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ABSTRACT

This work develops a detailed chemical kinetic model for Polycyclic Aromatic Hydrocarbon (PAH) chem-
istry that builds on a chemical model for gasoline surrogates by Cai et al. [Proc. Combust. Inst. 37 (2019)
639-647]. Informed by ab-initio and experimental studies, the model development emphasizes the pre-
diction of soot precursors starting from C3H, isomers up to the size of acepyrene. The proposed model
was validated against experimental measurements from 79 publications, including ignition delay times,
laminar burning velocities, and speciation data for several fuels in various conditions. A validation against
measured peak mole fractions from 31 counterflow flames demonstrates an average prediction error of
aromatic species up to the size of acenaphthalene below a factor of three. Additionally, the effects of ex-
perimental uncertainty are quantitatively discussed by computing confidence intervals for the true model
prediction error. The formation of two-ring aromatic species is often still considered poorly understood.
Accordingly, special attention is given to the formation of indene and naphthalene. Reaction flux analyses
based on rigorously defined species selection criteria reveal that indene formation pathways are initiated
by reactions of phenyl and benzyl and described by the reaction kinetics from theoretical calculations.
In contrast, naphthalene formation is dominated by more uncertain pathways relying on estimated rates
that are initiated by reactions of benzene and fulvenallenyl. Five-member rings on the periphery of PAH
species and soot particles play a crucial role in recent experimental and theoretical studies. Therefore,
this work investigates acenaphthene and other Ci;Hg isomers. The most abundant Ci;Hg isomers are
acenaphthene, 1-ethynylnaphthalene, and 2-ethynylnaphthalene, and their respective concentrations are
predicted to be similar in many flames. Furthermore, reaction flux analyses show that their formation is
dominated by HACA routes starting from naphthalene.

© 2022 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Modeling soot formation from the combustion of hydrocarbon
fuels requires predictions of several species’ concentrations from a

Soot is a pollutant produced during the incomplete combustion
of hydrocarbon fuels. Its negative impacts on human health [1,2],
process efficiency [3], and global warming [4-6] are well known.
One significant source of soot particle emissions is the combustion
of diesel, gasoline, or kerosene fuels in engines. As tighter engine
regulations enforcing reduced soot emissions are expected to miti-
gate harmful effects on climate and human health [6,7], pressure to
design cleaner combustion engines increased. Computational fluid
dynamics calculations are often applied in engine design, which
motivates the development of predictive models for soot formation
and soot particle properties.
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detailed chemical kinetic model [8-13]. Accumulating theoretical
and experimental evidence suggests that polycyclic aromatic hy-
drocarbon (PAH) species play a major role in soot formation [14].
As a result, several kinetic models have been developed for PAH
growth [8,15-34]. Still, reliable and accurate reaction rate coeffi-
cient data of several key elementary chemical reactions involved
in these processes have only recently become available, especially
for the broad range of temperatures and pressures relevant to com-
bustion conditions.

While the formation of the simplest aromatic species, benzene,
is considered well understood by recent chemical kinetic and soot
modeling studies [10,35-37], the formation chemistry of two- and
three-ring aromatic species remains, in part, unclear [36]. The
quantitative analysis of Dong et al. [37] substantiates the qualita-
tive assessment of Hansen et al. [36]. Dong et al. [37] developed
a detailed surrogate fuel mechanism with PAH and nitrogen oxide
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chemistry and validated it against a comprehensive set of experi-
mental data [37], including experimental data for various fuels and
blends over a wide range of temperatures, pressures, dilutions, and
equivalence ratios. A comparison of peak concentrations from ex-
perimental measurements and simulation results revealed a typical
deviation of less than a factor of three for benzene, toluene, and
styrene [37]. The average deviation factor for the two-ring species
indene, naphthalene, and biphenyl increases to 5.5, significantly
higher than the expected moderate increase due to the larger
experimental uncertainty for species of higher molecular weight,
thus, reflecting the incomplete understanding of the two-ring
formation chemistry [36]. Furthermore, Dong et al. [37] show that
the average deviation increases further with increasing molecular
weight of PAH species, approaching an average deviation factor
of 10 for a lumped C;yHg species [37], which the authors refer
to as acenaphthalene. These results thus indicate a deteriora-
tion of the kinetic model performance for aromatic species with
increasing molecular weight, in line with the assessment from
Hansen et al. [36]. The considerable uncertainty in PAH species
concentrations affects soot model predictions and necessitates
further work on the chemical kinetic modeling of PAHs.

The high uncertainty in the acenaphthalene concentration is
particularly troublesome due to the crucial role five-member rings
play in theoretical [38-47] and recent experimental [48-50] works.
The accurate prediction of acenaphthalene is, for example, highly
relevant for the investigation of soot inception [38,46], as several
proposed mechanisms involve partially embedded, peripheral five-
member rings [38,46,51,52].

As Frenklach and Mebel [38] demonstrated, it was possible to
critically review several proposed soot inception mechanisms with-
out detailed chemical kinetic modeling of the gas phase. The crite-
ria introduced by Frenklach and Mebel [38] narrow down potential
soot inception mechanisms and suggest that a five-member ring
present on a molecule’s edge (e.g., acepyrene, A4Rs) enables the
most promising pathway [38]. Additionally, recent experimental
studies by Commodo et al. [48] and Schulz et al. [49] provide evi-
dence of aromatic and aliphatic five-member rings in the periphery
of aromatic incipient soot molecules. Five-member rings also play
an essential role in soot particle growth pathways, which can in-
volve penta-ring migration on zigzag edges [40,42,43,45], transfor-
mations between five- and six-member rings [40,42,43], the flip-
ping of five- and six-member rings [44], and pathways forming
non-planar PAHs [46,53]. Due to several open questions related to
the chemistry of partially embedded five-member rings, the model
development will focus on acenaphthalene and other C;,Hg isomer
predictions.

Recently, Liu et al. [54,55] and Chu et al. [56] investigated
Hydrogen-Abstraction-C;H,-Addition (HACA) routes for acenaph-
thalene formation. In addition, Savchenkova et al. [57] and Liu
et al. [55] proposed reaction kinetics of subsequent acenaphtha-
lene growth. As expected, due to the work of Frenklack et al. [40],
their results highlight the importance of acenaphthalene forma-
tion through acetylene addition to 1-naphthyl radicals. However,
the reaction kinetics [54,55,57] were merely tested in simulations
of two premixed atmospheric pressure ethylene/oxygen/argon
flames [17,58]. While these tests can be valuable for assessing
the potential relevance of a new or updated pathway, validation
against a larger dataset is required to determine impacts on chem-
ical kinetic model development efforts due to the large uncertainty
in the acenaphthalene prediction [37].

Several chemical kinetic models for surrogate fuel combus-
tion were successfully validated against comprehensive experi-
mental datasets, including PAH species mole fraction measure-
ments [10,37,59,60]. These studies have introduced simplifications
for the acenaphthalene chemistry to reduce computational effort,
for example, by neglecting the potentially important pressure-
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dependence of reaction kinetics [59,60] or by lumping of Cqi,Hg
isomers [10,37]. It was demonstrated [10,37,59,60] that using these
assumptions, species mole fractions of PAHs larger than acenaph-
thalene can still be predicted with sufficient accuracy for the con-
sidered application cases. Here, we want to focus on the chem-
istry of two- and three-ring species in a broad range of conditions
and provide a more detailed description of their chemistry. The re-
cently published model of Kukkadapu and co-workers [35,36] in-
corporates many reaction pathways and associated rate parameters
from recent high-level quantum chemistry calculations into their
model for surrogate components [61]. The comprehensive litera-
ture considered for their model [35,36] will also be relevant in the
present work. Additionally, the present work emphasizes the for-
mation and growth of acenaphthalene and its isomers by consid-
ering recently published theoretical studies [55,56].

The chemical kinetic model developed in the present work
is based on the gasoline surrogate model published by Cai
et al. [62], which builds on prior work, including the oxida-
tion of small hydrocarbons [34], reactions of various substi-
tuted aromatic compounds [34,63], growth and oxidation chem-
istry of PAHs [34,63], and the oxidation of primary reference
fuel (PRF) and PRF/toluene/ethanol mixtures [62,64]. The model of
Cai et al. [62] and its predecessors were validated against compre-
hensive datasets that include experimental measurements for sev-
eral different fuels relevant to the present work in a broad range
of temperature and pressure conditions. Therefore, this model is a
good starting point to develop an updated PAH chemistry model
that incorporates the latest understanding of the chemistry based
on recent ab-initio and experimental studies.

The study is composed of three sections. First, updates intro-
duced in the model of Cai et al. [62] are explained. The second part
presents a validation against ignition delay times, laminar burning
velocities, and speciation data. Finally, the third part discusses re-
action flux analyses for the formation of indene, naphthalene, and
CioHg isomers in counterflow flames.

2. Chemical mechanism

The present work intends to develop a chemical kinetic PAH
model applicable to the broad range of pressures technically-
relevant to combustion conditions. The origin of larger PAH species
are reactions of species as small as acetylene or propargyl radi-
cals [27,65], and PAH growth mechanisms, such as HACA [66], of-
ten require the availability of radicals. Consequently, PAH forma-
tion is highly sensitive to the main flame chemistry [14]. Therefore,
and due to the hierarchical nature of combustion chemistry mod-
els [34], the first step of the model development was to update the
reaction kinetics of elementary reactions in the core Cy-C4 chem-
istry of the model published by Cai et al. [62].

The update process of some reactions was guided by the
reaction kinetics selected for the NUIGMechl.1 chemical kinetic
model [67-76], which was extensively validated against experi-
mental measurements, including small and large hydrocarbons,
in a broad range of conditions [67-70,72,73,76-82], and by the
chemical kinetic model of Kukkadapu and co-workers [35,36].
Independent of both these models, reaction kinetics from the
literature were incorporated. The importance of consistent ther-
modynamic and kinetic data is well known [8], and species
thermochemistry was generally adopted from a study that pro-
posed reactions kinetics. In case of missing thermochemistry for
newly introduced species, the data is estimated through Ben-
son group additivity with the implementation in the Reaction
Mechanism Generator [83]. For several reactions, modifications
introduced into the model of Cai et al. [62] were straight-
forward as merely a neglected pressure-dependence or more
recent kinetic parameters were added. Such simple changes
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are not discussed in the paper. Therefore, the original sources
of the reactions and associated rate parameters are docu-
mented in the Chemkin input files for all updated reactions.
In addition, the rate coefficients of about 10 reactions were
adjusted within the uncertainties. The most significant adjust-
ments are discussed in the paper, and all adjustments are reported
in the Chemkin input files.

The Chemkin input files for the developed model, including the
species thermochemical and transport data, are provided in the
Supplementary Material. Additionally, the Supplementary Material
includes a species dictionary with:

« Species names used in the chemical kinetic model

- International Chemical Identifiers (InChl) [84]

- Simplified molecular-input line-entry system (SMILES) formu-
las [85]

« Structural formulas [86]

The Supplementary Material also provides a python script that
generates the species dictionary from the InChl- and SMILES-
amended thermochemistry file. Species identifiers in ab-initio, ex-
perimental, and chemical kinetic model development studies are
highly useful, and we hope the script might be helpful to others.

Abbreviated species names in the developed chemical kinetic
model were generally introduced by prior work, either by Cai
et al. [62] or the sources of reaction kinetics and thermochemistry.
Most of the abbreviated names appearing in the discussion and
the kinetic model follow the conventions introduced by Frenklach
et al. [87] (e.g., A; for benzene, A;- for phenyl, A, for naphthalene,
AR5 for acenaphthalene). Due to many sources for kinetic param-
eters, mixed naming conventions appear in the kinetic model.

The following discussion focuses on major modifications intro-
duced into the model of Cai et al. [62] relevant to the prediction
of PAH species.

2.1. Core Cy—Cy4 chemistry

Allene, propyne. Allene (a-C3H,4) and propyne (p-C3Hy) are ma-
jor intermediate species in the oxidation of heavier hydrocarbon
fuels. H-abstraction from these molecules produces propargyl radi-
cals (C3Hs) [88], potentially leading to the formation of aromatic
species. The model of Cai et al. [62] builds on the C3H; chem-
istry developed by Blanquart et al. [34], which includes key re-
actions for the prediction of propargyl radicals, such as reactions
on the C3H, [89] and C3Hs [88] potential energy surfaces (PESs).
However, the model of Cai et al. [62] does not consider re-
sults from more recent ab-initio studies that conducted high-
level quantum chemistry calculations and provide temperature-
and pressure-dependent rate coefficients for several important re-
actions, such as dissociation reactions of propargyl radicals [90],
reactions on the C3Hg [91], C3H; [92], and C3Hg [93] PESs, and
reactions of propyne or allene with radicals other than hydrogen
atoms [94-96].

The recently proposed chemical kinetic model for propyne ox-
idation and pyrolysis by Panigrahy et al. [72] considers the re-
sults from recent ab-initio studies [88-96]. Therefore, the devel-
oped chemical kinetic model adopted the C3H4 chemistry subset
from the model of Panigrahy et al. [72]. Additionally, the recombi-
nation of allyl radicals [97], oxidation reactions of propene [98,99],
and the oxidation of the C3Hs isomers [100,101] follow the model
of Panigrahy et al. [72] as these subsets rely on reactions kinetics
from recent ab-initio studies.

Diacetylene, vinylacetylene. Diacetylene (C4H,) and vinylacety-
lene (C4H4) concentrations are often similar to those of the
C3H4 isomers. For example, peak mole fractions of diacetylene
and vinylacetylene in counterflow flames of various fuels agree
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with allene and propyne within a factor of three [102-105]. Ex-
perimental [106] and theoretical [106-108] studies suggest that
vinylacetylene-mediated growth reactions can contribute to the
formation of naphthalene. Recent chemical kinetic modeling stud-
ies by Kukkadapu and co-workers [35,36,109] that were in-
formed by theoretical results [110-113] revealed that the reaction
C;Hs = C4H, + C3H3 could produce fulvenallenyl radicals (C;Hs),
which can initiate naphthalene formation pathways [112]. The
developed model considers this fulvenallenyl formation pathway
with the reaction kinetics proposed by Derudi et al. [111]. There-
fore, accurate chemical kinetic modeling of diacetylene and viny-
lacetylene is crucial to understanding the formation of PAH species.

The developed chemical kinetic model considers several pos-
sible formation pathways for vinylacetylene and diacetylene. The
first pathway is the stepwise dehydrogenation of fuel or interme-
diate C4 species such as 1-butene or 1,3-butadiene. H-abstraction
reactions of stable species in these pathways are adopted from
prior work, where the H-abstraction reactions from 1-butene are
adopted from the model of Cai et al. [62], reactions with 1,3-
butadiene are from the model of Zhou and co-workers [82,114],
and the vinylacetylene subset is taken from Hansen et al. [36].
H-loss or addition reactions are included in the developed model
as a part of reaction subsets derived from high-level quan-
tum chemistry calculations on the C4H3 [115], C4H4 [116], and
C4Hs [117] PESs.

Reactions of acetylene or ethylene with ethynyl radicals (C;H)
can be another source of diacetylene and vinylacetylene. In
agreement with the experimentally observed hydrogen for-
mation [118], the developed model considers the reaction
CH + CoHy; = C4H, + H with the rate coefficient from Peder-
sen et al. [119]. Despite being about 27 kcal/mol exothermic from
CoH + CyH, [118], Cai et al.’s model neglects the C4H, + H chan-
nel [34,62]. The C4H3 channels are considered in the developed
model using the rate coefficients from the model of Panigrahy
et al. [72].

A third reaction that can produce diacetylene is the de-
composition of ortho-benzyne [120], where ortho-benzyne (O-
CgH4) can be produced from the decomposition of benzyl radi-
cals (A{CHy) [111] or the recombination of C3H, (propynylidene)
and C3Hj (propargyl radicals). The rate coefficients of reactions in
the former pathway are based on high-level quantum chemistry
calculations, and the latter recombination reaction is described
by a rate coefficient estimate adopted from the chemical kinetic
model of Hansen et al. [36].

The oxidation chemistry of diacetylene and vinylacetylene is
adopted from the model of Hansen et al. [36], where most of the
rate coefficients were taken by analogy to similar reactions, as only
a few theoretical [121] and experimental results [122] are available
in the literature. Oxidation of diacetylene by reactions with atomic
oxygen [123] was neglected in the model of Hansen et al. [36],
whereas it is considered in the developed chemical kinetic model.
In the absence of experimental measurements or theoretical calcu-
lations for the several rate coefficients of significant reactions in-
volving C4 species and limited availability of validation targets for
the developed chemical kinetic model, the overall uncertainty of
this chemistry subset remains large.

1,3-Butadiene. Another important intermediate towards the
formation of PAH is 1,3-butadiene (C4Hg). H-abstraction from
1,3-butadiene produces C4Hs radicals [114,124,125], which enable
benzene formation [126]. Additionally, dissociation reactions of
1,3-butadiene are important for the PAH growth chemistry as
they can produce propargyl radicals [127]. As for the chemistry
of C3H, isomers, Cai et al. [62] adopted the 1,3-butadiene chem-
istry developed by Blanquart et al. [34]. More recently, Zhou
et al. [82] developed a detailed chemical kinetic model for 1,3-
butadiene chemistry. Sensitivity analyses revealed that reaction
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kinetics from recent ab-initio and experimental studies are crucial
for predictions of high-temperature chemistry [82], and the model
of Cai et al. [62] is updated accordingly.

First, H-addition to the 1,3-butadiene double bonds, as inves-
tigated in theoretical calculations by Li et al. [125], enables sig-
nificant 1,3-butadiene consumption pathways [82,125] and was
included in the developed model. Furthermore, rate coefficients
for H-abstraction of 1,3-butadiene by hydrogen [125] and hy-
droxyl [114] were updated. H-abstraction from the inner carbon
atoms of 1,3-butadiene leads to the formation of the resonantly
stabilized radical i-C4Hs, which is mainly consumed by reac-
tions with molecular oxygen [82]. The pressure- and temperature-
dependent rate coefficients derived from the theoretical calcula-
tions of Rutz et al. [128] are used for the reactions in this sub-
set. Additionally, low-temperature pathways initialized by the hy-
droperoxide addition to 1,3-butadiene were shown to have a sig-
nificant impact on the fuel reactivity at around 1200 K and lower
temperatures [82]. Despite the focus on high-temperature oxida-
tion in the present work, this temperature range is relevant for the
validation against measured ignition delay times, and the pathways
were added to the developed model. The addition of atomic oxygen
to 1,3-butadiene determines the reactivity at high temperatures,
and reactions modeled by analogy to the corresponding propene
reactions are adopted from Zhou et al. [82].

Thermal decomposition reactions of C4Hg isomers are taken
from the model of Kukkadapu and co-workers [35,36]. The subset
includes the reactions and the associated rate coefficients obtained
from the experimental and theoretical work of Lockhart et al. [127].

Finally, the developed model includes pressure- and
temperature-dependent rate coefficients calculated [56] from
the C4Hs PES reported by Ribeiro and Mebel [117]. Reactions on
the C4Hs PES, such as C;H3 + CoH, = n— C4Hs, are expected
to be important for the prediction of laminar burning velocities
of 1,3-butadiene [34] and resonance-stabilized radicals that can
produce PAHs.

2.2. Oxidation of cyclic species

Cyclopentadiene. Cyclopentadiene (CsHg) and the resonance-
stabilized cyclopentadienyl radical (CsHs) are considered important
intermediates in the oxidation of benzene (A;) as cyclopentadienyl
is the product of unimolecular phenoxy radical (A;0) decomposi-
tion [129-131]. Recent theoretical [132] and chemical kinetic mod-
eling studies [36] highlight the importance of alternative phenoxy
consumption pathways. They produce benzoquinone (OCgH40) and
cyclopentadienone (CsH40), making cyclopentadienyl formation a
minor channel. Still, understanding cyclopentadiene chemistry re-
mains crucial, independent of its role during benzene oxidation, as
five-member rings can be a part of a fuel component [133].

Reactions of cyclopentadienyl radicals have been proposed as
part of PAH growth mechanisms such as the clustering of hy-
drocarbons by radical-chain reactions [134], naphthalene forma-
tion pathways [135], or ring-enlargement reactions [136]. These
growth reactions [135,136] are included in the developed model
and complemented by unimolecular reactions of cyclopentadienyl
radicals [137] and reactions on the CsH; PES investigated theoret-
ically by Mao et al. [138]. Rate coefficients for H-abstraction re-
actions of cyclopentadiene based on theoretical calculations are
taken from the work of Baroncelli et al. [133]. The reaction rate
coefficient of CsHs + H association is based on that of Robinson
and Lindstedt [139] but was increased by 25%. Reactions and as-
sociated rate coefficients for the oxidation of CsHs are from recent
theoretical studies by Mebel and co-workers [140-142], except for
CsHs + HO, reactions, which are taken by analogy to reactions of
the allyl and hydroperoxide radicals (HO,). Besides the H-addition
reaction of cyclopentadiene, which is a part of the reactions inves-
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tigated by Mao et al. [138] on the CsH; PES, the addition of O and
OH to cyclopentadiene and subsequent oxidation is incorporated
into the developed model based on the NUIGMech1.1 model, which
primarily builds on the work of Zhong and Bozzelli [130,131].

Cyclopentene. The cyclopentene (CYCsHg) subset was adopted
from the model of Pejpichestakul et al. [10] with minor modifica-
tions. The validation in the present work is limited to two low-
pressure counterflow diffusion flames investigated by Baroncelli
et al. [133]. However, it is assumed that this validation is sufficient
for the analysis of PAH growth, as Pejpichestakul et al. [10] pre-
viously investigated species mole fractions with the adopted sub-
set in rich low-pressure premixed cyclopentene flames [143,144],
where the relevant chemistry is similar.

Benzene. Benzene (A1) is the smallest aromatic species, and sev-
eral pathways involving benzene or the respective phenyl radi-
cal (A;-) were proposed to explain PAH formation [66,108,145,146].
PAH growth is sensitive to flux through oxidation chemistry [36],
and benzene oxidation reactions from the base model of Cai
et al. [62] were updated in light of newer ab-initio calcula-
tions. Pratali Maffei et al. [147] computed rate coefficients for
H-abstraction reactions of benzene at CCSD(T)/CBS//wB97X-D/6-
311+G(d,p) level of theory, which are adopted into the developed
model.

One of the main reaction routes toward benzene oxidation is
the addition of atomic oxygen to benzene [148], which is de-
scribed with the reactions and rate coefficients computed by Cav-
allotti et al. [149], where the rate coefficient of the phenoxy-
producing reaction A; + O = A;0 + H was increased by 50% to
decrease the deviation between measured and computed ignition
delay times for lean mixtures. Reactions of phenol (A;OH) and the
calculated rate constants for the unimolecular decomposition of
A;OH and phenoxy radicals are adopted from the work of Pratali
Maffei et al. [150]. The oxidation of phenyl and phenoxy radicals
proceeds through the reactions on the CgHs0, PES investigated by
Morozov et al. [132], where the rate coefficient of the reaction A;-
+ 0, = A0 + O was increased by a factor of two.

At intermediate-to-low temperatures (T < 1500 K), here con-
sidered in the validation, the H-ipso-addition—elimination reaction
(A{OH + H = A; + OH) determines the reactivity of A;OH. It is
therefore included in the model, where the rate coefficient is from
the work of Pratali Maffei et al. [151].

Toluene, fulvenallene. Toluene makes up 12% by weight of
gasoline [63] and is a common component of gasoline surro-
gates [64]. Following recommendations from recent kinetic studies,
the growth and oxidation reactions of toluene and the respective
radicals were updated.

Rate coefficients computed from high-level quantum chemistry
calculations [152,153] are adopted to describe the benzyl (A;CH;)
or methyl-phenyl radical (A;CHs-) formation from H-abstraction
reactions of toluene by OH, HO,, O, O,, CHs, and H. The pressure-
and temperature-dependent reaction kinetics describing the oxida-
tion of benzyl radicals by O, are taken from Pelucchi et al. [152].
Methyl-phenyl radical oxidation by reactions with molecular oxy-
gen is considered in the developed model with reactions and rate
coefficients proposed by da Silva et al. [154]. Pathways initialized
by reactions of AjCH, + HO, [155] and the addition of atomic
oxygen on the aromatic ring [156] are described as pressure-
dependent in the developed model.

New rate coefficients derived from theoretical calculations were
introduced for the reactions of the benzyl radicals with propar-
gyl [157] and acetylene [145]. The H-ipso-substitution reaction on
toluene (A{CH; + H = A; + CH3) is an important toluene con-
sumption channel and is updated with rate coefficients computed
by Pratali Maffei et al. [151]. [somerization between methyl-phenyl
and benzyl radicals is described with rate coefficients based on the
theoretical calculation of Dames and Wang [158].
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Recent chemical kinetic modeling studies re-
vealed [35,36,109] that recombination reactions of fulvenal-
lenyl (C;Hs) and propargyl radicals (C3H3) are a potential naphtha-
lene (A,) formation pathway. An important source of fulvenallenyl
radicals can be the dehydrogenation of benzyl radicals, a pathway
that was neglected in the model of Cai et al. [62]. The reaction
kinetics computed from an investigation of the C;H; PES by
Derudi et al. [111] describes the formation of fulvenallene (C;Hg)
in the first step. Reactions and rate coefficients determined by
Cavallotti and co-workers [110,159] from theoretical calculations of
the C;Hg PES and H-abstraction reactions of fulvenallene proposed
by da Silva and Bozzelli [112] are used to model the formation
of fulvenallenyl radicals. Oxidation reactions of fulvenallenyl are
taken by analogy to cyclopentadienyl (CsHs).

Ethylbenzene. The homolysis reactions of ethylbenzene (A;C;Hs)
have been replaced by the pressure-dependent description of this
subset from the model of Yuan et al. [160]. Additionally, recombi-
nation reactions of benzyl and methyl investigated by Matsugi and
Miyoshi [161] were added to the ethylbenzene chemistry.

Reactions on the CgHg PES, such as reactions of A;- + CoHy
and the decomposition of the phenylethyl radicals (A;CH,CHy,
A;CHCHs3), are described with Chu et al.’s pressure-dependent rate
coefficients [162]. Incorporating this reaction subset into the de-
veloped model and comparing flow reactor measurements [163] to
simulation results in the temperature range 1060-1090 K, it was
found that an accurate styrene (A;C;Hs) prediction requires a
distinction between the two phenylethyl radicals. This observa-
tion is in line with the work of Chu et al. [162]. Analyzing
their experiments conducted at a lower temperature range (600-
800 K), Chu et al. [162] showed that the thermochemistry of
both phenylethyl radicals sensitively affects styrene. Additionally,
ortho-ethyl-phenyl (A;CyHs-) reactions are introduced into the
developed model, as ortho-ethyl-phenyl was experimentally ob-
served [162] and affected styrene formation.

The thermochemistry of the newly introduced 1-phenylethyl
(benzylic radical, AjCHCHs3) and ortho-ethyl-phenyl radicals was
adopted from Chu et al. [162]. Other CgHg radicals considered by
Chu et al. [162] were neglected in the developed model as they
are expected to be insignificant. Required H-abstraction reactions
of ethylbenzene producing 1-phenylethyl were adopted from the
NUIGMech1.1 model [72]. Consumption reactions of the resonance-
stabilized 1-phenylethyl are taken by analogy to reactions of the
allyl radicals (A-CsHs). Reactions of ortho-ethyl-phenyl were taken
by analogy to reactions of methyl-phenyl.

As for toluene, the ipso-substitution reaction A;C;Hs + H
= A; + GoHs can be a significant channel for benzene formation.
The model uses the rate coefficient computed by Pratali Maffei
et al. [151], increased by 50% to improve agreement with experi-
mental flow reactor measurements.

Styrene. Recent work by Sikes et al. [164] showed the dissoci-
ation of styrene (A;C;H3) to be a complex multichannel process
with strong pressure and temperature dependencies. Following the
assumption of Grela et al. [165], the dominant styrene decompo-
sition channel in the model of Cai et al. [62] produces benzene
and a vinylidene radical (H,C;) [62,63], independent of pressure.
Other channels are considered, but they are insignificant. In con-
trast, Sikes et al.’s experimental and theoretical work [164] showed
that the A; + H,C, channel accounts for roughly 5% of styrene
consumption, while the dominant pathways form styryl radicals.
The developed model was updated according to the results of Sikes
et al. [164].

The added subset includes unimolecular decomposition reac-
tions of styrene and the isomerization and dissociation reactions of
styryl radicals. The developed model considers channels for ortho-
styryl (A1CyHs-), resonance-stabilized 1-phenylvinyl (A{CCH,, o-
styryl in Sikes et al. [164]), and 2-phenylvinyl (A;CHCH, B-styryl
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in Sikes et al. [164]). Reactions of 1-phenylvinyl are considered due
to their importance for styrene decomposition at the conditions in-
vestigated by Sikes et al. [164] (1800-2250 K and 60-240 Torr),
while a detailed model for 2-phenylvinyl and ortho-styryl is re-
quired due to their importance for HACA routes [146]. Missing H-
abstraction reactions of the styrene ring were taken by analogy to
H-abstractions of the toluene ring. H-abstraction reactions produc-
ing 1-phenylvinyl are modeled using the rate coefficients for H-
abstraction reactions of toluene producing benzyl, where rate co-
efficients were reduced by a factor of six to approximately account
for the reduced number of available hydrogen sites, and the effects
of the CH, group.

Sharma et al. [166] proposed the recombination of cyclopenta-
dienyl and propargyl radicals as a styrene formation pathway. Re-
actions and rate coefficients derived from their investigation of the
CgHg PES were added to the developed model.

As theoretical or experimental studies on reactions of styrene
with O and OH remain unavailable in the literature [63,167],
reactions are mostly taken by analogy [63]. The addition of atomic
oxygen to styrene is a key reaction in styrene oxidation, but
theoretical investigations of this reaction class remain challeng-
ing [149,168]. Viable products are phenylethenols (A;C(OH)CH,,
A{CHCHOH) or vinylphenols, and the respective resonance-
stabilized radicals in analogy to the main channels of O addition
to benzene. Alternatively, benzyl and formyl or phenoxy and
vinyl radicals might be produced through the cleavage of a C-C
bond. The large uncertainty in the products sensitively affects
the competition between chain termination and branching, and
for simplicity, the current model introduces global reactions,
where the total rate coefficient estimate of Lindstedt et al. [16] is
adopted, but products were adjusted to match the experimental
measurements.

Xylene. Minor changes were introduced to the xylene
chemistry, such as an updated rate coefficient for the reac-
tion Al(CH3)2 +H = A]CH3 + CH3 [151]

Indene, naphthalene, and 1-methylnaphthalene. The kinetic data
of one-ring species approximates that of two-ringed species [63] in
the model of Cai et al. [62]. Therefore, the oxidation of in-
dene (CgHg), naphthalene (A;), and 1-methylnaphthalene (A,CHjs)
are updated according to the changes introduced to the cy-
clopentadiene, benzene, and toluene chemistry. The reaction of in-
denyl (CgH7) with molecular oxygen is described with the reaction
kinetics proposed by Ghildina et al. [169]. Additionally, updates
were introduced to the indenone chemistry. Indenone (CgHgO) is
an essential intermediate in the oxidation of indene. Its consump-
tion proceeds through unimolecular decomposition reactions mod-
eled in analogy to reactions of cyclopentadienone (CsH40) and
reactions on the CgH;O PES described with the reaction kinetics
computed by Ghildina et al. [170].

2.3. PAH chemistry

The present work emphasizes the development of a model
for indene, naphthalene, and acenaphthalene formation. How-
ever, repetitive schemes of radical-radical and radical-molecule
reactions [15,35,171] predict the growth of PAH species up to
acepyrene (A4Rs). The first step in this sequence is the for-
mation of the first ring. The benzene and fulvene predic-
tions rely on high-level quantum chemistry calculations follow-
ing prior work [34,35]. The most important formation pathways
are: C3Hs + C3H3 [172], acetylene + C4Hs [126], C3H3 + allyl radi-
cals [173], and CsHs + CH3 [136]. The isomerization reactions be-
tween fulvene and benzene are from Miller et al. [172] and Jasper
et al. [174].

Recent chemical kinetic modeling studies highlight the role
of fulvenallenyl as an intermediate toward naphthalene for-
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mation in pathways that potentially bypass benzene forma-
tion [35,36,109]. The discussion of the diacetylene [111,113] and
toluene [110,112,159] chemistry in the previous Section 2.2 ex-
plains fulvenallenyl formation. Additionally, several minor molec-
ular growth pathways, relying on estimated rate coefficients from
the model of Kukkadapu et al. [35], describe the formation of
other one-ringed species such as benzyne or benzyl.

Indene. Indene formation is updated based on recent advances.
Reactions of the phenyl radicals initiate most of the newly added
pathways. The developed model considers the following pathways:
The association of A;- + C3H3 with the reaction kinetics of Mo-
rozov et al. [175], growth reactions of phenyl with C3Hg4, Cs3Hs,
and C3Hg species with the reaction kinetics computed by Mebel
et al. [145], the reaction A{C,H + CH3; = CgHg + H [145], and as-
sociation of A; + C3H3 [145]. The latter pathways were added for
completeness, as Mebel et al. [145] expect insignificant indene for-
mation from these reactions.

Indene formation from acetylene addition to resonance-
stabilized C;H7 radicals, including benzyl, is described with the re-
action kinetics computed in recent ab-initio studies [138,145]. Re-
actions of CsHg + CsHs were updated based on the recommen-
dations of Cavallotti et al. [176]. Additionally, growth reactions of
A;- + C4Hg, investigated by Fascella et al. [177], can produce in-
dene and have been considered. Finally, the thermal decompo-
sition kinetics of indenyl from the theoretical study of Sundar
et al. [178] were incorporated. As the reactions proposed by Sundar
et al. [178] are reversible, they potentially enable the formation of
indenyl from the smaller species.

Naphthalene. Frenklach and co-workers [8,22,25,40,179,180] in-
troduced the best-known molecular growth pathway for PAH
species, HACA, a repetitive sequence of H-abstraction from a re-
acting hydrocarbon by a radical followed by the addition of
acetylene to the radical site. Experimental [181] and theoreti-
cal [146,182] studies suggest various viable HACA routes from ben-
zene to naphthalene exist. Chu et al.’s detailed pressure-dependent
chemical kinetic model [56] builds on prior high-level quan-
tum chemistry calculations [66,146,182] and adds new naphtha-
lene reactions on the CiyHg PES. The developed model consid-
ers all HACA routes from the model of Chu et al. [56], which in-
cludes Frenklach’s original route, the Bittner-Howard route, and
the modified Frenklach route. In Frenklach’s original route, the
first acetylene addition produces phenylacetylene (A;C,H). Fol-
lowing H-abstraction of phenylacetylene, the second acetylene
molecule adds to the ring, leading to the formation of naphthyl
or naphthynes. In the Bittner-Howard route, the second acetylene
molecule adds to the styryl radical 2-phenylvinyl (A;CHCH), which
produces naphthalene. The modified Frenklach route proceeds via
ortho-styryl (AjCyHs-). As for Frenklach’s original route, the sec-
ond acetylene molecule adds to the ring and produces naphtha-
lene. Additionally, the developed model considers a pathway sim-
ilar to Frenklach’s original route [56], where second acetylene ad-
dition produces benzofulvenyl instead of naphthyl or naphthynes.

The addition of C4 species to phenyl potentially leads to the
formation of naphthalene. The role of vinylacetylene in naphtha-
lene formation is investigated with the developed model using
the reactions and rate constants from Mebel et al. [108]. Since
vinylacetylene and diacetylene concentrations are in the same or-
der of magnitude, the diacetylene addition to phenyl was in-
vestigated at M06-2X/6-311+G(d,p) level of theory [183] and in-
cluded in the model. Additionally, the developed model consid-
ers reactions of phenylacetylene radicals and ethylene studied at
CCSD(T)/CBS//wB97X-D/6-311+G(d,p) level of theory [184].

The developed model includes reactions and rate coefficients
from the theoretical investigation of Monluc et al. [107] that de-
scribe the direct formation of naphthyl radicals from reactions of
ortho-benzyne and vinylacetylene.

[m5G;December 21, 2022;17:0]

Combustion and Flame xxx (XxXx) XXx

Kukkadapu and co-workers [35,36,109] showed that ring-
enlargement pathways initiated by the recombination of methyl
and indenyl could significantly contribute to the formation of
naphthalene. The modeled pathways [35] are based on recent ex-
periments and computations by Zhao et al. [185] and included in
the developed model.

Hansen et al. [36] highlighted the importance of benzyl
and propargyl recombination reactions in their investigation of
propyne-doped premixed toluene and benzene flames. The devel-
oped model adopts the respective reactions and rate coefficients,
based in part on the work of Matsugi and Miyoshi [157], from the
model of Hansen et al. [36].

Da Silva and Bozzelli [112] proposed the recombination reac-
tion of fulvenallenyl and propargyl radicals as a possible molecular
growth pathway. Following the chemical kinetic modeling study of
Kukkadupa et al. [35], reactions and rate coefficients are taken by
analogy to the recombination reactions of propargyl radicals [172].

Long et al. [135] investigated quantum chemical pathways for
the recombination reactions of CsHs radicals, which can initi-
ate naphthalene formation pathways. They note that the previ-
ously adopted 1-step global reaction [34,62] leading to naphtha-
lene and two H atoms may not be an adequate description [135].
Accordingly, the developed model includes the detailed pressure-
dependent kinetics of Long et al. [135].

Following prior works [35,62], further growth of naphthalene
and naphthyl radicals is modeled by analogy to benzene and
phenyl reactions.

Biphenyl. The self-reaction kinetics of phenyl radicals produc-
ing biphenyl are taken from the combined experimental and
theoretical work of Tranter et al. [186]. In addition, Kukkadapu
et al. [35] showed that radical-radical recombination reactions of
aliphatic CqHg isomers [145,175] and propargyl, modeled by anal-
ogy to propargyl recombination, could be a significant biphenyl for-
mation pathway, and the developed model includes this subset of
reactions.

Acenaphthalene. Naphthalene growth via HACA routes can be a
significant formation pathway for acenaphthalene [54,56]. The de-
veloped model considers these pathways [54,56] by including the
detailed pressure-dependent kinetic model of Chu et al. [56] as
a subset. Chu et al’s model is based on high-level quantum
chemistry calculations [54,56,187]. In addition to acenaphtha-
lene formation, it describes the formation of Ci4Hg and Cy4Hqg
species in agreement with experimental measurements [50]. Re-
cently, Liu et al. [55] investigated additional growth pathways of
acenaphthalene, and the newly proposed pathways and rates com-
plement the kinetics of Chu et al. [56]. Additionally, the developed
model considers the formation of 1-phenanthrenyl radicals from
3-ethynylacenaphthalene via H-addition to the five-membered
ring, followed by a ring flip, as proposed by Savchenkova
et al. [57].

In an investigation of phenalene (A,Cg) formation, Zhao
et al. [188] explored growth reactions of 1-naphthyl radicals
with propyne and allene. The developed model includes the
proposed reactions and rate coefficients derived from their
theoretical calculations, where some of the reactions produce
1-methylacenaphthalene (MEA;Rs) and acenaphthene. In addition,
2-naphthyl radical growth reactions [189] are modeled by analogy
to the similarly fast 1-naphthyl growth reactions [188], where
2-ethynylnaphthalene (A;C,HB) replaces acenaphthalene as a
product.

Based on a theoretical investigation, Porfiriev et al. [190] pro-
pose that the recombination reaction of 1-acenaphthyl (N1-CS41)
and methyl radicals can enable phenalenyl radical formation
pathways. The developed model includes the reaction kinetics
computed by Porfiriev et al. [190]. However, a revision might be
necessary due to considerable uncertainty in some of the rate
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coefficients, as Porfiriev et al. [190] discussed. Mass spectra ob-
served by Levey et al. [191] combined with theoretical calculations
suggest that the CH cycloaddition mechanism is a viable pathway
from five-membered to six-membered rings. However, the kinetics
of the proposed pathway are unavailable and therefore not yet
considered.

Repetitive schemes based on growth reactions of smaller
species model additional growth pathways of acenaphthalene fol-
lowing Cai et al. [62] and Hansen et al. [36].

Phenanthrene. Kukkudapu et al. [35] proposed reactions of
phenyl with phenylacetylene as a potentially significant phenan-
threne formation pathway. In the developed model, reactions and
rate coefficients for this pathway are taken from the theoretical in-
vestigation of Tuli and Mebel [192]. Yang et al.’s rates [193] de-
scribe HACA pathways producing phenanthrene from biphenyl.

Following Kukkadapu et al. [35], the recombination of fulve-
nallenyl radicals can produce phenanthrene in analogy to propar-
gyl recombination reactions. The chemical kinetic modeling of al-
lene and propyne flames [35] suggests that benzo-indenes, such
as fluorene, constitute a significant portion of the experimentally
measured mole fraction of Cy3Hyy isomers. As ring-enlargement
pathways of indene can significantly contribute to naphthalene
formation [35,36,109], by analogy, benzo-indene formation and
growth through ring-enlargement are expected to contribute to
the phenanthrene formation. As recent chemical kinetic model-
ing studies confirm the significance of benzo-indene formation and
growth pathways [35,109], the developed model includes this sub-
set from the model of Hansen et al. [36].

Large PAH species. The developed model uses consistent
rate coefficients for the formation pathways of large sta-
bilomers [194,195] (aceanthrylene, acephenanthrylene, pyrene,
acepyrene) and fluoranthene taken by analogy to reactions of sim-
ilar smaller species.

The oxidation of PAHs follows the models of Cai et al. [62] and
Hansen et al. [36].

The final model consists of 1036 species connected via 6139 re-
actions. The developed model’s reaction and rate coefficients are
all below the collision limit [196] between 700 and 2500 K in the
pressure range 0.039-100 atm. A detailed report on the collision
limit violations in the temperature range 500-3000 K is provided
in the Supplementary Material, where violations do not exceed a
factor of 10 and occur for 33 reactions. Therefore, the collision limit
violations are not expected to affect the results.

3. Validation results

The updates introduced to the model of Cai et al. [62] affect
the oxidation and growth chemistry of several species. Accordingly,
a comprehensive validation covering all relevant fuels in a broad
range of temperatures and pressures is required. At the same time,
it is necessary to consider that the model developed in the present
work builds on a detailed chemical kinetic model [62], which was
extensively validated in prior works [34,62-64]. Table 1 lists the
validation cases considered in the present study. The model of Cai
et al. [62] was previously validated against several of the valida-
tion tests in Table 1 [34,62-64], and, except for the cyclopentene
cases, it is applicable in the entire range of experimental condi-
tions. Therefore, prediction errors of the model of Cai et al. [62],
given by deviations between computed and measured results, can
be utilized to enhance and simplify the validation of the updated
model. On the one hand, the prediction errors of the model of Cai
et al. [62] serve as a benchmark for the developed model. On the
other hand, if differences in the prediction errors of both models
are insignificant for previously considered validation cases, a dis-
cussion is omitted to avoid redundancy.

[m5G;December 21, 2022;17:0]

Combustion and Flame xxx (XxXx) XXx

1000

p=10atm

100 ¢

Tig [ms]

0.1

0.01

07 08 09 1 1.1
1000/T [K"]

1000

»

100 ¢ E

Tig [ms]

- 0=05 m
0=10 e
-~ =20 4
0.01 /\ . . . . \¢ Q
07 08 09 1 11 12 13 14 15
1000/T [K'"]

Fig. 1. Ignition delay times of propyne/air mixtures for three fuel-air-equivalence
ratios (¢). Symbols denote experimental measurements by Panigrahy et al. [72] ob-
tained using a rapid compression machine (filled) or a high-pressure shock
tube (open). Solid lines show predictions of the model developed in the present
work and dashed lines show the predictions of the model of Cai et al. [62].

The Supplementary Material provides a detailed graphical com-
parison of the experimental measurements, predictions from the
model of Cai et al. [62], and predictions from the developed model
for all cases listed in Table 1. Cai et al.’s model [62] and the devel-
oped model predict similar ignition delay times and laminar burn-
ing velocities for C;{-C, fuels, propane, propene, cyclopentadiene,
benzene, 1-methylnaphthalene, n-heptane, iso-octane, and toluene.
Furthermore, differences in the prediction errors are insignificant
for species mole fractions for the oxidation of gasoline surrogate
fuel mixtures in plug flow and jet-stirred reactors. The vast major-
ity of these validation cases have been considered previously, and
the reader is referred to prior works for a discussion [34,62-64].

The remaining validation proceeds in the same order as the
model development section. The first part considers oxidation
chemistry validation targets, including ignition delay times, lami-
nar burning velocities, and speciation data from reactors for fuels
of increasing molecular weight. The second part evaluates specia-
tion data from 31 counterflow flames in a broad range of condi-
tions as validation targets for the developed PAH chemistry.

3.1. Core Cy—C4 chemistry

Significant differences between the models occur in the predic-
tions of propyne oxidation validation targets. Figure 1 compares
measured [72] ignition delay times to predictions of the devel-
oped model and the model of Cai et al. [62]. The model of Cai
et al. [62] underpredicts measured ignition delay times for ini-
tial temperatures above 1100 K. Ignition delay times are over-
predicted at lower temperatures, or no ignition occurs. The de-
viation between experimental measurements and the predictions
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Table 1

Experimental conditions for the model validation sorted by fuel composition and pressure. The Supplementary Material describes the details of the simulations. + indicates
a blend, and | signifies an alternative fuel composition. The type column introduces a distinction between ignition delay times (IDT), laminar burning velocities (SL), and
speciation data from flow reactors (FR), counterflow flames (CF), or jet stirred reactors (JSR). p is the pressure.

Fuel composition Type p [bar] References for experimental measurements
n-heptane IDT 3, 13.5, 42 Ciezki and Adomeit [201], Minetti et al. [202]
SL 1-25 Ji et al. [203], Jerzembeck et al. [204]
CF 1 Wullenkord et at. [102]
iso-octane IDT 13, 40 Fieweger et al. [205]
SL 10-25 Jerzembeck et al. [204]
n-heptane + iso- IDT 10, 30, 50 Fikri et al. [206]
octane+toluene
SL 1 Dirrenberger et al. [207]
FR 12.7 Chaos et al. [208]
n-heptane + iso- IDT 10, 30, 50 Cancino et al. [209]
octane + toluene + ethanol
SL 1 Dirrenberger et al. [207]
n-heptane + iso-octane IDT 40 Fieweger et al. [205]
JSR 1, 10.1 Chen et al. [210], Dagaut et al. [211]
SL 1-25 Bradley et al. [212], Jerzembeck et al. [204]
ethylene + toluene CF 1 Carbone and Gomez [103]
methanol IDT 12,2 Bowman [213], Noorani et al. [214]
ethanol IDT 1,2 Natarajan and Bhaskaran [215]
SL 1, 10 Veloo et al. [216], Beeckmann et al. [217]
methane IDT 2 Seery and Bowman [218]
SL 1 Vagelopoulos and Egolfopoulos [219], Hassan et al. [220], Rozenchan et al.
[221], Bosschaart and de Goey [222]
acetylene IDT 1,12,2 Hidaka et al. [223], Rickard et al. [224]
SL 1 Egolfopoulos et al. [225], Jomaas et al. [226]
acetylene (+ methane in one CF 1 Baroncelli et al. [227]
flame)
ethylene IDT 12,2 Horning et al. [228], Hidaka et al. [229]
CF 1-25 Figura and Gomez [105], Carbone et al. [230]
SL 1,5 Egolfopoulos et al. [225], Jomaas et al. [226], Hirasawa et al. [231], Kumar
et al. [232]
ethane IDT 1.1 Vries et al. [233]
SL 1,5 Vagelopoulos and Egolfopoulos [219], Hassan et al. [220], Bosschaart and de
Goey [222], Jomaas et al. [226]
propyne |/ allene IDT 2.1-304 Curran et al. [234], Panigrahy et al. [72]
CF 0.93 Kukkadapu et al. [35]
SL 1,2 Davis et al. [197], Panigrahy et al. [72]
propene IDT 1,4 Qin et al. [235]
SL 1,5 Jomaas et al. [226], Davis et al. [197], Saeed and Stone [236]
propane IDT 25,7, 8 Brown and Thomas [237], Burcat et al. [238]
SL 1,5 Vagelopoulos and Egolfopoulos [219], Bosschaart and de Goey [222], Jomaas
et al. [226], Vagelopoulos et al. [239]
1,3-butadiene IDT 2-41 Zhou et al. [82], Li et al. [240]
SL 1,5 Davis and Law [241], Zhou et al. [82]
CF 1 Moshammer et al. [242]
1-butene CF 1 Baroncelli et al. [243]
| 1-butene + acetylene
| 1-butene + methane
| 1-butene + propene
cyclopentadiene IDT 1 Orme et al. [244]
SL 1 Ji et al. [245]
FR 1 Butler et al. [198]
JSR 1 Wang et al. [199]
cyclopentene CF 0.08 Baroncelli et al. [133]
benzene IDT 2.3-9 Burcat et al. [246], da Costa et al. [247]
JSR 048, 1 Chai et al. [248], Ristori et al. [249]
FR 1 Brezinsky [250]
SL 1,3 Davis and Law [241], Johnston and Farrell [251]
toluene IDT 1.9-52 Burcat et al. [246], Shen et al. [252], Vasudevan et al. [253] (IDT and OH
mole fraction profiles), Zhang et al. [254]
FR 1 Klotz et al. [255]
SL 1,3 Hirasawa et al. [231], Davis and Law [241], Johnston and Farrell [251]
1-methylnapthalene IDT 13 Pfahl et al. [256]
JSR 1, 10.1 Mati et al. [257]
ethylbenzene IDT 12, 40 Shen and Oeslschlaeger [258]
FR 1 Litzinger et al. [163]
SL 1,3 Johnston and Farrell [251], Meng et al. [259], Mehl et al. [260]
m-xylene | o-xylene | p-xylene IDT 1-10 Battin-Leclerc et al. [261], Gail et al. [262], Gail et al. [263], Shen and
Oehlschlaeger [252]
m-xylene FR 1 Emdee et al. [264]
m-xylene SL 1,3 Johnston and Farrell [251], Ji et al. [265]
styrene IDT 1.43 Comandini et al. [266]
FR 1, 40 Litzinger et al. [163]
SL 1,3 Comandini et al. [266], Meng et al. [259]
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Fig. 2. Laminar burning velocities of propyne/oxygen/nitrogen mixtures. Exper-
imental data from Panigrahy et al. [72] are for propyne/air mixtures. Davis
et al. [197] used an oxidizer with an O, mole fraction of 18%. Solid lines show pre-

dictions of the model developed in the present work and dashed lines show the
predictions of the model of Cai et al. [62].

of the updated model decreased significantly for all considered
conditions, which results from ignition delay times being sensi-
tive to the updated reaction kinetics of p — C3Hy+HO, [72] and
p — C3Hs+OH [94].

The comparison of measured and computed laminar burning
velocities of propyne/oxygen/nitrogen mixtures in Fig. 2 shows
that prediction errors of the updated model decreased for most
of the considered conditions. The laminar burning velocity is sen-
sitive to the recombination reaction of propargyl and hydrogen
radicals [172] and the reaction p — C3Hys +H = CHj3 + CyH; [88].
The developed model adopts the rate coefficient adjustments in-
troduced by Panigrahy et al. [72] to the reaction kinetics from
Refs. [88,172]. In addition to decreased prediction errors in lami-
nar burning velocities, the adjustments also decreased the devia-
tion between computed and measurement benzene mole fractions
for the considered 31 counterflow flames.

The present work introduced several updates to the 1,3-
butadiene oxidation chemistry. While the differences between both
models are minor for predictions of laminar burning velocities,
prediction errors of the updated model decreased for high-pressure
ignition delay times as shown in Fig. 3. The predictions are
closer to experimental measurements in the considered tempera-
ture range due to the added pathways initialized by hydroperox-
ide addition to 1,3-butadiene [82]. Differences between model pre-
dictions can also be observed for species mole fractions in coun-
terflow flames. Discrepancies between computed and measured
species mole fractions are significant in both cases, as shown in
Figs. S59 and S60.

3.2. Oxidation of cyclic species

Several updates were introduced to the oxidation chemistry of
cyclic species. As evident from the detailed comparison in the Sup-
plementary Material, both models’ prediction errors are of similar
magnitude for most cyclopentadiene, benzene, and toluene tests.
The discussion focuses on two examples that highlight the updates’
effects, which are cyclopentadiene and benzene oxidation in a flow
reactor.

Figure 4 shows experimental measurements from the Princeton
adiabatic, atmospheric pressure flow reactor [198] and model
predictions for the CsHg oxidation. The changed predictions,
which are, in this case, closer to the experimental measurements,
illustrate the effects of several updates. The fuel consumption is
determined by the revised cyclopentadiene oxidation chemistry,
which considers recent ab-initio studies [133,137,138,140-142].
Species mole fractions of substituted aromatic species, such as
toluene (A;CHs), styrene (A;C;Hs3), and phenylacetylene (A;CyH),
are sensitively affected by newly introduced isomerization [164] or
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growth reactions [166] and the revised indene oxidation chem-
istry, which follows recommendations based on quantum chem-
istry calculations [169,170]. Guided by theoretical results [136],
methylcyclopentadiene (CsHsCH3) was added to the developed
model to describe benzene formation and can now be validated
against experimental measurement, as shown in Fig. 4. Despite
the many advances, there is still considerable uncertainty in the
simulation results, which explains underpredicted intermediate
species in jet-stirred reactor simulations compared to experimental
measurements [199], as shown in Figs. S72-S74.

Predictions of speciation data for benzene oxidation at at-
mospheric pressure improved with the updated model, as ex-
emplified by the comparison of plug flow reactor measure-
ments [200] and computed results shown in Fig. 5. All significant
oxidation pathways of benzene are modeled with reactions and
rate coefficients derived from high-level quantum chemistry calcu-
lations [132,147,149-151]. The improved predictions reflect the re-
duced uncertainty in rate coefficients and product branching frac-
tions of the addition reaction of A; + O [149].

In some cases, the predictions of ignition delay times, lami-
nar burning velocities, and speciation data from flow reactors of
mixtures containing 1-methylnaphthalene, ethylbenzene, xylene, or
styrene changed. However, no general trends for the agreement be-
tween model predictions and experimental measurements are ev-
ident from Figs. S96 to S115. Overall, the prediction accuracy of
the developed model is similar to the model of Cai et al. [62] for
1-methylnaphthalene, ethylbenzene, xylene, and styrene oxidation.
Key reactions for predicting the considered validation targets are
reactions of these fuels with O and OH radicals. These reactions
remain estimated by analogy to reactions of smaller fuels, imply-
ing significant uncertainty in the rate coefficients and assumed
products. As the differences between the predictions of both mod-
els [62] are minor compared to the effects of uncertainties in esti-
mates, we refrain from a detailed discussion.

Overall, prediction errors of the updated model and the model
of Cai et al. [62] are of similar magnitude for the considered oxi-
dation validation targets.

3.3. PAH chemistry

Several studies [35,133,227,243] showed that a PAH model’s
parameters and assumptions sensitively affect mole fraction
predictions of aromatic species in counterflow flames. Dong
et al. [37] compared peak mole fractions from a comprehensive
set of experimental data to simulation results obtained with a
newly developed detailed chemical kinetic model. It was demon-
strated that parity diagrams showing the respective peak values
allow for a compact visualization of a model’s prediction accu-
racy and identification of systematic deviations. Therefore, mea-
sured peak species mole fractions of selected PAH species from
31 counterflow flames serve as validation targets for the devel-
oped PAH chemistry. Table 1 lists the considered fuel components
and pressures. The following discussion focuses on the predic-
tion of peak mole fractions. A detailed graphical comparison of
computed and measured results and information on the simula-
tions are provided in the Supplementary Material for all considered
flames. The comparison also includes a few measurements of aro-
matic species from flow and jet-stirred reactors, which will not be
discussed.

Additionally, the validation approach is extended to account for
the estimated experimental uncertainty and the number of mea-
surements available for a set of parameters defining a validation
test case. Although not commonly acknowledged by chemical ki-
netic modeling studies, it is clear that the validation of a developed
model aims to measure the error between a deterministic compu-
tational result and the mean of a population of experimental mea-
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Fig. 3. Ignition delay times of 1,3-butadiene/air mixtures. Symbols denote high-pressure shock tube measurements from Zhou et al. [82]. Solid lines show predictions of the

model developed in the present work and dashed lines show the predictions of the model of Cai et al. [62].
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Fig. 4. Comparison of speciation data measured by Butler et al. [198] in the Princeton plug flow reactor (symbols), predictions of the model developed in the present work
(solid lines), and the predictions of the model of Cai et al. [62] (dashed lines) for the oxidation of stoichiometric cyclopentadiene/oxygen/nitrogen mixture at 1 atm. Initial
mole fractions and temperature: cyclopentadiene 0.3097%, O, 1.9931%, N, 97.697%, 1151 K. The experiments are modeled as an isobaric and adiabatic reactor.

surements for which only a finite sequence of measurements was
obtained. As explained by Oberkampf and Barone [267], the key
issue is the statistical nature of the sample mean of the measured
quantity, not the accuracy of the agreement between the compu-
tational result and the individual measurements. Unfortunately, the
sample size of the experimentally measured species mole fractions
is usually small, as experimental studies rarely focus on reproduc-
ing measurements at previously considered boundary conditions.
However, many experimental studies test the repeatability and re-

port uncertainty estimates [35,230,243|, which are the bases of
quantitative error estimation.
The present work accounts for the statistical nature of the ex-

perimental measurements. It defines the estimated error as
E(x) = Xs(x) — Xe(x). (1)

where X; is a peak species mole fraction from the simulation and
Xe is the sample mean of the peak mole fraction based on n ex-
periments conducted. The species mole fractions are functions of
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Fig. 5. Comparison of speciation data measured by Lovell et al. [200] in the Princeton plug flow reactor (symbols), predictions of the model developed in the present work
(solid lines), and the predictions of the model of Cai et al. [62] (dashed lines) for the oxidation of stoichiometric benzene/oxygen/nitrogen mixture at 1 atm. Initial mole
fractions and temperature: benzene 0.156%, O, 1.17%, N, 98.674%, 1102 K. The experiments are modeled as an isobaric and adiabatic reactor and the predicted species mole

fractions were shifted by —40 ms.

parameters x defining a test case, reported in the experimental
work and adopted as input to the simulations. The dependence
on x is omitted in the following for clarity. The population’s true
mean from the experimental measurements it remains uncertain
for a finite number of measurements. However, a confidence inter-
val (CI) can be estimated as [267, 268

He ~ (Xe—Emw)?e+Em)s (2)
for a chosen level of confidence C = 100(1 — &) %, where

S
Em = ta/Z,v : ﬁ (3)

is the error bound of the mean, ty; , is the 1 — /2 quantile of the
t distribution [268] for v = n — 1 degrees of freedom, and the sam-

ple standard deviation from the measured samples X!, X2, ..., X2 is
172
1T i o2
50 = 727 204 -%) @
The confidence interval for the true error is [267]
E=Xs— e ~ (E — Em, E + En). (5)

As species mole fractions of PAHs span more than three orders of
magnitude for the considered conditions, focusing on the species
mole fractions ratios is helpful rather than using the absolute error
estimate in Eq. (1). If the simulations underpredict the mean of
the sampled species mole fractions, the considered estimated error
metric is the ratio )ZE/XS with the confidence interval of its true
value given by

- )_(e_Em )_(e+Em
Xs X '

The inverse ratio Xs/Xe is used for overprediction with the respec-
tive confidence interval

X (X X
)-(e'i‘Em’)_(e_Em .

e
The distinction between over- and underprediction avoids a one-
sidedly bounded penalization associated with using the same de-

&

- (6)

(7)

nominator in both cases. The estimated mean deviation factor, de-
fined as

s 1< Xei(Xj) Xsi(x))
Rl =m FZ] max (XSJ‘(X]‘) s X—ﬁj(}(j))

for parameters Xxq,X»,...,Xm defining the respective test cases,
constitutes a one-number summary of the estimated error in
the predictions of a species i. Confidence indicators for the true
mean deviation factor are estimated by averaging widths between
)_(e,,-(x]-)/Xs_l-(xj) and the bounds from Eq. (6) or sti(xj)/)_(e_i(xj)
and Eq. (7).

Egs. (3) and (5)-(7) show that estimating a confidence inter-
val for the true error of model predictions is inherently based on
the nature of the population of experimental measurements and
requires a sample of known size and standard deviation. Most of
the considered experimental studies estimate that the uncertainty
in the measurements lies within a factor of two [35,230,243]. For
simplicity, it is assumed that the underlying sample for those esti-
mates has a size of n = 2. Assuming further, the uncertainty factor
of two applies to every measurement i conducted, that is, X!/Xe =
2, the error bound in Eq. (3) simplifies to Ey = ty )2 1Xe = 0.3175Xe
for a C = 90% confidence level.

Several studies provide significantly smaller uncertainty esti-
mates than what is assumed in the present work. However, it re-
mains often unclear how these estimates were obtained. Some-
times, estimates are determined rigorously, but merely a subset of
the potential sources of uncertainties affecting a measurement is
considered.

Figure 6 compares measured and computed peak species mole
fractions for the 31 counterflow flames listed in Table 1. The
considered species are cyclopentadiene (CsHg), benzene (CgHg),
toluene (A;CHs), phenylacetylene (A;C,H), styrene (A;CyH3), ethyl-
benzene (A;CyHs), indene (CoHg), naphthalene (CigHg), and ace-
naphthalene (Ci,Hg), where either the listed species or isomer
mole fractions are shown depending on the experimental measure-
ment. Additionally, Fig. 6 shows the mean prediction error com-
puted for the present model and the model of Cai et al. [62]. The
prediction error decreased for all considered species mole fractions
except for a slightly increased error for toluene (A;CHjs).

(8)

1
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Fig. 6. Parity diagrams

comparing peak mole fractions from experimental measurements to simulation results, where single species or isomer mole frac-

tions were selected as appropriate for the respective experiment. Dashed lines indicate a deviation of a factor of two, and dotted gray lines a factor of
five. Results obtained with the chemical kinetic model from the present work use colors representing the fuel composition, magenta: 1, 3—butadiene [242],

green: acetylene [227], blue: allene or propyne [35],

red: 1-butene or 1-butene blends [243],

purple: ethylene [105,230], 103],

brown: methane — doped cyclopentene[133], cyan: n—heptane [102]. Results obtained with the model of Cai et al. [62] are shown in gray. The symbol shape repre-
sents the pressure, M 80 mbar, xp ~ 1 bar, e 2 bar < p < 4.1 bar, vp > 8 bar. Values in the bottom right are: R; from Eq. (8), the average width between the CI bound
closer to 1 and R;, and the average width between R; and the CI bound further apart from 1 (confidence level C = 90%, individual CI bounds from Eqs. (6), (7)). The
upper row in black is computed with the predictions of the model from the present work, and the lower row in gray is computed with predictions from the model of Cai
et al. [62]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The deterioration of the mean toluene prediction error can
largely be attributed to the overprediction of peak mole fractions
in the 1,3-butadiene diffusion flames and some of the ethylene
flames. The update process of the model showed that the changes
in the C4-part of the mechanism affect predictions of toluene
and other aromatic species. Important oxidation reactions in the
high-temperature chemistry of 1,3-butadiene, such as the addition
of oxygen atoms to 1,3-butadiene, the oxidation chemistry of
vinylacetylene, and most of the oxidation chemistry of diacety-
lene are estimated by analogy to presumably similar reactions
reflecting the current literature knowledge [36,82,114]. The same
subset of reactions becomes relevant in ethylene flames as the
reactions C4Hg + H = CoH4 + CH3 and CoHy + GGH = C4Hy + H
produce C4 species. The former reaction was missing in the
model of Cai et al. [62]. It increased the predicted 1,3-butadiene
mole fraction by more than an order of magnitude in some of
the considered ethylene flames, improving the agreement with
experimental measurement in most cases considerably, as shown
in the Supplementary Material. Hence, remaining uncertainties

12

in the high-temperature oxidation of C4 species can affect the
predictions of aromatic species and should be addressed in future
work.

The CsHg, CgHg, A{CH3, and A;C;H3 peak mole fractions devi-
ate on average less than a factor two from the measurements. The
average deviation factor increases to 2.5 for indene, naphthalene,
and acenaphthalene. Previous studies demonstrated that the pre-
diction of acenaphthalene can be challenging [37,230]. Albeit for a
smaller dataset than for the other species’ mole fractions, the com-
parison in Fig. 6 indicates that the model updates introduced in the
present work improve the predictions substantially.

Surprisingly, the most significant error is observed for the
smaller substituted aromatic species ethylbenzene instead of the
two- and three-ring species. However, most predicted ethylben-
zene mole fractions agree with the measurements within a fac-
tor of two. The relatively large average deviation is caused by a
severe underprediction of ethylbenzene in low-pressure cyclopen-
tene flames. The significant discrepancy might be due to the rela-
tively simple cyclopentene subset and its limited validation. Miss-
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ing ethylbenzene formation pathways enabled by five-member ring
species are another possible explanation. The dominant styrene
formation pathways in the cyclopentene flames are initiated by the
recombination of cyclopentadienyl and propargyl radicals [166].
Analogous growth pathways are not considered for ethylbenzene.

On average, peak mole fractions of phenylacetylene are 2.51
times higher than the experimental measurements, which is
significantly lower than the prediction error of the model of Cai
et al. [62] but somewhat larger than the developed model’s pre-
diction error for toluene and styrene mole fractions. The dominant
phenylacetylene formation pathway is acetylene addition to phenyl
radicals. The relevant reactions are described with rate coefficients
based on high-level quantum chemistry calculations [146,147].
However, the rate coefficient of the most significant pheny-
lacetylene oxidation reaction, AjCbH + OH = A; + HCCO, was
estimated [269] and increased in the present work by a factor of
five to decrease the deviation between measured and computed
peak mole fractions. Without the adjustment, the average devi-
ation would increase to a factor of 3.75 for the updated model,
still significantly lower than the average deviation of 8.23 for
the model of Cai et al. [62]. However, the uncertainty in the
phenylacetylene oxidation chemistry remains large and should be
addressed in future studies.

Finally, Fig. 6 reports the mean widths of confidence intervals
for the true mean deviation factors for a C = 90% confidence level.
For the relatively accurate prediction of CsHg, CgHg, A{CH3, and
A;C,H3 peak mole fractions, the average lower interval bound is
close to one, indicating that the estimated mean error is of a sim-
ilar magnitude as its uncertainty. Increasing the assumed sample
size n from 2 to 5 for constant standard deviation would reduce
the width of the confidence intervals by a factor of ~2, highlight-
ing the benefit of a larger sample size. For the other less accurately
predicted species, the effects of uncertainty in the measurements
are small compared to the mean error in the model predictions.

4. Reaction flux analysis

Reaction flux analysis or reaction path analysis is commonly
used in chemical kinetic model development studies. Reaction flux
diagrams visualize pathways that consume or produce species of
interest, which helps understand a chemical kinetic model. The
key information conveyed in these diagrams is the distinction be-
tween shown “significant” and discarded “insignificant” pathways.
However, despite the complexity of detailed chemical kinetic mod-
els and the strong reduction of the information expressed in a
flux diagram, most studies do not define selection criteria for
shown species and fluxes rigorously. Additionally, in the case of
manually assembled diagrams, species or flux selection is error-
prone and can be inconsistent unless the diagram is sufficiently
simple. In contrast, this paper introduces a graph model based
on net reaction fluxes defining rigorous selection criteria for the
shown species and fluxes, enabling the automatic generation of
flux diagrams. The details of the selection process are described
in Appendix A.

Briefly, the construction process of a flux diagram is based on
net reaction fluxes and the definition of a set of source and target
species. The species of interest, indene, naphthalene, or C{,Hg iso-
mers in the present work, are the target species. Additionally, the
Supplementary Material includes analyses for benzene. As signifi-
cant formation pathways are to be discovered by the analyses, all
species in the model with four or more carbon atoms define the
set of source species. A two-step process identifies the visualized
pathways, where reaction fluxes along shown pathways connecting
a source and a target species must fulfill a constraining criterion.
The first step determines significant pathways producing a target i
using a cut-off parameter P: defined in Eq. (A.2). Pathways ful-

13

[m5G;December 21, 2022;17:0]

Combustion and Flame xxx (XxXx) XXx

filling the criterion are shown with solid arrows. The second step
adds dashed arrows representing reaction fluxes explaining inter-
actions between pathways from the first step and cycles based on
a global cut-off parameter pj;,;; defined in Eq. (A.G).

This graph-based representation of the reaction fluxes will be
used in the following to generate flux diagrams from simulation
results. The selection of fluxes and species is rigorous, and all in-
formation shown in the flux diagrams is quantitative, making only
the selection of target species and the chosen cut-off parameter
values subjective.

4.1. Indene

The pathways contributing significantly to the indene formation
are largely similar for all considered counterflow flames, exhibit-
ing moderate dependence on mixture composition, pressure, and
fuel structure. The diagram in Fig. 7 is representative of the fluxes
observed in most of the investigated flames. It shows three major
indene formation pathways.

The first indene (CgHg) formation pathway belongs to the naph-
thalene oxidation chemistry. The pathway depicted in Fig. 7 starts
from 1-naphthyl radical (A-A) oxidation, which proceeds via
naphthoxy (A,0) and indenyl (CgH;) formation. Several 1-naphthyl
oxidation reactions can significantly contribute to the naphthoxy
formation, where reactions and rate coefficients were taken by
analogy to reactions of phenyl [132]. The subsequent naphthoxy
radical decomposition is assumed to proceed analogously to phe-
noxy decomposition [150]. Kislov et al. [270] investigated the prod-
ucts produced from naphthyl oxidation, and their results indicate
that the product selection for these reactions by analogy to phenyl
reactions is plausible. However, the uncertainty in estimated rate
parameters and product branching remains considerable, poten-
tially contributing to the overprediction of indene shown in Fig. 6.
A revision of the naphthalene oxidation chemistry emphasizing in-
dene formation pathways should be the subject of future studies.

The second group of pathways shown in Fig. 7 starts from
benzene (A;). H-abstraction of benzene produces phenyl, and the
subsequent recombination of phenyl (A;-) and propargyl (CsHs)
initiates several growth pathways, primarily via aliphatic CgHg
isomers, where the dominant pathway depends on the consid-
ered conditions. Direct indenyl radical formation [145] can be
a significant pathway. However, direct indene formation, which
is one of the reactions investigated by Morozov et al. [175],
is insignificant in the considered flames. In partially premixed
ethylene/oxygen/nitrogen counterflow flames, investigated exper-
imentally by Carbone et al. [230], the reaction of phenylacety-
lene (A1C,H) and methyl [145] can contribute to the formation of
aliphatic CgHg isomers. Phenylacetylene, in turn, is produced from
the first step of Frenklach’s original HACA route, which is usually
thought of as a naphthalene formation pathway [146].

In contrast to the naphthalene oxidation pathways, the subset
of pressure-dependent reactions starting from benzene is based on
theoretical calculations by Mebel and co-workers [145,146,175]. The
associated uncertainty is considerably smaller than for the naph-
thalene oxidation pathways. Additionally, this subset of reactions
was shown to contribute to the indene formation when integrated
into other chemical kinetic models [35,36]. Therefore, we can con-
fidently state that this subset of reactions is a viable pathway that
contributes significantly to the indene formation in a broad range
of conditions and for several fuels. The subset should be consid-
ered in chemical kinetic models for PAH growth.

The third indene-producing pathway shown in Fig. 7 is acety-
lene addition to benzyl radicals (A{CH,) [145]. This pathway can
be initiated by reactions of methyl and phenyl radicals [271], as
shown in Fig. 7. However, significant indene formation is possible
via this pathway without phenyl radical formation, for example,
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Fig. 7. Indene formation pathways (Pcons = 1.6%, pPiimic = 35%) in an atmospheric acetylene/oxygen/argon/carbon dioxide counterflow diffusion flame experimentally investi-
gated by Baroncelli et al. [227]. Figure S26 shows a detailed comparison of measured and computed species mole fractions and the boundary conditions. Vertex labels show
the species names used in the developed chemical kinetic model. Edge labels show relative contributions of a pathway to a species’ integrated production flux and further
reactants consumed in the associated reactions. The linewidth of solid arrows represents the significance of a pathway for a target's formation as defined in Appendix A.
Pathways shown with dashed arrows explain interactions between pathways or cycles. Colors represent the number of carbon atoms in the species.

from reactions of benzyne (0-CgH,) and methyl radicals [111]. In-
terestingly, Hansen et al. [36] found minor contributions from this
pathway when investigating premixed propyne-doped benzene
and toluene flames. The benzyl pathway is often the dominant in-
dene formation route for the counterflow flames considered in the
present work. Both chemical kinetic models use the same subset
of reactions proposed by Mebel et al. [145]. The cause for the de-
viating dominant formation routes remains to be investigated.

Reactions with cyclopentadiene [176] can play a minor role
in the indene formation, as, for example, observed in the low-
pressure cyclopentene flames investigated by Baroncelli et al. [133].
Another minor contributor to the indenyl radical formation is the
reaction of benzyne and propargyl radicals [178].

4.2. Naphthalene

The dominant naphthalene formation pathways depend more
strongly than indene formation pathways on the fuel composition,
so naphthalene production flux analysis is discussed with the help
of three examples. The examples were selected to cover significant
naphthalene pathways from all considered flames.

Figure 8 shows the naphthalene formation pathways in an
atmospheric, argon-diluted acetylene flame investigated experi-
mentally by Baroncelli et al. [227]. The shown relative flux con-
tributions to naphthalene (A;) sum up to 25.7% because cyclic
pathways with naphthyl radicals making up 70% of the flux are
not shown for clarity. As for indene, multiple pathways initiated
by reactions of benzene (A;) can play an essential role. Three
HACA pathways contribute to the naphthalene formation in this
acetylene flame. The first contributor is Frenklach’s original HACA
route [146], which proceeds via phenylacetylene (A;C,H). Sec-
ond, the similar pathway from the model of Chu et al. [56] is of
comparable significance. Dehydrogenated CigH; intermediates in
these pathways were omitted for clarity. Third, the Bittner-Howard
HACA route [146], in which a second acetylene molecule adds to
the styryl radical A;CHCH, is non-negligible. The modified Fren-
klach HACA route [146] is negligible in this atmospheric pressure
flame. At higher pressures, the modified Frenklach and the Bittner-
Howard route are expected to become more significant than the
HACA routes proceeding via phenylacetylene [146]. However, HACA
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routes constitute a non-negligible naphthalene formation pathway
only in acetylene flames, and only atmospheric acetylene flames
were considered.

Minor or negligible contributions to the naphthalene formation
from HACA routes can be surprising as HACA is often expected
to be an important route from benzene to naphthalene [182].
Directly measured products formed from phenyl + acetylene at
up to 0.4 bar pressure and temperatures up to 1020 K showed
that viable pathways connecting the two species exist [181,182].
The HACA reaction kinetics in the developed model were de-
rived from theoretical calculations [56,146,182] and predicted
species concentrations mostly in agreement with direct measure-
ments [56,182]. However, recent chemical kinetic modeling studies
of non-premixed [35] and premixed flames [36] using the reaction
kinetics of Mebel et al. [146] questioned the importance of HACA
pathways. Naphthalene formation was dominated by radical-
radical and, to a lesser extent, ring-enlargement reactions [35,36],
even when benzene was the fuel [36]. Predictions of the model de-
veloped in the present work confirm the minor contributions from
HACA pathways and highlight the importance of radical-radical
and PAH molecule-radical reactions for naphthalene formation.

As shown in Fig. 8, the reaction of benzene (A;) and the
resonantly stabilized free radical i-C4Hs; is predicted to be a
naphthalene-producing reaction of significance. The used rate co-
efficient is an estimate for reactions between molecules and reso-
nantly stabilized radicals adopted from the model of Pejpichestakul
et al. [10]. With this estimate [10], the reaction significantly con-
tributes to naphthalene formation in several other flames. A more
accurate rate coefficient, e.g., derived from theoretical calculations,
would be appropriate, but, to the authors’ knowledge, it is unavail-
able in the literature. As an alternative to the currently adopted
estimate [10], the analogy with A; + C3H3 [145] can be considered.
This analogy suggests a significantly lower rate coefficient and the
possibility of forming one-ring species with an aliphatic substitute
that might be converted to naphthalene. Using the analogy with
A; + C3Hs3 [145], contributions from the reaction A; + i-C4Hs3 to the
naphthalene formation become negligible in all considered coun-
terflow flames. The resulting parity diagrams are included in the
Supplementary Material. The mean deviation factor for the CiqHg
peak species mole fractions decreases slightly from 2.28 to 2.08.
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Given the high uncertainty in the proposed pathway and the em-
ployed estimate, future studies should revisit this reaction once
more reliable reaction kinetics are available.

Fulvenallenyl radical (C;Hs) pathways contribute significantly to
naphthalene formation in several flames, including the acetylene
flame analyzed in Fig. 8. Following Kukkadapu et al. [35], fulvenal-
lenyl and propargyl recombination reactions can produce naphtha-
lene or benzofulvene. Benzofulvene is subsequently directly or, as
shown in Fig. 8, indirectly [145] converted to naphthalene. Contri-
butions from these reactions are similar to other pathways for the
acetylene counterflow flame analyzed in Fig. 8. However, this path-
way dominates the naphthalene formation in many other flames.
Kukkadapu and co-workers [35,36,109] also ascertained the im-
portance of this pathway, and we agree that it would be recom-
mended to study this reaction theoretically.

Figure 9 shows the production flux of naphthalene in a partially
premixed ethylene/oxygen/nitrogen flame at a pressure of 4 atm. In
contrast to the acetylene flame, the fulvenallenyl radical pathways

are responsible for most of the naphthalene formation. As shown
in Fig. 9, fulvenallenyl radicals (C;Hs) are produced in two ways.

First, propargyl can react with diacetylene (C4H,) to form
fulvenallenyl [111,113]. This reaction is prototypical for an H-
elimination/abstraction-free PAH growth mechanism [113] and
should receive further attention in future studies. Diacetylene
chemistry is poorly understood, and an overprediction was ob-
served in many of the considered flames, including the partially
premixed ethylene/oxygen/nitrogen flame analyzed in Fig. 9. This
overprediction could promote the emergence of fulvenallenyl radi-
cal pathways, potentially overestimating their significance. Pejpich-
estakul et al. [10] investigated PAH formation in several rich pre-
mixed flames, and they share the conclusion that diacetylene de-
serves attention in future studies. Second, the dehydrogenation
of the benzyl radicals (A;CH;) can produce fulvenallenyl radi-
cals [110,111]. As shown in Fig. 9, another pathway contributing
significantly to the naphthalene formation is the reaction of ben-
zene and i-C4H3, which has been discussed above.

15



JID: CNF

R. Langer, Q. Mao and H. Pitsch

[m5G;December 21, 2022;17:0]

Combustion and Flame xxx (XxXx) XXx

CX ) o €
54 1%,
54.1% O 6.5%
C9H7 METHYLINDENYL-1 IT)L;E],”
i gy
OH, "+ BENZOFULVENE _ 4.4%
+CH3,
H _
©== 87.4% - +C3H3
99.7% - . 2.2%
./ C7H6 C7H5
+C3H3 1.6%
39.0% =
AlCH2 —_ A2

C10H10

C5H5C5H4-1C

Fig. 10. Naphthalene formation pathways (Pa; = 1.3% and pjmic = 10%) in a methane-doped low-pressure cyclopentene/oxygen/argon at 80 mbar experimentally investigated
by Baroncelli et al. [133]. Figure S76 shows a detailed comparison of measured and computed species mole fractions and the boundary conditions. Formation pathways of
C5H5CsHy-1C are part of a complex network initiated by recombination reactions of cyclopentadienyl radicals [135] and were clipped. Cyclic pathways with naphthyl radicals
are excluded for clarity. The meaning of labels, line types, linewidth, and colors is the same as in Fig. 7.

Finally, naphthalene formation can also be initiated by the re-
combination reaction of methyl and indenyl radicals (CgH7). Such
molecular growth reactions through ring-enlargement were found
to be significant naphthalene formation pathways by Kukkadapu
and co-workers [35,36,109]. However, for the considered counter-
flow flames, these pathways were minor contributors.

The reaction fluxes for naphthalene production in a methane-
doped low-pressure cyclopentene/argon/oxygen flame [133] are
summarized in Fig. 10. The primary source of naphthalene is here
an H-elimination reaction of the fulvalanyl radical CsHs5Cs5Hy-1C,
which is produced from a complex pressure-dependent reaction
network proposed by Long et al. [135]. The initiation reactions of
the network are recombination reactions of cyclopentadienyl rad-
icals (CsHs). Rate coefficients for the cyclopentadienyl recombina-
tion reactions were reduced by a factor of four to match the ex-
perimental measurements.

Additionally, Fig. 10 shows three minor pathways, the in-
denyl ring-enlargement pathway starting from CgH-, the fulvenal-
lenyl (C;Hs) pathway, and the naphthalene formation from di-
alin (CygHyp). Dialin is produced from the recombination of benzyl
and propargyl radicals. Other products of the benzyl-propargyl re-
combination, such as phenyl-vinylacetylenes, are considered in the
developed model. Following the model of Kukkaduppa et al. [35],
these reactions can initiate a complex reaction sequence that can
contribute to naphthalene formation [36]. However, the adopted
subset had a negligible effect on naphthalene formation for the
considered counterflow flames.

4.3. Acenaphthalene and ethynylnaphthalenes

Figure 11 shows an acenaphthalene (A;Rs5) production flux anal-
ysis for a partially premixed ethylene/oxygen/nitrogen flame at at-
mospheric pressure. It reveals that acenaphthalene is almost exclu-
sively produced from acetylene addition to 1-naphthyl radicals (A;-
A). These reactions belong to the HACA routes included in Chu
et al.’s detailed chemical kinetic model [56]. HACA pathways dom-
inate the formation of Ci;Hg isomers in most of the considered
flames, although propyne addition to 1-naphthyl can be a minor
contributor. At high pressures, assumed products of phenanthrene
oxidation reactions can produce significant amounts of ethynyl-
naphthalenes. The analysis below focuses on the flames unaffected
by this highly uncertain oxidation pathway.

In contrast to the model of Cai et al. [62], the dominant forma-
tion pathways in the CioHg chemistry shown in Fig. 11 are based
on theoretical calculations [55,56]. The adopted detailed descrip-
tion [56] allows for an analysis of the predicted C{,Hg isomer dis-
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tribution. Besides its relevance for possible PAH growth pathways,
the isomer distribution is of interest for quantifying mole frac-
tions from experimental measurements [243] or determining the
properties of lumped species [10]. The high thermodynamic stabil-
ity of acenaphthalene is well known [194,195]. Using group addi-
tivity estimates and considering mixtures of acetylene, molecular
hydrogen, and one of the C{;Hg isomers, the hypothetical equilib-
rium concentration of acenaphthalene at 1800 K was shown to be
40 times larger than that of 1-ethynylnaphthalene (A,C,HA) [194].
Based on this simple thermodynamic analysis, one would ex-
pect that acenaphthalene is the most abundant Ci,Hg isomer.
Figure 12 shows that mole fractions of the 1-ethynylnaphthalene,
2-ethynylnaphthalene, and acenaphthalene are predicted to be
similarly large for the considered flame. Model predictions from
the comparison to experimental measurements in the Supplemen-
tary Material suggest that a more or less even distribution among
these three isomers can be expected in many flames. Other C{,Hg
isomers adopted from the detailed model of Chu et al. [56] are
only present in negligible concentrations. The observed C;;Hg iso-
mer distribution distinguishes itself from CigHg and CgHg isomer
distributions, where naphthalene and indene are the most abun-
dant species.

The reaction flux analysis shown in Fig. 11 explains
the high concentration of ethynylnaphthalenes. First, 2-
ethynylnaphthalene (A,C,HB) is produced in the acetylene
addition to a 2-naphthyl radical (A,-B). Subsequently, no signifi-
cant pathway allows for the conversion of 2-ethynylnaphthalene
to 1-ethynylnaphthalene (A,C,HA) or acenaphthalene [5G]. As
reported by Liu et al. [54] and included in the present model,
the Frenklach pathway of 2-ethynylnaphthalene can potentially
produce phenanthrene and anthracene. However, experimen-
tal [50] and theoretical [54,56] evidence shows that HACA
pathways are unlikely to produce significant amounts of three-ring
Ci4Hqo species. Instead, the di-substituted Ci4Hg isomers are
the favorable product [56] of the acetylene addition reactions.
Accordingly, the model predicts insignificant contributions to the
phenanthrene formation via HACA routes.

The 1-ethynylnaphthalene (A;C;HA) mole fraction being simi-
lar to the acenaphthalene mole fraction, as exemplified by Fig. 12,
is surprising given the thermodynamic stability of acenaphthalene
and the kinetic analysis of Liu et al. [54] that showed that the for-
mation of acenaphthalene from 1-naphthyl radicals (Ay-A) is fa-
vorable over the formation of 1-ethynylnaphthalene. In addition
to the work of Liu et al. [54], the developed kinetic model incor-
porates the reaction network of Chu et al. [56], who computed
rate coefficients for the reaction between N1-CS12 and N1-CS41,
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Fig.  12. Species mole  fractions  of  acenaphthalene  (A;Rs), 1-
ethynylnaphthalene (A;C,HA), and 2-ethynylnaphthalene (A,C,HB) as a function of
distance from the stagnation plane for the ethylene/oxygen/nitrogen flame analyzed
in Fig. 11. Symbols show experimental measurements of the A,Rs mole fraction by
Carbone et al. [230]. Solid lines show predictions of the model developed in the
present work, and dashed lines show predictions of the model of Cai et al. [62].

which constitutes an isomerization via direct intramolecular H-
transfer. Figure 11 shows that, as expected [54], acetylene addi-
tion to 1-naphthyl radicals produces predominantly acenaphtha-
lene. However, significant amounts of 1-ethynylnaphthalene can
be produced via the isomerization reaction investigated by Chu
et al. [56], slightly lowering the acenaphthalene mole fraction. As
for 2-ethynylnaphthalene, there is an insignificant reaction flux in
the reverse direction from 1-ethynylnaphthalene to acenaphtha-
lene.

While the reaction flux analysis in Fig. 11 shows that a signif-
icant reaction flux between C;,Hg isomers is possible, the uncer-
tainty in the isomer distributions shown in Fig. 12 is substantial.
Consumption pathways, for example, through oxidation, are cur-
rently of minor importance. However, the developed model uses
relatively crude estimates following prior works [36,62], which
could affect the predictions.

5. Conclusion

This study develops a new detailed chemical kinetic model for
predicting PAH species up to the size of acepyrene. The developed
model reflects the latest understanding of PAH chemistry informed
by ab-initio, experimental, and chemical kinetic model develop-
ment studies. The chemistry of soot precursors, including CsHy iso-
mers, C4Hg isomers, cyclopentadiene, benzene, substituted mono-
aromatic species, indene, naphthalene, C;;Hg isomers, and phenan-
threne, was updated starting from the model of Cai et al. [62] for
gasoline surrogates.

The model was validated against measurements from 79 ex-
perimental studies, including ignition delay times, laminar burning
velocities, and speciation data, for several fuels in various condi-
tions. Prediction errors for oxidation chemistry validation targets
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were overall similar for the proposed model and the model of Cai
et al. [62]. The PAH chemistry was validated against measured peak
mole fractions of aromatic species from 31 counterflow flames. The
predictions improved significantly compared to the model of Cai
et al. [62]. Mean deviations between computed and measured peak
mole fractions of selected aromatic species up the size of acenaph-
thalene were below a factor of three.

Computing confidence intervals quantified the effects of exper-
imental uncertainties for a 90% confidence level. The confidence
intervals’ mean width is similarly large as the mean prediction
error of simple aromatic species. A larger sample size, that is, a
larger number of conducted measurements at the same conditions,
would achieve a significant width reduction. The experimental un-
certainties are of minor significance for assessing the model pre-
diction errors in mole fractions of two- and three-ring aromatic
species.

Reaction flux analyses applying rigorously defined species se-
lection criteria revealed the dominant formation pathways of in-
dene, naphthalene, and acenaphthalene. The analysis of indene
highlights the importance of formation pathways initialized by re-
actions of phenyl and benzyl, which are described by the pressure-
dependent reaction kinetics from high-level quantum chemistry
calculations [138,145,175].

The reaction flux analysis of naphthalene revealed that the two
most significant formation pathways are highly uncertain for the
following reasons:

1. The reaction A; + i-C4H3 = A, + H contributes significantly
to the naphthalene formation, where the rate coefficient es-
timate was adopted from Pejpichestakul et al. [10]. An al-
ternative estimation approach based on the analogy with
A; + C3H3 [145] suggests a lower rate coefficient resulting
in negligible contributions to the naphthalene formation. The
pathway should be revisited once more reliable reaction kinet-
ics are available.

2. The analysis confirmed the previously observed [35,36,109] sig-
nificance of fulvenallenyl radical pathways. The recombination
reactions of fulvenallenyl and propargyl are taken by analogy
to the recombination reactions of propargyl radicals.

3. An essential precursor of fulvenallenyl, diacetylene, is strongly
overpredicted in many flames, reflecting the considerable un-
certainty in predictions of C4 species.

HACA routes [66,146,182] and ring-enlargement path-
ways [185] are minor contributors or negligible. Cyclopentadienyl
recombination [135] is the dominant pathway in cyclopentene
flames but negligible for other fuels.

Acenaphthalene is produced from naphthalene via HACA routes.
The model predictions suggest that the 1-ethynylnaphthalene and
2-ethynylnaphthalene concentrations are often similar to the ace-
naphthalene concentrations.
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Future studies should address the uncertainties in the naphtha-
lene formation pathways and the significant uncertainties in the
oxidation of phenylacetylene, indene, naphthalene, and larger PAH
species.
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Appendix A. Selection criteria for species and reactions in
reaction flux diagrams

The graph model for the flux analysis is a bipartite graph,
where the two parts are the set of species S and the set of re-
actions R. The edges represent the integrated net reaction fluxes.
The graph is directed where the direction coincides with the di-
rection of the net reaction rate for consumption pathway analysis
or vice versa for formation pathway analysis. Starting from a set
of chosen species of interest, referred to as target species, Sr, all
traversable paths in the graph contribute directly or indirectly to
the consumption or formation of a target species. However, it is
unclear which paths are the most relevant, and their number will
usually be too large to depict all of them in a flux diagram. There-
fore, the pathways shown in a flux diagram are further constrained
by introducing a set of source species Sg and requiring that every
shown pathway satisfies a selection criterion that asserts a signifi-
cant reaction flux between a target and a source species. Consider
an acyclic pathway candidate w that joins the vertice sequence

Vw = (SluRlﬁsZ?~-47Rn—2asn—l7Rn—1sSn)7 (Al)

with S1€S8s, SneSr, S1.....51 €8, and Ry,...,Ry_1 € R. For w to
be shown in a production flux diagram, it must satisfy the condi-
tion

n-1
B, < []ps.su (A2)
i=1

where P, is the chosen cut-off parameter for a target species Sy,

Ps;s;., is an interaction coefficient for the S;,; producing and S;
consuming reactions given by

pss = ¥ jen s,y MaX (0. [ vjs,, @;dx)
i:Sis1 Z;’i] max (0, f Visis C()jdx)

wj is the net reaction rate of reaction j, vjs, , is the net stoichio-
metric coefficient of species S;,; in the reaction j, ng is the number
of reactions, and dx represents the appropriate integration in time
or space. The sum over all reactions adjacent to the species pair,
indicated by N(S;, Si;1), is used because multiple reactions con-
necting the two species are merged in the flux diagram. An ex-
ample of such a group is the H-abstraction of S; by several radicals
producing the respective radical S;, ;. Analogously, a consumption
flux diagram shows a pathway that consumes the target species Sy
if

(A3)

n-1

G, <[] css01-

i=1

(A4)
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where

S 2 jeN(s;.5i,,) MAX (0, S =Visi a)jdx)
o YR, max (0. [ —vjs,, wjdx)

The respective criterion is tested for every possible pathway in the
graph without visiting any vertex twice. All flux diagrams depict
pathways fulfilling the minimum flux criterion with solid arrows.
The linewidth of an arrow depicting an edge increases with larger
values of the respective flux criterion in Eqs. (A.2) and (A.4) if
the flux analysis is done for a single target species. Labels next to
edges show reactants enabling the visualized flux and the relative
flux contributions to a species as given by Eqs. (A.3) and (A.5).
The final step adds further pathways that explain interactions be-
tween already shown pathways and cycles. These additional path-
ways must not add additional vertices. A pathway candidate join-
ing (5;,R,Sj) is shown if

(A.5)

Ps..s; > Plimit (A.6)
for production flux analysis or
Cs;.5; > Climit (A7)

for consumption flux analysis, where pj;pnic and ¢y are global cut-
off parameters for a diagram. Pathways added in the second step
are depicted with dashed lines of uniform linewidth. Both types of
edges and the vertex labels are color-coded according to the num-
ber of carbon atoms in the species. The set of source species is de-
fined as the set of species with four or more carbon atoms unless
otherwise stated, and source species are marked in bold.

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.combustflame.2022.
112574.
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