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Combustion Modeling and Kinetic Rate Calculations for a Stoichiometric Cyclohexane
Flame. 1. Major Reaction Pathway$

Introduction

The Significance of Cyclohexane ChemistrylLiquid 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-workeroute and co-workefsmea-
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%
methylcyclohexanewas used in our earlier stutiyo model
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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 abstjac@ssion, 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 precursorgs-@sQ@insaturated 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 \iascission after a-44 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 combinatigr6f 6ydrocarbon
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.

of cyclohexanes, in comparison with other fuglghis phe-
nomenon is likely associated directly with the fuel structure, as
concentrations of other aromatic precursors, such as acetylene,
and G and G 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 combustéin an earlier modeling studywe
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.

the abovementioned premixed kerosene flame. Cathonnet and Experimental, Kinetic and Modeling Studies of Cyclo-
co-worker§ assumed a surrogate fuel that was composed of hexane. Most combustion experiments of naphthenes were
cyclohexane, toluene, amidecane in modeling a set of jet operated on counter-flow diffusion flames and jet stirred reactor
stirred reactor experiments with kerosene up to 40 atm. Mawid (JSR) flames. Voisin and co-worket&for example, measured
and co-workersdeveloped a detailed reaction model for JP-8 Species concentrations in a JSR experiment of cyclohexane
fuels using a 12-component surrogate, in which four naphtheneoxidation, at 10 atm and temperatures between 750 and 1100
species, methylcyclohexane, cyclooctane, tetralin, and decalin,K. Davis and Law' determined laminar flame speeds in
were included. Cooke et &lincluded a 20% fraction of  atmospheric counter-flow twin flames for a wide range of
methylcyclohexane in a surrogate for a JP-8 counter-flow equivalence ratios at room temperatures fetdCCg hydrocar-

diffusion flame.

bons that included cyclohexane and cyclopentane, and found

The significant presence of naphthenes in commercial fuels that the flame speeds of cycloparaffins studied were close to
is a major environmental concern because a much larger amounthose of the conjugate normal paraffins. Ristori and co-wotkers
of benzene, a major soot precursor, was generated from flamegeported concentration profiles for reactants, stable intermediates,

and products in an atmospheric-pressure JSR experiment with
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a stoichiometric atmospheric premixed flame with the European compared with experimental measurements. The proposed
Unleaded Certified Gasoline. In both studies, cyclohexane or mechanism will elaborate the significance of isomerization
other naphthenes were included to be major fractions for the between fuel conjugate species in the product distribution. Also
composite fuels of JP-8 and gasoline. proposed are the interweaving dehydrogenation pathways
A few studies on reaction kinetics of cyclohexane and its between the benzene and toluene homologous series as vital
derivatives complement combustion experiments with naph- mechanisms for the formation of single-ring aromatic species
thenes. Braun-Unkhoff et &3, for examp|e, investigated the including benzene, complementing our earlier results of cascad-
initial product channels of cyclohexane pyrolysis when very thin ing dehydrogenation routes for the benzene formation from
fractions of the fuel in the unburned mixture were heated behind cyclohexane and methylcyclohexa.The precursor relation-
reflected shock waves up to 1900 K at+5atm. Bennettand  ship between critical species is also one of the foci of this study,
co-workers# published an interesting study on decomposition in order to reveal the uniqueness of the cyclohexane decomposi-
pathways of isotopically labeled cyclohexanes in a single- tion mechanism.
cylinder engine, by monitoring the isotopic distributions of ) ) )
cyclohexane, cyclohexene, benzene, 1,3-butadiene, and propyReaction Mechanism and Experimental Data

lene in the exhausted gas. Ranzi etahave published an In the combustion mechanism of methylcyclohexane (MCH)
excellent review of the use of lumping techniques for detailed i, the Utah Surrogate Mechanism that was developed to simulate
kinetic modeling of hydrocarbon mixtures that were extended ;ombustion of liquid transportation fueld® fuel consumption
to include naphthenes. A mechanism generation technique USin%athways were assigned generic rates and a lumping technique
generic rates for reactions that involve paraffins, alkyl radicals, was used with the assumption that hydrogen abstraction is the
and olefins was proposed in our earlier publicatiband the  controlling step. Benzene formation via dehydrogenation of the
resulting Utah Surrogate Mechanism was validated with mea- gypstituted ring was critically examined, and good agreement
sured concentration profiles and flame speeds in 40 premixedyas obtained between the experimental and predicted benzene
flames with fuels from €to Cye that include cyclohexane and  cgncentrations in kerosene and gasoline flames.
composite fuels of gasoline and kerosene. It will be very valuable if our proposed mechanism can be
In addition to kinetic studies, a few reaction models have validated directly with flame data of cyclohexane or its
been published in order to simulate combustion of naphthenesderivatives that cover a temperature range from 500 to 800 K
for various experiments. Klai and Barontetproposed a  at the burner surface to approximately 1800 to 2200 K at the
cyclohexane oxidation mechanism that included approximately post flame zone. Experimental studies of premixed cyclohexane
30 reactions, and the mechanism was used to simulate theflames were not available until recently when the structures of
observed product distribution in a static reaction vessel operatedpremixed cyclohexane flames were measured by Westmoreland
by the same authors. A previously validategd-Cs mechanism  and co-workers at two equivalence ratios of0d 2.02° using
was extended by Voisin and co-workéfsand was used to  photoionization molecular beam mass spectrometry (MBMS).
model measured concentrations in a JSR experiment withWhen this work was reviewed, Westmoreland and co-workers
cyclohexane. This mechanism was extended, later on, in orderpublished a parallel study reporting experimental data of the
to predict concentration profiles in cyclohexane flames under stoichiometric cyclohexane flanféas well as modeled results
the same experimental conditions except at lower pressures withof selected species, i.e., cyclohexene, 1,3-cyclohexadiene, and
arange of equivalence ratios between 0.5 and®iSatisfactory ~ benzene. Both the current and parallel studies propose generally
results were obtained for most species. The mechanism was alsgimilar ideas of benzene formation via dehydrogenation, which
validated with flame speed data measured in counter-flow twin is consistent with our earlier studig§ of mechanisms of
flames. cyclohexane and its derivatives that were used in kerosene and
Ristori and co-workefd compiled a reaction mechanism of gasoline flame modeling. Divergences of kinetic details between
n-propylcyclohexane that included 176 species and 1369 reac-the current and parallel studies will be discussed in this work.
tions, and the mechanism was used to study the oxidation of Notable differences include the role of conjugate alkyl radical
n-propylcyclohexane in a JSR. Granata and co-wofRers isomerization, and the formation of fulvene and butadiene,
presented a mechanism that described the pyrolysis andamong others.
combustion of cyclohexane and methylcyclohexane using a In this study, the Utah Surrogate Mechanism was refined in
lumping technique. Isomerization via intramolecular hydrogen order to reproduce the details of the stoichiometric premixed
transfer, which competes wih scission, was critically exam-  cyclohexane flame (fuel:2Ar = 6.75:60.75:32.5%) at 30 Torr
ined. The mechanism included both low- and high-temperature measured by La#?2! The simulator used was CHEMKIN I¥
chemistry, and was validated with ignition delay times obtained and thermodynamics data for the gaseous species were obtained
in a rapid compression machine and closed vessels, and alsdrom the CHEMKIN thermodynamic datab&3er estimated
with concentration profiles measured in jet stirred reactors and by THERGAS* employing Benson'’s additivity theofy.Trans-
a turbulent plug flow reactor. port properties of species were obtained from the CHEMKIN
The Granata mechanism was only a subset of the larger Ranzfransport databa3or estimated from those of similar species.
mechanisiP that was used to model the temperature profile . .
and rich extinction limits in a JP-8 counter-flow diffusion flame ~ Mechanism Generation Methodology
and the concentration profiles of selected species in a kerosene Eye| Consumption Reactions.Selected reactions in the
premixed flamé&. Mawid et al® proposed another reaction extended Utah Surrogate Mechanism that are relevant to the
mechanism of JP-8 that included four naphthene components cyclohexane dcomposition are listed in Table 1. Generic rates
and the mechanism predicted ignition data better for higher have been used extensively in the extended mechanism, and
initial temperatures. these rates were reported elsewhérehermodynamic data of
The major competing formation pathways of benzene and selected species that are most relevant to this work are compared
1,3-butadiene, two main fuel decomposition products, will be in Table 2 with literature values from NIST Chemistry Web-
proposed in this work, and predicted concentrations will be Book?”-28 and Burcat and Ruscfé.
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TABLE 1: Selected Reactions in the Cyclohexane Decomposition Submechanism
k= AT" exp(—E/RT), mol-cmrs-cal
no. reaction A n E reference

Fuel Decomposition

R1 c-GHi2 + H=c-CHi1 + H> 7.80x 10° 2.4 4 471.08 generic

R2 ¢c-GHi, + OH = ¢c-GHy1 + HO 2.82x 10° 1.61 —34.89 generic

R3 c-GHiz2 + O = ¢-GsHyy + OH 1.86x 10° 2.5 2230 generic

R4 c-GHj, + CH; = c-CgH11 + CHy 1.62x 10° 2.26 7 287.05 generic

R5 c-GHi2 + HO, = ¢-GHyy + H20; 1.34x 10" 0 17 690 generic

R6 C-C6H12 + 02 S C-CGH]_l + H02 1.20x 10* 0 50 150.1 generic

R7 c-GHiz, = 1-CeH1p 5.01x 106 0 88 230 Tsan§

R8 c-GH11 = 1-CsH11-6 1.60x 101 0 28 300 generic

R9 1-GH11-6 = 1-CeH11-3 2.00x 10 0 14100 generie- 1 kcal

R10 1-GH11-6 = 1-CeH13-2 1.00x 104 0 16 100 generie- 2 kcal

R11 1-GH11-6 = 1-GeH1s-1 1.00x 10% 0 20 100 generie- 2 kcal

R12 l-QH11-6 = BC4H7 + C2H4 3.20x 1013 0 28 400 generic

R13 1-GH11-3 = C;Hs + CH,CHCHCH, 1.60x 10 0 28 300 generic

R14 1-GH11-3 = CHsz + L-CsHg 2.38x 10° 0.88 29 600 Matheu et &.

R15 1-GH11-1 = C;H, + PCHg 1.60x 10 0 28 300 generic

R16 1-GH11-2 = AC3H4 + NC3H7 1.60x 104 0 28 300 generic
Cascading Dehydrogenation, Benzene

R17 c-GH11 = c-GgHip+H 1.00x 10" 0 38 000 Deaff?

R18 c-GH11+ O, = ¢-CgHyo + HO; 4.00x 10+ 0 4251.19 generic

R19 c-GH11 + O = ¢c-GeHyo + OH 1.81x 10 0 0 Tsang®

R20 ¢-GHi1+ OH = ¢-CgHyo + H20O 4.84x 108 0 0 Tsang®

R21 C-Q;Hll +H= C-CeHlo + H>, 3.60x 1012 0 0 Tsanﬁg

R22 C-QHH + CH3 B C-C@Hw + CH4 6.04 x 1012 —-0.32 0 Tsanﬁ

R23 c-GHio=c-CeHge-3 + H 5.01x 101 0 81 700 Deafl

R24 c-GH10+ H = c-GHg-3 + H> 2.60x 10° 2.4 4 471.08 generic

R25 c-GHip+ OH = ¢c-GsHo-3 + H20 9.40x 107 1.61 —34.89 generic

R26 c-GHio+ O = c-CeHo-3 + OH 6.20x 10° 25 2230 generic

R27 Cc-GHio + CH3z = c-GsHg-3 + CHy 5.40x 10¢ 2.26 7 287.05 generic

R28 ¢c-GHio + HO, = ¢-CgHe-3 + H,0, 4.47 x 1012 0 17 690 generic

R29 c-GH10+ Oy = ¢c-CgHo-3 + HO, 4.00x 1018 0 50 150.1 generic

R30 ¢c-GHio+ M =c-GHo-4+H+ M 1.00 x 106 0 95 000 Deatl

R31 c-GHi0+ H = c-GHg-4 + H; 2.60x 108 2.4 4 471.08 generic

R32 c-GHip+ OH = ¢c-GsHg-4 + H,0 9.40x 107 1.61 —34.89 generic

R33 c-GHio+ O = c-GeHo-4 + OH 6.20x 10° 25 2230 generic

R34 c-GHip+ CHz; = c-GeHo-4 + CH, 5.40x 10* 2.26 7 287.05 generic

R35 ¢-GHio + HO, = ¢-CgHg-4 + H,0, 4.47 x 1018 0 17 690 generic

R36 ¢-GHio + O = c-CgHg-4 + HO; 4.00x 101 0 50 150.1 generic

R37 Cc-GHg-3 + O, = ¢-CgHg + HO- 2.00x 10% 0 4251.19 generic

R38 ¢c-GHg-3 + H = c-CeHs + H; 1.80x 10 0 0 Tsang®

R39 ¢c-GHg-3 + OH = ¢-CsHg + H,0 2.42x 1013 0 0 Tsang®

R40 c-GHg-3— c-CeHs + H 3.16x 10*? 0 36 960 Weissman et &¢

R41 c-GHg-4 + O, = ¢c-CgHg + HO; 2.00x 10¥ 0 4251.19 generic

R42 c-GHg-4 + H = c-CgHg + H>» 1.80x 102 0 0 Tsang®

R43 ¢c-GHg-4 + OH = ¢-CgHg + H,0O 2.42x 10 0 0 Tsang®

R44 c-GHg-4 = c-CeHg + H 3.16x 10% 0 36 960 Weissman et &.

R45 ¢-GHg-4 = C,H3 + CH,CHCHCH, 1.00x 10 0 38000 genericf10 kcal/mof

R46 c-GHs + H=c-CsH7 + H> 7.80x 10° 2.4 3000 generix 3 — 1.5 kcal

R47 ¢c-GHsg + OH = ¢c-GeH7 + H,0 2.82x 10° 1.61 —1500 generick 3 — 1.5 keal

R48 c-GHg + O = c-GsH7 + OH 1.86x 10° 2.5 2230 generix 3

R49 c-GHg + CHz = c-GsH7 + CH, 1.62x 10° 2.26 7 287.05 generig 3

R50 c-GHg + O, = ¢c-CgH7 + HO;, 1.20x 10" 0 50 150.1 generix 3

R51 c-GHg + HO, = ¢c-CgH7 + H0; 1.34x 10¢ 0 17 690 generix 3

R52 ¢c-GHg = c-CeH; +H 5.00x 10% 0 72530 Deaf/100

R53 c-GH7; = bCeHs + H 7.90x 10% 0 28 420 Deaf/40

R54 c-GH7 + O, = bCgHs + HO, 2.00x 10¥ 0 4251.19 generic

R55 c-GH7 + H =bGCsHs + H; 1.80x 10%? 0 0 Tsang®

R56 ¢-GH7 + OH = bCgHs + H,0O 2.42x 103 0 0 Tsang®

R57 ¢-GH7 = CHz-c-CsH4 5.00x 10¥ 0 38 100 Ritter et af*

R58 bGHe + H = CHz-c-GsH4 2.39x 10?7 -3.92 29 200 Ritter et &t

R59 CH-c-GsHg = fCeHe + H 1.00x 10* 0 38000 Doute et &B*

R60 CHs-c-CsHy + O, = fCeHe + HO; 2.00x 10% 0 4251.19 generic

R61 CH-c-CsHy + H = fCgHs + Ha 1.80x 10%? 0 0 Tsang®*f

R62 CH-c-GsHg + OH = fCgHg + H,O 2.42x 10 0 0 Tsang®*f

R63 CH-c-GsHg + H = CHz-c-GsHs 1.00x 10* 0 0 Marinov et ar?

R64 ChH-c-CsHy + H = CHz + CsHs 1.00x 10" 0 0 Marinov et al*®

R65 CHs-c-GsHs = fCgHs + Hz 2.51x 10 0 59 020 Alfassi et al?9

R66 fGHe + H=bCsHs + H 3.00x 10¥ 0.5 2000 Marinov et a?

R67 HCCCH+ AC3Hs =fC¢Hg + H + H 1.00x 10%? 0 3000 Burcat et &%/2
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TABLE 1 (Continued)

k= AT" exp(—E/RT), mol-cm-s-cal

no. reaction A n E reference
Cascading Dehydrogenation, Toluene

R68 GH11CHz = ¢c-CsH11 + CHs 1.26 x 10 0 88 030 Brown and Kinty

R69 GHyCHs; + M = ¢c-CsHg-3 + CH3; + M 7.94 x 10 0 68 560 TrenwitPfh

R70 GHyCHs; + M = ¢c-CsHg-4 + CH; + M 7.94 x 106 0 68 560 TrenWitFPf‘

R71 GH/,CHz + M =c-GH; + CH; + M 8.32 x 10 0 66 370 Trenwith’!

R72 GHoCH3; + H = CgH,CH3 + H + H; 5.00x 10° 2.4 4000 Zhang et &b

R73 GHoCHz + OH = CgH,CHz + H + H,0 1.88x 10° 1.6 —40.70 Zhang et df

R74 GHyCHs; + H = ¢-CsHg + CH3 + H» 5.00x 108 2.4 3500 Zhang et &F

R75 GHyCHs; + OH = ¢-CsHg + CH3 + H,0 1.88x 10° 1.6 —40.7 Zhang et &l

R76 GHoCHs + H = ¢c-GeHyp + CH3 2.27x 108 0 3569.38 generic

R77 GH-CH; + H = CsHsCH3 + H + H; 2.50x 108 2.4 3500 Zhang et &b

R78 GH7CHz + OH = CgHsCHz + H + H,0 9.38x 107 1.61 —34.89 Zhang et df

R79 GH7CHs; + H = bC¢Hg + CHz + H, 1.30x 1C° 2.4 3500 Zhang et &F

R80 GH7CHs; + OH = bCsHe¢ + CH3 + H,O 4.69x 107 1.6 —40.7 Zhang et &l

R81 GH7CH;z + H = ¢-CeHg + CH3 2.27x 108 0 3569.38 generic

R82 GHsCHs + H = bCsHe + CH3 1.20x 10%3 0 5148 Emdee et &

R83 c-GHg + OH = ¢c-CsHgO + H + H» 5.00x 1013 0 0 Miller and Meliug3i

R84 c-GH7 + O, = ¢c-GsHgO + OH 2.60x 1013 0 2 000 Frank et af2x

R85 c-GH; + O, = ¢c-GH; + CO;, 1.00x 10 0 0 Alzueta et af®

Reactions of ¢Hg, CsH7, and GHg

R86 CHCHCHCH, = CH,CHCHCH+ H 7.00x 10 0 94 990 Hidaka et &P

R87 CHCHCHCH, = CH,CHCCH, + H 7.00x 10% 0 94 990 Hidaka et &®

R88 CHCHCHCH, + H = CH,CHCCH, + H, 3.90x 1P 25 5820.0 Tsarfy

R89 CHCHCHCH, + OH = CH,CHCCH, + H,O 1.11x 10° 2.0 1450.0 Tsarfg!

R90 NCGH7; = CH,CHCHCH, + H 1.00x 10%? 0 38 000 this work for 30 Torr

R91 BCH; = CH,CHCHCH, + H 3.16 x 101t 0 34800 this work for 30 Torr

R92 NCH; = CH;CHCCH, + H 1.49x 104 0.84 59 810 Tsang and Walker

R93 NCH7 + H = CH;CHCCH, + H» 1.81x 103 0 0 Tsan§”

R94 NCH7 + O, = CH;CHCCH, + HO, 1.21x 10 0 13 550 Tsang”

R95 NCGH7 4+ OH = CH;CHCCH, + H,O 6.02x 1012 0 0 Tsang”

R96 NGH7 4+ CHz = CH3CHCCH, + CH, 3.01x 1012 —-0.32 —130 Tsan§t"

R97 BCH; = NC4H~ 2.37x 108 0.88 29 600 Matheu et &t.

R98 BCH; + H=C4Hg-1 2.00x 10 0 0 Doute et aP?

2 For a detailed description of generic rates, please refer to our earlier fapReference reaction G8H,CH,CH, = CH3;CH,CHCH, + H.
¢ Reference reaction G&HCH,CH, = CH,CHCHCH, + H. ¢ The energy term was scaled according to the suggestion by*Diearvinylic
product.® Reference reaction £; = C4,Hs + H. f Reference reaction GBH(CHz)CH, + X = CH3C(CHs)=CH, + HX. 9 Reference reaction
c-CeHg = bCeHs + Hy; A was adjusted higher by a factor of ITReference reaction (GJCCHCH, = CHz + (CH3),CCHCH,. | Reference
reaction GHsCHCHCHCH, = CH; + CH,CHCHCHCH. | Reference reaction s + OH = CgHsO + H. ¥ Reference reaction s + O, =
CsHsO + O; E was adjusted lower by 4 kcdlReference reactionsls + X = CH,CCH; + XH. ™ Reference reaction G&HCH, = CH,CCH,
+ H. "Reference reaction GBHCH, + X = CH,CCH, + XH.

Thermal decomposition and hydrogen abstraction were c-CGH,,=1-CH;,  (<0.1%) (R7)
identified to be the major consumption routes in flames of large
paraffins30:31.32Cyclohexane (c-gH12), which consists of only route33 The contribution of this reaction, however, is less than
secondary carbon atoms, should be no exception. In the ex-1/1000 to the total fuel consumption rate under the conditions
tended mechanism, cyclohexane decomposes via hydrogerstudied, likely due to the unstable biradical nature of the
abstraction to cyclohexyl radical (cs811) by the most powerful transition state.
H (R1, 69%), OH (R2, 20%), and O (R3, 11%) radicals at A lumping technique was used to describe the decomposition
of cyclohexyl radical (c-gH1j) in an earlier study* The ring
c-CH;, + H=1c-CH;; + H, (69%) (R1) opening of the conjugate cgB1; radical was assumed to be
the controlling step, the subsequg@rgcission of linear hexenyl
c-CH,,+ OH=c-CH,; + H,O (20%) (R2) radicals was assumed to be instantaneous, and the isomerization
among linear hexenyl radicals was assumed to be critical in
c-CH,,+O=c-CHy;; +OH  (11%)  (R3) determining the product distribution. The resulting mechanism
with lumped reaction pathways of cs#8;; gave satisfactory
generic rates, weighted by 12 to account for all possible sites, results for the concentrations of a few selected species reported
followed by minor hydrogen abstractors of gknd HQ by Law?@
radicals and molecular JJR4—R6), in order of their relative A rigorous approach was applied in the present work, and
importance. The percent contribution presented in this work, the extended mechanism includes separate elementary steps for
unless otherwise stated, was calculated at 0.09 cm above theconsecutive ring opening, isomerization, ghdcission for the
burner surfaceT = 1280 K), where the measured benzene and decomposition of c-gHi1 radical. The majority of the c-4E111
enol concentrations reach their maximums. Reactions thatradical decomposes vja scission R8 (ring opening, 88%) at
involve enol species and numerical deviations will be discussed the generic rate and forms the linear 1-hexen-6-yl radical
in part 2. The isomerization reaction R7 between cyclohexane (1-CsH11-6), in addition to a minor pathway of unimolecular
and 1-hexene was proposed to be a possible fuel decompositiordehydrogenation (R17, 12%), which is the exclusive pathway
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TABLE 2: Thermodynamic Data Estimated in the Utah Surrogate Mechanism, Which Are Compared with Those Reviewed in
the NIST Chemistry WebBook?”-28 and by Burcat and Ruscié®

Utah Surrogate Mechanism

literature values

Cy/R at temperature K CJR.
species AH°/IRT S/IR 300 500 800 1000 1200 1500 AH°/RT S/R 1000 K
NIST Chemistry WebBook
c-CsH12 —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-CsHio —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-CsHs 44.07 38.10 14.91 21.31 27.98 30.91 32.80 34.99 422125 29.4G
42.284 0.24 29.3P
bCsHs 33.46 32.39 10.02 16.73 23.09 25.69 27.33 29.35 3340720 25.43
fCeHs 85.42 34.13 17.39 19.60 22.33 23.80 25.76 30.96 90.41
C4He-13 47.77 35.45 9.35 13.80 18.84 20.78 22.01 23.55 4%.0639 20.82
CoHa 21.17 26.36 5.15 7.52 10.09 11.33 12.19 13.20 21.18 26.38 11.29
CoHs 48.52 29.71 5.97 8.46 11.43 12.91 14.03 15.20 48@B81
CsH11CHs —-62.17 42.29 16.33 27.69 39.65 44.65 47.87 50.40—62.48+ 0.40 41.29 43.79
CsHoCHs —15.87 41.48 15.57 25.75 35.66 39.72 42.61 46.03—32.79+ 0.3Z
CsHsCHs 20.26 39.34 12.66 20.30 28.02 31.39 33.82 36.30 260825
c-CsHsO —28.72 38.59 11.88 18.99 25.73 28.46 30.29 32.08—28.25+ 4.04
1-CsH12 —16.85 46.52 15.88 23.92 32.27 36.06 38.87 41.80—16.99
NCsH7 40.61 34.81 8.89 13.03 17.41 19.44 20.98 22.60 46-8681
Burcat and Ruscic

c-CsH1x 30.18 38.28 12.61 22.20 32.11 36.48 39.29 42.65 388123 38.19 34.63
1-GH11-6 64.21 47.13 15.86 23.33 30.82 34.21 36.52 39.47 65.323 50.24 33.85
c-CeHg-3 32.99 38.65 12.44 20.59 28.47 31.66 34.00 36.84 538.6523 37.22 30.93
c-CeHg-4 77.74 38.68 12.56 20.77 28.59 31.76 34.07 36.89
CGCsH7 84.32 36.24 10.25 17.64 24.95 27.97 29.99 31.89 84.93.13 36.78 27.97
CHa-c-CsH,4 91.38 38.59 11.77 18.82 25.18 27.71 29.50 31.39 9+.5205 37.81 27.61
BCsH7 54.54 35.03 10.56 15.34 20.18 22.36 24.01 25.75 54333 36.81 21.75
PCHy 26.71 38.44 11.68 17.19 22.97 25.64 27.65 29.80 336123 36.99 25.73
CHs-c-CsHs 42.35 35.71 11.04 18.67 25.96 28.99 31.14 33.35 45323 37.38 28.62
1-CeHis-1 79.91 46.62 15.57 22.97 30.59 34.03 36.38 39.38
1-CeH11-2 78.39 47.06 15.45 22.72 30.23 33.70 36.08 39.11
1-CeH11-3 34.31 45.42 15.47 22.90 30.70 34.23 36.66 39.73
CsH7CHs 33.03 40.13 17.88 26.36 34.37 37.55 39.90 42.63

a1,3-Cyclohexadiene. 1,4-Cyclohexadien€.1-Methylcyclohexene.

for the formation of cyclohexene (cs810), in comparison with 1 kcal/mol because the resonant structures ofH:&3 radical

hydrogen abstraction reactions RA822. make the hydrogen migration more preferred.
In contrast, the £5 or 1-6 hydrogen migrations that lead
C-GeHyy = 1-GHy -6 (88%) (R8) to vinylic 1-hexen-2-yl (1-GH11-2, R10) and 1-hexen-1-yl (1-
CeH11-1, R11) radicals are less preferred. These two reactions
C-CgHyy = Cc-CgHyo+ H (12%) (R17) were assigned the generic rates that correspond to their transient

e ) . ring structure, with the energy barrier adjusted higher by 2 kcal/
Beta scission routes are dominant decomposition pathwaysol due to the stronger vinylic €H bond. A 1-2 hydrogen

of alkyl radicals inn-heptane and isooctane fuéli comparison migration of the 1-@H1:-3 radical might provide a plausible
with competing isomerization reactions. In contrast, cyclohexane formation route of the 1-g411-4 radical. The product channel
provides a very unique case in that its decomposition routes in that inyolves the 1-gH;;-4 radical, therefore, was included to

flames are dominated by intramolecular hydrogen abstraction pe 5 competing decomposition reaction (R14) of thesB-@3
(or isomerization) between fuel conjugate and linear 1-hexenyl

radicals. The isomerization between conjugate alkyl radicals was 1-CgH,;-3 = CH, + L-C.Hgq (0.3%) (R14)
not considered in the study by Westmoreland and co-wo#kers.

The formation channel R12 of molecular ethylene and 1-CgH,,-6 = 1-CgH,,-2 = AC;H, + NCH (0.4%)
1-buten-4-yl radical (BGH7) via S scission at the generic rate, 1 1 § e (R10/R16)

. 6= 0
L-GHr6=BCGH, +CH, - (32%)  (R12) 1-CgH,-6 = 1-CH,;-1=C,H, + PCHy  (0.2%)

for example, accounts for only 32% of the total fuel decomposi- (R11/R15)
tion rate, although these two species are the natural products of ) ) . o
1-hexen-6-yl radical without hydrogen migration. The most radlcal,lwnh the assumption that the hydrogen.mlgratlon is the
important decomposition channel of linear hexenyl radicals is controlling step, the rate of which was estimated from a
the formation of ethyl radical and molecular 1,3-butadiene (R13, "eference reaction of £17.35 Formation reactions of products
559) at the generic rate, via an intermediate 1-hexen-3-yl radical ©f the fuel consumption, such asil, CHa, CoHs, CH,CCH,,

(1-CeH11-3) that is formed via isomerization (R9), which was C3H7 1,3-GHe, CsH7 (1-buten-4-yl), and GHo, will be
discussed later.

1-CH,-6 = 1-CH,-3=C,H; + C,H; (55%) (RI/R13) In summary, the ring-opening step leads to a further branching
of product distribution via subsequent isomerization among
assigned the generic rate for a4 and primary-secondary linear hexenyl radicals via an intramolecular transient ring that

hydrogen migration with the energy barrier adjusted lower by consists of five to seven atoms, ghidcission pathways of these
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radicals. The consumption rates of the 1-hexenyl isomers thatWeissman and Bens#h proposed the rate for a similar
include 1-GHi1-1, 1-GH1-2, 1-GH13-3, and 1-GH1;-6 radicals formation reaction of 1,3-butadiene from 1-buten-4-yl radical
were found to be in equilibrium with the formation rates; the (CH,=CHCH,CH,) at atmospheric pressure. It is expected that
final branching ratios that are represented by percentages of thehe formation rates of 1,3-cyclohexadiene (gHg) at 30 Torr
total fuel consumption rate for all product channels of ring in reactions R40 and R44 would be much smaller, and we found
opening (32+ 55+ 0.3+ 0.4+ 0.2%) and dehydrogenation  that a reduction by 1 order of magnitude in the prefactor in the
(12%), therefore, add up to unity. reference rate would result in an excellent prediction for the
Benzene Formation via Cascading Dehydrogenation.  concentration profile of c-gHs. Cyclohexenyl radicals can also
Competing decomposition pathways of the conjugate cyclohexyl be consumed via hydrogen abstraction with moleculaal
radical (c-GH11) via cascading dehydrogenation have also been H and OH radicals (R37R39, R4}1-R43), using the same rates
investigated. Cyclohexyl radical (cs811) can be consumed via  as for the cyclohexyl radical (c<8i11) decomposition. The
unimolecular dehydrogenation (R17) to form gHzo, the rate trivial abstraction reactions with{JR37 and R41) at locations
where benzene reaches its maximum concentration are, however,
C-CeHyy = c-CHjp+H - (12%) (R17)  the major consumption pathways near the burner surface, and
the rates of reactions R37 and R41 are 2 orders of magnitude

of which was estimated to be (1,0 101%)e™3%%%RT (see Table  higher than those of the unimolecular dehydrogenation reactions
1 for units) after consulting with rates of similar reactions in  R40 and R44.

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 (6.31.03)g~35570RT C-GgHg-3 + O, = ¢c-GgHg + HO, (R37)

proposed by Baldwin et &F.(<130 Torr), and that of a primary i P 0
butyl radical that leads to 1-butene at the rate of (k0 C-CeHg-3= C-CeHg + H (51%) (R40)

10M4)e~38350RT hy Dean3’ Reaction R17 accounts for 12% of c-CiHg-4 + O, = c-CgHg + HO, (R41)
the total c-GH1; radical decomposition, in comparison with 55%
from the B scission R13, and 32% from reaction R12. The Cc-CHy4=c-CHg+H  (16%) (R44)

conjugate c-GH1; radical can also be consumed via hydrogen
abstraction by @(R18), which was assigned the generic rate.
Reaction R18 is trivial at the location of the maximum benzene

c-CiHg-4 = C,H, + CH,CHCHCH,  (33%)  (R45)

Also, possible c-GHg thermal decomposition reactions were
c-CH,;, + O, = c-CgH, + HO, (R18) considered, which represent combined elementary steps of the
ring opening and the subsequ¢hscission of c-GHg isomers.
concentration, but it is the fastest gHGo formation route near ~ In contrast to the decomposition of iy, radical, composite
the burner surface. Its rate at the burner surface is about 30reactions of c-GHg isomers in the extended mechanism do not
times higher than that of the unimolecular dehydrogenation involve isomerization after the ring opening since these reactions
(R17), 41% that of th@ scission of the 1-gH1:-3 radical (R13), will generate highly unstable intermediates with vinylic moieties.
and about 20 times higher than that of {hescission of the Also, corresponding reactions that involve the more stable allylic
1-C¢H11-6 radical (R12). The abstraction reactions with H, OH, ¢-CeHg-3 radical were not included as well, because a higher
O, and CH radicals (R19-R22), the rates of which were energy barrier of ring opening is associated with the formation
proposed by Tsan$f,make trivial contributions to the c«El1o of 1,3-hexadien-6-yl radical, in comparison with the barrier for
formation. the formation of allylic 1,5-hexadien-3-yl radical from the less
Hydrogen abstraction reactions with the most powerful H (35 stable c-GHg-4 radical. Thermal decomposition of Gl
+ 34%), OH (10+ 10%), and O (6+ 6%) radicals were found  radicals, therefore, includes fewer reactions. The formation of
to be the major consumption pathways of gHe. Two vinyl radical and molecular 1,3-butadiene vigdascission of
cyclohexenyl isomers are formed from these abstraction reac-the 1,5-hexadien-3-yl radical (R45) was assigned the generic
tions R24-R26 and R3%+R33, denoted by c+Es-3 and rate off3 scission, but was scaled with an increment in the energy
c-CsHg-4 according to the radical site. Trivial hydrogen abstrac- term by 10 kcal/mol that was suggested by DEdor the
tion pathways R2#R29 and R34 R36 that involve molecular ~ formation of vinylic radicals. In summary, the less preferred
0, and CH and HQ radicals were also included in the composite ring-opening pathway via thescission R45 (33%)
mechanism. All hydrogen abstraction reactions were assignedamong all decomposition reactions of ¢Hg radicals, in
the generic rates for secondary carbons. comparison with similar reactions that involve the gHg;
radical (R12-R16, 88%), reflects the higher reaction barrier
c-CHyo+t H=c-CHs3+H, (35%) (R24) for the decomposition of 1,5-hexadien-3-yl radical, in addition
to fewerf3 scission channels due to slow isomerization outlets.
C-CeHyp+ OH=c-CHg3+ H0  (10%) (R25) In contrait, the dehydrogenation pathways (RB#4) are more
. — o } 0 preferable since they produce cyclohexadieneddsl; a more
C-GeHyo+ O=c-CeHg-3+ OH (6%)  (R26) stable diene species due to the conjugate delocatizgdctron
c-CH,,+H=c-CHy4+H, (34%) (R31) system, in comparison with a single double bond inetiG.
The hydrogen abstraction reactions with H (R46, 60%), OH
c-CGgHjp+ OH=c-GHg4 +H,O  (10%) (R32)  (R47, 17%), and O (R48, 5%) radicals were found to be the

¢-CiHyo + O = c-CiHo-4 + OH 6%) (R33) major decomposition pathways of cyclohexadiene §ekL

) ) ) c-CHg + H=c-CH; + H, (60%) (R46)
Cyclohexenyl radicals decompose mainly via the dehydro-
genation reactions R40 (51%) and R44 (16%), angtheission c-CiHg + OH =c-CH, + H,0O (17%) (R47)
reaction R45 (33%), in comparison with hydrogen abstraction
pathways that are at least 2 orders of magnitude slower. c-CgHg + O =c-GH; + OH (5%) (R48)
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These reactions of cgBlg are very favorable due to the
emerging aromaticity. The strength of-€l ¢ bond on an sp
carbon in c-GHg is 22.5 kcal/mol weaker than that on ar? sp
C—H bond in c-GH12.4° Dombi and co-workers proposed the
ratio of allylic hydrogen abstraction (2-buterieH, 6 hydrogen
at both ends) over paraffinic hydrogen abstraction (propaine

Zhang et al.

Toluene Formation via Cascading DehydrogenationThe
cascading dehydrogenation mechanism of analogous methyl-
cyclohexane (gH1:CHs), methylcyclohexene (§EigCHs), meth-
ylcyclohexadiene (gH7CHs), and toluene (6HsCHs) was dis-
cussed in detail elsewhete Those reactions were assigned
generic rates by assuming the hydrogen abstraction to be the

H, 6 hydrogen at both ends) at pressures from 50 to 100 Torr controlling step and the subsequent dehydrogenation and dealky-

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 R46R48 of c-GHs, 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 fiver 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)

c-CHg+ OH=c-CHO+H+H, (17%) (R83)

of cyclohexadienone (c4ElO, 17%) was included, and the

reaction represents combined steps of the OH addition, the

dehydrogenation, and the emission of molecular Fhe rate
of OH addition onto phenyl radical proposed by Miller and
Melius* 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 dd:¢
and cyclohexenyl (c-gHg) radicals were found, again, to be
the most important decomposition pathways for cyclohexadienyl
radical (c-GH7). No ring opening of the c-gH; radical,

however, was considered since these reactions would require a

rupture of a double bond. The dehydrogenation reaction R53
that forms benzene (kBe) accounts for 81% of the total
consumption rate of the cg87 radical, complemented by minor
routes via isomerization (R57, 8%) and oxidation (R84, 6%;
R85, 5%). Deafl and Mebel? suggested comparable rates for

¢-CiH, = bCyH + H (81%) (R53)
c-CgH, = CH,-c-CH, (8%) (R57)
C-CH, + O, = c-CH,O + OH (6%)  (R84)
c-CH, + 0,=c-CH, + CO,(5%)  (R85)

reaction R53 at the high-pressure limit, and a downward

lation to be instantaneous. Consumption reactionsgbfyCHs
and GH,CHjs, for example, are summarized here, and readers
should refer to our earlier paper for details.

CHsCH; + H=CH,CH, + H+H,  (31%) (R72)

CgHsCH; + OH= CH,CH,+ H+H,0  (10%) (R73)

CeHoCH; + H=c-CHg + CH,+ H,  (37%) (R74)

CHoCH, + OH = c-CiHg + CH, + H,0  (10%) (R75)

CHsCH; + H=c-CiH,,+ CH,  (11%) (R76)

CH,CH,+ H=CH.CH, + H+H, (47%) (R77)

CH,CH; + OH= CH.CH,+ H+H,0  (10%) (R78)

CHCH;+H=CH;+CH;+H, (24%) (R79)

CeH,CH, + OH= CH, + CH,+ H,0  (4%) (R80)

C¢H,CH; + H = c-CjHg + CH, (15%) (R81)
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-CsH11 consumption at the burner surface. The rate used in
the extended mechanism for reaction R68 was proposed by
Brown and King” 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

adjustment in the prefactor of the Dean rate by a factor of 40 of cyclohexane and its derivatives exclusively depends on the

led to good agreement between the predicted and measure
concentration profiles of the ce87 radical and benzene in the

low-pressure flame studied. Hydrogen abstraction reactions of

c-CgH7 radical (R54-R56), which were assigned the same rates
used for c-GHg and c-GH1; radicals, made trivial contributions
to the consumption of the ce87 radical, with the exception of
R54 (with &) being the fastest route at the burner surface.
The isomerization between csid7; and CH-c-CsH4 radicals
was assigned the rate that was proposed by Ritter étTdle
oxidation of c-GH-; radical gives two major products: the
formation of 2,4-cyclohexadienone (a0, R84) via an
elimination of an OH radical, the rate of which was estimated
after a similar reaction of phenyl radic&land the formation
of cyclopentenyl radical (c-§H7, R85) via an ejection of a CQO
which was assigned the rate of a similar reaction of phenoxy
radical proposed by Alzueta et ‘&l.

ascading and interweaving dehydrogenation of the fuel, the
inetics of which were discussed elsewh¥re.

Results and Discussion

The experimental temperature profile measured by3.asv
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
flame?21 are compared in Figures—=5.

Major Species. The predicted concentration profiles of
molecular oxygen (&), argon, and major combustion products
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2500 1-CgH11-2, 1-GH11-3, and 1-GH1;-6), therefore, is compared
with the measured values in Figure 3.
2000 - The predictions for c-gHi,, c-CsH11, and GH11, however,
are not in agreement with the experimental data. The predicted
1500 | . ;
- concentration of c-gHi, at the burner surface, for example, is
1000 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
500 | lower than what was in the feed) and measured (a factor of 8
lower) concentrations at the burner surface suggested that the
0 : fuel concentration be determined by the fast back diffusion of
0 . 0.2 0.4 0.6 major species from downstream locations, rather than by reaction
Height above Burner (cm)

kinetics of the fuel decomposition. The transport parameters

. . s . aheag .~ for major species that were used in the Utah Surrogate
simulation (heavy solid line). The thin solid line is a temperature profile Mechani l-knowt® Theref the deviati for th
with the burner surface temperature adjusted upward to 1000 K that echanism are Well-knowTr. I hereiore, the deviations for the

was used to demonstrate temperature effects on predicted concentraCe SPecies in Figure 3 are likely due to the uncertainties in
tions. temperature measurements or other sampling effects.

The temperature effect on diffusion was checked. Modeling
of hydrogen (H), water vapor (HO), and carbon oxides (CO  studies indicated that a burner surface temperature higher than
and CQ) are compared with the experimental data in Figure 2. 1000 K was necessary to enhance diffusion in order to bring
The uncertainty in experimental measurements for these majorthe predicted c-gH1, concentration at the burner surface closer
species, with the exception of argon, is 5%. The simulated resultsto the measured value. The temperature effect on predicted
were able to match the overall,@rofile very well, with the ~ concentrations of major products and soot precursors, are,
exception of a slight overprediction about 18% at the burner fortunately, comparable to experimental errors, as shown in
surface. Experimental uncertainties due to probe effects are theFigures 3-5, where predicted concentrations using a burner
most likely source for numerical deviation upstream of the surface temperature at 1000 K for selected species, such as
flame, since higher deviations, in terms of atomic balance and acetylene, benzene, and butadiene, are also presented. Major
element flux, were found near the burner surf&éehat are concerns reported by Ld&in the measurements include G
not seen at any other locations. Good agreement was alsoffagmentation at the photon energy used, and the uncertain
obtained between the predicted and experimental concentratiorchemical identities of the species that were thought todvéy C
profiles for the inert argon and most major gaseous products, isomers. The measured concentrations ef tBerefore, were
with the exception of slightly higher deviations near the burner used as the standard to validate the predicted fuel consumption
surface. The numerical results for specie®©OHCO, and CQ rate.
were within 5-10% of measured concentrations. The predicted ~ The predicted maximum concentration ofHs species (the
H. concentrations were about 35% higher than measured valuesum of three isomers 1,3-butadiene (CHICHCH,), 1,2-

in the post flame zone, probably due to the mass discrimination butadiene (CECHCCH,), and 1-butyne (CECH,CCH)) matches
effects for lighter specie. the measured value exactly with a slightly earlier peak position

¢ thatis 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.fThe
scission reaction R13 of 1s81:-3 radical accounts for 73% of
épe total CHCHCHCH, formation rate, in addition to minor
routes via the combination reaction R86 (9%) and the composite
]reaction R45 (7%).

Figure 1. Experimental temperature profile that was used in the

It is noted that @ mole fraction almost reaches a constan
about 5% of the reaction mixture, after the reaction zone. In
stoichiometric flames, intact molecular, @ expected among
reaction products, which always include incomplete combustion
products, such as H3% 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 burn
surface for H, and another at 0.25 cm for CO, since &hd
CO are burned as fuels downstream due to the abundance o

oxidant. The predicted maximum concentration ofisl 15% 1-CH,;-3=C,H; + CH,CHCHCH,  (73%) (R13)
higher, and that of CO is 11% lower, than the measured values.
Intermediate Fuel Decomposition ProductsThe predicted CH,CHCHCH, = CH,CHCHCH+ H (9%) (R86)

concentrations of major intermediates that are formed im- .
mediately from the fuel decomposition are compared with the C-GgHg-4 = CoH; + CH,CHCHCH, (7%)  (R45)

experimental data in Figure 3. The formation of these species The major consumption reactions of @EHCHCH; include
involves hydrogen abstraction of the fuel (etG2), the ring hydrogen abstraction reactions that fornHg isomers (79%)
opening of the resulting conjugate cyclohexyl radical &1G), and the combination with H (R90, 12%) that leads to 1-buten-
and the subsequefitscission of linear hexenyl isomersefi1) 3-yl radical (CHCHCHCH). It is noted that the gH; isomers
that yields 1-buten-4-yl radical (GBHCH,CH,), molecular 1,3-  are formed in the simulation via hydrogen addition onto 1,3-
butadiene (CHCHCHCH), and ethylene (&1,). butadiene, as a consequence of isomerization among linear
No definite conclusion was made for the identity for mass hexenyl radicals that were included in the extended mechanism.
83 at 8.79 eV, because no species was reported in the literaturd_aw®2! reported the formation of 1,3-butadiene via the dehy-
with comparable ionization energy. The species were speculateddrogenation of GH; species because isomerization was not
to be linear GH1; isomers321since the 1-hexen-6-yl radical (1-  included in their reaction mechanism. OtheiHgisomers, such
CeH11-6) is a natural product of ring opening, and sub- as 1- and 2-butyne, were not detected in the experiment, which
sequent isomerization reactions amorgHG radicals are fast  is reflected by the simulated concentrations of 1-butyne that
pathways for hydrocarbon decomposition. The sum of the pre- are about 3 orders of magnitude lower than those of 1,3-
dicted concentrations of four linearld;; isomers (1-GH11-1, butadiene.
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Figure 2. Comparisons between predicted and experimental concentration profiles of major species. The symbols represent the experimental data;
the lines represent the simulations.

2.0E-02 [ C-C6H12 1.2E-04 ¢ C-C6H11 8.0E-05 - C6H11 Isomers
c 1.5E-02 < 9.0E-05 < 6.0E-05
k] L L
i 8 8
& 1.0E-02 & 6.0E-05 - i 4.0E-05
K 2 K 0
o o o .
= 50E-03 = 3.0E-05 - =20E-05 "o
S
0.0E+00 0.0E+00 0.0E+00
0 01 02 03 04 0.1 0.2 0 0.1 02030405
Height above Burner (cm) Helght above Burner (cm) Height above Burner (cm)
8.0E-03 - CH2CHCHCH2 4.0E-04 - CH2CHCH2CH2 1.6E-02 C2H4
+CH3CHCCH2
56 .0E-03 CH3CH2CCH -5 3.0E-04 5 1.2E-02
g 8 3
i 4.0E-03 & 2.0E-04 & 8.0E-03
@ o2 @
G <} o
=20E-03 - = 1.0E-04 = 4.0E-03
0.0E+00 - - 0.0E+00 0.0E+00
01 02 03 04 0 005 0.1 0.15 0.2 0 01 02 03 04
Helght above Burner (cm) Height above Burner (cm) Height above Burner (cm)

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 lindgerepresent t
simulations using experimental temperatures but with the burner surface temperature at 1000 K.

The GHy; species detected in the experiment was believed 1-butene (75%, at the burner surface), and hydrogen abstraction
to be 1-buten-4-yl radical (C#£HCH,CH,, BC4H7 in Table reactions (23%).
1), although methyl allyl radical (I$H7 in the Utah Surrogate The predicted maximum concentration of ethylene was twice
Mechanism) has a closer reported ionization energy. Methyl the experimental value. Uncertainties in reactions of ethyl radical
allyl radical is not, however, the major,8; isomer since its are suspected to be responsible for the numerical deviation since
likely parent species, such as methylcyclopentenyl radigi)C the dehydrogenation (49%) and hydrogen abstraction (6%) of
and isobutylene, have too low mole fractions {40n the ethyl radical were identified to be the major formation routes
simulation) in comparison with those ofi@; (10~°), in addition of ethylene, in addition to other pathways via fhecission of
to no experimental evidence of existence. The predicted peakl-hexen-6-yl (R12, 17%) and 1-buten-3-yl (5%) radicals, and
concentration of CHCHCH,CH, radical at the burner surface the hydrogen addition to 1-butene (7%) and propylene (8%)
was 7 times the measured value, likely due to uncertainties in followed by scission. Modifications that involve competing
the rate of the pressure-dependent combination reaction R91,consumption reactions of ethyl radical, therefore, may lead to
which accounted for 99% of the GBHHCH,CH, formation at lower prediction of ethylene. Consumption reactions of ethylene
the burner surface. The major @EHCH,CH, consumption include oxidation (gH4 + O = products, 46%) and hydrogen
routes include the combination reaction R98, which forms abstraction (gHs + X = C,Hz + HX, 45%) of equal
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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 simulationseitglexperi
temperatures but with the burner surface temperature at 1000 K.

importance. Another noteworthy ethylene consumption reaction for the overprediction. It is noted that the composite unimo-
is the OH radical addition (5%) that leads to the formation of lecular decomposition reaction R45 accounts for two-thirds of
ethenol (CHCHOH), a tautomer of more stable acetaldehyde the consumption of the cg8g-4 isomer. The product branching
(CHsCHO). The significance in formation of enol species, such ratio between the cascading dehydrogenation and the ring
as CHCHOH, resides in the partial oxidation in combustion opening was estimated to be 67/33% for the decomposition of
that always leads to emission of pollutants. Reactions of enol c-CsHg species.
species will be discussed in detail in part 2. The concentrations of cgElg were well reproduced within
Cascading DehydrogenationThe measured concentrations 20% of the experimental data, although the plateau shape of
of cyclohexene (c-gHig), cyclohexadiene (c-4EHs), and their the measured profile made it more difficult for the simulation
radicals, which are immediate products of the fuel consumption to capture the trend upstream. The product branching ratio for
via the cascading dehydrogenation, were very well reproduced,c-CsHg decomposition was estimated to be 82/17% between the
as shown in Figure 4. The predicted maximum concentration cascading dehydrogenation and the oxidation reaction R83.
of c-Ce¢H10, for example, is only 4.7% lower than the measured Good agreement was obtained between the measured and
value, with a slightly upstream profile by 0.01 cm. The product predicted concentrations ofs87 species, which include three
branching ratio between the benzene formation and the ringisomers in the extended mechanism. Unfortunately, the identity
opening was estimated to be 12/88% in the simulation for the of C¢H; species could not be confirmed in the experiment
decomposition of c-gHj; radical. because there were no reliable data of ionization energy reported
The cyclohexenyl (c-6Hg) isomers could not be distinguished  for CgH; isomers. Although only one species of mass 79 was
in the experiment because the same value of ionization energydetected in the experiment, the modeling results suggested an
was reported for the two most plausible isomers §eH=3 and equal importance for the two majorg; isomers, with an
c-CsHg-4). The predicted maximum concentration of gHg estimated distribution of 4045/50-55% between cyclohexa-
species (sum of these two isomers) is about 4 times thatdienyl (c-GH7) and methylcyclopentadienyl (GH-CsH,)
measured in the experiment. It is interesting to note that the radicals, both allylic, in addition to a trivial third isomer, vinylic
predicted peak concentration of gH-4 radical is only about methylcyclopentadienyl radical (GFt-CsHy®, not included in
7% lower than the experimental value. Possible unimolecular Table 1). The predicted maximum concentration giflCspecies
decomposition reactions of the more stable g3 isomer, (sum of three isomers) is only 16% higher than the measured
which were not considered in the extended mechanism due tovalue, and the position of the peak and the trend of the profile
the higher energy for the transition state, are likely responsible are also faithfully reproduced.
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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 simulationseitglexperi
temperatures but with the burner surface temperature at 108(BXindicates the numerical deviation 8% in comparison with the experimental
uncertainty ofB% for each species.

The major reaction routes of cs8; radical involve mainly CHs-c-GsHs (18%) and the hydrogen abstraction reactions
the formation of benzene as discussed earlier. The allylic R60-62 (11%). Hydrogen radical catalyzed isomerization to
methylcyclopentadienyl radical is formed exclusively via isomer- benzene (R66) was identified to be the major consumption route
ization of c-GHy radical (R57). It is noted that the major of fulvene (81%). Although the formation of fulvene via the
consumption route of the GHt-CsH, radical via dehydroge-  combination of propargyl and allyl radicals (R67), and the
nation and reorganization (R58) also leads to the formation of

benzene (36%). Other significant consumption routes of the CHyc-CH,=fCHg+H  (72%) (R59)
CHs-c-CsH,4 radical include the formation reaction R59 of

fulvene (fGHg) via dehydrogenation (29%), the formation CH;-c-CGH;=fCH;+ H,  (18%) (R65)
reaction R63 of methylcyclopentadiene (€&tCsHs) via

hydrogenation (15%), and the hydrogen addition reaction R64 fCgHg + H =hbCHs + H (81%) (R66)

(15%) followed by dealkylation.

= 0,
bCH, + H = CHyc-CH,  (36%) (R58) H,CCCH+ AC;H; =fCiHg+ H+ H (18%) (R67)
subsequent isomerization (R66) was considered to be a major
CHy-c-GH, = fCeHs + H (29%) (R59) benzene formation routé,the reaction was found to progress
in the direction of the reverse reaction that accounts for 18%
CHyc-GH, + H=CHzc-GHs;  (15%) (R63)  of the fulvene consumption. Reaction R66 was found to be the
major formation pathway of fulvene in another stétyy
CHyc-CGH,+H=CH;+ CH;  (15%) (R64) Westmoreland and co-workers when cyclic species of fulvenic
derivatives were not included in their mechanism. They reported
Both GsH7 isomers were found to be critical to the formation an underprediction of a factor of 3 for fulvene, which might be
of the cyclic GHe isomers, namely benzene @€) and fulvene considered as indirect evidence of the role of allylic methyl-
(fCeHp). Fulvene is formed mainly from the dehydrogenation cyclopentadienyl radical in the fulvene formation.
reaction R59 of the allylic methylcyclopentadienyl radical Cascading dehydrogenation has been proposed in this work
CHs-c-CsH4 (72%), in addition to the minor formation routes to be the major benzene formation mechanism, and the
via the dehydrogenation reaction R65 of methylcyclopentadiene dehydrogenation reaction R53 of ¢ radical was found to
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Figure 6. Major reaction pathways of cyclohexane. The mgjacission pathways account for 88% ($50.3 + 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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account for 93% of the total benzene formation rate. Benzene, combination reactions are not important to the formationgsfeC
one of the most important soot precursors, was produced inisomers in cyclohexane flames because, otherwise, we would
cyclohexane flames from the fuel directly without further expect an earlier peak location for the fulvene isomer.
decomposition that forms smaller aromatic precursors, as seen Reactions of higher analogous species that are parallel to the
in flames of most other fuels. The maximum benzene concen- reaction order between cs8; and Ch-c-CsH, radicals, e.g.,
tration was reported to be 473 ppm in the stoichiometric c-CsHg and CH-c-CsHg, c-CsHi11 and CH-c-CsHg, are also
cyclohexane flame studied, in comparison with 12 ppm in a plausible pathways for fulvene formation via cascading dehy-
stoichiometricn-heptane flamé® The combination of propargyl ~ drogenation of the CHCs ring. These reactions, however, were
radicals, a competing benzene formation route, is at least 3not considered in the current mechanism due to very few kinetic
orders of magnitude slower than the dehydrogenation reactiondata available in the literature.
under the current flame conditions. The measured profiles of methylcyclohexengH&CHs),

The formation of phenyl radical @ls) accounts for 65% of = methylcyclohexadiene @E-CHs), and toluene (gHs-CHg),
the benzene consumption. Competing benzene consumptiorderivatives of the cyclohexene, cyclohexadiene, and benzene
routes include the oxidation reactiongfds + O) that forms series, were also well predicted as shown in the third row of
the phenoxy radical (§4s0), which is a precursor for cyclo-  Figure 4. Cascading dehydrogenation was found to be the
pentadienyl radical. most important formation pathway for these analogous spe-

The predicted benzene and fulvene concentrations are in verycies, as discussed earlier. Unfortunately, methylcyclohexane
good agreement with the experimental data. The maximum (CgH11-CHg), the source of this series, was not detected in the
concentration of benzene was overpredicted, for example, by experiment. Otherwise, the combination reactions REB%1,
9.5% only, in comparison with the estimated uncertainty at 20% which interweave together the toluene and benzene submecha-
reported by Lav#:?1 The measured peak concentration of fulvene nisms, can be more carefully examined. Scattered experimental
(c-GsH4=CH> in Figure 4) was underpredicted by 12%, and data points made it more difficult for the model to reproduce
the experimental uncertainty for fulvene is 50%. The simulation the measured profiles of g8,-CH; and its parent species
results capture the trends of the concentration profiles for both CgHg-CHs. The measured concentrations ofHg-CHs, for
CsHg isomers nicely with very accurate predictions for the peak example, can be divided into three groups that probably have
locations. no statistical correlations among them. The numerical devia-

It is noted that the fulvene profile reaches its maximum at tions for the predicted maximum concentrations gH&CHs,
0.115 cm above the burner surface, about 8@015 cm CeH7-CHs, and GHs-CH3z were +34%, —36%, and-+19%,
downstream of the benzene peak. While measured profiles ofrespectively. It is noted that the predicted profiles of these
analogous series of cgB12, c-GsHig, ¢-CsHg, and bGHg suggest species, with the exception of toluene, are slightly upstream.
the importance of the cascading dehydrogenation, the relative Major fuel decomposition pathways in the cyclohexane flame
peak positions of fulvene and benzene provides other conclusiveand branching ratios of product channels for various intermedi-
evidence of the cascading dehydrogenation pathway in cyclo- ates are summarized in Figure 6.
hexane flames, since it infers the precursor characteristics of Important Soot Precursors. Only a brief discussion on
parent species of benzene with regard to those of fulvene, predictions of soot precursors is presented, and a more detailed
although about 2% of benzene formation was found to be from description will be provided in part 2. Comparisons are presented
fulvene (R66). The parent species of fulvene, the allylic with the experimental data in Figure 5 of the predicted
methylcyclopentadienyl radical (GH*-CsHy), is formed ex- concentrations of major soot precursors. Also, the numerical
clusively via isomerization from the parent species of benzene, deviation and the estimated experimental uncertainty of each
the cyclohexadienyl radical (csH7). In contrast, in flames with  species are included. The major soot precursors that were studied
other fuels, e.g., in a stoichiometmeheptane flamé® fulvene include (1) acetylene and48; species that are important in
has an earlier peak than benzene since fulvene is a benzenéhe HACA mechanism proposed by Frenklach et>@l(2)
precursor via reaction R66, and both isomers were formed from propargyl radical and propyne, combination reactions of which
combination reactions of £C4 fragments. In summary, were proposed to be the major benzene formation pathf¥ays,
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and (3) cyclopentadiene and its radical, a naphthalene precursor (10) \éoisin, D.; MaLCh(?ll' A, ReU(illon.)M.; Boettner, J.-C.; Cathonnet,
via self-combinatio:-52 Other important benzene precursors M- Combust. Sci. Techndl998 138 (1-6), 137.
. . . P . p . (11) Davis, S. G.; Law, C. KCombust. Sci. Techndl998 140 (1—6),
include (4) toluene in Figure 4, the dealkylation of which 4,7
provides a minor benzene formation route, and (5) cyclohexene (12) Ristori, A.; Dagaut, P.; El Bakali, A.; Cathonnet, Blombust. Sci.
and cyclohexadiene in Figure 3, the dehydrogenation of which Technol.2001, 165 197.
were identified to be the exclusive benzene formation route in _ (13) Braun-Unkhoff, M.; Naumann, C.; Frank, Rbstracts of Papers

. . . 227th National Meeting of the American Chemical Society, Anaheim, CA,
the cyclohexane flame studied. The predicted concentrations Ofyiarch 28-April 1, 2004; American Chemical Society: Washington, DC,
selected olefin and diene species are also compared with2004; FUEL-173. ‘
experimental data in Figure 5 because these species are closelxgé?)llBse(rlme;;, F8’-33-; Gregory, D.; Jackson, RCAmbust. Sci. Technol.
related t.o the kIngtICS of soot precu_rsor Spe.CIes.' It !S n.c.’ted that (15) Ranzi, E bente, M.; Goldaniga, A.; Bozzano, G.; Faravelli, T.
the predicted profile of cyclopentadienyl radical is significantly prog. Energy Combust. S@001, 27 (1), 99.
downstream in comparison with the experimental data. In  (16) Zhang, H. R.; Eddings, E. G.; Sarofim, A.Gombust. Sci. Technol.

contrast, the prediction for molecular cyclopentadiene is quite 2007 179, 61. _ .
(17) Klai, S. E.; Baronnet, RJ. Chim. Phys. Phys.-Chim. Bidl993

satisfactory. 90 (10), 1951.
) (18) El Bakali, A.; Braun-Unkhoff, M.; Dagaut, P.; Frank, P.; Cathonnet,
Conclusion M. Proc. Combust. Ins200Q 38, 1631.

) . (19) Granata, S.; Faravelli, T.; Ranzi, Eombust. Flame003 132
The Utah Surrogate Mechanism was extended to include a(3), 533.

detailed description of the cyclohexane decomposition. Generic  (20) Gon, S.; Law, M. E.; Westmoreland, P. R.; Cool, T. A.; Wang, J.;

rates were assigned to relevant reaction classes. The approac@g”mski?s't%Ogaggif'zgf'; Kasper, T.; ObwaldORem. Phys. Processes

was found to be adequate to reproduce experimental concentra- (1) Law, M. E.; Westmoreland, P. R.; Cool, T. A.; Wang, J.; Hansen,
tion profiles of major species and important intermediates, such N.; Kasper, T.Proc. Combust. Ins2007, 31, 565.
as major soot precursors. (22) Kee, R. J.; Rupley, F. M.; Miller, J. A.; Coltrin, M. E.; Grcar, J.

. . . - . F.; Meeks, E.; Moffat, H. K.; Lutz, A. E.; Dixon-Lewis, G.; Smooke, M.
Ring-opening pathways Vi scission compete with dehy- D.; Warnatz, J.; Evans, G. H.; Larson, R. E.; Mitchell, R. S.; Petzold, L.

drogenation routes for the conjugate cyclohexyl radical. The R ; Reynolds, W. C.; Caracotsios, M.; Stewart, W. E.; Glarborg, P.; Wang,
ring-opening channels include the formation of butadiene that C.; Adigun, O.; Houf, W. G.; Chou, C. P.; Miller, S. F.; Ho, P.; Yang, D.

involves a 14 internal hydrogen migration and the formation %.O%Qemkin Collectionrelease 4.0; Reaction Design, Inc.: San Diego, CA,

of QHZCHCHZCHZ, \{v.ithout any intramolecular isomerization. (25) Kee, R. J.; Rupley, F. M.; Miller, J. ASandia Natl. Lab. [Tech.
Besides decomposition reactions that form smaller fragments, Rep.] SAND1993 SAND-87-8215B
cascading dehydrogenation also makes an important contribution (24) Muller, C.; Michel, V.; Scacchi, G.; Goe, G. M.J. Chim. Phys.

. ) : 1995 92, 1154.
to the fuel decomposition and provides the exclusive benzene (25) Benson, S. W.: Cruickshank, F. R.; Golden, D. M.; Haugen, G.

formgtion p'athway. Interweaving reactions between analogousr : 0'Neal, H. E.; Rodgers, A. S.: Shaw, R.: Walsh,Ghem. Re. 1969
species series, such as methylcyclohexane and cyclohexane, alsg®, 279. _ _ _ _
influence the benzene formation. In contrast, combination _ (26) Kee, R.J.; Dixon-Lewis, G.; Wamnatz, J.; Coltrin, M. E.; Miller, J.

. - . . A. Sandia Natl. Lab. [Tech. Rep.] SANI®»86 SAND-86-8246
reactions of smaller £-C, species were found to be insignifi- (27) Afeefy, H. Y.; Liebman, J. F.; Stein, S. E. Neutral Thermochemical

cant toward benzene formation under current conditions studied.pata. InNIST Chemistry WebBook, NIST Standard Reference Database
Number 69 Linstrom, P. J., Mallard, W. G., Eds.; National Institute of
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