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KINETICS OF THE DARK REACTION OF THE CHLORINE-HYDROGEN MIXTURE

III. NORMAL COMBUSTION OF CﬁLORINE-HYDROGEN MIXTURES
A.I. Rozlovskiy

In earlier installment:z [1, 2], we formulated the basic kinetic
qualitative laws governing the thermal (darkj reaction between chlorine
and hydrogen at low temperatures. The singularities of the reaction
mechanism and the conditions for self-ignition of chlorine-hydrogen
mixtures that were analyzed 1In the above reports necessitated studying
the kinetics of the reaction in the flame and served as a point of de-
parture for such an investigation, which 1s interesting in several res-
pects. .

On the one hand, its combination with the results of study of the
pre-flame reaction gives detalled information concerning the kinetics
of this important reaction in a broad range of temperature variation.
On the other hand, the model reaction of a hydrogen-chlorine mixture
having a well-studied (at 1lcw temperatures) mechanism is a suitabie
obqect for verification of the qualitative laws of normal-combustion
theory, and, in particular, for determining the absolute values of the
reaction rate in the flame. Finally, study of the combustion of

H, + 012 mixtures should assisf in determining the unknown mechanism

2
of homogeneous initiation of the active centers for this reaction,
which is of fundamental importance for the theory of the thermal ex-
plosion. L o h
The comparative simplicity and stability of the kinetics of the .
chlorine-hydrogen reaction render the preeent investigation central to

& number of the author's studies [3-5], which were devoted to verifi-
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cation and substantiation of the normal-combustion theory of Ya.B.
Zel'dovich and D.A. Frank-Kamenetskly. ‘
EXPERIMENTAL TECHNIQUE

Thermodynamic Calculationévfdrf§tate of Combustion Products

Flame speeds in chlorine-hydrogen mixtures were measured at ini-
tial pressures from 35 to 260 mm Hg in a round glass flask 100 mm in
diameter, with central ignition. The riame was photographed on a rota-
ting film using the usual technique; the photographs were made without
the slit [6]). Ignition of the mixture was synchrcnized with closing of
the lens on the photographic recording apparatus to cut off thg glow
from the combustion products.

The mixtures investigated were prepared and stbred in mixers. The
components were proportioned on the basis of their partial pressures,
with subsequent analysis of the mixture for 1ts chlorine content. The
pressure was measured with a mercury manometer; the surface of the mer-
cury was protected from attack by the chlorine by a layer of vasellﬁe
oill.

The technigue of experimentation with chlorine-hydrogen mixtures
was further complicated by the action of chlorine on the stopcock lub-
ricants and on the rubber connecting tubes. To prevent the photochemi-
cal reaction, the work was done in red 1light. The mixers were enclosed
in an opaque shell and the connecting tubes were painted black. The out-
side surfaces of all valves 1n the apparatus were painted in the same
way, since, according to Morris and Pease [7], the reaction of chlorine
with the vacuum lubricant 1s photochemical. , |

(Electrolytic) hydrogenwas taken from the technical-grade cylinder
and dried by rreézing out the water vapor (from the gas holder) with
1iquid air. The chlorine was obtained by reacting hydrochloric acid
with KMnO, with subsequent purification by washing with water (elimi-
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nation of hydrogen chloride),.rreezing with 1iquid air and fraction- i
ation. The hydrogen chloride was obtained by dropwise addition of con-
centrated hydrochloric acid to éoncentrated sulruiic acid; 1t waa‘puri- ;
fied by freezing out with liquid air and fractionation. i

To determine the chiorine content, a sample of the gas was with-
drawn into a dry evacuated gas pipette with a capaclity of about 150 cm3.
After the sample had been taken, 20-30 cm3 of a 10% solution of potase
sium 1odide was sprinkled into the pipette; thé iodine that was liber-
ated was titrated with hyposulfite.

The experiments indicated that the flame 1s intensely luminous
(in the visible region) only in chlorine-rich mixtures. The luminosity
of mixtures leaner than stoichiometric drops off rapidly with diminish-
ing chlorine content. The flame of a mixture containing less than 30%
of chlorine can no longer be photographed on the most sensitive of the
f£1lms that we used. (GOST 250), in spite of the fast optical train
("Yupiter" lens with D = 1:1.5) and exposure without the slit, which
gives the highest possible 1llumination of the negative.

As we know, direct measurement gives only the quantity Uy, - the

speed of the flame with respect to the fixed combustion products =—

in spherical flame propagation. 'I‘Oconvertub to u, - the normal speed
of the flame — it 1s necessary to determine the ratio of the densities
of the gaseous mixture before (po) and after (pb) combustion: py =
= po/bb, since it follows from the cond;tion of conservation of matter
that '
BnPe == Uyfy.

It is further necessary to find the temperaturé of éomhustion
T,, which 1s the basic characteristic of the reaction in the flame.
The quantities T% and u wefe determined by thermoéynamic calculation,

which was performed by the method of Ya.B. Zel'dovich and A.I. Polyarnyy
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[8) after certain modifications by the author.

Let p denote the total presaufe.or the mixture, and let the par-
tial pressures of the components be denoted by their chemical symbols.
For the equilibrium eqpﬁﬁipné'that we have selected

H, VI = Ky,

CUV,'_U.-K...
VILTL /10 - Xy,

the values of the equilibrium constants have been tabulated [8].

In view of the simplicity of the H-Cl system, it 1s more conven-
ient to reduce the mass-balance equations to the form proposed by A.P.
Vanichev [9]). Let y denote the total proportion of chlorine in the mix-
ture (free and bound), and let Clg, Hg and HC1® be the partial pres-

sures of the components of the original mixture; then

&n: - ".5 "C"
v an

. ) .

Jenoting the number of gram atoms of H and C1 in the mixture by
[H]o and [0110, we write

It fo}lows from the condition of combustion at constant pressure
that
Q4+l +H+BC=p
With this notation for the mass-balance equations, there 1s-no need to
interpolate the enthalpy of the combusplon-product mixture over pres-

sure, as 1s necessary in the Zel'dovich-Polyarnyy method.

The equation of energy conservation takes the form
S ol m Sl

where pg and p, are the partial pressures of the initial components and

the combustion products at the corresponding temperatures; 'n'go and nfn
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are the corresponding enthalpies, and To is the temperature of the
starting mixture.

0o
&
W
£0
”.
A A e _ 40% N
2 25 4 ¢ eur 9 4 4 “‘V,“
Fig. 1. Combustion Fig. 2. Density change
temperature of Ha + c12 of H2 + 012 mixtures on
mixtures as a function combustion as a function
of composition. 1) 0.1 of composition: 1) 0.1
atm abs; 2) 0.2 atm abs; atm abs; 2) 0.2 atm abs;
3) 0.4 atm abs. 3) 0.4 atm abs.

In the calculations, we used the system of reckoning the enthala
ples from an arbitrary zero which is similar to that used by Ya. B.
Zel'dovich and A.I. Polyarnyy; the enthalpy of gaseous chlorline at the
absolute zero of temperature was taken as the rull. The enthalples for
H and H2 were taken from the tables [8), while the enthalpiles of C1,
Cl2 and HCl were computed by the author from the elementary thermody-
namic formulas, without taking the anharmonicity of the atomic oscil-
lations in the molecules into account. Here, the following fundamental
oscillation frequencies were assumed for the atoms in the molecule:
565 cm™ L for Cl, and 2989 em} for HC1 [10). The dissociation heat of
Cl, into the atoms was set equal to AHT=0 . 2 - 28.45 kcal/mole [11],
and the heat effect of formation of hydrogen chloride from the elements
was assumed equal to 22.06 kcal/mole at 291° x [12).

-5 -
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The calculations indicate that the combustion temperatures of
hydrogen-chlorine mixtures are relatively low. In chlorine-rich mix-
tures, the equilibrium éoncentrationa of H2 and H are so0 small even
for v = 0.6 (in binary H, + 012 mixtures) that their total heat capa- -
city does not exceed [1llegible] £ of the combustion-product enthalpy;
if the quantities Ha and H are disregarded, the calculation technique
i1s simplif'ied. 5

The quantity p is found from the relationship

T
“-?':":(T.)'

where n 1s ‘the change in the number of molecules during the reaction:

" +i.

-5
On the basis of the calculated data for the equilibrium composition, we
plot a graph of n as a function of temperature and use 1t to determine
) (Tb) for a certain value of T . Certaln results of the state calcula-
tions for the combustion products of mixtures with HClo = 0 are given

in Figs. 1 and 2.

In investigating the reactlon kinetics in the flame, we diluted
the combustible mixture with reactlon products and replaced part of
the excess component with hydrogen chloride. Here only the qdantity
Zpg Hg changes. Fig. 3 shows the combustion temperature as a function
of the content a (mole fraction) of the combustion-product additive
for mixtures with y = 0.4, 0.5, 0.6 and 0.7 at p = 0.2 atm abs; Fig.

4 shows similar diagrams for the quantity u. For intermediate v, the
values of the corrections T, (a) and u (a) were found by graphical
interpolation. |

In studying the influence of the excess-component content on the

speed of the flame, constancy of the deficient-component contents [6] 3
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Fig. 3. Combustion tem- Fig. 4. Change in mixture den-
perature ac a function sity on combustion as a func-
of content of combus- tion of content of combustion-
tion-product.additive produtt additive (p = 0.2 atm
(p = 0.2 atm abs): 1) abs): 1) v=0.7; 2) vy = 0.6;
0.7; 2) y = 0.6; 3) vy=0.4; 4) ¥ = 0.5.

)y = bk B) 4 = 0.5.

no longer insures constancy of combustion temperature, since the com-
ponents of such mixtures are not thermodynamically equivalent. Re-
placement of one of the components by hydrogen chloride changes not
only the quantity'ZpOHJ, but also y. Letting 2 denote the mole frac-
tion of hydrogen in the mixture and g that of hydrogen, we write

T=1—a-3f2
The combustion temperatures are determlined for values of g8 correspond-

ing to the 7 for which the equilibrium-compositioﬁ calculation has been

made; the Tb are computed by the usual graphic method. The values of

T, for given B are found by graphiclinterpolation.

b
Combustion of Binary H, + Cl, Mixtures

Flame speed was investigated as a function of pressure for five
binary mixtures containing 50.0, 72.0, 76.2, 79.7 and 82.3% of c;z in
the pressure range from 36 to 260 mm Hg. The normal speeds of the flame

-7 -
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were computed using thé given thermodynamic calculations.

The results of study of normal flame speed as a function of pres-
sure are given in logarithmic coordinates in Fig._s; In spite of a eef- .
tain scattering of the points, it is obvious from the diagram that for
the four mixtures 1nvestigéted in detail, the normal speed of flame
propagation may be regarded as virtually independent of pressure; only
in the mixture that was richest in chlorine, with vy = 0.823, do we note
a drop of Un with rising pressure.

y. -
z‘r - 2 hd - ! 2 ng.
e " o ° Py
P I Y s 2 s
Ur S
. . .
adh » 3 J [
. L)
ur .0 o . & <
N
ar ’ [
1 " 4 X 1 (]
4 ” o 2r 20 24

‘ 9
Fig. 5. Normal rate of flame propagation as
a function of pressure: 1) ¥y = 0.500; 2)

¥ = 0.720; 3) y = 0.762; 4) v = 0.797; 5)
Y = 0.823. ’

Since the dependence of y on pressure 1s only weakly exppessed,
we may assume in approximation that not only u, but u, as well are
independent of pressure. Extending this property of\Cla-Hé mixtures '
to all of the compositions studied, we shall henceforth assume that i
the results of all experiments are referred tq g‘stah¢ard pressure of
0.2 atm abs. _ o . : |

The dependencé of flame velocity on composition was also studied
for binary mixtures. Hbro, the mixtures investigated were propirod in
the explosion vessel itself by alternating admission of appropriate

-8 -
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TABLE 1

vy .y 3 .
M weom | cuces VP
. .
}
0,500 3B%0 24 | 1,58
0,405 408 b3 | 1.8
0,355 360 208 .0

1) ug, cm/sec; 2) ug,
cm/sec; 3) uB/“R'

portions of the two bas;c mixtures, which
were avalilable. in mixers. The experimental

results appear 1in Fig. 6 in the coordi-

‘nates log u,:Y; the dlagram also indicates

the averaged values of u, for the series
6r experiments descrited above; these va=-

lues are keyed by other symbols. It fol-

lowc from the dlagram that the speed of the flame reaches its maximum

near the stoichiometric compositlon and is unsymmetrical for excesses

of chlorine and hydrogen.

-

In connection with these last results, we should take note of the

data obtained by Bartholome [13], who measured several values of u,

for chlorine-hydrogen mixtures in a Bunsen flame at atmospheric pres-

sure. The data of Bartholome (uB) and the author (uR) are assembled

in Table 1; the compérison is naturally valid 1f u_ = const right up

to p =1 atm abs.

‘ d § R

7,
9 ¢ 4 @ 0 ll r

Fig. 6. Normal speed of
flame in binary mixtures
of H2 + 012 as a function

of composition. Curve A
will be described in a
subsequent report.

n

The values of u, found by Bartholome
are noticeably larger than ours and cor-
respond to a position of the flame-speed
maximum at y < 0.5. It is not yet possible
to account for this divergence. We note |
only that if u, i1s measured with error
in a spherical flame, we should expect
the values to be high rather than low with
any distortion of the flame sphere.
Influence of Reactlon-Product Additives

and content of Excess Componenf og Speed
of Flame

The technique that we used — that of
diluting the test mixture with its re-
-9 -




action products w;th the obJective of determining the activation energy
of the reaction in the flame — was proposed by P.Ya. Sadovnikov and was
first employed by G.A. Barskly and Ya.B. Zel'dovich [6] in a study of

combustion of carbon-monoxide mixtures.

TABLE 2
“g‘ 0.395 0.“0 O.S“ o.m

L)
"WT-“ Hy) 6,00 ' 2.4 3,82 3,%
i e w5 | do | ae

1) A', kcal/mole.

In our experiments, the mixtures to be investigated were prepared
in the explosion vessel itself. For this purpose, a certain quantity
of the combustion products from the preceding experiment was left in
the reactor in preparing for each new experiment. The upper 1limit of
the additive concentration (from 32 to 50%) 1s imposed by a sharp drop
in the actinicity of the flame or by fallure of combustion. Here, the
investigated combustion-temperature range extends from 376o for the
mixture y = 0.720 to 500° for the mixture with v = 0.598.

The author studied mixtures with y = 0.396, 0.500, O.596 and
0.720. The results of the experiments are presented in Fig. 7 in the
coordinates log U, 1/T, , from which it follows that the points for all
four mixtures fit straight lines satisfactorily over the entireée combus-
tion-temperature interval studied. The effective values of the flame-
speed temperature coefficient may be computed from the slope of these
lines, as well as the apparent activation-energyvalues A‘',

We may assume in first approximation that the rate of the reaction

in the flame
1] ~ ‘-"wf.'

- 10 -




where A' 1s the apparent energy of activation; then, according to [14]
bam T,

The results of the calculations are presented in Table 2.

As will be seen from Table 2, the temperature coefficients of
flame speed are practically the same in both excess-chlorine mixtures
and correspond to a value of A' close to the activation energy of the
pre-flame reaction, i.e., 35 kcal/mole. The value of A' for the stoi-
chiometric mixture is consfderably lower than this figure. It must be
assumed that thils deviation 1s an effect of the profound dissociation
of the reaction products similar to that observed 1n studles of the
combustion of NO + H2 mixtures [4, 5). The considerable increase in
activation energy for the mixture with the hydrogen excess 1s appar-
ently related to the essentially different mechanism by which active

centers form in these mixtures.

oL

Fig. 7. Determination of apparent tempera-
ture coefficlent of reaction speed in flame:

1) v = 0.500; 2) v = 0.396; 3) v = 0.598;
u 'Y = 0-720. -

Using the example furnished by combustion of a CO + 0, + N, mix-
ture, Reference [6] describes a method for studying the kinetics of the
flame reaction by varying the concentration of the excess component

-1l -
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Fig. 8. Variation of Fig. 9. Influence of

combustion temperature partial replacement of

on partial replacement excess comporient by

of the excess compon- hydrogen chloride on

ent by hydrogen chlo- density of mixture

ride: 1) a = 0.177; g% during combustion: 1)

a =0.294; 3) b = 0.369. a =0.177; 2) a = 0.294;
3) b = 0.369.

while holding other parameters constant, in this case with partial re-
placement of the excess 02 or CO by an inert diluent - nitrogen. The
author undertook an attempt to make an analogous study of the influence
of the excess-component concentration for chlorine-hydrogen mixtures.
Hydrogen chloride was selected as the inert diluent.

However, the physical pattern of combustion in chlorine-hydrogen
mixtures 1s much more complex than in CO + O2 mixtures, and the results
of the experiments can be only qualitative in nature. With a constant
content of the deficient component, partial replacemgnt of the gxcess
component by hydrogen fluoride also changes the combustion temperature,
'the'thermal-conductivity and diffusion coefflcients and the average
molecular weight of the mixtufe. As a result of the large difference
between the molecular weights of the components, combustion of hydrogen-

chlorine mixtures is accompanied by violétion of similarity of the cone
-12 -
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Fig. 11. Change in normal
flame speed on partial re-
placerent of excess hydro-
gen by hydrogen chloride;
b = 0.369. A U, cm/sec.

MR W p

(I'. 4z s 0 yN

TR Iy centration and temperature fields.

(=47 For the simplest case, theory en-
ﬁ},ﬁ,},a}°;~1§,’;§"$§1§’c‘ity ables us to give an approximate
;anaﬁiﬁ,{cggﬁlzgig_ evaluation of this factor [15].
ﬁ;‘.ﬁdgf lf d:oieg.:cl?;; However, we can no longer depend
f,,),/ge:,“zg”' A) up, on the reliability of such correc-

tion with marked dissociation of
the combustion products. The lack of additional information concerning
the diffusion and thermal-conductivity coefficlents and their depend-
ences on composition and temperature renders evaluation of the results
obtained even more difficult.

To carry out the experiments, mixtures with equal contents of the
deficlent component were prepared in two mixers. The excess component
of the mixtures to be burned was the second component of each mixture
in one mixer, while hydrogen chloride was the excess component in the
other. When the two mixtures were combined, the content of the defici-

ent component reméined constant, while part of the excess component was
-13 -



replaced by hydrogen chloride. The mixtures studied were prepared in
the explosion flask itself, Juét as in the experiments with the combus-
tioﬁqproduct additive.

Mixtures containing 293£ and 17.7% of deficient hydrbgen and 36.9% g
of deficient chlorine were studied. Figs. 8 and 9 show the combustion
temperature and the parameter p as functlons of hydrogen-chloride cone
“ent for these mixtures. The variations of the normal flame-propagation
speeds and replacement of part of the excess component by hydrogen ch-
loride 1s 1llustrated by Figs. 10 and 11 Qg is the mole fraction of
hydrogen and b is the mole fraction of chlorine). .

It should be noted that ox&gen additives have little influence on
the rate of combustion of chlorine-hydrogen mixtures. It follows from
the series of experiments in which part of the excess chlorine was re-
placed by oxygen that the addition of 10% of oxygen lowers the observed
flame speed Uy by 13% (it is necessary to remember that Tb increases
somewhat on such a replacement). Hence fhere is no reason to fear that
contamination of the mixtures studied might somehow distort the results

of the experiments, . g

Prmo.rks Concerning the Stabllity of Normal Combustion in Chlorine- !
Hydrogen Mixtures ;

The author also ran several series of experiments in the combustion
of chlorine-hydrogen mixtures in a vertical tube open gt one end under
atmospheric pressure. As we know, the flame front in this case 1is ap-
prox;mately flat, coinciding with the cross section of the tube, sincé ,
factors that perturb the flat flame are excluded. This method 1s appli- .  °
cable for measurementsof u, that do not exceed 0.5 m/sec. At 'highéx;. :
values of u_, the retardation of the combustion products issuing from :
the tube by friction against the walls results in nonuniform distribu-

tion of the gas-flow velocities over the section of the.tube, and thil

-1l -
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nonuniformity causes distortion of the flame front and accelerates
combustion.
The experiments were conducted with tubes 3.5 cm in diameter and

1.1 m long. The tube was capped with a ground-joint head and stopcock

through which it was evacuated and the ggfes admitted. The head was

removed directly prior to ignition.

Combustion of mixtures with a chlorine excess indicates that their
flame~-propagation velocitles in tubes are considerably higher than the
normal veloclitles found by the author. Thus, combustion of a mixture
with v = 0.594 was, to Judge from superficial criteria, of the nature
of a detcnaticn: observed visually, 1t appeared to be instantaneous,
the tube was shattered by the explosion, which was accompanied by a
loud report. At the same time, the normal velocity of the spherical
flame in this mixture was only 1.7 m/sec (see Fig. 6). Combustion of
a mixture containing 69.4% of Cl, with u, = 1.1 m/sec (for a spherical
flame) proceeds in a time of the order of 0.1 sec in a similar tube;
thus, the flamé propagates with’an average velocity as high as 10 m/sec,
with this velocity even higher in the terminal segment of its path
(after the initial acceleration).

This ancmalous character of the combustion can be accounted for

by the specific properties of mixtures with excess chlorine, in which

the diffusion coefficlent considerably exceeds the thermal diffusivity;

here, similitude of the concentration and temperature fields is essene
tially violated. Thus, we know from the studies of Ya.B. Zel'dovich and
his colleagues [14, 16, 17] that a flat flame may become unstable under
such conditions and decompose spontaneously into separate balls and
bells.

It may be assumed that a similar phenomenon also occurs in our
case. Here, since the normal flame speeds of chlorine-hydrogen mixtures

- 15 -




are quite considerable, spontaneous dismemberment of the front gives
riae'to its progresslve acceleration and turbulization of the combus-
tion, which lead to the appearance of a detonation by the usual mech-
anism. This mechanism of chemoturbulization and hydrodynamic autdtur-
bulization of normal combustion (18, 19].may te superimposed, ampli-
fying one another.

It remains unclear why this instabllity is observed only in com-
bustion in tubes and not for spherical rlam;s. We have as yet no ans-
wer to thils question, and we need only state that the spherical flame
1s more easily stabllized than a flat flame in the case of internal
instability of the combustion mechanism. Thus, instability resulting
from violation of Ssimilarity of thc concentration and temperature
fields was observed only for combustion in tubes and not for spherical
flames. We note further the effect of the cellular structure of the
flame on propagation of slow flames in wide vertical tubes [20] for
mixtures with diffusion coefflclents both larger and smaller than
their thermal diffusivities. In both of these experiments, the Re did
not exceed a few hundred, and the spherical flames showed no signs of
insiablility under similar conditions. It would be interesting to make
a detalled study of the structure and mechanism by which combustion
instabllity arises 1in chlorine-hydrogen mixtures by photographing these
flames in tubes by both direct and transmitted 1light.

CONCLUSIONS

1. Thé propagation of a spherical flame through chlorine-hydrogen
slxtures in a gléss flask at pressures from 35 to 260 mm'Hg was studied.

2. Thermodynamic calculations are presented f?f'the combuétion
temperatufe and the density change on combustion 9f~chlor1ne-hydrogen
-mixtures as functions of the chlorine-to-hydrogen proportions, the
pressure, the amount of combustion produéts added and the variation

- 16 -




of the content of the mixture's excess component.
3. The normal speed of the flame in chlorine-hydrogen mixtures
(except the mixture with y = 0.823) does not depend on pressure. The

maximum value u, = 2.0 m/sec 1s attained in binary mixtures of H2 + Cl2
near the stoichiometric compoéiﬁion,

4, The apparent energy of activation of the reaction in the flame,
which was measured for four mixtures, has a constant value of about
34 kcal/mole in chlorine-rich mixtures, drops to 20 kcal/mole for the
stoichiometric mixture, and increases to 60 kcal/mole in a mixture with
39.6% 012'

5. The normal speed of thé flame was studied as a function of ex-
cess-component concentration when part of the excess component was re-
placed by hydrogen chloride for three series of mixtures.

6. Preliminary experiments in the combustion of chlorine-hydrogen
mixtures in tubes Justified the assumption that a flat flame 1in a tube
is turbulized more easily than a spherical flame in the presence or‘in-

ternal 1instabllity of normal combustion.

Academy of Selences of the Azerbaydzhan SSR Recelved
Institute of Physics and Mathematics ‘ 28 November 1955
Baku .
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IV. KINETICS AND MECHANISM OF REACTION Iq FLAME
A.I. Rozlovskiy

CALCULATION OF TRUE TEMPERATURE AND BARIC COEFFICIENTS OF REACTION
RATE IN FLAME

The nondependence of normal flame speed on pressure in the sim-
plest version of normal-combustion theory 1s regarded as an indication
of a second order of the reaction in the flame. Here, however, we do
not take into account the influence of pressure varlation on the com-
bustion temperature of the dissoclated reaction products. Let us intro-
- duce the appropriate correction, using the method empldyed for mixtures
of NO + H, {1].

The over-all order s of the flame reaction 1s determined by the

expression *

o= 2[5 o +1]:

(1)

“he derlvative 1n the parentheses 1s computed from the condition

(2)

The first term in the right-handmember of (2) i1s found from ex-

lnun\ dinu, Inu,y’
Y e R 1Y 3inp)'

periment; the second term, which characterizes oply that part of the
baric flame-speed coefficient that 1s governed by the change in combus-
tion temperature, is determined with the aid of the equation

G iy S | (3)

The first derivative in the right member of (3) was determined ex-
perimentally; its values were given in the preceding article. The second
-20-




cofactor may be computed from the thermodynamic data represented in
Fig. 1; its average values for the pressure ranges investigated are

presented below:

- v 0,5C0 0,600 0,700 0,800 m:n
-cuwr,)/ug, 2,58 420 547 307 208

Let us assume for all four investigated mixtures with y 2 0.720,
d log u /d(1 /T,) = — 3.50-103 (the value for a mixture with y = 0.720
at p = 0.2 atm abs), since the temperature coefficient fs practically-
constant in this reglon; let us further set d 1n un/d In p = - 0.207
for y = 0.823. Interpolating the values d (l/Tb)/d ln p on the basis
of the data given above, we find; applying Equations (1)-(3):

0,500 0,320 0,762 0,707 0AR2)
(Olnu./alnp)‘ 0L84 0,488 (16D 0,112 6,67:4

19 162 1,67 4,77 144

Thus, the order of the reaction 1s found to be near one-and-one-
half in chlorine-~-hydrogen mixtures with weakly dissoclated combustion
products, in accordance with the reaction mechanism considered in [3]
and the laws governing pre-flame kinetics.

Let us compute the true effective activation-energy values in the
flame. It was noted in [4] that fallure to take into account the temper-
ature dependence of the preexponential multiplier in the equation for
flame velocity may result in considerable distortion of the effective
activation-energy value. Let us introduce the corresponding improve-
ments into our calculations, assuming that the reaction is of the first

order with respect to hydrogen and of order one-and-one-half with res-

pect to chlorine.

The refined equation for the combustion rate takes the form [5, 4):

o iR, T, : ]
“ 1/ Sty (T =T )" o )
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Here, A 1s the thermal conductivity, ¢ is the heat capacity of the

gaseous mixture, ¢ is the reaction rate in the flame, a is the dimen-

sionless concentration (grams of component per gram of mixture),

6 ;'RTs/A is the characteristic temperature interval, & = Dcp/A 18 the

ratio of the diffusion coefficlent to the thermal diffusivity, the sub-

script 1 refers to the deficient component of the mixture, the sub-

script 2 to the excess component, O to the initlal ratlo, A, c = 2,
=T,,8=0);0,=0T=T,a =2ay); F=I[1- (2,/2,)1°2, where

£ 1s the mole fraction of the corresponding componént.

; In mixtures of H2 + C12 in which a frace-

=14
Jﬁ tion a 1s replaced by combustion products, we
B have with ¥ > 0.5 (excess of chlorine),
Y
) / i
F-l/’-— —L . -E
71 Y g r=1) (5)
. 5

ke arerw SR ()

,' .- 4 .
J"—’———”J U-ﬂ+ﬁaﬂ-h)

Letting agi and ang denote the initial

-————:——_‘_Z——l
¢ ' ! concentrations before and after dilution with
5 L . the combustion products, respectively, we
9 45 v ! write
: .IS.P G = (1—a). 0
7
Fig. 1. Illustrating
determination of true Taking into account the dependence of
baric rate coefficient .
of flame in mixtures the effective component-concentration values
of Hy + Cly: 1) ¥ =
. . on the combustion temperature and the dilu-
= 005, 2 7 O.u 3
3: = 0-
5) 7 - $37’ . 323 tion of the mixture, we set
Y= 0. \
~e® ot 'l Sbh g RT, ~ {eg s AIRT|
On ~ ek el (i) A~ (LSS AR, (g




- .

Fig. 2. Determination of true tempera-
ture coefficlent of flame velocity in
H, + Cl, mixtures: 1) vy = 0.396; 2)

¥ = 0.500; 3) v = 0.598; 4) vy = 0.720.

Since 1t is assumed that
C.(T.—T.)-duh.

(9)

- where .’l is the heat effect of the reaction per gram of deficlent com-

ponent,

Gt (To—Tg) = (L) 4 (1 — &)
(10)

The quantity )‘m depends only on the combustion temperature, since
the composition of the reaction products does not change on dilution.
It may be assumed that A =~ ('I‘b)l/ 2, since the Sutherland constant is
much smaller than the combustion temperature. Just as in [1], we assume
that the parameter ¥ does not depend on temperature and pressure and
remains unchanged for experimental series-with conai:ant ‘81'

Applying the expressions obtained, we f£ind from Equation (4)

) (1 a3 N(T, =T )™
ATy = const 2 P

- coast ¢. (11).
The quantity d log /d(1/T,), which may be computed on the basis
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of study of the dependence u_, (o) and the results of the thermodynamic
calculations, should define the true effective activation energy of the
reéction in the flame. Figure 2 presents the results of the experiments
described above.

It will bé seen from the curves of Fig. 2 that, as for the approx-
irate dependence log u, — (1/Tb), the experimental points describing
the combustion of all the mlxtures investigated show satisfactory fit.
to straight lines from whose slopes we may compute the following values

of A:

1) A, kcal/mole.

It follows from comparison of the data of the present paper and
the preceding one [2] that the values of A' ard A of chlorine-hydrogen
nixtures differ little from one another. A has the same value -~ close
to that fpund for the pre-flame reaction [3] — for both of the investi-
gated mixtures with an excess of chlorine. |

ANALYSIS OF THE INFLUENCE OF PARTIAL SUBSTITUTION OF THE EXCESS COM-
PONENT BY HYDROGEN CHLORIDE ON THE KINETICS OF THE REACTION

The complexity of the kinetic relationships in these series of ex-
periments made it impossible to interpret them exhaustively. The speed
of the flame must be converted to‘a standard combustion temperature Tg
corresponding (as regards the content of the ueficient component) to
the basic binary Ha + 012 mixture. A similar subscript will denote the
other quantities corresponding to p = O. In computing ul = u, (Tg) by

the equation

)

u'.- 8a-10 | (12)

where B' = d log un/h (I/Tb), it 1s necessary to adopt the values of

B! found earlier by experiment, 1.e., -3.50'104 degrees for a = 0.294
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and 0.177 and =6.60-10"

degrees for b = 0.369.

Apart from the combustion temperature, substitution of the -excess |
compcneni: by hydrogen chloride also changes thermal conductivity, the
avera'ge. molecular weight of the mixture, and the parameter ?. Disre-
garding the influence of combustion-product dissociation and assuming
logarithmic dependence on composition for the average thermal conducti-

vity of the mixture,

i = Falgd, - (13)
we find
3-/”-'@3&/1&.)’ for 1>0.5, (1“)
i [ 2 = (2501 [ax)® torv<0,5. | (15)
Since
pl# =BT ca=Co M, (16)

where M 1s the. average molecular weight of the mixture and Co is its

average molar heat capacity,

A, e »

Copar - (o) 7)

o
T-

aa

Proceeding from the relationships obtained,'we find from (4)

< - _ - V/C‘ Srh ..r)tn-u l::): m)bhﬂf;‘(%)k. | (18)

In using (18), we bear in mind that with v > 0.5

| - (19)
=V it

-1-;52:25&% (20)

..1—'_55:"."‘2.:' (21)

‘fu’ﬂ 1K ’-:
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for ¥y < 0.5,

L3

o

w

'Y
¢ o up

Fig. 3. Influence
of partial substi-
tution of excess
chlorine by hydro~
gen chloride on
speed of flame for
mixture with a =
= o. 177o

z
U4

g & 42

Fig. 5. Influence of
partial substitution
of excess hydrogen by
hydrogen chloride on

speed of flame for

mixtures with o = 0.369.

’-’_1—:.-' : . (22)
cxxd-c& . )
=143 a v (23)
- 1'._.?”::-'3:“’11,_.
0

Ny | (24) |

4 TN ¢%a

Fig. 4. Influence of
partial substitution
of excess chlorine by
hydrogen chloride on
speed of flame for
mixture with a = 0.294.

It 1s obvious that the quantities

8, and s, cannot be determined separately
in the experimental serles under consider-
ation. Further, there 1s no need to count
on high accuracy in the calculations. In
addition to the usual approximations of
normal -combustion theory, which are aggra-
vated by the inequality of D and A/cp, we
npay also have errors stemming from allow-
ance for diffusion of some of the initlal

components, but not that of the active centers, from the simplified

caiculation of the ratio 09/0, and from the unreliability of the
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Ah-values. For the latter, on the basis of the data given by A.M.

Markevich [6]), we assume

Gua/icy )m=1,94;  (uci/iy)u=0,12.

Figures 3, 4 and 5 show the experimental and calculated values of
7 as functions of the hydrogen-ghloride content, which have only approx-
imately similar shapes for all three series of experiments. The results
of the experiments described confirm the absence of any specific in-
fluence exerted on the reactlion by hydrogen chloride, which is indeed
an inert diluent outside the high-temperature region of profound dis-
sociation. .

Since the quantity 7 depends only slightly on 8 in all three series
of experiments, with the exceptlion of those involving the mixtures clo-
sest to stoichlometric, wé have no way of drawing more definite or fare
reaching conclusions from the results of the measurements considered.

The dependence of u

n on the excess-component content, which was to be

studled, 1s masked by a number.of side relationships, primarily the
influence of inconstancy of the combustion temperature. On 1ntr6duction
of the appropriate corrections, the weak basic dependence that we wish
to study is complicated by the influence of the inevitable errors of
the corrections introduced; this prevents derivation of quantative con-
clusions concerning the order of the reaction with respect to each of
the components individually.
ABSOLUTE VALUES OF REACTION RATE IN FLAME

The qualitative relationships obtained in the preceding ;ectionl
permit us the éssumption that the reaction kinetics in the flames of

chlorine-hydrogen mixtures with chlorine excesses remain the same as in
the pre-flame region. Proceeding from this, let us make a comparison

between calculated and experimental absolute values of the flame rate




at a standard pressure of 0.2 atm abs for the binary mixtures consider-
ed earlier.

It should be taken into account that the quantity lm in the numer-
ator of the right member of (4) is taken for the combustion products at
T = Ty On the other hand, to the extent that we consider the ratio ¢
to be temperature-independent, while the value of D can be evaluated
only for room temperature, we shall refef the qua.ntify A that appears
in the expresslon for ¥ to 273° K and a similar composition.

For mixturcs with y > 0.5, 8, = 1 and Equation (4) assumes the

form:
w=ty/ ey BTy 2% 70,
b wim =T ) A=W QT,—Tg¥% '  (25)

where Q = 44.12 kcal/mole 18 the heat effect of the reaction per mole

of deficient component.
In accordance with the relationships established in [3], we may

assume that

O = 2k (T2) My, VN, (1 —':)V?(HP:)%' | (26)

where k  1s the effective rate constant of the reaction and N, is \
Avogadro's number. The value of kw found in [3] from the mechanism of '

the pre-flame reaction should be improved by allowing for the probabi=-
1ity factor of the elementary reaction Cl + H,, J = 0.18 [7]. Then

ky = 5,8 YTmsumint 3/ 2sec™?, (27) !
Then we write |

. D{a{1=1)Cya + (B =1)0, . s
bearing in mind that the values of C and D are taken for 273° K and |
. , o l

Substituting the values of &, and ¥ in (25) and remembering that

p = 1 atm abs. - ’ I
-28 . : I
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we find

Virm 1 Ok (T, T2 hare NP
= V(i-r).-m —wcuc.—u‘*'-u Y =3 AY)] (ﬂ" ¢ (29)
On the baslis of the Sutherland equation, we assume

. . < B
Mgﬁn 21 ™ Vﬂ. (30)
where B 1s Sutherland's constant.

Taking (13) into account, we set

3'1=Y): 3V

' *-*uc; il (31)
From thls, we obtain a final expression for the absolute value of the

flame speed in mixtures with ¥y > 0.5:

- 1/ 4V¢7—l;-u-vr“- STk (T, TH2 + D) (N. . ( 2)
ﬂ—ﬂ“U-WWQ—W*“%Mr*i”ﬁ L 3

According to the data presented by A.M. Markevich, at 273° K AHCI =

= 3.52-1()"5 and Ay, = 1.83°1072 cal/cm-sec-degree. Further, c set
2

D = 0.50 cm®/sec, Cypy = 6.95, Coy = 8.08 cal/mole-degreee and B = 240.
2

Substituting the values of the physicochemical constants in (32) and
remembering that p = 0.2 atm abs, we find

weist) e O (39)

The results of the calculations are presented in Fig. 6 of Refer-
ence [2] (curve A). As will be seen from the figure, the results of ex-
perimént and calculation are in practical agreement, and the error of
the calculations is (by coincidence) even smaller than the possible
error for the existing ineiactnesa of the theory and our information

concerning the physicochemical properties of the reaction components.
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Marked divergences begin to appear around the stoichiometric composi-
tion, where our conception ceases to be valid. The agreement between
the calculated and experimental values of u, is due to the simplicity
of the ﬁechanism and the stabllity of the reaction kinetics of the
chlorine-hydrogen mixture. These conditions made possible extensiﬁe
extrapolation of the kinetlc characteristics, and the rate constants
of the reaction in particular, from the investigated region of temper-
atures of the order of 500—600° K to the combustion temperature.

Formally, extension of the calculation results for the absolute
values of u, to the reglon of mixtures with excess hydrogen 1s not ex-
pedient. The combustion of these mixtures apparently has an essentially
different mechanism, and it cannot be described by mechanical applica-
tion 6r a kinetic equation based on a conception of equilibrium disso-
ciation of chlorine in the reactlon zone.

REACTION MECHANISM IN FLAME AND CONDITIONS FOR GENERATION OF ACTIVE
CENTERS

The results of measurement of the barlc and temperature coéffic-
ientsof flame speed affirm the hypothesis that the reaction in the
flames of mixtures with excess chlorine proceeds by the same mechanism

as in the pre-flame reglion. In these flames, there 1s time for estab-

lishment of equilibrium dissociation of the chlorine.

The magnitude of the activation energy for a mixture with excess
hydrogen suggests that the formation of chlorine atoms 1s effected here
by another mechanism; here, its value corresponds to nonequilibrium
dissociation of the chlorine taking place on double collisions with
energles equal to > 57 kcal/mole, which split the chlorine molecule.
The theoretical value of A = 63 kcal/mole, which 1s formed from the sum
of the dissociation energy of chlorine and the activation energy of the

slow elementary reaction between Cl + Ha, 6 kcal/mole, is close to the

-30 -
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experimental value of 66.7 kcal/mole.

It must be remembered that the formation of atomic chlorine on
combustion of mixtures with ¥ > 0.5 1s possible in any region of the
flame where the temperature is high enough, including in the combustion
products themselves, with subsequent diffusive transfer of active cen-
t;rs into the reaction zone. In the presence of a hydrogen excess, how=-
ever, chlorine atoms can form only in a narrow region, since the con;
centrations of atomic and molecular chlorine in the zone where the tem-
perature approaches Tb are practically zero, vwhile at low temperatures
the number of active collisions 1s still small. For this reason, equi-
librium dissdciation of chlorine i1s naturally rendered more difficult
in mixtures with excess hydrogen.

The most difficult part of the problem of the reaction mechanism
in the flame consists in determining the way in which equilibrium dis-
soclation of the chlorine occurs. As we know, analysic of macrokinetic
relationships in any chain reaction normally does not make possible
direct determination of 1ts mechanism and results in the construction
of hypothetlcal, ambiguous reaction schemes. To offset tkis, however,
the extreme simplicity of the H — Cl system and the thoroughness with
which the kinetics of its elementary stages has been studied reduce the
number of possible assumptions as to the reaction mechanlsm to a mini-
mum and faclilitate thelr verification.

In view of the high temperature in the reaction zone, we can no
longer unconditionally exclude dissociation of the chlorine on‘double
collisions M + 012, as was done for the low-temperature process. How-
ever, this solution of the problem will not be adequate, since, on the
basis of analysis of self-ignition conditions (7], it 1s obviously nec-
essary that some chain-branching mechanism exist at moderate tempera-
tures to provide for a progressive increase in the active-center con-
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centration in the isothermal fegime. These branching events will take
place as the react;on proceeds in the flame.

The following hypotheses have been advanced concerning the possi-
ble branching mechanisms. o

1. Dissociafion of chlorine in the cold chlorine-hydrogen mixture
under the influence of radiation from layers burned previously.

2. Dissociation of chlorine in triple collisions:

. .

Ho2C,=ilCI-3C—12,6  kcal/mole (at 1600°K). - (T)

It may be assumed that the probability of this process 1s relatively
high due to the high exothermic heat effect of the H + 012 reaction
(46.6 kcal/mole at 1600° X).

3. Dissociation of the chlorine on collisions with the excited

HC1l * molecules formed in the exothermic reaction of H + 0123

H+ Cly = HCI® +Cl;  HCI* +Cly= HCl 4+ 2CL (E)

The autophotochemical mechanism [scheme (1)] i1s rather improbable
because the elementary emisslon event cannot transfer an energy larger j
than that liberated in the exothermic stage H + C12, and this quantity !
is inadequate to dissoclate chlorine at room temperature. Further, if |
dissipation of the energy of the excited chlorine molecules after abe
sorption takes place during a time that 1s short as cozpared with the
flame~-propagation time, it is most probable that absorption of light 1s
equivalent to a certain increase in the mixture's thermal conductivity.

It 1s obvious that the latter will not introduce any marked distortions, :

as 1s attested to by the agreement tetween the experimental and calcu; 3

lated values of u,. If, on the other hand, dissipation of the energy

takes place siowly, the speed of the flame cannot remain constant over

its path because of .the nonsteady light-absorption conditions, and this
-32 -




is -not the case.

It will subsequently be necessary to take into account the remark
of Rice [8] to the effect that in the dissociation of bromine and 1o-
dine, the preexponential factor of the rate constant of the reaction
M+ Ha12 exceeds that compﬁted by the formula of the kinetic theory of
gases (for effective cross sections found from the viccosity of the
gases) by a factor of 100. This departure is due to the considerable
energy dirrérence between the halogen molecules in the state preceding
dissoclation and the same molecules in the normal state. To estimate
the magnitude of the rate constant of the reaction M + Clz.lg M+ 2C1,
we shall employ the data of Rabinowitch and Wood [9, 10] on the kine- _
tics of recombination of atomic bromine and iodine on triple collisions
with various gases (M), determining the corresponding value of the re-
combination constant ka for chlorine by extrapolation.

Since we are interested in mixtures with excess chlorine, the pro-

perties of the recombining third particle M must be averaged between

the properties of HCl and C1 [¥k, (HC1) k, (C1,)].

In the case of recombination of bromine, kaolo32 = 20 cm6/Sec for
M= Br2 and 3.2 for M = 02 (the latter 1s closest as regards physical
properties to HC1l among the gases studied). On the basis of Rabinowitch
and Wood data, we may consider ka (Br)/ka (I) = 0.30. Assuming that the
ratio k, (Cl)/ka (Br) has the same value, we find for the recombination
C1 + €1 + M, k +203% = 2.4 cn/sec.

We find the value of k; from the relationship k, (61)/ka (c1) -

=K

c1.? where K012 012 i1s the dissoclation constant of chlorine.

2 .
Since KCI - gd'L/anT, where L = 56.9 kcal/mole is the heat of disso-
2

clation of chlorine, g = 2.1-10t2 cd'3/2, and the activation energy of
recombination is usually considered to be zero, kd(C1) - 1.1'1076'L/2RT

-33 -
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[cm3/sec]. Comparing this value with that computed from the number of
M + Cl, collisions (M = HC1 + C1,) at 1600° K, we find that the rate
constant of the dissoclation of chlorine exceeds that calculated from
elementary theory by a factor of @ = 230. ' “

The mechanism of "energy" branching is similar to the mechanism
of positive chain interaction proposed (during development of the chain
1heory) by N.N. Semenov [11), with the difference that it does not re-
juire simultaneous participation of two excited HC1* molecules (HC1* +
+ HC1* + 012 = Z2HC1 + 2Cl), which, as was established in subsequent
studies of Cemenov's school, can hardly be realized. At the same time,
this mechanism also resembles that of trimolecular branching 2, the
only essential difference beln: that one triple collision 1s replaced
by two successive double collisions. "Energy" branching may take placé
given adequate lifetime of the excited molecule HC1l%*: Af the latter is
commensurate with the time between collisions of the molecules of the
mixture under consideration.

For the time being, we shall not attempt to give a rigorous quan=
tative basis for the possibility of equillibrium dissociation of chlo-
rire in the flame, but only attempt a selection among the alternative
muechanisms of trimolecular and "energy" branchings. If progress of the
trimolecular branching reaction (T) requires an activation energy Ar'
the Jower-1imit value of which should be regarded as 12.6 kcal/mole,

the rate of formation of atomic chlorine by this mechanism 1is

 ldngy/ dt)s == 3kgnunkis =", (34)
where k@ is the constant of the triple collisions H + 612 + 012, 1ncd}-
porating a factor similar to w. Accordingly, we find for the ”energy“
mechanism

(dni/dt)g =3 k:nnc;ﬂcv-‘.’m' G 5 )
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where kE is the constant of the double collisions HCl#* + Cl,.

It might be assumed that Ar - A'r, since the energy relationships
remain unchanged 1f the reaction H + 2012 is broken down into two
st;ges. Since the HC1* 1s deactivated primarily by collisions and not
by spontaneous emission, we have in the quasistationary state

driicie /At w kinngy, — 5%Agc,ny == 0.  (36)
Here, k, 1s the ¥nown [7] rate constant of the H + 012 reactlion, k* 1is
the constant of the double collisions HC1l* + Ii, and ¢ 1s the deactiva-
tion probability of HC1* on collisions; we shall henceforth set ¢ =1,
which will give the lower 1imit of the rate of formation of atomic
chlorine by the "energy"-branching mechanism. Equations (35) and (36)
glve

dng\ i kg ky ‘Iu'c (37
(G, =3 ) (S e 450 )

Wneidiiy  kgke
@ngyding . Bl (38)

Due to the excited state of the HC1* molecule, the factor w in the
expression for kE must be larger than for kT, but a similar correction
must be introduced and the expression [sic; into the expression] for
k*, which also characterizes the HC1l%* collisions. Taking these circum-
stances into account and applying the formulas of the kinetic theory of
gases, we find

kpky jeTIOKT

Khpay = ‘ﬂ’cg'n ! (39)

where j = 0.18 1s the probability factor of the reaction H + 012, o is
the effective cross section. It follows from (39) that with the assump-

tion ¢ = 1 that we have made, which lowers the rate of the "energy"=-

vbranching reaction, this rate for the experiments described is two

orders of magnitude larger than for trimolecular branchings.
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It should be noted that the mechanism of "energy" branching does
not in any w#y contradict prevalling conceptions of the impossibility
of "energy" chains with excited molecules as their basic links. The
formation of chemically active radicals is always an unconditionally
more favorable path for the development of the reaction in view of the
short lifetime of zhe excited molecule. In this case, however, the ex-
ireme simplicity of the system does not leave open any other possibi-
Jity for branching except for transfer of thg energy of the exclted
product of the exothermic reaction H + 012 by elementary event. In the
1icht of the above, "energy" branchings are an exception that tends to
prove the basic rule.

The above considerations as to the nature of "energy" branching
may not be regarded as exhaustive; nevertheless, they are adequate as
a working hypothesls to account for this new Interesting type of chain
reaction. At the same time, the basic kinetic relationships of the dark
reaction in the chlorine-hydrogen mixture may be regarded as establish-
ed, together with their maximum stablility over a wide temperature in-
terval; the qualitative relationships found confirm the applicability
of merthods of normal-combustion theory to the problems of chemical
kiretics.

I express my gratitude to V.N. Kondrat'yev, Ya.B. Zel'dovich, D.A.
Frank-Kamenetskly, M.I. Temkin and V.V. Voyevodskly for their valuable
discussion of the reaction mechanism, and to A.A. Allyev, A.A. Kuliyev,
Ya.N. Nasirov and R.A. Rustamov for their assistance in performing the
experiments and carrying out the numerical calculations.

CONCLUSICNS

1. The baric rate coefficient of the flame reaction, corrgcted to

allow for the dependence of combustion temperature on pressu,e, corres-~

ponds to a reaction order of one-and-one-half.
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2. The corrected temperature coefficient of the reaction rate in
the flame in mixtures with excess chlorine corresponds to the true
effective activation-energy value, which 18 close to that foﬁnd for
the pre-flame reaction: 34.7 kcal/mole. In mixtures with excessive
hydrogen, the quantity A 18 close to the sum of the dissociation energy
of chlorine and the activation energy.or the elementary reaction Cl +
+ H2. In the stolchiometric mixture, the magnitude of the temperature
coefficlient 1s distorted by the profound dissociation of the combus-
tion products. _ ' ‘

3. The influence of excess-componeﬁt concentration on the reaction
rate in the flame 1s severely distorted by side factors. The results
obtained in an attempt to take these complications into account were
only approximately similar to the experimental results.

4, The absolute reaction-rate values in the flames of binary mix-
tures with chlorine excess agree well with the speeds calculated from
the reaction mechanism and from data on the kinetics of the pre-flame
reaction, thus confirming the fact of equilibrium dissoclation of ch-
lorine in the flame.

5. Homogeneous formation of an equilibrium quantity of~atom16 ch-
lorine in the flame by the mechanism of radiation from the burning lay-
ers and trimolecular branching 1s doubtful. The probable mechanism of

formation of atomic chlorine in the flame is formed by "energy" branche -

ings on collisions between chlorine molecules and excited HC1l* molecules

formed during the reaction.
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