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Detailed Chemical–Kinetic Model for Aviation Fuels
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The introductionof detailedchemical reaction mechanismsfor aviationfuels into complexmultidimensional� uid
dynamics problems is not practical at the present time. Simpli� ed reaction mechanisms that have been thoroughly
evaluated must be developed to address speci� c issues arising in realistic combustor con� gurations. The latter
should be � rmly based on detailed mechanisms carefully evaluated against a wide range of experimental data.
A detailed kinetic mechanism for hydrocarbon combustion is formulated to address the gas-phase chemistry of
endothermic and conventional aviation fuels. Reaction paths are analysed for n-decane and kerosene premixed
� ames, and the ability of the mechanism to predict various premixed � ame features is assessed by comparison with
experimental species pro� les. Finally, the level of success achieved by the present kinetic model in the context of
practical problems is discussed.

Introduction

A S a step toward enablingthe detailedmodelingof thegas-phase
chemistryof aviation fuels, a detailedchemical–kinetic mech-

anism applicableto hydrocarbonshas been developedand evaluated
systematically in previous work.1 ¡ 6 The resulting mechanism ap-
pears to constitutean excellentstartingpoint for the developmentof
kinetic models for aviation fuels, as it contains basic alkane, mono-
substitutedaromatic (MSA), and polycyclicaromatic hydrocarbons
(PAH) chemistry. The next logical step is clearly to evaluate the ca-
pabilityof the model to predict the gas-phase chemistry of practical
aviation fuels. Consequently, the combustion chemistry of proto-
type endothermic (fuels which feature an additional heat sink over
conventionalhydrocarbonfuels by undergoingsensibleheating and
deliberate bulk fuel reactions supported by the energy extracted
from aerodynamicallyheated air) and conventionalaviation fuels is
addressed in this paper.

The majorityof researchefforts involvingendothermicfuels have
been directed toward the development of catalysts and heat ex-
changer/reactor systems that enable the application of the tech-
nology at reasonable temperatures and pressures in � ight-weight
hardware.7,8 The fundamental combustion behavior of these fu-
els, however, has received comparatively little study.9 Experiments
aimed at studying the combustioncharacteristicsof endothermicfu-
els havebeen limited to measurementsof � ame speedsand autoigni-
tion temperatures in simpli� ed geometries.10,11 Detailed chemical
kinetic modeling efforts have not been undertaken prior to the
present work.

The endothermic cracking of normal paraf� ns has been investi-
gated experimentallyby Sobel and Spadaccini.8 The product ef� ux
consisted primarily of low-molecular-weight alkenes and alkanes
(ethylene, propene, propane, ethane, and methane) and hydrogen.
An actual chemical endotherm of about 1100 kJ/kg was measured.
The ability of the present hierarchically constructed mechanism to
capture the combustion kinetics of the products of the endothermic
conversionprocesshas beenpreviouslyshown.1 ¡ 5 Thus, the present
extension of the mechanism to higher-orderhydrocarbonsis aimed
at producing a predictive tool applicable to the parent endothermic
fuel as well as to the products of endothermic reactions.
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Kinetic studies of kerosene aviation fuels have generally been
considered prohibitive. As a � rst approximation, Guéret et al.12

modeled kerosene oxidation via quasiglobal models for n-decane,
n-propylcyclohexane,trimethyl benzene, xylene, toluene, and ben-
zene and recognized the need for further re� nement of the aromatic
models. Dagaut et al.13 modeled kerosene combustion in jet-stirred
reactorsusingn-decaneas a referencehydrocarbonwhileneglecting
the aromatic components.Ranzi et al.14 proposed a comprehensive
reaction mechanism for higher-order hydrocarbon fuels that only
considersbenzene in a semi-empiricalmanner. Vovelle et al.15 stud-
ied reduced-pressure kerosene � ames and modeled the aromatic
componentwith a simpli� ed toluenemechanism. Discrepanciesbe-
tween computations and experimental observations were predomi-
nantly attributed to uncertainties in the aromatic model. The cited
studies recognized the need to include an aromatic submechanism,
preferably considering MSA molecules, in detailed kerosene ki-
netic modeling.However, aromaticdetailedkinetic submechanisms
evaluated over a broad range of experimental conditions have not
been previouslyavailable.The work of Lindstedt and Maurice6 and
Maurice16 on MSA and PAH oxidation has provided an aromatic
submechanism suitable for extension to the modeling of aviation
fuels.

n-Decane Combustion
Mechanistic Considerations

A potentially practical endothermic fuel such as Norpar 12®

(a blend of normal paraf� ns with average carbon number 12) would
have to be blended with lower-order hydrocarbons to meet volatil-
ity and freeze point speci� cations for aviation fuels.8 Thus, the � nal
blend will conceivably have an average carbon number closer to
C10. Consequently, it is reasonableto study the combustionkinetics
of n-decane as a prototype for endothermic fuels.

It is well established that large-molecular-weight saturated hy-
drocarbons such as n-decane are primarily consumed through py-
rolysis and H abstraction in combustion environments.17 However,
experimentally determined kinetic rate data for n-decane pyrolysis
and H abstraction reactions are virtually nonexistent.Lindstedt and
Maurice3 found that the rates for n-heptane pyrolysis proposed by
Chakir et al.18 on the basis of intermediate temperature-stirred re-
actors were problematic at � ame temperatures.A rate for n-heptane
pyrolysis � tted on the basis of experimental data has been shown to
reconcile experimental observations in both combustion regimes.3

Thus, a rate expression for the total n-decane pyrolysis rate has
been � tted to experimental data19,20 in the present work. The prod-
ucts of n-decane pyrolysis were assigned based on analogy with
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observations for n-heptane pyrolysis with branching ratios subse-
quently adjusted as a result of the evaluation procedure.

The rates of the n-decane H abstraction reactions adopted in the
present work were estimated using additivity techniques as pro-
posed by Warnatz.17 The accuracy of the latter estimates has been
postulatedto be within a factorof two by Miller et al.21 The resulting
n-decyl radicals are assumed to be consumedvia pyrolysis reactions
yielding alkene and smaller alkyl radical molecules, as suggested

Table 1 Elementary reactions for n-decane submechanism

Reactiona A n E Reference

C10H22 , 1-C7H15 + n-C3H7 7.850E +14 0.00 283.90 Fitted19,20

C10H22 , 1-C5H11 + 1-C5H11 7.850E +14 0.00 283.90 Fitted19,20

C10H22 , 1-C6H13 + p-C4H9 1.047E +15 0.00 283.90 Fitted19,20

C10H22 , 1-C10H21 + H 8.000E +14 0.00 424.00 Estimated
C10H22 , 2-C10H21 + H 8.000E +14 0.00 424.00 Estimated
C10H22 , 3-C10H21 + H 8.000E +14 0.00 424.00 Estimated
C10H22 , 4-C10H21 + H 8.000E +14 0.00 424.00 Estimated
C10H22 , 5-C10H21 + H 8.000E +14 0.00 424.00 Estimated
C10H22 + H , 1-C10H21 + H2 4.700E +04 2.00 32.20 Estimated
C10H22 + H , 2-C10H21 + H2 1.500E +04 2.00 20.92 Estimated
C10H22 + H , 3-C10H21 + H2 1.500E +04 2.00 20.92 Estimated
C10H22 + H , 4-C10H21 + H2 1.500E +04 2.00 20.92 Estimated
C10H22 + H , 5-C10H21 + H2 1.500E +04 2.00 20.92 Estimated
C10H22 + OH , 1-C10H21 + H2O 4.400E +06 0.97 6.65 Estimated
C10H22 + OH , 2-C10H21 + H2O 1.960E +04 1.61 0.00 Estimated
C10H22 + OH , 3-C10H21 + H2O 1.960E +04 1.61 0.00 Estimated
C10H22 + OH , 4-C10H21 + H2O 1.960E +04 1.61 0.00 Estimated
C10H22 + OH , 5-C10H21 + H2O 1.960E +04 1.61 0.00 Estimated
C10H22 + O , 1-C10H21 + OH 1.920E +03 2.40 6.65 Estimated
C10H22 + O , 2-C10H21 + OH 5.330E +02 2.50 20.92 Estimated
C10H22 + O , 3-C10H21 + OH 5.330E +02 2.50 20.92 Estimated
C10H22 + O , 4-C10H21 + OH 5.330E +02 2.50 20.92 Estimated
C10H22 + O , 5-C10H21 + OH 5.330E +02 2.50 20.92 Estimated
C10H22 + CH3 , 1-C10H21 + CH4 2.500E +09 0.00 48.53 Estimated
C10H22 + CH3 , 2-C10H21 + CH4 1.330E +09 0.00 39.75 Estimated
C10H22 + CH3 , 3-C10H21 + CH4 1.330E +09 0.00 39.75 Estimated
C10H22 + CH3 , 4-C10H21 + CH4 1.330E +09 0.00 39.75 Estimated
C10H22 + CH3 , 5-C10H21 + CH4 1.330E +09 0.00 39.75 Estimated
C10H22 + HO2 , 1-C10H21 + H2O2 9.330E +09 0.00 81.17 Estimated
C10H22 + HO2 , 2-C10H21 + H2O2 5.670E +09 0.00 71.13 Estimated
C10H22 + HO2 , 3-C10H21 + H2O2 5.670E +09 0.00 71.13 Estimated
C10H22 + HO2 , 4-C10H21 + H2O2 5.670E +09 0.00 71.13 Estimated
C10H22 + HO2 , 5-C10H21 + H2O2 5.670E +09 0.00 71.13 Estimated
C10H22 + O2 , 1-C10H21 + HO2 2.090E +10 0.00 218.12 Estimated
C10H22 + O2 , 2-C10H21 + HO2 3.300E +10 0.00 204.00 Estimated
C10H22 + O2 , 3-C10H21 + HO2 3.300E +10 0.00 204.00 Estimated
C10H22 + O2 , 4-C10H21 + HO2 3.300E +10 0.00 204.00 Estimated
C10H22 + O2 , 5-C10H21 + HO2 3.300E +10 0.00 204.00 Estimated
1-C10H21 , C8H17 + C2H4 2.100E +13 0.00 121.00 Estimated
2-C10H21 , 1-C7H15 + C3H6 2.100E +13 0.00 110.00 Estimated
3-C10H21 , 1-C6H13 + 1-C4H8 2.100E +13 0.00 110.00 Estimated
4-C10H21 , 1-C5H11 + 1-C5H10 2.100E +13 0.00 107.00 Estimated
4-C10H21 , C8H16 + C2H5 1.000E +13 0.00 121.00 Estimated
5-C10H21 , 1-C6H12 + p-C4H9 4.200E +13 0.00 108.00 Estimated
5-C10H21 , 1-C7H14 + n-C3H7 2.100E +13 0.00 121.00 Estimated
1-C10H21 , 4-C10H21 2.000E +11 0.00 84.00 Estimated
1-C10H21 , 5-C10H21 2.000E +11 0.00 84.00 Estimated
2-C10H21 , 4-C10H21 2.000E +11 0.00 84.00 Estimated
2-C10H21 , 5-C10H21 2.000E +11 0.00 84.00 Estimated
3-C10H21 , 4-C10H21 2.000E +11 0.00 84.00 Estimated
3-C10H21 , 5-C10H21 2.000E +11 0.00 84.00 Estimated
C8H17 , C8H16 + H 2.000E +13 0.00 158.99 23
C8H17 , 1-C7H14 + CH3 7.940E+13 0.00 138.07 24
C8H17 , 1-C6H13 + C2H4 2.510E +13 0.00 120.50 24
C8H17 , 1-C5H11 + C3H6 1.580E +13 0.00 118.41 24
C8H17 , 1-C5H10 + n-C3H7 5.010E +12 0.00 121.75 24
C8H17 , p-C4H9 + 1-C4H8 5.010E +12 0.00 121.75 24
C8H17 + O2 , C8H16 + HO2 4.000E +09 0.00 8.37 23
C8H16 , 1-C5H11 + a-C3H5 2.000E+15 0.00 297.48 24
C8H16 , p-C4H9 + C4H7 1.000E +16 0.00 342.25 24
C8H16 + O , 1-C7H15 + CHO 1.000E +08 0.00 0.00 24
C8H16 + O , 1-C6H13 + C2H3O 1.000E +08 0.00 0.00 24
C8H16 + OH , 1-C7H15 + CH2O 1.000E +08 0.00 0.00 24
C8H16 + OH , 1-C6H13 + C2H4O 1.000E +08 0.00 0.00 24
aReaction rates are expressed in the form: k = ATn exp( ¡ Ea /RT ) where A is the frequency factor,
(kmol/m3 )1 ¡ m /s, in which m is the order of the reaction; n is the temperature dependence exponent; Ea is
the activation energy, kJ/kmole; R is the ideal gas constant, 8.314 kJ/K/kmole; and T is temperature, K.

by Warnatz.22 Isomerization reactions for the n-decyl radicals are
also considered, and rates for the latter are estimated based on anal-
ogy with n-heptane. Overall, the extension of the mechanism to
consider n-decane combustion is accomplished by the addition of
64 elementary reactionsand 8 species.The � nal comprehensivede-
tailed reactionmechanismthus comprises193 chemical speciesand
1085 elementary reactions.The rate constants for the n-decane sub-
mechanism are shown in Table 1 (see Refs. 19, 20, 23, and 24). The
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rate constants for the remaining elementary reactions and pertinent
thermodynamic and transport data are as reported elsewhere.3,6,16

The developmentof the mechanism has placed particular emphasis
on the chemical complexities of � ames at temperatures >1000 K at
atmospheric pressures.

Comparison with Experiments

It is generally recognizedthat premixed laminar � ames constitute
an attractive medium in which to study combustion chemistry.21,22

Such � ames retain important transport features, which are not dis-
cernible in spatially homogeneous reactors. Thus, the n-decane
combustion submechanism has been evaluated by comparison to
experimental pro� les for major, stable intermediate and radical
species in two rich, n-decane laminar premixed � ames stabilized
on � at � ame burners. Computational procedures are as previously
reported.4,16 Laminar premixed � ames are computedusinga numer-
ical code developedby Jones and Lindstedt.25,26 Freely propagating
� ames are assumed to be bounded by two propagatingpoints at the
unburned and burned boundaries. The species concentrations and
enthalpy of the mixture are speci� ed at the unburnedboundary, and
the species and enthalpy gradients at the burned boundary are set
equal to zero. Subsequently,the solution is allowed to march in time
until the reactionintegralsfor all speciesare equal.The experimental
temperaturepro� les and mass � ow rates are imposed on the compu-
tations of burner stabilized � ames, and only the species concentra-
tions are determined. The latter approach lessens uncertainties due
to burner heat losses. Douté et al.27 measured the structure of a rich
( u = 1.7), atmospheric pressure, 3.2% n-decane/28.6% O2/68.2%
N2 � ame. Temperature pro� les were measured using Pt–Pt 10%
Rh thermocouples, and the accuracy of the location of the probe
tip was estimated at 0.05 mm. Reported uncertainties in temper-
ature measurements were within §100 K. Gas samples were ob-
tained throughquartz microprobesand analyzedvia gas chromatog-
raphy. Delfau et al.28 measured the structure of a sooting (u =1.9),
0.06-bar, 5.1% n-decane/41.2% O2/53.7% Ar � ame. Temperature
pro� les were measured also using Pt–Pt 10% Rh thermocouples.

Fig. 1 Sensitivities of n-decane decay to uncertainties in the temperature pro� le and the fuel consumption rates in a rich, atmospheric-pressure
n-decane/O2/N2 laminar premixed � ame; symbols indicate experimental data,27 and lines indicate computations.

Fig. 2 Sensitivities of CO and CO2 concentrations to uncertainties in the temperature pro� le and the fuel consumption rates in a rich, atmospheric-
pressure n-decane/O2 /N2 laminar premixed � ame; symbols indicate experimental data,27 and lines indicate computations.

Gas samples were obtained through quartz cones and analysed via
molecular beam mass spectroscopy.Concentration pro� les for sta-
ble and radical species were reported. The temperature pro� les for
the � ame of Delfau et al.28 are subject to large uncertainties,and the
data sets must be viewed with correspondingcaution.

Comparisons between experimental and computed n-decane de-
cay pro� les for the atmospheric pressure � ame of Douté et al.27 are
shown in Fig. 1. The sensitivity of the computed pro� les to 1) the
reportedexperimentaluncertainties in the temperaturepro� le27 and
2) uncertainty factors of x / 5 for total n-decane fuel consumption
rates also are shown. The model captures the fuel decay pro� le ac-
curately and correctly predicts the disappearanceof the fuel within
1 mm. The disappearanceof oxygen within 2 mm is also predicted
accurately. The fuel decay pro� le is observed to be more sensitive
to decreases in the fuel consumption rates than to similar increases.
Furthermore, sensitivity responses to the uncertainties in the fuel
decay rates are less signi� cant than observedfor uncertaintiesin the
measured temperature pro� le.

The computedgrowthpro� les formajor speciesexhibitspatial lo-
cation sensitivities to uncertainties in the experimental temperature
pro� le, but are unaffected by the uncertainties in fuel consump-
tion rates. Predictions of CO and CO2 are in excellent agreement
with experimental observations for the atmospheric pressure � ame
of Douté et al.27 (Fig. 2), but underpredictedby about 15% for the
0.06-bar � ame of Delfau et al.28 (Fig. 3). The experimentally ob-
served CO/CO2 ratios are predictedwell for both � ames. Molecular
hydrogen concentrationsare predictedwell in the primary zone, but
underpredicted by about 30% in the post� ame zone for the atmo-
spheric pressure � ame. Computed H2 concentrations are in good
agreement with experimental values for the 0.06-bar � ame (Fig. 3).
Predictions of water concentrationsare reasonable and in excellent
agreement in the post� ame zone for both � ames.

Comparisons between experimental and computed H atom and
OH radicalpro� les for the 0.06-bar� ame ofDelfauet al.28 are shown
in Fig. 4. The experimental pro� les exhibit some peculiar charac-
teristics. No notable growth of H atoms is observed in a location
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Fig. 3 CO, CO2 , H2 , and H2O concentrations in a rich, 0.06-bar n-decane/O2/Ar laminar premixed � ame, symbols indicate experimental data,28

and lines indicate computations.

Fig. 4 H and OH concentrations in a rich, 0.06-barn-decane/O2 /Ar laminarpremixed � ame; symbols indicate experimental data,28 and lines indicate
computations.

Fig. 5 Sensitivities of C2H4 concentrations to uncertainties in the temperature pro� le and the fuel consumptionrates in a rich, atmospheric-pressure
n-decane/O2/N2 laminar premixed � ame; symbols indicate experimental data,27 and lines indicate computations.

in the primary zone where OH radical concentrations are clearly
increasing.Clearly, such behavior is unusual given the higher diffu-
sivity of the H atom. In addition, the OH radical pro� le features an
unusual bimodal character. The peak concentrationof the H atom is
underpredictedby about 70%. The disagreementin the H atom con-
centrations is attributable to uncertainties in the temperature pro� le
and the species measurements, as well as to mechanistic uncertain-
ties. Increasing the imposed temperature pro� le by +100 K (within
the experimental uncertainty) leads to overprediction of H atom
concentrations.Predictionsof OH radical concentrationsin laminar
premixed � ames do not exhibit a strong dependence to the experi-
mental temperaturepro� les, and, the peakconcentrationis predicted
well.

The primary intermediatesobserved in n-decane � ames are ethy-
lene, acetylene, methane, propene, and ethane in decreasing order
of concentration.The spatialpro� le and maximum concentrationof

ethylene (Fig. 5) in the atmospheric-pressure� ame of Douté et al.27

is captured well. The concentration pro� les of acetylene, methane,
and ethane for the atmospheric-pressure� ame of Douté et al.27 are
predicted reasonablywell. The magnitude and location of the max-
imum concentration of acetylene (Fig. 6) are captured within the
experimental uncertainties of the temperature pro� les. The com-
puted decay of acetylene in the post� ame zone is somewhat slower
than is observed experimentally.

Comparisons between measurements and computations for al-
lene and propyne in the � ame of Douté et al.27 are shown in Figs. 7
and 8. Peak concentrations of allene are underpredicted by about
40%, whereas propyne peak concentrationsare predicted well. Al-
lene is producedprimarily via the decompositionof the allyl radical,
and the latter is consumedprincipallythroughmolecular oxygenat-
tack reactions.29 The reaction rates and product branchingratios for
reactions between unsaturated radicals and molecular oxygen are
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Fig. 6 Sensitivities of C2H2 concentrations to uncertainties in the temperature pro� le and the fuel consumption rates in a rich, atmospheric-
pressure n-decane/O2 /N2 laminar premixed � ame; symbols indicate experimental data,27 and lines indicate computations.

Fig. 7 Sensitivities of allene concentrations to uncertainties in the temperature pro� le and the fuel consumption rates in a rich, atmospheric-
pressure n-decane/O2 /N2 laminar premixed � ame; symbols indicate experimental data,27 and lines indicate computations.

Fig. 8 Sensitivities of propyne concentrations to uncertainties in the temperature pro� le and the fuel consumption rates in a rich, atmospheric-
pressure n-decane/O2 /N2 laminar premixed � ame; symbols indicate experimental data,27 and lines indicate computations.

Fig. 9 C4H4 and C4H5 concentrations in a rich, 0.06-bar n-decane/O2 /Ar laminar premixed � ame; symbols indicate experimental data,28 and lines
indicate computations.
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problematic, and the allyl radical is no exception. The rate of de-
cay of allene in the post� ame region is correctly modeled, whereas
that of propyne is reasonably predicted within reported experimen-
tal uncertainties.The concentrationpro� le for vinyl acetylenein the
0.06-bar� ame (Fig. 9) is predictedreasonablywell. Finally, thepeak
concentrationof the butadienylradicals,experimentallyobservedto
be less than 25 ppm, is predicted within a factor of two. The sat-
isfactory predictionsof acetylene, propyne, allene, vinyl acetylene,
and the butadienyl radicals concentrations are encouraging in the
context of the study of benzene formation paths outlined next.

Benzene Formation

The accurate prediction of aromatic destruction/ring formation
in practical aliphatic aviation fuels is clearly a topic of inter-
est in soot and pollutant formation studies. The benzene forma-
tion steps from noncyclic hydrocarbons considered here are as re-
ported previously.5,16,29 The primary benzene formation channels
for n-decane premixed � ames are shown in Fig. 10. Benzene is
predominantly (60%) formed via propargyl radical recombination
through linear C6H6 species and fulvene.2,5 Acetylene addition to
the (1, 3)-butadienylradicaland vinyl radicaladdition to vinylacety-
lene each contributes about 15% of the total.

Comparisons between measured and computed benzene pro� les
are shown in Figs. 11 and 12. Clearly, both the shape and peak
concentrationof the benzene pro� le in the primary zone of the low-
pressure� ame are very well predicted.By contrast, the predictionof
the peak benzene concentration in the atmospheric pressure � ame
exhibits an error around 50%, and a spatial offset is noted. The rate
of benzene decay in the post� ame zone is clearly underpredicted
for both � ames. The propargyl radical recombination reactions are
stronglypartiallyequilibrated,and consequently,the locationof the
peak concentrationof benzeneand the rate of decay in the post� ame
zone display a strong sensitivity to the temperature pro� le. Increas-
ing the temperature pro� le imposed on the computations by 100 K
leads to acceptable predictions of benzene decay in the post� ame

Fig. 10 Benzene formation channels in rich, atmospheric-pressure
n-decane/O2/N2 laminar premixed � ames.

Fig. 11 Sensitivitiesofbenzene concentrations to uncertainties in the temperature pro� leand the fuel consumptionrates in rich, atmospheric-pressure
n-decane/O2/N2 laminar premixed � ames; symbols indicate experimental data,27 and lines indicate computations.

zoneas is evidentin Figs.11and 12.The peakbenzeneconcentration
also is observed to be sensitive to decreases in the fuel consumption
rates, but remains essentially unaffected by similar increases. Not
surprisingly, the post� ame zone is unaffected by the uncertainties
in the fuel consumption rates.

Kerosene Combustion: Mechanistic Considerations
The species concentrationpro� les measured by Douté et al.27 for

a laminar premixed kerosene (jet A) � ame are the most compre-
hensive data sets for kerosene oxidation reported to date. The com-
plexitiesassociatedwith the chemicalcompositionof kerosene-type
fuels is well recognized,16 and a detailed computational considera-
tion of all of the fuel components of kerosene would be prohibitive.
Douté et al.27 report a broad chemical analysisof 79-mol% alkanes,
10-mol% cycloalkanes,and 11-mol% aromatics for the fuel utilized
in their experimentalinvestigationof kerosene � ames. Furthermore,
the chemical structures of n-decane and kerosene � ames have been
observedexperimentallyto exhibitmarkedsimilarities.27 The chem-
ical composition of kerosene, thus, is modeled in the present work
by a surrogate blend comprising 89-mol% n-decane and 11-mol%
aromatic fuel. The aromaticcomponentis representedcomputation-
allyby 1) benzene,2) toluene,3) ethylbenzene,and 4)ethylbenzene/
naphthaleneto investigatedifferencesbetweenvariousaromaticsur-
rogates.

The reactionpaths for n-decaneare unaffectedby the presenceof
the aromatic component, as generally observed for the interactive
chemistry of individual species in fuel blends.6,16 For the ethylben-
zene aromatic constituent, the primary consumption (70%) paths
are through C–C and C–H bond scission reactions. Hydrogen atom
abstraction and addition reactions are observed to be secondary.
The destruction of ethylbenzeneultimately passes through the ben-
zene submechanism,and the consumptionpaths for benzeneand the
phenyl radical are entirely in agreement with previous observations
in premixed systems.1,6,16 Benzene growth through the recombina-
tion of C2 , C3 , and C4 molecules accounts for only 5% of the total.

Fig. 12 Benzene concentrations in a rich, 0.06-bar n-decane laminar
premixed � ame; symbols indicate experimental data,28 and lines indi-
cate computations.
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Comparison with Experiments
The kerosene kinetic model has been evaluated at the experi-

mental conditions of Douté et al.,27 who measured the structure
of a rich ( u = 1.7), atmospheric-pressure, 2.95% kerosene/28.65%
O2/68.4% N2 burner-stabilized laminar premixed � ame. Tempera-
ture pro� les and species concentrationmeasurementswere obtained
using proceduresas summarized earlier. Douté et al.27 reported that
the peak temperature measured for the kerosene � ame was about
50oC higher than that observed for the n-decane � ame. This is not
surprisingin viewof thearomaticcomponentsof thekerosene� ame.

Major species pro� les for the atmosphericpressuren-decane and
kerosene � ames are nearly identical,27 and comparisons between
experimental and computed pro� les are generally good. For exam-
ple, CO and CO2 concentrations are very well predicted (Fig. 13).
The spatial pro� les and lower peak concentrations of ethylene ob-
served in the kerosene � ame (Fig. 14) are captured remarkably

Fig. 13 CO and CO2 concentrations in rich, atmospheric-pressure n-decane/O2/N2 and kerosene/O2/N2 laminar premixed � ames; symbols indicate
experimental data,27 and lines indicate computations.

Fig. 14 C2H4 concentrations in rich, atmospheric-pressure n-decane/O2 /N2 and kerosene/O2 /N2 laminar premixed � ames; symbols indicate exper-
imental data,27 and lines indicate computations.

Fig. 15 Benzene concentrations in rich, atmospheric-pressure kerosene/O2/N2 laminar premixed � ames; symbols indicate experimental data,27 and
lines indicate computations.

well. The predicted concentration pro� les for major species and
ethylene are observed to be independent of the choice of aromatic
component.

The fate of the aromatic constituents is of particular interest in
the context of soot growth and pollutant emissions. Benzene con-
centrations measured in kerosene � ames exceed those in n-decane
� ames by about an order of magnitude.27 Comparison between ex-
perimental and computationalbenzeneconcentrationpro� les in the
kerosene� ame of Douté et al.27 are shown in Fig. 15. Benzene is ob-
viouslya poor choice for the aromatic componentof kerosenein the
primary reaction zone. The order of magnitude increase in benzene
concentrations, as well as the characteristic concentration pro� le,
is reproducedwell by the toluene, ethylbenzene,and ethylbenzene/
naphthalene surrogates. The benzene concentrationpro� le is again
observedto be very sensitive to the uncertaintiesin the experimental
temperature pro� le (Fig. 15).
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Fig. 16 Computed H, O, and OH concentrations in rich, atmospheric-pressure n-decane/O2/N2 and kerosene/O2/N2 laminar premixed � ames.

Fig. 17 Computed H and OH concentrations in stable and near extinction atmospheric-pressure n-heptane/air laminar diffusion � ames; a denotes
rate of strain.

Capabilities and Limitations of Kinetic
Models for Aviation Fuels

The ability to accurately predict the composition of the exhaust
of jet engines and the design of stable high-speed propulsion sys-
tems are the driving forces behind this effort. However, detailed
reaction mechanisms comprising around 200 species and 1100 ele-
mentary reactions are presently too complex for direct application
to multidimensional � uid dynamics problems. Simpli� ed reaction
mechanisms must be developed. However, simpli� ed mechanisms
are only as reliable as the detailed mechanism on which they are
based.

The present detailed kinetic mechanism16 appears capable of
modeling the growth and destruction chemistry of benzene in
kerosene � ames and the growth chemistry of benzene in n-decane
� ames. Underpredictions of the benzene decay in the post� ame
zone of the present n-decane � ames are shown to a large extent to
be caused by uncertainties in the experimental temperature pro� le.
The growth and destructionchemistry of benzene in � ames of fuels
comprising aromatic constituents are well reproduced. Moreover,
the growth and destruction of MSA species in a variety of fuels
are generally well predicted.16 Thus, the present detailed mecha-
nism appears a sound fundamental model on which to base sim-
pli� ed tools for predicting soot growth and pollutant formation in
gas-turbineengines.Nevertheless,further re� nement of the detailed
mechanism may well be necessary as additional experimental data,
including PAH measurements and free radical pro� les for practical
aviation fuels, becomes available. Moreover, the mechanism focus
on high-temperature chemistry, the mechanism should also be fur-
ther re� ned and evaluatedto addresspracticalaviation fuels ignition
issues.Suchanundertakingis hinderedby lackof experimentaldata.

The detailed kinetic mechanism also appears capable of predict-
ing the basic structureof keroseneand n-decane � ames. Predictions
of radicals in the 0.06-bar n-decane � ame of Delfau et al.28 were
adequate. However, experimentalmeasurements for direct compar-
ison to predicted H and O atoms and OH radical concentrations in
kerosene� amesarenot available,andmore detailedpredictivecapa-

bilities are not implied by the presentwork. Consequently,a discus-
sion of similaritiesand differencesobserved in the computed radical
pools of n-decaneand kerosene � ames is interesting.The computed
pro� les for H and O atoms and the OH radical in n-decane and
kerosene � ames at the experimental conditionsof Douté et al.27 are
shown in Fig. 16. The characteristicpro� les of the key radicals are
very similar, but the higher temperatures observed in the kerosene
� ame result in a higher radical pool. The relative importance of
the differences noted is best viewed in terms of � ame extinction
considerations. The H atom and OH radical concentrations in sta-
ble and near extinction atmosphericn-heptane/air laminar diffusion
� ames3 are shown in Fig. 17. Dissimilarities are less pronounced
than those resulting from the temperature differences in n-decane
and kerosene� ames. Therefore,an understandingof the uncertainty
bands inevitably associatedwith any kinetic mechanismis a prereq-
uisitewhen using simpli� ed kineticmodels to predict � ame stability
in high-speedpropulsionsystems.Further evaluationof the detailed
mechanismagainstmeasuredkey radicals in kerosene� ames is nec-
essary, as such data become available.

Conclusions
A detailed chemical–kinetic reaction mechanism has been ex-

tended to consider the gas- phase chemistry of model practical avi-
ation fuels. The structures of n-decane and kerosene laminar pre-
mixed � ames have been studied in detail, and the most remarkable
differenceobserved was an order of magnitude increase in benzene
concentrations in the kerosene � ame. It has been shown that the
structure of premixed kerosene � ames can be predicted accurately
using n-decane/alkyl-substituted aromatic surrogate blends. Nev-
ertheless, re� nement of the surrogate model to account for other
kerosene constituents will be necessary to predict additional minor
species.

Collectively, comparisons between experiments and computa-
tions for 25 major, stable intermediate and radical species are re-
ported. Major species are generally predicted within 15%, with
the worst disagreement being about 50% for one case: hydrogen
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concentrationsin thepost� ame of theatmosphericpressurekerosene
� ame of Douté et al.27 Predictions for intermediate and radical
species are remarkably accurate and within established experimen-
tal andmechanisticuncertainties.Agreementbetweencomputations
and experiments for the rate of benzene growth in n-decane � ames
is reasonable given experimental uncertainties in the temperature
pro� les. Good agreement between computations and experiments
was obtained for benzeneconcentrationsin a kerosene � ame, where
benzene formation occurs primarily through the decomposition of
the aromatic constituents. It is proposed that the present detailed
kinetic mechanismfor aviation fuels is a sound basis for future sim-
pli� cationsaimed to addresspracticalproblemssuch as sootgrowth,
pollutant formation, and � ame stability in practical combustors.
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27Douté, C., Delfau, J. L., Akrich, R., and Vovelle, C., “Chemical Struc-
ture of Atmospheric Pressure Premixed n-Decane and Kerosene Flames,”
Combustion Science Technology, Vol. 106, Nos. 4, 6, 1995, p. 327.

28Delfau, J. L., Bouhria, M., Reuillon, M., Sanogo, O., Akrich, R., and
Vovelle, C., “Experimental and Computational Investigation of the Struc-
ture of a SootingDecane-O2-Ar Flame,” Twenty Third Symposium (Interna-
tional) on Combustion, Combustion Inst., Pittsburgh, PA, 1990, p. 1567.

29Skevis, G., “Soot Precursor Chemistry in Laminar Premixed Flames,”
Ph.D. Thesis, Imperical College, Mechanical Engineering Dept., Univ. of
London, London, England, UK, Dec. 1996.


