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The Utah Surrogate Mechanism was extended in order to model a stoichiometric premixed cyclohexane flame
(P ) 30 Torr). Generic rates were assigned to reaction classes of hydrogen abstraction,â scission, and
isomerization, and the resulting mechanism was found to be adequate in describing the combustion chemistry
of cyclohexane. Satisfactory results were obtained in comparison with the experimental data of oxygen, major
products and important intermediates, which include major soot precursors of C2-C5 unsaturated species.
Measured concentrations of immediate products of fuel decomposition were also successfully reproduced.
For example, the maximum concentrations of benzene and 1,3-butadiene, two major fuel decomposition
products via competing pathways, were predicted within 10% of the measured values. Ring-opening reactions
compete with those of cascading dehydrogenation for the decomposition of the conjugate cyclohexyl radical.
The major ring-opening pathways produce 1-buten-4-yl radical, molecular ethylene, and 1,3-butadiene. The
butadiene species is formed viaâ scission after a 1-4 internal hydrogen migration of 1-hexen-6-yl radical.
Cascading dehydrogenation also makes an important contribution to the fuel decomposition and provides the
exclusive formation pathway of benzene. Benzene formation routes via combination of C2-C4 hydrocarbon
fragments were found to be insignificant under current flame conditions, inferred by the later concentration
peak of fulvene, in comparison with benzene, because the analogous species series for benzene formation via
dehydrogenation was found to be precursors with regard to parent species of fulvene.

Introduction

The Significance of Cyclohexane Chemistry.Liquid trans-
portation fuels include significant fractions of naphthenes
(cycloparaffins). Cyclohexane, for example, accounted for 8.6
vol % in the European Unleaded Certified Gasoline reported
by Hakansson and co-workers.1 Doute and co-workers2 mea-
sured a fuel-rich premixed kerosene flame and reported that
cycloparaffin fractions accounted for 10% of the fuel.

Cyclohexane and its derivatives are also preferred species in
surrogate formulations. A surrogate fuel that included 10%
methylcyclohexane3 was used in our earlier study4 to model
the abovementioned premixed kerosene flame. Cathonnet and
co-workers5 assumed a surrogate fuel that was composed of
cyclohexane, toluene, andn-decane in modeling a set of jet
stirred reactor experiments with kerosene up to 40 atm. Mawid
and co-workers6 developed a detailed reaction model for JP-8
fuels using a 12-component surrogate, in which four naphthene
species, methylcyclohexane, cyclooctane, tetralin, and decalin,
were included. Cooke et al.7 included a 20% fraction of
methylcyclohexane in a surrogate for a JP-8 counter-flow
diffusion flame.

The significant presence of naphthenes in commercial fuels
is a major environmental concern because a much larger amount
of benzene, a major soot precursor, was generated from flames

of cyclohexanes, in comparison with other fuels.8 This phe-
nomenon is likely associated directly with the fuel structure, as
concentrations of other aromatic precursors, such as acetylene,
and C3 and C4 radicals, were comparable among flames with
cyclohexane or other fuels. Also, cyclohexane produced sig-
nificantly more benzene than those obtained from other fuels
in a pulse flame combustor.9 In an earlier modeling study,4 we
investigated the relative importance in benzene formation of
each individual surrogate component in a premixed kerosene
flame, and concluded that cyclohexanes in the fuel were major
benzene sources.

Experimental, Kinetic and Modeling Studies of Cyclo-
hexane. Most combustion experiments of naphthenes were
operated on counter-flow diffusion flames and jet stirred reactor
(JSR) flames. Voisin and co-workers,10 for example, measured
species concentrations in a JSR experiment of cyclohexane
oxidation, at 10 atm and temperatures between 750 and 1100
K. Davis and Law11 determined laminar flame speeds in
atmospheric counter-flow twin flames for a wide range of
equivalence ratios at room temperatures for C1 to C8 hydrocar-
bons that included cyclohexane and cyclopentane, and found
that the flame speeds of cycloparaffins studied were close to
those of the conjugate normal paraffins. Ristori and co-workers12

reported concentration profiles for reactants, stable intermediates,
and products in an atmospheric-pressure JSR experiment with
n-propylcyclohexane at temperatures between 950 and 1250 K
with a range of equivalence ratios between 0.5 and 1.5. Cooke
and co-workers7 measured the temperature profile and rich
extinction limits in a JP-8 counter-flow diffusion flame, and
Hakansson and co-workers1 reported the chemical structure of
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a stoichiometric atmospheric premixed flame with the European
Unleaded Certified Gasoline. In both studies, cyclohexane or
other naphthenes were included to be major fractions for the
composite fuels of JP-8 and gasoline.

A few studies on reaction kinetics of cyclohexane and its
derivatives complement combustion experiments with naph-
thenes. Braun-Unkhoff et al.,13 for example, investigated the
initial product channels of cyclohexane pyrolysis when very thin
fractions of the fuel in the unburned mixture were heated behind
reflected shock waves up to 1900 K at 1.5-2 atm. Bennett and
co-workers14 published an interesting study on decomposition
pathways of isotopically labeled cyclohexanes in a single-
cylinder engine, by monitoring the isotopic distributions of
cyclohexane, cyclohexene, benzene, 1,3-butadiene, and propy-
lene in the exhausted gas. Ranzi et al.15 have published an
excellent review of the use of lumping techniques for detailed
kinetic modeling of hydrocarbon mixtures that were extended
to include naphthenes. A mechanism generation technique using
generic rates for reactions that involve paraffins, alkyl radicals,
and olefins was proposed in our earlier publication,16 and the
resulting Utah Surrogate Mechanism was validated with mea-
sured concentration profiles and flame speeds in 40 premixed
flames with fuels from C1 to C16 that include cyclohexane and
composite fuels of gasoline and kerosene.

In addition to kinetic studies, a few reaction models have
been published in order to simulate combustion of naphthenes
for various experiments. Klai and Baronnet17 proposed a
cyclohexane oxidation mechanism that included approximately
30 reactions, and the mechanism was used to simulate the
observed product distribution in a static reaction vessel operated
by the same authors. A previously validated C1-C5 mechanism
was extended by Voisin and co-workers,10 and was used to
model measured concentrations in a JSR experiment with
cyclohexane. This mechanism was extended, later on, in order
to predict concentration profiles in cyclohexane flames under
the same experimental conditions except at lower pressures with
a range of equivalence ratios between 0.5 and 1.5.18 Satisfactory
results were obtained for most species. The mechanism was also
validated with flame speed data measured in counter-flow twin
flames.

Ristori and co-workers12 compiled a reaction mechanism of
n-propylcyclohexane that included 176 species and 1369 reac-
tions, and the mechanism was used to study the oxidation of
n-propylcyclohexane in a JSR. Granata and co-workers19

presented a mechanism that described the pyrolysis and
combustion of cyclohexane and methylcyclohexane using a
lumping technique. Isomerization via intramolecular hydrogen
transfer, which competes withâ scission, was critically exam-
ined. The mechanism included both low- and high-temperature
chemistry, and was validated with ignition delay times obtained
in a rapid compression machine and closed vessels, and also
with concentration profiles measured in jet stirred reactors and
a turbulent plug flow reactor.

The Granata mechanism was only a subset of the larger Ranzi
mechanism15 that was used to model the temperature profile
and rich extinction limits in a JP-8 counter-flow diffusion flame7

and the concentration profiles of selected species in a kerosene
premixed flame.3 Mawid et al.6 proposed another reaction
mechanism of JP-8 that included four naphthene components,
and the mechanism predicted ignition data better for higher
initial temperatures.

The major competing formation pathways of benzene and
1,3-butadiene, two main fuel decomposition products, will be
proposed in this work, and predicted concentrations will be

compared with experimental measurements. The proposed
mechanism will elaborate the significance of isomerization
between fuel conjugate species in the product distribution. Also
proposed are the interweaving dehydrogenation pathways
between the benzene and toluene homologous series as vital
mechanisms for the formation of single-ring aromatic species
including benzene, complementing our earlier results of cascad-
ing dehydrogenation routes for the benzene formation from
cyclohexane and methylcyclohexane.4,16 The precursor relation-
ship between critical species is also one of the foci of this study,
in order to reveal the uniqueness of the cyclohexane decomposi-
tion mechanism.

Reaction Mechanism and Experimental Data

In the combustion mechanism of methylcyclohexane (MCH)
in the Utah Surrogate Mechanism that was developed to simulate
combustion of liquid transportation fuels,4,16 fuel consumption
pathways were assigned generic rates and a lumping technique
was used with the assumption that hydrogen abstraction is the
controlling step. Benzene formation via dehydrogenation of the
substituted ring was critically examined, and good agreement
was obtained between the experimental and predicted benzene
concentrations in kerosene and gasoline flames.

It will be very valuable if our proposed mechanism can be
validated directly with flame data of cyclohexane or its
derivatives that cover a temperature range from 500 to 800 K
at the burner surface to approximately 1800 to 2200 K at the
post flame zone. Experimental studies of premixed cyclohexane
flames were not available until recently when the structures of
premixed cyclohexane flames were measured by Westmoreland
and co-workers at two equivalence ratios of 1.08 and 2.0,20 using
photoionization molecular beam mass spectrometry (MBMS).
When this work was reviewed, Westmoreland and co-workers
published a parallel study reporting experimental data of the
stoichiometric cyclohexane flame,21 as well as modeled results
of selected species, i.e., cyclohexene, 1,3-cyclohexadiene, and
benzene. Both the current and parallel studies propose generally
similar ideas of benzene formation via dehydrogenation, which
is consistent with our earlier studies4,16 of mechanisms of
cyclohexane and its derivatives that were used in kerosene and
gasoline flame modeling. Divergences of kinetic details between
the current and parallel studies will be discussed in this work.
Notable differences include the role of conjugate alkyl radical
isomerization, and the formation of fulvene and butadiene,
among others.

In this study, the Utah Surrogate Mechanism was refined in
order to reproduce the details of the stoichiometric premixed
cyclohexane flame (fuel:O2:Ar ) 6.75:60.75:32.5%) at 30 Torr
measured by Law.8,21The simulator used was CHEMKIN IV,22

and thermodynamics data for the gaseous species were obtained
from the CHEMKIN thermodynamic database23 or estimated
by THERGAS24 employing Benson’s additivity theory.25 Trans-
port properties of species were obtained from the CHEMKIN
transport database26 or estimated from those of similar species.

Mechanism Generation Methodology

Fuel Consumption Reactions.Selected reactions in the
extended Utah Surrogate Mechanism that are relevant to the
cyclohexane dcomposition are listed in Table 1. Generic rates
have been used extensively in the extended mechanism, and
these rates were reported elsewhere.16 Thermodynamic data of
selected species that are most relevant to this work are compared
in Table 2 with literature values from NIST Chemistry Web-
Book27,28 and Burcat and Ruscic.29
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TABLE 1: Selected Reactions in the Cyclohexane Decomposition Submechanism

k ) ATn exp(-E/RT), mol‚cm‚s‚cal

no. reaction A n E reference

Fuel Decomposition
R1 c-C6H12 + H ) c-C6H11 + H2 7.80× 106 2.4 4 471.08 generica

R2 c-C6H12 + OH ) c-C6H11 + H2O 2.82× 108 1.61 -34.89 generic
R3 c-C6H12 + O ) c-C6H11 + OH 1.86× 106 2.5 2 230 generic
R4 c-C6H12 + CH3 ) c-C6H11 + CH4 1.62× 105 2.26 7 287.05 generic
R5 c-C6H12 + HO2 ) c-C6H11 + H2O2 1.34× 1014 0 17 690 generic
R6 c-C6H12 + O2 ) c-C6H11 + HO2 1.20× 1014 0 50 150.1 generic
R7 c-C6H12 ) 1-C6H12 5.01× 1016 0 88 230 Tsang33

R8 c-C6H11 ) 1-C6H11-6 1.60× 1013 0 28 300 generic

R9 1-C6H11-6 ) 1-C6H11-3 2.00× 1011 0 14 100 generic- 1 kcal
R10 1-C6H11-6 ) 1-C6H11-2 1.00× 1011 0 16 100 generic+ 2 kcal
R11 1-C6H11-6 ) 1-C6H11-1 1.00× 1011 0 20 100 generic+ 2 kcal

R12 1-C6H11-6 ) BC4H7 + C2H4 3.20× 1013 0 28 400 generic
R13 1-C6H11-3 ) C2H5 + CH2CHCHCH2 1.60× 1013 0 28 300 generic
R14 1-C6H11-3 ) CH3 + L-C5H8 2.38× 108 0.88 29 600 Matheu et al.35

R15 1-C6H11-1 ) C2H2 + PC4H9 1.60× 1013 0 28 300 generic
R16 1-C6H11-2 ) AC3H4 + NC3H7 1.60× 1013 0 28 300 generic

Cascading Dehydrogenation, Benzene
R17 c-C6H11 ) c-C6H10 + H 1.00× 1014 0 38 000 Dean37,b

R18 c-C6H11 + O2 ) c-C6H10 + HO2 4.00× 1012 0 4 251.19 generic
R19 c-C6H11 + O ) c-C6H10 + OH 1.81× 1014 0 0 Tsang38

R20 c-C6H11 + OH ) c-C6H10 + H2O 4.84× 1013 0 0 Tsang38

R21 c-C6H11 + H ) c-C6H10 + H2 3.60× 1012 0 0 Tsang38

R22 c-C6H11 + CH3 ) c-C6H10 + CH4 6.04× 1012 -0.32 0 Tsang38

R23 c-C6H10 ) c-C6H9-3 + H 5.01× 1015 0 81 700 Dean37

R24 c-C6H10 + H ) c-C6H9-3 + H2 2.60× 106 2.4 4 471.08 generic
R25 c-C6H10 + OH ) c-C6H9-3 + H2O 9.40× 107 1.61 -34.89 generic
R26 c-C6H10 + O ) c-C6H9-3 + OH 6.20× 105 2.5 2 230 generic
R27 c-C6H10 + CH3 ) c-C6H9-3 + CH4 5.40× 104 2.26 7 287.05 generic
R28 c-C6H10 + HO2 ) c-C6H9-3 + H2O2 4.47× 1013 0 17 690 generic
R29 c-C6H10 + O2 ) c-C6H9-3 + HO2 4.00× 1013 0 50 150.1 generic
R30 c-C6H10 + M ) c-C6H9-4 + H + M 1.00× 1016 0 95 000 Dean37

R31 c-C6H10 + H ) c-C6H9-4 + H2 2.60× 106 2.4 4 471.08 generic
R32 c-C6H10 + OH ) c-C6H9-4 + H2O 9.40× 107 1.61 -34.89 generic
R33 c-C6H10 + O ) c-C6H9-4 + OH 6.20× 105 2.5 2 230 generic
R34 c-C6H10 + CH3 ) c-C6H9-4 + CH4 5.40× 104 2.26 7 287.05 generic
R35 c-C6H10 + HO2 ) c-C6H9-4 + H2O2 4.47× 1013 0 17 690 generic
R36 c-C6H10 + O2 ) c-C6H9-4 + HO2 4.00× 1013 0 50 150.1 generic

R37 c-C6H9-3 + O2 ) c-C6H8 + HO2 2.00× 1012 0 4 251.19 generic
R38 c-C6H9-3 + H ) c-C6H8 + H2 1.80× 1012 0 0 Tsang38

R39 c-C6H9-3 + OH ) c-C6H8 + H2O 2.42× 1013 0 0 Tsang38

R40 c-C6H9-3 w c-C6H8 + H 3.16× 1012 0 36 960 Weissman et al.39,c

R41 c-C6H9-4 + O2 ) c-C6H8 + HO2 2.00× 1012 0 4 251.19 generic
R42 c-C6H9-4 + H ) c-C6H8 + H2 1.80× 1012 0 0 Tsang38

R43 c-C6H9-4 + OH ) c-C6H8 + H2O 2.42× 1013 0 0 Tsang38

R44 c-C6H9-4 ) c-C6H8 + H 3.16× 1012 0 36 960 Weissman et al.39

R45 c-C6H9-4 ) C2H3 + CH2CHCHCH2 1.00× 1013 0 38 000 generic,+10 kcal/mold

R46 c-C6H8 + H ) c-C6H7 + H2 7.80× 106 2.4 3 000 generic× 3 - 1.5 kcal
R47 c-C6H8 + OH ) c-C6H7 + H2O 2.82× 108 1.61 -1 500 generic× 3 - 1.5 kcal
R48 c-C6H8 + O ) c-C6H7 + OH 1.86× 106 2.5 2 230 generic× 3
R49 c-C6H8 + CH3 ) c-C6H7 + CH4 1.62× 105 2.26 7 287.05 generic× 3
R50 c-C6H8 + O2 ) c-C6H7 + HO2 1.20× 1014 0 50 150.1 generic× 3
R51 c-C6H8 + HO2 ) c-C6H7 + H2O2 1.34× 1014 0 17 690 generic× 3
R52 c-C6H8 ) c-C6H7 + H 5.00× 1013 0 72 530 Dean37/100

R53 c-C6H7 ) bC6H6 + H 7.90× 1011 0 28 420 Dean37/40
R54 c-C6H7 + O2 ) bC6H6 + HO2 2.00× 1012 0 4 251.19 generic
R55 c-C6H7 + H ) bC6H6 + H2 1.80× 1012 0 0 Tsang38

R56 c-C6H7 + OH ) bC6H6 + H2O 2.42× 1013 0 0 Tsang38

R57 c-C6H7 ) CH3-c-C5H4 5.00× 1012 0 38 100 Ritter et al.44

R58 bC6H6 + H ) CH3-c-C5H4 2.39× 1027 -3.92 29 200 Ritter et al.44

R59 CH3-c-C5H4 ) fC6H6 + H 1.00× 1014 0 38 000 Doute et al.53,e

R60 CH3-c-C5H4 + O2 ) fC6H6 + HO2 2.00× 1012 0 4 251.19 generic
R61 CH3-c-C5H4 + H ) fC6H6 + H2 1.80× 1012 0 0 Tsang38,f

R62 CH3-c-C5H4 + OH ) fC6H6 + H2O 2.42× 1013 0 0 Tsang38,f

R63 CH3-c-C5H4 + H ) CH3-c-C5H5 1.00× 1014 0 0 Marinov et al.49

R64 CH3-c-C5H4 + H ) CH3 + C5H5 1.00× 1014 0 0 Marinov et al.49

R65 CH3-c-C5H5 ) fC6H6 + H2 2.51× 1014 0 59 020 Alfassi et al.54,g

R66 fC6H6 + H ) bC6H6 + H 3.00× 1012 0.5 2 000 Marinov et al.49

R67 H2CCCH+ AC3H5 ) fC6H6 + H + H 1.00× 1012 0 3 000 Burcat et al.55/2
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Thermal decomposition and hydrogen abstraction were
identified to be the major consumption routes in flames of large
paraffins.30,31,32Cyclohexane (c-C6H12), which consists of only
secondary carbon atoms, should be no exception. In the ex-
tended mechanism, cyclohexane decomposes via hydrogen
abstraction to cyclohexyl radical (c-C6H11) by the most powerful
H (R1, 69%), OH (R2, 20%), and O (R3, 11%) radicals at

generic rates, weighted by 12 to account for all possible sites,
followed by minor hydrogen abstractors of CH3 and HO2

radicals and molecular O2 (R4-R6), in order of their relative
importance. The percent contribution presented in this work,
unless otherwise stated, was calculated at 0.09 cm above the
burner surface (T ) 1280 K), where the measured benzene and
enol concentrations reach their maximums. Reactions that
involve enol species and numerical deviations will be discussed
in part 2. The isomerization reaction R7 between cyclohexane
and 1-hexene was proposed to be a possible fuel decomposition

route.33 The contribution of this reaction, however, is less than
1/1000 to the total fuel consumption rate under the conditions
studied, likely due to the unstable biradical nature of the
transition state.

A lumping technique was used to describe the decomposition
of cyclohexyl radical (c-C6H11) in an earlier study.34 The ring
opening of the conjugate c-C6H11 radical was assumed to be
the controlling step, the subsequentâ scission of linear hexenyl
radicals was assumed to be instantaneous, and the isomerization
among linear hexenyl radicals was assumed to be critical in
determining the product distribution. The resulting mechanism
with lumped reaction pathways of c-C6H11 gave satisfactory
results for the concentrations of a few selected species reported
by Law.8

A rigorous approach was applied in the present work, and
the extended mechanism includes separate elementary steps for
consecutive ring opening, isomerization, andâ scission for the
decomposition of c-C6H11 radical. The majority of the c-C6H11

radical decomposes viaâ scission R8 (ring opening, 88%) at
the generic rate and forms the linear 1-hexen-6-yl radical
(1-C6H11-6), in addition to a minor pathway of unimolecular
dehydrogenation (R17, 12%), which is the exclusive pathway

TABLE 1 (Continued)

k ) ATn exp(-E/RT), mol‚cm‚s‚cal

no. reaction A n E reference

Cascading Dehydrogenation, Toluene
R68 C6H11CH3 ) c-C6H11 + CH3 1.26× 1016 0 88 030 Brown and King47

R69 C6H9CH3 + M ) c-C6H9-3 + CH3 + M 7.94× 1016 0 68 560 Trenwith56,h

R70 C6H9CH3 + M ) c-C6H9-4 + CH3 + M 7.94× 1016 0 68 560 Trenwith56,h

R71 C6H7CH3 + M ) c-C6H7 + CH3 + M 8.32× 1015 0 66 370 Trenwith57,i

R72 C6H9CH3 + H ) C6H7CH3 + H + H2 5.00× 106 2.4 4 000 Zhang et al.16

R73 C6H9CH3 + OH ) C6H7CH3 + H + H2O 1.88× 108 1.6 -40.70 Zhang et al.16

R74 C6H9CH3 + H ) c-C6H8 + CH3 + H2 5.00× 106 2.4 3 500 Zhang et al.16

R75 C6H9CH3 + OH ) c-C6H8 + CH3 + H2O 1.88× 108 1.6 -40.7 Zhang et al.16

R76 C6H9CH3 + H ) c-C6H10 + CH3 2.27× 1013 0 3 569.38 generic

R77 C6H7CH3 + H ) C6H5CH3 + H + H2 2.50× 106 2.4 3 500 Zhang et al.16

R78 C6H7CH3 + OH ) C6H5CH3 + H + H2O 9.38× 107 1.61 -34.89 Zhang et al.16

R79 C6H7CH3 + H ) bC6H6 + CH3 + H2 1.30× 106 2.4 3 500 Zhang et al.16

R80 C6H7CH3 + OH ) bC6H6 + CH3 + H2O 4.69× 107 1.6 -40.7 Zhang et al.16

R81 C6H7CH3 + H ) c-C6H8 + CH3 2.27× 1013 0 3 569.38 generic

R82 C6H5CH3 + H ) bC6H6 + CH3 1.20× 1013 0 5 148 Emdee et al.58

R83 c-C6H8 + OH ) c-C6H6O + H + H2 5.00× 1013 0 0 Miller and Melius43,j

R84 c-C6H7 + O2 ) c-C6H6O + OH 2.60× 1013 0 2 000 Frank et al.45,k

R85 c-C6H7 + O2 ) c-C5H7 + CO2 1.00× 1013 0 0 Alzueta et al.46

Reactions of C4H6, C4H7, and C4H8

R86 CH2CHCHCH2 ) CH2CHCHCH+ H 7.00× 1014 0 94 990 Hidaka et al.59

R87 CH2CHCHCH2 ) CH2CHCCH2 + H 7.00× 1014 0 94 990 Hidaka et al.59

R88 CH2CHCHCH2 + H ) CH2CHCCH2 + H2 3.90× 105 2.5 5 820.0 Tsang60,l

R89 CH2CHCHCH2 + OH ) CH2CHCCH2 + H2O 1.11× 106 2.0 1 450.0 Tsang61,l

R90 NC4H7 ) CH2CHCHCH2 + H 1.00× 1012 0 38 000 this work for 30 Torr
R91 BC4H7 ) CH2CHCHCH2 + H 3.16× 1011 0 34 800 this work for 30 Torr

R92 NC4H7 ) CH3CHCCH2 + H 1.49× 1011 0.84 59 810 Tsang and Walker62,m

R93 NC4H7 + H ) CH3CHCCH2 + H2 1.81× 1013 0 0 Tsang61,n

R94 NC4H7 + O2 ) CH3CHCCH2 + HO2 1.21× 1012 0 13 550 Tsang61,n

R95 NC4H7 + OH ) CH3CHCCH2 + H2O 6.02× 1012 0 0 Tsang61,n

R96 NC4H7 + CH3 ) CH3CHCCH2 + CH4 3.01× 1012 -0.32 -130 Tsang61,n

R97 BC4H7 ) NC4H7 2.37× 108 0.88 29 600 Matheu et al.35

R98 BC4H7 + H ) C4H8-1 2.00× 1014 0 0 Doute et al.53

a For a detailed description of generic rates, please refer to our earlier paper.16 b Reference reaction CH3CH2CH2CH2 ) CH3CH2CHCH2 + H.
c Reference reaction CH2CHCH2CH2 ) CH2CHCHCH2 + H. d The energy term was scaled according to the suggestion by Dean37 for vinylic
product.e Reference reaction C4H7 ) C4H6 + H. f Reference reaction CH3CH(CH3)CH2 + X ) CH3C(CH3)dCH2 + HX. g Reference reaction
c-C6H8 ) bC6H6 + H2; A was adjusted higher by a factor of 10.h Reference reaction (CH3)3CCHCH2 ) CH3 + (CH3)2CCHCH2. i Reference
reaction C2H5CHCHCHCH2 ) CH3 + CH2CHCHCHCH2. j Reference reaction C6H5 + OH ) C6H5O + H. k Reference reaction C6H5 + O2 )
C6H5O + O; E was adjusted lower by 4 kcal.l Reference reaction C3H6 + X ) CH2CCH3 + XH. m Reference reaction CH2CHCH2 ) CH2CCH2

+ H. n Reference reaction CH2CHCH2 + X ) CH2CCH2 + XH.

c-C6H12 + H ) c-C6H11 + H2 (69%) (R1)

c-C6H12 + OH ) c-C6H11 + H2O (20%) (R2)

c-C6H12 + O ) c-C6H11 + OH (11%) (R3)

c-C6H12 ) 1-C6H12 (<0.1%) (R7)
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for the formation of cyclohexene (c-C6H10), in comparison with
hydrogen abstraction reactions R18-R22.

Beta scission routes are dominant decomposition pathways
of alkyl radicals inn-heptane and isooctane fuels16 in comparison
with competing isomerization reactions. In contrast, cyclohexane
provides a very unique case in that its decomposition routes in
flames are dominated by intramolecular hydrogen abstraction
(or isomerization) between fuel conjugate and linear 1-hexenyl
radicals. The isomerization between conjugate alkyl radicals was
not considered in the study by Westmoreland and co-workers.21

The formation channel R12 of molecular ethylene and
1-buten-4-yl radical (BC4H7) via â scission at the generic rate,

for example, accounts for only 32% of the total fuel decomposi-
tion rate, although these two species are the natural products of
1-hexen-6-yl radical without hydrogen migration. The most
important decomposition channel of linear hexenyl radicals is
the formation of ethyl radical and molecular 1,3-butadiene (R13,
55%) at the generic rate, via an intermediate 1-hexen-3-yl radical
(1-C6H11-3) that is formed via isomerization (R9), which was

assigned the generic rate for a 1-4 and primary-secondary
hydrogen migration with the energy barrier adjusted lower by

1 kcal/mol because the resonant structures of 1-C6H11-3 radical
make the hydrogen migration more preferred.

In contrast, the 1-5 or 1-6 hydrogen migrations that lead
to vinylic 1-hexen-2-yl (1-C6H11-2, R10) and 1-hexen-1-yl (1-
C6H11-1, R11) radicals are less preferred. These two reactions
were assigned the generic rates that correspond to their transient
ring structure, with the energy barrier adjusted higher by 2 kcal/
mol due to the stronger vinylic C-H bond. A 1-2 hydrogen
migration of the 1-C6H11-3 radical might provide a plausible
formation route of the 1-C6H11-4 radical. The product channel
that involves the 1-C6H11-4 radical, therefore, was included to
be a competing decomposition reaction (R14) of the 1-C6H11-3

radical, with the assumption that the hydrogen migration is the
controlling step, the rate of which was estimated from a
reference reaction of C4H7.35 Formation reactions of products
of the fuel consumption, such as C2H2, C2H4, C2H5, CH2CCH2,
C3H7, 1,3-C4H6, C4H7 (1-buten-4-yl), and C4H9, will be
discussed later.

In summary, the ring-opening step leads to a further branching
of product distribution via subsequent isomerization among
linear hexenyl radicals via an intramolecular transient ring that
consists of five to seven atoms, andâ scission pathways of these

TABLE 2: Thermodynamic Data Estimated in the Utah Surrogate Mechanism, Which Are Compared with Those Reviewed in
the NIST Chemistry WebBook27,28 and by Burcat and Ruscic29

Utah Surrogate Mechanism
literature values

Cp/Rat temperature K

species ∆fH°/RT S°/R 300 500 800 1000 1200 1500 ∆fH°/RT S°/R
Cp/R,

1000 K

NIST Chemistry WebBook
c-C6H12 -49.78 35.78 12.77 22.91 33.53 38.21 41.33 44.85-49.68( 0.32 35.86 37.81
c-C6H10 -2.25 37.29 12.72 21.48 30.00 33.49 36.10 39.10 -1.74( 0.40 37.34 33.15
c-C6H8 44.07 38.10 14.91 21.31 27.98 30.91 32.80 34.99 42.21( 0.25a 29.40a

42.28( 0.24b 29.31b

bC6H6 33.46 32.39 10.02 16.73 23.09 25.69 27.33 29.35 33.47( 0.20 25.43
fC6H6 85.42 34.13 17.39 19.60 22.33 23.80 25.76 30.96 90.41
C4H6-13 47.77 35.45 9.35 13.80 18.84 20.78 22.01 23.55 45.16( 0.39 20.82
C2H4 21.17 26.36 5.15 7.52 10.09 11.33 12.19 13.20 21.18 26.38 11.29
C2H5 48.52 29.71 5.97 8.46 11.43 12.91 14.03 15.20 48.03( 0.81
C6H11CH3 -62.17 42.29 16.33 27.69 39.65 44.65 47.87 50.40-62.48( 0.40 41.29 43.79
C6H9CH3 -15.87 41.48 15.57 25.75 35.66 39.72 42.61 46.03-32.79( 0.32c

C6H5CH3 20.26 39.34 12.66 20.30 28.02 31.39 33.82 36.30 20.18( 0.25
c-C6H6O -28.72 38.59 11.88 18.99 25.73 28.46 30.29 32.08-28.25( 4.04
1-C6H12 -16.85 46.52 15.88 23.92 32.27 36.06 38.87 41.80-16.99
NC3H7 40.61 34.81 8.89 13.03 17.41 19.44 20.98 22.60 40.36( 0.81

Burcat and Ruscic
c-C6H11 30.18 38.28 12.61 22.20 32.11 36.48 39.29 42.65 30.61( 3.23 38.19 34.63
1-C6H11-6 64.21 47.13 15.86 23.33 30.82 34.21 36.52 39.47 65.58( 3.23 50.24 33.85
c-C6H9-3 32.99 38.65 12.44 20.59 28.47 31.66 34.00 36.84 53.05( 3.23 37.22 30.93
c-C6H9-4 77.74 38.68 12.56 20.77 28.59 31.76 34.07 36.89
CC6H7 84.32 36.24 10.25 17.64 24.95 27.97 29.99 31.89 80.95( 14.13 36.78 27.97
CH3-c-C5H4 91.38 38.59 11.77 18.82 25.18 27.71 29.50 31.39 91.52( 5.05 37.81 27.61
BC4H7 54.54 35.03 10.56 15.34 20.18 22.36 24.01 25.75 54.93( 3.23 36.81 21.75
PC4H9 26.71 38.44 11.68 17.19 22.97 25.64 27.65 29.80 33.01( 3.23 36.99 25.73
CH3-c-C5H5 42.35 35.71 11.04 18.67 25.96 28.99 31.14 33.35 45.30( 3.23 37.38 28.62

1-C6H11-1 79.91 46.62 15.57 22.97 30.59 34.03 36.38 39.38
1-C6H11-2 78.39 47.06 15.45 22.72 30.23 33.70 36.08 39.11
1-C6H11-3 34.31 45.42 15.47 22.90 30.70 34.23 36.66 39.73
C6H7CH3 33.03 40.13 17.88 26.36 34.37 37.55 39.90 42.63

a 1,3-Cyclohexadiene.b 1,4-Cyclohexadiene.c 1-Methylcyclohexene.

c-C6H11 ) 1-C6H11-6 (88%) (R8)

c-C6H11 ) c-C6H10 + H (12%) (R17)

1-C6H11-6 ) BC4H7 + C2H4 (32%) (R12)

1-C6H11-6 ) 1-C6H11-3 ) C2H5 + C4H6 (55%) (R9/R13)

1-C6H11-3 ) CH3 + L-C5H8 (0.3%) (R14)

1-C6H11-6 ) 1-C6H11-2 ) AC3H4 + NC3H7 (0.4%)
(R10/R16)

1-C6H11-6 ) 1-C6H11-1 ) C2H2 + PC4H9 (0.2%)
(R11/R15)
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radicals. The consumption rates of the 1-hexenyl isomers that
include 1-C6H11-1, 1-C6H11-2, 1-C6H11-3, and 1-C6H11-6 radicals
were found to be in equilibrium with the formation rates; the
final branching ratios that are represented by percentages of the
total fuel consumption rate for all product channels of ring
opening (32+ 55 + 0.3 + 0.4 + 0.2%) and dehydrogenation
(12%), therefore, add up to unity.

Benzene Formation via Cascading Dehydrogenation.
Competing decomposition pathways of the conjugate cyclohexyl
radical (c-C6H11) via cascading dehydrogenation have also been
investigated. Cyclohexyl radical (c-C6H11) can be consumed via
unimolecular dehydrogenation (R17) to form c-C6H10, the rate

of which was estimated to be (1.0× 1014)e-38000/RT (see Table
1 for units) after consulting with rates of similar reactions in
the literature. These reference reactions include the dehydro-
genation of a non-primary hexyl radical that forms an internal
olefin, tetramethylethylene, at the rate of (6.31× 1013)e-35570/RT

proposed by Baldwin et al.36 (<130 Torr), and that of a primary
butyl radical that leads to 1-butene at the rate of (1.0×
1014)e-38350/RT by Dean.37 Reaction R17 accounts for 12% of
the total c-C6H11 radical decomposition, in comparison with 55%
from the â scission R13, and 32% from reaction R12. The
conjugate c-C6H11 radical can also be consumed via hydrogen
abstraction by O2 (R18), which was assigned the generic rate.
Reaction R18 is trivial at the location of the maximum benzene

concentration, but it is the fastest c-C6H10 formation route near
the burner surface. Its rate at the burner surface is about 30
times higher than that of the unimolecular dehydrogenation
(R17), 41% that of theâ scission of the 1-C6H11-3 radical (R13),
and about 20 times higher than that of theâ scission of the
1-C6H11-6 radical (R12). The abstraction reactions with H, OH,
O, and CH3 radicals (R19-R22), the rates of which were
proposed by Tsang,38 make trivial contributions to the c-C6H10

formation.
Hydrogen abstraction reactions with the most powerful H (35

+ 34%), OH (10+ 10%), and O (6+ 6%) radicals were found
to be the major consumption pathways of c-C6H10. Two
cyclohexenyl isomers are formed from these abstraction reac-
tions R24-R26 and R31-R33, denoted by c-C6H9-3 and
c-C6H9-4 according to the radical site. Trivial hydrogen abstrac-
tion pathways R27-R29 and R34-R36 that involve molecular
O2 and CH3 and HO2 radicals were also included in the
mechanism. All hydrogen abstraction reactions were assigned
the generic rates for secondary carbons.

Cyclohexenyl radicals decompose mainly via the dehydro-
genation reactions R40 (51%) and R44 (16%), and theâ scission
reaction R45 (33%), in comparison with hydrogen abstraction
pathways that are at least 2 orders of magnitude slower.

Weissman and Benson39 proposed the rate for a similar
formation reaction of 1,3-butadiene from 1-buten-4-yl radical
(CH2dCHCH2CH2) at atmospheric pressure. It is expected that
the formation rates of 1,3-cyclohexadiene (c-C6H8) at 30 Torr
in reactions R40 and R44 would be much smaller, and we found
that a reduction by 1 order of magnitude in the prefactor in the
reference rate would result in an excellent prediction for the
concentration profile of c-C6H8. Cyclohexenyl radicals can also
be consumed via hydrogen abstraction with molecular O2 and
H and OH radicals (R37-R39, R41-R43), using the same rates
as for the cyclohexyl radical (c-C6H11) decomposition. The
trivial abstraction reactions with O2 (R37 and R41) at locations
where benzene reaches its maximum concentration are, however,
the major consumption pathways near the burner surface, and
the rates of reactions R37 and R41 are 2 orders of magnitude
higher than those of the unimolecular dehydrogenation reactions
R40 and R44.

Also, possible c-C6H9 thermal decomposition reactions were
considered, which represent combined elementary steps of the
ring opening and the subsequentâ scission of c-C6H9 isomers.
In contrast to the decomposition of c-C6H11 radical, composite
reactions of c-C6H9 isomers in the extended mechanism do not
involve isomerization after the ring opening since these reactions
will generate highly unstable intermediates with vinylic moieties.
Also, corresponding reactions that involve the more stable allylic
c-C6H9-3 radical were not included as well, because a higher
energy barrier of ring opening is associated with the formation
of 1,3-hexadien-6-yl radical, in comparison with the barrier for
the formation of allylic 1,5-hexadien-3-yl radical from the less
stable c-C6H9-4 radical. Thermal decomposition of c-C6H9

radicals, therefore, includes fewer reactions. The formation of
vinyl radical and molecular 1,3-butadiene via aâ scission of
the 1,5-hexadien-3-yl radical (R45) was assigned the generic
rate ofâ scission, but was scaled with an increment in the energy
term by 10 kcal/mol that was suggested by Dean37 for the
formation of vinylic radicals. In summary, the less preferred
composite ring-opening pathway via theâ scission R45 (33%)
among all decomposition reactions of c-C6H9 radicals, in
comparison with similar reactions that involve the c-C6H11

radical (R12-R16, 88%), reflects the higher reaction barrier
for the decomposition of 1,5-hexadien-3-yl radical, in addition
to fewerâ scission channels due to slow isomerization outlets.
In contrast, the dehydrogenation pathways (R37-R44) are more
preferable since they produce cyclohexadiene (c-C6H8), a more
stable diene species due to the conjugate delocalizedπ-electron
system, in comparison with a single double bond in c-C6H10.

The hydrogen abstraction reactions with H (R46, 60%), OH
(R47, 17%), and O (R48, 5%) radicals were found to be the
major decomposition pathways of cyclohexadiene (c-C6H8).

c-C6H11 ) c-C6H10 + H (12%) (R17)

c-C6H11 + O2 ) c-C6H10 + HO2 (R18)

c-C6H10 + H ) c-C6H9-3 + H2 (35%) (R24)

c-C6H10 + OH ) c-C6H9-3 + H2O (10%) (R25)

c-C6H10 + O ) c-C6H9-3 + OH (6%) (R26)

c-C6H10 + H ) c-C6H9-4 + H2 (34%) (R31)

c-C6H10 + OH ) c-C6H9-4 + H2O (10%) (R32)

c-C6H10 + O ) c-C6H9-4 + OH (6%) (R33)

c-C6H9-3 + O2 ) c-C6H8 + HO2 (R37)

c-C6H9-3 w c-C6H8 + H (51%) (R40)

c-C6H9-4 + O2 ) c-C6H8 + HO2 (R41)

c-C6H9-4 ) c-C6H8 + H (16%) (R44)

c-C6H9-4 ) C2H3 + CH2CHCHCH2 (33%) (R45)

c-C6H8 + H ) c-C6H7 + H2 (60%) (R46)

c-C6H8 + OH ) c-C6H7 + H2O (17%) (R47)

c-C6H8 + O ) c-C6H7 + OH (5%) (R48)
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These reactions of c-C6H8 are very favorable due to the
emerging aromaticity. The strength of C-H σ bond on an sp3

carbon in c-C6H8 is 22.5 kcal/mol weaker than that on an sp3

C-H bond in c-C6H12.40 Dombi and co-workers41 proposed the
ratio of allylic hydrogen abstraction (2-butene+ H, 6 hydrogen
at both ends) over paraffinic hydrogen abstraction (propane+
H, 6 hydrogen at both ends) at pressures from 50 to 100 Torr
and temperatures between 779 and 812 K. At 800 K, the ratio
is about 39, and an extrapolation to 1000 K yields a ratio of
17. Reactions R46-R48 of c-C6H8, therefore, were assigned
rates 3 times the generic rates of hydrogen abstraction for
secondary carbons, with a reduction in the energy term of 1.5
kcal/mol, in order to account for the greater stability due to the
delocalization of fiveπ electrons. At 1000 K, the adjustment
yields a ratio of 19 for hydrogen abstraction rates (allylic vs
paraffinic) per hydrogen. In addition, a formation route (R83)

of cyclohexadienone (c-C6H6O, 17%) was included, and the
reaction represents combined steps of the OH addition, the
dehydrogenation, and the emission of molecular H2. The rate
of OH addition onto phenyl radical proposed by Miller and
Melius43 was taken for the composite reaction. The reaction was
found to be critical in reproducing concentration profiles of
cyclopentadiene and its radical.

Reaction classes that were identified to be critical to the
decomposition of the analogous species cyclohexyl (c-C6H11)
and cyclohexenyl (c-C6H9) radicals were found, again, to be
the most important decomposition pathways for cyclohexadienyl
radical (c-C6H7). No ring opening of the c-C6H7 radical,
however, was considered since these reactions would require a
rupture of a double bond. The dehydrogenation reaction R53
that forms benzene (bC6H6) accounts for 81% of the total
consumption rate of the c-C6H7 radical, complemented by minor
routes via isomerization (R57, 8%) and oxidation (R84, 6%;
R85, 5%). Dean37 and Mebel42 suggested comparable rates for

reaction R53 at the high-pressure limit, and a downward
adjustment in the prefactor of the Dean rate by a factor of 40
led to good agreement between the predicted and measured
concentration profiles of the c-C6H7 radical and benzene in the
low-pressure flame studied. Hydrogen abstraction reactions of
c-C6H7 radical (R54-R56), which were assigned the same rates
used for c-C6H9 and c-C6H11 radicals, made trivial contributions
to the consumption of the c-C6H7 radical, with the exception of
R54 (with O2) being the fastest route at the burner surface.

The isomerization between c-C6H7 and CH3-c-C5H4 radicals
was assigned the rate that was proposed by Ritter et al.44 The
oxidation of c-C6H7 radical gives two major products: the
formation of 2,4-cyclohexadienone (c-C6H6O, R84) via an
elimination of an OH radical, the rate of which was estimated
after a similar reaction of phenyl radical,45 and the formation
of cyclopentenyl radical (c-C5H7, R85) via an ejection of a CO2,
which was assigned the rate of a similar reaction of phenoxy
radical proposed by Alzueta et al.46

Toluene Formation via Cascading Dehydrogenation.The
cascading dehydrogenation mechanism of analogous methyl-
cyclohexane (C6H11CH3), methylcyclohexene (C6H9CH3), meth-
ylcyclohexadiene (C6H7CH3), and toluene (C6H5CH3) was dis-
cussed in detail elsewhere.16 Those reactions were assigned
generic rates by assuming the hydrogen abstraction to be the
controlling step and the subsequent dehydrogenation and dealky-
lation to be instantaneous. Consumption reactions of C6H9CH3

and C6H7CH3, for example, are summarized here, and readers
should refer to our earlier paper for details.

The new addition of cyclohexane and the existing methyl-
cyclohexane subsets were bridged by the combination reactions
R68-R71. It is noted that the reverse reaction R68 dominates
in the cyclohexane flame studied, and accounts for 15% of the
c-C6H11 consumption at the burner surface. The rate used in
the extended mechanism for reaction R68 was proposed by
Brown and King47 for low-pressure conditions. A few other
reactions also help to interweave together the formation sub-
mechanisms of the first aromatic ring. The reactions of hydrogen
abstraction followed by dealkylation R74, R75, R79, and R80,
for example, lead to the formation of cyclohexa moieties with
higher hydrogen deficiency from methylcyclohexa moieties, and
those reactions of hydrogen addition followed by dealkylation
R76, R81, and R82 produce species with the same degree of
hydrogen deficiency.

In summary, the formation of the first aromatic ring in flames
of cyclohexane and its derivatives exclusively depends on the
cascading and interweaving dehydrogenation of the fuel, the
kinetics of which were discussed elsewhere.16

Results and Discussion

The experimental temperature profile measured by Law8 as
shown in Figure 1 was used in the simulation, although Law
suggested a shift of 0.05 cm downstream to account for possible
probe effects. The temperature profile, however, was kept intact
since the shift leads to slightly better predictions for the profiles
of the major products only, but resulted in significant deviations
of the predicted molecular oxygen profile in comparison with
experimental data. Predicted and experimental concentrations
of selected species that were measured in the cyclohexane
flame8,21 are compared in Figures 2-5.

Major Species. The predicted concentration profiles of
molecular oxygen (O2), argon, and major combustion products

c-C6H8 + OH ) c-C6H6O + H + H2 (17%) (R83)

c-C6H7 ) bC6H6 + H (81%) (R53)

c-C6H7 ) CH3-c-C5H4 (8%) (R57)

c-C6H7 + O2 ) c-C6H6O + OH (6%) (R84)

c-C6H7 + O2 ) c-C5H7 + CO2 (5%) (R85)

C6H9CH3 + H ) C6H7CH3 + H + H2 (31%) (R72)

C6H9CH3 + OH ) C6H7CH3 + H + H2O (10%) (R73)

C6H9CH3 + H ) c-C6H8 + CH3 + H2 (37%) (R74)

C6H9CH3 + OH ) c-C6H8 + CH3 + H2O (10%) (R75)

C6H9CH3 + H ) c-C6H10 + CH3 (11%) (R76)

C6H7CH3 + H ) C6H5CH3 + H + H2 (47%) (R77)

C6H7CH3 + OH ) C6H5CH3 + H + H2O (10%) (R78)

C6H7CH3 + H ) C6H6 + CH3 + H2 (24%) (R79)

C6H7CH3 + OH ) C6H6 + CH3 + H2O (4%) (R80)

C6H7CH3 + H ) c-C6H8 + CH3 (15%) (R81)
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of hydrogen (H2), water vapor (H2O), and carbon oxides (CO
and CO2) are compared with the experimental data in Figure 2.
The uncertainty in experimental measurements for these major
species, with the exception of argon, is 5%. The simulated results
were able to match the overall O2 profile very well, with the
exception of a slight overprediction about 18% at the burner
surface. Experimental uncertainties due to probe effects are the
most likely source for numerical deviation upstream of the
flame, since higher deviations, in terms of atomic balance and
element flux, were found near the burner surface8,21 that are
not seen at any other locations. Good agreement was also
obtained between the predicted and experimental concentration
profiles for the inert argon and most major gaseous products,
with the exception of slightly higher deviations near the burner
surface. The numerical results for species H2O, CO, and CO2
were within 5-10% of measured concentrations. The predicted
H2 concentrations were about 35% higher than measured values
in the post flame zone, probably due to the mass discrimination
effects for lighter species.8

It is noted that O2 mole fraction almost reaches a constant,
about 5% of the reaction mixture, after the reaction zone. In
stoichiometric flames, intact molecular O2 is expected among
reaction products, which always include incomplete combustion
products, such as H2 (3% in the cyclohexane flame studied)
and CO (10%). In addition, the profiles of these two flammable
gaseous products show a peak at about 0.15 cm above the burner
surface for H2, and another at 0.25 cm for CO, since H2 and
CO are burned as fuels downstream due to the abundance of
oxidant. The predicted maximum concentration of H2 is 15%
higher, and that of CO is 11% lower, than the measured values.

Intermediate Fuel Decomposition Products.The predicted
concentrations of major intermediates that are formed im-
mediately from the fuel decomposition are compared with the
experimental data in Figure 3. The formation of these species
involves hydrogen abstraction of the fuel (c-C6H12), the ring
opening of the resulting conjugate cyclohexyl radical (c-C6H11),
and the subsequentâ scission of linear hexenyl isomers (C6H11)
that yields 1-buten-4-yl radical (CH2CHCH2CH2), molecular 1,3-
butadiene (CH2CHCHCH2), and ethylene (C2H4).

No definite conclusion was made for the identity for mass
83 at 8.79 eV, because no species was reported in the literature
with comparable ionization energy. The species were speculated
to be linear C6H11 isomers,8,21since the 1-hexen-6-yl radical (1-
C6H11-6) is a natural product of ring opening, and sub-
sequent isomerization reactions among C6H11 radicals are fast
pathways for hydrocarbon decomposition. The sum of the pre-
dicted concentrations of four linear C6H11 isomers (1-C6H11-1,

1-C6H11-2, 1-C6H11-3, and 1-C6H11-6), therefore, is compared
with the measured values in Figure 3.

The predictions for c-C6H12, c-C6H11, and C6H11, however,
are not in agreement with the experimental data. The predicted
concentration of c-C6H12 at the burner surface, for example, is
a factor of 2 higher than the measured value. The fuel fraction
in the feed was 6.75%, and both the simulated (a factor of 4
lower than what was in the feed) and measured (a factor of 8
lower) concentrations at the burner surface suggested that the
fuel concentration be determined by the fast back diffusion of
major species from downstream locations, rather than by reaction
kinetics of the fuel decomposition. The transport parameters
for major species that were used in the Utah Surrogate
Mechanism are well-known.48 Therefore, the deviations for the
C6 species in Figure 3 are likely due to the uncertainties in
temperature measurements or other sampling effects.

The temperature effect on diffusion was checked. Modeling
studies indicated that a burner surface temperature higher than
1000 K was necessary to enhance diffusion in order to bring
the predicted c-C6H12 concentration at the burner surface closer
to the measured value. The temperature effect on predicted
concentrations of major products and soot precursors, are,
fortunately, comparable to experimental errors, as shown in
Figures 3-5, where predicted concentrations using a burner
surface temperature at 1000 K for selected species, such as
acetylene, benzene, and butadiene, are also presented. Major
concerns reported by Law8 in the measurements include c-C6H12

fragmentation at the photon energy used, and the uncertain
chemical identities of the species that were thought to be C6H11

isomers. The measured concentrations of O2, therefore, were
used as the standard to validate the predicted fuel consumption
rate.

The predicted maximum concentration of C4H6 species (the
sum of three isomers 1,3-butadiene (CH2CHCHCH2), 1,2-
butadiene (CH3CHCCH2), and 1-butyne (CH3CH2CCH)) matches
the measured value exactly with a slightly earlier peak position
that is 0.015 cm upstream. The two isomers of butadiene could
not be identified in the experiment because almost identical
values of ionization energy were reported in the literature. The
simulation results indicate a 95/5% distribution between buta-
diene isomers with 1,3-butadiene as the major product. Theâ
scission reaction R13 of 1-C6H11-3 radical accounts for 73% of
the total CH2CHCHCH2 formation rate, in addition to minor
routes via the combination reaction R86 (9%) and the composite
reaction R45 (7%).

The major consumption reactions of CH2CHCHCH2 include
hydrogen abstraction reactions that form C4H5 isomers (79%)
and the combination with H (R90, 12%) that leads to 1-buten-
3-yl radical (CH2CHCHCH3). It is noted that the C4H7 isomers
are formed in the simulation via hydrogen addition onto 1,3-
butadiene, as a consequence of isomerization among linear
hexenyl radicals that were included in the extended mechanism.
Law8,21 reported the formation of 1,3-butadiene via the dehy-
drogenation of C4H7 species because isomerization was not
included in their reaction mechanism. Other C4H6 isomers, such
as 1- and 2-butyne, were not detected in the experiment, which
is reflected by the simulated concentrations of 1-butyne that
are about 3 orders of magnitude lower than those of 1,3-
butadiene.

Figure 1. Experimental temperature profile that was used in the
simulation (heavy solid line). The thin solid line is a temperature profile
with the burner surface temperature adjusted upward to 1000 K that
was used to demonstrate temperature effects on predicted concentra-
tions.

1-C6H11-3 ) C2H5 + CH2CHCHCH2 (73%) (R13)

CH2CHCHCH2 ) CH2CHCHCH+ H (9%) (R86)

c-C6H9-4 ) C2H3 + CH2CHCHCH2 (7%) (R45)
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The C4H7 species detected in the experiment was believed
to be 1-buten-4-yl radical (CH2CHCH2CH2, BC4H7 in Table
1), although methyl allyl radical (IC4H7 in the Utah Surrogate
Mechanism) has a closer reported ionization energy. Methyl
allyl radical is not, however, the major C4H7 isomer since its
likely parent species, such as methylcyclopentenyl radical (C6H9)
and isobutylene, have too low mole fractions (10-6 in the
simulation) in comparison with those of C4H7 (10-5), in addition
to no experimental evidence of existence. The predicted peak
concentration of CH2CHCH2CH2 radical at the burner surface
was 7 times the measured value, likely due to uncertainties in
the rate of the pressure-dependent combination reaction R91,
which accounted for 99% of the CH2CHCH2CH2 formation at
the burner surface. The major CH2CHCH2CH2 consumption
routes include the combination reaction R98, which forms

1-butene (75%, at the burner surface), and hydrogen abstraction
reactions (23%).

The predicted maximum concentration of ethylene was twice
the experimental value. Uncertainties in reactions of ethyl radical
are suspected to be responsible for the numerical deviation since
the dehydrogenation (49%) and hydrogen abstraction (6%) of
ethyl radical were identified to be the major formation routes
of ethylene, in addition to other pathways via theâ scission of
1-hexen-6-yl (R12, 17%) and 1-buten-3-yl (5%) radicals, and
the hydrogen addition to 1-butene (7%) and propylene (8%)
followed by â scission. Modifications that involve competing
consumption reactions of ethyl radical, therefore, may lead to
lower prediction of ethylene. Consumption reactions of ethylene
include oxidation (C2H4 + O ) products, 46%) and hydrogen
abstraction (C2H4 + X ) C2H3 + HX, 45%) of equal

Figure 2. Comparisons between predicted and experimental concentration profiles of major species. The symbols represent the experimental data;
the lines represent the simulations.

Figure 3. Comparisons between predicted and experimental concentration profiles of selected species from fuel decomposition. The symbols
represent the experimental data; the heavy solid lines represent the simulations using experimental temperatures; the thin solid lines represent the
simulations using experimental temperatures but with the burner surface temperature at 1000 K.
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importance. Another noteworthy ethylene consumption reaction
is the OH radical addition (5%) that leads to the formation of
ethenol (CH2CHOH), a tautomer of more stable acetaldehyde
(CH3CHO). The significance in formation of enol species, such
as CH2CHOH, resides in the partial oxidation in combustion
that always leads to emission of pollutants. Reactions of enol
species will be discussed in detail in part 2.

Cascading Dehydrogenation.The measured concentrations
of cyclohexene (c-C6H10), cyclohexadiene (c-C6H8), and their
radicals, which are immediate products of the fuel consumption
via the cascading dehydrogenation, were very well reproduced,
as shown in Figure 4. The predicted maximum concentration
of c-C6H10, for example, is only 4.7% lower than the measured
value, with a slightly upstream profile by 0.01 cm. The product
branching ratio between the benzene formation and the ring
opening was estimated to be 12/88% in the simulation for the
decomposition of c-C6H11 radical.

The cyclohexenyl (c-C6H9) isomers could not be distinguished
in the experiment because the same value of ionization energy
was reported for the two most plausible isomers (c-C6H9-3 and
c-C6H9-4). The predicted maximum concentration of c-C6H9

species (sum of these two isomers) is about 4 times that
measured in the experiment. It is interesting to note that the
predicted peak concentration of c-C6H9-4 radical is only about
7% lower than the experimental value. Possible unimolecular
decomposition reactions of the more stable c-C6H9-3 isomer,
which were not considered in the extended mechanism due to
the higher energy for the transition state, are likely responsible

for the overprediction. It is noted that the composite unimo-
lecular decomposition reaction R45 accounts for two-thirds of
the consumption of the c-C6H9-4 isomer. The product branching
ratio between the cascading dehydrogenation and the ring
opening was estimated to be 67/33% for the decomposition of
c-C6H9 species.

The concentrations of c-C6H8 were well reproduced within
20% of the experimental data, although the plateau shape of
the measured profile made it more difficult for the simulation
to capture the trend upstream. The product branching ratio for
c-C6H8 decomposition was estimated to be 82/17% between the
cascading dehydrogenation and the oxidation reaction R83.

Good agreement was obtained between the measured and
predicted concentrations of C6H7 species, which include three
isomers in the extended mechanism. Unfortunately, the identity
of C6H7 species could not be confirmed in the experiment
because there were no reliable data of ionization energy reported
for C6H7 isomers. Although only one species of mass 79 was
detected in the experiment, the modeling results suggested an
equal importance for the two major C6H7 isomers, with an
estimated distribution of 40-45/50-55% between cyclohexa-
dienyl (c-C6H7) and methylcyclopentadienyl (CH3-c-•C5H4)
radicals, both allylic, in addition to a trivial third isomer, vinylic
methylcyclopentadienyl radical (CH3-c-C5H4

•, not included in
Table 1). The predicted maximum concentration of C6H7 species
(sum of three isomers) is only 16% higher than the measured
value, and the position of the peak and the trend of the profile
are also faithfully reproduced.

Figure 4. Comparisons between predicted and experimental concentrations in cascading dehydrogenation. The symbols represent the experimental
data; the heavy solid lines represent the simulations using experimental temperatures; the thin solid lines represent the simulations using experimental
temperatures but with the burner surface temperature at 1000 K.
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The major reaction routes of c-C6H7 radical involve mainly
the formation of benzene as discussed earlier. The allylic
methylcyclopentadienyl radical is formed exclusively via isomer-
ization of c-C6H7 radical (R57). It is noted that the major
consumption route of the CH3-c-C5H4 radical via dehydroge-
nation and reorganization (R58) also leads to the formation of
benzene (36%). Other significant consumption routes of the
CH3-c-C5H4 radical include the formation reaction R59 of
fulvene (fC6H6) via dehydrogenation (29%), the formation
reaction R63 of methylcyclopentadiene (CH3-c-C5H5) via
hydrogenation (15%), and the hydrogen addition reaction R64
(15%) followed by dealkylation.

Both C6H7 isomers were found to be critical to the formation
of the cyclic C6H6 isomers, namely benzene (bC6H6) and fulvene
(fC6H6). Fulvene is formed mainly from the dehydrogenation
reaction R59 of the allylic methylcyclopentadienyl radical
CH3-c-•C5H4 (72%), in addition to the minor formation routes
via the dehydrogenation reaction R65 of methylcyclopentadiene

CH3-c-C5H5 (18%) and the hydrogen abstraction reactions
R60-62 (11%). Hydrogen radical catalyzed isomerization to
benzene (R66) was identified to be the major consumption route
of fulvene (81%). Although the formation of fulvene via the
combination of propargyl and allyl radicals (R67), and the

subsequent isomerization (R66) was considered to be a major
benzene formation route,49 the reaction was found to progress
in the direction of the reverse reaction that accounts for 18%
of the fulvene consumption. Reaction R66 was found to be the
major formation pathway of fulvene in another study21 by
Westmoreland and co-workers when cyclic species of fulvenic
derivatives were not included in their mechanism. They reported
an underprediction of a factor of 3 for fulvene, which might be
considered as indirect evidence of the role of allylic methyl-
cyclopentadienyl radical in the fulvene formation.

Cascading dehydrogenation has been proposed in this work
to be the major benzene formation mechanism, and the
dehydrogenation reaction R53 of c-C6H7 radical was found to

Figure 5. Comparisons between predicted and experimental concentration profiles of soot precursors. The symbols represent the experimental
data; the heavy solid lines represent the simulations using experimental temperatures; the thin solid lines represent the simulations using experimental
temperatures but with the burner surface temperature at 1000 K.A(B) indicates the numerical deviation ofA% in comparison with the experimental
uncertainty ofB% for each species.

bC6H6 + H ) CH3-c-C5H4 (36%) (R58)

CH3-c-C5H4 ) fC6H6 + H (29%) (R59)

CH3-c-C5H4 + H ) CH3-c-C5H5 (15%) (R63)

CH3-c-C5H4 + H ) CH3 + C5H5 (15%) (R64)

CH3-c-C5H4 ) fC6H6 + H (72%) (R59)

CH3-c-C5H5 ) fC6H6 + H2 (18%) (R65)

fC6H6 + H ) bC6H6 + H (81%) (R66)

H2CCCH+ AC3H5 ) fC6H6 + H + H (18%) (R67)
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account for 93% of the total benzene formation rate. Benzene,
one of the most important soot precursors, was produced in
cyclohexane flames from the fuel directly without further
decomposition that forms smaller aromatic precursors, as seen
in flames of most other fuels. The maximum benzene concen-
tration was reported to be 473 ppm in the stoichiometric
cyclohexane flame studied, in comparison with 12 ppm in a
stoichiometricn-heptane flame.16 The combination of propargyl
radicals, a competing benzene formation route, is at least 3
orders of magnitude slower than the dehydrogenation reaction
under the current flame conditions.

The formation of phenyl radical (C6H5) accounts for 65% of
the benzene consumption. Competing benzene consumption
routes include the oxidation reaction (C6H6 + O) that forms
the phenoxy radical (C6H5O), which is a precursor for cyclo-
pentadienyl radical.

The predicted benzene and fulvene concentrations are in very
good agreement with the experimental data. The maximum
concentration of benzene was overpredicted, for example, by
9.5% only, in comparison with the estimated uncertainty at 20%
reported by Law.8,21The measured peak concentration of fulvene
(c-C5H4dCH2 in Figure 4) was underpredicted by 12%, and
the experimental uncertainty for fulvene is 50%. The simulation
results capture the trends of the concentration profiles for both
C6H6 isomers nicely with very accurate predictions for the peak
locations.

It is noted that the fulvene profile reaches its maximum at
0.115 cm above the burner surface, about 0.01-0.015 cm
downstream of the benzene peak. While measured profiles of
analogous series of c-C6H12, c-C6H10, c-C6H8, and bC6H6 suggest
the importance of the cascading dehydrogenation, the relative
peak positions of fulvene and benzene provides other conclusive
evidence of the cascading dehydrogenation pathway in cyclo-
hexane flames, since it infers the precursor characteristics of
parent species of benzene with regard to those of fulvene,
although about 2% of benzene formation was found to be from
fulvene (R66). The parent species of fulvene, the allylic
methylcyclopentadienyl radical (CH3-c•-C5H4), is formed ex-
clusively via isomerization from the parent species of benzene,
the cyclohexadienyl radical (c-C6H7). In contrast, in flames with
other fuels, e.g., in a stoichiometricn-heptane flame,16 fulvene
has an earlier peak than benzene since fulvene is a benzene
precursor via reaction R66, and both isomers were formed from
combination reactions of C2-C4 fragments. In summary,

combination reactions are not important to the formation of C6H6

isomers in cyclohexane flames because, otherwise, we would
expect an earlier peak location for the fulvene isomer.

Reactions of higher analogous species that are parallel to the
reaction order between c-C6H7 and CH3-c-C5H4 radicals, e.g.,
c-C6H9 and CH3-c-C5H6, c-C6H11 and CH3-c-C5H8, are also
plausible pathways for fulvene formation via cascading dehy-
drogenation of the CH3-C5 ring. These reactions, however, were
not considered in the current mechanism due to very few kinetic
data available in the literature.

The measured profiles of methylcyclohexene (C6H9-CH3),
methylcyclohexadiene (C6H7-CH3), and toluene (C6H5-CH3),
derivatives of the cyclohexene, cyclohexadiene, and benzene
series, were also well predicted as shown in the third row of
Figure 4. Cascading dehydrogenation was found to be the
most important formation pathway for these analogous spe-
cies, as discussed earlier. Unfortunately, methylcyclohexane
(C6H11-CH3), the source of this series, was not detected in the
experiment. Otherwise, the combination reactions R69-R71,
which interweave together the toluene and benzene submecha-
nisms, can be more carefully examined. Scattered experimental
data points made it more difficult for the model to reproduce
the measured profiles of C6H7-CH3 and its parent species
C6H9-CH3. The measured concentrations of C6H9-CH3, for
example, can be divided into three groups that probably have
no statistical correlations among them. The numerical devia-
tions for the predicted maximum concentrations of C6H9-CH3,
C6H7-CH3, and C6H5-CH3 were +34%, -36%, and+19%,
respectively. It is noted that the predicted profiles of these
species, with the exception of toluene, are slightly upstream.

Major fuel decomposition pathways in the cyclohexane flame
and branching ratios of product channels for various intermedi-
ates are summarized in Figure 6.

Important Soot Precursors. Only a brief discussion on
predictions of soot precursors is presented, and a more detailed
description will be provided in part 2. Comparisons are presented
with the experimental data in Figure 5 of the predicted
concentrations of major soot precursors. Also, the numerical
deviation and the estimated experimental uncertainty of each
species are included. The major soot precursors that were studied
include (1) acetylene and C4H3 species that are important in
the HACA mechanism proposed by Frenklach et al.,50 (2)
propargyl radical and propyne, combination reactions of which
were proposed to be the major benzene formation pathways,43

Figure 6. Major reaction pathways of cyclohexane. The majorâ scission pathways account for 88% (55+ 0.3 + 32 + 0.4 + 0.2%) of the total
fuel consumption at 0.09 cm above the burner surface. Other percentages represent the branching ratios of corresponding precursor species.
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and (3) cyclopentadiene and its radical, a naphthalene precursor
via self-combination.51,52 Other important benzene precursors
include (4) toluene in Figure 4, the dealkylation of which
provides a minor benzene formation route, and (5) cyclohexene
and cyclohexadiene in Figure 3, the dehydrogenation of which
were identified to be the exclusive benzene formation route in
the cyclohexane flame studied. The predicted concentrations of
selected olefin and diene species are also compared with
experimental data in Figure 5 because these species are closely
related to the kinetics of soot precursor species. It is noted that
the predicted profile of cyclopentadienyl radical is significantly
downstream in comparison with the experimental data. In
contrast, the prediction for molecular cyclopentadiene is quite
satisfactory.

Conclusion

The Utah Surrogate Mechanism was extended to include a
detailed description of the cyclohexane decomposition. Generic
rates were assigned to relevant reaction classes. The approach
was found to be adequate to reproduce experimental concentra-
tion profiles of major species and important intermediates, such
as major soot precursors.

Ring-opening pathways viaâ scission compete with dehy-
drogenation routes for the conjugate cyclohexyl radical. The
ring-opening channels include the formation of butadiene that
involves a 1-4 internal hydrogen migration and the formation
of CH2CHCH2CH2, without any intramolecular isomerization.
Besides decomposition reactions that form smaller fragments,
cascading dehydrogenation also makes an important contribution
to the fuel decomposition and provides the exclusive benzene
formation pathway. Interweaving reactions between analogous
species series, such as methylcyclohexane and cyclohexane, also
influence the benzene formation. In contrast, combination
reactions of smaller C2-C4 species were found to be insignifi-
cant toward benzene formation under current conditions studied.
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