Dop/D. 
7. Overall chemical reaction, kD3pTC. (Con- 

sideration of chcmicd reaction is here limited to 
an ovcrall result, with the same fuel, Fuel/air 
ratio, and inlet temperature in all tests.) 

Expressions for cnergy conversion or transport 
are : 

S. Combustion, UD3pQ, where Q is heat of 

9. Convection, UD2pCT. 
10. Conduction, XcD2 To/D. 
1 I. Radiation from a gas volume to a boundary 

combustion. 

(gray system) ,I8 

= 4 1 i P I ~ 3 ~  To4fi(KPD, E'S, shape), 

where K is the absorption coefficient for the gas, 
K P D  is the dimensionless optical depth, and E is 
the surface emissivity. 

12. Radiation from a surface to a surface, 
D2cTUlfy(KP.D, els, shape). 

13. l iate of convective heat loss to wall, 

14. Rate of external heat loss, 

(&'Xu + 1/h0)-~D'( To - Fa) 

where L, is the wall thickness, not necessarily 
scaled to D. 

All the quantitative statements concerning the 
combustion process can and must be built up 
from ratios formed witliin these groups, ratios 
formed from considering boundary conditions, 
and scale ratios which describe the geometry of 
the system. From the above groups twelve inde- 
pendent modeling parameters have been formed 
(counting E'S as one; and not counting the E/ R TO 
term which appears in the kinetic constant non- 
linearly and which is therefore in principle a 
thirteenth group) . Some elimination is possible, 
however, including: 

(a) The Schmidt number, ratio (5/6)/(1/2); 
and 

(b) The Prandtl number, ratio (9/10) / (1/2), 
which may justifiably be assumed constant; 

(e) The inside wall emissivities, which will be 
identical in model and prototype; 

(d) The group formed oE (S)/(9) and the 
group E/RTo because of restriction to a single 
fuel and fuel-air ratio; 

(e) The group (13)/(9) since according to (d) 
the temperature ratio is modeled, allowing no new 
groups to appear in this parameter. 

Of the remaining seven parameters, the modi- 
fied Froude number, U2p/gD Ap will be so high 
that buoyancy effects may be neglected. The 
residual six parameters, most in dimensional form 
as a result of dropping physical properties and of 
taking p proportional to P, are: 

From the Group Parameter 

(1)/(2) D U P  Reynolds number 

(1)  / ( 3 )  1M Mach number 

(5)/(7) U/ D Pn-I Chemical loading 

PU Basic radiation group 
PD Extinction coefficient group 

(1 1) / (9) , (12) / (9) 

( sw + '&) (wall + external) /(internal) ther- 
ho mal resistance ratio 

or 

D - ' C ( ~ w / X U J )  + ( l /ho) l  
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FUEL INJECTION FLAMEHOLDER 

f n  
PIEZOMETER RING 

--I BURNERSECTION ff RESISTANCE THERMOMETER 

0.717D 0.27D 0 . h  
NORMAL 
BURNER 

SIZE 

6 

4 

1 

FLAMEHOLDER 
DIMENSIONS NOTES .-.-. --'- --. 

D 
(inches ) 

6.065 

4.026 

1.61 

1. LOCATION OF MIXING SECTION 
AND FUEL INJECTION STATION 
SCALED FOR ALL BURNERS. 

2. BURNERS SMALLER THAN 6" 
WERE JOINED TO THE 12" x 6" 
REDUCER BY A 6" SPOOL PIECE. 

FIG. 1. Schematic of ramjet burner equipment. 

Experience in this laboratory and elsewhere has 
shown that, for sub-atmospheric operation and 
combustor inlet Reynolds numbers between 
20,000 and 200,000, both the Reynolds number 
and the chemical loading parameter are im- 
portant, with their relative importance dependent 
mainly on the operating pressure level. NACA 
 result^'^ (not intended as modeling experi- 
ments) show convincingly the dependence on 
chemical kinetics at low pressures and the 
controlling influence of flame spreading (mixing), 
a function of Reynolds number, a t  higher pres- 
sures. 

I n  most earlier work experimental results have 
been evaluated in terms of only two scaling 
parameters, the chemical loading group, pro- 
portional to U/P"-'D, and the Reynolds number, 
(proportional to U P L  with the assumptions and 
limitations outlined above). However, it  is neces- 
sary to consider whether difficulty may arise if 
there is a range of velocities in which both 
Reynolds and Mach number are of some im- 
portance. The product of UPD and U/Pn-'D 
indicates that  for scaling, U2/Pn-2 must be 
constant from model to prototype. But the Mach 
number requires that U must also be constant. 
Thus, it is obvious that the Reynolds and Mach 
numbers arc compatible scaling parameters only 
if the pressure exponent, n, is 2.0. 

Assuming that either the Reynolds or the Mach 

number is influential, it  and the chemical group 
should allow modeling, with all its irnplications, 
such as identity of temperature, velocity, and 
composition profiles a t  corresponding positions in 
model and prototype burners. This ideal situa- 
tion is possible only ( I )  for a system in which 
radiant heat losses arr of little importance since 
i t  is not possible to scale radiant heat loss from 
gas to walls by maintaining the Reynolds numlm 
constant; and (2) for a system in which the 
citernal and internal wall hcat losses can I)c kept 
in step. 

The primary interest here was to test modeling 
principles with ramjet type burners having sym- 
metrical flamcholders, over as wide as possible a 
range of the independent variables : velocity, 
pressure, and burner diameter. Coml)ustion 
efficiency was the primary critcrioii of modcling. 
No attempt was made to set up experiments in 
which the heat-transfer parameters would be 
used quantitatively, but these were used qualita- 
tively in the arrangement of esperiments that 
appear to esplain anomalirs in the results ob- 
tained without consideration of heat losscs. 

Apparatus and Procedure 

Figure 1 shows the burner apparatus sche- 
matically. Metered air was fed to the system 
through a silica-gel dryer and a prehcater. 
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Natural-gas propane (about 96% propane, the 
rest mainly ethane and butane) was fed into 
the air stream through nine downstream-pointing 
holes in each of four tubes. The niiaing section 
comprised five baffles, with successively finer 
scale openings. The flameholder was an annular 
V-gutter for which the leading-edge included 
angle of the V was 30'. Its projected area blocked 
44% of the duct area. The flameholder was sup- 
ported by four streamlined struts anchored be- 
tween flanges that joined the burner and up- 
stream piping. -1 spark igniter remained in place 
but not in operation after the burner had been 
lighted. 

The burner inside diameters were 1.610 inch, 
4.026 inch, and 6.065 inch. With the exception of 
flanges and in some cases wall thickness, all 
dimensions of the burners, flameholders, up- 
stream piping, and mising sections were scaled 
in proportion to burner inside diameters. Since 
noneuct scaling of the wall thickness made no 
detectable difference in results, some burners 
were used with wall thickness left larger than 
called for by scaling to the thickness of the 6-inch 
burner wall. Burners were either 5.25 or 4.25 
diameters in length, measured from the flame- 
holder leading edge to the tailpipe esist plane. 

The 1.6 inch burner assembly was mounted 
vertically in a pressure vessel 3 feet in diameter 
by S feet high, and fitted at its upper end with 
valving which permitted pressure control above 
or below atmospheric. The flame was quenched 
by both dilution air and water sprays. Subse- 
quently each of the three burner assemblies 
(1.6, 4, and 6 in.) vas  mounted in the 14 foot- 
long test section of an altitude chamber 4.5 feet in 
diameter and 50 fcet long. The exit plane was 
kept in the same position for each burner (in 
line with an observation port) and dimensions 
were scaled from the tailpipe exit. The altitude 
chamber provided vater quenching of the flame, 
and discharge of combustion products to abso- 
lutcb pressures between 0.05 and 1.0 atmospheres. 

I n  all work the air was preheated to give a 
propane-air mixture temperature of about 250OE' 
(710'R). 13ecause of thermal inertia in the piping 
system the actual temperatures ranged between 
700 and 730"R. 

For efficiency measurements combustion pro- 
ducts were sampled a t  the tailpipe exit plane, 
using a 6-point traverse (3 equal areas) for the 
1.6 inch burner and 10-point traverses (5 equal 
areas) for the larger burners. Two water-cooled 
pitot-type sampling probes were used, one having 
a 0.040 inch bore, with the 1.6 inch burner, and 
one having 0.052 inch bore, with the 4 and 6 inch 
burners. 

Conibustion product samples were routinely 
analysed for osygen with a paramagnetic oxygen 
analyzer. Conversion of these readings to local 
combustion efficiency was based on the assump- 
tions that (a) products of fuel-lean combustion 
included only Nz, Oz, COz, HzO vapor and 
unburned propane; (b) the sample remained 
unchanged chemically during sample quenching 
in the probe; (c) all water vapor was condensed 
or absorbed before the sample reached the osygen 
meter; and (d) nitrogen was the only background 
gas in the analyzer. The effect of assuming all 
other gases to behave like nitrogen in the osygen 
analyzer has been estimated to cause errors not 
exceeding 1% in the efficiency determination. A 
larger error (3-5%) was caused in some cases by 
the presence of an appreciable amount of carbon 
monoside in the combustion products, the CO 
being disclosed by about a score of complete 
product analyses made with gas chromatography 
equipment. 

Determination of a weighted arithmetic mean 
combustion efficiency and isokinetic sampling 
required measurement of local velocities. This 
was done using impact and static pressure meas- 
urements and a local total temperature calcu- 
lated to correspond with the measured osygen- 
consumption efficiency. A cheek on accuracy was 
obtained by comparing the mass flow so deter- 
mined with that indicated by metering upstream 
of the burner. With due care to keep condensed 
moisture (in the probe) from spoiling the kinetic 
head measurements, the two mass-flow values 
agreed within about 5y0. 

Burner Stability Studies 
13eeause of primary interest in efficiency 

studies, stability measurements were limited to 
the minimum necessary to establish the velocity 
range of stable operation and to check the 
reproducibility of burner operation. 

Blowout velocity data are generally correlated 
by the expression 

where Uno is the burner-inlet velocity a t  blom- 
out, f/u is the fuel/air ratio, and the other terms 
have their usual significance. Spalding,'O De- 
Zubay,'I and Zukoskiz2 have discussed the ways 
in which P, 13, and T enter. Reasoning from the 
influence of pressure on flame speed, the ex- 
ponent a should be, and usually is, near unity, 
although sometimes as low as 0.S and as high as 2. 
The exponent b is generally between 0.5 and 1.0 
and depends upon the flameholder configuration 
and blockage. ( In  a comment on the work of 
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Lefebvre and Halls,” Zukoski contends that this 
exponent is always unity if the flow is turbulent 
and if the “correct” characteristic dimension, the 
length of the recirculation zone, is used. We would 
observe that it is easier to know the dimension 
of the hardware than of a flame zone). On theo- 
retical grounds one would expect c to be about 2. 

Representative blowout velocity data for 
4.251) burners are shown in Fig. 2. Here P2 is the 
ambient pressure. I n  this work the inlet tempera- 
ture varied somewhat with mass flow changes 
approaching blomout. I n  an early phase of this 
work1 a temperature exponent of 2 satisfactorily 
correlated lean blowout limits when inlet tem- 
perature ranged from 560 to 710’R. Therefore 
lean limit velocities are adjusted here by the ratio 
(710/T)2. For rich limits adjustment by the 
ratio 710/T gave better results. The significance 
of this finding may be that lean limits are more 
dependent on chemical kinetics, rich limits more 
on mixing. 

Figure 2 shows that correlation on tlie basis of 
U B O / P ~ D  is good for the 4 inch and 6 inch 
4.25D burners for both rich and lean limits, with 
much less scatter than occurred with longer 
burners. Results with the 1.6 inch burner, how- 
ever, show a shift to somewhat richer limits on 
both sides of the curve, as compared with the 

EMPl Rl CAL TEMPERA- 

”” RICH L E A N  

A/F 
A/F + ( A/F) Stoich 

O G  = 

FIG. 2. Stability limits of 4.250 burners. 
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FIG. 3 .  Combustion efficiency of 1.6, 4, and 6 inch 
4.250 burners at  lOS,OOO Reynolds number. 

largcr burners. Model analysis indicates t l ia l t  
Reynolds number, as well as the chemical loading 
group, might be a factor in modeling blowoff. 
Examination of the data, however, gives no 
indication that the correlation would hc si$- 
nificantly changed by including Reynolds nuinhcr 
as a factor, above the minimum Re of 25,000 
studied here. 

Combustion Efficiency 

I n  this study burner efficiency was dcfinetl as 
the attained fraction of the theoretically possible 
enthalpy increase due to combustion, and was 
approximated by an osygen consumption cffi- 
ciency, defined as: 

9 0 2  = 0 2  required 

In all of tlie efficiency studies the hurner inlct 
temperature was approximately 720’R and the 
mixture ratio slightly leaner than stoichionictricv, 
Oc = 0.51. 

Although a loading group based on a sccond- 
order chemical reaction serves fairly well to niodcl 
gas turbine combustors, i t  is appropriate first to  
consider tlie ramjet performance data in relation 
to reaction order n. Figures 3,  4, and 5 show 
results of experiments on burners of each of 
three diameters and two length/diameter ratios-- 
all the data taken at a single Re of 108,000 to  

0 2  required - ( 0 3  measurtd - Os esctss) 
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n SCALE 
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SYMBOL BURNER 
0 1.6 
0 4 
a 6 
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P2 EXHAUST PRESSURE ( a t m )  

FIG. 4. Combustion efficiency of 1.6, 4, and 6 inch 
5.25D burner at  lOS,OOO Reynolds number. 

eliminate possible effects of that  variable. On the 
assumption that burner performance can be 
characterized by Reynolds nuinher and loading 
factor alonc, these data may be used to deter- 
mine the value of the pressure exponent n which 
makes the loading factor, U/Pk-lL, constant for 
fised efficiency and Reynolds number. Thus 
t h z  curves for two values of L should differ only 
in the use of L as abscissa rather than 
( C'/P"-'L) / ( P  U L )  or PnL2; and a horizontal 
shift of the efficiency-pressure curve for ap- 
paratus of size LI by an amount equal to (2/n) 
log L2/& should superimpose the curve onto that 
applicable for apparatus of size L2. Visually the 
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FIG. 5. Combustion efficiency of 1.6 and 4 inch long 
burners (early results) at 108,000 Reynolds number. 

constancy of n is judged by whether a horizontal 
shift superimposes curves, and the value of n 
corresponds to the amount of the shift required. 
I n  each plot appears a horizontal n-scale ap- 
plicable to the relative shift of data sets for two or 
three apparatus sizes, the scale being anchored 
in each case a t  its left end to the performance 
curve acting as standard. 

100 I I I I 1 

0 LATER RESULTS, 
TAILPIPE ROTATED 180' 8 100 

1 .o 0.5 0 0.5 1 .o 

M (NORMALIZED RAOIUS)~ 

FIG. 6. Efficiency profiles for 4 inch, 5 . 2 5 0  burner 
a t  1OS,OOO Reynolds number and 0.4 atmosphere 
exhaust pressure; effect of mixing and fuel-injection 

distortions. 

Consider first the "short" (4.250) burners, 
Fig. 3. Comparing the 1.6 inch burner with the 
other two indicates an n between 1.9 and 2.1; 
comparing the two larger burners indicates an n 
of about 1.6. Performance of the "long" (5.250) 
burners changed stepwise with time in an un- 
explained way (see later discussion). The more 
recent data appear in Fig. 4. They indicate an n 
of about 2 based on a comparison of the 1.6 inch 
and nest larger burner, shout 1.8 based on its 
comparison with the largest; but these data do 
not include a significant range 01 performance of 
the smallest burner. Comparison of the two 
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LOADING FACTOR - P/V x 100 

F I G .  7. Correlation of combustion eiriciency against loading fnrtor with li. = 2 

larger burners indicates an n varying from about 
1.6 a t  the lowest efficiency to 1.2 a t  the highest. 
Figure 5 shows earlier and more extensive data 
on the 1.6 inch burner for comparison with tlie 4 
inch one; and n is seen to vary from 1.9 at low 
efficiency to 2.2 a t  90%. The possible effects on 
n of failure to iiiodel external heat losses will be 
discussed later. 

Difficulties in obtaiiiiiig reproducible efficiency 
data are illustrated by distorted profiles of local 
efficiency, as in Fig. 6. Apparently the burner- 
flameholder combination was extremely sensitive 
to upstream variables or boundary-layer vari- 
ables that Jvere not reproduced from one period 
of use t o  another of the same apparatus. Figure 6 
(top) shows that the flame failed to develop in 
the boundary layer on the left side, in the second 
running of a particular e\pcriment. When the 
tailpipe was rotated lSOo (Fig. 6, renter) there 
was esseiitially no change, implying that the 
disturbing influence was upstream of the flame- 
holder plane. To test the adequacy of upstream 
fuel-air miling, experiments were inade with the 
fuel injection pattern intentionally distorted.There 
was first a normal use of all four fuel injectors; 
lieit the same total fuel flow was put through 
only three injectors; and finally through only 
two injectors. The results (Fig. 6, bottom) 
indicate that distortion of the fuel injection 
pattern was indeed reflected downstream in 
distortions of the combustion efficiency profiles. 
These intentionally imposed distortions repre- 
sented a radical extreme and a severe test of the 

mixing system, yet the resulting efficiency 
profiles were not more distorted than they had 
sometimes been with no known disturbing in- 
fluence present. 

Early results with a flat-cross flameholder on 
the effect of loading parameter on efficiency for 
different filed Reynolds numbers indicated a 
dommard trend of 77 with (kcreased Re. Later 
results on the 17-gutter described here failed t o  
substantiate the effect. If ai1 n of 2 is accepted, 
77 should then vary primarily with PD/V.  
Figure 7 shows the P / V  relationship for the three 
burner sizes, with Reynolds numbers varying 
fourfold within each of two of the sizes. On the 
middlc-sized burner great difficulty was expen- 
enced in reproducibility, and two curves a ~ c  
presented. No change was made except in tailpipe 
replacement between the two sets of data. If 
there is no Re effect, tlie curves should sul)er- 
impose by horizontal displacement proprtion:tl 
to log D. This can be seen to be appro\iinatclg 
the case a t  low values of 11. A (6/1.5) disp1ac~- 
ment of the 6 inch curve to tlie right puts it on 
the 1.5 inch curve a t  its lower end but causes it 
to lie markedly below the 1.5 inch curve a t  high 
values of PD/B.  As indicated later, this is to be 
expected when external losses are not modeled. 
Within thc accuracy of the data, no Re effect is 
detectable, although there is every reason to  
expect an effect a t  lower values than investi- 
gated here, or in a chamber dcsign more sensitive 
to mixing. 



930 MODELING I 

'Deficiencies of Two-Parameter Modeling 

A b  :L rule ot tl-iumb for scale-up, the results of 
this inodeling study indicate that scaling can be 
bmect on constancy of a loading factor based on 
an rt, of 2, provided Re is above the lomest value 
studied here (24,000). This conclusion is quite 
commoiily given for turbojet and ramjet com- 
Imstors. In this arid other cases, however, it  
rcpr(wnts only a rough average of the experi- 
rnenttil results. The most important qualification 
on loading-parameter modeling is that the pres- 

euponent, in any set of experiments, tends to 
v : q  with the factors that  affect burner efficiency 
bccause it is left with the burden of making a 
single parameter suffice as the influence of others 
becomes increasingly significant. Among the 
factors believed to  cause such variation of n are 
hrat  losses through burner walls, turbulence 
v:mations, acoustic instabilities and compressi- 
bility. C&ain e\periments were conducted to 
show the influence of these phenomena on burner 
modeling. 

I leat  Transfer Efects  

Internal heat transfer from gases to walls is so 
dominantly due to convection as to justify con- 
cluding that radiation terms would have little 
importance in establishing internal modeling 
criteria. But the ratio of internal to external 
thermal rcxistance requires consideration. Heat 
loss by radiation from the burner walls to the 
surroundings becomes increasingly important 
as the surface teniiierature rises. External heat 
loss is not automatically scaled in geonietrically 
similar systems. The ratio of wall-plus-elternal to 
internal thermal resistance, which must be kept 
constant from model to portotype to assure 
identical wall tcmperatur(3s in tlie two, is: 

x,/n ACID x Lw 
(W+T)  Or i&+k)J 

T\liere L, and A,, refer to the thickness and 
tliermal conductivity 01 tlie wall, and XG to 
conductivity of the gas. Since XG is not subject 
to change, it can be dropped; and ho can be 
eupandecl to indicate its representing convection 
plus radiation. The resulting dimensional group is 

I n  this expression ern is the outside wall emissivity 
and TA, is a mean temperature, approximately 
a11 arithmetic mean of wall and surroundings. 
Since Tnv varies along the wall, any means of 
keeping model and prototype rigorously in step 
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must not involve use of clifferent teinperature 
levels for the two. 

Consider now a model and prototype of 
dimensions 0 and 21). Assuming realistic values 
for the individual factors in the expression above, 
i t  appears that  tlie first term in the parentheses is 
insignificant conipared with the second. For the 
2 0  prototype the second term must be doubled 
to keep the wall temperature constant, Le., 
the group to be kept constant is L> (h,  f 4(7&TA?). 
Strictly speaking the only remaining possibility 
is to halve both h, and ew on the 2 0  prototype. 
I n  the ex1)erimental setup euternal convection 
was not controlled. On those parts of the wall 
running markedly hotter than 1200'R the radia- 
tion term became relatively more important; 
if the wall were hot enough it would suffice simply 
to halve ew. The conclusion is that, in general, it  is 
impossible to scale without having control of the 
external h,; that  approximate compensation for 
lack of change in h, may be made by rnaking 
€W,?/€W,1 equal to 

and that in tlie limit, as h,>>h,, maintaining 
constancy of DE,,, fully satisfies the external heat 
transfer modeling criterion. 

The conclusion that the external conductance 
of small equipment must be higher than that of 
its larger prototype appears to conflict with the 
widely used conclusion that pilot-plant operation 
of chemical processes must be watched to  prevent 
excessive heat loss because of the abnormally 
high surface/volume ratio. There is no conflict; 
tlie present system, when small, is operated a t  
an elevated pressure if it  is to model a large one; 
and this is the source of the higher intensity 
reaction that necessitates increasing the specific 
surface losses to keep them in step with the 
burning rate. Thus tlie large low-pressure 
combustor tends to run colder than its small 
high-pressure model. On the other hand, for 
any given combustor the absence of external 
thermal modeling introcluces increasing error as 
the pressure rises. 

An experimental determination of tlie ini- 
portance of heat loss from burner walls was made 
by the use of burners from which radiation was 
qualitatively controlled. In  the first instance a 
4 inch, 5.250 burner was gold-plated to a thick- 
ness of 0.0002 inch to reduce its emissivity from 
about 0.9 to about 0.04. The burner was operated 
a t  the same Reynolds number, 105,000, and the 
same range of pressures as had been used with an 
unplated stainless steel burner. The overall 
efficiency data (Fig. S, bottom and middle 
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curves) show a marked improveinent at the 
higher pressure for the plated burner, but not 
that corresponding to  complete coverage with 
gold since the gold on the last diameter of tailpipe 
rapidly disappeared, presumably by infusion 
into the steel. In  a second eqxrimcnt the gold- 
plated burner was fitted with radiation shrouds, 
slipped over the tailpip(., with each shroud sepa- 
rated concentrically by 5/S inch spacer rings 
placed a t  the ends and middle of the annuli. The 
burner was operated with and without tlie 
shrouds, and the ovcrall efficiency data appear 
as tlie top curve in Fig. S. The effect of shielding 
is primarily to increase combustion efficiency 
near the walls, an increase amounting to 10 to 
45%. At a pressure level of 0.G atm tlie gold- 
plated tailpipe was as effective as the shroud 
arrangement; the gold plating was still intact 
during that operation. The results show con- 
clusively that unscaled external heat losses froin 
geometrically scaled burners can seriously affect 
performance and prevent simple correlation of 
the data, and this effect should be accentuated by 
lengthening the burner and thereby producing a 
hotter tailpipe. The shapes of the left-hand 
curves of Figs. 5 and 7 are such that correction 
for unscaled external loss would reduce variation 
of n. 

The question arises as to how far the modeling 
criteria established in this work are applicable 
to vehicles in flight in view of the enormously 
different external environment of the latter. If 
performance of a vehicle in flight is to be simu- 
lated, control and modeling of its cyternal thermal 
resistance must be included. I t  is justifiable to 
conclude that if loading parameter and external- 
loss parameter are included and Reynolds number 
is above a critical niinimum value, tlie model 
simulates the prototype. This section has served 
primarily to underline the conclusion that the 
external loss parameter, not mentioned in most 
discussions of modeling, can be important. 

Turbulence E.ffect 

Turbulence in a combustion system can cause 
marked increases in the rate of heat transfer, 
combustion intensity, and rate of flame spread. 
The increase of apparent flame speed is acl- 
vantageous to efficiency and utilization of com- 
bustion space. An increase in the rate of heat 
transfer, on the other hand, may or may not be 
beneficial. Occurring a t  the walls it increases heat 
losses from the system and reduces combustion 
efficiency in gas layers near the walls. Too rapid 
mixing may cause rough burning and blowout. 

It is generally accepted that turbulence in low 
Mach number flow is fully determined by the 
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FIG. S. Effect of radiation shielding on ovcrall com- 
bustion efficiency of 4 inch burner at  lOS,OOO 

Reynolds number. 

Reynolds number, with no unique dcpentlencc 
upon pressure. Experimentally this view has 
been confirmed for pressures greater than about 
0.25 atmospheres and the usual ambient tcm- 
peratures. At higher Mach numbers turbulence ia 
essentially independent of Reynolds number as 
well as pressure. 

The idea that there may be an effect of pres- 
sure on turbulence intensity and scale, an effect 
which would appear at constant velocity or a t  
constant Reynolds number, has been advanced 
by Khramtsovz3 in Russia, by Finez4 of NA\C.Z, 
and T ~ r a n o ~ ~  of this laboratory. A pressure effect 
can be visualized if the molecular mean free path 
I is a significant variable, i.e., if it  becomes ?om- 
parable to a characteristic dimension of the 
flow. The flow condition near the mall for the ('as(; 
in which I is small but not negligible with respect 
to the body dimension L or the boundary laj 
thickness is called the slip-flow regime. In thi,s 
case the Knudsen number, thc ratio of 1/1,, is 
proportional to the ratio Matah number/Rc, or 
M/Re. The ratio of interest here, however, ia 
that  of mean free path not to apparatus size hut 
to an eddy scale, called the Icolmogoroff scale. 

It is believed that the noncontinuuln nature 
of the fluid motion associated with the smallest 
existing eddies influences turbulence intensity, 
that the Kolmogoroff scale is appropriate because 
it is characteristic of the eddy sizes responsible 
for the dissipation of turbulent energy in a flow 
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Fro. 9. Correlation of turbulence intcnsities by a 
turbulence Iinudsen number (cold flow). 

system; it represents the lower bound of eddy 
sixes. The ratio of mean free path to the Kol- 
mogoroff scale is termed the “turbulence Knud- 
sen number,” Knt, which is proportional to 
M/(Re)1/4. 

TuranoZs has conducted an experimental study 
of rarefaction effects in low speed turbulence for 
the G inch model ranijet approach piping. 
Measurements were made with a hot-n‘ Tire ane- 
mometer of the relative turbulence intensities in 
cold flow of air over a range ol Reynolds numbers 
arid a t  pressures between 0.04 and 1.0 atmosphere. 
The measurements were made a t  the center of 
the flameholder plane with the flameholder and 
tail1)ipe removed. For all Reynolds numbers a t  
pressures less than about 0.2 atmosphere, the 
turbulence intciisity was found to decrease with 
dccrcasing pressure and, a t  a fixed Einudsen 
number, t o  be a weak function of Re. When the 
Knudsen number was modified, as indicated 
above, to the “turbulence Knudsen number” 
i I f / ? ~ l e ~ / ~ ,  turbulence intensity was found to 
depend on the latter only, and to he substantially 
constant below X/Rel/‘l = 0.006. Figure 9 
shows the data. 

Turano’s findings imply that among burner 
modeling parameters either Kn or Knt should be 
included, to account for a rarefaction effect a t  
low pressures. If loading factor (with n = 2) 
aind Re are used as modeling parameters there is 
no problem because Iint is automatically fixed; 
and if Knt is small enough there is in any case 
no problem. If Re is eliminated and the resulting 
freedom is used to model the chemical loading 
group without changing the pressure, then a t  a 
constant loading group quadrupling D will 
quadruple U ,  multiply Re by 16, and Knt by 
4/(  16)1/4 = 2. If the smaller device were operated 
a t  Knt of 0.01, the larger would be run a t  Knt 

of 0.02 and the turbulence intensity would fall 
from 6% to 4%, resulting in a failure to model 
turbulence. 

The results 01 stability studies of the 6 inch 
burner nith a flat-cross flaineholder sho\lin in 
Fiq. 10 exhibit a inarkecl influence of pressure, 
nidening the rich limits as the pressure is de- 
creased to 0.25 atm. nith further widriling a t  
0.2 atm. At 0.2 atm the burning was much 
smoother than a t  higher pressures, the flame all- 
peared nearly larniiiar and the iioise level was 
markedly reclured. The earlier work of Iihramtsov 
and of Fine TI hicli had indicated the possible 
reduction oE turbulence level as pressure was 
reduced and the anomalous effect noted above of 
pressure on stability led to the studies ol’ Turano. 
Turano found that, for all Reynolds numbers 
studied, the turbulence intensity decreased with 
decreasing pressure below about 0.2 atm. The 
near concordance of the pressure level a t  which 
transition to smooth burning occurred and that 
a t  which the turbulence level in a cold system 
began to diminish with decrease in pressure level 
would a t  first appear to offer an explanation of the 
observed effect of lowered pressure level on the 
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FIG. 10. Effect of pressure on stability limits of 6 
inch burner (flat-cross flameholder). 
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rich stability limits. IIowcver, the stability 
limits of the smaller burners wme measured 
a t  the same value of Zint as that a t  which the 
anomalous pressure effect mas foulid for the 6- 
inch burlier and no anomalous effect was ob- 
served. Thus, if one accepts the thesis that the 
turbulent Knudsen number is uniquely deter- 
mined by Mach and Reynolds numbers, varia- 
tion in turbulence level is not an explanation of 
the observed effect. 

Flame-driven or flame-amplified oscillations 
represent another unvontrolled effect that  makes 
modeling difficult. The character of such oscil- 
lations depriicls primarily on the engine geom- 
etry, but may be modified in static tests by the 
geometry of the immediate environment. For 
example, acoustic coupling of a Combustion 
chamber with an altitude test chamber may be 
described in terms of the Hclmholtz resonator 
frequeiic y 

where C = velocity of sound; A = burner cross- 
sectioiial arca; V = volume of altitude test 
chamber; and I, = burner length. 

It is important now to consider how the 
various possible oscillatory phenomena may 
affect the modeling of geometrically similar 
combustion systems. All the more commoii 
frequencies (longitudinal, radial, tangential, or 
transverse) are expressible in the dimensional 
form: (sound velocity)/ (characteristic dimen- 
sion) times a dimensional constant. Multiplying 
by the residence time, proportional to L / U ,  one 
obtains as a dimensionless modeling parameter 
the Mach number. With modeliiig restricted to 
use of tlie same fuel and fuel/air ratio as in the 
prototype, and therefore to an identical tempera- 
ture pattern, tlie only variable in the Mach 
number criterion is the approach velocity. I t  has 
already been pointed out that  maintaining 
constancy of M betweeii model and prototype is 
in conflict with holding Reynolds number and 
chemical loading group constant, unless the value 
of n in the latter is 2. 

I n  the present studies both acoustic and non- 
acoustic oscillations usually were present in mild 
forms, but some modes gave rise to strong 
oscillations. Three types of vibrations were 
clearly discernible: First, the Helmholtz type; 
second, the fundamental closed organ pipe 
modes; and third, oscillations which occurred 

intermittently (luring stcatly com1)ustion. 'l'110 

possiblo initiating and sustaining mcclianisms for 
each of these inodes may have becm repctitivc 
variations of heat release rate, or pressuro 
perturbations across the combustor. The Hclm- 
holtz-type oscillations occurred in the small 
altitude chamber, thereby rendering questionable 
comparisons of these data with data taken in the 
large altitude chamber. The fundamental Helm- 
holtz resonator frequency for the burner-chamlxr 
combination was 4 cps. The observed oscillatioiis 
occurred a t  3-5 cps. Some lorn-frequency oscil- 
lations occurred in the large altitude chamber 
but could not be correlated .Ir;ith any system 
dimensions. These were successfully eliminated 
by changing operating parameters of the cham- 
ber, in particular the quench water spray rate. 

Strong oscillations occurred during blowout 
studies with the 4 inch 4.252) burner, causing 
data scatter a t  velocities above IS0 fps. If one 
treats the combustor volume extending from the 
trailing edge of the flameholder to the tailpipe 
exit as a closed organ pipe, its fuiidament3,l 
frequency for the inlet temperature of 71OoR is 
230 cps; for an average combustion temperature 
of 3900'R it is 542 cps. These correspond close1,y 
to the observed frequencies. 

During normal operating each size of burner 
had a characteristic frequency for each Reynolds 
riurnler and pressure level of operation. At  
constant Reynolds number tlie sound intensity 
and frequency always decreased with decreasing 
pressure. At constant pressure the sound iii- 
tensity and frequency decreased with decreasing 
Reynolds number. 

Conclusions 

1. For the modeling of high output combustion 
chambers, analysis indicated the probable im- 
portance of the following parameters: (3,) 
Reynolds number, (b) chemical loadiiiq param- 
eter, (c) Mach number, (d) external heat-loss 
group, (e) turbulence Iinudscn number, (i') 
Helmholtz resonator group. 

2. Experiments planned for study primarilly 
of the first two parameters confirmed the im- 
portance oE the chemical loading paramcter, 
demonstrated a minor importanre of the Re:,-- 
iiolds number, and also indicated tlie occasional 
importance of one or more of the others. 

3. 13urne.r stability limits have been caorrelatd 
quite well by the parameter UBO/PD as a lunc- 
tion of air/fuel ratio, implying dependence upon 
an over-all reaction order of 2. Difficulties some- 
times found in reproducing stability data map be 
attributed to variation in mixing and hurniiig 
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rates associatrtl 15 ith uncontrolled oscillatory 
phmomena. 

$. Based on combustion efficiency data geo- 
metrically scaled burners performed comparably 
when groups (a) and (b), with the pressure 
exponent in the latter at about 2 on the average, 
were cach maintained constant with scale change, 
although there was some variation of n with the 
factors that affect efficiency. 

5. Experiments which incorporated emissivity 
control or radiation shielding confirmed the 
need to include group (d) in modeling if the 
prototype walls run hot. 

6. Reduction of the turbulence level as abso- 
lute pressure is reduced, while Reynolds number 
is maintained constant, has been demonstrated 
foi. cold flow at pressures below 0.2 atm. Where 
the efiect of pressure on turbulence can be im- 
portant the turbulence Knudsen number should 
be kept constant in burner modeling. 

7.  Longitudinal, tangential, or radial oscilla- 
tionh that may occur in modeled combustors are 
scnlecl only if the Mach number is held constant. 

S. 1lelniholt.z resonator oscillations cannot be 
scaled in operation of geometrically scaled ap- 
paratus without the generally unacceptable 
complication of scaling the altitude chamber to 
the burner. 
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Discussion 
DR. S. L. BRAGG (Rolls-Royce, England) : One of 

Professor William's plots showed a linear relation 
between combustion cfficiency and operating pres- 
sure. Was there any particular reason why such a 
relation should be cspected? 

Dr. Lefebvre, in his comments on this paper, had 
suggested the results a t  different Reynolds numbers 
could be correlated by plotting combustion efficiency 
against a loading parameter p2/m.  I consider this 
form of loading parameter unsatisfactory as it is 
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difficult to cstrupolate the results a t  low loading 
(pz/Y?L large) which are approaching asymptotically 
to  a number rather near unity, at the same time 
that discrepanrics are concealed by the large slope 
of the curve a t  high loadings ( p z / m  small). If the 
inverse parameter (&/p2)  is used these difliculties 
disappear and a reasonable near-linear curve of 
efficiency versus loading is obtained. 

Furthermore, it is compnrativcly simple to es- 
trapolatc such a curve to  very low loadings: If thc 
efficiency is still below 100% a t  such points, i t  sug- 
gests that mcchanisms othcr than chemical kinetics 

(e.g. fucl losses on thc walls) arc. thcn rcq~ons~l)li~ for 
combustion inefficiency. 

PROF. G. C. WILLIAMS (~Tassachu.setts Instztirte of 
Technology) : There is plainly no theoretical rmson 
to expect a linear relationship between combustion 
eficiency and cither chemical loading group or ii,s 
reciprocal. We agree with Dr. Bragg’s viewpoint 
that extrapolation to  low-output, high-effiticncy 
operation is easier when the pnmmeter (m/p?), 
equivalent t o  U / p I , ,  is used inste:ttl of its rc,ciproc.tl 
used by us. 



OF THE POSSIBILITY OF PREDICTING REACTION- 
LLED FLAME PHENOMENA BY THE USE OF COLD 

MODELS 

I). VORTMEYER 

The present paper is concerned with the application of modeling techniques to combustion proc- 
esses in high-intensity premiied one-stream combustion chambers. The efficiency and cxtinction of 
these systems is regarded as solely determined by the interaction between the gas flow and the 
chemical rcaction. 

An analog for the simulation of these processes was proposed by D. B. Spalding in 1956.' Model 
and combustion chamber were geometrically similar, and the heat release was simulated by elec- 
trically heated coils. It was shown that the model of this type is capable of producing model flames 
of generally not more than 1" or 2°C above room temperature. The flames behaved similarly to  real 
flames; for instance they were extinguished once the flow rate exceeded a certain critical value. 

110 the extinction conditions of these model flames agree with those of real combustion systems? 
This paper answers this question for cylindrical and rectangular combustion chambers with geo- 
metrically simple flameholders in two-dimensional flows. Until now only a few measurements have 
been published. In the first paper on this subject' the results were presented of some measurements 
made on a prototype modrl for rectangular ducts with flat plates as flameholders. However a t  that 
time irtsuflicieitt flame data were available for comparison. In  another paper D. C. Martin and 
J. I>. Webb* considered a special type of cylindrical combustion chamber. They report these to 
be in agreement qualitatively with flame results. 

The analog method has been criticized because of the implicit assumption of similarity between 
flames and isothermal gas flows. For this reason, a part of this paper is devoted to summarizing 
the results of investigations concerning the question of similarity. 

Introduction 1 .o 

The method of dimensional analysis has been 
applied to combustion processes by various 

under certain circumstances the performance of 
high-intensity one-stream premised combustion 
systems can be presented by a single plot (Fig. 1) 
of efficiency 71 versus a nondimensional chemical 

From this work emerges the fact that ,, o.5 - 

. . .  loading factor LV or Ld; 0 

71 = ~ ( L v )  or 11 = f(lid) 
L 

FIG. 1. Three characteristic v-L curves from 
Because of the high gas velocities the effect of 

the Reynolds number becomes negligible. Spald- 
ing and VortmeyergJo give an  example of how 
this relation can be obtained approximately by  
analytical methods if the gas-flow patterns are 
particularly simple and known. However, in 
more difficult cases the relation (Fig. 1) has to  
be found by other means, either by testing the 
actual combustion unit or, if possible, by cost- 
saving modeling work. 

reference 32 .  

The aim of this paper is to  find out whether 
isothermal models are helpful in predicting im- 
portant features of the combustion system. 
Particular importance is attached to  the evalua- 
tion of the loading factor Le, (Fig. 1) at the ex- 
tinction point, since in this case the prediction 
can easily be checked against flame measure- 
ments. 

936 
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Conditions for Similarity between Analog 
and Combustion Chamber 

The analog discussed in this paper is designed 
to simulatc the relatively complex process of 
interaction between gas flow and combustion 
processes. The success of this work naturally 
depends on thc degree of similarity established 
between the practical combustion chamber and 
the isothermal cold model. The requirements for 
similarity arc : 

( I )  The flow patterns in model a i d  combustion 
chamber have to be similar. 

( 2 )  Thc hcat release by the chemical reaction 
has to be simulated correctly in the model. In 
the case of appreciable hcat losses from the walls 
of the combustion chambcr this effect on the 
heat release has to be simulated as well. 

These requirements can only be approximated in 
practice. In  order to arrive a t  such approxima- 
tions we follow Sl~alding’~ where, in the form of 
so-called “half truths,” some rules are provided 
for this purpose. From this reference it follows 
that requirement (1) is satisfied best by design- 
ing a model of the same or similar geometrical 
shape (larger or smaller) and blowing air through 
it a t  such speeds that the Reynolds number is no 
longer oi importance for the flow pattern. 

Similarity condition (2) is fulfilled in the model 
by making use of the “half truth”1° that in a prc- 
mixed adiabatic one-strcam conbustion chamber 
the heat release a t  each point of the chamber is a 
function of trmperature only. 

Figure 2 shows a typical reaction-rate curve’’ 
for stoichiometric gas mixtures in dimensionless 
coordinates 4 and 7. Similarity between both 
systems requires the same rate curve for model 
and combustion chamber. For simplicity the 
reaction rate curve of Fig. 2 is approximated in 
the model by the single step-function, also shown 

r 

FIG. 2.  I. Typical reaction rate function. 11. Reac- 
tion rate function used in analog. 

in Fig. 2. Under these simplified conditions the 
model has to dctcrmine whether the temperature 
in a volume elcment is high enough to allow 
chemical conversion or not. The presentation of 
the heat rekasc function as a function of thc 
reactedness 7 is only correct for a rather limited 
number of adiabatically conducted 
namely, the single-step reaction and chain reac- 
tions under quasi-stationary conditions. 

Probably neither of the two reaction sclirmrs 
is followed by thc hydrocarbon combustion in 
combustion chambers. Furtlierniore, hcat loisc~s 
from the combustion rhamhcr may seriously 
affect the hcat release function. Tlirse cffccts 
are not simulatcd by the model. 

- 
Qualitative Comparison of Hot and Cold 

Flow behind Flameholders 

When it was recognized that the steady ri:- 
circulating flow in the wake of the flameholders 
had a stabilizing effect on flames, the investiga- 
tion of the reverse flow pattern aroused a good 
deal of interest. Since then it has become wdl 
known that the density changes consequent on 
combustion increase the length of the recircu1:t- 
tion zone,12114 that the turbulent transition phe- 
nomenon is shifted to higher Reynolds numbcrs,15 
that the drag cocfficients of the flamcholdcr de- 
crease,lG and that the flame has a steadying effect 
on the reverse flow. It was pointed out by Scur- 
lock12 that for cylindrical rods the unsteady 
vortex shedding typical of isothermal flows was 
stabilized in the presence of flames, and thus the 
flow pattern became radically changed. Similar 
conclusions mere drawn in a paper by Wcsten- 
berg et  al.” These authors injected helium through 
the downstream face of a flame-stabilizing cone. 
From the He-concentration profiles they con- 
cluded that the features of hot and cold flow 
patterns behind the cone were different, although 
a small recirculation zone was observed in tlic 
cold flow. The mixing pro 
flameholders appeared to be much more pru- 
nounced with flames than without. 

For similar flameholders, &uickls investigated 
the cold reverse flow more quantitatively by 
taking velocity traverses. Unfortunately no com- 
parisons were made with flows in the presencc of 
flames. Based on some provisional test measure- 
ments Quick suggested that the total mass flow 
of recirculating gas under hot (with flames) and 
cold conditions might be the same. 

This suggestion was recently tested by Winter- 
feld.I4 For disc baffles with blockage ratios 
d/B 5 0.1 the reverse mass flows were approxi- 
mately the same; however for larger blockage 
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ratios the reverse mass flow within flames in- 
crt~ascd considerably as compared to cold flow. 

I’Yleasureinents of residence times of gas par- 
ticles in the region of rccirculation werc made by 
13ovi1ia’~ and lVinterfcld.14 For comparison, both 
aut,hors provide some additional data for cold 
flow under thc saim gcornetrical conditions. The 
rcsidcncc tiincs mc.asurcd in flames were larger 
by factors betwccn 1.5 and 3.7, indicating again 

Tliis short survcy of literature indicatcs quail- 
titativc differenccs between “hot” and [‘cold” 

in rospcct of: tlic rcsidencc time of gas 
des in the rccirculation zones; the lengths 

of tlic recirculation zones; and the mass flow 
rat,cs into the rwcrse flow region. However, 
none of the results describes the flow pattern in 
such detail that the information can be used for 
an evaluation of the extinction loading factor 
Le,,, definecl as 

I. [ qrms v 
me&( Txd - T U )  r = T.,~ 

A inore detailed dcscription of the recirculating 
flow is the main subject of the next section, where 
influence coefficients are defined and then meas- 
urements of them are presented. 

Description of Flow Patterns by Influence 
Coefficients 

T h i x  us(’ of influence coefficients in the field of 
flamc theory was first recommended in reference 
10. In  that paper, the influence coefficients p,,, 
wcrc defined by tlie relation 

wlierc, T~ = dinierisionless teniperaturc or re- 
actcdness a t  j ;  qh = volumetric heat release a t  
p i n t  k ;  and dV,> = increment of volume associ- 
ated with point k. 

If the cncrgy and material conservation equa- 
tioiis are linear, the p’s are functions of position 
alone for a given flow field. In  the range of fully 
dcvcloped isothermal turbulent flow with rela- 
tively low NIacb numbers (no compressibility 
effects) the pix's arc certainly independent of Re 
over a wide range of flow conditions. 

Expressed in words, Eq. ( I )  states that  the 
reactedness a t  any point in a steady flame is 
equal to a sum of terms, of which each is related 
by the q ( ~ )  function to the rpactedness prevalent 
ait the point of the chamber that is represented 
by the term under consideration. 

Oiicc the coefficients pllG are known, the set of 

j Eqs. ( I )  becomes solvable. Therefore the main 
importance of the influence coefficients rests in 
tlie fact that the unsolvable differential equations 
of mass and energy conservation (there exists a t  
present no method to predict the flow pattern 
within a combustion chamber of complex geom- 
etry) become tractable in the form of Eq. ( I )  
where the dcscription of the flow pattern is re- 
placed by experimental information. Some ap- 
plications of influence coefficients to flame theory 
arc contained in the refercnces?Jof20 

Measurement of Influence Coefficients 
by Tiltman-Langley Ltd.21 

For a closer investigation of the recirculating 
flow a tracer method similar to that employed 
by Westenberg et al.I7 was used. The tracer gas 
was argon. The recirculation zones behind a disc, 
cone, and hemisphere were subdivided into twelve 
symmetrically disposed volume elements as in- 
dicated by Fig. 3. The six inner elements (1-6) 
were of approximately cylindrical shape, tlie sis 
outer ones of the shell type. For the sake of ac- 
curacy in concentration measurements, the shell 
volunies were further subdivided into sis sub- 
volumes of the same size. By regarding the re- 
circulating flow as symmetrical to the axis of the 
burning system, the following procedure could 
be adopted for the measurement of influence 
coefficients: 

While the sampling point was kept fised in 
the centroid of one volume or subvolume element, 
the injection point was moved successively 
through all 42 partial volumes. Having thus 
finished one set of measurements the sampling 
point was niovcd to  another volume element. 

FLOW 
WITHOUT 

FLAME 

FLOW 
WITH 
FLAME 

FIG. 3. Subdivision of the recirculation zone behind 
discs into 12 volume elements for hot and cold flow. 
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The rxpcriiiicntal arranqriiicnt wrt\ bucli that 
tlie axially symmetrical flameholder (diainctcr 
d = 1.38 inches) IT as inouiitcd at the open end 
of a tubular duct n i th  tlie dianictrr D = 2.87 
inches (Fig. 4). Thc ratio d/U was 0.48, the 
lteynolds number of the undibturlxd duc t  flow 

Tables 1 and 2 contain mcsiured influence co- 
efficients for the recirculation zone liehind a chic. 
The PJ/,(hot) arc relatcd to gab flon nith flrtmci 
and thc P,, (cold) to thc conditions of cold 1‘0- 
thermal f l o ~ .  Tables 3 and 4 prcsent tlic ratios 
PJk(hat)/PJ/r(coid) for disc and hemisphere. 

END OF DUCT 1 he presentation of tlic actually measured 

was RC = 1.9 x 105. 

r ,  

FIG. 4 Mounting of baffle a t  end of duct. 

Because of the symmetry i t  was sufficient to 
adopt 12 different positions for the sampling 
point, and conscquently 12 X 42 = 504 masure- 
mcnts were required for rt completc survey of the 
flow pattern. Particular care was taken in those 
12 cases for which the iiijcctioii and sampling 
points were coincident in the clement. 

Then the concentration in that element was 
taken as the weighted mean of 16 readings in 
different parts of the elements. If the argon con- 
centration mAr,l, the total mass flow m through 
the chamber, and the injection rate of argon, 
?&.,J,, are known, the influence coefficients caii 
easily br worked out from the relation 

P 3 k  = (m/mAr,k)?nAr, , .  (2) 

The measurements wcrc carried out for flows 
with flames and for cold isothermal floms with 
tlic same burning system. 

influence coefficients for cone and licmisphcre 
has been omitted since they do not rcvcsl any 
new important features. 

The following conclusions may be drawn : 

1. A coml~arison of Tables 1 and 2 indicat,es 
that  tlie influence coefficients incrcasn by 
changing the conditions from cold to hot (flamc) 
flow. The quantitative differences arc con- 
siderable and are not constant from point to 
point. 

2. For the investigated family of thrce axially 
symmetrical flameholdcrs, in all cases t:hc 
Pjl;(hot) show increases of tlic sainc order of 
magnitude (Tables 3, 4, and 5).  

The results clearly indicate that apprecialrlc 
quantitative differences between hot arid 
cold flom7s and that there thing like a single 
constant multiplier by which a conversion of tllic 
~j,c~,,lc~~-matris to  the hot one would be possible 
Thc exchange of hot gas between two volume 
clcmciits in the hot flow is strongcr thaii 1,rtwci:n 

TABIdE 1 

Measured Influence Coefficients P l , / , ( c o l d )  in the Recirculation Zone Brhind :L Tlisc 

1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 

1 2 3 

47.0 16.6 9 .1  
9 .9  28.6 1S.5 
7 . 1  1O.S 13.1 
s . l  9 .0  S . 5  
7 .9  6 .6  7 .9  
4 .2  4 .4  3 .4  

31.0 16.5 14.9 
17.3 17.3 15.2 
l l . S  13.2 10.7 
13.7 9.S 9 .5  
9 . 1  9 , s  10.0 
6 .2  6 . 1  5.0 

4 5 6 7 S 

10.5 1 3 . G  9 . 1  5 . 6  9 .4  
12.1 10.9 11.0 5,s 10.7 
1S.5 13.S 14.6 5 . 5  7 .1  
9.S 14 .1  12 .8  6 .9  6 .9  
4 .7  9 .1  10.2 6 .9  5 .6  
3 .2  2 .9  S.6 3 .7  4 .4  

12.3 13.6 12.8 lS.2 9 .9  
11.6 15.6 11.0 26.2 1 2 , s  
13 .3  9 .7  s.s 11.9 27.9 
10.0 7 . 4  7 .6  11.6 9 .1  
S . l  7 .2  6 . 5  7 .0  9 .5  
5 .0  4.S 0 .4  5.S 3.S 

9 10 11 

5 .0  6 . 9  s.s 
7.4 6 .5  S..5 
7.6 S.9 11 .S 
6 .9  7 .7  9 .3  
5.6 6 .1  7 .4  
4 .1  3 .4  2.4 
4.2 7 . 5  10.3 
6 .9  7.G 10.5 

10.9 10.5 7.9 
14.4 7 .9  6 .6  
9.1 10.7 6 .5  
4.6 5.6 7 .1  

12 

7 .6  
s.l  

I :3 .:3 
12.1 
7 . 9  

13 .o  
10 .s 
s .9 
7 .5  
G .O 
4 . 3  
4 .s 
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1 
2 
:3 
4 
5 
6 
7 
S 
9 

10 
11 
12 
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166 ’75 
16 SS 
12 2-2 
14 1 3  
11 14 
9 10 

249 I06 
30 S2 
17 23 
1 3  19 
15 19 
11 13 

TABLE 2 

P, ,L (L~ , ,~ )  for the Recirculation Zone Behind a Disc 

4 
j s  
1 6  

7 
S 
9 

10 
11 
12 

I k + 

2 3 4 5 6 7 S 9 10 I1  12 

49 
5s 
50 
14 
13 
1 3  
54 
66 
31 
21 
15 
10 

32 33 2s 7 11 1 3  1 3  20 
35 34 31 11 9 14 15 19 
45 41 35 13 12 14 15 22 
27 47 31 12 12 14 1s 22 
12 25 32 12 12 12 13 33 
12 13 21 7 9 11 12 12 
34 36 36 94 15 11 14 20 
40 29 37 45 75 14 11 1S 
39 26 25 IS 35 49 14 14 
22 22 19 15 25 47 22 10 
1s 16 15 14 14 19 27 23 
13 12 11 9 10 12 15 12 

20 
25 
2s 
29 
27 
24 
26 
27 
20 
13 
13 
29 

k+ 

1 2 3 4 5 6 7 S 9 10 I1 12 

3 . 5  4.4 5 .4  3 . 0  2.4 3 .0  
1 . 6  3 .1  3 . 1  2 .9  3 .1  2 .8  
1.7 2.2 3 .8  2 . 5  3 .0  2 .4  
1 .7  1 .4  1 .7  2.7 3.3 2.4 
1 .4  1 .8  1 .6  2 .5  2.S 2 .2  
2 .1  2 .3  3 .8  3 .7  4 .5  2 .4  
S . 0  6.4  3 . 5  2.S 2.6 2.S 
1.5 4 .7  4 .3  3 . 4  1 .9  3.4  
1.4  1 .7  2.9 2 .9  2.7 2.s 
1 . 0  2 .0  2 .2  2 .2  3 .0  2.5 
1 . 6  2.0 1 . 5  2.2 2.2 2 .3  
1 .S  2 .1  2 .0  2.6 2 .5  2 .7  

1 .3  1 . 2  2.6 1 . 9  
2.0 1 .0  1 .9  2 .3  
2.4 1 . 7  1 .8 1 .7  
1 .7  1 .7  2 . 0  2 .3  
1 . 7  2 .1  2 .1  2 .1  
2.0 2.0 2 .7  3 .5  
5 . 1  1 . 5  2.6 1 . 9  
1.7 5 .9  2.0 1 . 4  
1 . 5  1.3 4 . 5  1 . 3  
1.3 2 .5  3 .3  2.S 
2 .0  1 . 5  2 .1  2 .5  
1 . 6  2 .6  2 .6  2 .7  

2 .3  2.6 
2 . 2  3 .0  
1 .9  2 .1  
2.4 2 . 4  
4 .5  3.4 
5.0  l .s  
2 .0  2 . 4  
1 .T 3 . 3  
1 .8  2.7 
I..? 2 . 1  
3 .5  3 .0  
1 .7  6.0 

two 4rnilarly placed elements in the cold flow 
pattern; the exchange between the recirculating 
gas and the main stream is, however, weaker. 
This result, however, is already well established 

where A is the cross section of the duct, and d is 
the diameter of the flameholder. Further a term 
qmax is introduced that characterizes the maxi- 
mum heat release. Then we may write instead of 

by the observation of 1Vestenberg.l’ Eq. (1) 

Solution of Equation (1) 

Each of the 144 influence coefficients of Tables 
1 and 2 provides sufficient information on the 
flow pattern to permit the solution of Eq. (1) 
and the evaluation of the conditions for extine- 
tion. In  order to do this we first reshape Eq. (I) 
b y  introducing a characteristic volume V = Ad, 

r3 = [ k c (  Tad - Tt6)/~rllA,V]P 

P,L4(./,> dVdV.  ( 3 )  x /  re(.irculntion 1048 

Since in practice we are considering discrete 
volume V J ~  elements we approximate Eq. (3) by 
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TABLE 4 

Pi ,k(hot) /pf ,k(cold)  for a Hemisphere 

- 
10 11 12 2 3 4 5 6 7 S 9 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1 .7  
1 .4  
1 .3  
1 .0 
1.15 
1 .3  
3 . 5  
1 .5  
1 .2  
1.3 
1 .0 
1.12 

2.6 2.5 3 .3  2.9 2.0 1.3 2.2 3 .0  3 . 3  2.0 0.7 
3 .0  2.4 2.5 2.7 1.9 1 .5  2.4 2.5 3 . 1  1.3 0.6 
1 . 5  2.4 2.0 3.0 2.7 I . I  1 . 5  3 .3  2 .3  1 . 5  0 . 6  
1 .4  1 .7  1 . 9  1 .9  1.6 1 .2  1 .5  2.5 4.9 1.3 0.6 
1 .5  1 . 7  1 .7  2.7 3.6 1 .2  1 .7  2.5 3.0 3 . 3  1 . 1  
1 .7  1 .9  2.6 3.7 6 .0  1 .5  1 .5  2.0 2.0 4.0 2.2 
2.S 2.9 2.4 2.9 1 . 5  1.6 2.1 2.6 2 . 5  1.0 0 .3  
2 .1  2.7 2.6 4.0 2.1 1 .7  3.7 2.5 I .9 1 .4 0.6 
2 .1  3 .0  3 . 1  2.7 1 . 3  1 . 3  2.4 2.7 2.0 1 . 2  0.6 
2.0 2.0 2.2 1 . 9  1 . 5  1.1 1 .9  1 . 9  1 . 3  1.0 1.1 
1 .2  1.0 1.6 2.0 1 . 4  1.1 1 .4  1.6 3 . 3  1 . 3  0.6 
1 . 2  l .s 2.0 1.5 1.9 1 . 1  1 .7  2.3 1 . s  2 .5  3 .4  

~ 

TABLE 5 

Weighted Influence Coefficients c ~ , , ~ ~ ( , , l d )  for a Disc Bame 
- 

I k i  

1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 

1 

1.27 
0.27 
0.19 
0.22 
0.21 
0.11 
0.54 
0.47 
0.32 
0.37 
0.25 
0.17 

2 3 

0.62 0.5s  
1.07 1.17 
0.40 0.S3 
0.34 0.54 
0.25 0.50 
0.16 0.21 
0.62 0.94 
0.65 0.96 
0.49 0.6s  
0.37 0.60 
0.37 0.63 
0.23 0.32 

4 5 6 

0.93 1.01 0.45 
1.07 0.S1 0.55 
1.63 1.03 0.73 
0.S6 1.05 0.64 
0.41 0.66 0.51 
0.25 0.22 0.43 
1.0s  1.01 0.64 
1.02 1.16 0.55 
1.17 0.72 0.44 
0.SS 0.55 0.35 
0.71 0.54 0.32 
0.44 0.36 0.02 

7 S 9 10 11 72 

0.15 0.35 0.32 0.61 0.66 0.33 
0.16 0.40 0.47 0.57 0.63 0.40 
0.15 0.26 0.4s 0.78 0.SS 0.66 
0.19 0.26 0.44 0.6s  0.69 0.60 
0.19 0.21 0.35 0.54 0.55 0.39 
0.10 0.16 0.26 0.30 0 . 1 s  0.65 
0.49 0.37 0.27 0.66 0.77 0..54 
0.71 0 . 4 s  0.44 0.67 0.7s  0.44 

- 

0.32 1.0s  0.69 0.93 0.59 0.3’7 
0.31 0.34 0.91 0.70 0.49 0.30 
0.19 0.35 0.5s 0.94 0.45 0.21 
0.16 0.14 0.29 0.49 0.53 0.2.4 

the sum 

rj = L-’ crjk+(T,J, (4) 
k 

where o q k  are called the weighted influence co- 
efficients, since they represent 

( 5 )  
L has the meaning of a loading factor. 

h C ( T a d  - Tu) - VPC,(T,d - Tx) - 1; = - 
qrnaxv Pniaxd 

1 

where v is an average linear gas velocity in the 
tubular duct. The ctl,~,’s are easily evaluated once 

the &’s are known. Tables 6 and 7 show the 
P J k f s  of Tables 1 and 2 converted to CX~J~’s.  If in 
addition the +(T) relation of Fig. 2 is known, t’he 
system of simple algebraic equations becomes 
solvable. This procedure is particularly simple 
since a netword analog computer2 was espccially 
designed for the solution of those equations. 

By varying L in Eq. (3) ive arrive a t  a critical 
Le,, where the only possible solution of Eq. ( 2 )  
becomes zero. At this point thc flame has t o  be 
regarded as extinguished and L,, thercfore 
represents the required loading factor a t  the 
extinction point. Calculations of this kind were 
carried out for the disc, cone, and hemisphcre 
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TABLE 6 

Weighted Influence Coefficients a c j , ~ ~ ( h ~ ~ )  for il Disc Bafle 

2 3 4 5 6 7 S 9 10 11 12 

I 
2 
3 
4 
5 
6 
i S 

9 
10 
11 
12 

10.5 7.0 10.2 11.7 16.S 7 .2  0 .4  1.1 2.7 4.8 10.2 5 .1  
1 .0  S . 4  12.1 12 .5  17.3 7 .9  0.7 0.9 2.9 5 .5  9 .7  6 .4  
0 .S  2 . 3  10.4 16..5 20.9 9 .0  0.S 1 . 2  2.9 5 .5  11.2 7 .2  
0 . 0  1 . 2  2.9 9 . 9  23.9 7 .9  0.S 1 .2  2.9 6 .6  11.2 7 .4  
0 .7  1 . 3  2.7 4 . 4  12.7 5 . 2  O.S 1 .2  2 .5  4.5 16.S 6 .9  
0 . 6  1 . 0  2.7 4 . 4  6 .6  5 .4  0 .4  0 . 9  2 .3  4.4 6 . 1  6 . 2  

15.7 10 ,2  1 1 . 3  12.4 15.3 9 .2  5 .9  1 . 4  2 .3  5 .1  10.2 6 .7  
1 .9  7 .9  15.8 14.6 14.5 9 .5  2 . 5  7.2  2.9 4.0 9 , 2  6 .9  
1 . 1  2 . 2  6 . 5  14.3 1:3.2 6 .4  1.1 3 .4  10.2 5 .1  7 .1  5 . 1  
0 . S  l . S  4 . 4  s.0 11.2 4 .9  0 .9  2 .4  9 .5  5 .0  5 .1  3 .3  
0 .9  l . S  3 . 1  6 .6  S . 2  3 . 5  0 . 9  1 .3  4 .0  9 .9  11.7 3 .9  
0 . i  1.2  2 . 1  4 .5  6 .1  2.S 0 . 6  1.0 2 .5  5 .5  6 . 1  7 . 4  

Iiafflei with o!,r(hat) and o!l/c(colc~). Only the a’s for a 
disc bafRc arc prcsentcd in Tables 5 and 6. 
T a h l ~ ~  7 contains the L,, values obtained in this 
way. It appears that thc Le, values, calculated 
from the “hot” iiiflucnce coc+€icients are about 
an order of magnitude larger than those evalu- 
ated froin the %old7’ coefficients. 

This increasc in the loading factor by changing 
from cold to hot conditions is partly due to the 
iiicreaie in the volume of the recirculation zone 
(Fig. 3 ) ,  partly due to the stronger exchange of 
inass between two points in the hot reverse flow 
paittern. 

TABLE 7 

4.93 47 

4 .4  54 

Hemisphcrc 4.44 34 

Design of Models 

Figures 5 and 6 show photographs of a rcc- 
tangular and cylindrical model as they were used 
in modeling experiments. Both models were 
designed to deal eithcr with axisymmctrical or 
with two-dimensional flow problems. The working 
section of the rectangular chamber was 0.194 m 
wide, 0.125 m high, and 0.25 m long. A11 four 
sides were of perspes. The 0.125 X 0.25 m faces 
of the working section were divided into a grid of 
0.25 X 0.013 m rectangles, so that the whole 
working section was divided into 100 cells. Each 
cell contained a heater unit consisting of two 
parallel coils. 

The coils were placed horizontally and per- 
pendicularly to the approach flow. Furthermore 
each cell contained a copper-constantan thermo- 
couple. Both heater and thermocouple could be 
operated individually by hand switches, which 
also could be replaced by an electronic device. 

8uniniarizing tlic results of this section, we 
conclude that t h u e  arc quantitative differences 
betwcen the reverse flow pattrrn in “hot” and 
“cold” flow. Furthermore, i t  may be notcd that 
the differciices shonii quantitatively by the in- 
fluence coefficients should not be regarded as 
universally valid. For another family of flame- 
holdcrs ni th  different geometry the matrices 
,831C(COlci) and ,8,/,(h&) may compare quite differently. 
The last point was first noted by Westenberg 
et (21.17 FIG. .5. Model of rectangular combustion chamber. 

G 
4 
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FIG. 6. Model of cylindrical combustion chamber. 

The airflow was supplied by a blower. The 
maximum output of the blower was about 1100 
kg/hr, but in all eases smaller flow rates were 
found to be sufficient. The prcssure was atmos- 
pheric. The cylindrical model of Fig. 6 which was 
0.50 m long and of 0.155 m inside diameter con- 
sisted of 16 elements with a length of 2 inches 
each. Each element incorporated six heaters and 
six thermocouples together with their supports. 
The heater wires were of nickel-chrome each with 
the resistance of 6.7 ohm. They were arranged in 
such a way as to divide each element into six 
cells of equal volume. 

Experimental Procedure 

The electric analog was operated as follows: 
After placing thc baffle in position a t  the entrance 
of the working section, the air flow was switched 
on and a uniform voltage of 12 volts was supplied 
to all the heaters in the working section. The 
readings of the thcrmocouples were taken and an 
arbitrary temperature was chosen as a reference 
value. Thc heaters associatcd with the thermo- 
couple readings below the reference temperature 
were switched off. In  the wake of the baffle there 
remained a stable ficld of highcr temperature 
readings; the reference temperature was 
increased. 

This procedure was repeated, until a stable 
temperature field downstream from the flame- 
holder no longer existed. Then the model flame 
could be regarded as blown off, and the reference 
temperature a t  this critical point (blow-off) was 
recorded and used for the calculation of the 
loading factors Le, a t  the extinction point of the 
model. 

L e X , d ,  defined by the relation 

vexpep( Tad - Tu) 
qrnasd 

IJex ,d  7 

is easily evaluated from thc data providctl by 
the measurements. 

V,, = linear velocity of air a t  thc blow-off 

cp = specific heat a t  constant prcssurc. 
p = density of air a t  room temperature. 

point in the model. 

( Txd - Tu) = (T,, - T,,)/O.7 (compare 

Tcr = the refereiicc tcmpcrature a t  thc hlom- 

d = width or diameter of flameholder. 
qmax = clcctrie heat input per volume 

Particular care was taken to cnsure that the 
model was operated so that  Le, was independent 
of the Reynolds number and of the volumetric 
heat release rate. This was the ease when the 
voltages applied a t  the heaters esceeded 9  volt,^. 

Fig. 2) .  

off point. 

element. 

Prediction of Extinction Loading factor by 
the Model 

Loading factors obtained for the extinction 
point of flames by the methods described in the 
previous section were plotted as a function of the 
blockage d/B in Fig. 7 for a family of flameholders 
consisting of four differently shaped baffles-- 
rectangular duct with flat plate, cylinder, semi- 
cylinder and 90’ V-gutter. It is noticeable that 
with decreasing d/B the loading factors of the 

12 

n 
2 10 

-I 

8 

6 

4 

FLATPLATES 

o CYLINDRICAL RODS 

A SEMI-CYLINDRICAL RODS 

0 0.1 0.2 0.3 0.4 0.5 0.6 

d/B 

FIG. 7 .  Loading factors as predicted 
rectangular chambers. 

model for 

i -  7 
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ANALOGUE PREDICTIONS: 

0 - FLAT PLATES 

- -_-__ CYLINDERS 
- 

0 - FLAME MEASUREMENTS: 

A FLAT PLATE [REF. 121 a 
- ’ CYLINDRICAL RClD [REF. 211 

CYLINDRICAL ROD [REF. 221 

MODEL 
l5 1 ,,-f 

1 I 
0 0.1 0.2 0.3 0.4 0.5 0.6 

d/B 

FIG. S. Comparison of loading factors as measured 
in  prototype arid in final rectangular model. 

four bsfflcs show an increase. The values of Le, 
lie bttwtcn 4 and 14. Furthermore the graph 
shows that the model predicts the more stable 
flames for V-gutters, semicylinders, and flat 
plates. In  the case of circular rods however, the 
loading factors drop to about half the value as 
measured for the three other baffles. 

In Fig. S the loading factors for flat plates from 
Fig. 7 arc compsred with Le, values that were 
ob1;aiucd by I). 13.  Spalding in a prototype 
~ n o d c l . ~  A t  large blockage ratios both curves agree 
quite well. But nt  d/B = 0.3 Spalding’s curve 
inovcs to  lower values, while the more recent 
rneasuremcnts s h o ~  a further increase to d /B  = 
0.15. The different behavior of the two models is 
explnined by the fact that  the heater-coil diam- 
eter in the prototype was three times as large as 
the coil diameter of 0.25 inch in the new design. 
13oth models were of the same height B. Since 
the simulation of flarncs requires thc interaction 
of n numbcr of hentcrs in the wake of thc baffle 
it is ccrtairi that  riiodrls with larger sized beaters 
c m  only give acceptable rtsults with large 
blockage ratios. 

A further coiiclusioii of Fig. 7 is that the loading 
factors at large blockage arc nearly independent 
of thc coil diameter and that the blockages and 
thc n.akcs which are caused by the electrical 
heaters do not influcncc the general flow pattern 
to a large extent. 

Comparisons with Flame Data 

A series of flnnie experiments in rectangular 
d w t s  using the same family of flameholders as 
previously in the model was carried out by 
Barrike and I\lestre.22 Summing up the results of 
these authors, the order of stabilizing ability of 
the two-dimrnsional stabilizers can be put as: 

1. Flat plates (high stability). 
2. 90’ V-gutters. 
3. Semicylinders. 
(1. Cylinders (low stability). 

3,- 

W 

I I I I I 

0 0.1 0.2 0.3 0.4 0.5 D.6 

d/B 

FIG. 9. Comparison between analog predictions and 
flame results for rectangular combustion chamber. 
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12 

10 

7 
-1 

8 -  

b -  

tive for other hydrocarbons too, an approxima- 
tion which is supported by measurements of 
Clarke27 et al., who found a rather similar maxi- 
mum heat release for propane. The dimensionless 
loading factors Le, of the flames are plotted to- 
gether with Lex from the model in Fig. 9. It is 
noticed that only for a rather small range do the 
blockage ratios for both flame and model results 
overlap due to the constructional limitations of 
the model. Within this comparable range thc 
following statements may bc made: 

(1) n!rodel and flame loading factors increase 
with decreasing blockage ratios. 

( 2 )  Within the comparable range the agree- 
ment is quite good numerically for flat plates, 
howcvcr the predictions for cylindrical rods are 
only about half of the flame measurements. 

(3) The large gap in performance between flat 
plates and cylinders as prcdictcd by the model is 
not confirmed by flame measurements. 

- 

- 

Cylindrical Models 
Before discussion of the implications of the 

previous section, another set of analog results 
will bc prcscnted for cylindrical ducts. The 
flames were stabilized by circular discs, hemi- 
spheres, cones, and annular baffles. 

Thc model extinction loading factors Les,d and 
Le,,v in the case of annular baffles, are presented 
in Fig. 10 and Fig. 11. Figure 10 also contains 
the loading factors evaluated from cold influence 
coefficients as shown in Tablc 4. These values are 
lower by about 20-50%. 

15 

10 

; 
2 

5 

0 

MODEL: “COLD” INFLUENCE 
COEFFICIENTS: 

0 DISC 0 DISCS 
A 90’CONES A 90” CONE 

HEMISPHERES a HEMISPHERE 

I, 
A 

I I I 

0.4 0.6 0.8 1.0 
d/D 

FIG. 10. Loading factors predicted by cylindrical 
model and evaluated from “cold” influence co- 

efficients. 

1.5 \ 
X. 

I 
0.2 0.4 0.6 0.8 0.9 

d/D 

FIG. 11. Model predictions for annular I)aRles. 
Flame results of reference 2s 3rr nddrd for (>om- 

parison. 

By another series of experiments the influence 
of the cone apex angle E on thc stability limits 
was invcstigated. Thc rcsults of those mcasurc- 
meiits are plotted in Fig. 12, indicating that with 
decreasing angle the stability limits increase. 
Although only relatively few flame data could bc 
found for cylindrical chambers, the few avail- 
able16325-30 suffice to check the model predictions. 
This is done in Figs. 11 and 13. Quantitatively 
the Lex curves for flames and models both Irai-e 
rather similar slopes (Fig. 9 and Fig. 11) ; how- 
ever, the relative position of the model prcdic- 
tions concerning the stabilizing ability of the 
baffles is not confirmed by flame cspcrimcnts. 
From this e m e r g e ~ l ~ ~ ? ~  that for a consistent series 
of flame experiments, the flames behind the most 
blunt bodies are always the more stable ones. 
Therefore the L,, curve for discs in Fig. 13 should 

I 
“I  
!I 
nI 

I 
4 1 , , , , , 1 , 1  

On 40“ BO” 120” 160’ 
CONE APEX ANGLE € 

FIG. 12. Variation oi  extinction loading factors 
with cone apex angle E (analog predictions). 
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15 

*?/* - 
REF. 27 

I I I I 

d/D 
0 0.2 0.4 0.6 0.8 

FIG. 13. Comparison of model predictions with 
flame data. 

be above the other curves, and the slopes of the 
linm in Fig. 12 should be positive. 

However, apart from those qualitative inac- 
curacies of the modrl predictions, the numerical 
values for the loading factors Le, evaluated from 
flame measurements are remarkably closc to the 
values predicted by the model (Figs. 11 and 13). 

Discussion and Conclusions 

If for a moment we concentrate on Figs. 11 
and 13, where model predictions are compared 
wiith loading factors evaluated from flame meas- 
urements, the numerical agreement between 
these values is quite remarkable. 

‘This result, however, becomes less under- 
stztnclnble if we consider in addition the research 
on the flow pattern from the section dealing with 
influence coeffcients. Then the position is the 
foilowing one: 

( I )  There exists rough agreement between the 
loading factors Le, predicted by the isothermal 
model and those evaluated from “cold” influence 
co,ef€icients (Fig. 10). This is a result that  one 
would expect, since both methods for the evalua- 
tion of Le, are equivalent. The difference can be 
ascribed t o  the differing reaction rate functions 
as presented in Fig. 2 .  

(2) The loading factors predicted by the model 
are of the same order of magnitude as those 
evaluated from the actual combustion experi- 
ments (Figs. 9, 11, 13). 

( 3 )  The loading factors obtained by using the 
“hot” influence coefficients are about an order of 
magnitude larger than Lex,flame (Table 5 and 
Fig. 13). One should expect both to agree. 

What are the reasons that the model predic- 
tions are in most of the cases in rough agreement 
with flame measurements, although a comparison 
of the loading factors obtained from “hot” and 
“cold” influence coefficients led to a quite differ- 
ent result? 

The design of the model wab bawd on so called 
“half-truths,” onc of them related to the flow 
pattern, the other based on some simplifications 
concerning the combustion process. We have 
already seen that quantitative differences do 
exist between the flow containing flames and cold 
isothermal flows in geometrically similar sur- 
roundings. Based on this result we had to expect 
model results and flamc behavior to be different. 
This expectation was, however, based on the 
assumptions that the description of the combus- 
tion process as a temperature function only is 
right. Furthermore it was assumed for the evalua- 
tion of Le,,flalne, that the heat release rates within 
the combustion chamber reach the values of the 
Longwell-Weiss homogeneous reactor. This prob- 
lem was investigated by Petrein et ~1.3‘ These 
authors found that the average conversion or 
heat release rates were 6-S times lower in a high- 
intensity combustion chamber than one would 
expect from the homogeneous data, although the 
possibility of homogeneous rates appearing 
locally is not excluded. Using these results for a 
rough check, we replace the qmJ, from homogene- 
ous reactor experiments by qm& for the evalua- 
tion of Le,,tlJ,nc. This procedure would in fact 
increase the loading factor Lc,,f~Jme by a factor of 
S and would make them comparable with those 
ones evaluated from “hot” influence coefficients. 
However this check can only be regarded as a 
guide as to the trend, since acceptance of the 
results of Petrein would mean abandoning the 
idea that reaction rate is a function of tempera- 
ture only. 

Final Remarks 
The results and discussion of this paper have 

shown that the two assumed similarity criteria 
concerning flow and combustion process are 
questionable. The reasonable quantitative agree- 
ment between model predictions and flame experi- 
ments could only be explained by the fact that  
the errors introduced by the application of the 
two similarity criteria have the tendency to 
cancel one another instead of adding up. 

Considering these results, the author could 
not use or recommend this method of isothermal 
modeling with confidence as a means of predicting 
the stability limits of new combustion chamber 
without confirmation by flame tests. The loading 
factors predicted by the model are difficult to 
explain and without investigations on the flow 
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patterns this interpretation would be too specu- 
lativr to be of any value for the designer. 

V Lv, loading factor related to charactcristic 
volume 
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B 
e 

d 
D 
L d  

L O X  

Lv 

m 
m,Ar 
P 
!7 

7 

Nomenclature 

Cross section of cylindrical or rectangular 

Width of rectangular chamber [m] 
Specific heat at constant pressure 

Diameter or width of baffle [m] 
Diameter of cylindrical chamber [m] 
[vpe( Tad - T,)]/pmssd, chemical loading 

['&e( Tad - Tu)]/qmasv or 

chemical loading factor at extinction point 
[kc( Tad - Tu)]/qmaXV, chemical load- 

ing factor 
Mass flow rate [kg/hr] 
Mass fraction concentration, p ~ ~ / p ~ ~ ~ ~ l  
Pressure [atm] 
Heat release per volume element [kcal/sec 

Maximum heat release per volume element 
[kcal/sec m3] 

(v - d ) / v ,  Reynolds number 
Temperature [ O S ]  

Linear velocity of gas [m/sec] 
Characteristic volume [m3] 

Weighted influence coefficient 
Influence coefficient 
Cone apex angle 
Volume element 
q/qmsX, dimensionless combustion rate 
( T - T u ) / (  Tad - T u ) ,  dimensionless 

temperature 
( T ,  - T,)/T,d - Tu), efficiency 
Density [kg/m3] 
Kinematic viscosity [m2/sec] 

combustion chamber [m3] 

[kcal/kg "C] 

factor 

[VexpC( Tad - Tu)]/qmasd, 

m31 

e 

ex At extinction point 
j ,  k Running indices 
u Unburned 

Indicating conditions at the outlet of the 
combustion chamber 
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SEMITHEORETICAL CONSIDERATION ON SCALING L 
FLAME STABILIZATION 

KARL-RICHARD LOBLICH 

With good approximation to  reality the stability of flames on flamcholders may he dcscribcd with 
simple equations for heat and mass transfer. As a result of considerations with rcgard to :I simplc 
model a dimensionless numbcr N ,  is obtained, which is constant in the limiting case of large Reynolds 
numbers and small blockage ratios for all flameholders and gaseous fuels with a sufficiently high 
laminar flame speed. I t  combines the two stabilization laws found by Zukoski and Marble and by 
Putnam and Jensen, which were discussed further by Spalding. Regarding several drvkttions from 
the limit case we succeeded in finding adaptation functions from theoretical considerations or on an 
empirical basis. These were introduced into the stability equation, and permit comparison of srrm- 
ingly very dissimilar systems. 

A relationship between flamc stability and flame flash back is pointed out as affcctrd hy transport 
mechanism and flamc speed. In addition the combustion of heterogeneous mixtures is treated. 

Introduction 

The mechanism of any combustion process in 
technical equipment is so complex that an exact 
mathematical treatment is impossible. However, 
some important relations concerning stability 
and efficiency phenomena have been found 
empirically by several authors. Because the 
interpretations of the eyierimental facts are not 
always satisfactory, the purpose of this paper 
is to give a reasonable cyilanation of the experi- 
mental observations for the case of flame stabi- 
lization by bluff bodies. This is done by proposing 
a physical model which makes use of well known 
heat and mass transfer relations from other 
fields of transport processes. This model will 
reveal the similarity rules which are appropriate 
to the scaling of stability processes. Mainly, the 
combustion of homogeneous gas mixtures is 
considered. 

Empirical Basic Concepts 

Zukoski aiid Marble' found that the flame 
stability, represented by the blow-off velocity $17, 
is strictly proportional to the length L of the 
recirculation zone behind the flameholder for 
constant laminar flame speed of the mixture and 
a sufficiently high Reynolds number. They 
defined a critical ignition time T by the ratio 
L/U7, slid eapressed their results by T = con- 
stant. These authors considered that the wakes 
behind bluff bodies are similar in their stabiliza- 
tion propertics, so that L/IT*T = constant = S.  

While T is a function of the laminar flame spccd u 
of the mixture, the stability number S had been 
thought to be independent of u. However, this 
is only a limiting law, valid beyond Rewd = 
5 X lo4, where Rewd is the Reynolds nuinbcr for 
the stability limit, which is evaluated froin tlie 
blow-off velocity lli, tlie kinematic viscosity v of 
the approach stream, axid the characteristic lcng1,h 
d of the flameholder. 

For Rewd > lo4 the boundary layer bc twcu 
the wake and main stream is turbulent over its 
entire length up to the separation point, ~vhereas 
for Rewd < lo3 it is laminar over its entire 
length. In  the transition interval between these 
limits the turbulence in the boundary layer 
increases with increasing Reynolds number, Repv,~ 
from downstream to upstream.2 13ecause the 
stabilization properties of a recirculation zone 
behind a bluff body are influenced by the rc- 
circulation speed and the condition of the 
boundary layer between recirculation aiid inain 
stream, the wakes cannot be considered to be 
similar if they are created by two different 
flameholders with tlie same Reynolds nurnhrr or 
by flameholders with the same shape but tliff er- 
cnt Reynolds numbers." Thus, in the transition 
interval between Rewd = 10' and 5 X lo4, 
L/WT becomes a function of the Reynolds nuni- 
ber and the shape. 

Under these circumstances, tlie concrpt of tlie 
ignition time T = L/i/TT7 is unsuitable, l~ecause it 
implies that  the flow of fresh gas close to the malie 
edge has a velocity proportional to  that  of the 
main stream. Considerations about the fluid 
dynamics of the systems in tlie transition interval 
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show that this premise is not fulfilled but is only 
valid for Rewd > 5 X IO4, when the transition 
frorn the laminar to the turbulent state of the 
boundary layer has taken place. 

Another relation governing the stability of a 
flame WAS found by Putnam and Jensen4 showing 
that the blow-off velocity W for given flow 
conditions is proportional to the square of the 
laminar flame speed of the misture. Spalding5 
has analyzed it more closely. To prove this 
relation experiments have been performed a t  
constant pressure, constant initial temperature, 
and approiimat~ly equal values of Rewd (for 
cylintlrical flameholder) . The results show that 
the term C" = W/Lu2 is quite constant.'j The 
thermal conductivity of the gas misture, seems 
to have no greater influence than is already 
contained in u. On the other hand, the dimension 
of C" points to an influence either of the kinematic 
viscosity v[m2sec-l] or of the diffusivity D[m2 
sec-l]. But the cliffusion influence does not 
exceed ScoJ, whereas v is always given in fluid 
dynamic characteristic numbers.'j Thus we obtain 
a dinicnsionless stability number N ,  from C" as 
a function of Rewd in the transition interval: 

where F represents thc influence of the flame- 
holder shape. ATL is formally the same as the 
group used by J3ragg and Holliday.' However, 
these authors worked with the diameter of the 
stabilizer instead of the length of the recircula- 
tion zone as is done here. The introduction of L 
intlo the stability number N ,  avoids dimensional 
difliculties if one goes from sharpedged flame- 
holders to cylinders. 

-1bove the transition interval, f(Rewd, F) ap- 
proaches a limit, which follows from the relation 
found by Zukoski and Marble? Below the 
transition interval another limit esists which 
does not have to be the same for stabilizers of 
diffrrent geometry according to our experiments. 

A Stabilization Model 

According to observations of several authors 
(e.g., Williams and Shipmans), the flame "tongs" 
ivhich surround the wake (residual flames) are 
somewhat more stable than the flamefronts which 
extend downstream from the wake. It is there- 
fore reasonable to regard the flame tongs at the 
edge of the wake as the initial flame which can 
only create the main flame under certain condi- 
tions. The author has shown reasons for the 
higher stability of the residual flame.6 

The flow at the wake edge can formally be 
separated into two components, a t  least in time 

average. The outer part flows downstream with 
the main stream while the inner part is drawn 
into the recirculation. One can imagine a per- 
meable border to separate the two re,' gions. 
The beginning of the residual flame is on the 
wake side of this border. It is formed by transport 
of fuel and oxygen (at  the first contact between 
wake and fresh gas) into the wake. These mis 
with the hot burned gas of the wake and begin to 
react. After a certain distance from the flame- 
holder the flame crosses the imaginary border if 
the conditions necessary for this are fulfilled. 
Only then combustion takes place in the main 
stream (Fig. I ) .  

The residual flame changes into the main 
flame outside of the wake by crossing the imagi- 

t 

FIG. 1. The run-up stretch. At  F the initial flame 
crosses the border B of the recirculation zone; 
IF = A, S is the separation point and I the ignition 
point. If the flow velocity w approaches the blow-off 
velocity W then F goes to the end E of the recircu- 

lation zone, i.e., A -+ A,,,) 
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nary border. The distance from the location of 
ignition to the crossover point can be designated 
by A ("run-up stretch"). Lowering of the stream 
velocity w is favorable for spreading of the 
initial flame into the main stream, i.e., A de- 
creases. If one increases w, A increases while an 
increase of the burning velocity diminishes A. A 
cannot become larger than the distance between 
the ignition point and the downstream region of 
reversal of the recirculation flow. Although this 
stretch is curved it is, in most cases, nearly equal 
to the length of the recirculation zone, which is 
the distance between the downstream end of the 
bluff body and the point from which material is 
transported upstream. An elception is the 
ammonia flame, because the ignition point lies 
rather far downstream from the f lameh~lder .~ 
If A approaches L, then w approaches TB, Le., 
the stability limit is reached. 

The temperature distribution through the 
flamefront is S-shaped. The inflection point of 
this curve lies where the heat production by 
combustion starts. Therefore, the initial flame 
can only cross the border between the recircu- 
lating stream of hot gases and the floming fresh 
gas mixture where the inflection point lies outside 
of the border. Apart from the temperature 
difference, the heat flux from the hot to the cold 
gas is governed by the heat transfer coefficients 
a inside and outside the flame. Outsidc the 
flamefront (Index e) ,  a, is mainly a function of 
the Reynolds number whereas, inside tlie flame- 
front (i), at is additionally influenced by heat 
sources. The heat balance requires 

( T J  - Tw)at = (Tu  - T)G,  ( 2 )  

where TJ is the flame temperature, Tu the tem- 
perature a t  the inflection point, and T the 
temperature in the fresh gas flowing along the 
edge of the wake. Zukoski and Marble found that 
the temperature of the burned gas is not far 
from tlie adiabatic flame temperature, and 
nearly independent of the flow rate.' Assuming 
that the ratio d = ( TJ - T u ) / (  T, - T )  is 
near 1 or constant, one obtains: 

to turbulent structure of the wake edge i f  it is 
split into two terms on both sides. Thus one can 
write, neglecting c:  

The factors t~ aiid E t  have values betmcn zero 
and one so that $ 1  + E t  = 1, according to  the 
extent to which turbulence has rcachcd up- 
stream. The solution of this equation is first done 
for the limit cases f l  = 1; ,tt = 0 and ,tl = 0 ;  

= 1, i.e., for the completely laminar aiid 
completely turbulent case, respectively. The 
general forinulation of the Kusselt equations is 

NU = k RelY( - - .), (5) 

wheref( * -) stands for a11 the other groups wliicli 
might have an influence on transport. On the 
reaction side of the flamefront horcler the i\'us,selt 
number is not only influenced by the flow, but 
also by the existence of heat sources, the enc'rgy 
flus of which may be considered as a function of 
the flame number (Fl) and oi the Reynolds 
number. This must be added to the Kusselt 
equation for the inner side of the front. As 
characteristic length A is introduced into the 
characteristic numbers, for which A at the 
stability limit approaches L while w approarhrs 
W .  Since the flow conditions inside and outside of 
the flamefront are dependent on the velocity 
of the main stream, the same value of the 
Reynolds number RewL = l l * L / v  is takcn for 
inside and outside. Differences in the boundary 
layer structures show up in the constants ant1 
exponents of the formulation; v is a function of 
the temperature, v = v( T ) ,  but this fuiic$ion 
is similar for all gases. Therefore one rnay 
calculate with the value for tlic initial tcinpra- 
ture. Mistakes made in this way rnay bc, com- 
pensated for by adjusting the constants in the 
equations (see reference 6). The coiidition for 
the Nu,,t = ?Ju,,t turbulent case leads to  

kl RewL9:"f' ( * - ) = k2 RewfFlof2 ( - - * )  I 

or 
CYF = caL. 

RewL = ( k 2 / b )  U(m-dI?]P/(m-a) ( f2/fi) li(m-a). 

Analogously, one obtains for tlic laminar case 

('7) RewL = (k~/k3)'i(.-y)Fls/(l'-Y) (fq/f3)ll(n-y). 

Because of the empirical relation ( I )  the expres- 
sions 6/(n - y )  and P/ (m - a )  have to assume 
the same value of 2.  The yuotientsf2/fl in Eq. ( 6) 
and f4/f3 in Eq. ( 7 )  are assumed to  lie approyi- 
mately equal to 1. According to  eyxrimcntal 

(6) 
To arrive a t  a dimensionless form one sub- 
stitutes for the heat transfer coefficients the 
corresponding Nusselt numbers which are given 
in an integrated form from the point of first 
meeting of hot and cold gas to the point A: 

I xu, I"* = c 1 Nu, IO*. (3) 

It was shown earlier6 that this formulation is also 
valid in the transition interval from the laminar 
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results6 there is an iriflueiiee of the diffusivity D 
in the mixture (because D has an influence upon 
tlie rate of heat release) which can be neglected 
lor the turbulent case without making too large 
an error. The turbulent mass transfer processes 
arc governed only by the fluid dynamics of the 
system contained in tlie functions with the 
Reynolds number. In  the laminar case differ- 
ences in the diffusion coefficients of fuel and 
oxygen greatly influence the equivalence ratio a t  
the flamefront.‘ Instead of the @ value (equiva- 
lence ratio fuel/oxidizer) in the main stream the 
value aY fixes u in the characteristic number F1 
in thr laminar case. I n  the transition interval F1 
is dcteriniiied by arrf. Introducing K’ for 
(Ic2/kJ l’(ni-a) and ii” for (kq‘k3) ~ ( ~ - 7 )  one now 
obtaiiis lor Z y .  (4) : 

The derivation of Eq. (8) from Nusselt equations 
permits a better insight into the relation be- 
tween fluid dynamics and chemical reaction 
implicit in u. The constants K’ and K” turn out 
to be functions oE two 11~’s which characterize the 
location of the temperature, concentration, and 
velocity profiles relative to each other inside and 
outside the flamefront. Any influence of the 
boundary layer profile will therefore also in- 
fluence the value of the constants in Eq. (S) . 
Through the formulntion as a transport phe- 
nomenon, the forinal relation between flanie 
stability nith flameholclers and flashback in 
burner tubes4 becomes even more lucid. The 
model uhcd hcrc differs from that of ref. 5 .  

Discussion 

The discussion of Nusselt equations shows 
th3t a heat transfer equation, which has been 
obtained for a particular case, can only be ap- 
plied to other cases if the profiles of the flow and 
temperature boundary layers as a function of the 
length 1 are similar too. This does not mean that 
all oharacteristic numbers which occur in the 
equzition have t o  assume equal values (complete 
similarity) for reasonable scaling. But  there 
must be an agreement in the functional relations 
of the diinensionless numbers, Le., the heat 
transfer law must be the same. This law deter- 
mines tlie constants and exponents in equations 
of the type of I3q. ( 5 ) .  If tlie boundary layer 
profiles are chanqccl by any influences, the trans- 
fer law is also changed. Often ~1 functional con- 
nection between these influences and the change 
of tlic transfer law can be calculated by theo- 
rctioal considerations or can be obtained eni- 
pirically. If one includes such an alteration fune- 

tion into the transfer equation, the transfer 
equation can be applied to all scaling problems 
with profile change, for which the alteration 
function is valid. 

Actually the factor in Eq. (S) containing the t 
functions represents an altcration function for the 
transition from laminar to turbulent transport 
processes. This factor can be specified even 
further with regard to the constants K’ and K”. 
Thus the profiles ol laminar boundary layers a t  
the edge of wakes, which are caused by rounded- 
off, elongated, or sharp-edged flameholders, show 
varying structure. This can be characterized by 
substituting K’ by a constant K1 multiplied by 
a form factor P. In  the case of turbulent flow 
individual differences in the boundary layer 
structures are compensated after a very short 
run-up stretch. Thus the constant KS = K” can 
be used for all flameholder shapes. 

In  the ease of free flow around the body the 
locations of the profiles relative to each other 
belonging to KIF and i i z  adjust themselves 
independently of the size d of the body. If tlie 
flow through the combustion chamber is confined 
the flow a t  the wake edge is influenced by the 
blockage ratio B (body diameter dlchamber 
width b)  . The contraction number E is defined as 
E = 1/(1 - B ) .  In  order to determine the 
influenee of E on the two terms in Eq. (S),  
experiments were performed by Uaumg&rtr19 
which led to the result that the laminar term 
increases a t  first in the interval E = 1 to E = 2 
with increasing e and then falls off again. The 
turbulent term steadily falls with increasing E. 
Equation ( 8 )  can be written as 

Rew~ [= tiSiFfi(6) f t 2 ~ 2 f 2 ( ~ ) ] [ F l ( ~ ~ f ~ ) ] ~ .  (9) 

For practical purposes Eq. (9) can be written in 
the manner of Eq. (1) in abbreviated form 
after division byfZ(e) : 

f(E)NL(@dE) = m F T ( € )  + EL?&. (10) 

For the scparate eqjressions one finds empirically: 

Kl = 0.1s IC2 = 0.27. 

Form factor P for 

cylinders F = 1.00 
V-gutters 1 .os 
plates 1.15 

(2 = 1 - 51. 
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between the stability number used by Rragg and 
Holliday' and of N,. This can be explained by 
the behavior of the relation between the bluff 
body diameter d and the recirculation zone 
length L as a function of the Reynolds number 
Rewd. I3ragg et  al. used d in their stability 
criterion whereas 1, is used in the present con- 
siderations. The different diffusion properties or' 
the fuel and the oxidizer are better taken into 
account by using N , ( B f f )  in the rase oE premixed 
gases. The stability iiumbrr N ,  represents a 

1.0 

0.8 

ABOVE ReWd = 5 x lo4  0.6 

fz BECOMES CONST., 
0.4 

0.2 

0 
lo3 2 4 6 8 IO4 2 4 6 8 IO5 

ReWd 

F I G .  4. The E functions in dependence on the 
Reynolds number Rewc~. If Rewd < lo', t1 = 1, 

$2 = 0. If ltewd > 5 x 104, El = 0, t2 = 1. 

loading factor similar to  that used by Spalding 
et al.15; but instead of the poorly known reaction 
rate it uses a function of the laminar flame speed. 

Because the recirculation zone length 1; is the 
most important length in the flame stabilization 
mechanism it is possible to  transfer results of 
experiments regarding fuel influence on flame 
stability from a small combustion chamber 
equipped with flameholders to a full-scale can 
type burner without special flameholders. Here, 
too, a recirculation is established. I ts  downstream 
length is given by the design of the can. If one 
knows the performance and the stability char- 
acteristics of a power plant for a particular fuel 
with or without premixing one can predirt how 
the power plant will behave with a different fuel. 
Another application of Eq. (10) is in the deter- 
mination of relative values of the effective 
laminar burning or ignition velocities of hetero- 
geneous fuel-air mixtures. That is more easily 
carried out than with the Bunsen burner method 
used by Kaesche-Krischer and Zehr.16 One does 
not obtain absolute values because of the inertia 
of the particles or droplets toward velocity 
changes in high speed flow. However, the ac- 
curacy of the comparison measurements should 
be good, if one pays attention to an approximate 
agreement of particle sizes and weights. 

0.28 

0.24 

NX 

0.20 

0.16 

FIG. 5. The stability numbers A-, = ~ V U / L ~ C ~  ns :t 

function of Rewd in the transition intrrvnl, clr:twn 
for the case F = 1.00 and E = 1. Beyond the limits 

of this interval N ,  is constant. 

Conclusion 

All equations and considerations dcscrilsed 
above are derived for subsonic flow speeds. I t  
appears possible to extend thein by a siinplc 
manner for higher Mach numbers. On the other 
hand, the application of transport equations lor 
the treatment of stability problems in prrmi\ecl 
gases is limited, if the heat and mass trnnsliort 
rates in the flamefront have reached such high 
values that the mere clieinical mechanism 
controls the effective reaction sl~erd in the flame- 
front. This can only be the case if the turbulencc 
pockets become so small that they arc of the 
same dimension as the thickness of the thin 

0.3 

0.2 

NX 0.2 

0.18 

0.14 I I I 
1.5 2.0 2.5 

FIG. 6. The stability number N ,  versus E = I /  
(1 - R ) ,  Rewd > 5 X 104. 
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luminous reacting layers which surround the 
individual flame pockets in the turbulent flame- 
front arid if the time of their isolated existence is 
shorter than the ratio of the radius of a flame 
pocket to the laminar flame speed. As an estimate 
these (miditions will be reached at flow rates 
about 1000 ni/sec using saturated hydrocarbons 
and air. In lieterogcnrous luel-oxidizer systems 
a limit is to be c\-pectetl also for the aliplicability 
of thc abovc equations. 

Thc paper shows the possibility of solving 
soiiie stdiility problems of high output com- 
bustion equipment by using small combustion 
chamb(m. This is casicr than the prediction of 
the efficiency of large-scale conibustors on the 
basis of ex~ierirnents with srnsll models because 
tlic efficiency is influmced by more variables. 
The results can also he applied to other Aaine 
stnbilizatioiis than by bluff bodies. 

Nomenclature 

b 
B 
C 
C" 
cl 
u 
f 
li' 
k 
K 
1 
I, 
P 
T 
U 

W 

11- 

Combustion chamber width 
Blockage ratio 
Reduced blon -oft' velocity 
Stability parameter 
Diameter of thc flamcholder 
Diffusion coefficient 
Symbolizes a function 
Form Iartor 
Constant 
Constant 
Characteristic length (in general case) 
Jiccirculation zone length 
Pressure 
Tempcraturc 
Laminar flame speed (normal burning 

velocity) 
li'low velocity (in general case) 
Flow velocity at stability limit (blow-off 

velocity) both at chamber entrance 

Churncteristic Numbers 

F1 uL/v, flame number 
Diu aI/X, Nusselt number 
N ,  II'v/LuL7 stability number 
Re w ~ / Y ,  Rcynolds number 
Sc v/D,  Schmidt number 
Sh pl/U7 Sherwootl number 

Greek Symbols 

CY Heat transfer coefficient 
p Mass transfer coefficient 

E Contraction number 
X Thermal conductivity 
A Run-up stretch 
Y Kinematic viscosity 

Transition function 
T Symbolizes a function 
CP Equivalence ratio 

Indices 

1 Laminar 
t Turbulent 
I V  13low-off velocity 
w Point of inflection 
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ELING TECHNIQUES IN REACTOR DESIGN 

C. H. BARKELEW 

111 inany chemid operations for which large scale reactors must be designed, the rate of re:tction 
ii, influenwd by the fact that chemical and physical processes may proceed with ccmparable rates. 
l‘his leads t o  considerable diniculty in constructing nppropriate models for studying the behavior 
of ic:xtors. In this paper, n few representntive techniques which have been found useful nre de- 
sc~ilic~l,  :nid comp:ired with methods for modeling combustion chambers. 

Introduction 
In a chemical reactor we convert matter. In  a 

combustion chamber we convert energy. Even 
though both types oi conversion usually occur in 
both reactors and burners, it  is this distinction in 
Eunckion that is important in discussing modeling 
techniques. There may be similarities between 
thein and in some cases the same sort of reasoning 
can be used to  model either, but there are many 
reactor proliertics which are not analogous to 
anything in the combustion field, and it is these 
which will be discu d here. In other words, if a 
technique has bcm found useful in modeling a 
combustion chamber, it is potentially useful in 
nioclelirig a conceivable reactor. On the other 
hand, thcre arc problems which arise in modeling 
reactors which are ljeculiar to reactors as de- 
fined above, and have not come to the attention 
of thosc who are interested in combustion. It is 
t h e  that will be discussed in this paper. 

Thc word LLniodel” refers here to a piece of 
equipinent rathcr than to a concept. A model of a 
reactor is a second reactor of different size, shape 
or function, which reproduces certain essential 
features of thc prototypc. I will not refer to a 
mathcniatical rcliresentation of the processes in a 
reaLctor as n LLniodel,” although I will refer to the 
use of these representations in deriving the 
characteristics of physical models. 

A simple reactor problem is the following: 

A + B - . C  

C + B + D  

We want to malic the product C, and to minimize 
the rclative yield of D. Let us suppose that our 
reactor is to be a tank with a vigorous stirrer, 
into which we continuously feed A and B, and 
from wliich we continuously withdraw reaction 
mixture. A little reflection will show that there 
are just three variables which can influence the 

relative yields of C and D. They are the ratio of 
the feed rates of A and B, the “residence time” 
(Le., the rcactor volume divided by the com- 
bined feed rate), and the temperature in case the 
reaction rates depend differently on tempera- 
ture. There are several simple models of this 
system. For example, a stirred beaker with 
provision for continuous addition and with- 
drawal will do. We simply run it over a range in 
each of the three independent variables. Then, 
knowing that in the full scale reactor the relative 
yields will not change, we can calculate the 
optimum conditions of operation. The technique 
is exactly equivalent to running experiments for 
determining the kinetics of the reaction, and 
then using those expressions to scale up the 
reactor. 

Now a model of a reactor is not necessarily 
similar in operation to its prototype. We could 
get substantially the same information out of the 
beaker by removing the continuous feed and 
instead withdrawing samples for analysis a t  
intervals. We could also get the necessary infor- 
mation from a totally different type of labora- 
tory reactor. We could feed a mixture of A, B, 
and C into one, end of a’suitably designed pipe, 
and analyze what comes out the other end. 
Other arrangements can be suggested and used, 
all of which are quite simple and straightforward. 

Let us look a t  a different type of reaction. 
Suppose we want to oxidize some impurity in 
water by blowing air through it. With most 
impurities we might find that the rate a t  which 
oxygen is consumed depends strongly on the 
way we put the air in. If we should stir vigorously 
the rate would increase, in most cases without an 
apparent limit. What about modeling in such a 
ease? Here the practice of chemical engineering 
provides the answer. The system described is 
probably limited by mass transfer of oxygen, and 
the textbooks on unit operations tell us that  mass 
transfer rate in gas-liquid systems correlates 

958 
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strongly with the power input per unit volume 
and with very little else. An appropriate reactor 
model would be just a geometrically similar 
vessel, with the power applied to the stirrer in 
direct proportion to the volume. 

In  the first example, the rate of reaction was 
determined by the rates of chemical processes. 
In  the second it was determined by the rate of a 
physical process. In  both cases, the model and 
prototype were simply related. This is not true 
where physical processes and chemical processes 
proceed with comparable ratcs. We might find, 
for example, that  the rate of oxygen absorption 
does not increase indefinitely with power input, 
but, “saturates” a t  some value which depends 
on the flow rate of the liquid. If the power 
required to reach this “level” is uneconomic, 
then there may be a real modeling problem. 
In a suitable operating range the reaction rate 
depends on both physical processes whose rates 
vary with size, and on chemical processes whose 
rates do not vary with size. The model is no 
longer obvious. 

Reactor Types 

There are many types of reactors which we 
use in the chemical process industry, and the 
design techniques are different for almost all. 
Listed below arc’ a few of them, with some 
description of their characteristics. 

The Continuous Stirred Tank 

This is the simplest, and probably the most 
widely uscd reactor of all. If the rcaction is 
exothermic, then possibly the rate at which heat 
can be removed from the system becomes com- 
parable with the rate of reaction. This can lead 
to a situation where the rate processes interact 
to give instability, where the rate of reaction 
increases more strongly with temperature than 
does the rate of heat removal. If the reaction 
mixture has two phases then there may be a 
pronounced effect of coalescence of the dispersed 
phase. If the chemical processes are very fast, 
then the way in which reactants are mixed may 
have an important influence on the relative rates 
of competing reactions. 

Tlae Pipe Line 

A typical example is a furnace coil, which 
might be used for the cracking of petroleum, for 
example. Very often pressure drop is high in such 
systems, particularly if more than one phase is 
involved, which makes modeling very difficult if 
not impossible. There is a particularly interesting 

feature of modeling such reactors which i s  
caused by “Taylor Diffusion,” the effect of 
nonuniform velocity on axial dispersion. This will 
be discussed in more detail later. Sometimes a 
pipe reactor is vertical, in which ease it is re- 
ferred to as a “tower.” 

The Packed Bed 

This is a most interesting type of reactor to 
study. The reactor may be a vessel in which 
heat transfer is unimportant or it may be a heat 
exchanger, in which the tubes are packed with a 
solid for catalyzing a reaction in the fluid whiih 
passes through. “Runaway” rc.actions are possible 
if thc system is exothermic. I will discuss this in 
detail later. - 

The l{’luid Bed 

A “fluid” reactor is a vessel in which a finely 
powdered solid, reactant or catalyst, is kept 
in continuous agitation by motion of a fluid 
through it. This type of reactor is widely uscd 
in the petroleum industry for catalytic cracking, 
however little useful has ever been published on 
what goes on in one. Their design is still some- 
what of an art. 

Tlae “Batch” Reactor 

Very often a reactor is just a stirrcd vessc.1 into 
which reactants are placed, left for a fixed time, 
and then removed and processed. There are 
many gross mathematical similarities betwecln 
batch and pipe line reactors, making i t  unncws- 
sary to discuss batch processes styaratcly. 

Others 

There are other classifications which might be 
listed, but they are relatively unimportant. We 
might try to carry out a reaction in a supersonic 
nozzle, for example. If so, WE might w e n  bc able 
to work out a modeling technique. It would un- 
doubtedly be specific to the system, homcvor, 
and probably not of general utility. Notice that 
such a reactor would be similar to some com- 
bustion chambers. 

Problems of Reactor Design 

These classes constitute what someonc in the 
chemical processing industry thinks of when he 
talks about reactors. Suppose an engineer must 
design one. What does he consider to bc irn- 
portant when he specifies what sort of vessel is 
to be used in a plant? 
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First of a11 he must realize that the reactor is 
iiot isolated. Its operation and characteristics 
must be integrated with all other related opera- 
tions. II, for example, the reactants are expensive, 
it might be important to get a high yield of the 
dt~airccl product per unit of feed consumed. If 
on thc other hand, sep-ation processes are 
espccnsivc, it  might bc important to get a high 
conccntratiou of the desired product in the reactor 
effluent. These two goals are not necessarily the 
same. If catalyst is expensive, it  might be of 
estrernc importance that runaways be avoided. 

VIic will see that it is usually impossible to 
model a reactor completely. If the c ’n b’ rineer 
tlecidcs to model his system, then his model will 
depencl on what features of the reactor he con- 
siders to be important. It is usually in this 
economic stage that the type of reactor is se- 
lected. 

Having determined what particular features of 
his reactor he wants to pay special attention to, 
the eiigineer begins to design it. If he is fortunate, 
he might have found that the reaction is entirely 
1imitt:cl by mass transfer, or by chemical rates. 
In the first case his model is probably nothing 
but a geometrically similar vessel. He may want 
to try several. In  the second case, his model is 
usually a piece of ordinary laboratory glassware. 
He n c ~ d s  oiily to run a few esperiments to deter- 
niiiie the kinetic properties of his reaction. 

IIe may find that he does not know whether 
physical rates or chemical rates are important, 
and he must find out. This may be easy or 
difficult, depending on circumstances. For ex- 
ample, mass transfer rates and heat transfer 
rates can sometimes be estimated roughly from 
correlations; These estimates can be compared, 
in order of magnitude, with the observed rates. 
Chemical rates usually depend much more 
strongly on temperature than do physical rates 
(viscous effects in liquids excepted), hence a 
strong temperature dependence usually rules out 
thc possibility of control by a physical process. 
Chemical rates do not depend on agitation, but 
mass transfer does. If varying the stirrer speed 
results in a varying rate of reaction, then he 
looks for inass transfer control (remembering 
that if two phases of different density are stirred 
togetlicr in a smooth-walled vessel, high stirrer 

d may “centrifuge” the dense phase to  the 
ws,ll, giving a completely wrong indication of 
chlxiical control). 

By the time this work is finished, the en,‘ wwer 
knows something about his reaction. He knows, 
roughly, liow its rate depends on the things which 
are likely to influence it. This is what he needs to 
know for design. 

Although the above is somewhat off the subject 
of modeling, it is quite pertincnt. It is only after 
having gone through such a sequence of reasoning 
that an engineer can decide whether or not he 
wants to study his reaction in a model of the 
prototype reactor. There are many things about a 
process which must be studied before it becomes 
commercially feasible. These studies are oftcn 
made in a model process called a pilot plant, 
which contains the model reactor we have been 
talking about. This model reactor must behave 
like the prototype if the pilot plant study is to 
be successful, and this is where modeling tech- 
nique conies in. 

Now after this lengthy introduction, let us 
consider a few representative techniques. 

Modeling Techniques 

A commonly used modeling procedure is based 
on the suggestion that a good model of a reactor 
must preserve not only the mean residence time 
but also the way in which time spent in the 
reactor is distributed among “elements” of the 
fluid. Although this rule holds in certain linear 
systems, it is possibIe to construct cases in which 
i t  fails. In  an isothermal system with two com- 
peting first order reactions, the rule could be 
used to make a model but it would not work if 
there were heat or other physical effects. 

Consider a simple furnace tube through which 
is passed a gas, to  be decomposed by heating. 
Suppose that it is important from process con- 
sideration that the model tell how pressure drop, 
tube wall temperature, heat input per unit of 
reactant, and degree of conversion depend on the 
conditions of operation. We would like these 
things to be independent of scale. 

We know that the pressure drop is proportional 
to length over diameter, to the square of the 
velocity, and to the friction factor. The residence 
time, which is related to the degree of conversion, 
is just the length divided by the velocity. The 
heat input per unit of flow is proportional to the 
heat flux through the surface, and inversely 
proportional to the velocity. The three quantities 
are all different functions of the velocity and the 
dimensions. A little reflection will show that it is 
not possible to keep them all independent of the 
diameter, with only the velocity and length a t  our 
disposal. Thus this reactor cannot be modeled 
under the stated conditions. The engineer must 
find some restriction he is willing to relax. Per- 
haps it is prmsure drop, because the reaction 
rate niay not depend strongly on pressure. We can 
readily calculate the pressure drop in the real 
reactor, and hence we do not need to measure it. 
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The pilot plant coml)rrssors may 1 ) ~  diffcrciit 
from those in the large plant, but this is a minor 
difficulty. If me can relax the pressure drop 
requirement, then me can select a length and 
velocity to go with any given diameter which will 
preserve both the residence time and the rate of 
heat input. This is a model of the reactor. 

Consider next a catalytic reaction taking place 
in the tubes of a heat cxchanger. The engineer 
may have decided that i t  will be sufficient for 
his purposes to make a model consisting of a 
single packed tube. How many features of his 
reactor can be modeled in a tube of different 
diameter? He can vary the length, flow ratc, 
and the size of his catalyst particles. Engineering 
correlations tell us how the rate of heat transport 
depends on the ratio of diameters of tube and 
catalyst, as well as on velocity. Diffusion theory1 
tells us how thc apparent catalyst activity, and 
hence the ratcs of heat generation and reaction 
may depend on thc size of the catalyst. Hence 
we should be able to choose a catalyst diameter 
and a flow velocity to go with each tube diameter, 
and thus the ratio of heat generation to heat 
removal can be specified. This will preserve the 
relationship between temperature and composi- 
tion along the tube, and the desired conversion 
level can be obtained by selecting the proper 
length. Notice however that again we change the 
pressure drop. We may model it or the conversion, 
but not both. A mor? satisfactory model of this 
reactor might be a single tube of the same diam- 
cter and length as one of the process exchanger 
tubes. Then everything on the tube side would 
be modeled exactly. There may be hydrodynamic 
differences on the shell side, but this is not the 
point under discussion. 

Next, consider again an empty tube with no 
heat transfer. It is well known that the flow is not 
uniform in a tube, varying from zrro at tlie wall 
to a maximum velocity at the center. If an 
observer were moving with the average velocity, 
he would see material near the center gradually 
pulling ahead and material at the edge gradually 
lagging behind. At the same time, however, 
he would notice that the stream would mix some- 
what due to the ordinary diffusion process. This 
would tend to cut down the spread relative to the 
observer, but would not eliminate i t  completely. 
This effect was first described by Taylor,2 and 
has come to be known as “Taylor Diffusion.” I t  
has an important bearing on scaling of reactors. 
In general, the low conversion in thc fast moving 
portion is not quite compensated by the higher 
conversion in the slow part. The result is that  the 
conversion is not the same as though all the 
fluid were moving a t  a uniform velocity. It 

turns out that  in larg 
unimportant, effects 
order of a fraction of one per cent. Tn lalmratory- 
scale reactors, however, therr may be differmcc~ 
of several per cent between plug flom and r e d  
flow. If we werc to use such a recator ab a mod( 1, 
we iniglit be significantly in error. The rffei-t 
has been described by Tichacek,3 55 ho gavc rulrs 
for sizing of laboratory reactors to minimizr the 
effect of this phenomenon. 

Because of the relative inaccessibility of 
Tichacek’s paper, I am including with hii per- 
mission, a copy of the design chart (bee Fig. 1). 

ale thc (>ff(%t 15 t0t:tl 
conv(~rvo~i arr on tl 
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Q 
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FIGURE 1.  

He Considered reactions in which-the yield-of a 
desired product has a maximum value somewhcsc 
in the tube, decreasing ultimately bccnusc of 
side reactions. EIe showed that axial mixing will 
flatten the peak, and that the relative loss in 
yield a t  or near the maximum is ncarly indc- 
pendent of the type of reaction. Nc uses a 
parameter 6 defined as the fractional yicld loss 
which an experimenter is willing to accept. His 
figure (Fig. I) shows two curves, giving tlie 
maximum diameter and minimum length for a 
laboratory tubular reactor as functions of 6. If 
these conditions arc violated, the yield loss cnused 
by Taylor diffusion will be too large. In the 
coordinates, T is the mean residence time, v is tkrc 
kinematic viscosity, and Q is the volumc%ric 
flow rate. 

So far I have discussed models which reproduce 
the steady state behavior of a prototype reactor. 
There is a noteworthy difference from tlic 
hydraulic models which are often useful in coni- 
bustion research. We cannot convciiieiitly vary 
the fluid properties, such as density and viscosit:y, 
because this might change the reaction ratcs in a 
complicated manner. We cannot dilute the fluid 
with inert material because it might change the 
heat capacity and hence the way in which 
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teniptmturc and cxtciit of rcactioii arc relatcd. 
Tliese restrictions have led to the lack of faith- 
fulnesh of modcls which wcare mentioned in the 
abovc c.saiiiples. Wc must recognize that a t  most 
one or two characteristics of a reactor can be 
reproduced in a model, and plan experiments 
accordingly. 

Dynamic Analysis 

Nest, let us look a t  some models for studying 
the dynamic characteristics of reactors. In  some 
caws this is the most important part of reactor 
design. 

Dynamic analysis of stirred reactors has been 
a popular subject in recent years! I will not give 
a detailed literature review, but just touch 
brickfly on the mathematical treatment, to show 
what dimensionless ratios are important. I n  a 
stirred vessel the heat and material balance 
relationships are: 

V d3i/dt = F ( x p  - X) - VR(3i, T )  

VC dT/d t  = cF( Tp - T )  + &R(z ,  T )  V 

- hA(T  - T c ) ,  
where 

V = volunie 
P = flow rate 
L = concentration 
R = reaction rate 
c = heat capacity 
T = temperature 
t = time 
Q = heat of reaction 
h = heat transfer coefficient 
A = beat transfer area 
Subscript F refers to feed condition, and 

subscript c refers to coolant condition. 

These equations are, of course, well known. 
In  dimensionless form, they are: 

d ( x / x p ) / d ( t F / V )  = (1 - . / ~ p )  - RV/I‘XF, 

d( T/Tp) /d( tF/V)  = (1 - T/Tp)  

- Q R V / F T ~ C  - ( ~ A / F ~ )  ( T  - T J / T ~ ;  

x p  and TP are not a t  our disposal for independent 
variations, since R depends on x and T,  not 
x/xp and T/Tp. Neither can the physical proper- 
ties be changed. If a model is to be constructed, 
i t  thus must preserve V/Fxp, &V/FTpc, and 
h i l / F c .  In view of our requirement on physical 

propcrtics, the first two arc equivalent. The 
dynamic characteristics will thus be preserved if 
the residcnce time V / F ,  and the heat transfer 
rate per unit volume, are equal in model and 
prototype. This may be obvious when you think 
about it, but it is not always easy to accomplish 
experimentally because the quantity hA may 
vary strongly with scale. This may lead to a 
different internal configuration and heiiec to a 
different mixing pattern, and spoil the model. 
However with a little ingenuity, such problems 
can be handled and good dynamic models can be 
developed. 

We are not nearly so lucky whcn it comes to 
tubular reactors, either packed or unpacked. 
These are what control engineers call “dis- 
tributed parameter” systems, with spatial 
variation of conditions. They arc described by 
partial rather than ordinary differential equa- 
tions and hence the computation of “transfer 
functions” is not convenient, even if everything 
were to be made linear. Accordingly there is no 
reliable background literature on the dynamic 
propertics of such systems, although some work 
has been reportcd? It is quite likely that nothing 
exact can every be done except for numerical 
computation of transients in each specific case. 

There is a way out of this difficulty, however, 
which has proved to be successful in application. 
This is the study of “parametric sensitivity.” 
If you could watch the behavior of a catalytic 
exothermic reactor as you varied the rate of 
heat exchange, you would see the following 
sequence of events, assuming that the coolant 
temperature starts low and increases with time. 
First, the reactant temperature tends to drop 
from its feed value rapidly with distance to the 
tcmperature of the coolant. Ncxt, this initial 
temperature drop decreases, until finally there 
appears a “hot spot,” or maximum temperature, 
somewhere in the middle of the tube. The hot 
spot temperature increases slowly at first but 
thcn suddenly (in terms of the change in jacket 
temperature) jumps to a nearly adiabatic value. 
The suddenness of the jump depends on the way 
the reactor is run, the thermodynamic and 
kinetic properties of the system, and so on. In  
some cases it may never appear. But very often 
it is quite pronounced, and appears when all 
operating variables are traversed. It is a property 
of the steady state of the reactor, having nothing 
whatever to do with dynamics. The region of the 
jump is the region of parametric sensitivity. In  
most cases a reactor should not be operated in 
this region. 

The calculation of the position of this region in 
parameter space is an important part of the 
study of dynamics of a reactor. It is done by 
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analyzing the differential equations: 

QR - A h ( T  - Tc) - cGdT/dZ 0,  

R 4- G dx/dZ = 0, 

where the symbols G and Z mean mass velocity 
and length, respectively. It is convenient (but 
not necessary) to consider a particular form of R, 
namely R = kz esp [y( T - Tc)]. This is a 
first order reaction whose rate depends expo- 
nentially on the teinperaturc. We can divide one 
equation by the other to eliminate Z, and write 
the result in dimensionless form as 

whcrc 

S = Qzcy/c, 
r = y ( T -  T , ) , and  
N = 2h/rck csp ( y  T,) ~ 

r being the rcactor radius. This equation con- 
tains all the operating parameters, and its solu- 
tion can be used to determinc the region of 
parametric sensitivity. All reactors which have 
the same values of thc parametcrs N and S 
will be models insofar as parametric sensitivity 
is concerned. Maintaining these ratios can be as 
simple as making the heat transfer coefficient 
proportional to the diameter, since everything 
else is a reaction parameter. It can be more 
complicated. My own paper6 covers the use of the 
method of paramctric sensitivity in some detail. 

Conclusion 

One can get the distinct impression in reading 
the literature that most chemical reactors are 
designed in such a way that the rates of chemical 
processes limit the rate of reaction. In  the same 
way, oiic gets the impression that in most com- 
bustion chambers the chemical processes arc so 
fast that they can be considered to  be instan- 
taneous, and that models can be made by varying 
dimensions and physical properties. Neither of 
these iinpressions will stand up under a detailcd 

inspection, but because they are broadly valid 
we see differences in the simplest modeling tech- 
niques. Thus, reactor designers often find con- 
cepts like “space velocity,” and its reciprocal 
“residence time,” to be useful. They do not find 
as much use for flow visualization and hydraulic 
models as docs the combustion engineer. How- 
ever, i t  is my thesis that  such differcnccs exist 
only in the simpler cases, and that n e  r d y  on 
fundamental reasoning when our systems become 
more complicated. This leads to coiisidcrations 
which vary enormously from one caw to the 
nest. The ‘[spectrum” is indeed so hroad that 
methods for modeling reactors and burneri ovcr- 
lap to a significant extent. 

Each problem in scaling reactors must be 
considered anew. We cannot make esact models 
which reproduce everything in detail, but 
rather must choose those features whose scale-up 
we regard as essential, whose effccts we cannot 
calculatc. Then wc build our model in such a 
way that me reproduce the behavior we want to 
study, and calculate the rest as best ai; we know 
how. 

For readers who might be interested in more 
detailed illustrations of how some of thcsc 
procedures are used, an  esccllcnt reference i5 the 
chapter by Beek7 in the recent volumc of “Ad- 
vances in chemical Engineering.” 
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Discussion 
PROF. T. VERMEULEN (University of California) : 

The models used in the chemical industry are usually 
“pilot plants” in which the desired reaction, itself, 
is studied a t  the temperature and the concentration 
or pressure level that will apply in the eventual 
full-scale plant. Dr. Barkelew’s excellent analysis 
adopts this constraint, and appropriately so. How- 

ever, it seems possible in principle-both for coin- 
bustion and for chemical reactors-that we should 
be able to use different reaction conditions, or even 
different but analogous reactions, and still retain 
“chemical similitude” (as discussed, for instance, 
in the book by Johnstone and Thring). 

Criteria for “chemical similitude” would appear 
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to be: (1) The same reaction order a: and the same 
conversion, for the principal reaction; that is 
K0(c,#--lr = constant, with K O  the rate coefficient 
a t  inlet temperature and T the nominal residence 
time.; (2) The same ratios of rates for competing 
reactions, relative to the principal reaction; and 
( 3 )  The sanie effect of conversion (through tem- 
per:tturc changc) upon ratc, indicated by 

( ~ / R ) [ ( I / T ~ ~  - (1/TfIna,)] = constant 

I )R. C.  H. BARKXLXW (Shell Development Co.): 
ljr. \‘ermeulcn has suggested that modeling of a 
singlc chentical process, or perhaps two processes 
occurring simultaneously, can be achieved by scaling 
tcmprraturc, conccntration, and time, or perhaps by 
choosing it diliererit rcaction system. This is cer- 
tainly rcasonablc, provided that these changes do 
not V:LUSC changes in, or react with, important 
phys id  processes, such as heat transfer for es- 
ample. Scaling of a systcm of simultaneous reac- 
tions, with different activation energies and reaction 
orders, would not secm possible by this procedure. 

I’ROF. D. 13. SPALDING (Imperial College) : Could 
J ou describe niorc precisely the relation Barkclew 

mentions between power input and mising efl’ective- 
ness? Would knowledge of this relation indicate 
whether mixing in a combustion chamber is more 
economically produced by a stirrer or by means of 
increased pressure drop? 

DR. C. H. BARKCELEW: I think that the relation 
betwcen power input and mixing rate would apply 
strictly only if geometric sraling were preserved. 
This is so because we expect it to depend on the 
way the power is distributed in the vessel. 

It should be possible to design a vessel which uses 
pressure drop in a highly efficient manner to pro- 
mote mixing. We can certainly do it for stirred 
vessels. Now these two vessels are not necessarily 
the same, so the question to be answered is how 
does the “best” vessel using pressure drop compare 
with the “best” vessel using a stirrer. 

I don’t know the answer to this, but I recall 
that for blending liquids in large tanks [Fox, E. A. 
and GES, V. E.: A.1.Ch.E. Journal 2, 539 (1956)], 
jets and stirrers are about equivalent in mixing 
efficiency. Which would be more economical would 
depend on the specific application. 

Perhaps the best general answer would be that if 
mixing is both important and difficult, theti all 
feasible alternatives should be investigated. 



FLOW PATTERNS IN A PHASE CHANGE ROCKET C 
MODEL 

R. B. HERN, R. G. SII)DAI,T~, AND M. W. THRING 

A phase change giving a density changc of the same order of magnitude as that which occiirs 
between the injector face and the esit nozzlc of an actual liquid r o c k t  combustor is ohtaincd by 
flashing hot kerosene in a vertical tube. With single jets flow patterns are identifird and rccordd  
photographically for different valucs of the inlet parameters and the physical dimcnsions. All flow 
patterns are symmetrical about the tube axis except for a swinging jet which mny lie producctl 
under certain conditions. A pair of impinging jets and a pair of parallel jets arc also investigstd 
I t  would appear that in the case of the impinging jets droplets from either jet may pass Ihrouglr 
the plane of impingement and out of the jet  pair of the opposite side. These droplets :trc then  01)- 
served in the recirculating vapor flow. By increasing jet momenta both the impinging and parallcl 
jets can be made to produce flow patterns which are very similar. 

In the model, evaporation is controlled by the kerosene vapor pressure exceeding the 1oc:rl st:itic 
pressure. A residence time effect on the quantity of matcrial evaporated is evidcnt. The modrl docls 
not permit quantitative relationships to  be developed that can be used for rocket cngine design l)ul 
nevertheless permits the identification and recording of several flow regimes. 

Introduction 

Single phase models have been extensively 
used to simulate and predict the aerodynamic 
behavior of the enclosed turbulent jet diffusion 
flames which are used in the heating of conven- 
tional industrial furnaces.lV3 In a rocket com- 
bustion chamber additional factors may have 
a significant effect on the mixing and combustion 
characteristics : no secondary fluid is supplied to 
satisfy the entrainment requirements of the 
primary jets, the drag effects between droplets 
and vapor phase material may cause substantial 
accelerations or decelerations in the initial 
region of the combustion chamber, a huge density 
change (somewhere in the range 200-1000 to 1) 
occurs in the flowing material between the in- 
jector face and the end of tlic combustion 
chamber. Normal single phase models cannot be 
used to simulate these effects and thus a two- 
phase model is necessary to represent some of the 
more important factors which control the acro- 
dynamic behavior of rocket combustors. 

The Phase Change Model 

The simplest method of obtaining a density 
change of the same order of magnitude as that 
which occurs in a mono-liquid- or bi-liquid-fired 
rocket combustion chambcr is to use a preheated 
liquid as the injector fluid. This liquid will then 

totally or partially evaporate within the chamber 
when the pressure is released, providing the 
necessary density change. Preheated -1vc:it 
kerosene is used as the injector fluid in tlic 
present model. Tlir kerosene is passed through a 
single injector into a vertical cyliiiclrical I’yrcx 
tube. I n  order to  avoid clouding of the walls Iiy 
condensing kerosene is it necessary to heat tlic 
inetal injector head and the tulic walls. The use 
of a single jet is based upon the argument that if 
cach injector in the actual slion-erheatl lixs tlic 
same mass and momentum flow, then aiiy j(.t 
in the central region of the showerhead will 
behave approximately as though i t  were sur- 
rouiidecl by a cylindrical chamber of diametc~r 
equal to the distance hctwcen the aws of ad- 
jacent jets. Similarity of the single injector with 
the full-scale system will not be arhieved if 
there is substantial imbalxiicc between the .jets 
in the actual showcrliead. 

The rate of flow of the vapor in tlic model is 
high enough to ensure that the systcni o1)eratc.s in 
the region of fully devclopetl turbulent flow. 
The momentum of the liquid issuing from the 
injector is varied over a fairly wide range. Mo- 
mentum values outside the range of those oc- 
curring in the practical system were used in 
some of the tests in order to investigate and 
record as wide a range of flow conditions as 
possible and t o  find the effect on the acrodynamic 
patterns of changes in jet momentum. 
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KEROSENE 
CHECK VALVES TANK 

walls and VI  is the injection velocity of the 
kerosene. In the model different values of CZ/VI 
are obtained principally by varying the ratio of 
the jet orifice area to  the containing tube area. 

For V2/Vl > 1 the potential core of the jet ap- 
pears to influence the flow in such a way that a 
re-circulation zone containing vapor and fine 
droplets is established some distance from the 
plane of injection. Such a flow condition is 
illustrated in Figs. 2 and 3 for a case in which 

As V2/V1 approaches unity the change in jet 
density is counteracted by the change in area to 
produce continuity of velocity, so that the flow 
pattern is similar to that of turbulent pipe flow. 
This condition is illustrated in Fig. 4. 

V2/V1 = 1.S4. 

NITROGEN t 
FIG. 1. Phase change model flow sheet. A _ _  

The exit convergent-divergent nozzle of the 
practical system is omitted in the model. Since 
the inking region in an actual chamber lies 
fairly close to the injector face, the omission of 
the nozzle should not lead to any serious dis- 
tortions of the model mixing patterns. 

The experimental set-up is illustrated in Fig. 1. 
A cletailed description of the apparatus and the 
experimental procedure can be found in a pre- 
vious paper.3 The injected kerosene contains 
aluminum particles which assist in flow visusliza- 
tion. A light slice which passes through the tube 
in such a direction as to contain the tube axis is 
viewed against a background of black velvet. 
Light is reflected from both the aluminum 
particles and from liquid droplets. Flow patterns 
are recorded by a camera viewing approximately 
normal to the plane of the light slice. 

Although a simple phase-change model as 
described here cannot achieve perfect similarity 
with the actual combustion process i t  helps to 
identify the record some of the different flow 
p’henomena which might be expected to occur 
iri the practical system. 

Results for Single Jets 

Ii’low Putterns with IIigh Momentum Jets 

The Bow patterns of the high momentum jets 
differ according to the value of the parameter 
l’2/V1, d ie re  V2 is the average vapor velocity 
near to the station where the jet expands to the 

FIG. 2 .  Flow pattern of encloeed high momentum 
jet with V,/V, > 1. A = P,, B = radial spread of 
vapor, C = boundary layer eddies, D = vapor in- 
duction, E = Rayleigh zone, F = recirculation of 
vapor and fine drops, G = wall stagmtion contour 
forming annular ring of droplets, H = turbulent 

flow of vapor and fine drops. 



FLOW PATTERNS I N  A PHASE CHANGE MODEL 

A' 

FIG. 3. Photograph of Fig. 2 Row pattern. 

For V,/V, considerably less than unity the flow 
pattern is similar to that produced during 
constant density flow through a sudden enlarge- 
ment. The jet e-qlantls to the tube walls fairly 
rapidly and recirculation vortices are established 
close to the injector face. This condition is 
illustrated in Fig. 5 .  

Flow Patterns with Low ,\/omentum Jets 

Low momentum jets eshibit different behavior 
from high momentum jets. The liquid stream 
issues from the orifice virtually intact and 
persists in liquid form, with very little spread, 
for some distance from the injector face. Sudden 
atomization then occurs. Such behavior is illu- 
strated in Figs. 6 and 7 .  Recirculation of vapor 
occurs in the rcaion of the point of breakup. 

I 
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I 
-. C 

-D 

FIG. 4. Flow pattern of high momentum jct with 
V2/V1 1. A = region of mzsimum evnpomtion, 
B = liquid potential core, C = turbulent boundary 
layer, D = boundary layer composed of vapor and 

fine drops, E = turbulcnt pipe flows. 

The Swinging J e t  

If the jet moinentum is held coiistant and the 
tube diameter gradually increased a point is 
reached a t  which the entrainment requirement 
of the jet cannot be satisfied by normal rccircu- 
lation and the entire tail of the jet i s  induced 
to flow back up the tube, along the walls, in an 
attempt to satisfy its entrainment appetite. Ais 
the jet is drawn to one side, material is free to 
slip past downstream. A reverse static pressure 
gradient is thus set up and the jet is incluccd to 
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FIG. 5. Basic flow pattern of high momentum jet 
wit,h 0.1s < V,/V,  < 1. A = P?, R = PI, C = 
pot,ent,ial core, D = region of maximum evaporation 
rate, E = torus of recircuhtion material, F = 
stugrintion point, G = uniform turbulent pipe flow. 

swing back across the tube and travel backwards 
along the diametrically opposite station. A cycle 
of niovemeiit is thus set in motion in which the 
jet swings periodically from wall to wall. The 
sninging jets is illustrated in Fig. S. 

Lonyitudinul Static Pressure Variation 

the e.cpression 
The experimental results are well correlated by 

a: is shown in Fig. 9, where A,  is the orifice area, 
112 the cross-sectional area of the tube, PI the 
static pressure a t  the injector face, P2 the static 

FIG. 6. Flow pattern on low momentum jet. A = 
induced flow a t  Rayleigh point within evaporation 
zone, B = eddy break away from vapor sheath, 
C = zone of maximum evaporation, D = shear 

stress eddies, E = jet  vapor section. 

pressure a t  (or downstream) of the point where 
the jet spreads to the walls, p1 the initial liquid 
density, p2 the vapor density at the station 
where Pz is measured, and f is the fraction of the 
original mass flow which is in vapor form at the 
downstream station. The derivation of the corre- 
lating expression is given in reference 3. 

Impinging Jets 

The flow patterns of two asisynimetrieal like- 
on-like impinging jets, whose ases of symmetry 
lie in the same plane, show unequal recirculation 
zones. Greater spread of the combined flow is 
apparent in Fig. 10 which illustrates the flow 
pattern in the plane of the jet ases, than in 
Fig. 11 which illustrates the flow in the plane of 
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FIG. S. Swinging jet. 

black deposits on the tube wall which are a,p- 
parent in Fig. 10. The contour of liquid appears 
black because i t  is interposed hctween the 
camera and the illumination slice. No such liquid 

FIG. 7 .  Photograph of Fig. 6 flow pa  t,tern. 
EXPERIMENTAL RESULTS - D 

impingcment. The stronger pair of vortices are 
associated with the grrater spread in the plane 
of the jets, and the correspondingly short rc- 
circulation zones. It is probable that droplets 
passing through the plane of impingement and 
out of the jet pair on the opposite side from that 
a t  which they originatcd account for the greater 
apparent spread. The drag on the vapor phase 
material associated with these droplets may 
explain the stronger recirculation. Some of the 
droplets are turned by the vapor flow in the 
vortices and are observed in the recirculation 
flow. Less rapid spread of the jet pair is seen 
in the plane of impingement (Fig. 11) and the 
recirculation is correspondingly weaker. No 
droplets are observed in the recirculating flow 
in this plane; droplets which reach the tube wall 
are deposited on the stagnation contours of the 
weaker recirculation zones and appear as the 

0.5 

-0.5 

-1 

FIG. 9. Comparison of experimental static pressure 
results with predicted momentum equation, 
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menta or increasing the initial jet separation 
causes the point a t  which the jets merge to be 
displaced downstream, the individual character 
of each jet thus being apparent lor a much greater 
distance. 

Parallel Jets 

Figure 12 illustrates the flow pattern in the 
plane of the aais oC two parallel jets. The jets 
have equal momentum and an exit velocity of 
60 ft/sec and the axes are 1 inch apart. Under 

FIG. 10. Flow pattern in plane of jets. 

deposit is observed on the stagnation contours of 
the stronger recirculation zones (Fig. 11). 

As can be seen in Fig. 10, the impinging jets 
quickly lose their individual identity and have 
the appearance of a single jet a t  a short distance 
from the injector face. Reducing the jet mo- 

FIGURE 12. Flow pattern of two parallel jets. 

these conditions recirculation occurs hetn een the 
jets as though LI. dividing wall \?'ere interposed. 
Increasing the jet momenta finally causes rapid 
merging and the individual identity of the two 
flows is no longer apparent. Recirculation zones 
a t  right angles to the plane of the ales are once 
again of different length from the pair in the 
plane of the axes. 

]FIG. 11. Flow pattern in plane of impingement. 

Conclusions 

The phase change model permits the identifica- 
tion and photographic recording of several flow 
regimes which may occur in enclosed mono- 
liquid or bi-liquid flames. 

1. With high momentum single jets three 
regimes occur according to the value of parameter 

f(p1-21/PzA-12) = V,/VI. 
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For V@l less than unity thr  static pressure at 
the tube wall rises froin tlie injrctor face to the 
point where the jet strikes the walls. For I72/V1 
approximately equal to unity tlie static pressure 
remains virtually constant, and for Vz/Vl 
greater than unity the pressure falls froin the 
injector face to the point where the jet strikes 
the walls. h simple formula is suggested which 
satisfactorily relates the static pressure change 
to the value of V2/V1. 

2 .  Reducing the iiioinentuin of the fluid issuing 
from the orifice finally leads to a condition at 
which a liquid jet issues froin the orifice and 
persists virtually unchanged for some distance 
downstream of the injector face. Sudden dis- 
integration and vaporization then occurs. 

3. Increasing the cross-sectional area of the 
tube surrounding the single jet, with fixed 
orifice conditions, eventually leads to a cyclic 
movement in which the tail of the jet is induced 
to travel backwards along the tube wall, alter- 
nating from one station to the diametrically 
opposite station at regular intervals. 

4. With a pair of symmetrical placed impinging 
jets some droplets appear to cross tlie plane of 
impingement and out of the jet pair on the 013- 
posite side. Some of these droplets are then 
observed to be contained in the vigorous re- 
circulating flow. 

5 .  With a, pair of parallel jcfs, symmctricaliy 
p l acd  with respect to tlie n u s  of the tube, the 
jets each have an  individual and identical flax 
pattern as though a solid mall had been plrtccd 
between them. Incrcasing jet momenta or 
reducing the spacing between the jets finally 
produces the appearance of one large single jet 
at a short distance from the injector face. 
h phase change model as described here (tors 

not represent the rate of change of density which 
is to be expected in an enclosed liquid fuel flame 
but i t  does give a density change of the same 
order ol‘ magnitude. The differences in the 
mechanisms of droplet evaporation in the two 
systems preclude the possibility of tlie iiumerical 
prediction of full scale combustor behavior from 
measured values on a phase change model of this 
type. 
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Discussion 

DR. A. C. TOREY ( A .  D .  Lzttle, Inc.) : Preliminary 
high-speed photographic observations under hot 
flow conditions indicate the presencc of recirculation 
near tlie injector face of a constant area duct fed 
co:~sially with gaseous methane and oxygen. The 
pattern was very similar to the authors’ case in 
which the injection velocity was highcr than the 
gas velocity within the chamber. 

High-speed photos of cold flow impinging jcts 
indicated that droplet recirculation may occur with 
velocities in the order of 3 to of thc injection 
velocity. Also, as the impingement angle increased 
the droplet density within the recirculation zone 
increases substantially. 

In addition, for oscillations associated with 
start-up transients, the presence of recirculation 
initiated by the cold starting flow and its subse- 
quent motion may play a dominant role as the 
triggering mcchanism of instability phenomena 
within rocket engines. 

DR. R. S. LEVINE (Rocketdyne) : Visually judging 
the spray fan angle formed by the authors’ im- 
pinging jets, it seems that the streams, composed 

partially of vapor, do not form RS broad a spray 
fan as, for instance, the liquid streams photographed 
by Lawhead in the Sth Symposium and hence do 
not model completely burning liquids. Howevcr, 
the character of Dr. Sidall’s streams may well be 
pertinent for the starting transient of rocket thrust 
chamber wing cryogenic propellants which beconic 
superheated before injection. The circu1:ttion gen- 
crated a t  the start is probably quite important for 
smooth pressure rise and eficient performmee 
during this period. Some thrust chambers proposcid 
for space vehicles operate in a series of pulses, arid 
the criteria the authors have dcvelopcd should be 
especially valuable for their design. 

The amount of material injceted into thr re- 
circulation zone by a self-impinging injector wil h 
liquid streams has been estimated a t  about 2% of 
the total propellant, flow in a recent NATO p:Lpter 
[see COMBS, 1,. P., LAMBIRIS, S., and LEVINC, It. 
S. : “Stable Combustion Processcs in Liquid Propel- 
lant Rocket Engines,” Fzfth AGA RD Combustzon 
and Propulsion Colloquzum, Braunschweig, 19631. 
Again, visually it would appear that somewhat 
more of the material is recirculated by these partly 
gasified streams. 
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1’Rol. M. w. ‘PkIRING (UrLzvetaity 0s She.fidd): 
The word modcl I S  h ing  used to describr thrcc 
diftcreirt things which I would call (1) complete 
phy,sical model (equally scaled down or slice model 
of actual rocket combustion chamber); (2) partial 
physical model (equally isothermal aerodynamic 
modcl) ; ( 3 )  mathematical, numerical, or analog 
model based on simplifying assumptions. 

There arc three ways of solving a problem such 
:LS eliminating undcsirable combustion oscillation: 

(11) The fully empirical method of altering design 
v:iriablcAs until the problem is eventually solved 
(although it will be likely to recur in any new 
design). 

(2) The fully fundamental methods of analyzing 
the problem into its fundamental processes, evalu- 

ating the cliiierential equations governing tlic 
processes, making thr nwcssnry simplifying as- 
sumptions to give :I mathematical model, solving 
ttic equations, and designing an improved system 
from the solution. This method requires esceptional 
insight in the choice of assumptions but gives 
masimum competence for large changes in design 
if it is successful. 

(3) The intermediatr method of using a hot model 
to give greater understanding of what occurs, a cold 
model with a wide range of geometrical changes to  
give the optimum flow pattern (our paper is con- 
cerned with such a cold model), then a modified hot 
model to test the new prepared system and finally 
the fulI size improved system. This is the method 
with a good chance of success and a t  the same time 
a good width of applicability of results. 



MODELING TECHNIQUES FOR LIQUID PROPELLANT R T 
COMBUSTION PROCESSES 

R. B. LAWHEAD AND L. P. COMBS 

A qualitative physical processes description of stable and unstable combustion in rockets is prc- 
scnted to establish the basis for choosing model hardware design criteria. It is concluded that it is 
not possible to scale rocket combustion processes in the usual sense of the term. The studies con- 
ducted at  Rocketdyne have shown that model chambers which satisfactorily modcl the steady state 
behavior of large engines must be designed to maintain (1) the propellant injection density, and 
12) the chamber to  throat Contraction ratio (hence chamber pressure). For studies of destructive 
aroustic modes of combustion instability a third parameter, the frequency, must also be maintained. 

Introduction 

Full-scale testing with large thrust rocket 
engines is an extremely costly and time con- 
suming undertaking. Thus, to acquire the experi- 
mental information that is required for a realistic 
description of the physical processes of liquid 
propellant rocket combustion, it is necessary to 
resort to the use of model thrust chambers which 
can be operated at low thrust levels using 
relatively inexpensive hardware. I n  choosing a 
model configuration, carc must be esercised to 
make sure that no processes or interactions 
among various processes have been accentuated 
or suppressed which will cause the model to 
behave differently, than the full scale chamber. 

Test results from three types of model cham- 
bers are described and used to illustrate the 
reasoning leading to the choice of the above 
modelling criteria. 

The use of model chambcr results for building 
an analytical model of rocket combustion pro- 
cesses is described and discussed briefly. 

Combustion Processes in a Bipropellant 
Liquid Rocket 

Stable Combustion 

As a prelude to the discussion of modeling 
criteria for liquid propellant rockets let us 
consider a qualitative description of the over-all 
processes which we are attempting to model. In  
this description it is convenient to separate the 
chamber into two major regions, one near the 
injector and one downstream from the injector. 

Tlze Region Near the Injector. Consider the injec- 
ttion of liquid propellants from a typical injector 
into a cylindrical thrust chambcr as shown in 
Fig. 1. A pair of fuel or oxidizer streams impinge 
to form a "spray fan" inside which tlie liquiid 
breaks into ligaments and, eventually, into small 
droplets. The spray fans of unlike propellants 
intersect and produce regions where both typw 
of propellants are present. The injected strcams, 
ligaments, and droplets in the spray-fan regions 
are enveloped by hot combustion gases which 
fill the remaining space near the injector face. 
The hot gases, in general being in a dissociated 
state, have the ability to ( I )  react with vapors 
from both propellants, (2) to transfer heat to  the 
liquid propellants, thereby increasing their teni- 
perature and causing them to vaporize, and to  
(3) exert aerodynamic forces on the liquid frag- 
ments to increase their rates of atomization, 
vaporization, and asial velocities. Additional 
gases are produced as a result of the increasing 
interactions between the liquid propellants and 
hot gases. A portion of these gases recirculatcs 
toward the injector to keep the temperature and 
composition of the gases in this region a t  steady 
state conditions, while the rest flow toward tlie 
nozzles, increasing the axial gas velocity. 

It is apparent that in the region near the 
injector there exist large gradients in all dimen- 
sions concerning the distribution and fragmrnt:t- 
tion of the liquids and, as a consequence, gradients 
in composition, temperature, and pressures for 
the gases surrounding them. Forces crcatecl Iry 
the interactions taking place in that region cause 
partial recirculation of the gases and, in gencrad, 
tend to equalize these gradicnts. Thereforc, in 
this region a t  steady state conditions, there 
exists a unique distribution of the liquid pro- 
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RECIRCULATION ZONE 
(VOID OF LIQUID PROPELLANTS) 

‘.------I 
FIG. 1. Schematic representation of propellant distribution Cor a self-impinging doublet injector 

pellants and of the properties of the surrounding 
gases. This distribution is primarily imposed by 
the grometry of the injector-chamber configura- 
tion and the operating conditions-injection 
rate, chamber pressure, and over-all injection 
rate ratio for the propellants (mixture ratio). In  
general, atomization of streams, vaporization 
from ligaments and droplets, and vapor phase 
reactions (under conditions of high pressure, 
temperature, and gas flow velocities) are the 
processm which contribute to the establishment 
of quasi-steady state equilibrium distribution in 
thxt region. Because physical contact between 
thr two propellants in their liquid state is pos- 
sible in this region, liquid phase reactions could 
affect atomization and must be considered when- 
ever applicable. 

The Region Downstream from the Injector. The 
la1 ge transverse gradients, primarily caused by 
the distribution of the liquid propellants, di- 
minish with increasing distance from the injector 
and, eventually, a t  some axial distance, become 
negligible. At this point, both propellants are 
completely atomized into well-mixed sprays so 
that the average Concentration as well as the 
average weight ratio of the two propellants in a 
unit volume is nearly constant over the whole 
cross-sectional area of the chamber. The state 
of the gaseous phase is also uniform across each 
caoss-sectional area. 

Since the volumetric flow rate of liquids is a 
very sniall fraction of the volumetric flow rate of 

hot gases (approximately one per cent), the 
probability of droplet collisioii and interference 
is negligible. Therefore in this region there are 
droplets of both propellant types being ac- 
celerated by the flow of hot gases which com- 
pletely surround each droplet. Heat is trans- 
ferred from the hot gases to the droplets under 
prevailing conditions, causing them to vaporize; 
the resultant vapors interdiffuse and react with 
the surrounding gases to forin additional gases 
which Contribute to the axial gas flow. The 
aerodynamic flow forces imposed on the droplets, 
as a result of the accelerating gaesous flow, cause 
increasing deformation of their shape and, 
eventually overcoming the droplets’ cohesive 
forces, may, in some cases, break them into 
smaller fragments. This process is designated as 
“secondary atomization” or droplet break-up. 
When all droplets are vaporized, the transfornia- 
tion of the tmo liquid propellants into hot gases is 
coniplete, and the problem of the subsequent 
flow is one of gas dynamics. 

During steady state combustion ill the region 
downstream from the injector, the rate of trans- 
formation of the liquid propellants into hot gases 
is generally controlled by heat and mass transfer 
processes under forced convection conditions. 
For some propellant combinations, the gaseous- 
phase chemical reaction may become a controlling 
process and should be considered when all- 
plicable. 

The transition from the first to the second 
region is a gradual one, not sharply defined. 
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FIG. 2. Proccsees for flow fluctuation instabilities. 

Even in a fixed-geometry, injector-chamber- 
nozzle assembly, the asial position where the 
“downstream” region effectively starts may 
very according to operating conditions such as 
chamber pressure, flow rates, etc. 

Unstable Combustion 

In  the steady state combustion processes 
described above, there arc always some fluctua- 
tions in the measured chamber pressure. These 
fluctuations are usually random in frequency 
and have peak-to-peak amplitudes much less 
than 10 per cent of the average chambcr pressure. 
An engine is said to bc experiencing combustion 
instability when high amplitude oscillations 
occur at discrete frequencies. The amplitude of 
the chamber pressure oscillations during un- 
stable combustion may reach peak-to-peak 
values as great as two to three timcs the average 
chamber pressure. The frequency of the oscil- 
lations is determined by the particular type of 
instability encountered. 

There arc two major types of combustion 
instability which occur in our large thrust rocket 
engines, (I) flow fluctuation types in which there 
is a coupling between flow fluctuations in the 
supply system and chamber pressure oscillations, 
and ( 2 )  chamber resonance types in which the 
modes correspond with one of the normal 

acoustic modes of tlie chamber. The physical 
processes which act to sustain the various tylJes 
of instability involve coinple.; interactions be- 
tween the combustion processes, the dynamics of 
the gas in the chamber and the hydrodynamics of 
the propellant supply system. 

For the instabilities involving propellant flow 
fluctuations one can visualize some of the irn- 
portant interactions as shown in Fig. 2.  Here a 
variation in chamber pressure reacts to chanqc 
the injection pressure drop, which acts to 
change the propellant flow rate. The change in 
flow rate acts on the combustion proccsses, 
giving a change in the gas cvolution rate. This 
in turn acts to change thc chamber pressure in a 
manner determined by the gas dynamics of the 
chamber. There are chwacteristic times as- 
sociated with boxes 3, 5 ,  and 7 which can be 
considered as introducing time delays in thc 
chain of events. If the proper phase relationships 
exist among all these processes the input and 
output pressures will be in phase and the system 
will oscillate. This loops is essentially the same 
for all types oE flow fluctuation instabilities, tlie 
only difference being that high frequencies are 
obtained by considering the characteristic times 
in the combustion dynamic ancl hydrodynamic 
boxes as distributed rather than lumped param- 
eters as is done for the low frequency oscillations. 

An interaction loop for the acoustic modes of 
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CHARACTERISTIC TIME 
COMBUSTION DYNAMICS 

S P R A Y  FORMATION 
S P R A Y  DISTRIBUTION 
DROP SHATTERING 
P R O P E L L A N T  CONCENTRATION 

ACOUSTIC RESONANCE 

FLOW RATES 

VENTILATION OF DROPS 

FIG. 3 .  Processes for “acoustic” modes of instability. 

Steady State Combustion instabilities is shown in Fig. 3. Here the pressure, 
pr t ic le  velocity, am1 particle displacements as- 
sociated with the wave act on the combustion 
tlynninics, which after a characteristic time deter- 
miiied by such processes as spray formation, 
spray distribution, droplet shattering, propellant 
concentration, ventilation of droplets, etc., acts 
to change the energy release rates, these in tern 
act on the gas dyiianiics which close the loop by 
affecting the pressure, velocitics, and displace- 
nwnts. 

Criteria for Model Thrust Chamber Design 

To carry out research or development studies 
of combustion and combustion instability phe- 
nomena in full-scale thrust chambers is a costly 
and time consuming undertaking. Thus, basic 
process information as well as evaluation of new 
liardn are designs, propellant combinations, etc., 
must be carried out in “low” thrust model 
clmnbers. (In our case the maximum thrust 
limitation is 20,000 to 30,000 lb thrust.) The 
mnjor problem with using models for such studies 
is in making certain that the model preserves the 
important physical parameters so that the model 
will respond to changes in the same manner 
as the full-scale chamber. In the ensuing para- 
graphs we n-ill describe and discuss the model 
criteria which have been evolved from studies a t  
out laboratory. 

Basic Processes. The basic physical processes of 
combustion have been most effectively studied 
in a two-dimensional model thrust chamber in 
which combustion and flow are observed using 
both high speed motion picture and streak photo- 
graphic techniques and these optical measure- 
ments correlated with pressure measurements at 
various Dositions in the system. I n  light of the 
discussion of the processes which must be taken 
into account i t  appears that two criteria for the 
model design can be set down immediately. 
These are (I) the model must operate at the 
same propellant injection density to maintain 
the interactions in the region near the injector 
face, and ( 2 )  the model must have the same 
contraction ratio to maintain the same aero- 
dynamic interactions in both regions. These 
requirements immediately fis the same operating 
chamber pressure, P,, if one is to operate at the 
same combustion efficiency since the quantities 
are related by the equation 

where C” is the characteristic exhaust velocity 
(a measure of combustion efficiency), r, is the 
contraction ratio chamber cross-section area 
divided by throat area, and (w/Ac) is the 
propellant injection density. 
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0.12 IN. WIDE 

AT CHAMBER 5.00 IN. (TYPICAL 3 PLACES 1 

2.00 IN. (TYPICAL 3 PLACES) 

0.002 IN. WIDE SLIT AT 
FILM PLANE IN CAMERA 

FIG. 4. Two-dimensional thrust chamber streak camera arrangemcnt. 

The chamber which has been used most 
effectively in our studies of the basic steady 
state processes is the transparent two-dimensional 
thrust chamber.‘y2 The chamber is a one-inch 
thick diametric “slice” of a typical large engine 
thrust chamber without the diverging section. 
Actually for the steady state studies the chamber 
width does not have to be as large as the 22 inches 
used here, however, since this chamber is also 
used for instability studies (as will be discussed 
later) the width is dictated by the instability 
portion of the program. The side walls of the 
chamber are made from Plesiglass 4 inches thick 
with 0.25-in. thick Pyres linear protecting the 
Plexiglass from being burned by the hot com- 
bustion gases. A steel structural frame is de- 
signed to provide the required rigidity of the 
chamber so that operation to 1000 psi chamber 
pressure can be achieved. The combustion pro- 
cesses are visible over the whole chamber except 
for the small areas obscured by the structural 
members. 

A self-impinging doublet injector is typical of 
the injectors used in the thrust chambers to be 
modeled. The two-dimensional design simulates 
a “slice” across the face of an 18 ring injector. 
Starting with fuel in the outer “ring,” fuel and 
oxidizer are supplied to alternate rings. Shadow 

DISTANCE 
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INJECTOR 1 MILLISECOND 
(inches) 

0 -  
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7- 

12 - 
14 - 
19 - ., 

( a )  LONGITUDINAL SLIT ALIGNED WITH OXIDIZER SPRAY 

0 

5 -  
7-  

12 - 
14 - 

(b) LONGITUDINAL SLIT ALIGNED WITH FUEL SPRAY 

FIG. 5. Typical two-dimensional thrust chamber 
stJreak photos. 
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CHAMBEP LENGTH (in.) 

FIG. 6. Velocities derived from streak photos BS a function of chamber lerigth. 

motion pictures slio~v that the spray fans formed 
in the chamber a t  operating pressures are “flat” 
enough so that they do not wash the chamber 
side with propellant, thus the one-inch coni- 
bustion chamber thickness appears to be suffi- 
cient to reduce nn-j wall effects to a negligible 
level. 

Xormal steady state rocket engine test stand 
instrumentation is used to record chamber pres- 
sure, injection pressures, propellant flow rates, 
et?. I n  addition, several high frequency response 
photocon pressure transducers (capacitance type) 
are mounted in strategic locations in the chamber 
and propellant mauifolds. The outputs of these 
transducers are recorded on magnetic tape. 

Photographic instrumentation includes both 
high speed motion pictures and streak photo- 
gra1)liic records. Simultaneous motion and streak 
pictures are obtaincd by using internal slits in 
the streak cameras rather than the more con- 
ventional method of masking the chamber 
itsell‘. Figure 4 shows schematically the arrange- 
ment for streak pictures. Figure 5 shows typical 
streak photos. 

Each trace on thc film is of approximate 
pctrabolic shape and describes the trajectory of a 
coinbustion element whose luminosity formed an 
image. The slope of such a trace represents the 
local asial velocity of the element as i t  moved 
along the length of the chamber. The velocities 
measured a t  various positions are sliomn in 
Fig. 6. It can be observed from these results 
that the measured velocities varied by as much 
as n factor of two a t  a given chamber position. A 
reasonable interpretation (and the one TVC use) 
of these traces is that  the highest velocity streaks 

represent combustion gas velocities and the lower 
velocity streaks the velocities of burning pro- 
pellant clroplets. Accepting this interpretation, 
the experimental data from these model chambers 
can be used to evaluate the validity of mathe- 
matical models of the combustion processes. ( I t  
should be noted that fragmentary streak photo 
data which has been obtained from large thrust 
engines agree quantitatively within a few per 
cent with that obtained in the model thrust 
chambers.) 

The analytical model of the steady state 
combustion processes that has been formulated 
has bern discussed in detai1.l The predicted gas 
and largest droplet velocity profiles using the 
analytical model and the e.;perimental results 
froin the two-dimensional chamber are shown 
in Fig. 7 .  The data sho\i-n is for a LOX-hydro- 
carbon system. Currently, stuclies are in progress 
mhich T\ ill extend the analytical description to 
other propellant combinations by niodifying the 
physical process descriptions to fit experimental 
gas velocity and droplet velocity profiles ob- 
tained from model thrust chamber firings. 

Performance Evuluation. Another steady state 
problem which makes use of model chambers is 
that of various injector types and propellant 
combinations. Here again our experience a t  
Rocketdyne indicates that the same two criteria 
as mentioned in the basis processes section must 
be followed (;.e., propellant injection density 
and contraction ratio). Since evaluation tests are 
usually separate from the basic studies esperi- 
ments, small diameter solid wall cylindrical com- 
bustion chambers operating a t  the 1000-5000 lb 
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DISTANCE FROM INJECTOR (io.) 

thrust level sre usually utilized since many more 
trsts can be obtained per unit time with this 
type of hardware than with the transparent two- 
dimensional chambers. Also the hardware is 
usually cheaper to  fabricate. The above criteria 
must be met if absolute values of performance are 
go be obtained. Experience has shown, however, 
that a qualitative screening of relative perform- 
ance can be obtainrd from studies with a single 
clustrr of orifices, typical of a givcii injector. 
(This requires a high contraction ratio to main- 
tain P, and hence aerodynamic interactions are 
not preserved and absolute performance is not 
obtained.) 

Unstcrble Combustion 

Destructive lcoustic Modes. Of tlie several differ- 
ent types of combustion instability which are 
encountered in liquid propellant rockets tlie most 
troublesome are the so called transverse acoustic 
modes, tangential and radial, which can cause 
burnout of an injector face in 200-300 msec.* 

*There is a marked difference in the effects of 
longitudinal and transverse acoustic modes of in- 
stability and probably in the physical mechanisms 
which trigger and sustain them. Thc longitudinal 
modes do not cause as much physical damage to 
chamber as do the transverse modes, nor is there 
loss of performance. If the longitudinal mode fre- 
quency corresponds with that of one of the flow 
fluctuation modes, there are vcry large amplitude 
oscillations and a loss of performance which is di- 
rectly proportional to  the amplitudc of the oscil- 
lations. 

FIG. 7. Comparison of memured and computed velocities of gases and 1:trgcst droplets. 
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These oscillations have frequencies of oscillation 
closely approximating that given by classical 
acoustic theory 

Fit z= 0.59(C/D) (first tangential) (2) 

and 

F I R  = 1.22( c/n> (first radial), (3 
where C is the velocity of sound in the coin- 
bustion chamber and D the diameter of the 
chamber. Although classical theory can be usrd to 
predict the frequencies of the oscillations, the 
instabilities are not linear phenomena since tlie 
amplitudes may range up to two to three times 
the average operating pressure. 

Early in the studies of instability a t  this and 
other laboratories a trend was noted that shows 
that the tendency for a system to exhibit spon- 
taneously triggered instability is directly pm- 
portional to tlie diameter of the chamber (or 
inversely proportional to the Yrequcncy) . 

High speed motion pictures of unstable 
combustion processes (describcd in detail nn 
reference 2 )  have indicated that displace- 
ment of sidewise propellants by the oscillations 
was a reasonable process of setting up conditions 
which could trigger and sustain these types of 
instability. Assuming that as a first approxima- 
tion the classical acoustic equations for particle 
velocity and particle displacemrnt can be used 
to describe the “sound field” in the coinbustion 
chamber during instability, it  is found that for a 
given amplitude of pressure perturbation the 
particle velocity is inversely proportional to the 
product of the sound velocity and gas density, 
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TABLE 1 
ltcllativc Stability Rating by  Gas Flow Method 

Two-di- 
Fucl “Barrel” mensional Full-scale 

Isooctar1e 0.50 1 .oo 1 .oo 
ItP- 1 1 .oo 1 .oo 1 .oo 
DECH (diethyl- 1.20 1 .oo 1 .oo 

cyclohrsanr ) 

vvhilc the particle displacement is inversely pro- 
portional to the same factor multiplied by the 
angular Irequency, i.e. 

u = AP/pc (velocity) (4) 
and 

E = AP/wpc = AI’/27rjpc (displacement) . (5) 

Thus the particle displacement has the same de- 
peiidcnce on frequency as the observed oc- 
currence of instability. Now on the basis of the 
above mentioned similarity of behavior, we have 
assumed that particle displacement is one of the 
important controlling factors for transverse in- 
stability. Thus to have comparable displacements 
for the same size of pressure disturbance in the 
model as in the full-scale chamber, the frequency 
of oscillation must be maintained. Also, as seen 
from Eq. ( 5 )  the chamber pressure (density) 
must be maintained. There are three convenient 
moclcls in which these two parameters can be 
maintained. These are the “Barrel,” the “An- 
nulur,” and the already discussed two-dimen- 
siontzl chamber. Only the latter two maintain the 
propellant injection density and contration ratio 
mentioned in the carlier section on basic processes 
The importance of maintaining these other two 
criteria can be illustrated by considering a 
series of tests carried out with the “Barrel” 
chamber. 

‘LBnrrel’7 Chamber 

A “Barrel” chamber has the same diameter as 
the full-scale chamber and models eractly the 
acoustic modes. This type of chamber must be 
operated a t  lower propellant injection densities 
(pounds of propcllant per unit area of chamber 
e i ~ m  section) . Chambers tested a t  our laboratory 
have made use of injectors having annular dis- 
tiibutions simulating two or three rings of a full- 
scale injector. 

The tests werc carried out to determine the 
effect of various hydrocarbon fuels (with liquid 
oxygen) on the stability of a system. To rate the 

relative stability with the different fuels a gas 
flow perturbation technique was utilized; with 
this technique normal stable opcration a t  design 
conditions is established and then the system 
triggered into instability by a directed flow of an 
inert gas (in this case nitrogen). The magnitude 
of the gas flow required to trigger the instability 
is then used as a rating of the relative stability 
of the various systems. 

About fifteen different fuels were utilized in 
the test series. The point which we wish to 
illustrate can be made by comparing the relative 
ratings of the two extreme types with the refer- 
ence fuel, RP-1. The relative ratings obtained 
from the “Barrel” and an Atlas type booster 
thrust chamber rated in much the same manner 
are shown in Table 1. 

I n  these tests the experimental accuracy 
was such that differences greater than f 0 . 0 5  
may be considered significant. It should also be 
noted here that in tests with the two-dimen- 
sional model (discussed in a previous section) 
the same relative ratings were obtained as were 
measured with the full-scale chamber. Thus, 
even though the “Barrel” model is showing up 
interesting differences in combustion behavior 
among different fuels, it does not model the 
behavior of the large engine with respect to 
gas-pulse-initiated stability. 

Annular Chamber 

The annular chamber which will maintain the 
same frequency as a full-scale cylindrical chamber 
has an outer diameter smaller than the cylin- 
drical chamber, the exact dimensions depending 
on the relative size of the center body. The first 
tangential frequency is given by 

Fit = ~C/T(D, + D;),  

where the subscripts refer to the inner and outer 
diameters respectively, of the annulus. 

This chamber can be considered as a rolled up 
two-dimensional chamber, since to maintain the 
propellant injection densities at the research 
thrust levels it is necessary to limit the width of 
the annular combustion region to about one inch. 
This chamber has one advantage over the two- 
dimensional chamber in that it does have a 
continuous circumferential path such as that in 
full-scale Chambers. Some critics of the two- 
dimensional chamber feel the reflection of the 
wave at each side wall changes the character fo 
the wave propagation effects in sustaining in- 
stability. Tests with this chamber have sbown 
that the relative rating of injectors as well as the 
occurrence of regions of spontaneous instability 
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are in good quantitative agreement with the 
results obtained with the two-dimensional cham- 
ber. 

Two-Dimensional Clzamber 

The details of construction of the chamber 
have been outlined previously. The transverse 
mode in this chamber, whose frequency is given by 

F = C / 2 L ,  

where L is the width of the chamber, has pres- 
sure, particle velocity, and particle displacement 
fields which only simulate the acoustic field in 
portions of the field of radical and tangential 
modes of cylindrical chambers. 

I n  spite of all of its drawbacks, the two-dimen- 
sional chamber has proved to be the best all 
around chamber for the acoustic stability 
studies as well as the steady state basic studies. 

Other Types  of Instability. The other types of 
instability such as longitudinal acoustic modes, 
and the high and low frequency propellant flow 

fluctuation types (“buzz” and “chugging”) have 
been noted a t  times in the three models describcd 
above as me11 as in other types of models. There 
is, however, too little data currently available 
on the correlation of the model results with large 
engine behavior to make it profitable to  discuss 
these modes a t  length. 
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T ETICAL AND EXPERIMENTAL MODELS FOR UNSTABLE 
ROCKET COMBUSTOR 

RICHARD J. PRIKM 

The three theoretical models of Damkohler and Penner, Crocco and Chcng, and Priem and 
Cuentert are roviewed. Assumptions involved in each theory are described. The requirements for 
modeling combustion instability with each theory are also described. The three theoretical models 
:tw comparrd to show where they differ in their approach and how they solve the equations. Theo- 
retical results obtained from solving the equations arc then compared to show how the assumptions 
im each approach influence thc results. 

Six espci-imental cornbustors used to study combustion instability are described. Advantages 
.tnd disadvantages of each combustor are given. Invariance of the theoretical similarity parameters 
with respect to full-scale combustors is discussed for each of the experimental combustors. 

Combustion conditions in full-scale combustors are compared to  those assumed for the theoretical 
models and those encountered in esperimental combustors. 

Introduction 

In this paper, unstable combustion is con- 
sidered to be that form of combustion which is 
accompanied by periodic pressurc waves. There 
arc many possible natural modes of acoustical 
oscillations within the combustor.' Only the 
travcling mode of the transvcrse wave in a 
cylindrical combustor mill be considered herein, 
although the analyses are valid for all modes if 
tho coordinate system and boundary conditions 
arc modified to correspond to the mode of intcr- 
est,. The transverse mode is prcdoniinant in 
large-diameter combustors and is usually accom- 
panicd by high heat transfer rates which destroy 
the system. It is this aspect of the instability 
which requires that it be avoided. 

The objective of this paper is to describe the 
various theoretical models and experimental 
combustors used in studying unstable combustion 
and the assumptions that were involved in each. 
There are nurncrous qualitative descriptions of 
combustion during instability and theories for 
variations in individual processes which can sus- 
tain instability. These descriptions and theories 
can he found in articles appearing in the bibliog- 
raphy a t  the end of this paper. The possibility of 
maintaining invariance with respect to the full- 
scale combustor of each of the theoretical param- 
eters is cornpared for each of the experimental 
combustors. 

Theoretical Models 

A eoinmoii method of modeling a physical 
system when only partial knowledge of the system 

is available is to use dimensional analysis. This 
avoids the problem of solving the equations that 
describe the system by determining certain 
necessary connections that must be satisfied by 
the solution. 

Model  of Uarnkoliler and Penner 

Danikohler2 derived seven dimensionless groups 
froin the conservation equations for reacting 
gases to scale a heterogeneous reactor. These 
seven groups arc : 

Reyriolds number Re = puv$R/p;  
Schmidt number, Sc = p/poD; 
I'randtl number, P r  = c,/fiD; 
Mach number, :1P = (p0vg2//yP") 1 ; 

Damkohler's First Group, DI = 2R/v,ti; and 
Damkohler's Third Group, 

Froude number, Fr = v," /sZR ; 

DIII = @R/u,c,Tot;. 

Penner3 has added another similarity group 
for instability to maintain a constant ratio of 
chemical time t i  to wave time t ,  or 

where 

This definition implies that  the burning rate, a, 
is proportional to the gas density and mass frac- 
tion of reacting species, Y;. Penner states that 
the Froude number and Mach number can be 
neglected a t  low velocities with no acceleration 
effects. Furthermore, for the same propellant 
combination the Prandtl and Schmidt numbers 
are the same and Damkohler's Third Group is 

x = ti/t,, (1) 

t i  = P Y i / W .  ( 2 )  

9S2 
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equivalent to his First Group, resulting in three 
dimensionless groups required for similarity, 
Re, DIII, and x. Thus, we see that Damkohler's 
heterogeneous reactor can be used to model 
combustion instability with very strict require- 
mcnts that  the model have the same Reynolds 
number, Damkohler's Third Similarity Group, 
and Penners chemical to wave timc x. Pcnner7 
also points out that the modcl studies should be 
performed a t  the same reaction frequency under 
invariant composition, pressure, and temperature 
conditions unless the reaction rate law is known. 

Model  of Priem and Guentert 

To overcome some of thew rcquircinents an 
approach similar to that of Damkohler for the 
heterogeneous reactor was used4 to obtain nu- 
merical results for instability limits in an annular 
combustor. The system can be expanded to a 
three-dimensional Combustor. It was assumed 
that the propellants are uniformly introduced at 
the injector boundary and burn a t  some rate 
which depends on the position within the com- 
bustor. As the propellants burn, random dis- 
turbances can occur within the combustor. If a 
disturbance is large enough i t  will develop into a 
transverse wave traveling within the combustor. 
The problem is to determine for a given initial 
combustor condition the magnitude of disturb- 
ance which will lcad to instability. 

The conservation equations with mass and 
heat addition via a phase change arc derived and 
nondimensionalized in reference 4. Five non- 
dimensionalizing terms were required and the 
combustor radius and average steady state values 
of pressure, density, tcmperature, burning rate, 
and speed of sound in the gases were selected. 
The dimcnsional groups that were obtained are 

Rwo/poVo and p/poRVo. 

These groups are comparable to Dainkohler's 
third parameter and Reynolds number except 
that  they are based on a sound velocity rather 
than a gas velocity. In  terms appropriate to 
rocket technology the two groups become: 

C = Rm/& 

Two models wcre used in reference 4 to dcter- 
mine the local instantaneous burning rate. With 
one model the local instantaiicous burning rate is 
assumed equal to the local vaporization rate. 
This implies that  the mixing rate and chemical 
reaction rate are very rapid. Following reference 
4 the burning rate expression for the vaporization 
model in a three-dimensional combustor with 
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constant liquid velocity in the axial direction is 

where 
w* = nlp"i(1 + 1 V, 12/u12)i,  ( 5 )  

1* 

nl = 1 - k C f ( y )  1 w:' d0. (6) 
P 2 N7-30~ 1 *=.e/ u z 

The last term deterrniiics thr concentration of 
liquid a t  various positions in the chamber and is 
derived by assuming that  the liquid injection rate 
is constant. The term (po/pINr303) is the mass 
ratio of gas to liquid in a unit volume nrar 1,he 
injcctor. The nl term was unity for the sybtlem 
investigated in rcferencr 4. 

The second model for thc local initantancou5 
burning ratc used in refcrcncc 4 assumrd that 
the burning rate was equal to thc chemical re- 
action rate as giv& by 

w* = up*"exp [E/RT"(l  - l / T " ) ] ,  ( 7 )  
where 

This assumes that the supply rate of unburncd 
gas was indepcndent of timc and varied with 
position, (azo ') . The cxprrssion for wZo* could 
be determined by the vaporization or mixing ratc 
under steady state conditions. 

While the three-dimensional combustor ])rob- 
lem has not been solved numerically a t  this time 
results of the one-dimensional system4 have illus- 
trated the important parametrrs. The stability 
limits map of reference 4 (shown in Fig. I)  illus- 
trates the fact that with low burning rate para~n- 
eter, a model which assumes that the burning 
rate follows the chemical reaction rate is most 
susceptible to a disturbance. For large values of 
the burning rate parameter the vaporization 

v* - *I, - CHEMICAL REACTION RATE 
200 

/' 

\..-,/' ,100 

,I , 50 .----,' UNSTABLE 

FPS 

.ao = 0.01 .ao = 0.1 

0.0001 I llllllll I1111111I I11111111 I llllllll I1111111l 
0.0001 0.001 0.01 0.1 1 10 

BURNING.RATE PARAMETER, f L Rm/@ 

FIG. I .  Stability limits obtained by Priem-Gum1,ert 
approach (see reference 4). 

\\ 
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 model^ rcquires the smaller disturbance to produce 
instability. It was also found that the order of 
reaction, activation energy, specific heat ratio, 
and gas velocity relative to the combustor wall 
had a negligible influence on the stability limits 
of tho system. Thercfore it may be assumed that 
they will also be unimportant in a three-dimen- 
sional system. For the chemical model the con- 
centration of unburned propellants had an ap- 
preciable influence on the stability limit?, while 
the velocity difference between liquid drops and 
the gas had a similar effect for the vaporization 
modol. 

I3ouiidary conditions that did not appear in 
thc annular inodel of refercnce 4 which could be 
encountered with a tliree-diniensional system, 
are t,he length to diameter ratio and the nozzle 
or combustor shape which would change the gas 
velocity profile. However, since gas velocity did 
not influence the results in reference 4, it  is as- 
sumed that the nozzle or combustor shape would 
not influence the stability limits in a three- 
diinensional systcm. 

The model of Priem and Guentert then is a 
systcm defined by two terms, a burning rate 
paramcter and a viscous dissipation parameter 
and the concentration of unburned propellant 
(a i  or 71.1 for the two models) as well as the veloc- 
ity difference between liquid and gas for the 
vaporization model. The importance of the geo- 
inctiric factor L I D  has yet to be evaluated. 

llloclel of Crocco and Ckeng 

Thc model used by Crocco and Cheng to 
attack the high-frequency instability problemb 
cmiiloyed the equations of continuity and motion 
with an adiabatic gas law. The burning process is 
described by a time lag concept. The total time 
lag, Tt, is niade up of a pressure insensitive por- 
tion, T ~ ,  and a sensitive portion T which is a 
nieasure of the response of the combustion process 
to a change in pressure. 

Tt = TS + T (10) 
and 

The pcrturbation of the burning rate from the 
average rate is then given by 

w’ = n,( 1 - e-,,) (P’/Pn)po dv,/dz, (12) 

where n, is the interaction index between burning 
rate and pressure. Thus the burning rate varies 
as P’ varies with time and as the sensitive time 
lag T varies with time. There are two independent 
parameters that  must be determined from experi- 

mental data, 7 and n,, the average sensitive time 
lag and the interaction index. 

The numerical results of Crocco’s and Cheng’s 
analysis show that the stability map varies with 
the values of the sensitive time lag, interaction 
index, frequency of instability or diameter of 
combustor, nozzle shape, and concentration of 
burning. Experimental resultsC have shown that a 
stability map can be obtained for a combustor 
as a function of diameter and mixture ratio, 
from which the sensitive time lag and inter- 
action index of the system can be determined. 
The cxperimental results have indicated that the 
interaction index and sensitive time lag are a 
function of the injector design and operating 
conditions. 

The method of Crocco and Cheng can be used 
to model combustion instability with the require- 
ments that the model have the same interaction 
index, sensitive time lag, chamber and nozzle 
geometry, and spatial distribution of combustion 
as the system of interest. The requirement of the 
same interaction index, sensitive time lag, and 
combustion distribution implies that the injector 
must produce the same burning characteristics. 

Comparison of Theoretical Models 
All of the theoretical approaches use the con- 

servation equations in some form. The Priem- 
Guentert equations include terms in each equa- 
tion for the addition of mass to the gas phase by 
a phase change with chemical reaction. The 
Damkohler-Penner equations do not include 
these terms nor do the early equations of Crocco. 
Recently Crocco has included these termsC in the 
conservation equations but drops them out by 
his linearizing approach whereby he assumes that 
all terms involving the square of the Mach num- 
ber are unimportant. Crocco and Cheng5 used an 
adiabatic gas law instead of the more genuine 
energy equation but in recent publications6 the 
energy equation is used. Crocco and Cheng have 
not included viscous force terms in their equa- 
tions which appear in both the Damkohler- 
Penner and Priem-Guentert equations. Dam- 
liohlcr and I’enner included continuity equations 
for individual chemical species which are not 
considered in either of the other two theoretical 
models. 

The physical models for determining burning 
rates are similar for the three approaches in that  
the combustion process is assumed to be sensitive 
to a pressure disturbance. Mathematically they 
differ in the method of characterizing the de- 
pendence on pressure. The Damkohler-Penner 
approach assumes that the burning rate is propor- 
tional to the density and mass fraction of reacting 
species and has a single mathematical propor- 

h 
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lit, t i ,  which cnii bc varied. Tlie 
Chcco-Chwg approach uses a more complicated 
cspression hnving two coiistants which assumes 
that thc reaction rate is proportional to the pres- 
sure with a dclay or time lag. The Priem-Guentert 
approach uses the steady state equations for a 
particular phcnomciioii which is part of the com- 
bustion process, thereby producing a specific 
relation between the burning rate and the pres- 
sure, dcnsity, temperaturc, and velocity 
perturbatioiis. 

The solution of thc equations and the results 
obtnincd from the various approaches are quite 
different. Crocco and Cheng solve the equations 
in closed form by assuming that second order 
terms are unimportant and that terms involving 
the Mach number squared are also unimportant. 
This enables them to reduce the general equations 
to perturbation equations which are solvable. 
The solutions show that there is a stability map 
which is a function of these two parameters n, 
and ? for which a vanishingly small perturbation 
produces instability. The Priem-Guentert tech- 
nique solves the equations using a numerical 
techniquc. This zpproach has required that the 
combustor geometry be a simplified annular ring 
of a full combustor although it is expected that 
results will eventually be obtained for the full 
cornbustor. To simplify the calculations the 
variables are grouped using dimensional analysis 
to produ'ce the two similarity parameters men- 
tioned above. The numerical results of the Priem- 
Guentert approach show that a finite amplitude 
disturbance is required to excite instability and 
that the aniplitude is a function of the similarity 
paramctcrs and the model assumed for the 
mechanism by which the burning rate varies 
with time. I n  the Ilamkohler-Penner technique 
the cquatioris are not solved. Instead it is assumed 
that two systems with the same values of all 
similarity groups will exhibit the same degree of 
stability. 

Thc approaches of Crocco-Cheng and Priem- 
Guentert are concomitant. I n  the Priem-Guentert 
analysis it is assumed that there is no time lag in 
the burning rate which Crocco shows will change 
the stability limits of the system. Similarly in 
the Crocco-Chcng approach it is assumed that 
the second order terms are unimportant, but in 
the Priem-Guentert approach these are shown 
to influence the stability limits of the system. 
Dropping second order terms and neglecting 
viscous forces by Crocco eliminates the two 
similarity terms obtained in the Damkohler- 
Penner and Priem-Guentert approach. Not in- 
cluding a tcrm for the change from an unburned 
to burned state and the corresponding flow ac- 
celeration in the axial direction in the equations 
is responsible for the different numerical results 

obtained by the Crocco-Chcng apliroach and 
the Prieiii-Guentcrt approach. When the terms 
for the accelerations in the axial direction arc 
omitted in the Priein-Gucntert approach the 
numerical results indicate that a very small 
perturbation can excite instability which agrees 
with the results obtained by Crocco. 

Experimental Combustors for Studying 
Combustion Instability 

Several combustors have been used to study 
instability. These will be described in the follow- 
ing section to illustrate their advantages and 
disadvantages. 

Small Thrust Combustor 

Probably the simplest combustor used for 
studying instability is the small-scale device illus- 
trated in Fig. 2(A).  It is a miniature version of a 
large combustor. Because of its size, it is very 
adaptable to research installations. The injector 
characteristics can be designed to match those of 
large-scale combustors by using thc same pattern, 
dimensions, flow density, etc. J%ecause of its 
small size, however, the frequency of the insta- 
bility is very high, requiring esceptionally high 
frequency-response equipment to study the 
phenomena. It is well suited for photographic 
studies of individual processes occurring during 
instability. Because of its high injection density 
the heat transfer rate during instability is very 
high and run duration must be short with 
instability. 

Barrel Combustor 

To eliminate the high-frequency problem of the 
small combustor the concept of a barrel com- 
bustor was devised [Fig. 2(B)]. For this design 
the diameter of the combustor is large (usually 
the same as the full-scale system) but the injec- 
tion density is greatly reduced by using only a 
portion of the injector face (usually the outer 
edge). Usually this combustor is more compli- 
cated and larger than the small combustor, 
therefore it is not quite as adaptable to rcsearch- 
type studies. The reduced frequency is a great 
aid in eliminating many instrumentation prob- 
lems. Similarly, because of the low injection 
density the velocity and heat transfer in the 
combustor is greatly reduced so that the com- 
bustor can usually be run for extended periods 
without damage to the combustor. The system 
lends itself to photographic studies and measure- 
ments involving average conditions within the 
combustor. Photographic measurements at a 
precise point or studies of individual processes 

P 
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-INSTABILITY 0 r>(1 
I A )  SMALL THRUST COMBUSTOR 
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IB) BARREL COMBUSTOR 
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(E) TORUS COMBUSTOR 
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ox---  - 
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- ox 

IF )  PANCAKE COMBUSTOR 

FIG. 2. Experimental combustors for model instLthilit,y studies. 

occurring during instability arc difficult because 
of the large path length that is observed by a 
camera. 

Slab Combustor 

The slab combustor [Fig. 2(C)] is a segment 
of a large combustor. Usually i t  has the same 
diameter and length as the large combustor with 
a very small thickness, i.e., 1 or 2 inches. This 
achieves low frequency and high injection den- 
sity. Whcn onc wall is replaced by a transparent 
window studies can be made of individual proe- 
esses a t  a specific location. Because i t  has a high 
injection density the time during which insta- 
bility can be studied without damaging the 
equipment is usually very short. Also, the mode 
of instability is changed from the traveling wave 
form with no pressure or velocity nodes to a 
transverse wave form with pressure and velocity 
nodes. Because of the physical limitation of 1- 
or 2-inch thicknesses with the large diameter the 
thrust of this combustor is quite large. For this 
reason, many research installations cannot usc 
this combustor with the full diameter. Occa- 
sionally the width (or diameter) is reduced to 
obtain thrust levels that  arc usable in research 

installations, in which case i t  is oftc3n called a 
two-dimc~isional coml)ustor. 

Wedge Combustor 

The wedge combustor [Fig. 2(D)] is very 
similar to the slab cornbustor in that it is a 
segment of a full-scalc combustor. h sector of the 
full-scale hardware is uscd which h a s  thc same 
injection dcnsity and radius. By using it window 
for onc side of tlic combustor, 1hotographic 
studies a t  various points can bc macle. Like the 
slab combustor, its thrust is usually large for 
research installations and bccausc of thc high 
injection density and high heat transfer ratc 
during instability, the run time during insta- 
bility is very short. The normal mo'de of insta- 
bility is also different from full-scale cquipmeiit 
in that  the wave must travel in a radial direction 
or be reflected from the walls to protlucc a 
standing wave with nodes. 

Torus Combustor 

The torus combustor [Fig. 2(E)] is another 
system in which tlic frequency is maintained 
similar to the full-scale hardware by using a 
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combustor of the same diameter. The combustor 
is an annular ring so that the wave can travel 
arouiid the combustor. The injection density can 
bc niuch lower than the full-scale combustor if 
only a few iiijection points are used; this, how- 
cvcr, I)roduces a nonuniform injcction pattern 
nliicli is uiidcsirablc for modeling full-scale 
cquipnimt. ‘l‘hrust lcvcl is low so that the equip- 
niciit is coinpatiltlc with most research installa- 
tions and I)ccause of the low injection density 
the ticat transfer ratc is low, permitting long 
tluration runs with instability. It is readily 
atlaptalilc. to stu(lyiiig individual proce 
local 1)oiik. 

Pancalcc (Coitibustor 

TIic pancakc~ combustor [Fig. 2 (F) ] u 
radial injection and a w r y  small combustor 
Irngth. Tlic diameter call bc as large as full- 
scalr hartlware hut becausc of fabrication proh- 
Itins and thrust size i t  is usually smaller than full- 
sc.alc, hardware. The iiijcctioii density can be 
equal to  or less than that used in full-scale 
cquipnient. l‘he mode of instability is the trans- 
verse nioclc mid one can observe or make measure- 

nients at local positions over the entire area. 
Because of the high injection density, run time 
with instability is limited. The combustion proc- 
ess is distributed along a radial line instead of 
the axis of the chamber as in a conventional 
combustor, similarly the combustion is not uni- 
forin throughout the area perpendicular to thc 
axis. 

Comparison of Values of Similarity 
Parameters of Experimental Combustors 
with Values for Full-scale Combustors 

The various experimental combustors for 
studying combustion instability in rocket engines 
can be compared with thc full-scale combustor 
by determining the invariance with respect to  a 
full-scale combustor of each of the theoretical 
parameters for each experimental combustor as 
shown in Table 1. For each combustor the values 
of the various parameters are compared to the 
full-scale hardware parameters and if they are 
invarient are marked “yes”; if not, they are 
marked ‘ho.” The slab model satisfies all param- 
eters of all theoretical models except for the mode 

TABLE I 

1nvari.mcc of Similarity 1’:trametcrs Between Full-Scale Combustors and Experimental Combustors 

Experimental combustor 

Theorcxtical 
similarity 

p:iramctcrs Small Barrel Slab Wedge Torus Pancake 

1>1r r  
Re 
X 
t ,  
c 
d 
a I or n I 
L/  u 
7 
rL 

F’rtq. 

Burn. clistr 
Mode 
Comments 

NO 

No 
No 
Yes 
No 
No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
(1) 

NO 

No 
Yes 
No 
No 
No 
No 
Yes 
No 
No 
Yes 
No 
No 
Yes 
(2) 

Yes 
Yes 
Yes 
Y e s  
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
(3) 

Yes 
Yes 
NO 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
(3) 

Yes 
Y e s  
No 
NO 
Yes 
Yes 
No 
No 
No 
No 
Yes 
No 
No 
Yes 
(2) 

Yes 
Yes 
Yes  
Yes 
Yes 
Yes 
No 
No 
Yes 
Yes 
Yes 
No 
No 
Yes 
(4) 

Comments: 
(1) Smrtll dimension does not allow simulating. 
(2) Noinuniform injection and low injection density. 
(:<) Mode of instability is changed. Small thickness may give boundary layer effect. 
(4) Direction of flow is changed. Small thickness may give boundary layer effect. 
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of instability. In decreasing order with respect t o  
the number of parameters that  are invariant the 
combustors may be listed: slab, wedge, pancake, 
small, torus, and then the barrel. 

Except for the slab combustor thc pancake 
combustor satisfies the most parameters for the 
Damkoliler-l'enner theoretical approach. Only 
the distribution of combustion with position 
j ( b )  is different because of the axial flow. The 
wedgr and slab coinbustors do not have the same 
mode of instability but can satisfy all the param- 
etcrs in the Priem-Guentert approach. Except for 
the slab combustor the small-scale combustor is 
the best experimental model for the Crocco- 
Cheng approach as only the frequency is different 
from the full-scale combustor. 

The data obtained with the various experi- 
mental combustors cannot be applied directly to 
full-scale engines. Since all of the parameters of 
the theoretical models arc ncver satisfied, there 
always remains a question about the importance 
of the parameters which have not becn simulated. 
Similarly, it  is difficult to state which theoretical 
approach to modeling has the greatest merit 
from analysis of data from particular experi- 
mental combustors. This is due, again, to the 
fact that  all parameters for all models are not 
completely satisfied. Therefore data from several 
different combustors are required to evaluate the 
influence of various parameters on combustion 
stability. 

Discussion of Modeling Approaches 

There are two unknowns in the theoretical 
and experimental modeling techniques described 
herein. One of these is the size of random dis- 
turbances which are present in all combustors 
and can trigger instability. The Priem-Guentert 
results indicate that a definite level of disturbance 
is required to initiate instability. This is in con- 
trast to the small perturbation approach of 
Crocco-Cheng. Since data on sizes of disturbance 
required to initiate instability in full-scalc or ex- 
perimental models is limited and because data 
on disturbances in full-scale combustors are al- 
most nonesistent, i t  is impossible to dctermine 
which theoretical model is most appropriate. It is 
also impossible to determine if experimental 
models are producing the same level and types 
of disturbances as full-scale equipment. 

A second unknown which has not been con- 
sidered in these models is the influence of turbu- 
lence on combustion stability. Experimental data 
on turbulence levels in combustors is very 
limited; i t  is difficult to estimate how important 
it might be in any of the models. 

Selection of an experimental combustor to 

k 

P 

dctermine values of parameters in the theoretical 
approaches is very critical since some of the 
parameters in the expcriinental combustors are 
not invariant with full-scale equipinent. For 
example, if the timc Isg, interaction index or 
characteristic conversion timc m r c  dctcrmincd 
in a barrel or torus combustor thty \\-auld not 
nccessarily be the same in a full-scale combustor 
whcre the injection dcnsity i, higlicr and thc 
distribution of burning would I)c cliffcrcnt. 
Similarly, the stability limits dctwmincd for a 
small or barrel coinbustor via thc technique of 
the Priein-Guentclrt approach would not be the 
same limits as a fulkcsle cornbustor 1JecaUse the 
2. and 3 parametcr values arc not invariant. 
Similarly, indiscriminate tcsting of the theoretical 
models with differcnt coinbustors would not 
prove which approach is corrcct. 

A, 
At 
a 
a 

CP 

Fr 
f (7) 

9 

3 
k 

e 

M 
m 
N 

n 

Nomenclature 

Cross sectional area of combustor, sq in. 
Throat area of combustor, sq in. 
Combustor contraction ratio, &'At, 

Mole fraction of unburned gases, 

Average steady state mole fraction of 

Specific heat a t  constant pressure, 

Specific heat a t  constan-t volume, 

Characteristic exhaust vcloci ty, in./sec 
Molecular diffusion coefficient, sq in./scc 
Damkohler's First Group = 2Rv,/ti, 

dimensionless 
Damkohler's Third Group = q2R/v,cPtj, 

dimensionless 
Activation energy function in hrrhcnius 

equation, (lb mole) /in. (lb force) 
Froude number = vg2/g2R, dimensionless 
Function of gsmma 

dimensionless 

dimensionless 

unburned gases, dimensionless 

Btu/(lb) ( O F )  

Btu/(lb) ( O F )  

= ( [ 2 / ( 7  + 1)](+J)/(14)]4, 
dimensionless 

in ./sec2 

dimensionless 

tion, (cu in./lb) n-l/sec 

dimensionless 

Acceleration due to gravity, 356.09 

Viscous dissipation parameter, pc"/RPog, 

Exponential constant in Arrhenius equa- 

Burning rate parameter, Rm/Ct, 

Mach number = (pou,2/yPo)f 
Burning rate, fraction/in. 
Concentration of liquid drops, number/ 

Concentration exponent in Arrhenius 
cu in. 

equation, dimensionless 
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n, 
nz 

1’ 
P‘ 
I’r 
Po 
P 

R 
Re 

a 
rzl0 
sc 
T 
To 

T 4: 

t 
t i  
t w  t“ 
vo 
u1 

VI/ 
21, 
Y i  

S 

Y 
x 

P 
P 

PI  
PO 

P’ 

D* 

7 

T 

7 8  

T t  

X 
e 

w 
w’ 

wo 

WZO 

w* 

Cirocco’s interaction index, dimensionless 
Couccntratioii of liquid 1)ropellant, 

Pressure, psi 
Pressure perturbation, psi 
Praiidtl number = cp /pD 
Average chamber pressure, psi 
Elntlialpy difference between reactants 

Edadius of combustor, in. 
R-eynolds number = pou,2R/pJ 

Ghs constant, (in.) (Ib force) /( O R )  

J‘olume mean liquid drop radius, in. 
Sclrniidt number = p/Dpp, dimensionless 
Gcneralized oscillation frequency, I/sec 
Gas temperature, OR 
Average steady state gas temperature, 

Reduced gas temperature = T/To. 

Time, sec 
Characteristic conversion time, see 
Wave time, scc 
Rkduced time = tVo/Rp, dimensionless 
Sliced of sound in gas, in./scc 
Velocity of unburned propellants, in./sec 
C h s  velocity, in./sec 
Cras velocity in axial direction, in./sec. 
Ckmcentratiori of reacting gas, moles/ 

diuiensionlrss 

arid reaction products, Btu/lb 

diinensionlcss 

( I b  mole) 

O It 

dimensionless 

mole 

Silecific heat ratio. c,/c,,. dimensionless r/ -, 

‘fhermal conductivity of gases, Btu/(in.) 
(sec) ( O F )  

Average gas viscosity, Ib/( in.) (sec) 
Gas density, Ib/cu in. 
Ikrturbation in gas density, Ib/cu in. 
I h i s i t y  of liquid, Ib/cu in. 
Average steady state gas density, lb/cu 

Reduced density, p / p o ,  dimensionless 
Chcco’s sensitive time lag, sec 
Avcrage value of sensitive time lag, sec 
Ckocco’s insensitive time lag, see 
Chcco’s total time lag, sec 
Dummy variable of integration 
I’ciiner’s dimeiisioiiless time group = 

Burning rate, Ib/sec cu in. 
Perturbation in the burning rate, lb/sec 

Average steady state burning rate, 

Suplily rate of unburned gas, lb/sec cu 

Eleducecl burning rate, W/WO, dimension- 

in. 

tJ tw,  dimensionless 

cu in. 

Ib/sec cu in. 

in. 

less 
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Discussion 

DR. A. C:. T o B m  (Arthur D. Lzttle, Inc.) : In vicw 
of the similarities that might esist (especially in the 
gaseous phase) between the instability phenomena 
of the solid :md the liquid rocket, can the Priem- 
Guentert thwry knd itself to the modeling of 
inst:hilitics :issociatetl with solid propellant burning? 

~ I R .  It. J. PRIEM (NAlSL4) : The Priem-Guentert 
theory could be modified to determine instahility 
parameters for solid propclhiits. The theory, how- 
ever, would riot account for any losses in the sclid 
propellarit grain which Dr. Hart discusses in his 
paper. The major modification would be in describ- 
ing the burning rate used in thc burning rate 

parameter. The burning rate in pounds of propellant 
per cubic inch per second, as used in the original 
burning rate parameter derived in reference 4 of 
the paper, would be a better parameter for solid 
propellant stability t h m  the form descritied in thr 
paper. 

PROF. V. D. AGOSTA (Polytechnic Institute of 
Bioolilyn) : I would like to suggest an additional set 
of scaling partimeters for modeling combustion in- 
stability which involves gas dynamics. These are the 
wave slope m d  velocity gradient in the direction of 
wave propagation. As it is known, a continucus 
wave steepens or broadens depending on the relative 



992 MODELING PRINCIPLES 

magnitudes of the wavc slope (i.e., the frequency- 
amplitude product), and the velocity gradient. 
Thus, when a source of perturbations, e.g., com- 
bustion-generated noise, is considered in a chamber, 
a selectivity can occur due to the rclative amplifica- 
tion and/or attenuation of the waves comprising 
the noise spectrum. This in turn affects the rate of 
energy accumulation in the cavity. If a significant 
wave period corresponds to one of the acoustic 
characteristic time of the cavity, then resonance 

can occur in any of the acoustic modes of oscillation 
of the cavity. However, if there is an acoustic 
mismatch, and sufficient time (length) is allowed 
for wave development, then periodic. bchavior can 
occur which does not correspond to any of the 
acoustic modcs of oscillation of the cavity. In view 
of the above-mentioned wave behavior, i t  is resson- 
able to assume that these parameters, Le., wave 
slope and velocity gradient, be considered in scaling. 



SCALI LEMS ASSOCIATED WITH UNSTABLE BURNING 
SOLID PROPELLANT ROCKETS 

R. W. HAnT AND J. F. BIRD 

The general prohlcm of acoustic instability was surveyed a t  a panel session of the Eighth Inter- 
national Symposium on Combustion. At  that time emphasis was placed on the kinds of expcri- 
mental measuremerits which would be necessary before our understanding of the phenomena could be 
put on a quantitative and practically useful basis. The nature of the role of theory in reaching for 
this goal was also considered. 

Since that time much new research has been undertaken and much progress has been made. Ac- 
cordingly, i t  seems to us that a re-examination of our status vis-&vis the objective of a practical 
understanding could be valuable, particularly in focusing attention on essential unresolved prob- 
lems, but also partly in enhancing a general awareness of recent progress and present activity. This 
re-examination is undcrtakcn here within the restricted framework associated with scaling oscillatory 
instability. 

I t  is not possible, in gcneral, t o  determine the stability of a full scale motor by merely noting the 
stability of a scaled-down version. Nevertheless, it is possible to  analyze the acoustic gains and 
losses viia small scale tests, and one may hope thereby to evaluate the degree of stability of full scale 
motors. Of course it is possible to carry out this evaluation only to  the extent that the important 
gain-loss parameters are known. Sample analyses are presented for such cases, and the limitations 
imposed, by our present lack of knowledge are discussed. 

Introduction 

IJnstabl(1 burninq of solid propellant rocket 
motors has been a rather commonly occurring 
malfunction. One of the most troublesome kinds 
of unstable burning is characterized by the 
generation of acoustic fields within the motor 
cavity. Various undesirable effects may be pro- 
tlucecl by these acoustic fields. For example, the 
burning rate of the propellant is often sufficiently 
enhailred that severe overpressure occurs and 
the motor nplodcs. 

.llthough iiiuch research has been devoted to 
acquiring 3, dctailcd understanding of this un- 
stable bur~iiiig,l-~ the details are far from com- 
plete, and the translation of this understanding 
into engineering precepts useful in motor design 
has hardly begun. In fact, as the phenomena 
become bletter understood, one becomes in- 
creasingly impressed with the difficulty of that 
translation. 

Since full scale testing tends to  be prohibitively 
costly, the desirability of assuring the acoustic 
stability of a motor by means of small scale 
laboratory testing is quite apparent. But elami- 
nation of the lactors affecting this stability indi- 
cates that the possibility of rigorous scaling of 
iiiotors as clntitics seems remote, although limited 

success has occasionally been achieved over 
limited regions with some motors? Some of' the 
difficulties are similar to those affecting the 
stability of liquid fuel motors while other prob- 
lems arise which are unique to the solid motors. 
I n  spite of the general infeasibility of a gross 
scaling of the overall motor, i t  turns out that  one 
may still hope to infer acoustic stability of large 
motors via small scale experiments. This expecta- 
tion rests on a resolution of the factors influ- 
encing the stability such that each may be 
scaled individually. The stability of the motor 
itself may then be inferred by carefully considcr- 
ing the cooperative effect of these individually 
modeled factors. Of course, these ideas are not 
new. Many of the factors which will have to be 
known in order to determine motor stability 
were discussed a t  the Eighth Symposium on 
Combusti0n.l 

In  the present study, we wish to re-examine 
the status of this problem with particular em- 
phasis on the problems of scaling. It will become 
apparent that  much remains to be learned before 
the stability of full scale motors can be predicted 
confidently on the basis of small scale testing, 
although much valuable information is now be- 
coming available. We hope that the discussion 
which follows will be of value to future research 
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in providing guide markers to aid in thc deliiiea- 
tion 01 areas which ilemand esyloration, as we11 
as in noting other regions wliere research is ne11 
under way. 

The Criterion for Acoustic Stability 

T h e  -lpproach to the Problem 

For the discussion of tlie question of acoustic 
stability or instability in a solid propcllant motor, 
there are certain thoughts which should be fresh 
in the mind. The basic question is how the 
acoustic losses compare with the acoustic gains. 
Thus, it  will be essential to specify the various 
mechanisms whereby acoustic energy may bc 
gained or lost in the rocket motor. 

What, then, are the sources of acoustic ampli- 
fication and attenuation? 
Consider the schematic representation of such a 
motor according to Fig. 1. Here, me vim* the 
motor as an acoustic cavity containin, 0 as an 
acoustic medium the solid propellant and the 
gas, note the variety of physicochemical factors 
influencing the growth or decay of sound, and 
pause for a moment to consider the magnitude of 
our task. One way to proceed would be to attempt 
to write clown all of the equations describing the 
acoustic field and then attempt to solve them. A 
perhaps less difficult path to follow, and one 
adequate for modeling purposes, might he to 
avoid solving the ~,artial clifferential equations 

hy searching, instead, lor siriularit\ ljrin(~ipl(~~. It 
n ould serve no disc~wuhlc pur1 
attempt to follow either of thesc, two courses 
here. The thought oi nttempting rtalisticdly to 
mite  doivn thc cqrintioris describing the acwustic 
res1)onse 01 the clwmicnl reactions, as wcll as 
those describing, 111 g w m l ,  the 1 reyucncy-de- 
pendent viscoelastic moduli ot the solid propel- 
lant, is ovcrwhclmrng. Thus, it  is essential to 
forego the desire to rnotlcl the motor as an entity. 
Instead, we sliall assume that the relcvant 
iiiechanisins may he studied c\l,cnmcntally, and 
then represented einl)rrically in the analysis oi 
stahility . K e  must then cvaluatc) the eltent to 
which this approach ~vi l l  facilitatc the assessment 
of acoustic stability via modcling. 

The  General Stability Criterion 

To make the problem a t  all tractable, we shall 
consider in dctail only the question of instability 
in the presence of arbitrarily small clrsturbances, 
with only occasional rel'erences to  some of tlic 
more difficult but sometimes important finite 
amplitude aspects. For present ~)urposcs, then, 
we may restrict our attention to  tlie question of 
whether an acoustic field, as described by the 
linearized fluid dynamic and viscoelastic equa- 
tions, would teiid to g r o ~  or deray. Several vital 
points appear: 

(a) Throughout thc chainher, thc aroustic 
field  ill be described by  the usual n.avc-cqnation, 

GAINS; RESIDUAL GAINS: CONVERSIO 
CHEMICAL REACTIONS O F  FLOW ENERGY 

BU RNING'ZON E TRANSMI SSIO 
(GAIN OR,LOSS) LOSS 

VISCO-TH ERMAL CHAMBER CASE 
AND I-QSSES: VISCO-THERMAL 
RELAXATION AND TRANSMISSION 

GAINS EXTERNAL INFLUENCES 

FIG. I .  Schematic diagram of motor showing acoustic sourccs and sinks 
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suitahly rnottihetl hy the steady flow of the burned Each of these parts is susceptible to cyieriinental 
propellant gas. In  the typical case, acoustic. determination under certain kinds of conditions, 
losses and gains nil1 be sufficiently small so that and in this way the stability ol a motor may, in 
their effects can accurately be represented in principle, be inferred from a study of the acoustic 
terms of perturbations on the loss-iree held. hehabior of the propellant in a small scale test 

(h) Thc various houndaries, insofar as they motor. 
:iRect acoustic stahilit Rill be characterized by 
acmmtic atlniittanccs. iiicc tlw Iiuriiing surface The Acoustic Field 
is very thin coml)aretl \\ itli sound wavelengths oi 

purposcls of acoustic stability, as a surface. 

c q ) r c s ~ d  syinbolical1,v in tlicl tollowing lorin‘: 

interest, it be colpAi,setl allcl regartletl, lor ~6 l o w  a5 thc i)ressure oscillations arc sinall 
compared to the inean pressure, the sound field 
is tlcterminecl by a liuear partial differential 

‘l’lw condition for acoustic stability can 1~ equatio it11 approl)riate Iioundary conditions. 
If tlie 1 s (and gains) are relatively small, it  is 

dS {Influx duc to [mcxchanical work + coiivc~Aon]} 
. , I1  Iroundarv ~iiiJ:ices 

dV voluinc dissipation (less gain) ] < 0 (I) 
- i , as  a n d  solid volumc 

The ovcrblar denotes time average, dX is the 
surface element, and dV is the volume element. 
The surface integral estcncls not only over the 
exterior surface but also over the surface bountt- 
ing the buirnirig zone. 130th the gas and the solid 
will he assumed homogeneous insofar as their 
clastoacoustic properties are concerned. I t  is 
usually convenient to represent the volume dis- 
sipation or gain of acoustic energy by means of 
generalizedl viscosities. If amplification should be 
produced, by residual chemical reactions for 
esample, the gas viscosity would be negative. 
For tlie solid dissipation it will be necessary, in 
general, to spec,ify both the dilatational and the 
shear viscosities. 

ICquatioli ( 1) esl)rcsscs the balaacc of acoustic 
gains and losses as a suin ol contributions arising 
from each of the several surfaces, and from tlie 
voluiiie of thc gas and the solid. I t  is most im- 
Iiortmt not to  lose sight of the obvious but im- 
portant fact that if the boundary conditions a t  
the surfaces are specified in the usual waj7 (in 
terms of admittance), and if the generalized 
viscoelastic constants of the inedia are known, 
then it l)ecomes possible to assess the stability 
for any field by carrying out the indicated inte- 
grations. One should probably not be surprised 
that the acoustic field itself sometimes turns out 
to be readily scalable. 

T1ius the problem before us divides itsel? 
naturally into three distinct but interrelated 
parts: 

(a) Specification of the acoustic field; 
(b) Specification of the loss (or gain) compo- 

nents of the surface admittances; and 
(c) Specification of the viscosities. 

fruitful to consider them as producing pcrturba- 
tions in the field that would esist in their ab- 
sence. The strengths of these sources and sinks 
of acoustic energy are then determined from this 
“zero-order” field, and the balance of gains and 
losses in turn decides the stability of the sound 
field. Let us consider the “zero-order” field 
equations. 

The Acoustic Field in the Solid. To begin with, 
the field is complicated by the presence iii the 
rocket chamber of two different media-the 
solid fuel and the product gas. If we confine our 
attention to a single frequency component, the 
displacement S characterizing the viscoelastic 
motion of the solid obeys the usual differentid 
equation6 

cde grad tliv S - c , ? ~  curl curl S + w 2 S  = 0, 

where cd and c,. are dilatational and shear phase 
velocities determined by the elastic constants of 
the solid. (The time dependence esp (iwt) is 
assumed.) The familiar frequency vs length 
similarity principle obviously follows directly 
from this equation. This principle states that, for 
frequency-invariant boundary conditions and 
clastic constants, it would be possible to  model 
the field by trading smaller dimensions for higher 
frequency. Unfortunately, in the rocket motor 
problem, both elastic constants and boundary 
conditions on the solid surl’aces are frequency- 
dependent, so that such modeling does not apply 
in general. This is not necessarily a serious set- 
back, however, because one of the things theory 
has accomplished with some rigor is the specifica- 
tion of acoustic fields, a t  least for regular gcoin- 
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etries, whenever the elastic constants of the 
media are known. Of course, propellants may 
exist which are sufficiently viscous to absorb 
whatever small fraction of incident acoustic 
energy might succeed in penetrating the solid- 
gas interface. I n  that event, the viscoelastic 
motion of the solid could legitimately be neglected 
in the determination of the zero-order acoustic 
field. 

These considerations are intended mainly to 
emphasize the necessity for measurement of the 
viscoelastic moduli of solid propcllants. Such 
data are now becoming availablr to us, and con- 
siderably more will soon be appearing? 

The Itcoustic Field in the Gas. Although it is not 
possible entirely to separate consideration of the 
field in the gas from that in the solid, let us at 
least focus our attention for a moment on the 
gas-filled cavity. The immediate question is the 
determination of this field. Here, again, we would 
have a frequency-dimension similarity rule if it 
were not for the fact that again the boundary 
conditions are usually frequency-dependent and, 
in addition to this, the acoustic properties of the 
gas-filled medium are dimensionally dependent 
through the dependence of the mean flow field. 
The sonic nozzle continues to represent a funda- 
mental difficulty, although some approuimate 
theory presumably applicable to nontypical, 
very long nozzles has appeared recently? It does 
seem significant, however, that in transverse 
modes the nozzle admittance may have a nega- 
tive real part for some frequencies. This pre- 
sumably indicates conversion to sound of energy 
transported into the nozzle via convection. 
Perhaps the familiar one-dimensional theoryg will 
prove of value for the axial modes although it is 
based on the long nozzle approximation and mean 
flows which seem unrealistic for short nozzles. 

I n  any event, i t  is still impossible to discuss 
with confidence the effect of nozzle scaling. For 
this reason it appears feasible a t  the present time 
to determine the acoustic field in the gas only for 
primarily transverse modes of long rockets where 
the nozzle effects may be ignorable, and for side 
nozzle test motors, where the effect of subsonic 
orifices has been treated for axial modes.1° These 
lhozzles’l are generally characterized by admit- 
tances having negative real parts. 

Apart from the nozzle and the problems which 
arise from the head and tail cavities, there are 
other difficulties which arise from the mean flow 
of the gas. Qualitatively, these difficulties arise 
partly because sound travels faster downwind 
than it does upwind and partly because oscillatory 
energy transport in a mean flow can occur not 
only via sound waves but also via entropy waves 
propagating with the flow speed. At  sufficiently 

high frequency, the entropy ~ a v e  dissipates 
within a thin boundary layer near the burning 
surface where it is generated,‘l and its effect on 
the zero-order acoustic field can safely be ignored. 
At low frequencies, however, the enimpy ~ a v e  
may persist throughout the charnber. In  such a 
case, the fluid dynamic ficld is not propcrly rel~re- 
sented in terms of sound waves alone. This intro- 
duces further complexities into th t  trentmcnt 01 
low frequency modes of sinal1 motors. 

In  summary, it should he clrar that sevrral 
basic problems in tlic detrrmination of thc 
acoustic field in solid propellant rocket motors 
remain inadequately treated from a theoretical 
point of view and inadequately e\plorcd from an 
esperiniental point of view. 

Idealized Example. Having noted tliat many of 
the problems connected with the determination 
of even the loss-free- i.e., zero-order-acoustic 
field are still unsolved, let us attempt to gain 
some appreciation of what may he accomplislicd 
when the acoustic field is known by considering a 
highly idealized example adapted from ref. (3) . 
Consider a long cylindrical motor without a 
head cavity, and restrict attention to the rela- 
tively high frequency, primarily transverse, 
modes. The solid propellant will be assumed to 
have a viscoelastic damping length that is short 
compared with the thickness of the grain If the 
port-to-throat ratio is rather large, but the port 
Mach number small, it will seem roasonable to 
approvimate the acoustic field in the propellant 
channel by neglecting the inean flow and regard- 
ing the port plane as an acoustic velocity nod(>.* 
Then the acoustic pressure and velocity (in 
cylindrical coordinates r ,  I#J, z )  are appro\iniatcrl 
by the real parts of 

p = F p o  eyi  (iwt) cos (m4) cos ( ~ / K / L )  J ~ ~ ( Q Y T )  

( 2 )  
and 

u = - grad p ,  

where a3 = (w2/c’) - ( I L T / L ) ~ ,  and C4 = @/p.  

i 
PO 

(ppo) is the acoustic pressure amplitude, o =_ 
2n times frequency, p is the inean gas density, P 
is the mean pressure, m and h are the azimuthal 
and axial mode indices, and the frequency is 
determined by the condition that the propellant- 
gas interface correspond to an acoustic velocity 

* For the conditions outlined here, l,he convective 
flow term in Eq. (I) can be neglected because the 
contributions from the propellant surface and the 
port plane tend to cancel. 
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iiocle. In o d e r  to evaluate the stability criterion, 
as exprrsscd by Kq. ( I ) ,  it  is necessary only to 
carry out the integrationb indicated. This will, of 
coursc, require specification of the attenuation or 
amplification a t  boundaries and in the body of 
the gas, which will require the real part of the 
admittancm of these boundaries and the acoustic 
damping length (or the generalized viscosity) of 
the burned gases. Accordingly, we turn now 
toward thc specification of the sources and sinks 
of acoustic energy. 

Surface Gains and IJosses 

We now wish to discuss the evaluation of the 
net efflul or influx of mechanical work a t  each 
boundary as indicated by the surface integral in 
Eq. (1). It is customary to specify the matching 
conditions a t  boundaries in terms of admittances, 
and our attention is therefore first directed 
toward t b c  admittance of the burning surface, 
which is bclieved to he the most important source 
of amplification. 

The Burnn'ng Zone. I t  is true, of course, that if 
the acoustic field were known, and if the acoustic 
admittance of the burning surface were also 
known, t h m  the evaluation of the contribution of 
the burning suri'ace to instability would be a 
mere formality. It is for this reason that much 
emphasis is placed on determination of the 
acoustic response of a burning propellant as 
measured by its admittance. 

At the time of the Eighth International Com- 
bustion Symposium, only crude theoretical esti- 
mates of the properties and the order of magni- 
tude of this admittance were available. Now, the 
first tentative measurements are becoming avail- 
able, confirming the implication of the theory in 
general, but more importantly providing essential 
information pertinent to particular propel- 
lants.l"J3 Hopefully, other research directed 
toward this goal will also soon yield results. 

Ncverth eless, although the general stability 
question (,annot be answered yet, considerable 
progress already can be made under some specific 
circumstances. In  order to carry through the 
sample example begun in the previous section, 
we note that the mechanical work part of the 
surface integral extending over the propellant 
surface reduces (in terms of the admittance of 
the burning layer) to 

E = - (Re Yz,) 1 p l 2  - dS, (3%) ' "n  - J 
where Yo is the normal specific adfqittance associ- 
ated with the burning zone, and En is the mean 
acoustic power flowing into the cavity through ! 
the burning surface. 

A few comnients seem in order, here. If the 
burning of the propellant were riot influenced 
by the component of velocity parallel to the 
surface (erosion), the admittance would be a 
constant not dependent on the acoustic field 
itself, except through frequency, and thus could 
be removed from the integral sign. I n  general, 
however, this simplification must not be effected. 
For the illustrative example to be carried out 
here, however, we shall restrict our consideration 
to a configuration where the effect of erosion is 
believed to be negligible. For such a simple case, 
and for the field assumed in the previous section, 
Eq. (3a) reduces to3 

Ep = - Re ( Yb) a J Z n  &$ iL dz 1 Re p ( a )  l 2  
0 

(3b) 
= -$(naL) (1 + S,,,) (1 + B h , O )  

X I PO 1'P2Jm2(aa) Re (Yi,). (3c) 

We note that, if Re Yb < 0, the burning propel- 
lant amplifies the sound field. 

Volume Losses in the Gas. It is unfortunate that 
volume losses do not, in general, scale with 
volume of the rocket motor, but i t  is clear that  
the various attenuation mechanisms tend to be 
highly frequency-sensitive, and of course the 
mode frequencies are, in turn, functions of cham- 
ber volume. 

There are several sources of acoustic attenua- 
tion in the body of the gas filling the propellant 
channel. Absorption occurs through ordinary 
gas viscosity and heat conduction, but more im- 
portantly from the relaxation of acoustic energy 
into internal energy of the molecular  constituent^.^ 

The relaxation loss of sound energy in the 
burned gases E, can be exgressed in terms of the 
corresponding attenuation constant ag, by3 

( 4 4  
where 

Frn(2) E 1 - (vL/z)' + [ J m ' ( ~ ) / J 7 n ( ~ ) ] 2 .  (4b) 

It is unfortunate that no experimental in- 
formation which bears directly on the relaxation 
loss in hot propellant gases is available. Here is 
another research area where the application of 
known techniques is required in the resolution of 
the rocket instability problem, but, so far as the 
authors are aware, no research directed explicitly 
toward this problem is now in progress. In  order 
to assess the possible significance of such losses, 
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ne  shall have to resort to an idcalizctl simple 
case, ancl use a crude orticr-ol’-magnitiiclc estirnatc 
based 011 coilsidering oiily the nitrogen cornponcnt 
of the product gases (which is e\pectrd to be- 
come a much more effective absorber a t  rocket 
motor tcmperatures than i t  is a t  ordinary tem- 
perature). Assuming a 10% abundance of Nz, the 
attenuation constant has then been estimated 
from data prescntecl in ref. ( 3 )  to be 

where J’ is the frequency. It should perhaps be 
inentioiled that relaxation loss can be e\tremcly 
sensitive to chamber temperature, and this point 
should he kept in mind when we consider hotter 
propellants. Further, one should be cautioiied 
that this type of reInuition can be very sensitive 
to the presence of small ainouiits of gases such 
as H p ,  HsO, ctc. which are effective in enerxg 
transfer. The propcllant gas is, of course, abun- 
daiitly supplied with a variety of such species. 
The significance of this order-of-magnitude esti- 
mate is merely that it indicates that  gas phase 
relaaation losses may well be important, and 
that they merit investigation. 

At this point m-e should note that relaxations 
in chemical reactions could be included here by 
specifying an appropriate a. for them. Relaxa- 
tions in the shiit 01 equilibrium would be e\- 
pectetl to contribute a positive ay (damping) 
while those related to incomplete reactions might 
result in either positive or negative values of a,. 
There has been little research in this area perti- 
nent t o  solid propellants.i4 

A I’urther source of attenuation is the common 
presence of solid particles in the gas. The attenua- 
tion constant for small spherical particles (radius 
R, number density N )  susl)enderl in a gas has 
been calculated in reference 15. Loss arises both 
from heat transl‘er ancl momentum transfer. 
The major contribution arises lrom viscous 
damping and is cyiressed in terms of an attenua- 
tion constant given by 

3xR AT 
C P  

ap = --q(1 + 2,) 

where z p  = R(wp/Zq)I ,  q is gas viscosity, and 
6 = p/density of solid <<1. Replacing or, by aP 
in Eq. (4a) gives an expression for the power loss 
clue to  particle damping. (Note that for a dis- 
tribution of particle sizes N (  R )  dR, ap  must be 
integrated over the distribution.) 

PIZINCIPLES 

.I coustic Idoss ut the l<xtcrior Boundaries. Ilrrc, it 
is especially important to recogmzc that \I c arc 
concerned with tkc possihlc build up o f  inripient 
disturbances, and that we therefore limit our 
attention to the usual liiicarized aroustic theory. 
It seeins probable that the acoustie losses for 
finite amplitude will be very much greakr than 
the small loss 11redictetl by the lincar theory, in 
vicw of the well-knonn severe enhancement of 
heat transfer rates nhirh is often ohscrvecl untlcr 
severe oscillatory conditions. These consitlera- 
tions, however, prrsuppose that the mean tcm- 
perature of the gas is equal to that of the mall, 
and that there IS no mean flow of gas past the 
wall. In thc rocket motor, both of tliesc ronditions 
arc usually violated. Sinre tlie d l  tern] 
is generally cooler than the gas ternperature, tlie 
possibility oi con~~er~io i i  01 thermal energy into 
aroustic energy a t  the cliamher wall must arise. 
In  other wortls, n e  arc iiot absolutely rertain 
that the wall of tlic rocket motor IS really an 
ahsorhr rather than an amplifier of acoustic 
energy. Here is aiiothw area nlierc both e\peri- 
mental and theoretical work R ould be of ~ ) n -  
siderablc importance t o  our problcm. 

For the simple illustrative eaam1)le to be con- 
sidered, Iiotvevcr, n e  shall be primarily con- 
cerned vith the head cavity in ~ ~ 1 1 1 ~ 1 1  the mean 
flow can he assumed to vanish. If the differciire 
between wall temperature and 435 temperature 
is neglected, the head wall loss 
from the usual acoustic nall 
obtains? 

Order-of-magnitude calculations suggest that  
the losses a t  other e\posetl walls mid through the 
outer wall of the rochet nil1 ordinarily be neg- 
ligible. There is, 01 rourse, the possibility of 
acoustic energy input a t  the outer walls a t  the 
aerodynamic screaming frequencies of tlic motor 
in flight, as has been noted by AZcClur(~.i6 The 
significance of this potential pov cr source, wvhich 
might go far tom arc1 e\plaimng some differences 
in stability observed Ijetwecn missiles on the 
thrust stand and missiles in flight, has iiot yet 
been evaluated. 

The importance of the nozzle as a sink of 
acoustic power has already been rc+ixxd to in 
the discussion of the loss-free acoustic field, and 
will not he commented upon further here, except 
to note that the order of pagnitude of the loss 
(or gain) component of the nozzle admittance as 
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ol)taitictl froiii long iiozzlc theory can be of the 
same order of inagiiitudc as that characterizing 
the gain at the hurning surface?j9 This fact, and 
espcritnental evidence, confirm that the nozzle 
can be an important constituent of the stability 
problem. 

The Cold ,Propellant Region. The loss of acoustic 
energy in the body of the solid propellant should 
be espcctccl to have a significant effect on the 
stability of the system. A\ completely general 
treatment of a solid absorptive medium seems 
unlikely to rneet with success. Perturbation 
methods, however, have been used to handle two 
estremc cases, namely, the cases where the 
damping iength in the solid is either long or 
short conq)ard  to the web thickness. 

For the case of sniall viscous loss (long damping 
length) the solid must be treated as an acoustic 
mcdium bourided by gas medium. The motions of 
this t\vo-mctlium system are calculated on a loss- 
free hasis, aiid this result is then used to determine 
the losses which .ivould ensue. Studies based on 
this staiidi~rd perturbation treatment have been 
reportcd in previous papers.17Js Kot unespectedly, 
the effectof the solid turnsout to bedominant from 
time to time during the course of burning for geom- 
etries in which the solid participates heavily in 
the motion, arid this effect is a source of inter- 
mittency in the ~tability.’~ 

When such is the case, the power loss due to 
solid damping can be representcd by adding to 
the burning surface admittance Yb [Eq. ( 3 a ) l  
thc term Rc (~J&’--P~,),=~, where S,, P,, arc 
the radial coniponcnts of displacenient and stress 
on the graiu. This term is awkward to write ex- 
plicitly, but its gcncral nature can be discerned 
from the characteristic solutions of the vector 
wavc equ:ttion. Thus for specified physical prop- 
crtirs (Lain6 moduli, viscosities, and density), 
we have 

Re ( ~ U & / - - P , . ~ ) ~  = function of (m ;  hb, wb;  a / b )  

for the rriodc with frequency a/%, azimuthal 
node number m, and axial wavc number h. Hence 
some scaling of calculated or experimental data is 
possible. Calculations for azimuthal ( h  = 0) and 
for axiaI ( m  = 0) modes of a hypothetical propel- 
lant have bcrn publishcd.l7JS 

If, on the other hand, the damping length in 
the solid is quite short, the impedance mis- 
match a t  the solid-gas interface will be large. 
Consequently, nearly all of the acoustic energy 
incident on the solid surface will be reflected 
back into the gas, while the amount of energy 
which can be transmitted across the boundary 
will be dissipated. The solid then presents to the 

gas an adtiiittaiice whose real part is 

( P S C S ’ )  -I = [ P C / P S C S ’ ]  (pc) -1 (psc,’ >> pc) , (7) 
where the subscript s refers to the solid (c; is the 
sound velocity in the solid appropriate to the 
modes under consideration). Thus the significance 
of the solid loss is determined by the relative 
magnitude of the real part of the admittance 
presented by the burning boundary, and that 
given by Eq. (7). As shown in reference 3, these 
two quantities will indeed tend to be of the same 
order of magnitude, and the amplifying ability 
can be expected to be somewhat reduced by 
losses in the solid. The frequency dependence of 
the soIid propellant elastic constants is of con- 
sidcrable importance here, as is the fact that  
these constants tend to be very sensitive to 
temperature. 

Sample Calculations 

As we have tried to emphasize, many sourccs 
of gains and losses have not been quantitatively 
studied in connection with the question of the 
assessment of linear acoustic stability of solid 
propellant rockets via small scale tests. But it is 
important to consider whether or not these 
mechanisms are really vital to the problem, or 
whether they can be disposed of because their 
effects must be trivial. This poses a question 
which should be resolvable by a quantitative 
study. It is in this light that  the crude sample 
calculations presented herein are to be viewed, 
because they are intended primarily to suggest 
the importance of certain loss mechanisms. 

The attenuation or amplification arising from 
the various regions in Fig. 1 are coiivcniently es- 
pressed in terms of equivalent admittances at 
the burning surface by dividing the power by 

These (real) admittances are summarized in 
Table 1, where esplicit espressions are given 
that hold for the field under the assumption that 
the solid surfacc is a velocity node for the zero- 
order acoustic field. We also indicate in the table 
the dependence of each gain or loss on the 
parameters describing the mode, the motor 
geometry, and the properties of the propellant 
and its product gas. 

Finally, we can restate in admittance form the 
criterion for stability 

where the subscript s pertains to the solid, p to 
particles in the product gas, g to relaxation loss 
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NON- 
BU RNl NG 

SURFACES 

PRODUCT 
GAS 

COMBUSTION 
ZONE 

MODELING PRINCIPLES 

TABLE 1 

Equivalent* Admittances for Sample Calculation 

HEAD- 
WALL 

NOZZLE 
PLANE 

RELAXATION 

. 

PARTICLES 

ACOUSTIC 
LAYER 

COMBUSTION 
LAYER 

COLDPROPELLANT 

CONTRIBUTION TO GAIN (-) 
OR LOSS (+) IN ADMITTANCE 
FORM (c.g.s. units )  

Re Y, NO THEORY EXCEPT 
FOR LONG NOZZLES 

(et. Eq. (4) far ag) 

2 ReYp = G ( 1 - G  m 

YP a a  
(cf. Eq. (5) far u p )  

Re Y, 

1 
=- (high-loss) 

Pr c; 

THE SOURCE OR SI 

MODE + 6E~METRY 

MODE + GEOMETRY, FREQUENCY, 
BURNING RATE, SO 
MEAN FLOW DlSTRl 

MODE + GEOMETRY 
(m, wa, ha, a )  
GAS PHYSICALS 
( Y .  c, PI ag (involves O) ) 

MODE FREQUENCY-w 
STEADY STATE V,P 
RESPONSE FUNCTIO 
AND SOLID PHYSlC~-CHEMICALS) 

MODE + GEOMETRY 
( m o b ,  hb, f )  

PROPELLANT PHYSICALS 
( L P , ~ ' , % P , )  

*(EACH ADMITTANCE IS NORMALIZED TO THE AREA OF THE BURNING SURFACE) 

in the gas, N to the nozzle plane, W to the head 
wall, and 6 to the burning zone. The dependence 
on scale is only partly in evidence in Table 1 
because the various elastic constants and damping 
lengths are, in general, functions of frequency 
which is a function of size and shape. Table 1 
illustrates particularly how stability can be 
assessed when these parameters are known. 

I n  order to display the possible significance of 
the various mechanisms for which we have made 
the order-of-magnitude estimates given in the 
preceding we shall consider each of them in- 
dividually, pretending that each one, in turn, 
was dominant. Assuming a representative value 
of --+(ij/P) for the net real part of the admit- 
tance of the burning zone (0 is the mean velocity 

of the hot gas emerging from the burning zone), 
we find that the contours of neutral stability for 
this mode arc as shown in Fig. 2 ,  which is bor- 
rowed from reference 3, where its derivation is 
discussed in more detail. The relevant feature 
for the present discussion is that each of the gas 
phase damping mechanisms could very wcll in- 
fluencc stability. The relatively small exposed 
head wall area accounts for the fact that  these 
losses arc very small for the motor under discus- 
sion, so that they are not shown in the figure. 

For the particular motor and mode under con- 
sideration, the curves of Fig. 2 constitute a set of 
similarity relations as summarized in Table 2 
[which is taken from reference 31 where i t  is 
noted that the theoretical straight-lime relation- 

,-> 
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PARTICLES OF SIZE A 
FEWMICRONS 

PARTICLES OF SIZE A 
FEW TENS OF MICRONS 

WALL DAMPING 

MOLECULAR RELAXA- 
TlON GAS DAMPING 

1 2 3 4 5 6 7 
PORT DIAMETER, Dp ( i n . )  

K, cc Dp-’ 

K, CT DP-’/’ LOWER-LEFT 

K, Di Dp-’ 

K, oc Dp-’ UPPER-RIGHT 

h c + .  2. Stal)ility map showing stable and unstable operating regions charac- 
tcristic of various kinds of gas phase losses. (The response of the burning sur- 

face has been assumed frequency-independent.) 

ship for small particle clamping is in excellent 
agreementJ ith experimental data of Brownlee 
and Markde.‘” 

In order to  illustrate the varied stability be- 
havior which occurs when motors are scaled, we 
have preitarcd Fig. 3. For this illustration, we 
have considered two sources of attenuation in the 
body of the gas, viz. molecular relaxation and 
particle damping, and adopted the numerical 
values uwd in reference 3 .  We will recall that, 
during burnin:, a given motor with a fixed 
nozzle area 15 represented by a diagonal line 

TABLE 2 

Scaling Rules 

FORM OF THE 
PORTION OF THE 
K, - Dp PLANE 

THAT IS UNSTABLE 

LOWER- RIGHT 

‘Those rules p o r t d n  io the propallmt o f  Fig. 2 h w i n g  a bvrning roto pressure. 
axponont, n = 1/3. I(. i s  the  ratio o f  burning propellant to norzlo thmot nrw,  

and Dp i s  th. port diameter. 
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segment as indicated on the figure (an internal 
burning cylindrical charge is being considered) . 
Since the burning area to throat area ratio (&) 
is dimensionless, the firing of a scale model of the 
motor is represented by shifting the line segment 
as shown in the figure (note the log scales). For 
the situation depicted, we can see that while the 
full scale motor should actually operate stably, 
tests on a scale model would indicate instability 
or stability depending on the degree of scaling. 
For example, the one-sixth scale motor should be 
unstable over almost its entire burning period, 
whereas the one-twelfth scale motor would be 
stable. This illustrates theoretically the well- 
known experimental fact that  one cannot in 
general naively predict the stability or instability 
of a motor directly from the stability or insta- 
bility of a scale model. Nevertheless, a careful 
analysis of scale model firings can give important 
information on the separate contributions of 
various mechanisms to the stability of the full 
scale engine. 

Concluding Remarks 

We have been considering the problem of 
determining the stability of a rocket motor 
against small pressure perturbations, by small 
scale, rather than full scale testing. It seems to be 
clear that such a determination should be pos- 
sible, a t  least in large measure. What is required, 
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1 5 10 15 20 25 30 
PORT DIAMETER, D, ( i n . )  

FIG. 3 .  The effect of scaling on the stability of the first tangential mode is 
shown for the values of gas phase damping parameters indicated. (The gas- 
i.e., relaxation-damping length is given in the text.) Quite different effects 
can be obtained in other modes and with other values of the admittance of the 

burning surface. 

TABLE 3 
Important Parameters Required for Stability Uctermination 

QUANTITY 

ADMITTANCE OF 
BURNING LAYER 

GAS PHASE DAMPING 
LENGTH OR 
ATTENUATION 
COEFFICIENT 

SOLID PHASE VISCO- 
ELASTIC CONSTANTS 

NOZZLE 
ADMITTANCE 

MECHANISM 

AMPLIFICATION OR 
ATTENUATION AT 
THE BURNING 
SU R FACE 

AMPLIFICATION OR 
ATTENUATION IN 
THE GAS PHASE 

CONTRIBUTES TO 
DETERMINING MODE 
FREQUENCIES AND 
TO ATTENUATION 
IN THE SOLID 
PHASE 

CONTRIBUTES TO 
DETERMINING MODE 
FREQUENCIES AND 
TO GAIN OR LOSS AT 
THE NOZZLE PLANE 

FUNCTION OF 

COMPOSI- 
TIME, 

TURE, EROSIVE VELOCITY METHOD OF CURE, ETC. 
I 

I TURE 

I 

DITTO THE ABOVE 

I 
I 
I 

IREQUENCY, MODE, MEAN FLOW DISTRIBUTION, 
‘4OZZLE SIZE AND SHAPE, SOUND VELOCITY 
N GAS, AND THE SOUND FIELD, ITSELF.. 

OTHER PARAMETERS MAY OCCASIONALLY BE IMPORTANT ALSO, SUCH AS THOSE DESCRIBING 
WALL LOSSES, RESONANT ROD LOSSES, INPUTS DUE TO AERODYNAMIC SCREAMING, ETC. 
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is iiiensureiiicnt of the paranicters 
e esscntial to charsctcrizing the acoustic 

gains and losses. These will include a t  least those 
summarized in Table 3. 1T7e have attempted to 
indicate in the text the extent to which these 
parameters still constitute essentially virgin 
ground insofar as research in solid propellants is 
conwrncd. The extent of' the untilled areas is 
quite inq)ressive, a t  least t o  us. 

There are other problems which we have 
avoided, :jU(;ll as those presented by irregular 
geometrics, and by occasionally encountered 
oscillatory instability a t  very low frequencies not 
corresponding to the normal modes of the motor. 
These arc among the incidental problems which 
should be susceptible, a t  least in principle, to the 
standard methods of attack, but which involve 
substantial new difficulties which have not been 
well explored. I t  is only natural that clarification 
in these areas should be delayed while the main 
interest lises in resolving the more commonly en- 
countered problems. 

X further complication which was discussed 
briefly ensues from the fact that a t  low fre- 
quencies the acoustic boundary layer may be so 
thick as to include within itself all or a sub- 
stantial part of the motor cavity.ll I n  that event 
the oscillatory field should not be represented by 
only the acoustic wave, but must include also 
the cntroliic wavc, which is very sensitive to the 
mean flow distribution. I t  is not yet clear just 
how important these considerations will turn 
out to be in affecting the assessment of stability. 

The effect of erosive velocity on the ability of 
the propellant to  amplify or attenuate is another 
aspect of the stability problem which deserves 
both theorctical and experimental attention, as 
indicated both by crude theoretical assessment 
and by esp(~rirnent.l," 

We would be in error, however, if we were to 
leave the implictltion that the stability deter- 
mination will be settled once the question of 
linear stability has been answered. First of all 
there is the question of stability against finite 
arnplitutli: disturbances. It has now been defi- 
nitely cstnblishecl that  solid propellant (like 
liquid propellant) motors will occasionally be en- 
countered which remain stable only so long as 
they are not too seriously perturbed.4 This prob- 
lem is one of considerably greater difficulty from 
both the theoretical and espximental point of 
view, although it ma) that measurement of 
the finite amplitude .ameters indicated in 
Table 3 will go a long way toward resolving the 
finite amplitude question. There are further 
difficulties which appear, such as the fact that  
the solid propellant damping seems to be signifi- 
cantly altered after esposure to an oscillatory 
environment, and the question of the anomalous 

heat transfer rates ivhich niay also occur during 
severe oscillation. Thus, it would seem entirely 
premature to attempt to catalogue the status of 
thc finite amplitude stability question. 

Nomenclature 

Inside radius of tubular grain (= ;I),) 
Outside radius of tubular grain 
Sound velocity in the chambcr gas 
Sound velocity in the grain (= cd for 

dilatational wave, = C, for shear wave) 
Port diameter (= 2a) 
Circular frequency (= w / 2 ~ )  
Axial index of acoustic mode [Eq. ( 2 ) ]  
Bessel function of first kind of order m 
Ratio of burning surface area to nozzle 

Length of tubular grain 
Azimuthal index of acoustic mode [Eq. 

Number density of particles of radius R 

Acoustic pressure 
Acoustic pressure amplitude 
Mean chambcr pressure 
Radial component of stress in grain 
Radial position in cylindrical coordinates 
Radius of solid particles suspended in 

Radial component of displacement in 

Acoustic particle velocity 
Mean velocity of gas leaving burning 

Normal specific admittance 
Axial position in cylindrical coordinates 

throat area 

(211 

in the gas 

chamber gas 

grain 

zone 

Radial index of acoustic mode [Eq. (2)] 
Attenuation constant due to gas 

Attenuation constant due to particles in 

Specific heat ratio of chamber gas 
Kronecker delta symbol 
Kronecker delta symbol 
Shear viscosity 
Lam6 modulus 
Dilatational viscosity 
Lam6 modulus 
Density of chamber gas 
Density of solid propellant 
Density of a solid particle in the chamber 

Angular frequency (= 2rf) 

relaxation 

the gas 

gas 
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MR. S. L. BRAGG (Rolls-Royce) : Dr. Lawhead has 
shown that the modeling parameters can he kept 
constant, and the relative stability ratings of in- 
jector systems determined by tests on strip, annular, 
or segmental sect,ion models of liquid propellant 
rockets. 

Could the same technique be applied to solid 
propellant motors? The frequency would be ap- 
proximately correct if strip or annular chambers 
were used, and the extra wall damping might not be 
significant if the major part of the damping is in 
fact caused by the particles in the stream. 

DR. R. W. HART (APL/The Johns Hopkins 
University) : It is clear that the acoustic gain-loss 
balance is a function of quite a number of param- 
eters and that modeling experiments in which one 
or perhaps a very few of these parameters were 
varied could be quite helpful. Of course, this would 
be particularly true if only one very significant 

quantity were varied. With respect to the nperi- 
ments to which Dr. Bragg refers the steady state 
flow might be well reproduced in the model. The 
oscillation frequency which is known often to be 
an important quantity could also be hdd substan- 
tially fixed. The acoustic field, however, would then 
not be correctly modeled in all dimensions. I do not 
believe that it is yet known just how im,portant this 
lack of fidelity in the model might be. There would 
be other varied quantities, however, such as the ex- 
posed motor wall area, and probably the acoustic 
loss a t  the orifice. These variable factors would he 
expected to influcnee the validity of the modeling 
to an extent which would havr to be determined. 
Two important questions would appear to remain 
unilluminated, however. If the model proved to he 
stable, no information would seem forhhcoming as 
to the margin of safety, and it would be difficult to 
infer finite amplitude properties from the model 
because the acoustic field would, in general, not be 
faithfully modeled. 
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Depending upon oue’s point of view, strong 
argument can be made on either side of the 
proposition that real progress has been made 
during the last forty years in the field of research 
into rcciprocating engine combustion. If one 
conbiders only wliethcr the problems are being 
bolvcd, the msm ~r mu5t he that progress has 
been remarkablc. Control of combustion has 
been cffccttd satisfactorily to date and to an 
extent that has allowed continual improvement 
iu enginc performance beyond the successive 
predictions of ultimate barriers. On the other 
hand, no agreement exists that there is a real 
undcrstartding of the fundamentals applicable to 
reciprocating engine combustion. The solutions 
to combustion engine problems have been 
almost exclusively empirical, as has been the 
prepondcirance of research. 

It was not the intent in assembling this intro- 
ductory paper to the Colloquium on Recipro- 
cating Engine Combustion Research to attempt 
either an cxhauitive treatise nor to deal with 
history. €lather, what was in mind was to provide 
a framework within which more or less the S 
papers presented can be fit. Additionally this 
introduction was intended to provide a com- 
pendium of sources, Ixirnarily recent, from which 
one might qlean a perha1)s broader sense of the 
status o F piston cnginc conibustion research 
than ib poshible 11 ithin thc confines of a program 
as necessarily limited as this Colloquium must be. 
Thus this paper incorporates a large list of refer- 
ences, partly historical but mostly more recent 

than the last instance in which the subject was 
paid attention a t  a Combustion Symposium. 
In addition some of these references are intended 
to point to problem areas either recurrent or new 
which could well receive more attention. Please 
bear with the author if the references appearing 
herewith seem to be oriented in the literature of 
that  language with which he is most conversant, 
and if some of the more recent references which 
should have been included have somehow been 
overlooked. 

The Combustion Symposia are sporadic in 
their attention to the subject of reciprocating 
engine combustion per se. The first Symposium, 
in 192S, incorporated two papers1q2 dealing with 
divergent subject matters. One paper recounted 
an early recognition that knock was related to 
mixture ratio as well as other factors1 and the 
other, a disclosure that the progress of com- 
bustion reaction across an engine cylinder is a 
fuel-dependent variable? 

The Second Symposium in 1937 was approxi- 
mately half given over to piston engine combus- 
tion phenomena. Included in the list of authors 
of the eleven  paper^^-'^ are many illustrious 
names. The program was admirably compre- 
hensive in scope. Twenty-five years later, the 
subject matters of a majority of the papers are 
still pertinent and unfortunately still under study 
and even appear on the program of this, the 
Ninth Symposium. 

The Third Symposium, in postwar 194S, in- 
corporated only two strictly engine pap~rs . ’~ ,~”  

1005 
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One of these15 was intended to settle once and for 
all the question of whether or not the phe- 
nomenon in thc end zone is truly detonation, an 
argument which is still extant. 

Only one engine paper1G appeared on the pro- 
gram of the Fourth Symposium. The Fifth 
Symposium included sev~nl~-’~. It would appear 
that  the program of the Fifth Symposium might 
have been assembled in a manner calculated to 
give a comprehensive picture of the problems 
and progress in engine combustion. Beyond 
two very good survey  paper^'^^'^ however, the 
program seemed to fall somewhat short of this 
admirable goal. One might say that the papers 
in the Fifth Symposium were progress reports 
in selective areas. 

The last of the Combustion Symposia prc- 
ceding this in which engine combustion was 
considered was the Sixth. Three offerings ap- 
11eared.’~J~ One of these25 touched on a mush- 
rooming area of concern-the source of unburned 
hydrocarbon in engine exhaust. Anotherz4 deaIt 
with the continuing effort to correlate internal 
combustion phenomena with less complex sys- 
tems. The third2G was further in the argument, 
pro and con, on detonation. 

No papers at all appeared on the subject of 
piston engine combustion as such in either the 
Seventh or Eighth Symposium. This does not 
mean that research and publication were not 
taking place. Nor does it mean that the subject 
matters of these symposia were not in part engine 
related. If anything, the compendium attached 
hereto is evidence to the contrary. 

For the Ninth Symposium on Combustion i t  
was decided it would be timely and appropriate 
to attempt a comprehensive Colloquiuin on 
Reciprocating Engine Combustion. In  one rc- 
spect, the program commemorates the 25th 
anniversary of the Second Symposium. It was 
originally intended that the subject matter be 
as comprehensive as possible and cover the 
presently pressing problems and the status of 
research principally on spark ignition engines. I n  
small part i t  was also intended to include com- 
pression ignition combustion phenomena. 

A reflection of the literature of the subject 
shows that the principal objective of piston 
engine combustion research is to determine the 
source and find a cure for the audible vibrations 
associated with combustion. These noises, in a 
variety of manifestations and however ~lassified3~ 
and whether or not destructive of the piston 
engine, account for upwards of 90 per cent of 
research and development from 1920.2’ An 
excellent historical review up to 1950 may be 
had by resort to a combination of references, 
but mainly references 29 and 30. The variety, 

character, and classification of noises have not 
been simplified ovrr the years. Thc kinds of 
problems and number of these have become more 
complex, and particularly as compression ratios 
havc been raised, cvcn though thcre havc been 
large improvements in fuel antikna~ck quality 
and engine conibustion chamber dcsign. 

Whereas octane number, until nhout the time 
of the Sixth Symposium, was a good yardstick 
by which to judge the mutual compatibility of 
fuel quality and engine compression ratio, a new 
phenomenon (or an old one reborn) has recently 
become sufficiently severe that coml)ression ratio 
is not now limited by octanc numhcr but rather 
by pre-ignition, surface ignition, l)arti~.;le ignition, 
or precombustion reactions. Octanc number in 
such instances is relatively a secondary factor in 
terms of combustion noises cman:zting from 
the engine. The character and source of some of 
these so-called abnormal combustion n o i s ~ s ~ ~ - ~ ~  
can be related to combustion prcssurla rise rates. 
When the rate of pressure rise cscectds a given 
critical level, the power train, particularly the 
crankshaft, is set into This phe- 
nomenon of induced mechanical vibration is in 
general identified by tlie namcs “rumble,” 
“thudding,” or “rough combustion.” There is 
little difference in the resulting char:tctcr of the 
phenomenon, whether it is attributed to exposure 
of the fuel-air mixture during coinpi-cssion to a 
hot surface, to deposits which havc flaked from 
the surface, or, in tlie absence of deposits, to a 
preconditioning of thc mixture to major oxo- 
thermic reaction of any character prior to arrival 
of the spark initiated flame fr0nt.4”’~ 

The phenomenon of‘ so-called uncontrolled or 
pre-ignition combustion, taking place in the com- 
bustion chamber prior to, or occurring parallcl 
with the spark ignited Aame front is also cn- 
countered in high compression ratio engines whilc 
they are being cranked for starti1ig.7“~~ This 
release of energy on comprcssion obviously 
causes difficulty in eiiginc starting. Thc cause of 
this type of pre-ignition is compounded from fuel 
reactivity characteristics, compression ratio, sild 
time-temperature history of the charge. 

The tendency for occurrence of the pre-ignition 
phenomena described above can be partially con- 
trolled, either through combustion chainber dc- 
sign, fuel cornposition, or through fuel addi- 
t ive~ . ’~-~~ Perhaps it is rrdundant to point out 
that  the fundamental reasons for the action of 
additives, deposits, fuel composition, or engine 
design to influence tlie onset of this type of so- 
called abnormal combustion are not, completely 
understood. 

There is no question rcinaining today regarding 
whether the reactive mixture which feeds the 
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flame front, whether normal or abnormal, is the 
same material as that  which entered the engine. 
By the time a flame is established the fuel has 
undergone varying extends of oxidation and de- 
composition. Depending upon the multitude of 
variables which exist, these precombustion re- 
actions can lead to end result in either normal 
flame or a pre-ignition or a post-ignition 
pr~blemP-~* 

The qu'estion of whether the post-ignition en- 
gine noise, sometimes called detonation but more 
usually just called knock, is a true detonation 
has been touched on previously. The knock 
problem has been so extensively treated in other 
places and a t  other times that it will suffice here 
to call attention to a few more recent and seem- 
ingly pertinent publications on the phenomenon 
and its p r e c ~ i r s o r s ~ ~ - ~ ~  and upon some early,99-100 

arid efforts to photograph 
with high speed motion pictures the knocking 
combustion process in engines using windows in 
the combustion envelope. 

Whether or not the flame progresses a t  a speed 
which is consistent with optimum performance is 
a matter of continuing study. So-called flame 
speed measurements are still being made106-10S 
in part a t  least to aid in an explanation of phe- 
nomena such as rumble. Two papers in this 
Colloquiuin should aid in bringing the subject 
up to datc.10930 

The fact that the flame front has passed 
through :t combustion chamber unfortunately 
does not mean that combustion has been satis- 
factorily completed. The small amounts of un- 
burned fuel and lubricant which pass out the 
exhaust valve along with oxides of nitrogen can 
be of a composition and quantity to cause concern 
with regard to air pollution.111J12 Some legislative 
bodies have already taken action to restrict the 
emission of materials from piston engine ex- 
haust.l13 Progress is being made, both on the 
mechanisms which lead to the production of the 
undesirable constituents and on means for a t  
least partially reducing the amount of these ma- 
terials which ultimately leave the engine or the 
exhause pipe.114-123 

The problems of reciprocating engine combus- 
tion are not easy to study in an operating engine 
per se. It would be easier to study precombustion 
reactions and knock in more simple systems, but 
obviously some reasonable simulation of the 
time-temperature-pressure history is desirable. 
Over the past fifteen years the rapid compression 
machine :has been used for just such pur- 
p o ~ e . ~ ~ J ~ ~ - ~ . ~ ~  Further information on this type 
of investigation appears on this program.lZ7 More 
recently the shock tube has found a place in the 

study of precombustion reactions in a time- 
temperature-pressure environment closely akin 
to the reciprocating engineris and this subject also 
appears on the p r o g r a n ~ . ~ ~ ~  

The part played by lead and other metal com- 
pounds in reducing knock tendency is also not 
yet generally agreed upon after 40 years of ap- 
plication. The activity in this area of research 
has decreased somewhat but is still a t  a level to 
occupy attention.130 Tetramethyl lead appears 
to be coming into favor as a practical antiknock 
for present day motor g a ~ o l i n e s . ' ~ ~ J ~ ~  A paper on 
this subject is on this Symposium program.133 

It has also been a long-standing universal hope 
that a means may be found to predict fuel 
combustion characteristics in an engine from 
structural characteristics or chemical properties 
alone, and some progress has been made in this 
regard.'34J35 Part of this program deals with such 
effort toward a better understanding of how fuel 
structure or composition influence the combus- 
tion process.136 

The other paper appearing on the Colloquium 
on Reciprocating Engine Combustion Research 
has to do with diesel engine combustion.137 The 
diffusional flame, as a problem of reciprocating 
engine combustion may well be coming to a more 
prominent position with, in addition to the diesel 
engine itself, a kndency to reevaluate the spark 
ignition-fuel injection engine13sJ3y in . the form 
perhaps of a stratified charge configuration. The 
principles which apply to diesel engine combus- 
tion, while not directly parallel to spark ignition 
fuel injection are none the less pertinent. 

Thc program of the Colloquium, while it is, as 
indicated, by no means either exhaustive or 
completely comprehensive, would be less so if 
mention was not made of at least another area or 
two in which there is presently new work under 
way. One of these is the calculation of and the 
measurement of the states of the gases in a re- 
ciprocating engine combustion ~ h a m b e r . ' ~ ' ~ ~  
Progress can in large part be attributed to the 
more ready availability of high quality instru- 
mentation and the advent of the high speed 
digital computer. Another area which should not 
be ignored by this author, a t  least, is that of the 
application to piston engines of unusual or non- 
hydrocarbon fue1s.l" 

These papers, on the program and presented in 
other places, illustrate by example the state of 
recent theoretical and technological attacks on 
continuing problems of the reciprocating engine. 
There do not appear to be any earth-shaking 
discoveries or any complete solutions, but con- 
tinued progress toward understanding of phe- 
nomena is surely apparent. 
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KNOCK REACTION 

W. JOST 

Reaction in a rapid compression apparatus was followed by pressure recording, by photography, 
and by sampling and chemical analysis. It was possible to investigate the highly sensitive hydrogen- 
oxygen reaction with this equipment. Results obtained with this reaction make it highly improbable 
that any hot-point effects are present. Detailed results are presented for single or two-stage ignition 
of hydrocarbons with air. 

Introduction 

The method of adiabatic compression in the 
form of “1meumatie ignition” is of very old 
standing. As a method for quantitative measure- 
ments it was first used by Falk2 a t  Nernst’s sug- 
gestion, and later improvcd by Cassel. I n  a new 
and elegant form it was used by Tizard and 
Pye4 for the investigation of hydrocarbon and 
other ignition reactions. 

In  the author’s laboratory i t  has been used 
primarily for the investigation of hydrocarbon 
ignition since 1935. Attempts to use it for in- 
vttstigating the oxidation of carbon monoside, 
hydrogen, etc., failed until about 1960 when we 
had sufficiently improved our method. This gave 
a check on the reliability of the hydrocarbon 
measurements. 

The aim of our esperinients was and is to in- 
vestigate the kinetics of osidation reactions, un- 
influenced by wall effects. In  order to achieve 
this, i t  proved necessary to estend the method 
by taking and analyzing gas samples during the 
induction time. h number of interesting results 
were obtained during the last two years, which, 
however, are not included in this report. 

Special care in the experiments was taken to 
obtain completely honiogeneous mixtures, by 
saturating gas streams with the vapor of pure 
components, and to ascertain that the last phase 
of compression, passing roughly a range of 5OoC 
below reaction temperature, was sufficiently 
rapid to prevent reactions under uncontrolled 
conditions. As a consequence we avoided very 
short induction times, for which our time resolu- 
tion was insufficient, the more so since the shock 
method is availlablc for them. In order to achieve 
this, it  was more important to maintain maximum 
piston speed up to the end of compression than 
to usc estrernely high piston speeds. At the same 
time this reduces the possibility of compression 
or shock wave formation. 

The method has since been taken up in a num- 
ber of laboratories (see, e.g., references 6, 13, 15, 
16, 17, lS, and 19). Space does not permit a de- 
tailed comparison of the methods. 

Experimental Results and Discussion 

Table 1 gives a selection of so-called ignition 
temperatures of hydrocarbons and some other 

TABLE 1 

Ignition Temperatures of Organic Substances 

Ignition 
Substance temperature (“C) 

n-Butane 
n-Hexane 
n-Heptane 
%-Octane 
n-Decane 

i-Butane 
i-Pentane 
i-Octane 

Cyclobutane 
Cyclopentane 
Cyclohexane 

Benzene 
Toluene 

Methanol 
Ethanol 

i-Propanol 
n-Butanol 

Acetone 
Diethylether 

430 
261 
244 
240 
231 

540 
426 
447 

320 
390 
270 

59.5 
569 

400 
425 
340 
400 

690 
1 so 

1013 
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TABLE 2 

Temperatures in the Unburned Mixture in an Engine 

Initial temperature before compres- 313 
sion, but including heat transfer 
and admixture of hot gases (“K) 

Final compression temperature (“K) 
(Y = i.35j 

Compression ratio 
6 (1) 554 
S (2) 64s 

10 (3) 69s 

Final temperature (“IC) after com- 
pression by flame, if pressure rises 
by a factor 3 (a)  or 5 ( b )  

( l a )  7s4 
(16) s9s 

570 
996 

937 
1073 

333 

613 
6S6 
742 

s30 
950 

92 1 
1054 

996 
1141 

353 

656 
72s 
7s7 

ss0 
100s 

977 
1119 

1056 
1210 

3 73 

693 
769 
S32 

930 
1066 

1032 
11sa 

1116 
1279 

3 93 

731 
s11 
579 

9s1 
1124 

10% 
1247 

llS0 
1352 

organic compounds. The temperatures were de- 
termined in such a way as to represent the lowest 
temperatures where mixtures of these substaiices 
with air can ignite spontaneously. Many of these 
temperatures are remarkably low. While ignition 
temperatures are not independent of the method 
employed and vary with pressurc they give, 
nevertheless the right order. We attempt to re- 
port the lowest temperature whiIe avoiding wall 
influences. 

Temperatures which may be reached in the 
unburned mixture in an Otto engine are listed 
for varying conditions and assumptions in Table 
2. It is seen that these temperatures may be 
considerably higher than the ignition tcmpera- 
tures. Consequently, with almost any fuel there 
arises the question: How is a reliable engine com- 
bustion possible when the unburned mixture is 
heated far above its lowest ignition temperature? 
This suggests a refinement of the concept of ig- 
nition temperature. When determining ignition 
temperatures for questions of safety, one at- 
tempts to find the lowest possible values. This 
implies an extrapolation to “practically infinite” 
time lags. “practically infinite” may mean times 
of the order of 1 to 10 seconds or more. There- 
fore, the first step must be to compare timcs 
available in engine combustion with time lags 
for ignition. One would expect considerably 
higher ignition temperatures if ignition is to 
occur within times of the order sec, as is 
borne out by experiments. 

If as a measure of reaction we introduce thc 
relative amount of oxidation 5 varying from 0 to  
1, then the magnitude of intercst is 

where the intcgration of the tcmpcrature-de- 
pendent relative reaction rate $ is to be carried 
out along the actual path of temperature inmease 
in the unburned mixture of an engine cylinder up 
to the final temperature T / ,  reached a t  time t f ;  
T = t f  - to is the time lag. The time t f ,  whcn 
the maximum temperature of the unburned 
mixture is reached, is the same as that a t  which 
normal combustion is completed. Thus, condi- 
tions in an engine may be seen as a competition 
between combustion in a flame and spontaneous 
reaction in the unburned gas. As long as E /  is 
small compared to 1, spontaneous reaction is 
unimportant. If 41 approaches 1, a more detailed 
investigation must show how far the spontaneous 
reaction interferes with normal combustion and 
pressure rise in an engine. 

One might consider a further improvement 
which, however, has not yet been tackled suc- 
cessfully, i.e., the interaction of the flame reac- 
tion in an engine and the spontaneous reaction 
in the unburned misture. Here further esperi- 
mental studies are necessary and might prove 
very valuable. 

It will turn out that  the reaction exhibits, a t  
least in its first stagc, a11 the characteristics of a 
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branching chain mechanism. As a consequence, 
an expression for 4 as in Eq. (1) is not completely 
determineld by the concentration of stable prod- 
ucts and the temperature, but depends also on 
the path by which this state has been reached. 
Thus, a inethod suggested by Teichmann de- 
serves consideration: to simulate in kinetic in- 
vestigations the change of temperature and 
pressure with time as it occurs in an engine. This 
type of an experiment resembles investigations 
with motored engines. It can be achieved, to a 
certain degree, by observing the reaction in a 
mixture adiabatically compressed by a moving, 
nonarrestrd piston. So far, we have not used 
this approach, because it is extremely difficult to 
evaluate cslteriments of this type kinetically. It 
seems worthwhile, however, to plan experiments 
of this type. 

To study the reactions occurring in the un- 
burned mixture of an engine under laboratory 
condition. we applied the method of rapid 
adiabatic compression (with Teichmann, 
Rogener, v. Weber, H. Gg. Wagner, Mar- 
tinengo, Zunft, Hattwig, Karmann). The main 
fcatures of the equipment in its final form are: 
compression cylinder of appros. 30 and 50 mm 
diameter, respectively, and appros. 1 m length; 
light-weight piston, with specially shaped and 
mounted Teflon rings, giving perfect fit without 
any lubricant; arresting of the piston moving a t  
and above 20 m/sec in a distance of the order of 
1/10 mm (during a time of the order of 10 psec) 
by momentum transfer to a heavy mass, sup- 
ported by springs of air. Reaction times of the 
order of 1 to 100 msec are accessible in this way. 
Shorter reaction times can be investigated if one 
allows for preliminary reactions during the last 
phase of compression or tries to correct for them. 
We extended the experiments to shorter induc- 
tion times by means of shock tube experiments 
which agreed with the results of the adiabatic 
compression csperiments. 

The compression stroke in an engine, running 
a t  3000 rpm takes 10 msec. Consequently, the 
time resolution obtained in our experiments is 
quite sufficient for comparison with engine con- 
ditions. The resolution is considerably better 
than the reaction time of about 1 msec which we 
consider roughly the limit for experiments un- 
disturbed by reactions during compression. 

It is a question of fundamental importance 
whether or not under conditions of adiabatic 
compression we may expect a homogeneous re- 
action. The walls of the compression cylinder 
and of the reaction chamber are never heated 
significant,ly above 100°C. Consequently from 
the point of view of reaction kinetics, they may 
be considered as "cool." There is no lubricant 
present. If the Teflon rings, gliding on steel, 

should get heated, they are separated from the 
reaction volume by a very narrow circular gap, 
preventing direct influence on the reaction. 

A typical pressure record, obtained with a 
stoichiometric i-octane-air mixture is shown in 
Fig. 1. With an initial temperature of S0"C and 
atmospheric pressure, a compression tempera- 
ture T, of 70OoK, and a compression pressure of 
1S.6 atmospheres are obtained. There is a very 
sharp break in the curve at the end of compres- 
sion. The record shows a distinct two-stage 
ignition mechanism. A first induction period of 
13.5 msec, counted up to the inflection point, 
corresponding to a maximum in reaction rate, is 
followed by a second induction time, with reac- 
tion rate dropping again to almost zero, and final 
ignition after a second induction time of S.5 

To = 80°C TE = 700'K TI, =810°K 

Po = 1 atm PE = 18.6 atm Pi, = 21.5 atm 

6 = 9.5 = 8.5 msec fz = 8.5 msec 

= 1.0 

FIG. 1. Pressure record of stoichiometric i-octane-air 
mixture. 

msec, corresponding to a total induction time of 
22 msec. 

I n  the second stagc a pressure of 21.5 atmos- 
pheres and a temperature of S10"K are reached. 
The flame record, obtained with a rotating drum 
camera, is shown underneath the pressure record. 
This shows that ignition occurs within about 1 
msec, but not quite homogeneously. Thus, a re- 
action rate derived from the pressure rise during 
the Iast phase gives only a lower bound to the 
actual value because flame propagation is in- 
cluded in the process. Flame propagation over a 
distance of 2.5 cm (half of the tube diameter) 
within 1 msec would correspond to a flame 
velocity of the order of 25 msec-l, which is much 
higher than the flame velocity in a mixture a t  
rest. With ignition lags of the order of 1 msec, 
flame velocities derived from pressure records 
are roughly 20 times higher. The most probable 
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explanation is that inhomogeneities due to 
boundary layer effects (perhaps of an indirect 
nature) cause local differences in rcactivity. It 
should be emphasized that  this experiment is not 
typical for engine conditions, the total induction 
time of 22 see being much too long, For a total 
induction time of 1 msec 10 to 20 times the 
above flame speed would be obtained! 

- 

750 I 

Ignition of Hydrogen-Oxygen Mixtures 

We investigated the reaction of hydrogen and 
air or oxygen in the same apparatus. Owing to 
the lack of lubricants and the absence of other 
disturbances it was possible to measure reaction 
rates at and above the third explosion limit of 
hydrogen-air. A typical record of one-stage ig- 
nition is shown in Fig. 2. At a compression tem- 
perature of 960'K and a compression pressure of 
3 atm ignition occurs within 1 msec. The rate of 
pressure rise at the end of the induction time is 
extremely fast. If these induction times, observed 
for varying temperatures and pressures, are 
extrapolated to (practically) infinite induction 
time, values for the third explosion limit are ob- 
tained (Fig. 3). Agreement between our values 
(for hydrogen + air) and those obtained from 
static reaction in a glass vessel (for ZWz + 0 2 )  

is adequate, though not complete. If inhomoge- 
neities, especially hot points in the compression 
apparatus, were responsible for the discrepancy, 
then the values obtained from adiabatic esperi- 
ments should probably he lower than those from 

-rn=--- 
HORIZONTAL DISPLAY : 2 ms/cm 
COMPR. END PRESSURE : 3 atm 
COMPR. END TEMP : 900'K 

FIG. 2.  Pressure record of hydrogen-air misturc. 

static expcriments. However, if there is a real 
difference, the contrary should be espected. Ob- 
served induction times are compatible with a 
bimolecular initiating reaction betwecn H2 and 
0 2 ,  of the type 

H, + 0 2  4 20H 

with an energy of activation between 60 and 65 
kea1 per mole, or some analogous bimolecular 
reaction followed by the usual branching chain 

OH + 13, 4 HzO + I3 

H + 0 2  + O H  + O 

0 + H2 -+ OH + H, etc., 

though the above reactions alone arc insufbcicnt 
to describe all details. 

1) THIS P A P E R  

2) VOEVODSKY KCI 

3) VOEVODSKY S i 0  

4) LEWlS v. E L G E  

3 850 900 Q50 1000 

T, ( O K )  

FIG. 3. Third explosion limit of hydrogen-air mis- 
tures, derived from measurements Iiy adiabatic 
compression (reference 1) compared with results 

from the literature (references 2, 3, and 4). 

While not sufficient to prove thc above inech- 
anism, it shows that sufficiently fast rcaction is 
possible without considering wall effects or im- 
purities. Indeed, though a participation of im- 
purities in chain initiation cannot be excluded 
definitely, it is difficult to  conceive of an im- 
purity present in sufficient concentlation and a 
reaction of this impurity with sufficiently low 
energy of activation to cause initiation. These 
observations and considerations inslie it very 
improbable that in hydrocarbon oxidation under 
the conditions of adiabatic cornpression impuri- 



ties or hot points play any role of importance, 
though inhomogeneities due to a boundary layer 
can never he totally excluded and may affect 
particularly the last stages of ignition. 

Figures 11 to 14 give induction times 71, and 
T ~ ,  and T = T~ + 7 2 ,  as defined above, for n-hep- 
tane, for other n-paraffins, and for i-octane. 

Figures 15 to 17 give temperatures T I I  of the 
second stace as a function of the original com- " - 

drocarbon-Oxygen Mixtures position, for n-hexane and n-decane, induction 
times as function of T I I ,  and log versus ~ / T I I .  

This section is a survey of results obtained 
with the two adiabatic compression machines 
which are a t  present in working condition. 

In Figs. 4 to  7 we present records of four ex- 
perinients with n-heptane and two with i-octane. 
In addition to the direct pressure record tem- 

Figures IS to 21 give details of plots for 01, 
62, and By,  as defined in Fig. 22. 

Figure 23 gives the final rate of rise of pressure 
for several hydrocarbons and varied conditions. 
It is this magnitude which, in addition to the 
time lag, is of primary importance for fuel be- 
havior in an engine. The maximum rate of pres- 

1000 - 
25.3 sc 

800 0, 
E 
0 17.2 

n 
600 Y 

8.6 

I I I I I I 
0 2 4 4 8 1 0  

t ( m s e c )  

Po = 1 otm 

To = 8OoC 

PE = 17.5 atm 

T E  = 490'K 
0 5 10 20 

t (msec)  

Po = 1 otm 

To = 80'C 

t- = 10 T E  = 760'K 

= 1 

PE = 21.5 atm 

FIG. 4. Pressure records for two a-heptane-air 
mixtures. (A = 0.3; 1.5) 

peratures are plotted and time lags for the first 

The stoichiometric number X is the ratio of the 

FIG. 6. Pressure record for a-heptane-air. (X = 1.0) 

(TI) and second (7%) reaction stage are given. 40 

actual hydrocarbon concentration to that of the - 30 
stoichiometric mixture (X < 1 means lean, 25 
X > I rich mixtures). - 

P 20 In Figs. S to 10 we give for comparison results 
15 

10 
for hydrogen-sir mixtures. 

1000 

900 

800 
' 2 :  

900 

- - Y 25.8 

800 0, - 
I- Y - 

- 5 17.2 700 

n 
400 

0 10 20 30 
8.6 500 

t ( m s a c )  

1 I I I I I 
0 2 4 6 

P, = 1 atm PE = 19.8 atm 

t ( m s e c )  To = 80°C TE = 700°K 

PI1 = 24 atm = 0.85 ( 1 )  Po = 1 otm X ~ 0 . 5  

T o  =80°C h = 1.45 (2) TII = 840'K PE = 17.1 atm 

' =9 .0  TE = 680°K FIG. 7 .  Two records for i-octane-air. Top: pressure; 
FIG. 5. Prcssure record for a-hcptane-a,ir. (A = 0.5) bottom: temperature; both versus time. 
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I I I 

I N D U C T I O N  TIMES 
FOR TWO F I N A L  
PRESSURES 8 

T6 

E14 

VI 
E 
Y 

2 

I 1 I I 
810 820 830 840 850 860 I 

T (OK) 

FIG. 8. Induction times for stoichiometric hydrogen- 
air mixtures. Parameter, pressure. 

FOR THREE 
TEMPERATURES 

sure rise is of the order lo3 to > lo5  atm/sec. 
This should be compared with the rate of pres- 
sure drop due to the propagation of rarefaction 
waves. 

FIG. 10. Final rate of pressure rise, for hydrogen-air 
mixtures in atm/msec. 

FIG. 9. Hydrogen-air mixtures. Parameter, 
temperature. 

1 2 
VOL. % F U E L  

FIG. 11. Induction times for n-heptane-s.ir mixtures. 



1 2 3 

FIG. 12. Induction times for n-hexane-air. 
VOL. % FUEL 

1 

0 1.0 
x 

To = 80"C, TE = 350°C 

n B r  = FUEL CONC. YOL % 

FIG. 13. Induction times for n-paraffins. 

Po = 1 at 

To = 80°C 
2 -  

0 1 .o 
x 

FIG. 14. Induction times for i-octane. 

2.0 

FIG. 15. Temperature TII of second stage, for 
n-hexane and n-decane, as a function of mixture 

ratio. 
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/ 

T, = 80°C 

P, = 1 at 

\,/ 
'1 72 TE = 700'K 

i 

1 

- 
U 
n 
E 
Y 

ru" 

0, 
Tii("K) 

FIG. 16. Second induction time as function of TII .  

2 1.3 1.4 1.5 1.6 
VT,, 10-3 

FIG. 17. Log 7 2  plotted versus I / T I I .  

x 

50 

20 

10 

c 

" u 
E 5  - 
kJ 

2 

1 

0.5 
0 FIG. 1s. Induction times for i-octane and n-octane. 1.0 

h 

FIG. 19. Induction times for n-octane. 

2.0 



KNOCK REACTION 

Po = 1 at PE i 21 (It 

1021 

50 

2c 

Y 0 

; 1( 
Y 

V 

I 

x 
FIG. 20. Insduction reaction times el, e?, e, as defined 

by Fig. 22 for i-octane. 

x 

FIG. 21. Induction and reaction times el, e?, e, for 
n-octane. 

TIME 

FIG. 22. Definition of indudion times el, &, reaction 
time e,. 

500 

-- 
20 A 

10 ; - 
I4 

5 

20 -Vr To = 1OO'C TE - 730°K 2 

FIG. 23. Final rate of pressure rise, V,, and induction 
times, 71, 7 2 ,  and 71 = 71 + 7 2 ,  for i-octane. 

Nomenclature 

71 

7-2 

From end of compression to inflection point 
From inflection point to  final pressure rise 

Subscripts 

0 Initial state 
E 
I1 

State at end of compression 
State during second induction time 
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Discussion 

DR. A. MARTINENGO (Gdttingen University) : When Preliminary experiments show that the hydro- 
there is a "two-stage ignition" of adiabatically com- carbon concentration decreases from an linitis1 100% 
pressed hydrocarbon-air mixtures, one would like during the first induction period to 70% in the second 
to know, how much fuel is consumed in the pre-reac- induction period. Simultaneously there is a steady 
tion phase of combustion and what sort of reaction increase of CO (30% at the end of 7 2 )  while the 
products have been built up during the induction concentrations of cthylene and aldehydes pass 
periods TI and r p .  through maxima at the beginning of 7 2 .  



ANTIKNOCK AGENTS-THEIR PERFORMANCE 
AND MODE OF ACTION 

W. L. RICHARDSON, 1'. R. RYASON, G. J. RAUTSKY, AND M. R. BARUSCH 

The cflcctiveness of various lead alkyls containing one or more methyl groups is compared. The 
respont,e ol many of these additives to lead extenders (agents which generate carboxylic acids in 
the combustion chamber) is described. A useful theory which explains the antiknock behavior of 
:iutidetonrmts and correlates their response to  extenders is discussed. 

Introduction 

Tlie initial commercial use of tetramethyl 
icad (TML) as an antiknock agent for gasoline 
occurred in the United States in early 1960. 
Since its introduction, the use of TML has 
sprcad; and it is now an ingredient of gasolines 
in more than 20 eountrics. The use of various 
mixtures <of 'l'ML, tetraethyl lead (TEL) , and 
the threc mixed methyl ethyl lead alkyls fol- 
loivcd the conimercial introduction of TML. The 
application of mixtures of lead alkyls also appears 
to be spreading throughout the world. 

The paper by Richardson et al.' compared the 
perforniancc of TML with TEL in a variety of 
gasolincs. 7'ML was shown to be markedly 
supcrior to TEL in modern premium grade 
Tasolincs containing more than about 20% of 
aromatic hydrocarbons. The principal benefit 
obtained with TML was a gain of 1 to 2 Road 
octane numbers. A somewhat smaller increase 
in Motor nicthod octane number was achieved 
when the TEL was replaced with TML. The 
two additives were shown to be about equivalent 
as octane nuniber improvers as determined by 
the Reseai~h method. 

Effectiveness of Methyl Ethyl Lead Alkyls 

The inci-ease in octane number obtained by re- 
placing TEL with dinietliyl diethyl lead, with 
trimethyl ethyl lead, and with TML in 11 es- 
perimcntal gasoliiies is iurnmariEed in Table 1. 
The gasolines employed were selected to repre- 
sent the extremes of composition which would 
result from varying refining techniques. The 
composition5 and some physical properties of all 
gasolines used in the work reported herein are 
summarized in Tnble 2. They are listed in order 
of increasing aromatic content. Nine of the 
gasolines :ire identical to the fuels used in the 

previous work1 When the data for TML in 
Table 1 are cornpared with the octane improve- 
ments reported in the previous paper, i t  is seen 
that the values do not precisely agree. The eur- 
rent comparisons of the dimethyl diethyl lead, 
trimethyl ethyl lead, TML, and TEL were ob- 
tained from a series of comparative measure- 
ments conducted at a different time from the 
data previously published. The small differences 
in reported values are due t o  the usual error of 
measuring octane numbers. 

By the Research method, dimethyl diethyl lead 
shows little difference as an octane improver 
from TEL. In only one of the gasolines tested 
did it perform significantly differently from TEL; 
and when all the values for all the fuels were 
averaged together, its performance showed no 
difference from that of TEL. Both trimethyl 
ethyl lead and TAIL generally are somewhat 
more effective than TEL in Research ratings 
when employed in the highly aromatic gasolines 
used in this study. For all of the compounds, the 
differences are more marked when the octane 
number is determined by the Motor method. Of 
the three additives, TML has the greatest ad- 
vantage over TEL as a Motor octane number 
improvcr. The substitution of TML for TEL 
produces a range of octane improvement of from 
0.5 to 1.3 octane number, with an average Motor 
improvement in the 11 fuels of 0.95. Trimethyl 
ethyl lead approached TML in effectiveness as 
measured by the Motor method, with an average 
of OS5 octane number improvement over TEL. 
The response to dimethyl diethyl lead was only 
slightly superior to that of TEL, with an average 
Motor octane number improvement of 0.15 
octane number. Methyl triethyl lead was not in- 
cluded in this comparative study, as preliminary 
tests in a number of gasolines showed it to have 
no significant advantage over TEL. 

Comparative Road octane data were obtained 

1023 
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TABLE 1 

Antiknock Activity of Alkyl Lead Compounds 

Octane increase (alkyl lead compound minus TEIJ)a 
___ ___- 

Research methodb Motor methodb Road metho& 

PUCI DMDEL TMEL TML DMDEL TMEL TMT, TMET, TML 

1 
2 
3 
4 5 

6 
S 
9 

10 
11 
12 

0.7 
-0.2 

-0.2 
0.3 

-0.1 
0 .o 

-0.4 

-0.2 

0 .s -0.1 
0.4 0.5 
0.2 0 . 3  
0.2 -0.1 
0.7 0 .1  
0 .3  0 . 3  
0.1 0.1 
0 .0 0.1 
0.4 0 .0 
0 .7  0.6 
1 .o 0.5 

0.6 1 . 2  
0.1 0.5 
0.1 0,s 

-0.3 1.2 
0 .s 0.5 
0 . 4  1 .o 

-0.2 0.6 
0 .O 0.7 

-0.1 0.7 
-0.2 0.7 

0.5 1 .4 

0 . 5  
1 . 2  
1 . 1  
0 .s 
0 .s 
0 .s 
1 .1 
0,s 
I .0 
1 .1  
1 . 3  

Average 0.00 0.44 0.21 0.15 0.55 0.95 

a 3.17 grams lead per gallon. 
* Comparison of averages of quadruplicate detcrminations; 90% confidence intcrval is f0.4 for Research 

method, k0.5 for Motor method. 
Comparison of triplicate determinations (Modified Uniontown Procedurc) in sis cars; 90% confidence 

interval is k0.2. 
d Three cars only. 

TABLE 2 

Description of Test Gasolines 

Hydrocarbon composition, I)ist1ill:it ion" 

with TELn evaporated) 
Octane rating volume 76 ( O F  a t  % 

___-- Parafins and _____ 
Fuel No. Research Motor Aromatics Olefins naphthcncs lo%, 50% 90% 

1 105 .0 
2 9s .s 
3 99.4 
4 99.5 
5 100.6 
6 100 . .5 
7 99.2 
S 101 .0 
9 99 .0 

10 105 .?I 

11 104.7 
12 9s .6 

100.1 
86.6 
s s . l  
ss .3 
90.7 
ss .2 
s9.5 
s7.4 
57 .s 
97 .O 
95.2 
ss .s 

24 
26 
33 
33 
3 6 
37 
92 
42 
43 
45 
46 
6'2 

0 
30 
25 
20 
11 
25 
7 

29 
16 
1 
0 
1 

76 
44 
42 
47 
53 
8S 
51 
29 
41 
64 
54 
:i 7 

125 212 310 
137 193 311 
129 240 339 
127 210 327 
117 204 823  
124 21.5 324 
124 213 343 
139 236 315 
123 240 372 
123 237 297 
11s 226 332 

a 3.17 grams lead per gallon. Octane data are averages of at least, four determinations. 
ASTM Procedure D S6. 
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FUEL 3 

~~ ~ 

g ,.5 33%AROMATIC 
icitli trimc+hyl ethyl lead, ‘LWL, and TEL in 
oiily three of the gasoliiies. Previous data ob- 
tained in other fuels with dimethyl diethyl lead 
showcd i t  to have no significant advantage ovcr 
lF,L in Road ratings, and it w a ~  not evaluated 
by tlic Road procedurc in  any of the fuels de- 
scribed in ‘l.ablc 2. TML and trimethyl cthyl lead 
show their greatest advantage over TEL in Road 
ratings. ELtensive evaluation of thew additives 
in other fuels supports this conclusion. In Road 
ratings, Th1L and trimethyl ethyl lead appear 
about equivalent. Octane increases over TEL 
varied from 1 to 2.4 road octane numbers. The 
Road values were obtained employing the same 
test fleet that was described in the previous $ ’ ’ ’ 
paper.‘ All test automobiles were equipped with 
automatic transmissions. The evaluations were 
performcd on a chassis dynamometer. 

r ,  , 

LEAD CONCENTRATION (grama per gallon) 

FIG. 1. Influcnce of lead concentration on antiknock 
effect. 

Y- s 

I I 

Influence of Lead Concentration on the 
Relative Effect of Lead Alkyls 

The molm concentrations of these lead alkyls 
have a pronounced influence on their effective- 
ness rclative to TEL. Figure 1 presents a plot of 
the change in octane number obtained by sub- 
stituting TML, trimethyl ethyl lead, and di- 
methyl diethyl lcad for TEL as a function of 
lead concentration. The dotted portion of the 
curve for TNIL is drawn showing TML to be less 
effective than TEL a t  low concentrations. This 
effect was not observed in this fuel, as low con- 

centrations of lead were not evaluated. A con- 
siderable amount of data in other fuels of similar 
composition supports the view that the curve for 
low concentrations of TML would be as shown. 
However, at concentrations of 1 gram of lead per 
gallon or higher, TML and trimethyl ethyl lead 
consistently are more effective than TEL in 
highly aromatic gasolincs. Figure 2 shows a 
similar plot for a gasoline containing 62% aro- 
matics. Between concentrations of 1 and 3 grams 
of lead per gallon, both dimethyl diethyl lead 
and trimethyl ethyl lead exhibited a constant 

TABLE 3 

Trimethyl Alkyl Lead Compounds Compared to TEL” 

Octane increase5 

Test fucl 3 Test fuel 9 Test fuel 11 

ltesenrch Motor Research Motor Research Motor 

Alliyl group 
Methyl 
Ethyl 
n-Propyl 
n-Butyl 
n-Amyl 
Vinyl 
Phenyl 
Isopropyl 

Allyl 
t-Butyl 

0.3 
0.2 

-0.1 
0 .o 
0 .-I- 

-0 .s 
0.0 

-0 . G  

-0 .G 
__ 

1 . 1  
0 .s 
0 .2  
0 . 5  
0 .5  
1 .0 
1.4 
0 .0  

-0.5 
- 

0 .1  0 .s 
0.0 0.7 
0.4 0.4 
0 .1  0.9 

-0.9 -0.1 
-1.5 -1.4 

0.6 
0.7 
0 .9  
0.9 
0.4 

0.9 
0 .2  

__ 

- 

1 . 1  
0.7 
1 . 1  
0,s 
0.6 

1 . 1  
0 .6  

a 3.17 grams lead per gallon. 
Comparison of averages of quadruplicate determinations. 
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FUEL 12 

62% AROMATIC 

I 4 g z  -0.5 
~ 0 1 2 3 4 5 6 7  

LEAD CONCENTRATION (grams per gallon) 

FIG. 2.  Effect of lead concentration on highly 
aromatic fuel. 

advantage in motor octane number compared 
to TEL. The response to TML was quite differ- 
ent in that small concentrations were less effective 
than TEL; whereas, a t  concentrations above 
about 1 grain of lead per gallon, TML was highly 
effective. 

Evaluation of Various Trimethyl Lead 
Compounds 

The exploratory evaluation of numerous 
orgaiiolead compounds of widely varying struc- 
tures showed that most organolead compounds 
tested which contained three methyl groups 
were more effective than TEL in highly aromatic 
gasolines. This is illustrated by the data of 
Tablc 3. Here, i t  is seen that the replacement of 
one of the methyl groups of TML with the 
ethyl, n-propyl, n-butyl, n-amyl, vinyl, or 
phenyl group results in an antiknock agent hav- 
ing similar characteristics to TML. All of these 
lead alkyls were superior antiknock agents to 
TEL when added to aromatic gasolines, as 
evaluated by the Motor method. The replace- 
ment of one of the methyl substituents of TML 
with the isopropyl, t-butyl, or allyl group de- 
creases thc antiknock effectiveness. 

Stability of Lead Alkyls 

Although there is no general agreement and 
little evidence concerning the exact mechanism 
by which lead alkyls function as antiknock 
agents, most workers agree that  the lead alkyls 
must first decompose before they can assert 
their knock-suppressing effect. In the earlier 
paper: it was postulated that  TML is a more 
effective antiknock agent than TEL in highly 

aromatic gasoliiies bccausc it is iiiorc tlierinally 
stable and decomposes later in the engine cyclc. 
An antiknock agent wliich decomposcs too early 
forms relatively nonvolatile decornposition prod- 
ucts which agglomerate with a corresponding loss 
in antiknock activity. 

There are surprisingly few data in the litera- 
ture on the kinetics of the decomposition of lrad 
alkyls. The early work by EltcntcJn' and by 
Leermakerd actually indicates TEL to be more 
thermally stable than TML. I-Io~vcvcr, tliese 
data were obtained under conditions of hetero- 
geneous decomposition. Therefore, their signifi- 
cance in this contest is open t o  question. The 
time scale in the gasolinc engine is too short for 
wall reactions to be of major importance to the 
combustion process. More significant rates of de- 
composition were measured by Rifkiii and Wal- 
cutt in  a motored engine! Still more recently, 
Rifkin5 reported on the kinetics of decomposition 
of several other lead alkyls, including TML. 
These measurements also were conducted using 
a motored engine. They established that TML 
decomposes more slowly than does TEL over 
the entire temperature range investigated. 

The thermal stabilities of all five of the mctl-ryl 
ethyl lead alkyls have now been measurccl under 
comparable conditions. I n  this work, a single 
pulse shock tube ol the type first ticscribed by 
Hertzberg6 was used. The thermd stsbilitics 
were determined in the temperature range 731- 
931°K. It is beyond the scope of this paper to 
present a detailed description of thc espcrimcntal 

TML t 
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FIG. 3. Thermal stability of alkyl lead compounds. 
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techniques, the data, and their analysis. A 
separate publication discussing this work is in 
prepara t i~n .~  The thermal stabilities of the lead 
alkyls that mere obtained from the shock tube 
measuremlents parallel the performance of the 
lcad alkyls as antiknock agents for aromatic 
gasolincs. In Fig. 3, the decomposition of the 
various methyl ethyl lead alkyls is plotted as a 
function of the number of methyl groups in the 
molecule. The data shown represent the average 
results of the scvcral determinations conducted 
a t  744OEi for 5.6 milliseconds. This condition was 
selected both because it is probably representa- 
tive of a significant engine condition and because 
we have data for all five lead alkyls a t  this con- 
dition. More extensive data will be described in 
the forthcoming paper. 

It was found that thc TML was quite stable 
a t  this condition with less than 10 % decomposed. 
About 30% of the triniethyl ethyl lead was de- 
stroyed. The stabilities of the tetraethyl lead, 
methyl triethyl lead, and dimethyl diethyl lead 
were shown to be nearly identical. These lead 
alkyls were nearly 60 % decomposed under the 
conditions of the test. 

In  Fig. 4, the increase in Motor octane number 
obtained by substituting the methyl ethyl alkyls 
for TEL in aromatic gasoliiies is plotted against 
the number of methyl groups in the molecule. 
The octane number data used are the average 
Motor octane increases obtained in 11 of the 
gasolines llistcd in Table 2. It is clear that  the 
relative effectiveness of the alkyls as antiknock 
agents pairallels their thermal stabilities. Thus, 
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FIG. 4. Effect of structure on antiknock activity. 

the findings are consistent with the previous 
postulate that  tetramethyl lead is more effective 
than tetraethyl lead in aromatic fuels because of 
its increased thermal stability. Trimethyl ethyl 
lead approaches TML both in stability and in 
effectiveness as an antiknock additive. When 
fewer than three methyl groups are present in 
the molecule, the stabilities of the lead alkyls are 
nearly identical and their activities as octane 
improvers are similar. 

TABLE 4 

Antiknock Effcct of &Butyl Acetate with TEL and TML 

Octane increasen 

Rcsearch methodb Motor methodb Road methodc 
F l l C l  TEL TML TEL TML TEL TML 

I 1 .0 0 . 3  1 . 1  0 . 3  0.3 0 . 3  
4 1 .0 0 .0 1 . 3  0 . 3  0.6 0 . 4  
5 1.2 0 . 1  1 .2  0 . 1  0 . 2  0 . 1  
li 1 . 3  0.2 1 .2  0 . 5  0 .7  0.4 
8 0 . 9  0 .2  1 . 3  0 . 5  0.6 0 . 5  

Five-fuel average 1.1 0.2 1 .2  0.3 0 .5  0.3 

a Gasolines containing 3.17 grams of lead plus 1.0 weight per cent t-butyl acetate are compared to gasolines 

* Comparison of averages of quadruplicate determinations. 
c Comparison of averages of triplicate determinations in five automobiles. 

without t-butyl acetate. 
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Response of Lead Alkyls to Extenders 

The addition of carboxylic acids, or compounds 
which will produce carboxylic acids in the com- 
bustion chamber of an engine, to aromatic 
leaded gasolines causes an increase in the octane 
rating of such fuels. This effect was reported 
independently by groups of researchers at the 
Texaco Laboratories* and the California Re- 
search Corporation? The Texaco workers termed 
these compounds “lead appreciators”; whereas, 
the California Research group gavc them thc 
name “lead extenders.” 

1Zs the concentration of extender in a leaded 
gasoline is increased, thc octane number of the 
gasoline will increase to a maximum and then 
decline. Thus, for each gasoline there is an 
optimurn quantity of extender which may be 
added for maximum effect. This optimum 
amount is dependent upon the quantity of TEL 
present in the gasoline. Increases in Research 
octane number of as much as 4 numbers were 
observed when cxtenders were added to a gasoline 
containing 6 ml of TEL per gallon. Gasolines 
containing TML do not respond as well to ex- 
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FIG. 5.  Antiknock effect t-butyl acetate with TEL 
and TML (3.17 grams of lead per gallon). 

tenders as do the samc gasoliiies containing 
TEL. This is shown by the data of Table 4. The 
effectiveness of tbutyl  acetate as an cxteiider 
for TEL and TML is compared in fivc fuels con- 
thining equal molltr amounts of TEL and TNIL. 
It can be seen that wit11 evcry fuel the Rescarch 
method, the Motor method, and tlic R.oad rating 
all measured a smaller increase in octa,ne iiumbcr 
when the acetate was used in conjunction with 
TML than with TEL. 

Figure 5 compares the avcragc iiicrease in 
octane number obtained when various coiiccn- 
trations of t-butyl acctatc were ndtlcd to fivc 
gasoliiies containing 3 ml of TEL per gallon 
with tlie corresponding increase obtained with 
the molar equivalent of TML. It is seen that 
t-butyl acetate is somewhat less effective in cn- 
liancing the road octane number of gasolines 
containing TML than i t  is in tlic comparable 
gasoline containing TEL. This is truc a t  all con- 
centrations of the ester. The extender, t-butyl 
acetate, is also less effective in gasolines contain- 
ing TML compared to tlie samc fuels containing 
TEL, as evaluated in laboratory engines. These 
findings are considered to be consistent with the 
theory of the mechanism by which lerl,d extenders 
function, which was previously presentcd.” It was 
there postulatcd that extenders int,erferc with 
the agglomeration of the active antiknock spccies, 
probably lead oxide. By interfering with the 
agglomeration, the extenders prolong the life of 
the antiknock species until a critical time in the 
engine cycle. This action is equivalent to in- 
creasing the concentration of the antiknock 
species a t  the timc that it is needed. h possildc 
reaction sequence whereby carboxylic acids 
could preserve the degree of dispersion of lead 
oxide particles was suggested. This was tlic reac- 
tion of the carboxylic acid with tlic lead oxide to 
form lead acetate and the subsequent deconi- 
position of the lead acetate to regenerate the lead 
oxide. This hypothesis is, as yet, unproved. 
Alternatively, the extender may create a different 
antiknock species from the one normally present. 
The important postulate is that  t,he extender 
somehow maintains the active antiknock spccies 
in a high degree of dispersion in tlie “end-gas.” 

There are similarities between tlie bchavior of 
carboxylic acids as lead extenders and the effect 
obtained by substituting TML for TEL. Both 
methods of obtaining higher octa,ne numbers 
only function in highly aromatic high-octane 
gasolines. The effectiveness of either method in- 
creases with aromatic content of the fuel and 
with increasing octane number. Thus, it appears 
that  the substitution of TAIL for TEL delays 
the decomposition of the lead alkyl, giving a 
comparable effect to the antiknock improvement 
achieved by the extender, which preserves the 
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TABLE 5 

Antiknock EEcct and Extender Response of Alkyl Lead Compounds 

Compound 

Acetic acid Octane 
concentration increase 

(mM/kg) due t o  leadcL 

lncrcase 
due to  

acetic acid 
Total octane 

increase 

Hexn-p-syl yl dilead 
Hcsamethyl dilcad 
Tetramethyl lead 
Tctravinyl1c:~I 
Tetracthyl lead 
Tctrapropyl lead 
Dimethyldiethyl lead 
Diethyldiisopropyl lead 
Tetraisopropyl lead 

None 0 .7  
so 2.9 
SO 3.7 
SO 3 . 6  
SO 3 .6 
SO 3 .4  
SO 3 .6 

100 1.6 
100 1 .9  

0 
1 .S 
1 .6  
2 .0 
2 .5  
2.4 
1 .s 
3 .7 
3 .0 

0 .7  
4 .7  
5 .3  
5 .6 
6 . 1  
5 .S 
5.4 
5 . 3  
4.9 

0 Research method, Fuel 9, 3.17 grams lead per gallon. 

ersion of the active antiknock species. 
IL decomposes later in the cycle than 

does TEL, the effect of the extender is less. This 
theory leads to the prediction that if the octane 
number of the gasoline is raised and the condi- 
tions of engine severity are increased eventually 
extenders should become more effective in gaso- 
lines containing TML. 

The response of a number of other organolead 
antiknock agents to acetic acid has been meas- 
ured. The resultant data are summarized in 
Table 5. The antiknock effects of nine different 
organolead compounds mere measured in a single 
gasoline. .Varying concentrations of acetic acid 
were added to the gasoline. Results of the in- 
creased antiknock effect obtained by adding the 
lcad extender are reported for the optimum 
concentration of' the acetic acid. These data are 
presented as a bar chart in Fig. 6. Unique in per- 
formance 'of these lead compounds is hexa-p-sylyl 
dilead. It caused an octane increase of only 0.7 
number v h m  present at 3.17 grams lead per 
gallon. Unlike any of the other compounds tested, 
its antiknock effect was not enhanced by the 
addition of acetic acid. This behavior can be 
explained by assuming the hexa-p-xylyl dilead 
has too great a thermal stability. If this additive 
shed all its aryl groups very late in the combus- 
tion cycle, it  would not be a highly effective 
octane improver because the active antiknock 
species would not be available early enough for 
maximum effectiveness. It would not respond to 
a lead extender because the effect of agglomera- 
tion of the active antiknock species would not be 
important. It is planned to measure the stability 
of this additive in the future. 

The hexamethyl dilead a t  the same molal 

concentration (3.17 grams lead per gallon) in- 
creases the research octane number by 2.9. 
Tetramethyl, tetravinyl, tetraethyl, tetrapropyl, 
and dimethyl diethyl lead are nearly identical in 
their effectiveness in increasing Research octane 
number. Gasolines containing these additives all 
exhibit a similar response to the acetic acid ex- 
tender. Diethyl diisopropyl and tetraisopropyl 
lead are only about one-half as effective as these 
compounds for raising the research octane num- 
ber. It is believed that the isopropyl group is 
relatively weakly bound to the lead, causing the 
lead alkyl to decompose so early in the cycle 
that agglomeration proceeds to the point that  
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FIG. 6. Antiknock effect of lead compounds and 
acetic acid. 1. Hem-p-xylyl dilead; 2. Hexamethyl 
dilead; 3. Tetramethyl lead; 4. Tetravinyl lead; 
5. Tetraethyl lead; 6. Tetrapropyl lead; 7. Dimethyl- 
diethyl lead; S. Diethyldiisopropyl lead; 9. Tetra- 
isopropyl lead. 



1030 RECIPROCATING ENGINE COMBUSTION RESEARCH 

TABLE 6 

Performance of Estenders with Lead Nnphthenatc 

Extender 

wt. % 
%ethyl Research Motor Road 

concentration, Octane increase 
__ -____ 

hexanoic acid method” methodh methodr 
__ 

Lead naphthenate“ alone 0 -0 . i  0.9 -0.2 
Naphthenste plus extender 0.72 2.7 2 . 4  0 .o 
Naphthenate plus extender I .44 4 .O 3 ..? 2.1  

a Lead concentration equivalent to 6 ml TEL per gsllon (6.35 grams Pb/gal) in Fuel 7 .  
b Comparison of averages of quadruplicate determinations. 
c Comparison of averages of triplicate determinations; 90% confidence intervd is f l . 1  using port in- 
jection 195i Chevrolet. 

considerable antiknock activity is lost. These 
isopropyl lead compounds show the greatest rc- 
sponse to acetic acid. A 3.7 octane increase re- 
sulted from the addition of acetic acid to the 
gasoline containing diethyl diisopropyl lead. The 
isopropyl lead compounds are apparently so un- 
stable that considerable agglomeration of the 
active antiknock species occurs prior to the time 
that the antiknock agent is needed for suppres- 
sion of the knocking reactions. The entire results 
of Fig. 6 might be interpreted as showing that 
the use of a lead extender reduces the importance 
of the agglomeration process. Organolead com- 
pounds which are sufficiently thermally unstable 
to decompose prior to a critical point in the 
engine cycle provide nearly equivalent octane 
improvement in the presence of extenders. 

There is other evidence in the literature that 
the state of agglomeration of the active antiknock 
species derived from a lead alkyl is more im- 
portant in determining the antiknock effective- 
ness obtained from the additive. As early as 
1927, Egerton and Gates showed that lead, 
introduced by an arc into the intake air of an 
operating gasoline engine, caused an appreciation 
in octane number.‘O This demonstrated that i t  
was not necessary that the lead be in the form of 
an alkyl to obtain antiknock activity. However, 
Egerton’s data showed the lead so introduced to 
be less effective than tetraethyl lead, probably 
because the lead agglomerated to a great extent 
prior to acting as an antiknock agent. Support is 
lent to this conclusion by the work of Rifkin,I1 
who repeated Egerton’s experiment, measuring 
particle sizes of the Iead in the intake air stream. 

It is well known that when lead salts are 
introduced into the gasoline engine Iittle effect 
on octane numbers occurs. For example, the 
introduction of lead soaps has little or no effect 

on octane number. I t  has now been found that 
lead extenders can render such compounds of 
lead effective antiknock agents. 

The data of Table 6 show the change in octane 
number resulting from the addition of a lead salt 
of naphthenic acid to an aromatic gasoline. The 
lead naphthenate had little effect on the octanc 
number measured by either of the two laboratory 
engine methods or in road determinations. How- 
ever, addition of an extender, 2-ethyl hexanoic 
acid, caused the lcad naphthcnate to bc a mark- 
edly effective antiknock agent. As much as 4 re- 
search octane numbers werc obtained by the 
combination of lcad naphthcnate plus 2-ethyl 
hexanoic acid. 

When the gasoline containing thc lead naphthe- 
nate evaporates, the lead naphthcnste concen- 
trates and finally forms rclativclg large particlcs 
of solid. The particle siac obtaincd pi-obably is a 
function of the size of the evaporating droplet 
from which i t  coalcsccd. These part,icles are so 
large that they have no influence on t:he knocking 
processes. The fact that  the presence of an es- 
tender causes the solid to  be an active antiknock 
agent suggests that the cstcndcr is dispersing 
the solid into very small particles. This supports 
the above-postulated theory that extenders func- 
tion by interfering with the agglomeration of the 
active antiknock specics and cause large aggrc- 
gates to disperse. 

Discussion 
A lead alkyl must dccomposc in the engine 

before it can exert an antiknock effect. Probably 
the active antiknock agent is a lead oxide. There 
is considerable debate as to thc state of sub- 
division of the antiknock species. Norrisb has 
argued that  it is present in the combustion cham- 
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tier in tlic form of v:~por.'~ Walsli has vigorously 
advocated the view that it is in the form of a fine 
disl)ersioii of solid Inrticlcs.'" In either case, the 
antiknoc k s1)ecies must be finely dispersed in the 
combustion chamber so that adequate numbers 
of collisions of tlie critical reacting species with 
the ailtiknock agent will occur. I t  is logical to  
suppose that if the decomposition of the alkyls 
occurred sufficiently early in the engine cycle the 
inorganic lead compounds resulting might ag- 
glomerate to  such an extent that  loss in anti- 
knock effectiveness would occur. This possibility 
has generally been ignored by previous investi- 
gators. 

There is a. considerable body of work in the 
literature which shoms that the presence of lead 
tctrLtetliy1 in a hydrocarbon has no effect on the 
inductionL period 1)recetling cool flame formation. 
This finding has supported the general belief 
that  TI& exerts its effect as an antiknock agent 
following tlic cool flainc reactions and has no 
effect during the T I  r~gi1ne.l~ It has even been 
proposed that the heat of the precombustion 
reactions serves to promote the decomposition of 
TI3L and thereby renders it effective as an anti- 
knock agent.1b Obviously, the lead alkyl eserts 
its most spectacular effect in estendiiig the T~ 
induction period. However, tlie data of I'astell'6 
and othersL7 show that the presence of TEL can 
decrease the degree of cool flame reaction. To re- 
duce tlie intensity of the cool flame reaction, the 
TEI, must first decoinpose. If the compression 
ratio of an engine is raised, the temperatures and 
pressures to which the fuel and antiknock agent 
are espoeed increase. Thus, tlie lead alkyl decom- 
poses earlier in the cycle as compression ratios 
are incre:ised. In  this way, as compression ratios 
increase, the probability increases that ag- 
glomeration of the active antiknock species will 
proceed t80 too great a degree. 

compression ratios have been increas- 
ing over tlic years, the aromatic contents of 
gasolines have been increasing.' Benzene does 
not undergo cool flame reactions, and aromatic 
hydrocarbons generally are much more resistant 
to preflaine reactions than are paraffinic hydro- 
carbons.15 The degree of preflame reactions which 
occur in aromatics tends to be considcrably less 
than in n1il)liatic fuels. Thus, it  is certainly pos- 
sible for lend alkyls to exert an antiknock effect 
earlicr in tlie engine cycle when an aliphatic fuel 
is used than when an aromatic is employed. More 
of the cheniical changes occur late in the engine 
cycle in aromatic fuels. Results in our laboratory 
show that as aromatic hydrocarbons are added to 
aliphatic gasolinrs the extent of cool flame reae- 
tions is reduced. In  highly aromatic gasolines, 
the antiknock agmt exerts most or a11 of its effect 

Just 

late in the engine le. This exi)lains tlic ob- 
served fact that tlie more thermally stable lead 
alkyls are more effective antiknock agents in 
aromatic gasolines than tlie less thermally stable 
alkyls. For every engine fuel combination, there 
probably exists a lead alkyl which would decom- 
pose at about the correct time for optimum 
antiknock effectiveness. 

There may esist an optimum particle size of 
the active antiknock species to give masinium 
antiknock effectiveness. This could be argued 
from Walsh's theory of the antiknock process. 
On the other hand, the Norrish theory states 
that  the antiknock action is a homogeneous gas 
phase process. I n  either case, a high degree of 
dispersion of the antiknock agent is necessary 
for effective antiknock control. An agent that 
prevents agglomeration of the antiknock material 
should therefore enhance the effectiveness of un- 
stable metal-containing antidetonants. The car- 
boxylic acids appears to be such materials. In 
some manner, they retard agglomeration of the 
antiknock agent and preserve it in an effective 
form for a longer portion of the combustion 
cycle. They are less effective promoters for the 
more stable lead alkyls, such as TML, because 
the TML already possesses nearly optimum 
thermal stability for use in present-day premium 
gasolines. The estenders are more effective in 
promoting the activity of TEL in aromatic 
gasolines because the TEL decomposes so early 
in the cycle that agglomeration of the antiknock 
species destroys some of the antiknock activity. 

As compression ratios, octane numbers, and 
aromatic contents of gasolines increase, the need 
for more stable lead alkyls and/or more effective 
extenders which will prevent agglomeration will 
also increase. 

It is recognized that the arguments presented 
in this paper are, in the main, qualitative. As 
such, no esact mechanism for the antiknock 
process is proposed. At the present state of 
knowledge, no single detailed mechanistic scheme 
can be rigorously defended. However, the several 
striking parallelisms here recorded are probably 
not fortuitous. As such, they suggest that  ag- 
glomeration is ail important feature of any de- 
tailed mechanism explaining the process by which 
lead acts. 
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ago, the commercial use of tetramethyl lead. 

This paper brings further evidence that a lead 
alkyl, to be an effective antiknock, must produce 
active lead oside at the “right time” during the 
engine cyclc. This “right time” varies with engine 
conditione, but is determined mainly by the pre- 
combustion properties of the fuel. An alkyl lead is 
not a good antiknock if it oxidizes to lead oxide 
when autoignition reactions are fully developed. 
Also, it is not an effective antiknock if it gives lead 
oxide long before the development of these reac- 
tions. In this case, the active lead oxide, produced 
early in the engine cycle, agglomerates under the 
influence of increasing pressure and temperature, 
and becomes inactive by the time its inhibitory ac- 
tion is necded. 

One way of preventing lead oside from agglomera- 
tion, and hence from deactivation, is by the use of 
extenders, as pointed out by the authors. We sug- 
gest that the prevention or postponement of agglom- 
eration of lead oxide is possible because the acid 
from the extender, such as tert-butyl acetate, forms a 
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butyl acetate in the presence of TEL [HUGHES, F. 
3. and MEGUERIAN, G. H.: Preprint, 27th Midyear 
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:ssion 

in the gaseous or sublimed form. Above 390°C tjhey 
decomposc to lead oxide. When gaseous 1e:id acetate 
decomposes, it should produce active lead oxide. 

PROF. A. D. WALSH (Unzverszty of St. Andrews): 
The ascription of the antiknock action of TEL to 
the surface properties of PbO partirles has been 
objected to on the grounds of an assertion that there 
would not be time in an engine for thr particlcs to 
grow to a sufficient size. On the theoretical side, Ilr 
P. G. Wright has shown in several rcccnt papers 
that the objection is not necesearily valid. On the 
practical side a Tyndall beam eflect occurring with 
a leaded fuel in the end-gas of an engine has becn 
demonstrated and repeated by Downs and CriRith. 
Further demonstration that a fog of PbO particles 
can and does form insidc an cnginc cylinder is prob- 
ably not necessary; but, the p a p r  hy Dr. Barusch 
and his colleagues does provide :I third line of sup- 
port. The explanation that is put forw:ird ‘and s u p  
ported for the gain in “kno~k” ratings obtained by 
substituting TML for TEL and by adding “anti- 
knock” extenders involves supposing that PbO 
molecules aggregate to growing particles in the 
end-gas; if it were impossible for particlcs to form, 
because of insufficient time, we shall be left with no 
understanding of the action of T M L  relative to 
TEL nor of the action of “antiknoch” extenders. 

DR. E. B. RIPKIN and DR. C. WALCIJTT (Ethyl 
Corp.) : The paper by Richardson and colleagues 
gives added support to the need for the proper tim- 
ing between the decomposition of organolead anti- 
knock agents and the onset of the knock-producing 
processes in the engine. 

We view with considerable intercst, the use of a 
shock tube to determinc the thermal stabilities of 
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these compounds and look forward to their forth- 
coming paper on this subject. It is reassuring to note 
that stabilities of TEL and TML as determined by 
the shock tube technique are in thc same relation- 
ship as our work in a motored engine indicated. Our 
mc:tsurernents of end gas temperatures in an engine 
by thc velocity of sound technique indicate that 
considerably higher temperatures and shorter con- 
tact timm than those the authors used would be 
preferable. We would recommend study of the effect 
of tempcratures of about 1000" to 1100% and ron- 
tact times of the order of 1.0 millisecond. 

The authors predict that with incrcaee in engine 
compression ratio, end-gas tempcratures will in- 
crease and the need for more stable lead alkyls or 
lead extenders will also incrcase. Our work in meas- 
uring end-gas temperature does not indicate that 
this will necessarily be true. We were able to 
demonstrate that an increase in compression ratio 
did not necessarily increase end-gas temperature. 
Our reaeoning for this apparent anomaly was that as 
one goes to higher compression ratios, better quality 
fuels are required to maintain a fixed level of knock. 
As the fuel is improved, the heat produced by pre- 
combustion will probably decrease. Thus, the in- 
creased end-gas temperature expected from increased 
compression ratio may not be attained. 

We have clone considerable work concerning the 
nntiknock effectiveness of inorganic lead particles. 
The best result we were able to achieve showed that 
lead, on a weight of metal basis, was only about onc- 
third as effective as TEL. This was accomplished by 
decomposing TEL in a motored engine and taking 
the cxhausted particles directly into the intake of a 
second engine. The lead oxide particles from thc 
motored engine were 150 Angstroms in size. Ap- 

parently lead oxide particles of this size are larger 
and less effective than the particles formed in situ 
from the decomposition of TEL. 

We wish to commend the authors for their finding 
that lead extenders are effective in improving the 
antiknock effectiveness of lead salts. This, clearly, 
is an added piece of information useful in extending 
our knowledge of the mechanism of antiknock action. 

DR. M. It. BARUSCII (California Research Corpora- 
t ion): Rifkin and Walcutt recommend that thc 
stabilities of lead alkyls be compared at 1000- 
1100"1~, using contact times of the order of 1 milli- 
second. We do not consider such conditions to bc :is 
significant as the milder temperature range cur- 
rently under study. It is our opinion that lead alkyls 
start to decompose relatively early in the enginc 
cycle and that considerable agglomeration generally 
has occurred by the time the maximum temperatures 
of the end-gas are reached. As indicated in our paper, 
we also believe that the lead alkyls can exert anti- 
knock effect prior to the time that the maximum end- 
gas temperatures are reached. 

Had we measured the stabilities of the lead alkyls 
under the suggested conditions, we expect that all 
of the lead alkyls would have been decomposed so 
that no differences in stability would have been 
detected. 

Rifkin and Walcutt report that increasing com- 
pression ratio does not necessarily result in in- 
creased end-gas temperature. However, i t  certainly 
must be the case that earlier in the cycle tempera- 
tures in the unburned gases increaee with increasing 
compression ratio. This should cause the lead alkyls 
to decompose earlier in the cycle as compression 
ratio is increased. 



COMBUSTION OF HYDROCARBONS BEHIND 

C. R. ORR 

The comliustion of dilute fuel-osygen misturcs in argon was studied by olxerving the iilfr:ircd 
emissions of reactants, intermediates, and products. The combustion reactions were Initiattcd b g  the 
incident shock wave in a simple two-scction shock tubc. Calibration &ita obtained on sliocl,-hc:itcct 
samplcs containing known perccntagcs of product gases do not agrrc with rmidts from products 
generated by combustion because chemical rcactions can impart considcrablc encrgy to  the vibra- 
tional modes of a molccule. While quantitative calibration was not possible, emission of products 
formed from comhustion prescnts a fair picture of product concentrations. 

The rates of formation of products (HAO, CO, and COA) from combustion of dhylcnc, acetylene, 
isooctane, n-heptane, benzene, and a misturc of hydrogen and CO were compared at two tcmpera- 
tures that were well above their minimum ignition tcmpcrature. Complete spectra (in frclquency 
and time) wrre also obtained for the preflame region for isooctanc, n-heptane, and  I)cnzrnc and for 
the entire low temperature flame region for n-heptane and benzene. 

Isooctane and n-heptane showcd extensive preflame :tctivity. These fuels were complet ply de- 
graded prior to the flame regardless of the length of the preflame region. The major products were 
ethylene, higher olefins, and carbonyl. Normal heptanc produced acetylenc in the fl:tmc while iso- 
octane did not. Benzene was only 15-30 per cent degraded in the preflame region and produced 
much less intermediate material, aside from CO 

Of the hydrocarbons tested, n-heptane had the highest ratc of combustion as indicated by rate of 
formation of CO, whereas isooctane had the lowest. Production of CO from benzene is consitlerably 
slower than from any other fuel. In respect to  ratc of heat releasc, as deduced from formation ol  
products, the fuels are aligned in roughly the same order as their performance in reciprocating chnginm. 
The lack of correlation between CO and COJ emission indicates either tha t  C 0 2  may he formed in 
part by processes that do not involve CO, or that somc species other than CO and osygm is involved 
and it is a function of the original fuel. 

Introduction 

The primary objective in the combustion 
studies conducted in the shock tube is to e s ~ m i d  
our knowledge of coinbustion rcactions by ex- 
perimentally ohserving the apprarance and dis- 
appearance of the various products and inter- 
mediates as they occur in the reaction. A shock 

is particularly well suited for these 
studies because of its ability to  produce a reac- 
tion that is sufficiently espanded in space for 
spectroscopic observation and is at the same 
time at temperatures that are comparable to 
those in practical combustion devices. This paper 
presents the results of our first efforts to  identify 
the major species involved in the reaction. 

Two temperature regions were studied. In the 
first, low temperature region, near minimum 
ignition temperature, intermediates, and prod- 
ucts occurring in the preflame and low tempera- 
ture flame were identified. In the second, high 
tcmperature region, well above ininimuni ig- 
nition temperature, the relative rates of forma- 

tion of products (CO, CO., anti I€&) ~vcrc 
determined. In  preparing to analyze thc (lata, 
an attempt was inadc to  obtain calihration 
spectra of the products. .It the sane time, tlic 
effects of noncquilibrium energy dktrihution 
following a simple shock comprc~ision sild n 
shock compression followcd by coinbuhtioii were 
also hricfly explored. 

Experimental Apparatus and 

Tube design was bnscd on published criteria"-" 
and the final apparatus resembled in somc re- 
spects that of Windsor, Dnvitlson, and Taylor.'" 
Only the incident shock was used, not  thc re- 
flected shock, howevcr. The espeiimcnts Tmrc 
performed in a 3-inch square aluininuni two- 
section shock tube, instrumentcd to give the 
shock velocity, the pressure versus time, visible 
light emission versus time, and llrc infrared 
emission versus time. Infrnred emission mas dc- 
tected by a coppcr-doped germmiurn photocon- 
ductive element cooled to the tcml~craturc of 
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liquid licliuiii an(1 u iii coiijuiiction with the 
nionochroiiintor hoin a l!cckman 113-7 Irifrared 
Spt~tronietcr. Thc detcctor was useful over the 

tl  liad a response time of 

played on a11 oscilloscope 
:is intensity-time records niid were recorded 
~)hotogra~jliic.nlly. Only oiie frequcmcy of the 
eiiiissioii iiiuy be observcd during each experi- 

jectra were rcquired, 
they were obtained point by point in wave num- 
ber horn the emission-time records of a number 
of ideiitical cspcriincnts. Spectra could then be 
constructed for any position or time after the 
shock wave. 

The initcrval between points used in taking the 
infrared spectra was 100 cm-'. Experience gained 
here indicates this mas too large an interval, 
particulairly in the low frequency regions. There 
did not q)pcar to be niucli fine structure to the 
spectra under shock tube conditions; hence, the 
largest possilile interval that does not completely 
overlook a band should be used. A better value 
to use in future work would be 50 em-', a t  least 
in the lomi frequency region. 

A slit width of 5.5 inin was used for the first 
fuels examined until it  was discovered that order 

occurred betvvwn the third and fourth 
The slit width of 3 mni was used for the 

remainder of tlic fuels. Three millimeters has 
been satisfactory and gave better resolution than 
was w-:irranted by the wave number interval 
used in obtnining spectra. A slightly largcr slit 
may be used a t  low frequciieies to improve signal 
strength. 

Tlic saniljle or cliariiiel gas consisted of tlic fuel 
to be stutlicd, oxygen, and argon diluent. Argon 
was used to slow the renctioii and, to the extent 
possible, produce isothermal cornbustion. The 
amount of dilution that could be used, however, 
was liiiiit,ctl by sensitivity and signal-to-noise 

TABLE I 

Snniples 

Coricentmtion, per cent volume 

Fuel Fuel. Orygena Argona 

Ethylene 1.06 3.1s 95.7 
Acetylene 1.09 2.72 96.2 
Isooctnne 0.275 3.45 96.2 
n-Heptane 0.314 3.45 96.2 
Benzene 0.441 3 .32 96.2 

Theorcticnlly equivnlent fuel-osygen ratios 
hnvirig :I liesting value of 3.3 kcal/mole product. 

ratio of the infrared detector. The best coiiipro- 
mise was about equivalent to 4 per cent of a 
stoichiometric mixture of ethylene and oxygen 
in argon. 

All fuels, with the exception of hydrogen, were 
studied a t  a theoretical heating value of 3.3 kcal 
per mole of product (equivalent to 4 per cent 
ethylene plus oxygen), an equivalence ratio of 1, 
and a total sample pressure of 15 psis (Table 1). 

Calibration 

Interpretation of the results is dependent upon 
calibration spectra (not shown) of the products. 
These were obtained pointwise for each product 
separately. The samples used in obtaining the 
spectra were made by mixing pure product gas 
(GO, COZ, or water as the case may be) with 
argon. The samples were subjected to a series of 
identical shock waves and the emission recorded 
at a number of frequencies throughout the emis- 
sion region of the product. An emission spectrum 
was also obtained from the water formed by 
combustion of hydrogen and osygen behind a 
shock wave. The concentration of reactants was 
chosen to theorctically produce 6 per cent water 
which was equal to the concentration used for 
the CO and COZ. The temperatures chosen were 
in the region of those used in the product forma- 
tion studies, 3200'R. 

These spectra were taken primarily to find 
frequencies that could be used to observe the 
formation of products &e., regions of minimum 
interference) and to obtain a quantitative cali- 
bration if possible. They were taken a t  constant 
slit width and were not corrected for efficiency 
of the monochromator or response of the detector. 

Carbon dioxide emitted a t  2300 em-' and 3650 
cm-'. The 2300 cm-' band was the stronger by 
an order of magnitude but was very close to the 
CO emission region. At equal molar concentra- 
tions, however, the COz band peak was about 35 
times the CO contribution; hence, it can be used 
with an accuracy of about 3 per cent if no cor- 
rection is made for the CO. The 3650 cm-' region 
had strong interference from water and would 
not be useful without considerable correction. 
Carbon dioxide also has a band a t  about 670 
em-' which was near the low frequency limit oi 
the detector and was not recorded. 

Carbon monoxide produced emission peaking 
a t  about 2200 cm-I (2160 band). This was 
strongly overlapped by the COZ emission and 
was not suitable to use at its peak. The fre- 
quency in the CO band giving maximum total 
signal and minimum interference from COZ was 
about 2050 em-' in the second order of the 
monochromator. The second order was chosen 
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over the third to gain signal that results lsecausc 
of the larger effective slit size. Under the condi- 
tions of the spectrum (3200°R, 5.5 mm slit), 
C02 interference at 2050 em-' was about 10 per 
cent if the CO and COz are prcsent in equal 
concentrations. Interference can become ap- 
preciable wKen the concentration of CO is low 
and COZ is present in larger quantities. 

Water produced emission a t  1500 cm-l, 1800 
cm-l, and 3500 cm-l. The strongest was the 
3500 cm-l band but it had about 30 per cent 
interference from an equal concentration of COZ. 
The 1500 cm-I and 1800 em-' peaks had little 
product interferencc and were suitable for ob- 
serving water. 

The frequencies chosen to observe products 
are: 2300 cm-l for C02, 2050 cm+ for CO, and 
lS00 em-' for H20. The COz and H2O are rela- 
tively free from interference providing there are 
no products other than C02, HzO, and CO. The 
CO emission a t  2050 cm-' is affected by COz to 
an extent depending on the relative concentra- 
tion of the two. Since C02 can be observed with 
little interference, the C02 contribution to the 
2050 cm-l emission can be subtracted providing 
an accurate COz calibration is available for that 
frequency. 

Relaxation Effects 

In obtaining the calibration spectra, the prob- 
lem of nonequilibrium energy distribution (vi- 
brational and rotational relaxation) following 
shock compression became apparent. Relaxation 
effects must be considered in analyzing all the 
results, particularly those involving low mole 
weight polyatomic molecules. (Relaxation phe- 
nomena have considerable interest in themselves, 
as shown for instance by the number of papers 
on the subject a t  the Eighth Combustion Sym- 
posium.) 

T2 = 3210"R 
ARGON 5'6.27% SLIT 3 mm 

w - EMISSION, 2300 cm-1 

---- EMISSION, 2050 cm-1 

0 100 200 300 400 500 600 700 800 
OBSERVED TIME ( p  SCC) 

FIG. 1. Effect of frequency on observed emission from 
shock-heated CO. 

SAMPLE 
co 6% 
ARGON 94% 

SLIT 5.5 mm 
T = 3250"R 

0 100 200 300 400 500 600 700 
OBSERVED TIME ( p s c c )  

0 

FIG. 2.  Emission at 2050 cm-1 from CO heated by 
shock wave. 

At 2300 cm-I and 321OoR, COZ showed very 
rapid vibrational relaxation (Fig. 1). Emission 
rose rapidly in about 20 psec, then remained 
relatively constant throughout the region behind 
the shock wave. Thcre was a slight increase in 
emission with time that could be associated with 
the increase in pressure behind thc shock wave 
(friction) or to a very slight relaxation effect. 
The 3650 cm-' peak produced a similar picturc. 
However, as emission was observed away from 
the peaks, particularly on the low frequency 
side, pronounced relaxation effects became air- 
parent, for example, the cmission at 2050 cm-'. 

Carbon monoxide required coniiderably morc 
time for vibrational relaxation thsn COz (Fig. 
2). At 3250°R, 15 psia, and 6 per cent GO in 
argon, carbon monoxide rcquired 100 pscc to rise 
to 85 per cent of its maximum value whereas COS 
rose the same percentage in 20 psec. The emission 
appeared to be similar a t  all frequencies. 

SAMPLE 
P2 = 1 5 p r i a  WATER 2.5% 

ARGON 97.5% T2 - 2810'R 
SLIT 3 mrn 

Y I I I I I I I 
0 100 200 300 400 500 600 700 800 

OBSERVED TIME ( p  sec) 

FIG. 3. Effect of frequency on observed emission of 
water heated by shock wave. 
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P2 - 15psia SAMPLE 
T2 - 3340"R HYDROGEN 5.93% 
ER - 1 OXYGEN 2.94% 
9 - 3.48 kcal/mole' ARGON 91.13% 

The emission from water heated by a shock 
wave rose rapidly (similar to COz) in the first 20 
psec, then d t e r  a very pronounced change in 
rate continued to increase a t  a decreasing rate 
throughout the remainder of the experiment 
(Fig. 3). At the peak frequencies, 1500 cm-', 
lS00 cnx-l, and 3500 cm-l, the ratio of the initial 
rise to the maximum value attained a t  the end 
of the experiment was about 1 : 2.  

At frequencies differing from the maxima, the 
initial rise became less and the ratio became 
more nearly 1:3. The overall effect of frequency 
appeared similar to that observed for COz. How- 
ever, a t  the peaks, water exhibited a much more 
pronounced change with time. 

The performance of the COz and water sug- 
gests that  the observed emission is affected by 
several relaxation phenomena with different time 
constants 

When complex relaxation effects (change in 
emission with time and frequency) are so evident 
from CO, COZ, and water that  are heated simply 
by a shock wave, a major question is raised 
whether these results are applicable to products 
generated from chemical reaction. Is a product 
that  is produced by chemical reaction in vibra- 
tional and rotational equilibrium? What is the 
effect of a diluent in this case? Is COz formed 
from decomposition of a carboxylic acid different 
from that formed from CO? 

Some light can be shed on the problem by 
examining emission records for combustion of 
hydrogen and oxygen. The initial rise in emis- 
sion from water formed by combustion was not 
as steep or rapid as that  from shock-heated water; 
hence, the shape of the emission-time records 
appeared to be determined by rate of formation 

--e-- _ _ - -  _ _ - -  z 
0 
',l 

SHOCK HEATED WATER, 6% T = 3240"R 
- WATER FROM COMBUSTION, 6% FOR COMPLETE 

COl4BUSTION T = 3340"R 

0 100 200 300 400 500 600 700 800 
OBSERVED TIME (psec) 

FIG. 4 Emission from water formed by combustion 
on hydrogen behind shock wave and shock-heated 

watcr (approximately equal temperature). 

- H20 EMISSION 1800 cm-1 

--- H20 EMISSION 2050 cm-' 

0 100 200 300 400 500 600 700 800 900 1 

OBSERVED TIME ( p s e c )  

FIG. 5.  Effect of frequency on observed emission of 
H.0 produced by combustion of hydrogen behind 

shock wave. 

of water from the combustion process (Fig. 4) 
rather than relaxation effects. The rate of increase 
of emission a t  the longer times (>lo0 micro- 
seconds) was also much less and was very nearly 
zero a t  the end of the experimental time (Figs. 4 
and 5 ) .  This indicated that the relaxation phe- 
nomenon that produced the gradual increase in 
emission with time was eliminated by the com- 
bustion process. However, the effect of frequency 
was still present (Fig. 5 ) .  Since this phenomenon 
was not affected by combustion, the frequency 
effect and the time effect must not be related. 
This can be explained by assuming that energy 
released by the combustion reaction is concen- 
trated in vibrational modes and the increase in 
emission with time is a vibrational phenomenon 
that was eliminated in the combustion process. 
The change in emission with frequency appeared 
in both cases and is believed to be related to ro- 
tational relaxation. 

A similar effect was observed in the CO emis- 
sion from the combustion of n-heptane (Fig. 15). 
The CO emission following shock-initiated com- 
bustion increased more rapidly than emission of 
shock-heated CO; hence, it appears that  vibra- 
tional energy was added in the formation process. 

With the possible exception of COz there is 
very little confidence in quantitative aspects of 
data obtained on the products. This is caused by 
differences in relaxation phenomena between 
shock-heated calibration samples and products 
generated by combustion. Before accurate 
quantitative data can be obtained, it will be 
necessary to have a thorough understanding of 
the relaxation processes of all the species involved 
in the reaction. These phenomena must also be 
considered in making a kinetic analysis. Emis- 
sion of any one combustion-generated product 
that is observed over a period of time does appear 
to give a fair indication of the product history. 
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Low Temperature Combustion 

To show appearance and disappearance of 
intermediates and products, spectra were con- 
structed at several times in the preflame and low 
temperature flame regions. Fuels studied were 
n-heptane, benzene, and isooctane (Table 1). 
Isooctane was studied in the prcflame region only. 

Preflame data arc presented as spectra of the 
emission immediately after the shock wave 
(shock region), immediately before the flame 
(preflame region), and about 300 psec into the 
flame (flame region) when obtainable. Freehand 
sketches are given for einission of the reactant, 
intermediates, and products versus time. In  
many cases, the emission was very wcak and 
subject to considerable interference so that iden- 
tification was not positive. 

Low temperature flame data are presented as 
spectra of the emission 150 psec after the shock 
wave (near the beginning of the flame), 450 psec 
after the shock (near the end of the flame), and 
2400 p e e  after the shock wave (near the end of 
the experiment). 

The purpose of the sketches is to indicate the 
presence or possible presence of a compound or 
type of compound and to the extent possible to 
show its relationship to other compounds in all 
respwts except concentration. 

The preflame and low teinperature flame re- 
gions required different techniques in operating 
the shock tube to produce the type of flow con- 
dition which was best suited for studying the 
particular region. Preflaine reactions were studied 
at the minimum ignition temperature for the 
fuel. The resulting flow condition in the tube 
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SHOCK WAVE 
J U S T B E F O R E  FLAME 
300 ,L sec A F T E R  FLAME 

------ 

ORDER 

' OXYGEN 3.45% 
2 0.004- 

96.2% 
15 PSlA 

2310'R 
1 

1 S L I T  3 rnm 

WAVE NUMBER (cm-' x 

FIG. 6. Preflsme rrgion of isooctano @pcctr:r). 

just produced a flame in tlic last portion of samplc 
to pass the observation station brforc arrival of 
the driver gas. Thus, most of tlic olsservation 
covers sample in variou.; stagcs of lxeflamc reac- 
tion. The flow in the tulic becomcs unsteady im- 
mediately after ignition and remains unsteady 
until the flame accelerates up to the shock wave. 
Thus, the condition used lor prrflnmc atudirs is 
on the verge of becoming unstrady and if ig- 
nition occurs sliglitly before thc observation 
station, it will appear unsteady. l'hii opcratiiig 
condition was difficult to rcproducc and often 
several attempts were requirrd t o  ob taiii a satis- 
factory experiment. 

Low temperature flame studies were conducted 
a t  the lowest stable flow above tlic niiniiiiuin ig- 

SHOCK WAVE 

Z 
0 
vl 

TIME 

FIG. 7. Preflame region of isooctane (sketch of product history). 
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nition temperature. This flow was easily repro- 
duced arid did not prescnt any particular es- 
periniental probleins. U h e  of the lowest practical 
temperature insured the maximum expansion of 
the flame to  facilitate analysis. 

Prejlame 

Each fuel is discussed separately with respect 
to its particular or unusual features. In  gcner 
fuel was consumed in the region between t 
shock wave and the flame; the amount depended 
on the fuel. After the flame, fuel concentration 
dropped more rapidly. Carbon monoside and 
mater wpre formed a t  a gradually increasing 
rate in th(. region between the shock and the 
flame. At! the flame, their rate of formation in- 
creased greatly and thereafter decreased with 
time. Carbon monoxide emission generally 
reached :L inasinium value near the end of the 
flame while water concentration continued to 
rise. Little or no carbon dioxide was formed in 
the preflame region. At the appearance of the 
flame, GO2 emission rose sharply and continued 
to rise a t  a decreasing rate throughout the flame 
and following slow combustion region. I 

Isooctane. (Figures 6 and 7 . )  Isooctane concen- 
tration (2900 cm-') fell rapidly immediately after 
the shock wave, and after one-half the time to 
the flamcl, had dropped to considerably below 
50 per cent of its original value. By the time of 
arrival of the flame, its concentration was very 
low. The spectruin of the region behind the shock 
wave showcd very early formation of carbonyl 
and C i  olcfins emitting a t  1950-1600 cm-'. 

0.007 

II 
___ I  

n 

WAVE NUMBER (cm-1 x lo-*) 

FIG. S. Preflarne region of n-heptane (spectra). 

(Olefins were believed present here because of 
the emission a t  1600 cm-I.) The concentration of 
these products remained fairly constant through 
the preflame and early flame regions. Ethylene 
and higher olefins (1000-900 crn-l) were formed 
@ large amounts throughout the preflame region 
and the concentration appeared to be directly re- 
lated to the amount of fuel consumed. The initial 
rate of formation was less than that of the car- 
bonyl. No acetylene was formed in the preflame 
or early flame regions of isooctane. Carbon 
monoxide emission continued to rise throughout 
the flame, then became constant in the post 
flame region. Carbon dioside did not appear 
until the flame arrived, 

n-Tleptane. (Figures 8 and 9.) Normal heptane 
(2900 cm-') concentration fell linearly through- 

Z 
0 - 
v) In - 
2 

n-HEPTANE 0.3145: 

TIME 

FIG. 9. Preflarne region of n-heptane (sketch of product history). 
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SHOCK WAVE 
/ 

# FLAME 
+----I H,O 
I 1 3500 cm-’ 

I 

out the preflame region and was very nearly zero 
by the time the flame arrived. Very early forma- 
tion of carbonyl was indicated by emission a t  
1800-1600 emd1 in the region immediately be- 
hind the shock wave. Less C3 olefin was formed 
here than from the isooctane as indicated by the 
1600 em-‘ emission, and this concentration ap- 
peared to be constant throughout tlie preflame 
region. Carbonyl concentration (1750 em-’) in- 
creased throughout the preflame region. Ethylene 
and higher olefin was formed in large concentra- 
tions but at a rate nearly constant throughout 
the preflame region, and was rapidly consumed 
after the flame. Acetylene was formed late in the 
flame and was not observed ih the preflame re- 
gion. Carbon monoxide increased throughout 
the flame as it did with isooctane. Carbon dios- 
ide was formed a t  the flame. 

Benzene. (Figures 10 and 11.) Benzene (3100 
cm-l) concentration was constant until the final 
portion of the preflame region, when concentra- 
tion fell at an increasing rate to a value of about 
SO-S5 per cent of initial at the flame. Benzene 
concentration then fell very rapidly in the flame 
to a value less than 50 per cent of initial, 300 
microseconds after the flame. Phenol was formed 
a t  an increasing rate in the preflame region. After 
arrival of the flame, its concentration appeared 
to continue to increase more slowly; however, the 
picture was confused by interference from water. 

Carbon monoxide was formed in the preflame 
region in large quantities. I n  contrast to iso- 
octane and n-heptane, with benzene the CO 
emission reached its maximum well witliin the 
flame rather than near the end. 

----- SHOCK WAVE 
-___-__ ~ _--_. JUSTBEFOREFLAME 

300 p sec lNTO FLAME 

4TH 3RD + 2ND 4 1ST 
ORDER ORDER ORDER ORDER 

I BENZENE 0.44% 
I OXYGEN 3.32% 

I 1 0.027 ARGON 96.2% 
IS PSlA 

WAVE NUMBER (cm-’ x lom2) 

FIG. 10. Preflame region of benzene (spectra). 

Low Temperature Flame 

Flame spectra are difficult to analyze because 
of the very large concentration of water and 
carbon dioxide. In  general, the spectra show the 
disappearance of the last portion of fuel or major 
intermediate and formation of large quantities 
of product. Carbon monoxide emission becomes 
very nearly eonstant near the end of the flame. 

n-IIeptane. (Figure 12.) Flame spectra of n-hep- 
tane showed considerable -CH (3000 emp1, not 
characteristic of the n-heptane) and CO present 
in the early portion of the flame. In  fact, the early 
flame spectrum bears a close resemblance to the 
preflame spectrum. Normal heptane (2900 cm-‘) 
was consumed very rapidly in the carliest portion 
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2 :  0 '  

WAVE NUMBER (cm-1 x 10.2) 
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! l o 8  6 
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T = 3080'R 
i4- y 

FIG. 1'2. Flame region of n-heptane (spectra). 

of the flame or even before. Ethylene, other 
olefins, and perhaps carbonyl were formed in 
considerable amounts before arrival of the flame. 
These were completely consumed in the flame 
(indicated by the 950 cm-' peak). As the inter- 
mediates were consumed, an unidentified product 
emitting a t  S50 cm-' appeared. 

Benzene. (Figure 13.) The benzene flame spectra 
appear quite simple. The major portion of the 
benzene persisted up to the flame and was then 
nearly all consumed. Carbon monoxide increased 
in the first portion of the flame, them remained 
constant, characteristie of the preflame emission. 
Carbon dioxide and water were formed rapidly 
in the flame and continued to increase slowly in 
the region beyond. 

Summary 

Two distinct types of preflame activity were 
observed ; one was characteristic of the benzene 
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and the other characteristic of the saturates iso- 
octane and n-heptane. Benzene underwent very 
little preflame reaction. Under conditions de- 
signed to produce maximum preflame reaction 
(minimum ignition temperature), about 85 per 
cent of the fuel survived the preflame region and 
entered the flame zone. Concentration of CO in- 
creased in the first portion of the flame, then 
abruptly stopped increasing and remained con- 
stant through the remainder of the flame. The 
preflame product from benzene was prcdom- 
inantly CO, in contrast to other fuels. 

Isooctane and n-heptane were completely con- 
sumed in the preflame region. In  both fuels, the 
major preflame products were ethylene, C:l 
olefins, and carbonyl although isooctane appeared 
to produce less. Even in experiments where the 
induction period was only a few microseconds, 
these fuels appeared to be consumed prior to the 
flame. 

High Temperature Combustion 

The rate of formation of final products of a 
combustion reaction (H20, C02, and CO) is a 
measure of the heat release rate. Heat release 

- _ _ _ _ _ _ _ _  - _ _  - -  ..--- --- _ _ _ _ _  - - - - - 
' /  I-- 

: /,---- 
!// ' 

---- 
/-- 

- ..- - i /  _ _ _ _ - - - -  
BENZENE 5.5 mm SLIT 

T = 3080'R 
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_____________---/-< -- 
- -/- - - - - -- - - - 0 

n-HEPTANE 5.5 mm SLIT 
T - 3170'R 

--- CO EMISSION 2050 em-1 

HzO EMISSION, 1800 cm-' 

I -- CO, EMISSION, 2300 cm- l  

0 10 20 30 40 50 60 70 80 90 100 

OBSERVED TIME ( p  sec) 

FIG. 15. Formation of products from combustion of 
hydrocarbons. 

rate is of practical importance in continuous 
combustion devices in determining the size or 
length of combustion chamber required to realize 
a high combustion efficiency. In  reciprocating 
engines, it greatly affects the rate of pressure 
rise from spontaneous ignition and to some 
estent the rate of pressure rise after a normal 
flame. 

We observed the formation of HrO, CO, and 
COz from the combustion of ethylene, acetylene, 
n-heptane, isooctane, benzene, and a mixture of 
hydrogen and CO (Table 1). All the hydrocarbons 
were studied a t  least a t  two temperatures (about 
3100"R and 360OoR) that were well above their 
minimum ignition temperature. Additional tem- 
peratures were uscd in showing temperature ef- 
fects in detail. Hydrogen-CO mixtures were 
generally observed a t  lower temperatures to 
increase the time to produce products to a value 
compatible with the instrumentation and other 
data. The arrangement used here limited emis- 
sion rise time to about 5 psec. Shorter rise times 
(1 psec) may be uscd when the signal-to-noise 
level is higher. 

The following discussions of CO, COz, and 
H20 emission refer to the total emission a t  2050, 

2300, and 1800 cin-l, respectivcly. No corrcction 
was made for interfercncc. 

Product emission of the hydrocarbons followed 
a general pattern of very rapid increase in CO 
and water emission followed by COa a t  a lower 
rate. After its initial rise, CO emission genorally 
remained relatively constant for almut 200 pscc, 
then showed the effect of the COS interference. 
Carbon dioxide and watcr eini 
ally throughout the available t 
the occurrence of slow combustion throughout 
the entire region beliind the flame. 

An example of thc liydrocarhon data is i re -  
sentcd in Figs. 14 and 15. Two time scales tvcre 
used: 100 psec per division to show the general 
shape of the curves throughout thc availablc 
time (Fig. 14) and 10 pscc per division to obtain 
ai1 accurate impressioii of the production during 
the flame (Fig. 15). 

Rates of formation of the j~roduc.ts prcseiitcd 
in this paper were compared on a time basis by 
letting the time a t  which the emission reaches 
63.2 per cent of its value at 170 psec serve as an 
inverse measure of thc rate. These times are 
given in Table 2. At both high and low tempcra- 
tures, the reaction temperature varied about 
100"R but this was not sufficient to affect the 
results significantly. Water emission in the early 
stages was meaningless for bcnzene because of 
interference by the lxmzene. Water can also bc 
affected by carbonyl or olefin if t h y  arc present 
in the post flame region. 

TABLE 2 

Time After Ignition to Produce 63.2 Pcr Cent of 
the Product Emission at  an Ohscrvcd Time of 70 

Microseconds 

Time 
(microseconds) 

Temperature 
Fuel CO, HLO CO ("E) 

kooctnne 49 19 17 30so 
n-Heptane 27 12 12 31 70 
Benzene 44 - 29 soso 
Ethylene 3s 12 15 3190 
Acetylene 41 14 1 G  31so 

~ 

Isooctane 31 11 3 3520 
%-Heptane 19 4 4 3600 
Benzene 26 - 10 3620 
Ethylene 24 s s 3530 
Acetylene 25 9 9 3570 
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Iqlfects of P'riel o n  Procluct Rules 

Curbon Dio.cide. 1sooc.tairc~ ~ t i i t l  n-lieptaiie sliowcd 
outstanding t1iRerencc.s in tlirir rate of formation 
of COZ aiiid anioiig tlie fuels studied represented 
the cxtrerncs. 'l'lic rate of formation of CO. from 
n-hcptane was about 1 .S times that of isooctane. 
Carbon adioxitle formation from benzene was 
sliglitly faster than isooctane. Ethylene and 
acetylene reacted slightly more rapidly than 
benzene hut are still more nearly equal to iso- 
octane than n-heptane. This was true a t  both 
temperatures and it seems unusual that ethylene 
and acetylene should react so slowly when their 
minimum ignition temperatures are so much 
lower th:tn either n-heptane or isooctane. This 
leads to t,hc conclusion that rate of formation of 
COZ, even a t  these high temperatures, is a func- 
tion of tlie original fuel structure. 

M'ater. The early stages of water emission from 
benzene were not obtained because of the inter- 
ference witli bcneene. There is also the possi- 
bility of carbonyl interference in all the water 
data and this lowers confidence to the point that 
little can be said a t  this time except that  CO and 
water appear to be closely parallel. 
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Carbon Monoxide. h comparison of the fuels on 
tlie basis of CO emission showed pronounced 
differences from the comparison on the basis of 
(30%. With respect to CO formation, n-heptane 
was still very reactive. However, a t  3600'R iso- 
octane was equally or even slightly more reactive. 
The effect of increasing temperature on the rate 
of formation of CO from isooctane was much 
greater than for n-heptane. Benzene was out- 
standing, for its relatively low rate of formation 
of CO represented the low extreme a t  both tem- 
peratures. Acetylene and ethylene were inter- 
mediate between isooctane and n-heptane a t  
3100"R and between benzene and n-heptane at 
3600"R. 

In general, the fuels aligned themselves with 
respect to rate of formation of product in the same 
order as their performance in a reciprocating 
engine. 

I-Iydrogen-CO Mixture 

The formation of products, COz, and water, 
and disappearance of CO was observed in the 
combustion of the fuel mixture hydrogen-C0 
(Fig. 16). In  general, these experiments were per- 

P 2  = 15psia  Q p l / P ,  - 5 . 6  

E R  = 1 SLIT 5.5 mm H 2 0  

c o 2  E 

r-,=-T-y-T-x ,,,------- B C  

B - 2230'R 
C - 2340'R 

SAMPLE 

HYDROGEN 2.67% 
co 2.36% 

OXYGEN 2.56% 

ARGON 92.41% 
I I I 

100 200 300 400 500 600 700 800 
OBSERVED TIME ( p s e c )  

FIG. 16. Product emission from combustion of hydrogen and CO mixture. 
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l/T', x 105 

FIG. 17. Arrhenius plot for formation of CO, from 
n-heptane, isooctane and hydrogen and CO mixture. 

formed a t  lower temperatures because the fuel 
burned much more rapidly than the hydrocar- 
bons. An Arrhenius plot of the COZ data (Fig. 
17) indicates a lower activation energy than for 
the hydrocarbons; hence, the reaction rate for 
the hydrogen40 mixture will not increase with 
temperature as rapidly as for the hydrocarbons 
and the fuels will become more similar with re- 
spect to heat release rate as temperature is 
increased. 

Consumption of CO was never complete. The 
early portion of CO emission was influenced by 
relaxation effects which appeared to affect its 
initial rise while interference by the COZ was 
apparent a t  longer times. Carbon dioxide inter- 
ference was most obvious in the 2910OR experi- 
ment (Fig. 16) and was similar to that observed 
with the hydrocarbons. 

Effect of Temperature 

The rate of formation of COZ from combustion 
of isooctane and n-heptane was studied a t  several 
temperatures in addition to those used in Table 
2. These data are presented in Figs. 1s and 19 

3590' R 
3080' R 
2840' R 

I I I I I I 1 I 
0 100 200 300 400 500 600 700 800 

OBSERVED TIME ( p e e )  

FIG. 18. Effect of temperature on rate of CO, 
formation in combustion of isooctane. 

and also as an Arrhenius plot in Fig. 17. In  pre- 
paring Fig. 17, maximum slopes of emission-time 
curves were used to indicate rate and the tem- 
perature of the induction region used for thc 
temperature. Only three data points were avail- 
able for isooctane; hence, accuracy of the 
Arrhenius plot is poor in this case. 

The plot shows that the rate of COS production 
for n-heptane increases more rapidly with tem- 
perature than isooctane and these fuels should 
appear relatively more dissimilar a t  higher tem- 
peratures. Hydrogen-CO is also included in the 
Arrhenius plot for comparison. Its slopc~ is slightly 
less than that of the isooctane. 

Conclusions 
Interpretation of calibrstion spectra 2nd their 

relationship to combustion-generated products is 
made difficult by noiiequilibriuin (relaxation) 
effects. Products gencrated from a combustion 
reaction undergo different relaxation processes 
than products heated by a shock MTSVC. As a 
consequence, calibration spectra obtained from 

Z 
I3. 
Y 
=E 
W 

---- v) 

-- 
----------- 

0 
OBSERVED TIME ( p s e c )  

FIG. 19. Effect of temperature on rate of COZ formation in combustion of 
9 n-heptane. 
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samples heated simply by shock waves cannot be 
used to obtain quantitative information about 
combustion-generated products without a thor- 
ough understanding of the relaxation phenomena 
in both cases. Combustion tends to avoid relaxa- 
tion problems. 

Of the hydrocarbons tested, n-heptane had the 
highest rate of combustion as indicated by the 
rate of formation of COS. Isooctane had the 
lowest. Ii’roduction of CO from benzene was 
considerably slower than from any other fuels. 
In respect to  heat release, the fuels were aligned 
in roughly the same order as their performance 
in reciprocating engines. The lack of correlation 
between CO emission and COS emission indicates 
either that COS may be formed by processes that 
do not iinvolve CO, or that  some species other 
than GO and oxygen is involved and this mole- 
cule is characteristic of the original fuel. 

The fuels that  were studied in the preflame and 
low temperature flame regions fell into two 
general categories; those that underwent ex- 
tensive preflame reaction and those that did not. 
Under all operating conditions isooctane and 
n-heptane were completely consumed before the 
flame. The principal intermediates were ethylene 
and higher olefins. Carbonyl was also found par- 
ticularly in the region immediately behind the 
shock wave but its concentration was low. Only 
15 to 20 per cent of the benzene was consumed 
in the preflame region and this was primarily in 
the region immediately before the flame. 

1. 

2. 

3. 

4. 

5. 
6 .  

7. 

S. 

9. 
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THE KNOCK RATINGS OF FUELS 

A. D. WALSH 

The purpose of this paper is to try to cxplain the relative knock ratings of fuels in terms of thc 
chemical reaction steps that lead to  knock. The problem is closcly connected with the problems of 
explaining: (1) why some fuels have a “low” temperature portion of their ignit,ion diagrams and 
others do not; ( 2 )  why some fuels have three lobes in the “low” tcmpcrature portions of their ignition 
diagrams, others only havc two and others only have onc; ( 3 )  why “low” tcmpcrat,urc ignition is 
associated with the occurrencc of cool flames; (4) the cause of the so-called “ncgativc temperu,turc 
coefficient” region observed in the ignition diagrams of most fuels. 

It is concluded that isomerization of R 0 2  radicals (where R is the original fuel molccule minus one 
H atom) plays an important part in the branching chain process that is needed to explain the forma- 
tion of cool flamcs and “low” tamperaturc ignition. The nature and conscquenccs of this isoincrixa- 
tion are discussed and its importance shown to offer some explanation of, inter alia: ( I )  the formation 
of various products, including dihydroperoxides and p-dicarbonyls; ( 2 )  the knock resistance of 
cyclohexane and cyclopentane and certain olefins relative to n-hesanc and n-pcntane ; ( 3 )  why 
methane, alone among the paraffins, possesses no “low” temperature mode of branching and ignition 
and therefore has a very high knock rating; (4) the nature of the light emission from cool fhmes; 
( 5 )  the decreasing knock resistance of n-paraffins with increasing chain length; (6) the occurrence of 
several lobes in “low” temperature ignition curves and why certain of thcse lobes arc sonnctimes 
missing; (7 )  the connection of (6) with the knock ratings of branched-chain fuels and why fuels con- 
taining tertiary C-H bonds (which arc particularly readily attacked by free radicals) m:iy yet havc 
high knock resistance. 

A41though various more or less striking gcneral- 
izations concerning the relation of the compara- 
tive “knock” ratings of fuels to  their molecular 
structures are well known, there is as yet little 
understanding of these generalizations. The pur- 
pose of the present paper is to  try to  explain 
some of them in terms of the chemical reaction 
steps that lead to knock. 

Experimental Data 
The experimental knock ratings have been 

excellently set out by Lovcll,‘ whose review will 
be our main source of data. The ratings of course 
vary according to  the engine conditions, test 
procedures, and rating scales employed. The 
relative ratings of fuels within the same chemical 
class (e.g., the paraffins, with which we shall be 
mainly concerned), however, fortunately do not 
usually change greatly when the test conditions 
are changed. Mostly, we shall be concerned only 
with qualitative statements concerning the rela- 
tion of knock ratings and molecular structure. 

Among the general statements that may be 
made are the following: 

(1) Knock ratings are a very seiisitive func- 
tion of molecular structure. This is particularly 
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secn in the enormous effect of isomerism: e.g , 
the various isoincrs of n-heptane have critical 
compression ratios which cover a very large 
range. 

(2 )  Knock resistance decreases as tlic length 
of a molecular chain unbroken by lxmching in- 
creases, i.e., as the number of 2’ (:-I3 bonds 
increases. Among n-paraffins, the clccrease with 
increasing molecular weight carries on to at 
least n-decane.% 

(3) Knock resistance usually increases with 
number of methyl groups, Le., as (a) 2” CHZ 
groups are replaced hy 3” CH groups, and as (b) 
the H atoms of 3” CI-I groups arc replaced by 
methyl groups. The combined rcsult of (a) and 
(b) is that the knock rating increases, fairly 
smoothly, with dcc,rease in the numlw of 2’ + 
3” H atoms.2 

(4) With the larger straight-chain paraffins 
and with the smaller branched-chain paraffins, 
change of a single hond to a double bond in- 
creases the knock r ,tancc. With the smaller 
straight-chain paraffins, the r 
the larger hranch~d-chain I 
increase or a decrcasc of knot 
occur on passagc to a corresp 
pending upon the paraffin and \diere tlic double 
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bond is inserted. The more central is the double 
bond within a straight-chain olefin molecule, the 
greater is the knock resistance. 

(5 )  Cyclohesane and cyclopentane have much 
greatcr knock resistance than n-hesane and 
n-heptane, resl)ectively, the increase being large 
for cycloliesaiie and estremely large for cyelo- 
pentane. 

Discussion 
It is woll established“ that with most fuels, 

including those in normal commercial use, knock 
occurs by the so-called “low” temperature 
process of ignition, Le. it  is associated with the 
occurrence of cool flames and is a two-stage 
process of ignition. Connected with this, it is 
also well k.nown, from the work of Townend and 
others,4a5 that the pressure corresponding to the 
tip of the envelope of the low temperature ig- 
nition peninsula, like knock ratings, varies very 
sensitively with fuel molecular structure; and 
indeed thle higher the pressure of the tip (in 
ignition diagrams plotted under comparable 
mnditions) the greater in general is the knock 
rating. I t  appears therefore that in order to 
understand knock ratings it is important always 
to bcar in mind the relevant ignition diagrams- 
even though these refer to ignition irrespective 
of delay time, whereas knock is a process of 
ignition in. a limited (and very short) time. 

Now ignition curves of hydrocarbons, in addi- 

tion to showing low and high temperature por- 
tions, show finer structure. Figure 1 shows clearly 
that the ignition curves for n-heptane and 
n-octane in the low temperature range (defined 
as the range within which cool flames arise) each 
consist of three regions or lobes-two prominent 
lobes a t  the lower temperatures and a less 
prominent lobe (but still distinct region) a t  the 
higher temperatures. The ignition curve for 
n-hexane (see Fig. 2)  is also known to show three 
distinct low temperature regions. With other 
hydrocarbons all three lobes are not always 
present. Thus the plotted points of Fig. 1 show 
that, although for isooctane the uppermost of 
the three regions is present, it has below it only 
one prominent lobe-which seems clearly to cor- 
respond to the upper of the two prominent lobes 
for n-heptane and n-octane. The ignition curve 
for methane has all three regions absent; there 
is no low temperature portion of the ignition 
curve at all. Only one lobe is known in the ig- 
nition curve for ethane, which lobe-from the 
temperature range it covers-appears to eor- 
respond to the uppermost of the three lobes ob- 
served with n-paraffins such as n-heptane. Figure 
2 shows that the low temperature ignition curve 
for cyclohexane shows two prominent lobes ap- 
parently corresponding to the two prominent 
lobes of the n-paraffin diagrams; but careful 
comparison of the cyclohexane curve with that 
for n-hexane (inset to Fig. 2)  shows that in the 
former the uppermost of the three regions in the 
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FIG. 1. Ignition curves for corresponding mistures with air of (1) n-octane (2) n- 
lieptane ( 3 )  iso-octane. (From Maccormac and T~wnend.~  Courtesy, J .  Chem. Soc. ) 
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PRESSURE (mm) 

FIG. 2. Ignition diagrams for cyclohexane, cyclohexene and (inset) n-hemic 
Curvc A: cyclohexane. Curve B: cyclohexene. (From Burgoyne, Tang, and 

Newitt! Courtesy, Proc. Roy. Soc.) 

latter is missing. These facts are summarized in 
Table 1. 

It is a pity that carefully plotted ignition 
curves are not available for many other fuels; 
for a full understanding of knock ratings must 
clearly include an understanding of why the low 
temperature ignition curves of the n-paraffins 
cited possess three distinct temperature re,' crions 
and why some of these regions are missing with 
other fuels. Methane, for example, may be said 
to have a very high knock rating because its 
ignition curve includes none of the three regions 
revealed in the curves for the higher n-paraffins; 
as far as is known, methane is unique among the 
paraffins in possessing no low temperature ig- 
nition curve and so, perforce, knock with methane 

must be by the high temperature mode of ig- 
nition. Ethane may be said to have a high knock 
rating relative to the higher n-paraffins because 
its ignition curve has the two lowest temperaturc 
regions of the n-paraffin low temperature curves 
missing. The knork reiistance of isooctanr, rcls- 
tive to n-octane, must bc a t  lrast partly due to 
the absence in the isooctane ignition curve 01 
the lowest of the three temperaturc regions of 
the n-octane low temperature ignition curve. 

In  general, the lower the pressure corrcspond- 
ing to the tip of the envelope of tbc low tempera- 
ture ignition peninsula, the lower appears to be 
also the minimum pressure requircdL for a cool 
flame to appear. It is not therefore surprisiiig 
that Barusch and Paync6 have concluded, from 

TABLE 1 

Fine Structure of Low Temperature Ignition Curves 

Region 1 Region 3 
(lowest (highest 

ternperaturcs) Rcgion 2 tcmprraturcs) 

CH4 Absent Abscnt Absent 
CZHG Absent Absent Present 

Present n-GH14 Present Prescnt 
n-C?HIG Present Present Prcksent 
n-C&Ls Present Present Prcsent 
i80-CsHi 8 Absent Present Present 

Absent Cyclohexane Present Prescnt 
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an experiniental study of tlie formation of sta- 
tionary cool flames, that the knock resistance of 
a fuel correlates with its resistance to cool flame 
formation. Further, it  appears7 that the com- 
posite nature of the low temperature ignition 
curves of fuels is a reflection of composite nature 
of the limiting pressure-temperature curves for 
cool flames to arise; and that in turn the com- 
posite nature of thc cool flame limit curve is a 
reflection of lobes known to be present in a plot 
of the maximum rate of slow oxidation (at a 
constant pressure which is below the minimum 
pressure for cool flames to arise) against tem- 
perature. The probability is that cool flames 
only arise whcn the net branching factor (+) of 
the reactions concerned is sufficiently great; and 
that the composite nature of the various curves 
referred to above is due to repeated waxings and 
wanings, as the temperature rises, of +. 

I t  seems, then, that to understand low tem- 
perature ignition we have to find in general not 
merely one branching chain reaction step and 
one reason for the dying away of this branching 
reaction as the temperature rises, but at least 
three branching chain reaction steps (presum- 
ably of successively higher activation energy), 
each having its own reason for waning in im- 
portance as the temperature rises. Each of these 
neL branching processes must be associated with 
the characteristics (such as light emission) of low 
tcmperatuirc combustion; presumably the differ- 
ent processes must be three forms of a single type 
of process which has these particular charaeter- 
istics. We shall refer to the three subdivisions of 
the low temperature ignition process, in order of 
rising temperature, as L.l, L.2, and L.3. 

We can distinguish two ways in which the 
knock resistance of two fuels may differ. The 
first is excniplified by n-heptane and n-octane. 
With these fuels a11 three presumed branching 
processes (occur, but for some reason any one 
process is more difficult (requires a higher pres- 
sure) the less the number of CH2 groups. The 
second way is exemplified by comparison of 
n-octane with isooctane or ethane; the branching 
process occurring at the lowest temperatures 
with n-oct.sne for some reason cannot occur with 
isooctane and the branching processes occurring 
in the two lowest temperature regions with 
n-octane for some reason cannot occur with 
ethane. On the other hand, the branching process 
occurring with ethane cannot occur with cyclo- 
hexane. 

Let us consider first the comparison of n-hep- 
tane and n-octane. We assume, plausibly, that 
knock wit:h these fuels occurs by the L.l mech- 
anism of ignition. Since the L.1 mechanism does 
not occur with ethane, we deduce that the im- 
portant L.l reactions are ones that involve CH2 

rather than CH:j groups. That tlie L.1 niechanisin 
occurs with cyclohexane leads to the same con- 
clusion. The apparently greater ease of branching 
with n-octane can hardly be due to a lower 
activation energy being required to abstract an 
H atom from the n-octane than from the n-hep- 
tane molecule, for both fuels ignite by the L.1 
mechanism, i.e. a t  much the same temperature, 
and one would not expect the CH bond dis- 
sociation energies to differ appreciably in n-octane 
and n-heptane. Since the two fuels differ in the 
number of 2' CH bonds/molecule, it  might per- 
haps be argued that the reaction 

X + R-H -+ X-H + R (1) 

(which is undoubtedly the step which starts the 
oxidation of most of the fuel molecules), where 
X is some free radical and R-H represents a 2' 
C-H bond in the fuel molecule, will have a 
greater probability of occurring if R-H refers 
to n-octane rather than to n-heptane. But this 
reaction is not a branching step and, anyway, a 
similar argument might lead one to expect the 
knock ratings of fuels that  contain only 1' 
C-H bonds to decrease as the number of such 
bonds/moleeule increases; whereas 2,2-dimethyl- 
propane and 2,2,3,3-tetramethylbutane show 
the opposite behavior very markedly. It seems 
much more probable that the explanation of the 
lowered knock resistance brought about by  
addition of an extra CH2 group lies in a step 
subsequent to (I). 

A further argument that this must be so lies 
in the fact that  3' C-H bonds are particularly 
readily attacked by free radicals and yet fuels 
containing 3' C-H bonds may have high knock 
resistance. It seems that knock resistance is not 
to be correlated with ease of production of R, 
but with some step or steps subsequent to the 
formation of R. 

It is unlikely that there are big differences be- 
tween the probabilities of attack on different 
CH2 groups. R is therefore to be thought of as 
including all the free radicals which can be pro- 
duced from R-H by removal of one 2' H atom. 
The unsatisfied valency will be the seat of the 
reactivity of R. Now, wherever this free valency 
is situated in the radical, since lengthening the 
chain of CH2 groups decreases the knock re- 
sistance (i.e. causes the ignition curve to  move 
to lower pressures) there must be some way in 
which events a t  the C atom possessing the free 
valency are influenced by a part of the radical 
which is apparently remote from that C atom. 
As Ubbelohdes puts it, there must be some way 
whereby any particular point in a paraffin mole- 
cule "knows what the rest of the molecule is 
doing. Otherwise, however much was attached 
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to the tail of a particular C-II bond would not 
affect the reactivity, apart from the collision 
probability of the molecule as a whole 
other words, there must be some process wliereby 
the head of the dog knows what tlic tail of the 
dog is doing.” It is in fact easily scen that the 
decreased knock resistance in the series n-pen- 
tane, n-hexane, - - , n-decane implies that  CH? 
groups in the @, y, and even in the 6 position to 
the C atom carrying the free valency are able to 
affect what happens a t  the site of the free 
valency. 

In  conjugated hydrocarbons it is well known 
that influences may be transmitted along a chain 
of C atoms; but the reasons for this have no 
application to paraffins. There seems only one 
way to  account for the influence of an apparently 
remote group in a chain of CH2 groups. That way 
is to realize that the remoteness may be apparent 
only. The structures of n-paraffin chains as com- 
monly depicted in print are misleading. In fact, 
free rotation about C-C bonds can bring atoms 
that are linked to  each other through three or 
more other atoms (thus forming a ring of fivc or 
more atoms) into sufficiently close proximity for 
strong interaction to occur. The possibility that  
molecular “crumpling and bunching” may be of 
importance to knock ratings has been particu- 
larly stressed by IJbbelohde.8 

It seems then that the decreasing knock re- 
sistance of n-paraffins with chain length implies 
that low temperature osidation involves an 
interaction between a formally “remote” CH, 
group and the point a t  which a hydrogen atom 
has been removed from the hydrocarbon mole- 
cule. It is difficult to see what form this interac- 
tion could take other than the transfer of an H 
atom from the remote CHZ group to the free 
valency. If the interaction is supposed to take 
place in the radical R, it merely causes isomerizs- 
tion of the radical; and, since at low tempera- 
tures all possible secondary R radicals are 
presumably produced anyway by reaction (I), 
it i s  difficult to see why isomerization should be 
of any importance. Moreover, isomerization of 
R could hardly he an important process in all 
low temperature ignitions. It would, e.g. offer no 
explanation of the decreasing knock resistance 
from ethane to propane to n-butane. With 
ethane, propane and n-butane, transfer of an H 
atom to a free valency in R either makes no dif- 
ference to R or involvcs interaction between H 
and C that are linked together through two or less 
intervening atoms; and intramolecular interaction 
between two atoms is only plausible if those atoms 
are linked through a t  least three other atoms (so 
forming a ring of a t  least five atoms). We con- 
clude that the interaction does not take place in 
the radical R. 

Since Il hai an uii~ati\ficd x alcnc~j aiitl \inw 
thc 0 2  molecule may be thought of a\ having 
unsati&d valeiicici, n n  important itcp w1)~-  
quent to the forinatioii of R 15 cxlxv%cd to lie 

1L + 0 2  -> ItOL. (2) 

This reaction is expected to havc zero activation 
energy and, for R larger than CHI?, to 
order (see Hoare aiid Walslig). It will 
be fast. The resulting I t 0 2  radical still has B free 
valency. If we suppose that lengthening tlie chain 
of CH2 groups escrts its effect becsusc of 811 

interaction between a remote CHs group and the 
free valency in an Rot radical, the first of the 
above difficulties disappears. The intwaction re- 
sults in the transfer of an 1% atom from a CH2 
group to the free valency; it is an isomerization 
of RO2. An -0OH group and a ncw frec valency 
to which a second 0 2  molecule readily attaches 
itself are thus created. A further isomerization 
may then take place and the process may be re- 
peated. Alternatively, the radical containing four 
0 atoms may decompose” or it map react with a 
fuel molecule to  produce s dihydropcroside 
which may subsequently decompose. There i5 
indeed evidence of the formation of dihydro- 
peroxidesi0 and of products which can only h a w  
resulted from attack of 02 a t  more than one 
atom of the original hydrocarbon. Tlie latter in- 
clude @-dicarbonyls, c.g., 

CH-CHL-C-CH 

0 
I1 

0 
II 

and 
CH j-C-CH 2 - 4 -  

/I II 
0 0 

identified in the products of low temperature 
oxidation of n-butane and n-pen tam,  respec- 
tively.11J2 Whatever happens, it is almost in- 
evitable-having regard to the properties of 
hydroyerosides-that the original R radical 
gives rise to two or more radicals. Isomerization 
of RO2 thus provides a possible identification of 
the branching process which occurs in low tem- 
perature oxidation. 

The idea that hydroperoxides are concerned 

* Much energy is liberated at cach addition of 0 2  

and must in the first place be stored within the 
adduct. This energy, if it can flow dong the carbon 
chain, will, via increased internal rotational and 
vibrational energy, facilitate internction betwcrn 
formally “remote” points of the chain. RO, radicals 
are to be thought of as twisting and contorting 
somewhat vigorously. The possible iniportance of 
ease of energy flow has been strceaed by Ubbelohde.B 
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understandable in view of the greater strength 
of a 1' than of a 2' C-H bond. 

On these views, the fine structure of the low 
temperature portions of the ignition curves for 
propane and n-butane should not altogether cor- 
respond to the fine structure of, say, the n-heptane 
and n-octane curves; for with propane @ transfer 
from a CH2 group is impossible and with n-butane 
@-transfer from a CH2 group is only possible if 
we supposc it occurs in the CHz(OO)-CHy 
CHy CHs radical. Experimentally, the ignition 
curves of propane and n-butane do appear to be 
somewhat anomalous in relation to the ignition 
curves of the higher n-paraffins (witness the close 
similarity of the ignition curves in Fig. 1 for 
n-heptane and n-octane and cf. Fig. 3 ) ;  the 
lowest temperature lobe in the ignition curves 
for propane and n-butane lies a t  markedly higher 
temperatures than that in the ignition curves 
for the higher n-paraffins. @-Transfer of a 1' H 
atom is of course possible with both propane 
and n-butane, but involves supposing that with 
propane, reactions of the radical CHz(00). 
CH2- CHs are important in determining the ig- 
nition limits a t  the lowest temperatures; such 
transfer would be expected to occur at higher 
temperatures than for @-transfer of a 2' H 
atom. The ratio of 1" to 2' H atoms in propane 
of course favors formation of CHz(OO). CHy 
CHs as opposed to CHs-CH(OO)*CHs; with all 
higher n-paraffins, attack of 0 2  a t  a 2' C atom 
may well be much more important than attack 
of 0 2  at a 1' C atom. 

Turning now to the second way in which the 
knock resistance of two fuels may differ (which 
way is exemplified by comparison of n-octane 
with isooctane) we note that with isooctane, un- 
like n-octane, @-transfer of an H other than 1" 
H is impossible a t  the lowest temperatures, pro- 
vided (as is plausible) O2 attack a t  these tem- 
peratures is confined to the 3' or 2' H atoms. 
a-Transfer of an H from a CH2 group to a 

I 
-coo 

1 

group is possible. We thus have a possible ex- 
planation of why ignition of isooctane requires 
higher temperatures than that of n-octane and 
hence of the knock resistance of isooctane. With 
ethane, neither a- nor @-transfer of 2' H in RO2 
is possible, ignition requires markedly higher 
temperatures than are required for fuels which 
can ignite by the L.1 or L.2 processes, and the 
high knock resistance receives some explanation. 
i-Butane appears to be another fuel from whose 
ignition diagram (see ref. 15) the lowest tem- 
perature lobe is missing; with this fuel also, 

transfer of H from a @ CH2 group in an RO2 
radical cannot occur. 

Presumably, transfer of 3' H is also possible 
within RO2 radicals. Restriction of the RO2 
isomerization processes involved in L.1 and L.2 
ignition to  transfer of 2' or 3' H, however, offers 
an understanding in principle of why knock 
ratings are such a sensitive function of molecular 
structure; and in particular of why reduction in 
number of CH2 or CH groups hy further addi- 
tion of CH:$ groups in general i 
resistance. It appcars to be sign 
the eight paraffinic fuels cited by Lovell~ as 
possessing a critical coml)ression ratio > S undcr 
standard conditions, none have a CH or CH2 
group @ or y to anothcr CII or CH,; that not 
until we pass below the critical compression 
ratio = 5 line do mTe find fuels with two CH2 
groups @ to each other; that of the seven fuels 
having the lowest critical comprcssion ratios all 
have two CHe groups @ to each other; and that, 
with the exception of neopcntane 

C 
I c-c-c, 
I c 

all fuels lying below thc critical compres4on 
ratio = 5 line have cither a CH or a CH2 group 
lying @ to another CH or CH2 group. 

It remains, however, to  point out that to put 
stress on the ease or difficulty of RO2 isomeriza- 
tion being an important factor in knock ratinqs 
is to imply that some process competcs with the 
isomerization and docs not lcad t o  branching. 
Under conditions where surface chain-ending 
can be important, surface destruction of ROn 
may well supply the competing reaction in L.1 
ignition of a fuel that so ignites. If the surfacc 
chain-ending is diffusion-controlled and if R02 
isomerization requires an activation energy, thc 
negative slope of the lower temperature boundary 
of the L.1 pressurc-temperature ignition lobe 
would be explained. An alternative or additional 
competition of RO:! isomerization with the re- 
verse of reaction (2) would also be possible. 
Increasing oxygen pressure would then increase 
the concentration of ROz radical5 and so favor 
the branching process-as would rise of tempcra- 
ture, supposing the reverse of (2) to require no 
activation energy. Further, competition of R02 
isomerization with RO2 decomposition to prod- 
ucts other than R + 0 2  is also probable. Thc 
most likely reaction step producing light emis- 
sion (see reference 16) (Le., producing elec- 
tronically excited formaldehyde) is 

CHaO + X -+ XH + CHD". (3) 
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ltOs deconiposition, if it  occurs a t  the lowest 
temperatures will, according to the present 
ideas, occur a t  all low temperatures; it  is plausibly 
the source of methoxy radicals required for re- 
action (3) to  occur. 

The upper temperature boundary of the L.l 
ignition lobe implies the setting-in of a com- 
petition other than that involved along the lower 
temperature boundary. The positive slope of the 
upper temperature boundary on an ignition 
diagram irnplies competition of the branching 
process with another process which has both 
higher activntion energy and lower order. The 
suggestion is that the competition 

(ieomerized ItOn)l + 0 2  -+ (It0,)’ (4) 
(isomerized ItO2)l 3 decomposition (5) 

occurs. Reaction (4), but not (5) ,  is expected to 
have zero activation energy and (5) has the re- 
quired lower ordcr. [The unimolecular deeom- 
position (5) is expected to be first order.] At still 
higher temperatures, a new isomerization of 
R02 sets in and results, like the lower tempera- 
ture isomerization, in a waxing of the net branch- 
ing process. At still higher temperatures, the 
branching wanes again because of the inevitable 
setting-in of the competition 

(6) (isomerized I ~ O S ) ~  + 0, -+ (no,)’’ 
(isomerized Ron), + decomposition (7) 

At still higher temperatures, comes a third 
isomerization of RO:!, eventually dying away in 
importance (as the temperature rises), as a result 
of a third competition of the type (4)-(5) and 
(6)-(7). According to these views, each mode of 
ItOz isomerization (leading to branching) carries 
with it its own nemesis a t  higher temperatures. 
Decomposition of each isomerized RO, leads to 
a radical plus a molecule a i d  so to a straight- 
chain process distinct from the branching process 
whereby ni.ore than one radical is produced from 
one RO2 r:tdical. Decomposition of R (to radical + olefin) may, a t  the higher temperatures, com- 
pctc with (2), also replacing the branching by a 
straight-chain process. Decomposition of RO:! 
after transfer of H from an a C atom will produce 
an olefin + 1-102. Decomposition of RO:! after 
transfer of H from a /3 C atom will presumably 
produce an aldehyde or ketone + an olefin + 
OH. There are thus plenty of possibilities for the 

competitions which are required both for the 
kinetic scheme and for explanation of the forma- 
tion of the numerous oxidation products. 

The present suggestions of factors involved in 
the knock ratings of fuels do not exclude of course 
additional effects due to further reactions of some 
of the molecular oxidation products. The cor- 
rectness or otherwise of the various suggestions 
made here can only be settled by much more ex- 
perimental work than is a t  present available, on 
the plotting of ignition curves in detail for a 
wide range of fuels under properly comparable 
conditions, and on product analysis that  is care- 
fully related to the various pressure-temperature 
features of the ignition curves. The present paper 
will have served its purpose if it acts as a stimulus 
to that needed new experimental work. 
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Discussion 

DR. G. H. MEGUERIAN (American Oil Co.): 
I would like to ask what the effect of pressure is 
on the formation of ignition lobes. Sometime ago 
Dr. Malenberg from Ohio State University studied 
product formation in engines and tubes and found 

that, although the intermolecular isomerization was 
pronounced in tubes, in the engine it was not. 

PROF. A D. WALSH (University of St.  Andrews): 
Dr. Malherhe and I found that while lobes or 
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hreaks probably occurred in cool flamc pressure- 
temperature limit diagrams thcy were commonly 
much morc obvious in hot flamc ignition curvcs 
(which of course lay at higher pressures); but I 
think a lot morc study needs to be devoted to thc 
factors that make the composite nature of low 
temperature ignition diagrams more or less obvious. 

IjR. M. R. BARUSCH (California Research Cor- 
poration): In our early work on preflame combustion 
products of hydrocarbons, we proposed that p- 
dicarbonyl compounds were formed by a mechanism 
involving an intramolecular proton transfer [BA- 
RUSCII, M. R., N E ~ ,  J. T., PAYNE, J. Q., and 
THOMAS, J. R.: Ind. Eng. Chem. 43, 2766 (1951)]. 
This mechanism is identical with Professor Walsh’s 
proposed isomerization of RO? radicals with subse- 
quent formation of R04 radicals. 

This proposed reaction scheme accounted for the 
fact that cyrlopentane does not form p-dicarbonyls 
while a larger ring does. The reason is stereochemical. 
A molecular model of thc peroxy radical of cyclo- 
pentane shows that the oxygen is not close enough 
to a p hydrogen to collide with it. In a larger ring 
such as cyclohexane, the oxygen appears to collide 
readily with the p hydrogen, thus permitting the 
introduction of oxygen atoms in the beta position. 

Cyclohexane and cyclopentane usually exhibit 
similar chemical properties. However, it appears 
that for stereochemical reasons, cyclopentane peroxy 
radical cannot rcarrange by p-hydrogen transfer 
whereas the cyrlohexane peroxy radical does. It is 
suggested that this provides a moet interesting test 
of Professor Walsh’s theory explaining the lobes of 
the pressure-temperature diagram. Applying Pro- 
fessor Walsh’s reasoning cyclopentane will not give 
a Region I lobe because the intramolecular rear- 
rangement does not occur. As Walsh reports, cyclo- 
hesane does show a Region I lobe. Verification of the 
absence of the first lobe in ryclopentane oxidation 
would give considerable support to Professor 
Walsh’s theory. 

PROF. A. D. WALSH: I agree that a study ought to 
hc made of the ignition curve for cyclopentane, 
which curve has, as far as I know, not yet been re- 
ported. I am not sure, however, whether @-transfer 
of an atom in RO, derived from cyclopentane should 
be regarded as impossible or merely difficult. Inci- 
dentally, an ignition curve for methyl cyclopentane 
has been reported [BURGOYNE, J. H. and SILK, J. A.: 
J. Chem. Soc. 1951, 5721 and clearly has a t  least two 
temperature regions of low temperature ignition. 

I)R. H. W. CARHART (Naval Research T,aboratory): 
The tertiary hydrogen is preferentially removed 
from RH, hence RO, should bc predominantly ter- 
tiary. How does this affect the appearance of lobes 
and intcrnal isomerization and how does the negative 

tcmperaturc coeflicicnt :iflcct the v:trious lobes of 
the ignition diagmm? 

DR. E. J. Y. SCOTT (Socony Oil Co.): Dr. Walsh 
mentioned that the case of hydrogen atom abstrac- 
tion by radicals from hydrocarbon molecules: is in 
the inverse order of the corrcsponding C-H bond 
strengths, Le., 3y > 2y > 1y. Also, t,ho ease with 
which knocking of hydrocarbon occurs is in the 
order: 2y >> 3y > ly .  In thc past this difference has 
been esplained 1)y the case with which aldehydes 
(formed by primary and secondary C-H attack) 
can generate branchins chains comp:trc:cl with kc- 
tones (formed by tertiary C-H attwk). 

Dr. Walsh’s theory suggests anot,her interpreta- 
tion. Initial abstraction of a hydrogen atom is no 
longer considered to be the det,erminirig stop but 
rather abst,raction in conjunction wit,h isomcrkttion 
of the RO, radical. Now the reaction (1) 

\ \ 
-C- + Or -4 -c-o2- 
/ / 

(1 

is exothermic to the estent of 30 to 40 kilocalories. 
The exact valuc will dcpend on the strength of 

the C-0 bond formed. The exothermicity of (1) 
will therefore decreasc in the order: l y  > 2y > 3y. 
This energy may be carried over to the isomerization 
reaction. If then, a further abstraction of the same 
type of hydrogen is considered, say, a @-secondary 
atom, thc case with which the over-:ill reaction ( 2 )  
will occur 

RL. + 0, + ILH + RiOsH + Rr- ( 2 )  

will be in the order 1y > 2y > 3y. 
In the case of intermolecular reaction the energy 

of reaction (1) would be most probnl)lp redistributed 
throughout thc internal degrees of freedom of t,he 
ltOn radical before the sccond hydrogen could be 
ahstractcd. Howcver, when intramolcciilar reaction 
occurs, there is a possil)ility that the energy remains 
localized in thc oxygen bond long cnough to con- 
tribute to the second abstmction rcztction. Thus 
although the ease of alistracting the initial hydrogen 
is in the order 3y > 2y > 1y the reverse order may 
apply to the second ahstraction. The conflict be- 
tween the two orders (which of course, apply to the 
same carbon atom) could thcrcforc esplnin why 
attack at secondary C-H bonds appears t,o control 
the knock ratings of fuels. noes l’rol’essor W:kh 
think this is possible? 

PROF. A. 1). WAISH: In reply to the second of thc 
two points raised by Ilr .  Carhart., if tellere are several 
lobes in the ignition diagram of a fuel tlhen there m e  
several temperature regions which may be described 
as possessing a “negative tcmperat~ni-e cocllicient 
of osidation.” I suggest, that t,hcse result from com- 
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pctitioiis of tht, type 

(isomerized RO,) + 0, + (no,) and :I branching 
chain 

(isomerized RO,) -+ decomposition and a 
straight chain. 

The first of three competing reactions is expected to 
need zero activation energy and so to be overtaken 
by the second reaction (which is expected to require 
an activation cnergy) as the tempcrature is raised. 
There will be as many such competitions as therc are 
types of isornclrixed It02 radicals. In addition, I 
suggc.st that the compctition of isomerization and 
tlccomposition of (original) Rod occurs in all the 
temperature regions 

As regards Dr. Carhart's first query, I agree that 
IL in RO2 will particularly include tertiary alkyl 
radicals if the original fuel molecule contains ter- 
tiary C-H bonds; and have suggested that in the 
two lowest temperature regions ROA radicals de- 
rived from tertiary R isomerize only by internal 
traiisfcr of 311 H atom from a secondary or tertiary 
C-H bond I h  Scott, however, makes an interesting 
point that m:iy affect the relative importance of 
ILO, radicals derived from tertiary and secondary R 
r:idicals in determining knock ratings. I think Dr. 
Scott must bc right in the gencral point that encrgy 
factors must lie t:iken into account in reaching a 
complete understanding of the processes leading to 
ignition a t  low temperaturcs. 

In conversation, Ilr. Scott has stressed to  me B 

furthcr observation that weme strongly to confirm 
the main point of my pqwr, vzz., the importance of 

intramolecular effects in determining ease of ignition 
and knock ratings. It is that rn- and p-xylene have 
about the same knock resistance, but o-xylene is 
quite different and has a far lower knock rating. 
What esplanation other than intramolecular interac- 
tion could be advanced for the large o-effect? One 
writes the sequence of reactions: 

0 

the last step written being very much more dificult 
for m- than for u-sylene and impossible for p-xylene. 
The point is similar to the stress on the high knock 
ratings of cyclohexane and cyclopentane relative to 
n-hexane and n-pentane, which ratings are all the 
more remarkable since the cyclohesane and cyclo- 
pentane molecules possess of course more CH, 
groups than the n-hexanc and n-pentane molecules, 
respectively. 



EFFECT OF ANTIKNOCKS ON FLAME PROP A 
SPARK IGNITION ENGINE 

S. CURRY 

Knock is normally accompanied by an acceleration of the primary flamc to mcasurrd terminal 
velocities in the range of 300 to  1200 feet per second. The transition to  thcsc knock inducing flamc 
propagation rates can occur over an extended period and the addition of tctratthyllead rcsults in a 
significant reduction in the measured flame front velocities under knocking cnginc conditions. Tctra- 
ethyllead does not appear to affect flame propagation rates under nonknocking engine conditions. 

Acceleration of the knock inducing flame fronts is believed to result from the formation of some 
critical concentration of active species produced during the course of the preflame rcaetions. I t  thus 
appears that tetraethyllead suppresscs knock by deactivating or inhibiting thc formation of tlicsc 
species. 

The acceleration to  knock inducing flame propagation rates can begin quite carly in the combustion 
cycle and tetraethyllead can measurably suppress this acceleration. 

Introduction 

The ability of small quantities of antiknocks, 
such as the lead alkyls, to suppress or moderate 
knock in internal combustion engines is well 
known, but the exact mechanism by which anti- 
knocks function is not completely understood. 
Although the fast rates of combustion which lead 
to knock and the effect of antiknocks on the 
combustion process have been the subject of ex- 
tensive study, no single concept of knock and 
antiknock mechanism is sufficient to explain all 
of the various observations. The relationship be- 
tween knocking combustion and antiknocks is 
such that an understanding of the events leading 
to knock should aid in the understanding and 
prediction of the effects of antiknocks on the 
combustion process. 

Combustion in a spark ignition engine has bcen 
investigated in terms of flame development and 
subsequent propagation throughout the combus- 
tion chamber and the effect of tetraethyllead on 
the development of flame fronts associated with 
both knocking and nonknocking combustion has 
been studied. The results have led to a concept of 
knocking combustion which is consistent with 
the observed effects of antiknocks. 

Experimental Equipment 

The engine used was a Waukesha CFR engine 
with a split head combustion chamber mounted 
on an ASTM-CFR high speed crankcase and 
coupled to a variable speed dynamometer. A 

modified high compression ratio piston was used 
which allowed the compression ratio to be varied 
from 5:l to 25:l. The progression of the flamc 
front across thc combustion chamber was dc- 
tected by 49 ionization gaps, 27 mounted in the 
cylinder head and 22 on the surfacc of the piston. 
A sketch of the location of thc ion gaps in tlic 
cylinder head is given in Fig. 1. The points in& 
cated by letters on the sketch reprrscnt the 
positions a t  which flame front velocitics were 
determined for many of the resul1,s prcscntcd 
here. A pressure senying clement was also used to  
determine the occurrence of knock, making po+ 
sible the measurement of the timc of knock ab 

HEAD AND 
PISTON TOP 

PISTON TOP 
ONLY 
HEAD ONLY 

FIG. 1. Progression of the flame fronl was followed by 
multiple ionization gaps. An analysis of flame front 
velocities between points A, B,C, and I1  :iccur:ttely 

describes tlic general trcnd. 
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BALANCE PISTON 

DIGITAL 
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FIG. 2. Multiple ionization gaps were installed on 
both piston and cylinder head surfaces. 

well as thc time of peak pressure. A schematic 
cross section of the engine is shown in Fig. 2. 

&cause of the large amount of information 
available during each cycle, the instrumentation 
was designed to collect and store data a t  rates 
up to 100,000 events per minute with a time 
resolution of ten niicroseconds. A schematic 
diagram of thr  data handling facilities is shown 
in Fig. 3. The principle of operation may be de- 
scribed as follows: an ignition pulse ignites the 
charge arid also starts, in a digital encoder, 2s 
binary counters which count a t  a frequency de- 
termined by an oscillator setting. When events 
of interest occur, pulses are produced by a 
synchronizer and transmitted to the digital en- 
coder, stopping the count The time intervals 
rc~;orcled b y  the 28 counters are stored on a mag- 
netic tape recorder during the exhaust stroke. 

:rs arc then automatically reset to aero 
qucnce is repented for a predetermined 
firings. Information stored on the tape 
d by a digital c&nputer and the in- 

formation typctl out a t  some convenient time. 

IGNITION ACTIVATES COUNTERS - _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _  

FIG. 3. The data handling facilities transmitted 2s 
channels of information from the engine to a tape 
recorder at rates up to 100,000 events per minute 

with a time resolution of 10 microseconds. 

The 2SZdata points recorded represent the time 
interval from ignition to the time of the events. 
These times are then used to determine the flame 
propagation patterns and rates for consecutive 
single cycles or for the avcragc of any preselected 
number of cycles. 

A frequency switch signal was produced by the 
synchronizer and used a t  a selected time during 
the cycle to increase the oscillator frequency to a 
preselected high value, permitting very short 
time resolutions with a limited counter capacity. 
Low frequencies were used to follow the relatively 
slow moving flame front during the early phase 
of a cycle. The counting frequency was then 
switched to a higher value to follow the high 
flame speeds associated with knock. 

A detailed description of the engine and modi- 
fications required to install the ionization gaps 
and of the instrumentation and data handling 
facilities is given in reference 1. Also discussed 
are the limitations inherent in the use of ioniza- 
tion gaps to detect the presence of a flame and 
the precautions taken to ensure that the measure- 
ments were as exact as possible. Although eom- 
plete maps of the flame propagation patterns 
were obtained during this study, a point by point 
statement of the flame arrival times and propaga- 
tion velocities will be used to describe the effects 
observed in this present work. This approach has 
been justified as a result of extensive analysis of 
flame propagation patterns in three dimensions 
on the basis of a single cycle and the average of 
many cycles. The work in three dimensions 
showed that a great deal of caution must be eser- 
cised in making a detailed analysis of a single 
cycle; however, the general trend can be de- 
scribed accurately by multicycle average data. 

Concept of Knock 

Before considering the influence of antiknock 
compounds on the development of knocking 
combustion, it is necessary to review the present 
concepts of the modes of combustion by which 
knock is induced. On the basis of earlier work, 
two predominant theories have prevailed-the 
autoignition theory and the detonation theory. 
The autoignition theory postulated that, owing 
to sensitization of the fuel-air charge of the end 
gas region by preflanle reactions, several portions 
of the charge undergo virtually simultaneous 
autoignition and this high speed combustion re- 
sults in a local pressure imbalance and the char- 
acteristic gas vibrations. The detonation theory 
postulates that, owing to shock waves or some 
other disturbance within the combustion cham- 
ber, a true detonation wave is established and 
propagates through the unburned portion of the 
charge at velocities in excess of sonic. Such a 
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detonation wave has associated with it a sharp 
pressure discontinuity which could give rise to 
the characteristic gas vibrations. 

The initial results of the present work with 
these new facilitics, presented in more detail in 
reference 1, have led to a concept of knocking 
combustion which is somewhat different from 
either of the two just discussed. This concept can 
be reviewed as follows: knock (engine noise and 
gas vibrations) can bc induced as a result of a 
rapid rate of pressure rise associated with an ae- 
ccleration of the primary spark ignited flame 
front to velocities on the order of 300 to 1200 
feet per second. In  other words, a single spark 
ignited flame can sweep through the gases a t  a 
rate sufficient to induce knock without either the 
occurrence of autoignition or the development of 
a true detonation wave. 

Even a t  light levels of knock, the tendency of 
the flame front of a knocking cycle to accelerate 
to the high rates required to induce knock can be 
observed. The term “light knock” is applicd to 
those conditions under which less than 100% of 
the cycles actually knock. Therefore, the refer- 
ence to a 37% knock level would describe 100 
consecutive engine firings in which there were 37 
knocking cycles and 63 nonknocking cycles. 

A typical example of the average flame propa- 
gation history for a 37 % knock level is shown in 
Fig. 4. In  this figure, the average times required 
for the flame to reach selected points on the 
cylinder head have been plotted for both knock- 
ing and nonknocking cycles. It can be observed 
that the knocking cycles are characterized by 
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FIG. 4. The average flame prop:igation rate for 
knocking cycles was greater than for nonknocking 
cycles throughout the cycle. Furl-isooctane; com- 
pression ratio-10.1 4; spark advancc>---2Oobtc.; F / h  
ratio-0.0613; mixture tcmpernturc-30O0F; map- 
30 inches Hg; Spced-1200 rpm; roolmt tempern- 

ture-212”F; per cent knock-37. 

shorter burning times, and thus higher flame 
propagation rates, throughout thc cycle. While 
analyses such as these lcnve no doubt that knock 
occurs on those cycles having the :shortest end 
gas rcsidence time, a study of the distribution of 
the flame arrival tinics of the selected points 
further demonstrates that knocking cycles are 
characterized by an ncceleration of the primary 
flame front. 

Histograms for the Asinc arrival tinics a t  

KNOCKING 
N 0 N-K NO C K I N G 

20 
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points A, E, and Il vvcre obtained and the en- 
velopes whicli inscribe these histograms are 
shown in Fig. 5 .  Tlic distributions for the knock- 
ing and iionknocking cycles were treated as 
scparatc populations. The spread between the 
two liopulations a t  point A is sufficiently small 
that it may Iic attributctl to riornial cycle-to- 
cycle variat,ions. Howt:vrr, Iiy the time the flame 
front reached point I%, thc sprcad between the 
two populations was suHiciciit that they must be 
regartled as two independent populations. Also, a 
distriliutiou of this kind ran no longer be at- 
tributer1 to nolmal cycle-t variation. By 
thc tirnc tho flame has pro- to point D an 
almost cornplcte separation has occurred as a 
result of the acceleration of flame fronts during 
those cycles which resulted in knock. In  other 
words, it  becomes possible later in the cycle to 
1)redict with increasing certainty the impending 
event of knock on the basis of flame propagation 
rate alonc. 

h complctc separation of the two populations 
mas not achicvcd a t  these light levels of knock 
because the ion gap a t  point D was not neces- 
sarily the last gap to fire and the method for de- 
tection of knock was not absolute. In  spite of 
this, these data imply that, even under very 
light knocking conditions, the impending event 
of knock is accompanied by an acceleration of 
the primary flame front. 

Thcsc n.ccc:lerating flame fronts are more 
clearly depictcd under heavy knock conditions, 
ijarticularly with n-heptane. Studies of the flame 
~)ropagatioii patterns of n-heptane under heavy 
knock conditions have resulted in velocity vector 
diagrams such as shown in Fig. 6. Under these 

m- HEPTANE 

t 
37 

COMPRESSION 
RATIO 6 LJ SPEED 1200 RPM 

FIG. 6 With heavy knock the measured flame propa- 
gation rate increased to 10 to  20 times the normal 
velocity before knock occurred. Spark advance- 
15"btc; F/A ratio-0.073; mixture temperature- 
300°F; map-30 inches Hg; coolant temperaturc- 

,12 F: speed-1200 rpm; 100% knock. i )  . 0 

\ -18.1 
'18.4 1 

GA DEGREES 
AFTER TDC 

.18.1 

b 5 . 2 /  .18.2 -16.5 

FIG. 7. The development of the combustion process 
resulting from pure autoignition is too complex for 
meaningful analysis. Fuel+-heptane; compression 
ratio-7.54; spark time-none; F/A ratio-0.066; 
mixture temperature-100°F; speed-1200 rpm; 

map-30 inchee Hg; coolant temperature-212°F. 

conditions, the transition velocities have been 
increased to such an extent that statistical impli- 
cations of the accclcrating flame front are no 
longer necessary. Results such as these have 
shown that a spark ignited flame front can de- 
velop and accelerate across the combustion 
chamber reaching velocities sufficient to induce 
knock. The analysis of thousands of flame maps 
such as these has led to the conclusion that it 
is not necessary to have either autoignition in 
the end gas region or a true detonation wave to 
have knock. Thus, it appears that energy release 
rates associated with flame front speeds of 300 to 
1200 fps are sufficient to produce knock. 

These esperiments indicate that knock is in- 
duced by the high rates of energy release associ- 
ated with flame propagation rates 10 to 20 times 
normal and that even under conditions of light 
knock a detectable acceleration of the primary 
flame front occurs. Once we have established that 
one of the primary characteristics of a knocking 
cycle is a definite acceleration of the primary 
flame front, two important questions arise: (1) 
What factors cause the acceleration? and (2) Do 
antiknocks influence the development of the 
flame front under these conditions.? 

With regard to the first question, there arc 
several possibilities. Certainly one important 
possibility is an autoignition process. While it is 
true that autoignition processes might, under 
heavy knock conditions, proceed in such a 
manner that they could give the appearance of 
a high speed flame front, it  is not likely that they 
would account for the acceleration of the flame 
front with light knock. Attempts to study the 
development of the combustion process with 
pure autoignition resulted in flame maps such as 
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those shown in Fig. 7. Under these conditions, 
the development of the combustion process is so 
complex that the primary mode by which the 
charge is consumed cannot be ascertained. It can 
only be assumed that the final reactions were a 
result of autoignition. For the most part, these 
types of combustion patterns were not en- 
countered in studies with spark ignited charges. 
Although autoignition was not uncommon, par- 
ticularly with n-heptane, the development and 
acceleration of the primary flame was clearly 
evident even when average values for many 
consecutive cycles were used. 

The two more likely reasons for acceleration of 
the flame front are an increasing temperature 
environment into which the flame is progressing 
and changes in the composition of the unburned 
gases. Such changes in composition would be 
likely to include active species formed during the 
preflame reactions. 

It is known that preflame reactions occur in 
the unburned portion of the fuel-air charge 
ahead of the advancing flame and the rising 
temperatures resulting from compression tend to 
accelerate these reactions. The major products 
formed during the preflamc reaction have been 
identified as hydrogen peroxide, formaldehyde, 
and the higher aldehydes. It is reasonable to 
assume that these products could have bcen 
formed from such simple radicals as OH and 
H02. Increasing concentrations of such mobile 
free radicals might increase the flame propagation 
velocity to a measurable extent. Under light 
knock conditions, normal cycle-to-cycle varia- 
tions in the combustion process may give rise to 
higher than average burning rates and the higher 
temperatures and pressures associated with these 
faster burning cycles could result in higher than 
average concentrations of active species. This, in 
turn, could lead to even higher burning rates re- 
sulting in ever increasing concentrations of active 
species as the flame front progresses across the 
combustion chamber. These increasing concen- 
trations might then increase the flame propaga- 
tion velocity far above the normal flame velocity. 
The observations might also be explained on the 
basis of a thermal mechanism of flame propaga- 
tion and thus it is difficult to separate tempera- 
ture effects and the influence of composition; 
however, a study of the effect of antiknocks 
permits a more narrow interpretation. 

CURVE */* ML TEL 
NO. KNOCK FUEL PER GAL. 

I 100 n-HEPTANE 0 
2 100 n-HEPTANE 
3 0 n-HEPTANE - 

Effect of Tetraethyllead on Flame 
Propagation 

The second question raised as a result of the 
observed acceleration of the knock-inducing 
flame fronts is what effect, if any, do antiknocks 
exhibit on the development of the flame front. As 
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FIG. S. The addition of tetraethyllead produces n 
marked increase in thc average burning times rc- 
quircd to  reach the selected points under knocking 
conditions. Compression ratio-6.1G; F / h  ratio- 
0.066; spark advance-15"btc; mistnre tcmpera- 
ture--100°F; map-30 inches Hg; speed--1200 rpm; 

coolant tcmperaturc-2~2"lF. 

expected, the addition of tctracthyXIead had no 
detectable effect on flame propagation ratcs 
during nonknocking combustion; however, its 
effect on flame propagation rates under knocking 
conditions was quite pronounced. 

The most pronounced effects of tetraethyllead 
on flame propagation rates were obtained with 
n-heptane as the fuel. The results axe presented 
in Fig. S. The test conditions were such that the 
engine was operating a t  a compression ratio just 
bclom trace knock with n-heptane containing 6 
ml of tetraethyllead per gallon. The data rcpre- 

Z I  / /  
-0 I 2 3 4 

INCHES F R O M  SPARK 

FIG. 9. The average flame front vcloc.il,y undergoes a 
marked acceleration quite early in the cycle :LS tetra- 
ethyllead is removed m d  the knock intensity 

increased. 
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sent the average burning tiiiies required for tlie 
flanie front to reach selected points in the com- 
bustion chamber. It can be seen that as the 
tetraethyl1e:td concentration is reduced, and 
knock intensity increases, the burning time curve 
begins to depart from the nonknocking combus- 
tion curve quite early in the cycle. 

An incremental velocity plot of these same 
data, shown in Fig. 9, provides a more graphic 
illustration of the transition in flame front 
velocities accompanying the knocking process. 
While it is recognized that these curves represent 
average data for 100 consecutive cycles, the 
averages clearly depict the trend which is also 
detectable on the hasis of single cycle analysis. 
It can be observed that even with n-heptane f 6 
ml tetraethyllead operating just below trace 
knock there is a detectable acceleration of the 
flame front in the end gas region. As knock in- 
tensity is increased by the removal of tetraethyl- 
lead, the average flame speed increases through 
most of the cycle. Conversely, then, it can be 
stated that the addition of tetraethyllead can 
suppress the acceleration of the flame front which 
precedes the occurrence of knock. On the basis 
of these data, it  is evidciit that tetraethyllead can 
have a mestsurable effect on flame propagation 
rates in an internal combustion engine. 

While these tests provide the first data which 
indicate that flame propagation rates in an 
engine can be reduced by metallic antiknocks, 
inhibition effects have been observed by other 
investigators outside of engines. Lask and 
Wagner2 found that 0.015 volume percent of 
tetraethyllead decreased tlie flame velocity of a 
stoichiometric misture of n-hesane and air by 
30%. Bonne, ,Jost, and Wagner3 found that as 
little as 0.0.1 % of iron pentacarbonyl reduced the 
burning velocity of a stoichiometric methane-air 
misture a t  atmospheric pressure by 25 %. While 
the specific action of the additive was not deter- 
mined, it was proposed that the inhibition effects 
resulted from an interaction with free hydroxyl 
radicals. 

On the other hand, the ability of metal anti- 
knocks to influence the transition of a deflagra- 
tion to a detonation was demonstrated as early 
as 1937 by Shtsliolkin and Sokolik.4 While i t  has 
been shown that tetraethyllead does not affect 
the velocity of a detonation, Shtskolkin and 
Sokolik demonstrated that tetraethyllead could 
influence the predetonation path. Working with 
pentane, oxygen, and nitrogen mistures, with 
initial pressures below atmospheric, they were 
able in some cases to increase the distance re- 
quired for the detonation to form by a factor of 
two. However, these results were obtained a t  a 
very high tetraethyllead concentration (I .2 %). 

While all these results support the conclusion 

that  iiietallic antiknocks can influence the 
propagation rate of a flame front, it  still remains 
necessary to postulate a mechanism. Certainly 
the question remains as to whether acceleration 
of the flame fronts, which has been observed in 
this work, results from changes in the tempera- 
ture or composition of the gas ahead of the flame. 
However, there are a number of facts which 
indicate that a purely thermal mechanism of 
flame propagation is not entirely responsible. 

The work of Pastel15 and Pahnke6 showed that 
esothermic preflame reactions are not inhibited 
by tetraethyllead. In  motored engine studies it 
was shown that the appearance of cool flames 
and the energy release associated with cool flames 
was not significantly affected by tetraethyllead. 
Further, it has been shown that for two fuels of 
the same octane level, one leaded and one un- 
leaded, the leaded fuel will reach end gas tem- 
peratures several hundred degrees above the end 
gas temperature of the unleaded fuel before 
knocking combustion is en~ountered.~ It thus 
appears from the results of reference 7 that two 
fuels of the same octane level can have entirely 
different temperature histories but the total com- 
bustion time of the leaded fuel, even though a t  
higher temperature, is not much different from 
that of the unleaded fuel. These studies demon- 
strated that the main course of preflame reaction 
is not greatly altered by tetraethyllead. There- 
fore, it  might seem logical to assume that de- 
velopment of the flame front as a result of 
temperature would not be greatly influenced by 
the presence or absence of tetraethyllead. How- 
ever, this was not the case during combustion 
leading to knock. 

Since the change in temperature of the gas 
into which the flame is advancing does not appear 
to be the primary cause for acceleration of tlie 
flame front, it  is necessary to consider changing 
composition. A number of studies have shown 
that estensive decomposition of n-heptane can 
occur as part of the preflame r e a ~ t i o n . ~ * ~ ~ ~ ~ ~  The 
major products of such reactions are formalde- 
hyde and hydrogen peroside which might result 
from reactions of simple radicals such as OH and 
HOz. The influence of such active species and 
products of combustion on flame propagation 
rates has been demonstrated.lOJ1 It appears en- 
tirely possible that the role of antiknocks may 
be very similar to that proposed by Bonne, Jost 
and Wagner;” namely, a deactivation of free 
radicals such as hydrosyl radicals. Therefore, it  
is believed that the acceleration of the flame 
front which has been observed results from the 
formation of high concentrations of mobile free 
radicals or atoms in the unburned portion of the 
fuel-air charge ahead of the flame front. The 
mechanism of antiknocks, such as tetraethyllead, 
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FIG. 10. The effect of tetraethyllead on the average 
flame propagation rate of isooctane is not so marked 
as in the case of n-heptane; however, the effect is 
still quite significant. Compression ratio-9.81 ; 
spark advance-2O'btc; F /A  ratio-0.061 ; mixture 
temperature 150°F; map-30 inches Hg; speed- 

1200 rpm; coolant temperature--212"F. 

may then be one of destroying or suppressing the 
formation of such particles. 

While the effect of tetraethyllead on flame 
propagation rates is quite detectable in n-hep- 
tane, the results are not so marked in high octane 
fuels such as isooctane. For esample, when 100 
knocking cycles for isooctane are compared with 
100 nonknocking cycles, the results in Fig. 10 
are obtained. Under these conditions there is no 
significant difference between the knocking and 
nonknocking cycles until about two-thirds of the 
volume has been burned. These results differ 
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FIG. 11. The addition of tetraethyllead under knock- 
ing conditions reduces the average flame propaga- 
tion rate and tends to normalize the distribution. 
Compression ratio-9.59; F / A  ratio-0.070; spark 
advance-20"btc; mixture temperature-1.50"F; 

map-30 inches Hg; speed-1200 rpm. 
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FIG. 12. The abnormality of the fl:cmc, arrival dis- 
tribution, :is a result of knocking combustion, in- 
creases ns the flame front progresws :icross thc com- 
bustion chamlicr. Comprcssion raLio- 10.53; sp:irk 
advance-1S"btc; F / h  ratio-0.0il; misture tern- 
pernture-100°F; map--30 inches Hg ; spccd-I 000 

rpm; coolsnl tc.mpcrature--Zl%"F. 

from the mixed knocking and nonknocking cyrlc 
data at light levels of knock in that the effect of 
normal cycle-to-cycle variations has been elim- 
inated. Isooctane osidizrs more slowly and less 
extensively than n-heptane and thus produccs 
critical concentrations of prcflamc reaction 
products later in the cycle, c w n  though the 
region of reaction is at higher tempc~atures. He- 
cause of the delayed formation of active spccics 
which appear to cause knock, thr cffect of tctra- 
ethyllead on the average flanic 1)rol)agation rate 
is not detectable until later in tlw cycle. The 
effects observed, whilc imall, arc quitc real and 
analysis of the flame arrival time. didributions a t  
points B and C, as given in Figs. 11 and 12, 
support this. 

Effect of Environmental Factors 

Measurements obtained in a rcpetitivc batch 
type reactor such as an engine are subject to 
changing environmental factors di ich might 
affect the results. Two such factors which might 
be of considerable importance arc wall tempera- 
tures and cshaust gas dilution. To  determine if 
these factors could account for the observations 
made, eight-cycle tests werc contlu.cted a t  very 
light knock levels. The cight-cycle tests werc 
conducted by igniting the spark on every fourth 
revolution, with a fresh charge introduced into 
the cylinder every second revolution. I n  this 
manner the fresh charge could cool the cgliiicler 
and scavenge the burned gases. 

Since the results obtained under eight-cycla 
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FI~;, 13. Tlte flame propagntio~l rittes fur honearlc arc. 
ci~tite similar for knoekirly arrd rtotlliitockirrg eycalcs 
itt light kllosk Puel-t,er~xonc.; cainp~ea~ittn mtin- 
11.13; spark nd~:~nee--2%~hte; F/X ratio-0.0S4; 
~nixture tcxwer,ulure-300°F; speed-1200 rpm; 

tt~ap-30 itlelies Hg. 

coiiclitioi~s were so sintilar to the lour-cyle data, 
tlzcy will not ljt. 1trer;rnCed in detail. I t  is sufficirnt, 
to state thtrt untlrr contiitions of light knock the 
rarne cotic+fusioi~ c o x ~ c e r ~ ~ i ~ ~ g  the effects of tetra- 
cat.ltyllesd can be drit~sn on the Irlasir of datti ob- 
tainrct uncler either eight-rgclr or frtur-czytle 
mginc conctitiorrs. I t  appears that tfiafl ter-ilpera- 
tures and exhaust gas dilution are not 1,rimitrily 
resgotifiiblr for the effccts nbservecl with light, 
krrcxlr. 

This concl~zsion is furt l l~r ~ultported by results 
ol.ttairtcct with berizetie. Kith heilzelle a t  a 34% 
knock level arid four-cycle engine conditions, 
there was little difference betwell the knocking 



Discussion 





knock, it*., :1B(tO to 850U TI,%? ~4t. ?A%f f p  it wavf* x ~ i H  ttre c1asi2 of rc-lceptane "rtt~~tn:tl.'* Ttlrw is r~o t  LL 
cross a 3 t inch tliart~et~r chnrnl~er axill return 5% ~lngle gaso7iine purtqs irl tlic \vrtllcl ~vhere it  Inax Xlt: 

tinlrs pcbr srcotrti. t~ought. 'Ttlc. rrmrr. rtorrnal cmJ is tho t of jpo-ctcl~cni?. 
TLIP clrMr:rc~rtr~t~~ iit I>eharitor l~ct\t,re~c hc~nzcnt* : i ~ ~ c l  l>cir~g nxzch aeiircr t t t  t11e fxnl;.r&ic.: of t30nixxr~~c.inl 

ptlsnfl~nir fi~c'ls i~ ~ii?ercstirrg :irld ie cr~~isistc~rii \\ st11 gicscthnes. So, ~iorntwtlr*, tile Ao~r fro'r~t c l r l i * ~  aot sttc*ctI 
other data iltdicaffitg hett~enc h:?~ :I tlnjq~r' ositf:$diorf. up wpyr~ciaIj1y. 
mecltarlistl~. Jn &his c.onnt.ction E'igt~tca 2 nlay htx nf 
It~ter-ist. It I ~ I H S C ~ ~ I ~ S  ESSO Researdt ctittt~ talic.~-i from DR. S. f>r rare (B. 7. I2trPu,dI: ljr. Herbet, JJr. 
1% r.crl,ort tly SIaasa.4 It ~ ~ 1 1  1~ ~ i ~ t e c i  the t,imc. ~ c -  13tltoln, ~13~1 13rof Brt~cv,r. point out tht. rxialiy cti8i- 
r~i~ired to cttmpletr cc~ml~usliort for iso-octaue wit11 eulties c3irc30urtt~:rc~cl in it] terpreti ng rxlea-sulrnicknBBc as- 
S rr: T K L  i n c ~ ~ ~ a s e s  as ignitiotr is stnrtecf carlirr in sociated \\rth lrr~ooking con~bustiorr. il"lotsevc.r, the 
the cyclc \vBerea~ ~~c t lxer t~  is re1t~t.iveIy irtseneiti~i(: alt*astzr<~xr~ei~f l i~ i i i f~ t to t i~  suggested by thc dlscusaors 
fo this fai+or. It 1s k~rkliovcd t t l i  eEcc.1 is ~ 1 7 ~ 5  to the IIW not eo ratuenw tllirlrtt vdid cot~vlueions t*annot still 
diffcrc~nt+cs in ~~rt?eo111ittstio11 roncticlrls of thc  trvtl t r c +  Jrtnwn if ~ u f l i ~ i e n t  tbta  aw vxi~ntit~iul A xt1:rjur 
fuels. Xt advancc3rl ignition ,sr~tti,it,gs, ieo-ocfiirjc has poiut of cotlcexn pertt~ins to WIH pl.ixlt:iry dct~etion 
tcss tinle iri wliich to flt~veftsp ~treco~nlirrstiotr reac- clement of hht. itrstrttn~erltation, nawel), the irtuiza- 
ttons. r t  tlti~refnrr Iwrrts slt~rver unrf t a k ~ s  longer for txon gitp. TI, is :tslieil xchetlier ion gaps respo~xd to 
ro~nplete comt~ustion. Benze~xc~,otx t h t ~  ottter hand, 1s cool fl:tmes and mhethcr t h ~ y  give a true measure of 
not protie to  ftretkcmd~ustion oxtrfatio3r. It is U~eref0t.e~ wfi:*C ofcure in tlte hufli of tlie charge. 
rt.lativefx 1116ensitive to  ign~tirrrr st:ttitlg. The amwers to Both c~urntio~ls depcncl upot~ the 

dcfittiilon of t~ Bttme front--is it hmt Mined by 
txolz. J. d ,  Brtcm?:z~ (Tech ~tic.aE Cnttioaitrj  of clec*t,ro~~ corlcentratioii, luminosit7;, or tcmyrerad~~r.lrr? 

Ddf t ) :  The fitldix~gs of thr altthor t.r~rrc>errtizlg ae- Iu 81x3- c a ~ e ,  ?iic, agree rvitll I?c;hols that tflerr is  iio 
teleratlng flxine fronts m the cuso c ~ f  r~-h<~ptane arc i~iforn~ation ta suggest f,h:i,t ion gaps will reagottd l o  
ntoat in t~re~t ing ,  and call for soxnr tommerrts. c~ml flames. Tbe tx1edrcm co~tcentrutiorl requimd to 

Fiwt, it is cltlite rnnctrival,Ie tlmt in CIFCS of very activate ttrt iocrizatioix grip 1s sonicwhc~t: ill eycess 
intenee t,~xrtiuIenee the very inechanisr~r of flamt. of 10' io~rs p ~ ~ t +  cubic eet~tirnetei xnd tctnceokxtions 
~~~frl"agattrin npitl emhod:, e l ~ n ~ r n t s  of a self-ignitio~~ of this order appear to  Ise Eourld ortly in the hi~h1y 
meci~unisr~~ in isolated ps~tckxe~ th&t L~LTP ttlrn lo05t~ reactive zone of the flame front. Xttempta to curre- 
fram hlie flartlixig nt:~~... I t  ~lloulcl lse clear that late o,l,tir~l me:~Surerrif~~~ts tvitli i o ~ ~ k t ~ t i u u  gap ntcaz- 
tlvh~teaz IIIDP~ work it1 f ~ r f ~ u i ~ t ~ t  AOXY (ft'nts with mem~nts support Chis. Opticd measu~en~tsnts usit~g 
turt~r~it~nc.e irrtcnstties of the artli3r of .5 to IT,%, In g?hot;oclettric cells \sc:z+e eomlx3rcA wit,i) signals sl- 
the gasolizlr cuginr the incanting gas f lc~rv is con- inulta~loously r rce~wd from iori~satint~ ggps nnd, in 
verted 1U(f<?< ta turhulrt~ee. gerieral, no serious cljsayrrrmrnt J~ets-ern the two 

Stcoxltl, m distirrgrri~hing in the ?:tee af tigtit kxtot.k sncasi~remctlts wsu abst,rved. Afso, the ion gap dic t  
bel~~eetr  succt?ss~ve c rdrs  thnt lirroefi ar~d t k ~ t  rfo riot respond to vi~ihle ct~oI fl:tntes. Homevcr, tvtlen 
11oi knoclk, thew map l>c ill aetctal f2tc.t a sprr:xcl in otle is vorkitig on a nli~rowt?onri scab the  lopes or 
the delay ctf Name sprci~ct which resrllis in earlier or rise times of Mie two eigztttls irsstlrz-ic irtcressitig im- 
later c~~ml~ixstion. rnder ttordorfirie k~rock c.ont11- portfixice. I t  then becomrv trrrc3ssary to select :I 

tiona, ttit. enrly cycfr~ will then kltnck, tilo late thre~hold. of sig~xax strtxrrgth xhclvt! which il will frt, 

cycles not; irt c r l l ~ ~ r  .rr.orrls, the correlation ma? be stated \.zheti>er a Banle is or is not present. l~r tdt~r  
the other rsay ttrounrf. k~iockirxg c.uticiibic>r~e the clssc%repancy Itc~tweeri tlse 

mius, theta is n~tctlly a heat flolv gr:ldi(wi ill the t1~0 ~ ~ I P ~ B L I ~ ~ ~ J I ~ C I ; ~ S  rould be :is ~uirch :is 100 nlicro- 
e<mt\-,uatiun etlan~t~rr iri the dir.ectioxi of ffanlc: travcl scc~orttta. Eo\t~rvc.r, t h ~ s  m:ty I t (~at tui l~~it~ci  ltrin~:zrity 
?tecaw5t:: {If 'l'trc+ rases fir56 lir,rtlr<l are evcntu:tll?r to aanre ~nrrr:a&ure r:tthor tlmn laok nf It~&trumeri:rtt 
the liuttcst fro it^ c1crnextt;irj t11crrmndynt~ctlk.p: v.Zj sseositivity. 11t this work tho fiwme fror~t fras h r ~ n  
they tirtve the longest t.arit:tct with the wall*: and  ( 3 )  itc,crlilrt*d a* a ft~nc.tion of t,l~e ~ o ~ i ~ e r ~ t ~ r a t i o ~ i  of e l ~ c -  
the cdlaust v:i:Lhe is  rrsually in that :+rt3rr. This ro- Crotls sirffrtient to trigger t+hv io~ti~ation gqi  lTsitig 
suHa in un inhomoy.neou~ t+o~rrIitim in the IKI~I- a11 instzurnent rise time of itl>l>rtjxir~~atc.Iy Trl) micro- 
I,urned giss so t>kia.t ii will be ,]carer to  self-igi~ttiort secortds, the variations c~~faorrt~tereit .t*ere agyros- 
nott~ thc Name frc~rtt thtin fnrther azvay, arril an a irrtately &20 micw~evoi~ds urtder Etottvy kmekirtg 
self-ig21it1011 nxrj e ~ t .  np nil11 a direct,ional trcrtd irx conc~itxiolw 'l'bus it is believed that the velocities 
the same way LIS the Aanir frctnt.. qtlated for knt~ckinf: rttmbustion ttrc ~.r.[trrsenttttivc 

T~is t ,  Ito!%c.v~r, 1 ~voolcf like to .rv:trrt l;tlc. truthor ant1 I I O ~  gre:ttl\r iti error. 
that in tte:tling with knoclr or dptortatiotl in el-tpir~cs tferhst's q ~ i ~ s t i o n  :is to -t\ hettler ionization gape 
11c IS de:tIitrg vidt e51~:itte p:i i l~dng~ and shatifd he &vo a true measure id ulmt IF onca~rri~lg in the brrlk 
cnreful t o  cxvoid tlte pitfalls of klw p%>~eluiritriela \rim of fhe charge mxikf, be xoswcrt~d on the bafiis uf pre- 
are all ton likely to rm ?t!lttrir cmes ti.s ~i~orti~al. In limiriasy ciala. To snswcr this clues"cion, tZlc instnl- 
~3arGct11ar, I t ~ k e  excr>pt,iou when Iru te11rI~ 50 en11 merltntiorl f r ~  brcrt exfen<lecl l o  int:lu(tc prcesurr/ 
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l-hc: a1)wFjrez~ asyr2t1)toti(+:ill!r. I t  i s  therc3fore cfifIi- t o td  1,urltitcg tinlr. i- aljf~r~ciat>ly v~riuced nitlr 
cult tn  ct~ttaaaine tltc. tluratio~r ol ht3at @+lease ittic>catic~tr artvenc.~. If, hosvever, thc. total time 
accumt~ij  . Ito\t-crc*r, simp ttlc Ilc.rtt uc la~cd in fro111 thc I-rrbginrring of irljection to the. exicl of cunt- 
this part of Llir r>cle is &mall tlic ~nain 1lc:l"i-re- f ~ u ~ t i u n  i;: consitfcred, then Ellc reduction of tlri!: 
lease pm'iocl will LJF t'oi~fiirler~~rl (that 44, l)litisc-, 1 t~lt:sl time witlt injection ~itliancck I$ very n1ui2Ei 
m r l  11) axttf the ( l i~ (w~s io l~  (ff) Cllr slzwtle and Irss. I t i  ot.ltt~r ivords, tlzr rc~ductinn in Irr~r~ring 
dnrativri of k 1 1 ~  rala of Ire:& srlrasc iliagram raust tiitze is largely clue to tile cielay of the onsct of 
of necessity be ctul~litnti~e. coml~x~stion rorrcs~jl~o1iclil1g to the intre:ise in 

delay period. 
.Efect of Land, If tllr injr~ctic~rl rate nera cou,Cattt 
the 11mioc1 of itijertion no~tlct he di~ert~ly propor- 
tional to the amount of fuel injectecf. or roughly A simple xode1 for ~ ~ d ~ ~ t i ~ ~  in a 
to i.m.e.p. Eut since, as tan be sect%, the injec- 
tion ?rite gencrdly increases untrl the pump spill I), 2. Engine 
port is uncovered, the clurxtiorl of injclc.tiurt in- rrIle a;l,ove iliscusq.on lnciicatcs thst ll~ixitlg is 

wiG11 i l l ~ ~ ~ a s i i i g  Ioatl ra t l l~r  Ie*s than the lllttirl controlliillg factor of $he iturrliflg 
i l r c ~ l ~ ~ ' t i o ~ r x l ~ ~  Lo t k 3  wallCity of fuc.1 injr3(:ted. ill riic,st,l atgiIie tflPttlicial ltirletics l,a+C.rrl otr 

'Fhe total burning t i~nc  alqo incr~aqes with in- al,livatrrl rolIiiiolr ttors llot spem to play a part 
crease of l(~acl to an estetla a h ~ l l t  equal $0 thf' 

Izpc,au3P rxt,erilnenlal re,ults slto,\~ tltat tile burn- 
actu:tl increase of i~ljection ~rcrio<l. 1:nlilie the ing rate: is t gml, rr:tttlre rlelrendent. I)asing 
rate-of-injectiur2 CUI'VCS, nshelr for increasing t.le main heat release Iteriorl, the in tlie 
loaci the fuel is ackiecf 011 a t  the ellci of inif?- rate of l,urlling, if it is tlcl,ertr~ctlt on the logaritlltll 
ti011 t>eriod tire rate of llcat rfilease sj)lmarE to of sh+olufr teml,pmture, noulrI i,e far 
increase gcnerrtlly l~niforml~r tjzroughout the i;lIarr is o~,wrl.ec~. ~ i k ~ ~ i ~ ~ ,  the I,ropor- 
main brat-release period, This is ytnaihl~ ~tlrly tianal increase r)f burning r,?;tr r,-itll cngi,le sltccd 
nilen the b~zrning time i,c: Io~ig co1111)arett ~ r i f ~ l ~  can rtot aetou,llrc~ for by sn,lall increase ifl 
irijectioxi time, a1111 ciuritlg ~ n o ~ t  oI tile con~l?ustion 
perinti there ib simultaneous X?urtling of ~llost of ?.ht a,ree lnost sigrlifitnllt o~serv:tliolls be- 
tlie furl ~ k m c n t s  irrclspcctive of their order of tTr( $lip ratcA irrjet.lion rate of bur,ting, 
ez~tcring tlte chamher. There is rtlso ::t noticeable ., , $, , 3,se, ;, tl,e hection, be n- 

11 cu.. I 
tendency for the ppak of t11e rzitt~ of Irt~at relpnse mnriar.fl as fulbrfs: 
tluring the f i r ~ t ~  stag(\ of c.ox~iltuslion to iilcrrasc Firstly, tlte kurni-i~g periocl is 1~11g in corn- 
nit11 retluetion of loacl. Tl~is, xs wifl he seen later, l,xrisou illjectai071 lJwiod, scconcily, tile 
is r ~ l a t ~ d  to the increase ill 81t.lny pcriod a t  liallt ahS0112tfa f,UrDjllg ritte inc.sea.ici; llrol,ortionnlfgr 
loed. 12.itlt i~lclrssing engirlr spt'ed so illat in tenns of 
f ipert  qf,speeft. AE ligllt loafls, &Ite il1jection period ~t111k nrtgle hasis the burnin8 tiinc re~nains es- 
in termrs of anRlt reIuaiIls csscntia]ig con- "lltiall?: t:nnitant. I"ilXtll~, the tnagilitufla of 
stallt 15rbrn tile streeci is incTeascrtl CiW- l j t f~  i~ i t i a l  peak of the burning tlrte tiiagrarrr is 8s- 
rX,tn). Afi high loads flIcrt. is 30% 3,iricl.easr sociated 11-it11 the ig~iition ctc'Ia~-, TIiesr (;onhitl~r.- 
in iIljection Iterirtd; tlrr rat4 of injPctian; in tpr~lls atit~lls, snrl tllr r~ictenc'e of high speed pl~otogra- 
,,f llcak u l ~ t  e1.afili: angle, titerrfore highpr ~tlry to I>e cti4~11~~ct later, bu~gest the f o f l a < ~ i n ~  
nt lorrer rnginr sprrd. 111odel for C Q I > ~ J J U S L ~ ~ I ~  in a f).T. e~xgine. 

'Yhe total hurlling 12crioti in kyms crallk Referring to Fig. 7 ,  %5rt1iel~ S ~ O \ Y ~  ~cheixsticslly 
allRlc also increases Plleecj, trnd caIln I j e  hhe ?ate-of-f-inje~tloll alld nlte-~f-f~ul~li~tg t h -  

counted for {jY &he illcrease in injrr.dion perio$. @"i". the fut.1 irrjrcted is rlivitfrd irlCo elements 
Tjlis lilenuz; tilc actxlsl )>unling Mnle acf~~<l'dilq to k k  0rdC% iin nrllich tl.~e>~ enkc? tile 
,:rpaSeS tf<tjt incwasc in enaitlc sllt.ccl alrcl is d~'amlsel*, 'l'ht. fir& elenlent enters the eh~llnbcr 

inyersely pro170rtitionul engine s13eecl. "tld mixes with the air ttl1~2 becomes C're:~cfy for 
~1~~ maximurxl jlcat ;trelcase tia twma of F~un1ing" arcorcling trt a ecrtairi law shown in the 
~ ~ u j l b  air/'tft+g c,;&,) tr~licfr oc(;tlrs ill tile first lower  art t t f  tEtr3 cliay?;ranr. The sc.i*ond and suhsr- 
&age of conl)lufition, inc.rpahcl; sligllfly \rith ill- rfwrtt elenzent,s are likmiae rrpresrntcd, all~f a 
c.reasiltg slleet{, This is to tile in- total "rradf for hun~ing" diagram is obtained, 
erefiijclcl delay Xlellod ( in  clcgtres cstlnk rtagle) 8~ total area, (lf the cliagram frcing of course qua1  
high spetcl. to that of the ritte-of-injection cliagram. Ignit io~,  

l~rrwc~vw, dites not orlcur until after ilze lapse nf 
I?fcet of fi~jeclion I 'hni~zg. The injcctbtl chariw- GIte delay t)et.ictcf. .tt t l~e  ig~iifion ttrtirrt not 811 d 
teristius, au ~loufd be expected, src not al.iltc.rec1 the furl injrct~rl up to tllat n~clnzet~t is ready for 
nht.11 thtx timing is thartgcd. Increa~lrig the In- burning. TItc tlart t+liiclt is r~tixetl ~ 6 t h  $67 1t11iI 
jection advance iacrcarcs fhe delay period and rt~aity for burnitkg (,indicaCecI by sl~rtdrd portion) 
nit12 it, thc, maxi~nntn rate of Ittv~t reft1a~:1*. The is t11r.n ttddecl 011 fo the Lotal "reatly for T~urning" * %."* 

1. ~ <2$J %A: a k k )  









Pro. 11 .  Results of stroboscopic, sampling, 



FIG. 52. fiatc of heat input, rind release in XI-system 
engines. - 1730 rpnt, 80 psi b.m.e.p.; ------ 1300 
rpm, 90psi b.m.ep.;-.-9001pm, XOpsitt.m.ep. 

This obviously is 11ot the caqe as slioisn in 
Fig. 1%. 

There are t-\vo possible reasons 51-hg this 1;yrte 
of e l ~ a m b t ~  should have n lo5~er initial burning 
mtc. Firstly the number of noezle holes abed is 
smaller, usually one or tvc-o against tItrea or four 
for the nornral U.1. onginc, Secondly the direc- 
tion of spray is generally taxlgmtial to the .crr:ilL 
so that the free n ~ i x i ~ ~ g  surface of the jet eoae is 
reduee(t. This, hosvever, is riot the ~vhole storjt. 
k'or if this [nixing rate is so SIOS~. that, in spite of 
the large quan1;ity of fud injected during the 

ticfay iter~otl, i C  ct~rly r~hult-. it1 file rather 101s 
irlitiat Iturlrlrrg rtitt' rfwit etl front n l ~ a l ~  sra. the11 
tile l,us~~ing, time blioillrl 1 1 ~  ~~i~' '3 ~ S I E V ~  loi~gt~r 
tltsn that drotvxt in Pig. 12. 'n?c obvious rs- 
ltlittaatltrt~ i x  'hcrc~fort: ttrak the mlxi-tig azrrl iictrc~e 
bnruting apcc,rts uli ctntse igtiitiur~ t:ikc.s place. 'f his 
i s  ~fossibIv ~Si~iee, &he fael being distribr~tctf 
i n i ~ a l l ~  uerar ttle wall, n~isirig is Cnhik)i.tecl 135 the 
effect of the very lig11 cerltrifugal forct.8 ittz the 
fuel vapor ivhiclt is of higher tfe~t-ity tlian @re 
air and so trnds to remain iiear the ~ a l t ,  21s so011 
as ignitioit t a b r ~  l~liacc the hot bun~ing tnixlurt? 
exltaxids, tleereasea in dc~lsity and 1s tl-ren re- 
lnored rapidly tu~vards the. center of tlie cham- 
ber. This strong railial mixing is thw the rate- 
deteritlining p1.rteess. This proress can bt? rlearly 
st.,en iir tile higli speed Schlieren 1,ictu~es -,i,hich. 
sliow the burned gases slzitalling tovards tlic 
ccnter tzf the dtamber quivker tlran the fuel 
vapor (luring the delay pefiort. 

An altcrilative a11d adtlitionnI ctelayitlg mech- 
ailism i s  availal~le if n significant cluantity of fuel 
is depositt.d on the nall. 'l'he a~ t~hor ' s  collettgues, 
hEcasrs. I<night uirid Pine have shown by calcu- 
latioil that at  cornpression Ge1npera;fure thp heat 
tratlsferred fro111 the rylillcler gases trt the filnr of 
fuel on the tvall is too dot%? to account for 61rc 
t~urnitlg rate observpct. Only after ignition takw 
place will t l ~ c  gas temprrature bt. high enough to 
ovaporste tlre fuel Born the wall in a reasonal~le 
ti xne. 

The mixing procrss dc.scriJ~~d above itnplies 
that the irijcctioli rate ~vill halve little effect on 
tlze sulssecjumiG  nixing after ignition which will 
be Irl,rgcly controlled by tire nit. strir]. This all- 
pears to Ite rortsistent with the r e s ~ ~ l t  of the 







i>;ttl,err~ tIerlt.~cxI frcm file ttnitlybe- tttill $tot provztlc tiurt lrab beerr frjtrrtd (o  ap131~. t o  cngineh o f  cauiIe 
xlr accua~te r~tnrlglr comt)rotrlr%c hr+t\c tLtlr r j~i..ik cirfTc.rtvrt C C ) ~  I ) ~ ( , B ~ ~ c ~ I I  I :~ t~ob ,  JIUC bi~ntlar t,ylw. aE 
prcswrrra trrltl cthr.it*ttry. Ilist.cgttr(1irtg 5,hr "ti1~1" p:wl c.oml)latiotl chttmi~cr, i tL., I f  I. v i th  ctntr:tl rrr~lltj- 
at tilt Ircvit r trlr~~sta cliitgrfinr, uItrc11 is not csontntll~~ct Iroh rioazlr.s. R~tfr highly art~)eri~bargetf cnglnc~,, ttp 

Iq- tllc injertiltltt rat t. lrr any rva? , Mitt d~firrt.nt.(: in  to say A i)reb~uri> of s o r ~ ~ < +  40 $tntfthphf~~b, tht' rnixlna 
cycle effic~criq I3ct w~.r r r~  tlie p~edic.tf~tf : I I I ~  t l ~ c ~ t ~ t ~ r e d  r:de 11184' !I(' ~ i ~ f f t ~ i ~ t i f  &,it I havt~ 110 Y R I V ~ I C I I ~  tit{::t 

he& release ttittgrart~ iri Fig. 8 is very smctll iritleetl, > et or1 t h s  liotnt, 
psrlic'11larly when su~tahlo tixiling is apglrcd. The T wrsrdd like to point out tliat, expt.ric*ncc! from 
precirctrci peak preusure, as slrovczr~ in Pig. $1 is acctl- high spcccl Sdrliercn phatogrrry,hxy and heat r(4tlt.ilsr 
rate enctugl~ for ~ltwt partwsl purposes. It; should t3c rtaal.ysis stlct\wd t t~a  t fuel propcsfies (viscosity axid 
emphasiecd, huwever, that thepl.t3srnt Iiivestigstic>rl vultilility) llavr: lit& effect otl the main  rnising 
is not concrrned wrth sxlioke. 'rhtls, what is q~t irn~lr t l  prt~ress and that the major r11Rereat.c in the lreaf 
for peak pressure and effieiez~cy might nut he ~ I J -  r~loase ctiaymm, nnrt hrnce peak preesnrc and cycle 
tiin~mn~ for amoke. efts cicncy, jh diie to the cliffc~ence 1x1 the ttr1:;ly peritld. 

tTiklt ~egards to the effect of temperature and I11 fact the same relationshxp Lx,twce~i rate of inj~c-  
prc:Ysturo for :t given etigit~e, the changes in tempcm- tion nnct rate c9f kreaf release cxn he used for 1:etrol 
tare atld pressurr with operating eontlitiort would lac, a r~d  gas oil providect t41le d~ft'erenc'e irt ignition tlelrtg 
quite small. Exprrience h:iu stlown th:zL the same is taken into consiileratio~t. This explalus trtlso ~ h y ,  
relat~onsfiilj Iwttvf.cri the rttte-of-injrrtio~~ arid generttlly, ttte s~~ccifie cor~snmptiol~ (h ;~r ;~c t  O ~ I  

rttte-of-heat-relewsr ctitlgrum holds over n wide range calorific vatr~e) varies very little when rliEc c.nt 
of op~ratirlg co~tdit~inns. illorccrver, the sante rala- fuels are used, 
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Pit:. $1. Ic~rocli-llrt~ited engine qwed vs. ortaiie 
tlurlther of fuel. 
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