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AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric 

Symbol I 
English 

1---------------------------- -----------------,----------1 
Symbol I Unit I 

Length ____ _ 
Time __ ____ _ 
Force _____ _ 

I 
t 
F 

Unit 

meter ____________________ \ 
second __ ________________ _ 
weight of one kilogram ___ -- I 

III 

sec 
kg 

Symbol 

,----------1 

1 foot (or rnile) __ _______ ft . (or mi .) 

I second (or hour) ----- - - sec. (or hr. ) 
weight of one pound lb. 

Power__ _ __ _ P kg/m/ ec ___ _______________________ _ horsepower _ _ ___ _ ___ _ _ HP. 
S d {km/hr -- --- ----------- - - - --- - -- -- - -pee ----- - - -- ---- - -- m/sec __ __ ________________________ _ _ 

mi ./ hL ___ ____________ ill. P. II . 
ft ./scc ___ __________ ___ f. p . s. 

2. GENERAL SYMBOLS, ETC. 

W, Weight, =mg 
g, Standard acceleration of gravity = 9.80665 

m/sec.2 = 32.1740 ft. /sec.3 

W 
m, Mass,= -

g 
P, Density (mass per unit volume) . 

tandard density of dry air, 0. 12497 (kg-m-' 
sec.') at 13° C and 760 mm = 0.002378 (lb.
ft .-4 sec.2). 

pecific weight of "standard " air, 1.2255 
kg/m3 = 0.07651 Ib. /ft. 3 

m7,;3 

S, 
Sw, 
G, 
b, 
c, 
ble, 
1, 
M, 

, Moment of inertia (indicate axis of the 
radius of gyration, k, by proper sub
script) . 

Area. 
Wing area, etc. 
Gap . 

pan. 
Chord length. 
Aspect ratio. 
Di<;tance from c. g. to elevator hinge. 
Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

1', True air speed. 

q, Dynamic (or impact) pressure = 4 p P 
'" 

L , Lift, absolute coefficient OL= ~ 

D, Drag, absolute coefficient Ov = ~ 
0, Cross - wind force, a b sol ute coefficien t 

o 
OC=qS 

R, Resultant force. (Note that these coeffi
cients are twice as large as the old co
efficients Le, Dc.) 

iw Angle of setting of wings (relative to thrust 
line). 

it , Angle of stabilizer setting with reference to 
thrust line. 

'"'(, Dihedral angle. 
"Vl Reynolds Number, where Z is It linear 

P -'; ' dimension. 
e. g ., for a model airfoil 3 in. chord, 100 

mi. /hr. normal pressure, 0° C: 255,000 
and at 15° C., 230,000; 

or for a model of 10 cm chord 40 m/sec, 
corresponding numbers are 299,000 
and 270,000. 

Op , Ceuter of pressure coefficient (ratio of 
distance of O. P. from leading edge to 
chord length). 

{3, Angle of stabilizer setting with reference 
to lower wing, = (it - iw). 

a. , Angle of attack. 
E, Angle of down wash. ' 
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REPORT No. 305 

THE GASEOUS EXPLOSIVE REACTION 

A STUDY OF THE KINETICS OF COMPOSITE FUELS 
By F. W. STEVENS 

SUMMARY 

This report deals with the 1'esults oj a series oj studies oj the kinetics oj gaseous explosive reac
tions where the juel under observation, instead oj being a simple ga ,i a known mixture oj simple 
gases. In the practical application oj the gaseous explosive reaction as a source oj power in the gas 
engine, the fuels employed are composite, with characteristics that are npt to be due to the chamcter
istics of their components and hence may be somewhat complex. The simplest problem that could 
be proposed in an investigation either oj the thermodynamics or kinetics oj the gaseous explosive 
reaction of a composite juel would seem to be a separate study oj the reaction characteristics oj each 
component oj the juel and then a study oj the reaction chamcteristic oj the various known mixtures 
oj those components forming composite juels more and more complex. Thi is the order jollowed 
in the simple studies herein described. 

The method and device employed in making these studies were a modification, to meet 
kinetic principles, of those found so effective by ernst and his students in investigating the 
thermodynamics of gaseous explosive reactions. Instead of a spherical bomb of constant 
volume with central ignition made use of by those investigator, a transparent bomb of constant 
pressure was substituted. This change eliminated irregularities in pressure and in the mass 
movement of the active gases during the reaction, and maintained the concentrations (partial 
pressures) of the active gases constant during the reaction-a featUI'e essential to kinetic studies 
as well as advantageous in thermodynamic investigations. Further, the substitution of a trans
parent bomb of constant pressure for an opaque one of constant volume, permitted photo
graphic time-volume records to scale to be secured. From these records it was possible to 
determine the rate of propagation of the reaction zone in space and, much more important, 
its rate of propagation relative to the active gases it transforms. As a result of these modi
fications and their application, it was found that the rate s, at which the zone of explosive 
reaction moves forward relative to the active gases and effects their transformation is constant, 
at a constant pressure, and proportional to the product of the partial pressures of the active 
gases: 

(1) 

This relationship is the basis of the kinetic studies here made of gaseous reactions, as the 
equilibrium expression, 

is the fundamental relation in thermodynamic investigations of gaseous explosive reactions. 
The results obtained from the simple specific cases of composite fuels studied would indicatc 

that from a lmowledgc of the velocity coefficients of the reaction zones of the components of 
the fuel, the velocity coefficients 7cF , of the fuel F, may be determined; and hence the flame 
velocity of F with O2, since 

3 
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where all of the factors to the right in the equation may be known from the velocity coeffLcients 
of the component of F and the mixture ratio of F and O2 • 

INTRODUCTION 

The introduction to the cla ical investigations of A. Langen (Reference 1) concerning the 
pre SUl'es generated QY the explo ive reaction of hydrogen and also of carbon monoxide with 
oxygen in a bomb of con tant volume, contain these words: "The neces ary phy ical ba is 
for the thermodynamic determination of the complete cycle for an internal combustion engine 
is lacking in many fundamental point. Especially has it been impossible up to the present 
time to determine with certainty from a knowledge of the composition and condition of the 
workinO' fl uid before the explo ive reaction what will be its composition and condition-barring 
heat los es-after the reaction. Thi lack in our knowledge so often complained of in physico
technical literature of the past few years wa the author' incentive to undertake the pre ent 
in ves tigation." 

In thi work Langen repeated and analyzed all of the investigations bearing on the e reac
tion that had previously been m de. His publication therefore provide a valuable critical 
review and summary of the work carried out in investigations of the gaseous explosive reaction 
lip till 1903. 

Hi own inve tigations were directed to the quantitative determination of the available 
heat nel'gy imparted to the working fluid of the engine and the changes in composition occurring 
in that fluid a a re ult of the transformation; to a determination of the specific heat of the 
fluid and its final composition as e pressed in their reaction on tant . 

In di cus ing experimental procedure, Langen trongly emphasized two points: The nece -
. ity of employing in investigatio s of the gaseous explosive reaction a pherieal bomb with 
central ignition; and the necessi ty of securing a manometer as sensitive a possible and with 
minimum inertia. The use of a pherical bomb with central ignition wa fotmd necessary in 
order to avoid heat 10 e due to convection and conduction during the reaction pro e . The 
reason that a pherical container with central ignition fulfills this condition is due to the fact 
that the zone of reaction originating at the center of the bomb, remains concentric with the 
bomb in its spread outward 0 that the heated products of combustion inclosed within this 
expanding spherical shell of flame, do not come in contact with the walls of the container till 
the end of the reaction and the attainment of maximum preSSUl'e. By taking advantage in 
thi way of the ymmetry of the 0'1'0 s reaction process, the effect of the container on the heat 
liberated during the reaction was largely eliminated. Langen was not so fortunate in avoiding 
ignificant errors introduced by a material manometer of pronoun ed inertia and disturbing 

period. 
Recognizing the po sibilitie of the device and method as demonstrated in the work of 

Langen, N ernst sought to USfl it fl'1 an instrunlent of precision in thermodynamic studies of 
gaseous explosive reactions flnd in particular for the determination of specific heats of gases 
at the high temperatures possihle t.o fl.ttain by means of explosion method . 

A a result of a long eriflR of t.rials Pier (Reference 2) developed a manometer that over
came to a large degree the ob.iectionfl.hle features met with in previous forms. With this improve
ment of Langen's device he dfltermined the specific heats of a number of gases. Hi method 
has been found applicable for t.his plll'pOSe to temperatures exceeding 3,000° absolute and the 
pecific heats of all of the important. gases comprising the working fluid of the engine have now 

been determined at explosion t.flmperlttures. 
Primarily, a knowledge of thfl working fluid of an internal combustion engine involve the 

determination of the equilibrium r.onn ition of the fluid tmder working conditions. The explosion 
method as developed by Langen ann refined by ernst and his pupils was found particularly 
uiLable to the determination of t.hiR con tanto The transformation of a hydrocarbon fuel 

result, for the mo t part, in the two products of combustion, carbon dioxide and water vapor. 
These products form an important part of the engine's working fluid. The work of Bjerrum 



A STUDY OF THE KINETICS OF COMPOSITE FUEL 5 

(Reference 3) and of Siegel (R eference 4), using the e>.:plo ion method, re ulted not only in the 
determination of the reaction con tant K, but permitted also the determination of the degree 
of dissociation of the e important con tituent of the wOl'kino- n uid, over wide ranges of tem
perature and pressure. 

Langen, an automotive engineer, expressed the incentive, born of the ga engine, that led 
to the development of a method and device of high preci ion and by it aid to th .final solu tion 
of the fundamental technical problem he ought. Thi notable advance wa wholly due to 
the rational application of the principle of thermodynamics a extended to gaseo Li s explosive 
r eactions, and to a clear in ight and appreciation of the gro mechani m (the spatial propaga
tion of a definite zone of explo ive reaction) by which the transformation of the ga e is effected. 
Commenting on these re ult, J ern t (Reference 5) called attention to "the specially high value 
that must be attached to the explo ion method, since, by uitable variations of the experimental 
conditions, it enables both the specific heat and the equilibrium con. tant to be determined." 
And in like connection, Partington (Reference 6) offer the following: " T o the internal-com
bu tion engine designer this knowledge i vital. It i no Ie important in the determination 
of explosive force which arc essentially dependent on pecific heat of ga e produced by explo-
ive material." The determination of the equilibriLUIl constant makes it pos ibl e to ascertain 

the ma.ximal work of the gaseous transformation involed. It thus provide a more rational 
tandard of reference in the analysis of gas engine performan ce than i offered by an arbitrary 
tandard that takes no account of molecular change that occur in the workirw fluid due to 

reaction, nor to change in its physical constant due to the high temperatures and pre sure 
at which the fluid is employed. * 

A significant result due largely to the effect of these important quantitative studi es is that 
the popular conception of a gaseous explosion i fortunately gradually changing from that of a 
my terious phenomenon to that of an orderly normal reaction process well enough under tood 
to be used with preci ion. 

In the list of thermodynamic relation that Langen o-ave as d ira ble to have determined in 
order that a complete cycle for an internal-combu tion engine might be followed, another im
pOl·tant relation naturally not occurring in a thermodynamic list nor baring directly on a ther
modynamic cycle is, however, from the standpoint of the practical technical application of the 
gaseous explo ion a a ource of power, quite as important as a lmowledge of the thermody
namics of the reaction. Thi i a knowledo-e of the kinetics of thc o-ascoll s cxplosi vc reaction. 
(Reference .) 

Unfortunately, a knowledo-e of the thermodynamics or thc reaction fu rn ishes no in ighL 
concerning either the mode or the rate at which the tran formation proceed and the final equilib
rium is attained. N everthele. ,the lead indicated by the methods and result of the inve tiga
tions briefly referred to above determined the device and ugge ted the method made u e of by 
the writer in kinetic studie of gaseous explosive l' action. Som of the featme of the ther
modynamic inve tigation made use of in the e kinetic studie or the reaction it is necessary to 
Illcntion and to how how they were adapted to stati tieal tudie of rate. 

In the fir (, place it i clear that the a curacy of the resul t obtain ed by Lano-en and his 
S lI C(,C SOl'S, and referred to by ern t, depend chiefl y on the remarkable ymmetl'y of form au to
matically a umed and main tained, under favorable condition 1 by th e gro mechanism of thc 
explo ive reaction. In the progre of the explosive tran formation, the gaseou system, a 
pointed out by Haber (Reference 9), automatically falls into three well-defined zone : The 
region occupied by the initial unbllrned ga e , the zone of explo ive r eaction marked by flame, 
and the rcgion of reaction products behind the flame. Till latter reo-ion, he state, "i not from 
a thermodynamic tandpoint free from oxygen, but from an analytical standpoint it is. In Lhi8 

• "In tbe steam-world ... tables of fundamental data are available in which the numerical results have been evolved by a long process of 
e.\periment and of critical Sifting by tbe expert engineer. '1'he user of tbese tables has coufidence in the approximate accuracy of tbe data and makes 
extensive application of what he finds iu them. Witb tbe adveut of the internal-combustion engine, no similar inCormation bas been available. 
It is true that incomplete summaries bave Crom time to time appeared , but to tbe eye oC the expert tbey disclose the most serious inaccuracies and 
uncritical blunders." (ReCerence 7.) 
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region no further burning takes place." It is a region of equilibrium depending on temperature 
and pressure and expressed by the equilibrium constant, 

[A']O', [B')D' .[o,]n'3 ... 
K= [A]n , [B]n2[0]Da ... 

It wa this feature that formed the basis of the quantitative determinations of Pier, Bjerrum, 
and iegel; they took advantage of the natural symmetry and favorable di position of the three 
zones by selecting a spherical bomb fired from the center. At the instant the reaction wa 
complete, the volume, temperature, and pressure of the contents of the bomb were the volume, 
temperature, and pressure corre ponding to the equilibrium con tant K . Owing to its sym
metrical po ition within the bomb during the reaction proce s, the sphere of equilibrium products 
had suffered a minimum of heat 10 ses. 

This most important featur has been retained in the device and methods employed in the 
kinetic studies made by the writer; it has po ibly been somewhat improved upon; for in place of 
an opaque bomb of constant volume, a tran parent bomb of con tant pressure (Reference 10) has 
been sub ,tituted, and in tead of a material manometer, remote from the seat of reaction, to 
indicate pressure, direct photographic methods have been employed that permit a continuou 
and accurate time-volume record of the reaction to be secured. The instant the reaction is com
plete, the volume, temperature, and pre ureof the reaction product are the volume, temperature, 
and pressure corre ponding to the equilibrium constant K. Owing to the symmetrical position 
maintained within the gaseous system during the reaction, the sphere of equilibrium product, 
as in the case of a constant-volume bomb, had suffered a minimum of heat losses from the effect 
of a material container. 

The relationship between the thermodynamic re ults obtained by the bomb of constant 
volume and the bomb of constant pressure is e}..l)l'essed by the equation of state 

pv=nRT* 

While it is true that from the standpoint of thermodynamics no insight may be obtained 
conGerning either the mode or rate by which the fmal equilibrium is attained, it is also true 
that the e:xpression for the equilibrium constant K may be derived also from kinetic principle ; 
that is, this expression may carry both the weight of a thermodynamic law and a deduction 
from statistical mechanics. (Reference 12.) The expression for the equilibrium constant arrived 
at either from thermodynamic law 01' from kinetic theory is 

[A'] D', [B'] n' 2 [0'] n', 
K= [A]nl[B]n. [0]n3 . 

The kinetic relation leading to the above expression is written 

V =k [A]n ,[B]n. [O]n •. .. - k'[A']n', [B']n '. [o']n'3 (2) 

The experimental application of the above-formulated principles may be illustrated by a 
particular case-the gaseous reaction 

(3) 

Since the equilibrium condition of a reaction for a given temperature and pressure is independent 
of the way by which it is attained, it may be assumed that the course of the transformation 
within the zone of explo ive reaction is described by equation (2) 

V = k [00]2 [02] - k' [002]2 

and that the equilibrium condition of this process is expressed by 

[002]2 
K= [00P[02] 

·"The first attempt at a quantitative kinetic expressioQ is met with in the equation, pU= R T. " (Reference 11.) 

(4) 

(5) 
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hould the reaction proceed almo t wholly in one direction, as i u ually the case in explosive 
reactions of ga es, the la t term in equation (4) may be neglected (Reference 13) and the kinetic 
expression for the molecular rate of transformation within the reaction zone written 

(6) 

If by some mean the ucces ive concentrations of CO and O2 during the period of transforma
tion from their initial to their final condition, within the reaction zone, could be maintained 
con tant by the introduction into the reaetion zone of new initial components at the same rate 
that the reaction product are removed from the reaction zone to the equilibrium zone, then the 
zone of explosive reaction would ropresent a con tant reaction gradient acros it and tho relati\'e 
rate of motion s between the reaction zone and tbe initial ga eou components would remain 
constant and would expre s the gros linear rate at which equilibrium was e tablished. 

But this imagined proce s of supplying initial active components to a reaction zone at the 
same ?'ate that the products of equilibrium are formed and removed- an analytical device fir. t 
made u e of by van't Hoff (Reference l4)-is automatically carried out with precision wheren'l' 
a gaseous explosive reaction i. 0 conditioned that it may run its comse in a homogeneous 
mixture of explosive gases at constant pre urc. Observation hows that under these ('on
ditions the rate of propagation of the zone of e}.:plo ive reaction measured relative to the 
initial active gase remains constant during the reaction and thu expres es the gross constant 
rate at which an equilibrium i e tabli hed. 

Since the rate of molecular transformation at any instant between the initial and end con
dition of the reaction process remains proportional to the product of the concentrations of the 
active gases at that instant, it was assumed that s, analogous to V, would sustain a like relation 
to the composition of the explosive O'ases; the initial composition lmd concentration of which 
may be known: 

(7) 

and inco the method employed determines s directly, 

\. further remark in reference to the determinati n or kl lllay be ofi'ered here: H seem 
doubtful if the simplification usually re or ted to in the kinetic expression for the rate of 
molecular lransformation occurring at ordinary temperatures and preSSUl'es is justifiablr 
in the case of ga eous explosive reactions at high temperatures and moderate pres ures. I L 
would seem that in the case of the gaseou explo ion (though possibly not for high pl'essmes) 
the effect of the reverse reaction, represented by the last term in equation (4), would be too 
ignificant to be wholly neglected. The degree of dissociation is large for both products of 

combustion CO2 and H 20, at high tempel'ature and moderate pl'eSSUl'e. It may be seen tnat 
the effect of this la t term in equation (4) is not wholly wanting in equation (7) ince it is 
involved in the determination of k!. The final volume, represented by 1", is lhe actual volume 
of the products of reaction; it therefore includes tbe effect of tbe rever e reaction whatever may 
be it magnitude; and 1" i a factor in the determination of k/; for sinee 

1'3 

s= r'2t' 
1'3 

k/ = 1,'2t [COP [02]' 

EXPERIMENTAL PRO CED RE 

Probably the most familial' example that could be cited of the con tant rate s, at which the 
zone of explo ive reaction moves forward within the active gases and effects their transformation 
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under the condition of a constant pre ure, is mot with in tho e numerou ca es where a homo
geneous mixture of tho explosive ga es i fed through a tube at a constant time-volume rate and 
igniLed. Tho zone of continuou explosive reacLion then automatically adju ts itself to th rate 
of ga fl w through th tub so that it lin at" rate of advanco relative to tho active gase i a 
con tn,nt, s, at any point of the flame urface. If thi were not so, the many indu trial devices 

FIG.1.- tationary reaction zone 
formed by tbe continuous ex
ploSi\-e reaction of a homoge
neous mixture of CO and 30, 
flowing through a tube at a 
constant time-volume rate. 
The figure approached that of 
8 ('one 

based on the reaction a controlled by some form of burner would not 
be practical. Tho figure of the tationary reaction zone under the e 
circum tanco may simulate more or less closely that of a cone. Its 
figure would be that of a pm·fecL cone if the rate of ga flow over the 
entire cro ection of the tube were the ame and conveniently remained 
o after leaving the aperture of the tube. Since, however, the c veloc

ities vary greatly between the center and the walls of the tub, the 
figure a sumed by the balanced reaction zone becomo , since S is con
stant, a figure only approximating more or Ie cIo oly that of a one. 

A photograph of uch a tationary reaction zone produced by the 
continuou xplo ive reaction of a homogoneou mLxture of CO and 
O2 a it flows through a tubo at con tant time-volume rate is shown at 
Figure 1. Tho figure repre ent aero s 0 tion of the reaction zone 
through the vertical axi of the tube. It form resemble that of a cone. 

Undor favorable condition, within rather narrow limit, where the 
ga flow above the tubo may be as umed parallel to the axi of the 
tube, thi figure may be u ed to 0 ti.mate the value of s in equation (7); 
for, between the axis of the tubo and its wall, there will 
exist a zone within which the rate of flow will correspond 
in value to tho time-volume flow u. Assume thi zone to 
moet the flame urface of the zone of explo ive reaction at 
p. (Figure 2.) Then the rato at which the component 
CO and O2 are entering the reaction zone normal to its 
surfaco will be 

S =U ill a ( ) 

whero a is tho anglo made by a tangent to the curve at 
p, and the direction of tho gas flow a um ad parallel to 
the axis of tho tube. 

If now a true conical figure be conceived at the top of 
the tube with the same angle of lant as the tangent at p, 
and with ba e the cro s section of the tube, then the ur
face of this cone will represent the urface of a reaction 

u 

zone meoting a ga velocity u at all points of its surface, so that 
s=u sm a 

will be truo for any position taken. 

(9) 
FIG. 2 

whero h i the slant height of the ideal cono and r' tho radius of tho tubo. Including equation (7) 

An experimontal estimate of the value of in equation (9) wa carried out by this device, 
using flow meters to determine the time-volume rate of flow u, through the tubo a well a to 
determine the composition, in terms of partial pressures, of the CO, O2 mixtures used. From 
photographic figures similar to that hown at Figure 1, the values of h were approximated. 
Some results obtained by the use of this device and method, on the explo ive reaction 2 CO + 02~ 
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at water vapor aturation, are recorded in Table I and indicated by the mark . in the coordinate 
Figure 3. In Figure 3 is also drawn the curve, indicated by open circles and a continuous line, 
of equation (7). 

TABLE I 

howing experimental e timates obtained for the rate of flame propagation in the 2CO+02-> explosive reaction . 
Burner method 

Record 
9- 12-22 

No. 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

Partial press ures, 
atmospheres 

O. 310 
.350 
.395 
.405 
.425 
.425 
.440 
.440 
.460 
.460 
.465 
.40 
.490 
.495 
.505 
.515 
.520 
.535 
.545 
.555 
.590 
.635 
.665 
.695 
.745 
.865 
.870 

70 
.8 5 

95 
.900 
.910 

O. 690 
.650 
.605 
.595 
.575 
.575 
.560 
. 560 
.540 
.540 
.535 
.520 
.510 
.505 
.495 
.4 5 
.40 
.465 
.455 
.445 
.410 
.365 
.335 
.305 
.255 
.135 
.130 
.130 
.115 
.105 
.100 
.090 

O. 0663 
.0796 
.0944 
.0976 
.1038 
.1038 
.10 3 
.10 3 
.1142 
.1142 
.1156 
.1197 
. 1224 
.1237 
.1261 
.12 5 
.1297 
.1330 
.1350 
.1369 
.1425 
.1472 
.1481 
.1472 
.1412 
.100 
.09 3 
.0983 
.0900 
.0 41 
.0 10 
.0744 

s= ur 
h 

(em/sec) 

45. 6 
55.0 
66.5 
72:5 
70. 0 
71. 5 
78. 0 
79.5 
7 . 5 
88.0 
82. 5 

4. 5 
84. 0 

9. 0 
91. 5 
89. 0 
93. 0 

9. 5 
90. 5 
99.5 

101.0 
103. 0 
102.0 
103. 0 
100. 0 

75. 0 
67.0 
57.0 
5 . 0 
50. 0 
46. 0 
41. 0 

A vorago k
J

- __ __ _ __ __ _ ________ _ __ _ _ _ _____ ___ _ __ __ ______ _ _ 

-------

6 8 
691 
704 
743 
674 
6 8 
720 
734 
687 
771 
714 
706 
6 6 
719 
729 
692 
717 
673 
670 
726 
709 
700 
6 9 
700 
709 
743 
6 2 
5 0 
642 
595 
56 
551 

Be ide ' having very narrow limitation, thi device at be t can give only approximaLC' 
estimates of the relative motion between the zone of reaction and the active ga es entering it. 
For thermodynamic tudie the condition of equilibrium behind the flame may be only 
approximately determined by the laborious and uncertain method of sampling and sub equent 
analy is. (Reference 15.) 

The symmetry of the patial propagation of the zone of reaction when running its COUl' e 
within a tran parent bomb of con tant pre ure i , for moderate velocities below the velocity 
of ound in the ga es, very perfect, being that of a spherical shell of flame expanding at uniform 
rate. Time-volume photographic figures of the progress of the reaction under the e conditions 
are hown in Figure 4. The method by which they are secured ha already been de cribed in 
previous report. (Reference 16.) 

The initial volume of the ga es con idered i the phere 2r determined by the horizontal 
diameter of the bubble at the ignition gap . The diameter of the sphere of reaction equilibrium 
products at the instant the reaction is complete i 2r'. Since the rate of propagation of the 
reaction zone is con tant during the reaction, it rate in space s', may be determined at any 

9080-29--2 
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instant during the reaction; it is equal to any instant radius, rt, divided by the time interval t, 
between ignition and the attainment of rt ; 

(11) 

The rate of displacement of the reaction zone measured relative to the active gases is, for a sphere 
expanding at a uniform rate, 

(12) 

Including equation (7) 

(13) 

for the 00, O2 explosive reaction. 
Whether a simple gas is used or a mixture of a number of simple gases, or a gaseous fuel 

of quite unknown composition, the gross mechanism of the ga eous explosive r eaction remains 
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th e same. There is but one zone of reaetion 
m any case. Within this zone the reaction of 
the explosive gase proceeds to an equilibrium 
condition of reaction products K. The 00, O2 

reaction here used as example, is not supposed 
to be as simple as indicated by the conventional 
chemical equation. The actual transformation 
is believed to depend upon an intermediate 
reaction, at least for moderate initial temper 
atures and pressure . The reMtion is supposed 
to involve an active catalyzer, water vapor , and 
to proceed within the reaction zone as follow 
(Reference 17) : 

00 + H 20 = 002 + H2 

2H2 + O2 = 2H20 

(14) 

(15) 

yet experimental thermodynamic and kinetic 
re ults reveal only the final condition as if the 
reaction had been simply trimolecular, 2 00 + 02~ 

c with normal maximum for such a reaction , 

s = leI [0.667] 2 [0 .333] (16) 
00 O2 

FJG. 3 represents graphicall y the data given in Table 1. The solid 
circles show observed values, 8=ur/h. 'l"' he open circles and con
t inuous line show calcuated values, 8=k, [CO]2 [0,1. Burner 
method The ac tual microprocess by which the equilibrium 

K , is attained within the reaction zone can not be expected to be revealed by a method that takes 
into account the gross rate only at which an equilibrium condition is attained ; that is, the rate 
at which the pressure at constant volume or the volume at con tant pressure increases. The 
micro transformation within the zone may be very complex or comparatively simple, any knowl
edge of the actual process of it is limited by the present method to what may be drawn from a 
knowledge of the initial and final condition of the transformation and its gros rate of progress. 
For instance, in the case under consideration, some insight may be obtained concerning the effect 
of the amount of water vapor in the initial components upon the r ate of propagation of the 
reaction zone. Drying the gases to a degree below saturation greatly diminishes the value of 
the velocity constant leI' If the gases are dried as much as possible, they will no longer support 
a zone of explosive reaction at ordinary initial temperatures and pressures. 

T he fact that the probable intermediate reaction in the case of the 0 0, O2 explosive trans 
formation affected only the rate of propagation by its effect on leI> suggested the possibility that 



A STUDY OF THE KINETICS OF COMPOSITE FUELS 11 

the effect of composite fuels on the rate of propagation might be investigated with some success 
by the constant pressure method. Some results of that investigation are offered in this report. 

Oomposite fuels, that will be designated by F, were made up of the gases 00 and OR4 in 
the following known proportions given in Table II. The characteristics of the explosive reaction 
of each of the above combinations designated by F were determined over the entire range of 
mixture ratios of F and O2 that would ignite and the results tabulated and plotted. Sample 
records of the results obtained in this study, involving the measurement and calculation of 
many hundred explosion figures similar to those shown in Figure 4, will be given in this report 
for those combinations marked * in Table II. 

TABLE II 

Showing composition of fuel Fj the observed and calculated values of kF, and the composition of F and O2 for 
maximum flame velocity, s 

Partial pressures in fuel Part ial pressures for s 
mixtures, F maximum Observed Calculated 

value value -

I kF kF 
[COJ [CR.J [FJ [02J 

I 

*1. 00 o. 00 O. 667 o. 333 691 -------- ----
*. 95 . 05 . 637 . 363 1,113 1,051 
. 90 . 10 .625 . 375 I , 483 1,364 
.80 .20 .557 . 443 2,054 I , 927 
.70 .30 . 513 . 487 2, 476 2,412 
.60 .40 .476 .524 2, 899 2, 829 

*. 50 .50 .444 .556 3,1 0 3, 189 
.40 .60 .417 .583 3, 505 3, 491 
. 30 .70 .393 .607 3, 794 3, 775 
. 20 .80 .370 

I 

.630 4, 034 4, 031 
.10 .90 .351 .649 4, 177 4, 240 

*.00 1. 00 . 333 .667 <t, 250 -- - ---------

The proportion with which the two gaseous components of F unite with oxygen may be 
taken as that given in their respective stoichiometric equations: 

200 + 0 2 = 2002 

OR. + 202 = 002 + 2R20 
Then for pure 00 and O2 

The maximum value for s in this equation should be 

s= kJ[0.667]2 [0.333] 
00 O2 

which is confirmed by e}..rperimental results . And from the experimental results, the average 
value of kl was found to be 

(17) 

In Table III are set down the results obtained from the photographic records of this explosive 
reaction. In the lower curve of Figure 5 is shown the plot of these results, marked •. There 
is also shown the complete curve, represented by open circles and a continuous line, of the 
equation 

s = 691 [00]2 [02] . (18) 
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FIG. 4 shows a photographic lime-volumo record of two gaseous explosivo 
reactions at constAnt. pres."ure. 2r ~ives the dimensions of the sphere 
of active gases whose lrll nsformation is to be followed. 2,' gi'-es t hc 
dimensions of the sph~re of transformed products lit the instant the 
explosive reaction is completed. '1'he uniform rate of mot ion, in space. 
of the reaction zone during the transformation is shown hy the slant of 
t.he flRmr trace in the photographic figure. 1, ... he Lime int(lf\'als shown 
on the fi gure arc 0.002 scc'olld 

FIG . 5. T he lower elln·. in lhi~ figure represents values of 8 in the 
2CO+O, c\ plosi ,-e reaclion aL COllstant pressure. The solid cir-

cles give observed "alues: 8=8' ;'3' The open circles and conlinu· 

ous li ne represent calcu ltlLed values: s=k, [CO]' [O,j . In this 
uppcr cur,'c the ma rks h8"o a like significance except that here 
they refer to I he (' 1I .+2(J, c\plosi\'c reaclion at constant pressllfc 

TA13LE III 

Showing experilllenLall'e~ ull~ obll1ined for (Ite ra le of flam e propaga lion in [h e 2 UO +02~expj oH i\-c r action . 
Bubble melhod 

Record Partial prcswre ill 
r I I 1"1 

,.3 
9- 7- 27 a tmo pheres s=- =8' , .13 kJ=S [C02) [02) t 

[CO) [02) em/sec em /sec 
r 

J. o. 
--I 

1- 3 O. 224 0.77(i O. 03 9 191 27.6 709 
4-7 .260 .740 . 0500 226 34. 7 694 
- 11 .279 .721 .0561 279 37.5 66 

12- 1.'5 .310 .690 . 0663 335 4.5.3 6 3 
16- 19 .325 .675 . 0713 365 .')0.3 705 
20-23 .359 . 641 .0826 434 55. 15 672 
24-27 .3 . 612 .0921 4 7 63. 3 6 7 
2 - 31 . ,U6 .5 4 · 1011 561 71. 1 703 
32- 35 .460 .540 .1140 632 O. 3 703 
36- 39 .491 .509 .1227 660 4. :3 6 7 
40- 43 .523 .477 · 1305 715 88. 4 67 
44-47 .574 .426 . 1404 794 99. 8 711 
4 - 51 .622 . :37 .1463 5 100. 6 68 
52- 55 .66 .332 . 14 0 '70 102. 694 
56- 59 .726 .274 .1444 -19 101. 9 706 
60-63 .775 .225 · 1351 814 92. 2 6 2 
64-67 10 .190 .1247 733 6. 4 693 
6 - 71 40 . 160 .1129 632 79. 2 701 
72- 75 4 .152 · 1093 614 77.7 711 
76- 79 .8 3 .117 .0912 463 63. 9 700 

0- 3 .903 I . 097 .0791 320 50.1 633 
Average kJ _____ ___ __ - - ___ ___ - _____ --------------- 691 
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For the methane-oxygen explosive reaction, 

(19) 

the maximum value for 8 hould be 
8 = leJ [0.333] [0.6672] (20) 

CH4 O2 

This is found to agree well with ob erved re ults, and o-ives for the average value of le l 

(21) 

The experimental 1'e ult obtained from this reaction are given in Table IV and plotted in the 
upper curve of Figure 5. They are indicated by the mark W. Thi figure al 0 shows the com
plete curve, marked by open circle and a continuou line, of the equation 

(22) 

TABLE IV 

Showing experim ental results obtained for the rate of flame propagation in the CH.+202-> explosive reaction 

----
Partial pressure in 

Record atmospheres I T i 1-3 
r 8=8' 7,/3 S 

11- 21- 27 s = - k,=1' [CR.] [02)2 I 
No. (em/sec) (em/ ec) 

[ClI.] [02] 

1- 4 O. 140 O. 60 O. 1035 3, 347 430 4, 155 
5- 8 . 170 30 .1169 4, 536 4 4, 172 
9- 13 .200 00 .1280 5, 156 554 4, 326 

14-17 .230 .770 . 1362 6, 048 596 4, 375 
1 - 21 .261 .739 .1425 6, 09 610 4,20 
22- 25 .291 .709 .1460 6, 359 615 4, 212 
26-29 .310 .690 .1476 6, 586 622 4,212 
30-33 . 320 .6 0 .147 6, 636 621 4, 200 
34-37 .333 .667 .147 6, 714 623 4, 213 

verage kl ______________________________________________ 4, 240 

:3 >··n 

I 
.346 .65'1. .147 > 6, 5 6 59 4, 044 

42 -45 .381 . 619 .1457 4, 988 426 2,903 
46-49 . 125 . . 575 . 1411 2,80 18 1, 333 
50- 53 .475 .525 .130 1, 30 102 780 

For the ca e where the omposition of the fuel F i 0.95 part by volume of CO and 0.05 
parts by volume of CH4, the proportion of O2 necessary to ati fy the conventional formula of 
its components for one part F, would be 

0.95 0 + 0.475 O2 = 0.95 CO2 

0.05 CH4 + O.1 O2 = 0.05 O2 +0.1 H 20 
1 F-t-0.575 O2 =1 CO2 +O.1 H 20 -

and for a tri-molecular reaction, 

1.91 F+1.09 O2 = 1.91 O2 + 0.191 H 20 

8 = leJ[F] 1.91 [Ozp.Q9 

The maximum value of 8 in this equation should OCClli' for the compo ition 

8 = leJ [0.637]1.91[0.363]1.09 
F O2 

(23 ) 

(24) 
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The average value of kJ found is 
S 

kJ = [F]1.91 [02]1.09 1,103 (25) 

The experimental results obtained from the explosive reaction of this combination with O2 
are given in Table V and plotted in Figure 6, together with the complete curve for the equation 

s = 1,103[F]1.91[02]1.09 

TABLE V 

(26) 

• 'howing experimental result obtained for t he rate of flame propagation in a compo ite fuel, F, made up of a 
mixtll1'e of 95 parts b.Y volume of carbon monoxide and 5 part methane, with oxygen 

Record 
10-11- 27 

o. 

1- 4 
5- 8 
9- 12 

13- lG 
17- 20 · 
2l- 24 
25- 2 
29- 32 
33- 36 
37- 40 
41- 44 
45- 48 
49- 52 

Partial pressures in 
atmospheres 

[F] [0 2] 

O. 226 O. 774 
.275 . 725 
.325 . 675 
.375 . 625 
.416 . 5 4 
. 474 . 526 
.527 . 473 
.57 ' .422 
. 622 .378 
.676 . 324 
.724 . 276 
.776 . 224 

1 . 182 

1.09 

O. 0442 
. 0598 
. 0761 
.0920 
. 1042 
.1194 
.1300 
.1371 
.1397 
. 13 5 
.1326 
. 1206 
.1064 

, 1'j 1-3 
S =- 8=8' r' 3 t 

(em /sec) (em/ ec) 

-

309 4. 
458 65. 2 
598 5. 4 
R22 103.2 
953 113.0 

1, 150 130.0 
1, 320 145. 0 
1, 357 154. 0 
1,434 155.0 
1, 426 154. 0 
1, 431 146. 0 
1, 296 136.0 
1, 097 121. 0 

Average li
l 
_______________________ _ 

---- -- --- ---------- - - --

k,=~ r 

1,007 
1, 090 
1, 123 
l , 123 I 
1, 0 4 
1, 090 
1, 117 
l , 124 
1, 10, 
1,112 
1, 101 
1, 127 I 1,137 

1, 103 
I 

For tho caso where tho composition of tbo fuel F i, 0.5 parts by volume of 00 and 0.5 
parLs by volume of 0114, tho proportion of O2 necessary to atisfy tho conventional formula 
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F IG . 6 represents graphicall y the experimental results given in 

Table V. Tbe values of 8=8' ; ,: are sbown by solid circles. Theo· 

retical values of s=k, [FJ 1." [O,J 1." arc shown by open ci rcles and 
a continuous line 

Jor one part F would be 

0.5 OH4 - l.OO O2= 0.5 002- H 20 
1 F + 1.25 O2= 1 002 + 1 H 20 

and for a t ri-molccular reaction, 

The average value of kl found is 

(27 

(2 ) 

In Table VI are recorded th oxperimental 1'0 nIt obtained from tbe fuel mixture, 0.5 
parts carbon monoxide and 0.5 par t methane, with oxygen. These results, marked . , are 
plotted in Figure 7, together with th curve for the equation 

(29 
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TABLE VI 

howing experimental results obtained for the rate of flame propagation in a composite fuel, F, made up of a 
mixture of 50 parts by volume of carbon monoxide and 50 parts methane, with oxygen 

-- -

Partial pressure in 
Record atmo pheres I 7'i r3 

11- 1- 27 r s= - S=S' r'3 S 

(Fl1. 33( O2)1.67 t kl=-r 
No. (em/sec) (em/sec) 

[F] fOal 

1- 4 O. 175 O. 25 0.0714 1, 579 223 3, 125 
1)- .225 .775 .0 9 2,365 2 1 3, 128 
9- 12 .275 .725 .1050 2, 79 321) 3, 097 

13- 16 .325 .675 .1163 3,691 372 3, 19 
17- 21 .375 .625 .123 4, 14 395 3, 191 
22- 25 .425 .575 .1272 4,347 409 3, 215 
26-29 .473 .527 .126 4, 073 400 3, 160 

Average kl _____________ ______________ ___ _______ __ ____ 3,159 

30-33 .4 5 .515 .1262 3,467 340 2, 697 
3437 . 49 .. 502 .1253 3, 56 336 2, 675 
3 -41 .50 .492 .1243 3, 504 330 2, 659 
42-4.'i .521 .479 .1229 .,45.'5 311 2, 532 
46-49 . .'532 .46 .1215 3,019 263 2, 164 
.'50-fj:~ .. '555 .445 .11 2 2, 530 219 1,852 
.'54-57 .606 .394 .10 4 1, 165 10.J. 95(j 

All of the fuel combinations given in Table II were investigated in the same maDnel' as 
those described above. The results were tabulated and plotted. 

In the coordinate Figure the ordinates repre ent value of the velocity constants of Lhe 
reaction zone; the abscissa represent partial 
pressures of F and Oz. On thi figure are 
plotted the values of leI against the correspond
ing parLial pres ures for maximum velocity of 
all of Lhc fuel combinations or CO and CH4 
examined. It may he seen from this plot that 
thrse leJ values follow closely a straight line 
drawn between the plotted values of leCH4 and 
le co . Thi would indicate that the values or 
leF are imple lineal' functions of the velociLY 
coefficient of the reaetion zone of its com
ponent leCH4 and le co . The slope of this curve 
expressed in terms of Lhe factors of the ga eous 
components is 

kCrl! - le co (30) 
nco nCH4 

n co + n02 nCH4 + noz 

where the n's represent the coefficients of the 
active gases in the respective stoichimetrical 
equations. Hence 

C- 4,450 - 691 - 11970 
- 0.667 - 0.333 - ,"-' (31) 

The exten ion of this curve will cut the Y-:1xi of 
the coordinate figure at 8206 and the x-axis at 
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FlO. 7 ShO;S graphically the 9alues obtained (or 8=8' ;,~ when the 

(ucl consisted o( cqual parts by volume of cn. and CO. Observed 
values are indicated by solid circles. Theoretical values o( 8 com· 
puted (rom s=k, [F]"" [0,]"" are shown by open circles and a 
continuous line 

0.728. The value of leF for any composite fuel made up of any mixture 
then be written 

of CH4 and CO may 

(32) 
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I t i thorefore pos ible from a knowledge of the velocity coefficienL of the reaction zone 
of the OH 4 and 0 0 oxplo ive reaction to predict the flame velocity of any compo ito fuel F, 
made up of CU~ and CO; and that fo}' any mLxtUl'e ratio of F and O2 that will ignite, inee 

(33) 

In the coordinate Figure 9 the curve between the maximal values of CH4 + 20 2 ~ and 200 
+ 02~ is the locus of the maximal value of 8 fo r all possiblo mixtures of OH 4 and 0 0 with O2 
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FIG. 8.-The ordinates in tbis figure represent "alues of Lhe velocity 
constants of the reaction ZODe for Lhose fue l combinations gi"en in 
'1'able If. The abscissas represent partial pressures of F and 0,. 
Tbe values of,.,. in each case are plotted against tbe corresponding 
values of [F) and 10,1 representing Lhe maximum value of r 
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FlU. 9.-The curve representecl by open circles and a continuous line 
ill this figure is calculaLed from equation (33). It is the 10clLs of the 
ma,imal values of 8 for all pos.'ible fuel mixtures of ell, and ('0. 
'rhe "alues represented hy lhe mark X in this figure are tbe ob
served maximal values or 8 found for the Cuel combinations given in 
Table II 

This cur ve is calculaLcd from equation (33). The points ncar this eurve marked X arc th ob
served maxima of the fu el mixtu t'e given in T able 1I. 

REMARKS 

1. I t will be een by referring to FigUTe 5 that the ob erved values of 8 for the H 4 + 2 O2 

reaction no longer follow the CUTve for equation (22) after pa ing the point for its maximum 
value, 

8=4,250 [0.333] [0.667]2; 
OH4 O2 

and that the deviation of t he observed value of 8 from tho e given by equation (22) are, for 
those mixture ratio that will ignite the greater, the greater t he exee i of CH4 over 
the theoretical amount of O2 required to oxidize it . This abrupt decrea e in t he rate of propao-a-
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tion of the reaction zone-apparently related to the excess of OH4 in the e>.:plosive mixture
mayor may not be accompanied by a corresponding decrease in the amount of energy liberated. 
The constant pressure method employed in these studie permits the determination of the 
actual work done by an explosive reaction. The con tant pre SUI'e bomb is an efficient experi
mental gas engine operating with minimum heat 10 es and negligible friction again t the pres
sure of its surroundings. The photographic figures shown in Figure 4 are engine diagrams to 
scale; rand r' represent the initial and final volumes of the reaction. The actual work accom
plished by the transformation of a given charge i 

W=c (r'3-r3) 
and for unit charge, 

In Figure 10 the ordinates of the curve shown are values of (~3 - 1); the absci as represent 
partial pressures of the active gases. The fig- /6 

ure shows that although the rate of reaction 
has been greatly reduced by an exce s of CH4, 

the total energy liberated ha not been affected 
to the same degree. In fact, the maximum 
work appears to be obtained with a small excess 

/2 

~ of the fuel. The rapid decrease in the rate of I 

~ '''' 8 
the explosive reaction, however, due to an ~ 
increase in the fuel excess, quicldy prevents 
the possibility of maintaining a zone of explo
sive reaction in the mixture. 

2. Oomposite fuels made up of mixtures 
of 00 and H2 in different proportion were 
investigated in the same manner as the 00, 

4 

/.00 

x 

'"x. 

x, 
, , 

~ 

xl' 

.20 .80 /.00 

.80 .20 o OH4 mixtures that have been described. The 
results obtained in the two series of measure
ments differ only in minor details. The reac
tion of both components, 00 and H2 with O2 
is tri-moleculal' as it is with 00 and OH4 with 

FIG. lO.-This curve shows values proportional to the actual amount 
of work accomplished by the explosive transformation of Wlit 
charge of the \"arious mixture ratios of CR, and 0, that would Ignite 

O2, but with thie difference: The maximal value of s in the OH4, O2 reaction (see Figure 5 upper 
curve) occurs for the combination 

s = kt [0.333] [0.667]2 
OH4 O2 

while the maximal value of s for the 00, O2 reaction (see Figure 5 lower curve) occurs for the 
combination 

s = kt rO.667]2 [0.333]. 
00 O2 

The maximal value of s for any mixture of these components will fall intermediate between 
these values on the curve hown in Figure 9; but the maximal values of s for all mixtures of 00 
and H2 will be of the form 

s = kF [0.667]2 [0.333] 
F O2 

and will be arranged about the same vertical axi.s at 0.667 in the coordinate figures. 
3. The range of mixture of hydrogen with o>..rygen, and mixtures of hydrogen and carbon 

monoxide with oxygen, will have greatly differing physical properties as heat conductivities, 
specific heats, etc. The modifying effect of the physical properties of these mixtures on the 
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rate of propagation of the reaction zone within them is found to parallel similar cases observed 
and described in Report 0.280 of the ational Advisory Committee for Aeronautic (Reference 
18). 

BUREAU OF STANDARDS, 

WASHINGTON, D. C., A.pril25, 1928. 
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Positive directions of axes and angles (forces and m oments) are shown by arrows 

Axis Moment a bout axis Angle Velocities 

Force 
(parallel 

Sym- to axis) Designs- Svm-Designation bol symbol tion bol 

LongitudinaL __ X X rolling _____ L 
LateraL _______ y y pitching ____ M 
NormaL __ ____ Z Z yawing _____ N 

Absolute coefficients of moment 

L 111 N 
OL= qbS OM = qcS ON= qfS 

Linear 
P ositive Designa- Sym- (compo-
direction tion bol nentalong Angular 

axis) 

Y--->Z rolL _____ <l? u p 
Z--->X pitch _____ e v q 
X--->Y yaw _____ ~ w r 

Angle of set of control surface (relative to neu
tral position), O. (Indicate surface by proper 
subscript.) 

4. PROPELLER SYMBOLS 

D, Diameter. 
P., Effective pitch 
Po, Mean geometric pitch. 
Ps, Standard pitch. 
Pt, Zero thrust. 
pa, Zero torque. 
p/D, Pitch ratio. 
V', Inflow velocity. 
Vs, Slip stream velocity. 

T, Thru t. 
0, Torque. 
P, Power. 

(If "coefficients" are introduced all 
units used must be consistent.) 

'1/, Eiliciency= T VIP. 
n, Revolutions per sec., r. p. s. 
N, R evolutions per minute., R. P. M. 

<P, Effective helix anglc=tan-l(~) 
27rrn 

5. NUMERICAL RELATIO:1'\S 

1 liP = 76.04 kg/m/sec. = 550 lb. /ft. /sec. 
1 kg/m/sec. =0.01315 HPo 
1 mi./hr.= 0.44704 m/sec. 
1 m/sec. =2.23693 mi./hr. 

1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi.=1609.35 m=5280 ft. 
1 m = 3 .2808333 ft. 




