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Detailed Chemical-Kinetic Model for Aviation Fuels
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The introduction of detailed chemical reaction mechanismsfor aviation fuels into complex multidimensional fluid
dynamics problems is not practical at the present time. Simplified reaction mechanisms that have been thoroughly
evaluated must be developed to address specific issues arising in realistic combustor configurations. The latter
should be firmly 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
flames, and the ability of the mechanism to predict various premixed flame features is assessed by comparison with
experimental species profiles. Finally, the level of success achieved by the present kinetic model in the context of

practical problems is discussed.

Introduction

S astep toward enablingthe detailed modeling of the gas-phase

chemistry of aviation fuels, a detailed chemical-kinetic mech-
anism applicableto hydrocarbonshas been developed and evaluated
systematically in previous work.!=® The resulting mechanism ap-
pearsto constitute an excellentstarting point for the developmentof
kinetic models for aviation fuels, as it contains basic alkane, mono-
substituted aromatic (MSA), and polycyclicaromatic hydrocarbons
(PAH) chemistry. The next logical step is clearly to evaluate the ca-
pability of 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 undergoing sensible heating and
deliberate bulk fuel reactions supported by the energy extracted
from aerodynamically heated air) and conventional aviation fuels is
addressed in this paper.

The majority of researcheffortsinvolvingendothermicfuels 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 flight-weight
hardware.-® The fundamental combustion behavior of these fu-
els, however, has received comparatively little study.” Experiments
aimed at studying the combustion characteristicsof endothermic fu-
els have been limited to measurementsof flame speeds and autoigni-
tion temperatures in simplified geometries.!>!! Detailed chemical
kinetic modeling efforts have not been undertaken prior to the
present work.

The endothermic cracking of normal paraffins has been investi-
gated experimentally by Sobel and Spadaccini.® The product efflux
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
conversion process has been previously shown.! ™ 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 first approximation, Guéret et al.'?
modeled kerosene oxidation via quasiglobal models for n-decane,
n-propylcyclohexane,trimethyl benzene, xylene, toluene, and ben-
zene and recognized the need for further refinement of the aromatic
models. Dagaut et al.!*> modeled kerosene combustion in jet-stirred
reactorsusingn-decaneas areferencehydrocarbonwhile neglecting
the aromatic components. Ranzi et al.'* proposed a comprehensive
reaction mechanism for higher-order hydrocarbon fuels that only
considersbenzene in a semi-empiricalmanner. Vovelle et al.' stud-
ied reduced-pressure kerosene flames and modeled the aromatic
componentwith a simplified toluene mechanism. 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, aromatic detailed kinetic submechanisms
evaluated over a broad range of experimental conditions have not
been previously available. The work of Lindstedtand Maurice® and
Maurice'® 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 paraffins with average carbon number 12) would
have to be blended with lower-order hydrocarbons to meet volatil-
ity and freeze point specifications for aviation fuels.® Thus, the final
blend will conceivably have an average carbon number closer to
C,o. 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.'” However,
experimentally determined kinetic rate data for n-decane pyrolysis
and H abstractionreactions are virtually nonexistent. Lindstedt and
Maurice® found that the rates for n-heptane pyrolysis proposed by
Chakir et al.'® on the basis of intermediate temperature-stirred re-
actors were problematic at flame temperatures. A rate for n-heptane
pyrolysis fitted on the basis of experimental data has been shown to
reconcile experimental observations in both combustion regimes.?
Thus, a rate expression for the total n-decane pyrolysis rate has
been fitted to experimental data'®?° 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.!” The accuracy of the latter estimates has been
postulatedto be within a factor of two by Miller et al.2! The resulting
n-decylradicals are assumed to be consumed via pyrolysisreactions
yielding alkene and smaller alkyl radical molecules, as suggested

by Warnatz.?? 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 reactions and 8 species. The final comprehensive de-
tailed reaction mechanism thus comprises 193 chemical species and
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

Table1 Elementary reactions for n-decane submechanism

Reaction® A n E Reference
CioHa < 1-C;H;5 + n-C3Hy 7.850E+14 0.00 283.90 Fitted!%-20
CioHa < 1-CsH;; +1-CsHy, 7.850E+14 0.00 283.90 Fitted!®-20
CioHn < 1-C¢H;3 + p-C4Ho 1.047E+15 0.00 283.90 Fitted'?-20
CioHn < 1-CoHy; + H 8.000E+14 0.00 424.00 Estimated
CioHn < 2-CyoHy; + H 8.000E+14 0.00 424.00 Estimated
CioHn © 3-CioHy; + H 8.000E+14 0.00 424.00 Estimated
CioHn < 4-CyoHy; + H 8.000E+14 0.00 424.00 Estimated
CioHn < 5-CioHy; + H 8.000E+14 0.00 424.00 Estimated
CoHp +H & 1-CioHy + Hy 4.700E +04 2.00 32.20 Estimated
CoHp +H & 2-CioHy + Hy 1.500E +04 2.00 20.92 Estimated
CoHp + H & 3-CioHy + Hy 1.500E +04 2.00 20.92 Estimated
CoHp + H o 4-CioHy + Hy 1.500E +04 2.00 20.92 Estimated
CoHp +H & 5-CioHy + Hy 1.500E +04 2.00 20.92 Estimated
CioHzp + OH < 1-CioHy; + H,O 4.400E+06 0.97 6.65 Estimated
CioHyp + OH < 2-CioHy; + H,O 1.960E +04 1.61 0.00 Estimated
CioHzp + OH < 3-CioHy; + H,O 1.960E +04 1.61 0.00 Estimated
CioHyp + OH & 4-CioHy; + H,O 1.960E +04 1.61 0.00 Estimated
CioHzp + OH & 5-CioHy; + H,O 1.960E +04 1.61 0.00 Estimated
CioHp + O & 1-CioHy; + OH 1.920E+03 2.40 6.65 Estimated
CioHp + O & 2-CioHy; + OH 5.330E+02 2.50 20.92 Estimated
CioHp + O & 3-CioHy; + OH 5.330E+02 2.50 20.92 Estimated
CioHp + O & 4-CiyHy; + OH 5.330E+02 2.50 20.92 Estimated
CioHp + O & 5-CioHy; + OH 5.330E+02 2.50 20.92 Estimated
CioHz + CH; < 1-CioHy; + CHy 2.500E +09 0.00 48.53 Estimated
CioHz + CH; < 2-CioHy; + CHy 1.330E +09 0.00 39.75 Estimated
CioH» + CH3 & 3-CjoHy; + CHy 1.330E +09 0.00 39.75 Estimated
CioHz + CH; < 4-C1oHy; + CHy 1.330E +09 0.00 39.75 Estimated
CioH» + CH3 & 5-CjoHy; + CHy 1.330E +09 0.00 39.75 Estimated
CioHzp + HOp & 1-CioHy; + H,05 9.330E+09 0.00 81.17 Estimated
CioHz + HOp & 2-CioHy; + H,05 5.670E+09 0.00 71.13 Estimated
CioHx, + HO; & 3-CjgHy; + H,0, 5.670E+09 0.00 71.13 Estimated
CioHz + HOp & 4-CioHy; + H,05 5.670E+09 0.00 71.13 Estimated
CioHx, + HO; & 5-CjgHy; + H,0, 5.670E+09 0.00 71.13 Estimated
CioHyp + 0 < 1-CioHy; + HO, 2.090E+10 0.00 218.12 Estimated
CioHyp + 0 < 2-CioHp; + HO, 3.300E+10 0.00 204.00 Estimated
CioHy, + Oy ¢ 3-CiyHy; + HO, 3.300E+10 0.00 204.00 Estimated
CioHyp + 0 < 4-CioHp; + HO, 3.300E+10 0.00 204.00 Estimated
CioHy, + O ¢ 5-CiyHy; + HO, 3.300E+10 0.00 204.00 Estimated
1-CoHy; < CgH;7 + CHy 2.100E+13 0.00 121.00 Estimated
2-C1oHy, < 1-C7H;5 + C3Hg 2.100E+13 0.00 110.00 Estimated
3-CioHy, < 1-C¢H;3 + 1-C4Hg 2.100E+13 0.00 110.00 Estimated
4-CioHay < 1-CsH;; + 1-CsHjo 2.100E+13 0.00 107.00 Estimated
4-CioHay < CgHj6 + C,Hs 1.000E+13 0.00 121.00 Estimated
5-CioHy, < 1-C¢Hpp + p-C4Ho 4.200E+13 0.00 108.00 Estimated
5-CioHy, < 1-C7H;4 + n-C3Hy 2.100E+13 0.00 121.00 Estimated
1-CoHy, < 4-CoHy, 2.000E+11 0.00 84.00 Estimated
1-CoHy, < 5-CjoHy, 2.000E+11 0.00 84.00 Estimated
2-C1oHy, < 4-CoHay, 2.000E+11 0.00 84.00 Estimated
2-C1oHy, < 5-CjoHy, 2.000E+11 0.00 84.00 Estimated
3-CioHy, < 4-CoHay, 2.000E+11 0.00 84.00 Estimated
3-CioHy, < 5-CjoHy, 2.000E+11 0.00 84.00 Estimated
CgHy; = CgHig + H 2.000E+13 0.00 158.99 23

CgHy; < 1-C7H;4 + CH;j 7.940E+13 0.00 138.07 24

CgHy; < 1-C¢H;3 + C,H,4 2.510E+13 0.00 120.50 24

CgHy; < 1-CsH;; + C3Hg 1.580E+13 0.00 118.41 24

CgHy; < 1-CsHyp + n-C3Hy 5.010E+12 0.00 121.75 24

CgHy; < p-C4Hg + 1-C4Hg 5.010E+12 0.00 121.75 24

CsHy;7 + O, & CgHyg + HO, 4.000E +09 0.00 8.37 23

CsHjs < 1-CsH;; + a-C3Hs 2.000E+15 0.00 297.48 24

CsHj & p-C4Hy + C4H; 1.000E+16 0.00 342.25 24

CsHig + O & 1-C;H;s + CHO 1.000E +08 0.00 0.00 24

CsHig + O & 1-C¢Hjz + CrH30 1.000E +08 0.00 0.00 24

CsHjg + OH < 1-C;H;5s + CH,O 1.000E +08 0.00 0.00 24

CsHjg + OH < 1-C¢Hj3 + C,H4O 1.000E +08 0.00 0.00 24

“Reaction rates are expressed in the form: k =AT"exp(—E,/RT) where A is the frequency factor,
(kmol/m3)l ~™/s, in which m is the order of the reaction; n is the temperature dependence exponent; E, is
the activation energy, kJ/kmole; R is the ideal gas constant, 8.314 kJ/K/kmole; and T is temperature, K.
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rate constants for the remaining elementary reactions and pertinent
thermodynamic and transport data are as reported elsewhere >-6-16
The development of the mechanism has placed particular emphasis
on the chemical complexities of flames at temperatures >1000 K at

atmospheric pressures.

Comparison with Experiments

Itis generally recognized that premixed laminar flames constitute
an attractive medium in which to study combustion chemistry2!-2?
Such flames 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 profiles for major, stable intermediate and radical
species in two rich, n-decane laminar premixed flames stabilized
on flat flame burners. Computational procedures are as previously
reported *!® Laminar premixed flames are computed using a numer-
ical code developed by Jones and Lindstedt>>?® Freely propagating
flames are assumed to be bounded by two propagating points at the
unburned and burned boundaries. The species concentrations and
enthalpy of the mixture are specified at the unburned boundary, and
the species and enthalpy gradients at the burned boundary are set
equalto zero. Subsequently, the solutionis allowed to march in time
until the reactionintegralsfor all speciesare equal. The experimental
temperature profiles and mass flow rates are imposed on the compu-
tations of burner stabilized flames, and only the species concentra-
tions are determined. The latter approach lessens uncertainties due
to burner heat losses. Douté et al.”’ measured the structure of a rich
(¢ =1.7), atmospheric pressure, 3.2% n-decane/28.6% 0,/68.2%
N, flame. Temperature profiles 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 through quartz microprobesand analyzed via gas chromatog-
raphy. Delfau et al.?® measured the structure of a sooting (¢ =1.9),
0.06-bar, 5.1% n-decane/41.2% 0,/53.7% Ar flame. Temperature
profiles were measured also using Pt-Pt 10% Rh thermocouples.
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Gas samples were obtained through quartz cones and analysed via
molecular beam mass spectroscopy. Concentration profiles for sta-
ble and radical species were reported. The temperature profiles for
the flame of Delfau et al.2® are subject to large uncertainties,and the
data sets must be viewed with corresponding caution.

Comparisons between experimental and computed n-decane de-
cay profiles for the atmospheric pressure flame of Douté et al.?’ are
shown in Fig. 1. The sensitivity of the computed profiles to 1) the
reported experimental uncertaintiesin the temperature profile?” and
2) uncertainty factors of x/5 for total n-decane fuel consumption
rates also are shown. The model captures the fuel decay profile ac-
curately and correctly predicts the disappearance of the fuel within
1 mm. The disappearance of oxygen within 2 mm is also predicted
accurately. The fuel decay profile is observed to be more sensitive
to decreasesin the fuel consumptionrates than to similar increases.
Furthermore, sensitivity responses to the uncertainties in the fuel
decay rates are less significant than observed for uncertaintiesin the
measured temperature profile.

The computed growth profiles for major species exhibitspatial lo-
cation sensitivities to uncertaintiesin the experimental temperature
profile, but are unaffected by the uncertainties in fuel consump-
tion rates. Predictions of CO and CO, are in excellent agreement
with experimental observations for the atmospheric pressure flame
of Douté et al.?’ (Fig. 2), but underpredicted by about 15% for the
0.06-bar flame of Delfau et al.?® (Fig. 3). The experimentally ob-
served CO/CO, ratios are predicted well for both flames. Molecular
hydrogen concentrationsare predicted well in the primary zone, but
underpredicted by about 30% in the postflame zone for the atmo-
spheric pressure flame. Computed H, concentrations are in good
agreement with experimental values for the 0.06-bar flame (Fig. 3).
Predictions of water concentrations are reasonable and in excellent
agreement in the postflame zone for both flames.

Comparisons between experimental and computed H atom and
OH radicalprofiles for the 0.06-barflame of Delfau et al.?8 are shown
in Fig. 4. The experimental profiles exhibit some peculiar charac-
teristics. No notable growth of H atoms is observed in a location
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Fig. 1 Sensitivities of n-decane decay to uncertainties in the temperature profile and the fuel consumption rates in a rich, atmospheric-pressure
n-decane/O,/N, laminar premixed flame; symbols indicate experimental data,*’ and lines indicate computations.
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Fig. 2 Sensitivities of CO and CO; concentrations to uncertainties in the temperature profile and the fuel consumption rates in a rich, atmospheric-
pressure n-decane/Q,/N, laminar premixed flame; symbols indicate experimental data,?’ and lines indicate computations.
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Fig. 3 CO, CO;, H,, and H,O concentrations in a rich, 0.06-bar rn-decane/O,/Ar laminar premixed flame, symbols indicate experimental data?$
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Fig. 4 Hand OH concentrationsin a rich, 0.06-bar n-decane/O,/Ar laminar premixed flame; symbolsindicate experimental data,2® and lines indicate

computations.
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Fig. 5 Sensitivities of C; H4 concentrations to uncertainties in the temperature profile and the fuel consumption rates in a rich, atmospheric-pressure
n-decane/O,/N, laminar premixed flame; symbols indicate experimental data,*’ 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 profile features an
unusual bimodal character. The peak concentrationof the H atom is
underpredictedby about 70%. The disagreementin the H atom con-
centrationsis attributable to uncertaintiesin the temperature profile
and the species measurements, as well as to mechanistic uncertain-
ties. Increasing the imposed temperature profile by +100 K (within
the experimental uncertainty) leads to overprediction of H atom
concentrations.Predictions of OH radical concentrationsin laminar
premixed flames do not exhibit a strong dependence to the experi-
mental temperatureprofiles, and, the peak concentrationis predicted
well.

The primary intermediates observedin n-decane flames are ethy-
lene, acetylene, methane, propene, and ethane in decreasing order
of concentration. The spatial profile and maximum concentrationof

ethylene (Fig. 5) in the atmospheric-pressureflame of Douté et al.?’

is captured well. The concentration profiles of acetylene, methane,
and ethane for the atmospheric-pressureflame of Douté et al.2” are
predicted reasonably well. The magnitude and location of the max-
imum concentration of acetylene (Fig. 6) are captured within the
experimental uncertainties of the temperature profiles. The com-
puted decay of acetylene in the postflame zone is somewhat slower
than is observed experimentally.

Comparisons between measurements and computations for al-
lene and propyne in the flame of Douté et al.?” 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 produced primarily via the decompositionof the allylradical,
and the latter is consumed principally through molecular oxygen at-
tack reactions > The reactionrates and product branchingratios for
reactions between unsaturated radicals and molecular oxygen are
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Fig. 6 Sensitivities of C;H, concentrations to uncertainties in the temperature profile and the fuel consumption rates in a rich, atmospheric-
pressure n-decane/O,/N, laminar premixed flame; symbols indicate experimental data,?’ and lines indicate computations.
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Fig. 7 Sensitivities of allene concentrations to uncertainties in the temperature profile and the fuel consumption rates in a rich, atmospheric-
pressure n-decane/O,/N, laminar premixed flame; symbols indicate experimental data,?’ and lines indicate computations.
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Fig. 8 Sensitivities of propyne concentrations to uncertainties in the temperature profile and the fuel consumption rates in a rich, atmospheric-
pressure n-decane/O,/N, laminar premixed flame; symbols indicate experimental data,?’ and lines indicate computations.
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Fig. 9 C4H, and C4H;s concentrations in a rich, 0.06-bar n-decane/O,/Ar laminar premixed flame; symbols indicate experimental data,*® 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 postflame region is correctly modeled, whereas
that of propyne is reasonably predicted within reported experimen-
tal uncertainties. The concentrationprofile for vinyl acetylenein the
0.06-barflame (Fig. 9) is predictedreasonablywell. Finally, the peak
concentrationof the butadienylradicals, experimentallyobservedto
be less than 25 ppm, is predicted within a factor of two. The sat-
isfactory predictions of 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 destructionfing 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>!®?* The primary benzene formation channels
for n-decane premixed flames are shown in Fig. 10. Benzene is
predominantly (60%) formed via propargyl radical recombination
through linear C¢Hg species and fulvene® Acetylene addition to
the (1, 3)-butadienylradical and vinyl radical addition to vinylacety-
lene each contributes about 15% of the total.

Comparisons between measured and computed benzene profiles
are shown in Figs. 11 and 12. Clearly, both the shape and peak
concentrationof the benzene profile in the primary zone of the low-
pressure flame are very well predicted. By contrast, the predictionof
the peak benzene concentration in the atmospheric pressure flame
exhibits an error around 50%, and a spatial offset is noted. The rate
of benzene decay in the postflame zone is clearly underpredicted
for both flames. The propargylradical recombination reactions are
strongly partially equilibrated, and consequently, the location of the
peak concentrationof benzene and the rate of decay in the postflame
zone display a strong sensitivity to the temperature profile. Increas-
ing the temperature profile imposed on the computations by 100 K
leads to acceptable predictions of benzene decay in the postflame
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Fig. 10 Benzene formation channels in rich, atmospheric-pressure
n-decane/O/N, laminar premixed flames.

zoneasisevidentin Figs. 11 and 12. The peak benzeneconcentration
also is observed to be sensitive to decreasesin the fuel consumption
rates, but remains essentially unaffected by similar increases. Not
surprisingly, the postflame zone is unaffected by the uncertainties
in the fuel consumption rates.

Kerosene Combustion: Mechanistic Considerations

The species concentrationprofiles measured by Douté et al.?’ for
a laminar premixed kerosene (jet A) flame are the most compre-
hensive data sets for kerosene oxidationreported to date. The com-
plexities associated with the chemical compositionof kerosene-type
fuels is well recognized,!® and a detailed computational considera-
tion of all of the fuel components of kerosene would be prohibitive.
Douté et al.?’ report a broad chemical analysis of 79-mol% alkanes,
10-mol% cycloalkanes,and 11-mol% aromatics for the fuel utilized
in their experimentalinvestigationof kerosene flames. Furthermore,
the chemical structures of n-decane and kerosene flames have been
observedexperimentallyto exhibit marked similarities?’ 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 aromatic componentis representedcomputation-
allyby 1) benzene,2) toluene, 3) ethylbenzene,and 4) ethylbenzene/
naphthaleneto investigatedifferencesbetween various aromatic sur-
rogates.

The reaction paths for n-decane are unaffected by the presence of
the aromatic component, as generally observed for the interactive
chemistry of individual species in fuel blends 5!¢ For the ethylben-
zene aromatic constituent, the primary consumption (70%) paths
are through C-C and C-H bond scissionreactions. Hydrogen atom
abstraction and addition reactions are observed to be secondary.
The destruction of ethylbenzene ultimately passes through the ben-
zene submechanism,and the consumption paths for benzene and the
phenylradical are entirely in agreement with previous observations
in premixed systems."®1® Benzene growth through the recombina-
tion of C,, C;, and C, molecules accounts for only 5% of the total.
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Fig. 12 Benzene concentrations in a rich, 0.06-bar n-decane laminar
premixed flame; symbols indicate experimental data,2® and lines indi-
cate computations.
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Fig. 11 Sensitivities of benzene concentrations to uncertainties in the temperature profile and the fuel consumptionrates in rich, atmospheric-pressure
n-decane/O,/N, laminar premixed flames; symbols indicate experimental data,?” and lines indicate computations.
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Comparison with Experiments

The kerosene kinetic model has been evaluated at the experi-
mental conditions of Douté et al.,>’” who measured the structure
of a rich (¢ = 1.7), atmospheric-pressure 2.95% kerosene/28.65%
0,/68.4% N, burner-stabilizedlaminar premixed flame. Tempera-
ture profiles and species concentrationmeasurements were obtained
using proceduresas summarized earlier. Douté et al.”’ reported that
the peak temperature measured for the kerosene flame was about
50°C higher than that observed for the n-decane flame. This is not
surprisingin view of the aromaticcomponentsof the keroseneflame.

Major species profiles for the atmospheric pressure n-decane and
kerosene flames are nearly identical?” and comparisons between
experimental and computed profiles are generally good. For exam-
ple, CO and CO, concentrations are very well predicted (Fig. 13).
The spatial profiles and lower peak concentrations of ethylene ob-
served in the kerosene flame (Fig. 14) are captured remarkably
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well. The predicted concentration profiles 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 flames exceed those in n-decane
flames by about an order of magnitude ?” Comparison between ex-
perimental and computational benzene concentration profiles in the
kerosene flame of Douté et al.?” are shownin Fig. 15. Benzene is ob-
viously a poor choice for the aromatic component of kerosenein the
primary reaction zone. The order of magnitude increase in benzene
concentrations, as well as the characteristic concentration profile,
is reproduced well by the toluene, ethylbenzene, and ethylbenzene/
naphthalene surrogates. The benzene concentration profile is again
observedto be very sensitive to the uncertaintiesin the experimental
temperature profile (Fig. 15).
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Fig. 13 CO and CO; concentrations in rich, atmospheric-pressure n-decane/O,/N, and kerosene/Q,/N, laminar premixed flames; symbols indicate

experimental data,”” and lines indicate computations.
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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 fluid dynamics problems. Simplified reaction
mechanisms must be developed. However, simplified mechanisms
are only as reliable as the detailed mechanism on which they are
based.

The present detailed kinetic mechanism'® appears capable of
modeling the growth and destruction chemistry of benzene in
kerosene flames and the growth chemistry of benzene in n-decane
flames. Underpredictions of the benzene decay in the postflame
zone of the present n-decane flames are shown to a large extent to
be caused by uncertainties in the experimental temperature profile.
The growth and destruction chemistry of benzene in flames 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.!® Thus, the present detailed mecha-
nism appears a sound fundamental model on which to base sim-
plified tools for predicting soot growth and pollutant formation in
gas-turbineengines. Nevertheless, furtherrefinement of the detailed
mechanism may well be necessary as additional experimental data,
including PAH measurements and free radical profiles for practical
aviation fuels, becomes available. Moreover, the mechanism focus
on high-temperature chemistry, the mechanism should also be fur-
therrefined and evaluatedto address practical aviation fuels ignition
issues. Such anundertakingis hinderedby lack of experimentaldata.

The detailed kinetic mechanism also appears capable of predict-
ing the basic structure of kerosene and n-decane flames. Predictions
of radicals in the 0.06-bar n-decane flame of Delfau et al.”® were
adequate. However, experimental measurements for direct compar-
ison to predicted H and O atoms and OH radical concentrationsin
keroseneflames are notavailable,and more detailed predictivecapa-

bilities are not implied by the present work. Consequently,a discus-
sion of similarities and differencesobserved in the computed radical
pools of n-decane and kerosene flames is interesting. The computed
profiles for H and O atoms and the OH radical in n-decane and
kerosene flames at the experimental conditions of Douté et al.?’ are
shown in Fig. 16. The characteristic profiles of the key radicals are
very similar, but the higher temperatures observed in the kerosene
flame result in a higher radical pool. The relative importance of
the differences noted is best viewed in terms of flame extinction
considerations. The H atom and OH radical concentrations in sta-
ble and near extinction atmospheric n-heptane/air laminar diffusion
flames® are shown in Fig. 17. Dissimilarities are less pronounced
than those resulting from the temperature differences in n-decane
and kerosene flames. Therefore, an understandingof the uncertainty
bands inevitably associated with any kinetic mechanismis a prereq-
uisite when using simplified kinetic models to predict flame stability
in high-speedpropulsionsystems. Further evaluation of the detailed
mechanism againstmeasured key radicals in kerosene flames 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 flames have been studied in detail, and the most remarkable
difference observed was an order of magnitude increase in benzene
concentrations in the kerosene flame. It has been shown that the
structure of premixed kerosene flames can be predicted accurately
using n-decane/alkyl-substituted aromatic surrogate blends. Nev-
ertheless, refinement 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 the postflame of the atmosphericpressurekerosene
flame of Douté et al.”’ Predictions for intermediate and radical
species are remarkably accurate and within established experimen-
tal and mechanisticuncertainties. Agreementbetweencomputations
and experiments for the rate of benzene growth in n-decane flames
is reasonable given experimental uncertainties in the temperature
profiles. Good agreement between computations and experiments
was obtained for benzene concentrationsin a kerosene flame, 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-
plificationsaimed to address practical problems such as soot growth,
pollutant formation, and flame stability in practical combustors.
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