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A reaction mechanism having molecular growth up to benzene for hydrocarbon fuels with up to four car-
bon-atoms was extended to include the formation and growth of polycyclic aromatic hydrocarbons
(PAHSs) up to coronene (Cy4H12). The new mechanism was tested for ethylene premixed flames at low
(20 torr) and atmospheric pressures by comparing experimentally observed species concentrations with
those of the computed ones for small chemical species and PAHs. As compared to several existing mech-
anisms in the literature, the newly developed mechanism showed an appreciable improvement in the
predicted profiles of PAHs. The new mechanism was also used to simulate PAH formation in counterflow
diffusion flames of ethylene to study the effects of mixing propane and benzene in the fuel stream. In the
ethylene-propane flames, existing experimental results showed a synergistic effect in PAH concentra-
tions, i.e. PAH concentrations first increased and then decreased with increasing propane mixing. This
PAH behavior was successfully captured by the new mechanism. The synergistic effect was predicted
to be more pronounced for larger PAH molecules as compared to the smaller ones, which is in agreement
with experimental observations. In the experimental study in which the fuel stream of ethylene-propane
flames was doped with benzene, a synergistic effect was mitigated for benzene, but was observed for
large PAHs. This effect was also predicted in the computed PAH profiles for these flames. To explain these
responses of PAHs in the flames of mixture fuels, a pathway analysis has been conducted, which show
that several resonantly stabilized species as well as C4H4 and H atom contribute to the enhanced syner-
gistic behaviors of larger PAHs as compared to the small ones in the flames of mixture fuels.

© 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

cyclopentadienyl and indenyl have also been considered as con-
tributors to PAH growth [13-23], mostly focusing on the role of

Combustion generated polycyclic aromatic hydrocarbons
(PAHSs) and soot have been studied extensively because of their ad-
verse health and environmental effects [1,2]. Especially, gaseous
hydrocarbon fuels with up to four carbon-atoms (hereafter re-
ferred to as C;-C4 fuels) such as ethylene and propane have been
studied in various flame configurations to understand the physical
and chemical processes involved in PAHs and soot formation [3-7].
Detailed profiles for both major and minor species have been
reported.

Appreciable effort has been devoted to developing and testing
reaction mechanisms that can reliably predict the concentration
of PAH molecules (which are used as soot precursors in soot mod-
els [1]). Frenklach and coworkers have proposed hydrogen-
abstraction-acetylene-addition (HACA) mechanism for PAH growth
[8-12]. Apart from acetylene, other species such as propargyl, allyl,
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resonantly stabilized radicals. The roles of phenyl addition/cycliza-
tion [24] and methyl addition/cyclization [25] have also been iden-
tified. The growth of large PAHs through coagulation has been
modeled [26] where a detailed mechanism is used to describe
the formation of aromatic species up to three rings [27] and coag-
ulation takes place to form larger PAHs.

The PAH chemistry has also been developed and validated in
[28-34]. In particular, PAH reactions channels present in the liter-
ature has been reviewed and further refined for C1 and C2 fuels for
PAH growth up to five-ring aromatic species [32].

Such chemical mechanisms in predicting PAH formation has
been tested for various flame configurations such as premixed
flames [32,35-37], co-flow non-premixed [38-42] and counterflow
non-premixed flames [33,43-47]. These mechanisms are typically
limited to relatively small PAHs with up to four or five rings and
were tested mainly for single component fuels.

Considering that larger PAHs are more likely to incept soot parti-
cles, a detailed description of their formation is important. Given
that practical fuels typically include large number of hydrocarbons,

0010-2180/$ - see front matter © 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/j.combustflame.2013.03.013


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.combustflame.2013.03.013&domain=pdf
http://dx.doi.org/10.1016/j.combustflame.2013.03.013
mailto:sukho.chung@kaust.edu.sa
http://dx.doi.org/10.1016/j.combustflame.2013.03.013
http://www.sciencedirect.com/science/journal/00102180
http://www.elsevier.com/locate/combustflame

1668 Y. Wang et al./ Combustion and Flame 160 (2013) 1667-1676

it is important that a kinetic mechanism could be applicable to fuel
mixtures. In this regard, a number of experiments have been con-
ducted in counterflow diffusion flames (CDFs) of ethylene mixed
with various hydrocarbons (binary component fuels), oxygen partial
premixing, and oxygenated fuels [48-55] to study fuel structure ef-
fect on the formation and growth pathways of PAHs and soot.

Chemical cross-linking effects between binary component fuels
observed in some of these flames have helped us achieve a clearer
understanding about the underlying reaction channels. For in-
stance, in the CDF with ethylene/propane mixtures, laser-induced
fluorescence (LIF) and laser-induced incandescence (LII) tech-
niques were used to measure relative PAHs and soot concentra-
tions [48]. An enhancement in the productions of PAHs and soot
as compared to the cases with individual fuel components was ob-
served, revealing a synergistic effect. The synergistic effect was
found to be more pronounced for larger PAHs as compared to small
ones. This behavior has been explained based on the roles of: (a) C,
species in PAH and soot growth through hydrogen-abstraction-
C,Hy-addition (HACA) mechanism, (b) methylene from methyl rad-
icals in forming propargyl through reactions with C, species, and
(c) propargyls producing incipient rings that can grow to form
large PAHs.

Chemical reaction mechanisms developed for multi-component
or surrogate fuels should be able to predict the above mentioned
synergistic effects. However, computational simulations on such
synergism were frequently limited to small aromatic species such
as benzene because of the limitations in reliable reaction channels
to large PAHs in many existing kinetic mechanisms. To the authors’
knowledge, such synergistic effect, being more pronounced for lar-
ger PAHs as observed in [48], has never been tested through
simulations.

A mechanism for gasoline surrogate fuels (referred to as KAUST
PAH Mech 1 or KM1) [56] was developed from the base mechanism
[57] to account for the growth of PAHs up to coronene (Cy4H153).
KM1 has markedly improved the prediction of PAH concentrations
as compared to the base mechanism. The base mechanism, how-
ever, was developed mainly for large hydrocarbon fuels. As such,
sub-mechanisms for fuels with small hydrocarbons were simpli-
fied. This could lead to unsatisfactory predictions of the concentra-
tions of small hydrocarbon species, some of which have been
previously shown to be important for their synergistic effects
[48,51]. Thus, KM1 may not be suitable in simulating flames of
small hydrocarbon fuels to predict the behaviors of PAHs. It is
therefore, useful to develop a kinetic mechanism for small hydro-
carbon fuels that includes extended PAH chemistry containing
PAHs with a wide mass range.

The objective of the present study was to develop a kinetic
mechanism for C;-C4 fuels by including detailed reaction path-
ways for the formation and growth of PAH molecules up to coron-
ene to enable the computation of the profiles of large PAHs. We
validated this mechanism quantitatively with existing experimen-
tal data on premixed flames. And then, the mechanism has been
applied to CDFs of ethylene/propane mixtures to test the predic-
tion capability on PAH behaviors, such as the synergistic effect
and the degree of synergism for different size PAHs together with
the effect of benzene addition on PAH behaviors. Finally, the chem-
ical cross-linking effect leading to the synergistic effects was
analyzed.

2. Mechanism development

A recently updated and extensively validated mechanism for
C,-C4 fuels [58] (hereafter called USC Mech) including molecular
growth up to benzene was used as the base mechanism. This
mechanism, containing 111 chemical species and 784 reactions,

was extended by including reactions for PAH growth up to the for-
mation of coronene based on KM1. The extended mechanism
(called KM2) includes 202 species and 1351 reactions.

A brief description of notable features of KM2 is as follows. The
role of cyclopentadienyl radicals (CsHs) in forming larger aromatics
was described in [56,59-63]. Therefore, 17 reactions were included
in USC Mech from [56] to improve the CsHs sub-mechanism. These
reactions mainly involve a pathway proposed in [59] for benzene
formation from CsHs, formation of naphthalene through its recom-
bination, and the abstraction of H atom from cyclopentadiene by H
atom, methyl radical (CHs) and propargyl radical (C3Hs) along with
the reverse reactions. H-abstraction reactions are particularly
important because they activate chemical species for further reac-
tions. In [61], the role of odd-carbon number species such as CHs
and C3Hs in H-abstraction from PAHs and soot was discussed for
diffusion flames. Thus, H-abstraction reactions for important spe-
cies, such as benzene, PAHs and indene (CgHg) by H, CHs3 and
C3H3 were also included. For all species smaller than Cs, the reac-
tions and their rates were not altered from the base mechanism.
In propane combustion, a noticeable amount of CHs is formed.
Therefore, reactions involving the formation of benzene from
CsHs and CH3, as proposed in [59], were included.

The reactions for the growth of PAHs larger than benzene are ta-
ken from [56]. The details are briefly reviewed here. Along with the
HACA mechanism for PAH growth, several reactions involving spe-
cies with odd-carbon number species such as indenyl (CoH-), ben-
zyl (CgHsCH,), CsHs and CsHs are included. The rate constant for
the self-addition of CsHs to form naphthalene were taken from
an experimental study in [64]. For the prediction of the concentra-
tions of cyclic Cs species such as CsHs and CsHg, reactions involving
these species were added from [56] to the base mechanism. Some
reactions involving the addition of C4H, to large PAH radicals are
also considered.

The rate constants for PAH reactions not present in the litera-
ture were determined through quantum calculations using the
density functional theory (B3LYP hybrid functional and 6-
311++G(d,p) basis set) along with the transition state theory. Note
that none of the rate constants were arbitrarily changed or intui-
tively estimated to match the computed and the experimental re-
sults. Both forward as well as reverse rate constants were
calculated for those reactions [56]. The thermodynamic data and
the transport properties of all the chemical species present in
KM2 were taken from [56,58], The rate constants for PAH reactions
were obtained in the high pressure limit, as PAH molecules are
large in size and their reactions do not exhibit substantial pressure
dependence. The CHEMKIN format mechanism along with thermo-
dynamic and transport data of species is included in the supple-
ments. The chemical notation is the same as in [56] and aromatic
species with 1-7 rings are named A1-A7, whose chemical struc-
tures are shown in Fig. 8 of this paper.

3. Results and discussion
3.1. Premixed flame simulations

Two premixed flames at different pressure conditions were sim-
ulated for the validation of KM2. First, the ethylene flame at 20 torr
with C;H4/0,/Ar =19.4/30.6/50.0 was simulated (Flame 1). This
flame was particularly chosen since experimental profiles for many
intermediate C;-Cg hydrocarbons were available [65]. The simula-
tion was conducted through the premixed flat flame model in
Chemkin Pro software [66] using USC Mech [58], ABF Mech [11],
KM1 [56] and KM2. Experimental temperature profiles were cor-
rected for cooling effect of the probe (lower by 100 K and moved
0.5 mm away from burner surface as suggested in Ref. [65]) and
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