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SUMMARY

The oxidation of stoichiometric mixtures of benzene and toluene behind
incident shock waves was studied for a temperature range from 1700 to 2800 K
and a pressure range from 1.1 to 1.7 atm. The concentrations of CO and CO,
produced were measured as well as the product of the oxygen atom and carbon
monoxide concentrations. Comparisons between the benzene experimental data
and results calculated by use of a reaction mechanism published in the open
literature were carried out. With some additional reactions and changes in
rate constants to reflect the pressure-temperature range of the experimental
data, a good agreement was achieved between computed and experimental results.
A reaction mechanism was developed for toluene oxidation based on analogous
rate steps from the benzene mechanism. For both benzene and toluene, the
computed concentrations of CO were slightly higher than the experimentally
measured data and the concentrations of CO5 computed were slightly lower
than the measured values. Induction times determined in the literature
were reproduced very well by use of the reaction mechanisms developed in
this paper.

Measurements of NO, levels in an actual flame device, a jet-stirred com-~
bustor, were reproduced successfully with the reaction mechanism developed
from the shock-tube experiments on toluene. These experimental measurements
of NOy levels were reproduced from a computer simulation of a jet-stirred
cambustor.

INTRODUCTION

With the increasing demands for products derived from crude oil, includ-
ing jet fuels, it seems inevitable that future fuels (including those derived
from synthetic crude oils) will contain higher percentages of aromatic com-
pounds (ref. 1). It has been demonstrated that increased amounts of aromatic
compounds in fuels can influence both the cambustion characteristics and
pollutant-emission characteristics of the fuel. Combustor studies with various
fuels and fuel mixtures to which aromatic campounds have been added have shown
that increases in aromatic content can result in increased levels of flame
radiation, smoke, and nitrogen oxides (refs. 2 to 4). A fundamental problem
in modeling any practical combustion system, such as an aircraft gas turbine,
is to account for the cambustion and pollutant-formation processes. If aro-
matic compounds become a significant percentage of the fuel composition, a need
will arise to model the combustion of the aromatics, or at least in some manner
to account for their presence in the fuel.

Even though much work has been done in the area of hydrocarbon cambustion
kinetics, most of the effort has focused on the combustion kinetics and mech-~
anisms of paraffinic and unsaturated hydrocarbons, such as acetylene and
ethylene. Very little research has been done to model the combustion of aro-
matic hydrocarbons. An understanding of the reaction processes which occur



during the combustion of aromatics is essential if models for fuels with high

aromatic content are to be assembled. The purpose of this study was to develop

and experimentally validate reaction mechanisms that can describe the combus-
tion of two representative aromatic compounds ~ benzene and a substituted aro-

matic, toluene.

Most of the kinetic studies of aromatic compounds reported have concen-
trated on the ignition characteristics. Fujii and coworkers (refs. 5 to 7)

and Miyama (refs. 8 and 9) have studied the ignition characteristics of benzene
and various substituted aromatic hydrocarbons behind shock waves. Although the

main interest in these studies was the measurement of the ignition character-
istics, Fujii and coworkers (refs. 5 to 7) attempted to assemble a chemical
kinetic mechanism that would describe the pyrolysis of benzene and the initial
stages of the oxidation process. The mechanism provided a reasonable descrip-
tion of the ignition characteristics (ref. 7) but did not account for the sub-
sequent oxidation of all the reaction products. One significant aspect of the
proposed mechanism which provided the primary link between the pyrolysis pro-
cesses and the formation of carbon monoxide was the direct attack on the
phenyl radical CgHg by molecular oxygen. This reaction was needed, according
to Fujii, to explain the experimental results.

Results of an experimental and analytical study of benzene and toluene
combustion behind shock waves over a temperature range of 1700 to 2800 K and
pressures from 1.1 to 1.7 atm are presented in this paper. In this study,
the concentrations of carbon monoxide, carbon dioxide, and the product of the
concentration of the oxygen atom and carbon monoxide were monitored with
infrared and ultraviolet detection systems. The experimental results were
used to help guide the formulation of combustion mechanisms for benzene and
toluene. The benzene combustion mechanism proposed by Fujii was used as a
starting point in the mechanism development. The ignition-time data reported
by Miyama were also used to help formulate the model.

SYMBOLS
[col,{cos] molar concentrations of CO and COj, mol/cm3
[o] {col concentration product of atomic oxygen and carbon monoxide,
(mol/cm3)2
Cyvib vibrational heat capacity
hv energy of ultraviolet radiation
k rate coefficient, s~! for unimolecular reactions, cm3/mol—s for

bimolecular reactions, cm6/m012—s for termolecular reactions
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k., rate coefficient at high pressure limit, s~
M third-body collision partner
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P pressure, atm (1 atm = 101.3 kPa)

R universal gas constant

s number of effective oscillators

T absolute temperature, K

Ty temperature correction at the occurrence of the [0] [cOl peak
ty induction time, s

til0ool 5 experimental correlation function for induction time (from ref. 8)
tm reaction time, Us

A collision efficiency factor

EXPERIMENTAL APPARATUS AND MEASUREMENT

All the experiments were carried out behind incident shock waves in a
stainless-steel shock tube with an inside diameter of 8.9 cm. The test section
was 671 cm long with an observation station located 625 cm from the diaphragm
location. The test section and the monitoring-equipment arrangement are shown
in reference 10. The calibration procedure for the monitoring equipment and
the technique used to extract the quantitative results are also presented in
reference 10, along with information as to the time response and accuracy of
the measurement system. Briefly, the time constant for the infrared measure-
ment system was about 3 Us and the time constant for the ultraviolet measure-
ment system was about 2 Us.

The test gas mixture of toluene, oxygen, -and argon was prepared by a com-
mercial vendor. The mixture was made from research-pure grades of oxygen and
argon and spectroanalyzed-grade toluene. The resulting mixture was 0.223 per-
cent toluene, 2.220 percent oxygen, and 97.557 percent argon by volume. The
mixture was drawn from the mixing bottle over the recommended pressure range
and analyzed for the constancy of the toluene fraction. It was verified that
the toluene mole fraction did remain constant down to the minimum recommended
tank pressure.

The benzene test gas mixture was prepared on site from research-pure
argon and oxygen and spectroanalyzed-grade benzene. The resulting mixture was
0.0250 percent benzene, 1.875 percent oxygen, and 97.875 percent argon by vol-
ume. The benzene fraction remained constant from the maximum tank pressure to
the minimum tank pressure.

The shock tube was filled to a pressure of 40 mm of mercury with the test
gases for all the experiments.



EXPERIMENTAL RESULTS AND DATA ANALYSIS

An example of the data obtained by shock heating the benzene-oxygen-argon
mixture is shown in figure 1. The curves represent the oscilloscopic display
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Figure 1.- Typical emission profiles for CO, CO,, and [0]([cO].

of voltage output of the [0} [CO}, CO, and CO, optical-detection equipment

as changes occurred with time. The oscilloscopic displays obtained from shock
heating the toluene-oxygen—argon mixture were very similar. The same features
were reported in references 10 to 12 for the hydrocarbons methane, acetylene,
ethylene, and propane. As with the other hydrocarbons, benzene and toluene
during combustion exhibited infrared-emission profiles for CO5 at 4.3 um and
CO at 5.0 ym. These profiles rose rapidly immediately after passage of the
shock wave and then curved to an almost constant level. The emission from
excited COp, the result of the reaction O + CO > COp + hv, was observed at a
wavelength of 3700 A. The knee of the infrared-emission profiles occurred
slightly after the peak of the spike observed at 3700 A. 1In most cases, the
CO and COj infrared-emission profiles rose quickly to an almost constant level.

The 3700-A emission profile was analyzed by the method outlined in refer-
ence 5. The entire post~spike emission was assumed to be from the chemilumi-

nescent reaction O + CO » COp + hv.

The maximum in the emission of this

reaction was assumed to occur at the same time as the maximum for the emis~
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sion spike. The value at the maximum for the emission from the reaction

O + CO +~ COp + hv was determined by extrapolating the slope of the post-spike
emission into the spike region. This value was used to calculate the concen-
tration product [0](CO]. The values of [0][CO) calculated in this manner are
shown in tables I and I1I.

To convert the observed infrared emissions to molar concentration units,
the temperature at the maximum for the [0] [CO] profile must be used. This was
the approach used in references 10 to 12 to reduce the test data. The temper-
ature predicted by the kinetic model at the peak [0} [CO] value was used to
extract [CO] and [CO3] values from the calibration curves presented in refer-—
ence 10. The justification for using this value T, was presented in refer-
ence 11. The molar concentrations of CO and (05 are also shown in tables I
and II.

COMPARISON OF THEORETICAL CALCULATIONS WITH EXPERIMENTAI RESULTS
Computer Model

The analytical model used in the parametric study involved one-dimensional
flow behind an incident shock wave with finite~rate chemical reactions and
boundary-layer growth. The basic computer program is described in refer-
ence 13; however, a modified form of the program described in reference 14 was
used to make the calculations. This program was used to avoid time-consuming
calculations caused by stiffness problems associated with systems containing
many chemical species. The thermochemical data of JANAF (ref. 15) were used
when given. For those compounds which had no thermochemical data in JANAF, the
thermochemical data published in reference 16 were used in the curve-fitted
form of reference 17.

The computer model operated in a constant-volume manner was used to simu-
late the conditions behind a reflected shock wave. The finite~rate chemical
reaction mechanism was input for comparison with ignition-delay data available
in the literature.

Proposed Reaction Mechanisms

The benzene and toluene oxidation mechanisms reported here were based, to
a large extent, on the benzene pyrolysis and oxidation scheme proposed by Fujii
and Asaba (refs. 5 and 6). However, additional reactions were incorporated
into the benzene oxidation scheme which describe the subsequent oxidation of
some pyrolysis products. Reactions analogous with the benzene mechanism were
used to assemble the toluene pyrolysis and oxidation scheme.

The reaction mechanism for benzene oxidation is presented in table III and
the reaction mechanism for toluene oxidation is presented in table IV. The rate
coefficients listed are those which apply to the breakdown of the parent ben-




zene or toluene molecule. The reactions and rate coefficients for oxidation of
the shorter-~chain hydrocarbon products used in this study - methane, ethylene,
and acetylene - are listed in references 11 and 12, respectively. (The methyl-
radical oxidation rate coefficients appeared in the errata for ref. 12.) The
reactions governing the oxidation of the parent molecule, either benzene or
toluene, are discussed in the following sections. Where possible, the rate
coefficients listed in references 5 and 6 were used; however, because of the
differences in temperatures and pressures of this study from those in the
references, a theoretical approach was used to adapt the rate coefficients

to the experimental conditions.

The rate coefficients listed in tables IIT and IV for unimolecular reac-
tions are the high pressure values k. However, when calculations were per-
formed at various temperatures and pressures, an adjusted rate coefficient
was used. The adjusted rate coefficient was calculated from the relation

k = E—-kw. The ratio k/k°° was calculated by use of the theory of Rice-

[0 o]
Ramsperger—Kassel (RRK) in reference 18. The use of the RRK theory requires
estimates of the number of effective oscillators s and the collision effi-
ciency factor A. Benson (ref. 19) and Golden et al. (ref. 20) recommend that
s be set equal to Cyip/R, where Cyip is the vibrational heat capacity of
the reactant and R is the gas constant. The parameter A is generally
between about 0.05 and 0.9 (ref. 21), so a value of 0.1 was selected. For
given values of s, A, and k_, the ratio k/kco was calculated by use of a
method similar to the one described in reference 22,

Results of Benzene Studies

The first calculations employed the rate constants exactly as listed in
references 5 and 6 to calculate the induction-time data presented in refer-
ence 8. It quickly became obvious that the rate coefficients would have to be
altered to effect any reasonable comparison. Figure 2 gives the induction



-10 Percent constituent

10
. L : CHe 0, Ar

. L A 10 190 80.0
020 80 90.0

10711 1 l I l l ]

0% K

Figure 2.~ Values of induction times calculated with benzene reaction mechanism
(data symbols) compared with values from t;[03]lg = 1.0 x 10716 exp 21 414/T
(solid curve). Function t;[03], and benzene parameters from reference 8.
Pressure, 6.0 atm.
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times for benzene from reference 8 compared with the results computed by use
of what was believed to be the best set of rate coefficients. Figure 3 gives
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Figure 3.- Comparison of calculated and experimentally measured
values of [0] [cOl for combustion of benzene.

the experimental values of [0] [COl from this study and the results computed by
use of the best rate-coefficient data listed in table III. The CO and COj
molar concentrations measured in this experimental study for the same computer
simulation are shown in figure 4, The induction-time comparison was very good,
as was the [0][cO]l comparison. The comparison was not quite as good for [CO]
and [CO5]. The computed [COyl results were low by about a factor of 2, while
the computed [col was 20 to 30 percent higher than the measured values. To
achieve this comparison, the rate coefficients for reactions (3), (7), (8),
(3), (10), and (11) were either altered from the values in references 5 and 6
or the reactions were added to reduce fragments of the hydrocarbon to a more
reasonable final product. These reactions are discussed individually as to the
reasons for the change or addition to the overall mechanism.

Reaction (3).- The rate of this reaction has a significant effect

on the calculated induction times. The rate coefficient

k3 = 4.0 x 1014 exp(-8000/RT), reported by Fujii and Asaba, gave induction
times that were much greater than the experimental values. The expression
listed in table III, together with the adjusted rate coefficient for reac-
tion (7), gave a more reasonable description of the experimental induction

times and concentrations.

Reaction (7).- The rate of this reaction has a significant effect on the
calculated [cOl, [co5)l, [0l[cOl profiles, as well as on the induction times.

8
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Figure 4.- Comparison of experimentally measured and calculated values
of molar concentrations of CO and CO, from benzene combustion.

Fujii and Asaba used the rate coefficient 6.3 x 1010, m0 reproduce the experi-
mental data reported by Fujii and Asaba and the results reported here, the rate

coefficient given in table III was required.

reactions were estimated by setting the activation energy equal to the heat of
reaction AH at 1500 K. The preexponential factor for reactions (8), (9),
and (11) was set at 1014 s"], which is common for the unimolecular decomposi-

tion of free radicals. (See Benson and O'Neal, ref. 23.)

Reaction (10).- This reaction describes the highly exothermic attack by
atomic oxygen on diacetylene. For this reason, a preexponential factor for
this reaction was assigned to be 1073 cm3/mol-s with an activation energy
of zero. This reaction, coupled with reaction (11), was needed to provide a
reasonable reproduction of the measured [0] [CO] values.

Results of Toluene Studies

The reactions needed to give reasonable comparisons with the experimental
induction times and emission measurements for toluene are listed in table IV.
Reactions (2), (3), and (11) are taken from references 23, 24, and 6, respec-
tively. The reactions which are added from "Present study" are based on anal-
ogous reactions in the benzene oxidation scheme. The reaction mechanism of
table IV gave good agreement for comparisons of calculated induction times with
times measured experimentally in reference 8. (See fig. 5.) Reaction (8) of
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this reaction mechanism had the most effect on induction time. The comparison
of calculated [0][CO] with the experimentally measured [0][CO] is shown in fig-
ure 6. Again, the agreement was very good. The CO and CO; molar concentra-
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Figure 6.~ Comparison of experimental and calculated values of [0] [CO]
from toluene combustion.

tions are shown in figure 7. Here the same deficiency in the comparison of
calculated and experimentally measured results was observed for toluene as for
benzene. The [CO,] calculated values were lower by almost a factor of 2 than
the experimental values, and calculated [CO] was high by about 20 percent.
Obviously, a reaction creating Q05 and reducing (0O is needed, but obvious
reactions oxidizing CO to COp do not produce the desired results. In any
event, the reaction mechanism does seem to produce a reasonable description
of the oxidation process. The individual reactions are discussed as to why
they were selected and what effect is produced.

Reaction (1).~ The rate coefficient for this reaction was estimated by
setting the activation energy equal to the heat of reaction AH at 1500 K.
The preexponential factor was set at 1014 cm3/mol-s. This rate coefficient
probably represents an upper limit.

Reactions (4), (5), and (6).- The rate coefficients for these reactions
were estimated by use of Hirschfelder's rule (ref. 18) to determine the acti-
vation energy. The preexponential factors were set at values comparable to
the preexponential factors for analogous reactions in the benzene oxidation
mechanism.

Reaction (7).- This reaction describes the attack of atomic oxygen on
the CHg group attached to the ring. Because the reaction is very exothermic,

11
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Figure 7.- Comparison of experimental and calculated values of molar
concentration of CO and CO; from toluene combustion.

a zero activation energy was assumed. The preexponential factor was set at
1013 cm3/mol-s. Subsequent parametric studies showed that a lower value
of 1012 cm3/m01—s did not significantly affect the calculated results.

Reaction (8).- This reaction was included in the mechanism as analogous
to reaction (7) in the benzene oxidation mechanism. This reaction was needed
in the mechanism to reasonably reproduce the experimental induction times.
The rate coefficient listed in table IV gave the best fit between the calcu-

lated and experimental induction times.

Reactions (9), (10), (12), and (13) .- These reactions describe the
unimolecular decomposition of hydrocarbon radicals. The activation energies
were set equal to the heat of reaction AH at 1500 K, and the preexponential
factors were set at values comparable with those for similar reactions. (See

Benson and O'Neal, ref. 23.)

Reaction (14).- This reaction is highly exothermic, and therefore an
activation energy of zero was assigned. The preexponential factor was set at
1.0 x 10'3 cm3/mol-s.

The spread in reaction time measured after the passage of an incident
shock wave is shown for benzene and toluene in figures 8(a) and 8(b), respec-
tively. The band represents the uncertainty in the location of the [0] [cO]
spike beneath the initial hydrocarbon spike. The spread in reaction time
varies from as little as 5 us at the high temperatures to as much as 15 us at

12
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Figure 8.- Comparison of reaction tp time to maximum [O] [CO] value for
experimental and calculated cases behind incident shock waves.

the low temperatures. The symbols on the figure represent the calculated time
to the peak of the [0] [CO] profile. The calculated values lie within the band

measured experimentally.

It was evident from viewing the oscillographic recording of the emission
radiation detectors that very erratic behavior at temperatures below 1800 K
occurred. This peculiarity was noted in previous studies of ethylene, acety-
lene, and propane, but at much lower temperatures. This behavior was observed
as sharp rises and drops noted from each of the emission-radiation-detector
outputs., The reason for this behavior is not known.
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APPLICATION OF TOLUENE COMBUSTION MECHANISM TO STUDIES OF
NITRIC OXIDE FORMATION

To assess the ability of a chemical kinetic mechanism developed from
shock-tube studies to describe the combustion behavior of toluene in an actual
combustion device, a comparison was made between experimentally measured nitric
oxide levels and levels predicted by a model composed of the toluene oxidation
mechanism reported here coupled with a reaction mechanism for nitric oxide
formation. The rate of nitric oxide production during combustion is controlled
not only by the flame temperature, but also by the oxygen atom concentration.
The oxygen atom concentration, however, is controlled by the kinetics of the
combustion process. Therefore, the ability of a model to reasonably reproduce
the measured nitric oxide levels would be an indicator that the combustion
mechanism provides a reasonable description of the combustion process.

The nitric oxide data that were used in the comparison were obtained
from experiments with various toluene-air mixtures in the jet-stirred combustor
described in reference 25. Briefly, the experimental system consisted of a
cast-zirconia combustor having a spherical external geometry 1.905 cm in
diameter and a hemispherical combustion cavity with a volume of 12,7 cm3. The
toluene was heated, atomized, and thoroughly mixed with heated air before being
introduced into the combustor. Fuel and air flows were adjusted to achieve
selected equivalence ratios within the range of 0.7 to 1.0 while maintaining
a mass loading of 0.0727 g/s—cm3. The fuel-air mixtures flowing into the com—
bustor were preheated to a temperature of 455 K. The reaction pressure was
1 atm. Nitric oxide measurements were made with a chemiluminescent analyzer
on a sample extracted from within the combustion cavity through a water—cooled
gas—-sampling probe. Gas temperatures within the cambustion cavity were
measured with an iridium—-iridium+ 40-percent-rhodium thermocouple. Other
details of the experimental system are given in reference 26. The experi-
mental results are shown in figures 9 and 10 in which temperature and NO con-
centration are plotted versus the fuel-air equivalence ratio.

The reactions and rate coefficients that were combined with the toluene
oxidation mechanism are listed in table V. Reactions (1') through (3')
describe the formation of nitric oxide. The rate coefficients are from refer-
ences 26 to 28, respectively. The recombination reactions (4') through (6')
were present in the toluene mechanism; however, the rate coefficients listed
in table V reflect the presence of different major third bodies M in the
jet-stirred combustor experiments. The rate coefficients selected for these
reactions were based on the rate coefficients reported by Jenkins et al.

(ref. 29), who studied the combustion of Hp-Op mixtures diluted with water
vapor. Jenkins performed his experiments over the temperature range 1330 to
1550 K. Since water vapor was the predominant third body, the reported rate
coefficients are essentially those for M = Hj0. To get rate coefficients
that would be applicable to the toluene-air combustor experiments, the follow-~

ing procedure was used.

The expressions reported by Jenkins et al. were used to calculate a rate
coefficient for each reaction at the temperature 1445 K. This temperature was
the average temperature in the Jenkins experiments. The temperature dependence

14
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recommended by Jensen and Jones (ref. 30) was then used to derive coefficient
expressions from these rate coefficients. The resulting rate~coefficient
expressions are listed in table V for M = HyO. The rate-coefficient expres-
sions for the other third bodies were assumed to be those for N;, the pre-
dominant third body. The relative reaction efficiencies for N, and Hy0
reported by Gay and Pratt (ref. 31) were used to obtain the M = N, rate coef-
ficients for reactions (4') and (5'). The relative rate coefficient for reac-
tion (6') was calculated by use of the rate coefficient at 1445 K reported by
Jenkins et al. for M = HpO0 and the rate coefficient at 1445 K reported by
Jensen and Jones for M = Nj.

To determine the ability of the proposed toluene combustion mechanism to
predict the experimentally measured nitric oxide levels, computer simulations
of the jet-stirred combustor experiments were performed with the computer pro~
gram described in reference 26. These simulations were made for fuel-air
equivalence ratios of 0.70, 0.85, and 1.0. The method described in refer~
ence 25 was used to match the calculated and measured temperatures. The
results of these simulations are plotted in figure 10. The agreement between
the measured and calculated nitric oxide levels is very good; thus the shock-
tube-derived toluene mechanism provides a reasonably good description of the
combustion process.

CONCLUDING REMARKS

The stoichiometric cambustion of both benzene and toluene behind incident
shock waves was studied over a temperature range from 1700 to 2800 K and a
pressure range from 1.1 to 1.7 atm. Measurements of the concentrations of CO
and COy and the concentration product (0] [CO] were made after the passage of
the incident shock wave. A reaction mechanism of rate coefficients, taken from
references when possible and calculated when no suitable rate coefficient
existed, was used to effect a camparison between the measured experimental
results and results from a computer model for finite-rate chemical reactions
behind incident shock waves with boundary-layer growth included. Comparison
was also effected between computed results and ignition-time data available in
the literature. The ignition-time comparisons and the concentration product
(0]l [cO] comparisons were very good. For both benzene and toluene, the computed
[co) and [CO,] were off by approximately the same percentages, with computed
[co,] lower by a factor of 2 than measured results and computed [CO] higher
than measured values by about 20 percent.

The differences in the selection of rate coefficients from the literature
were based on the fact that the present tests were conducted in a different
temperature and pressure regime and were altered by use of the Rice-Ramsperger-
Kassel (RRK) theory. Selection of necessary rate coefficients, especially for
the toluene system, was based on analogous rate-coefficient steps according to
the benzene system suggested in the open literature.

Several tests were run with toluene in a jet-stirred combustor and mea-
surements of nitric oxide and temperature were made. The rate mechanism
developed from the shock-tube study, with additional reactions included to
~describe the nitrogen chemistry, was used in a computer program which simulates

16



the jet-stirred combustor to calculate NO concentration and temperature. The
results of the comparative test cases were very good over an equivalence-ratio
range from 0.7 to 1.0 at atmospheric pressure. This demonstrates the capa-
bility of a rate mechanism developed from shock-tube results to describe the
chemistry in an actual flame device - a jet-stirred combustor.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

June 12, 1979
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TABLE I.- EXPERIMENTAL RESULTS OF BENZENE COMBUSTION

T, P, (0] [col, [co,], [col, Tnr

K atm (mol/cm3) 2 mol/cm3 mol/cm3 K

2425 | 1.57 | 3.830 x 10713 | —mmmmeeem 5.130 x 108 | 2470
2452 | 1.59 | 3.820 2.608 x 1078 | 5,130 2505
2453 | 1.60 | 3.905 2.226 5.644 2508
2345 | 1.52 | 2.550 1.975 6.320 2406
2175 | 1.39 | 2.696 2,337 6.231 2250
2154 | 1.37 | 2.705 2.325 6.821 2229
2154 | 1.37 | 2.885 2.093 6.821 2229
2019 | 1.27 | 2.210 2.300 5.749 2105
2050 | 1.28 | ————- 2.283 6.087 2133
1996 | 1.25 | 2.589 2.442 5.342 2086
1980 | 1.24 | 2.596 2.061 7.327 2073
1780 | 1.09 | 1.750 1.866 5.373 1900
2035 | 1.28 | 2.075 1.854 6.798 2098
2020 | 1.27 | 2.394 1.839 6.740 2110
2020 | 1.27 | 2.210 2.530 6.130 2110

TABLE II.~ EXPERIMENTAL RESULTS OF TOLUENE COMBUSTION

T, Py (0] [col, [cosl, {col, Tor
K atm (mol/cm3) 2 mol/cm3 mol/cm3 K
2730 | 1.80 | 5.190 x 10-15 | 3.214 x 1078 | 8.276 x 10~8 | 2794
2755 | 1.82 | 4.880 3.059 8.292 2820
2430 | 1.60 | 4.500 2.969 8.426 2499
2330 | 1.42 | 3.750 2.822 7.055 2400
2050 | 1.30 | 3.580 2.705 7.729 2135
2155 | 1.38 | 3.600 2.653 6.867 2231
1830 | ~—~ | 2.800

1925 —— 3.100




TABLE III.- REACTION MECHANISM FOR BENZENE OXIDATION

(1)

CHO * CO + CH

Reaction Rate coefficient, k Reference
(a)
(1) CgHg + Oy > HOp + CgHs 6.3 x 1013 exp(~-30 196/T) 6
(2) CgHg * CgHs + H 3.2 x 101 exp(-53 347/T) 5, 6
(3) H + CgHg > CgHg + Hy 1.6 x 1014 exp(-4026/T) Present study
(4) O + CgHg * CgHg + OH 3.2 x 10’4 exp(-3019/T) 6
(5) OH + CgHg * CgHg + H0 1.0 x 1013 exp(-3019/T) 6
(6) CgHgs * C4H3 + CoHp 3.2 x 1014 exp(-43 280/T) 6
(7) Oy + CgHs > 2 CO + CoHy + CpH3 [ 7.5 x 1013 exp(-7550/T) Present study
(8) CqH3z > C4Hy + H 1.0 x 1014 exp(-29 700/T) Estimated
(9) CyH3 > CoH + CoHp 1.0 x 1014 exp(-29 700/T) Estimated
(10) O + CyHp > CoHO + CH 1.0 x 1013 Estimated
1.0 x 104 exp(-29 190/T)

Estimated

aThe units for k are s”! for unimolecular reactions, cm3/mol—s for

bimolecular reactions, and cm6/m012—s for termolecular reactions.

TABLE IV.~ REACTION MECHANISM FOR TOLUENE OXIDATION

Reaction

(m
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
amn
(12)
(13)
(14)

CHg + 05 > CqH7 + HO»
CqHg > C7H7 + H

CqHg > Cglig + CHg

H + CqHg * CyH7 + Hjp
0 + C7Hg > OH + CoH7y
OH + CqHg > Hy0 + CqHy
0 + CqH7 > CH90 + Cgllg
Oy + CyH7 > 2 CO + C3Hg + CoHy
C7H7 > Cy4H3 + C3Hy
C3Hg > CH3 + CoHj

C3Hs > C3Hy + H

C3Hy = CH3 + CoH

Ca3Hy > CoHy + CHjp

O + C3Hy > CyH3 + HCO

22

4The units for

e e e (] e e o e e ) =

OO O WOOOOOODOONMNO

Rate coefficient, k

X X X X X X X X X X X X X X

1014

15
1317
1014
]014
]0]3
1013
1012
]0]5

1014
1013

]015

1015
1013

(a)

exp (~20 130/T)
exp(-44 440/T)
exp (=52 550/T)
exp (~3420/T)
exp (-3625/T)
exp(-1510/T)

exp(-7550/T)

exp(-51 330/T)
exp(-27 180/T)
exp(~=30 '790/T)
exp(-51 330/T)
exp(~51 330/T)

Reference

Estimated

23

24
Estimated
Estimated
Estimated
Estimated

Present study

Estimated
Estimated

24
Estimated
Estimated
Estimated

k are s~ for unimolecular reactions, cm3/mol—s for
bimolecular reactions, and cm6/m012—s for termolecular reactions.




TABLE V.— ADDITIONAL REACTIONS NEEDED IN THE

STIRRED-COMBUSTOR CALCULATIONS

Reaction Rate coefficient, k Reference
, : ‘ , ) (a)

(1') 0O+ Ny > NO + N 7.5 x 1013 exp(-38 250/T) 26
(2') N+ 05> NO + O 6.4 x 102 T! exp(~-3145/T) 27
(3') N+ OH~> NO + H 4.0 x 1013 28
(4') M + 2H » Hy + M:

M = Hy0 1.6 x 1018 71 Estimated

M = Ny, all other 2.7 x 1017 71 Estimated
(5') M + H + OH > HyO + M:

M = Hy0 5.9 x 1023 7~2 Estimated

M = Ny, all other 1.2 x 1023 7-2 Estimated
(6') M+ H+ O+ OH + M:

M = Hy0 1.6 x 1020 =1 Estimated

M = Nj, all other 3.6 x 1018 71 Estimated

aThe units for k are s~! for unimolecular reactions, cm3/mol—s for
bimolecular reactions, and cm6/m012—s for termolecular reactions.
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