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Improved Phenomenological Soot Model for Multicomponent Fuel
Based on Variations in PAH Characteristics with Fuel Type
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Abstract: Integration of a skeletal polycyclic aromatic hydrocarbon (PAH) model with a toluene reference fuel
(TRF) oxidation model was used to develop a skeletal TRF-PAH model. A phenomenological soot model, coupled
with the new TRF- PAH model, was modified based on the experimental observation that fuels with different
molecular structures produce PAHs and soot in different ways. The new TRF-PAH model was validated against
experimental data for the relevant PAHs for the oxidation/pyrolysis of toluene in a jet-stirred reactor, flow reactor,
and shock tube. The results show that the PAH model can reproduce the experimental data for the major species
concentrations. The predicted benzene concentration in the oxidation of alkanes and aromatic hydrocarbons
indicates that the molecular structure of the fuel significantly affects the PAH formation pathway. The improved soot
model was validated against measured soot yields from the pyrolysis of toluene, toluene/n-heptane mixtures, and
toluene/isooctane mixtures in a shock tube, as well as toluene oxidation. The results show that the predicted soot
yields obtained using the new soot model are in reasonable agreement with the experimental data over a wide
operating range. Finally, the soot model was used to predict the soot emissions from a diesel engine fueled with
TRF20. The results indicate that the TRF-PAH combustion model and the new soot model can reproduce the
combustion and emission characteristics well.
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1 Introduction

As the regulation on the number and size of particulate mat-
ter (PM) from the combustion process of internal combustion
(IC) engines becomes more and more stringent, it is necessary
to understand the soot formation and oxidation processes. Re-
search on the soot formation in simple reactors, such as shock
tube and flow reactor, is fundamentally important for develop-
ing the models used to predict the soot emissions from IC en-
gines.

Recently, simple fuel surrogates are generally used to repre-
sent gasoline in computational fluid dynamics (CFD) modeling
for the combustion process of gasoline engine. Fuel surrogates
often contain a limited number of components in order to mini-
mize the computational time. Three practical gasoline surro-
gates have been extensively used for CFD modeling of the
combustion of IC engines, which are iso-octane (CsHis), n-hep-
tane (C;H,s) and CsH;s mixture (primary reference fuels, PRF),
as well as the mixture of C;H,s, CsHis, and toluene (toluene ref-
erence fuels, TRF).* In recent studies,” ° ignition delay, heat
release rate, and in-cylinder pressure histories are regarded as
the validating parameters between the surrogate fuels and the
real one. And, it is also important for the surrogate fuel to re-
produce the emission characteristics as the real fuel. Particular-
ly, the simulation of soot emission has been a long-standing
challenge for researchers due to its complexities associated
with fuel composition and fuel chemistry. It has been suggest-
ed that the impact of fuel molecular structure on the soot emis-
sion should be carefully considered.””" By conducting the ex-
periment in the counter-flow diffusion flames with three binary
mixtures of C;Hys, CsHis, and C;H; as gasoline surrogate, Choi
et al.’ found that C;H,,, CsHis, and their mixtures were almost
non-sooting fuel. Whereas, when C;Hs was added to either
C;His or CsHis, the polycyclic aromatic hydrocarbons (PAHs)
and soot yield increased monotonically with increasing the
C;H; ratio.’

Several comprehensive detailed soot models have been con-
structed for the multi-component fuels in recent years."'>"
Agafonov et al*” proposed a detailed kinetic soot model for
the pyrolysis of aliphatic (methane, propane, and propylene)
and aromatic (benzene, toluene, and ethyl-benzene) in a shock
tube, and the detailed soot model has successfully reproduced
the soot yield from those fuel. Blacha et al.”® developed a de-
tailed soot model using a sectional approach. The model was
validated against the measured data of soot for ethylene, pro-
pylene, kerosene surrogate (12% C;Hs, 23% CsHis, and 65% n-
decane in volume), and C;H;s flames.

Although the detailed soot models are capable of accurately
describing the soot and PAH formation processes for different
fuels, it is too costly to use a detailed soot model in the multi-

dimensional CFD modeling of engine combustion processes.
Thus, in order to improve the computational efficiency, it is
necessary to develop a phenomenological soot model coupled
with a skeletal PAH chemical kinetic model to predict the es-
sential features of the fuel chemistry, as well as the formation
and oxidation of PAHs and soot.

It is worth noting that, although several phenomenological
soot models have been constructed to simulate the soot forma-
tion and oxidation, most of them focus only on a single fuel,
such as n-heptane."*"” Due to the large percentage of aromatics
in the practical gasoline and diesel fuels, it is urgent to develop
a general soot model for fuel mixtures, which can be applied to
model the soot characteristics in the oxidation not only for al-
kane fuel, but also for other types of fuels with production of
high levels of benzene (A1), such as toluene and other aromat-
ic fuels. Thereby, the soot formation and oxidation characteris-
tics can be accurately reproduced for the practical diesel and
gasoline fuels by integrating the phenomenological soot model
with the fuel surrogate model.

However, few mechanisms for the oxidation of multi-compo-
nent fuels with consideration PAH sub-mechanism are avail-
able at present. Although Kaminaga et al.* and Vishwanathan®
proposed a PAH model to simulate the formation of soot pre-
cursor, the PAH model has not been well validated by funda-
mental experiments in their studies. Wang et al.”* developed a
reduced TRF-PAH model, which was not combined with soot

% et al. con-

model. Only until recently, Zheng” and Wang
structed a PAH model for multi-component fuels. Whereas, the
effects of fuel type on PAH and soot formations were not deep-
ly understood yet.

The purpose of this paper is to construct a phenomenologi-
cal soot model for different types of fuels (e.g., alkane and aro-
matic fuels) with the consideration of the PAH characteristics
variation. Firstly, a skeletal TRF-PAH model was developed by
coupling a TRF oxidation model with a skeletal PAH model.
The new TRF-PAH model was validated against the measured
data on C;H; pyrolysis and oxidation in jet-stirred reactor, flow
reactor, and shock tube. Then, a phenomenological soot model
was modified on the basis of the TRF-PAH model in wide oper-
ating conditions. By comparing with the measured data from a
shock tube for C;Hs, C;Hy/C;H s mixtures, and C;Hy/CsH s mix-
tures, as well as an engine fueled with TRF, the validations of
the improved soot model were finally carried out.

2 Model development
2.1 Combustion chemistry model

A skeletal TRF oxidation model with 56 species and 168 re-
actions developed by the authors’ group on the basis of the ref-
erence” was used to model the combustion chemistry in this
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study. The TRF model was constructed by coupling C;Hs,
C;His, and CsH;s oxidation sub-models based on a decoupling
methodology. The TRF skeletal model has been verified with
various combustion parameters including ignition delay in
shock tube, propagation speed in flames, and in-cylinder pres-
sure in internal combustion engines over wide ranges of pres-
sure (p), equivalence ratio (¢), and temperature (7), on each
single fuel component as well as their blends. In order to com-
bine the TRF model with the PAH model, further improve-
ments were made by adding necessary reactions and optimiz-
ing rates of the identified reactions, which are detailed de-
scribed in the following sections.
2.2 PAH kinetic model

The skeletal PAH model was adopted from our recent
study.” This model was developed by summarizing important
pathways of PAHs formation with further reduction using the
normalized rate of production (ROP) approach.” The typical
PAHs in the model are Al, naphthalene (A2), phenanthrene
(A3), and pyrene (A4). For A1 formation, the reaction C;H;+
C;H;=Al is a crucial pathway. For the large PAHs (A2, A3,
and A4), the H-abstraction-C,H,-addition (HACA) mecha-
nism is used to describe the PAH growth process. Besides, the
reactions, CsHs+CsHs=A2 and A1 —+A1C,H=A3+H, are impor-
tant pathways for large PAH formation, which are also consid-
ered in the PAH kinetic model. The PAH model has been veri-
fied with the measured data of the related PAH concentrations
in C;H;s and CsH,s premixed laminar flames and C;H;s counter-
flow diffusion flames. Detailed information of the PAH model
can be found in reference.”
2.3 TRF-PAH model
2.3.1 Updated TRF-PAH model

The final TRF-PAH model developed in this study was built
by combining the skeletal TRF oxidation model with the skele-
tal PAH formation model. It should be noted that the construc-
tion of the TRF-PAH model is considerably more difficult than
that for alkane-PAH model due to the following three reasons.
Firstly, toluene is a typical aromatic hydrocarbon whose molec-
ular structure is completely different from that of alkane. The
difference causes more complicated and diverse reaction paths
for the PAH formation. Secondly, the toluene oxidation sub-
model in the TRF model also affects the PAH formation pro-
cesses for C;His and CsH;s. In order to accurately reproduce the
PAH characteristics during the pyrolysis and oxidation of C;His
and CsHis, the calibration of the C;H; oxidation sub-model
should be carefully conducted. Thirdly, the PAH sub-model in-
cludes A1 formation through the polymerization of small unsat-
urated hydrocarbon, which was not considered in the previous
TRF model. As the PAH sub-model is combined with the TRF
model, it would influence the predictions of ignition delay and
laminar flame speed of C;Hs. Therefore, a large amount of opti-
mization work should be performed to match the measured da-
ta on the combustion characteristics of toluene, and accurately
reproduce the PAH formation processes simultaneously.

In addition, 13 reactions and 4 species related to propargyl
radical (C;Hs), vinylacetylene (C;H.), and cyclopentadienyl rad-
ical (CsHs) formation were quoted from reference™ to combine
the TRF oxidation model with the PAH formation model. It
still needs to optimize the TRF-PAH model after determining
the reaction path. The detailed optimization is described as fol-
lows.

(1) The TRF-PAH model was firstly verified with the mea-
sured data on the ignition delay of C;H; in wide operating con-
ditions.””* By using sensitivity analysis, it is indicated that the
reactions, CHsCH, +HO,=C{H;CHO + H+ OH and CsH;s+ O=
C.Hs + CO, significantly affect the ignition delay of toluene.
Thus, the rate constants of the important reactions (as listed in
Table 1) were calibrated to obtain the consistent predictions as
the original TRF model.

(2) By using path analysis, the individual reactions to the for-
mation of PAHs in C;H;s oxidation in jet-stirred reactor were
further identified. The rate of the identified reactions were
modified to match the measured data of PAH concentration
from jet-stirred reactor” and flow reactor” under wide experi-
mental conditions.

(3) Step 1 and step 2 were repeated until the PAH model is
able to satisfactorily reproduce both the experimental PAH con-

29,30 27,28

centrations™* and the ignition delay.

The final TRF-PAH model includes 73 species and 207 reac-
tions. The model in CHEMKIN format can be found in the sup-
plementary material.
2.3.2 Pathway of A1 formation for TRF

It has been found by Zhang ef al.”' that Al is made in differ-
ent pathways during the oxidation of fuels with different molec-
ular structures. However, once the Al is produced, the subse-
quent pathways to large PAHs and soot are expected to be with-
out restricting the types of fuel. According to the theoretical
and experimental investigations on the PAH formation from al-
kane and aromatic hydrocarbons oxidation,**'>"**"*'"* the path-
ways of Al formation for C;H,s, CsHis, and C;H; are construct-
ed under highly sooting conditions (7=1800 K, p=2.5 MPa, ¢p=
5, and residence time (f...)=2 ms) in a shock tube. Fig.1 shows
the schematic diagram of the final skeletal model structure,
where the green solid lines represent the primary path for Al
formation. It can be seen that there is a considerable discrepan-
cy in the pathways of Al formation between aromatic (C;Hs)
and alkane (C;His, CsHis). For toluene oxidation, A1l is formed
rapidly due to the fact that C;H; has a ring structure and produc-
es Al without ring-opening stages. Moreover, a large number

Table 1 Modified reactions of toluene sub-mechanism

Al(em’ mol™'+s™")

Reaction
modified model original model™
CH;CH:=A1+CH; 8.66x10" 2.66x10"
CH:CH,+HO,=C;H:CHO+H+OH 1.50x10" 5.00x10"
CsHs+O=C,Hs+CO 4.20x10" 3.20%10"

A is the pre-exponential factor of Arrhenius formula.
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Fig.1 Schematic diagram of the skeletal model structures

of unsaturated hydrocarbons (e.g., C;H,, C;H;, C;H., and C;Hs)
are produced by benzyl decomposition through the reactions
C¢H;CH,=C;sHs+C,H; and CH;CH,=C.H,+C;H;.**** Those unsat-
urated hydrocarbons play important roles in PAH formation
and growth. However, for alkane oxidation, A1 formation pro-
cess involves ring formation stages from C3 species (e.g.,
C;Hs, propyne (Cs;H.)), which results in the slower reaction
rates of A1 formation.

By comparing the model structures of C;H;s and CsHis
shown in Fig.1, it can also be found that the combination of
C;H; radicals is very important for A1 formation in both C;H;s
and CsH;s oxidation, which is consistent with recent investiga-
tions.””"** However, it should be noted that the C-H,s oxidation
generates numerous C2 species (e.g., C;H,, ethylene (C,H.)),
and then yields C3 species (e.g., C;H; and C;H,) in subsequent
steps.” Whereas, for the CsHis oxidation, C3 species is directly
formed from the decomposition of large alkyl radicals. This re-
sults in faster reaction rates of the C3 species formation in the
CsH,s oxidation than that in C;H,s oxidation. Moreover, C;H; is
primarily formed from C;H, by H and OH abstraction. The re-
actions of C;H; from C;H, occurs in C;H,s oxidation, but it is
more important in CsH;s oxidation as indicated by Marchal et
al.? Therefore, more Al is generated in CsHys flame than that
in C;Hs flame.

2.3.3 Sensitivity analysis of A1 formation for TRF
oxidation

In order to identify the important pathways for the formation
of PAHs with the variation of fuel type, the new skeletal TRF-
PAH model was examined by using sensitivity analysis for
C;His, CsHis, and C;H; oxidation under highly-sooting condi-
tions (7=1800 K, p=2.5 MPa, ¢=5, t...=2 ms) in a shock tube.
Fig.2 shows the sensitivity coefficients related to the concentra-
tion of A1 with respect to the pre-exponential factors for three
fuels at a residence time corresponding to the maximum con-

3 toluene RG(1) C;Hs+CH,=C;H,+CH,
e |RG(2) C;H;+0,=C,;H,+HO,
RG(3) C,H.+0,=C,H,+HO,

Oiso-octane
n-heptane

— RG(4) C;H#+OH=C,H,+H,0
[ RG(5) C,H,+CH,=C,H,+H
et RG(6) C;H;+OH=C,H,+HCO
e RG(7) C;H,+C;H,=A1
9 RG(8) C;H-CH,+H=A1+CH,
= RG(9) A1—+0,=C.H;0+0
RG(10) A1+OH=A1—+H,0
g ] RG(11) Al=A1—+H

RG(12) A1+H=A1—+H,

S RG(13) A1+CH=>A1—+CH,
. = . RG(14) A1+A1—=P2+H
-10 05 0.0 0.5 1.0

Sensitivity coefficient
Fig.2 Sensitivity coefficient related to the concentration of
Al for C;Hy¢, CsHis, and C;H; at a residence time corresponding
to maximum concentration of Al

centration of Al. As expected, the sensitive reactions for Al
formation are very different between alkane fuel and aromatic
fuel. Fig.2 indicates that the dehydrogenation reactions (e.g.,
RG(1), RG(2), RG(3)), which increase the degree of unsatura-
tion of the reactants with a higher reactivity, show higher sensi-
tivity in alkane fuel than that in aromatic fuel at the residence
time with maximum concentration of Al. It can also be seen
that the reactions with C3 species, such as RG(1), RG(2), and
RG(7), show large positive sensitivity for Al formation in
CsHis oxidation, while the reactions RG(3) and RG(5) con-
cerned with C2 species are very important for A1 formation in
C;H,s oxidation, especially for the reaction RG(5) which domi-
nants C;H. production.

It is worth noting that, as a primary channel for Al forma-
tion, RG(8) shows negative sensitivity for Al in C;Hs oxida-
tion. This is primarily due to the fact that the high level of Al
concentration at the end of C;Hs oxidation leads to an in-
creased reverse reaction rate of RG(8).

2.4 Phenomenological soot model

The soot model used in the present study is based on our pre-
viously developed soot model” for C;H,s combustion. The soot
formation and oxidation processes are simplified into six pro-
cesses such as soot precursor formation via conversion of pre-
cursor species (C;H,, A3, and A4), soot inception, soot growth
by C.H, and A1 surface deposition, soot coagulation, soot oxi-
dation via OH and oxygen (O:), and soot precursor oxidation.
More about the basic soot model has been descripted in refer-
ence.” It should be noted that the previous soot model was de-
veloped primarily focusing on modelling of soot emissions for
C,H,s oxidation.” Based on the fact that the PAH and soot for-
mation characteristics vary with different fuel molecular struc-
tures, the pre-exponential factors of soot inception and surface
growth reactions were improved in this study in order to ex-
tend the soot model for the simulation of the pyrolysis and oxi-
dation of C,H,s, CsHis, and C;Hs. Moreover, the OH-related
soot oxidation model is introduced from the work of Fenimore
and Jones” instead of the previous model by Neoh et al.*’ This
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Table 2 Modified reactions of soot model

Reaction Modified model Original model”
C,H,—0.04C(PR)s+H, ki=k ki=4.00x10°T exp(-1.6383x10°/RT)
A3—0.28C(PR)s+5H, =2.00x10°T"exp(~1.6383x10°/RT) k=1.0x10°Texp(~1.6383%x10%/RT)
A4—0.32C(PR)s+5H, k=2.00x10°Texp(—1.6383x10%/RT) k=5.0x10"Texp(~1.6383x10"/RT)
C(PR)si—0.5C(S)100 ki=k, ki=4.1x10"T"exp(-3.7436x10*/RT)
C(8),+C.H,—C(S)otH, kt=ks ks=4.05x10°Texp(-2.5789%10%/RT)
C(S),tA1—=C(S)met3H, =4.03x10'Texp(~2.5789x10"RT) ks=1.03x10"T exp(-2.5789x10"/RT)
nC(S)C(Symm Kazakov-Foster model Kazakov-Foster model
C(PR)5+250,—~50CO k=1.00x10°Texp(—1.6383x10%/RT) ks=1.00x10"T exp(-1.6383x10°/RT)

C(S),+0:—C(S),+2CO
C(8),20H—C(S),,+2CO+H,

NSC model

increased Fenimore and Jones rate” by a factor of 4.7

NSC model

Neoh et al. model*

PR: precursor. k=AT"exp(—E/RT). unit: 4, cm’*mol™"+s™'; E, J-mol™

is due to the fact that the OH-related oxidation model from
Neoh et al.* predicts higher soot oxidation rate than the mea-
surements in the conventional diesel combustion conditions,
which is also found by Vishwanathan.” The modified reactions
of the soot model are summarized in Table 2. By optimizing
these reaction rates, the measured soot yield could be accurate-
ly reproduced by the improved soot model for the pyrolysis
and oxidation of C-H,s,"' C;Hs,” C;Hs/C;H,s mixtures and C-Hy/
CsHis mixtures’ in shock tube.

3 Validation of the TRF-PAH model

The validations presented in this section for flow reactor, jet-
stirred reactor, and shock tube were simulated by CHEMKIN
PRO with a zero-dimensional gas-phase kinetics model. Since
the combustion characteristics (e.g., ignition delay and laminar
flame speed) of the new TRF-PAH model were consistent with
those of the previous TRF model,” the corresponding predic-
tions were shown in this study.
3.1 Validations of toluene oxidation in flow reactor

Klotz et al.” carried out an experiment about the oxidation
of C;H; in an atmospheric-pressure flow reactor at a high tem-
perature (1173 K) by means of gas chromatographic analysis.
Comparisons between the simulated and the experimental data
on the concentration profiles of C;Hs and carbon monoxide
(CO) are shown in Fig.3. The simulation results from the origi-
nal TRF model without PAH model, semi-detailed mechanism
1 (Sakai et al.*’) and semi- detailed mechanism 2 (Andrae et
al*) are also illustrated for comparison. Fig.3 indicates that
the concentration profiles of the reactants (e.g., C;Hs) and the
products (e.g., CO) are well reproduced by the new skeletal
TRF-PAH model. The overall predictions from the new model
are better than those by the other three mechanisms, especially
during the later stages of C;H;s decay. It is probably because the
updated pathways of A1 formation lead to relatively slower re-
action rates for the C;Hs decomposition. Two of the improved
reactions are A1=A1—+H, which shows a large positive sensi-
tivity for Al formation, and C;HsCH,+HO,=C:H;CHO+H+OH,
which shows a large negative sensitivity for A1 formation as
discussed in Section 2.3.3.

Furthermore, the main attention is focused on the validation
of C;H, and Al evolutions, because C,;H, plays an important
role for large PAH formation and soot surface growth, and Al
is a potential precursor for large PAHs. The experimental and
simulated concentration profiles for four major species are plot-
ted in Fig.4. The results show that the predicted results from
the new TRF-PAH model are in good agreement with the mea-
sured data. Moreover, the higher concentration of Al than that
of C;H, in the C;H;s oxidation process is also well reproduced
by the model. This trend is opposite during the C;H,s or CsHis
oxidation processes, which produce much higher levels of C;H,
than those of A1.”* Thus, in previous soot models with only
C.H; as soot precursor species, the soot formation with the vari-
ation of fuel type cannot be well predicted. It is one of the rea-
sons for using PAHs as soot precursor species in the improved

soot model.
3.2 Validations of toluene oxidation in jet-stirred
reactor

The experiments for toluene oxidation in a jet-stirred reactor
were carried out by Dagaut ef al.” at the pressure of 1.0 MPa
and equivalence ratio of 1.5 over a temperature range from
1000 to 1375 K for a residence time of 1.2 ms. The concentra-
tions of stable species were measured by gas chromatographs
with the uncertainties in the range of 5%-10%. Fig.5 shows
mole fractions of major species as a function of initial tempera-
ture. The simulations were conducted with the new skeletal
model and the original TRF model for comparison. From
Fig.5, it can be seen that trends and magnitude of the predicted
mole fraction from new TRF-PAH model are both in good
agreement with the experimental values of the reactants (e.g.,
C;H; and O.), products (e.g., H,O and CO), and soot precursor
species (e.g., C;H, and A1). The predictions from the new mod-
el are much better than those by using the original model, espe-
cially at high temperatures. The reason for this improvement is
similar with that for the inhibition of C;H; decay in flow reac-
tor as discussed in Section 3.1.

3.3 Validations of toluene pyrolysis in shock tube

The PAH formation during the C;Hs pyrolysis, was experi-
mentally investigated by Colket et al.”> in a shock tube over
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of major species concentrations in flow reactor for C;H; oxidation
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temperatures ranged from 1200 to 1850 K for 1% C;Hs in Ar at
1.013 MPa for residence time near 600 pus. The gas sample was
analyzed by a mass selective detector. Comparisons between
the experimental and simulated results for the concentrations
of C;Hs, CHs, and PAHs (e.g., Al, A2) at 600 ps after the re-
flected shock arrival are shown in Fig.6. The simulations were
conducted with both the new TRF-PAH model and the detailed
mechanism from Raj e al.** This results indicate that both the
mechanisms have the ability to well reproduce the experimen-
tal data. Moreover, at high temperatures, the predicted toluene
concentration by the skeletal model shows better agreement

with the measured data, whereas the detailed mechanism
shows excessive C;Hs depletion. However, the mole fraction of
A2 was underestimated by the new skeletal model since the de-
ficient C5 sub-model produces more CsH;radical, which is the
major species for A2 formation by the reaction 2C;Hs=A2+2H
in toluene pyrolysis. Thus, further improvement of the C5 sub-
model is still necessary in our next work.

4 Validations for soot model
4.1 Validation of soot yield in shock tube
In this section, the newly improved soot model was applied
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to simulate the experimental measurements performed by
Alexiou and Williams for soot yield in the C;Hs/Ar pyrolysis,
the CH; oxidation,” and the TRF pyrolysis’ behind reflected
shock waves. All the simulations were carried out by a constant-
volume homogeneous adiabatic gas-phase kinetics model.
4.1.1 Validation of soot yield for toluene pyrolysis and
oxidation

The comparisons results between the simulations and experi-
ments for soot yield profiles as a function of initial temperature
in the pyrolysis of various C;Hy/Ar mixtures are shown in Fig.7
(a, b). The results indicate that the predicted profiles are in rea-
sonable agreement with the experimental data, where the soot
yield reaches the peak and then decreases with the increase in
temperature, showing a bell-shaped distribution. The soot yield
also increases with an increase in the toluene ratio in C;Hs/Ar
mixtures, which is well reproduced by the model, as shown in
Fig.7(a, b). The sensitivity analysis reveals that C,H, is mainly
formed through the reaction C;H;CH,=C;H;s+C,H., especially at
high temperatures, which further accelerates the soot particle
growth by C,H, deposition. Thus, the rate constants of the reac-
tion were improved in this study in order to accurately repro-
duce the soot yield in the range of high temperatures (2000—
2400 K). Overall, the predictions exhibit reasonable agree-
ments with the measured data for the peak value and the evolu-
tion tendency of soot yield with temperature, although there
are some discrepancies between the predictions and the mea-

~
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surements for the cases with low C;H; concentration.

The comparison between the predicted and measured soot
yields during the C;Hs pyrolysis and oxidation processes is
shown in Fig.7(c, d). For the peak value and the evolution ten-
dency with temperature, the soot model well reproduces the
soot yield at low temperatures, but slightly over-predicts the
soot yield at high temperatures. Fig.7(c, d) shows that the in-
crease in initial oxygen concentration not only decreases the
peak soot yield but also shifts the region with high soot yield
to lower temperatures, which is consistent with the measure-
ments. This is mainly due to the strong oxidation by OH and
O, at high temperatures as oxygen is introduced. Moreover,
The study of Frenklach et al.* indicated that the initial attack
of the O, molecular on C;H; causes the rapid rates reactions for
unsaturated hydrocarbons (e.g., C;H,, C;H.) and C¢H; formation
at lower temperatures, which subsequently alters the ease of
soot formation. Therefore, the peak of soot yield moves toward
lower temperatures with the O, addition. The chain reaction of
O, with H is more important at higher temperatures, and pro-
duces a large amount of O and OH, which enhances the soot
oxidation by OH. However, the increase in the H concentration
also contributes to the shift of the region with high soot yield
to lower temperatures, because higher H concentration not on-
ly accelerates the combustion rate but also increases the PAH
and soot formation rate.”” Unfortunately, the soot model over-
rated the soot yield under higher temperatures.
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Fig.7 Experimental” and simulated soot yield as the function of temperature in shock tube
(a, b) C;H; pyrolysis at #...=2 ms; (A) p=0.35 MPa, (®) p=0.33 MPa, (®) p=0.25 MPa;
(c, d) C;Hs oxidation at #....=2 ms; (A) p=0.35 MPa, () p=0.20 MPa, (@) p=0.20 MPa
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Fig.8 Experimental’ and simulated soot yield as the function of temperature in shock tube

(a, b) C;Hy/C;H,¢ mixtures pyrolysis at t...=2 ms, p=0.3 MPa; (c, d) C;Hy/CsH,s mixtures pyrolysis at f...=2 ms, p=0.3 MPa

4.1.2 Validation of soot yield for TRF pyrolysis

Fig.8(a, b) demonstrates the modeled soot yield from the
C;H,¢/C;Hs mixtures pyrolysis at f..=2 ms. As shown, reason-
able agreement between the simulations and experiments is
achieved. It is noteworthy that the soot yield is reduced with
the increased C;H;s fraction in the fuel mixture. The reason is
that a larger amount of PAHs are produced in C;H; pyrolysis
than in alkane pyrolysis, which results in faster reaction rates
of soot formation and surface growth reactions. So, the soot
yield cannot be well reproduced by those soot models using
C.H, as the only soot precursor species without considering the
PAH effect.

The similar results for soot yield are obtained when CsHis is
used to substitute C;H,s for the pyrolysis of C;Hs/C;His mix-
tures, as shown in Fig.8(c, d). By comparing Fig.8(a, b) (0.3%
C:Hs+0.7% C-His) with Fig.8(c, d) (0.3% C;H;s+0.7% CsHis), a
large discrepancy can be found in the maximum soot yield be-
tween C,Hs/C;His mixture and C;Hs/CsHis mixture: 37.2% for
C;Hy/C-H,s mixture and 43.4% for C;Hs/CsH,s mixture. This is
because the formation of Al and PAHs rapidly occurs in the
CsHis pyrolysis. More detailed discussion about the pathways
of Al formation in C;H,s and CsH,s oxidation can be found in
reference.” Therefore, more soot is formed in C;Hy/CsH,s mix-
ture than in C;Hs/C;H;s mixture at the same mixing ratio.

4.2 Validation of soot emissions in an engine fueled
with TRF

In this section, the soot emissions in a direct injection (DI)

diesel engine fueled with TRF20 (80% C;H,s+20% C;Hs in vol-
ume ratio) were simulated by the improved soot model. The ex-
perimental research about the combustion and emission charac-
teristics of TRF20 in the diesel engine for different intake oxy-
gen ratio ([O,].) ranging from 21% to 11% at 1400 r* min™' en-
gine speed was investigated by Lou et al.* The tested engine is
a single-cylinder diesel engine with a compression ratio of 16
and borexstroke of 105 mmx125 mm. The KIVA-3V code with
several improved physical and chemistry sub-models is used
to perform the simulations. More details about the computa-
tional model can be found in reference.” In order to reduce the
computational time, a 45° sector of the computational mesh as
shown in Fig.9 was used in this study. Fig.10 indicates that the
predicted heat release rate and pressure under different intake
O, ratio well match the measured data.

The comparison between the predictions and measurements
for the soot emissions under different intake O, ratios is demon-
strated in Fig.11. It can be seen that the overall trend of soot
emission as a function of intake O, ratio is well reproduced by
the model. Both model and experiment indicate that the soot
emission reaches the peak at 12.5% intake O, ratio. For higher
intake O, ratio, almost no soot emission is formed since the
fuel is completely oxidized and small quantities of soot precur-
sor species (e.g., C.H, and PAHs) are produced. For the case
with the intake O, ratio of 11%, such a quite low oxygen con-
centration leads to a very low combustion temperature inhibit-
ing the soot formation, which is also reproduced by the model
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reasonably well. However, there still exist some discrepancies
between the predictions and measurements, such as the over-

prediction of heat release rate at 18% intake O, ratio and the
over-estimation of soot emissions at 11% intake O, ratio. Thus,
further improvement of the oxidation mechanism and soot
model, as well as computational model still should be per-
formed in the next work if more experimental data are avail-
able.

5 Conclusions

In the present work, a new skeletal TRF-PAH model was de-
veloped on the basis of the experimental observation that differ-
ent molecular structures of fuel make soot in different ways.
The new TRF-PAH model was validated against the measured
data on the related PAHs concentrations for C;H; oxidation/py-
rolysis in flow reactor, jet-stirred reactor, and shock tube. The
results indicate that the new skeletal TRF-PAH model is able
to well predict the concentrations of PAHs and other major spe-
cies, and is more superior to the basic TRF model without the
PAH sub-model.

An optimized phenomenological soot model was coupled
with the new skeletal TRF-PAH model and validated by com-
paring the predicted soot yield with the experimental measure-
ments for the oxidation/pyrolysis of C;Hs, C;Hs/C-H,s mixtures,
and C;Hy¢/CsH;s mixtures in a shock tube. The results demon-
strate that the soot model provides reasonably quantitative pre-
dictions for soot yield with the dependences on fuel type and
temperature. Due to the compact size of the skeletal TRF-PAH
model, it can be easily integrated into multidimensional CFD
simulation for engine combustion processes. Therefore, the
soot model was finally applied to predict the in-cylinder pres-
sures and soot emissions of a DI diesel engine fueled with
TRF20 under different intake O, ratio conditions. It is found
that the trend of soot emission as a function of intake O, ratio
is reproduced by the model reasonably well.

Supporting Information: available free of charge via the in-
ternet at http://www.whxb.pku.edu.cn.
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CHEMKIN output file for TRF-PAH model

Species
C7H16 02 CO2 H20 CO
H2 OH H202 HO2 H
0] CH4 CH30 CH20 HCO
CH3 C2H3 C2H4 C2H5 C3H4
C3H5 C3H6 C3H7 C7H15 C7H1502
02C7H1400H C7KET C5H11CO C7H14 C8H18
C8H17 C8H1702 C8H1600H C8KET 0O2C8H1600H
C6H13CO C8H16 CH20H CH30H C7H1400H
C6H5CH2 C6H5CHO C6H5CO C6H50 C4H5
C4H3 C5H5 C5H40 C5H40H C6H50H
C2H2 CH2CO HCCO C5H11 CH2
C2H C4H4 C3H3 Al Al-
A2 A2-1 A3 A3-4 A4
Al1C2H* A1C2H A4-1 C9H8 C9H7
P2 P2- C6H5CH3
No. Reactions (k = AT"exp(-E/RT)) A n E
1. C6H5CH3=C6H5CH2+H 2.09E+15 0.0 87463.4
2. C6H5CH3=>A1-+CH3 8.66E+15 0.0 97830.4
3. C6H5CH3+02=C6H5CH2+HO2 1.50E+14 0.0 41400.0
4. C6H5CH3+H=A1+CH3 1.20E+13 0.0 5100.0
5. C6H5CH3+0OH=C6H5CH2+H20 3.00E+12 0.0 1700.0
6. C6H5CH2+0=C6H5CHO+H 2.11E+14 0.0 0.0
7. C6H5CH2+0=A1-+CH20 1.19E+14 0.0 0.0
8. C6H5CH2+HO2=C6H5CHO+H+OH 1.50E+14 0.0 0.0
9. C6H5CHO+0OH=H20+C6H5CO 3.44E+09 1.2 -447.0
10. C6H5CHO+H=H2+C6H5CO 2.28E+10 1.1 3279.0
11. C6H5CO=A1-+CO 3.00E+12 0.0 34860.0
12. C6H50=C5H5+CO 3.76E+54 -12.1  72800.0
13. C6H50+H=C6H50H 2.50E+14 0.0 0.0
14. C6H50H+02=C6H50+HO2 1.00E+13 0.0 38000.0
15. C6H50H+H=C6H50+H2 1.20E+14 0.0 12400.0
16. C6H50H+0O=C6H50+0H 1.30E+13 0.0 2900.0
17. C6H50H+OH=C6H50+H20 3.00E+06 2.0 -1310.0
18. C6H50H+HO2=C6H50+H202 1.00E+12 0.0 1000.0
19. C5H5+0=C4H5+CO 4.20E+13 -0.2 440.0
20. C5H5+OH=C5H40H+H 3.50E+57 -12.2 48350.0
21. C5H40H=C5H40+H 2.10E+13 0.0 54000.0
22. C5H40=>C2H2+C2H2+CO 5.70E+32 -6.8 68500.0
Declared duplicate reaction...
23. C5H40=>C2H2+C2H2+CO 6.20E+41 -7.9 98700.0

Declared duplicate reaction...
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24,

C4H5=C2H2+C2H3

25. A1-+02=C6H50+0
26. A1+OH=A1-+H20
27. A1+O=Al1-+OH

28.

29.

30.

31.

32.
33.
34.
35.
36.

37.
38.
39.
40.

41.

42.

43.

44,
45.
46.
47.
48.

49,
50.
51.
52.
53.
54.
55.
56.
57.

C7H16+02=C7H15+HO2

Reverse Arrhenius coefficients:
C7H15+02=C7H1502

Reverse Arrhenius coefficients:
C7H1502=C7H1400H

Reverse Arrhenius coefficients:
C7H1400H+02=02C7H1400H
Reverse Arrhenius coefficients:
02C7H1400H=>C7KET+OH
C7KET=>C5H11CO+CH20+0OH
C5H11C0O+02=>C3H7+C2H3+CO+HO2
C7H16+OH=>C7H15+H20
C7H15+02=C7H14+HO2

Reverse Arrhenius coefficients:
C7H14+02=>C3H6+C2H5+CH20+HCO
C7H16+HO2=>C7H15+H202
C7H15=>C3H6+C2H5+C2H4
C8H18+02=C8H17+HO2

Reverse Arrhenius coefficients:
C8H17+02=C8H1702

Reverse Arrhenius coefficients:
C8H1702=C8H1600H

Reverse Arrhenius coefficients:
C8H1600H+02=02C8H1600H
Reverse Arrhenius coefficients:
02C8H1600H=>C8KET+OH
C8KET=>C6H13CO+CH20+0OH
C6H13CO+02=>C3H7+C3H5+CO+HO2
C8H18+0OH=>C8H17+H20
C8H17+02=C8H16+HO2

Reverse Arrhenius coefficients:
C8H16+02=>C3H7+C3H6+CH20+HCO
C8H18+HO2=>C8H17+H202
C8H17=>C3H7+C3H6+C2H4
C3H7=C2H4+CH3

C3H7=C3H6+H

C3H6=C2H3+CH3
C3H6+CH3=C3H5+CH4
C3H5+02=C3H4+HO2
C3H4+0OH=C2H3+CH20

1.00E+14
5.60E+11
1.63E+08
2.00E+13
1.00E+16
1.00E+12
3.00E+12
2.51E+13
1.51E+11
1.00E+11
6.16E+10
2.51E+13
8.91E+10
3.98E+15
3.16E+13
5.00E+13
3.16E+11
3.16E+11
3.16E+13
1.00E+13
6.50E+12
3.00E+16
1.00E+12
1.00E+12
2.51E+13
1.51E+11
1.00E+11
1.16E+11
2.51E+13
8.91E+10
3.98E+15
3.16E+13
6.00E+14
4.16E+11
3.16E+11
3.16E+13
1.00E+13
4.12E+17
9.60E+13
1.25E+14
3.15E+15
9.00E+12
6.00E+11
1.00E+12

0.0
0.0
1.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-1.3
0.0
0.0
0.0
0.0
0.0
0.0

43890.0
6100.0
1451.0
14700.0
46000.0
0.0

0.0
27400.0
19000.0
11000.0
0.0
27400.0
17000.0
43000.0
10000.0
3000.0
6000.0
19500.0
10000.0
16950.0
28810.0
46000.0
0.0

0.0
27400.0
21800.0
11000.0
0.0
27400.0
17000.0
43000.0
10000.0
3000.0
6000.0
19500.0
10000.0
16950.0
29700.0
30950.0
36900.0
85500.0
8480.0
10000.0
0.0
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58. C3H4+OH=C2H4+HCO 1.00E+12 0.0 0.0

59. C2H5+02=C2H4+HO0?2 2.00E+10 0.0 -2200.0
60. C2H4+OH=CH20+CH3 6.00E+13 0.0 960.0
61. C2H4+OH=C2H3+H20 8.02E+13 0.0 5955.0
62. C2H3+02=CH20+HCO 4.00E+12 0.0 -250.0
63. C2H3+HCO=C2H4+CO 6.03E+13 0.0 0.0
64. C3H5=C2H2+CH3 2.40E+48 -9.9 82080.0
Reverse Arrhenius coefficients: 2.61E+46 -9.8 36950.0
65. C2H4(+M)=C2H2+H2(+M) 1.80E+13 0.0 76000.0
Low pressure limit:  0.15000E+16  0.00000E+00  0.55440E+05
66. C2H3+02=C2H2+HO?2 2.12E-06 6.0 9484.0
Reverse Arrhenius coefficients: 1.11E-07 6.3 17570.0
67. C2H3+H=C2H2+H2 2.00E+13 0.0 2500.0
Reverse Arrhenius coefficients: 1.33E+13 0.0 68080.0
68. C2H2+H(+M)=C2H3(+M) 3.11E+11 0.6 2589.0

Low pressure limit:  0.22540E+41  -0.72690E+01 0.65770E+04
TROE centering: 0.10000E+01  0.10000E-14  0.67500E+03  0.10000E+16

H2 Enhanced by 2.000E+00
H20 Enhanced by 5.000E+00
CcO Enhanced by 2.000E+00
CO2 Enhanced by 3.000E+00
69. C2H2+02=HCCO+OH 2.00E+08 1.5 30100.0
Reverse Arrhenius coefficients: 2.23E+05 15 25400.0
70. C2H2+0O=HCCO+H 1.43E+07 2.0 1900.0
Reverse Arrhenius coefficients: 2.02E+05 2.0 13310.0
71. C2H2+OH=CH2CO+H 2.19E-04 4.5 -1000.0
Reverse Arrhenius coefficients: 2.16E-03 4.5 19660.0
72. CH2CO+H=CH3+CO 1.10E+13 0.0 3400.0
Reverse Arrhenius coefficients: 2.40E+12 0.0 40200.0
73. CH2CO+0O=HCCO+OH 1.00E+13 0.0 8000.0
Reverse Arrhenius coefficients: 1.43E+10 0.0 -1255.0
74. CH2CO+OH=HCCO+H20 1.00E+13 0.0 2000.0
Reverse Arrhenius coefficients: 1.41E+11 0.0 9995.0
75. CH2CO+H=HCCO+H2 2.00E+14 0.0 8000.0
Reverse Arrhenius coefficients: 6.52E+11 0.0 840.0
76. HCCO+OH=HCO+HCO 1.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 2.41E+14 0.0 40360.0
77. HCCO+O=H+CO+CO 8.00E+13 0.0 0.0
Reverse Arrhenius coefficients: 0.00E+00 0.0 0.0
78. HCCO+02=C0O2+HCO 2.40E+11 0.0 -854.0
Reverse Arrhenius coefficients: 1.47E+14 0.0 133600.0
79. H+02=0+0OH 3.55E+15 -0.4 16599.0
80. O+H2=H+OH 5.08E+04 2.7 6290.0

81. H2+OH=H20+H 2.16E+08 1.5 3430.0
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82.
83.

84.

85.

86.

87.

88.
89.
90.
91.
92.

93.

94.

0O+H20=0H+OH
H2+M=H+H+M

H2

H20

CO

CO2
0+0+M=02+M

H2

H20

CO

CO2
O+H+M=0OH+M

H2

H20

CO

CO2

H+OH+M=H20+M

H2
H20
CO
CO2

H+O2(+M)=HO2(+M)
Low pressure limit:

TROE centering:

H2

H20

02

(6{0)

CO2
HO2+H=H2+02
HO2+H=0OH+OH
HO2+0=02+0H

HO2+OH=H20+02
HO2+HO2=H202+02

2.97E+06
4.58E+19
Enhanced by 2.500E+00
Enhanced by 1.200E+01
Enhanced by 1.900E+00
Enhanced by 3.800E+00
6.16E+15
Enhanced by 2.500E+00
Enhanced by 1.200E+01
Enhanced by 1.900E+00
Enhanced by 3.800E+00
4.71E+18
Enhanced by 2.500E+00
Enhanced by 1.200E+01
Enhanced by 1.900E+00
Enhanced by 3.800E+00
3.80E+22
Enhanced by 2.500E+00
Enhanced by 1.200E+01
Enhanced by 1.900E+00
Enhanced by 3.800E+00

1.48E+12
0.63660E+21  -0.17200E+01
0.80000E+00  0.10000E-29

Enhanced by 2.000E+00
Enhanced by 1.100E+01
Enhanced by 7.800E-01
Enhanced by 1.900E+00
Enhanced by 3.800E+00
1.66E+13
7.08E+13
3.25E+13
2.89E+13
4.20E+14

Declared duplicate reaction...

HO2+HO2=H202+02

1.30E+11

Declared duplicate reaction...

H202(+M)=0OH+OH(+M)
Low pressure limit:

TROE centering:
H2

H20

(6{0)

CO2

2.95E+14
0.12020E+18  0.00000E+00
0.50000E+00  0.10000E-29
Enhanced by 2.500E+00
Enhanced by 1.200E+01
Enhanced by 1.900E+00
Enhanced by 3.800E+00

2.0 13400.0

-1.4 104380.0

-0.5 0.0

-1.0 0.0

-2.0 0.0

0.6 0.0
0.52480E+03

0.10000E+31

0.0 823.0
0.0 295.0
0.0 0.0
0.0 -497.0
0.0 11982.0
0.0 -1629.3
0.0 48430.0
0.45500E+05

0.10000E+31
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95. H202+H=H20+0OH 2.41E+13
96. H202+H=HO2+H2 4.82E+13
97. H202+0=0H+HO2 9.55E+06
98. H202+0OH=HO2+H20 1.00E+12

Declared duplicate reaction...
99. H202+0OH=HO2+H20 5.80E+14

Declared duplicate reaction...
100. CO+0O(+M)=CO2(+M) 1.80E+10

Low pressure limit:  0.15500E+25  -0.27900E+01

H2 Enhanced by 2.500E+00

H20 Enhanced by 1.200E+01

CcO Enhanced by 1.900E+00

CO2 Enhanced by 3.800E+00
101. CO+02=C02+0 2.53E+12
102. CO+HO2=C0O2+0OH 3.01E+13
103. CO+OH=CO2+H 2.23E+05
104. HCO+M=H+CO+M 4.75E+11

H2 Enhanced by 2.500E+00

H20 Enhanced by 6.000E+00

CcO Enhanced by 1.900E+00

CO2 Enhanced by 3.800E+00
105. HCO+02=CO+HO2 7.58E+12
106. HCO+H=CO+H?2 7.23E+13
107. HCO+0O=CO+OH 3.02E+13
108. HCO+OH=CO+H20 3.02E+13
109. HCO+0O=CO2+H 3.00E+13
110. HCO+HO2=CO2+OH+H 3.00E+13
111. HCO+CH3=CO+CH4 1.20E+14
112. HCO+HCO=H2+CO+CO 3.00E+12
113. HCO+HCO=CH20+CO 3.00E+13
114. CH20+M=HCO+H+M 3.30E+39

H2 Enhanced by 2.500E+00

H20 Enhanced by 1.200E+01

CcO Enhanced by 1.900E+00

CO2 Enhanced by 3.800E+00
115. CH20+M=CO+H2+M 3.10E+45

H2 Enhanced by 2.500E+00

H20 Enhanced by 1.200E+01

CcO Enhanced by 1.900E+00

CO2 Enhanced by 3.800E+00
116. CH20+H=HCO+H2 5.74E+07
117. CH20+O=HCO+OH 1.81E+13
118. CH20+OH=HCO+H20 3.43E+09

119. CH20+02=HCO+HO?2 1.23E+06

0.0 3970.0

0.0 7950.0

2.0 3970.0

0.0 0.0

0.0 9557.0

0.0 2384.0
0.41910E+04

0.0 47700.0

0.0 23000.0

1.9 -1158.7

0.7 14874.0

0.0 410.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

-6.3 99900.0

-8.0 97510.0

1.9 2748.6

0.0 3080.0

1.2 -447.0

3.0 52000.0
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120. CH20+HO2=HCO+H202 4.11E+04 2.5 10210.0
121. CH20+CH3=HCO+CH4 3.64E-06 54 998.0
122. CH3+O=CH20+H 8.43E+13 0.0 0.0
123. CH3+02=CH30+0 1.99E+18 -1.6 29230.0
124. CH3+02=CH20+0OH 3.74E+11 0.0 14640.0
125. CH3+HO2=CH30+0OH 2.41E+10 0.8 -2325.0
126. CH3+H(+M)=CH4(+M) 1.27E+16 -0.6 383.0
Low pressure limit:  0.24770E+34  -0.47600E+01 0.24400E+04
TROE centering: 0.78300E+00  0.74000E+02  0.29410E+04  0.69640E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
CcO Enhanced by 1.500E+00
CO2 Enhanced by 2.000E+00
127. CH4+H=CH3+H2 5.47E+07 2.0 11210.0
128. CH4+0O=CH3+OH 3.15E+12 0.5 10290.0
129. CH4+OH=CH3+H20 5.72E+06 2.0 2639.0
130. CH3+HO2=CH4+02 3.16E+12 0.0 0.0
131. CH4+HO2=CH3+H202 1.81E+11 0.0 18580.0
132. CH20H+M=CH20+H+M 1.00E+14 0.0 25100.0
133. CH20H+H=CH20+H2 6.00E+12 0.0 0.0
134. CH20H+H=CH3+0OH 9.64E+13 0.0 0.0
135. CH20H+0O=CH20+0H 4.20E+13 0.0 0.0
136. CH20H+OH=CH20+H20 2.40E+13 0.0 0.0
137. CH20H+02=CH20+HO02 2.41E+14 0.0 5017.0
Declared duplicate reaction...
138. CH20H+02=CH20+HO2 1.51E+15 -1.0 0.0
Declared duplicate reaction...
139. CH20H+HO2=CH20+H202 1.20E+13 0.0 0.0
140. CH20OH+HCO=CH30H+CO 1.00E+13 0.0 0.0
141. CH20H+HCO=CH20+CH20 1.50E+13 0.0 0.0
142. 2CH20H=CH30H+CH20 3.00E+12 0.0 0.0
143. CH20H+CH30=CH30H+CH20 2.40E+13 0.0 0.0
144. CH30+M=CH20+H+M 8.30E+17 -1.2 15500.0
145. CH30+H=CH3+0OH 3.20E+13 0.0 0.0
146. CH30+0=CH20+0OH 6.00E+12 0.0 0.0
147. CH30+OH=CH20+H20 1.80E+13 0.0 0.0
148. CH30+02=CH20+HO2 9.03E+13 0.0 11980.0
Declared duplicate reaction...
149. CH30+02=CH20+HO2 2.20E+10 0.0 1748.0
Declared duplicate reaction...
150. CH30+HO2=CH20+H202 3.00E+11 0.0 0.0
151. CH30+CO=CH3+CO2 1.60E+13 0.0 11800.0
152. CH30+HCO=CH30H+CO 9.00E+13 0.0 0.0
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153. 2CH30=CH30H+CH20 6.00E+13 0.0 0.0

154. OH+CH3(+M)<=>CH30H(+M) 2.79E+18 -14 1330.0
Low pressure limit:  0.40000E+37  -0.59200E+01 0.31400E+04
TROE centering: 0.41200E+00  0.19500E+03  0.59000E+04
0.63940E+04

H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
CcO Enhanced by 1.500E+00
CO2 Enhanced by 2.000E+00
155. H+CH20H(+M)<=>CH30H(+M) 1.06E+12 0.5 86.0

Low pressure limit: 0.43600E+32  -0.46500E+01 0.50800E+04
TROE centering: 0.60000E+00  0.10000E+03  0.90000E+05 0.10000E+05

H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
CH4 Enhanced by 2.000E+00
CcO Enhanced by 1.500E+00
CO2 Enhanced by 2.000E+00
156. H+CH30(+M)<=>CH30H(+M) 2.43E+12 0.5 50.0

Low pressure limit:  0.46600E+42  -0.74400E+01 0.14080E+05
TROE centering: 0.70000E+00  0.10000E+03  0.90000E+05  0.10000E+05

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CcO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00
157. CH30OH+H=CH20H+H2 3.20E+13 0.0 6095.0
158. CH30OH+H=CH30+H?2 8.00E+12 0.0 6095.0
159. CH30OH+O=CH20H+0OH 3.88E+05 2.5 3080.0
160. CH3OH+OH=CH30+H20 1.00E+06 2.1 496.7
161. CH3OH+OH=CH20H+H20 7.10E+06 1.8 -596.0
162. CH30H+02=CH20H+HO2 2.05E+13 0.0 44900.0
163. CH30OH+HCO=CH20H+CH20 9.64E+03 2.9 13110.0
164. CH30H+HO2=CH20H+H202 3.98E+13 0.0 19400.0
165. CH30OH+CH3=CH20H+CH4 3.19E+01 3.2 7172.0
166. CH30+CH30OH=CH30OH+CH20H 3.00E+11 0.0 4060.0
167. C8H18=C5H11+C3H7 2.00E+12 0.0 77990.4
168. C7H16=C7H15+H 3.97E+10 -0.9 103200.0
169. C6H5CH2=C5H5+C2H2 1.00E+06 0.0 34879.4
170. C6H5CH2=C4H4+C3H3 8.00E+12 0.0 83376.1
171. CH2+CH2=C2H2+H2 1.20E+13 0.0 800.0
172. CH2+CH2=C2H2+H+H 1.20E+14 0.0 800.0
173. C2H2+0O=CH2+CO 4.05E+05 2.0 1900.0

174. C2H2+0O=C2H+OH 4.60E+19 -1.4 28950.0
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Reverse Arrhenius coefficients:

175. CH2+C2H2=C3H3+H
176. C2H2+CH3=C3H4+H
177. C3H4+H=C3H3+H2
178. C3H3+OH=C2H3+HCO
179. C2H2+C2H3=C4H4+H
180. C3H3+C2H2=C5H5

181. C3H3+02=CH2CO+HCO
182. C3H3+C3H3=A1

183. C3H4+C3H3=A1+H
184. A1=Al-+H

185. Al+H=A1-+H2

186. A1+CH3=>A1-+CH4
187. A1+C3H3=C9H8+H

188. A1+O=C6H50+H

189. A1+OH=C6H50H+H
190. A1-+C4H4=A2+H

191. 2C5H5=A2+2H

192. A1-+C2H2=A1C2H+H
193. A1C2H+H=A1C2H*+H2
194. A1C2H+OH=A1C2H*+H20
195. A2-1+C4H4=A3+H

196. A1+Al1-=P2+H

197. P2+H=P2-+H2

198. P2-+C2H2=A3+H

199. A1C2H*+A1=A3+H
200. A1-+A1C2H=A3+H

201. A3-4+C2H2=A4+H

202. C9H8=C9H7+H

203. COH7+CI9H7=>A4+C2H2+H?2
204. COH7+C5H5=>A3+2H
205. A2+H=>A2-1+H2

206. A3+H=>A3-4+H?2

207. A4+CH3=>A4-1+CH4

3.02E+15
2.40E+13
2.72E+18
1.15E+08
2.00E+13
4.90E+16
6.35E+10
3.00E+10
8.56E+19
4.40E+08
1.29E+62
2.50E+14
4.42E+01
6.26E+09
2.20E+13
1.30E+13
2.50E+29
6.10E+10
2.50E+29
2.50E+14
1.60E+08
2.50E+26
1.10E+23
2.50E+14
4.60E+06
1.10E+24
1.10E+24
1.40E+26
1.73E+68
6.39E+29
6.39E+29
2.20E+07
3.00E+08
2.40E+00

-12.5

-15.2

-1782.0
6620.0
20200.0
7530.0
0.0
11800.0
9995.2
2878.0
1692.0
2000.0
148085.6
16000.0
11463.0
56500.0
4530.0
10600.0
26400.0
4888.3
26400.0
16000.0
1450.0
26400.0
15890.0
16000.0
7300.0
15890.0
15890.0
17800.0
116371.9
35205.5
35205.5
9829.5
9829.5
11771.0
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