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Combustion of Kerosene in Counter� ow Diffusion Flames
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Numerical modeling has become an essential tool in combustion research as a means of predicting combustion
performance and pollutant formation, e.g., NOx and soot. In many combustion models the combustion of a com-
mercial fuel such as kerosene has been represented by single-step empirical expressions. To predict kinetically
controlled phenomena, a more detailed chemical kinetic reaction mechanism is required. This paper reports the
development of such a mechanism for kerosene, where, for the purposes of modeling, kerosene is assumed to be
89% n-decane and 11% toluene. The mechanism is initially validated against experimental jet stirred reactor and
rich premixed � ame studies to yield satisfactory results. The chemical structure of counter� ow diffusion � ames
is computed using the same mechanism. The effect on the � ame structure of increasing both the pressure and
the strain rate is explored. The inclusion of a model for thermal radiation using the optically thin approximation
demonstrates the large radiative heat losses encountered as the pressure is increased. The calculations form the
foundationof a � amelet library for the modelingof turbulent nonpremixed combustion of kerosene under practical
conditions.

Nomenclature
a = strain rate, s¡1

P = pressure, atm
Q = radiative heat loss term, W m¡2

r = radial distance, cm
T = local � ame temperature,K
Tb = background or ambient temperature, K
u1 = transverse velocity at oxidizer inlet, cm s¡1

v1 = tangential velocity at oxidizer inlet, cm s¡1

x = axial distance, cm
· = gas mixture absorption coef� cient, m¡1

» = mixture fraction
»S = stoichiometric mixture fraction
½fuel = density of fuel, g cm¡3

½oxid = density of oxidizer, g cm¡3

¾ = Stefan–Boltzmann constant, 5:669£ 10¡8 W m¡2 K¡4

¿ = mean residence time, s
Á = equivalence ratio

Introduction

T HE formation of NO, NO2, and soot remains a key pollutant
problem during liquid hydrocarboncombustion. It is well rec-

ognized that many important combustion phenomena such as igni-
tion, pollutant formation, and ef� ciency are kinetically controlled,
and, under the wide range of operating conditions encountered in
gas turbine combustors (equivalence ratio, temperature, and pres-
sure, for example), a knowledge of the intermediate combustion
products is highly desirable. However, in comparison to simple fu-
els such as hydrogen,methane,or propane,very little effort has been
made to predict the combustion of commercial fuels using detailed
chemical kinetics. A complete combustion model should include a
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description of � uid mechanics coupled with detailed chemical ki-
netics of the combustion reactions. Thus, appropriately predictive
computer models can be, when used judiciously, a most important
design tool.

In the case of commercial fuels such as kerosene, this approach is
computationallyprohibitive because of the large number of species
and reactions involved. The very complexity of a fuel like kerosene
(comprising a mixture of n-alkanes, cycloalkanes, and aromatics)
has necessarilyrestrictedthe modelingof its combustionin practical
devices to the use of single-step empirical expressions or global
multistepschemesto describethechemistry.The main disadvantage
of such models is that their validity is usually limited to a narrow
parameter space of calibration.They are, however, often applicable
to situations where mixing is the dominant process.

In recent years some experimental studies of kerosene combus-
tion/oxidation have been reported, and a limited number of reaction
mechanismshavebeenproposed.1¡6 These investigationshavebeen
concernedprimarily with premixed systems, but turbulentdiffusion
� ames are more commonly encountered in realistic combustion en-
vironments. The primary objective of this study is to compute the
structure of strained counter� ow kerosene diffusion � ames. Un-
derstanding the structure and extinction of strained laminar � ames
is critical to the development and application of laminar � amelet
concepts to turbulent � ame propagation.7 Considering the turbulent
diffusion � ame to be an ensemble of � uctuating laminar � amelets,
the properties of which can be calculated separately, allows the in-
corporation of complex chemistry into the treatment of turbulent
reacting � ows.

Cathonnetandcoworkers1¡3 haveexperimentallyinvestigatedthe
oxidation of both kerosene and n-decane in a jet-stirred reactor
(JSR) under a wide rangeof conditions.Based on a strongsimilarity
between the two fuels, they used a detailedchemicalkinetic reaction
mechanism describing the oxidation of n-decane to reproduce their
experimental results for kerosene.2;3 This was an advance on their
previous study in which the kerosene oxidation was modeled using
a quasi-globalmodel.1 Recently, the mechanismhas been extended8

by the addition of detailed submodels describing cyclohexane and
toluene oxidation.

These investigations are complemented by the work of Vovelle
et al.4 and Douté et al.5 who have compared the chemical struc-
ture of both n-decane and kerosene rich premixed � ames stabilized
on a � at-� ame burner at atmospheric and reduced pressures. The
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low-pressurekerosene � ame was simulated4 by assuming the initial
fuel to be a mixture of n-decaneand toluene, adding some reactions
to describe benzene formation from toluene destruction to a de-
tailed reaction mechanism for n-decane combustion. The n-decane
component of the mechanism has recently been validated against
the atmospheric pressure � ame.9 To the best of the present authors’
knowledge, the keroseneoxidationmechanismdevelopedto predict
combustion in the premixed con� guration has not been applied to
the JSR geometry or vice versa.

Recently, Lindstedt and Maurice6 have developed a detailed
chemical kinetic reaction mechanism to account for the gas-phase
chemistry of model practical aviation fuels. They have shown that
the structure of kerosene � ames can be predicted reasonably well
using n-decane/alkyl substituted aromatic surrogate blends. They
also demonstrated that the predictions for all major species using
their model were independent of the nature of the initial aromatic
species in the surrogate kerosene.

Unfortunately,the mechanismsare becomingmore elaborateand
increasinglycomplex,approachingup to 1100 elementary reactions
involving some 200 distinct species. One-dimensional diffusion
� ame calculations even become computationally intense at these
levels, to the extent of being unable to obtain stable converged so-
lutions, particularly under increasingdegrees of strain and pressure
when using inlet conditions representative of realistic combustion
environments. The results of numerical calculations of a strained
kerosene-air diffusion � ame employing a detailed reaction mecha-
nism developedby the authors are reported in this paper. The effect
of including a thermal radiation model on the � ame structure under
conditions of varying pressure and strain rate is also explored.

It is eminentlyuseful to developa model that will predict the com-
bustion characteristicsof kerosene under as wide a range of condi-
tions as possible. Such a mechanism can be used in a network of
interconnectedreactor modules—combinations of plug � ow, well-
stirred, premixed, and nonpremixed jet reactors. To achieve this,
a kinetic model of moderate size is necessary. This study presents
a chemical reaction mechanism to simulate kerosene combustion
under diffusion� ame conditionsthat maintains enoughdetail to de-
scribe high-temperature experiments, including the major species
pro� les. The mechanism is also shown to predict satisfactorily
species composition pro� les in both spatially homogeneous and
one-dimensionalpremixed combustion environments.

Computational Models
The modeling computations were performed using the

CHEMKIN II suite of software10 in conjunction with the
PREMIX,11 PSR,12 and OPPDIF13 programs. The governing equa-
tions for the preceding range of combustion regimes have already
been well documented and will not be discussed in detail here; the
reader is referred to the relevant reports for further information.

Premix

The laminar premixed � ame structure calculations were per-
formed using the PREMIX code for burner stabilized � ames with
a known mass-� ow rate. The experimentallymeasured temperature
pro� le was used in thecalculationsinsteadof solvingtheenergycon-
servation equation. This eliminates the need to model heat losses
to the burner, which may be signi� cant. The chemistry is strongly
temperaturedependent,and the existenceof an accuratelymeasured
temperaturepro� le enablesconclusionsto bedrawn about thechem-
ical kinetic behavior. It also facilitates the comparison between cal-
culated and measured species concentration pro� les. Species con-
centrations as a function of distance from the burner surface are
computed.

Perfectly Stirred Reactor

The perfectly stirred reactor (PSR) code was used to calculate the
species concentrations for the JSR study. The well-stirred reactor
is characterized by a reactor volume, residence time or a mass-
� ow rate, heat loss or a gas temperature, an inlet temperature, and
mixture composition.The underlyingassumption is that the mixing

Fig. 1 Schematic illustration of a counter� ow diffusion � ame. The line
drawn along the r axis represents the stagnation plane, and the dotted
region suggests the � ame.

process is in� nitely fast; the conversion of reactants to products is
controlledsolelyby chemical reaction.As a consequence,no spatial
temperature or concentrationgradients are encountered.

OPPDIF

The OPPDIF code computes the structure of the diffusion � ame
stabilizedin the vicinityof the stagnationplane formedbetween two
impinging, laminar, axisymmetric, opposed streams. A schematic
illustration of a counter� ow � ame is shown in Fig. 1. It consists of
two in� nitely wide circular nozzles directed toward each other at a
� xed separation. When one stream contains fuel and the other air,
a diffusion � ame is stabilized on the oxidizer side of the stagnation
plane as most fuels require more air than fuel by mass; the fuel
diffuses through the stagnation plane to establish the � ame in a
stoichiometricmixture.OPPDIF solves for the temperature,species,
mass fractions, axial and radial velocity components, and the radial
pressure gradient.

The structure of the � ame can be obtained as the solution of a set
of coupled nonlinear two-point boundary-valueproblems along the
stagnation streamline. In the counter�ow con� guration the temper-
ature and composition pro� les are one-dimensionaland vary along
the coordinatenormal to the � ame sheet. The freestream tangential
and transversevelocitiesat the edge of the boundary layer are given
by v1 D ar and u1 D ¡2ax. The strain rate at the oxidizer inlet is
generallyused to characterizethe � ames. Jet velocitiesare input for
both fuel and oxidizer such that the following condition is satis� ed:

du

dx

­­­­
fuel

D
r

½oxid

½fuel

du

dx

­­­­
oxid

(1)

The computationalmesh is determinedadaptively.The energyequa-
tion was modi� ed to take account of thermal radiation from water
vapor and carbon dioxide. Using the optically thin approximation,
a radiative heat loss term was estimated according to Hottel and
Saro� m14:

Q D 4¾ ·
¡
T 4 ¡ T 4

b

¢
(2)

Flame structures were computed both adiabatically and including
the radiative transfer heat loss.

Reaction Mechanism
When formulating a reaction mechanism representative of ker-

osene combustion, a simpli� ed model kerosene composition needs
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to be identi� ed. It is known that the composition of kerosene varies
depending on quality and grade but, broadly speaking, can be con-
sidered to be made up of approximately 79% n-alkanes, 10% cy-
cloalkanes, and 11% aromatics.1;3 For the purposes of this study,
the fuel is speci� ed as a mixture of 89% n-decane and 11% toluene
in order to simplify the mechanism and to rely on existing kinetic
data. Klotz et al.15 have already demonstrated that the chemical in-
teractions between various components in a blend are limited to
radical pool effects, and thus a mechanism for kerosene can then
be formulated by combining individual schemes for n-decane and
toluene. The authors, in this instance, have eschewed the construc-
tion of a reaction mechanism in a sequential, hierarchical manner.
The n-decane part of the reaction scheme was developed using the
approach outlined by Warnatz.16 Here, the alkane is initially at-
tacked by radicals or undergoes thermal decomposition. The alkyl
radicals formed in the initial attack decompose via ¯-scission and
fast thermal eliminationof alkenes.This is consideredto be the only
relevant reactionof the higheralkyl radicals.Possible isomerization
reactions are also neglected. The assumption employed here is that
the alkyl radical decomposition and the reactions leading to C1 and
C2 fragments are too fast to be rate limiting. The main purpose is to
use the mechanismto explainphenomenasuch as NOx formationor
production of soot precursors for which a detailed C1/C2 chemistry
is required.

A considerationof all possibleisomersof n-decaneand also those
of productspeciesis a dauntingtask,eased,however,by anexamina-
tionof theexperimentalresults.Guéret et al.1 found that the mainhy-
drocarbonintermediatesformed during keroseneoxidation in a JSR
were, in decreasing order of magnitude, ethene, propene, methane,
1-butene, 1,3-butadiene,ethane, and ethyne. Larger 1-ole� ns were
among minor products and only found to accumulate during the
early stages of the reaction. Douté et al.5 also found that ethene was
the most abundantole� n formedand by analysisof the relativeratios
of the product ole� ns deduced that initial hydrogen abstractionwas
favoredon the second or third carbonof the n-decanemolecule.The
relevant reactions may be summarized by the following sequence
where two distinguishablen-decyl radicals are generated,following
initial attack by radical species:

C10H22

H;OH;O;HO2 ;CH3
¡¡¡¡¡¡¡¡! 2 ¡ C10H21 ! C3H6 C 1 ¡ C7H15 (3)

C10H22

H;OH;O;HO2 ;CH3
¡¡¡¡¡¡¡¡! 3 ¡ C10H21 ! 1 ¡ C4H8 C 1 ¡ C6H13

(4)

The parent n-decane also decomposes thermally by scission of a
carbon-carbonbond to generaten-alkyl radicals.Further ¯-scission
of the alkyl radicals formed will then yield ethene and smaller alkyl
radicals. In the absenceof any experimentallymeasured kinetic rate
data for thermal decomposition and hydrogen abstraction reactions
ofn-decane,the ratecoef� cientsfor thesereactionsweredetermined
using the procedureof Axelsson et al.17 A total of 14 reactionswere
used to break down the parent n-decane molecule into smaller alkyl
radicals and ole� ns.

The chemistry of C1 , C2, and C3 hydrocarbons, being com-
paratively well understood, comprises the bulk of the mecha-
nism being based on the GRI Mech 2.11 (see http://www.me.
berkeley.edu/gri mech) and also the heptane mechanism of Davis
and Law.18 The nitrogenchemistryof the GRI Mech 2.11, including
thermal, prompt, and reburnmechanisms,was retained.The toluene
oxidation mechanism, which also includes a benzene submodel, is
taken from the study of Emdee et al.19 using updated rate coef� -
cients from Davis et al.20 The � nal reaction mechanism consists of
440 mainly reversible reactions of 84 species. In this study all cal-
culations were performed without any modi� cation of the kinetic
parameters.

Reverse-rate coef� cients were calculated using thermodynamic
properties mainly taken from the CHEMKIN database,21 the com-
pilation of Burcat and McBride,22 and from Emdee et al.19 Ther-
modynamic data for the larger alkanes and n-alkyl radicals were
estimated using the group additivity methods of THERM.23 The

CHEMKIN transportdatabase24 was used, and, when not available,
transport data were estimated using the methods outlined by Wang
and Frenklach.25

The mechanism is initially validated using the experimental data
of Dagaut et al.3 and Douté et al.,5 representing increasing degrees
of complexity. The JSR data test the rigor of the model under high-
pressure conditions, whereas the premix data introduce an extra
dimension in the form of a spatialor temporal coordinateof the con-
centration of reactants, intermediates, and products. The scheme is
then used to compute the structureof counter� ow kerosenediffusion
� ames.

Numerical Modeling Results
In all of the cases discussed next, the same reaction mechanism

that was outlined in the preceding section was used, without any
modi� cation, in moving from one combustion regime to the next.
The only differences were based on the particular con� guration of
a system, whereas the chemistry involved remained the same and
in all cases kerosene is represented by a mixture comprising 89%
n-decane and 11% toluene.

JSR

The authors of Refs. 1–3 and 8 have used a JSR to study kerosene
oxidation under a wide range of conditions. Highly diluted fuel
(0.025 to 0.1% by volume) at equivalence ratios ranging from 0.5
to 1.5 was oxidized in a 35 cm3 fused silica reactor at temperatures
from 550 to 1200 K. Mean residence times varied from 0.5 to 2.0 s,
and pressuresup to 40 atm were employed.Becauseof the high dilu-
tion of reactants,operation at steady state is possible. Temperatures
were measured using an uncoated chromel-alumel thermocouple
of 0.16-mm diam without further correction. There was a negligi-
ble temperature rise as a result of reaction. A wide range of gas
chromatographs equipped with various detectors was employed to
analyze the oxidationproducts.The temperature range below 750 K
was ignored for the purposes of this modeling study as it represents
the area of negative temperature coef� cient. It is also associated
with the formation of several oxygenated products characteristicof
the cool � ame regime.

References1–3 and 8 show that, under similar experimentalcon-
ditions, both keroseneand n-decane fuels gave very similar concen-
tration pro� les for the main oxidationproducts.Interestingly,in one
study1 they also investigated the oxidation of a “model kerosene,”
a ternary mixture composed of n-undecane, n-propylcyclohexane,
and trimethylbenzene, and found that the reactivity and reaction
products formed were essentially identical to those of the origi-
nal kerosene fuel. This representationof kerosene by an equivalent
mixture of pure hydrocarbons representing the main families of
chemical species certainly simpli� es the modeling process of such
a multicomponent fuel.

Two experimental conditions were chosen as input to the calcu-
lations.These were 1) P D 10 atm, Á D 1:5, ¿ D 0:5 s, and an initial
fuelmole fractionof 10¡3; and2) P D 40atm, Á D 1:0, ¿ D 2:0 s,and
an initial fuel mole fraction of 2:5 £ 10¡4. Calculations were per-
formed at various temperaturesbetween 750 and 1200 K depending
on the input conditions, and the results are presented in Fig. 2. The
experimental results of Cathonnet et al.8 under identical conditions
are shown for comparison. The model predicts the concentration
pro� les as a function of temperature for the major species O2 , CO2,
and CO very well at both pressures, for rich and stoichiometric
mixtures and for long and short residence times. The intermediate
species H2, CH4 , C2H4, C3H6, and 1-C4H8 are extremely well pre-
dicted as is the major oxygenatedspecies, formaldehyde.There are
some slight discrepanciesin the comparisonbetween computedand
measured C6H6 and C2H2 pro� les, and the largest deviation occurs
between calculated and experimental C2H6 pro� les. As the exper-
imental data are presented without addressing the accuracy of the
species analysis and measurement, the overall agreement between
model and experiment can be considered quite remarkable.

The mechanism proves to be just as effective as that developed
by Cathonnet et al.,8 as evidenced by a comparison of the com-
puted kerosene pro� les from this study and from Ref. 8. In both
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a)

b)

c)

d)

Fig. 2 Concentration pro� les obtained for kerosene oxidation in a JSR under different conditions of pressure, equivalence ratio, and residence time:
a) P = 10 atm, Á = 1.5, and ¿ = 0.5 s; b) P = 10 atm, Á = 1.5, and ¿ = 0.5 s; c) P = 10 atm, Á = 1.5, and ¿ = 0.5 s; and d) P = 40 atm, Á = 1.0, and ¿ =
2.0 s. The —— with small symbols represent the results of the calculations of this study, and the large symbols are the experimental data of Cathonnet
et al.8 The - - - - shown in a) and d) are the kerosene pro� les from Ref. 8.

cases kerosene is represented by surrogate mixtures, here by 89%
n-decaneC 11% toluene and in Ref. 8 by 78% n-decaneC 9.8%
cyclohexaneC 12.2% toluene. The kerosene decay pro� le calcu-
lated using the present model is only slightly faster than that pre-
sented in Ref. 8. This is quite instructive as the present reaction
mechanism is much smaller and completely neglects the formation
and subsequent reactions of 1-ole� ns with more than four carbon
atoms.

Premixed Flames

Vovelle et al.4 have determinedthe structureof rich premixed ker-
osene/O2/Ar � ames (Á D 2:2) stabilized at low pressure (0.06 atm)
on a � at � ame burner. Mole fraction pro� les of stable and radical
species were measured using a molecular beam mass spectrometry
techniqueand temperaturewas measuredusinga Pt-Pt 10%Rh ther-
mocouple.The goal of that study was to identify the primary source
of aromatic compounds and soot precursors in kerosene � ames.
Douté et al.5 extended the investigation to the chemical structure
of atmospheric rich premixed kerosene/O2/N2 � ames (Á D 1:7) us-
ing, in this case, gas chromatography for the identi� cation of sta-
ble species. Temperature measurements were also made along the
� ame’s symmetry axis using a Pt-Pt 10% Rh thermocouple. The
� ame was described as possessing a very faint luminosity caused
by soot when observed in darkness. They found that the change in
pressure from 0.06 to 1.0 atm did not change the main features of
the chemical structure of the � ame.

A close similarity was observed for the concentrationpro� les in
the premixed � ames of both kerosene and n-decane fuels at simi-
lar pressures; the only marked difference being that the amount of
benzene formed in the kerosene � ame exceeds that found in the
n-decane � ame by an order of magnitude. This obviously results
from the presence of aromatic components in the kerosene fuel.

In addition, the temperature of the kerosene � ame was found to be
higher by about50 K. This emphasizes the necessityof includingan
aromatic component in the mechanism. The atmospheric pressure
� ame was chosen as a basis for comparison with the model as an
experimental temperature pro� le is provided along with extensive
mole fraction pro� les of major and intermediate species.

The experimental temperature pro� le of Douté et al.5 was intro-
duced as input data in the calculations.The quoted accuracy of the
temperature measurements is §0:1 mm for position and §5% for
the temperature signal. The input premixed fuel/oxidizer mixture
was 2.95% kerosene, 28.64% O2 , and 68.4% N2 , and a mass-� ow
rate of 0.0099 g cm¡2 s¡1 was employed. The calculatedmole frac-
tion pro� les of a selection of major species as a functionof distance
from the burner surface are shown in Figs. 3–5. The measured data
of Douté et al.5 are also presented for comparison. Douté et al.5

have discussed the dif� culties encountered in the H2O analysis and
hence have given an estimation of the accuracy of the analysis as
6% for major species (O2 , N2 , CO, CO2, H2 , H2O) and as 12% for
all other species (these are shown as error bars in Figs. 3–5). Taking
this into consideration, the predictions of the model are quite sat-
isfactory, although the C2H2 pro� le is slightly underpredicted and
the C2H4 slightly overpredicted (Fig. 4). The possibility of a tem-
perature sensitivity of the pro� les was explored by increasing and
decreasing the temperature by 5%, the quoted error. The results are
shown for the C6H6 pro� les in Fig. 5. Spatially, the pro� le shape
seems to be better captured by the higher temperature, the benzene
decay downstream exhibiting quite a sensitivity to temperature.

Counter� ow Diffusion Flames

The computations were performed on a � nite computational do-
main of 1.0 cm, that is, a jet separation of 1.0 cm. The fuel input
was 100% kerosene (as already de� ned) at an initial temperature
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a)

b)

Fig. 3 Concentration pro� les of a) O2 , CO and H2 and b) N2 , H2O
and CO2 as a function of distance from the burner surface for a rich
atmospheric premixed kerosene � ame. The —— represent the results
of the calculations from this study, and the symbols are the measured
experimental data, including error bars, of Douté et al.5

a)

b)

Fig. 4 Concentration pro� les of a) C2H4 and C2H2 and b) CH4 and
C2H6 as a function of distance from the burner surface for a rich atmo-
spheric premixed kerosene � ame. The —— represent the results of the
calculations from this study, and the symbols are the measured experi-
mental data, including error bars, of Douté et al.5

a)

b)

Fig. 5 Concentration pro� les of a) C3H6 and C4H8 and b) C6H6 as
a function of distance from the burner surface for a rich atmospheric
premixed kerosene � ame. The —— represent the results of the calcula-
tions from this study, and the symbols are the measured experimental
data, including error bars, of Douté et al.5 The - - - - and ¢ ¢ ¢ ¢ lines in
b) illustrate the effect of changing the temperature by the quoted error
margins of § 5%.

Fig. 6 Species and adiabatic temperature pro� les along the stagnation
streamline (x axis in Fig. 1), a = 100 s ¡ 1 and P = 1 atm. The vertical - - - -
represents the location of the stagnation plane.

of 500 K to represent fully vaporized fuel. The oxidizer jet com-
prised air (21% O2 C 79% N2 by volume) at an initial temperature
of 850K. These temperaturesare representativeof an aircraftgas tur-
bine combustor.The � ame structurecalculatedfor a weakly strained
� ame,a D 100s¡1 , at atmosphericpressureis shownin Fig. 6, where
mole fractionsand adiabatictemperatureareplottedagainstdistance
along the stagnation streamline. Here, x D 0 cm represents the fuel
inlet, and x D 1 cm represents the air inlet. The vertical dashed line
signi� es the location of the stagnation plane. The � ame has estab-
lished itself on the air side, at a distance of approximately 0.12 cm
from the stagnation plane.

Figure 6 actually shows the variation of the pro� les along the
x coordinate in physical space. The resulting � ame is quite thin,
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Fig. 7 Species and adiabatic temperature pro� les as a function of mix-
ture fraction, a = 100 s ¡ 1 and P = 1 atm. The vertical - - - - represents
the stoichiometric mixture fraction.

Fig. 8 Concentration pro� les of major hydrocarbon intermediate
species as a function of mixture fraction under adiabatic conditions, a =
100 s ¡ 1 and P = 1 atm. The vertical - - - - represents the stoichiometric
mixture fraction.

and to obtain more detailed information on the diffusion � ame it
is more convenient to map the composition and temperature pro-
� les in mixture fraction » space, also a requirement for construction
of � amelet libraries. Mixture fractions were calculated using the
method of Bilger et al.26 The structureof the � ame is plotted against
mixture fraction in Figs. 7 and 8; » has the property that it is zero in
the air stream and one in the fuel stream. The vertical dashed line
in these plots represents the stoichiometric mixture fraction. The
adiabatic temperature maximum is located just on the rich side of
»S . Figure 8 shows that the major hydrocarbon product is ethene,
followed by ethyne, propene, and methane. These are produced by
the thermal decompositionof the parent fuel and by methyl radical
attack primarily. All of these species are seen to be consumed be-
fore the stoichiometricmixture fraction. Hydrogen can be observed
to break through the stoichiometric position and past the point of
maximum temperature. The radicals OH, H, and O are plotted in
Fig. 9, and, as would be expected, OH and O peak on the lean side
of »S whereas H peaks on the rich side. The NO mole fraction pro-
� le is also presented in this � gure, and a comparison with Fig. 7
shows that the NO reaches a maximum at the same location as the
temperature.

Effect of Pressure

Calculationswere carried out where the strain rate was held con-
stant at a value of 100 s¡1 , and the pressurevaried from atmospheric
to 40 atm again under adiabatic conditions.An increase in the pres-
sure results in a decrease in the reaction zone thickness and a shift
of the � ame closer to the stagnation plane. Maximum temperature
and peak radical mole fractions are plotted in Fig. 10 as a function
of pressure.The peak radicalconcentrationsshow a steady decrease
with increasing pressure as a result of greatly enhanced three body

Fig. 9 Pro� les of radical species and NO as a function of mixture frac-
tion under adiabatic conditions, a = 100 s ¡ 1 and P = 1 atm. The vertical
- - - - represents the stoichiometric mixture fraction.

Fig. 10 Variation of peak mole fractions and maximum adiabatic
temperature with pressure. The strain rate is maintained constant at
100 s ¡ 1 .

Fig. 11 Variation of peak mole fractions and maximum temperature
as a function of reciprocal strain rate under adiabatic (——) and radia-
tive heat loss (- - - -) conditions. The pressure is maintained constant at
20 atm.

recombinationreactions.These reactionsare highlyexothermic,and
so the temperature consequently exhibits an increase as the pres-
sure is raised. The gradual rise in NO maximum concentration is
also accompanied by a shift in the maximum from the rich side of
stoichiometric at atmospheric pressure to the lean side at 40 atm,
suggesting a change of mechanism as the pressure is increased.

Effect of Strain Rate

Calculations were also performed where the pressure was main-
tained constant at 20 atm and the strain rate progressivelyincreased
until extinction occurred. Figure 11 shows the maximum tempera-
tures achievedat selected strain rates.As the strain rate is increased,
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Fig. 12 Peak NO mole fractions and maximumtemperature as a func-
tion of pressure computed under adiabatic (——) and radiativeheat loss
(- - - -) conditions. The strain rate is maintained constant at 100 s ¡ 1 .

the � ame becomes thinner and moves closer to the stagnationplane.
Flame structures, however, remained strikingly similar as the strain
rate was increased. The temperature pro� les within the � ame also
were alike although the peak temperaturedecreasedwith increasing
velocity gradient. As the inlet velocities increase, the radial veloc-
ities increase correspondingly. This reduces the time available for
the relativelyslow recombinationreactions to raise the temperature.
The strain rate can thus be regarded as the inverse of a characteris-
tic residence time in the reaction zone, and extinction occurs when
there is insuf� cient time for reaction. Under the conditions of the
calculation where the boundary temperatures of fuel and oxidizer
were 500 and 850 K, respectively, extinction was found to occur at
a strain rate of 11,500 s¡1 . The extinction process was found to be
quite abrupt with respect to � ame structure: either there is a � ame
or there is not. It can also be seen in Fig. 11 that the peak mole frac-
tions of the radical species pass through a maximum as the strain
rate increases,whereas the NO simultaneouslygraduallydecreases.
As the � ame progresses from the low strain structure, it is able to
support higher reaction rates. The temperature effect on the reac-
tion eventually overtakes the effect of increases in concentrationof
the reactants, which accounts for the appearance of the maxima in
the peak radical pro� les with respect to reciprocal strain rate. The
lower temperatures in the reaction zones of the � ames with higher
strain rates are accompanied by a lower reactedness, that is, by an
increasedbreakthroughof both fuel and oxygenpast the positionsof
maximum temperature and the location of the stoichiometric mix-
ture fraction.

Effect of Radiation

The energy equation was modi� ed to take radiative heat losses
from gas-phase species into consideration as this would be ex-
pected to assume greater importance at higher pressures because
of increased concentrations of the radiating species. Selected re-
sults of these computations are given in Fig. 12, where they are
compared with the correspondingcalculationsunder adiabatic con-
ditions using a strain rate of 100 s¡1. At atmospheric pressure ther-
mal radiation has only a small in� uence on the predicted maximum
temperature, and its effect on the concentration of major species
is essentially negligible. Its effect, however, becomes quite pro-
nounced as the pressure is increased. For example, the peak tem-
perature drops approximately200 K with a correspondingdecrease
by a factor of three for the peak NO concentration, as can be seen
in Fig. 12. The in� uence of thermal radiation, as the strain rate
is increased, on species concentrations and maximum temperature
is shown in Fig. 11. The greatest loss caused by thermal radiation is
observed to occur at the lowest strain rates; its effect being almost
negligible at the higher strain rates.

Discussion
The present modeling study has shown that the combustion of

kerosene can be quite adequately represented by a reaction mech-

anism developed assuming a surrogate kerosene fuel, composed of
a mixture of pure hydrocarbons representative of its major compo-
nents. The mechanism has been used to predict the combustion and
oxidation of kerosene under PSR and premixed � ame conditions.
To the best of the authors’ knowledge, this represents the � rst ap-
plication of a detailed kinetic mechanism for a commercial fuel that
has been validated against experimental results from more than one
combustion regime. The agreement between computed and mea-
sured pro� les is quite good in both cases, although the C2 species
predictions could be improved for both combustion environments.
Although, in a few cases, there are signi� cant discrepanciesbetween
the predicted and experimental values particularly in the modeling
of the JSR at the lower temperatures, these are countered by the
overall good qualitative reproduction of the experimental pro� les
and trends in the two combustion regimes. The kinetic parameters
of the reaction mechanism were not optimized to improve the com-
parison between the predictedand experimental results.Clearly, the
effect of the branchingratios in the initial decompositionstepsof the
parent n-decane and toluene fuel components will have a strong in-
� uence on the distributionof the lower hydrocarbonsencounteredin
the burnt gases.A detailed sensitivityanalysis and reactionpathway
breakdownis requiredto reproducebettertheexperimentaldata.Ad-
ditionally,a lot more experimentaldata under a wide variety of con-
ditions would be most instrumental in trying to pin down the com-
bustion kinetics of commercial fuels. The satisfactory agreement
obtained between the experimentaland computed JSR data extends
thedomainof validityof themechanismto high-pressureconditions.

This mechanism was also used, with no further modi� cation, to
predict the structure of a kerosene/air counter� ow diffusion � ame,
although the authors do recognize the fact that it has been noted that
the GRI Mech 2.11 may do a rather poor job of reproducing C2 hy-
drocarbonspecies in counter� ow and co� ow systems.The tempera-
turepro� le in this case is determinedby solvingthe energyequation,
unlike for the PSR and PREMIX con� gurations,where experimen-
tally measured temperatures were available and input as an initial
condition. Radiation losses, therefore, need to be included. The re-
sultspresentedin this studyshowhowimportantthegas-phaseradia-
tive lossesbecomeas thepressureis increased.Thermal radiationre-
duces the local temperaturesuf� ciently to affect the productionrate
ofNO, as was clearlyevident in Fig. 12. Incorporationof the thermal
radiative heat loss into the laminar � amelet can simplify the treat-
ment of turbulence-chemistrymodels for practicaldiffusion � ames.

Conclusions
A chemical kinetic reaction mechanism, which uses a mixture of

89% n-decane and 11% toluene to represent the kerosene chemi-
cally, was developed for kerosenecombustion.The mechanism was
initially tested against experimental premixed � ame data and jet-
stirred reactor data. The comparison between the experimentaldata
and the calculatedconcentrationpro� les was found to bequitegood.
The mechanism was used to predict the structure of a counter� ow
kerosene/air diffusion � ame under conditions of varying pressure
and strain rate. As the pressure is increased, the temperature in-
creases signi� cantly with a subsequentdecrease in peak concentra-
tions of radical species. When keeping the pressure constant and
increasing the strain rate of the � ame, the peak temperature de-
creases until the point of extinction is reached. The inclusion of a
radiative heat loss model incorporatingthermal radiation from CO2

and H2O was found to have a profoundeffect on the calculatedtem-
perature and predicted NO levels, particularly under conditions of
high pressure and low strain.
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