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Abstract

The present paper addressed the production of soot precursors, acetylene, benzene and higher aromatics,
by the paraffinic (n-, iso-, and cyclo-) and aromatic components in fuels. To this end, a normal heptane
mechanism compiled from sub-models in the literature was extended to large normal-, iso-, and cyclo-par-
affins by assigning generic rates to reactions involving paraffins, olefins, and alkyl radicals in the same reac-
tion class. Lumping was used to develop other semi-detailed sub-models. The resulting mechanism for
components of complex fuels (named the Utah Surrogate Mechanism) includes detailed sub-models of n-bu-
tane, n-hexane, n-heptane, n-decane, n-dodecane, n-tetradecane and n-hexadecane, and semi-detailed sub-
models of i-butane, i-pentane, n-pentane, 2,4-dimethyl pentane, i-octane, 2,2,3,3-tetramethyl butane, cyclo-
hexane, methyl cyclohexane, tetralin, 2-methyl 1-butene, 3-methyl 2-pentene and aromatics. Generic rates of
reaction classes were found adequate to generate reaction mechanisms of large paraffinic components. The
predicted maximum concentrations of the fuel, oxidizer, and inert species, major products and important
combustion intermediates, which include critical radicals and soot precursors, were in good agreement with
the experimental data of three premixed flames of composite fuels under various conditions. The relative
importance in benzene formation of each component in the kerosene surrogate was found to follow the
trend aromatics > cyclo-paraffins > iso-paraffins > normal-paraffins. In contrast, acetylene formation is
not that sensitive to the fuel chemical structure. Therefore, in formulation of surrogate fuels, attention
should be focused on selecting components that will yield benzene concentrations comparable to those pro-
duced by the fuel, with the assurance that the acetylene concentration will also be well approximated.
� 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The present paper is directed at the develop-
ment of kinetic mechanisms for predicting the
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concentration of the soot precursors acetylene
and benzene in surrogate mixtures representing
liquid transportation fuels. Liquid transporta-
tion fuels are mixtures of paraffins (normal-,
iso-, and cyclo-), and aromatics. Previous com-
bustion studies of surrogate formulations for
transportation fuels include a fuel-rich premixed
flame of kerosene composed of 79% paraffins,
10% cyclo-paraffins, and 11% aromatics studied
by Vovelle and co-workers [1]; premixed flames
of two gasoline fuels approximately 60% of
ute. Published by Elsevier Inc. All rights reserved.
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which were paraffins by Hakansson and co-
workers [2].

Kinetic mechanisms have been assembled from
the literature and extended for the normal-, iso-,
and cyclo-paraffins to form the Utah Surrogate
Mechanism [3]. Because of space limitations, the
extension of the mechanisms to be discussed here
are limited to those of large normal-, iso-, and
cyclo-paraffins that are major components of
transportation fuels and also found in minor
amounts in natural gas [4].

The widely studied heptane reaction set [5,6] is
often used as a building block for mechanisms of
higher paraffins. A lumping procedure for the
detailed kinetic models was well described in the
excellent review by Ranzi et al. [7]. The present
paper emphasizes flame studies, drawing on previ-
ous experimental and numerical studies of higher
paraffins: by Bales-Gueret, Cathonnet, Dagaut
and co-workers on the oxidation of n-decane
[8,9] and kerosene [10] in jet stirred reactors; by
Vovelle and co-workers on n-decane [11] and ker-
osene [12] fuels diluted with argon in both a jet-
stirred reactor at a pressure of 6000 Pa and in
atmospheric flames [13]; by Fournet et al. [14]
on the combustion of n-hexadecane in a well-stir-
red reactor at three different equivalence ratios;
and the numerical studies of larger paraffin com-
ponents in liquid transportation fuels by Battin-
Leclerc and co-workers [15,16] who applied an
automatically generated mechanism with 7920
reactions to a JSR experiment and a premixed
flame; by Kyne and co-workers [17] to model a
JSR experiment, a premixed flame and several
counter-flow diffusion flames, with a kerosene sur-
rogate composed of 89% n-decane and 11% tolu-
ene; by Mawid and co-workers [18] on modeling
the ignition data for n-decane; by the development
of mechanisms of n-decane [12,19,20] guided and
validated by the data in the Vovelle experiments
[11,13] mentioned above.

The numerical accuracy in predicting concen-
trations of larger olefins plays an important role
in combustion modeling since these species are
among the first intermediates formed from the
decomposition of large paraffins, mainly via b
scission, and the deviations of their concentra-
tions may propagate to smaller olefins, via hydro-
gen addition reactions followed by b scission of
large olefins. Also larger olefins are important
sources of allylic radicals formed via thermal
decomposition; allylic radicals determine the con-
centrations of many important aromatic precur-
sors such as propyne, butyne, butene isomers
and most unsaturated species that constitute
major formation routes for benzene [3]. The
emphasis of the mechanism development in the
present study for combustion of composite fuels
is therefore on reactions that involve the evolution
of soot precursors, such as olefins and other
unsaturated species, and the formation of
benzene, in addition to the fuel consumption
and the formation of major products. The above
reactions form the basis for correctly identifying
major benzene formation pathways in flames with
composite fuels based on the chemical structure of
the individual fuel species.
2. Experimental data, reaction model, and surro-
gate formulation

The mechanism is based on that of n-heptane
[3], which is extended to include more than two
dozen sub-models of olefins, tetralin, C4–C16 par-
affins and aromatics. The extended mechanism
(Utah Surrogate Mechanism) was previously used
to model premixed flames of n-heptane [21] (P =
760 torr, U = 1.0 and 1.9), isooctane [3]
(P = 760 torr, U = 1.9), n-decane [21] (P =
760 torr, U = 1.7), cyclohexane [22] (P = 30 torr,
U = 1.0), and a PSR experiment of n-hexadecane
[21] (P = 760 torr, U = 1.5). In the current study,
the extended mechanism is used to model three
premixed flames burning composite fuels of kero-
sene [1] (P = 760 torr, U = 1.7), gasoline [2]
(P = 760 torr, U = 1.0) and natural gas [4]
(P = 40 torr, U = 1.0). The kinetic simulation tool
used for this study is CHEMKIN IV [23].

Surrogate formulation is one of the most
important aspects necessary to achieve numerical
accuracy in predicting the flame structure of a
complex composite fuel. A surrogate is usually for-
mulated to match the chemical and physical char-
acteristics of the real fuel, by representation of the
fractions of different chemical families, by use of
an equivalent chemical formula, or by use of the
functional groups in the composite mixture [24],
with the composition adjusted to meet certain
objective functions (e.g., ignition, sooting tenden-
cy, and fuel stability) and constraints (simplicity,
cost of components). Ranzi and co-workers [25]
suggested a surrogate for the kerosene flame [1]
that satisfies the chemical composition constraints
of the fuel, and includes 73.5% n-dodecane, 5.5%
isooctane, 10% methyl cyclohexane, 10% toluene
and 1% benzene. The surrogate can be represented
by an equivalent chemical formula of C10.72H22.36

and will be adopted in this work. Turbiez et al.
[4] measured the flame structure of a synthetic nat-
ural gas, which consisted of 88.4% methane, 9.52%
ethane, 1.84% propane, 0.09% n-butane, 0.07%
iso-butane, 0.05% n-pentane, 0.05% iso-pentane
and 0.05% iso-hexane. A surrogate of 22 compo-
nents, a close approximation to the fuel, will be
used to simulate the European Unleaded Certified
Gasoline flame [2] including 1.7% (in volume) n-
butane, 15% iso-pentane, 3.4% n-pentane, 4.8%
iso-hexane, 2.6% n-hexane, 1.4% benzene, 8.6%
cyclohexane, 10.1% toluene, 4.4% 2,4-dimethyl
pentane, 1.0% n-heptane, 10.6% isooctane, 2.6%
2,2,3,3-tetramethyl butane, 13.7% xylenes, 2.5%
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ethyl benzene, 5.5% methyl ethyl benzene, 5.5%
propyl benzene, 3.0% methyl styrene, 1.1% ethyl
naphthalene, 0.8% 2-methyl 1-butene, 0.7% 1-pen-
tene, and 1.0% 3-methyl 2-pentene.
3. Mechanism generation of paraffin species

The basics of normal paraffin consumption in
flames (see e.g. [7,12,21]) involve either thermal
decomposition or hydrogen abstraction to form
alkyl radicals, each of which decomposes via b
scission to form one smaller alkyl radical and
one olefin. Therefore with reliable sub-mecha-
nisms of olefins and alkyl radicals, the normal
paraffin decomposition can be described by a
cascading decomposition chemistry of olefins
and alkyl radicals of homologous series, as illus-
trated by the shaded area in Fig. 1. The meth-
odology can be easily extended to the
mechanism generation of iso- and cyclo-
paraffins.

Major reaction classes that involve paraffins,
olefins, and alkyl radicals in the extended mech-
anism are assigned similar rates with adjustments
for different reaction sites; the generic rates of
these reactions are summarized elsewhere [21].
These reactions in mechanisms of large paraffins
include fuel consumption routes via hydrogen
abstraction and thermal decomposition reactions,
as well as other subsequent reactions to consume
the direct intermediates from the fuel decomposi-
tion. Generic rates are not assigned to reactions
that involve alkynes, allylic radicals, and other
unsaturated species due to the paucity of the lit-
erature for these reactions. However, rates of
those reactions were carefully estimated [3] by
consulting findings in the literature for the same
or similar reactions with adjustments in the sta-
tistical factor and activation energy. Only a few
of these reactions need to be reevaluated during
the mechanism generation of large paraffin sub-
mechanisms since they involve mostly smaller
species.
Alkyl 
Radical 

β Scission 

Olefin 

H Addition 
then β Scission 

Paraffin 
Fuel 

H. Abstraction 
and Thermal 
Decomposition 

Fig. 1. The decomposition of normal paraffins can be
presented as a collection of cascading decomposition
sub-mechanisms of homologous series of olefin species
and alkyl radicals.
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Thermal decomposition involves C–C r bond
leavage only, and decomposition reactions are
ssumed similar except for those forming C2H5

nd CH3 radicals. For example, in reactions form-
ng the methyl radical, the energy barrier is
ncreased by 14.6 kJ/mol since CH3 is the least sta-
le alkyl radical. Hydrogen abstraction involves
ve different abstractors, which include H, OH,
, CH3, and O2. In detailed sub-mechanisms, all

onjugate alkyl radicals formed from hydrogen
bstraction of the fuel are included to account
or the fuel decomposition more accurately.

Reactions of isomerization, b scission, and
ydrogen abstraction by O2 describe the chemis-
ry of alkyl radicals in detail. Alkyl radicals con-
ert to each other via isomerization. Reactions
ia a transition state of a six-membered intra-mo-
ecular ring of carbon and hydrogen atoms are
referred and given an energy barrier 16.7 kJ/
ol lower than those of other isomerization reac-

ions. Those from primary to secondary radicals
re also favored by a decrease of 12.6 kJ/mol in
he energy barrier due to the less stable nature
f the former. Alkyl radicals decompose via b scis-
ion forming olefins with the double bond at the
nd of the carbon string. Conjugate olefins of
he fuel are formed mainly via hydrogen abstrac-
ion by O2. Isomers of conjugate olefin are lumped
nto one species to reduce the model size, and the
re-factors of reaction rates involving these iso-
ers are adjusted accordingly.

Olefins are consumed via hydrogen addition
ollowed by b scission (major) and thermal
ecomposition (minor) to form allyl radicals.
he consumption of smaller olefins and alkyl rad-

cals formed in larger paraffin decomposition is
dded in the extended mechanism using generic
ates. Reactions of olefins and alkyl radicals with
even carbons or less were already included in the
ase mechanism of n-heptane.

Lumping techniques have been used in the
eneration of the sub-mechanisms of iso- and
yclo-paraffins. For example, the sub-model of
ethyl cyclohexane (MCH) is built by collecting

eaction routes that have proven to be impor-
ant for normal paraffins. Like normal paraffins,
so- and cyclo-paraffins decompose mainly via
ydrogen abstraction that is surpassed in impor-
ance by thermal decomposition only at high
emperatures. Hydrogen abstraction and subse-
uent b scission reactions of conjugate alkyl iso-
ers, however, are combined into one

omposite step; for example a typical reaction
n the MCH sub-mechanism represents one of
he following scenarios, which include three to
our elementary steps:
. M
CH + X = HX + MCH radical

M
CH radical = heptenyl radical

H
eptenyl radical = olefin + allylic radical
ine missing
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+X -HX -H
2. M
CH + X = HX + MCH radical

M
CH radical = heptenyl radical A

H
eptenyl radical A =heptenyl radical B
+X -HX -CH

H
eptenyl radical B = olefin + allylic radical
3

3. M
CH + X = HX + MCH radical
M
CH = heptenyl radical A

H
eptenyl radical A = heptenyl radical B
+X -HX -H
H
eptenyl radical B = diene + alkyl radical
+X -HX -CH3

+X -HX -H

+X -HX -H

+X -HX -CH3

+X -HX -H

Fig. 2. Benzene formation routes from methyl cyclo-
hexane. X = H, OH.
Only the most powerful hydrogen abstractors
in flames, H and OH radicals, are included in
lumped reactions. The composite reactions are
assigned generic rates of hydrogen abstraction
at secondary carbon sites, by assuming that
the hydrogen abstraction is the controlling step
and that the following b scission is much faster.
The conjugate species of the fuel from hydrogen
abstraction sometimes undergoes isomerization,
which is assumed instantaneous, before further
decomposition. Only isomerization reactions via
a transition state ring consisting of five-seven
atoms are included. Thermal decomposition
reactions, which are assigned generic rates, also
represent combined elementary reactions includ-
ing a unimolecular step followed by b scission.
Rates of combined reactions of hydrogen
abstraction and thermal decomposition are
adjusted in the pre-factor to account for the
number of all possible reactions according to
the products.

Also, competing decomposition routes of
cyclohexanes for benzene formation are pro-
posed via cascading hydrogen abstraction fol-
lowed by dehydrogenation reactions through
the use of generic rates as illustrated in Fig. 2,
by assumption that the hydrogen abstraction is
the controlling step, with adjustments in statisti-
cal factors to account for the number of possi-
ble abstraction sites. For example, the generic
rate is adjusted for hydrogen abstraction from
methyl cyclohexane to account for the one
hydrogen on the tertiary carbon and the ten
other hydrogen atoms on the secondary car-
bons. Only the two most powerful hydrogen
abstractors, H and OH radicals, are included
and the intermediates and products are lumped
to reduce the size of the extended mechanism.
For example, all three isomers of methyl cyclo-
hexene are represented by one species. Dehydro-
genation of cyclohexanes gets more favorable as
the ring becomes more unsaturated due to the
emerging aromaticity.
4. Numerical results

Predicted concentrations of selected species
using the Utah Surrogate Mechanism in three pre-
mixed flames of kerosene [1] (P = 760 torr,
U = 1.7), gasoline [2] (P = 760 torr, U = 1.0) and
natural gas [4] (P = 40 torr, U = 1.0) are com-
pared to experimental data in Figs. 3–5. The tem-
perature profiles of these flames were shifted
downstream in order to account for probe effects
as discussed in detail elsewhere [21].

Because of the difficulty of following the fuel
consumption in complex fuels, the predicted and
measured consumption rates of oxygen are com-
pared instead as shown in Fig. 3. The good
agreement between predicted and measured con-
centrations for O2 is also found for major prod-
ucts and important intermediates. Detailed
comparisons between the measured and predict-
ed concentration profiles of other species within
the kerosene flame were reported elsewhere [3].
The predicted peak concentration of 1-pentene
in the kerosene flame is within 5% of the mea-
sured value; those of 1-butene and di-acetylene
are within 10%; those of ethylene and propylene
are within 20%; those of acetylene, allene, and
benzene within 30%; and those of iso-butene
and methane within 50% of the experimental
data.

The measured fuel consumption rate in the
gasoline flame, represented by the profiles of
major components of iso-pentane, isooctane, and
toluene in Fig. 4, is successfully reproduced.



0.0E+00

5.0E-02

1.0E-01

1.5E-01

2.0E-01

0 0.1 0.2 0.3

HAB (cm)

M
o

le
 F

ra
ct

io
n

O2

0.0E+00

5.0E-02

1.0E-01

1.5E-01

2.0E-01

0 0.1 0.2 0.3

HAB (cm)

M
o

le
 F

ra
ct

io
n

CO2
CO

0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

2.5E-03

0 0.04 0.08 0.12 0.16

HAB (cm)

M
o

le
 F

ra
ct

io
n

C4H8-1

C5H10

IC4H8

0.0E+00

1.0E-02

2.0E-02

3.0E-02

0 0.05 0.1 0.15 0.2

HAB (cm)

M
o

le
 F

ra
ct

io
n

C2H4
C3H6

0.0E+00

2.0E-04

4.0E-04

6.0E-04

0 0.05 0.1 0.15 0.2 0.25

HAB (cm)

M
o

le
 F

ra
ct

io
n

AC3H4

C4H2

0.0E+00

5.0E-03

1.0E-02

1.5E-02

2.0E-02

2.5E-02

0 0.1 0.2 0.3

HAB (cm)

M
o

le
 F

ra
ct

io
n

C2H2
C6H6*10

Fig. 3. Predicted and measured profiles of selected species in the kerosene flame [1]. The symbols represent the
experimental data and the lines with symbol the simulations. HAB, height above burner.

0.0E+00

1.0E-03

2.0E-03

3.0E-03

0 0.02 0.04 0.06 0.08
HAB (cm)

n
oitcar

F el
o

M

I-C8H18

2-Me-Butane

0.0E+00

1.0E-03

2.0E-03

3.0E-03

0 0.03 0.06 0.09
HAB (cm)

n
oitcar

F el
o

M

Toluene

0.0E+00

3.0E-04

6.0E-04

9.0E-04

1.2E-03

0 0.03 0.06 0.09 0.12
HAB (cm)

n
oitcar

F el
o

M

13-C4H6

i-C4H8*2

0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

2.5E-03

0 0.025 0.05 0.075 0.1
HAB (cm)

n
oitcar

F el
o

M

C2H4

C3H6

0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

0 0.03 0.06 0.09 0.12
HAB (cm)

n
oitcar

F el
o

M

C6H6*4

C2H2

0.0E+00

1.0E-05

2.0E-05

3.0E-05

4.0E-05

5.0E-05

0 0.025 0.05 0.075 0.1
HAB (cm)

n
oitcar

F el
o

M

CH3OH

Fig. 4. Predicted and measured profiles of selected species in the gasoline flame [2]. The symbols represent the
experimental data and the lines with symbol the simulations.
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The predicted concentrations of major olefins are
in good agreement with the experimental values.
The peak concentration of propylene is under-pre-
dicted by 18.4% only. Those of ethylene and
isobutene are over-predicted by 40–60%; however,
the unexpected plateau in the profiles of these spe-
cies makes it more difficult for the simulation to
capture the experimental trend. A similar flat
shape is observed in the concentration profile of
methanol; the predicted concentrations of metha-
nol are able to match the experimental data in the
reaction zone only. The predicted benzene concen-
trations lie within the experimental uncertainties.
The high concentration at the burner surface is a
result of the benzene fraction in the fuel, and the
simulation captures the unique feature of slow
consumption of benzene due to the contribution
of cyclohexane dehydrogenation. The most suc-
cessfully modeled species is probably 1,3-butadi-
ene, the maximum concentration of which is
over-predicted by 3.0% only. The maximum con-
centration of acetylene is under-predicted by a
factor of two, likely due to the semi-detailed
sub-mechanisms used for several major compo-
nents other than the normal paraffin fractions.

The predicted and experimental concentrations
of selected species in a natural gas flame are com-
pared in Fig. 5. The fuel conversion rate has been
well reproduced for the major components of
methane, ethane and propane, and for the minor
fractions of n-butane, i-butane, n-pentane, and i-
pentane. It is noteworthy that the simulation is able
to capture the experimental trends of slow
consumption in the reaction zone for certain fuel
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Fig. 5. Predicted and measured profiles of selected species in the natural gas flame [4]. The symbols represent the
experimental data and the lines with symbol the simulations.
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fractions, such as butanes, showing plateau shapes
in the simulated concentration profiles of these
components. The slower decomposition of butanes
results from the formation of these species via the
recombination of smaller C1 to C3 alkyl radicals
that are abundant from the decomposition of
major fuel components. The experimental concen-
trations of the oxidant and two major products of
carbon dioxide and water vapor are almost perfect-
ly reproduced, providing another evidence of the
successful modeling of the fuel conversion rate in
the flame. The predicted concentrations of olefins
match the experimental profiles very well. For
example, the predicted peak concentration of pro-
pylene is 18.4% higher than the measured value,
with the peak position correctly estimated. The
peak concentration of ethylene is also predicted
well, and is only 13.1% higher than the experimen-
tal maximum. The measured profile of acetylene,
one of the most important soot precursors, is also
well reproduced, the peak concentration of which
is over-predicted by 31.2%, with the position pre-
dicted correctly. The predicted concentrations of
H and OH, the most important radicals, are in
good agreement with the experimental profiles with
the maximum deviations of 20% (H) and 10%
(OH). This is a credit to the experimental results
given the difficulty in measuring these species.
5. Discussion

The Utah Surrogate Mechanism has been val-
idated for 41 flames of C1 to C16 fuels, which
include paraffins, olefins, acetylenes, oxygenates,
and aromatics in this and previous work [3,21].
The maximum concentrations of benzene in 15
out of 22 flames, in which benzene concentration
was measured, were predicted within 30% of the
experimental data. The major benzene formation
pathways have been mapped out in flames burn-
ing a series of fuels, such as acetylenes, butadi-
enes, and large normal-, iso- and cyclo-paraffins,
which are major components of practical fuels
[26]. The contributions of different constituents
in a complex fuel to the total benzene formation,
therefore, can be assessed by numerically model-
ing each constituent separately, in flames having
a fixed equivalence ratio.

In Table 1, the predicted benzene concentra-
tions in the kerosene flame are compared with
those obtained in a series of modeled flames,
burning an individual fuel component in each
flame under the same experimental conditions
(temperature profile included) except for the fuel
composition. These modeled flames used the same
equivalence ratio as the kerosene flame (U = 1.7),
with the N2 mole fraction fixed. For example, the
most important benzene producer besides the ben-
zene fraction in the fuel is methyl cyclohexane.
The benzene mole fraction in the methyl cyclohex-
ane flame (MCH/O2/N2 = 0.044/0.2719/0.6841,
U = 1.7) reaches 4.14 · 10�3 at 0.0737 cm above
the burner surface, compared to 7.45 · 10�5

obtained in the n-dodecane flame (n-C12H26/O2/
N2 = 0.0266/0.2893/0.6841, U = 1.7) at the same
location. The predicted benzene concentrations
in modeled naphthene and substituted benzene
flames are one order of magnitude higher than
those obtained in iso-paraffin flames and are two
orders of magnitude higher than those from nor-
mal paraffin flames. The predicted total concen-
tration of C5+ aromatic species in naphthene
flame is one order of magnitude higher than those
obtained in normal- and iso-paraffin flames.

A rough estimation of the contribution from
each individual component to soot precursor for-
mation in the kerosene flame and the sum of these



Table 1
Soot precursor production potentials of individual fuel components

Height above burner (cm) Normal C12H26 Iso C8H18 Methyl cycloC6 C6H5CH3 C6H6 Full surrogate

Benzene concentration (ppm) at U = 1.7, P = 1 atm
0.0211 22.9 66.6 1300 794 47700 485
0.0737 74.5 226 4140 2620 28400 850
0.1 76.2 316 3700 3860 17800 638

Acetylene concentration (ppm) at U = 1.7
0.1158 13400 10100 10900 7000 10300 12300

C5+ aromatic species concentration (ppm) at U = 1.7
0.0737 208 566 5490 38500 34800 2300
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contributions are presented in Table 2, obtained
by using the sum of the predicted benzene concen-
trations of each component in modeled flames
weighed by the molar percent of this component
in the kerosene surrogate. The estimation was
compared with results obtained using the surro-
gate fuel (last column in Table 1). The estimated
sum roughly reproduces the measured benzene
concentration in the kerosene flame with devia-
tions of +20–60%, and overestimates the total
C5+ aromatic concentration by a factor of two.
The overestimation is a consequence of the sub-
stantial production from modeled aromatics
flames, and implies the catalytic effects on the
decomposition of aromatic species when paraffinic
species are presented in flames, due to enhanced
formation of radicals. The naphthene and aromat-
ic fractions yield benzene and C5+ aromatic con-
centrations about one order of magnitude greater
than those obtained from paraffin fractions.

In contrast, acetylene formation is not sensitive
to fuel structure; acetylene concentration is high-
est in the flame of n-dodecane (Table 1), with a
value only twice that in the toluene flame and
comparable to those in the flames of other compo-
nents. More interestingly, the sum of the weighted
the acetylene concentrations derived from five
modeled flames (12,298 ppm) estimates the acety-
lene concentration through the use of the full sur-
rogate (12,300 ppm) almost exactly. Acetylene
concentrations in a practical fuel, therefore, very
Table 2
Contributions of individual fuel components to soot precursor

Height above burner (cm) n-C12H26 i-C8H18

Mole % 73.5 5.5

Benzene concentration (ppm)
0.0211 16.8 3.7
0.0737 54.8 12.4
0.1 56.0 17.4

Acetylene concentration (ppm
0.1158 9849 556

C5+ aromatic species concen
0.0737 153 31
likely can be estimated from those obtained, via
experiments or simulations, in flames of represen-
tative chemical compounds under similar
conditions.
6. Conclusions

A new mechanism was generated and extend-
ed to describe three common composite fuels,
and was validated with data obtained over a
range of equivalence ratios from 1.0 to 1.7.
Mechanism generation through the use of generic
rates has greatly reduced the mechanism genera-
tion effort, and proved to be successful as seen in
the comparison between the calculated and mea-
sured concentrations, which include those of soot
precursors, for composite fuels containing high
concentrations of paraffins. The ability to predict
the formation of soot precursors such as acety-
lene and benzene is one of the major contribu-
tions of the present paper. The relative
tendency of each component to form soot pre-
cursors can guide the formulation of future fuels
that produce less soot, which is desirable in com-
bustors such as gas turbines. Results reported in
Tables 1, 2 infer strong precursor production
potential of certain fuel fractions in liquid trans-
portation fuels. The importance of naphthene
and aromatic fractions in benzene formation is
clear, although these fractions account for only
formation

CH3-cycloC6 C6H5CH3 C6H6 Sum

10 10 1 100

· fuel fraction
130 79.4 477 707
414 262 284 1027
370 386 178 1007

) · fuel fraction
1090 700 103 12298

tration (ppm) · fuel fraction
549 3850 348 4931
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20% of the surrogate. In contrast, the flames of
each individual component in the kerosene pro-
duce similar amounts of acetylene. In the formu-
lation of surrogate fuels to simulate soot
formation, major attention should be given to
the components leading to benzene formation,
an important species in particle nucleation and
surface condensation, since the formation of
acetylene, the addition of which dominates soot
surface growth, is relatively insensitive to fuel
composition. Interestingly, the findings support
the generalization that the propensity for ben-
zene formation in this study is consistent with
the generalization that soot propensity of fuel
components is given by aromatics > cyclo-paraf-
fins > i-paraffins > n-paraffins.
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Comment
Robert J. Santoro, Penn State University, USA. Have
you compared your kinetic chemical reaction results
with an equilibrium calculation for the fuel mixture?

Reply. This question was targeted to the predictions
summarized in Table 1. The equilibrium concentrations
for acetylene and benzene under these conditions are
much lower than the values predicted by the kinetic
model for the surrogate mixture, as well as for the indi-
vidual surrogate components. Thus, we are far from
equilibrium at these conditions.

It is interesting to note that while the H/C ratios for
normal-, iso- and cyclo-paraffins are approximately the
same, and thus would produce similar equilibrium
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levels, there were significant differences among the
benzene and aromatic concentrations predicted for pre-
mixed flames of these fuels, which would indicate a
kinetically controlled structural effect on the formation
of aromatics. Such an effect was not observed for
acetylene formation.
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