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ABSTRACT

Flow reactors are commonly employed in investigations of the pyrolysis and oxidation chemistry of fuels.
Typical flow reactors use either electrical heaters or vitiation heaters to provide the energy to preheat
the reactants to the desired experimental conditions. The present study seeks to determine the impact
of vitiation on flow reactor studies of fuel combustion chemistry by conducting both fuel pyrolysis and
oxidation experiments in a flow reactor in which either an electrical heater or a vitiation heater is used
as the energy source. Other than the heater all other aspects of the flow reactor are identical. Two fuels
relevant to air-breathing propulsion systems were investigated - Jet A and JP-10. Profiles of the stable
reaction products were measured using gas chromatography for a temperature of 1030 K at a pressure
of 1 atmosphere, with residence times between 30 ms and 70 ms. The primary hydrocarbon products
for Jet A pyrolysis and oxidation were C;H,4, C3Hg, CHy4, C4Hg, CgHg and C;Hg. For JP-10, in addition to
these species, cyclopentene (CsHg) and cyclopentadiene (CsHg) were measured. Under the conditions in-
vestigated, vitiation decreases the reaction times scales for both pyrolysis and oxidation. However, the
product yields at a fixed fuel conversion were nearly identical for both the vitiated and non-vitiated ex-
periments. Current kinetic models for Jet A and JP-10 pyrolysis and oxidation adequately captured the
observed effects of vitiation on the stable species profiles.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Flow reactors are an important tool for the development and
validation of reaction kinetic models for pyrolysis and oxidation
of hydrocarbon fuels and fuel constituents [1-5] as well as for
studies of supersonic combustion [6]. Typically, these flow reactors
use either electrical heaters or vitiation heaters to preheat the
reactants to the desired experimental conditions. Unlike electri-
cal heaters, with vitiation heaters the carrier gas contains the
products of combustion in addition to the fuel and oxidizer being
investigated. In using vitiation heaters, the question arises as to
what the impact of the additional species is on the reaction under
investigation. Electrical heaters usually use nitrogen or air as the
carrier gas into which a fuel is injected and rapidly mixed. The
reaction progress is followed downstream in the reactor by sam-
ple extraction and species measurements are made using online
analyzers such as gas chromatographs. These types of experiments
provide a relatively clean background for fundamental reaction
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kinetics experiments. Vitiation heaters utilize pre-combustion of
a fuel-oxidizer mixture so that the background gas into which
the test fuel is injected comprises combustion products from the
preburner. While this situation is more complex kinetically, it does
resemble the combustion environment found in many practical de-
vices where vitiation is inherent or deliberately created. Examples
include high-Karlovitz-number premixed turbulent combustion in
which local exhaust gas recirculation (EGR) can become significant
[7], EGR in diesel engines [8] and flameless oxidation in process
heaters and furnaces for NOy reduction [9]. It is desirable to be
able to reconcile data obtained from flow facilities that use both
types of preheaters, and to quantify the mechanistic and kinetic
differences between the resulting carrier gases.

The above question is particularly relevant to the development
of Hybrid Chemistry (HyChem) models for the combustion of real,
multicomponent fuels [10]. The HyChem approach assumes that
high-temperature combustion of large hydrocarbon compounds
proceeds from oxidative fuel pyrolysis first, followed by the ox-
idation of a handful of pyrolysis products, including hydrogen,
methane, ethylene, propene, butene isomers, benzene and toluene
to form the final combustion products. The approach relies on
time histories of the pyrolysis products, measured in shock tubes
and flow reactors, to formulate the lumped fuel oxidative pyrolysis

0010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. The Stanford flow reactor facility.

reactions and to derive the model parameters. In previous studies
[10-13], the time histories of selected species from the Stanford
flow reactor were used as the basis for defining some of the key
model parameters, including the ratios of C;3 and C4 alkenes to
ethylene, and the ratio of benzene to the sum of benzene and
toluene. A question that arises from this approach is, how do the
vitiated diluent gases impact the HyChem parameter determina-
tion? A further related question is, is the HyChem model accuracy
impacted by the use of a vitiated diluent, especially considering
that the ethylene and methane time histories, a set of critical data
for HyChem model development, were taken from Stanford shock
tubes in which either nitrogen or argon was used as the diluent.
The present study seeks to address these questions by conducting
both fuel pyrolysis and oxidation experiments in a flow reactor in
which either an electrical heater or a vitiation heater is used as
the energy source. Results are presented to show the impact of
vitiated gases on the combustion chemistry of two representative
fuels used in HyChem model development: a conventional Jet A
and JP-10. While Jet A is a multicomponent distillate fuel, JP-10
is a synthetic, practically single-component fuel with > 96 wt%
exo-tetrahydrodicyclopentadiene. The difference in the reaction
behaviors of these two fuels represent, to an extent, the range of
composition of different real liquid jet fuels.

2. Experimental methodology

The Stanford flow reactor facility that has been used in previ-
ous studies [5,11-15] is shown in Fig. 1a. Relevant to the current
study, it is important to point out that a Hy-air vitiation heater is
used to provide the energy to preheat the reactants. In the present
study, the reactor was modified by replacing the McKenna burner
by a 20 kW electric resistance heater, shown in Fig. 1b. The H,-air
flow to the McKenna burner in Fig. 1a is replaced by N, (for the
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pyrolysis experiments) or a N,-O, mixture (for the oxidation ex-
periments as shown in Fig. 1b for the electrical resistance heating
method). All other features of the flow reactor and the sampling
and measurement techniques remain unchanged. In the vitiation
experiments, the composition of the McKenna burner products was
predominately N, (~80 mol%) and water vapor (~18 mol%); trace
amounts of CO, and Ar are also present due to the use of air for
the McKenna burner. In the vitiated oxidation experiments, there
was also 0.5-0.6 mol% O,; in the vitiated pyrolysis experiments,
there was 1.3 mol% H; and immeasurable (< 5 ppm) O,. Additional
composition information can be found in Table S1 of the Supple-
mentary Material.

As discussed in previous publications [5,11-15], we measured
the temperature and species concentration along the reactor axis
using a Pt/13%Rh-Pt thermocouple coated with a passivating SiO,
film and a propylene glycol cooled species probe with a choked
inlet, both of which are attached to a computer-controlled trans-
lation stage. The quartz reactor tube is electrically heated by
temperature-controlled heaters to ensure constant temperature. In
the non-vitiated experiments, the power of the electric heater was
adjusted until the reactor temperature reaches a prescribed value.
In vitiated experiments, a H,/air flame on a water-cooled McKenna
burner provides a hot vitiated flow into the reactor. Under the vi-
tiation condition, radicals are not present in significant quantities
(< 1 ppmv based on equilibrium calculations) in the vitiated gas
[5,16]. Also, a 10 ppmv of H atom addition at the reactor inlet
showed no difference in the computed species profiles [16]. For all
of the experiments reported here, the reactor temperature is held
at 103044 K, where the uncertainty value includes the uncertainty
due to radiation correction and temperature variations along the
rector length.

Two fuels relevant to air-breathing propulsion systems were
investigated - Jet A and JP-10. Both fuels and their chemical
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analyses were provided by Dr. Tim Edwards from the Air Force
Research Laboratory (AFRL). The Jet A, designated as the A2 fuel
in the National Jet Fuel Combustion Program [17], is a petroleum-
derived distillate fuel comprising many hundreds of hydrocarbon
species with a composition represented by Cy14H17. As discussed
earlier, JP-10 is exo-tetrahydrocyclopentadiene (CigHg). The liquid
fuels used in the present study were fine sprayed through a glass
nebulizer and injected into an in-house designed vaporizer by a
precision syringe pump (Harvard Apparatus PhD, accuracy +0.35%)
before being introduced into the reactor with a heated nitrogen
carrier gas. In the present experiments, the fuel loadings at the
reactor inlet were 300 ppmv to 400 ppmv.

The extracted gas samples are sent to a 4-column micro gas
chromatograph with thermal conductivity detectors (INFINICON
3000) or to a paramagnetic analyzer (PMA) or a non-dispersive
infrared analyzer (NDIR) that provide on-line real-time detection
of the concentrations of the stable compounds. Both wet and dry
sampling was employed. Wet sampling was used for measuring
fuel components and aromatics. Dry sampling was used for all
other species. In wet sampling, the extracted gas samples are di-
rectly transferred by a diaphragm pump to the GC through stain-
less steel tubing that is maintained at 130°C. In dry sampling, the
extracted gas samples pass through a refrigerated cold trap at 5 °C
which reduces the water content to less than 2 mol% and then
through a Drierite desiccant bed to remove the remaining water.
The dry sample then passes through the diaphragm pump and is
split into three different streams. The first stream goes to the on-
line GC while the second and third streams go to the PMA for
0, measurement or the NDIR for CO and CO, measurement for
comparison with the GC data. Calibration of the GC was done us-
ing multicomponent calibration mixtures provided by Praxair. The
quoted compositional uncertainty associated with these mixtures
is nominally +2%. The total uncertainty in measured species mole
fractions is £2% to +£5%.

3. Kinetic modeling

The flow reactor data obtained in the present study were mod-
eled using previously reported HyChem models for Jet A [11] and
JP-10 [12]. These models may be downloaded from https://web.
stanford.edu/group/haiwanglab/HyChem/pages/download.html. The
compositions of the initial mixtures are provided in the Supple-
mentary Materials. To account for the fuel-oxidizer mixing at the
entrance of the flow reactor, a one-dimensional mixing-reaction
model developed by Zwietering [18] was employed. In the present
study, the mixing-reaction model was incorporated into the PFR
module of CHEMKIN-PRO using two inlet streams (carrier gas + in-
jected fuel-N5) in conjunction with the kinetic models to simu-
late the species profiles as functions of time. Details of the im-
plementation of this modeling approach in the flow reactor are
described in [14]. Typical mixing times are small (2-3 ms) com-
pared to the total residence times in the reactor (30-70 ms). As
will be shown later, the mixing times are much shorter than the
initial fuel pyrolysis time in the non-vitiated experiment, but they
overlap, to an extent, with the fuel pyrolysis time in the vitiated
experiments. In the simulations, the measured temperature pro-
files were utilized. Due to the low fuel loadings in the experiments
(< 400 ppmv) and the electric heaters along the reaction tube,
the axial temperature variation outside of the mixing region is
small (< 5 K).

4. Results
Five different experiments were conducted in the present study.

As summarized in Table 1, three experiments used Jet A as the
fuel, in which the diluent gas was either from a vitiated source
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Table 1
Summary of conditions of key experiments, all at 1030 K temperature and 1 atm
pressure.

Expt Fuel Condition Equivalence ratio, ¢  Fuel conc. (ppmv)
1 Jet A non-vitiated 0o? 316 £ 5
2 Jet A non-vitiated 1.0 316 £ 5
3 Jet A vitiated 1.0 314 £ 5
4 JP-10  non-vitiated 0.94 408 + 5
5 Jp-10  vitiated 0.95 358 +£6

@ Pyrolysis in Nj.

at unity equivalence ratio, or a non-vitiated (by electric heating)
0,-N, mixture (without H, addition) also at unity equivalence ra-
tio, or a non-vitiated N, flow, all at the same reactor temperature
of 1030 K and 1 atm pressure. For JP-10, vitiated and non-vitiated
comparisons were made at 0.94 and 0.95 equivalence ratios, re-
spectively, due to slight difference in the fuel loading. The accuracy
of the fuel concentrations (~ £1.5%) is estimated from the accura-
cies of the syringe pump, and the uncertainties in the fuel compo-
sition and gas metering. As in our earlier studies [5,10-13, 16], the
carbon balance is typically at or greater than 90%.

Figure 2 shows a comparison of the species profiles for pyrol-
ysis (Experiment 1) and oxidation (Experiment 2) of Jet A for the
non-vitiated experiments in which N, was the sole diluent. It can
be seen that the mixing model captures the measured, initial oxy-
gen concentration profile (Experiment 2 only) well. While the ex-
perimental data suggest that the mixing time is 1-2 ms, the mix-
ing model shows it to be 2-3 ms. In either case, the fuel pyrolysis
time is longer, as evidenced by the measured fuel concentration in
the first few milliseconds being in close agreement with the initial
fuel concentrations listed in Table 1, and no appreciable products
formed in the first 5 msec. For the conditions of the experiments,
the species profiles are nearly identical for both pyrolysis and oxi-
dation, and the O, that is present in the oxidation experiment re-
mains unchanged after the mixing region. The carbon present in
the measured product species accounts for over 90% of the total
carbon converted from Jet A. No CO, was detected in the oxida-
tion experiment, although some CO was detected at a later reac-
tion time (e.g. in Experiment 3, vitiated oxidation of Jet A, 59 ppm
CO was detected at 28 ms or < 5% of the total carbon mass among
the reaction products was measured). As a key assumption of the
HyChem modeling approach [10,11], the presence of oxygen has
only a minimal effect on the fuel breakdown process in terms of
the distribution of the key pyrolysis products and their production
rates. The insensitivity to oxygen and the decoupling of the earlier,
rapid fuel pyrolysis from the later, slow oxidation of the pyrolysis
products is quite universal. The phenomenon was observed for a
range of hydrocarbon fuels in a variety of shock-tube experiments
[19-21] (and again, demonstrated here). Oxygen has, at the best, a
small effect of speeding up the fuel pyrolysis because of a some-
what increased rate of H-abstraction of the fuel molecules by O,
HO, and to a small extent, OH that is produced during the oxida-
tive pyrolysis process.

Also shown in Fig. 2 are the results from the HyChem simu-
lations using the Jet A model reported in [11]. Overall, the model
reproduces the species time profiles well; it distinguishes the small
difference due to oxygen presence, except that the effect predicted
by the model is somewhat larger than the experimental data. The
HyChem model does not consider pyrolysis products larger than
the C4 alkenes and aromatics larger than toluene, hence it effec-
tively lumps all species not accounted for into the fuel. For this
reason, the calculated Jet A concentrations are slightly higher than
the experimentally measured concentrations especially during the
early stage of the reaction. The initial high fuel mole fraction and
the rapid decrease in calculated fuel mole fraction at very short
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Fig. 2. Experimental (symbols) and computed (lines) species profiles in non-
vitiated pyrolysis and oxidation of Jet A at 1030 K and 1 atm. Experiment 1 (py-
rolysis): filled symbols and solid lines; Experiment 2 (oxidation): open symbols and
dashed lines. See Table 1 for experimental conditions. The vertical bars represent
scatter in the experimental data from multiple experiments. The computed initial
fuel and oxygen mole fraction values are higher than the nominal values given in
Table 1 because of the mixing model used in the simulations.

residence times is due to mixing of the injected fuel with the prod-
uct gases of the vitiation heater.

Figure 3 shows a comparison of the species profiles for Jet A
oxidation for a non-vitiated experiment (Experiment 2) with a vi-
tiated experiment for nearly identical conditions (Experiment 3).
The most striking observation in Fig. 3 is that vitiation produces a
significant reduction in reaction time for a similar fuel conversion.
The HyChem model captures the effect of lack of vitiation well,
keeping in mind that its development was based on the vitiated
experiments, rather than the non-vitiated experiments. The model
overpredicts the formation rates of several of the larger pyrolysis
species to an extent, especially benzene and toluene under the
non-vitiated condition. The cause for the discrepancy clearly re-
quires further study, although the observed discrepancy is unlikely
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Fig. 3. Experimental (symbols) and computed (lines) species profiles in vitiated and
non-vitiated oxidation of Jet A at 1030 K and 1 atm with ¢ = 1.0. Experiment 3
(vitiated oxidation): filled symbols and solid lines; Experiment 2 (non-vitiated ox-
idation): open symbols and dashed lines. See Table 1 for experimental conditions.
The vertical bars represent scatter in the experimental data from multiple experi-
ments. The computed initial fuel and oxygen mole fraction values are higher than
the nominal values given in Table 1 because of the mixing model used in the sim-
ulations.

to cause any appreciable problem for the HyChem model to predict
basic combustion properties (e.g., ignition delay and flame speed),
because the concentrations of these larger species are small. A re-
cent study [22] shows that the predictive capability of the HyChem
model is the most sensitive to the ethylene yield, and is insensitive
to benzene and toluene yields.

The most important experimental observations of Experiments
1-3 are summarized in Fig. 4, which shows the experimentally
determined carbon distribution for Jet A at a fixed fuel conversion
(47%) for both vitiated and non-vitiated conditions. Except for
methane, the yields of all other species are similar; their values
are typically within the respective measurement uncertainties at
this value of fuel conversion. Such a similarity in fact extends over
a fairly wide range of fuel conversion over the respective time
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Fig. 4. Experimentally-observed carbon distributions for Jet A at 47% fuel conver-
sion under vitiated (oxidation) and non-vitiated conditions at 1030 K. The vertical
bars represent scatter in the experimental data from multiple experiments. The car-
bon distribution under vitiated pyrolysis experiment was obtained at 1010 K and
37% Jet A conversion (maximum for the experiment). The conditions of the vitiated
pyrolysis experiment at 1010 K (not shown in Table 1) are provided in Table S1 of
the Supplementary Materials.

windows of the observation. The methane yield in the vitiated
oxidation experiment is about a factor of three of the yield in
the non-vitiated experiment. Also included in Fig. 4 are the data
acquired for vitiated pyrolysis of Jet A under a comparable condi-
tion (Experiment 6 in Table S1 of the Supplementary Materials).
As expected and with the exception of methane (which is about
a factor of nine times the methane yield in the non-vitiated
pyrolysis experiment), the product distribution is largely the same
as those of the other experiments.

Reaction path analysis indicates that the larger methane pro-
duction in the vitiated experiments is caused by the presence of a
large amount of H,O and its reaction with the methyl radical that
leads to methane production via:

CH5;+H;0 — CH4+0OH

This reaction is inactive in the non-vitiated environment, in which
methane is produced from the reactions

CHs+H(+M) — CHy(+M)
and
C3Hg+CH3 — a—C3Hs5+CHy.

The methyl radical (CH3) is one of the key products of the
B-scission of the fuel radicals under both the vitiated and non-
vitiated conditions. In the vitiated experiments, the conversion of
water to the OH radical speeds up the overall reaction process,
leading to increased overall reaction rates of fuel breakdown and
pyrolysis products generation, as it can be seen in Fig. 3. In con-
trast, under the non-vitiated condition, the destruction of the H
atom from its combination with the methyl radical leads to a slow-
down in fuel pyrolysis. Furthermore, the HyChem model is ex-
pected to capture the effect of vitiation well because 1) fuel py-
rolysis model considers the fuel attack via H-abstraction by both
OH and H radicals, and 2) the OH concentration under the vitiated
condition is largely governed by the CH; + H,O reaction with a
well-studied rate constant. The fact that the methane yield in the
vitiated pyrolysis is much larger than the vitiated oxidation (Fig. 4)
is because of the higher OH concentration in the vitiated oxidation,
which promotes the back reaction of CH3+H,0 — CH4-+OH.

In terms of the effect of vitiation, the reaction of JP-10 shares
many similarities with that of Jet A, except that the production
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Fig. 5. Experimental (symbols) and computed (lines) species profiles in vitiated and
non-vitiated oxidation of JP-10 at 1030 K and 1 atm with ¢ = 0.95. Experiment 5
(vitiated oxidation): filled symbols and solid lines; Experiment 4 (non-vitiated ox-
idation): open symbols and dashed lines. See Table 1 for experimental conditions.
The vertical bars represent scatter in the experimental data from multiple experi-
ments. The computed initial fuel and oxygen mole fraction values are higher than
the nominal values given in Table 1 because of the mixing model used in the sim-
ulations.

of methane is absent under both vitiated and non-vitiated condi-
tions. Figure 5 shows a comparison of the species profiles for JP-10
oxidation for a non-vitiated experiment (Experiment 4) with a vi-
tiated experiment under similar conditions (Experiment 5). It can
be seen that similar to Jet A, vitiation produces a significant reduc-
tion in reaction time for a similar fuel conversion. Figure 6 shows
the carbon distribution experimentally observed for JP-10 at a fuel
conversion (20%) for both vitiated and non-vitiated conditions. The
smaller fuel conversion value, as opposed to 47% for Jet A, is cho-
sen here because of the smaller extents of fuel conversion in the
JP-10 experiment than the Jet A experiment at the same temper-
ature. The primary effect of vitiation is to increase the reaction
rates, but the product yield distribution is largely unaffected by vi-
tiation under the experimental conditions considered. Like Jet A,
the insensitivity of the product yield distribution to vitiation ex-
tends over a quite wide range of fuel conversion.

Similar to Jet A, the oxidative pyrolysis of JP-10 appears to
be decoupled from the oxidation of the resulting pyrolysis prod-
ucts. Unlike Jet A, one of the dominant pyrolysis products of JP-
10 is cyclopentadiene (CsHg) in addition to ethylene. The HyChem
model captures the concentrations of these major species well, but
some discrepancies exist for the minor pyrolysis species, includ-
ing propene and benzene, as seen in Fig. 5. These discrepancies
certainly deserve further study. The model reproduces most of the
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Fig. 6. Experimentally-observed carbon distributions for JP-10 oxidation at ~20%
fuel conversion under vitiated and non-vitiated conditions. The vertical bars rep-
resent scatter in the experimental data from multiple experiments.

effects of vitiation. Because of the unique decomposition pathway
of JP-10, methyl radicals, and hence methane, are not produced in
an appreciable quantity. Reaction path analysis reveals that the in-
crease in the overall vitiated oxidative pyrolysis rates are due to
OH production. Differently from Jet A, OH is produced from a range
of reactions, among which H,0 reacting with H atom provides the
highest overall OH production rate:

H+H20 — H2+OH

Indeed, H, was found to be the most dominant product from
vitiated oxidative pyrolysis of JP-10 at a somewhat higher
temperature (1130 K) [12]. In addition, analysis shows that
CH; + H,0 — CH4 + OH also contributes to OH production in
vitiated JP-10 oxidative pyrolysis but at an extent much less signif-
icant than Jet A.

To address the question raised earlier about the role of vitia-
tion on HyChem model development, we note that four of the sto-
ichiometric parameters were derived from data obtained from the
Stanford flow reactor under the vitiated condition for Jet A. These
parameters are A3 (the C3Hg-to-CH, ratio), A4p (the 1-C4Hg-to-
CyHy ratio), A4; (the i-C4Hg-to-C;H, ratio), and x (the ratio of
benzene to the sum of benzene and toluene). For the same Jet A
studied here, these ratios are found to be insensitive to vitiation,
and under both vitiated and non-vitiated conditions they remain
constant over the range of fuel conversions measured (up to 60%
for the current experiments as shown in Fig. 3). The lack of sen-
sitivity of these parameters to vitiation explains why the HyChem
models reproduce the current non-vitiated experiments satisfacto-
rily, even though the models were developed from a combination
of flow reactor experiments under vitiated conditions and shock
tube experiments under non-vitiated conditions.

5. Conclusions

In the present study, experiments and modeling were carried
out to provide a fundamental understanding of the impact of vi-
tiation on reactivity and product distribution of two different jet
fuels in the fuel decomposition region. The primary effect of vi-
tiation is the significant increase in the reactivity of the fuels, but
with only a minor impact on the reaction pathways, leading to car-
bon product distributions for each fuel that were nearly identical
under vitiated and non-vitiated conditions. In addition, the pres-
ence of oxygen has little impact on yields of pyrolysis products,
and there is very little oxygen depletion during fuel breakdown.
Vitiation increases the fuel oxidative pyrolysis rate because of the
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conversion of water into the OH radical, which increases the rate of
fuel attack through the H-atom abstraction reaction. The HyChem
models for the two fuels adequately captured the effect of vitiation
on species profiles in the fuel decomposition region.
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