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Hydrocarbon Burning Velocities Predicted by Thermal Versus Diffusional Mechanisms!

By P. L. WarLger, Jr,, ann C. C. WRiGHT
Rpcetvep Apmin 7, 1952

The maximuwm burning velocities for 36 hydrocarbon-air mixtures are predicted by the semi-empirical thermal equation
of Semenov and compared with N A.C.A. experimental velocities and those predicted by the semi-empirieal Tanford and
Pease diffusional equation, as previously calculated. DBoth correlations are based on the assumption that the specific reac-

tion rate constant for the chemical reactions controlling the respective mechamisms are independent of hydroearboun.

Like

the diffusional theory, the thermal correlation also shows that the combustion mechanism for the majority of the hydrocar-

hons is strikingly similar.

For example, if a constant frequency factor is assumed in the Semenov equation, a variation of

less than five per cent, in the activation energy brings the thermal result into line with experimental velocities for all mixtures

except ethylene and acetylene,

Recently Simon?® showed the maximum burning
velocities for 35 hydrocarbons to be consistent with
{he active particle diffusion theory of flame propa-
gation, as postulated by Tanford and Pease.?
However, as is recognized by Stmon, the correlation
is chiefly one involving the equilibrium flame tem-
perature since the caleulated radical concentrations
depend primarily on this variable. It would,
therefore, appear likely that a thermal mechanism
witich also depends primarily on the flame tempera-
ture might give a correlation with burning velocity
equally as good as the active particle diffusion the-
ory.

For the semi-empirical thermal correlation the
general equation of Semenov,? assuming a bimolec-
ular reaction fo be the controlling step, is used.
The use of this thermal equation for evaluation of
the burning velocities of a series of hydrocarbon
compounds is tenable if the basic assumption is
made that for all of the hydrocarbon-air mixtures
considered, heat capacity, diffusivity, density and
thermal conductivity and the variation of these
properties with temperature can be described
solely by the properties of air, Considering the
fact that for all hydrocarbons studied the quantity
of fuel in the mixture extends over the limited range
from 2 to 109, the thermal properties of the
gaseous mixtures do not deviate appreciably from
those of air. This is particularly true since the
maore a hydrocarbon’s properties deviate from those
of air, the lower, usually, is its percentage conmiposi-
tion in the hydrocarbon-air mixture. Using the
same temperature approximations as employed by
Dugger,® who simplified the Semenov equation for
a propane-air mixture, the following general equa-
tion applicable to all hydrocarbons is obtained
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where
m/n, = moles reactants/mole products by stoichiometric
equation
K = g frequency factor
I = getivation energy
Ts = initin} mixture temperature
Tt = calculated equilibrium flame temperature
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The first three terms of equation (1) are essen-
tially temperature independent and solely proper-
ties of the hydrocarbor-air mixtures. The term
#y/ng, of course, is easily calculated for each mix-
ture and is faken into account. Unlike the sim-
plified diffusional equation which has only one un-
known, the specific reaction rate constant, the sim-
plified thermal equation has two unknowns, the
frequency factor and the activation energy for
gombustion initiation. If the thermal equation is
to be used for predicting relative flame velocities, it
is necessary to assuime both unknowns independent
of fuel-air mixture, In essence the hypothesis
that the frequency factor and activation energy are
constants in the thermal equation implies that the
specific rate constant for the chemical reactions in-
volved in the thermal mechanism are invariant for
all hydrocarbons. That this may have some justi-
fication as an initial assumption is seen from the
fact that Simon? found the speeific reaction rate
constant in the diffusional equation virtually inde-
pendent of hydrocarbon. This was interpreted as
an indication of 2 similar reaction mechanism for all
hydrocarhons.

Since activation energy is also involved in the
temperature dependent part of equation (1), it is
necessary to select a reasonable activation energy
for the corrclation, Limited experimental data
which have been found on activation energies for
low temperature hydrocarbon oxidation (ethane,’
propane,® peittane? and ethylene” yield values from
38 to 42 keal. /mole®  If a value of 40 keal./mole is
then assumed for the heat of activation of all hy-
drocarbon-air mixtures and K is taken as a con-
stant, the relative values of burning velocity may
be expressed by the following form of equation (1)
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where m;/n; and 77 pertain to the hydrocarbon in
question. The relative values of burning velocity
for 36 hydrocarbon—air mixtures at room tempera-
ture, 300°K.., are then converted to absolute valies
by using the maximum experimental velocity of

(0) W. Jost, "Explosion and Combustion Processes in Cases,”
MeGraw-Hill Book Co., Inc., New York, N. V., 1046, pp. 427, 437
and 481,
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(8) Hents of activation were also found tar methane nnd henzene,
but these compounds are known to give nnomnalous oxidation resulis
and higher heats of activation than the other members of the hydro-
carbon series.  Thercfore, they were not congidered in selecting o menn
activation energy for the hydrocarbons,



propane-air, 39.0 cn./sec,, as the reference mix-
ture, and the results are presented in Table I
A comparison of the burning velocities as pre-
dicted by the Tanford and Pease and by the Sem-
enov equations with the experimental results show
that for the straight chain alkanes the agreement is,
for the most part, good. That the Semenov equa-
tion predicts too high a burning velocity for meth-
ane is expected since the heat of activation of meth-
ane-air mixtures is reputed to be considerably
higher than 40 kcal./mole® For ihe branched-
chain alkanes and alkenes both the thermal and dif-
fusional equations predict burning velocities that
are too high. The diffusional thcory appears to
predict high values because the specific reaction
rate constant for branched-chain compounds is
somewhat lower than the average value assumed for
all hydroearhon—air mixtures. The thermal equa-
tion predicts a still higher value, probably due both
to deviations in the frequency factor and heat of
activation from the average. An indicafion of a
deviation in activation energy was expected since
rranched chain compounds do have higher ignition
temperatures® and, therefore, probably higher ac-
tivation energies than their straight-chain counter-
parts. For normal alkenes the values predicted by
the two equations are in relatively good agreement
with experimental results except for ethylene. TItis
particularly interesting that both the thermal and
diffusional equations predict very nearly the same
velocity for ethylene, Certainly both mechaniss
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BURNING VELOCITIES OF HIYDROCARBON FLAMES

Flame velocity, om,/sec.
em- Tan-

Vol. % enov  ford
hydra. Tis, erua-  eguas
Compouneds rarbon? K. Exptl’ ton tion

Methane 9.96 2235 33.8 40.2 33.9
Ethane , 6.28 2246 40.1 39.2 37.1
Propane 4.54 2251 39,0 3.0 387.7
Butane 3.52 2256 37.9 30.4 37.0
Pentane 2,92 2249 38.5 38.2 37.0
Hexane 2.81 2241 38,5 37.2 37.3
Heptane 2,26 2208 38.6 34.8 33.0
2-Methylpropane 3.43 2250 34.9 35.9 36.9
2.2-Dimethylpropane 2.85 2254 33.83 3%.0 36.2
2-Methylbutane 2.80 2253 36.6 38.8 37.1
2.2.Dimethylbutane 2.43 2954 35.7 38.5 306.8
2 3-Dimethyibutane 245 2252 36.3 39.1 37.0
2,23-Trimethylbutane 2,15 2242 35.0 37.0 30.6
2-Methylpentane 2,46 2251 36.8 38.2 37.2
3-Methylpentane 2,48 2245 36.7 37.6 37.1
2.3-Dimethylpentane 2,22 2220 36.5 352 36.2
2 4-Dimethylpentane 2,17 2236 357 3G.6 36.4
Ethylene 7.40 2387 68.3 547 52.9
Propene 504 2341 43.8 48,9 45.3
1-Butenc 3.87 2320 43.2 45.7 42.8
1-Pentene 2.07 2316 42,6 44.4 42,8
1-Hexene 2.67 2237 42,1 42.0 41.7
2. Methylpropene 3.83 2315 37.5 45.2 42.0
2.Methyl-t-butene 3.12 2208 39.0 42.7 41.2
3-Methyl-1-butene 3.1 2305 41.5 43.6 42.2
2-Ethyl-1-butene 2.65 2284 39.3 41.7 40.7
2-Methyl-1-penteite 2.80 2237 38.6 36.8 30.2
4.-Methyl-1-pentene 262 2295 40.5 42.7 41.3
Acotylene™® 10.00 2611 131.0 86.5 83.6
Propyne 5.86 2472 69.0 64,9 61.3
1-Butyne 4.36 2413 58.1 865.7 55.0
[-Peatyne 3.51 2370 52.0 50.8 B51.6
1-Hexyne 2.7 2333 48.5 46.0 48.8
3.Butyne 4.6 240t 51.6 54.6 853.3
Cyclohexane 2.65 2240 38.7 38.3 37.4
Benzene 3,34 2307 40,7 44.5 40.4

o Txperimental burning velocity taken from Jost, “Ex-
plosion and Combustion Proeesses In Gases,” p. 122
b Eqnilibrium flame temperature caleulated by authors.

substantiate the belief that the ethylene-air com-
bustion reactions are quite different from other hy-
drocarbons. The burning velocities predicted for
the normal alkynes are in relatively good agreement
with experiment except for acetylene, which devi-
ates markedly, Its deviation is expected when
predicted by the thermal equation since the heat of
activation of acetylene has been shown to be con-
siderably lower than 40 keal.,/mole.’? However, a
deviation also in the reaction mechanism for acety-
lene is indicated by the considerable difference be-
tween the diffusional equation and experimental re-
sults.

In general, the diffusional equation predicts the
burning veloeity of the room temperature hydrocar-
hon mixtures more closely than does the thermmal
equation. Ixamination of the two equations does
indicate, however, that the thermal equation is
more sensitive to a given per cent. change in the re-
action rate constant than is the diffusional equation.

(11) W, fest, ref. & p. 403,
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Therefore, the assumption of an invariant rate con-
stant, if incorrect to any degree, would result in a
thermal correlation that is not as satisfactory as a
diffusional correlation, However, beyond this
point it is impossible to state whether the difference
n correlation is due to the fact that either the reac-
tion rate constant in the thermal equation is more
affected by hydrocarbon or that the thermal mech-
anism less closely predicts the true combustion
phenomenon.

Stmon® has plotted the variation in burning veloc-
ity solely as a function of flame temperature and
has remarked on the good correlation obfained. It
is interesting to note that equation (2) predicts di-
rectly the variation in burning velocity with flame
temperature if the mole ratio, 1/, is assumed in-
dependent of hydrocarbon-air mixture. This isa
justifiable approximation since, near the stoichio-
metric mixture where moxitnum burning velocity
occurs, the ratio rarely varies by more than two per
cent. from the mean. Figure 1, then, is a log~log
plot of burning velacity predicted by equation (2),
using the experimental value of propane as a basis,
versus the calculated equilibrium flame tempera-
ture with /i a constant. The equation plots es-
sentially as a straight line predicting that the burn-
ing velocity varies approximately as the 4.9 power
of the flame temperature. Disregarding the burn-
mg velocities of ethylene and acetylene, which give
anomalous results with both theories, the rate of
change of burning velocity with equilibrium flame
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temperature is satisfactorily predicted by the modi-
fied Semenov equation. It is not certain whether
the fact that the predicted rate of change is not
quite as great as actually accurs is due to the choice
of a slightly low average activation energy, to a
progressive increase of the frequency factor with
deereasing chain length of the alkynes or to an ac-
tivation energy for the alkynes that is progressively
lower than the assumed value. However, it would
not seem to be due to the selection of a low average
activation energy for two reasons.  First, the trend
of the alkynes with decreasing chain length appears
to be toward lower aetivation energy and higher
frequency factor, as is exemplified in acetylene.
Second, since the activation encrgy value selected
was from available data on low temperature hydro-
carbon oxidation, it would be expected that the
value would be too high rather than too low when
applied to activation at combustion temperatures.

A variation of less than 59 in activation energy
will bring the calculated burning velocities, as
shown by the modified Semenov equation, in line
with experimental values for all mixtures exeept
ethylene and acetylene. This is an indication that
the initial assumption of the constancy of the fre-
quency factor and activation energy was justifiable.
Furthermore, it again stresses the fact that both
thermal and diffusional theories indicate a marked
similarity of most hydrocarbons for the combustion
reaction,
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