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Surrogate fuels consisting of a mixture of well-studied hydrocarbons are often used to model real fuels in
typical combustion studies. A major challenge, however, is the capability to design compact and reliable
kinetic models that capture all the specificities of the simpler, but still multi-component surrogates. This
task is further complicated by the diverse nature of the hydrocarbons commonly considered as potential
surrogate components, since they typically result in large detailed reaction schemes. Towards addressing
this challenge, the present work proposes a single, compact, and reliable chemical mechanism, that can
accurately describe the oxidation of a wide range of fuels, which are important components of surrogate
fuels. A well-characterized mechanism appropriate for the oxidation of smaller hydrocarbon species
(Blanquart et al., 2009), as well as several substituted aromatic species and n-dodecane (Narayanaswamy
etal, 2010, 2014), well suited as a base to model surrogates, has now been extended to describe the oxi-
dation of methylcyclohexane, a representative of the cyclic alkane class, which is often used in jet fuel
surrogates. To ensure compactness of the kinetic scheme, a short mechanism for the low to high temper-
ature oxidation of methylcyclohexane is extracted from the detailed scheme of Pitz et al. (2007) and inte-
grated in a systematic way into the previous model. Rate coefficient changes based on recent
recommendations from literature, and an additional concerted elimination pathway important at mod-
erate to low temperatures are introduced to the resulting chemical mechanism, which improve the model
predictions. Extensive validation of the revised kinetic model is performed using a wide range of
experimental conditions and data sets.

Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

Previously, a single chemical mechanism describing the oxida-
tion of a wide range of hydrocarbon species, from C; to Cg species

Computational combustion studies in engines typically use sur-
rogates to model real fuels. However, it is challenging to develop
kinetic models that describe the oxidation of all individual compo-
nents in multi-component surrogates accurately. Further, the
nature of the hydrocarbons commonly considered as surrogate
components often leads to extremely large reaction schemes for
surrogate mixtures, owing to the large detailed reaction schemes
for the individual component description. As a result, designing
compact kinetic models is yet another formidable task. Our objec-
tive is to meet these challenges, by developing a single, consistent,
reliable, and compact chemical mechanism that can describe the
oxidation of essential components of transportation fuel surro-
gates. The present work expands on our previous efforts providing
a good foundation for the development of fuel surrogates.
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(called the “base” mechanism in the following) was developed and
validated extensively against experimental data for the oxidation
of several compounds, including n-heptane and iso-octane [1],
with emphasis on detailed soot modeling and surrogate fuel for-
mulations. In addition to smaller hydrocarbons, which are well
described in that model, jet fuels consist of up to 16-18% of
aromatic compounds [2,3], and these play a crucial role in soot for-
mation. Accordingly, the mechanism was extended in a consistent
manner to describe the moderate to high temperature oxidation of
several aromatics, viz. toluene, ethylbenzene, styrene, m-xylene,
and o«-methylnaphthalene [4]. The resulting scheme was validated
thoroughly against available experimental data for the substituted
aromatics under consideration, including (i) ignition delay data
[5-12], (ii) species profiles in shock tubes [12-14], (iii) species
profiles in flow reactors [15-18], and (iv) laminar burning speed
data [19-22].
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Very recently, this reaction mechanism was further extended to
include the low to high temperature oxidation pathways of
n-dodecane [23]. The prime objective of this work is to extend this
mechanism, hereafter referred to as the base+aromatics+dodecane
model, well suited as a starting point to model surrogate blends,
to include the low to high temperature oxidation pathways of a
representative of the cyclic alkane class. Cyclic alkanes, or naphth-
enes, are important components of practical transportation fuels,
and account for up to 40% in conventional diesel fuels and up to
20% in conventional jet fuels [24-26]. Naphthenes are also found
to play a key role in the formation of soot precursors [27]. The ring
structure of these cyclic molecules allows certain pathways (for
instance, opening of the cyclic ring) that are not possible in
linear/branched alkanes/alkenes and therefore, potentially
influence the reactivity of the real fuel. This article focuses on the
development of a compact multi-component kinetic model that
includes one such cyclic alkane, leaving the formulation and
validation of surrogates for future work.

Substituted cyclic alkanes, such as methyl, ethyl, n-propyl
cyclohexane, and bicyclic alkanes, such as tetralin, are potential
candidates to represent this class of compounds in transportation
fuel surrogates. Out of these, methylcyclohexane is chosen as the
naphthene representative for this work, because it is the simplest
substituted cyclic alkane that can be modeled reliably: the global
ignition and flame propagation characteristics of methylcyclohex-
ane have been examined in several experimental studies, and some
of the key chemical reaction pathways encountered during its oxi-
dation have also been the object of theoretical and experimental
kinetic rate constant determinations.

There have been several kinetic modeling efforts directed
towards methylcyclohexane chemistry, which are discussed here
in chronological order. Granata et al. [28] proposed a semi-lumped
reaction mechanism including low temperature chemistry to
describe the pyrolysis and oxidation of cyclohexane and extended
this model to describe methylcyclohexane kinetics as well. They
validated the methylcyclohexane chemistry against pyrolysis and
oxidation data from the Princeton turbulent flow reactor experi-
ments [29]. Later, Orme et al. [30] proposed a detailed high tem-
perature mechanism for the oxidation of methylcyclohexane, and
validated the kinetic scheme against ignition delays obtained in
their shock tube experiments, as well as flow reactor experiments
[29].

Following this, Pitz et al. [31] proposed a reaction mechanism
for methylcyclohexane oxidation valid for low through high tem-
peratures by adding the low temperature reaction pathways for
methylcyclohexane oxidation to the high temperature reaction
mechanism developed by Orme et al. [30]. The resulting chemical
scheme was validated against ignition delay time data from their
Rapid Compression Machine studies at temperatures T < 1000 K.
However, the test cases considered in the parent Orme et al. model
were not reconsidered using the Pitz et al. model. In an ongoing
effort towards a jet fuel surrogate mechanism, the JetSurF [32]
model has the capability to describe the high temperature chemis-
try of methylcyclohexane, and has been tested widely against
experimental data at high temperatures. Recently, two more stud-
ies provided experimental data and kinetic modeling for methylcy-
clohexane. Wang et al. [33] proposed a kinetic model applicable at
high temperatures and validated this model against species pro-
files in premixed flames, ignition delays, and laminar flame speeds.
Weber et al. [34] updated the Pitz et al. model [31] with changes to
the low temperature chemistry, resulting in improved ignition
delay predictions.

Considering the experimental investigations on methylcyclo-
hexane oxidation, in addition to the data sets referred above
[29-31], the relevance of methylcyclohexane as a component of
jet fuel surrogates has recently attracted a number of experimental

studies, thus widening the experimental database on methylcyclo-
hexane oxidation [33,35-42]. A majority of these experimental
data were obtained after the development of the above mentioned
models, and those models were not validated against all available
data, for example, species profile measurements and ignition
delays in the Negative Temperature Coefficient (NTC) region. There
is therefore a rich experimental database that has yet to be fully
utilized for model evaluation and improvement.

Our objective is to (i) leverage this recent experimental knowl-
edge to develop and extensively validate a model for low through
high temperature oxidation of methylcyclohexane, (ii) ensure that
the proposed reaction scheme retains a compact size, as a kinetic
scheme with a reasonably small number of species (say <500) per-
mits certain calculations, such as calculation of laminar flame
speeds, detailed species profiles in flames, sensitivity analysis,
and integration in CFD simulations (for example, using tabulation
methods), which become very tedious with larger reaction mecha-
nisms, and (iii) arrive at a single chemical mechanism that can
accurately describe the oxidation of a wide range of fuels, which
are important surrogate components. The present model is built
as an additional module on a consistent well-validated model
developed in stages [1,4,23], and thereby ensures kinetic compati-
bility between the various individual components included in the
multi-component scheme by construction.

To ensure the compactness of the present reaction scheme, only
the kinetics essential to describe the low through high temperature
oxidation pathways of methylcyclohexane are introduced into the
base+aromatics+dodecane model [23]. Mechanism reduction
techniques developed previously by Pepiot and Pitsch [43,44] are
employed to first obtain a reduced reaction scheme applicable to
low through high temperature oxidation of methylcyclohexane,
which is then combined with the base+aromatics+dodecane model.
Since the chemical mechanisms being combined are small in size,
the risk of introducing truncated paths or involuntarily duplicating
reaction pathways in the combined mechanism is best circum-
vented by this approach. The reader is referred to Ref. [23] for a
detailed discussion on the pros and cons of the procedure adopted
here to integrate the reaction pathways of a new fuel into an
existing mechanism.

In the present work, the detailed reaction scheme proposed by
Pitz et al. [31] is chosen as the reference mechanism to obtain a
short mechanism for methylcyclohexane. This kinetic scheme
describes the entire low through high temperature chemistry of
methylcyclohexane as described above. While significant effort
has gone into developing the Wang et al. [33] model and the Jet-
SurF [32] model that describe the oxidation of methylcyclohexane,
since low temperature chemistry is also of interest here, for consis-
tency, it is found best to start with a reaction mechanism that
already includes these pathways. Also, the detailed mechanism of
Pitz et al. is constructed from elementary reactions, which makes
it preferable for the aforementioned mechanism reduction
approach, over the Granata et al. [28] model, which is semi-lumped
in nature. Since the present work was completed before the very
recent Weber et al. [34] model (with updates to the Pitz et al.
[31] model) was proposed, this mechanism could not be consid-
ered as a starting point for the present mechanism development.

The paper is organized as follows. Section 2.1 describes the
short skeletal level reaction mechanism for methylcyclohexane
obtained using the reduction procedure. Thereafter, Section 2.2
describes the combined model obtained upon merging this short
mechanism with the existing base+ aromatics+dodecane model. In
Section 2.3, the methylcyclohexane kinetics in the resulting model
are updated based on recent theoretical and experimental studies,
and an additional pathway important at moderate to low temper-
atures is introduced. A comprehensive assessment of the perfor-
mance of the revised reaction model for different targets is then
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discussed in Section 3. Note that the phrase “model predictions”
used in the manuscript refers to the results obtained using the
corresponding kinetic model.

2. Mechanism development
2.1. Skeletal model

The reference mechanism for methylcyclohexane oxidation
from Pitz et al. [31] has 8807 forward and reverse reactions among
999 species. First, this detailed mechanism is reduced to a skeletal
level using a multi-stage reduction strategy, involving species and
reaction elimination using the DRGEP approach [43] and chemical
isomer lumping [44]. In this reduction technique, each reduction
step, i.e. elimination of species, additional elimination of reactions,
and lumping (mostly of chemical isomers), is performed in one
sweep with a single evaluation of source terms at the considered
conditions. This technique therefore avoids reduction by cancella-
tion of errors, and instead only neglects species and reactions that
have truly a small influence on the reaction fluxes.

The database used to carry out the reduction includes homoge-
neous, adiabatic, isobaric, and isochoric reactor configurations at
low to high temperatures (T = 600-1500 K), pressures ranging from
P =1-40 atm, and equivalence ratios spanning lean to rich condi-
tions (¢ = 0.5-1.5). The species profiles of fuel, oxidizer, and major
combustion products, as well as ignition delays (defined using the
extrapolation of the maximum gradient in computed temperature
to the baseline) are used as targets in the reduction process.

In the DRGEP method [43] for species and reaction elimination,
production rates obtained from the reference chemical mechanism
are analyzed in order to quantify the coupling between the various
species and reactions involved. These interactions are represented
by a directed relation graph, and used to identify the important
species and pathways for a given set of targets, using an error
propagation strategy. All chemical pathways are checked during
the reduction process to avoid truncated chemical paths and mass
accumulation in intermediate species. Using DRGEP, a reduced
mechanism, consisting of 300 species and 1272 reactions is
thereby extracted from the detailed Pitz et al. [31] model.

Lumping the numerous isomer species into a smaller number of
representative species is essential to the development of compact
schemes for methylcyclohexane oxidation. In the chemical lump-
ing method from Pepiot and Pitsch [44] adopted here, simulations
using the above reduced reaction scheme are used to gather statis-
tical information on the distribution of the isomers within each
lump group over the range of conditions considered in the reduc-
tion. The dependence of the isomer distributions on the tempera-
ture is considered, and optimal correcting factors are
incorporated into the Arrhenius form of the rate coefficients of
lumped reactions. Note that the values of A-factor, temperature
coefficient, and E,. are fitted to best account for the correcting
factor, and may differ significantly from the original elementary
rate coefficients.

The choice of isomers to be lumped together was found to be
crucial to correctly reproduce the ignition delay times at
T < 1000 K. As proposed by Ahmed et al. [45], and successfully
used in Pepiot and Pitsch [44] and Narayanaswamy et al. [23],
the isomers of species important at these lower temperatures have
been grouped here according to the size of the ring involved in the
transition state of the corresponding isomerization reactions. Thus,
by choosing isomers that react through similar pathways to be
grouped together, the lumped rate constants accurately represent
the actual total rate constant for the lumped species, resulting in
little errors due to lumping. The radicals of methylcyclohexane,
and the corresponding peroxy radicals formed from the addition

of O, molecule to these radicals are retained as individual species
to facilitate the model improvements discussed in Section 2.3.

Also, isomers of smaller species (<C4) have been exempted from
lumping. While large isomers usually have similar production and
consumption routes (thus justifying lumping these isomers
together), this is not the case for smaller molecules, and lumping
these is not justified chemically. Also, those isomers in the detailed
model that exist as individual species in the base model are not
lumped to ensure kinetic compatibility between the two models.
Upon lumping, a reduced reaction mechanism consisting of 268
species and 1202 reactions is obtained.

An additional step of species and reaction elimination is then
performed on the lumped reaction mechanism as recommended
in Refs. [44,46]. The final skeletal level mechanism consists of
1000 reactions among 253 species.

The significant size reduction for the kinetic scheme introduces
only limited errors in the model predictions, the maximum error in
ignition delays being ~14% at the lowest temperature point con-
sidered, with an average error of ~4%, and the time integrated
error in species concentrations being ~6% compared to the refer-
ence detailed mechanism. The good agreement between the
detailed and skeletal model prediction is illustrated in Fig. 1(a),
with a comparison of ignition delays over a wide range of temper-
atures and pressures, and in Fig. 1(b), with a comparison of fuel
and CO, time histories obtained in a flow reactor. This skeletal
scheme is used in the subsequent mechanism development steps.

2.2. Combined model

The next step is to combine the skeletal mechanism for methyl-
cyclohexane with the base+aromatics+dodecane mechanism [23],
which already incorporates the most recent H,/O, chemistry of
Burke et al. [47]. As described earlier, this kinetic scheme has the
capability to describe the oxidation of a few substituted aromatics
as well as n-heptane, iso-octane, and n-dodecane, which are all key
components of transportation fuel surrogates. Once the pathways
of methylcyclohexane, which is typically chosen as a cyclic alkane
representative in fuel surrogates, are incorporated in this reaction
mechanism and validated extensively, the resulting kinetic scheme
should be well suited as a basis to describe surrogates for real fuels.

The merging of the skeletal methylcyclohexane model with the
base+aromatics+dodecane mechanism [23] is accomplished using
an interactive tool [46] that automatically identifies common spe-
cies and reactions from the different mechanisms, and incompati-
bilities between the kinetic data sets. The same reactions are often
times assigned different rate parameters by kinetic modelers due
to (i) underlying assumptions, for instance, about bond strengths,
(ii) differences from fitting reverse rate constants from thermo
data, (iii) uncertainty in measured or calculated rate coefficients,
etc. In order to ensure a smooth and consistent merging, rate
constant conflicts detected during the merging were always
resolved in favor of the thoroughly validated base model [4], there-
fore leaving this mechanism virtually unchanged. For instance, the
H,/0, chemistry in the skeletal methylcyclohexane mechanism is
different from that in our base model, and the combined model
uses the H, /0, chemistry from the recent Burke et al. [47] incorpo-
rated in our base model. Further, duplicate reaction pathways in
the combined model coming from the incremental methylcyclo-
hexane reaction scheme were identified and removed appropri-
ately. Finally, the validation tests for the substituted aromatics
and n-dodecane presented in our previous works [4,23] were
repeated using the combined mechanism, and only minor changes
were observed in the model predictions. In the combined
mechanism, excluding those reactions comprising the base+
aromatics+dodecane model, the incremental methylcyclohexane
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Fig. 1. Comparing (a) ignition delay times of methylcyclohexane/air mixtures and (b) species profiles during methylcyclohexane oxidation (P = 1 atm,T = 1100 K,¢» = 1.0)
between the detailed model of Pitz et al. [31] (lines) and the corresponding 253 species skeletal model (o), prior to combining with the base+aromatics+dodecane model [23].

sub-mechanism consists of 397 reactions (counted forward and
backward separately) among 116 species.

A sketch of the main oxidation pathways of the fuel (methylcy-
clohexane) and the ring opening of methylcyclohexyl radicals in
the combined mechanism is shown in Fig. 2(a). The low tempera-
ture reaction pathways for one of the methylcyclohexyl radicals
retained in the methylcyclohexane sub-mechanism are provided
in Fig. 2(b), and additional diagrams are shown in the Supplemen-
tary materials (Figs. ST and S2). A more detailed and quantitative
reaction path analysis for a representative condition will be
discussed in Section 3.3.

Need for an improved model

Ignition delays at low through high temperatures and species
profiles measured in shock tube experiments are two of the targets
that the model should be able to predict. The ignition delays com-
puted using the combined mechanism are compared against data
from the shock tube experiments of Vasu et al. [48] at ¢ =1.0
and P =20 atm in Fig. 3(a). The ignition delays at low tempera-
tures measured in Rapid Compression Machines (RCM) by Pitz
et al. [31] are also plotted in this figure. The ignition delay predic-
tions of the combined model are closer to the experimental igni-
tion delay data at low through high temperatures compared to
the skeletal model, due to the differences in the Cy-C4; base

Decomposition of
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H abstraction by H, O, OH,
CHs, O2,HO,, CH30,
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openmg/closure
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chemistry. From Fig. 3(a), it can be noted that both these models
predict ignition delays which are longer compared to the experi-
mental data at all temperatures, except at the low temperatures
T < 700 K, where the agreement with the experimental data is
satisfactory.

In Fig. 3(b), OH time histories computed using the combined
model and the skeletal model are shown in comparison to the
shock tube measurements from Vasu et al. [49]. Although the path-
ways producing and consuming OH are similar in the skeletal as
well as the combined models, the higher OH yield predicted by
the combined model comes from the differences in rate constants
for the Cy-C, chemistry. Furthermore, Fig. 3(b) shows that the rise
of OH profiles computed using the combined model occurs later
and without any noticeable peak, in contrast to the experimental
data. These observations certainly highlight the need for improve-
ment to the combined model.

The kinetic mechanism at this stage of development is referred
to as the CPM model (for combined, prior to modifications) in the
following. In order to improve the kinetic description of methylcy-
clohexane oxidation, and thereby the predictive capabilities of this
model, a small number of corrections and rate constant updates are
introduced. The updates are primarily based on recent rate recom-
mendations from theoretical and experimental work available in
the literature. An additional pathway important at moderate to
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(a) Fuel and radical decomposition pathways

(b) Pathways for low temperature chemistry

Fig. 2. (a) Main oxidation pathways of methylcyclohexane and the ring opening of methylcyclohexyl radicals (b) low temperature reaction pathways for one of the
methylcyclohexyl radicals retained in the combined model, which is the reaction mechanism obtained by merging the skeletal level methylcyclohexane mechanism with the
base+aromatics+dodecane model [23] (see text for details). The concerted elimination pathways indicated using dashed lines in (b) are newly introduced in the proposed

kinetic scheme, which will be discussed in Section 2.3.
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Fig. 3. (a) Ignition delays of methylcyclohexane/air mixtures at ¢ = 1.0 and P =20 atm (b) OH time histories of methylcyclohexane/O,/Ar mixtures at ¢ = 0.5 and
P = 15 atm; symbols - experimental data from Vasu et al. [48,49], Pitz et al. [31]; lines: results computed using the (i) skeletal model (—), obtained by reducing the detailed
Pitz et al. [31] model, and (ii) combined model (---), obtained by merging the skeletal model with the base+aromatics+dodecane model [23].

low temperatures is also introduced. The following sub-section
discusses these updates in detail.

2.3. Modifications to the reaction mechanism

The revisions introduced to the reaction mechanism are primar-
ily guided by sensitivity studies, which is facilitated by the rela-
tively small size of the reaction scheme. A sensitivity study on
the CPM model is used to identify the reactions with a high sensi-
tivity towards ignition delays at low to high temperatures. The rate
constants of these sensitive reactions have been checked and
updated wherever possible, irrespective of whether the update
leads to an improvement of the ignition delay and the species pro-
files predictions or a deterioration. The rate constant changes are
also guided by reaction flux analysis performed using the CPM
model. These revisions are described in detail here.

The results of the sensitivity analysis on the CPM model for a
stoichiometric methylcyclohexane/air mixture at P = 20 atm and
T = 1250 K,800 K are shown in Fig. 4. The molecular structures of
the species referred to in the following discussion are shown in
Fig. 5.

A. Biradical pathways

First, the ring-opening pathways of methylcyclohexane to form
biradicals are considered. The detailed mechanism of Pitz et al.
[31], and therefore the CPM model, includes pathways, by which
the different C;H,4 biradicals formed from the ring-opening of
methylcyclohexane, decompose into butyl and pentyl biradicals,
with the formation of propene and ethylene, as

C;H1416 = C4Hg14 + C3H, (1)
C;H14AF = C4Hg 14 + C5H, )
C;H1416 = CsHyo14 + CyH,, and 3)
C;H14GL = CsHyp14 + CoHs. (4)

The butyl biradical then decomposes to give two ethylene mole-
cules, while the pentyl biradical gives an ethylene and a propene
molecule, as

C4H814‘iC2H4 +C2H4, and (5)

CsHqip14 = CHy + C3Hg. (6)

- ]
MCH + OH -> MCHR4 + H2o | CYCHEXCH2 + 02 -> CHXDCH2 + HO2
I KC7H13G -> C2H4 + C5H9 |
GC7H13 -> C2H4 + CC5HIA
— MCH200 = MCH2QX |
CDCCDCC) + H = C5H81-3
MCHQQJ-T6 -> MCHQO-T6 + OH [
- |
KC7H13G = MCHR3 MCHQ-T6 -> OH + C7ENE-ONE |
|
MCH + H -> MCHR4 + H2 MCH2QX -> OH + C7ENE-ONE ]
MCH + OH -> MCHR3 + H20 I MCHQ-T6 -> MCHYO24 + OH ]
MCH + H -> MCHR3 + H2 ] MCH2QX + 02 = MCH2QXQJ |
MCH300 -> MCHQ-T5S ]
MCH + OH -> MCHR2 + H20 I
MCH + OH -> MCHR2 + H20 |
MCH + H -> MCHR2 + H2 I
CYCHEXCH2 + 02 = CHXCH200 |
- [ |
MCH + 0 -> MCHR4 + OH MCH + HO2 -> MCHR2 + H202 -
KC7H13G -> C2H4 + C5H9 I MCH + HO2 -> MCHR3 + H202 [ |
-0.15 -0.10 -0.05 0 0.05 0.0 0.15 -0.30  -0.15 0 0.15 0.30
(a) T=1250K (b) T'= 800K

Fig. 4. Sensitivity analysis for ignition delays of methylcyclohexane/air mixtures at ¢ = 1.0 and P = 20 atm using the CPM model described in Section 2.2. Sensitivities are
determined by multiplying each rate constant by a factor of 2, and finding the change in ignition delays due to the rate change. Only reactions in the incremental MCH
mechanism with sensitivity factor = 7% at 1250 K and 800 K are reported here. The names of species that are not lumped are similar to those used in the original Pitz et al.
[31] mechanism. Refer to Tables S1-S3 in the Supplementary materials for a description of the generic names used for the lumped species in this figure.
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Fig. 5. Chemical structure of the molecules referred in the discussion of Section 2.3. The nomenclature follows that used by Pitz et al. [31] in their detailed mechanism. The
structures are indicated here only for the sake of reference, and the bond lengths and angles are not drawn to scale.

Recent studies on the isomerization of methylcyclohexane via ring-
opening [50,33,40] have established that methylcyclohexane forms
linear heptenes and methyl hexenes via biradical intermediates, as
against ethylene and propene formed as products in reactions (1)-
(4). Following this, in the present work, the biradical intermediates
are bypassed, and the pathways for methylcyclohexane isomeriza-
tion to give linear heptenes as products are included, with rate
coefficients taken from the theoretical calculations of Zhang et al.
[50]. In the absence of methyl hexene chemistry in the present
mechanism, the reactions leading to the formation of methyl hex-
enes from methylcyclohexane are ignored, which could be justified,
since the rates for the formation of the linear heptenes dominate
(about 10 times at 1400 K) those for the branched alkenes, as
inferred from the rate constant calculations of Zhang et al. [50].
As shown in Fig. 6(a), this change results in faster ignition delay
predictions at temperatures T > 1000 K. This revision, guided by
reaction flux analysis (discussed in Section 3.2) is also found to
be important to predict OH profiles in shock tube experiments.

B. Addition Of C2H3 to C3H5

A correction to the rate constant of C;Hs addition to the internal
double bonded carbon in C3Hg to give the branched alkenyl cCsHga
radical,
C,H; + C3Hg = cCsHg, (3-methyl-1-penten-4-yl), (7)

is introduced in the model based on the rate rules from Orme et al.
[30]. As noted from Fig. 6(b), this change results in longer ignition

delays at high temperatures, T > 1000 K with little effect at lower
temperatures.

C. Ring opening of radicals of methylcyclohexane

We consider the ring opening of cyclohexylmethyl and meth-
ylcyclohexyl radicals (see Fig. 2(a)) next. The original Orme et al.
[30] and Pitz et al. [31] models obtained the rate constants for
the ring closure of different C;H;; radicals to form meth-
ylcyclohexyl and cyclohexylmethyl radicals from Matheu et al.
[51]. The reverse rate constant for methylcyclohexyl radical ring
opening was calculated from the thermochemical properties.
Recent theoretical calculations at the CBS-QB3 level of theory per-
formed by Sirjean et al. [52] have focussed on similar reactions for
cyclohexyl radicals. Those authors obtained lower rates (by a factor
of 6 at 500 K) for the ring closure reactions of cyclohexyl radicals
compared to Matheu et al., and attributed the differences to the
lower computational level of theory used in the Matheu et al.
calculations for these reactions.

In the present chemical mechanism, the rate constants for the
ring opening and closing reactions involving the radicals of meth-
ylcyclohexane are updated from the quantum chemical calcula-
tions of Sirjean et al. [52] for the corresponding cyclohexyl
radical reactions, independent of the nature of the C-C bond that
breaks (for instance, 2°-2° C-C bond in MCHR2 — gC,Hjsl, whereas
3°-2° C-MCHR2 — C;Hj3). This modification results in shorter
ignition delays in the NTC ignition regime, 780K < T < 900 K, as
seen from Fig. 6(c). The rate coefficients for cyclohexyl radical ring
opening and closure are also updated based on Sirjean et al. [52],
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Fig. 6. Effect of different changes introduced to the CPM model on the ignition delays of stoichiometric methylcyclohexane/air mixtures at P = 20 atm; symbols -
experimental data: Vasu et al. [48], Pitz et al. [31]; lines with points - simulations using reaction mechanisms at different stages of updates to the CPM model.
(A) isomerization of methylcyclohexane via ring opening, (B) correction to the rate constant of C;Hs addition to the internal double bonded carbon in C;Hg, (C) ring opening of
cyclohexylmethyl and methylcyclohexyl radicals, (D) decomposition of y-QOOH radicals, (E) H-abstraction from cyclohexylmethyl by O,, (F;) - introducing concerted
elimination pathways, (F,) - decomposition of ketohydroperoxide, (G) H-abstraction from methylcyclohexane, (H) alkenyl decomposition reactions, (I) benzene and toluene
formation pathways. The results obtained using the updated reaction mechanism (— in Fig. 6(i)) show an improved agreement with the experimental data compared to the

CPM model (--- in Fig. 6(a)) at all temperatures.

although this change does not affect the ignition delay results
significantly.

D. Decomposition of y-QOOH radicals

Figure 4(b) shows that the ignition delay predictions at moder-
ate temperatures (T ~ 800 K) are highly sensitive to the p-scission
of y-QOOH radicals (see Fig. 5(d) for an example), where the radical
site is at the y-position to the OOH group in the hydroperoxy rad-
ical. The rate assigned to this decomposition reaction in the
detailed mechanism of Pitz et al. [31] is that of the reverse rate cal-
culated from the ring closing of the C = CCCC(C)C'OOH radical. In
the present work, this rate constant is updated based on the rate
of the cyclohexyl ring opening from Sirjean et al. [52], ignoring
the OOH group present in y-QOOH. This change results in shorter
ignition delays in the NTC ignition regime, 780 K < T < 1000 K,
as shown in Fig. 6(d).

E. H-abstraction from cyclohexylmethyl by O,
The detailed Pitz et al. [31]| mechanism, and therefore the CPM
model, has H-abstraction reactions by O, from different radicals of

methylcyclohexane. The sensitivity analysis performed using the
CPM model reveals that ignition delays in the NTC ignition regime,
780K < T < 900K, at P = 20 atm, are highly impacted by the rate
of H-abstraction from cyclohexylmethyl radical by O, (highest sensi-
tivity factor in Fig. 4(b)), given by,

CYCHEXCH2 + O, — CHXDCH2 + HO,. (8)

Nevertheless, from the understanding gained from alkane oxida-
tion, such a reaction is expected to be important only at high tem-
peratures, and not so much at those lower temperatures. In fact,
Sarathy et al. [53] have not included this reaction class in their
kinetic mechanism for methyl alkanes. This reaction class has been
explored in our reaction mechanism for n-dodecane [23]. However,
it was found to have little influence on the ignition delays, support-
ing the slow rates assigned to these reactions by Westbrook et al.
[54] in their kinetic mechanism for normal alkanes.

In their detailed model, Pitz et al. [31] reduced the pre-
exponential factors in the rate constants of H-abstraction by O,
from the methylcyclohexyl radicals (MCHR1, MCHR2, MCHR3,
and MCHR4),
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MCHR1 + O, — MCHE + HO,, 9)
MCHR2 + 0, — MCHE + HO,, etc. (10)

by a factor of 100 from their original rate constants (the same rate
constant is used for all reactions such as reactions (9) and (10)) to
allow these rates to be comparable to the rate of H-abstraction from
n-propyl radical by O,, while the original faster rate was used for
reaction (8). In the present work, the pre-exponential factor used
for the methylcyclohexyl radicals, such as in reaction (10), has also
been assigned to reaction (8), resulting in a slower rate for this
reaction. Figure 6(e) shows that the effect of this change is most felt
in the ignition delays at temperatures, 780 K < T < 1100 K, leading
to faster ignition at those temperatures.

F. Concerted elimination & ketohydroperoxide decomposition

Similar to point (E), the focus here is again on the formation of
conjugate olefins in the low temperature oxidation of methylcyclo-
hexane. The concerted elimination pathways involve the direct
elimination of HO, from peroxy radicals to form conjugate olefins.
For cyclohexylmethyl peroxy radical and methylcyclohexyl peroxy
radicals, these are given by

CHXCH200 — CHXDCH2 + HO,, (11)
MCH100 — CHXDCH2 + HO;, (12)
MCH100 — MCHE + HO,, and (13)
MCH200/MCH300,/MCH400 — MCHE + HO,. (14)

Recent studies [55-57] have highlighted the importance of these
concerted elimination reactions. This was also noted by Pitz et al.
[31], although these reactions were not included in their kinetic
scheme. These pathways for cyclohexyl peroxy radicals have been
considered in the cyclohexane mechanism proposed by Silke et al.
[58] and found to be important for ignition delay predictions at
temperatures T < 1000 K.

In the present reaction mechanism, the concerted elimination
pathways involving the cyclohexylmethyl peroxy radical and the
methylcyclohexyl peroxy radicals have been introduced. The
activation energies for reactions (11)-(13) are obtained from the
quantum mechanical calculations performed at the CBS-QB3 level
of theory by Yang et al. [59]. The activation energies for the reac-
tions shown in (14) are taken to be the same as that for (13). In
the absence of information on the pre-exponential factors corre-
sponding to the calculations of Yang et al. [59], for reactions (13)
and (14), the pre-exponential factor is taken to be 5 x 10'%s-1,
and half that value, ie. 2.5 x 10'? 51, is used for reactions (11)
and (12) to account for the number of possible routes for concerted
elimination.

Note that the pre-exponential factor used for reactions (13) and
(14), equal to 5 x 10" s71, falls between that calculated by Caval-
lotti et al. [60] for the direct HO, elimination from the cyclohexyl
peroxy radical (7.7 x 10" s-1), and that used by Silke et al. [58]
for the same reaction (3.85 x 10'? s1). These choices lead to an
overall good agreement with the ignition delays of methylcyclo-
hexane in the NTC regime of ignition at higher pressures
(P ~ 50 atm), as will be seen in the discussion in Section 3.1.1.
With this addition of the direct HO, elimination pathways, the
ignition delays at temperatures T < 1000 K increase, as seen from
Fig. 6(f). Further validation of the rate coefficients assigned to these
concerted elimination pathways would require additional experi-
mental data on the time evolution of alkenes in low temperature
oxidation of methylcyclohexane.

At low temperatures, T < 800 K, the ignition delays are largely
influenced by the decomposition of methylcyclohexyl ketohydroper-
oxides. The rate constant assigned to this reaction class has been

revisited in the present work. This reaction is now assigned a
pre-exponential factor of 1 x 10'® s~1, typically used for this reac-
tion type [53,61,62], which is also consistent with that used in
the n-dodecane sub-mechanism [23] in the present scheme, and
an activation energy of 44 kcal/mol. Figure 6(f) shows that the fas-
ter rate used for this reaction compared to the detailed Pitz et al.
[31] model results in shorter ignition delays at low temperatures,
bringing the simulations in better agreement with this experimen-
tal data. The activation energy of the ketohydroperoxide decompo-
sition reaction prescribed here is comparable to the value of
42 kcal/mol used by Silke et al. [58] for the corresponding cyclo-
hexyl ketohydroperoxide decomposition, while an even smaller
activation energy of 39 kcal/mol is put forth in the recent modeling
studies on alkane oxidation by Sarathy et al. [53] and Mehl et al.
[62] for this reaction type.

G. H-abstraction from methylcyclohexane

Ignition delay predictions at moderate and high temperatures
are sensitive to the rates of H-abstraction from the fuel, methylcy-
clohexane, by different radicals H, OH, HO,, and CH50, (see Fig. 4).
These rate constants have been revisited in the present work.
Specifically, the rate constants used in the detailed mechanism of
Pitz et al. [31] for the H-abstraction from methylcyclohexane by
HO, and CH50,, based on the rate rules then prescribed by Curran
et al. [61], have been updated according to the recent rate rules
suggested by Sarathy et al. [53].

For the reactions involving the secondary H-abstraction by H
atom from methylcyclohexane, the rate parameters have been
updated based on the rate expressions derived experimentally by
Peukert et al. [63] for the H-abstraction from cyclohexane by H
atom. The abstraction reactions leading to MCHR2, MCHR3, and
MCHRA4 radicals in the products have been assigned a rate that is
4/12,4/12, and 2/12 of that reported in Peukert et al. [63], account-
ing for the number of abstractable H atoms. The rate constants of
H-abstraction by OH have been updated based on the theoretical
calculations and experimental measurements of these rate con-
stants by Sivaramakrishnan and Michael [64].

Upon incorporating these rate changes, the ignition delays
decrease for T > 700 K, as noted in Fig. 6(g). A big part of that dif-
ference at high temperatures comes from the modification to the
rate of H-abstraction from the fuel by H atom, HO,, and CH30,
radicals. At temperatures T < 1000 K, the revisions to the rate of
H-abstraction by OH radical also contribute to the shorter ignition
delays, apart from the changes to the abstraction by HO, and
CHs0, radicals.

H. Decomposition reactions

The rate coefficients for the decomposition of the resonance sta-
bilized linear hexadienyl radical, represented in the mechanism as
the lumped species named x15CsHg3 (see Fig. 5(b)), to form vinyl
and butadiene,

x15CsHo93 — C,H3 + C4Hg (15)

have been updated from the quantum chemical calculations of Cav-
allotti et al. [65]. The rate constant for the addition of tertiary CsHs
radical to ethylene,

T-CG3Hs + GGHy = aCngd, (16)

is updated to that of the addition of C;H; with C;H, used in the base
model [1], a change justified by the similar nature of the radicals
that add to the C=C bond in ethylene. These changes were found
to be important at high temperatures, resulting in slightly faster
ignition (see Fig. 6(h)) and earlier rise in OH profiles (not shown
here), and improving the agreement with the experimental data.
In addition, the rate of decomposition of methylcyclohexane to
give methyl radical and cyclohexyl radical is taken from the rates
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calculated recently by Zhang et al. [50]. Further, the decomposition
of cyclohexene to give ethylene and butadiene and the formation
of benzene and H, from 1,3-cyclohexadiene are updated as per
Silke et al. [58]. The same rate constant is also used for the decom-
position of methylcyclohexene to give ethylene and isoprene.
These changes did not result in a significant difference to the igni-
tion delays shown by brown lines in Fig. 6(h).

1. Benzene and toluene formation pathways

The reaction pathways for the formation of benzene and tolu-
ene via successive loss of H atoms from cyclohexyl and meth-
ylcyclohexyl radicals respectively, described in the reference Pitz
et al. mechanism, are retained in the present mechanism. These
pathways have also been investigated in other studies, Refs.
[27,33,40,66], for instance. In the present work, the rates of some
reactions in these dehydrogenation pathways have been revisited.

In the formation of toluene, the methylcyclohexyl radical loses
an H atom first forming methylcyclohexene. Upon H atom abstrac-
tion by radicals (primarily H and OH), methylcyclohexene forms
the methylcyclohexenyl radical. This radical further loses an H
atom to form methylcyclohexadiene, or it undergoes a ring open-
ing to form the linear heptadienyl radical. Further, methylcyclo-
hexadiene upon H atom abstraction forms the corresponding
radical, which loses an H atom to give toluene. This sequence is
described in Fig. 7. Similarly, starting with cyclohexyl radical, a
sequence of H atom elimination and H atom abstraction explains
the formation of benzene.

In the present work, the rate constants for H elimination reac-
tions from (i) cyclohexyl radical are updated from the quantum
chemical calculations of Sirjean et al. [52], (ii) methylcyclohexyl
radical are derived from those for cyclohexyl radical, accounting
for the number of H atoms available for abstraction. The reaction
rate constants for H atom abstraction by H and OH radicals from
1,3-cyclohexadiene, methylcyclohexene, and methylcyclohexadi-
ene have been taken from analogous reactions of 1-butene in the
base mechanism. The rate coefficients for H elimination reactions
from the resonantly stabilized cyclohexenyl radical (CYCCgHq1,
see Fig. 5(g)) comes from the detailed Pitz et al. [31] model, and
the same is also used for H elimination from methylcyclohexenyl
radical, which represents the resonantly stabilized isomers of that
radical. Note that these rate constants are comparable to those of H
elimination from 1-bute-3-nyl radical, which is again a resonantly
stabilized radical.

The rate coefficients for ring closing reactions of linear hexadie-
nyl radicals to form cyclohexenyl radical CYCCgHg1, which is reso-
nance stabilized, and CYCCgHo2, which is not resonance stabilized,
have been adopted from those of the cyclohexyl radical [52] and
the rate coefficients for the reverse reaction are obtained from
thermochemistry. For the reaction where the lumped resonantly
stabilized linear hexadienyl radical (x15C¢Hg3, see Fig. 5(b)) forms
CYCCgHg2, the distribution of the individual isomers calculated
from the reference Pitz et al. [31] mechanism is taken into account
in arriving at the ring closing and opening rates. Note that the

One of the
MCHE isomers

pathways for radical addition (H, CHs) on the resonantly stabilized
linear hexadienyl radical have an insignificant impact on the kinet-
ics of that molecule, and have therefore been removed from the
mechanism during reduction.

The ring opening/closure rate coefficients of methylcyclohexe-
nyl radical are taken to be the same as those for the resonantly
stabilized cyclohexenyl radical. The ring opening product of meth-
ylcyclohexenyl radical, taken entirely to be 1,3-heptadien-6-yl
(x13C;H4;6, see Fig. 5(b)) radical, loses an H-atom to form 1,3,5-
heptatriene, which further adds an H-atom to form the resonantly
stabilized 1,5-heptadien-4-yl (x15C;H;;4) radical. The rate con-
stant for the decomposition of this linear heptadienyl radical to
give vinyl radical and 1,3-pentadiene are taken to be the same as
that of reaction (15) for the analogous linear hexadienyl radical.
While these modifications make little difference to the ignition
delays (see Fig. 6(i)), they are important to predict the aromatics
found in the oxidation of methylcyclohexane, as evidenced
by the results for speciation in premixed flames presented in
Section 3.5.

Overall, the ignition delays computed using the final revised
mechanism (— in Fig. 6(i)) show improved agreement with the
experimental data compared to the CPM model (--- in Fig. 6(a))
at all temperatures.

Note that the changes described in this section have been intro-
duced in the incremental methylcyclohexane reaction set, with no
change to the base model. The validation tests for the potential sur-
rogate fuel components investigated previously [1,4,23], viz. n-
heptane, iso-octane, toluene, ethylbenzene, styrene, «-methyl
naphthalene, m-xylene, and n-dodecane have been repeated using
the present reaction mechanism and made available as part of the
Supporting materials (Figs. S16-S33).

This reaction mechanism, which now describes the low to high
temperature oxidation of methylcyclohexane, in addition to the
fuels validated in our previous works [1,4,23], consists of 369 spe-
cies and 2691 reactions counted forward and reverse separately.
The mechanism files in Chemkin and FlameMaster format can be
obtained from the Supporting materials. The sources for the reac-
tion rate constants in the kinetic scheme are provided in the mech-
anism file in FlameMaster format. A list of the individual isomers
represented by each of the lumped species present in the methyl-
cyclohexane sub-mechanism is also provided in the Supporting
materials (Tables S1-S3).

The thermodynamic and transport properties for the proposed
reaction mechanism have also been provided with the Supporting
materials, with references to their sources. The parameters for the
species already present in base+aromatics+dodecane model remain
unchanged from those in Ref. [23]. For the new species added to
this model, belonging to the incremental methylcyclohexane reac-
tion set, these properties have been taken from Pitz et al. [31]. This
approach remains valid for the lumped species in the reaction
mechanism as well, since only chemical isomers have been lumped
together in the reduction process, which typically have similar
thermodynamic and transport properties [44].

One of the

MCHDE isomers Toluene

(J
—_— —_— —_— —_—
[

MCHR2 One of the

MCHIJE isomers

One of the
MCHJDE isomers

Fig. 7. Formation of toluene via successive loss of H atoms from methylcyclohexyl radicals. Only a representative pathway starting with 2-methylcyclohexyl radical (MCHR2)
is shown here. Full species names: (i) MCHE - methylcyclohexene, (ii) MCHJE - methylcyclohexenyl radical, (iii) MCHDE - methylcyclohexadiene, (iv) MCHJDE -

methylcyclohexadienyl radical.
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3. Validation tests

This section evaluates the ability of the revised mechanism to
predict different targets of interest to methylcyclohexane oxida-
tion by comparing simulations against a large experimental data-
base. The validation tests focus on oxidation environments and
include (i) ignition delays spanning wide ranges of temperatures,
pressures, and equivalence ratios (ii) species time histories mea-
sured in shock tubes, (iii) concentration profiles of fuel, major
intermediates, and products, measured in a flow reactor at high
temperatures, (iv) laminar flame speeds obtained at different pres-
sures, and (v) detailed species measurements in premixed flames
at low pressures. The list of the validation tests, which are dis-
cussed in further detail below, appears in Table 1.

Shock tube experiments are modeled using a constant volume
homogeneous reactor configuration. The same ignition criterion
as in the experiments is used to compute the ignition delay times.
Constant pressure simulations under adiabatic conditions are used
to model the flow reactor experiments. Laminar speeds have been
calculated in a manner similar to that described in our previous
works [1,4,23]. The simulation results discussed in this section
have been computed using the present reaction mechanism, as it
stands at the end of Section 2.3, unless stated otherwise. All
numerical calculations have been performed using the FlameMas-
ter code (version 3.3.9, [67]).

In addition to the test cases listed in Table 1, the simulations
have also been compared against (a) species concentrations in a
pyrolysis experiment [29], and (b) species profiles measured in
low pressure premixed flames [40] (Figs. S5, S12, S13 in the Sup-
porting materials), while leaving out other configurations in which
kinetics are strongly coupled with diffusion, such as counterflow
diffusion flame experiments, as the focus of the present work is
mainly on the kinetics aspect. Further, mixtures of methylcyclo-
hexane with toluene and n-dodecane have been tested against
experiments for species profiles in oxidation and laminar flame
speeds. These results have been provided with the Supporting
materials (Figs. S14 and S15) for the sake of reference.

Table 1
Validation cases for methylcyclohexane considered in the present study.

3.1. Ignition delays

3.1.1. Methylcyclohexane/air ignition delays

The ignition delays computed using the proposed kinetic
scheme are compared in Fig. 8 against the experimental data mea-
sured in shock tubes by Vasu et al. [48] and Vanderover and
Oehlschlaeger [68] at stoichiometric conditions, spanning a wide
range of pressures, P = 12,20,45, and 50 atm, and temperatures
above 750 K. Also shown in this figure are comparisons against
ignition delay times measured in a Rapid Compression Machine
(RCM) study by Pitz et al. [31] at ¢ = 1.0 and P = 15,20 atm. Both
shock tube and RCM experiments are modeled using a constant
volume, adiabatic, homogenous configuration, an approach also
taken by Pitz et al. in their work [31]. Note that in the RCM case,
heat losses have been accounted for in the calculation of the com-
pressed temperature, T, [31].

Overall, a good agreement is obtained for ignition delay times
between the present scheme and the experimental data in Fig. 8
for low through high temperatures as a result of the changes dis-
cussed in Section 2.3. The mechanism captures the pressure depen-
dence of the ignition delays exhibited by the experimental data at
both high and low temperatures in Fig. 8(a) and (b). The computed
ignition delays at 900 < T < 1000 K at P = 20 atm are longer than
the experimental data in Fig. 8(b), but show better agreement at
higher pressures (P = 45 atm). The slope of ignition delays at inter-
mediate temperatures and P = 45 atm is also well represented by
the simulations.

The simulated results are compared against ignition delay times
measured at lean conditions, ¢ = 0.25 and 0.5, by Vanderover and
Oehlschlaeger [68] in Fig. 9. The simulations are able to capture the
change in ignition delays at lean fuel conditions and at different
pressures. The predictions at ¢ = 0.5 in Fig. 9(a) show good agree-
ment with the experimental data at all temperatures of interest
here, and fall within the uncertainties in the measurements. While
the simulations at high temperatures and ¢ = 0.25 in Fig. 9(b) are
in accordance with the experiments, the computed results do not
show the inflection suggested by the experimental data points at

Shock tubes

Ignition delays Species profiles

Plug flow reactor

Premixed flames

Laminar flame speed Detailed species profiles

Vanderover et al. [68]
Vasu et al. [48]

Pitz et al. [31]

Hong et al. [35]
Orme et al. [30]

Vasu et al. [49]
Hong et al. [35]

Zeppieri et al. [29]

Kumar et al. [36]
Singh et al. [37]
Jietal [38]
Kelley et al. [39]

Wang et al. [33,69]
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Fig. 8. Ignition delay times of methylcyclohexane/air mixtures; symbols — experimental data from Vanderover and Oehlschlaeger [68], Pitz et al. [31], Vasu et al. [48]; lines —
simulations (using the present reaction mechanism); solid lines - lower pressure, dashed lines — higher pressure.
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Fig. 9. Ignition delay times of methylcyclohexane/air mixtures; symbols — experimental data from Vanderover and Oehlschlaeger [68]; lines — simulations (using the present

reaction scheme); solid lines - lower pressure, dashed lines - higher pressure.

T <1000K and P = 50 atm. A pressure dependent treatment for
the R + O, pathways could be important to correct the over predic-
tion of ignition delays in the NTC ignition regime in Figs. 8(b) and
9(b).

Sensitivity analysis

A sensitivity analysis is performed using the present reaction
mechanism at ¢ =1 and P =20atm to identify the important
pathways for ignition delay predictions at different temperatures.
Sensitivity coefficients are determined here by doubling each rate
constant and finding the relative change in ignition delays due to
the rate change. Hence, reactions showing positive sensitivity fac-
tors increase ignition delays, and those showing negative sensitiv-
ity coefficients result in faster ignition.

High temperature ignition. The result of the sensitivity study at
T = 1250 K is presented in Fig. 10(a). The importance of reactions
involving H-abstraction reactions by OH, O, and H from the fuel,
methylcyclohexane, is evident from this chart. The ignition delays
are also sensitive to the decomposition of methylcyclohexane into
methyl radical and cyclohexyl radical. It is interesting to note that
the sensitivity factors for the H-abstraction reactions by OH, H, and
O show negative factors for reactions forming MCHR4 radicals,
while they show positive factors for reactions forming MCHR2,
MCHR3, and CYCHEXCH2 radicals. This observation is directly
related to the importance of vinyl radicals (C;Hs) at these high
temperatures, which was also noted by Orme et al. [30].

In order to understand this, a reaction flux analysis was con-
ducted for the conditions of interest here. The basis for the analysis
are the integrated production and consumption rates for the spe-
cies present in the reaction mechanism for a time t =20 ps, at
which 30% of the fuel has been consumed. The consumption path-
ways of methylcyclohexyl radicals MCHR4 and MCHR2 are traced
from the reaction flux analysis in the following discussion.

Consumption pathways of MCHR4 radical. At these conditions,
the MCHR4 radical ring opens, and almost entirely forms
eC;H;3a, which further decomposes completely to give C4H; radi-
cals as

eC7H1ga — C4H; + C3H6. (17)

The C4H5 radicals have two main decomposition pathways,

C4H; — C4Hg + H, and (18)
— CHs + GHy, (19)

where almost 77% of the C4H; radicals proceed to form the highly
reactive vinyl radical, C;Hs, according to reaction (19), and the rest

forms H atoms according to reaction (18). The vinyl radicals form
CH,CHO by the addition of an O, molecule (rate constant from
Mebel et al. [70]), as

C,Hs + 0, = CH,CHO + 0. (20)

Subsequently, HCO is formed from CH,CHO by the addition of an O,
molecule, and the formyl radicals predominantly lead to HO,
(~ 87% at these conditions), which is an important species for high
temperature ignition, vital for the formation of OH radicals.
Consumption pathways of MCHR2 radical. On the other hand,
MCHR?2 radicals decompose through two major routes, given by,

MCHR2 = gC,Hsl, (21)
—» CYCHEXENE + CHs, (22)

where almost 60% proceeds via the second reaction (22) and 30% via
reaction (21).

Following reaction (21), gC;H;3l radicals mainly (~ 75%)
decompose further to give cCsHy radicals, according to

gC7H]31 — cCsHga + CyH4. (23)

The cCsHya radicals previously encountered in Section 2.3, break up
further according to the reactions

CC5Hga = C4H6 + CH3, (24)

;‘CzHg +C3H6, (25)

where almost 86% of the cCsHga radicals proceed to form butadiene,
C4Hs, according to reaction (24), and the rest (only about 13%) form
vinyl radicals according to reaction (25). As noted previously, since
highly reactive vinyl radicals are formed as a result of this reaction,
the negative sensitivity factor shown by reaction (25) towards igni-
tion delays in Fig. 10(a), is certainly justified.

Following the pathway shown in reaction (22), cyclohexene is
mainly consumed via H-abstraction reactions by H, O, and OH
radicals to form the resonantly stabilized (~ 47%) and non-reso-
nance stabilized (~ 29%) cyclohexenyl radicals (see Fig. 5(g)). The
non-resonance stabilized cyclohexenyl radical (CYCCgHg2) upon
ring opening forms the linear hexadienyl radical entirely, which
further forms vinyl radicals according to reaction (15). The
resonantly stabilized cyclohexenyl radical (CYCCgHg1) forms
1,3-cyclohexadiene (~ 60%) by H atom removal, and gives the
linear 1,3-hexadien-6-yl (x13CsHg6, see Fig. 5(b)) radical via a
ring-opening pathway (~40%), as

CYCCsHg1 =1, 3-cyclohexadiene + H, (26)
= x13CgHqb. (27)
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Fig. 10. Sensitivity analysis for ignition delays of methylcyclohexane/air mixtures at ¢ = 1.0 and P = 20 atm using the present reaction mechanism, as it stands at the end of
Section 2.3. Sensitivities are determined by multiplying each rate constant by a factor of 2, and finding the change in ignition delays due to the rate change. Only reactions in
the incremental MCH mechanism with sensitivity factor = 5% are reported here. The non-lumped species names are similar to those used in the original Pitz et al. [31]
mechanism. Refer to Tables S1-S3 in the supplementary materials for a description of the generic names used for the lumped species in this figure.

Through a 1,3,5-hexatriene intermediate, about 55% of the 1,3-
hexadien-6-yl radical leads tothe resonantly stabilized linear hexa-
dienyl radical (x15CsHg3, see Fig. 5(b)), which gives vinyl radicals
according to reaction (15), and the rest reacts via a $-scission to give
ethylene and n-C4Hs. The 1,3-cyclohexadiene formed in reaction
(26) gives the cyclohexadienyl radical through abstraction of an H
atom by H and OH radicals, which further leads to benzene, as
explained in Section 2.3.

From this discussion, it is evident that the decay channels of
MCHR?2 result in a significantly smaller amount of vinyl radicals
compared to MCHR4, due to competing pathways (reaction (24)
for instance). Also note that H atoms, which are important for
the branching step H + O, = O + OH, are produced from MCHR4
via reaction (18), while less reactive CHs3 radicals are produced
from MCHR2 (reaction (22)). An analysis, similar to that for MCHR2
radicals, also holds for MCHR3 and CYCHEXCH2 radicals, when
their decay pathways are considered. This explains the higher reac-
tivity (corresponding to a negative sensitivity factor and shorter
ignition delays), when the branching ratio of methylcyclohexane
consumed via H-abstraction reactions to form MCHR4 radicals is
increased compared to the other methylcyclohexyl radicals.

Moderate and low temperature ignition. The importance of different
reactions to ignition delays at ¢ = 1,P = 20atm, and T ~ 900K,
the temperature at which the ignition regime transitions from
the NTC regime to high temperature ignition, is summarized in
Fig. 10(b). At these temperatures, the H-abstraction reactions by
HO, from the fuel become more important to predict ignition
delays. The large positive sensitivity factors of concerted elimina-
tion reactions (see reactions (11) and (14)), newly introduced in
the present reaction mechanism, are also seen from Fig. 10(b).
Further, the peroxy radical isomerization (for instance MCH300)
to hydroperoxy methylcyclohexyl radical (MCHQ-T6) and
the decomposition of peroxy hydroperoxy methylcyclohexyl
radical (MCHQQJ-T6, MCHXQ2QJ) to form ketohydroperoxide
(MCHQO-T6, CHXCHO2Q) and OH also play an important role at
this temperature.

At lower temperatures, T ~ 770 K, where the intermediate igni-
tion behavior is manifest, the ignition delays are most impacted by
the rate of cyclic ether (MCHYO24) formation from the hydroper-
oxyl methylcyclohexyl radical (MCHQ-T6) as seen from Fig. 10(c).
In the low temperature ignition regime, this reaction ceases to be
significant for the ignition delay predictions, as seen from the
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results of the sensitivity analysis performed at T ~ 660 K presented
in Fig. 10(d). The chain branching reactions, i.e. the decomposition
of peroxy hydroperoxy methylcyclohexyl radical (for instance,
MCHQQJ-T6) to form ketohydroperoxide (MCHQO-T6) and OH,
and the further decomposition of ketohydroperoxide to give OH
radicals impact the ignition delays at these low temperatures.

The reaction flux analysis at 1250 K discussed above highlights
the importance of thermal decomposition pathways of the meth-
ylcyclohexyl radicals at these high temperatures. Considering the
integrated production and consumption rates after ignition at
20 atm at about 900K, that is, at the start of the NTC ignition
regime occurs in Fig. 8(b), the methylcyclohexyl radicals domi-
nantly react via the addition of oxygen molecule to form peroxy
radicals, and the importance of thermal decomposition reactions
diminishes. The peroxy radicals, for instance, MCH400, primarily
react through (i) an internal H-atom abstraction involving a
6-membered ring transition state (~60%), such as in
MCH400 = MCHQ-T6, (ii) concerted elimination pathway
(~27%), and (iii) internal H-atom abstraction involving a
5-membered ring transition state (~ 13%). For the y-QOOH radical
(MCHQ-T6), the main reaction pathways are the formation of
cyclic ether and methylhexenone (~ 93%) with the loss of OH,
while the oxygen molecule addition pathway (QOOH + 0,) is neg-
ligible (~ 3%). The cyclic ether produced from y-QOOH radical
decomposes into lumped methylhexenal species, following the
detailed Pitz et al. [31] model.

The decomposition reactions of the y-QOOH radicals (forming
cyclic ether and methylhexenones, see Fig. 2(b)) and the oxygen
molecule addition pathway compete at moderate temperatures
~ 720-830K in Fig. 8(b), and two-stage ignition prevails at these
temperatures. At lower temperatures (T < 700 K), the oxygen addi-
tion to QOOH leading to a branching pathway is increasingly

8.64 0:68 0..72
1000/T [K']
(a) P = 1.5atm; symbols - Hong et al. [35]

10 .
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favored to the detriment of cyclic ether formation, while the
B-scission of y-QOOH radical to form methylhexenenone remains
important, a behavior also observed using the Pitz et al. [31]
model.

3.1.2. Methylcyclohexane/O,/Ar ignition delays

Ignition delay time measurements have been obtained at near-
atmospheric pressures by Hong et al. [35] for mixtures of methyl-
cyclohexane/O, in Argon, at ¢ = 0.5 and ¢ = 1.0. A comparison
between the predicted ignition delay times and the experimental
data is displayed in Fig. 11(a) and (b) and shows good agreement
at high temperatures (T > 1400 K).

In contrast, the CPM model predicts ignition delays that are
longer these experimental data by a factor of ~ 2 (not shown here),
highlighting the importance of the changes introduced to the CPM
model discussed in Section 2.3.While the correction introduced to
the rate of vinyl radical addition to the internal double bonded car-
bon in propene (reaction (7)) makes the ignition delays longer, the
remaining reaction rate changes, which, as discussed in Section 2.3,
were found to be important at high temperatures, result in shorter
ignition delays. In short, these changes include (a) the revised
methylcylohexane isomerization pathway to form heptenes and
(b) the updated rate constants for (i) the ring opening and closing
of methylcyclohexyl radicals, (ii) H-abstraction from methylcyclo-
hexane by different radicals, and (iii) the alkenyl decomposition
reactions.

While the simulations compare well with the experimental data
of Hong et al. [35], a comparison against the data from Orme et al.
[30] and Vasu et al. [48] at atmospheric pressure in Figs. 11(c) and
(d), shows some differences. The simulations underpredict the
ignition delays measured by Orme et al. [30] at all conditions.
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Fig. 11. Ignition delay times of methylcyclohexane/O,/Ar mixtures; symbols - experimental data from Hong et al. [35], Vasu et al. [48], and Orme et al. [30]; lines -

simulations (using the present reaction scheme).
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However, considering the scatter in these experimental data, the
simulation results still remain favorable.

3.2. Time histories of species profiles

3.2.1. Near atmospheric pressures

Hong et al. [35] measured OH and H,O profiles during methyl-
cyclohexane/O,/Ar oxidation at ¢ ~ 0.85 and P=2.2atm in a
shock tube facility. The computed species profiles are compared
with the experimentally measured profiles of Hong et al. in
Fig. 12. The predictions show good agreement with the experimen-
tal peak values of OH and H,O time-histories at all temperatures.
The predicted rise of OH and H,O profiles follow the experiments
at these conditions, although being faster than the experiments.

A reaction flux analysis was carried out to understand the con-
sumption routes of OH at the experimental conditions of Hong
etal.[35]and T = 1435 K. As the reaction progresses to the ignition
point, the OH radicals are initially consumed mainly by the
H-abstraction by OH from methylcyclohexane, to produce different
radicals of the fuel. Apart from the H-abstraction reactions, the main
decay pathway for the fuel at these conditions is the unimolecular
decomposition into methyl and cyclohexyl radicals, given by
MCH — CYCHEXRAD + CH3. (28)
The methyl radicals generated by this pathway, as well as the
decomposition of MCHR2 radicals into methyl radicals and
cyclohexene (according to reaction (22)), contribute increasingly
to the consumption of OH as the reaction proceeds, through
CH; + OH=S-CH, + H,0.

At later times, with the continued depletion of the fuel, smaller
alkenes such as C;H, are formed due to the decomposition of the
branched and unbranched alkenyl radicals resulting from the ring
opening of the methylcyclohexyl radicals. Increasingly larger
amounts of OH radicals are used in the H-abstraction reactions
from ethylene, as well as from cyclohexene, CzHg, CoHg (produced
from the recombination of methyl radicals), and C4Hg, although in
smaller amounts than C;H,. This process continues until the deple-
tion of the smaller alkenes and alkanes. The concentration of OH
then increases rapidly denoting the point of ignition in Fig. 12.
The importance of net rates of methylcyclohexyl ring opening
reactions is particularly evident from this discussion. The revised
rate constants adopted in this work for these reactions as well as
other reactions identified as important at high temperatures in
Section 2.3 impact the predicted OH profiles.
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3.2.2. High pressures

Vasu et al. [49] measured OH profiles during oxidation of meth-
ylcyclohexane, with initial Xycy = 1000 ppm, Xo, = 0.021, balance
Ar, at an equivalence ratio of ¢ = 0.5 and a pressure of P = 15 atm.
It is interesting to note that some of the existing kinetic schemes
for methylcyclohexane show varied OH concentration predictions
compared to these experimental data, with jetSurF [32] showing
the best agreement (see Fig. S4 in Supporting materials). The OH
profiles predicted using the present reaction scheme are compared
with the experimentally measured profiles in Fig. 13(a) and (b).
The agreement of the peak OH value, and the time of OH rise has
improved significantly compared to the CPM model predictions
shown in Fig. 3(b).

The predicted OH profiles are significantly influenced by the
changes associated with reactions of biradicals introduced into
the model as described in Section 2.3. With the biradical pathways
as described in the CPM model, the recombination of two ethylene
molecules to give butyl biradicals (reverse of reaction (5)), and the
recombination of an ethylene and propene to give pentyl biradicals
(reverse of reaction (6)), consume nearly 90% ethylene and 74%
propene at these conditions. Due to these competing pathways,
the rate of H-abstraction by OH radicals from these small alkenes
is reduced. As a consequence, with little formation of the highly
reactive vinyl radicals (via H-abstraction from ethylene), the reac-
tivity of the system is very low, resulting in a delayed rise in OH
profiles. The revised treatment of the ring opening reaction of
methylcyclohexane to give heptene as product (bypassing the
biradicals, see Section 2.3), incorporated in the present work, helps
achieve improved OH profiles when compared to the experiments.
In addition, those reaction rate changes identified as important at
high temperatures in Section 2.3, also impact the time instant of
OH rise at these conditions.

The simulated OH profiles follow the experimental data in
Fig. 13(a) and (b), with the point of OH rise and the peak OH
concentrations predicted within 20% of the measurements at
different temperatures. Vasu et al. also measured OH profiles
at lower initial fuel concentration, Xycy = 750 ppm, and the same
equivalence ratio and pressure conditions as above. In Fig. 13(c), a
comparison between the simulations and experimental data is
presented.

The peak OH concentrations predicted by the simulations
remain within 10% of the experimental data at the higher temper-
atures, T = 1260 K, considered in Fig. 13(c), similar to the previous
case, while the time instant of OH rise is delayed in the simulations
by ~ 40% at 1266 K. Ignition delays were also reported by Vasu
et al. [49] at the same conditions at which the OH profiles were

250 ‘
T=1359K -
T=1435K =
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K= . .
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Fig. 12. Species time-histories during methylcyclohexane/O,/Ar oxidation. Conditions: (1) T = 1359 K,P = 2.2 atm,380 ppm MCH/4200 ppm O,/Ar, ¢ =0.95, (2)
T = 1435 K,P = 2.2 atm, 340 ppm MCH/4200 ppmO,/Ar, ¢ = 0.85, (3) T = 1541 K,P = 2.1 atm,320 ppm MCH/4200 ppm O, /Ar, ¢ = 0.80; symbols - experimental data from
Hong et al. [35]; lines - OH and H,0 profiles computed using the present reaction scheme.
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Fig. 13. Methylcyclohexane/O,/Ar oxidation at ¢ = 0.5 and P = 16 atm; (a) and (b) OH profiles at initial fuel concentration (Xucu) = 1000 ppm (c) OH profiles at initial
Xwmen = 750 ppm, (d) ignition delay times corresponding to the experimental conditions of (a), (b) (@), and (c) (); symbols - experimental data from Vasu et al. [49]; lines -

results computed using the present reaction scheme.

obtained. These data are compared to the ignition delay times
computed using the present chemical model in Fig. 13(d). The
longer ignition delay predictions compared to the experimental
data for Xycy = 750 ppm mixtures are consistent with the delayed
rise in the OH time history predicted by the simulations at those
conditions.

3.3. Species profiles in a plug flow reactor

Rich oxidation

High temperature oxidation of methylcyclohexane/air mixtures
was studied by Zeppieri et al. [29] in the Princeton Turbulent Flow
Reactor. They measured concentrations of methylcyclohexane, as
well as typical major and minor species formed during its oxidation.
The experimental data was obtained at P=1atm,T = 1160K,
initial MCH concentration of 1815 ppm, and fuel/air mixture ratio
of ¢ =1.3.

A comparison between the species concentration time evolu-
tion predicted using the present kinetic scheme and the experi-
mental data is presented in Fig. 14. The experimental data have
been shifted by 5 ms relative to the simulations to account for
the experimental uncertainties in the zero-time specification
[71]. The zero-time shift is chosen here to give the best agreement
between the experimental and predicted fuel consumption
profiles.

In Fig. 14(a), the fuel decay follows the experimental measure-
ments, while the rise in temperature is slightly shifted towards
larger residence times. This is also consistent with the shift seen
in CO, profile in Fig. 14(b), and therefore, an improvement in

temperature profile is expected to result in better CO, profiles as
well. The simulated profiles of CO in Fig. 14(b), and smaller alkane,
alkene, and dienes in Fig. 14(c)-(e) follows the experiments
closely. The amounts of cyclopentadiene and benzene predicted
from the simulations are comparable to the experiments in
Fig. 14(f). The overall agreement between the model predictions
and the experimental measurements is favorable. The results
obtained using the present Kkinetic scheme show improved
predictions of the flow reactor data compared to the reference Pitz
et al. [31] reaction mechanism, and this is discussed in better detail
as part of the Supporting materials (Fig. S3).

A reaction flux analysis revealing the important consumption
pathways of the fuel and the different intermediates at the
experimental conditions of Zeppieri et al. [29] is presented in
Fig. 15. The fuel, methylcyclohexane (MCH), is consumed mainly
by H-abstraction reactions producing different methylcyclohexyl
radicals. The fuel also undergoes a unimolecular decomposition
into cyclohexyl and methyl radicals. The H-abstraction reactions
from the fuel by methyl radical contribute significantly to the
methane observed in Fig. 14(c). The recombination of methyl
radicals produces the ethane observed in Fig. 14(c). The ring
opening of methylcyclohexyl radicals, followed by the decomposi-
tion of the branched alkenyl radicals, contributes to the alkenes:
ethylene, propene, isoprene (i — CsHg), butadiene, and cyclopenta-
diene in Fig. 14(d)-(f), as can be inferred from the reaction flux
chart in Fig. 15. The figure also shows the pathways for the
formation of aromatic species, benzene (A;) and toluene (A;CH3),
from methylcyclohexane oxidation, which were discussed
previously in Section 2.3.
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Fig. 14. Time evolution of major species during methylcyclohexane/air oxidation in a plug flow reactor at P = 1 atm,T = 1160 K, and ¢ = 1.3, with initial Xycy = 1815 ppm;
symbols - experimental data from Zeppieri et al. [29], shifted by 5 ms; lines - species profiles computed using the present reaction scheme.

Zeppieri et al. [29] also studied the pyrolysis of methylcyclohex-
ane at atmospheric pressure and an initial temperature of
T =1155K. The simulation results are compared for this case
against the experimental measurements in the Supporting
materials (Fig. S5).

3.4. Laminar flame speeds

Several experimental studies have measured laminar flame
speeds of methylcyclohexane/air mixtures using different mea-
surement techniques. At atmospheric pressure and an unburnt
temperature of T, = 353K, Ji et al. [38] determined flame speeds
in a counterflow configuration. Wu et al. [39] measured propaga-
tion speeds of spherically expanding methylcyclohexane/air flames
at atmospheric and elevated pressures with T, = 353 K. Similar
techniques were used by Singh et al. [37] to measure flame speeds
at P=1atm and T, = 400 K. Also, Kumar and Sung [36] used a
counterflow twin-flame technique to determine flame speeds of
methylcyclohexane/air mixtures at the same conditions.

The flame speeds computed using the present reaction scheme
are compared with these experimental data at varying pre-heat

temperatures and pressures in Fig. 16(a) and (b), respectively.
Considering flame speeds at atmospheric pressures shown in
Fig. 16(a), at T, = 400K, the model predictions are within the
variability of the available experimental measurements. At
T, = 353 K, the computed flame speeds agree closely with at least
one set of measurements for all mixture ratios, with a slight over-
prediction at near stoichiometric conditions. Flame speed predic-
tions are improved at higher pressures, as comparisons with the
Wau et al. [39] data demonstrate (Fig. 16(b)).

Note that the detailed Pitz et al. mechanism [31] has not been
validated for premixed flames configurations. Nevertheless, the
flame speeds simulated using the kinetic scheme proposed here
show satisfactory agreement with the experimental data, pointing
towards an overall adequate description of H and CH; radicals,
known to be important for laminar flame speed predictions.

3.5. Species profiles in premixed flames
Wang et al. [33,69] investigated lean, stoichiometric, and rich

premixed methylcyclohexane flames using synchrotron vacuum
ultraviolet photoionization mass spectrometry (SVUV-PIMS) at a
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Fig. 16. Laminar flame propagation speeds of methylcyclohexane/air mixtures; symbols — experimental data from Kumar and Sung [36], Singh et al. [37], Ji et al. [38], Wu

et al. [39]; lines - flame speeds computed using the present reaction scheme.

low pressure of 30 torr. They measured concentrations of several
species in these flames. The uncertainties in the mole fractions
are reported as about +£10% for the major species, about +25%
for intermediate species with known photoionization cross sec-
tions (PIC), and a factor of 2 for those with estimated PICs. Their
detailed measurements enable a careful evaluation of the reaction
mechanism with regard to the individual reaction pathways that
play an important role at these experimental conditions as well
as their kinetic rate constants. A comparison against their experi-
mental data for the rich flame (¢ = 1.75) is shown in Figs. 17-19.
The model is also compared to their stoichiometric and lean exper-
imental data in the Supplementary materials (Figs. S6-S11). The
temperature profile is prescribed from the experiments [33,69] in
the present simulations. These comparisons should, however, be
taken with caution, since the experimental data have been
obtained at very low pressure (P = 30 torr, ie. 40 mbar), which

may fall outside of the range of validity of the present mechanism
due to reactions whose rate constants are not prescribed for those
low pressures.

Fuel decay pathways

The major species profiles are shown in Fig. 17. The simulations
show good agreement with the experimental data for the fuel, oxi-
dizer, and inert gas, as well as the major products CO, CO,, H,, and
H,0. The fuel, methylcyclohexane, is predominantly consumed via
H abstraction reactions by H (~ 50%), OH (~ 23%), and O (~ 8%)
radicals. About 15% of the fuel decomposes to form methyl and
cyclohexyl radical, while a small percentage of the fuel (~ 4%)
forms heptenes via ring opening followed by isomerization. For
the stoichiometric and lean flames, the fuel decay (Fig. S6 and S9
in the Supporting materials) proceed entirely via H-abstraction
routes, primarily by H and OH radicals.
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C;-Cs species

The simulated C;-Cs intermediates profiles are compared with
the experiments in Fig. 18. These intermediates get consumed
within 15 mm from the burner, with the complete consumption
of oxidizer. As noted by Wang et al. [33], the measured data at
distances shorter than 2 mm from the burner surface might not
represent the true species mole fractions, mainly due to the pertur-
bation of the sampling nozzle. This may contribute to the large dis-
crepancy observed between the experiments and the simulation
close to the burner surface.

The computed profiles of C3Hg, CH,0,C4Hg (butadiene), CsHg
(cyclopentadiene), and CsHg (includes 1,3-pentadiene and iso-
prene) agree well with the experiments. The simulated profiles of
methyl, acetylene, and propargyl (C3Hs) follow the experiments
up to a distance of 8 mm from the burner surface, but display a
slower decay at larger distances. This trend is also seen in the
simulated results of Wang et al. [33].

For this flame, in addition to the contribution from the small
hydrocarbon chemistry, the beta-scission of the branched heptenyl
(C;H;3) radicals formed from the ring opening of the meth-
ylcyclohexyl radicals contributes about 25% and 10% to the forma-
tion of ethylene and propene respectively. The formation pathways
of butadiene, cyclopentadiene, and CsHg also directly involve inter-
mediates found in the methylcyclohexane sub-mechanism.

About 35% of butadiene formation comes from CsHg with the
loss of a methyl radical, where CsHg is entirely produced from
the beta scission of the branched heptenyl radical kC;H3g (4-
methyl-2-hexen-6-yl). Further, the decomposition of cCsHga and
hexenyl radicals account each for ~ 15% to the formation of buta-
diene. About 17% of butadiene is formed from the decomposition of
linear hexadienyl radical, and ~ 15% comes from the unimolecular
decomposition of cyclohexene (which is mainly formed from the
decomposition of MCHR2 radicals).

All of the 1,3-pentadiene at the simulated condition comes from
CsHg radical with the loss of a H atom. Upon H abstraction on 1,3-
pentadiene by H atom, the CsH; radical is formed, which entirely
converts to cyclopentadiene with the loss of a H atom. This path-
way accounts for ~ 95% of the formation of CsHg at these condi-
tions. About 15% of isoprene comes from the unimolecular
decomposition of methylcyclohexene, while the rest comes from
the beta-scission of the branched heptenyl radicals (formed from
the ring opening of the various methylcyclohexyl radicals).

Some discrepancies are seen in the A-Cs3Hs (allyl), A-C3Hy4
(allene), and P-C3H, (propyne) profiles in Fig. 18, where the maxi-

mum predicted concentrations differ by up to a factor of two from
the experiments. At stoichiometric and lean flame conditions, the
simulated profiles of allene and propyne show a better agreement
with the experimental data (see Figs. S7 and S10), while the allyl
concentration is similarly underpredicted.

A reaction flux analysis reveals that at rich flame conditions,
about 50% of the allene is formed from allyl radicals by the loss
of a H atom, whereas this contribution decreases to ~10% for the
stoichiometric flame and becomes insignificant for the lean flame.
This route also accounts for about half of the allyl radical consump-
tion at the rich conditions. The addition of H atom to allyl to form
propene is the other dominant pathway consuming allyl at these
conditions. This is also the major allyl radical consumption path-
way at stoichiometric and lean flame conditions. Considering the
importance of these pathways, it could be surmised that improve-
ments to allyl and allene profiles would require a more accurate
reaction rate for A-Cz3Hs = A-CzH4 + H and A-C3Hs + H = C3Hg, rel-
evant to the experimental conditions considered here. Subse-
quently, this could also improve propyne concentration profile,
since about 35% of propyne is formed from allene at the rich flame
conditions.

Benzene and toluene

The computed C¢ and C; intermediates profiles are compared
with the experiments in Fig. 19. Cyclohexene is mainly produced
(~90%) from the methylcyclohexyl radical, MCHR2, with the loss
of a methyl group. By H atom abstraction from cyclohexene, and
further H atom elimination from the resulting resonantly stabilized
cyclohexenyl radical, 1,3-cyclohexadiene (CYCCgHg in Fig. 19) is
formed, which by a similar sequence of pathways, leads to ben-
zene. Likewise, methylcyclohexene (included in C;Hy; in Fig. 19),
which comes from the methylcyclohexyl radicals with the loss of
a H atom, produces methylcyclohexadiene by a successive dehy-
drogenation pathway, which in turn leads to the formation of
toluene.

The different pathways forming benzene in the rich flame con-
sidered here are shown in Fig. 20(a). The dehydrogenation pathway
described above accounts for ~ 45% of the benzene formed in the
flame. The rest of the benzene comes from the aromatic chemistry
well described in the base+aromatics mechanism [1,4] on top of
which the methylcyclohexane chemistry has been built. The
H-atom-assisted isomerization of fulvene contributes ~ 23%, prop-
argyl radical recombination contributes 13%, and the substitution
of the methyl group in toluene by a H atom contributes ~ 10% to
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Fig. 20. Main reaction pathways forming benzene and toluene in the rich flame (¢ = 1.75 and P = 30 torr) investigated in Section 3.5. The step-wise dehydrogenation
pathways (shown in Fig. 7) involving intermediates in the methylcyclohexane sub-mechanism contribute significantly to benzene and toluene at these conditions. In
addition, the aromatic chemistry well described in the base mechanism [1,4] on top of which the methylcyclohexane chemistry has been built in the present work, is also

crucial to the formation of benzene and toluene.

formation of benzene. Fulvene is mainly produced from methyl
addition to cyclopentadienyl radical (~ 49%), propargyl radical
recombination (~ 40%), and CO elimination from cresoxy radical
(~ 11%).

Note that one of the six isomers of methylcyclohexenyl (MCHJE)
and methylcyclohexadienyl (MCHJDE) radicals lead to the formation
of 1,3-cyclohexadiene and benzene, respectively, through the loss of
a methyl group. The importance of these pathways have been inves-
tigated by assuming equal distribution of all isomers of MCHJE and
MCH]DE radicals. In the presence of these pathways, the peak value
of A; increases by ~ 3% and that of A;CH; decreases by ~ 10% from
that shown in Fig. 19. In the absence of information about the distri-
bution of the individual MCHJE and MCH]JDE isomers, these path-
ways have not been included in the proposed mechanism.

The pathways for the formation of toluene are simpler than ben-
zene, and these are shown in Fig. 20(b). About 54% of the toluene
comes from the dehydrogenation pathway starting from methylcy-
clohexene that was described above. The remaining toluene largely
comes from methyl recombination with phenyl radicals, which are
originally produced from benzene by H abstraction reactions.

The above discussion emphasizes that, in addition to the ben-
zene and toluene formed from intermediates in the methylcyclo-
hexane sub-mechanism, the existence of a well validated aromatic
chemistry is crucial to predict these aromatic species profiles in
accordance with the experiments. The predicted amounts of aro-
matic species compare well with the experimental data for the rich
flame, as well as for the stoichiometric and lean flames (see Figs. S8
and S11). In all, it could be concluded with confidence that the
detailed species concentrations observed in the burner stabilized
flame set-up are well represented by the present kinetic scheme.

4. Conclusions

With the objective of a kinetic model for jet fuel and other
transportation fuel surrogates, a reaction mechanism has been
developed to describe the oxidation of methylcyclohexane as a
representative naphthene molecule. This has been accomplished
by starting with a chemical mechanism proposed earlier for smal-
ler hydrocarbons along with a few substituted aromatics and n-
dodecane [1,4,23] as the base model, and extending this model
to include the reaction pathways of methylcyclohexane oxidation.

Starting with the detailed mechanism for methylcyclohexane
proposed by Pitz et al. [31], a skeletal level mechanism for methyl-
cyclohexane oxidation was obtained using reaction mechanism
reduction techniques, which was then incorporated into the previ-
ous scheme. Sensitivity analysis and reaction flux analysis was

used to identify fuel-dependent important reactions at different
conditions. These reactions were then examined and rate changes
supported by recent rate recommendations from literature were
introduced, irrespective of whether these led to improvements or
deterioration of the agreement with experimental data. Further-
more, an additional concerted elimination pathway important for
ignition delay predictions at moderate to low temperatures was
introduced to this combined model.

The resulting revised mechanism was comprehensively vali-
dated for methylcyclohexane oxidation against a large number of
experimental data sets. The kinetic validation test cases include
ignition delays, species time histories measured in shock tubes,
laminar burning velocity measurements, detailed species measure-
ments in premixed flames, and major species profiles in a plug flow
reactor configuration. The ability of the present reaction mecha-
nism in predicting different targets has been evaluated in detail.

It is worth re-emphasizing the use of several, very recent data
sets for kinetic model validation in the present work. The ability
of the proposed reaction scheme to adequately describe the igni-
tion behavior for low through high temperatures is also notewor-
thy. Further, the pathways for the formation of aromatics from
methylcyclohexane oxidation are well represented by the present
model. Also, the base mechanism on which the methylcyclohexane
kinetics is built, allows a detailed description of the aromatic
chemistry [4]. Together, this makes the present kinetic scheme
well suited for assessing the formation of pollutants in engines.

One other key contribution of this work is that the proposed
reaction mechanism can describe the kinetics of methylcyclohex-
ane, as well as that of n-heptane, iso-octane, substituted aromatics,
and n-dodecane, considered in our previous works [1,4,23], which
are important components of transportation fuel surrogates. In
addition, the proposed reaction mechanism also retains a compact
size, 369 species and 2691 reactions counting forward and reverse
reactions separately, which makes kinetic analysis feasible using
this model. This size of the reaction mechanism is suitable to be
coupled in LES simulations employing flamelet models with tabu-
lation [72], which expands the usability of the kinetic scheme to
real-time simulations.

The model described here, as well as a derived model relevant
to high temperature oxidation only, along with the corresponding
thermodynamic and transport properties have been made avail-
able as Supporting Materials. The performance of this high temper-
ature model has been verified to be similar to the complete model
at T > 1100K. The validation cases used in this work were
repeated for this high temperature model, and are made available
with the Supporting materials (Figs. S34-S40) for the sake of
completeness.
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