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This article presents a chemical mechanism for the high temperature combustion of a wide range of
hydrocarbon fuels ranging from methane to iso-octane. The emphasis is placed on developing an accurate
model for the formation of soot precursors for realistic fuel surrogates for premixed and diffusion
flames. Species like acetylene (C2H2), propyne (C3H4), propene (C3H6), and butadiene (C4H6) play a
major role in the formation of soot as their decomposition leads to the production of radicals involved
in the formation of Polycyclic Aromatic Hydrocarbons (PAH) and the further growth of soot particles.
A chemical kinetic mechanism is developed to represent the combustion of these molecules and is
validated against a series of experimental data sets including laminar burning velocities and ignition
delay times. To correctly predict the formation of soot precursors from the combustion of engine relevant
fuels, additional species should be considered. One normal alkane (n-heptane), one ramified alkane (iso-
octane), and two aromatics (benzene and toluene) were chosen as chemical species representative of
the components typically found in these fuels. A sub-mechanism for the combustion of these four
species has been added, and the full mechanism has been further validated. Finally, the mechanism is
supplemented with a sub-mechanism for the formation of larger PAH molecules up to cyclo[cd]pyrene.
Laminar premixed and counterflow diffusion flames are simulated to assess the ability of the mechanism
to predict the formation of soot precursors in flames. The final mechanism contains 149 species and
1651 reactions (forward and backward reactions counted separately). The mechanism is available with
thermodynamic and transport properties as supplemental material.

 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The fuels used both in aircraft (kerosene) and car engines (gaso-
line and diesel) are composed of a multitude of different molecu-
lar components. These components vary in molecular weight and
exhibit very different structures. Among these species are linear
alkanes such as n-heptane (C7H16), n-decane (C10H22), branched
alkanes such as iso-octane (C8H19), cyclic alkanes such as cyclo-
hexane (C6H12), and aromatics such as benzene (C6H6), toluene
(C7H8), or naphthalene (C8H10). Typical molecules might in fact be
complex combinations of different structural groups.

Modeling all the physical and chemical properties of real fu-
els is challenging as the entire detailed molecular composition of
these fuels is not fully known. As a consequence, real fuels are
represented typically by surrogates [1,2]. In this approach, a blend
of simple hydrocarbon molecules is used, which could reproduce
certain physical properties, such as distillation curves and liquid
density, or chemical properties, such as ignition delay times, lam-
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inar burning velocities, or the formation of pollutants, of the real
fuels.

The combustion of fuels such as diesel, gasoline, or kerosene
leads to the formation of several kinds of pollutants. Soot particles
constitute one of the main pollutants produced in the combus-
tion of these fuels. Past studies have shown the effect of different
molecular species on the sooting point [3] or the yield sooting
indices [4]. For instance, aromatic molecules such as benzene or
toluene are more prone to form soot than alkanes like n-heptane
or iso-octane.

Modeling soot formation from the combustion of different fuel
components generally relies on a detailed chemical mechanism
coupled with a soot model [5,6]. These soot models generally
assume that the inception of the first soot particles occurs by
collision of two Polycyclic Aromatic Hydrocarbons (PAH) [7]. The
particles further grow by collision with other particles or by addi-
tion of mass onto the surface through chemical reactions [8]. Most
models consider that incipient molecules originate in benzene and
grow by addition of carbon atoms following the H-abstraction
C2H2-addition (HACA) mechanism. The same mechanism is usually
used to represent the surface reactions. In this framework, ben-
zene molecules are very important as precursors for larger PAHs.
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At the same time, acetylene plays a major role as the main com-
ponent for the growth of both PAH molecules and soot particles.
Experimental [4] and numerical [9,10] studies have also suggested
the importance of propargyl (C3H3) and allyl radicals (C3H5) in the
formation of benzene and the growth of larger PAH molecules. Un-
derstanding the formation mechanisms of these soot precursors
from the combustion of real fuels is very important in modeling
soot formation.

The purpose of the present work is to develop a single chemical
mechanism for the high temperature combustion of both small and
larger hydrocarbons while predicting soot precursors with good
accuracy. More specifically, the emphasis is placed on the de-
velopment of a chemical mechanism for realistic fuel surrogates
for both premixed and diffusion flames as accurate predictions of
soot precursors in these configuration is crucial for predictions of
emissions from diesel or jet engines. The mechanism starts with
smaller hydrocarbons such as methane (CH4), acetylene (C2H2),
ethylene (C2H4) and ethane (C2H6) as most modeling studies of
soot formation have considered these fuels. Additional hydrocar-
bons such as propyne (C3H4), propene (C3H6), propane (C3H8) and
butadiene (C4H6) are also considered as their decomposition will
lead to radicals involved in the formation of the first aromatic
ring (propargyl C3H3, allyl C3H5 and butadienyl C4H5). Finally, two
alkanes, one normal (n-heptane) and one ramified (iso-octane) as
well as two aromatic species (benzene and toluene) are chosen as
representative candidates of components found in surrogate fuels.

The article is organized as follows. The first part describes the
construction of the chemical mechanism from methane to the four
surrogate components. The second part presents a comparison of
ignition delay times and laminar burning velocities with experi-
mental data for all fuels considered. Finally, the third part analyzes
the formation of soot precursors in several laminar premixed and
counterflow diffusion flames.

2. Chemical mechanism

2.1. Mechanism development

The intent of the present work is to develop a consistent chem-
ical mechanism for the combustion of a large number of species
ranging from methane (CH4) up to large hydrocarbon components
(C7H16, C8H18, . . .) typically found in real fuels. In the develop-
ment of such large chemical models, it is crucial to ensure the self
consistency of the rate parameters, the thermochemical data, and
the various modeling assumptions. The present chemical model
is based on several kinetic mechanisms, each validated for a cer-
tain range of species. Unifying these various models requires great
care, for the rate parameters and thermochemical data for identical
species and reactions can be different.

The chemistry of hydrocarbon species depends strongly upon
the chemistry of smaller hydrocarbon molecules but only weakly
upon larger species. Based on this observation, the present mech-
anism was built in several stages, each of these stages correspond-
ing to a given size and type of hydrocarbon molecules. The mech-
anism is first constructed for small hydrocarbons such as methane
(CH4) and other C2 fuels. Then, kinetic reactions for larger fuels (C3
and C4 species) are added to this mechanism. Finally, the chem-
istry of aromatic species (benzene and toluene) and large alkanes
(n-heptane and iso-octane) are included. When incorporating the
chemistry of a larger molecule to an existing mechanism, only
species and reactions not already present in the mechanism are
added. While this procedure does not ensure full consistency be-
tween all parameters in the model, it undoubtedly improves both
the description of the underlying chemical processes and the pre-
dictions from the chemical model.

During the development of the mechanism, it was found that
the thermochemical properties of several species needed updates.
The properties of some of these species have been recomputed and
are presented in the next section. It was also found that the results
were very sensitive to several reaction rates. Some of these rates
have been updated and are presented in the following sections. In
contrary to the thermochemical properties, no reaction rates were
recomputed in the present work. When available, the best fit to the
most recent experimental data was used. If no experimental data
could be found, the reaction products and rate parameters evalu-
ated from high accuracy ab-initio calculations were used. Finally, in
some rare cases, when neither experimental nor quantum chemi-
cal calculations were available, the rate constants were estimated
from similar reactions involving smaller species. No reaction rates
have been optimized or arbitrarily changed to match experimental
data.

2.2. Thermochemical properties

The thermochemical properties used in the present kinetic
mechanism come from various models [22–29]. During the devel-
opment of the chemical mechanism, it was found that the prop-
erties of some species were outdated and that the results showed
large sensitivities to the properties for some other species. As a
consequence, the thermochemical properties of the most sensitive
species have been re-evaluated.

The approach used in the present work follows the method-
ology used by Blanquart and Pitsch [26] to derive the thermo-
chemical properties of Polycyclic Aromatic Hydrocarbons (PAH).
Therefore, only a brief description of the methodology will be pre-
sented here. The thermochemical properties of the species have
been computed using ab-initio calculations. First, the geometric
structures are optimized with B3LYP//6-311++G(d,p). Then, the heat
capacity and entropy of formation are computed for these struc-
tures. Corrections for hindered rotors are included based on an
explicit evaluation of the torsional potential with MP2//cc-pVDZ.
Finally, the enthalpy of formation of the different species are eval-
uated with the hybrid G3MP2//B3 method. When experimental
measurements of the enthalpies and/or entropies of formation are
available, these values were used in place of the G3MP2//B3 pre-
dictions. The G3MP2//B3 predicted values show some systematic
errors of a few kJ/mol when compared to the experimental data.
Therefore, when no experimental values were available, to improve
the predictions of the enthalpy of formation, corrections based
on isodesmic reactions were applied as previously done by Wang
and Brezinsky [17] for cyclopentadiene derivatives. Table 1 lists the
thermochemical properties of the species that were recomputed in
the present work.

Among these species, the couple cyclopentadiene/cyclopentadi-
enyl radical plays a significant role. The cyclopentadienyl radical
is a typical example of a first-order Jahn–Teller distorted molecule.
Two stable C2v conformations with almost the same energy can be
found: 2B1 and 2A2. Kiefer et al. [18] and later Tokmakov et al. [19]
studied this radical using quantum simulations and estimated the
thermodynamic properties of the cyclopentadiene molecule and its
radical. A proper consideration of this distortion is necessary to
accurately predict the equilibrium constant between the molecule
and its radical. For this reason, the thermodynamic properties and
the rate constant for the reconversion of cyclopentadienyl into cy-
clopentadiene were taken from Kiefer et al. [18] (entropy and heat
capacity of C5H5) and Tokmakov et al. [19] (enthalpy of forma-
tion of both C5H5 and C5H6). These properties were found to have
a significant impact on the burning velocities of aromatic species
such as benzene.
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Table 1
Thermochemical properties of key aromatic species at T = 298 K (recomputed quantities in bold). Heat capacity and entropy in J/mol/K and heat of formation in kJ/mol.

Name Formula C◦
p (298 K) S◦ (298 K) !H◦

f (298 K) Source

vinyl oxy radical CH2CHO 53.8 259.5 18.7 Ref. [11]
acetaldehyde CH3CHO 56.1 263.1 −170.7 Ref. [12]
prop-2-vinylidene C3H2 66.9 257.2 544.5 G3MP2B3
2-propynal C3H2O 63.7 275.1 126.8 G3MP2B3
propargyl radical C3H3 62.9 254.6 339.0 Ref. [13]
allene A-C3H4 59.1 243.3 190.9 Ref. [12]
propyne P-C3H4 60.9 247.9 185.4 Ref. [13]
allyl radical (sym.) A-C3H5 63.4 258.6 166.1 Ref. [14]
allyl radical (sec.) S-C3H5 65.1 271.2 271.7 Iso. Reac.
allyl radical (ter.) T-C3H5 65.1 273.3 254.6 Iso. Reac.
propylene C3H6 65.1 266.8 19.7 Ref. [12]
butadiynyl radical C4H 58.7 249.5 826.5 Iso. Reac.
butadiyne C4H2 71.9 247.6 46.6 Ref. [15]
i-1-butene-3-yne-2-yl radical i-C4H3 78.7 289.1 499.2 Ref. [15]
e-1-butene-3-yne-2-yl radical n-C4H3 72.2 283.6 547.3 Ref. [15]
1-butene-3-yne C4H4 72.7 283.3 295.0 Ref. [16]
cyclopentadienone C5H4O 84.2 291.3 55.2 Ref. [17]
cyclopentadienyl C5H5 84.5 265.6 261.5 Refs. [18,19]
cyclopentadiene C5H6 76.7 274.8 134.3 Ref. [19]
o-benzyne O-C6H4 81.2 284.4 446.0 Ref. [20]
fulvene C5H4CH2 91.6 294.4 224.3 Ref. [12]
p-benzoquinone OC6H4O 109.7 325.0 −115.9 Ref. [21]
benzyl radical A1CH2 108.4 316.6 207.0 Ref. [13]
toluene A1CH3 105.4 321.5 50.0 Ref. [13]
benzaldehyde A1CHO 112.1 335.9 −37.2 Ref. [13]
alkoxy-benzyl A1CH2O 117.0 359.9 122.4 Iso. Reac.
cresol radical OA1CH3 119.2 349.1 15.2 Iso. Reac.
indene C9H8 125.2 336.4 166.1 Iso. Reac.
indenyl radical C9H7 123.6 333.4 286.1 Iso. Reac.
indenone C9H6O 131.9 352.1 69.3 Iso. Reac.
1-naphthyl methylene radical A2CH2 158.7 379.0 285.1 Iso. Reac.
1-methylnaphthalene A2CH3 160.6 376.6 116.9 Ref. [13]

The optimized geometric structures of all species whose ther-
modynamic properties have been re-evaluated are available as sup-
plemental material.

2.3. Small hydrocarbon chemistry

One of the best models for methane combustion to date is the
GRI-MECH v3.0 mechanism [23]. This mechanism already includes
C2 species like acetylene, ethylene and ethane and has been shown
to give very good results for combustion of natural gas. However,
the burning velocities for species like acetylene and ethylene were
not correctly represented. Later, Eiteneer and Frenklach [24] have
extended and optimized a larger mechanism based on the GRI-
MECH v3.0 for combustion of acetylene. More recently, Davis et al.
[22] have reconsidered the combustion of H2/CO and have devel-
oped an optimized mechanism. This mechanism, complemented by
the mechanism of Eiteneer and Frenklach [24], is the starting point
for the current work.

In the original development of the GRI-MECH v3.0 and in the
work of Eiteneer and Frenklach [24] and Davis et al. [22], the
mechanisms were optimized in order to improve the comparison
with experiments. The Arrhenius prefactors of some reactions were
adjusted within the experimental uncertainties to better match a
series of targets. In the present work, several new reactions have
been added and previously present reactions have been updated
with newer experimental or computational evaluation of the rate
constants. As a consequence, the rate constants of some of the re-
actions previously optimized had to be updated. While most of
the reactions listed below only lead to a small incremental im-
provement of the predictions when considered separately, several
reactions were found important for configurations such as ignition
delay times and laminar burning velocities.

Among these reactions, the reaction of hydrogen recombination
with methyl radicals is very important for laminar flame speeds. To
improve the overall agreement with experimental measurements,

the rate constant for this reaction has been revised. Recently, the
high pressure limit rate constant has been evaluated from high-
fidelity quantum calculations by Harding et al. [30]. The calculated
rate constant has a slight temperature dependence and compares
very well with experimental data. The low pressure rate constant
was optimized in the successive versions of the GRI-MECH. In the
present work, a new fit to experimental measurements for the low
pressure rate constant has been derived and used.

To improve the ignition delay times of acetylene, Laskin and
Wang [31] considered a new pathway for the activation of acety-
lene. From quantum calculations, they showed that acetylene
can isomerize into singlet vinylidene H2CC: before reacting with
molecular oxygen.

C2H2 + M ! H2CC: + M, (1)

H2CC: + O2 ! 3-CH2 + CO2, (2)

! 2HCO. (3)

Similar analysis has been performed for ethylene [32] at high
temperatures. Wang considered the 1,2-H shift in ethylene and
the 1,1-H2 elimination from ethylene to form singlet vinylidene
as possible pathways for ethylene activation before reaction with
molecular oxygen

C2H4 + O2 → CH3 + CO2 + H, (4)

C2H4 + M ! H2CC: + H2 + M. (5)

All these reaction pathways have been included in the mechanism
and were found important in the prediction of ignition delay times
of C2H2 and C2H4 [32]. Following the work of Laskin and Wang
[31], the direct reactions of acetylene and ethylene with oxygen
were not included in the mechanism.

The burning velocities of several alkanes, including ethane and
n-heptane, are very sensitive to the reactions of hydrogen addition
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onto acetylene and ethylene to form vinyl and ethyl radicals. These
reactions have been recently recomputed with high fidelity quan-
tum calculations by Miller and Klippenstein [33]

C2H2 + H(+M) ! C2H3(+M), (6)

C2H4 + H(+M) ! C2H5(+M), (7)

and were directly included in the mechanism. The updated rate
constants ultimately lead to an increase of the burning velocity
for ethane (∼7 cm s−1 at φ = 1.0) and n-heptane (∼2 cm s−1 at
φ = 1.0).

Similar quantum calculations have been performed for the re-
action of the hydroxyl radical with acetylene and ethylene [34,35].
The reaction with acetylene was found to yield the same products
as in the original GRI-MECH,

C2H2 + OH ! C2H + H2O, (8)

! HCCOH + H, (9)

! CH2CO + H, (10)

! CH3 + CO. (11)

The branching ratios for the four channels are very similar (from
20% to 40%). The reaction with ethylene leads to the formation of
the ethoxy radical C2H5O in addition to the hydrogen abstraction
pathway

C2H4 + OH ! C2H3 + H2O, (12)

! C2H5O. (13)

This species, which was not included in the original GRI-MECH, is
mainly formed at low temperature (below 1000 K), but the branch-
ing ratio at moderate temperatures (around 1000 K) remains sig-
nificant (about 50%). As a result, this species was included in the
mechanism. This species can also be formed by O-abstraction from
HO2 by ethyl radical [36]

C2H5 + HO2 ! C2H5O + OH, (14)

or by direct addition of oxygen atoms onto ethyl radicals:

C2H5 + O ! C2H5O. (15)

The high pressure limit of the rate constant for this reaction has
been calculated by Harding et al. [37]. In the same work, the high
pressure rate constants for the oxygen atom addition to methyl and
vinyl radicals were also computed. These values were used in the
present mechanism. The ethoxy radical can decompose following
two pathways [38]

C2H5O ! CH3CHO + H, (16)

! CH3 + CH2O. (17)

For high temperature conditions, the reaction rate of the second
channel (CH3 + CH2O) is about twice that of the first channel
(CH3CHO+H). Including the formation and consumption pathways
of ethoxy radical was also found important during the reduction of
the n-heptane mechanism (Section 2.7).

The reaction of oxygen atoms with ethylene has been recently
analyzed by Nguyen et al. [39]. Three main product channels were
considered

C2H4 + O ! CH2CHO + H, (18)

! 3-CH2 + CH2O, (19)

! CH3 + HCO. (20)

The individual rate constants have been fitted between 300 K and
2000 K based on the total rate constant and the individual branch-
ing ratios. The branching ratios were found independent upon
pressure and of the same order, ∼20% for reaction (18), ∼25% for
reaction (19), and ∼45% for reaction (20).

The decomposition of the vinyloxy radical (CH2CHO) plays a
major role in the combustion of C2 species. Recently, Senosiain
et al. [11] calculated the rate constants for the following pathways

CH2CHO ! CH3 + CO, (21)

! CH2CO + H (22)

and found very similar rate constants (∼1:1 branching ratio). In
addition to the previous decomposition pathways included in the
mechanism, the reaction of oxygen atoms with vinoxy radicals was
found to have a very strong sensitivity for several laminar burn-
ing velocities. In the GRI-MECH v3.0 [23], the reaction products as
well as the rate constant were estimated from the isomeric reac-
tion CH3CO + O

CH2CHO + O ! H + 3-CH2 + CO2. (23)

However, the addition of the oxygen atom on the non-terminal car-
bon atom to form a triradical intermediate (H2C · –CHO · O·) seems
unlikely. Therefore, in the present mechanism, this reaction has
been replaced by

CH2CHO + O ! CH2O + HCO, (24)

and the rate constant has been taken from the reaction of oxy-
gen atom with ethyl radical. This change was found to reduce the
burning velocities of ethylene by a few cm s−1 for lean and stoi-
chiometric mixtures.

Several H-abstraction reactions have also been reconsidered in
the light of more recent work. For instance, the rates of the reac-
tions of ethyl radicals with molecular oxygen and methyl radicals
were taken from recent quantum simulations [40,41]

C2H5 + CH3 ! C2H4 + CH4, (25)

C2H5 + O2 ! C2H4 + HO2. (26)

Miller et al. [40] showed that the reaction of ethyl radicals with
molecular oxygen can simply be modeled by the H-abstraction
path at high temperatures since the direct addition of O2 onto the
radical occurs only at low temperatures. The rate constant for the
H-abstraction channel was evaluated from high quality ab-initio
calculation by Miller et al. [40]. This rate is a factor of four smaller
than the original rate from the GRI-MECH. Some results such as
burning velocities were found to be only weakly sensitive to this
rate. However, ignition delay times of n-heptane depend strongly
on this rate and were found to be too short with the original rate
from GRI-MECH.

Most of the H-abstraction reactions from ethane have been up-
dated with more recent values [42–45]

C2H6 + H ! C2H5 + H2, (27)

C2H6 + OH ! C2H5 + H2O, (28)

C2H6 + HO2 ! C2H5 + H2O2, (29)

C2H6 + CH3 ! C2H5 + CH4. (30)

Finally, the ethane decomposition reaction has been reinvestigated
recently using shock tube experiments [46]

C2H6(+M) ! 2CH3(+M). (31)

The new rate constant has been used in the present mechanism.
During the compilation of the chemical mechanism, the reac-

tion rates of a few reactions were found to exceed the collision
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limit at room temperature and were therefore updated. However,
it was found that the results were insensitive to these changes.
For instance, to describe hydrogen abstraction by oxygen atoms on
acetylene, the reverse reaction is used with the rate constant rec-
ommended by Tsang and Hampson [47]

C2H + OH ! C2H2 + O. (32)

The recombination rate of the methyl with the formyl radical
was estimated to be k = 5 · 1013 cm3 s−1 mol−1. Using the reaction
equilibrium constant, the backward rate constant can be evaluated
and was found to be within the uncertainties of the recommended
value of Baulch et al. [45]

CH3 + HCO ! CH3CHO. (33)

2.4. C3 and C4 chemistry

While the original GRI-MECH v3.0 already included a skeleton
mechanism for combustion of propane, the mechanism did not
include the formation of smaller C3 species like propene (C3H6),
propyne (HCCCH3) and allene (CH2CCH2). The mechanism devel-
oped by Eiteneer and Frenklach [24] already includes propene, the
C3H4 isomers, and most of the high temperature reactions impor-
tant for C3 species. This mechanism has been supplemented by a
C4 submechanism taken from Hidaka et al. [48] and Laskin et al.
[25]. Some of the reactions have been updated while others have
been added to account for more recent data. Only a brief descrip-
tion of the main reactions will be given here.

2.4.1. C3 chemistry
The formation of C3 species from small hydrocarbons is con-

sidered through a series of reactions. Marinov et al. [49] proposed
the methyl addition to acetylene which leads to the formation of
both C3H4 and C3H5 isomers. Later, Davis et al. [50] evaluated the
rate parameters for several reactions on the C3H5 potential energy
surface. More recently, Miller et al. [51] re-evaluated the rate con-
stants using the master-equation methodology for the following
reactions

C2H2 + CH3 ! p-C3H4 + H, (34)

! a-C3H4 + H, (35)

! s-C3H5. (36)

Given the importance of these pathways for the formation of soot
precursors (see Fig. 13), the more advanced quantum calculations
of Miller et al. [51] were considered. The rate constants for the first
two reactions are only weakly pressure dependent and the rates
at P = 1 bar were used in the mechanism. For the last reaction,
the rate depends strongly on pressure, and thus two rate constants
have been included in the mechanism (P = 1 bar and P = 10 bar).
Other product channels were found to be unimportant.

The reaction of acetylene with singlet methylene radicals is an-
other important source of C3 species. Several quantum calculation
[52,53] of this reaction showed that the reaction first leads to the
formation of cyclopropene and then allene or propyne, which will
ultimately decompose into propargyl radicals

C2H2 + 1-CH2 ! C3H3 + H. (37)

Blitz et al. [52] measured the reaction rate experimentally. More
recently, Yu and Muckerman [53] performed detailed calculations
of the reaction and evaluated the rate constant and found only a
weak temperature dependence. Thus, the rate used in the mecha-
nism is taken to be constant k = 1.94 · 1014 cm3 mol−1 s−1.

In combustion of propene (C3H6) in laminar premixed flames,
a strong sensitivity of the burning velocities towards the rate of

Table 2
Rate coefficients at P = 1.33 bar for reactions on the C3H6 potential energy surface
in Arrhenius form (k = AT n exp(−E/RT )). Units are cm3, K, mol, s and kJ.

Reaction A n E T [K]
C3H6 ! C2H3 + CH3 4.04 · 1042 −7.67 467.90 500–2400
C2H3 + CH3 ! a-C3H5 + H 1.93 · 1018 −1.25 32.09 500–2400
a-C3H5 + H ! C3H6 5.93 · 1054 −11.76 98.53 900–3000

hydrogen recombination with allyl radicals was observed. As a con-
sequence, the rate constant has been re-evaluated. Stoliarov et al.
[54] studied the C3H6 potential energy surface and considered sev-
eral reactions

C3H6 ! C2H3 + CH3, (38)

C2H3 + CH3 ! a-C3H5 + H, (39)

a-C3H5 + H ! C3H6. (40)

The rate constants for the first two reactions were fitted at P =
1.33 bar in the temperature range 500–2400 K. More recently,
Harding et al. [55] evaluated the high pressure limit rate constant
for the recombination of allyl radical with hydrogen using high fi-
delity quantum calculations. This rate constant together with the
fall-off behavior predicted by Stoliarov et al. [54] was used in the
present mechanism. The fitted rate constants for the three reac-
tions are shown in Table 2.

Oehlschlaeger et al. [46] measured from shock tube experi-
ments the rate constant of the propane decomposition to ethyl and
methyl radicals

C3H8(+M) ! C2H5 + CH3(+M), (41)

which is used in the present mechanism. Recently, the C3H4 po-
tential energy surface has been investigated by Miller and Klip-
penstein [56]. Three main reactions have been considered and the
rate constants from that work are used in the current mechanism

C3H3 + H ! C3H2 + H2, (42)

! p-C3H4, (43)

! a-C3H4, (44)

a-C3H4 ! p-C3H4. (45)

These reactions are very important for they describe the conver-
sion of the C3H4 isomers into propargyl radicals which would ulti-
mately lead to the formation of the first aromatic ring. The triplet
C3H2 was found to be the most stable species resulting from the
above reactions. During the development of the chemical model,
other reactions involving the C3H4 isomers were found impor-
tant. More specifically, the laminar burning velocities of propyne
(p-C3H4) for rich mixtures (φ > 1.2) and the yield of propyne and
allene (a-C3H4) in various premixed and diffusion flames are very
sensitive to the rates of the following H-abstraction reactions

p-C3H4 + H ! C3H3 + H2, (46)

a-C3H4 + H ! C3H3 + H2, (47)

p-C3H4 + OH ! C3H3 + H2O, (48)

a-C3H4 + OH ! C3H3 + H2O. (49)

In the absence of direct experimental measurements of these rates,
the rate constants for these reactions were taken from similar re-
actions on ethane (C2H6) and ethylene (C2H4).

The reaction of propargyl radicals with molecular oxygen has
been calculated theoretically by Hahn et al. [57]. Master equation
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calculations, in agreement with experiments, suggest that the re-
action proceeds as

C3H3 + O2 ! CH2CO + HCO (50)

at high temperature. This pathway is one of the major con-
sumption pathways of propargyl radicals and was included in the
present chemical model. The reactions of propargyl radicals with
other oxygenated species remain unknown and were therefore es-
timated from similar reactions with acetylene and ethylene. For
instance, the following reactions are included in the present mech-
anism

C3H3 + OH ! C2H3CHO, (51)

C3H3 + OH ! C2H4 + CO, (52)

C3H3 + OH ! C3H2 + H2O, (53)

C3H3 + OH ! CH2O + C2H2. (54)

2.4.2. C4 chemistry
Several pathways have been identified producing C4 species

from smaller hydrocarbons. The reaction of addition of ethynyl on
acetylene was already included in the mechanism from Eiteneer
and Frenklach [24]. Three possible products were considered

C2H2 + C2H ! n-C4H3, (55)

! i-C4H3, (56)

! C4H2 + H. (57)

The rate constants for the formation of the C4H3 isomers showed a
strong temperature dependence. Ceursters et al. [58] observed that
the addition of ethynyl radicals on acetylene does not exhibit any
temperature dependence in the temperature range 295 K < T <
800 K. Furthermore, they found from CCSD(T) calculations that the
addition to form n-C4H3 is barrier-less, thus justifying the absence
of temperature dependence. Therefore, only the addition reaction
to form n-C4H3 was considered in the present mechanism, and the
rate constant measured by Ceursters et al. [58] has been used.

The direct addition of hydrogen atoms onto diacetylene mole-
cules is here described following results from high quality quan-
tum simulations by Miller and Klippenstein [59] for the reactions

C4H2 + H ! n-C4H3, (58)

C4H2 + H ! i-C4H3. (59)

Recently, Senosiain et al. [60] studied the reaction of hydroxyl rad-
ical with diacetylene. In addition to the hydrogen abstraction path,
they found that the reaction could lead to the formation of two
stable species C3H3 and C4H2O. In the current mechanism, the
second minor pathway (C4H2O) has been lumped with the first
(C3H3) as the reaction of decomposition of C4H2O are unknown

C4H2 + OH ! C4H + H2O, (60)

! C3H3 + CO. (61)

Reactions of simple radicals (H, OH, O) with diacetylene and viny-
lacetylene have been updated by considering similar reactions with
acetylene and ethylene molecules.

Most of the reactions forming other C4 species have been up-
dated in light of recent quantum simulations. For instance, Miller
et al. [61] studied the reaction of addition of acetylene and vinyl
radicals. They found that this reaction proceeds first through the
formation of the n-C4H5 radicals

C2H2 + C2H3 ! n-C4H5. (62)

Table 3
Rate coefficient for the recombination of cyclopentadienyl radicals in Arrhenius form
(k = AT n exp(−E/RT )). Units are cm3, K, mol, s and kJ.

Reaction A n E

C5H5 + C5H5 ! C10H8 + 2H 6.39 · 1029 −4.03 147.30

The reaction rate they evaluated was used in the present mech-
anism. This reaction was found very important in predicting
the laminar burning velocities of butadiene (C4H6) and benzene
(C6H6). The reaction of vinyl addition onto ethylene has been stud-
ied by Shestov et al. [62]

C2H4 + C2H3 ! 1,3-C4H6 + H. (63)

The rates of reaction computed from quantum calculations have
been used for these two reactions.

Finally, the reactions of molecular oxygen with butadienyl radi-
cals were derived from similar reactions with vinyl radical

n-C4H5 + O2 ! C4H4 + HO2, (64)

→ a-C3H5 + CO + O, (65)

! HCO + C2H3CHO, (66)

i-C4H5 + O2 ! C4H4 + HO2. (67)

2.5. Aromatic chemistry

A base mechanism for combustion of aromatic species has been
derived from the work of Djurisic and Wang [63,64] for the oxida-
tion of benzene, the work of Zhong and Bozzelli [65,66] for the
oxidation of cyclopentadiene, and the work of Oehlschlaeger et al.
[67] for the oxidation of toluene.

2.5.1. Cyclopentadiene chemistry
Most of the reactions for the chemistry of cyclopentadiene were

taken from the work of Zhong and Bozzelli [65,66]. However, some
key reactions for the cyclopentadiene pyrolysis have been updated.
The rate for the reactions of hydrogen atoms with cyclopentadiene
were taken from Roy and Just [68]

C5H6 + H ! C5H5 + H2, (68)

C5H6 + H ! a-C3H5 + C2H2. (69)

The rate for the recombination of propargyl radicals with acetylene
molecules was taken from Knyazev and Slagle [69]

C3H3 + C2H2 ! C5H5. (70)

The recombination of cyclopentadienyl radicals leading to the
formation of naphthalene was originally proposed by Marinov
et al. [49]

C5H5 + C5H5 → C10H8 + 2H. (71)

This scheme has been the subject of several studies [70–72], but
no consensus is available for the rate constant of the reaction. Re-
cently, this reaction has been studied both experimentally [73] and
numerically [74]. Kislov and Mebel [74] found that this reaction
leads to the formation of naphthalene at low temperatures and
fulvalene at high temperatures. Their branching ratio together with
the total rate constant from Murakami et al. [73] has been used to
evaluate the rate constant of naphthalene formation (Table 3). This
new rate constant is used in the present work for the naphthalene
pathway which is of key importance for larger PAH formation. The
combination of the total rate constant of Murakami et al. [73] and
the branching ratios of Kislov and Mebel [74] was found necessary
to reproduce the concentration of naphthalene in cyclopentadiene
pyrolysis in plug flow reactors [75] (results not shown here).
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The oxidation of cyclopentadiene leads to the formation of
several intermediate species like cyclopentadienoxy radicals (1,3-
C5H5O and 2,4-C5H5O), cyclopentadienone (C5H4O), and vinyl
ketene (C4H4O). Reaction rates for those species were estimated
from similar reactions with smaller hydrocarbon molecules.

2.5.2. Benzene chemistry
In the current mechanism, the formation of benzene molecules

occurs following two pathways. The first pathway, originally inves-
tigated by Wang and Frenklach [76], corresponds to the acetylene
addition onto C4H3 or C4H5 radicals. In certain flames, such as
the acetylene diffusion flame discussed in Section 4.2, these path-
ways can represent about half of the total formation rate of ben-
zene. Therefore, it is important to include the best description of
the rate constants. Recently, high fidelity ab-initio calculations for
this reaction have been performed by Senosiain and Miller [77]
on the acetylene addition onto the C4H5 isomers. The reaction
with n-C4H5 was found to produce mainly benzene and fulvene
(C5H4CH2)

n-C4H5 + C2H2 ! C5H4CH2 + H, (72)

! C6H6 + H, (73)

while the reaction with i-C4H5 was found to produce mainly ful-
vene

i-C4H5 + C2H2 ! C5H4CH2 + H. (74)

Other linear C6H6 molecules are formed during these reactions
especially at higher temperatures (T > 2000 K) but were not con-
sidered in the present mechanism. These reaction rates are several
times larger than the original values from Wang and Frenklach
[76] and were found very sensitive for the production of the first
aromatic ring in an acetylene rich environment. The reactions of
acetylene with the C4H3 isomers were taken from Wang and Fren-
klach [76].

The second pathway towards the formation of benzene mole-
cules is the self-recombination of propargyl radicals (C3H3) or the
reaction of propargyl radicals with allyl radicals (a-C3H5). These
resonantly stabilized free radicals (RSFR) are usually found in sig-
nificant concentrations in flames. Miller and Klippenstein [9] stud-
ied the C6H6 potential energy surface and found the following
reactions to be important

C3H3 + C3H3 ! C5H4CH2, (75)

! C6H6, (76)

! C6H5 + H, (77)

C5H4CH2 ! C6H6, (78)

! C6H5 + H. (79)

More importantly, they found that the recombination rate is not
constant with temperature as usually assumed but rather de-
creases with increasing temperature. Recently, Georgievskii et al.
[78] computed the association rate constant for the reaction of
propargyl recombination using high fidelity quantum calculations.
In the present mechanism, the rate constants are evaluated from
the branching ratios listed in [9] and the total rate constant given
in [78].

One additional molecule, the 2-ethynyl-1,3-butadiene, was
found important [9]. However, this species isomerizes quickly into
fulvene. Thus, its reaction of formation has been lumped with that
of fulvene.

Finally, the reaction of propargyl with allyl radicals is assumed
to follow

C3H3 + a-C3H5 ! C6H6 + H2. (80)

Table 4
Rate coefficients for the formation of the first aromatic ring from the recombination
of resonantly stabilized radicals in Arrhenius form (k = AT n exp(−E/RT )). Units are
cm3, K, mol, s and kJ.

Reaction P [bar] A n E

C3H3 + C3H3 ! C5H4cH2 1 8.25 · 1046 −10.10 70.96
10 5.53 · 1042 −8.77 66.38

! C6H6 1 1.07 · 1045 −9.57 71.19
10 7.17 · 1040 −8.24 66.61

! C6H5 + H 1 5.77 · 1037 −7.00 131.82
10 3.87 · 1033 −5.67 127.24

a-C3H5 + C3H3 ! C6H6 + H2 1 1.64 · 1044 −9.20 63.40
10 1.10 · 1040 −7.87 58.82

Georgievskii et al. [78] evaluated the high pressure limit of the
association reaction. The reaction is assumed to exhibit the same
pressure fall-off behavior as for propargyl self-recombination. As a
result, the reaction rate at atmospheric pressure is evaluated using
the high pressure limit for reaction (80) and the ratio of atmo-
spheric to high pressure rates for the reaction C3H3 + C3H3. The
rates for reactions (75)–(80) at P = 1 bar and P = 10 bar are listed
in Table 4. However, these rate constants are most likely overes-
timated as they do not account for the slow chemical conversion
of C6H8 species into a C6H6 species. Furthermore, during the val-
idation of the present model with experimental data, these rate
constants were found to lead to the formation of an excess of ben-
zene molecules. Reducing the rate constants for the recombination
of allyl and propargyl radicals by a factor of two was found to lead
to better comparison with experimental data. While this reduced
rate has been used in the present mechanism, further analysis of
this reaction should be considered.

The base mechanism for the oxidation of benzene was taken
from the work of Djurisic and Wang [63]. Several reactions have
been changed and updated in light of newer experimental mea-
surements or ab-initio calculations. For instance, the reactions of
benzene with OH radicals have been investigated by Tokmakov and
Lin [79] and Seta et al. [80]

C6H6 + OH ! C6H5 + H2O, (81)

! C6H5OH + H. (82)

The rate for oxygen addition to benzene is assumed to follow two
pathways

C6H6 + O ! C6H5O + H, (83)

! C6H5OH. (84)

Other products such as C5H5 + HCO and C5H6 + CO have been
considered in previous studies of this reaction [81,82]. However,
recent quantum chemical calculations suggest that these pathways
are marginal or unimportant under the present temperature and
pressure conditions [83]. The total rate constant has been taken
from Nguyen et al. [83], but the branching ratio between the two
pathways (reactions (83) and (84)) is not known. Therefore, equal
branching ratio was assumed between the two pathways as sug-
gested by Baulch et al. [45]. The reaction of decomposition of
phenol has been investigated by Xu and Lin [84]

C6H5OH ! C6H5O + H, (85)

! C5H6 + CO (86)

and is used here. Finally, the rate of phenoxy radical decomposition
is taken from the experimental study by Murakami et al. [85]

C6H5O ! C5H5 + CO. (87)
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2.5.3. Toluene chemistry
The base mechanism for toluene oxidation has been derived

from the work of Oehlschlaeger et al. [67]. Some reactions have
been updated to account for newer results. For instance, the reac-
tion of toluene decomposition has been recently studied by Klip-
penstein et al. [86]

C6H5CH3 ! C6H5 + CH3, (88)

! C6H5CH2 + H, (89)

C6H5CH2 + H ! C6H5 + CH3. (90)

The formation of benzyl radicals was found to be between two and
three times faster than the formation of phenyl radicals.

As benzyl radicals are resonantly stabilized radicals, they are
found in large concentrations in flames. As a result, it is impor-
tant to accurately describe both their formation and their decom-
position. While the rate of the decomposition reaction has been
measured recently by Oehlschlaeger et al. [87], the product dis-
tribution is not fully known. Several possible products have been
suggested in the literature for the decomposition of benzyl radical
[87,88] such as cyclopentadienyl radical plus acetylene, vinylacety-
lene (C4H4) plus propargyl, or a linear C7H6 molecule. Ab-initio
calculations [88] suggest that the pathway leading to the forma-
tion of cyclopentadienyl is certainly one of the most important.
Furthermore, the reaction of acetylene addition onto cyclopentadi-
enyl radicals was found to produce a C7H7 radical [69]. Therefore,
in the current mechanism, benzyl is assumed to decompose as

C6H5CH2 ! C5H5 + C2H2. (91)

As a resonantly stabilized free radical (RSFR), the benzyl radical
is very stable and is found in significant concentration in flames.
Furthermore, its chemical structure is very similar to that of allyl
radicals. As suggested by McEnally et al. [72], benzyl radicals can
react with propargyl to form naphthalene

C6H5CH2 + C3H3 → C10H8 + H2. (92)

The real product of the above reaction should be a C10H10 species.
Through H-abstraction reactions, this molecule is assumed to
transform into naphthalene. The rate of the reaction of allyl radi-
cals with propargyl has been used for this reaction. This pathway
was found to be a significant source of naphthalene molecules.

Other reactions relevant to the oxidation of toluene have been
updated. The reaction of OH radical with toluene is assumed to
follow three pathways

C6H5CH3 + OH ! C6H5CH2 + H2O, (93)

! HOC6H4CH3 + H, (94)

! C6H5OH + CH3. (95)

The rate for H-abstraction from the methyl group of toluene has
been taken from Vasudevan et al. [89], while the H and CH3-
substitution rates were taken from Seta et al. [80]. Among these
pathways, the H-abstraction from the methyl group is much faster
(∼10 times) than the substitutions.

Recently, Choi et al. [90] and Xia and Lin [91] studied the de-
composition of the C6H5CH2O radical on the C7H7O potential en-
ergy surface and considered the following reactions

C6H5CH2O ! C6H5CHO + H, (96)

C6H5 + CH2O ! C6H6 + HCO, (97)

! C6H5CHO + H, (98)

! C6H5CH2O. (99)

Rates derived by ab-initio calculations were used in the present
mechanism. These rates were evaluated at different pressure than
atmospheric pressure. However, the present results were found to
be marginally dependent upon the rate constants, and no addi-
tional evaluation of the rate constants for atmospheric combustion
was performed. The rates for the reaction of C6H5CHO were taken
from similar reactions with CH3CHO. Finally, cresol molecules were
considered and the rates for the relevant reactions were taken
from the chemistry of benzene and phenol molecules.

2.6. Large PAH chemistry

In order to be used in soot models, the kinetic scheme is sup-
plemented by a mechanism for the growth of Polycyclic Aromatic
Hydrocarbon (PAH) molecules beyond benzene. This mechanism is
based on several reaction pathways. The first path corresponds to
the HACA mechanism [8]. Aromatic rings composed of six carbon
atoms are formed from the successive addition of two acetylene
molecules. The rate of acetylene addition on a radical molecule
like phenyl or naphthyl is taken from Kislov and Mebel [92].
The second path is the addition of propargyl radicals on substi-
tuted aromatic molecules [10,72]. For instance, naphthalene can
be formed by the addition of propargyl on a benzyl radical. The
rate of propargyl addition is taken from Miller and Klippenstein [9]
and Georgievskii et al. [78] as was done for similar reactions with
C3H3 and a-C3H5. The third path is the addition of vinylacetylene
(C4H4) on an aromatic radical followed by direct cyclization [93,
94]. The channel entrance rate computed by Aguilera-Iparraguirre
and Klopper [94] has been used in the mechanism. Finally, the last
reaction pathway corresponds to the recombination of cyclopenta-
dienyl radicals to form naphthalene or the reaction of cyclopenta-
dienyl and indenyl radicals to form phenanthrene [10]. The ther-
modynamic properties for the different PAH molecules up to cy-
clo[cd]pyrene were taken from the recent compilation of Blanquart
and Pitsch [26]. Some of the reaction rates leading to the formation
of large PAH molecules are pressure dependent. For this reason, the
present mechanism includes rate constants at two nominal pres-
sures, P = 1 bar and P = 10 bar, when necessary.

2.7. n-Heptane and iso-octane chemistry

The description of the n-heptane and iso-octane combustion
chemistry has been taken from the Lawrence Livermore National
Laboratories (LLNL) mechanisms developed for n-heptane by Cur-
ran et al. [27] and for iso-octane by Curran et al. [28]. However,
these mechanisms are very large and include many species and
reactions relevant to the low temperature oxidation of hydrocar-
bons that are not important for the high temperature conditions
considered in this work. To remove the low temperature chem-
istry and negligible chemical paths, both the n-heptane and iso-
octane mechanisms were reduced independently using the DRGEP
method developed by Pepiot-Desjardins and Pitsch [95]. Reduction
was performed for the homogeneous, isochoric, and adiabatic auto-
ignition of mixtures of fuel and air, for temperatures between 1000
and 2000 K, pressures between 1 and 40 bar, and equivalence
ratios ranging from 0.5 to 2. The targets used for the reduction
included the ignition delay time, fuel, oxidizer, and main combus-
tion products. The DRGEP reduction procedure was complemented
by appropriate species and reactions lumping, guided by a thor-
ough reaction flux analysis.

Because the resulting skeletal mechanisms have species and re-
actions in common that are already included in the mechanism
developed in the previous sections, the schemes must be com-
bined carefully. The following rules were applied: Any species or
reactions not already present in the current mechanism were sim-
ply added. Additionally, when identical reactions were available,
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the reactions of the current mechanism were preferred over the
reactions from the skeletal LLNL mechanisms. The resulting final
mechanism consists of 149 species and 1651 reactions, forward and
backward reactions being counted separately, of which 14 species
and 84 reactions come from the n-heptane LLNL mechanism and
14 species and 73 reactions from the iso-octane LLNL mechanism.

3. Validation results

Laminar burning velocities and ignition delay times were cho-
sen as targets for the validation of the presented chemical mech-
anism. The combination of these data provides a good test for
the developed mechanism. These two cases also represent possible
modes of combustion often found in engines: flame front propa-
gation and local thermal ignition. In addition, in the next section,
species profiles are compared with experiments for a series of pre-
mixed and diffusion flames.

Note that, although the low temperature auto-ignition chem-
istry has been neglected and consequently will not be tested here,
it is still possible to extend the present mechanism by including
appropriate reactions from the LLNL detailed chemical schemes. All
numerical simulations have been performed with the FlameMaster
code V4.0 [96].

3.1. Ignition delay times

In order to validate the mechanism over a large range of equiv-
alence ratios, auto-ignition simulations, modeled by isochoric and
adiabatic homogeneous reactors, are performed for lean (φ = 0.5),
stoichiometric (φ = 1.0), and rich (φ = 2.0) mixtures for condi-
tions and fuels for which experimental data are available. In the
numerical simulations, ignition was defined by the location of the
maximum temperature gradient, unless specifically noted. Most of
the simulations were done around atmospheric pressure, with the
exception of those for n-heptane and iso-octane which were done
at much higher pressures (up to 40 bar). When several experimen-
tal data sets exist for the same equivalence ratio and pressure, the
most recent data set is used.

3.1.1. Small hydrocarbons
The experimental data for the ignition delay times of small hy-

drocarbons were taken from Seery and Bowman [97] for methane
combustion, from Hidaka et al. [98] (φ = 2.0) and Rickard et al.
[99] (φ = 0.5 and φ = 1.0) for acetylene combustion, from Hidaka
et al. [100] (φ = 0.5 and φ = 2.0) and Horning [101] (φ = 1.0)
for ethylene combustion, and from de Vries et al. [102] for ethane
combustion. The ignition delay times for the case of ethane were
evaluated numerically as the onset of OH and CH increase as it
was defined in the experimental setup of [102].

Fig. 1 shows the ignition delay times for the small hydrocarbons
predicted with the current mechanism. For methane, acetylene,
and ethylene, the ignition delay times compare very well with the
experimental data. On the other hand, the computed ignition de-
lay times for ethane show slight deviations from the experimental
measurements. The ignition delay times predicted with the current
mechanism for the lean case (φ = 0.5) are smaller than measured
experimentally. However, the experimental measurements suffer
from some scatter, and the overall prediction remains very good.

3.1.2. C3 and C4 species
The experimental data for the ignition delay times for C3 and

C4 species are taken from Curran et al. [103] for propyne and al-
lene combustion, from Qin et al. [104] for propene combustion,
from Brown and Thomas [105] (φ = 1.0) and Burcat et al. [106]
(φ = 0.5 and φ = 2.0) for propane combustion, and from Libby et
al. [107] (φ = 0.5 and φ = 1.0) and Fournet et al. [108] (φ = 1.38)

for butadiene combustion. The ignition delay times for lean and
rich propane as well as for rich butadiene mixtures were per-
formed at a slightly higher pressure than the other simulations
(P ≈ 10 bar).

Fig. 2 shows the ignition delay times predicted with the cur-
rent mechanism. In spite of a short chemical mechanism for the
combustion of the C3 and C4 species, the comparison of the re-
sults of the numerical simulations with the experimental values
is very good in almost all cases. However, butadiene ignition at
high pressure (P = 10 bar) and rich mixtures shows some errors.
Similar errors were also found by Laskin and Wang [25]. They con-
cluded that the butadiene ignition data of Fournet et al. [108] are
potentially erroneous, due to an inaccurate calculation of the tem-
perature behind reflected shock waves. Another source of error
might come from using rate constants derived from quantum cal-
culations at atmospheric pressure [109]. While these rate constants
might be inaccurate for higher pressures, they should be revisited
once new experimental data confirm the measurements of Fournet
et al. [108].

3.1.3. Aromatics
Experimental data for the ignition delay times for the two aro-

matic species are taken from Burcat et al. [110] for benzene com-
bustion and from Burcat et al. [110] (φ = 0.33 and φ = 1.0) and
Dagaut et al. [111] (φ = 1.5) for toluene combustion.

Fig. 3 shows the ignition delay times predicted with the cur-
rent mechanism. For both benzene and toluene, the ignition delay
times for stoichiometric mixtures are in excellent agreement with
the experimental measurements. However, there are some errors
for lean and rich mixtures. Lean mixtures tend to ignite too late
while rich mixtures tend to ignite too early. Although the model
correctly captures the trend of increasing ignition delay times for
richer mixtures, this dependance is found to be too weak for the
present chemical scheme. Since toluene exhibits the same ten-
dency as benzene, one could stipulate that these discrepancies
originate in the description of the reactions on the aromatic ring.
Given the large experimental uncertainties in several key reactions
and the lack of conclusive ab-initio calculations, the present re-
sults remain very good (less than 50% relative error for lean and
rich mixtures).

3.1.4. n-Heptane and iso-octane
The experimental data for the ignition delay times of n-heptane

were taken from Ciezki and Adomeit [112] and Gauthier et al. [113].
The ignition delay times of Gauthier et al. [113] were rescaled
to P = 3.2 bar, P = 13.5 bar, and P = 42 bar as suggested in
Ref. [113]. For iso-octane, the data were taken from Fieweger et al.
[114] and Davidson et al. [115].

Fig. 4 shows the ignition delay times predicted with the current
model and with the original chemical mechanisms from Curran
et al. [27,28]. Since the n-heptane and iso-octane chemistry of the
current mechanism comes from the LLNL mechanisms, the igni-
tion delay times are expected to be very close to those predicted
with the detailed LLNL mechanisms. However, as the low temper-
ature chemistry was removed during the chemical reduction, the
numerical simulations should only be compared to the experimen-
tal measurements at high temperature.

As expected, the ignition delay times for iso-octane combustion
are in close agreement with those predicted with the detailed LLNL
mechanism. Furthermore, the comparison with experimental mea-
surements is very good. Similar conclusions can be drawn for hep-
tane combustion. For lean mixtures, the ignition delay times pre-
dicted with the current mechanism and the LLNL mechanism are
about the same. As the equivalence ratio increases, the differences
between the two mechanisms increase. It should be noted that
these differences arise from the combination of the n-heptane and
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Fig. 1. Ignition delay times for small hydrocarbons. References for experimental data are given in the text.

iso-octane mechanisms with a different base scheme and not from
the reduction of the original mechanisms. The current mechanism
predicts ignition delay times usually lower than the LLNL mech-
anism. However, these predictions are closer to the experimental
measurements, and the error is hence within the predictive accu-
racy of the original mechanism. At low temperatures, T < 1000 K
for n-heptane and T < 1100 K for iso-octane, the experimental
data start to show a negative temperature coefficient (NTC) be-
havior. This behavior is not captured by the present mechanism
as the low temperature chemistry has been omitted. Furthermore,
at these low temperatures, the prediction of ignition delay might
be affected by non-ideal effects [116], thus partially explaining the
differences between experimental and numerical results.

3.2. Laminar burning velocities

3.2.1. Numerical methods
Laminar burning velocities were computed numerically for all

fuels for which experimental data are available and compared to
measurements. The laminar burning velocities were evaluated as
the eigenvalue of a system of 1D ordinary differential equations
describing an adiabatic unstretched premixed flat flame [96]. Soret
and Duffour effects were included in the calculations as well as re-
cent improvements in the evaluation of the diffusion coefficients of
H and H2 [117,118]. Because of the large size of the chemical mech-
anism, multicomponent transport properties could not be used and
were replaced by mixture averaged properties as described in [96].
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Fig. 2. Ignition delay times for C3 and C4 hydrocarbons. References for experimental data are given in the text.

Finally, to ensure that the numerical results were independent of
the grid resolution, the simulations were performed using second
order central differencing for the convective and diffusion terms
with a grid of more than 200 points. Most of the calculations were
done at atmospheric pressure and room temperature. Some addi-
tional cases were simulated at higher temperatures (up to 450 K)
and pressures (up to 25 bar).

3.2.2. Small hydrocarbons
The experimental values for the laminar burning velocities for

small hydrocarbon fuels were taken from several data sets includ-
ing Egolfopoulos et al. [119], Vagelopoulos and Egolfopoulos [120],
Hassan et al. [121], Hirasawa et al. [122], Rozenchan et al. [123],
Bosschaart and de Goey [124], Jomaas et al. [125], and Kumar et al.
[126]. Fig. 5 shows the burning velocities for methane, acetylene,
ethylene, and ethane. The overall agreement with experimental
data is excellent for all cases except for acetylene. The present

mechanism shows significant improvement over the original GRI
mechanism v3.0 [23], especially for the combustion of ethylene for
which the laminar burning velocity at φ = 1.0 was over-estimated
by about 20 cm s−1. The present good agreement mainly comes
from using more recent rate constants for several key reactions, as
presented in the previous sections.

In the case of acetylene, there are only two sets of laminar
burning velocities. These two data sets show significant differences
for rich conditions (about 35 cm s−1 at φ = 1.4), thus rendering
the comparison with experimental measurements challenging. The
burning velocities predicted for lean mixtures lie right between the
two experimental data sets. For stoichiometric to rich mixtures, the
flame speeds computed with the current mechanism follow very
closely the latest measurements of Jomaas et al. [125] and remain
within the experimental uncertainties.

For the three other fuels (methane, ethylene, and ethane), the
comparison with experiments is very good. Combustion of both
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Fig. 3. Ignition delay times for aromatic species. References for experimental data are given in the text.

Fig. 4. Ignition delay times for larger alkanes in air. References for experimental data are given in the text.

lean and rich mixtures is correctly represented with the exception
of the burning velocities of methane which are slightly overesti-
mated for lean mixtures. The flame speeds of ethane at an equiv-
alence ratio above φ = 1.5 are slightly lower than those measured
by Egolfopoulos et al. [119]. However, more recent experimen-
tal measurements [124,125] tend to suggest that these values are
slightly over-estimated.

Finally, the effect of pressure on the burning velocities for
methane, ethylene, and ethane mixtures is correctly represented.
The decrease in the burning speed with pressure is well captured
for methane flames up to 20 bar.

3.2.3. C3 and C4 species
The burning velocity data of C3 and C4 hydrocarbons used here

are from several experimental sources: Vagelopoulos et al. [127],
Davis et al. [128,129], Vagelopoulos and Egolfopoulos [120], Boss-
chaart and de Goey [124], Jomaas et al. [125], and Saeed and Stone
[130]. For reasons mentioned below, the non-linear extrapolated
burning velocities of Davis et al. [128,129] were used. With the
exception of propyne (18% of O2 in N2), all laminar flame speeds
were evaluated with air.

Fig. 6 shows the laminar burning velocities of propyne, propene,
propane, and butadiene. The calculated values compare very well
with the experimental data for the different fuels and the two
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Fig. 5. Laminar burning velocities of small hydrocarbons. References for experimental data are given in the text.

Fig. 6. Laminar burning velocities of C3 and C4 hydrocarbons. References for experimental data are given in the text.
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Fig. 7. Laminar burning velocities of aromatic hydrocarbons. References for experimental data are given in the text.

pressures considered. In the case of propene, three data sets are
available. Davis and Law [128] estimated the burning velocities ob-
tained using linear and non-linear extrapolation. For this fuel, the
non-linear extrapolated burning speed compares more favorably
with the other two data sets [125,130] and was therefore used in
the comparison. The flame speeds of lean mixtures agree well with
the experimental values of Davis and Law [128], while for rich mix-
tures, the predicted burning speeds compare very well with the
more recent data from Saeed and Stone [130]. Given the overall
scatter in the experimental data for propene, the comparison of
the burning velocities remains very good for both pressures con-
sidered.

3.2.4. Aromatics
The burning velocities of benzene and toluene were taken from

two data sets. Davis and Law [128] measured the laminar flame
speed at atmospheric pressure and room temperature. Johnston
and Farrel [131] performed similar measurements at higher pres-
sure (P = 3 bar) and higher temperature (T = 450 K), more rele-
vant to engine configurations.

Fig. 7 shows the comparison of the calculated laminar burning
velocities with the experimental data. The comparison both at low
and high pressures is very good for benzene with a slight overpre-
diction for moderately rich mixtures (1.0 < φ < 1.5). The burning
velocities of toluene are accurately predicted for atmospheric con-
ditions, but they are overestimated for higher pressures and tem-
peratures. Additional experimental measurements for these condi-
tions and further analysis of the pressure dependence of several
reactions relevant to toluene oxidation might be required to ex-
plain these discrepancies.

3.2.5. n-Heptane and iso-octane
The laminar burning velocities for n-heptane and iso-octane

combustion were taken from the results of Davis and Law [128],
Bradley et al. [133], Huang and Sung [134], and Kumar et al. [135].
Recently, measurements of the laminar burning velocities for high
pressures (from 10 bar up to 25 bar) and higher temperatures
(373 K) have been performed by Jerzembeck et al. [132].

Fig. 8 shows the comparison of the calculated laminar flame
speeds with the experimental measurements. The burning veloci-
ties of n-heptane compare very well for both lean and rich mix-
tures with the data of Davis and Law [128] and Huang and Sung
[134]. The more recent data by Kumar et al. [135] show some
deviations from the other two data sets and from the current
predictions for rich mixtures (φ > 1.0). The calculated burning ve-
locities for iso-octane are in good agreement with experimental
measurements for lean mixtures and are slightly smaller for rich
mixtures. The increase in the burning velocities due to preheated
mixtures (T = 400 K) is almost correctly captured for both fuels.

However, as was previously mentioned for the case of n-heptane
at room temperature, the current predicted burning velocities are
consistently lower than the experimental data from Kumar et al.
[135]. Comparison with older data from Bradley et al. [133] is
not conclusive as the burning speed measured at φ = 1.0 is per-
fectly reproduced by the mechanism while the value measured
at φ = 0.8 confirms the data from Kumar et al. [135]. Additional
measurements should be considered in order to fully explain these
discrepancies.

Finally, Fig. 9 shows the burning velocities predicted for very
high pressures from 10 bar to 25 bar [132]. The effects of equiva-
lence ratio and pressure are well captured for n-heptane and iso-
octane mixtures. However, it should be noticed that the predicted
burning velocities are consistently smaller than the measured val-
ues for stoichiometric and rich mixtures.

4. Soot precursors in laminar flames

In the previous sections, the present mechanism has been
shown to reproduce the ignition delay times and laminar burn-
ing velocities of small and large hydrocarbons with good accuracy.
To analyze the capabilities of the mechanism to predict the for-
mation of soot precursors, several laminar premixed and diffusion
flames are computed. The emphasis is placed on the prediction of
soot precursors like acetylene, allene, propyne, and benzene.

4.1. Premixed flat flames

Two laminar premixed flat flames are considered: a rich pre-
mixed flame of n-heptane/air (φ = 1.9) and a rich premixed flame
of iso-octane/air (φ = 1.9). These two flames, close to the soot-
ing limit, were studied experimentally by El Bakali et al. [136],
who reported species concentrations and flame temperature. Be-
cause of unknown heat losses to the burner by conduction and
radiation, the temperature profiles were imposed in the numerical
simulations. However, the temperature measurements suffer from
significant uncertainties about 5% or ±80 K and ±0.2 mm) due
to the use of thermocouples. Furthermore, as the sampling probe
is introduced into the flame to measure species concentrations,
the flame itself is perturbed. These perturbations typically lead
to a mismatch between the measured species concentration and
the species concentration predicted by imposing the experimen-
tal temperature profile in a numerical simulation [137]. Different
strategies have been proposed to account for these discrepancies.
The mole fraction profiles can be shifted a few millimeters up-
stream relative to the unperturbed temperature profile [138]. The
temperature profile can be shifted a few millimeters downstream
with respect to the unperturbed species concentrations [139]. Fi-
nally, the experimental temperature profile can be adjusted to
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Fig. 8. Laminar burning velocities of n-heptane and iso-octane. References for experimental data are given in the text.

Fig. 9. High pressure laminar burning velocities of n-heptane and iso-octane (T = 373 K). Experimental data from Jerzembeck et al. [132].

Fig. 10. Temperature profiles used in the numerical simulations of the premixed
flames. Symbols: experimental data from El Bakali et al. [136], solid line: shifted
temperature profile, dashed line: adjusted profile to match decay of fuel and O2.

match the decay of important species such as fuel and oxidizer
[140]. In the present work, the three methods have been investi-
gated to evaluate the error due to flame modeling on the predic-
tion of soot precursors. The three temperature profiles used in the
numerical simulations are shown in Fig. 10 and, the parameters
used for these flames are listed in Table 5. These simulations were
performed by imposing the mixture composition inside the noz-
zle and solving convection–diffusion equations to get the mixture
composition at the exit plane [96].

The results of the numerical simulations performed with the
three different temperature profiles were found to be very similar.
Therefore, Figs. 11 and 12 show only the mole fractions of the dif-
ferent species predicted by using the adjusted temperature profiles
(“Adj.” in Fig. 10). With the temperature profiles adjusted to match
the decay of the fuel (n-heptane and iso-octane) and the oxidizer,

Table 5
Parameters used for the premixed flames of n-heptane, and iso-octane.

Fuel φ YF YO2 YN2 v0 [cm/s] T0 [K] Tmax [K]
n-heptane 1.9 0.1252 0.2316 0.6432 4.98 450 1628
iso-octane 1.9 0.1465 0.2704 0.5832 4.12 450 1673

the formation of the main products of combustion (CO and CO2)
is correctly reproduced for both flames. The formation of soot pre-
cursors like acetylene, allene, propyne, and benzene compares also
very well with experimental data.

Table 6 shows the maximum mole fractions of the major
species and soot precursors obtained with the three different tem-
perature profiles. The predictions remain very good for any tem-
perature profile as the error for many species is below 20% with
the exception of butadiene (C4H6) for the iso-octane flame and
propene (C3H6) for the n-heptane flame, whose concentrations are
respectively significantly under-predicted and over-predicted. As
presented in Table 6, the concentration of acetylene is significantly
different for different temperature profiles. This high sensitivity to
temperature might explain some of the discrepancies between the
predicted and measured acetylene concentrations. The same ob-
servation can be made for benzene whose concentration varies by
more than a factor of two for the n-heptane flame. In light of the
strong dependence and uncertainty in temperature, the prediction
of the yield of soot precursors remains very satisfactory.

Fig. 13 shows the main pathways leading to the formation
of the first aromatic ring in the premixed flames of n-heptane
and iso-octane. In both flames, the fuel undergoes thermal crack-
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Fig. 11. Mole fractions of main species and soot precursors for the rich n-heptane premixed flame. Experimental data from El Bakali et al. [136], lines are simulations
performed with the adjusted temperature profile (Fig. 10(a)).

Fig. 12. Mole fractions of main species and soot precursors for the rich iso-octane premixed flame. Experimental data from El Bakali et al. [136], lines are simulations
performed with the adjusted temperature profile (Fig. 10(b)).

Table 6
Maximum species mole fractions for the simulations performed with the different temperature profiles (Fig. 10). Italic: error of more than 20%, bold: error of more than
100%.

(a) n-Heptane (b) iso-Octane

Species Numerical simulations Experiments
Ref. [136]

Species Numerical simulations Experiments
Ref. [136]Exp. Shift Adj. Exp. Shift Adj.

CH4 1.5e−2 1.5e−2 1.6−2 1.4e−2 CH4 2.5e−2 2.8e−2 2.8e−2 2.2e−2
C2H2 1.1e−2 1.4e−2 9.1e−3 1.6e−2 C2H2 1.2e−2 1.5e−2 1.2e−2 1.8e−2
C2H4 2.1e−2 2.6e−2 2.9e−2 2.5e−2 C2H4 9.5e−3 1.1e−2 1.1e−2 9.8e−3
C2H6 1.5e−3 1.8e−3 2.0e−3 1.6e−3 C2H6 3.6e−3 4.1e−3 4.3e−3 2.9e−3
a-C3H4 1.5e−4 2.6e−4 2.1e−4 1.5e−4 a-C3H4 1.3e−3 1.6e−3 1.4e−3 1.2e−3
p-C3H4 2.4e−4 3.9e−4 2.8e−4 2.7e−4 p-C3H4 1.2e−3 1.5e−3 1.2e−3 1.4e−3
C3H6 4.6e−3 6.0e−3 6.8e−3 3.3e−3 C3H6 9.8e−3 1.1e−2 1.1e−2 7.0e−3
C3H8 1.9e−4 2.4e−4 3.1e−4 2.6e−4 C3H8 9.7e−5 1.2e−4 1.2e−4 9.6e−5
C4H6 4.9e−4 5.8e−4 8.1e−4 5.3e−4 C4H6 7.5e−5 1.0e−4 1.4e−4 4.6e−4
C6H6 5.7e−5 1.3e−4 8.0e−5 7.4e−5 C6H6 4.0e−4 5.6e−4 4.3e−4 3.1e−4



604 G. Blanquart et al. / Combustion and Flame 156 (2009) 588–607

Fig. 13. Main pathways leading to the formation of the first aromatic ring for the
alkane flames (solid lines) and the acetylene flame (dashed line).

ing mostly through beta-scission reactions. During this process,
smaller and smaller molecules are formed, ultimately leading to
ethylene. Later, ethylene molecules are converted into acetylene.
Another byproduct of the fuel decomposition is the formation of C3
species (the C3H4 isomers, a-C3H5, and C3H6) in large quantities.
In these alkane flames, the C3H4 isomers are formed mainly from
the direct decomposition of the fuel and not from smaller hydro-
carbons. Then, through H-abstraction reactions, propargyl radicals
are rapidly formed from the C3H4 isomers. Finally, the first aro-
matic ring is formed from the recombination of propargyl radicals
or the reaction of propargyl and allyl radicals. While present in the
mechanism, the formation of benzene/fulvene from acetylene ad-
dition on C4H5 radicals was not found to be important for these
two alkane flames.

4.2. Counterflow diffusion flames

Two counterflow diffusion flames are considered. The first
flame is an acetylene/air diffusion flame by Pels Leusden and Pe-

ters [141,142] with a lean premixed flame (φ = 0.63) on the oxi-
dizer side. The second flame is a n-heptane/air diffusion flame by
Berta et al. [143] with a very rich premixed flame on the fuel side
(φ = 15). Contrary to the premixed flames simulated previously,
the temperature profiles were not imposed in the current simu-
lations of the diffusion flames. The maximum of the temperature
profile occurs away from the two burners, and heat losses to the
burners by conduction should not be significant. The simulations
were performed with a simple model to account for radiation heat
losses [144].

Figs. 14 and 15 show the mole fraction profiles for the main
species and the soot precursors. The decay of the fuels (C2H2 and
C7H16) and the oxidizer is correctly represented for both flames, as
is the formation of the main products of combustion (CO and CO2).
The predictions for the different soot precursors compare favorably
with the experimental data, with the exception of the ethylene
and the C3H4 isomers profiles for the acetylene flame which are
underpredicted by a factor of two. As mentioned previously, the
concentration of propyne and allene were found very sensitive to
the rates of the H-abstraction reactions leading to the formation
of propargyl radicals. As these rates were estimated, it is not sur-
prising to observe some discrepancies in the prediction of these
species. However, the concentration of benzene was found insen-
sitive to those rates. For the acetylene diffusion flame, the profiles
for C2H2, CO, CO2, and C6H6 appear to be shifted towards the fuel
nozzle. This small shift is most likely due to buoyancy effects not
included in the simulation [145]. In the case of the n-heptane dif-
fusion flame, the mole fraction of benzene is overestimated by a
factor of two. The concentration of benzene was measured with
two different experimental techniques (filled squares and circles)
[143]. Given the large scatter between these two measurements,
the overall agreement with the experimental data for the benzene
profile remains reasonable.

Fig. 13 shows the main pathways leading to the formation of
the first aromatic ring in the diffusion flames of n-heptane and
acetylene. For the n-heptane diffusion flame, the C3H4 isomers are
formed from the direct decomposition of the fuel as was observed
in the premixed flame previously presented. On the other hand,
for the acetylene diffusion flame, the C3H4 isomers are formed
from the reaction of methyl radicals with acetylene present in large
quantity. In both cases, the propargyl and allyl radicals react with
one another to form benzene. Then, toluene molecules are formed

Fig. 14. Mole fractions of main species and soot precursors for the acetylene diffusion flame. Experimental data from Pels Leusden and Peters [141,142].
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Fig. 15. Mole fractions of main species and soot precursors for the n-heptane diffusion flame. Experimental data from Berta et al. [143].

by addition of methyl radicals on benzene or phenyl rings. In con-
trary to the alkane flames, the normal butadienyl radical (n-C4H5)
is found very important to the formation of the first aromatic ring.
This species is formed from the reaction of acetylene with vinyl
radicals. Later, benzene molecules are formed from the addition of
acetylene onto the butadienyl radical. While not important for the
alkane flames, this pathway contributes up to 40% of the total rate
of benzene formation for the acetylene diffusion flame.

These four laminar flames show that the mode of combustion
(premixed or diffusion) might have little influence on the path-
ways leading to the formation of soot precursors such as benzene.
However, the chemical structure of the fuel affects significantly the
mechanisms of benzene formation by enabling or disabling entire
reaction pathways. A detailed representation of the chemistry of
soot precursors is thus required to properly predict the formation
of benzene in various flames with different fuels.

5. Conclusions

A chemical mechanism has been developed for the high tem-
perature combustion of engine relevant fuels. In this development,
a particular emphasis has been placed on the chemistry of soot
precursors like acetylene, the C3H4 isomers (allene and propyne),
propene, butadiene, and benzene. Finally, the mechanism has been
extended to include the chemistry relevant to aromatic combus-
tion (benzene and toluene) and the combustion of larger alkanes
like n-heptane and iso-octane.

The full mechanism has been validated extensively against igni-
tion delay times and laminar burning velocities over a large range
of equivalence ratios and pressures. The comparison with experi-
mental measurements is very good in almost all cases. Then, the
mechanism has been used in the simulation of a series of lami-
nar rich premixed and diffusion flames. The profiles of the main
species as well as the soot precursors compare favorably with ex-
perimental data. However, additional experimental measurements
in laminar premixed and diffusion flames with aromatic fuels (ben-
zene and toluene) would be useful for further validation of the
chemical model.

The chemical steps responsible for the formation of benzene
and other soot precursors were analyzed in these flames. It was
shown that the reaction pathways leading to the formation of C3
and C4 species (and then benzene) can be significantly different

different flames with different fuels. An accurate description of the
mechanisms of decomposition of the fuel and the formation of soot
precursors is necessary for an accurate description of soot forma-
tion.
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