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The eﬁectivenpss of certain of the simpler equations based upon various theories of burning velocity has been tested by
calculating burning velocities for hydrogen—bromine and hydrogen—chlorine mixtures from independent kinetic data, without

the use of any empirical factor.

The equations developed by Semenov, Frank-Kamenetsky, and others, by Tanford and
Pease, and by Manson were used. The last does not give good agreement with experimental data.

The other two both

give good agreement insofar as the variation of burning velocity with composition is concerned, but uncertainties in the data

used make the absolute values rather poor.
fects.

In attempts to calculate burning velocities by
theoretical equations, an empirical factor usually
has to be introduced to account for the reaction
rates involved because of the lack of kinetic data.
The hydrogen-bromine system has been under
investigation for some time because it is one for
which the mechanism of reaction seems well-estab-
lished and for which data on rate constants are
available. It offers, therefore, a possibility for
calculation of the burning velocity without an
empirical factor.

Certain preliminary calculations have already
been reported.!:? In this paper, the results of a
more detailed analysis of this system are reported,
along with calculations for the hydrogen—chlorine
system.

The theoretical equations of Tanford and Pease,
Semenov, Frank-Kamenetsky, et al., and Manson?
were used for comparison. These were chosen be-
cause they illustrate theories involving mechanisms
of flame propagation based upon diffusion of active
particles, upon thermal effects, and upon projec-
tion of active particles because of a pressure differ-
ential. The equations are also simple enough to be
handled by ordinary methods of calculation.
Hirschfelder and his co-workers* have in progress a
“‘complete” calculation, but find extreme difficulties
in handling the equations even for a relatively
simple chain mechanism,

The data on hydrogen—bromine and hydrogen-—
chlorine flames are useful for further evidence on
the applicability of these approximate equations
to real systems, even though it must be recognized
that the kinetic data are such that extrapolation to
flame temperatures may well give values which do
not correspond very accurately to the actual values
in the real flames. Furthermore the calculations
do illustrate the influence of various factors upon
two simple reaction chains, one of which represents
a low-temperature, low-speed flame and the other
a high-temperature, high-speed one.
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ues r The Tanford-Pease equiation also gives good agreement with temperature ef-
The Semenov equation is not so successful unless an arbitrary energy of activation is used.

Methods of Calculation.—The data and methods
used are summarized only very briefly here. De-
tails of the calculations are available elsewhere.?
The classical mechanism of reaction was used as a
basis of approach

K
X, == 2X

B

X + H, —> HX + H
3

H + X; —> HX + X

B
H+ HX —~H, + X

The equilibrium constants were taken from Lewis
and von Elbe® (based on the data of Gordon and
Barnes). The various rate constants were evalu-
ated as already described,? using appropriate equi-
librium constants and the various kinetic data.’
Values for the various steps are shown in Table I.

TABLE I

RATE CONSTANTS
Hy—Br:
8.05 X 101T
X exp — 17700/RT 6 X 10%T exp — 6000/RT
2.59 X 10uT
X exp — 1100/RT
3.08 X 10wT
X exp - 1100/RT

He-Clp
%y (cc./mole sec.)

k1 (cc./mole sec.)
10T exp ~ 3000/RT
k4 (cc./mole sec.)
18T exp — 5000/RT

The theoretical flame temperatures were evalu-
ated for the adiabatic reaction.! Concentrations
of the active particles were calculated for steady
state conditions.? Calculations were made both
for constant volume and constant pressure. The
actual flames approach constant pressure; but,
since the adjustment for expansion involves disso-
ciation of the halogen, the slowest reaction in the
series, the actual flames probably correspond to
something between constant-pressure and constant-
volume values. Typical calculated values are
given in Table II.

Densities, heat capacities and viscosities for the
various mixtures were calculated from the mole ra-
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TasLE II
MaxmuM PARTIAL PRESSURES OF ATOMS IN BURNING
MIXTURES
Constant vol. Constant pressure
T X2 max py max pg max. Py max. pg
Hz—BI‘z
40 0.012 1.8 X 1073 0.023 3.7X 10
50 .024 8.4 X 10® .042 1.8 X 1078
H,-Cl,
40 .010 1.2 X 10~ .020 2.5 X10°*
50 .052 0.7 X 102 .080 1.8 X 1072

tios and the values for the pure components. Heat
conductivities were calculated from the viscosities
and heat capacities, using the relationship for a per-

fect gas.® Specific data for a typical mixture are
shown in Table III.
TABLE II1
THERMAL AND DIFFUSION PROPERTIES
Zp, Av. E, D=, Dx,
T, cal./ cal./cm. cal./ cm.2/ cm.2/
°K. g. °K. °K. sec. g. mole  sec. sec,
40% Br, 1470 0.12 2.7 X 10~ 40,310 0.97 0.11

409, Cl,

The square-root law of Tanford and Pease was
used in the usual form.? The values of kx and kx
were determined from the sequence of reactions to
be expected for the hydrogen and halogen atoms.?
The equation of Manson® was also used directly.
The equation of Semenov and Frank-Kamenetsky?
was modified for application to a reaction of 1,5
order, corresponding to a rate expression of the

type

2410 .28 8.6 X 10~* 20,500 1.04 .19

d[HX]
ds
An expression for k at various concentrations of X
and HX could be evaluated from the kinetics of
the reaction. The final equation for the burning
velocity for mixtures with excess hydrogen was

St = V2)\kbgffe_E/RTRI-ETOO.ETfLS
T = poEpao°'5E"5(Tf — To)l-s

o [Ho][X2]'/2

initial conen. of X, moles/cc.
initial density

where

N = heat conductance

¢, = specific heat at constant pressure and at the av. temp.
(Tt + To/2)

Ty = theoretical flame temp.

Ty = initial temp.

bett = concn. of H in final combustion products, moles/cc.

k and E are determined from

d[HX] _ 2ky(ks/ks)Kxy/2 [Ho [Xs]'/2
@ (/) + I
)

= ke E/ET [H,][X,]"/s

K is the equilibrium constant for dissociation of the
halogen.

For equimolar mixtures, or those with excess
halogen, a somewhat different equation must be
used.

Results

In determining the concentrations of free atoms
in the system, it was noted? that, for the low tem-

(8) Cf. J. H. Jeans, "’Kinetic Theory of Gases,’’ Cambridge Press,
New York, N. V., 1948, p. 187.
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perature hydrogen-bromine system, maximum
concentrations occurred at 90-95%, reaction and
there was a rather sharp decrease in the last stages
of reaction. For the hydrogen—chlorine system,
the effect of increasing temperature as reaction
progressed became predominant, and maximum
atomic concentrations occur at 1009, reaction.

The flame temperature and equilibrium concen-
trations obtained here agree with those reported
by Bartholome for hydrogen-chlorine system,®
except that the concentration of hydrogen atoms
calculated here is around three times as great as his.

Values of the burning velocity obtained from the
various equations are summarized in Tables IV
and V. The observed burning velocities are taken
from the data of Bartholome?® for the hydrogen-—
chlorine flames and Cooley, Lasater and Ander-
son!® for the hydrogen-bromine. Table IV shows
the results obtained with the Manson and Tanford~-
Pease equations when the effects of hydrogen atoms
alone (ug and Vg) and of halogen atoms alone
(ux and Vx) are considered in contrast to their
combined effects. For the diffusion mechanism,
the slow-diffusing and slow-reacting bromine atoms
are essentially negligible in comparison with hydro-
gen atoms; but the lighter, more reactive chlorine
atoms do have to be taken into account. In Table
V, therefore, values of #x were used for the hydro-
gen-bromine system and #% for the hydrogen-—
chlorine.

TABLE IV
EFFECTIVENESS oF HYDROGEN AND HALOGEN ATOMS

Mole Tanford-Pease Manson

To Xa uH ux aot Vr Vx Vit
409, Br, 125 10 126 14 364 378
409, C1, 5090 1110 5220 286 256 542
509, Br, 87 17 89 8 420 428
509, Cl, 4010 1860 4420 181 492 673

TABLE V
BURNING VELOCITIES
Tanford-Pease
Mole Const. Const. Semenov,
%% X vol. press, et al, Manson Exp.
Hg—BI‘ 2

30 70 87 5 127 No flame

40 125 179 16 378 28

43 138 190 17 26

50 87 127 15 428 12

HCl,

30 1790 617 204

35 360

40 5210 7450 1018 542 405

43 5760 10900 934

48 5230 7970 531 645

50 4420 7010 673 350

The results in Tables IV and V show that the
Manson equation, which does not take into account
differences of reactivity in the particles, becomes
overweighted in terms of the halogen atoms and
does not, therefore, explain successfully the ob-
served variations of burning velocity with composi-
tion.
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Both of the other equations are successful in
predicting the type of variation of burning velocity
with composition. If an empirical correction fac-
tor were used, each could give good agreement with
experimental data. (The variation from the order
of observed values at 40 and 439, is not serious
since there is a question in the experimental data as
to whether the maximum is at 40 or 42-449).

The absolute values are not, however, in good
agreement. These calculations show deviations
similar to but somewhat greater than that reported
by Clingman, Brokaw and Pease!! for the methane~
oxygen system. They are also similar to those found
for the Semenov equation by Gerstein, McDonald,
and Schalla for the ethylene oxide flame.!? In each
case, uncertainties in the data are sufficient to ex-
plain the deviations.

For the Tanford-Pease equation, there are obvi-
ous problems in extrapolating a relation such as that
for ks to temperatures above 500°K. Possible er-
rors in the energies of activation can cause wide
variations in the calculated values. Pease!® sug-
gests, for example, the equation

ks = 4.56 X 10'27°5 exp — 18,780/RT

The ordinary form of the Tanford-Pease equation
is based on average values for the various quanti-
ties. When, instead of using averages, the various
quantities were determined for the various stages
of reaction and the result integrated across the re-
action line, the calculated burning velocities (con-
stant-volume basis) for 439, bromine and 439,
chlorine became 65 cm./sec. and 1523 cm./sec. (cf.
Table V). Thus modification of the rate constants
and method of calculation could readily give val-
ues in agreement with the experimental data.

For the equation of Semenov and Frank-Kam-
enetsky, there are, similarly, uncertainties in the
kinetic data and in the heat conductances used.

Temperature Effect.—For the hydrogen-bromine
reaction, calculations from these two equations can
also be compared with observed burning velocities
for different initial temperatures.? The treatment
used was similar to that of Fenn and Calcote,
who found that the Semenov equation could be
used to determine activation energies from observed
temperature relations for hydrocarbon flames
but that the Tanford-Pease equation could not be
used since the temperature dependence of some of
the terms was not known. For the hydrogen-bro-
mine reaction, as already noted,? the temperature
coefficient is low, The equation of Semenov, et al.,
can be used to get the proper variation with temper-
ature, but only by adjusting the energy of activa-
tion to 18-20 kcal./mole—an unreasonable value
in terms of any available kinetic data. The Tan-
ford—~Pease equation can be used equally effectively
in this case, where the temperature effect on py as
well as kg can be taken into account. The energy

(11) W. H. Clingman, R. S. Brokaw and R. N. Pease, ‘‘4th Sym-
posium on Combustion,”’ Williams and Wilkins Co., Baltimore, 1953, p.
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of activation is indicated to be in the range of 0-3
keal./mole, which is within a reasonable range of
the kinetic data.

Thermal wversus Diffusional Effects.—Calcula-
tions of temperature and concentration gradients
outside a theoretical flame front were also made,
using a method similar to that of Tanford.’® Ata
point corresponding to the mid-point of the re-
action zone, the rate of reaction calculated on
the basis of the increased temperature involved
was less than one-tenth of that to be expected on
the basis of the atomic hydrogen concentration
resulting from diffusion. Thus an equation which
places major emphasis on diffusion effects, particu-
larly of atomic hydrogen, can be expected to
work well in this case.

It is, however, of interest to note that, in deriving
the Semenov-type equation, the assumption is made
that A/poc, = D. The term ke~E/RT is based upon
the rate expression

AED o pppirr = 2kz(ks/k4>szu[{é] IgB]lel/'
: r
ks/ky + ks “[Bra]
_ 2kqks[Hy] [Br] [Bre)
" ka[Brs] + EJHBr]

The terms involving E, T; and T are included in
effect as a basis for accounting for the variations
in reaction over the range of temperatures in the
flame. The Tanford-Pease equation on the other
hand uses the diffusion coefficient of a particular
active particle such as the hydrogen atom and sums
up the rate effect by integration, over the tempera-
ture range, of kgpr(Br:]. But

ka = 2k
and pH is determined from

ko[Br][Hy]
kz[BI‘z] + k.[HBr]

Thus one equation uses in effect a general diffusion
coefficient for the mixture, the other a coefficient
for a specific particle. Both use essentially the same
rate factors but treat them in somewhat different
fashion. They represent two approaches to burn-
ing velocity which are analogous to the two possi-
bilities of expression of the rate of a series of reac-
tions in terms of one or two rate-determining steps
or in terms of a general summation or averaging of
steps.

Either or both might be applied in empirical
correlations by use of appropriate correction factors.
In theoretical calculations the question of which is
best would depend upon the extent to which a par-
ticular particle or particles might be predominant
in determining properties of the individual system
in question.
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