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PREFACE

The Ninth Symposium (International) on
Combustion was held at Cornell University,
Ithaca, New York, August 27 to September 1,
1962, under the auspices of the Combustion
Institute. Registration was in excess of 600, with
more than 100 attending from Australia, Belgium,
Canada, France, Germany,
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 108 printed in the Proceedings.

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

Three Colloquia (Modeling Principles, or-
ganized by Professor D. B. Spalding, Imperial
College; Reactions and Phase Changes in Super-
sonic Flow, organized by Professor P. P. Wegener,
Yale University; Reciprocating Engine Combus-
tton Research, organized by Professor I. 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. Mec-
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. 8. 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 at the Symposium
banquet on the recommendation of the Awards
Subcommittee (Mr. A. J. Nerad, Chairman). Pro-
fessor W. Jost (University of Géttingen) 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
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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
at 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 98 members of the Papers Sub-
committee (Dr. W. G. Berl, Chairman) were re-
sponsible for the formulation of the 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 Subeommittee
(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 ex-
hibit on the History of Combustion was also
arranged. A social hour in the Big 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.L.T., organized by Professor
G. C. Williams, complemented these activities.

Mr. M. P. L. Love was Chairman of the ef-
fective Finance 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/The Johns Hop-
kins University). The publication date was ad-
vanced greatly by the cooperation of Mr. M.
Klatzkin (Mono of Maryland, Inc.) whose staff
set the type 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
Cornell University and the major financial
support afforded by:

U. S. Army Research Office
Contract No. DA-36-034-ORD-3534RD

National Aeronautics and Space Administration,
Grant NsG245-62

National Science Foundation
Grants NSF-G21074 and NSF-G21506

and the contributions received from:

AeroChem 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 Research Corporation.

Canadian Industries Limited.

Caterpillar Tractor Company.

Champion Spark Plug Company.

Chrysler Corporation.

Cities Serviee Research 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 Aireraft Company, Inc.

E. I. du Pont de Nemours & Company, Inc.
The Ensign-Bickford Company.

Esso Research and Engineering Company.

Ithyl Corporation.

Factory Mutual Engineering Division.

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.

Hauck 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 Petroleurmn Company.

Pittsburgh Plate Glass Company.

The Pure Oil Company.

Richfield Oil Corporation.

Rohm & Haas Company.

Shell Development Company.

Socony Mobil Oil Company, Inc.

Solar Aircraft Company.

The Standard Oil Company (Ohio).

Sun Oil Company.

Texaco Ine.

Thiokol Chemical Corporation.

The Travelers Insurance Company.

Union Oil Company of California.

United Aircraft Corporation, Pratt & Whitney Air-
craft Division.

United States Steel Corporation.

United Technology Corporation.

Westinghouse Electric Corporation.
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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.

A 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
premixed laminar flame. On the basis of a num-~
ber of papers presented at 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 Hirschielder and Curtiss, Lewis and
von Elbe, Zeldovich, and others, several years
ago. To apply it to any actual system, however,
it 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 theory 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.
488), atom reactions in flow systems (Kaufman,
p. 659; Clyne, p. 211), 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—oxygen 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
(Westenberg, p. 785), and the ignition and reac-
tion of hydrogen in air at high flow velocities
(Momtehiloff et al:, p. 220; Buswell ¢t 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
vessels” in which meaningful kinetic measure-
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, p.
597) was disentangled satisfactorily from subse-
quent reactions and has provided rate constants
at temperatures inaccessible by other methods.
Direct determination of atom and radical pro-
files (Wagner, p. 572) gives promise that the
reasons for the effectiveness of “‘inhibitors” and
“promoters” will become understandable.

While the dominant processes in flames are
being successfully attacked, several other prob-
lems have received substantial clarification, viz.,
the electrical properties of hydrocarbon flames,
transport processes at high temperature and
subtle effects due to the existence of nonequi-
librium species. There is now substantial agree-
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,
p. 622; Padley et al., p. 63R), 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
polyatomic and polar gases (Mason and Mon-
chick, p. 713; Brokaw and O’Neal, p. 725)
promises to close the gap of estimating these
properties at temperatures where experimental
work is most difficult. Applying the analysis to
“dusty” gases containing small solid particles
(Waldman, p. 723) will give valuable insights
into thermomechanical 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. 678;
Thrush, p. 177) and are of particular concern in
those cases where rapid reactions are proceeding
in sequence (Benson, p. 760), Efforts are under
way (Greene 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. 328; Watermeier et al., p. 311; Horton
and Price, p. 303; Wood, p. 335), address them-
selves to the measurement of characteristic
propellant constants whose knowledge is of im-
portance for predicting the amplifying-damping
behavior of the solid-gas combustion reaction.
As demonstrated by the paper of Hart (p. 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
mention among a multitude of stimulating con-
tributions. The paper by Potter and Anagnostou
(p. 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 (p. 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)
combustion 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
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by nitrogen dioxide at 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).

In 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- 833; Thomas, p. 844) and the determination
shown in refining the concepts of engine combus-
tion (Starkman, p. 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 the 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. 8. 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 at in some detail. In 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 at present.

A few comments need to be made about the
time scales which were involved. There is a con-
flict between the desires of the authors for late
manuseript 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. In 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-
seript  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 1, 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
manuseripts were set for May 1, 1962, followed
by review by the Papers Subcommittee who
applied customary rigorous refereeing standards.
Authors were then asked to revise their manu-
seripts by August 15, 1962. Thus, acceptance 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 chairmen
made 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 Inside
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-
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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 produet 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 Subcom-
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. Ubbelohde 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 at a time of
need, where work in progress is discussed in a
critical manner before a small audience of ex-
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 expensive and
inaceessible 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.

In 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 topies. Since 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 enter the field nor the young
contributors who are at the beginning of their
careers will be 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 the 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 at reason-
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ably regular intervals, both the contributors and
planners become accustomed to a “style” of
procedures which is well understood by the
participants. The proceedings become 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.

February 1963
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Turbulent Gas Flames

Chairman: Mr. B. Karlovitz
(Combustion and Explosives Research)

Vice Chairman: Prof. M. W. Thring
(University of Sheffield)

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

~0 > EVELYN ANAGNOSTOU AND A. E. POTTER
/25

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 Reynoldﬁ
numbers ranging from 2000 to 10,000, for pressure between 0.17 and 0.85 atm and burner diametefi
ranging from 0.398 to 0.635 cm. The results were compared with those predicted by a theory déd
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, under proper conditions, flame strength is a useful and meaningful meas-
urement for characterising fuel-oxidant systems. It differs from other flame properties in that it 1§
independent of transport properties. Its most important use may be in studying fuel-oxidant sy#«

tems which are difficult to 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 described!? which uses
two opposed jets, one of fuel and one of oxidant.
The basis for this measurement was the theo-
retical work of Spalding® and Zeldovich.* They
showed that there was a maximum flow of fuel
and oxidant into the reaction zone of a diffusion
flame. When this value was exceeded, the flame
would go out. In the opposed-jet diffusion flame,
as the mass flows of fuel and oxidant are in-
creased, a critical flow is reached at which the
flame is extinguished in an area surrounding the
jet axis. The average mass flow of fuel and oxi-
dant at the jet axis when this occurs is defined
as the apparent flame strength. This is not the
same quantity as Spalding’s flame strength® but
is related to it. In the body of this paper flame

strength and apparent flame strength will be
used interchangeably to denote the average mass
flow at 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 considered
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, Spalding® included eonvee-
tive flow in his theory. When he compared the
theory with the experimental results of Potter
el al}? he found that the experimental results did
not agree with theory with respect to the de-
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 experiments 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, the Peclet number (i.e.,
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Cpb UD/N,, or Reynolds number X Prandtl
number) for the fuel jet should be greater than
1000 and a value of several thousand would be
desirable.> A high Peclet number infers a high
Reynolds number since the Prandtl number for
nonpolar gases (e.g. propane) is about 0.7. The
earlier work of Potter and his co-workers'? was
done mainly 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 flames at 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 caleulated 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 at the base. The burners
were cooled with nitrogen gas which exhausted
into the containing chamber. The burners were
surrounded by a glass chimney plugged with
transite at the bottom and supported rigidly by
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F1a. 1. Burner assembly.

holders which were adjustable in several ways to
insure alignment of the jets. The apparatus was
enclosed in a large chamber with a viewing port,
and the chamber was connected to a vacuum
system through a scrubber containing soda lime.
The pressure was maintained using two Beech-
Russ pumps of 100 efm 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 were 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 measurements were made either by setting
the pressure and increasing the fuel and oxidant
flow or by setting the flows and slowly lowering
the pressure, until a hole appeared in the flame
around the jet axis. During these operations,
the flame was kept midway between the two jet
tubes. The hole appeared very abruptly at a flow
rate or pressure reproducible to within =5%.
The measurements at very high Reynolds num-
bers were generally made by lowering the pres-
sure at fixed flow rate, since the flames at high
Reynolds numbers easily blew off with slight in-
creases in flow rate, and were difficult to re-
stabilize. At lower Reynolds numbers, when
both techniques could be used, they gave the
same results. The flame strength reported was
caleulated as follows: the mass flow rate at the
instant of flame “breaking” was divided by the
burner area to give the average mass flow rate
per unit area. This was done for both the fuel and
oxidant jets. The average mass flows were then
multiplied by an appropriate factor to give the
mass flow rate at the jet axis. This factor is 2.0
for laminar flow and 1.22 for turbulent flow. The
resulting values for the fuel and oxidant jets were
averaged to yield the final flame strength value.
For hydrocarbon-oxygen flames 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 numbers for the oxygen flow were ap-
proximately three-eighths of those of the fuel.
Even in those cases where the oxygen Reynolds
number was greater than 2000, the mass flows of
fuel and oxidant at the jet axis were nearly equal
only when the oxygen flow was assumed to be
laminar. This assumption was used for all data
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even though the Reynolds number for the oxygen
flow was as high as 2800.

The appearance of the turbulent diffusion
flames was similar to that of flames in the laminar
region! except at the highest Reynolds numbers.
Ags mentioned 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 mass 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 next 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 burner. This effect was deter-
mined at two pressures, 0.33 and 0.285 atm (9.9
inches and 8.6 inches Hg respectively) and for
burner diameters from 0.398-0.635 cm. These
data were at fuel Reynolds numbers ranging

TABLE 1

Flame strength data for turbulent propane-oxygen flames

Flame Mass flow at,
strength extinguishment
Burner Flame (corr. to Fuel Re (gm/sec)

Pressure diameter strength 0.462-cm number

(atm) (em) (gm/cm3sec) burner) (X10%) Fuel Oxidant
0.291 0.635 1.12¢ 0.815 6.81 0.272 0.187
0.331 0.635 1.46¢ 1.05 8.85 0.353 0.247
0.169 0.635 0.400 0.292 2.49 0.0995 0.0655
0.313 0.635 1.41 1.03 8.74 0.348 0.233
0.331 0.635 1.51= 1.10 9.85 0.393 0.237
0.261 0.635 0.724 0.526 4.61 0.184 0.117
0.167 0.635 0.375 0.273 2.17 0.0865 0.0657
0.285 0.619 1.07e 0.300 6.91 0.269 0.161
0.331 0.619 1.49 1.11 9.07 0.367 0.225
0.338 0.619 1.49¢ 1.11 9.44 0.353 0.233
0.334 0.546 1.19e 1.00 6.28 0.220 0.145
0.285 0.546 0.915¢ 0.774 5.29 0.185 0.101
0.282 0.546 0.901¢ 0.762 5.29 0.185 0.0982
0.288 0.462 0.750" 3.12 0.091 0.071
0.285 0.462 0.738¢ 3.20 0.093 0.068
0.292 0.462 0.764¢ 3.58 0.1042 0.0647
0.482 0.462 2.58 11.2 0.325 0.236
0.454 0.462 2.28 10.0 0.291 0.207
0.420 0.462 1.80 8.0 0.232 0.160
0.331 0.462 1.005 4.51 0.131 0.089
0.331 0.462 1.05e 5.09 0.148 0.087
0.246 0.462 0.517 2.10 0.0610 0.0497
0.242 0.462 0.513 2.17 0.0630 0.0484
0.331 0.398 0.876¢ 1.02 2.93 0.0733 0.0641
0.288 0.398 0.650 0.755 2.03 0.0508 0.0498
0.382 0.321 0.920 1.32 2.76 0.0555 0.0406
0.346 0.321 0.743 1.07 2.10 0.0423 0.0342
0.478 0.321 1.37 1.95 4.60 0.0928 0.0539
0.846 0.168 2.18 6.00 3.02 0.0318 0.0291
0.975 0.168 3.51 9.66 Ref. (2)

@ Data for Fig. 2.
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2.0 Effect of Reynolds Number on the Apparent Flame
Strength. The theory predicts that the transport
properties of the gaseous jets should have no
e e effect on the flame strength. Hence, the flame
Q P=9.9in.HG strength is expected to be independent of Reyn-
@ sl olds number (at least, above Re = 2000 where
<\j$_ : the theory applies). This is found to be the case,
S as shown in Table 2, where the flame strength at
s constant pressure, and constant (corrected) jet
O diameter is given for Reynolds numbers ranging
E‘ from 2.93 to 9.07 X 10°.
% 1.0 Pressure Dependence of Apparent Flame Strength.
w Figure 3 shows the effect of pressure on the ap-
i
= parent flame strength of the propane-oxygen
w
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<05 - PROPANE-OXYGEN 7
o 8
6 L
i
’ ! 1 ! L 1 4 L
O Ol 02 03 04 Q5 06 07
BURNER DIAM,CM -
Fig. 2. Dependence of flame strength on burner §
diameter at 2 pressures for the propane-oxygen 2 - ~
system. L /
¥
g SLOPE = 2.0
from 2030-9850. The results are shown in Fig. 2. = 1.0 & oo
Lines going through the origin have been drawn & L /
through the data. The data fit the lines to within ~ Z 0.8 |- i BURNER
+59%, which is the over-all precision of the - DIAM,
measurements. The indication, then, is that the & 0.6 - CM
flame strength is directly proportional to the % -
burner diameter. This is precisely what Spalding’s 5 4 4l O 0.635
theory® predicts. o 5 0.619
~ & 0,546
TABLE 2 O 0.462
Effect of Reynolds number on flame strength 0.2 - © 0.3%
v 0.321
7 0.168
Flame
strength ¥ 0.168, REF. 2
Burner (corrected  Reynolds 0.1 ’ L i T
Pressure  diameter to 0.462-cm  number 0.1 0.2 0.4 0.6 0810
(atm) (em) burner) (X10%) PRESSURE, ATM
Fic. 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 1.00 4.51 eter. Most of the data are for a 0.462-cm 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 diameters have

been converted to this diameter, using the diam-
T E
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eter dependence established in Fig. 2, to extend
the pressure range of the correlation at 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, acecording to Spalding, the ap-
parent flame strength is directly proportional to
the maximum reaction rate in the flame. The
slope of 2.0 agrees well with the reaction order
of 2.1 found from quenching distance experi-
ments.®

Calculation of Mazimum Heat Release Rate. 1t is
possible to caleulate a maximum heat release
rate using the value of the flame strength extra-
polated to 1 atm.

From Spalding’s theory,? the maximum volu-
metric reaction rate is

ﬁ P Uext mfu,ongtz
Poo D 2 fs
By multiplying 7" 7, max by the heat of combus-

tion of propane, one obtains the volumetric heat
release

i —
m Su,max —

5.4 X 10% cal/em?® 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.®
Bittker and Brokaw’ have reported a method
of determining chemical space heating rates using
properties of the laminar flame. Their equation is

cucanlCales o)

Cp P 9
x (%) () vt .
The value of §"'max obtained from this equation
is 170 X 10* cal/cm?® sec.

The discrepancy between these 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.

I i
Q max —

111 —
G max =

Conclusion

It 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 extended to other

systems of interest (for example, those using
fluorine or chlorine as an oxidizer) with some
assurance that it is a true measure of maximum
reaction rate in the flame.

Nomenclature
Cy Heat capacity at constant pressure
Cpo Heat capacity of the fuel at constant
pressure
D Diameter of the burner
E Activation energy
e Base of natural logarithms
F Conversion factor

Soe Mass fraction

AH, Volumetric heat of combustion
K Correction factor
M Mags fraction of fuel in the fuel-

bearing stream
Maximum volumetric reaction rate

n Reaction order

P Pressure

R Gas constant

Ty Flame temperature

To Initial temperature

U Jet velocity far upstream of the im-
pingement region

Uy Burning velocity

r The gamma function

A Thermal conductivity

Ao Thermal conductivity of the fuel

p Density

Poo Density of the fuel

PooUext Flame strength

Vs Average flame reaction rate at
stoichiometric

Qe A function of fy, indicative of the
burning rate in the flame at
stoichiometric
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Discussion

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

Miss E. AvaenosTou (NVASA4): The paper does
not prediet a reaction rate per unit volume differing
by a factor of 40 from the observed value. It does
predict a reaction rate smaller by a factor of 40

28

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

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

H. A, BECKER, H. C. HOTTEL, AND G. C. WILLIAMS

The gerodynamic flow pattern of a confined, turbulent jet can differ profoundly from that of a free
jet, most pronouncedly so in the massive recirculation of downstream gases which veeurs under the
operating conditions of many industrial furnaces. This paper reports on » study of furnace mixing
patterns as represented in the cold by o cound jet of silfog-marked air issuing axially into o eylins
drical duct fed by o uniform stream of clear air. Investigation of the fields of mean snd fuctuating
conceptration was made possible by applying the recently developed scattered lght technique of
illuminating the space-point of interest with 4 strong light beam and messuring the intensity of 90°-
seattered light. The technique has been refined to the point where the signal can be representative
of & cubical volume element as small as 0.5 mm on gside.

Emphasgis wag on the serodynamic flow regime in which appreciable fecireulation ceeurs. A map-
ping of the field of mean velocity was made with tmpact tubes. Velocity fuctustions were nob mess-
ured as such, but indirect evidence was obtained from 4 mapping of the feld of mesn static-pressure
defect in the jet. The sol-scattered-light technigue itself yielded the fields of mean concentration of
nozzle fluid, 5, and r.ows. fuctusting concentration, (77 2)}; lateral and longitudinal correlation eo-
efficients and spatial scales of concentration fluctuations; and the wave-number specirum of don-

centration Auctuations.

Tntrodaction

The problem of a turbulent jet as it issues into
a confined, cocurrent stream has been but scantily
studied. In fact, the nature of turbulence proper-
ties, which is basic to the serodynamics of
furnaces, has been wholly neglected until very
recently: This paper is therefore g study of the
simple generic example of a round jet which
discharges axially into a-cylindrical ductfed by a
uniforin stream whose entrance momentum
relative to fthat of the jet varies from zero to
moderately high valnes.

The turbulent jet in & cocurrént, constant-
velocity stream was early snalyzed by SBquire
snd Trouncer) The investigations by Forstall
and Shapiro;? and Landis and Shapire® of a round
et in o cylindrical duet were conducted under
conditions approximating those of Squire and
Trouncer’s theory: the-uniform stream fed to the
duct grently excesded the entraining power of
the jet. These conditions, however, differ from
those often prevasiling in furnaces, sivee it is
common to fAnd that the entrainment capacity of
o furnace-flame jet is partly or-even wholly filled
by the recirculation of downstream gases. This
recireulation. was first examined in an approxi-
mate analysis by Thring and Newby* and subse~
guently in investigations by the Infernational
Flame Research Foundation. The theory of
_confined jetz has been developed by Curtet®®7?

who, with Crays,? enunciated the eriterion
governing the similarity of fully turbulent, in-
gompressible, confined jet fows. Curtet®5 79 has
also investigated experimentally the wvelocity
fields of several confined jets.

The present work is a study, withinthe regime
in which recirculation ocours, of the effect of the
Craya~Curtet similarity parsmeter on turbulent
mixing patberns in oxisyininetiical constant-
density confined-jet Hows. The fields of the azial
component of mean velociby, the mesn statio
pressure, and the mean and the twbulently
Huctuativg components of the copeentrstion of g
speeies marking the jet-nozzle fAuid are mapped,
The marking species is an oil fog of which the
point concentration was sensed by the seattersd-
light technique developed by Rosensweig™ The
concentration fluctuations were characterized by
thelr rim.s. (root-muean-sgusre) value snd weve,
moreover, analyzed spectrally; extensivemeasure-
ments were also made of the spatial comslation
of concentration fluctuations.

The great volume of the results limits 4he
present scope to the felds of mean velocity and
mean concentration. The results on concentration
fluctuations will be published elsewhere,

Similarity
It is well known that fully turbulent constant-
density jets in infinite stagnant atmospheres are

s

e’;%’a.w
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ii i

Pia. 1. A confined-jet system with the initial condi-
tionw (i) eutéring stream uniformi, () jet-source
momentum fux cocurrent with the entering stream,

serodynamically similar, except in the region
immediately surrounding the jet source. Configed
jets introduce additional parameters. To develop
5 sinrlarity eriterion for confined jets, from nmore
general approach than that of Crave and Curtet,
consider an arbitrarily shaped enclosure. con-
taining one inlet opening and any number of
outlet openings (Fig. 1). The entering fuid
stream 15 nonturbulent and uniform; located
within it is the cocurrent point souree of & turbu-~
lent jet. Since the only variation possible between
geometrically similar systems of this type isin
the relative strengths of the jet source and the
uniform feed stream, shmilarity must hinge on the
constancy of some parameter which defines the
ratie of these strengths.

In Fig. 1, 4q 15 a control plane sectioning the
uniform feed stream at right-angles to its motion
at a point just downsiream of the jet sowree, J,
and 4 is a surface bounding with Agan arbitrary
control volume V' inside the enclosure. The
conservation of fuid volume in steady How
requires that

€

where 1 is the upit vector normal fo: an element
of surface. Further, formulation of the steady
state dynamic equilibrium gives

o n ddg = fwu d4,
A A

e f {prrrwu ~+ oi) ddg
Ag

= [ nuutmyas— [ gav @
A ¥

In & constant-density, incompressible flow welght
forees and absolute pressure level have no effect
on turbulent mixing; to eliminate them, let

pea® = (p — pg+x -+ Fouott) sy,

(3)

=
5

where subseript ro denotes evaluation in the
uniform feed stream at plane 4. Noting that in
8 constant-density zystem

f pg 4V = f pE X I dhg + f pErEn dA,
14 Ay A

(4)
Equation (2) reduses o

~ | {pn-uu - jpugeets ) ds
Ay

= _[A (v (p = pr® — pg-x)n) dd (5)

If aevodynamic drag at the enclosure walls is
negligible, than the left-hand sides of Hos (1)
and (5) are the only configurations of inde-
pendent variables entering inte analvsls of the
faid motion. Let wp and %g be called the kine-
matic-mean and the dynamic-mean inlet veloci-
ties; ua is that uniform enbering velocity which
produces a foree equal to the excess of the true
stream thrust at 4 over the stapnation pressure-
area foree of the induced stresn.

e = — (1) Aq) f neu'dd,
At

gt = — (1 Ap) } ﬁ {neww — dp et an) ddy
A

()

It follows that similarity of confined, constant-
density, fully turbulent, polutsoures jets in
such geometrically similar systems depends
unicuely on the characteristic velocity ratio
u;;/ud,

The confined-jet similarity parameter =
derived by Crays and Curtet is the unigue
funetion of ug/ug )

(8)

The difference wg? — 2w? is 9 measure of the
nopuniformity of the momentur-Aux distribution
at the system inlet; it is zere for g uniform
distribution. Let w® = /{9 — 3u?). The
present study has sbown that 4™ is the charac-
teristic system velocity to which the performance
of g confined jeb is most closely sealed; ie., it is
that normalizing veloclty which minimizes the
dependence of the pormalized velocity feld on
the similarity eriterion. The most sfficient form
of the similarity criterion itself i w/ 1™ = 1/4/m.
Bince Craye and Curtet discovered the rizorons
confined-jet similarity principle, we have named
ug/ o™ the Craye-Curbet aumber snd denote it
by Ot

\m = (udz'“-‘ %%kﬁ} ;’u;é‘

@)
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The physical significance of Ct as a eriterion
of fow regime for axisymmetrical jet fows in
oylindrical duets s easily appreciated. For
point-souree jets Ba. (7) gives

ua® == (G wors?) + Suidt, {9)
hence

e
- 10
\/(is/?rprwz:) + %u{mﬁ P %u 3 ( )

For a oylindrical enclosure, wy is the space-mean
veloeity. The ideal point source of a jet is defined
as one which supplies o finite fux of momentum,
%, but zero fux of mass, With such o source,
g = g I %, I8 finite, bub wugy I8 zero, then
Ut = 0. This is the ¢ase of total recirculation,
since the jet is supplied with no fresh entrain-
ment fuid. On the other hand, if 4, is zero while
Uz i finite, €4 == w and the flow is uniform
throughout the duct. Experiment shows that re-
circulation iz ¥mited to Ot < 2. With finite
sources, account must be held of the source
characteristics, For an ideal, circular nozzle, the
initial velodity distribution is

1 L < e
0£T<?B;

Ct

U = U,
U= Uy

where u, 18 the uniform nozsle velocity. Here

ug
Ot = {1
AV {(ud — ) rd/ret b Surgd — ud

and

U = (Uy = uf,O) ’?"332/""«72 U g (12)

Hence, when s = wgg, % = ugp and €t = o,
However, when wy = 0, ¢ = (r/re)
(1 — 337, and Cf = 0 i3 approached only
as ro/ry << 1. For o given ratio ry/re, 0fds a
upique eriterion of dynamic similarity., For jet-
type flows, 1.8, 0 < us < s, CF Hes in the range
(r/ro)/ (1~ 3r3/rt)* € €t < . The condition
g > us describes wake-type Hows and geperates
imaginary values of CF but is of no present
interest; %0 < O i5 not an initial condition,
Squire and Trouncer' early predicted that simi-
larity of axisymmetrical jets in uniform constant-
velocity streams should depend uniquely on the
veloeity ratio wy/ur (they only considered ideal
flow-nozzle sources). Forstall and Shapire® and
Landis and Bhapiro,? influenced by Squire and
Trouncer’s snalysis, concluded that in their
experimental range of e/ us s, 3 < wluiy < 3,
similarity of axisymmetrical ducted jets depends
only on 1/ urg, and not on ry/ry. Actually dueted
jets can closely approach Squire and Trouncer’s
conditions only at very high values of {¢. Thring

e
it
£t

and Newby? on the other hand, made a rea~
sonable hypothesis for small values of 04 1e., in
regimes in which recireulation ovcurs o ducted
jet should, to a first approxireation, have the
same entrainment properties as a free et in g
stagnant atmosphere. They concluded that
gimilarity ought to dépend on A/(mpur®/1s) .
This parameter has considerably more general
validity than do Thring snd Newby's intulbive
arguments In deriving it; it is exaotly the recipro-
cal of Ot foran idesl point-souree jet. Craya and
Curtet® ‘were, however, the firsb to develop
rigorously the genersl similarity prindple of
confined jsts.

Mixing Zones of a Ducted Jet

Turbulent mixing In i ideal ducted jet ocours
in three fairly distinet zones. The ifrue jets
mixing zone in which the jet grows laterally, is
upstrearm, and ends when the jet reaches the
duct wall. In the next zone lateral gradients in
the mean velocity are dissipated. Finally there is
a zone in which the remaining turbulence i
dissipated. In reality all three zones may be
blurred and the final one wholly obseured by the
growth of a wall boundary layer, ultimately to a
fully developed pipe flow.

The velocity field in the jet mixing zons has
certain well-defined characteristics: The fow
through the duet can be regarded as the super-
position of a jefing stream with a bell-shaped
radial velocity profile on » laterslly uniorm
ground stream (Fig. 2}, Thet portion of the
ground stream between the edge of the jet and
the duct wall will be called the free stresm. The
uniform stream supplied to the duct-at entrance
is the feed ground stream.

The jetting stream grows until it resches the
duet wall at which point the free stream vanizhes
and entrainment ceases. Consequently a confined
jet has a finite entralnment capaecity. When the
feed ground stremm flow-falls short of the entrain-

SETTING STREAM
GROUND STREMM
I #res sTREAM

PR

k0 A g

Fya. 2. The radial velocity distribution in & ducted
jet represented as the superposition of a jetting
gtrear and 2 uniform ground stream.

;
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ment capacity of the jeb, the balance iz satisfied
with recireulated fluid. Recirculation defines a
recireniation eddy about whose eye the re-
circulstory flow revolves. Bince its source lies in
the region of maximum development of the jet,
the free strearmn In the recirculatory zone Is
massively turbulent. It is convenient fo speak of
the downstream-directed portion of the free
stream as the feed free stream and of the upstream-
directed portion as the recirculatory free stream,
though their boundsry is considerably diffused
by the turbulence of the latter.

Apparatus and Methods

The duct was a transparent Plexiglass cylinder
125 em long and 19.7 an ipside diameter. The
jet source was an essentially ideal flow noszle of
0.635 cm throat diameter and 241 em upstream
inside diameter. The uniform feed ground stream
entering the duet was ambient air inspired by
the jet. The inspiration rate was lHmited by aero-
dynamic resistances {Tyler sieves and perforated
plates) fitted over the duct inlet. A rounded
entry section was provided. The duct outlet
opeped abruptly into the atmosphere.

Experiments were carried out at a nozzle
velocity of 180 m/sec, excepting 4 few in which
the effect of noszle Reynolds number wag
investigated.

Mean velocities were measured with sharp-
lipped, thin-walled ¢ylindrical impact tubes. The
efiects of probe Reynolds number and probe
dinmeter were investigated and eliminated from
the results. The wvelocity measured by such a
probe evidently™ lies between the simple-mean
velocity 4 and the roms. velocity (#9)% For
simplicity, the measured mean velocities will be
treated ss simple-mean values, but the possible
error in this interpretation should be kept in
raind. i

Coneentration of an oil fog marking the source
finid {air) was measured by the sol-scattered-light
technique of Rosenswelg?® In this technigue, a
narrow heam of light is shone through the mixing
field. Light scattered at right-angles to the beam
is gathered by a lens-and focused on a diaphragm
containing a shit oriented normal to the direction
of the beam. The lit permits Hght from a shord
segment of the beam to Hluminabe & multipher
phototube behind the diaphragm. Thus an
electrical signal is generated proportional to the
space-average concentration of aesrosol in the
volume of space defined by the cross section of
the beam and the width of the slit. In the present
work. this volume was as small as 0.5 mm in
length and diameter, and the signal represented
truly the point value of fog concentration.

Mechanical traversing devices were used which

permitted radial position in the duet to be
measured within .02 mm snd axial position
within 0.2 mom. A Prandtl-type micromanometer
permitted measurement of small dynamic preg-
sures to an accuracy of £0.01 mm of water
Manometers and voltmeters were damped fo
provide time constants of 2 see or 10 sec for
acourate time-averaging of signals.

The Radial Profile of the Jetting Velocity

The jetting velocity ie the excess, % — 4 of
the mean axial component of veloelty inside the
jet over its value, 4, in the free stream outside
the jet (Fig. 2). At & given axial position, the
jetting velovity is characterized by ifs radial
maximum, #y, — 49; which oecurs on the let
axis of symmetry. The radial sonfine of the et
is characterized by some representabive radius,
here taken as the radiug rp at which 4 - @ =
F(Wm ~ ). Consequently the radisl profile of
the jetting velocity can be represented in the
normalized form

U/Un = f(B/Rup)
where \
U/ T = (@ — )/ (y — )
and
B/ Bup = 1/tup.

The welocity profile at the jet noszle was,
within the accuracy of the experiment, perfectly
rectangular. The course of the transition from
such an initial profile to the bell-shaped jstting-
velocity profile of a fully developed, turbulent
jet is well known and will not be deseribed,
although full measurements were made™ Interest
here is in the fully developed jetting flow whose
characteristics. are independent of the pature of
the source. Full development was closely ap~
proached about eight nozzle diameters down-~
stream of the nozzle mouth. Beyond here and
within the jet-mixing zone, the normalized profile
of the mesan jetfing velocity was essentially
self-preserving (i, invarlant with respect fo
downstregm position) , as ilustrated by Fig. 8.

Radially, the fully developed jet divided into
two zonés. The fully twhulent core extends o
about. B = R,n Within it the velocity prafile
has & universal form, umvarying with Craya-
Curtet number in the experbvental range
g < Cf < 1.2 and the same for confined axi-
symmetrical jets as for free jeis {free jets will
be trested in another paper). From about
B = Ryp to sbout B = 23R.p is a varably
turbulent annulus whose characteristics vary
with the Craye-Curtet number and differ for
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Fra. 3. The radial profile of the jetting velocity at Ct = 0.345.

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

A plot of In (— In U/Uy,) vs. In (R/Ryp) was
invariably linear up to at least B = 1.2R,;, giving

U/Un = exp {—(In 2) (B/Rup)*} (13)

Experimental values of the exponent a ranged
from 1.79 to 1.86 and showed no systematic
dependence on Ct. An average value of ¢ = 1.82
represents all the data quite accurately.

Up to R = 0.8Ryp, Eq. (13) with a = 1.82 is,
in the value of U, practically indistinguishable
from

U/Un= {1+ (V2 = D)(B/Rup)*}7 (14)

For a free jet in a stagnant free stream this
velocity distribution function signifies a radially
constant eddy viscosity ug. For a ducted jet in
the range 0 < Ct < 1 the predicted ug is constant
up to about B = Ryp.

In 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 (Ct > %), the present data are well
portrayed by

U/Un={1— (1— 2% (B/Rup)*}* (15)

Values of b ranged from 1.45 to 1.55, but the
average value b = % is generally good. This
distribution function gives the jet a finite radial
limit located, for b = £, at B = 2.27R,p.. In
recirculatory zones the turbulence of the free
stream erases the sharp jet edge: at Ct = 0.033
(the condition for zero induction of ground-
stream feed in the present system), Eq. (13) with

a = 1.82 is applicable at 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 (Ct
small), the massively turbulent recirculation free
stream penetrates the nonturbulent feed free
stream throughout the jet-mixing zone, thereby
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/R. ;2 < 1.1 or greater.

15 N
m 1.4 ™~
1 13 T -
[
072
" o0n ™
) \\*’ | e
0.4 N
3
0.45
0 0.2 04 06 08 1.0 12
Cct

Fie. 4. The Craya-Curtet number dependency of
the velocity profile shape factors 7.
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The slope here was

0(U/Un)
d ( R/ Ru/?)

Average values of the profile shape functions 5
(see the Nomenclature section for definitions)
for different values of Ct were obtained by
graphical integration from plots of U/U, and
(U/Uw)?, and (U/Uwm)? vs (R/Ryz)% They are
shown as functions of Ct in Fig. 4. Curtet and
Ricous’ data® for Ct = 2.77 give ;m = 1.25,
72 = 0.68, and 73 = 0.455.

] = (.645 =4 0.005
20/ 9R2=0

The Radial Growth of the Jet

A set r, of characteristic jet radii is defined by

Pt = /0 (U U™ dr, (16)

where r; may be termed the “volume-flux radius,”
7o the “momentum-flux radius,” and r; the
“kinetic-energy-flux radius.” Another useful set
Ty 18 defined by

(17)

where « 1s 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 74, pertaining to that region of the fully
turbulent core where velocity is linear in radial
position. Following the commonest precedent,
the primary characteristic jet radius was taken
to be the velocity half-radius, r,/.

= Ta At U— U= a(ln — ),

0.3

0.2

u/2
0.1

Fr1c. 5. The axial growth of the velocity half-radius.
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The normalized velocity half-radius is shown
in Fig. 5 as a function of the normalized down-
stream distance with Ctas 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>~' 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

Rup = 0.084X. (18)
In the neighborhood of the jet source (where
Un > Us), 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 R, is
0.084X. It was found that in the regime of
recirculatory flows (0 < Ct < 0.7)

Rup = 0.084X{1 + (X/X,)%,
X, = 4.07 exp (3.54 Ct).

(19)
(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

Rup = 0.0813X. (21)

Axial Decay of Jetting Velocity

The optimum choice of a characteristic value
of the jetting velocity is unambiguous: U, — Ut
is the only logical possibility.

The reciprocal of the normalized value of
Uy — s 1s shown in Fig. 6 as a function of the

normalized downstream distance with Cf as
0.3 cr | 1.22] ]
0.033 =56 573 N
0.]%
0.180
0.2 / AN 0.345
1 /
Um
0.1 /
] 1 2 3 4

X

Fr1a. 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 C¢t = 0.673 is again
identical with that for a free jet. The data are
for the most part well correlated by

1/Un = 0.0725X {1 + (X/X.)5, (22)
X. = 5.95 exp (3.54C1), (23)
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but some deviation from this relation occurs at
high values of X with Ct = 0.180 and 0.345.
The data of Curtet and Ricou’ formally obey
Eq. (22) at values of Ctup 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 at 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)

Ry = 0.0813X (24)
UnRup = 1122 (25)
while at Re, = 18500
R.p = 0.053 (26)
UnByp = 1.126 (27)

The radial velocity profile was unaffected. The
insignificant change in UwnR,;» 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
proportional change in the total shear stress
pu'v’ — u 0U/dr.

Spalding and Ricou'® have 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), Bup/(Rup)Resco- Figure 7 shows
that the Reynolds number effect decays to
insignificance by Res = 30,000. Since the present
experiments were, excepting the one just dis-
cussed, conducted at Re, = 54,000, they pertain
to the regime of sufficiently high Reynolds
numbers in which the effect of viscosity on the

* The origin of z is at the virtual point source of
the fully developed jet. The origin was located from
the data for Ci = 0.673 by extrapolating to zero
ordinate the linear (see Figs. 3 and 5) relation be-
tween R or 1/U. and distance from the jet nozzle.
The virtual point source lay 4.5 nozzle radii down-
stream of the nozzle mouth.

n

F1g. 7. The Reynolds number dependency of the
velocity half-radius.

mean jetting flow is insignificant (the jet turbu-
lence itself'” attains a constant structure only at
Reynolds numbers exceeding 10¢).

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

7]1Uvau/22 + Us = Ct;

wall boundary layer neglected.

The experimental values of U; for the annulus
between the wall boundary layer and the jet
edge are shown as a function of X in Fig. 8

(28)
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Fia. 8. The axial evolution of the free-stream
velocity.
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and compared with the values ealculated from
Eq. (28) using Fig. 5 and Egs. (22) and (19)
for the values of 1, U, and R, 0. At Ct = 0.345,
0.512, and 0.673 the divergence between the
measured and calculated values of Uy is due to
the wall boundary layer, but at Ct = 0.0325,
0.130, and 0.180 it is mainly ascribable to the
error in measuring U: in a highly turbulent
recirculatory flow.

The effeet of the wall boundary layer on the
mean flow is accounted for by writing Eq. (28)
in the form

771(]101214/:22 + (1 - A1)2 Uf - Ot, (29)

where Ay is the normalized displacement thickness
of the boundary layer. Values of U; calculated
from this equation using the experimental values
of A; agree well with the directly measured Uy's
at Ct = 0.345, 0.512, and 0.673. The great
boundary layer thickness in the feed free stream
at these C¢’s is attributable to intensely adverse
pressure gradients; boundary layer separation
oceurred 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. 8.

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

Q, = — /Tw a dr? /uo"‘rw2 (30)
T ye=o i

The maximum of @, represents the volumetric

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

"
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Fra. 10. The Craya-Curtet number dependency of
the axial location of various features of the recir-
culation eddy.

flux of fluid around the recirculation eddy,
(Qeddy- The eye of the eddy, around which this
flow revolves, is located where % = 0, @, = Qeaqy-
The complete statistical envelope of the eddy is
difficult to determine exactly, but if the fHow is
treated one-dimensionally the radial coordinates
r of the envelope are defined by

Tu=0 . T a9
/ W dr? = — % dr?
.

T u=0

(31)

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

From a plot of @, as a function of X and Cf,
the axial maxima of @, give

Qeaay = 0.32 — 0.43Ct. (32)

Figure 10 shows the statistical locations of the
eye and the upstream edge of the eddy as fune-
tions of Ct Also shown is the approximate
downstream limit of the eddy, estimated as the
point where R, ,» = %. Figure 11 shows the mean
boundaries of the recirculatory flow.

T tes | ]
L 513 0- -
0.8 L Ct = 0.315} o °_,76;‘
RS Pz;;'r‘ |
0.130
0.6 | Je]
RO| j ]
0.4
4
% |
02—
_(/, ks

F16. 11. The mean boundaries of the recirculatory
flow, i.e., the surfaces over which 4 = 0.
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Fic. 12. The axial evolution of the static pressure
at the duct wall.

Axial Variation of Static Pressure

The axial variation of the mean static pressure
(measured at the duct wall) should reflect
changes in mixing 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 at which the free
stream effectively vanishes and entrainment
ceases.

Figure 12 bears out this expectation. The
points of jet extinction thus deduced are shown
as a function of Ctin Fig. 10. They lie, for the
most part, considerably nearer the eye of the re-
circulation eddy than do the points resulting from
the approximation that R, = % here.

)
2 g7

o3
vs O\P\N
2 0.180 AT |
IR
b 1.22
0.0325 0\342'6:73
1 ][
)
2
1 2 3 4 56 8 10

X

Fia. 13. The axial decay of the radial maximum of
the mean velocity.

Post-Jet-Mixing Zone

Complete investigation of the mean velocity
field in the post-jet-mixing zone was possible
only at the higher Craya-Curtet numbers, since
only then were velocities generally high enough
to be measurable.

Figure 13 shows the axial decay of the radial
maximum of the mean velocity. In flow with re-
circulation there is a marked change in the
velocity decay rate at about @,/u* = 0.24; this
change signals the beginning of the post-jet-
mixing zone insofar as @, is concerned. The
values of X (./u* = 0.24) correspond exactly
with X(R,» = 0.57), Fig. 10. Extrapolation of

OTgYs Bl - 1
ORGSR ] ] X
0.8 SRR S o
R | ] ~]
0.6 e | Thot b g
el -
S
u RN 8.0 -
m 0.2 I P I
ct ro.s 2[ 3 >
| 6.4 7.2
° ( RN
0 0.2 0.4 0.6 0.8
R

Fra. 14. Radial velocity profiles in the post-jet-
mixing zone at C¢ = 0.512,

the data in Fig. 13 to @w/ux = 1 gives for the
point at which gradients in the mean velocity
effectively disappear

X (/e = 1) = 6 + X (tn/ug™ = 0.24) (33)

Figure 14 shows typical radial velocity profiles
for the post-jet-mixing zone. A simple, quite
satisfactory velocity distribution function is

ftim = 1, R < 0.14
Gl = 1 — (R — 0.14)[ (94 /im) /AR,
R> 014, (34)
where for values of Ct between 0.345 and 1.22
(0/U) /OR = 0.195[ X (Tn/uy. = 1) — X[/ Ct,
R > 0.14. (35)

Radial Profile of the Jetting Component
of Mean Concentration

The field of the jetting component, ¥ — ¥, of
the mean concentration, 7, of a species (here an
oil fog) marking the jet-source fluid is similar to
that of the jetting velocity.

o7
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Ct = 0.673
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Fia. 15. The radial profile of the jetting concen-
tration at Ct = 0.673.

Tigure 15 shows 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 represented by

I/Tw = exp {— (In2)(R/Ryp)?}  (36)

The exponent a varied slightly with R/R, in
ducted operation of the jet:

L/Rys 0.2 0.3 0.4 0.5 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: ¢ = 1.85. The data of Landis and
Shapiro® on a ducted jet at high values of Ct
(between 3 and 25) give a = 2.0.

The linear intermediate region of the concen-
tration profile extends over the range 0.5 <
R/R.; < 1.2. The value found for the slope of
the profile here was

(I/Tw) }
dJ ( R/Rm) 921"/ 3R2=0

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

S 38

= (.66 == 0.01.
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0.345, the distribution
I/Tw = {1 = (1= 27 (R/Ryp)"*

with b = 2 gives a good average fit in the region
1 < R/R,» < 1.8. At values of Ct smaller than
0.345, the data for the edge of the jet were not
aceurate 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 7, for the velocity field (see Eq. (16),
are

rt = / " (/) dr (37)

0

Ty,1 (38)

/ (DU/Tuls) dr?
0

Average values of the shape factors n, = r,2/ry*
and 94,1 = 703/ r,p" are 2.10 and 0.845, 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 n,p = ryp/ru? =
1.50. Such a proportionality is expected theo-
retically for a self-preserving flow, and the
reciprocal of 5,2 approximates the eddy Schmidt
number.

Unconfined (free) operation of the jet gave

o = 0.103(z + 2ry), (39)

identical with the result for confined operation
at C¢ = 0.673. Hence, in part, the conclusion in
the sections on Radial Growth of the Jet and on
Axial Decay of Jetting Velocity is that at
Ct = 0.673 the mean-jetting-flow properties of
the ducted jet are essentially identical with those
of a free jet in a stagnant free stream.

The constant 2rs in Bq. (39) signifies that the
virtual origin of r 2 was two nozzle radii upstream
of the virtual origin of r,,/s.

Axijal 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

o = 1/ Ague® /A (v — vio)u dA. (40)
0

For the present system (in which v¢4 was zero).

(41)

% _ . ®, 2 s, 2
Y& = jo/muctre? = veurd/uotry
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When the field of the mean velocity and the
shape factors n are known, the radial maximum
of the jetting concentration is given by the
equation of the conservation of marking species:

992l Un + 7,0l + CtTs = 1. (42)

The present data satisfied this equation within
the accuracy of the experiment.
The data on the free jet give

YVl = 618]5\/(95/15) .

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 I';Ct as a function of X and Ct.
Linear extrapolation of the data for Ct = 0.212
and 0.345 to T’ = 0 and T:Ct = 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';:Ct = 1 recirculates from far
downstream. Ideally

TiCt=1, X> X(U;=0)
I''=0, X< X(Ug=0)

Actually, the recirculated fluid comes from the
jet itself, mostly from the region where the jet
nears the duct wall, and is 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 at U; = 0, but the

(43)

BN A 4117
0.8 _ﬁrfi’w\’f\/%#/ ?,Lé ] %1 g
5 06 [\ Qt&é/ | [A“]
0.4 D |
=N >
0.2 Iﬂd/m 1 Q;o
[AERERYd
HERNy4N l
] 1 2 3
X

Fie. 16. The axial evolution of the free-stream
concentration.
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F1a. 17. The Craya-Curtet number dependency of
the axial location of various features of the recir-
culatory flow,

concentration edge is exceedingly diffuse. The
reciprocal of d(T:Ct)/dX at the point where
I:Ct = %, 2.2 in value at Ct = 0.212, and 0.345,
is a measure of the spatial scale of the large
concentration eddies associated with the recircu-
latory motion.

The intercepts X(I't = 0), X(I:Ct = 1),
X(Us = 0), and X(¥;/¥m = 1) are shown as
functions of Ctin Fig. 17; the last was obtained
by extrapolating the relation (not shown)
between ¥:/¥m and X to unit ordinate. Also
shown is the point at which, according to the
axial pressure variation, the free stream vanishes.
The intercept X(vi/vm = 1) represents the
point at which concentration gradients effectively
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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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
jetting velocity, 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 jet-source fluid is deseribed analo-
gously.

5. The velocity half-radius of the jet is 0.82
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 within the eddy.

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

Nomenclature
Subscripts
f Value in the free stream
m Radial maximum
0 Initial value (value at & = 0)
$ Value at the jet source
W Value at the enclosure wall

Dimensional Vartables

A Surface or area

q Acceleration due to gravity

s Source flux of axial momentum

Js Source flux of species marking source
fluid

P Pressure

prot Characteristic pressure for confined-jet

system; see Eq. (3)
r Radial cylindrical coordinate

Tus2 Velocity half-radius of jet

Toyp Concentration half-radius of jet
Ty Volume-flux radius of jet

Ty Momentum-flux radius of jet

73 Kinetic-energy-flux radius of jet
Ty Concentration radius of jet

Tyl Marking-species-flux radius of jet
u Velocity vector

U Magnitude of the axial component of u

up* Characteristic mean velocity for a
confined-jet system; see third section

Uy Kinematic-mean velocity of streams
entering a confined-jet system

Ug Dynamic-mean velocity of streams
entering a confined-jet system

z Axial eylindrical coordinate

0% Concentration of species marking the
source fluid

Yo Characteristic mean concentration for a
confined-jet system; see Eq. (40)

01 Displacement thickness of boundary
layer

P Fluid density

“ Fluid viscosity

Dimensionless Variables

a, b Exponents in the radial distribution
functions of velocity and concentration

Q; Normalized axial component of re-
circulatory flow; see Iiq. (30)

R /1y

Al 51/ T

U (@ — Gr) /up™®

r (’7 — 1) / Yo

Mn 7712/ 7‘u/22

Ny 75/ Tupd?

ZBu/2 7‘u/2/ Tw

X /1w

Um (’am - df)/u()*

F!ll (im — ’Y—f) /’YU*

Mya Ty T’

Ny72 T/ Tt

Royp T/ T

Us 'sz/ ug*

I’ Vi/vo*

Pt (pr—pud®)/ug™

Dimensionless Parameters and Constants

n Integer index or exponent

n Unit vector normal to an element of
surface

Ct Craya-Curtet number; see third section

Re; 2rsusp/u, jet-nozzle Reynolds number
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Discussion

Pror. M. W. THRING (Unwersity of Sheffield):
I consider the experimental work in this paper ex-
cellent, but I do not feel that the theoretical treat-
ment throws new light on the matter. The “intuitive
picture’” of Thring and Newby given at 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
the system. It has the advantages that the simi-
larity law for a nonisothermal system can be de-
rived at once from the concept of the equivalent
nozzle diameter and that a physical meaning can
be given to all the zones,

Dr. H. A. Beceer (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 (7 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

§ oo

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 momen-
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 de
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 the
mean concentration of nozzle fluid (unburnt basis),
the r.m.s. concentration fluctuation, the specfrum of
concentration fluctuation, and spatial correlation
coefficients.

Dr. A. E. Pengerny (United Steels Research,
England): Dr. Williams said that, should a suitable
aerosol be available, he would extend his measure-
ments of mixing, using light scattering 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-
tarily generated in oxygen steelmaking processes.
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This fume is chemically stable and would relatively
easily be produced on a small scale.

In connection with investigations into radiation
pyrometry in, and fume nuisance from steelmaking
we have had 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. It should be possible to find a quite strong
response in a wave band which would avoid CO, and
H.0 emissions. To a first approximation the fume is
gray in the visible region for relatively low concen-
trations.
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TURBULENT FLAME STUDIES IN TWO-DIMENSIONAL OPEN
BURNERS

J. H. GROVER, E. N. FALES, AND A. C. SCURLOCK

/"Z5Of

The newly devised techniques for studying the effects of turbulence on homogeneous gas flames
in two-dimensional open burners through the determination of (1) the mean flow field in the neighbor-
hood of the flame front, (2) the position of the mean flame front and the root-mean-square displace-
ment of the mean flame front, (3) the local turbulent flame velocity, and (4) the position of the
instantaneous flame front have been refined and extended to several conditions of flow, turbu-
lence, air-fuel ratio, and burner size. This technique has also been extended to study the growth of
wrinkles in the instantaneous flame front by high-speed photography. The experimental 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, Sr/Sz, can be correlated, as indicated in the
previously presented theory of Scurlock and Grover, with the dimensionless time parameter, Sit/ls
(where ¢ is the time of exposure of the flame element to the turbulence and I, is the Eulerian scale
of turbulence), and the dimensionless turbulence intensity in the approach flow vy’ /Sy (where v¢’ is
the turbulence intensity). (3) Sr/Sy can be correlated with the root-mean-square displacement of
the mean flame front, (Y2)%. These results also verify that a useful technique has been 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 extended 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,?
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 Damkdohler?® or a diffuse reaction
zone as proposed by Summerfield et al.*

Most of the earlier studies with turbulent
flames were concerned with the over-all effects of
turbulence on the entire flame brush, and have
not attempted to follow the local development/
of the flame at various distances from the stabi<
lizer. In 1953, Scurlock and Grover® outlined
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their concept of the role of eddy diffusion, and
thus of flame exposure time, on the development
of the turbulent flame, and recognized that a
better understanding of turbulent flames could
be achieved from analysis of measurements of
local turbulent flame velocity versus distance
from the stabilizer under various conditions of
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-dimensional open burner.

Description of Apparatus

A two-dimensional open burner that was em-
ployed in this investigation is shown schemati-
cally in Fig. 1. Both a 1-by-8-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 the burners (the
front and back of the burner). These serve to
constrain the flow, causing it to be essentially
two-dimensional and making it possible to view
and photograph the flame. A detailed description
of the 1-by-3-inch burner and the associated ap-
paratus are given in the previous paper.t!

Turbulence in the burner was generated by a
four-mesh or an eight-mesh screen placed normal
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Fia. 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 5:1. To generate less random dis-
turbances, a pair of either 0.05- or 0.025-inch
stainless steel 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.

In 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 instantanecous 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 at 1600 frames per second. This
provides about 30 consecutive pictures which is
sufficient to follow a flame eclement from its in-
ception at the pilot until it 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 experimental techniques.
All of the previous work was conducted with
stoichiometric natural gas-air flames in the 1-by-
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Fic. 2. Photographs of flame and flow in two-dimen-

sional open burner. (Stoichiometric natural gas-air

mixture; approach velocity, 20 ft/sec; four-mesh
screen 2 inches upstream of burner rim.)

3-inch burner. The main results were obtained
with a flow velocity at 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 flash-
tube exposure with 1l-micron magnesium 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 Altman® concluded that
1-micron particles would correctly trace the stream-
line direction through a propane-air flame. It is
thus believed safe to assume that the magnesium
oxide particles follow the flow in these flames with
at least the precision to which the direction of the
particles is measured.
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similar photographs lends support to the wrinkled
flame concept of turbulent flame propagation.

From the two types of photographs shown in
Fig. 2, the mean flame front and the flow lines
into the flame were obtained. These mean 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, Sy, 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 which the parameters could be
varied was limited because of the size of the
burner and the nature of the experiments, but
was adequate to indicate the relative effect of
the various parameters studied. Listed below are
the parameters which were varied and the values
used.

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

2. Disturbance generators: 4- and 8-mesh
screens with a mesh-to-wire diameter ratio of
5:1; 200-mesh sereen; a pair of 0.05-inch rods;
and a pair of 0.025-inch rods.

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

4. Burner size: 1-by-3-inch and 2-by-6-inch.

Data were obtained at twelve different condi-
tions. These various run conditions are given in
Table 1. Condition number 1 was the standard
condition.

For each of the twelve conditions listed in
Table 1, at least two 2-second time exposures
and a set of 20 flash-tube exposures were ob-
tained using the technique deseribed above.
From these time and flash-tube exposures, four
distinet 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 ex-
posures, the outline of the instantaneous flame
front and the direction of flow into and through
the flame front were determined. These last two
types of data are independent of each other and
both are independent of the data from the
2-second time exposures. As discussed in the
previous paper,! the two types of measurements

* O¢ is the generalized oxidant fraction and is de-
fined as

air—fuel ratio

air—fuel ratio 4 stoichiometric air-fuel ratio
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TABLE 1
Conditions of flow, disturbance generator, air—fuel ratio, and burner size
Condition  Inlet velocity Burner size
number (ft/sec) Og (inches) Turbulence generator
1 20 0.5 1 X 3 4-Mesh screen
2 40 0.5 1 X 3 4-Mesh screen
3 20 0.5 1 X 3 8-Mesh screen
4 40 0.5 1 X3 8-Mesh screen
5 20 0.453 1 X3 4-Mesh screen
6 20 0.599 1 X3 4-Mesh screen
7 20 0.5 2 X 6 4-Mesh screen
8 40 0.5 2 X6 4-Mesh screen
9 20 0.5 1 X3 Two 0.05-inch rods
10 20 0.5 1 X 3 Two 0.025-inch rods
11 20 0.5 1 X 3 200-Mesh screen
12 20 0.5 1 X 3 200-Mesh screen and two 0.05-inch rods

from 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.

Using 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 8 are shown in Figs. 4 through 10.

Tor 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
maximum brightness with the mean flame front
obtained from the flash-tube photographs indicates
that the maximum brightness occurs a considerable
distance 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 Sp/8; that
are lower than the true values. Thus, the results for
the rich flame of condition number 5 were not used.
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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 at 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-
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F1a. 5. Turbulent flame velocity versus flame length.
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Fra. 10. Turbulent flame velocity versus flame
length.

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

3. It is difficult to determine the exact loca-
tion of the position of the mean flame front in
the vicinity of the flame tip. These factors all
limit the confidence that can be placed in these
curves, particularly in the regions near the
burner rim and the tip of the flame. However,
the aceuracy 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 are given in Figs. 4
through 10. These are: (1) the total length of the
mean flame front from the burner rim to the
flame tip; (2) the value of the average turbulent
flame velocity, Sy, (averaged over the entire
flame?); and (3) the laminar flame velocity, Sy,
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 O 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

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 exposures and the 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 at which
wrinkles first appear in the instantaneous flame
front; up to this point the flame velocity should
be cscentially 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.

1 A description and discussion of this method is
given by Linnett.®
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TABLE 2
Flame height and root-mean-square displacement of mean flame front
Condition  Flame height
number (inches) Root-mean-square displacement of mean flame front, (12)! (inches)

Length along flame front

(inches)

1.2 1.6 2.0 2.5 3.0 3.5 4.0 4.5 8.0 5.5 6.0
1 3.9 0.05 0.08 0.12 0.16 0.21 0.28 -— - - — — -
2 6.6 0.04 0.06 0.07 0.09 0.12 0.15 0.19 0.22 0.25 0.29 0.36
3 4.7 0.06 0.09 0.12 0.17 0.22 0.28 — — — —  —
4 7.4 0.05 0.06 0.07 0.10 0.13 0.15 0.1 0.21 0.25 0.31 0.34
5 = T S
6 5.5 0.06 0.08 0.09 0.12 0.16 0.18 0.22 — — —_—
7 5.4 0.07 0.12 0.18 0.25 0.34 0.42 0.47 0.58 — —_ —_
8 7.8 0.09 0.11 0.14 0.19 0.24 0.29 0.34 0.42 0.46 0.49 0.52
9 4.8 0.04 0.06 0.09 0.14 0.21 0.26 0.32 — — — —
10 5.4 0.05 0.07 0.08 0.11 0.16 0.25 0.33 — — - —_
11 6.7 0.03 0.03 0.04 0.05 0.06 0.09 0.11 0.14 0.17 0,22 -
12 4.7 0.04 0.05 0.08 0.11 0.14 0.18 .23 — - —

F1c. 12. Instantaneous flash-tube photographs of flames for twelve different
conditions.
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Fia. 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 Grover,® their presence
has not been considered in the quantitative
effect of turbulence on flames.

A third measurement that was obtained from
the outlines of the instantaneous wrinkled flame
front tracings is the average width of the base of
the wrinkles. This measurement is taken as the
dimension that characterizes the size of the
wrinkles in the flame front for each condition.

TABLE 3

Measurements of instantaneous flame front

Minimum Average
Unwrinkled continuous width of

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

.28
.27
23
.31
.28
.28
.42
.87
.27
.23
26
.23
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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 1.88 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.

5.64

0.0 1.88
TIME - MILLISECONDS

3.76

Fia. 14. Change in outline of instantaneous flame

front from high-speed motion pictures. (Stoichio-

metric natural gas-air flame with inlet flow velocity

of 20 ft/sec; and four-mesh screen 2 inches upstream
of burner rim.)

Discussion of Results

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,»1 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 it 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 theory® directly be-
cause the theory correlates the ratio of the local
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turbulent flame velocity to the laminar flame
velocity, Sr/Sr, with a dimensionless time
parameter, £S1/ls, where ¢ is the time of exposure
of the flame element to the turbulence, rather
than flame front length. The theoretical curves
of Sr/Sy versus Srt/ly for several values of
vy’ /S1, where v is the turbulence intensity in the

10

S t/t,
F1a. 15. Plots of Sp/Sy, versus Syt/l: under several different conditions calculated
including all three effects.

approach flow, for density ratios of eight and ten,
and with and without the presence of flame-
generated turbulence predicted by Scurlock and
Grover® are shown in Fig. 15.

Comparison of Turbulent Flame Velocity Results
with Time. The results of one run have been
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compared with those of other runs using the
theoretical concept of the importance of time of
exposure of a flame element to the turbulence
developed by Scurlock and Grover.® As a first
step in doing this, the experimental results shown
in Figs. 4 through 10 have been replotted in Fig.
16 as S¢/Sy, versus time, using the same method
as was described in the previous paper.t!

The first two runs to be compared are those
for conditions number 1 and 2. Both runs were
made using the same air-fuel ratio (same Sp) and
the same screen (same ly). Thus, curves 1 and 2
of Fig. 16 are on the same dimensionless time,
Sit/ls, basis and ean 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.” 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
dimensionless parameter, vy'/Sy, of one and two,
respectively. Curve 2, for condition number 2
(»/'/8. = 2), is consistently much higher than
curve 1, for condition number 1 (v/Sr =, 1),
which is in general agreement with the theory
(see Fig. 15). Also, the shapes of the initial por-
tions of both curves 1 and 2 correspond to the
shapes of the theoretical curves, with the initial
slope of the curve being much higher for the
condition of higher turbulence intensity.

The next parameter studied was the screen
size. Two runs in the 1-by-3-inch chamber were
made with an eight-mesh screen. Condifion 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 approximate pre-
dicted” values of the turbulence scale and in-
tensity produced by the eight-mesh screen for
cold flow at the average downstream distance of
the flame is 0.03 inch and 3 per cent, respec-
tively. This compares with values of 0.05 inch
and 5 per cent for the four-mesh screen. To com-
pare the results for the eight-mesh screen with
those for the four-mesh screen using the dimen-
sionless time parameter, Srt/ls, the results were
replotted in Fig. 17 as S7/S; versus Spt/ls for
conditions number 1, 2, 3, and 4, using S; =
1.06 ft/see, I» = 0.05 inch for conditions number
1 and 2, and l2 = 0.03 inch for conditions num-
ber 3 and 4.
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Fi1a. 17. Sr/Si versus Srt/l,.

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 Sz/S. versus Sri/ls should be ap-
proximately the same. Considering the approxi-
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 Sr/8y, are obtained experimentally 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 experimental values of S¢/Sz,
show no tendency to leveling off, indicating that
either the dimensionless time required for the
experimental values of Sz/S; 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 the effective flame velocity and

22
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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 other. 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.
Asis 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./ps. The value of
pu/py 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.

In 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™Sr/Sy versus Sri/ly in Fig. 18. The
results of these three runs show a trend of in-
creasing vy’/Sz which is in agreement with the
theoretical results of Fig. 15. There is an addi-
tional parameter which is p,/py that is slightly
lower for eondition 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-generated turbulence and might result

7 T T T T
S| /L
CONDITION ~-"2
5|CODE NUMBER _ (sEc”))
o | 254
v 6 149 7'
5 o 2 254 /
' Pu/P j
L Yorse Pusee _ /
Q 1.0 7.62
= 115 6.0l 6
? 320 Z

7. 6%:3

/

AN

\

%1 2 3 4 5 6
st
23

Fic. 18. Sr/Sy versus Sit/l.

in slightly lower values of Sr/Sy 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 fina] 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. However,
referring to the original results for the 2-by-6-
inch burner (Fig. 9), there is considerable scatiter
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 §, respectively)
which are both for inlet flow velocities of 40 ft/
sec. As would be expected from the theoretical
consideration, the two curves fall very close to-
gether. Once again, however, there is no tendency
for curve 8 to reach an asymptote.

Comparison of Turbulent Flame Velocity with
Root-Mean-Square Displacement Flame Frond.
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
Grover® is a correlation of Sr/Sy, with (¥V2)%. Such
a correlation is particularly desirable because all
of the theoretical curves were based on Eq. (1)

Sr/8L = [1 + C\(T3/1A] M

which relates Sr/Sy to (¥2)} through the Eu-
lerian seale of turbulence, ls, and a constant Cj,
which was assumed to have a value of four.
The experimental values of Sr/Sy, are plotted
against (Y2)? in Fig. 19 for conditions number
1, 2, 3, 4, 6, 7, and S. Also shown in Fig. 19 are
the two curves of Sy/Sr versus (Y2)} that are
obtained from Eq. (1) assuming C; to be 4 and
Is to be 0.05 and 0.03 inch which are the values for
flow behind four- and eight~mesh screens as ob-
tained from the relation of Dryden et al.”
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Fig. 19. 8p/8, 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
Eq. (1) using a value of 4 for €y and the cold
flow value of l». These data all fall far below the
theoretical curves. These results confirm the
earlier conclusions! that either Cy is much less
than 4, or the base of the wrinkles in the flame is
much larger than the assumed value of 4 (I), or
the model on which Eq. (1) is based needs to be
revised.

Although the data do not correlate with the
previously predicted curve, they do show a
definite increase of Sr/S;, with increasing (¥2)
Also, the results for the two runs with the eight-
mesh screen (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
the 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
S7/8S1, to increase with the first power of (Y2).
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.

TURBULENT GAS FLAMES

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 longer 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. In general, for all
conditions the wrinkles expand with increasing
distance from the burner rim.

High-Speed Motion Pictures. Only the standard
condition (condition number 1) 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
have been made.

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
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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 wrinkles 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, S7/8z, can be correlated with the
dimensionless time parameter, Srt/ls, and the
dimensionless turbulence intensity in the ap-
proach flow vy'/Sz. Since such a correlation was
predicted by Scurlock and Grover® based on a
wrinkled flame front model, the results lend
further support to the general validity of the
physieal picture of the mechanism of turbulent
flame propagation which underlies the theory.

3. Although the basic dimensionless param-
eters derived by Scurlock and Grover® had been
verified, the results do not correspond to their
theoretical curves. Also, although an experimen-
tal correlation of Sy/S; with (¥2)? is obtained,
this correlation is not that predicted by Eq. (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,
the 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.

REFERENCES

1. Grover, J. H., Faies, BE. N, and ScuRLOCK,
A. C.: ARS Journal 29, 275 (1959).

2. Scurrock, A. C. and Grover, J. H.: Experi-
mental Studies of Turbulent Flames, Selected
Combustion Problems, Advisory Group for Aero-
nautical Research and Development, NATO,
p. 214. Butterworths Scientific Publications,
1954.

3. DamgouLER, G.: Z. Elektrochemie 46, 610
(1940); English Translation: NACA Tech.
Memo. 1112, 1947,

4. SummEeRFIELD, M., REITER, 8. H., K8pELY, V.,
and Mascoro, R. W.: Jet Propulsion 25, 377
(1955).

5. Scurrock, A. C. and Grover, J. H.: Fourth
Sympostum  (International) on Combustion, p.
645. Williams and Wilking Co., 1953.

6. GILBERT, M., Davis, L. and Avrman, D.: Jet,
Propulsion 25, 26 (1955).

7. DrypeEN, H. L. Scuusavsr, G. B., Mock,
W. C., Jr., and Skramstap, K. H.: NACA
Report 581, 1937.

8. Lannerr, J. W.: Fourth Symposium (Inierna-
tional) on Combustion, p. 20. Williams and
Wilkins Co., 1953.

9. BoLLINGER, L. M. and WinLiams, D. T.. The
Effects of Turbulence and Flame Speed of
Burner Type Flames, NACA Tech. Note 1707,
1949; also, Third Symposium on Combustion,
Flame and Explosion Phenomena, p. 176.
Williams and Wilkins Co., 1949.

10. Wout, K., SHORE, L., voN RosENBERG, H., and
WeiL, C. W.: Fourth Symposium (International)
on Combustion, p. 630. Williams and Wilkins
Co., 1953.

Discussion

Dr. F. J. WemnserG (Imperial College, England):
My question 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 techniques®—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 instantanecus 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 lames 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 oceurs at
points where the flame is tangential to the light
beam. If the beam is parallel, all the sin 0in S, = »
sin 6 (S, = burning velocity, v = flow velocity, § =
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. It
means that we have been able to deduce S. from
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Fig. 1. Instantaneous schlieren photograph of tur-
bulent flame (10~% see, approximately).

particle track velocities and sin 8. 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 laminar 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.?

56

FiG. 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 6
generally had s 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 wvalleys” by a large number of vertical
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 wertical
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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TURBULENT MASS TRANSFER AND RATES OF COMBUSTION
IN CONFINED TURBULENT FLAMES

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

Measurements of time-mean reaction rate and of coefficients of turbulent mass transfer through-
out the 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 8 X l-inch duct. Combustor inlet velocities of 60, 100, and 175 ft/sec were 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
greater than the molecular diffusivities. The generation of turbulence by the shear in the combustion
zone is clearly shown. The rates of oxygen consumption (Ib./{t? sec) at constant composition are
dependent on location in the combustion zone, indicating a strong influence of the character of the
flow, and the failure of a “stirred reactor’” model of the burning zone. Maximum reaction rates are
found to be 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

The 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 rate,™¢ or a volu-
metric heat release rate.” Most of the theoretical
development has been concerned with relation-
ships between the character of the turbulence
and the burning velocity,!*8 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 madel® Studies of spreading rates of
flames of homogeneous air-fuel mixtures burning
in ducts® have shown that turbulence generated
by the flow patterns caused by the flame has
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apparently greater importance than normally
expected turbulence 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? 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 to 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 al.!®

In prineiple, 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, vz:

—pu-Vx; + V- (8Vx;) = —@Q; (1)
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where only time mean quantities arc involved.
Logically, this equation may be taken as the
definition of @; (or & if @, is zero). & must be
determined by application of the equation to a
chemically inert substance; with the reasonable
assumption that, where the major contributor to
diffusive flux is turbulence, & is independent of
the species being transferred.

Experimental

The 8 by 1-inch rectangular combustion cham-
ber was 16% inches in overall length. Cylindrical
flameholders were placed 12§ inches from the
downstream end of the 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 intensity at inlet was estimated to be
less than 0.3 per cent. The combustor exhausted
to the atmosphere. Since the chamber was not
long enough to cause development of boundary
layers of significant thickness on the walls, the
flame itself was responsible for development of
the 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
1 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 = (20.4p/p)*

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 at local stream velocity to insure

PLENUM
CHAMBER

200 MESH
SGREEN

AXIS OF SYMMETRY

FLAME HOLDER PROBE
ORIGIN OF GO~ORDINATES

F1e. 1. Schematic of apparatus.
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representative sampling ! Elementary heat trans-
fer considerations® show that samples would be
cooled from 2200°K to 1000°K in about 24 X 107¢
seconds. Final chemical analyses for hydro-
carbons, CQ, COs, Hs, Os, and No 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 was used.
Water content of samples was computed by
hydrogen balance. Sample analysis was well
within the precision of the feed stream metering
by ASME standard orifice meters.

For measurements of rates of turbulent diffu-
sion, a radioactive tracer (Kr®) was injected
into the feed stream from g line source in the
plenum chamber 8 inches upstream from the
combustor entrance and 1 inch below the center-
line. The copper “line source” was  inch in out-
side diameter. For some data at 60 ft/sec inlet
velocity, the tracer was injected into the wake
of the flameholder. Samples withdrawn from the
combustor were counted directly by means of a
Tracerlab Model TGC-5A detector tube and a
Tracerlab SC-90 scaler. 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 the
line source.

Flames were studied for inlet velocities of 60,
100, and 175 ft/see; flameholders were 0.1, 0.1,
and 0.2 inch in diameter, respectively. 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 at 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 wag 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 fame. It 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
4¢ (overlapping points have been omitted). The
scattering of the data is well within the precision
of the measurements. This correlation made

09
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possible fairly accurate preliminary composition
and density estimates by means of oxygen analy-
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 monoxide
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 ecarbon 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 Hj is less than
predicted from equilibrium. The hydrogen de-
ficiency can be explained by slow quenching in
the probe. There are several possible reasons for
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“‘excess carbon monoxide”: (1) carbon monoxide
burns out slowly in the flame itself; (2) separa-
tion by molecular diffusion as hypothesized by
WohL516 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 it is noted that (2) and (3)
should result in excess hydrogen. In any event,
the departures from the equilibrium amounts are
so small as to be negligible for engineering
caleulations.

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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assumptions that the burned part was at its
adiabatic flame temperature and the unburned
part was at feed temperature. (Kinetic energy
terms were of negligible importance in the energy
balance.) The density at 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 existence
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 applies
to all positions within the flame, and since, as

will be shown later, the turbulent diffusion co-
efficient varies throughout the burning zone,
implies that the mechanism of the burning
process 1s independent of the character of the
turbulence, at 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 the wrinkled flame
model. However, it seems unlikely that a single,
wrinkled flame sheet would be adequate because
average wrinkle depths of an inch or greater
would be required in some regions of the flames.
It will be necessary to make allowance in the
model for the “tearing’” of the flame front and
dispersal of flame elements through the burning
zone.

B. Diffusion Data. As indicated earlier, the co-
efficients of turbulent mass transfer were found
by solution of the material balance equation for
the krypton, viz:

d a
~ % (pusxx) — 3 (puyxx)

0 a
~ % (Jiz) — % (Jga) =0 (2)

Numerieal solution of Eq. (2) requires knowledge
of the velocity components. Since the impact
pressure is insensitive to tube azimuth for angles
between flow and probe axis of 5 degrees or less,
it was assumed that, as a first approximation, the
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velocity obtained from impact pressures was the
longitudinal or z-velocity component. Figure 5
is a typical set of velocity profiles. The shear
produced by the flame is apparent, and the region
where the flow pattern is influenced by the flame-
holder is also clear.

Lines of mean flow (lines bounding fixed mass
flux, or “streamlines”) were determined by find-
ing at each z-position values of y, such that
Ys
/ pug dy = constant (3)
Y
for selected values of the constant. Integration
of the continuity equation with respect to y
between the centerline of the combustor, where
1, = 0 and one of the streamlines (y = y,) gives:

/le 0
0 ox
By virtue of the identity,

o Y s 9
5’3/0 puz dy = fo e (puz) dy

0Ys
+ [P“f (%)]m

and the lower limit on the second term as stated
above, Eq. (4), becomes

d / Vs J . (81 .
. x AY — z
oz o pita &y P\ 9ar v,

+ [Puy]ys =0 (6)

Because of the definition of y;, the first term of
Eq. (6) is zero, and

Oys
wmef2)

The results showed that the maximum angle
between the probe axis and the mean flow lines
was 3 degrees, verifying the assumption that the
impaect pressure was an indication of the -
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
at all longitudinal positions were compared with
the metered mass flux, 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
caleulations.

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

Ys a
(pus) dy + f 5 (o) dy =0 (4
0

(5)

(™
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Fic. 6. Streamlines (100 ft/sec flame); ——, mass
flow fraction; — — —, O. mole per cent (dry);
—~—e—-, from Kr®,

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 aceuracy 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 caleulations.
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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 = yw) where u, and Jg, were identically zero
and a streamline passing through the point of
interest (y = y,) with the preliminary assump-
tion that the longitudinal diffusive flux, Jx,, is
negligible;

s
- / = (puzxx) dy —

Yw

— [JKy]J/=J/x =

¢}
3y (puyxx) dy

0 (8)
Use of the identity:

i /Us dy = <67 A
e vy PULXK AY PUZXK 9z o,

Us a
+ / o (puzxx) dy

Yu

(9)

with Eq. (8) yields

Ys

i) Ay,
3z puzx:«: dy + [PWXK ( 32 >]Ha

- [pquK]y=ys = [']Ky]yﬂys (10)

Comparison of the second and third terms with
Eq. (7) shows them to be equal and opposite in
sign, and therefore:

)

(11)

Ys

oz v pusxx dy = [JKzl]y=ys
The data were then integrated numerically (by
Simpson’s rule), and the first term of Bq. (11)
was obtained by numerical differentiation of the
results. The turbulent mass transfer coefficient
was then found from the defining relation:

&= — JK?//(GXK/G?/) (12)

The assumption that & is a scalar then permitted
an estimate of Jg,, viz:

Jre = —&(9xx/0x) (13)

In principle, such determinations would permit
iteration to an accurate result, but Jx, was in
every case found to be less than 1 per cent of
Jky so that iteration was not necessary. It is
recognized that the assumption that € is a sealar
is probably in error. However, there is at present
no reasonable experimental method for separating
its components. Further, the principal diffusive
flux is in the y-direction, and the error is not
serious.

At this point it is necessary to justify the use

41

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 concen-~
tration, mole fraction, or partial pressure. Be-
cause the nitrogen in the flame is substantially
inert, its mass fraction is unaltered by the com-
bustion process, while its mass concentration,
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Fic. 8. Turbulent mass transfer coefficients; a, 60
ft/sec flame; b, 100 ft/sec flame; ¢, 175 ft/sec flame.
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mole concentration, mole fraction, and partial
pressure are changed because of the change in
number of moles on reaction. Had mass transfer
been responsive to any of the alternative gradi-
ents, a variation in mass fraction of nitrogen due
to diffusion would have been found. The data
show that the mass fraction of nitrogen is uniform
throughout the flames, justifying the driving
force used.

The turbulent mass transfer coefficients ob-
tained as described above are shown in Figures
Sa, 8b, and 8c¢. While there is some scattering of
the data about the smooth curves, the results
seem fairly consistent. For purposes of orienta-
tion: (1) The maxima of the curves in Fig. 8
range from 0.3 X 1072 to 4.8 X 1072 Ib,/{t sec.
(2) The maximum value of the coefficient of
molecular diffusion of nitrogen in the same units
is about 0.6 X 10~ (3) Turbulent mass transfer
coeflicients calculated from the data of Forstall
and Shapiro!” on mixing of co-axial, nonreacting
jets are in the range of 0 < 8 < 4X 10748
(However, the Forstall-Shapiro data are not
directly comparable because of a difference in
boundary conditions on the flow field.)

It should be emphasized that the feed stream
to the combustor is essentially laminar, and that
any turbulence in the flames studied must be
caused by the combustion process. The velocity
profiles show clearly the shear generated by the
flame, and the turbulence found is undoubtedly
due principally to this shear. That the turbulence
produced in these flames is significant is evidenced
by the fact that the maximum values of the
coefficient are significantly greater than those
obtained for co-axial jet mixing. Variations of &
with time for several streamlines in one flame are
shown in Fig. 9. The increase with time for all
streamlines reflects the production of turbulence.

To our knowledge, there have been no previous
measurements of turbulent mass transfer coefhi-
cients within flames of this type. Barbor et al.’®
computed turbulent momentum transfer coeffi-
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Firc. 9. Time variation of turbulent mass transfer
coefficient (100 ft/sec flame).
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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.

Westenberg?®® 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 centerline of 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.

Prudnikov® has measured diffusion on the
axis of a similar flame and found that the in-
tensity of turbulence decreases as one moves
downstream from the flameholder to approach a
value approximately the same as that found by
Westenberg. If low intensity and low values of
turbulent mass 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 damping
caused by the high kinematic viscosity. Prudni-
kov states simply that the decrease noted is a
violation of Scurlock’s predictions.® It is empha-
sized that Scurlock’s predictions were based on
the generation of turbulence by shear. In 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 & at any
cross section increase with increasing feed ve-
locity, and the increase is nearly linear. Such an
increase is consistent with the observation that
the rate of flame spreading as measured by
luminosity is substantially independent of feed
veloeity3® 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 turbulent 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,/ft’sec) were determined by direct
substitution of the smoothed results previously
described into the material balance equation for
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oxygen, viz:
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(14)

X0, aXOo a ( 8x02>
j— TR pRAad s —1 &
Ple "oy — P Ty T dz\ Oz
d X0, —
tay <8 dy ) - ~de

Initially the first two terms in Eq. (14) were
determined and plotted. The third and fourth
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Fra. 10. Reaction rate profiles; a, 60 ft/sec flame;
b, 100 ft/sec flame; ¢, 175 ft/sec flame.

termsin the equation were then applied to smooth
curves through the initial results. Necessary
derivatives were obtained by numerical differen-
tiation using the Douglass-Avakian method.>* The
diffusion term was as much as 12, 23, and 40 per
cent of the reaction rate term for the 60, 100, and
175 ft/sec flames, respectively.

Figures 10a, 10b, and 10c are profiles of reac-
tion rates. The general characteristic of these
curves, decreasing maximum with increasing
distance downstream from the flameholder, has
been observed previously.®® The general broaden-
ing of the combustion zone is consistent with the
thickening of the luminous zone observed
visually. Comparison of the data for the three
flames shows that while there is some increase of
reaction rate with increasing feed velocity, the
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 of
gpreading of the flame nearly independent of the
feed rate, the reaction rate apparently does not
keep pace, and, as observed, the burning zone
thickens. It is noted that at the two 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 an insufficient
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measure of the burning rate. In 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, indieating (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 eompared with
that in the so-called stirred reactor.

With one exception® there are no data in the
literature directly comparable with those reported
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Fia. 12. Profiles of propane content.
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herein. The reaction rates obtained in the present
work for 60 ft/sec inlet velocity are comparable
with those of Barbor et al.”® The maximum values
of the present data are 5 to 10 per cent of the
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 Weiss® and by Schnei-
der.® Overall reaction rates indicated by the data
of Petrein et al.'? for a ducted flame and by Simon
and Wagner” for open flames are the same order
of magnitude as in the present results.

Scurlock’s data?® indicate two regimes: one at
low velocities where the rate of spreading as
indicated by the luminosity is dependent on the
feed velocity, the other at higher inlet velocities
(above 130 ft/seec) 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 at 60 and 100 ft/sec inlet velocities
than for the 175 ft/sec inlet velocity—the spread-
ing being more nearly linear at the highest
velocity.

Finally, it is noted that there has been some
discussion of an appropriate model of the turbu-
lent flame based upon relationships 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 at any cross section does not
appear at 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, 18.8, and 14.8 per cent
for the 60-, 100-, 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) Itis 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 the 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 inereases 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 perhaps be emphasized that the
method of attack on the problem of turbulent
combustion described herein by-passes knowledge
of parameters describing the flow in ferms 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 shorteoming but an advantage
because it eliminates an extremely difficult
measurement.

The next 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 developed®* and
will be presented in a later paper.

Nomenclature
& Turbulent mass transfer coefficient
[Ib,,/ft sec]
Jiz 2z-Component of diffusive flux of species 5

Y y-Component of diffusive flux of species 5

Q; Rate of production of species j
(b, /ft? sec ]

S Quantity proportional to mass fraction of
Kr* [counts/min Ib]

u Velocity vector

Uy z-Component of velocity vector

Uy y-Component of velocity vector

x Longitudinal distance from flameholder

y Lateral distance from flameholder

Ys Value of y corresponding to a streamline
[ef. Bq. (3)]

Y Value of y at combustor wall

X Mass fraction of species j

p Density [1b,/it*]
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Discussion

Dr. 8. L. Brace (Rolls-Royce, England): Figure
11 of the paper shows that the volumetric reaction
rate is virtually independent of composition. This
implies that the flow into an elementary volume of
the combustion zone is not mixed (for reaction rate
theory shows that the heat release rate in such a
mixture would depend eritically on combustion), but
consists of a stream of slugs of unburned and burned
combustibles. If we assume that combustion takes
place at the interfaces between these slugs, at a local
volumetric heat release rate equal to that in a
laminar flame, then the measured average rate
should yield a figure for the surface:volume ratio
and thus the scale of the turbulence.

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

Pror. C. W. Smipman (Worcester Polytechnic
Institute): Dr. Bragg’s suggestion of a model to
relate volumetric reaction rate to the size of the
slugs of burned or unburned gas 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 off of the reaction rates at low oxygen
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.

Pror. J. J. Broezg (Technological University,
Delft): 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 at 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 thereby explain the author’s findings.

This leads 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 autoignition properties.
Theoretically n-heptane versus one of the more
complex isoheptanes might be ideal but for practical
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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.

Pror. C. W. Sripman: 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 that the quenching rates in our probe

(estimated at 50 X 108 °K/sec) are oo slow to
enable us to detect the phenomenon. Further it
would seem that rupture of the wrinkled flame,
which has already taken place in the flame studies
so far, will take place perpendicular to the plane of
the burning wave more often 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 interesting from
another point of view. No theoretical models of
turbulent combustion so far developed accounts for
the observed fact that turbulence can extinguish
the flame. Rupture of the burning zone as described
by Professor Broeze, but at a slightly different
plane may supply the necessary mechanism.
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FURTHER STUDY ON FLAME STABILIZATION IN A BOUNDARY
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 explain the often-
sought flame oscillation phenomena in a boundary layer and also to bring together with a unified
theory the two distinet types of flame stabilization in a boundary layer. These types are: (1) the
steady flame observed by Hottel ef al. and (2) the oscillating flame observed by Gross, Ziemer, and
Turcotte.

This proposed hypothesis postulates that the oscillation phenomenon of the flame in a boundary
layer is caused by the instability of the boundary layer flow. The adverse pressure gradient immedi-
ately upstream of the flame nose in the boundary layer and the heat transfer to the unburned mix-
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 experimental 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 exactly and the
advance speed and the oscillation frequency of the flame become higher when the plate temperature
increages, while the retreat speed remains constant. The advance speed remains constant when the
amplitude of oscillation is changed. Furthermore, the steady flame observed by Hottel et al. was
also obtained by the authors at a very low-plate temperature and flow velocity. All these phenomena,
can be fully explained by the proposed hypothesis.

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

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

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

Many studies have been made of flame emphasis and experimental conditions.
stabilization in a boundary layer because of its Gross! first reported the possibility of flame
relatively simple model and the existence of an stabilization in a boundary layer over a flat
established boundary layer theory to assist in the plate. Hottel, Toong, and Martin? investigated
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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 Cambel® studied
stabilization in a laminar boundary layer next to
a heated plate, and Turcotte! also studied
stabilization in a turbulent flow. Hottel, Toong,
and Martin succeeded in obtaining steady
flames, while Gross, Ziemer and Cambel, and
Turcotte observed oscillating flames. Gross
reported a regular pattern of oscillations with a
definite frequency and amplitude, while Ziemer
et al. reported a random pattern with no explana-
tion as to how their experimental results were
related to the equili»prium theory of flame stabili-
zation. Turcotte proposed a continuous ignition
theory for flame stabilization, while Ziemer and
Hottel 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 section, a
calming section, and a fuel-air mixing section.

ORIGINAL PAGE IS
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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 mixture 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 at 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 alr 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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F1c. 1. Schematic diagram of apparatus.
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Fia. 2. Test section assembly.

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 at 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 investigators'®4
observed various types of oscillating flame and
also experienced extreme difficulties in eliminating
the oscillation. To ensure that these oscillations
were not caused by inaceuracy of the measuring
instruments or by faulty design of the apparatus,
special attention was paid to the design of the
apparatus and to the calibration of the measuring
instruments. Before the installation of the air-
film introduction section, a three-dimensional
flame was observed in the test section. The flame
was closely attached to the wall of the test
section and advanced and refreated along the
two adjacent corners, alternately one at 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.) hypodermic
tube eliminated the 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

Farthermost Flame Position

Foremost, Flame Position

Side fflame on window

Main flome

Fra. 3. Side flame and main flame in test section.

side flames but did not elinﬁnate the oscillation.
When the air-film velocity was matehed with
that of the mixture, the flame front became
strictly two-dimensional across the 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 distinet bright lines
(Fig. 3) at the extreme positions occupied by the
flame.

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

During this study the (common) oceurrence
of acoustic oscillation in a combustion chamber
was at first suspected as the cause of these flame
oscillations. However, an approximate caleulation
of the fundamental natural frequency of the
system yielded a value which was several times
larger than the observed oscillation frequencies.
Txperiments also showed that the oscillation was
not 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, ete.
These possibilities were also ruled out by
experimentation.

Also considered was the possibility that a
steady mode of propagation existed at a certain
position along the heated plate, but that the
ignition mechanism used in these experiments
forced the flame into an oscillating 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 propagated
upstream to the foremost position of the oscil-
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lating mode, possibly creating a disturbance
sufficient to cause oscillation. However, experi-
ments designed to investigate this line of argu-
ment have disproved the hypothesis that the
flame would be stable either if ignition were
initiated at the position of the stable mode, or
if the oscillation amplitude were reduced to a
certain level.

The failure of many extensive experiments
aimed at eliminating the flame 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 eylinder 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
flame acts like a porous object in a flow. According
to the equilibrium theory of flame stabilization,
the flame front in a boundary layer must have a
blunt-nose shape. 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
immediately upstream of the nose is higher than
the free-stream pressure. According to the
boundary-layer instability 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 at the position of the flame is decreasing
and the corresponding velocity gradient at 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

LAMINAR GAS FLAMES
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a lower hump of the burning velocity profile,
caused by the thermal boundary layer of the un-
burned mixture as the flame advances.>'! 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

In the present investigation, four series of data
were obtained under the conditions that the un-
disturbed free-stream velocity (U,,) varied from
4 to 17 ft/sec and that the ratio of the wall to
free-stream temperature (7',/T,) of each series
was 2.11, 1.82, 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 Ulrich have made a theoretical
study of the stability limit of a boundary layer
under the influence of streamwise pressure
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Fie. 4. Stability limit of fiow in a boundary layer
due to heating effect and pressure-gradient effect.
(From Boundary Layer Theory, by H. Schlichting.
Copyright 1960. McGraw-Hill Book Company, Inc.)
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gradient. Lees and Lin have studied the effect
of heat transfer from wall to gas on the stability
limit.”:8 Their investigations demonstrate that the
critical Reynolds number above which instability
appears is greatly affected by either the adverse
pressure gradient or by the temperature of the
heated wall (Fig. 4). However, no solution is
available which takes into account both of these
factors at the same time. The solutions of Lees
and Lin are for a free-stream Mach number of
0.7 and cover a range of T,/ T, from 0.7 to 1.25.
Also, one point corresponding to T/ T, equals 1
and M equals 0 gives a lower critical Reynolds
number (Fig. 4) than that for which M = 0.7.
When their solutions are extrapolated 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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Fia. 5. Curves of neutral stability for a boundary

layer with pressure gradient. (From Boundary

Layer Theory, by H. Schlichting. Copyright 1960.
MecGraw-Hill Book Company, Inec.)

In considering the effect on the stability limit
of pressure gradient or shape factor 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 Reynolds
number approaches infinity, as was 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 adverse pressure gradient (A < 0).
For this kind of instability, a finite region of
wavelength exists at which disturbances are
always amplified when the Reynolds number
exceeds a critical value.

L. B. Dumont® shows in his report that the
velocity profile immediately upstream of the
flame is not only highly distorted but also
possesses a point of inflection. A comparison of
the velocity profile at separation (A = —12)
with the velocity profile obtained by Dumont
indicates the considerable effect of the 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 more
precise estimation of the ecritical Reynolds
number, or stability limit. However, according
to the postulated mechanism, there should be a
steady flame if the Reynolds number corre-
sponding to the flame position is low enough. This
was indeed observed when U, was equal to
4.06 ft/sec, Ty, was equal to 92°F, and T, was
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
Reynolds 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 detailed 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
obstacle is also difficult. Experimentally, the
ordinary method of detecting turbulence, namely
hot-wire anemometry, is no longer practical
because the flame would burn up the fine wire
and the probe would not physically be able to
follow the fast-oscillating flame. 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 would overshadow the minute
disturbances which are present immediately
upstream 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. The wire is then moved slowly upstream,
and as soon as the flame touches the wire, it
immediately attaches itself to the wire and no
longer oscillates. As the wire 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 2 inch to % inch downstream of the wire.
The most interesting phenomenon is that the
flame is very steady at this point when the wire
is immediately upstream of it. This evidence
clearly demonstrates that the oscillation mecha-
nism is destroyed due to the presence of this wire.
If the wire 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. Wires of different sizes have been
tried, and the same general phenomenon was
observed. With a wire smaller than a certain
size, however, it is harder to produce the steadily
detached flame, and even if it is produced, it
readily starts to oscillate. This observation may
be explained again by the fact that insufficient
turbulence is generated by a smaller wire.

The previously mentioned alternatively ad-
vaneing and retreating flame along two adjacent
corners of the combustion tunnel was first
observed without using the air film. The fre-
quency of the oscillation increased as the plate
temperature 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. In 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 at each corner is zero.
The postulated hypothesis can immediately be
applied to explain such oscillations, though it
does not explain 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 observed by J.
Nikuradse® 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 into these oscilla-
tion phenomena. Most of these motion pictures
were taken at 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 the mixture 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 at the same U, T, and 7T,. The
third area related the effect of plate temperatures
on the advance and the retreat speeds. By
studying consecutive frames of the film strips,
the relationships between the flame anchoring
point and time were obtained and plotted. A
typical plot of these curves is given in Fig. 6,
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F1c. 6._Flame position versus time.
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TABLE 1

Flame oscillation characteristics under different conditions

Adv. Retreat Osc.
T Us speed speed freq. X X max Osc. ampl. L
Case (°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 2.80 1.53 3.0
3 632 10.25 4.16 3.22 6.13 1.10 4.10 3.00 4.0
4 829 10.31 6.67 3.50 12.5 0.50 2.00 1.50 4.5
5 413 4.10 1.47 1.30 19.8 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 at 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/sec, 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 wall was 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, a 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 free stream
remains the same, the retreat speed should be
the same. Conversely, when the top wall is
shortened, the resulting flow divergence in the
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 at a low-plate temperature
was also studied. However, at low-plate tempera-
ture the flame cannot be kept in the test section
at the same free-stream veloeity (10.3 ft/sec).
Another motion picture was taken with U, equal
to 4.10 ft/sec, and T, equal to 413°F. The
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 Jower 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’ deseription 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
washes 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 == 5 cps, as Gross
obgerved. These differences may be caused by
various factors such as different kinds of fuel
used, temperature profile of the plate, free
stream-mixture flow velocity, ete.

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
ogcillation at a much lower plate temperature
than 600°F. At the same time, we also realized
the fact that Gross’ plate length was shorter, his
mixture velocity was higher, and different kinds
of fuel were used.

The present experiment shows that the
oscillation has a definite pattern for each set of
conditions and repeats itself exactly at each cycle.
This fact disagrees with Ziemer’s observations
that a frequency variation of an individual cycle
(from 14 to 30 cycles/sec) appears to be random
and that the amplitude variation (from % to 2
inches) does not seem to correlate with the
frequency. He also found that the 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
explained by the proposed theory of oscillation
and may thus serve as further evidence for
supporting this theory.

Flame-Holding Characteristics

A New Interpretation of the Selection of Stability
Parameters

Previous investigators have often treated the
flame stability in a boundary layer by an equi-
librium theory and have also correlated the
experimental data by it, even though the ob-
served flame may be oscillating. An attempt is
made here to examine 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
seek 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 exists at which the
flame would be stabilized. In this case, the
correlation among aerodynamic, heat transfer,
and chemical characteristics would be most
logically accomplished through the use of the
wall temperature, 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 al.? and Ziemer et al.® have used in their
analyses. Now if an oscillating flame is examined
on the basis of the postulated instability mecha~
nism, it is realized that Xui, represents a position
at 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, Xumin, is
then used as one of the parameters to correlate
the flame-holding characteristics. In fact, good
experimental correlation is achieved by wusing
Xumin 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
820, 632, 431, and 203°F, and T, equals 147,
144, 128, and 127°F, respectively, have been
collected, screened, and organized® 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 8 shows a definite trend
of increasing (9u/0y)., as U, increases. (The
velocity gradient at the wall in Fig. 8 is calculated
on the basis of compressible fluid flow at a very
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Fic. 7. Relation between free-stream velocity and
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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 quenching distance as inde-
pendent of X. On the other hand, the thermal
boundary layer is growing as flow moves down-
stream. As the burning veloeity 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 ig assumed to
be constant and, as the peak of the burning-
velocity profile increases with X, (9u/0y).» 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 at the same free-stream velocity,
(0u/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
(3u/0y)y 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 elimination of any possible
extraneous factors which might 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 inherent
characteristic of this type of flame stabilization.

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

The study of high-speed motion pictures
showed that the advance speed is almost inde-
pendent of the oscillation amplitude and increases
as the plate temperature inereases. The 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 the
correlation of flame-holding characteristics, we
found that, though our reasons for choosing the
parameters are different from those of the
previous investigators, our final result is quite
similar.

Nomenclature

L Top wall length

M Mach number

Rs Reynolds number based on boundary
layer thickness

R,  Reynolds number of flame position based
on X

T Temperature

T,  Temperature of the heated plate

T.  Free-stream mixture temperature in test
section

U Free-stream velocity

u Stream velocity

U,  Undisturbed free-stream velocity

X Linear distance from the leading edge of
the heated plate

Xmin Foremost position of the oscillating flame

Xuax Farthermost position of the oscillating
flame

b} Boundary-layer thickness

y Linear distance, normal to solid boundary

&* Displacement thickness

A Shape factor defined as (8%/») (dU/dz)
v Kinematic viscosity

a Wave number, defined as & = 2m/A
A Wavelength of disturbance
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FLAME PROPAGATION IN LAMINAR BOUNDARY LAYERS

T. Y. TOONG, J. R. KELLY, AND W.8. WU

19505

This paper presents the results of an experimental program aimed at providing a critical test 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 characteristics of a two-
dimensional flame stabilized on a cylindrical rod and propagating into a laminar boundary layer
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 experimental burning-velocity profiles are carefully examined 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 the theoretical study of the mechanism of flame stabilization. Quantitatively, 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 at 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 experiments?® 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 reported.? 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 plate® 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-
ity of the postulated mechanism of flame stabili-
zation in boundary layers.

Experimental

Apparatus. A detailed deseription of the experi-
mental apparatus and a discussion of experimen-
tal error have been given in Wu’s thesis.® 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 ex-
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 at the slot. The other three

“walls of the test section are transparent so that

59

photographic techniques can be employed to
study the flow field and the flame. The two side
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walls of the tunnel are provided with air films to
minimize three-dimensional effects.

The flame holder is a eylindrieal 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 at atmos-
pheric pressure. Results have been obtained for
three conditions of the plate temperature for a
mixture velocity of about 5.5 ft/sec at the en-
trance of the test section. The exact temperature
conditions and entrance velocities are tabulated
with the final burning-velocity profiles in Fig. 4.
(It is to be noted that all photographs were taken
immediately after ignition to minimize any effect
on the initially uniform wall-temperature dis-
tribution due to the presence of the flame.)

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

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

'HEATED WALL

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 usec. The rate of travel of the slit
of a foecal-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.

"o 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 measurements have been made on 27
particle tracks and the results are typified by
three tracks taken from Fig. 1. These tracks,
labeled P1, P2 and P3, are shown in Fig. 2(a).
The distance x is measured downstream from the
plane of the stabilizer. Note that P1 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 = equals
0.6 inch. The interpretation of the particle be-
havior will be diseussed below in two separate
sections, depending on whether or not the
particle remains outside of the boundary layer.

Free-Stream Velocity. Measurements on tracks

VISIBLE FLAME FRONT

Fic. 1. Particle-track photograph of typical flame superimposed on simultaneous
schlieren and direct photograph, T.. = 420°F, T, = 130°F, uos = 5.97 ft/sec.
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such as P1, which remain outside of the boundary
layer, reveal that U, the z-component of particle
velocity, is independent of y in the free stream
except in a small region around the wire stabilizer.
Upstream of the stabilizer, all particles in the
free stream shown in a given photograph have
equal and constant velocities, and their value,
designated as wp, should be very close to the
stream velocity. Downstream thereof, 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 z-component of the particle velocity is ob-
served to be independent of y, Stokes’ law can
be used to find the z-component of the stream
velocity.

Figure 2(b) shows a plot (versus z) of the
z-component of the particle velocity for track P1.
It is noted that the particle-speed gradient gradu-
ally increases until it 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 w, the a-component of the free-stream
veloeity, should also have a constant gradient,
upstream of the flame front and at a sufficiently
large distance downstream of the flame holder.
In other words, when z is large,

U=U1+bx

u; -+ ax

(for a particle) N

fl

U (for a fluid stream)  (2)

By the use of Stokes’ law:
U@dU/dz) = k(u — U) (3)
It can further be shown that

U ul__b—}-]c:_q @)

u w k

Wu® has indeed found support for Eq. (2) by
computation on the basis of the analysis of
Williams et al.8 In fact, he found that Eq. (2) is
valid in the entire free-stream region downstream
of the stabilizer, with u; equal to ue, which is the
stream velocity measured upstream of the
stabilizer. Thus, for a given set of values of b
and U; defermined from a particle track such as
P1, Eqgs. (4) and (2) can be used to compute the
values of ¢, k, and w.

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

o

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

2. The values of a, computed from tracks such
as P1 obtained in a given experiment, agree
within 29, and their average is only 69 lower
than the value computed by Wu.

3. The measured response of a given particle
agrees very well with that predicted on the basis
of Stokes’ law for a stream velocity distribution
represented by Eq. (2). [A typical comparison is
shown in Fig. 2(b), where the dashed eurve
represents the predicted 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 flame
spreading, which tends to increase the velocity,
and of viscosity, which tends to decrease the
velocity because the particles move closer to the
wall as they move downstream. As the stream
velocity in the boundary layer is undoubtedly
dependent on both z 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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Fra. 3. Typical experimental velocity profile (cor-

rected) at = 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 P3 in Fig. 2(b), particles can be
found which eventually reach a constant velocity
in the a-direction. It is reasonable to assume that
for these particles, no correction is needed, and
the measured particle veloeity 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 (¢) the number of the
particles used is extremely small and thus they are
many diameters apart.

LAMINAR GAS FLAMES

P2, which enter the flame front at 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 P3 (which enter the flame front
almost at 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 analysis® 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 case 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 at the schlieren
flame front are found to lie on a smooth and well-
behaved curve, which passes through points
representing tracks like P3 (which do not require
any velocity correction) and which is tangent to
a curve representing the free-stream velocities at
the flame front.

Burning-Velocity Profiles. The burning velocity,
Sy, is determined as usual by finding the com-
ponent of the mixture velocity which is normal
to the chosen flame front. Let « be the angle be-
tween the 2 axis and a given particle path at the
flame front; 8, the angle between the z axis and
the tangent to the flame front; and w,, the
g-component of the stream velocity at the flame
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Fra. 4. Burning-velocity profiles for three different wall temperatures.

front. Then, the burning velocity is given by

sin (8 — «)

cos o

()

Su = Uy

Corrections for the measured values of « are
not deemed necessary for three reasons: (a) the
particle tracks have very small curvature as they
approach the flame; (b) only the smallest particles
are used for the measurement of «; and (¢) the
quantity sin (8 — a)/cos « 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 « 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 three values of the
wall temperature. For curve A, the wall tem-
perature, T, is equal to the mixture tempera-
ture at the entrance of the test section, 7. For
curve B, derived from the photograph in Fig. 1,
Tw/T. = 1.51, and for curve C, Ty/T,, = 1.92.

As expected, the burning velocity at 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 diserepancy. The burning velocity for
all three curves begins to fall (due to quenching)
at about y; 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 effect which tends to
change the burning velocity is due to quenching.

As yy decreases, the burning velocity falls more
and more rapidly. However, when the wall is
heated, the effect of increased unburned mixture
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. 4.1
When the mixture temperature begins to rise
with decreasing yy, the effect of quenching at the
flame is somewhat offset for some distance for
curves B and C, and the burning velocity rises.
As expected, 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
ys < 0.013 inch. For y; < 0.010 inch, the schlieren
flame front cannot be determined from the photo-
graphs of Fig. 1. Thus, the burning-velocity
curve corresponding to this case (where T
429°F) cannot be extended to this region. The
curves for the other wall temperatures must be
terminated for the same reason. Each of the
three experimental curves A, B, and C in Fig. 4
is marked by one data point near the wall. These
points, each from a particle track such as P3,
represent the closest (to the wall) experimental
measurement of veloeity for each case. The

t It is to be noted that the quenching distance is
greater than the observed thermal boundary-layer
thickness upstream of the flame. Since the schlieren
pictures do not show any density gradient in a
region within the quenching distance but outside of
the thermal boundary layer, one can conclude that
the quenching effect does not take place upstream
of the flame but rather takes place downstream of
and/or along the flame.
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shape of each curve for smaller values of y is
based on extrapolated velocity profiles. .,
The behavior of curves B and C is consistent
with the theoretical adiabatic profiles caleulated
by the method of reference (4) in conjunction
with the Levy temperature profiles (Fig. 3).
This is shown by curves D and E which describe
the behavior of the caleulated adiabatic burning
veloeity. Again note the steeper rise in the burn-
ing velocity with increasing wall temperature.

Conclusion

The measured burning-velocity profiles are
indeed affected 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-~
tion.! The flame-holding characteristics of a
smooth surface predicted by the use of the
measured profiles also agree quite well with the
experimental results reported.®? The predicted
values of the velocity gradient at the wall, at
which equilibrium between the fluid motion and
flame propagation is attained, are in order-of-
magnitude agreement with the measured values.
More accurate comparisons cannot be made,
however, because the flow field for the case of a

I

flame stabilized in a boundary layer differs from
that: considered in this report.
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ON THE STRUCTURE OF PREMIXED AND DIFFUSION LAMINAR
SPHERICO-SYMMETRICAL FLAMES

ﬂyx’c’f;

P. PREREZ DEL NOTARIO AND C. SANCHEZ TARIFA

Premixed 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 to 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 by means

of an overall reaction rate.

Solution of the problem is achieved by means of an approximate 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 ratio of the activation energy to
the heat of reaction and gphere radius is also considered.

Some experimental 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 with the studies performed by
using one-dimensional models, especially for
nonadiabatic cases.

Nonadiabatic conditions are natural in spheri-
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
perpendicular to the flame front.

A large number 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
droplets'? and on the combustion of fuel droplets
considering finite chemical kinetics.3*

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

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

case and the reaction rate is considered to be only
a function of the temperature. Several analytical
and analog solutions are given.®”

Westenberg and Favin® have studied a pre-
mixed spherical laminar flame supported by a
porous sphere. They studied only the adiabatic
case and for a particular set of values of the
principal parameters of the process.

The adiabatic case, in which the reaction
products are supposed to extend indefinitely at
the flame temperature, is the simplest one. Its
interest lies in the possibility of comparing the
results obtained with those of one-dimensional
flames, but it seems very difficult to make an
experimental model in which such conditions
could be approximately reproduced.

At the Instituto Nacional de Técnica Aero-
ndutica, Madrid, Spain, a research program on
spherical flames is being conducted and a résumé
of the results 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 premixed 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 temaperature at infinity, activation energy,
heat of reaction, sphere diameter, ete.

The experimental program comprises the obser-
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66 LAMINAR
vation of diffusion and premixed butane-air and
hydrogen-oxygen-nitrogen flames. Results for
diffusion flames 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
following assumptions:

1. The flame is supposed to be maintained by
a porous sphere through which the mixture 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 at 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
will 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

ORIGINAL PAGE 1S
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any form, which may be deduced from the actual
chemical kinetics of the process.!?

4. The heat exchange through radiation be-
tween the hot gases and the porous sphere will
be disregarded. For nonluminous flames this heat
exchange 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 at 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.

process. This chemical kinetics will be approxi- 4mggll_ei = w; ey
mated by means of an over-all reaction rate of wr T
2. Energy.
2 - dT
m[— (e — €55)qr + G (T — Ty) + 471;:3 o(Td — TH es:l — 47\ = 0 (2)
3. Diffusion.
Y| mé, (¢ € 1 dY; 1 dY;
T Lm <Y] ) S PR P 3)
= " PREMIXED FLAMES
09 X LIMITING
08 800"0'8//[% \X’/f/ /X\\\ VALUES n= |O —
0.7 B =04 4(\qu \\ 95 f=0.05 _j
0.692=9 I A\ - geo=1.0
9 0.5 \\ P2 / = <\\/__g°°=8‘g_
. =< - oo =0Q).
6’5 Q4 ——— —— -4:-\—\1‘_:-_—.:. \b\\w" foo=0 —
) P.
03 3 AN
0.2 5 >%\
ol Rg=3x10
5 |
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M x 103

Fie. 1. Flame temperatures and temperatures at the sphere surface for pre-
mixed flames.
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DIFFUSION FLAMES

\

M x 103

Fia. 2. Flame temperatures and temperatures at the sphere surface for diffusion
flames.

4. Boundary conditions.

6]3—'1
r= 7

€y = €35 = 0
7= (4)

OO{
YZ"_ Ynm—l—-‘ Y'ioo

Solution of the system gives functions e(r),
Y,(r) and T(r) for given values of the mass flow
7 and sphere radius 7. An expression of the re-
action rate w; 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.

7100 = 0___)6100 0

Theoretical Results

Results are fully discussed in ref. 9. They
have been obtained by taking a first order over-
all reaction rate for premixed flames and a second
order over-all reaction rate for diffusion flames.
In the present work only some of the more sig-
nificant results, especially in connection with
experimental values, will be discussed.

Dimensionless maximum flame temperature 6,,
and dimensionless temperature® at the sphere
surface 6 are represented in Figs. 1 and 2 for

* Temperatures 6, and 6, are practically propor-
tional to actual temperatures T, and 7., because
parameter ¢ is usually very small (See Nomen-
clature and ref. 9).

premixed and diffusion flames as functions of
the dimensionless mass flow M for several values
of the temperature at infinity 6.,. It may be seen
that flame temperatures depend considerably on
mass flow and on 8, at low values of M for both
types of flames, but they do not depend on the
sphere size.

For premixed flames, when M is large all
curves tend towards 8, = 1, which is the tem-
perature corresponding to the adiabatic case. On
the other hand, for diffusion flames at large
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 chemical
kinetics, and in ref. 9 it is shown that such a
hypothesis gives the asymptotic values of those
obtained considering finite chemical kinetics.

When the temperature at 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 Py, Py, P; (Fig. 1). The actual physical
existence of solutions Ps and P3, which correspond
to combustion processes taking place at low
temperature through a wide reaction zone
seems doubtful. Therefore, the results suggest
that for nonadiabatic cases and when 6, is small
there exist minimum values of the mass flow
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
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Fia. 3. Flame radius for premixed and diffusion flames.

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

All curves 6, = f(M) 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 8, increases
rapidly until it reaches its maximum value and
then it decreases slowly, tending towards zero.

Results for flame location are shown in Fig. 3.
It may be seen that premixed flames are con-
siderably ecloser 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 exists a minimum value of the mass
flow under which the flame cannot be maintained,
since the reaction zone should be located within
the sphere. This minimum value is not related
to the minimum value of the mags flow which
was deduced from chemical kinetics considera-
tions and it may have larger or smaller values
depending on the sphere size and on the flame
characteristics.

Experimental Results

An experimental investigation on diffusion and
premived 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 at the mean horizontal plane of
the sphere.

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

Flame temperature was taken as the maximum
temperature at the aforementioned mean hori-
zontal plane. This maximum value was obtained
by displacing horizontally the thermocouple until
a maximum temperature was reached. Tempera-
tures at the sphere surface were measured at the
same plane, inserting a half of the thermocouple
bead within the sphere. These temperatures at
the sphere surface were almost constant at
different points on the lower hemisphere, but
they were smaller at 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 at the sphere
surface as functions of the mass flow are in
excellent agreement with those predicted  theo-
retically (curves 8, = f(M) and 8; = 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. In 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 diserepancy between theoretical

*In order to avoid free convection effects, com-

bustion of air and oxygen within hydrogen? will be
studied.
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ard eorperimental pesults or else they ight be
produced by w free convertion effect.

Finally, flame diametors inerbased with nass
fAow in a form similar to that obtaived theo-
ritically, bit depending on the gphere radius.
This sesalt could be expected because the
influence of free vonvection on such a variable is
perticularly important.

Nomenclature

&, Average value of the speeific heats for the
miksture

o Diameter

e Hphere enussivity

# Mass flow injected through the gphers

My Moleenlar weight

M Dhmensionless mass flow

i Heat of reaction

7 Radius

# Diimensionless radius

‘s Absolote temperature

W Renction rate

Yoo Mass fraction

& Hatio of flux of gy of gpecies ¢ to total
mwinss fow

A Average value of thermal conduetivities
for the mixture

Ly Lewis-Hemenoy number

] (/00 T -+ & dimensionless temperaturs

Ao
k 1 Eﬁ,ﬁi«g{?’,ﬂ o P BN gy ("ﬂ;ﬁ’n}, dimen-
Gt AR

sionless porameter

% Dimensionless ratio of the activation
energy to the heat of veastion

7 stefan Bolbzmann constant

Hubsoripls

4.5 Reastat species
H Cageous reactant from the porous sphere

2 Gaseous reactant surrounding the sphere
Reaction products

f Flaane front

5 On the sphere surface

e At infinity

m, Maximum value of temperature

0 Initial conditions of the gas injested

through the sphere
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Discussion

D DB Boswer (AdereChem Resenveh Labora-
fories): For the sume reactant mass fow rate three
digtinet sfendy state solutions have been obtained.
Aeperding to Professor Tarifa's comment, howeyer,
anly one has any physical significance. In the
thoory of nonadiabatic resctors three distinet
stoady state solutions sre frequeéntly found, of which
the two exireme obes represent systems which are
stativally stable {physically atfainable) and the
ttermediate solution represents & system which is
stativally unstable (and thevefors physically up-
attainapie). Tn these cases the stable solution which

is realized in practice depends upon the direetion or
method of attainment; and hysteresis effects wre
obgerved. Is it not possible that w similar situation
exists for the lamdnar spherical fHame syvstem
treated here? Could you slucidate the groundy on
which you rule out the physical existence of two of
the three steady state solutions?

Pror. G, 8. Tanira (National Tnetibute of Techno-
logieal A eronoutics, Madrd): 1 do agree with D
Rosner’s corament vegarding the stability of the
idermedinte selution. We studied such stability for
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the case of the premixed spherical flame of a mono-
propellant droplet and we found that the flame was
unstable.

Regarding the third solution, it corresponds to a
theoretical combustion taking place at 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.

D=r. R. B. RosEnNBErG (Institule of Gas Tech-
nology): The question of the existence of a maximum
temperature in the flame holder has been 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 stabilization on

~ this type of flame holder.
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A THEORETICAL STUDY OF SOME PROPERTIES OF LAMINAR

STEADY STATE FLAMES AS A FUNCTION OF PROPERTIES
OF THEIR CHEMICAL COMPONENTS

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

ﬁ)fm

This paper combines results of three different types of studies in an attempt to begin developing a
mathematical and physical understanding of (1) how certain flame properties 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
of the general 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;
(¢) 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=C 4+ B + heat
Scheme (B) A simplification of the Ha — Bry scheme:

(1) heat + X + A «22B + X
(2) B4+ A =C 4 B -4 heat

Scheme (C)
Scheme (D)

H: — Br, system
0; — O system*

The essential aspects of a “free radical” for flame kinetics are assumed to be: (1) In the presence
of a free 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.

Form of the General Asymptotic Solution;
the Significance of Eigenvalues

The flame equations and boundary conditions
for a one-dimensional steady state flame proposed
by Hirsehfelder and Curtiss® will be used. In this
model, the dependent variables are chosen as the
teraperature and a linearly independent set of
mole fractions and fractional mass flow rates.

G, The fractional mass flow rate for species
@ = MaNaba/ M (1a)

M__The total mass flow rate = 3 ngmag
o (1b)

ng The concentration of species 8 in g
mole/ce (1e)

mg The molecular weight of species § in
g/g mole (1d)

The velocity of species 8 with respect to
a laboratory coordinate system in
em/sec (1le)

(2)
(3)

The independent variable is chosen as the

Ug

X« The mole fraction of species o

T The absolute temperature

* There 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 = {(uy, ***, un) denote an
n-dimensional vector whose components are the
set of dependent flame variables and F; the Z
derivative of u;. The F; are assumed to be inde-
pendent of Z and to depend only upon u, so that

du; | dZ = F;(u). (4)
These differential equations are to be solved for
a domain (Z, =) subject to the boundary
conditions:

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

lim F j( 11) = {.

Z—> 0
(5a)
Z->0

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

Go(Z,): specified by measurements on the
premixed fuel gas

(dT/dZ) 7,> 0 * (5b)

Thus the general solution at 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. (5a) for the improper point at
infinity, it has been conventional to transform
the independent variable from Z to one of the
dependent flame variables. An appropriately
scaled reduced temperature, ¢, has been found to
be most suitable.?®P

Then the equations are

duy/dt = F,/F,
T, = bm T(Z)

Z->0

(6a)
(6b)
(6c)

Since
Lm Fr(u) =0,
T>Ty,

* These 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. '

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

Tn is a singular point of the system. Moreover,
the simple requirement that the one-sided de-
rivatives exist and are continuous at T, restricts
the system to a single eigenvalue, the total mass
flow rate, M.* For this reason, one can expect
that the exact solution to the flame equations
lies in this restricted class of solutions for the
differential equations in ¢ only when there is one
linearly independent G,. The mathematical
details of the general solution required when there
is more than one linearly independent G, will be
discussed elsewhere. Only those features pertinent
to the eigenvalue discussion will be included
here.

Consider a transformation, w = f(Z) which
carries the neighborhood of the point at infinity
into the neighborhood of a finite point, we. Most
f(Z) 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):

i

exp (@Z),a <0
Fi(u)/(ow). (7

It can be shown®® that the equations in w can
have solutions with finite limits for the deriva-
tives as w— 0 only if & is a root of the character-
istic equation,

[ (OF;/ow) — b’ | = 0
=0 if k1 if j=4k (8

Although, it has been foundj® that the w
equations do not give as convenient single eigen-
value solutions as the t equations, they can be
used to give general solutions of the form:

u(w) = T d(n) I=I (%) (%)

w

dug/dw

i

where
w = exp (aZ) (9h)
B = aj/on (9¢)
a;:a negative root of Eq. (8) (9d)

¢: number of negative roots of Bq. (8) (9e)

n = {n, *+, n), a vector whose com-
ponents are nonnegative integers (9f)
d;(n): constants determined uniquely by
the form of the differential equations
(9¢)
(9h)

71, ***, rol ¢ arbitrary parameters
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In all cases which have been studied, ¢, the
number of negative roots of Eq. (8) has just
been L, the number of linearly independent G.,.
Since it has been proven that one r; serves only
as a scale factor in the distance Z, the remaining
(L — 1)r; and M together form a set of L
arbitrary parameters required for a general
solution.

Significance of the Eigenvalues in the
General Solution

Solutions  With
Significance of M

Fewer Than L Eigenvalues;

It 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,

Roe= Rap (10)

where Ry,., R, represent the rate of consump-
tion and production of «, respectively. The
relative deviation from the steady state,

da - (Ra,c - Ra,p)/Ra,c; (1134)

18 a useful parameter for the study of free radical
systems. Conventionally, the steady state
approximation,

do = 0, (11b)

has been used as an algebraic equation to replace
the differential equation for X,. Kven 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
approximating equations. At each stage in the
sequence, the pair of differential equations for
each such G, and X, 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
as asymptotic in the sense that the error will in-
crease if too many levels are used.
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This conclusion has been tested by two types
of checks in numerical studies of the free radical
scheme (A) for which the two linearly inde-
pendent G, can be chosen as G = Ga and
Gfrce radical = GB-

Check 1. The Taylor series expansion for single-
eigenvalue solutions in ¢ was constructed about
the singularity at ¢ = 0(7 = T,). When the
solution was extended to all remaining 7' by the
method of successive approximations, the values
of the flame variables at the point of juncture of
the two solution methods agreed to eight digits
(within probable rounding error).

Check 2. The asymptotic convergence of the suc-
cessive approximations was compared with multi-
eigenvalue solutions described in Appendix 1. In
general, the two agreed within the expected error.

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

Use of the r; 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 Egs. (6)
in ¢, 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 at some temperature, T, off the hot
boundary?” The first point is that in those cases
studied thus far, examination of the d;(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.
(11b) ], is at 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 approximations agree closely with those
produced by the single eigenvalue Taylor Series
expansions. The very fact that the successive
approximation scheme is independent of input
free radical values, suggests the result shown by
caleulations: With increasing d, the scheme fails
to converge® closer and closer to the hot bound-

* It is interesting to note that in the hot region of
an 0,-0; flame, the single eigenvalue solution
makes O; obey the steady state condition more
closely than the free radical.
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ary. Ultimately, it can no longer be used to ex-
tend the single eigenvalue series solution. Then
the discrepancy between the 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 M to changes in the starting values
(or, equivalently, to changes in the r;) is to be
discussed elsewhere.

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 discussion of kinetics and diffu-
sion, the significant parameters are: the Lewis
number for the pair (o, 8),

dag = (nCDag)/X; (12a)
a function of M (and therefore an eigenvalue),*

(m*Nk') / (M2CY 5 (12b)

It

K2
and

w=k'/k/; (12¢)
where:

ky' is any funection of temperature which is a
common multiplicative factor for the
forward and reverse specific rates for
reaction (2); (13a)

k' is defined for reaction (1) as k' is for
reaction (2); (13b)

A is the coefficient of thermal conductivity
in ecal deg™ em™! sec™!; (13¢)

C is heat capacity in cal/g mole, assumed
the same for all species; (13d)

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

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

* In this paper u» is used in place of the parameter
used by ref. 5: u = w/o = (m2k')/(M?C). The
use of ue 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 temperature dependence of
these factors has been assumed to be the same
so that

(14)

Finally, Mk.” has been assumed to be constant
so that ue will be independent of temperature.

It is important to note that the equilibrium
constants for reactions (1) and (2) of Scheme A
are independent of w and that an increase in w
corresponds to a proportional increase in both
the forward and reverse specific rates of the main
combustion reaction compared with those for the
free radical reaction. As is to be expected, 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 be viewed as an
increase in deviation from the kinetic steady
state produced by increasing the main combus-
tion rates compared with free radical rates.

Since the ratio of two Lewis numbers 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.

w = k'/k’ = constant

Set 1. All Lewis numbers equal one
(15)

Hirschfelder® has proven that the enthalpy per
gram 1is constant throughout the flame <= all
Lewis numbers are unity.* Since this reduces the
number of differential equations which must be
integrated by providing an algebraic equation
between the mole fractions and temperature, and
sinece it simplifies the remaining equations,
Spalding” has called this “normal diffusion.”

Osp = O0pc = fac = 1

Set 2. “Heavy free radicals.”’T The Lewis numbers
involving the free radical, B, are taken to be
smaller than éac:

0ar = 3;

(16)

Set 3. “Laght free radicals.””t The Lewis numbers
involving the free radical, B, are taken to be

530 = %; 5AC = 1.

* This proof makes the usual approximation of
ignoring terms in kinetic energy in the equation of
energy balance and also terms in thermal diffusion.

1 Although these values for § would not be ex-
pected for species with the same mass, it seemed
desirable to ignore this inconsistency in order to
make a test of diffusion using this simple equation
system.
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TABLE 1

Thetotal mass flow rate ag a funetion of «-and of the diffusion cosliicients®

10%ate)]~F M

st = 1) /uatea)}?

Het 1 Set 2 Het 3 Het 1 Het 2 Bet 3
i 1.4779 14761 1.4890 1.0000 1., G000 1.6000
26 L. 4564 1.4776 16082 1.00568 1.0010 1.0300
50 1.4985 1.4783 1.7678 101389 1. 0015 1.1872
160 1.51581 1.4788 1.9245 1.02528 10018 1.2924
300 1.5593 148182 1.9878 1.0550 100385 1.8214
{60 1., 5804 14818 R 1.0755 1. 0036 e
1000 1.6054 i e 1. 0863 S e

« For definition of w, and Bets 1, 2, 5, see Bgs. (12¢), {15), (18}, and (17}, respectively.

mueh greater than dac:

dap = 20/8;  dpe = 10;

(17)

As o first step in interpreting the results given
iy Pable 1, consider the steady state approxima-
Hon. If the approximation were validd, then the
parimeter o would net appear in the equation
system and g would be the same for all o

MG dm®) ¥yt congtant.

Sag = 1.

(18)
Binee e is the elgenvalue deterined by the eold
boundary value on Gy, the form of Eq. (18)
shows that the effect of increasing w [ 1.e., of in-
creasing devistions from the steady state] is
shown better by tabulating the valus of gt~ i
father than AT itsell

Fuarthermore, for the particular equilibrivon
sonEtants chosin, the steady state Is a falrly good
spprosimation forw = 1( | dy | s in general less
than: sef 1, 0450 set 2,0.2%; set 8, 4%) . There-

TABLE 2

Cloirpsanison of values of pple) ¥ 109 e

i Klein This study
1 4. 5886 4.5783
20 4.5358 4.5260
50 4.4682 4.4535
oo 4.3607 4.8561
300 3.49531 4.1130
600 2.7155 3.9583
1000 1.,1229 3.8800

« Por definition of pele) see By (12b).

fore, the tatios [mle = 1)/ mle) ]}, have been
included to show the relative change.

The following general observations ean be
rade:

Obs. (1) Asymplotic approach of iy t0 q limiling
vafue. For each of the three sets of diffusion
parameters used, as w nereases M increases from
its steady state value and appesrs to approach o
Hmiting value asymptotically. Table 2 compares
these pe with those obtained hy Klein 282
Blein's values are based on s-neat parameter ex-
pansion in powers of w. Unfortunately, lack of
careful estimation of the limits of convergence of
Lis expansion has led to the assumption that
continues to decredse with inergasing w. It i ap-
parent that his values are good for o < 100 and
subject t0 incressingly serious error forw 2 300.

Obs. {2) Qualitative variations of ps™t with binary
dvffusion  coeflicients. Consider & frée radical
which 18 formed in 2 resction involving one of
the fuel molecules. To begin the argument; sup-
pose the steady state approximation [0 = net
cate = [rate produdtion — rate consurmption) |
were exact. Bince a8 T increases, the fuel éon-
centration will, in general, deerease® slowly som-
pared with the increase in specific rate Tor fres
radical formution, one should expect the rate of
free radical formation (and, therefore, the mole
{raction) to rise fo & maximum and decrease to
its limit as the fame approaches the hot bound=
ary. Diffusion will tend to introduce greater

* Liooally, a fuel mele fraction esn increase. For
example, for a hydrogen-bromine flame, diffusion
causes Xy to pass theough » madmum in the
vicinity of the ¢old boundary.*

-
% .
3 :
% !
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TABLE 3

Deviations from the kinetic steady state, dg ¢

w =1 o = 300 o = 1000

t X 10 Set 2 Set 3 Set 2 Set 3 Set 1

—0.06 45.33 X 105 +2.32 X 10¢ +1.70 X 10— +8.17 X 102 +8.22 X 1072
—-1.03 +49.39 X 10-¢ —1.17 X 10-3 -2.90 X 102 —3.08 X 10t —1.91 X 10
-1.51 -3.21 X 10~¢ —4.37 X 1073 —1.00 X 10 —4.45 X 107t —3.43 X 1071
—1.91 —5.94 X 10 —6.55 X 1073 —1.42 X 107 —4.78 X 107 —4.14 X 107t
—2.55 —8.35 X 107¢ —6.78 X 1073 —~1.68 X 107! —3.94 X 107 —4.23 X 10!
—3.51 —3.61 X 10 +4.64 X 1072 —9.69 X 102 —2.93 X 102 —2.05 X 10t
—4.15 —6.04 X 107¢ +2.11 X 1072 +2.24 X 1072 +2.91 X 107! +6.09 X 107
—4.79  +2.01 X 1078  44.37 X 102 4+1.93 X 1077 +45.93 X 107! +3.72 X 107!
—6.07 45.77 X 1073  +41.02 X 107! +6.23 X 10—t +9.43 X 10! +8.69 X 107!
—7.51  +41.20 X 10— +1.93 X 10 +49.69 X 10 +9.99 X 10— +9.99 X 10!
—8.23 +1.45 X 102 +2.27 X 107 +9.99 X 10 — +1.00 X 10°
—8.47 +1.36 X 10 +2.13 X 10t +1.00 X 10° — +1.00 X 10°

e For definitions of dp and ¢ see Eqgs. (11a), and (6b), respectively.

uniformity in the free radical concentration. This
will lead to deviation from the steady state with a
negative net rate near the hot and cold boundaries
and a positive net rate at intermediate tempera-
tures. Suppose the binary diffusion coefficients
involving free radicals are increased (decreased)
compared with the coefficients 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.’!d

The effect upon M of an increase in deviation
from the kinetic steady state depends upon the
kinetic scheme. In Observation (1), 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 Spalding’1% for certain rates and
also by diffusional theories of flame propagation.
Conversely, when Giddings and Hirschfelder
studied first and second order chain breaking
schemes,® 1! an inerease (decrease) in deviation
from the kinetic steady state led to a decrease
(inerease) in M. Moreover, these authors report
a variation in M of two per cent and less with a
twofold variation in diffusion coefficients. Table
3 shows a larger variation.

Obs. (8) Adequacy of the steady state approzima-

tton. For this model, the data of Table 1 show
that the accuracy of the approximation M = M
(steady state) [ie., us™ = uy? (steady state) |
improves as the binary diffusion coefficients in-
volving the free radical B are decreased with
respect to dac and becomes increasingly poorer
as they are increased.

Prediction of M

Spalding and Adler™19121 have developed neat,
simple methods for predicting flame speeds in
certain cases. Their basic theory assumes 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, 7. and a parameter Aspalding.” °

*In Egs. (19) and (20), Spalding’s symbolism has
been altered to conform to that of this paper. His
(k, H = heat released/g, 7714”"" = rate of consump-
tion of the fuel A in g/cc, G, X, ¢) have been re-
placed by (A, @ = heat released/g mole; B = rate
of consumption of A in g mole/cc; M, Aspaiding é).
Also, factors which cancel in the numerator and -
denominator have been omitted.

N
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TABLE 4
Prediction of M ¢
A Spalding
Te Set 1 Set 2 Set 3

@ Set 1 Set 2 Set 3 ¢ S c S c S
1 0.701 0.701 0.696 0.276 0.264 0.277 0.264 0.270 0.260
50 0.693 0.698 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 0.186
300 e 0.688 0.603 — e 0.262 0.252 0.179 0.171
600 0.656 0.681 — 0.233 0.222 0.250 0.246 — —

@ 74, Mspalding @ and Sets 1, 2, 3 are defined by Eqgs. (19), (20), (12¢), (15), (16), and (17), respectively.
The letters ¢ and S designate Aspalgine computed by Eq. (20) and by Spalding’s centroid formula,”¢ re-

spectively.
o= (/1TdeT>/</1ARdT> (192)
T= (To—- Tw)/ (T —OTu) (19b)

Ty, Ty are the temperatures of burned and

unburned gas, respectively; (19¢)
A is the coeflicient of thermal conductivity;
(19d)

R is the rate of consumption of one of the
fuel species per unit volume.* (19e)

1
)\Spalding = <Q/ }\Rd,,.)/(é‘l]ul) (203,)
0

¢ is specific heat in cal/g, assumed the same
for all species. (20b)

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
rate is not an explicit function of temperature,
7. and Aspaiding have been computed a posteriors
to check the relation between the two parameters
as 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
Aspalding computed from Spalding’s original equa-
tion (based on equations for unit Lewis number
for all species) has been included in Table 4, for
comparison.

* See footnote at bottom of preceding page.

APPENDIX I

Multiple Eigenvalue Solutions

Consider the problem of continuing the inte-
gration starting at some reduced temperature, ¢,
off the hot boundary, t = 0. When d, is too small,
standard methods of point-by-point integration
fail due to subtraction in computing E.'*% in the
differential equation:

dG/dt = (muRa)/MF, (L1a)

dt/dz = F, (1.1b)
where R, is the rate of production of « in g
mole/ce.

However, when d, increases, standard methods
can be applied provided accurate 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 able 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
B had to be integrated as functions of tempera-
ture. In place of Xp(h) and Gp(#) as input, it
seemed to be more convenient (vide infra) to use

7
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Rz(t) and (dRyp/dt),. The solution was deter-
mined iteratively in the following steps:

Step I. Estimate Rp(f;) and for this estimate
determine an approximation for the (dRg/dt),
required in integrating toward ¢(Z.) in the fashion
described below.

As should be expected, the boundary condi-
tion Gs(Z,) = 0 does not select a unique pair
of starting values, [ Rp(t1), (dRp/dt) . . Instead,
there is an interval of possible values Rp(t). For
a given Rg(#), an error in (dRg/dt), 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.

2

Rg x 107

S

6.1 02 03 04 05 06 07 0.8 09
~REDUCED TEMPERATURE (defined in equation 6b)

Fia. 1. Curves for the free radical reaction rate as a
funection of starting values.

Moreover, it was possible to estimate a curve
from the steady state solution. Then, if
(dRgp/dt) y < correct value (> correct value),
Rr would diverge positively (negatively).* This
made it possible to recognize an error without
integrating to {(Z.).

Step II. For the same Rgp(t) determine an ap-
proximation for (dRgp/dt), required in inte-
grating toward the hot boundary. Use the sort of
reasoning described in Step 1.

Step IT1. If the two values for (dRg/dt),, do not
agree, use the sign of the discrepancy to deter-
mine whether Rp(fi)) must be increased or
decreased.

Repeat steps I, II for the new approximation
to Re(h).

The validity of the solutions has been subjected
to the following tests:

B 1. comparison with integrations using different
interval sizes;

* These inequalities depend upon the fact that ¢
decreases from ¢, to {(Z.).

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

3. comparison of Integrations from # to ¢ with
reversed runs from ¢, to 4;

4. comparisons with the method of sucecessive
approximations for that range of d, for which
both are applicable.
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Discussion

Pror. J. F. WenNer (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 propagation.!

The composition eigenvalues need to be deter-
mined for a real flame. Professor Campbell’s work?
on the hydrogen-bromine flame suggests that the
509 mixture which he considered is not flaro-
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 problem.?

)
w

Pror. E. 8. Cameerrl (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 approxi-
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 calculations 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 it would be
possible to study multi-eigenvalue solutions to test
his suggestions.
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High Temperature Spectroscopy

Chairman: Dr. H. P. Broida
(U.S. Bureaw of Standards)
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ABSORPTION SPECTRA AT HIGH TEMPERATURES. 1. THE
ULTRAVIOLET SPECTRA OF SHOCK-HEATED, CIS- AND

TRANS-1,2-DICHLOROETHYLENE
9568

Absorption spectra were taken of ¢is- and trans-1,2-dichloroethylene between 37,000 ¢em™ and
43,000 cm™, over the temperature range 800°-1055°K. These gases were highly diluted with argon
(97%) and shock-heated. Photographic [7,(A)] and oscilloscope [Inz537(¢)] recordings were made with
a resolution of 3—-10 usec.

A curve for the ground state electronic energy vs. torsional angle was plotted using the assigned
torsional frequencies for the c¢is- and {rans-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 be gualitatively accounted for as arising from population changes in the
upper torsional vibration levels of the ground (¥) 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 CCIH planes.

Preliminary spectra taken by Dr. Carl Aten of benzene vapor and of perfluorobenzene from about
700° to 1900°K are also presented. For the latter compound the integrated absorption coefficients
change with temperature, as predicted by Albrecht. However, for benzene, the coefficients show a
very sharp increase at about 1100°K which cannot be accounted for in this way. This suggests that

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

the B., 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 [1,(N) /Io(X\) ] in about 5 usec using a very
intense short-duration flash (half-time, 2 usec)
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triggered at a specified instant (r) 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 there is little experimental basis for testing
the few theoretical analyses which have been
made of the dependence of molecular spectra on
temperature.

This is a report on the high temperature 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. These substances were
selected for our first studies because they show,
respectively, large shifts in position of their UV
bands and a large increase in the absorption co-
efficient with a rise in temperature.

Experimental Procedures and Results

Commercial samples of cis- and trans-1,2-
dichloroethylene were purified by fractional dis-
tillation. The trans-isomer, as used in our experi-
ments, had a boiling point range between 47.1°
and 47.4°C at 745 mm Hg; the range of the cis-
isomer was 59.9° to 60.3°C. Vapor-phase chro-
matograms at 36°C showed sharp peaks with
very weak subsidiary peaks. We estimated that
each sample contained no more than 19, of its
isomer species and much less than that of any
other impurity. The purified isomers were kept
frozen at liquid nitrogen temperatures, and dis-
tilled, as needed, into a 12-liter flask where they
were diluted with pure argon to a concentration
of 39, Sufficient time was allowed for complete
mixing.

HIGH TEMPERATURE SPECTROSCOPY

The experiments were performed in a 1% inch
(I.D.) round shock tube. The driver seetion was
35.5 inches; the experimental section 127.8 inches
long. Diaphragms were of 0.008 inch brass shim-
stock seribed 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
cm of the sample gas. Incident shocks were used
exclusively. Shock arrival times at four stations
were recorded with thin strip platinum resistance
gauges on an oscilloscope raster; there was a
slight attenuation in the shoeck 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 the dependence of the heat capacity of
the dichloroethylene on the temperature. It was
assumed that the sample attained full vibrational
equilibrium at 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 experiments an intense mercury flash,
of approximately 4 msec duration, was set off
just prior to passage of the shock past the ob-
servation windows. A monochrometer, set on the
Hg N\2537 line monitored the absorption of the
gas as a function of time [I\(t)/Iy]. Typical
oscillogram records for short and long sweep

TABLE 1

Summary of shock conditions

Initial Incident,
pressure shock Isomer

Run Shock speed driven gas temp. cone.
No. Isomer (mm/usec) (mm Hg) (°K) (moles/liter)

19 Cis 0.820 453 845 2.150 X 10-3

21 Cis 0.841 332 875 1.527

22 Cis 0.892 255 950 1.170

23 Cis 0.958 205 1055 1.079

24 Trans 0.958 201 1055 1.069

25 Trans 0.892 259 950 1.207

26 Trans 0.826 343 855 1.684

27 Trans 0.910 259 980 1.348

28 Trans 0.910 259 980 1.348

29 Cis 0.910 259 980 1.333

30 Cis 0.802 407 820 1.913

31 Trans 0.805 405 825 1.933

32 Trans 0.865 323 910 1.611

33 Cis 0.859 323 905 1.633
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_’i "-“ 100 ;i sec

A 2537

{1

ta

v It

—

TYPICAL
LAMP
OUTPUT

I<—-—-— 20y sec

F1c. 1. Oscillograms for 39 irans in Ar; pr = 242
mm; T[shock (incident)] = 1085°K.

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

250

83

variety of molecular fragments) so that an in-
crease in absorption resulted. These oscillograms
demonstrate, however, that there is sufficient
time preceding the decomposition during which
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 coefficient of
the sample at A 2537 for each of the shock tem-
peratures. Seventeen such determinations were
made. The corresponding points are plotted in
Tigs. 2 and 3. Note that ¢ = logis (/o/])/lc with
1= 3.810 cm, and ¢ is given in moles/liter. 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
usec) 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 were recorded, in the absence of gas in
the shock tube, through a set of neutral filters
which had been previously calibrated and found
to transmit 63.3, 57.5, 29.0, 13.6, 8.93, and
2.349, of the incident light. Fastman Kodak
number O-I1I 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

2632 2564 2500

200

150+ Observed €,(t}
t Hg line
22537

1300 °K

00} 1260
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2439 2381 2326
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o
153}
—— O

Tt ®

.. L
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Fia. 2. Absorption coefficients as a function of the frequency for cis-1,2-di-
chloroethylene.
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Fia. 3. Absorption coefficients as a function of the frequency for frans-1,2-di-
chloroethylene.

of light transmitted by the sample at each wave-
length was deduced. The absorption coefficients
as defined above were then computed and plotted
as a function of frequency. These data, smoothed
and combined with the low temperature data,
are shown in Figs. 2 and 3. It was found empiri-
cally, both for the cts- and trans-isomers, that to
a reasonable approximation the logarithm of the
absorption coeflicient versus the reciprocal of the
temperature at a constant frequency gave a
straight line. The arbitrarily chosen frequencies
were, for the ¢rs-compound: 38, 820, 39,420, and
41,150 em™; for the frans-isomer: 38,820, 39,420,
and 40,500 ¢!, The degree of consistency may
be judged from Fig. 4.

Theory—Background

For the dichloroethylenes at room temperature,
the equilibrium constant for isomerization is??3:

I{CQ(:SOOOK) = CiTans/Ccis = 0647

At elevated temperatures the rate of isomeriza-
tion increases to a measurable degree and the
equilibrium constant approaches unity. The early
kinetic studies* suggested that the isomerization
oceurs by a unimolecular process with an activa-
tion energy E = 41.9 keal/mole, and log 4 =
12.7. This parallels the conversion kinetics ob-
served for a number of other cis-trans-isomeriza-
tions in which the proposed mechanism is the
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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 1,2-dichloro-
ethylene the isomerization probably proceeds
by a free-radical chain mechanism® with an ac-
tivation energy 32 == 2 keal/mole. In addition to
the cis-frans-isomerization, 1,2-dichloroethylene
also dehydrohalogenates at sufficiently high tem-
peratures.® Whatever the actual mechanisms for
the thermal and photochemical isomerizations
prove to be, in the present context 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 the activa-
tion energy for the unimolecular 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 C=C bond.

The activation energies reported for ces-trans-
isomerizations about ethylenic bonds range from
41.6 keal/mole for methyl cis-cinnamate’ to
61.3 keal/mole for czs-1,1’-dideuteroethylene.®
The most recent data for the gas phase butene-2
isomerization also give 62 keal/mole® 101 for the
barrier height separating the cis- and #rans-
isomers. The minima of the valleys (at§ = 0 and
) 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™

for the c¢is and 227 em™ for the trans.® It 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 CoH,Cls, the corresponding
frequencies are 402 em™ and 240 em™.2 For
both species the force constant restraining devia-
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 % keal, whereas cis-dichloroethylene is
more stable than trans by 445 keal/mole. Clearly,
a function of the form V(1 — cos 28) used for
ethylene®® 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 # — 7* absorption by the
double bond in ethylene has been studied both
experimentally and theoretically. In recent
papers on the vacuum ultraviolet absorption
spectra of ethylene and fully deuterated ethylene®
the total absorption was analyzed in terms of a
superposition of a Rydberg sequence and a
V(*By,)—N(*41,) sequence of bands. The
strong continuum and long wavelength toe
(INt) appear to be an 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 the 1,2-dichloroethylenes were
first reported in 1935M; maxima occur at 1850 A
for the cis and 1950 A for the trans. Olson and
Maroney? recorded the spectra of the chloro-
ethylenes over the temperature range 373-523°K.
It was suggested! that these absorptions resulted
in C—Cl bond disruption. Wijnen® recently
showed that in the photolysis of c¢is-1,2-dichloro-
ethylene two primary photochemical steps occur,
one of which produces Cls, and another HCL
However, Lacher et al.'® 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 experiment is due primarily to the
V < N transition, with perhaps some R «— N
contribution.l”

Interpretation of the High T Effect

It is proposed here that the excitation of one
of the 7 electrons in the double bond leads to an
excited state in which, in the most stable con-
figuration, the two CHCI] groups are oriented

with their planes perpendicular to each other, as
for ethylene; i.e., that the substitution of chlorine
atoms does not markedly change the character of
the V < N transition, although this substitution
does shift the absorption peaks to longer wave-
lengths. The spectral shift is presumed to be due
to a resonance between the m electrons in the
double bond and the nonbonding d electrons of
the chlorine atoms. The extension of the band
system toward the visible in the form of a I\ 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 N state
increases. Since high quantum numbers are
reached the oscillators approach classical be-
havior, such that maxima in the probability dis-
tribution functions with angle appear at the
corresponding classical maximum amplitudes.
By the Franck-Condon condition, electronic
transitions occur near the 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 Potts'® for the reduc-
tion of the intensity of the “shoulders” on the
long wavelength end of the UV absorption spectra
of several olefines when measurements were made
at low temperatures in glasses.

As was indicated above, this is a highly sim-
plified account, due to the possible presence of
three complicating factors:

(a) The torsional motion is not fully separable
from the CCIH wagging modes.?

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

(¢) Only in zero order is it correet to factor
the electronic and nuclear transition moments.
In first order, the integrated absorption over an
electronic band increases with rising temperature
due to increased coupling between the electronic
and nuclear wave functions, when the larger
amplitudes of the latter introduce large distor-
tions in the molecular framework.l Indeed, this
is the basis for the large effect of temperature on
the observed spectrum of henzene (see below).

To deduce the shape of the V curve as a fune-
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 at each temperature the very end of the
I\t is such & region. Of course, the shape of the NV
curve must be given. Then, define the absorption
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coeflicient u,,

uy = 1/nlln Zy(v) /I(») (1)

The coeflicient is thus given in units of cm? per
molecule, where n is the number of molecules
per cm?, and [ 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 « and the upper
levels by 7. One may therefore express the ab-
sorption coefficient at any specified frequency as
a sum over transition probabilities and
populations:

sy = % Aia(a/m)fie | via — v|, B-+) (2)

The inherent transition probability A.. is an
overlap integral over the vibrational wave func-
tions as they depend on the torsional angle, for
the lower and upper states (Yo, ¥:); 4:4 is in-
dependent of the temperature. On the other
hand, the population of the lower level, n,, de-
pends exponentially on the temperature. Now,
the shape factor for the band, f;., 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
dependent, whereas the population ratio is given
by a Boltzmann distribution:

no/n = exp (~e/kT)/Q, (3)

where
€ = hvola + %) — hvr(a + )3,
Q=72 exp (—e/kET)

I

and vy 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 at any specified tem-
perature the IN is essentially due to a single
transition from the uppermost level in the N
state, and that the V state has no 6 dependence
(flat), he finds that at about 900°K, tyisimax is
about 17 and ®yanstmaxy is about 30. However,
consideration of limits of detectability indicate
that these maximal values should be about 10
and 18, respectively. In turn, this requires that
the V curve fall with increasing 6 as 8 recedes
from zero, and rise with increasing 6 as it ap-
proaches 7; i.e., V has maxima at § = 0 and m,
in conformity with theory.!
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F1G. 4. Absorption coeflicients as a function of 1/7
(at » = 39,420 cm™).

A satisfactory explanation for the linear rela-
tion observed between log ¢, and 1/7T, has yet to
be found. Indeed, it 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 f;,, very nearly
cancel for the few transitions which contribute
appreciably to the absorption coefficient at 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 {o)we/k.

Preliminary Results on CsH and CF;

Absorption spectra over the wavelength inter-
val 2700-2100 A of shock-heated benzene-argon
and perfluorobenzene-argon mixtures (1.7-99%)
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
Toszr(£) /Tassr®, and covered the temperature range
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from about 600°K to 1900°K. Up to about 650°K,
the general features of the benzene spectra agreed
with previously published data.” The transition
involved is Bs, <~ A1, which is symmetry for-
bidden. However, nontotally symmetric 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 steadily decrease
whereas those which came from the first excited
vibrational levels first increase and then decrease.
On further increagse of temperature the structure
in the spectrum is lost and is replaced by &a
continuum.

At the higher temperatures (above 700°K) the
integrated absorption coefficients as previously
reported on the basis of measurements made
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ured photoslestrically. £, 1.7 %, as measured photoeleciriendly.

with the absorber Howing through o hot tube
are many times these found-by Dr. Aten, indi-
cating that the bengens spectra. were masked by
decomposition products, At about 850°K another
band began o overlup the high brequency end of
the By, o~ Ay, transition. Presumably this was
the Bye— gy which is éentered around 50,000
eurh 1 is also forbidden and eould be expected
to &how a temperature dependence similar to
that of Bey, ¢~ Ay To obtain the integrated o=
efficient fov the latter, the upper integration lmit

§
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was kept at 42,200 et in the hope that the
mutual overlap of the toes will approximately
caneel.

Data for Cely and CgFs are summarized in
Fig. 6 in which the integrated coeflicients are
plotted vs. 1/7. The enrves gre “best fits” ac-
cording to a relation derived by Albrecht.” Thus,
were 4o single vilrational mode (w) to previde
the mujor contribution, then

J(T) = fy coth (/27), (4)
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where § = 1.439 w. For CsFy, the reasonable fre-
quency 215.5 cm™! appears to be satisfactory;
for CeHg points up to 1100°K fall between
@ = 1000 e~ and 1390 em™t. 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 a higher transition
moment.
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An experimental 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 literature of
emission from such flames, other than characteristic alkali metal atomic radiation. Results of the
present study show that these flames emit, in addition to atomie line spectra, a complex array of
molecular band spectra. A continuum is also observed in several of the flames. Interpretation of
unusual C, excitation in haloform-I systems has produced added evidence for the importance of
the reactions, 2CH — C 4 CHzand C + CH — C. + H, as a mechanism for producing excited
C:. An analogous interpretation of the Cs emission in CCL—K and -Na flames has yielded evidence
supporting the value, D1 = 51 keal, in the CCl radical. Energy transfer processes are important
in these flame systems. Although there are several unanswered questions about the spectra, it is
felt that these reaction systems may lend themselves to a useful study of electronic and vibrational

energy transfer.

Introduction

The study of sodium diffusion flames, pursued
over a period of about 15 years by Polanyi, Bawn,
Warhurst, and others,'*# has received little at-
tention recently. Notable exceptions are the
papers by Reed and Rabinowiteh.! These flames
can be a means of preparing a wide variety of
free radicals from the corresponding halides.
With Tingey and Skell® we are undertaking
studies of some reactions of radicals generated.
The results of spectroscopic observations of light
emission from flames of this type are reported
here.

Surprisingly, the literature examined does not
mention sodium  diffusion flame luminescence
other than characteristic atomie emission. Gay-
don® summarizes the emission from flames of I
and O atoms with several organic halides, noting
for example that the H 4 CCly flame produces
bands of CH, Cs, CCl, (y, and a violet continuum.
This type of system represents the closest ap-
proach to the present work that has been dis-
cussed in the literature.

Apparatus and Method

The flames are inverted Polyanyi flames in the
sense 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 Pyrex bulb
with a protuberance on the bottom for the metal
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bath, a sidearm with quartz window for spectro-
scopic observations, and inlet-outlet arrange-
ments at the top. The vessel is completely en-
closed in a furnace except for the sidearm and the
top head. The latter is equipped with a water
jacket and a glass wool trap to prevent metal
vapor, metal halide, or carbon particles 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

Fra. 1. Photograph of a diffusion flame of C.Cly
burning in potassium vapor. Extraneous light is
reflected from the wall of the viewing sidearm.
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the inlet. Flames remain steady over periods of
hours, with occasional attention.

A narrow thermocouple 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 well reveal no differences. The
spectrograph employed is a Hilger E517/518 F/4
Raman instrument with quartz and glass optics.
The spectra reported here have all been taken
with glass optics, using Fastman Kodak Super-
pan Press or 103al” plates. For the present use
as a survey instrument, the spectrograph has
been adjusted so that the violet and red ends are
in good focus, which means that the middle
region is somewhat out of focus in all the plates.
Wave lengths have been determined with the
aid of He and Fe lines, measurements being made
with a traveling microscope and a scanning-
recording densitometer. Reaction product analy-
ses are performed by standard gas-chromato-
graphic methods.

The starting materials for the reactions have
all been reasonably pure. These include K, Na,
Cls, CFy, CCl;, C,Cly, CHCl;, CHBry, CFCl;,
CHsBr., CH;I, CH,Cl, and CHy;CHCH.CI. The
potassium seems always to be slightly contami-
nated with sodium, but this has not been a source
of difficulty. The carrier gases have included He
(99.99 per cent), N. (99.996 per cent), and Ar
(99.998 per cent}. When the halide is a liquid
(e.g. CCly), a bubbler is used to introduce it into
the earrier gas. Provision is made for adding
carrier gas to the exit stream from the bubbler, to
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change the halide:carrier ratio. Typical ratios
used have been 1:8. 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
being regulated with a needle valve. Typiecal
partial pressures of halide have been 200 to 400
microns Hg. Total pressures have ranged be-
tween a few hundred microns and several mm
Hg. Potassium achieves a vapor pressure appro-
priate to these conditions at temperatures in the
neighborhood of 350° to 400°C. Hence 400°C
represents a characteristic vessel temperature.

Spectrograph slit widths used necessarily have
been somewhat dependent upon the brightness of
the flames. The range of slit widths is approxi-
mately 25 to 150 microns.

Experimental Results

Although produet analysis shows that reaction
occurs in all systems tried, singly- or doubly-
halogenated compounds have not produced
enough emission for the recording of spectra,
even with a wide slit and an exposure of several
hours. This group of (at most) weakly emitting
systems includes CH;3I-K, CH;Cl-K, CH.Br-K,
CH,CHCH,CI-K, and, as an exception to the
previous comment, CF&IK. The systems that
have yielded spectra include Clo-I, CCl-I,
CCli-Na, C.CL-K, CFCl-K, CHCl-K, and
CHBr;-K.

Several of these spectra are shown in Figs. 2

5000 5500 6000 6500 7000

F16. 2. Flame spectra. (A) Natural gas-air bunsen flame with added CHCI,.
(B) CCL-K, He carrier. CCl:K ratio 1:8; 50 p slit, 75 min exposure.
(C) CFCl-K, He carrier. CFCl;:He ratio 1:8; 50 g slit, 30 min exposure.
(D) CHCI~K, He carrier. CHClL;:He ratio 1:8; 75 u slit, 240 min exposure.
(E) CHB:+-K, He carrier. CHBr3:He ratio 1:8; 75 u slit, 240 min exposure.
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5000 5500 6000 6500 7000

F16. 3. Flame spectra. 50 u slit in all cases. (A) Natural gas-air flame with added
CHCl;. (B) CCL-K, no carrier gas, 60 min exposure. (C) CCl-K, He carrier.
CCly:He ratio 1:8; 75 min exposure. (D) CCl~K, N carrier. CCly: N2 ratio 1:2;
75 min exposure. (E) CCl—K, Ar carrier. CCly:Ar ratio 1:8; 75 min exposure.

and 3. The Clo-K spectrum is omitted because it
shows only a weak continuum plus K atomic
lines, while the C:Cli-K spectrum, also omitted,
shows a continuum with several intensity max-
ima, plus extremely weak K radiation. The
CyCl-IK continuum is identical to that in the
CFCl-K spectrum. The CCL-Na spectrum also
1s not included because, with the exception of
stronger Na lines, it is identical to the spectrum
from CCly-K.

For comparison, a spectrum from a natural
gas-air bunsen flame containing CHCI; is shown
in Fig. 2. This shows C; Swan bands and CH
bands that are characteristic of normal hydro-
carbon-air flames. It is immediately obvious that
the C, 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
thermocouple well, is never more than 20° to
30°C. Even allowing for some thermal loss along
the well, it is clear that these flames are very cool
and the emission is, therefore, entirely chemi-
lumineseent. 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 allkali 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 caleu-
lations show that its formation would produce
self-heating such that black-body radiation would
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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, CH;I-K, CH;CI-K, and
CHCI3-K. In the first two, carbon is not formed
and the only trapped product of any consequence
is ethane. With CHCIl;, however, solid earbon is
formed (but not in the luminous zone), and there
is a wide distribution of trapped hydroearbon
products. The dominant one is CoHy; CoH, and
propylene are present in secondary quantity; and
minor amounts of several other olefinic and
saturated species are also captured. The promi-
nence of CpH, is at 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.

Cs: CHCI; in a bunsen flame gives well-defined
Swan bands having a normal intensity distribu-
tion. CHCl;-K and CHBrs-K diffusion flames
both give preferential excitation to »* = 1 and 2
of the upper state. CFCl;-K gives preferential
excitation to v = 6 and 7. Weak transitions from
v" = 8 are also observed. CCli-K and CCl;~Na
give identical intensity distributions, with pref-
erential excitation generally found to »" = 7 and
8. The Av = 0 bands appear weak relative to the
others, particularly with CFCl; and CCli. Rota-
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tional energy distribution appears to be broader
in all cases than that in the bunsen flame.

C;: Weak intensity maxima that are observed
in the 3950-4100 A region in CCl~K may be Cs.

CH: Weak 4312 A (0, 0) radiation, plus some
rotational fine structure, is observed in CHCl;-K
and CHBrs-K.

Ks: There appears to be radiation in the near
red system of K, in all cases (when K is used).
The bands are clearest in CHCl3-K, where they
are not obgcured by C.. They are very weak in
pure CCle~K (no carrier gas).

K: Lines are observed up to a K excitation level
of about 32,000 cm™, or 91.5 keal, in most spec-
tra. The exception is CoCl~K, from which there
is only a hint of K radiation.

Continua: Emission from C;Cl~K appears to
be almost entirely continuous (150 micron slit),
with maxima at about 4100, 4500, 4900, 5400,
and 5700 A. The identical continuum underlies
the bands in CFCl;-K and, less strongly, in
CCL-K.

Unidentified bands: Several diffuse bands in
the region between about 4050 and 4250 & have
not been adequately identified in CCL—K (or Na)
spectra. An additional pair of unidentified bands
occurs at 4780 and 4803 A in CCl~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 there s 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),
(8, 5), and (9, 6) transitions of the Cp Swan
system, but we are reluctant to make this assign-
ment because the (6, 3) cannot be observed. No
suggestions can be even tentatively put forward
at this time for the 4780 and 4803 A bands.

Carrier gas effects: The type of C; excitation
is not affected by the nature or quantity of the
carrier gas. xperiments are not exact enough to
judge whether or not carrier gas affects the Cs
light yield. It is clear, however, that there are
carrier gas effects upon the potassium radiation.
In CCl-K systems, all of the K atomic lines are
reduced markedly in intensity when Nj is used
as a carrier gas instead of He or Ar. Ks is stronger
when there is a carrier than when there is none.
The nature of the carrier, i.e., noble gas or Ny,
makes no obvious difference. Ky seems relatively
strongest in the haloform-K systems.

Discussion

It is interesting to find that the emission from
Polanyi-type flames is much richer than the

atomic radiation reported in earlier literature.
One hopes to go further than this observation,
seeking an explanation of the emiss'on and
perhaps gleaning from its features some signifi-
cant information concerning molecular energetics.
The C. excitation is the most obvious feature of
special interest and will be dealt with first.

Since the excitation in haloform-K spectra
(preferentially to v’ = 1 and 2 of the A4 *r, state)
does not vary from CHCI; to CHBr;, it may be
concluded that the halogen plays no role in the
excitation mechanism. Drawing upon the results
for CCly, where the dilution ratio had no effect
upon the preferred o values, it seems quite
certain that the excitation occurs directly as a
result of a single elementary reaction step that
does not involve a halogen. It would appear likely
that the reaction involves CH. However, this
probability must be reconciled with the promi-
nence of CeHy in the products.

Assuming that the most likely source of CsHs
is CH, radicals, we are led to the suggestion that
CH_ originates in the reaction, 2 CH— C -+ CHo.
This is not a new suggestion. The reaction is
exothermic and there are no spin conservation
problems. We then examine the reaction, C +
CH — C. + H. If the C and CH have been
thermalized by the time they collide, then this
reaction will produce about 61 keal, or about
21,300 em™L, of excess energy. If this energy all
appears in the Cs radical, it is almost exactly the
right quantity to exeite it to " = 1 of the 4 *r,
state. Figure 4 is a semi-quantitative drawing of
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F1¢. 4. Potential diagram of lower states of C,.
Notations on the several potentials follow Herzberg.”
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the lower state potentials for Cs. It is taken
largely from Herzberg,” but is revised to conform
with the establishment of the a f2,* state as the
ground state by Ballik and Ramsay® and the
correct value for the dissociation energy (141 == 2
keal) established by Inghram and co-workers.?

Although the H atom may carry off some of the
reaction energy as translational energy, the agree-
ment between the energetics of reaction and the
observed C, excitation is rather striking, so we
are satisfied that the explanation is essentially
correct. One notes the implication that the reac-
tions, 2 CH — C.H, and 2 CH — Cy 4 H,,
exothermic as they are, are both nonetheless
much less probable than the disproportionation
reaction forming C and CHoa.

In the CCl~K and Na reactions, excitation in
a single reaction step is again indicated. Since the
observed excitation in these two systems is the
same, the step does not involve the alkali metal
atom. By analogy to the probable event in
haloform systems, let us examine the reaction,
C + CCl— C, + Cl. The observed excitation
(v 7 and 8) corresponds to the range of
energies, 30,700 to 32,100 em™, or 87.7 to 91.8
keal. Calling this 90 == 2 keal, and assuming that
all of the excess energy from the reaction has
gone into Cs electronic-vibrational excitation,
we compute De_cy 51 == 2 keal in the CCl
radical. Although there is no accepted value for
De_cq in CCl reported in the literature, 51 keal
happens to be the best estimated value, as quoted
(from Gaydon) in the JANAF tables.® The
present results appear to provide considerable
support for this figure.

The Cy excitation in CFCl;-K is so like that
from CCly that no real distinction appears pos-
sible. Actually, the excitation mechanism dis-
cussed would predict the same preferential ex-
citation as found in CCle—K. The reason is that
the reaction step, C 4+ CF— C; + F, is only 27
keal exothermic,’ so this will not contribute to
peculiar Swan band intensities. This also explains
why one does not observe emission from CFK.
One does expect, however, that the reaction,
CFCl; + K — CCl; + KF, which is some 12
keal exothermic,” will occur readily with a low
activation energy, along with CFCl; 4+ K —
CFCly + KCl. Moreover, we estimate the reac-
tion, CFCly + K— CCly + KF, to be about 23
keal exothermic, so it also should take place
easily. The end result is that CCl radicals will be
produced in quantity, hence the same excitation
mechanism can operate as in CCly.

With large production of CCly radicals from
CCly and CCLF, it is not surprising that a part
of the emission (wiz., the continuum) from these
is the same as that from CyCli~K. The absence
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of Cy emission in the latter case indicates that no
reaction can produce it in the A *r, state. The
almost total absence of K emission from CeCly-K
is surely significant also, and may provide a clue
as to the origin of the continuum, which pre-
sumably arises in a radiative recombination
process. However, we have not been able to find
a logical hypothesis for the responsible process.

CH emission from the haloforms is weak, as
noted. Nevertheless, it is present, and represents
some 66 kcal of excitation energy. In the absence
of oxygen, one is hard put to find a chemi-excita-
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
excitations observed, the possibility of CH ex-
citation by energy transfer should not be ruled
out.

That energy transfer processes are operating
is evident from the quenching of K atom radia-
tion by added N, and its strength in the presence
of He and Ar!? The means by which K atoms
gain excitation energies as high as 91.5 keal are
not clear. In the CCly systems, the preferential
excitation of C; is almost exactly right for ex-
citing K to this energy by an energy exchange;
but the 91.5 keal level is also observed, weakly,
in the haloform-K spectra. Here, it seems neces-
sary to postulate successive excitations. The most
logical mechanism for these is resonant absorp-
tion, rather than collisional transfer.

K radiation probably arises from collisional
stabilization of recombined K atoms, one of which
is excited, in the B lm, state. The principal evi-
dence for this is that in the lowest pressure sys-
tem, viz., pure CCL~K (no carrier), K radiation
1s weakest.

Conclusions

A number of new spectroscopic observations
have been possible by examining radiation from
alkali metal-organic halide flames. Interpretation
of unusual C, excitation in haloform-K systems
in a logical manner has produced added evidence
for the importance of the reactions, 2 CH— C +-
CH; and C 4+ CH — C; 4+ H, as a mechanism
for producing excited C.. An analogous inter-
pretation of the C; emission in CCleK and Na
flames has yielded evidence supporting the value,
Dc_cy = 51 keal in the CCl 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 of electronic and
vibrational energy transfer.
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Discussion

Dr. B. A. Turuse (University of Cambridge):
Why does Prof. Palmer prefer the reaction C -4
CH — C,* 4+ H to the more exothermic CH -+
CH — C,* 4 H; as a source of excited C,in flames
where CH is produced?

Pror. H. B. Paumer (Pennsylvania State Uni-
verstty): Our preference for the reaction, C + CH —
Cy* + H is based upon three points, none of which
constitutes a proof. They are: (1) The major product
recovered is C.H,. We cannot see any more probable
way to obtain this than through combination of
CH_. radicals resulting from the reaction, 2CH —
C 4 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 — C.* + H,, in fact
is. (2) The preferred reaction can account strikingly
well for the observed excitation of Cy;* (3) An

analogous reaction in the K—CCl4 system seems to
account well for the observed C,* excitation there.
In this system, there is much less chance for the
reaction, 2CCl — C.* + Cl,, to occur than there is
for reaction between two CH radicals in the
K-CHX,; systems. The most probable fate of a
CCl radical is a reactive encounter with a K atom
rather than with another CCl. If reaction between
two CCl radicals caused the emission, it should
hence be weaker than emission brought about by
reaction between two CH radicals; but much
stronger emission is observed.

As to why the reaction, 2CH — C + CH.,, should
be faster than 2CH — C,* 4+ H,, we are reluctant, to
speculate. The first is an atom abstraction while the
second is more complicated. Applying rough rules
for estimating activation energies, the first might be
of the order of 10 kecal or less, while the second might.
be 20 keal or more. It also appears that sterie or
entropy requirements should favor the first reaction.
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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 u band of COs at a temperature of 1200°K. A simple 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. Ex-
perimental emissivities were obtained by heating CO, 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 experimental difficulties in studying infra-
red emission from flames and exhaust gases are
mostly due to temperature gradients and local
inhomogeneities which occur in the gases. In
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,?
CO,* and H,0,® 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
a single band and this results in a rather compli-
cated dependence of the emitted radiation on
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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 invented®’ 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, ete. 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. It will be shown that the
“statistical” model may be applied to the 4.3 u
band of CO, at a temperature of 1200°K. As a
result the absorption of CO, at 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 existing band model
theories for the representation of molecular
band absorption has been given by Plass.®” The
caleulations presented by Plass expressed the
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 at 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. In what follows we shall
describe a somewhat different method of pre-
senting the data using at 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 deseribed by Plass we
shall discuss only the statistical model, since this
model is often appropriate at high temperatures,
when very large numbers of lines contribute to a
given band.

According to Mayer® and Goody® 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 ecm™. If the number of lines is
allowed to approach infinity, while keeping the
line spacing constant, the statistical model gives
a simple expression for the mean fractional ab-
sorption A, at the center of the band:

A, =1~ exp [-Wa/d] (D)

where
WalS, 70,0 = [ WalS,% 0,0 (5, $)ds
0

Here W, is the average value of the equivalent
width W; over the distribution of line strengths,
8§ is the integrated intensity of a line, v the semi-
half-width of the line, p the pressure of the ab-
sorbing gas (assuming a pure gas), and ! the ab-
sorbing path length. P(S, S)dS is the probability
that a line has an integrated intensity between S
and S + d&S. S indicates a mean line intensity
which occurs in the intensity distribution func-
tion P(S, S). It should be noted that A, repre-
sents the fractional absorption at 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 A4,, 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 4 is small compared to the spectral slit
width, the observed value of A, will approach

A, very closely. In an actual experiment this 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 be applied to
spectral measurements the independence of A,
of the slit width has to be established.

For an observed disordered band we may calcu-
late A, at any frequency (i.e., not only at the
center of the band) by assuming that this fre-
quency is at the center of an infinite disordered
band of given P(S, S). By varying 8 with fre-
quency we may calculate 4, for each frequency
in the band with the help of Eq. (1). It is seen
that W, and d are in this case frequency depend-
ent ,quantities. We shall indicate all frequency
dependent quantities by a subscript ».

For Lorentz lines we havel

Wep= Wa= / [1— exp (—k,pl)]dv
o

= 2myf(x)
with
f(z) = zexp (—x)[Lo(z) + I(2)]

where %, is the spectral absorption coefficient
and [y and I are the Bessel functions of imaginary
argument. The dimensionless parameter z is
given by

x = SI/2xy

If a pure gas is used W, depends linearly on
pressure and we may write

Wsl,y = I/Vsl,VO P

where Wy;,° is the equivalent width per unit
pressure. From the definition of Wy it follows
that we may also write

I’Vsz,v = H_fsl,»o P
and Eq. (1) now becomes
A, =1—exp[—(Wa,/d)p]  (2)
It follows from Eq. (2) that
—~In(1—A4,)/p= We,b/d,

Since W;,,0 and d, are independent 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 law'

A, = 1— exp [—kpl]
also results in a similar linear plot for

—In(1— 4,)
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against p. In the latter case, however, the value
of k, is independent of the path length 1. In the
case of the statistical model on the other hand
the dependence of W, ,%/d, on I is quite pro-
nounced and it is this departure from Lambert—
Beer’s law which makes it possible to distinguish
between the various absorption laws which
govern the absorption of molecular bands.

Without much loss of generality® we shall as-
sume that the probability function P(S, S) is
given by P(S, S) = 6(8 — 8), where 6 denotes
the Dirac delta function. In this case all lines are
equally intense and we have W, = Wy,.
Equation (2) becomes

fIy = ] ~ exp |:—‘ (Wsl,vo/dv)p] (3)

The dependence of W,,,° on optical path length
is given by the well-known curves of growth.!®
It is interesting to note that according to Eq. (3)
the absorption at a given frequency is determined
by W,.'/d,, which assumes the role of a spectral
absorption coeflicient 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 [
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 ,° is deter-
mined by two parameters only (S0 and %9,
defined respectively by the relations 8,0 = S,/p
and v,0 = +,/p) the fractional absorption 4, is
seen to be fully determined by the parameters
8,%/d, and «,%/d,, which may be read off the
curve of growth.

The following procedure is found useful in
determining the basic parameters §,%/d, and
v,%/d,. 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 W;,,%/d, 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 Wy,,%/d,
for each selected frequency are plotted against {
on a log-log scale. By fitting these plots to a
graph of the curve of growth in the usual manner,
values of 8,%/d, and v,%/d, are obtained. It is also
possible to derive the quotient of these two
parameters from the position of the curve and to
obtain z,/l which is more convenient to use in
practical calculations:

2/l = 8,°/2mry,0

Once the above quantities have been established
experimentally, the value of 4, can be predicted
for any value of pressure and optical path.

The values of z,/! and v,°/d, may also be used
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to predict the fractional absorption of gas mix-
tures, provided v,° is corrected to include the
effect of foreign gas broadening. In caleulating
z,/1 it should be noted that for a gas mixture

z' = (p/ps)xs

where p and p, are the partial and total pressure
respectively. In computing W, 0 for gas mixtures
2’ has to be substituted for z.

Application to the »; Fundamental of CO,

As an example of the foregoing considerations
we have measured and analyzed the 4.3 u band
of CO; at a temperature of 1200°K. This band
which is centered at 2349 cm™, has recently been
studied extensively at temperatures of 1200°K
and higher. In these studies the gas was heated
in a number of ways: by placing it in a fur-
nace,> 123 by heating it in a shock tube, and
by observing it in the exhaust jet of a supersonic
burner.? Apart from these experimental studies
Plass!® 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 repre-
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 CO. 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 CO, disappeared. A Perkin-Elmer Model
12G infrared spectrometer was employed to
record the spectra, using a spectral slit width of
2-3 em™. A more detailed account of the experi-
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 1"

The recorded spectra were analyzed in the
following way. From each absorption curve the
pressure independent quantity — In (1 — A4,)/p
was derived for a selected number of frequencies,
and plotted against ». In most cases the values of
Wa.,Y/d, for a given frequency coincided within
#+59,, 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
from the five cell lengths employed.

The frequency range over which the absorp-
tion occurred extended between 2200-2400 em™.
About 20 different frequencies were selected in
this range and curves of growth were constructed
by plotting log W,,.%/d, against log I. With a
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few exceptions the points could be fitted to the
Ladenburg-Reiche curve. Values of z,/l and
2my,3/d, were read off the curves and plotted
against frequency. The resulting curves are shown
in Fig. 1.

Assuming the validity of the statistical model
the spectral fractional absorption 4, 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 I the curve of 2,/1 determines the
value of z,. The tabulated values of f(z)% may
then be used to obtain f(x,), which, after multi-
plication by (27v,%) /d,, produces W, s1.,%/d,. The
desired value of the pressure is then inserted in
Bg. (3) and A, is calculated.

FREQUENCY {cm™')

Fia. 1. The frequency dependence of the parameters
z,/l and (27v,%)/d, for the 4.3 u band of CO, at a
temperature of 1200°K. The length is measured in
centimeters, v,° is measured in cm™ atm™ (at
1200°K), x, is dimensionless, and d, is given in units
of em™. The ordinate scale for (2rv,%)/d, is 10 times
larger than the corresponding scale for z,/I.

Comparison with Other Experimental Work

Most workers who measured CQO, absorption
or emission for the 4.3 u band at elevated tem-
peratures assumed the validity of Lambert—
Beer’s law. As was explained above Lambert—
Beer’s law predicts a linear dependence of

TABLE 1

Comparison of experimental results of &, obtained by different authors by the application of Lambert-Beer’s
law to the 4.3 » band of CO, at a temperature of 1200°K*

Path
Heating Temperature  length Broadening ky
Author method °K) (em) zas p/p: (em™tatm™1)

Tourin3 Furnace 1273 12.7 CO. 1.00 1.09

Steinberg and Shock tube 1230 7.62 N 0.05 2.9
Davies**
Ferriso? Supersonic 1200 3.12 Exhaust 0.13-0.26 2.6
burner gases

Babrovit Furnace 1273 12.7 N, 0.0293 2.7
0.0585 2.4
0.117 2.1

« All data are for a wavelength of 4.4 u.
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F16. 2. The curve of growth at 4.4 p for the 4.3 »

band of CO, at a temperature of 1200°K. Present

experimental results are indicated by crosses.

Circles represent measurements of other authors

(as indicated in the drawing). Data were taken
from Table 1.

— In (1 — A,) on pressure, and this dependence
was indeed found to hold by most authors. How-
ever, when a value of the spectral absorption
coefficient 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 u. 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 u band of CO, 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 at 4.4 u is shown in Fig. 2. We have also
calculated the values of W;,%/d, 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 Calculations

. by .
Plass®® has carried out machine calculations of
the emissivity of the »; fundamental of CO, at
temperatures between 1200°K and 2400°K. The
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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 at
various temperatures. Plass computed basic
curves of 8,%/d, and of (27v,98,%)/d,? in the fre-
quency range of interest. From these curves the
spectral emissivity was derived for a number of
values of the experimental parameters.

In order to compare our results with those of
Plass we have computed the quantity

(27"71/0 SPO) /dyz

and compared it with Plass’s results at 1200°K.
Another comparison was made between our
results for 8,%/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. H. TouriNn (Warner Swasey Company):
I should like to underscore 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 measurements made by various people on the
infrared absorption of hot CO, in the 4.3 u region.
We have been much concerned with these discrepan-
cies. 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 ecm. We found that plots of logarithm
reciprocal transmittance In (1/r) versus optical
depth pl are always straight lines through the origin
when the ratio of absorbing (infrared-active) gas in
a mixture to the total pressure is constant, but the
slopes of such straight-line plots depend upon both
pressure ratio and optical path. Hence a family of
curves, each a straight line through the origin, can
be obtained by varying either pressure ratio or
optical path as a parameter, for the same range of

values pl. We have done both experimentally.
Clearly the slopes of such plots are not unique ab-
sorption coefficients in the sense of the Beer-Lam-
bert law. Both types of variation—with pressure
ratio and optical-path length—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.’2 We have
also developed a graphical technique for predicting
CO. radiation, based on the same ‘“band-model”
approach used by Dr. Oppenheim.?
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The results of previous experimental work on extinction coefficients have been expressed in the

form Ky = k-N"%, 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 « corresponding to soot
layers deposited from a small laminar diffusion 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.
Extinction curves were obtained for each soot layer by means of an infrared spectrometer. The re-
sults are: (i) The variation of o with A may be approximated by ¢ + b In A in some cases, and by a
parabola in X in others; (ii) The “mean’ o for any soot [obtained as the slope of the best-fit straight
line to the results plotted in the form of graphs of In-In (J4/];) against In A] appears to be inde-
pendent of the mean soot particle size; (iil) o 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 « with A for any material at any temperature, pro-
vided that the optical properties of the material are known. The theory demonstrates that « is inde-
pendent of particle size. An illustrative calculation is carried out for baked electrode carbon at
2250°K. For this case: (i) o is approximately constant for wavelength in the visible spectrum; (ii)
a 18 given within 3% by the equation o = 0.906 + 0.283 In A for the range 1 p < X < 10 p; (iii) as
A~ 9, « 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 total emissivity with particle concentration may be found by nu-

merical integration.

Introduction

The solid carbon particles which are formed in
a flame as a result 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.

&
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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

It/Io = exp (—Kx- L) (1)

where I is the intensity of the beam after
traveling a distance L through the system of
particles, Ip is the intensity at L = 0, and K is
a constant depending upon the wavelength of
the radiation and having the dimensions of
reciprocal length. K, 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 Ky with wavelength. For small
particles (<600 A) at large wavelengths (>2 u)

by
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scattering can be ignored in comparison with
absorption and K, becomes the absorption
coefficient.

Rossler and Behrens® measured I, and Io for
soot layers of various thicknesses with radiation
in the visible spectrum and plotted their results
in the form of graphs of In-In (Iy/Iz) against
In N. The approximate linearity of the resulting
curves led them to the conclusion that

Ky « X (2)

o being the numerical value of the slope of the
straight lines. The value of @ was found to be
independent of layer thickness but dependent on
the fuel from which the soot was formed. Their
results indicated o values between 0.65 and 1.43.

Pepperhoff® carried out similar experiments
and also found @ to be a constant for soot from a
given fuel, independent of wavelength, in the
visible spectrum. He suggested that the dif-
ference in « values for various soots was due to
the differences in the particle diameters of the
soots produced from various fuels. His results
indicated that o reached a maximum of 2 at a
particle diameter of 100 mu and that the «
versus diameter curve was symmetrical about
that point, falling to o = 0 at 200 mg.

Naeser and Pepperhoff,* and Pepperhoff and
Bahr® extended this work to include radiation in
the infrared region and found that whilst a
constant o value was satisfactory in the visible
spectrum, a better approximation to the results
in the infrared region was given by e = a —
b In A e and b being determined from the
experimental results.

The above results can be summarized in the
form: (i), « is independent of wavelength in the
visible spectrum; (ii), @ = ¢ — b In A in the
infrared region; (iii), & 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 @ 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 « 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 o

Values of « have been found from experimental
measurements on soot layers. Each soot layer
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was produced by holding an optically ground
rock salt disc in a small laminar diffusion flame.
The fuels used in the flame were selected to
produce soot of various particle diameters and
C/H 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 extinetion 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 o on Wavelength. A representative
value of o for any run can be obtained by plotting
In-In (I,/15) versus In X and fitting the “best-fit”
straight line. The slope of this line gives a
“mean’” value of o. Some of the experimental
results subjected to this treatment are shown in
Fig. 1. The corresponding mean « values are
given in Table 1. It can be seen from Fig. 1 that
the results exhibit approximate linearity over
short wavelength ranges. The marked S-shape of
the curves when viewed over the whole wave-
length range considered suggests considerable
variation of & with A and that the use of the mean
a values may give misleading results. Therefore,
the experimental results were used to find indi-
vidual o values for each of the experimental
points. Equations (1) and (2) ean be combined
in the form

It/Iy = exp (—k-x—2-L) (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

_ [In-In (Zo/I2) e — In-In [To/1,]
«= ;n A (4)

This equation has been used to find the variation
of & with A for each of the sets of results shown in
Fig. 1. In each case [In-In (Zo/71) Jh—1 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 + b In A,
where ¢ and b are positive constants. Linear
variation of & with In A can only be used for short
wavelength ranges for the curves of Fig. 3. A
parabolic representation would be necessary to
describe the variation over the whole of the range
considered. It can be seen from Figs. 2 and 3
that the measured « values lie between 0.65 and
1.65.

Dependence of “Mean” o on Particle Size. Soot
particle sizes were measured by means of an
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EMISSIVITY OF LUMINOUS FLAMES

TABLE 1

Mean « values corresponding to Fig. 1

Source of soot, Mean «
Amyl acetate 1 0.89
Amyl acetate 2 1.04
Avtur kerosine 0.77
Benzene 1 0.94

2 0.95
Candle 0.93
Furnace samples 1 0.96
2 1.14
3 1.25
Petrotherm 1.06
Propane 1.00

electron microscope and a mean particle size
estimated for each soot sample from the measured
diameters of a large number of particles (using
micrographs of some 350,000 times magnifica-
tion). In each case the size distributions were
very similar and the particle sizes, except for
soots from towns gas and methane, were gen-
erally found to be of the order of 400-600 A. In
contrast to the results of Naeser and Pepperhoff,*
there appeared to be no definite correlation
between « and the mean particle diameter. It
should however be stressed that the range of
measured mean diameters was small and the
demonstrated lack of correlation is therefore far
from conclusive.

105

Dependence of “Mean” « on the Carbon-to-Hydro-
gen Ratio of the Soot. As the experimental results
suggest that the mean « 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 each soot was
determined by burning the carbon to CO, and
the hydrogen to H,0. No accurate micro-
apparatus was available for the CO; and H,0
determinations but nevertheless the results as
shown in Fig. 4 indicate a definite correlation
between the mean « and the C/H ratio. Millikan®
working simultaneously and independently has
obtained similar results but with less scatter.

As neither the new nor the previous experi-
mental work on extinction coefficients produces
sufficiently conclusive results to permit the
accurate prediction of o values (and thereby the
prediction of monochromatic emissivity) for
different materials and conditions an attempt
has been made to provide a theoretical basis for
the calculation of « for any given material under
specified conditions. This is described in the next
section.

Theoretical Determination of «

On the basis of the Mie theory Hawksley”
showed that the extinetion of radiation by a small
absorbing sphere is given by the expression

g o AT neny
A Lnd A+ wine®)? + 4’ + 1) ]
(5)
O AMYL ACETATE SOOT O AMYL ACETATE SOOT
0 BENZENE SOOT A PETROTHERM $0OT
||
8 9 10

A

F1c. 2. Experimental values of o plotted against A (log scale) for cases in
which « varies approximately linearly with In A

21
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0.7 I 11
1 2 3 4 5 6 7 8 910
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1.6 .
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O FURNACE SAMPLE 100% OIL

Fie. 3. Experimental values of « plotted against A for cases in which a does
not vary linearly with In A,
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ﬁ PETROTHERM SOOT
O AVTUR KEROSINE S00T
13 { GAS OIL 5. SOOT

L\ AMYL ACETATE SOOT
1.2 O GAS OIL D. SOOT
: ( BENZENE SOOT
09
| 1S [ S—
T e
[+3
1.0 o
]
0.9 f—— o
A
1.0 2.0 3.0 4.0

- MOLEC. RATIO —

Fig. 4. Experimental values of mean « plotted
against the C/H ratio of the soot.

if wx/A << 1, where x is the particle diameter,
and n; and 7, are related to the complex refractive
index (m) of the particle by means of the equation

(6)

m and mp depend upon the wavelength of the
incident radiation, the material of the sphere,
and the temperature of the sphere. The deter-
mination of ny and n, 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

242
A

m = m(l — iny)

E= “f(nd, n2) = 24.1,.93,17;)\)

(7)
For a flame or soot layer containing particles of
uniform size the extinction coefficient can be

related to the extinction of a single particle by
means of the equation

Ky= 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 (= wa?/4) is the
projected area of a single particle. Combination
of Eqgs. (7) and (8) leads to the result
Ky = 36-m-c-[F(\)/\] (9)
where ¢ is the average volume of particles per
unit volume of the cloud [= (N-w-2%)/6 in this
case .
When particles of nonuniform size are present
Eq. (8) must be modified. Suppose in this case
that g(x) is the fraction of the total number of
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particles with diameter less than or equal to .
The average number of particles per unit volume
with diameter between z and (x 4 dx) is then
N-¢'(z)+dz, and the contribution to the extinc-
tion coefficient by these particles is B-N-¢'(x) -
da-1r- (22/4). In this case the extinction coefficient
is therefore given by the equation

K,\:/ mE-N-g'(x)wr-‘Z——‘-dx (10)
=0

The average volume of particles per unit volume

of cloud is

c= =N / _m:ﬁ-g'(x)-dx (11)
6 =0

Combination of Eqs. (7), (10), and (11) finally

leads to the result

Ky = 36m-c-[F(\)/A]

which is identical with the result for particles of
uniform size.

The empirical form for the extinction coefficient
suggested by experimental work is

Ky = kX ( 12)
Equations (9) and (12) can be equated to give
a theoretical equation for a. From Egs. (9) and

(12)
Bex— = 36mc-[F(\)/N] (13)

The two unknowns in this equation are &k and «.
When A = 1, Eq. (13) simplifies to give

k= 36-m-c-F(1) (14)
1.05 |
1.00 |
|
0.95 |—
0.90 S S (U R R

0.4 0.6 08 1.0 1.2 1.4 1.6
A (MICRONS ) -

Fic. 5. Calculated variation of « with A for baked
electrode carbon at 2250°K.
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Fra. 6. Caleulated variation of o with In A, together

with best-fit straight line—illustrating linear varia-

tion of « withIn Afor 1 w < A < 10 u for the case in
question.

Substituting from Eq. (14) into Eq. (13) and
rearranging finally leads to the following ex-
pression for «

From this equation it follows that « depends
solely on the material and temperature of the
particles, and the wavelength of the incident
radiation. It is-absolutely independent of particle
size. Equation (15) has been used to calculate
the variation of a« with M\ for the specific case
under consideration. The result is shown in
Figs. 5 and 6. For this case the following con-
clusions can be drawn: (i), e is approximately
constant in the visible spectrum; (i), a varies
approximately linearly with In A over the range
1w < N < 10 u. The best-fit straight line is
superimposed on the calculated curve in Fig. 6.
This variation is similar to the experimental
results of Fig. 3 in that « increases linearly with
In A in the infrared region, i.e., « = a - b In A,
not « = a — b In A. Inspection of the formulas
used to calculate o shows that
lima = 2.
A0

This result is true whatever the particular optical
constants used in the calculation of n; and n..

The method of caleulation described in this
section can be used to draw up an o~ versus
A-curve for any material at any temperature
provided the optical properties necessary for the
caleulation of n; and ns are known.

Determination 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
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contribute to the incident radiation, then the
monochromatic emissivity (e\), if assumed equal
to its absorptivity, may be defined by means of
the equation

[N (]o“ ]L)/[o (16)
Substitution from Eq. (1) leads to the result
a=1—exp (—KyL) 7

Two possible forms of Ky are given by Eaqs. (9)
and (12). The corresponding equations for e, are

e = 1—exp {—36mc L-[FIN)/A\]} (18)
and
e = 1— exp {—[36xF (1) J-c-L-Nx"} (19)

Equation (18) has been used to calculate the
variation of ex with A for baked electrode carbon
at 2250°K. To avoid the necessity for drawing a
series of curves corresponding to various values
of ¢L, Eq. (18) may be rearranged in the form

~cL _ A
In(1— &) 36xrF(\)

This equation is used to draw up a curve of
—cL/In (1 — &) against A, which is shown in
Fig. 7. For given values of A and ¢L the value of
ex may be found. It is possible to draw up similar
curves for other materials at other temperatures.
This method of calculation of en needs only
values of ¢ and not size distributions as used by
Stull and Plass.® In fact the results of Stull and
Plass could have been correlated with ¢I irre-
spective of the distribution of sizes chosen.
Equation (18) can be used to calculate the

(20)

-cL
logoll-€))
=
T

)
T

nNoo
I

I I A |
2 4 6 8 10 12 14 16
A (MICRONS) ——s=

j E—

Fic. 7. Calculated variation of —cL/logw(l — &)
with X for baked electrode carbon at 2250°K.
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variation of total emissivity (e) of a cloud with
¢L by making use of the relationship

| e
/ W - en- M

€= Wa heo (21)
where Wi, is the monochromatic emissive power
of a black body at wavelength A, and Wx the
total emissive power of a black body. Numerical
integration of Eq. (21), with e\ found from Eq.
(18), permits the calculation of the curve of e
versus ¢l.. 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
must be accounted for in calculating an over-all
emissivity for the cloud. If ez is the emissivity of
the suspending medium then the total over-all
emissivity (er) is given by the equation

er = e+ eg(1 — €)

where e is found from Eq. (21).

(22)

Conclusions

Previous experimental work on the determina-
tion of extinction coefficients has led to empirical
equations of the form Ky = k-N"* 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
but simple form for the variation of o with A\
which will be true for all materials. In some cases
the results may be represented approximately by
an equation of the form « = a + b In A\, whereas
in other cases it would be necessary to use a
general polynomial (a quadratic may be satis-
factory) of theforma = a + b\ 4+ eX2+ «+-. In
these cases the form a == b In A could be used
over short wavelength ranges of the order of
1 — 2 u without any serious error.

(i) Mean « 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 @ (and hence e) for any given set of
conditions leads to a curve of « against A 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 ex-
pression & = a -+ b In A satisfactorily represents
the variation of a with A over the range 1 u <
A < 10 p, for the case considered. Consideration
of the method of calculation leads to the conclu-
sion that an absolute maximum for « is 2.

The theoretical method permits the drawing
up of a single curve representing the variation of
the monochromatic emissivity of a cloud of
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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
cL curves for different materials under different
conditions.

Appendix : Determination of F(\)

Stull and Plass® derived relationships for m
and ms based upon the experimental measure-
ments of Senftleben and Benedict® The general
forms of these relationships are

nj(wo — o)
mey 7 (w0 — &) + o'y

o2

n? — mfn? = 1+

e N

- —'—“T 23
megp (wQ + gf) ( )
and
e Njrw*g;
2 2 9 = M ! ENE]
T e G (o — &)+ g
c” ncgc (24)

7;L:0 w(g62 + 0-’2)

where 7, = number of conduction electrons/unit
volume; g. = damping constant for conduction
electrons; n; = number of bound electrons in jth
state/unit volume; wo; = natural frequency of
jth state; g; = damping constant for jth state;
e = charge on electron; m = mass of electron;
e = electric inductive capacity in vacuum;
@ = 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 apply to baked
electrode carbon at a temperature of 2250°K. If
the constants are found for other materials at
other temperatures then Egs. (23) and (24) can
be used to calculate the variation of n; and 7
with A. The method of manipulation of these
equations is illustrated below. If Egs. (23) and
(24) are written in the form

n? — mng® = 6(w) <25)
27112712 = d)(w) (26)

then manipulation finally leads to the following
equations for n; and ng

o7
G, (27)

ny =
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and

0(w)

0(w) T
Ny = -—|+1—- =%
: \/ [¢<w>] )
These equations have been used to draw up
curves of 7y and ne against X for baked electrode
carbon at 2250°K. .-

The function F(A) was defined in the text by
means of the equation

(28)

’I’L12'n2

I:(nl2 + nfnzz)z -+ 4('”12 — n'ns’ + 1)]
(29)

F(\) =

The calculated values of n; and ny are then used
to draw up the curve of F(\) against \.

HIGH TEMPERATURE SPECTROSCOPY
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Discussion

N

Dr:. R. C. MLLikaN (General Electric Research
Laboratory): The conclusion that particle size
(within limits) does not determine the a-value of a
soot deposit is in agreement with our own study in
the visible and UV region. It can be added that
a-values measured in sifu agree with those meas-
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

4 &
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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 respeet to
its a-value, and any properties related thereto. The
carbon-hydrogen ratio of the soot appears to be
one such related property.



ORIGINAL PAGE IS
OF POOR QUALITY

THE THERMAL RADIATiON THEORY FOR PLANE FLAME
PROPAGATION IN COAL DUST CLOUDS

A
/ ‘25// 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 (implying finite ignition time or distance).

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 decouples 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 be 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-
Iytical 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
flames, (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 flame speed is
determined by the “rate of ignition”’—the rate at
which the unburned fuel-air mixture ahead of the
flame is raised to its “ignition temperature” by
heat transferred to it from the flame. The possible
mechanisms of heat transfer are, of course, con-
duction, convection, and radiation, but the pre-
dominating mode of transfer in dust flames ap-
pears to be determined largely by the flame
category. Calculations indicate that conduction
is relatively unimportant in all three flame types,
being largely swamped in most cases by either
convection and/or radiation. Convection is im-
portant or dominant in the enclosed jet and ex-
plosion flames (types 2 and 3) : In the jet flame it
ig the forced convection of recirculation generated
by jet entrainment; in the moving explosion flame
it 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.
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The radiation theory for propagation of plane
flames in dust clouds was originated by Nusselt.!
With modifications (cf. Traustel?) it has now
been in existence for nearly 40 years, but its ex-
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 turbulent-explosion
type. As the flame speeds in these convecting
systems were generally in the region of 10 m/sec
or more, unless the experimental system was very
small (ignition distance less than 10 cm), they
were something like an order of magnitude greater
than the expected values as predicted by the
plane flame theory; the factor of disagreement
was therefore high and its source was obscure.
Only in the last decade have experimental systems
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 analysis.
The analysis has already been checked, tenta-
tively but satisfactorily, against experimental
measurements in one of the plane flame furnaces;
these data are to be published in due course.

This extended analysis takes into account both
a finite preignition zone and a finite temperature
difference between the dust particles and air;




ORIGINAL PAGE IS
OF POOR QUALITY

112

this also introduces the previously unknown in-
fluence of ignition time on the value of that op-
timum dust concentration at which the peak
flame speed is generated. The number of assump-
tions on which the analysis is based is still con-
siderable; the intention is to eliminate these
progressively in due course by the use of fast
caleulators, but only as and when the closer
approximations are justified by higher experi-
mental accuracy in the flame speed and associated
measurements.

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 z planes at any z; though burning in the
negative z direction, the flame is assumed to be
maintained stationary at the origin 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 at
initial velocity, temperature, and dust concen-
tration, respectively: vy, T, and Do. The burners
are assumed to be water-cooled so that it may
also be assumed that any thermal flux reaching
the plane of the burners is then absorbed by the
water cooling and not by the cloud inside the
burners. The burners are located at a distance L;
up stream (negative 2) 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, ¢;. Both these param-

LOCATION OF THE
PLANE OF THE

HIGH TEMPERATURE SPECTROSCOPY

eters change with variation in other conditions
so that, to preserve the flame front at the origin,
which is convenient mathematically, the axes
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 ex-
pand 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 tem-
perature T, to T,. The element is heated by a
thermal flux that enters at intensity I and leaves
at intensity (I — 8I); 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 7 =n(Te/To) (la)
cloud velocity v=1y(Ty/To) (1b)
dust density D= Dy(Ty/T,) (lc)
air density p=po(To/Ts) (1d)

It is assumed here that net relative motion be-
tween the particles and the dust can be neglected.
In the analysis to follow, a number of other

RADIATION
INTENSITY
|

LOCATION OF THE
PLANE OF THE

2 BURNER PORTS FLAME FRONT
= . ("§'_l_| |
L CLOUD VELOCITY V, TEMPERATURE
< —»l
¥ CLOUD DENSITY D, : v 1 TEMPERATURE T
& AIR DENSITY p ! i
] CLOUD : : T FLAME
o .
j AT MEAN
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'i T4°K
= TEMPERATURE
z OF AMBIENT
GAS T
g
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Fre. 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 Ap-
pendix 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 aceount 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 7 is 7 so, for an
attenuation coefficient &, we have

al/dz = +kI (2a)

All quantities are positive in this equation since
I decays in the negative = direction. The absorp-~
tion coefficient & may be related to the particle
size (of radius a), and to particle density (by
number ng); we assume that the fractional ab-
sorption of monotropic radiation passing through
a very thin element 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

(3a)
(3b)

where D is the dust cloud concentration; this is
related to the solid particle density ¢ by

= (4/3)wd’ony (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 establish 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.

= ra’ng

= 3D/4ac

Particle-Gas Conduction. For a particle at tem-
perature Tq surrounded by gas at a temperature
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T, the total rate of heat transfer in a quiescent
system (Nusselt number 2) is

g = dwra®\(T9 — Ts)/a (5)

where N\ 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 and gas.

Since there are n particles exchanging heat
with unit gas volume at density p and constant
pressure specific heat ¢,, then

ATy/dt = (4manN/pey) (Ta — To)  (6a)
= (4nNfape,) (Ta— Ts)  (6b)

the second form being obtained by elimination of
n. This statement neglects the heat capacity of
the boundary layer, thus introducing assurption
(7) (Appendix). Eq. (6b) is Nusselts original
equation for the temperature rise of the gas, and
it incorporates 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 §7. This raises
both the particles temperature and the gas tem-
perature by small but different increments. By a
simple heat balance between the absorbed radia-
tion and the temperature rises of the two compo-
nents, we then get

dl/dz = Dea(dTo/dt) + pey(dTe/dt)
= kI from Eq. (2a)

(7a)
(7b)

Time Functions. The differential equations above
are g 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/dr = (d/dt) (dt/dz) = (1/v)(d/dt) (8)
whence Eq. {(2a) becomes

dr/dt = (ko) - I (2a)

=m- I (2b)

where m is the time-attenuation coefficient, given

by
m = kv = 3Dwy/4ac (9)

derived by substitution and rearrangement from
Tigs. (3b) and (1). Hence, m is a constant, inde-
pendent of z and &.

Similarly, Eqs. (6b) and (7) become

aT./dt = (dmajav) (Ta— T.)  (6¢)

e
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where « is the thermal diffusivity (M/pecp), and
Eq. (7) becomes

(m/w) « I = (Dica) (dTa/dt) + (oocp) (ATe/dt)
(7c)

Solutions

Radiation Attenuation. Because the time-attenua-
tion coefficient m is independent of space and
time, Eq. (2¢) may now be integrated inde-
pendently. Taking limits: /] = [ at ¢t = {; and
I = Jratt= 0 we get

I = Iemt (10)

Since ¢ is inherently negative by formulation of
the problem, the equation shows that the radia-
tion intensity therefore deeays 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 approximate to
an exponential 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 (6¢) and (7¢). Writing

dma/avy = K (11)
and substituting for 7 in Eq. (7¢) we have
AT, dt = K(Ty — Ty (6d)
and
(m/vo) I = Dycp(dTa/dt) + (dTy/dt) (pocy)
(7d)

The solutions to these equations may be written

HIGH TEMPERATURE SPECTROSCOPY

limits taken were:

att=1;; Tq= Ty= Ty

att=1;, Ta=Tq; Te= Ty
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 (# == o) 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: (1) that
T4 = T, as a consequence of the heat transfer
between particles and gas being assumed infinitely
fast; (2) that 7T, 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 logs 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

I (e — o) = (et = )t s(n/m)[1 — n/KY/[L + m/KD)

Td—'T0=

w[ Doca + pocp/ (1 + m/K) ]

]f[(emt _— emt i) — (e—nt — —nti> e(m—f—n)t;(m/n)]

Tg_ To'—‘

where the coefficients m and K are given by Egs.
(9) and (11); and
n = (1 pocp/Doca) (3aDo/ o) (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
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LU e
(Y

vo{ Doca[ 1 + m/K] + pocp}

(12a, b)

cloud, and to the container walls. If the cold
cloud is now blown forward at 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 Nusselt! as the hot
cloud speed at 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 solutions of heat transfer equations.

A. Infinste system (& = =)

(1) Ty= T, Infinite heat transfer rate from dust to air

]femt

T— Ty= Dot poy] (14a)
(2) T, constant
(a) Heat transfer from dust to air assumed zero; no air heats up
Ty — To = I /vDocy (15a)

{b) Heat capacity of air assumed infinite
Ta— To= Ifemt/UOEDOCd + P()cp/(m/K):l <163')
(8) Ty~ T, No special assumptions made

]femt
Ta— To= 17
d 0 Uo[DQCd + p()Cp/(l + m/K):I ( a>
mi
Ty~ Ty = Lie (17b)

1)0[Docd(l + m / I() + pocp:l

B. Finile system

(1) Ty = T, Infinite heat transfer rate from dust to air
(pmt . gmi;
T— Tp)= W (14b)
(2) T, constant
(a) Heat transfer from dust to air assumed zero; no air heats up
Tq — Ty = Ii(e™ — &™) /uyDyca (15b)
(b) Heat capacity of air assumed infinite
1L — o) = (e = )]
w[ Doca + pocy/ (m/K) ]

(3) Ty T, No special assumptions made

Tq— To= (16b)

General solutions: Egs. (12a, b)

than the flame speed because it has to match the have

velocity of the cold cloud speed plus the addi-

tional effect of the thermal expansion towards the Ii(1 — etmti)

flame. (Tl — To) {D()(,'d + pocp/[l '+' ’/II/K:]}
At the flame front the particle temperature

has just reached the ignition temperature T, so

writing s as the flame speed in place of the cold X [1 +

cloud speed vy, and rearranging Eq. (12a) we

(1 —e™i)[1— n/Klm
(1 — emiy[1+ m/K:]n} (18)

B A, |
ta1
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TABLE 2
Special solutions of flame speed equations
A. Infinite system (t; = )
(1) Tq= T, Infinite heat transfer rate from dust to air
Sy = Ic/( Ti —_ T()) (Docd + pocp) (19&)
(2) T, constant
(a) Heat transfer from dust to air assumed zero; no air heats up
Sp = If/( Ti - To) (Docd) (203,)
(b) Heat capacity of air assumed infinite
so = It/(Ts — To)[Doca + pocp/(m/K) ] (21a)
(3) Ty T, No special assumptions made
Sp = If/(Tl — To) [D()Cd + pon/(]. + 771/[{)] (22)
B. Finate system
(1) Tq= T, Infinite heat transfer rate from dust to air
I f(]. — e"”i)
§ = 19b
(Ts — To) (Doca + pocp) (19b)
(2) Tg, constant
(a) Heat transfer from dust to air assumed zero; no air heats up
8§ = If(l - e’"‘i)/(T; — To) DoCd (20b)
(b) Heat capacity of air assumed infinite
—_— ity — — gnty

(T; — To) [:DOCd -+ POCP/(m/K)]

(3) Tq# T, No special assumptions made

General solutions: Eq. (18)

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 at infinite ¢; are written
as S

Discussion

Experimental Background. Before discussing the
consequences of the flame speed equations some
brief outline of the experimental devices used to
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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 White* 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 copy® 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® and the flame
speeds were in the range: 0.35 to 1.1 m/sec. As
the vertical containing tube was Pyrex of only
3-inch diameter, the lateral heat loss possibly
represented a substantial thermal load on the
flame; the system has thercfore 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 objection was largely satisfied
in the next system developed; this was the furnaece
used to get the data (to be reported in due
course) against which the theory in this paper is
being tested. The furnace was of refractory in-
sulating brick, about 9 ft 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 at the cone apex. The design of this
system was based explicitly on the horizontal
cone-furnace used by Taffanel and Durr’ for
flame speed measurements; this cone method for
flame speeds was first proposed by Gouy,? and
early users included Michelson® and Mache.!
This furnace also served in effect as the prototype
for the larger one-dimensional flame furnace al-
ready reported in the literature. 213 One other
plane flame system exists: the stationary flame
device built by Cassel et al?® using a Mache-
Hebra burner; the flame length in this is about
10 ¢m (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.!12/13

Influence of Particle-Gas Temperature Difference.
It is clear from Tables 1 and 2, with Egs. (12)
and (18), 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 temperature difference
carries two physical implications: firstly, the
implied assumption that the volatiles still ignite
at 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.

In fact it seems unlikely that the volatiles will
always ignite at the moment of evolution, but
the impression from photographic and other
evidence®! is that, when the volatiles are 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,
1s a point that we hope to test experimentally in
a current experimental project.
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The magnitude of the temperature difference
effect is of interest. This may be deduced from a
thermal capacity factor 8 given from Eq. (12a)
by

B8

If

1/(1 + m/K) (23a)
1/(1 + avy/4a) [from Eq. (11)] (23b)

The value of this factor lies between 0 and 1.
These limits are obtained at the extreme values
of (1) either the input speed uy (i.e., the flame
speed) at infinity and zero, or, (2) at values of
thermal diffusivity (o) at zero and infinity. The
direct physical meaning of this capacity factor 8
is that it represents the fractional heat input
into the air as a consequence of this only heating
up to the gas temperature T instead of to the
particle temperature, T4. As a net, or effective,
physical meaning it can also be looked at in two
other ways: (i) it is as though all the air heats up
to the particle temperature Ty, but its effective
heat capacity is only a fraction § that of its true
value; or (ii) it is as though only the fraction of
air, 8, heats up to T, though that fraction then
exerts its true heat capacity.

Values of 8 have been calculated to get an
order of magnitude. For particles of 25 and 5
microns radius, taking v as 1 m/see, and « as
0.25, the respective values for 8 were 0.8 and
0.95. This means in effect that respectively 80
per eent and 95 per cent of the air is heated to
the particle temperature; or alternatively that
all the air is so heated, but having reduced 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, at
least at a first approximation. It follows also
that the additional terms involving exp (—nt)
in the temperature and flame speed expressions
can also be neglected within the same limits of
accuracy, as we shall do in the remaining sections.

f

Flame Position. The flame has been assumed to
stabilize at the plane where the burning velocity
and the (hot) cloud speed at 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 approxima-
tions described in the previous section we may
use the simplified expression

- Ii(1 — gtmty)

(Ti - TO) (DOCd + POCp)
From this equation it is clear that, other things
being equal, the ignition time—unexpectedly—

is a dependent parameter that is determined
within certain limits by the independent param-
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(19b)

8§ = U
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eter v,. Increasing vy 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 vy and & is approxi-
mately a (1 — exp)—only approximately so be-
cause the decay parameter m is itself a function
of vy [Eq. (9)7].

It 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 (7T — T%) (Doca + pocyp) ; s0, for a given
fraction of radiant energy absorbed between the
flame front and burners [given by (1 — et™ti)],
it might seem intuitively that the ignition time
should be an invariant with input velocity, in-
stead of increasing as it does. The physical reason
for this increase seems to be as follows: assume
first that ¢; remains constant as vy 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 flux drops. For the
cloud then to absorb the necessary specific igni-
tlon 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
lower 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 ¢ we may expand the
exponential of Eq. (19b) to its first two terms
and, substituting then for m, we get

(t)r = (4ao/311) (Ti — To)[ea + ¢p(po/Ds) ]
(24)

which is independent of input velocity v. By Eq.
(19b) there is also a limiting input velocity to
give this limiting ignition time; so there must
also be, in that case, a low limit to the ignition
distance.

Two other important factors that affect igni-
tion distance are: cloud density Dp; and input
temperature T,. The effect of cloud density is
complex, and to determine its effect requires
detailed calculation from the equations because

137

HIGH TEMPERATURE SPECTROSCOPY

Dy 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 Ty or the preheat increases;
this also reduces (£;)1..

Ignition Time 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 at 1500°C and heated by this
flame to ignition at 300° above the input tem-
perature 7. From Eq. (24) the minimum igni-
tion time at 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 clouds®® are about 50
em/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 c¢m from the
burner. Cassel et al.® 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 prediet or interpret the
behavior of large ones (see also Appendix:
point 10).

This figure of 10 cm can now be compared with
the effective “infinite’” distance. Quite clearly, if
the exponential term of Iq. (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 at a stoichio-
metric concentration; for these, the “infinite”
ignition time is found to be 4 to 1 sec at 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 experi-
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. It 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,*'~% as methods of elucidating large
flame behavior (though such small flame studies
can, of course, have considerable intrinsic interest
and value of their own).

Flame Speed. The flame speed is given by the
general Eq. (18); 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

(25a)

where the limiting value sq is given by Eq. (19a)
(Table 2).

Now it has already been shown above (section
on Influence of Particle Gas Temperature Differ-
ence) that, of the parameters in this equation,
the dependent one is ¢;, and the independent one
(between two limits) is vy Because, therefore,
of the relation between vy 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 lame 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, s, varies with
cloud concentration, flame temperature, and in-
put temperature (7o), as shown by Eq. (19a).
The variation of sy with cloud concentration is of
hyperbolic form in the fuel-rich range from the
stoichiometrie 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 mechanism*—** (that is another part of
this general program) is directed partly towards
elucidation of this relationship. In general, how-
ever, we expect to find the peak flame tempera-
ture to exist at 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

v = 8 = g(1 — et™i)
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the proportional heat losses due to thermal 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 ex-
pansion factor in the cork dust flames® which
estimates the flame temperature, was sub-
stantially constant over a wide range of fuel-rich
concentrations. However, the net effect of con-
centration in general will probably be to steepen
the flame speed curve, as caleulated from a con-
stant flame temperature (constant I;), on either
side of the stoichiometric.

The influence of the third factor, input tem-
perature (7o) or preheat, is also self-evident. As
Ty rises, (Ti — T,) drops, and the flame speed
will rise; this has particular relevance, as will
be explained below, to stabilization of jet flames.

If the ignition time or distance is not either
infinite, or effectively so, flames can still be sta-
bilized at speeds below the value of the funda-
mental speed, sp. To see the qualitative effect of
reducing #; or L; it is convenient to introduce the
approximation of writing L; for (vet;). The at-
tenuation coefficient, m, which is a function of
9, may then be replaced by ko, where

ko = 3D0/4a0' (30)
This is independent of »g. We then have also
s = (1 — gthaly) (25b)

The variation of flame speed with dust concen-
tration is illustrated graphically in Fig. 2. These
values have been caleulated for two particle sizes,
5 and 25 microns radius (diameter 10 and 50
microns), assuming a radiation flux from a black
body flame at 1500°C. Of particular interest here,
of course, is the effect of different values of the
ignition distance. This figure shows that the ex-
ponential ignition-distance term creates a peak
in the flame speed curve which is displaced in the
fuel-rich direction, away from its expected posi-
tion at 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. In our experiments, the
peak appeared at a concentration of about 0.15
g/liter, which is about 1.5 times that of the
stoichiometric. In contrast, the moving cork-
dust flames® showed very flat peaks at 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 Ezxplosion Flames. By comparison with
the plane flames, the recirculating-jet and turbu-
lent-explosion flames are markedly more complex.
There is not even an approximate working solu-
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.3 . and emissivity as the flame, the radiant flux to the
Pl o em o FUNDAMENTAL™ FLAME dust cloud would only be doubled. By Eq. (18
100 |z <k SPEED CURVE (S,) Y v
- orE ° the flame speed also would only be doubled, but
g = é: as we require a factor of 10 or more, it is clear
A Z that the direct influence of the refractory on
a g:/& either the flame speed or flame stability is sm.all.
w60 | Gr a2 If, however, we assume that hot combustion
w | 5L g,/’\ products drawn back from the flame by recircula-
§ 0|33 Li=5am tion are mixed in with the incoming fuel jet, this
s 2o “preheat’” then in effect raises the initial tempera-
a1Le . R P
o L5 ) ) ) ) ) ture, To. If (77 — 7o) is initially 300°, then
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Fra. 2. Variation of flame speed with dust concen-

tration showing the influence of finite ignition dis-

tance (I:) 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, at 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 at 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,” 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 sections round the
burners to increase the radiation intensity; in

industrial plants this is usually referred to as -

“gnition” refractory. If, however, the burner is
surrounded by such refractory area that it
matches the flame area seen by the cloud (and
this would be a lot), then at the same temperature

raising 7o by 270° reduces the difference to 30°,
and by Eq. (18) this increases the lame speed
by a factor of 10. Now, if the mass of gas recycled
from the flame is at 1500°C, 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. By volume at flame temperature this would be
120 per cent of the fuel jet. Since measurements®
have now shown that the percentage recireulation
in the experimental 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 Beér'®
on the one-dimensional furnace. This furnace
was fitted with gas burners to inject a fully
burned stoichiometric mixture of towns gas and
air into the stabilizing cone, about half-way up
it; these burners were 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 at least a factor of 3.
The flame front was then observed to be sta-
bilized at 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 can
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 be important in very small jet
flames®® which in general could only he sta-
bilized in the presence of a continuous ignition
source such as a surrounding gas flame or elec-
trical heating of the furnace walls.

The most important factor in jet flames, how-
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ever, is the existence of the prevailing belief that
the peak flame speed in coal dust flames occurs
at a concentration 2 to 5 times that of the
stoichiometric. Almost certainly the origin of
this belief is based on the widely quoted set of
flame speed curves published by de Grey,” and
evidently interpretively derived from the dozen
or so experimental values obtained by Taffanel
and Durr’ {rom a single coal. The industrial
importance of this, if correct, is its value as the
basis of de Grey’s principles of burner design.?”
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 eriticized
by Orning.® Certainly our a priort expectations
would place the peak flame speed at a concen-~
tration close to that of the stoichiometric, as
found now in our plane flame experiments, and
as also implied in some explosion propagation
experiments.® 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, the
minimum ignition time as calculated from Eq.
(24) is reduced, by this effective preheat, from
200 millisec to about 10, which is about the value
measured in the IJmuiden furnaee? Limiting
input conditions for a horizontal burner are deter-
mined primarily by the minimum conveying
veloeity of about 60 ft/sec that must be exceeded
to keep the dust in suspension. It would seem
then that this may have created such ignition
conditions that the ignition time or distance was
low, and the consequence was that the expo-
nential factor of Eq. (25b) created 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-
digperse 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 coal decomposi-
tion temperature, is constant and independent
of the ambient conditions. The flame front is
agsumed to stabilize where the burning velocity
and the hot cloud speed are equal and opposite.

The conclusions of the analysis are that:

(1) Flame speed can be defined as the cold
cloud speed required to hold the flame stationary
at some suitable plane, and is identical to burning
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 is given by
the general Eq. (22) ; if heat transfer between the
particles and gas is fast it may be written approxi-
mately as

so = I+/(Ti — To) (Doca + pocp) (192)

(4) The fundamental flame speed is expected
to peak at the stoichiometric concentration; it
has a normal value of the order of 1 m/see; 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 a position from
the burners such that the ignition time or dis-
tance is finite. Ignition time and distance are
the dependent parameters, being related to the
independently controllable flame speed by

s = sp(1 — emti) (20a)

= (1 — efoli) (20b)

(6) As ignition time or distance is allowed to
drop so does the flame speed; and the position of
the flame speed peak (optimum econcentration)
moves progressively fuel-rich.

(7) Flame speed in enclosed jet flames is in-
creased as a consequence of ‘‘preheat” by the
recyeled combustion products; calculations based
on the effect of preheating indicate that this re-
circulation can increase the flame speed by at
least an order of magnitude (factor of 10 or
more). Recirculation then supplies 90 to 95 per
cent of the heat required for ignition. The 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 the
recirculating flow.

(8} Peak flame speeds in jet flames are usually
believed to oceur at high fuel-rich concentrations;
if this is true, as has yet to be confirmed experi-

. mentally, it is probably a consequence of fuel

injection speeds or recirculation preheats being
sueh as to create low ignition times, so that the
peak flame speed migrates into the fuel-rich
region.

%«s@,




Nomenclature

a Particle radius

Ca Specific heat of dust

Cp Constant pressure specific heat of
ambient gas

D Dust cloud concentration

1, I; Radiation intensity: at any z-plane;
and at the flame front

k, ko Radiation space attenuation coeffi-
cient: space variant; and invariant

K Convection coefficient parameter (=
dma/ avy)

L Ignition distance

L Flame length

m Radiation time-attenuation coeffi-
cient

Ng Numerical particle density (number
per unit volume)

n Convection attenuation coefficient

q Rate of heat transfer (cal per unit
area per unit time)

s, So Flame speed: dependent speed; fu-

damental speed
T, T4, Ty Temperature: any (general); of a

T, Tt dust particle; of the ambient gas;
of particle ignition; mean flame

¢ Time

ti, ()1 Ignition time; limiting ignition time

v, g Velocity of dust cloud: at any z-
plane; and at input

z Distance

« Thermal diffusivity (=N\/pcp)

8 Thermal eapacity factor

¢, € Emissivity: of the flame; and of a
unit element of the flame

7, Mo Volume of an element of the dust

cloud: at any z-plane; and at input

A Thermal conductivity of the ambient
gas

s Solid particle density

p; Po Alr density: at any z-plane; and at
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
largely academie.

We have assumed that:

(1) The dust is composed of spherical particles
of coal; this is the standard assumption! that
ignores shape factor.
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(2) There is no particle size distribution; in-
clusion of a size distribution must be considered
in due course but at 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-
tion! 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, it is quite amenable to nu-
merical solution by analog computer. The pro-
gram 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 (i.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 Kisligs® or in Long and Muwrray’s® analysis,
are now thought to have been demonstrated” as
inapplicable when considering high dust
concentrations.

(5) Local relative motion between individual
particles and the ambient gas (micromixing) 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 0.9985 over the entire inflammable
range this is acceptable.

(7) The thermal eapacity 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; it could
be significant but has never 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.

(8) 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 temperature is fixed, inde-
pendent of conditions; this again is a standard
assumption but one that has been strongly
criticized. For coals, however, it is our opinion
that the “ignition” temperature is the coal de-
composition temperature. The basis of this



PLANE FLAME PROPAGATION IN DUST CLOUDS 123

opinion is the evidence provided by the inter-
pretation of analyses of carbonized coals; these®
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 it 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 T, so the intensity
of the radiant heat flux, I¢, at the flame front is
given by

It = oTé

where the flame emissivity € is related to flame
length (Ly), and to specific mean emissivity of
an element of the flame (¢), by

€ =1— exp (—elLy)

This factor becomes important in flames less than
100 em thick®!%% 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 have
been set up for computer solution.
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Discussion

Dr. R. G. Siovaun (Sheffield University): The
solution to simultaneous differential Eqgs. (6d) and
(7d) was “obtained by inspection.”” This “‘solution
by inspection’ is, however, unnecessary and prone
to error and the method of analytical solution which
should have been used is shown below.

Equation (7d) can be integrated directly with
respect to time to give

DyCaTa + pocpTe = (Is/vo)em + A (1

where A i8 a constant of integration whose value is
to be determined directly from the boundary condi-
tions. The conditions chosen by the author are
Tq =Ty = Toati = ;. Substitution of these values
into Eq. (1) leads to the following value for 4

A = (DoCq + pocp)To — Ig/ve)emti (2)

Combination of Egs. (1) and (2) leads to a simple
relationship between T4, Ty, and ¢ which is about
impossible to obtain by combination of the two
solutions (12a, b) which are quoted in the paper.
This relationship is

DCo(Ta — Ts) + pocp{Tg — To)
= (It/Vo)(e™t — emi) (3)

This equation can be used to test the justification
of the assumption Ty = 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
(6d) and rearranging, the following simple first order
differential equation in T is obtained.

dT, K I¢
T, = — emt 4+ A 4
d + o7 Ducd[voe + :I ()
where
PoCyp
= K| — 1 5
b A( D + > (5)

Multiplying through by the integrating factor e#t
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and then integrating leads to the result

K [ 1
Doca | v (m + ¢)

where B is a constant of integration which is found
by substitution of the boundary conditions. The
resulting value of B is

K I A
B = ¢1JT___ L SR -
e [ Docd[vo«m ot ¢]f @

where A4 is given by Eq. (2). Substitution for A and
Binto Eq. (6) finally leads to the following equation
for Ty

T, = emt + ﬁ:;jl + Be#t (6)

K,
voDocalm + ¢)
+ (me/@)(m + ¢)i(e7dti — e7#)] (&)
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

KI;
vloca(m + n)

+ (me/n)m + n)tileTnt — e~nti)]  (9)

This expression is to be compared with Eq. (12b) of
the paper, the only difference being the plus sign
before the second term in the square bracket.

The expression for T in Eq. (9) may finally be
substituted into Eq. (1) to give the corresponding
equation for 7'4.

Te — Ty = [(emt — emti)

Tg — TO o [(emt — emli)

Pror. R. H. EssenuigH (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.

Dg. J. L. Lavgr (Sun 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



PLANE FLAME PROPAGATION IN DUST CLOUDS 125

range and furthermore, a concentration gradient
around the particles will be established. I also would
like to call attention to some of our observations
with high-boiling petroleum residues. 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
break up similarly and decompose much more
rapidly during and after fragmentation.

Pror. R. H. Essenmica: 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 at the present time. If it is not exactly true I
think that in all probability it will prove 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 differences 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 force. This helps to break up any boundary

layer with attendant concentration gradients, and
promotes uniform mixing in the space between the
particles. Also, the temperature is not held down, as
it is in liquid drops until the lowest boiling point
fraction has evaporated (unless the drop becomes
superheated), so the temperature rise of a coal
particle can be far more rapid than that of a liquid
drop. The onset of volatile evolution from a coal
particle is much more precisely determined, and
evolution in quantity then takes place with a rela-
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 single
particle studies that I have carried out, this only
happened with large particles (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 hydroearbons 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 ex-
ploding the drop into fragments.
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FLAME CHARACTERISTICS OF THE DIBORANE-HYDRAZINE
SYSTEM

/3513

M. VANPEE, A. CLARK, AND H. G. WOLFHARD

Premixed 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 because of ad-
duct formation occurring at higher pressures. The main features of the flame are a high burning
velocity (5 m/second), a low reaction temperature (=~1100°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 extensive study. The diborane-hydra-
zine flame reaction is thus of special interest be-
cause it has unusual products, solid BNH, and
gaseous H,, 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 at 1 atmosphere premixed flames
cannot be obtained.!'? Condensed phase adducts
of explosive properties form as soon as diborane
mixes with hydrazine, collapsing the flow and
precluding a flame. However by working at low
pressure, adduet formation (or condensation) can
be delayed sufficiently to permit establishing a
true premixed flame.

This paper describes the conditions under
which a premixed flame was obtained. The flame
characteristics such as burning velocity, spec-
trum, and combustion products were measured
and analyzed. Finally 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 at 0.5 to 70 mm Hg, in
the vacuum vessel shown in Fig. 1. Compared
with earlier low-pressure flame apparatus® the
present system had a very large (14 inches di-
ameter X 48 inches length) combustion chamber
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 hydrazine vapor flows up to 4
grams/minute were obtained from a 3-liter flask,
containing 300 to 500 grams of hydrazine, main-
tained at 110°C to obtain the needed vapor
pressure. The flask was in an underground shelter
adjacent to the laboratory. Diborane (refriger-
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Fic. 1. Low pressure burner and hydrazine flow system.

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 rotameter was thermostated at 98°C.
Nitrogen, air, oxygen, and diborane were flow-
rated through separate rotameters. All rota-
meters were calibrated at working pressure.

The flame was ignited by the discharge of a
2 kw transformer between two electrodes located
above 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 Mathie-
son Chemical Corporation. Our analysis indicated
96.7 per cent NoHy, 2.1 per cent NHj, remainder
water. Diborane (96 per cent) was from the
Callery Chemical Co. Other gases (Ns, Og, air)
were obtained In commercial cylinders at 99.8
per cent purity.

1450

Burning Velocity Measurements

Burning velocities were obtained at pressures
from 2 to 7 mm Hg on a Pyrex bunsen burner of
28 mm diameter.

Burning velocities were calculated as the
volumetric 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 =410 per cent as the rather
unstable nature of the flame itself did not afford
greater accuracy.

Analysts of Reaction Products

Gaseous and sgolid reaction products of a flame
at 2.7 mm Hg on a 55 mm diameter burner were
sampled and analyzed.

The samples were taken through a quartz
probe, collected in a pre-evacuated 500 cc flask
to a final pressure of 1.5 to 2.0 mm Hg, and
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analyzed with a mass spectrometer. Originally,
the diameter of the probe opening was 300
microns but rapid plugging of the orifice by the
solid products prevented proper sampling, so
that an opening of 1 mm was used. The probe
was positioned 1.5 em above the apex of the 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 at
1.5 em above 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 vessel, 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 cubie
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 was made as the
flame gases cooled very rapidly to ambient in the
ballast tank.

Spectrography of the Flames

Spectra were taken with a Hilger ¥/4 Raman
spectrograph, using both quartz and glass optices.

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
-y plotter.

Results
Stabilvzation 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 at low pressure at the wall of
the burner and no flame can be obtained under
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these circumstances. Fortunately this deposit
can be reduced by heating the burner wall to
above 150°C. However, at these wall tempera-
tures another difficulty is encountered as the
system approaches spontaneous ignition. Thus
it was found necessary to heat the burner to just
the correct temperature; this had to be found by
experience.

The burner consisted of two concentric tubes
as shown in Fig. 1. The diborane is fed through
the inner tube that is recessed within the larger
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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 premix 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
ratio NoHy/BoHg = 1) on 55 mm and 28 mm
diameter burners. Figure 2 shows also, for com-
parison, the stability region of the hydrazine-
oxygen and hydrazine decomposition flames as
obtained on 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
pressure side by the “strike-back.” These two
limits join at a minimum velocity, where the
flame has the appearance of a flat dise. It can be
seen that the stability region on the smaller
burner (28 mm) has a tendency to close up with
increasing flow rates; for Reynolds numbers
higher than 200 seli-ignition occurred inside of
the burner. With still smaller burners (and higher
pressures) the stability region could not be de-
termined as, at 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 BoHg-NoH,
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 finally be noted that no flame could be
stabilized unless inert gas was bled into the
combustion chamber.,

Flame Structure

a. Premized Flames. With reactants entirely free
of oxygen the only indication of the BoHg—NoH,
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
which 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 adduet 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. Diffusion Flames. Circular diffusion flames
were obtained with two concentric tubes of equal
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height. With diborane in the inside tube a flame
with multiple zones as shown in Fig. 3 was ob-
tained. The region directly above the burner did
not emit light unless traces of oxygen were
present, which then caused a bluish radiation.
Following this dark region was a bright yellow
zone that became slowly red as the gases and
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 N.H,
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
decomposition 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 BsHeNzHy~0s, NoH~Oo,
and N.H; decomposition flames discussed below.

YELLOW ZONE

REACTION ZONE

e

“MMMMQR\\‘HYDRAUNE

DECOMPOSITION

FLAME
B,H
2He
NyH, NoH,

Fra. 3. Structure of diborane-hydrazine diffusion
flame.
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Fic. 4. Effect of Reynolds number on burning
velocity of stoichiometric diborane-hydrazine flames.

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, ie., at
NoH,:B.Hs = 0.9. For NoH;: BoH; less than 0.5
and greater than 1.3, no flame could be estab-
lished.
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Fre. 5. Burning velocity of diborane-hydrazine
flames.
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TABLE 1
Comparison of burning velocities
Burning
velocity Reynolds Pressure
Flame (m/s) number  {mm Hg)
N.H; + O. 2.36 161 10
N:H; (decompo-
sition) 1.86 125 15
N.H; + B2He 5.0 167 5

b. Hydrazine-Ozxygen and Hydrazine Decomposi-
tton Flames. The burning velocities of these
flames were determined on the 28 mm burner
for comparison with the diborane-hydrazine
system. The results for stoichiometric flames are
listed in Table 1.

¢. Three Component System: BoHg/ N2Hy/0s. Some
burning velocity measurements were also made
on the three component system: ByHs/NyH,/Os.
Figure 6 shows the effect of air and oxygen on
the diborane-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 the diborane-
oxygen reaction becoraes the predominant one.
Figure 7 shows the effect of introducing di-
borane into the hydrazine-oxygen flame. With
the first addition of diborane the burning velocity

increases considerably.
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Analysts of Combustion Products

a. Gaseous Products. Figure 8 gives the results of
the gas analysis for various mole ratios of hydra-
zine to diborane. 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, ammonia and nitrogen appear in
the produets with the mole per cent of ammonia
rising almost immediately to about 8§ per cent,
and that of nitrogen to 2 per cent. No traces of
unreacted hydrazine or diborane could be de-
tected in the range of mole ratios investigated.
Two runs with results not clearly fitting into the
general trend are marked 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
present in the gaseous products when the probe
is located at 1 em 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 cm above the apex of the reaction
zone.

b. Solid Products. Elemental analyses of the solid
products for various NoHy/BoHg mole ratios are
shown in Table 2.

The solid products always contain an appreci-
able 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 NoHs:BoHg = 0.5 was the
most diborane-rich that could be burned a B/N
ratio of 2 should be a maximum as no nitrogen
was found in the gaseous products. This raises
the possibility that the screens used for collecting
the solid did not(gi\{e a representative sample.
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On the hydrazine-rich side the data indicate a
B/N ratio close 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 be seen that consumed this hydrogen. The
remaining 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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Fie. 8. Gas composition of products of diborane-
hydrazine flame.

The major features of the infrared absorption
spectrum are the two broad absorption bands
at 7.0 g and at 12.5 p similar to those in the
speetrum of pure boron nitride. There are also
frequencies which correspond to the B-H (4.0 u)
and N-H (2.9 u) stretching modes. The relative
intensities of the absorption bands did not change
markedly with the NoH;/B.H; ratio of the
original mixture. Therefore, the high B/N ratio
found for the solid produects of the diborane-rich
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flame must he associated with the presence of a
substance which does not absorb in the infrared,
presumably elemental boron.

X-ray diffraction patterns were taken from
two samples, one from a diborane-rich flame,
the other one from a hydrazine-rich flame. In
the diffraction pattern of the hydrazine-rich
sample there was a very diffuse band at 4.5
indicative of very small crystallites with small
subsidiary peaks at 2.75, 4.27, 4.43, and 4.93 A.
The diborane-rich sample did not contain these
4 smaller peaks but only the main diffuse band.
The nature of these peaks is obscure. No peaks
due to BN were found.

The mole ratio (R) of the gaseous products of
the flame to the initial reactant was determined
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,
B oiia, and gaseous produets. 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 the flame is not pure BN but a
B-N-H compound only partially dehydro-
genated. From the values of B and from the
pressure, temperature, and composition of the
flame gases it is possible to caleulate the total
mass of solid produets contained per unit volume

5782 A
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Fic. 10. Spectrum of bori¢ acid fluctuation bands and hydrazine-diborane

flame. a.Hydrazine-diborane flame 5-min. exposure and HgCd spectra. b.

Borie acid in Hy-air flame at 1 atm. ¢. Hydrazine-diborane flame with trace of
air and Cu spectra.
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of flame. This number changes very little with
N2H4/B2He ratio.

Spectroscopic Observaiions

a. Premired 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 oceur. 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 o 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 B:0; 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-
ure 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 10b shows the same bands emitted
from a hydrogen-oxygen flame at 1 atmosphere
with borie acid introduced into the flame. The
intensity distribution in the Ho-air flame is the
one normally observed both in emission and ab-
sorption.* Tentatively, to explain the unusual
character of our spectrum, it is assumed that the
B:03; molecule is formed in a vibrationally ex-
cited state. At low pressure randomization is not
achieved before the molecule emits, thus per-
mitting the observation of this anomalous
vibrational distribution.

b. Diffusion 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 with the particular burner geometry
used, there is a tendency for the diborane to
react with the produets of decomposition rather
than with the original molecule. In this case am-
monia « 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

A color temperature of a low-pressure pre-
mixed diborane-hydrazine flame could be found
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by comparing the intensities of the continuous
radiation of the flame over the visihle wave-
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 at NoH4:BoHg = 0.74. For this flame the
continuum emitted as a gray body with a color
temperature of 1085°C. 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 reprcsent the
true flame temperature, the ratio of absolute in-
tensities of flame and tungsten 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 A = 0.57 microns. For flames of
NoHy/BsH; 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. Plass® on the basis of the Mie theory of
scattering. It appears from this work that only a
slight change of emissivity is to be expected from
a change in particle size (50 A 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 only published
work is due to Berl and Wilson,! who 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.

In 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 are therefore not as
accurate as one would wish and this is especially
so for the analysis of the solids and gaseous
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 as 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-
duet 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 NoH;
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 H,. 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 H,0 and
B20; formation becomes noticeable.

In the flame there is growth of solid particles.
At 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 NH. 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 characteristic of most flames, such
as in the hydrocarbon-oxygen flame where C,
and CH emission is prominent. Again the analogy
to the acetylene decomposition flame is striking
as the latter flame has also only continuous radia-
tion and does not emit the C, and CH bands.

It is not surprising that small amounts of
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oxygen will lead to the emission of the boron-
oxide fluctuation bands. This emission was
greatly welcome as it helped to mark the other-
wise very diffuse flame boundary for burning
velocity measurement. The anomalous intensity
distribution within these bands needs further
study and especially comparison with the band
emitted by the diborane-oxygen flame.

The analysis of the gaseous products of the
flame showed at least for diborane-rich mixtures
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 shows up in many ways. The
amount of hydrogen released in relation to the
amount of diborane and hydrazine consumed is
deficient by 20 per cent. The solid on the hydra-
zine-rich side has an over-all composition of
BNH, with z having values between 0.5 and 1.0
for different mixture ratios. On the diborane-rich
side additional elementary boron is probably
present, increasing the B to N ratio with = vary-
ing between 0.5 and 2.0. These solids do not seem
to have crystallized into a B-N graphitic strue-
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 BN. Finally the measured
color temperature of 1360°K was about half the
theoretical adiabatic flame temperature for
quantitative reaction at the same mixture
strength (N2B4,/B2H5 = 074)

We expect that the deficiency in the complete-
ness of BN formation is partly but not com-
pletely due to the low pressure at which this
flame has been burned. Unfortunately premixed
flames at higher pressure do not seem to be
possible. Thus the question of whether BN forms
into larger crystals at higher pressure cannot be
resolved at this time. The B-N bond is, however,
present in large amounts as evidenced by the
infrared absorption spectra.

The hydrazine-rich flame is, of course, ex-
pected to have gaseous products of nitrogen and
ammonia in addition to hydrogen as excess
hydrazine will form these products. Unexpected
is the sudden stepwise appearance of Na and
NH; at the stoichiometric point. This may point
to a change in reaction mechanism that cannot,
however, be further specified.

Inconclusive evidence also prevails as far as
the higher total light emission from diborane-
rich flames is concerned. From the measurement
of total gaseous products of the flame it is clear
that the ratio of solid to gaseous products does
not vary greatly for different mixture strengths.
Nevertheless only small amounts of solids from
the hydrazine-rich flame were collected on the
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screens in contrast to the diborane-rich flame
where accumulation was copilous. Thus particle
size may be smaller for hydrazine-rich flames
and the particles are not trapped by the screen.
As noted before, 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-
mentary boron contained in the particles in-
fluences greatly the emissivity leading to stronger
light emission from diborane-rich flames.

In conclusion, it can be stated that at least
some features of this flame are now understood.
The flame forms adducts that polymerize and
dehydrogenate into solids. At least for diborane-
rich flames hydrogen is the only gaseous product
as predicted by thermodynamic considerations.
The formation of solid BN is not complete as
not all hydrogen is released and BN formation
does not proceed into a well-ordered graphitic
structure, although on a molecular basis B-N
bonds are present as evidenced by infrared
absorption.
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Discussion

Dr. W. BE. WitsoN (APL, The Johns Hopkins
Unaverstty): 1 would like to mention some related
work that has been done on a B.HsN,H, flame at
one atmosphere using a multidiffusion burner. Both
reactants were diluted with argon and hydrazine
was always in excess. In contrast to Dr. Wolthard’s
premixed, low pressure flame, our BN reaction goes
essentially to completion. The solid contains only a
few tenths of a per cent of bound hydrogen. The
flame temperature is at least 809 of theoretical; if
reasonable losses are assumed it is about 95%.

To establish the flame, a N:H,; decomposition
flame is first stabilized; argon is added until the
N.H, flame is almost blown off. When B.H; is
added the flame jumps back to the burner surface.
This indicates, in agreement with Dr. Wolfhard,

that the B.Hs must react with the N.H, prior to
its decomposition. Similarly in an opposed jet
flame no BN reaction occurs unless the N.H, de-
composition flame is blown off prior to addition of
B.Hs.

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 B.H; have been investigated: with NH; there
is no flame reaction, only adduct is formed; with
N0, boron oxides and acids are the only products;
however, with NO it is possible to obtain some BN
as a product.
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The Polanyi dilute-diffusion-flame method has been applied to the magnesium-oxygen system.
Diffusion flames were obtained at pressures of a few mm Hg by carrying magnesium vapor in an
argon stream into an atmosphere of oxygen-argon. Photographic photometry was used to measure
reaction rates. The data favor a unimolecular rate law, independent of oxygen concentration, but
scatter too much to exclude with certainty a bimolecular reaction of first order in oxygen concentra~
tion. Based on an estimated flame temperature of 1000°K, the unimolecular rate constant, averaged
over all runs, was 2.5 X 108 sec™, and the average bimolecular rate constant was 4 X 10! ¢m? mole™!
sec™ L

The emission spectrum of the flame consisted of continuum radiation with a broad maximum in
the blue and narrower maxima in the near ultraviolet and the red. The spectrum of surface lumines-
cence of MgO deposits growing in the flame zone consisted of a continuum in the blue resembling the
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 oxide particles. The 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 processes? has
been stimulated recently by the use of metal addi-
tives in propellants. Many current studies®* have
therefore been performed under eonditions 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”
technique®® appeared especially attractive, since
it 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 be comparatively
simple, since in this system only one oxide species,
MgO, has been observed in the gas phase by
spectroscopicl? and mass-spectrometric' methods.
This is also the only species that is regarded as
important in the condensed phase.* Previous
studies of magnesium combustion have been con-
cerned with determination of spectra and flame
temperatures, as well as of burning times of
magnesium ribbons, but have not yielded kinetics
data. 315

Experimental

Preliminary work showed that a diffusion
flame of magnesium vapor burning in an oxygen
atmosphere at 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 electrically
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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Fi6. 1. 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 erucible 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 oxygen and argon into the cham-
ber, and of argon carrier gas into the vaporizer,
were controlled by needle valves and metered
with rotameters. Commercial ecylinder 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-O-Meter, Temple City, California), which
was used for ecalibrating the individual rotam-
eters, as well as for determining the total gas flow.
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The design of the vaporizer underwent several
changes during the exploratory work. The final
version, shown in Figs. | 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
wag 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 18-inch
foeal length was employed for projecting a 1:1
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

Fic. 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 was used in
the spectroscopic work, instead of the vaporizer
with circular orifice.

The method of photographic photometry®?
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 kCyCa™ may be
assumed for this reaction step, where k is the rate
constant, Cx and C, are the concentrations of
nozzle and atmosphere reactants, respectively,
and 7 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 C4 is regarded as constant.
(An analysis of the effect of atmosphere deple-
tion is presented in ref. 16).

With these assumptions, the radial distribution
of nozzle reactant is given by

Cn = (A/r) exp (—or), (1)

where A is a constant for radii » large compared
to the orifice radius, and

= kCy"/Dy. (2)

In the latter expression, Dy is the diffusion co-
efficient of nozzle reactant. Since the reaction
rate and therefore the radiation intensity are
proportional to C, 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 integration®® 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. 7% exp (—or). (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-
ity law is satisfied. For this purpose, micro-
photometer traces of the photographs through
the flame center are taken. If the expression (3)
ig satisfied, the values of r corresponding to con-
stant film transmission for various exposure times

7 should give a straight line of slope —w, when
log (r!/7) is plotted versus r.

In 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
/4.5 lens. The red-insensitive film was chosen to
minimize background fogging due to scattering
of thermal radiation emitted by the 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 oxygen partial pres-
sure, and the exhaust flow was essentially at
atmospheric pressure, the readings gave directly
the oxygen mole fraction in the flow. Owing to
the consumption of oxygen by the flame, the O,
reading dropped off shortly after the start of
combustion and levelled off at a lower value
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 oxygen 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 cent. Runs in
which the difference was appreciably larger were
discarded. The computation of the reaction rates
was based on the oxygen mole fraction estab-
lished in the presence of the flame. From the
total gas flow and the difference between the
oxygen mole fractions in the absence and presence
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 axially 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 600°C. 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 at high vaporizer temperatures and
pressures above about 4 mm Hg, the flame seemed
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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Fic. 3. Photograph of Mg-O. dilute diffusion flame.

istence of this visually observed zone was not
confirmed by the flame photographs. A typical
flame photograph, taken as one of a series for a
photometric run, is shown in Fig. 3. The flame
zone is seen to deviate only slightly from spherical
shape, so that application of the photometric
method® appeared justified. The size of the flame
zone decreased with inereasing pressure and with
increasing oxygen concentration, and inereased
with increasing vaporizer temperature, ie., in-
ereasing magnesium concentration.

Combustion Products. The magnesium oxide
formed in the diffusion flame collected as a Auffy
transiucent white layer on all surfaces within the
combustion ehamber, except on those in the
immediate vicinity of the flame. This deposit
could be wiped off casily and was readily soluble
in dilute acids. Figure 4 shows an electron micro-
graph of the deposit collected on an electron-
microscope specimen sereen placed into the com-
bustion chamber. The structure of the deposit
resembles that of carbon formed in rich hydro-

carbon  flames™"¥ and that of many other

Glectron micrograph of magnesium oxide
smoke formed in the flame.
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5. Magnesium oxide deposit formed around
the vaporizer orifice.

“smokes.”® The size of the individual particles
is estimated to be of the order of 0.01 w.

A magnesium oxide 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). It dissolved only slowly even in con-
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 at the termination of each run. Figure 5 shows
a typieal 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
because 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

F1g. 6. Deposit with dark central region formed on
boron nitride disc inserted vertically into flame.
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the diameter o1 the 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
at the other extreme, the oxide formed a cylinder
whose inner diameter exceeded that of the orifice
appreciably (the diameter ratio exceeded 1.6 in
some runs). In the latter case, a thin deposit
formed on the tube in the annular region between
the orifice and the eylinder, 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 disappeared. 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 thermal radiation
indicating a temperature in excess of that of the
vaporizer.

The growth of a hard magnesium oxide deposit,
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 formed instead of
the white layer in the surrounding region. Figure
6 shows this sharply separated dark area de-
posited on a boron nitride dise that was inserted
into the flame 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. Tt
was found that a current of a few pA passed
through the dark deposit when a potential of
about 1 kV was applied. The current did not in-
crease when the deposit was heated, indicating
metallic rather than semiconducting properties.

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 at 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 microsecope cover glass
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Fra. 7. Deposit formed on microscope cover glass
inserted vertically into the flame. Seen from front
(top) and from below (bottom).

inserted vertically into the flame; this region
was surrounded by cylindrical deposits that grew
horizontally on both sides of the glass, as shown
in Fig. 7.

Spectroscopic Results. The emission spectrum of
the dilute diffusion flame is shown at the top of
Fig. 8. It consists entirely of continuum radiation,
with a broad maximum at about 4500 & and
narrower maxima at about 3900, 6000, 6500, and
6900 A. None of the well-known features of the
spectrum of magnesium flames burning at higher
pressures™® were present. The spectra of the
flame of a magnesium ribbon burning in air at
atmospheric pressure, shown for comparison on
Fig. 8, contain the MgO band at about 5000 A,
the bands at 3700 and 3820 A now attributed
partly to MgO and partly to MgOH,* and a
number of magnesium lines, including the self-
reversed resonance line at 2852 A, visible on the
spectrum taken with longer exposure.

The spectrum of the luminescence that ap-
peared on the surface of magnesium oxide de-
posits growing in the flame zone is shown in the
second band from the top on Fig. 8. For the
purpose of obtaining this spectrum, a micro-
scope glass slide was used as target for deposit
formation and the chamber pressure (0.5 mm
Hg) and vaporizer temperature were set low
enough so that no flame radiation was visible.
The spectrum is seen to contain a broad con-
tinuum, rather similar to the blue continuum of

i59



ORIGINAL PAGE IS
OF POOR QUAL!TY

8

29 30 3 5 36
Pt berebooed ogbocovond | il

DILUTE DIFFUSION FLAME
5 mm Hg

SURFACE GLOW
0.5 mm Hg

Mg RIBBON FLAME
ATMOSPHERIC PRESSURE

R.F. DISCHARGE IN
DILUTE DIFFUSION FLAME

lnbindntinlo RN

REACTION KINETICS—I

38 Slg 40

45 50 85 60 85 .
phebetebetebebeB bbb Tt bbbt bl

Fic. 8. Emission spectra.

the flame spectrum, but with the location of
maximum intensity shifted to about 4300 A.
Thermal radiation emitted by the vaporizer and
scattered by the MgO deposit caused the heavy
exposure visible above 6000 A and prevented ob-
servation of any luminescence that may have
been 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 speetrum of the radiation excited
by a radio-frequency discharge through the flame
was photographed. The spectrum, shown at the
bottom of Fig. 8, shows the magnesium triplets
at about 3830 and 5180 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 at 2852 A
could not be observed.

A xenon-filled flash tube was used as a con-
tinuum light source 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 when the line spectrum from a mag-
nesium hollow-cathode lamp was passed through
the flame. In view of the complete extinection,
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the application of the lifetime method® 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 oxygen 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 erucible and the durations of the
runs, agreed well with the rates of oxygen con-
sumption. However, the aceuracy of the measure-
ments of either the oxygen or the magnesium
consumption rate is probably not better than
=10 per cent, because the oxygen rate was deter-
mined as a small difference of two readings, while
the duration of the run included the time of ap-
proach to constant 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

TExperimental conditions and results of photometric runs

Unimolecular Bimolecular

O, partial Vaporizer  Rate of O, con- rate constant, rate constant,

Pressure, p pressure, po, temperature sumption X 10° w ki X 1073 ko X 10711

(mm Hg) (mm Hg) °C) (moles /min) (em™1) (sec™™) (crn*mole™sec™)

2.10 1.095 652 18.4 2.49 3.27 1.86
2.20 0.177 628 11.7 2.71 3.70 13.00
2.60 0.246 644 17.2 2.35 2.35 5.96
2.60 0.390 644 22.0 2.49 2.64 4.22
2.75 0.456 667 29.2 2.12 1.81 2.48
2.90 0.248 620 8:6 2.18 1.82 4.56
2.90 0.522 632 9.6 2.54 2.46 2.94
2.95 0.233 646 16.4 1.87 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 2.86 3.56
4.55 0.425 661 21.5 2.51 1.53 2.25
4.95 0.305 647 10.8 3.57 2.85 5.84
4.95 0.910 643 12.0 3.57 2.85 1.95
6.90 0.302 666 15.1 3.42 1.88 3.87
6.90 1.562 690 35.4 3.92 2.47 0.98
7.40 0.400 645 8.6 4.92 3.62 5.65
7.45 0.393 673 16.5 3.46 1.78 2.82
9.40 0.861 640 8.1 5.58 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 below a certain
value, while the rate of growth of deposit at the
vaporizer orifice imposed an upper limit on
oxygen 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. In order to minimize sys-
tematic errors caused by these gradual changes
of flame geometry, the photographs were taken
with random sequence of exposure times, and a
few exposures were repeated in each run to detect
such gradual changes. Runs in which the changes
were excessive were eliminated. The majority of
the runs yielded very satisfactory straight-line
plots of log (r#/7) versus r for constant film trans-
mission (see Experimental). Plots for 50 per
cent and 70 per cent transmission were prepared
for all runs and gave values of w that differed
for each run at most by 5 per cent. The listed
values are the averages obtained from these two
plots.

In order to convert the w values into rate con-
stants, the oxygen concentration Cp, and the

diffusion coefficient Dy, of the nozzle reactant
must be known [see Bqg. (2)]. This requires in
turn a knowledge of the temperature in the flame
zone. As yet, no attempt has been made to
measure this temperature. In view of the forma~-
tion of MgO deposits on all surfaces introduced
into the flame zone, the use of fine-wire thermo-
couples undoubtedly would not yield the true
temperature of the gas phase. Owing to the dilu-
tion with inert gas and the low pressure, the
flame temperature is too low, on the other hand,
for using the line-reversal method in the visible
part of the spectrum. In the absence of any ac-
curate knowledge of flame temperature, it was
estimated that it would exceed that of the va-
porizer only slightly, and therefore the values of
Dy and Co, were determined for the arbitrarily
chosen temperature of 1000°K.

The binary diffusion coefficient of magnesium
in argon was computed from kinetic theory,?
using values of the Lennard-Jones parameters o
and e listed in a recent compilation.? The result,
for 1000°K, was Dyear = 1108/p cm?/sec, where
p is the pressure in mm Hg. (The error incurred
by using the binary coefficient, rather than the
expressions for ternary mixture, was estimated
to be less than 3 per cent for the highest oxygen
concentration used).
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Equation (2) also contains the reaction order
n with respect to oxygen concentration. One
should be able, in prineiple, to determine » from
the w values measured within a range of oxygen
partial pressures. Since the diffusion coefficient
is proportional to p~!, the slope of a logarithmic
plot of w*/p vs. po, 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
plot for reliable determination of reaction order.
If all runs are regarded as equally reliable, the
data seem to favor a value of n considerably less
than unity, not excluding the value n = 0, which
is suggested by the heterogeneous reaction mecha~
nism presented in the Discussion. However, if
the two runs at the extreme of the range of
Po.{po, = 0.177 and 1.562, respectively) are re-
garded as less 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
order with respect to oxygen concentration, both
a unimolecular rate constant k;, corresponding
to n» = 0, and a bimolecular rate constant ks,
corresponding to n = 1, were computed. Sub-
stituting the expression for the diffusion coeffi-
cient Dygar, and that for the oxygen concen-

tration,
Co, = po,/RT, (4)

into Eq. (2), one obtains the following relations
for these rate constants:

Fy = 1108w*/p sec, (5)

and

ks = 6.90 X 10"%*/p po, cra’molesec.

(6)

In these expressions, the pressures are in mm Hg,
and, as stated earlier, a temperature of 1000°K
was arbitrarily assumed.

These rate constants are listed in Table 1;
their average values are k; = 2.5 X 103 sec™?, and
ks = 4.0 X 10" em®mole'sec™, respectively. In-
dividual values of %, differ from the average by
less than ==509%. The scatter of the ks values is
much larger, if one retains the two runs at the
extremes of po,; even if one omits these two runs,
the scatter of ke is still somewhat in excess of
=4-509,. The variations of either k; or ks do not
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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
for growth of deposits of MgQO in the flame zone
in a surface reaction accompanied by lumines-
cence. In view of the low pressure, it appears safe
to exclude all 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

Mg(g) + 02 — MgO(g) + O,
AHS = 28.0 keal. (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 = pumzopo/PuePo,, cOmM-
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 k..

Neither the reaction of magnesium atoms with
oxygen atoms, nor the recombination of oxygen
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

O + Mg, — MgO + Mg an

exists, 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 oceurred. However, in

TABLE 2

Equilibrium constant of reaction (I)

T(K) 500 1000

1500 2000 2500

prOpO/ngpOz 6.2 X 107

1.1 X 107¢

1.3 X 10 1.5 X 1072 6.5 X 1072
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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 rapidly.®® 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 spectrum 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.?®

One may regard the free-energy change AFyr°®
of the stoichiometric over-all reaction

Mg(g) + 30: — MgO(s),

AHP = —178.0 keal (IT1)

as determining the tendency for occurrence of
the surface reaction. Indeed, for given partial
pressures pye and po, the equilibrium partial
pressure pugo corresponding to stoichiometric
reaction differs from the vapor pressure (pueo)eq
in equilibrium with condensed MgQ, and defines
a supersaturation

S = ngO/(ngO)eq
Pugbot exp (—AFm®/RT),  (7)

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 follows™:

]
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Owing to the oxygen excess, many more oxygen
molecules than magnesium atoms will collide
with the particle surface in unit time. The surface
will therefore normally be covered by a mon-
atomic layer of oxygen atoms, which will react
with arriving Mg atoms with high collision effi-
ciency. On the sites where Mg atoms have re-
acted, a clean oxide surface is temporarily
formed, which will be able to dissociate arriving
O; molecules, so that the monatomic oxygen
layer is continuously re-established.

The rate of oxide formation will thus depend
only on the collision frequency of Mg atoms with
the particle surface, in agreement with a uni-
molecular rate law. However, the reaction rate
will be proportional not only to Mg concentration
but also to particle surface area per unit volume.
Since the particles grow in the flame zone as they
move radially outward, their surface area in-
creases with radial distance r. Thus, the differ-
ential equation that determines flame structure
becomes nonlinear, and the distribution of Mg
concentration cannot agree exactly with Eq. (1).
Corresponding deviations from linearity should
appear on the plots of log (r/r) vs. r for the
photometric runs, but were not observed in the
present work. However, the absence of non-
linearity of the plots does not exclude the pro-
posed mechanism, since the deviations from
linearity may be too small to be noticeable, par-
ticularly since the measurements are restricted
to outer regions of the flame zone, where the
growth of surface area with radial distance
should be slow.

A rough estimate showed that particle diam-
eters of 0.01 p or less would provide adequate
surface area per unit volume to yield a uni-
molecular rate of the measured order of magni-
tude, provided the collision efficiency is close to
unity. It seems very difficult, however, to deter-
mine whether reaction (I), followed by nuclea-
tion, could create a sufficient number of particles
to support the proposed mechanism, or whether
other (possibly heterogeneous) starting reactions
may be required.

Similar heterogeneous mechanisms have been
proposed recently for the formation of carbon
from acetylene” and of nickel from nickel car-
bonyl,® and they might be a common feature of
reactions in which solid products are formed

TABLE 3
Exponential factor of Eq. (7)

T(°K) 500

1000

1500 2000 2500

exp(—AF 11 /RT) 5 X 108

5 X 107

6 X 10 3 X 108 4 X 104

ot
€3




146

from gaseous reactants. However, while the
above argument seems quite convincing for low
pressures and correspondingly low temperatures,
it becomes less decisive at atmospheric or higher
pressures and high flame temperatures. The
quite different spectrum of the magnesium flame
at atmospheric pressure shows that the reaction
mechanism may indeed be considerably more in-
volved. The proposed heterogeneous mechanism
will probably continue to participate to some
extent, but should become increasingly less im-
portant as the flame temperature approaches the
theoretical upper limit given by the boiling point
of the oxide.?

In view of the suggested importance of the
surface reaction, the observations on formation
of surface deposits are of considerable interest.
The luminescence that accompanies the surface
reaction is presumably closely related to the
“candoluminescence’” observed on oxides, in-
cluding MgO, exposed to other flame gases.? 33
The appearance of a dark deposit in the central
region of the flame (Fig. 6) might provide in-
formation on composition of the flame gases and
on kineties, if its nature would be known. If the
deposit consists of finely divided magnesium
metal, the sharp boundary of the dark area could
be explained by the phase rule, which allows co-
existence of Mg(s) and MgO(s) for given tem-
perature only at a prescribed composition of the
gas phase. Thermodynamic analysis shows that
this composition should correspond to vanishingly
small oxygen concentration. The absence of
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

Pror. A. D. Warsu (University of St. Andrews,
Dundee, Seotland): 1 was a little surprised by the
statement that the only gas phase reaction that
need be considered was

Mg(g) + 02 — MgO(g) + O (1)

In view of the fact that the energy of activation of
this reaction must be at least 28 keal/mole, could
a third-order reaction (of zero activation energy)

Mg(g) + O0: + M — MgO:(g) + M (2)

be faster than reaction (1), in spite of the low pres-
sure used?

Dr. G. H. MargsteEIN (Cornell Aeronautical
Laboratory): In reply to Dr. Walsh's question, the
proposed reaction was not considered because it
postulates a species, MgOa(g), that has not been

353824403076 40H.49 '
- Mg . (F033.07 y

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!; the latter
pressure dependence is 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.

Pror. I. GrassmaN (Princefon University): In
support of Dr. Markstein’s answer to Dr. Avery’s
question as to the possible existence of Mg: vapor
and consequently, the feasibility of other reaction
routes we! could not find any bands that we could

attribute to Mg in spectrograms we have taken of
magnesium ribbons in oxygen-inert gas atmospheres
at 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 at 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 (4000-5007 A) is marked acd one
can clearly observe the characteristic broadened and
self-absorbed profile of the Mg resonance line at

2852 A, which one obtains when Mg vapor exists at
varying temperatures in the flame.:-2

Thus even at 75 mm Hg total pressure MgQO
vapor can be present in appreciable amounts in Mg
flames and the heterogeneous kinetie route discussed
by Markstein does not necessarily have to be the
major one with overall reaction at higher pressures.
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STUDIES OF THE COMBUSTION OF DIMETHYL HYDRAZINE
AND RELATED COMPOUNDS

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: NoH¢ + NO; N.H; 4+ N:0. The work on hydrazine concerns the N.H, +
NO and N,H, + N0 systems. 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
explosion. )

In mixtures with nitric oxide there is either slow reaction or explosion. The stoichiometric mix-
ture (N:H, -+ 2NO) is the most ignitible. The influence of inert diluents and comparison with NoH, +
Q. 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 NH..

In mixtures with nitrous oxide, explosion appears to be initiated as if nitrous oxide were merely
a diluent although the nitrous oxide does not survive the flame. )

2. Dimethyl hydrazine systems: Me;NNH, + O,. There is very little previous published work
on dimetkyl hydrazine (DMH) combustion. The conditions for DMH to undergo spontaneous
ignition both in decomposition and in oxidative combustion have been examined. Distinet 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
oxidation. 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 hydroearbon 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 combustion? 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 oxide,®* or nitrous oxide.® There ap-
pears to be rather little published work on di-
methyl hydrazine other than Bamford’s® spark
ignition experiments.

For this study the work on hydrazine is an in-
vestigation of the spontaneous ignition of hy-
drazine -+ nitric oxide and hydrazine 4 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 DMH to undergo spontane-
ous ignition in decomposition and to discover
whether in oxidation it behaves in a simple
manner {as do mono-, di-, and trimethylamine®)
or shows complex “cool flame’”” phenomena (as do
di- and triethylamine®). In fact several distinet
modes of ignition are observed. The conditions
for their occurrence, their chemical characteristics
(mass spectrometric analyses have been used to
characterize reaction produects), and the role in
them of self-heating 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 em internal diameter, 350
em?® capacity, and 330 em? 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 it was not suitable
for accurate determinations of rate constants
because the dead space was not negligible.

Materials

Concentrated hydrazine, containing approxi-
mately 98 per cent N.Hs by weight, was dehy-
drated by refluxing for 2-3 hours over fused
caustic soda in an atmosphere of nitrogen at 120
mm Hg, followed by distillation under similar
conditions. It was distilled and stored in vacuo.
Todate analysis® showed 99.8 to 100.1 per cent
w/w.

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 pentoxide, and
by fractional vacuum distillation from caustic
soda. The product, stored at —180°C, boiled as
an “ice blue” lquid.

Other gases were obtained from cylinders. The
oxygen, nitrous'oxide, 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.

Results

Combustion of Hydrazine—Nitric Oxide Miztures

Composition Dependence of the Pressure Limit for
the Spontaneous Ignition of NO + NoHy Mixtures.
The variation with composition of the pressure
limit for spontaneous ignition in a silica vessel
has been investigated between 652° and 392°C
(¥ig. 1). At both temperatures, the stoichiometric
mixture (NsH: 4 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:

N:H; 4 2NO — 2N: + 2H.0

20 | .

-t
w

TOTAL PRESSURE mm Hg
=S
T

20 40 . 60 80
COMPOSITION %N H,

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,H, with composition at
652°C.

Explosions in hydrazine-rich mixtures were
accompanied by a bright yellow flash. In rich
mixtures (33 to 80 per cent NoHy) the pressure
increase suggests that all the nitric oxide is re-
duced and the excess hydrazine is decomposed 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 analysis® revealed the
decomposition of excess nitric oxide.

Temperature Dependence of the Pressure Limit for
the Spontaneous Ignition of NO -+ NoHy Miztures.
The dependence on temperature of the limiting
total pressure for ignition of a stoichiometric
mixture (NoHy 4+ 2NO) was examined from 343
to 652°C (Fig. 2). The ignition pressures of a
rich mixture (NoH, + NO) were approximately
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. Explosion was rarely audible at
the limit. At temperatures below 365°C ignition
delays in excess of 2 seconds were observed. The
explosion limit was less reproducible at lower
temperatures.
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Tests for the Ignition of the Decompostition Products
.of Hydrazine with Nitric and Nitrous Ozides

In order to establish that all the ignitions ob-
served were the consequence of primary processes
(e.g. direct interaction between hydrazine and
nitric oxide), and did not result merely from
secondary oxidations of the products of hydrazine
decomposition (Hs and NH;), blank experiments
were carried out. The four mixtures H; 4+ NO,
NH; + NO, H. + N20, NH; + N0 were each
admitted to the vessel at 652°C. In no case was
ignition observed; even the thermal reaction was
slight. These results are in accord with previous
work on these systems.>

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 shightly
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Fic. 2. Spontaneous ignition of hydrazine-nitric
oxide mixtures; dependence of the pressure limit
on temperature, and influence of inert gases.

Influence of Diluents on the Pressure Limits for
the Spontaneous Ignition of NO -+ NoH,; Miztures.

The effect on the explosion limit of added diluents
has been examined. Figure 2 shows the variation
with temperature of the explosion limit for mix-

tures of composition NoHy 4+ 2NO 4+ 8X and

NeH; -+ 2NO 4 5X where X is He, Ar, Ne. The
addition of argon, nitrogen, and helium raises
the limiting total pressure for explosion.

Combustion of Hydrazine-Nitrous Ozide Miztures

Mixtures of hydrazine with nitrous oxide were
ignited in the silica vessel at 685 and 652°C.
Figure 3 shows the variation with mixture com-
position of the pressure limits for ignition at these
temperatures. The composition~pressure curve
does not have the familiar U-shape associated
with second-order reaction in binary mixtures:
The partial pressure remains approximately con-
stant. The rate of reaction thus does not depend
on the partial pressure of N0, and the primary
role of N2O may be that of a diluent. The pressure
increase on ignition, however, indicates that N,O
as well as NoHy must suffer extreme decomposi-
tion so that NoO may be involved in subsequent
oxidation. Complete oxidation in stoichiometric
mixtures is represented by:

QNzo + N2H4 — 3N2 + 2H20
AH = —177.5 keal/mole

weaker than that of ignitions in DMH-rich mix-
tures with oxygen. The pressures required were:

420° 443° 484° 514°
48.5 28.9 12.4 5.7

Temperature (°C)

Pressure (mm Hg)

The addition of argon facilitated ignition.

60 |-

50 -

TOTAL PRESSURE — mm Hg
8 B
T T

]
v

20 40 60 80
COMPOSITION %N, H,

Fie. 3. Spontaneous ignition of hydrazine-nitrous

oxide mixtures; dependence of pressure limit on

composition. Dashed line shows the mean partial
pressure of N H, at 685°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 Hy, NHj;, and
HCN were found.

Spontaneous Ignition of Miztures of Dimethyl
Hydrazine with Ozygen

The explosive combustion of mixtures of di-
methyl hydrazine with oxygen is complex. 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
tgnation, or (4) a violent, audible explosion accom-
panied by an intense flash. Furthermore, there
are possibilities within regions (8) and (4) of
multiple ignitions. For example, a mixture con-
taining 33 per cent of DMH, at 420°C, at a total
pressure of 40 mm Hg gave a single intense white
ignition. The same mixture at the same tempera-
ture but at a pressure of 41 mm Hg gave two
successive ignitions.

The wvigorous explosion was found in all mix-
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 1gmt10n) in mmtures contammfr from 14
to 62 per cent DMH.

In oxidation, Hy was found in the products of
strong explosion, weak ignition, and chemi-
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 H,0, N» 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 80) present.

Composition Dependence of the Pressure Limits
for the Spontaneous Ignition of Oz + DMH Miz-
ture at 514°C. At 514°C the vigorous explosion
was examined in mixtures from 20-409, DMH.
The minimum pressure for strong ignition (Fig. 4)
occurred at a composition close to DMH - 20s.
At approximately this composition the intense
flash changed, with decreasing DMH 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-

O STRONG EXPLOSION LiMIT
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F1c. 4. Spontaneous ignition of DMH-oxygen mix-
tures at 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,”
curred at 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 + O, 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 at higher pressures. The
first ignition was strongest and was followed by
similar ignitions at less than half second intervals.

Composition Dependence of the Pressure Limit for
the Spontaneous Ignition of Qs + DMH Miztures
at 420°C. At 420°C, the oxidation of DMH by
oxygen showed more complex 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-
tinet lobes (minima), one at 30 per cent corre-
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F16. 5. Spontaneous ignition of DMH-oxygen mix-
tures at 420°C; dependence of the pressure limit on
composition.

sponding to the strong pink explosion and one
corresponding to the white explosion at 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 mixtures produced
two isolated regions of explosion at elevated
pressures.

The shape of the weak ignition limit was quite
different at 420°C from that at 514°C. The mini-
mum pressure for ignition now occurred in leaner
mixtures (Fig. 5). The ignitions were observed
in mixtures containing betWeen 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 at 420°C under conditions too mild for
strong explosion. 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 4 O, necessary for
chemiluminescence.
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Influence of Temperature and Inert Diluent on the
Pressure Limit for the Spontaneous Ignition of
Oy + DMH Mixtures. The variation with tem-
perature from 514°C to 300°C of the limiting
total pressure for explosion in a mixture of
DMH - 20, was examined (Fig. 6). Induction
periods varying from 2 seconds at 353°C to 8
seconds at 300°C were observed to occur with
some explosions. 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 mixtures DMH 4 20, -
3X raised the total pressure limit for ignition.

Figure 7 shows the effect of temperature upon
the pressure for weak ignition in a mixture
4DMH + 0O, This was studied between 514°
and 380°C. The addition of inert diluents in
mixtures 4DMH - O; 4+ 12X(X = Ar, N;, He)
raised the total pressure for this ignition. The
results, plotted as partial pressures of DMH in
the ignition mixture, show that argon and nitro-
gen facilitate weak ignition. Helium makes it
more difficult.

Chemilumineseent oxidation was observed
between 420° and 307°C. The results are less re-
producible above 400°C, and at higher pressures.
The luminosity appeared a few seconds after

e DMH + 20,

+ DMH + 20, + Ar

© DMH + 20, + 3N,

DMH + 20, + 3He ]

DMH + 20, + 5Ar

4 DMH + 20, + 5N,
DMH + 20, + SHe

TOTAL PRESSURE — mm Hg

300 400 500
TEMPERATURE - °C

Fic. 6. Strong explosion of DMH + 20.; de-
pendence of the pressure limit on temperature
and the influence of inert gases.
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Fia. 7. Weak ignition of 4DMH + O.; dependence
of the pressure limit on temperature and the in-
fluence of inert gases.

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 mixture

" DMH + 20, than in the mixture DMH - 2N,;

it fell off rapidly with time. Figure 8 shows the

\+

!

30 +  DMH + 20, + 3Ar
o DMH + 20, + 3N,
DMH + 20, + 3He

DMH + 20,

»n
o

TOTAL PRESSURE mm Hg

(

300 350 400
TEMPERATURE °C

F1e. 8. Chemiluminescent reaction of DMH + 20.;
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 + 20, -+ 3X (where X = Ar, Nz or
He) at lower partial pressures of DMH - 20..

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

Only.two modes of reaction are observed over
the whole range of composition and temperature
studied: slow thermal oxidation and explosive
combustion. The temperature-dependence 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 O, N0
NH; 8002 1070 1000
N.H, 335 400 670

¢ Wolfhard and Strasser!?; flow system.

mixtures of nitric oxide with ammonia or hydro-
gen (the decomposition products of hydrazine)
do not ignite, and the lengthy half lives of the
hydrazine decomposition.® These observations
exclude the- possibility of prior pyrolysis of
hydrazine to stable products. The pressure in-
crease accompanying the oxidation of hydrazine
with nitric oxide indieates that reaction to Ny and
H.0 is complete:

N2H4 + QNO bd 2N2 + QH),O
AH = —181.5 keal/mole

For nonstoichiometric mixtures, the reactant in
excess, whether this is hydrazine or nitric oxide,
is decomposed.

The spontaneous ignition of NO -+ NoH, may
be usefully compared with that of related systems.
Table 1 summarizes the approximate minimum
ignition temperatures of binary stoichiometric
fuel oxidant mixtures at 50 mm Hg total pressure.
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A nitric oxide-hydrazine mixture ignites far
more readily than does one of nitric oxide plus
ammonia. Ordinarily however, ammonia is con-
sidered to be very reactive towards nitric oxide!?;
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 explosive oxidation ean occur. The reac-
tivity of ammonia towards nitric oxide is ascribed
to the formation of NH and NH radicals. Their
reaction with NO has been proposed®® to explain
the low intensity of the NH; band emission from
the ammonia nitric oxide flame.

4NH; + 6NO — 5N, + 6H.0
AH = —432 keal/mole

If the ability to furnish NH radicals is the neces-
sary condition for the efficient reduction of NO,
it is natural that hydrazine, which readily de-
composes to NH, radicals,’® should be more re-
active than ammonia.

N.H, — 2NH, AH = 60 kecal/mole

‘When nitric oxide is compared with oxygen as
a supporter of the combustion of hydrazine, two
contrasts emerge. First, the spontaneous ignition
of NoH, + 2NO is somewhat easier than that of
NoH; + O (Table 1). This may be a further
manifestation 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 oxide is simple whereas
that with oxygen shows two distinet modes of
ignition.? One is a strong explosion which resem-
bles that found with nitric oxide; the other, a
weak delayed ignition, is due to the explosion 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 -+ N.H; mixtures may now be examined and
the extent to which self-heating can account for
the observed behavior assessed.

It is known that spontaneous ignition in Qs <4

NoH; oceurs by a self-heating mechanism.? Oxida-
tion supported by NO is even more exothermic
and unlike Os, N 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 existence
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 (8) the influence of inert diluents upon

REACTION KINETICS—I

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 theory" of ex-
plosion are summarized by the relation:

2Ro
gpage U

where m and n are the orders of reaction with
respect to hydrazine and nitric oxide; r is the
radius of the vessel treated as an infinite cyl-
inder; R is the gas constant; @ is the heat of
reaction (cal/mole); E is the activation energy;
o is the thermal conductivity of the mixture
(cal/sec em deg) ; A is the frequency factor; and
K is a “rate’” constant.

For the composition dependence of the ignition
pressure, Eq. (1) prediets that the ratio

Pxu,"Pro ”/ o

should be constant. This ratio has been calcu-
lated (Table 2) for two cases assuming m = 1
and » = 1 or 2. The thermal conductivities were
calculated by the method of Lindsay and
Bromley .1

In P, N2H4mP NO"
Viiaxiaed

+1n

TABLE 2

Values of the ratio Pn,g,"Pno™/c

PxonPro/e PxorlPnNo?/o
149, N.H, 1.183 X 105 1.22 X 108
509, N.H, 1.902 X 108 1.059 X 108
909, N.H, 4.49 X 105 1.309 X 108

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
oxide are third order. However, those reactions
in which the N-O bond is broken appear to have
more complex kinetics; for example, the rate of
slow oxidation of ammonia by nitric oxide shows
3 half power dependence on the concentration of
NO. For NoH; 4+ NO mixtures it is not possible
to establish conclusively the order of reaction
without further isothermal kinetic studies.

The thermal theory of explosion 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 NoHy 4+ NO, a plot of
log P/T* (where z = 2 for a second-order reac-
tion and 1.66 for a third-order reaction) against
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1/T is not linear. Thus E varies and the reaction
is complex.

From thermal theory, if P = Pxom, + 2Pno
Eq. 1 simplifies so that for the addition of inert
gas to a third-order reaction the ratio P/c}
should be constant. This is approximately the
case.

Inert gas none Ar N He
P/t 180 170 180 200

The experimental 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 exist 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 itseli 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, for in combustion the three methylamines®
show only slow reaction or vigorous explosion
whereas dimethyl hydrazine combustion displays
in addition, multiple ignitions, weak ignitions,
and chemiluminescence (resembling the ‘“cool”
flames reported in di- and friethylamine 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
reaction discovered.

Spontaneous Ignition of Pure Dimethyl Hydrazine.

‘When dimethyl hydrazine decomposes thermally,
methane and nitrogen are the major products.

(CHs)zNNHz -_ 2CH4 + Nz
AH = —92.2 kecal/mole

In spontaneous ignition (which is accompanied
by a pressure increase of 85 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 P/T? against

1/T, and the influence of added argon are in
accord with this interpretation. At 484°C, the
quotient Ppyu/c which on a thermal explosion
theory should depend only on temperature, has
the value 8.0 X 10*in pure DMH and 7.0 X 104
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 keal/mole.

(CH,;).NNH, — N(CH;), + NH.
AH = 55 keal/mole

The effective activation energy E = 27
keal/mole, derived from a graph of log P/T®
against 1/7T, suggests that the step above is not
the rate-determining one. The same situation
oceurs in the spontaneous ignition of hydrazine.

Spontaneous Combustion (Strong Explosion) of
Dimethyl Hydrazine Plus Ozygen. The minimum
pressure required for ignition oceurs near
DMH -+ 20,. The fact that with oxygen DMH
explodes 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 exothermic®:

(CH3).NNH; + 40; = 2C0; + 4H:0 + N,
AH = —472.6 keal/mole

Mass spectrometric studies of the slow reaction
of DMH + 20, indicate that N,, CO, and Hy0
are the principal products and H,, CH,, and NH;
are formed in smaller amounts. Other unidentified
products exist, some having mass numbers
greater than that 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 7-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/o?,

Inert gas Ar N: He None
10-% P/o? (at 514°C) 1.8 1.87 1.65 1.57
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and by the linearity of log P/T? against 1/T.
However, around the explosion boundary at
514°C, Py,m,Pno/o is not constant and a wholly
thermal origin to explosion cannot be postulated.

The multiple (strong and weak) ignitions are
more characteristic of higher hydrocarbons than
of hydrazine oxidation. It is surprising that they
are not found in dimethylamine oxidation.

Weak Ignition and Chemiluminescent Ignitions
in Miztures 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 oxidation. Their occurrence here, although
similar to that in di- and triethylamine oxidation,
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 + 10, at 514°C) mixtures 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 - 10, mixture is simple. Both this
and the quantitative effect of inert gases are in
accord with a thermal mechanism.

Chemiluminescence, occurring in the mixture
DMH + 20, at temperatures from 300 to 400°C,
has qualitative resemblances to the “cool flames”
of hydrocarbon combustion and alkyl nitrate’
decomposition. Mass spectrometry shows that it
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 it has not been ob-
served in pure decomposition and since in the

REACTION KINETICS—I

mixture DMH - 20, the rate of reaction in the
initial stages (i.e. while chemiluminescence is
occeurring) is considerably greater than in
DMH + 2N,.

The occurrence of chemiluminescence in this
system in the absence of any hydrocarbon groups
more complex than methyl is remarkable.
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Discussion

Dr. H. M. Cassev (Bureau of Mines, Pittsburgh):
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.

Dgr. M. SpENCER (University of Leeds):
(a) Hydrazine + Nitric Ozxide. 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
at correlating induction periods with activation
energy worthwhile.

(b) DMH decomposition flame. No induction
periods.

(¢) DMH 4 O.. No induction periods were ob-
served for weak ignition in such mixtures.
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Induction periods were observed al the lower
temperatures for stroog explosion In DMHE <
20, miztures. The results for a quartz vessel (re-
ported ab the Sywposium) are somewhat limited.
However, studies in Pyrex vessels have extended to
slightly lower temperatures. Here induction periods
are larger and o correlation energy might be pos-
sible withactivation, but only when more activation
energy data are available.

At the moment much kinetic data peeds 4o be
gollected. for the NyH, 4 NO sod DMH 4+ O,
systems, concerning the reactions securring. ime
mediately prior to igpition.

Every effort has been made to sliminate the possi-
bility of the superheating of gases entering the rego-
tion vessel,




THERMAL DECOMPOSITION OF WOOD IN AN INERT
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.?

The present paper describes a series of experiments in which eylinders 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 it 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 Bowes* 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 at 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 at a given ambient
temperature, the critical size at 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

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
measured at several points;
(iii) the heating conditions were capable of
independent variation;
(iv) the composition of the atmosphere sur-
rounding the specimen was controlled.

Experimental

Preparation of Spectmens. Cylinders of beech of
approximately 1 cm radius were turned and
divided into two sections of approximate lengths
10 em and 5 em. 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,
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F16. 1. Preparation of specimen.
parallel to and at 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 axes care-
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fully aligned and the original orientation of the
two sections restored. The adhesive used was a
phenol-resorcinol-formaldehyde resin which re-
mained adhesive at temperatures over 450°C.

After reassembly a sixth thermocouple was at-
tached, to the surface, in line with the others.

The speeimens 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.

Ezxperimenial Arrangement. The general layout
of the apparatus is shown in Fig. 2

The specimen was supported along the axis 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 experiments 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 20°C/min
to a preset control temperature which it main-
tained to within £=5°C. The ends of the furnace
were sealed as shown in Fig. 2. Nitrogen was
passed eontinuously into the furnace, and samples
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KNIFE
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EXHAUST

7/ |
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DETECTOR HEAD OF
PROXIMITY SWITCH

FOR
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i
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F16. 2. General layout of apparatus.
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from the atmosphere of the furnace showed less
than 2 per cent oxygen with this arrangement.

Ezxperimental 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 experiment the reading of each
thermocouple was recorded at 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. Its final 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
experiment 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 experiment are given in Fig. 4;
exothermic 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 at 1 minute intervals. Curves

of this type are shown in Fig. 5, which covers the -

period of greatest activity of experiment 3. The
effects of the exothermic reactions on the tem-
‘perature’ distribution are clearly illustrated; the

REACTION KINETICS—I

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 exothermic
reactions is proportional to the rate of weight loss.

The cross section of the eylindrical specimens
was, 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 at 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 of 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/RT) (1)

where w = welight of specimen at time f, v’ =
final weight of specimen, k£ = velocity constant,
E = activation energy, B = gas constant, 7' =
absolute temperature. Separating the variables
in Eq. (1) and integrating

w— w
’tl)o""wl

In = —k ftexla (—E/RT) dt (2)
0

where wy = initial weight of specimen.

TABLE 1

Summary of experiments

Experiment No.

1 2 3 4 5
Equilibrium furnace temperature (°C) 375 305 435 325 275
Maximum temperature achieved by specimen (°C) 445 353 505 394 282
Initial weight of specimen (moisture free) (g) 30.1 27.8 25.0 24.2 22.9
Final weight of specimen’ (g) 9.3 14.6 7.0 9.6 18.0
(Final weight /initial weight) X 100 (per cent) 30.9 52.5 28.0 39.7 78.6
Maximum rate of weight loss (mg/sec) 92 - 26 193 40 8
Radius of specimen (cm) 1.06 1.07 1.00 1.00 1.00
Length of specimen (cm) 14.5 13.0 14.0 14.0 13.5

¢ Furnace temperature at time of maximum wood temperature. It was still rising.
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Fig. 3. Experimental weight/time data and calcu-

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’, wo and T corre-
sponding to the ¢th section by w;, w;’, wo,; and T,

lated curves.

and assuming w;’ = w'/5, wo: = wo/5, Eq. (2)

can be written

Wi =~ w,-’

s =
Wo,s = W3

In

also

W=y, w;

-k / ‘exp (—E/RT:) dt (2a)
0

(2b)

Equations (2a) and (2b) were applied to the
data for experiment 1 by (1) assuming a value
for E, (2) evaluating the integral in (2a) for
each annulus at ¢ = 23 minutes (the time by
which half the eventual weight loss had occurred),
then (3) choosing a value for £ so that the caleu-
lated value of w agreed with the experimental
value; (4) values of w;, and hence w, were then
calculated for different times throughout the
period of significant weight loss.
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Fre. 4. Exﬁerimental temperature/time curves.
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The following values of activation energy were
used to evaluate the data for experiment 1.
E = 30,000 cal/mole (k = 2.6 X 10" min™)
E = 12,000 cal/mole (k= 6.5 X 10° min™?)

E = 15,000 cal/mole (k= 9.1 X 10* min™)
The calculated weight/time curves are plotted
in Fig. 6, together with the experimental data: it

REACTION KINETICS—I

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 experiments 1-5,
assuming F = 15,000 cal/mole and k& = 9.1 X
10* min~!, are plotted with the experimental
values in Fig. 3. For the first four experiments
the agreement is satisfactory; but for the fifth
better agreement was obtained assuming F =
25,000 cal/mole and k& = 2.6 X 10° min™%.

The Heat of Reaction. If one considers a cylindrical
surface of radius r within a cylinder of length [
then one can write the equation for a heat balance
within this surface as

/t 2nrik (— 6T> dt 4+ (wo— wr)g
o 0

or
T
=/ wedl (3)
/To

where T = temperature at time ¢; T, = initial
temperature; k = thermal conductivity; ¢ =
specific heat; ¢ = heat of reaction, cal/gm of
weight loss; and subseript r relates to quantities
within a surface of radius r.

A number of comments must be made on this
heat balance:

E 1. When the equation”is applied to_ the_outer
surface of the specimen the first term may be in
error because the specimen is heated by radiation.

100[C=0gg <
--.O.\ ~
Q.
N \\
= N
© 80 plel
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= 60
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Fi1a. 6. Calculated weight/time curves for different
activation energies. (Data from experiment 1.)
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The radiation is absorbed in a thin zone near the
surface rather than at 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 « will be taken as constant in time.

3. The wood shrinks as decomposition proceeds.
However, the product r(67/dr) is not affected
by uniform shrinkage, provided that 8T/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 ¢ is constant at 0.33
throughout each experiment.

The experimental data allow

/ " (—aT/or) dt

T
f wee dT
To

to be evaluated for values of ¢ over the complete
range of the temperature records, and for each of
the five values of r 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
TFig. 7. It is now possible to account for the effects
of self heating by subtracting values of (ws— w:) ¢

from
/ wee AT
0

and thus constructing a family of curves for
different values of g.
From Eq. 3 it follows that the slope of these
curves is related to k. Since « is changing only
“slowly with time, the curve corresponding to the
best estimate of ¢ should, near the maximum
value of

and

, .
[ (—omjer) as

0
show no open or closed loop. This is most nearly
s0 in experiment 2 for ¢ = 75 cal/gm (this curve
has been omitted in Fig. 7 for the sake of clarity).

163
3000
-
- \
\
2500 \'—w
\
Curve caleulated from \
experimental data mee= ‘
= Curves corrected for
8 2000+——| heat of reaction:= ——!————
~ g = 65 cals/ gm eemem ﬂ
% q= 85 cals/ gm wecm= l
3
- 2 1500
Sy
1000
500
2500 3000 3500 4000
t

oT . .
o ('5;)-& (C/cm)-{min)
Fig. 7. Determination of the heat of reaction.
(Experiment 1, data for complete cylinder.)

This procedure, while not very precise, does
permit values of g to be estimated within 410
cal/gm. Values of ¢, obtained in each of the ex-
periments, for the volumes within the five
cylindrical surfaces, are given in Table 2.

TABLE 2
Values of ¢ (cal/gm)

Experiment No.

Cylinder 1 (innermost) 70 80 — 75 75
Cylinder 2 70 80 — 60 130
Cylinder 3 55 80 — 55 210
Cylinder 4 70 80 — 60 250
Cylinder 5 (complete

specimen) 75 80 ~ 70 280

a Insufficient data obtained to determine g.
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Discussion

a. The Overall Kinetics of the Decomposition
Reactions. For the first four experiments, in
which weight losses exceeded 47.5 per cent and
maximum wood temperatures exceeded 350°C,
values of 15,000 eal/mole for E and 9.1 X 10*
min™! for & were used in caleulating each weight/
time curve, and the agreement between calcu-
lation and experiment over a wide range of
conditions is encouraging. For the fifth experi-
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 experimental curve.
Much better agreement was obtained with values
of 25,000 cal/mole for E and 2.6 X 10° min~* for
k. It is clear, therefore, that the early stages of
the reaction differ from the later ones, and it
can be assumed that a reaction with an activa-
tion energy of 25,000 cal/mole predominates at
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 ex-
periments. A recent paper by Thomas and
Bowes* considers data from three different
sources (their own experiments and those of
Gross and Robertson,” and Mitchell®) 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
experiment 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 Bowes*
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. (1), which ircorporates the final weight of
the specimen, ingsmuch as it 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 it is
known that the maximum temperature of the
wood will not exceed 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 ==10 cal/gm,
and the variation of this average value with
position and with experimental conditions can
be investigated. The data in Table 2 show that
for experiments 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, expressed in terms of grams of
weight lost, is derived from these experiments.

- The heats of reaction for experiment 5, just as
the reaction kinetics data, are completely differ-
ent from those of the other experiments. The
heat of reaction is very much greater except at
the center of the cylinder, than in the other ex-
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
QOuter radius of annulus (em) 0.45
Heat of reaction (cal/gm) 75

0.45 0.63 0.77 0.89
0.63 0.77 0.89 1.00
185 370 370 400
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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 fo 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 Bowes® quote data corresponding
to a rate of heat generation of 8 cal/gm min at
250°C (referred to grams of total substance).
Kinbara and Akita® 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 at 250°C of
7.2 cal/gm min for ¢ = 400 cal/gm of weight
lost. Thomas and Bowes* quote a value of ¢ =
80 cal/gm of initial weight which, allowing for
the 5:1 ratio between initial weight and weight
lost, agree very well with the results from experi-
ment 5. In the present context it is considered
preferable to express heats of reaction in terms
of weight lost rather than initial weight. i

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 at 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
priori. 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 exceed 280°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 at 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. Tuomas (Fire Research Organization,
England): I should like to ask Dr. Roberts two
questions:

(1) At 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. RoBeErTs (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 at 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 experiments
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 wvalue 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.

Pror. R. H. EssENuicH (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, i.e., (dw/8t)r? The full differen-
tial in a rising temperature system would then be

av _(ow) | (ow) oT
d \at /), \oT/), ot

Is the author satisfied that the method he has used

to test the equatlon 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 at higher temperature, of
smaller and/or more mobile molecules.

Dr. A. F. RosErrs: (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) T 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
oceurring throughout the solid at 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 RESEARCH

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-C%]
and [4-C4]-2-methyl-but-2-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 a-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 4 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 [1,3-C'“]-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
it has been possible to caleulate 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. In 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. In the
first, the reaction of a binary (fuel + oxygen)

mixture is studied, the fuel itself being labeled,
usually in one specific skeletal position. In 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 eluei-
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-
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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 examples 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-C*J-propane was studied
in order to test the validity of Semenov’s postu-
late? 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!¢]-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 monoxide® and of the ketones?
formed by the slow combustion of 2-methyl-
pentanes labeled with C* in each skeletal position
in turn. Carbon monoxide was found to be de-
rived principally from the 3- and 4-positions
while the 2-carbon atom of 2-methylpentane was
shown to become the 2-carbon atom of acetone.
This leaves little doubt that the mechanism of
production of acetone is:

00H

. I
(CH,;),CH-CH,-CH,-CH; — (CH,):C-CH,-CH,-CH; — (CH,;),C-CH,-CH,-CH,;

O

l
— (CHs).C-CH,-CH,-CH; — (CH;).CO + CH;-CH.-CH,-

As would be expected, small quantities of methyl
n-propyl ketone were also produced by break-
down of the above alkoxy radical. The origin of
the considerable amounts of methyl ethyl ketone
formed is less obvious. Tracer experiments
showed however that the 2- and 3-carbon atoms
of the hydrocarbon molecule became the carbonyl

CH;

and CH, groups respectively of this ketone while
the 4-carbon atom was not incorporated. The
mechanism of formation of methyl ethyl ketone
therefore appears to involve the following re-
arrangement reaction of an intermediate alkyl-
peroxy radical:

l
CHx—C—gHg hasd CH3~CO-CH2-CH3 + CHscHzo'(Ol' CzH4 + OH')

AN

0—0- CH:

|
CH,

The slow combustion of [2-C¥]- and [4-C¥]-2-
methyl-but-2-enes has been extensively 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 oxidation of the inactive olefin®—
have shown that the two generally postulated

\

mechanisms of olefin oxidation operate concur-
rently. Hydrogen abstraction followed by hydro-
peroxylation leads to methyl isopropyl ketone
while oxygen addition at the double bond forms
in turn biradicals and a cyclic peroxide which is
the precursor of acetone and acetaldehyde.
Acetaldehyde is further oxidized 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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(1) (3)
T
CH, CH,
—H 1
N CH,
RSO CH— (- OH
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,‘ CH,0H
*
. CHy: CH, CHO CH, (+ CO + COy)
+ CH,CHO L~ “ém.om
(a) *' 1. CH3/
> CH,CH, CO- CH,

+ HCHO

The mechanism of product formation under
cool-lame conditions has been studied by Nei-
man and his co-workers with the aid of C*-
labeled fuels. Measurement of the activities of
the acetaldehyde, formaldehyde, carbon mon-
oxide, and carbon dioxide formed by the cool-
flame combustion of [1-C¥]-n-butane’ has shown
that the formaldehyde is derived about equally
from each carbon atom, while the mechanism of
production of acetaldehyde is specific, the ecar-
bonyl group being derived from the 2- and 3-
carbon atoms. In the same way, studies of the

H mlgratlon

CH, |migration

* i
CO + CH,CHO:

)

combustion of [1-C*]- [2-C'*]-, and [3-C¥]-n-
pentane® 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-C'*]- and [2-C"J-acetalde-
hyde has also been reported® and a combustion
mechanism has been derived on the basis of the
results obtained.

Ferguson and Yokley! have studied the cool-
flame oxidation of [2-C%]J-propane, the products

CH,
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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 4 oxygen
mixture at 318°C produced propylene, propylene
oxide, propionaldehyde, isopropyl alcohol, ace-
tone, ethane, ethylene, ethylene oxide, acetalde-
hyde, methane, methanol, formaldehyde, carbon
monoxide, and carbon dioxide. All these products
were analyzed and the isotopic compositions
showed that all the C; products contained the
original propane skeleton with the exception of
ca. 209 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 C*-carbon
monoxide. The C; products of the cool flame
combustion of [2-C¥J-propane were all intact
fragments of the parent hydrocarbon molecule
with the exception of ca. 209, of the ethane.
Methane and methyl alcohol were derived from
the end groups while formaldehyde and carbon
oxides were of mixed 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 at the central skeletal position.

Ferguson? has also studied flame processes
with the aid of carbon-13 as a tracer. The mecha-~
nism of the production of the excited C; radical in
CB-acetylene + oxygen flames has been investi-
gated by spectroscopic determination of the rela-
tive concentrations of C**C2, CC%, and CHCH,
The observed values show that the species C; is
not formed directly either from the acetylene
molecule or from the particles produced by its
direct polymerization. Most of the bonds in C,
radicals are evidently formed in the reaction
zone by the random recombination of C; frag-
ments. Shock-tube techniques have also been
used to study the production of C, radicals from
CB-gcetylene 4 oxygen mixtures at tempera-
tures of the order of 3500°K®; the results agree
with those obtained at lower temperatures.

The isotopic composition of the soot formed in
the closed bomb explosion flames of [1-C¥]-
propane! has shown that this does not arise
preferentially from a C. fragment of the fuel.
Thus if the soot is formed by the commonly
postulated mechanism via acetylene,'® 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 oxidation of olefins over

heterogeneous catalysts.6™° 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 at which initial oxidative 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 extents
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
oxidation 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 at the 2-carbon atom, which
became the carbonyl group of each ketone.

The total amounts (expressed as moles per 100

moles of initial oxygen) of stable products (car-

bon monoxide -+ ketones) formed by attack at
each skeletal position were as follows:

C
1.9\
C C—r-C—~o~C
Sme 41 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.*® 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 oxida-
tion.® The tracer results described help to solve
this paradox. Attack at the tertiary C—H group
leads to the formation of stable ketonic products
while initial oxidation at secondary 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
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of hydrocarbons is a tertiary center, secondary
centers are nevertheless the most effective points
of attack.

Combustion of Mized 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
specific activity of fuel

logm

« h.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 line, 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
caleulated 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 C“-benzene as an additive.
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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 C'-labeled benzene or toluene
ag 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
C'“labeled long-chain fatty acids and their salts
(e.g., tridecanoic acid?*) has proved effective. A
further use of C-labeling in engine research is
illustrated by the work of Cooper® who has in-
vestigated the distribution of fuel containing
C¥.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 produet Z may be eluci-
dated by the addition of X to the fuel 4+ 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 s an Intermediate Combustion Product. Let
us consider the reaction system:

Other
intermediates
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in which the rate of formation of Z from X isry
and that from the other intermediates is 7.

If a small concentration of C¥-labeled additive,
[X*], is introduced into the system and if the
activities of X and Z are denoted by ax and a.
respectively, then if [ X*] << [X]], it follows that:

[z-] < [Z] (1
and )
= [X*V/[X); @=[27V/[Z] (2
Now d[Z]/dt = r1 + rq so that:
d[Z¥)/dt = ™ = riax (3)
From Eq. (2),
da, _ _ [Z7]d[Z] . 1 d[z=]
dt [ZF & '[z] " &
=, d[Z] o 1 dz7]
[Z] [z] &
and from Eq. (3),
% = [Z] (ry+ 1) + E’E?jl
ie.,

day _ | _ (n+fz
it [z]|®=7 =\"h

If a small amount of inactive Z is added initislly,
a; = 0 when { = 0 and a, will at first increase,
pass through a maximum, and subsequently de-
crease. At the maximum, da,/df = 0, so that:

ax/a; = (r1 4 1m)/n

Measurements of the variation with time of ax
and a, and determination of the value of ay/a,
when a, is a maximum thus enables ro/r; to be
caleulated. If r, = 0, i.e,, if Z is produced solely

by a mechanism involving X, then the ay/t curves
intersect when a, is a maximum. If rs ¥ 0, ax is
always greater than o, and the curves do not
intersect.

These principles have been applied by Neiman
and his co-workers to several combustion systers.
It has been shown for example that during the
slow combustion of methane, carbon monoxide
is formed solely by further oxidation of formalde-
hyde® but only 259, of the carbon dioxide is pro-
duced via carbon monoxide.”” Similarly addition
of [1-C%]J-acetaldehyde to n-butane 4 oxygen®
and propylene + oxygen® systems has shown
that the carbon oxides 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 309 of the carbon mon-
oxide and some 509 of the carbon dioxide are
produced via acetaldehyde. In the same way,
studies of the cool-flame combustion of propylene
in the presence of added [2-C'*]-acetaldehyde®
have shown that 759, of the methanol formed
originates from the methyl group of acetaldehyde;
on the other hand, addition of C*¥-methano! indi-
cates that less than 59, of the formaldehyde arises
by further oxidation of the methanol, and it is
therefore believed that the formaldehyde arises
mainly from breakdown of CH;Os- radicals. The
addition of CY-carbon monoxide and inactive
carbon dioxide to n-butane -+ oxygen® and
propylene + oxygen® systems has shown that
Ognee K 0x, ONly 3-4 % of the carbon dioxide being
derived from carbon monoxide.

A somewhat similar approach has been used
by Trimm,®” 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 oxidation of
isobutane:

Hsa

+CH3 +C
CHa'CO'CHa ‘—':I—“) CHs‘CO'CHz' B 4 CH:;'CO'CHZ'CHK

Alternatively, methyl ethyl ketone could be formed, for example, by the intramolecular re-

arrangement of fert-butyl peroxy-radicals:

(J;Hs (T‘Ha (fHa ?Hs
-H +0 -
Hg-?-cm—-—-»cm-q_cm-—-—e” CH;-C—CH, ———, CH3~(|J-—-CH2-————-—>CHSCO-CH2-CH3
H N 0-
H
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-C'"-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 the effect of added 1-
Cl-acetic acid on the oxidation of acetaldehyde®
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have shown that some carbon dioxide is derived
from the carbonyl group of this acid and that it
thus does not all arise by breakdown of radicals
derived from aldehydes and peroxy acids.

Ferguson!* has examined the role of carbon
monoxide in the formation of carbon from hydro-
carbon flames by introducing C®-carbon mon-
oxide into these flames. The carbon collected was
found not to contain any excess of carbon-13 and
the only gaseous product which was enriched was
carbon dioxide.

The role of additives in the metal- and metal
oxide-catalyzed oxidation of C'.ethylene has
been investigated by Margolis and Roginskii. The
additives used were acetaldehyde®#1 and ethyl-
ene oxide”? and it was shown that, although
aldehydes were important intermediates in the
silver-catalyzed oxidation, these compounds did
not play a significant part in the oxidation over
vanadium pentoxide or other semiconduetors.
An interesting discovery was that the vanadium
pentoxide-catalyzed oxidations of acetaldehyde
and ethylene oxide exhibit the phenomenon of
“mutual induction”.* A novel mechanism in-
volving ionized oxygen, peroxides, and alkoxides
was postulated to account for the oxidation of
ethylene over certain semiconductors.?

The nature of processes occurring in metal-
catalyzed oxidations has been further studied by
Neiman® who, using a flow system, added C“-
labeled acetone to a 39 acetone/209, 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 13 a Caotalyst. The addition of cyclohexane to
benzene makes it possible to obtain appreciable
yields of phenol by homogeneous oxidation at
temperatures of about 600°C.* Donald and
Darlington® have however carried out the oxida-
tion with C“-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 that
of the initial benzene.

Neiman and his co-workers® introduced CU4-
labeled azomethane as an additive during studies
of the slow combustion of propylene. The C-
methyl radicals thus produced were found to re-
act to give labeled formaldehyde and methyl

aleohol- 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
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the inhibiting action of styrene and the ac-
celerating effect of acetophenone on the slow
combustion of n-hexane’ By use of [1-CY]-
styrene it 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 dioxide; 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 (r,) 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 (r;) and destruction (rz) cannot be found in
this way. If, however, a C'"*-labeled intermediate
is introduced into the system in very low con-
centration, [X*], its activity is. given by:

ax = [X"]/ [X]

from which it follows that:

But:
dX]/dt = ry=r; — 1y
and agr% = 0,
d[X "]/t = —rg# = —r4+ 0x

Thus:
dox _ —ridx | Gx (o Oy
a X X1V YT
so that:
d{in ax
ry= —[X],ﬁ__zd_i_)

Measurements of the variation with time of [X]
and ax therefore make it possible to calculate r,
and hence ;.

In this way, Neiman and his co-workers have
determined by addition of ea. 1% of [1-C¥]-
acetaldehyde the separate rates of formation and
destruction of this compound in the cool flames
of both n-butane®® and propylene.®® It was
shown that in the former system acetaldehyde is
both formed and destroyed throughout. the reac-
tion, r¢ being particularly high during passage of
the cool flame. First-order velocity constants and
energies of activation for the decomposition of
acetaldehyde were also caleulated. During oxida-
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tion of propylene, both 7y and 7y exhibit sharp
maxims in the cool-fame region and the values
of 7y obtained in this way are in good agreement
with those caloulated from the combustion
mechanism postulated by Shiern and Polyak #0

Rates of Competing Reactions

It is generally possible, in simple systems, o
determine the relative rates of two competing
processes:

+0g
(CHOHHO —)CH,CH0
)

Provided that (1) is slower than (8) and if
and re and &y and ks arve the rates and velocity
conistants respectively for. the correspondingly
numbered reactions, then:

ddco

so that the relative rates of the two competing
processes may readily be caloulated if the total
activities of the two carbon oxides are separately
determined.

This treatment explains at least in part why
the ratio of carbon monoxide to carbon dioxide
in the products of hydrocarbon conibustion is so
highly variable,

Future Developments

Although isotopic carbon has already found
numerous and diverse applications as a tracer in
combustion research, there appears to be a large
number of unsolved problems in this field where
its use would be of considerable value. A selec-
tion of these is given below.

Hitherto, the application of isofopic carbon to
the determination of the mechanism of the forma-
tion of combustion products has yielded wainly
qualitative information. However, now that the
separste rate of formation and destruction of
intermediates can be found, the individual rate
constants and hence the activation energies of
many of the constituent radieal reactions could

REACTION EINETICS~I

by messurement of the change with fime of the
eoncentrations of Y and Z. In combustion proc-
esses, howewver, & large number of conourrent
reactions ususlly opcur and the produets ¥ and
Z may also'be formed from precursors other than
X. The reactions resulting in conversion of X to
Y and of X to Z may be isolofed however if X 35
isotopieally Jabeled, e.g:, with carbop-14. Then if
Av and Az are the tolal astivities of ¥ and 2

'1‘1/?‘2 = C{fiy/iiiz

In this way Neiman and Serdyul® were shle,
by use of [1-C¥)-acetaldehyde, to estimate the
different competing fates of aeetyl radicals during
the glow combustion of propviens. Hese the two
goneurrent processes in guestion are:

%)

CH;C“O;;’ ity C“Oa("}*cﬂzﬁ”)
A

p
OX‘O + CH;{'

also profitably be determisied. There is zlso a
considerable need for further applicstions of
tracer techniques to the study of ¢ompeting re-
agtions, where such methods have sp far only
been used in 4 few systerss.

Although too the use of isotopic earbon has
thrown some light on fhe mode of action of
promoters of gaseous oxidation remctions, there

.seems to be a pressing need for similar applicas

tlons to the study of inhibition, the mechanism
of which isin some cases still obseure, :

Another field in which tracer methods may be
usefully applied is thet of fast reactions. Indeed,
suech methods have beén used in studying the
cracking of ethane at 800-800°C in s turbulent
reactor, and have enabled velooity constants and
activation energies—both for the over-all process
and for individual stages—to be determined from
3 single series of runs® Bimilar methods eould
he profitably used for the study of fagt combus-
tion resctions.

Finally one of the least understood factors
which exert a considerable infiuence on combus-
fion reactions s the surface of the containing
vessel. Tn many cuses the walls of the reaction
vessel in suéh systems become cosberd with a
carbongceous deposit, the formation of which
influences the rate of subseguent combustion.
The introduction of labeled warbon intoe this
surface film and the “tracing” of its fate during
combustion reactions carnied out in its presence
might well throw light on the way in which the
surface participates in the reaction,
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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 it is reasonable that carbon-
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oxygen bonds formed at 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-all 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. Fisa (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-2-one) 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 CH; and CH,-
CH,CH,, I agree that the tracer results will suggest
frequencies of initial attack at 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 at 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. R

Dr. F. J. WrigHT .(Esso Research and Engineer-
ing): 1 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 seems 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.

Dx. A. Fisu: 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 small 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 FLAME BANDS

M. A. A. CLYNE AND B. A. THRUSH

The intensity I, of the carbon monoxide flame bands observed in the low-temperature reaction
of O with CO was found to have similar kinetics to those of the O 4 NO and H 4+ NO emissions,

I, = IOc[O][COL

where Iy, depended upon the nafure but not on the pressure of the carrier gas used as third body.
I, and the rate constant ki, for overall combination of O and CO were found to be much less at
293°K than Iy, and ki, (the analogous quantities in the O -+ NO reaction), but while ki, and Joa
showed small' negative temperature coefficients, I, was found to have a positive Arrhenius activa-
tion energy of +3.7 keal/mole. Extrapolated values of Iy, and I at 1/7 = 0 were similar.

Most of the excited CO, molecules formed in the third order combination process are quenched
collisionally rather than -radiatively. The absence of any effect upon the value of 7o, when the third
body used is in a triplet state (O.) shows that a spin reversal reaction is not rate determining. The
observation of similar pre-exponential factors for Io, and Io. shows that the emission process in
the O 4- 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 'Z,* state of CO.. Mole-
cules in this excited singlet state are formed by a rapid radiationless transition from the triplet
gtate of CO: in which they are initially formed. The low value observed for I, 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.

O 4+ 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 4 NO, O 4+ NO and O 4 SO.

Investigations of the kinetics of the H 4 NQO3%4
and O -+ NO*56 reactions have shown that the
intensity (I) of the HNO or NQO. emission
which accompanies the third order combination
reaction,

X+4+NO+M—-XNO+M 1)
obeys the kinetic law
I = [[X][NO] (2)
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In these reactions, Ip and the third order rate
constant k; show similar small negative tempera-
ture -coefficients. The quantity I; is found to be
independent of the pressure of the carrier gas
which provides the bulk of the third bodies [M]
but to depend on the nature of the third body.*®
This can be simply explained by a mechanism of
the type

X + NO + M= XNO*+ M 3)
XNO* — XNO + hr 4)
XNO* 4+ M — XNO + M )

with ks << k[M] under the experimental
conditions. It can be shown that this scheme
leads to the expression

Ty = koks/ks

where k; is the net rate constant for recombination
via the electronically excited state® In the case
of the O -+ NO reaction where the ratio ky/ks
can be obtained from fluorescence data, k; is
found to be half the total rate of combination to
form NO,. ‘

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.

O(¢P) 4+ COezZ*) — CO.0z,%)

Experimental

The experiments were carried out in 2 28 mm
diameter Pyrex 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 ecm down the tube before
entering the reaction zone. Measurements of the
emission intensity were made with a 9558B
photomultiplier cell, which observed a 5 em
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 linear
flow velocities between 1 and 10 m/sec. Oxygen
atom concentrations were determined by titration
with NO,° these concentrations being between

0.3 and 3.09, for O + O, 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. Oxygen atoms in a
nitrogen carrier were produced by passing pure
nitrogen through the discharge and then adding

" the stoichiometric quantity of nitric oxide ac-

cording to the nitrogen atom titration reaction?.
N(8) + NO(I) = N.(z*) + O(P)

NO and NO, were prepared and purified in
the usual manner. Other gases were obtained
from commercial cylinders 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 (I.) with carbon monoxide
concentration and with oxygen atom concentra-
tion, For these experiments, an oxygen carrier
with a total pressure of 1.7 mm at 293°K was
used, and conditions were such that there was
negligible O atom decay between the point of
mixing and the photomultiplier cell. These
figures demonstrate clearly that the glow intensity
is proportional to the concentrations of O atoms
and of CO, i.e.

I. = L O CO]

Table 1 gives values of I.,/[OJ CQO]J for total
pressures between 0.86 and 2.69 mm. It can be
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F1a. 2. Dependence of I. on [O] for constant [CO]
at 293°K and 1.69 mm total pressure.

seen that Io, is independent of the pressure of
[M] 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.2 On the basis
of experiments with different filters it was con-
cluded that 609, of CO flame band emission lay
between 3200 and 5000 A. Measurements were

TABLE 1
Variation of I, with total pressure [M] at 293°K

Total I./[CO1

pressure  (arbitrary) [0] I./[0)CO]

(mm Hg) units) (mm Hg) (X10%)
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

made of the ratio of the photocurrents Ip.' and
I, due to the O + NO and O 4 CO emissions
observed respectively with filters 61 and OXI.
Io. was then given by

IOc —_ I()cl Qa
Iye N I X Qc’

where Iy, is the absolute value of the air afterglow
emission intensity and g,, ¢. are the fractions de-
tected of incident quanta in the O 4 NO and
O 4+ CO emissions, respectively. In this way a
value of Iy over the whole wavelength range of
6 X 10° exp [(—3700 == 500)/RT"] cm® mole™

TABLE 2

The dependence of the emission constant (/,) and third order rate constant (k:) on the nature
of M at 293°Ke :

The O + NO reaction®

The H + NO reaction4

The O 4 CO reaction

Joa X 10778 Jye X 107162 Ty X 10758 Fip X 107160 Toe X 10730 Jy, X 107160
0. 4.0 % 0.2 2.7 = 0.3 — — 12.0 & 0.8 <0.003
Ne —_ 3.1 & 0.4 —_ — 11.2 = 0.8 —
H, — —_— 4.3 0.3 1.48 £ 0.15 — —
A 4.0 = 0.1 2.7 + 0.3¢ 3.2 £+ 0.3 0.87 % 0.15 8.0 £+ 0.8 —
Ne _— — 2.0 0.4 0.72 =% 0.10 5.6 & 1.0 —
He 5.0 &= 0.1 1.8 4= 0.3 2.4 3 0.2 0.66 = 0.10 5.6 £ 0.8 -

= The errors quoted in this table are the standard errors of the relative values of I, and k, and not of the

absolute values of these quantities.

b Units of Jp cm3 mole™? sec™; units of k; cm® mole~2 sec™.

¢ Data from ref. 5.
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sec™! for M = O; was determined. An extrapola-
tion of this expression to flame temperatures gives
a value of Iy, in fair agreement with that obtained
from studies of carbon monoxide flames.

In none of the experiments was it possible to
measure the rate of the overall reaction

O+CO+M-CO;+ M (le)

An upper limit for ;. 1s shown in Table 2, which
gives emission constants (Iy) and third order
rate constants (k) for the H + NO, O 4+ NO
and O 4 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. = I,,LOJ[CO]

where the constant Io. depends on the nature
but not on the pressure of the carrier gas used.
As in the H 4+ NO and O 4+ NO reactions this
behavior of I shows that the rate-determining
processes in the formation and removal of excited
COs molecules both involve the carrier gas (M),

logy (107K, ) o

‘°910(1°'12K1h)

! I
0 1 2 3 4

]03/T (QK)-1

Fia. 3. Arrhenius plots for ki and I,.

but that the pressure dependences cancel out

CO+0+M=C0, +M (3¢)
COy — CO; 4+ Iy (4¢)
CO:+M—-CO; + M (5¢)

In this scheme Toe = kaokae/kse if ksl M| 3> ke,
where ks, is the net rate constant for combination
into the excited state which emits.

Figure 3 is an Arrhenius plot of the Iy values
and third order rate constants for the O 4+ NO -+
Oy, H 4 NO + Hg, and O + CO -+ O, reactions.
It can be seen that while the spin-allowed
combination reactions O + NO and H 4 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 keal, the emission associated with the
spin-forbidden O -+ CO reaction exhibits a
positive activation energy of 3.7 keal. Its extrapo-
lated Io value for 1/T > 0 is close to that for the
O 4 NO reaction where half the recombination
oceurs via the electronically excited state of NO,
responsible for the air afterglow emission,? which
is an allowed transition.

Further evidence that the low value of Iy is
due largely to this energy ‘barrier and not to a
slow spin-reversal step is produced by the
similarity of the Io, value for Op to that for Ny
and A. Since Op has a triplet ground state, it
would be expected to accelerate a process in
which spin-reversel was rate determining. It
follows that the rate of reaction (3¢) is not
controlled by a spin-reversal process, and that
the bulk of the 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 /¢ must
be due to the presence of an energy barrier in the
combination Teaction (3¢) 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 at higher temperatures is thought to be
regponsible for the small negative temperature
coefficient observed for Iy, and I in the O 4+ NO
and H 4+ NO reactions4® Since redissociation
must also be considered in the O 4+ 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
Io. and those of Ip, and In; this yields a barrier
height of 5 keal/mole. Thus the maximum energy
available for emission is 125 4~ 5 = 130 keal. The
energy of the largest quanta observed is 90 keal
and it follows that the lower state to which the

g O T
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emission occurs must lie not more than 40
keal/mole above the ground state of COs. No
such low-lying electronic state of CO; has been
detected spectroscopically, nor is one expected
on. the basis of molecular orbital theory?

It follows that the emission occurs to excited
vibrational levels of the ground state of CO,. 1t
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 COs. The first
absorption spectrum of CO; with adequate
intensity has its maximum at 1475 A™ while the
maximum emission intensity oceurs at 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 B, or 4, 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 NOs the
Franck-Condon principle would prediet that the
strongest transitions in emission and absorption
would occur to levels with bending vibrational
energies of 35 and 70 keal/mole, respectively. The
sum of these energies (105 keal) agrees well with
the difference between the energies of the
observed maximum intensities, which is 120 keal.
It can therefore be concluded that most of the
CO flame band emission comes from a 1B; or
14, state of CO, which has a minimum excitation
energy of about 110 keal. For convenience, it
will be assumed that the excited singlet state
involved is 1B, as the transition 'Ag~'Z;t is
forbidden except with the excitation of the
asymmetric stretching vibration. The discussion
would be unaffected if it were the 1A, 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 107 exp (—3500/RT) cm® mole™? sec™t

for the rate constant of the overall combination
reaction,? while a value of 3.7 keal/mole for the
activation energy of this reaction has also been
reported.’® 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 O (3P) + CO (*Z*) and not only for light
emission.

Since the electronic states of CO, which arise
from O (®P) + CO ('=t+) are triplets, the

mechanism by which excited CO» molecules reach
the B, state must be such that spin-reversal is
not rate determining. If all these triplet states
were unstable, crossing into the singlet state
must occur at 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 = Oq
would be expected. If, however, the combination
0 (3P) + CO (1=+) 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. CO; would be expected to have
such a triplet state (*B») lying about 20 keal
below the excited singlet (1B.) state, both from
molecular orbital considerations and by analogy
with CS; and SO; where such states have been
observed.® 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 4+ NO reaction, where the
radiating HNO (*A”) molecules are formed by
radiationless crossings from a 4" state formed

by
H(S) + NOCH) + M — HNOCA") + M.

The mechanism of the CO flame band emission
can therefore be represented by:

O(CP) + CO(z*) + M = CO:(3B:) + M
CO2(3B2) = CO4(1B2)

COy('By) — CO:('Z,*) + v

CO:(1Bs) + M — CO.('2,") + M

The corresponding potential curves are repre-
sented diagrammatically in Fig. 4.

The probability of the radiative transition
(®By — Z;*) is less than 10~ of that from
(1By— 'Z,1) . The former process can be neglected
for those CO; molecules which have energies
where crossing between the excited triplet and
singlet states can occur. Rapid vibrational
quenching of the B, state would yield molecules
which have too low an energy to cross to the !B
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, at
longer wavelengths.

Gaydon’s spectrum of the SO, afterglow!
(which we have recently shown to be associated
with the SO -+ O reaction) shows bands known
to originate from the low lying triplet state of
S0Oq, but they appear from the published spectrum
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Fig. 4. Diagrammatic potential curves for the
O + CO reaction.

to contribute less than 109, of the total intensity.
The proportions of triplet—singlet emission might
well be lower in the O - CO reaction, as a
violation of the spin selection rule would occur
less readily for CO; than for SO..

The energy barrier to combination in the
O 4+ CO system is related to that observed both
in the unimolecular and bimolecular decompo-
sitions of the isoelectronic molecule N2O:

N,O(2+) — N.(i2+) + 0O(3P)

In this case the barrier height of the combination
process is 20 kcal while the heat of reaction is
40 keal, as compared with 125 keal for O 4+ CO.
Although it has not been possible to determine
the absolute rate constant for the O + 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
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concentration of excited CO; which could be in
equilibrium with CO - O 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 !B, state of CO; 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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Discussion

Pror. S. W. BENsoN (University of Southern Cali-
fornia): Dr. Thrush’s very interesting results should
be compared with those of Mahan and Solo who re-
ported for a very similar system a bimolecular rate
of CO; formation. For Dr. Thrush’s system the
rate would be termolecular.

Dr. B. A. TarusH (University of Cambridge): We
think that the rate of CO. formation would be

termolecular under our conditions, the reaction in-
volving an activation energy similar to that for
light emission.

Dzr. R. R. Bavowin (Hull Undversity): I should
like Dr. Thrush to clarify one point in his paper.
The convincing evidence he presents that the process
responsible for light emission is termolecular clashes
with the vieW:expressed by Avramenko and Kolesh-
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nikova that O + 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 CO.. However, since Dr. Thrush
used the activation energy obtained by Avramenko
and Xolesnikova 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. TerusH: On the basis of our experi-
ments, we consider that all the O (3P) + CO (1=%)

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 Xolesnikova 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 EXPLOSIONS

R. 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, it 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 H; and O, by direct chain-terminating reactions with H, OH, and O, 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 H2/O, 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
explosion. 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-
duetion 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.r™®

(8) Isothermal Ezplosion

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 mannper with time. There are
two subdivisions in this category:

(¢) Linear branching mechanisms. Here only
linear (first-order) reactions of chain centers are
involved, the development of the concentration
of chain centers, n, with time ¢ being governed
by the equation:

dn/dt = 6 + fn — gn — vyn (1)
=6+ ¢n

" where 6, fn, gn, yn are the rates of initiation,

chain-branching, gas-phase termination, and sur-
face destruction,* respectively. The net branching
factor ¢ = (f — g — +v), and the explosion
boundary is defined by the condition ¢ = 0. The
n — ¢ relationships for the three situations ¢
negative, ¢ zero, and ¢ positive, are shown in
Fig. 1.

(%) Quadratic branching 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.™*
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Equation (i) now becomes:

dn/dt = § + ¢n + Fn? (ii)
and explosion is possible not only when ¢ is
positive, but also when ¢ is negative, provided
46F > ¢°. 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 at S, and the con-
centration of chain centers becomes constant at
this value. In eurve 3, dn/dt is always positive

and the chain center concentration increases

continuously with time. Curve 2 represents the
boundary condition. The corresponding n — ¢
relations are shown in Fig. 2B.

It is generally assumed in discussing both
slow reaction and explosion that 8§, ¢, and F are
defined only by the initial conditions. Thus, both
the short induction periods preceding explosion
of H,/O, mixtures®® and the long induction
periods in hydrocarbon oxidation have been
analyzed on the assumption of a constant value
of ¢ 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 ¢ as the reaction develops
produces substantial modification in the explosion
condition.

1. Inhibition of the H./O, Reaction by
Methane

The reason why the methane-inhibited H;/O,
reaction provides an illustration of -the above
phenomenon can be understood by reviewing
briefly the inhibiting action and mechanism of

b=10

& <0

¢

F1e. 1. Chain center concentration (n)-time (¢)
relationships with linear branching and linear chain
termination.
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(b)

Fic. 2. (a) dn/di — n relationship with quadratie

branching. (b) n~t relationship with quadratic

branching; = = concentration of chain centers,
t = time.

inhibition in the case of ethane, propane, and
n- and 7-butane. These hydrocarbons from
ethane to butane exert a very similar inhibiting
action on the H,/O, reaction, 4 the charac-
teristic feature being that 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 4, the
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mole fraction of inhibitor required to halve the
uninhibited limit; 4 is almost proportional to ¥,
the mole fraction of O, is much less dependent
on the mole fraction of H,, z, and is effectively
independent of vessel diameter. Assuming an
isothermal boundary, defined by ¢ = 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 H,/O, system.

H4+RH =H,+R (14)

OH + H, = H,O + H (1)

H+0.=0H 4+0 @

04+ H,=0H+H 3

H+4+ 0.+ M=HO+ M @
surface

HO- = destruction  (5a)

Assuming that reaction (14) leads to chain
termination, this mechanism gives the relations:

Py — P _ kmf_ .. . kzy
P2 - 2k2y’ = k14 (111)
P,, P are the uninhibited and inhibited limits,
respectively, and 7 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
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OH + RH = H:.0 + R (15)

O 4+RH=0H +R (13)
. 13 is then given by:

-1- = ]—c}i ' --“216‘15—— (iv)

G ky kst

In the case of ethane, it has been shown® that
the variation of 73 over a wide range of mixture
composition can be interpreted precisely by Eqg.
(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,® 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 ethylene®®
obtained when ethane is oxidized in a flow system
at 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 HO, radical,
are predominant in these cases also.

CiH; + O, = C;H, + HO, (202)
CH; + 0, = CH,CHO + OH  (192)
CoH; + He = CHs + H (162)

CH = GH, + H (21a)

There is no doubt that the uninhibited second
limit is isothermal in character; in particular,

0.4

i%xlo

0.2 L.

0 : | ]

I I T

| I !

0 0.1 0.2

0.3 0.4 0.5
MOLE FRACTION OXYGEN

Fic. 3. Effect of inert gas on inhibiting action of ethane; 35 mm
diameter KCl-coated vessel at 540°C, H; = 0.28 mole fraction
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the relative effects of helium and argon on the
second limit agree exactly® 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 conduetivity.
Confirmation of the isothermal nature of the
inhibited limit in the presence of ethane comes
from studies of the effect of different inert gases.!®
According to Eq. (iv), which is based on an
isothermal boundary condition, ¢ for a given
H,-0, mixture should be independent of inert
gas. Figure 3 shows the effect of the four inert
gases, hellum, argon, nitrogen, and carbon dioxide
for a series of mixtures in which the mole fraction
of O, varied from 0.07-0.56, the mole fraction of
H, being constant at 0.28 and the remainder of
the mixture (apart from the trace of ethane)
being the one inert gas added. The fact that 4
is independent of inert gas is particularly striking
in view of the wide variation (60-180 mm Hg at
540°C) in the uninhibited limit resulting from the
different inert gas coefficients in reaction (4).

With methane, a reaction analogous to (20a)
will produce the reactive CH; radical and cannot,
therefore, be regarded as a chain termination
process; moreover, no evidence for this reaction
has been found, reaction (19) being geperally
accepted.

CH; + O. = HCHO + OH (19)

Sinee 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 hydrocarbons.!7 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 at least of these reactions do
not produce further chain centers. Suppose the
reaction mixture is subjected to conditions where
the net branching factor ¢ is initially positive.
The differential equations for the center concen~
tration n and the intermediate I then become:

dn/dt = 6+ ¢n — A[In (v)
d[1]/dt = B[RIn — C[1]n (vi)

If all reactions destroying the intermediate also
remove s chain center, 4 = C. From (vi), the
stationary concentration of intermediate =

[H]

[HCHO]

CONC.

TIME

Fia. 4. Sketch of concentration—time relationships
given by Eqgs. (v) and (vi).

B[R]/C. If ¢ > AB[R]/C, dn/dt is always
positive and an isothermal explosion occurs. If
¢ < AB[R]/C, dn/dt is negative when the
equilibrium concentration of intermediate is
reached, and isothermal explosion 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 H,/ Ox

reaction by methane have been discussed else-
where’® 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 1, 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 7. increases almost linearly
with increasing mole fraction of Os. As in the
case of ethane, this suggests a competition
between the hydrocarbon and oxygen for the
same chain carrier, H.

(¢) Here i, is more markedly dependent on
the mole fraction of H, than in the case of
ethane. Initially 4. increases almost linearly with
increaging r, then passes through a maximum,
and decreases as z is further increased. Such a
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Frc. 5. Comparison of inhibiting action of methane
and ethane; 35 mm diameter KCl-coated vessel at
540°C, Hy = 0.28, O; = 0.14 mole fraction.

relationship could result from the combination of
a chemical effect in which 7, increases continu-
ously with z, and & physical effect in which the
increased conductivity in mixtures of high H
content makes thermal explosion more difficult,
s0 that less inhibitor is required.

(d) The value of ¢ 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 i, is effectively the same in both
clean and KCl-coated Pyrex 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 explosion 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

REACTION KINETICS—II

just greater than %, 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 detection of small temperature
rises (using a centrally located thermocouple in a
glass sheath) in mixtures with methane concen-
trations just greater than ¢, 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
1,; these glows disappear if the methane concen-
tration is increased slightly.

T T I {
A
&0 - Ny .
He
me co, .
x 40 1~ : .
._0
20 | .
0 | | ] 1
0 0.2 0.4 0.6 0.8

MOLE FRACTION HYDROGEN

Fic. 6. Effect of inert gas on inhibiting action of
methane; 35 mm diameter KCl-coated vessel at
540°C, O, = 0.14 mole fraction.

(g) The most direct evidence for & thermal
boundary comes from the effect of the inert
gases He, A, No, and CO.. If the boundary is
isothermal in character, inert gases should either

Jhave no effect (as with ethane), or should have
‘an effect determined directly by their influence

on ¢. 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, > Ny > A > He, or through their
ability to take part in activating (e.g. Hx0p 4
M = 20H -+ M) or deactivating collisions (e.g.
H + 0y + M), in which case the order of
effectiveness is again likely to be CO; > Nz >
A > He.* If, however, the explosion has thermal

* This is the order given by Ritchie!® for a number
of reactions; however, in both the decomposition of
NO,CI' and in the reaction H + O, + M = HO, +
M, He lies between N and A.
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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 COs > He > N; > A. Figure 6 shows the
variation of 7. with mole fraction of H,, the mole
fraction of Op 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 Hy/O:
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.

II. Inhibition of the H,/O; 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 HO.. Such a reaction
requires a C—H bond adjacent to the carbon
atom at 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 at 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,

(CH3)20=CH2 + CH;
(b) Reaction with O, to give an aldehyde:
(CH;):C—CH; + 0. = (CH;):C—CHO + OH

Although no direct inhibition occurs, the aldehyde
could inhibit through the following reaction
sequence:

(CH3)sC~—CHO + center X = (CH;);C—CO + XH
(CH,);C—CO = (CH,);C 4+ CO
(CH):C + O = (CHy),C—CH. + HO,

A methane-type inhibition would again be
expected.
Studies with neopentane confirm that the
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inhibition is similar to that obtained with
methane, particularly in the following respects:

(1) Increasing addition of neopentane has little
effect on the limit until a critical concentration
is reached when explosion is completely sup-
pressed; the critical concentration is about one-
fiftieth of that with methane;

(ii) 4, is dependent on vessel diameter;

(iii) 1, is dependent on inert gas, the order for
increasing i, being COs, He, N;, A. This order
confirms the thermal nature of the boundary.

II1. Inhibition of the H,/O. Reaction by
Ethane, Propane, and Butane

In KCl-coated vessels at 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 Pyrex vessels at
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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Fra. 7. Normal and depressed limits in inhibition
by ethane; 23 mm diameter Pyrex vessel at 500°C,
H. = 0.80, O; = 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 H, and 0.14 mole
fraction Oq in 2 23 mm diameter vessel are shown
in Fig. 7. The “depressed” limit can also be
obtained by interrupting the evacuation for a
period of several minutes at a pressure just above
the normal boundary, and then continuing the
rapid evacuation. In KCl-coated vessels, de-
pressed limits are only obtained by using incon-
veniently slow withdrawal rates, but can be
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obtained by
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 Pyrex vessels, where quadratic
branching plays a significant role, suggests that
the self-inhibition mechanism here may be
similar to that described in the next section,
rather than to that described for methane.

Although depressed limits were only obtained
with difficulty in KCl-coated vessels with ethane,
they were obtained much more easily with
propane, n- and 7-butane; with some mixtures,
normal limits could only be obtained by using
freshly coated vessels. Tests have shown that
propylene is a more efficient inhibitor than
propane®; the butylenes have not been examined.
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.

this “interrupted evacuation”

IV. Self-Inhibition of the H,/O, Reaction

Perhaps the simplest case of self-inhibition
arises where only two reactants, Hy; and O,, are

REACTION KINETICS—II

involved. In KCl-coated vessels, the second limit
is normally independent of withdrawal rate over
a very wide range. In clean Pyrex vessels, the
limit is markedly dependent on withdrawal rate,
as shown in Fig. 8 With mixtures of high Q.
content, decreasing the withdrawal rate has little
effect until a critical rate is reached, when ex-
plosion is completely suppressed. With mixtures
of lower O content, the limit is gradually reduced
as the withdrawal rate is reduced below a critical
value. Since this phenomenon is only significant
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 HsQO, which is an
extremely efficient third body in the reaction
H+ 0+ M = HO; + M. The formation of
H-0 as the explosion boundary is crossed cannot
be shown using the withdrawal method, because -
the pressure change due to H:O formation is
masked by the pressure decrease due to with-
drawal. If, however, the boundary is approached
by raising the temperature, formation of H20 can
be detected. A mixture (0.28, 0.14 mole fractions
of H,, Q. respectively) was prepared in the
reaction vessel at 480° and 500 mm Hg pressure,
and the pressure then reduced to 86 mm Hg, at
which pressure the ignition temperature 1is
490°C. The mixture was then heated at about
2°C/min, the pressure being followed on a
sensitive Bourdon gauge. Between 480° and
490°C, the pressure rose gradually as expected
from thermal expansion. At 490°C, the mixture
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Fre. 8. Effect of withdrawal rate on second limit of H,/O, reaction; 35

mm diameter Pyrex vessel at 500°C, Hy =

0.28.
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did not explode, but no further pressure increase
occurred up to 505°C. From the difference
between the observed pressure at 505°C and that
calculated for thermal expansion, 3.9% of H,O
had been formed. At a constant temperature of
505°C, the mixture was withdrawn fairly rapidly.
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Explosion occurred at 80 mm Hg, as compared to
the normal uninhibited limit of 112 mm Hg at
this temperature. From the known inhibiting
effect of Ho0, 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 Hy0 as the effective inhibitor, it
appears that this type of inhibition is negligible.*
From the discussion of quadratic branching
already given (Fig. 2A), the concentration n, of
chain centers at the boundary is obtained by
writing d(dn/df)/dt = 0, giving n, = —¢/2F
(¢ is negative). As a result of this concentration,
there is a definite rate of HyO formation, so that
¢ decreases (becomes more negative) at a
definite rate. If this rate of decrease of ¢ exceeds
the rate at which ¢ is increasing due to the with-
drawal process, then the system will remain just
outside the explosion boundary throughout the
withdrawal process, and no explosion will oceur.

To apply the above formal treatment to a
precise interpretation of ecritical withdrawal
rates requires a precise chemical mechanism for
the slow reaction between Hy and Q.. While this
is not possible for clean Pyrex vessels and for
vessels freshly coated with boric acid, it 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
at the explosion boundary; from this rate, and
the known inhibiting efficiency of H,0O, the
critical withdrawal rate can be predicted. The
calculations are rather sensitive to small errors
but Fig. 9 shows that the eritical withdrawal
rates can be predicted to within 309, over a
range of mole fractions of Oq. The treatment also
predicts that the critical withdrawal rates should

* Small effects of very slow withdrawal rates; par-
ticularly noticeable at extreme mixture composi-
ti