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A B S T R A C T

The main purpose of this study is to model one-dimensional, premixed, laminar, burner-stabilized, fuel-rich n-
heptane flame to understand its combustion characteristics. Detailed chemical kinetic modeling technique was
used to obtain more information about the formation nature of emissions in n-heptane flame. A detailed che-
mical kinetic mechanism was generated by combining several mechanisms from the literature that related with
possible products of fuel-rich n-heptane combustion. The mechanism consists of 4185 reactions and 893 species.
Validations of the mechanism were done by species mole fractions of premixed laminar flames and jet stirred
reactors, and ignition delay times in shock tubes. A detailed investigation of the n-heptane flame was carried out
using rate of production and reaction pathway analyses. Propargyl radical (C3H3), vinylacetylene (C4H4) and
acetylene (C2H2) were found as the main precursors of benzene formation. The mechanism was able to predict
most of the major, minor, and trace species up to four-fused aromatic rings formed in the flame. A skeletal
mechanism was also generated using Directed Relation Graph with Error Propagation (DRGEP) method. It
consists of 1879 reactions and 359 species. The skeletal mechanism was in a good agreement with the detailed
mechanism on the species mole fraction predictions.

1. Introduction

Most of the utilized energy in the world comes from numerous
combustion-related sources. Combustion has a variety of application
areas such as power generation, transportation, and industrial manu-
facturing operations. On the other side, combustion is one of the major
sources of environmental pollutants. The incomplete combustion of the
hydrocarbon fuel is the main reason behind polycyclic aromatic hy-
drocarbon (PAH) formation. PAHs consist of two or more aromatic
rings that are bonded with linear, angular or cluster form in their
structures. They are toxic and carcinogenic compounds [1]. PAHs can
be formed from a combination of simpler aromatic rings such as ben-
zene (C6H6) or they can also be formed as an aromatic compound from
non-aromatic species [2]. The high-molecular-weight PAHs
(500–1000 amu) are considered as precursors of soot particles [3]. n-
Heptane is a component of commercial gasoline and one of the primary
reference fuels (PRF) for the determination of gasoline octane number.

The oxidation of n-heptane has been studied extensively in the lit-
erature. Bakali et al. [4] have investigated the oxidation of a laminar
premixed n-Heptane/O2/N2 flame experimentally with an equivalence
ratio of 1.9. Species concentration profiles for intermediates, major and
minor products up to benzene were measured over the flame using
microprobe and online GC/MS system.

Doute et al. [5] have studied chemical structures of low-pressure,
premixed n-Heptane/O2/Ar and iso-Octane/O2/Ar flames experimen-
tally. Both flames have been stabilized at low pressure (6 kPa), and the
measurements of species concentrations have been performed by mass
spectrometric analyses of samples.

The high-temperature oxidation and pyrolysis mechanism of PRF
mixtures that involves 107 species and 723 reactions was established by
Chaos et al. [6]. The model showed good performance at temperatures
greater than 950 K, pressures less than 15 bar, and equivalence ratio
less than 2.5. Marchal et al. [7] have developed a detailed chemical
kinetic mechanism that explains the formation of polycyclic aromatic
hydrocarbons up to four ring structures and soot from several fuels (i.e.,
n-heptane, iso-octane, and decane).

Inal and Senkan, [8] have experimentally studied the formation of
PAHs in fuel-rich n-heptane flames. The study concerned two atmo-
spheric pressure, premixed, laminar n-heptane flames with equivalence
ratios of 1.97 and 2.10. Using online GC/MS analyses of the samples
withdrawn from the flames, species mole fraction profiles up to four
aromatic rings with respect to height above the burner surface (HAB)
were obtained.

A detailed kinetic mechanism of n-heptane that consists of 1400
reactions and 350 species for the growth pathways of large PAHs was
developed by Raj et al. [9]. Alternative formation pathways for
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naphthalene (C10H8), phenanthrene (C14H10), and pyrene (C16H10)
were also involved in the mechanism. The model predictions showed a
good agreement with the experimental data.

A reduced chemical kinetic mechanism for gasoline reference fuel
(i.e., n-heptane, iso-octane, and toluene) was proposed by Wang et al.
[10]. The mechanism consists of 109 species and 543 reactions, which
involves PAH formation kinetics. Reaction sensitivity analyses for the
formation of several aromatic species were also performed. The results
have shown that for benzene formation, the most effective reactions
were C4 +C2→Benzene and C3+C3→Benzene. For PAH formation,
the most effective reaction was determined as C5+C5 →Naphthalene.

Park et al. [11] have developed a detailed chemical kinetic me-
chanism of the gasoline surrogate fuel (i.e., n-heptane, iso-octane, and
toluene) that describes the formation of PAH species up to coronene.
The overall mechanism consists of 2021 species and 8688 reactions.
Additionally, a high-temperature sub-mechanism that consists of 574
species and 3379 reactions was also proposed for premixed laminar
flames and counter-flow diffusion flames. Soot formation mechanisms
from pyrene (A4) and higher PAHs species were also studied.

A low pressure (40mbar) premixed n-heptane flame with an
equivalence ratio of 1.69 was studied by Seidel et al. [12]. The con-
centration profiles of ~80 species up to naphthalene (C10H8) were de-
termined. A detailed chemical kinetic mechanism with 349 species and
3686 reactions was generated using the experimental data of the study.
The model predictions have shown acceptable performance for species
concentrations, flame speed, and ignition delay time at the pressure
range of 1 bar to 40 bar and at temperature range of 500 K to 2000 K.

A semi-detailed chemical kinetic mechanism that describes the
formation of PAH species from toluene reference fuel was proposed by
An et al. [13]. The mechanism consists of 219 species and 1229 reac-
tions. Rate of production/consumption (ROP) analyses were done to
examine the most effective reactions in benzene formation. It was ob-
served that reaction rates of benzene formation pathway were highly
dependent on temperature. For relatively low temperature range (700 K
to 950 K), n-C4H5+C2H2=A1+H (A1 refers to benzene) was de-
termined as the most important reaction. For moderate temperatures
(800 K to 1400 K), the reaction C3H4-A+C3H3=A1+H (C3H4-A re-
fers to allene/propadiene and C3H3 refers to propargyl) was found as an
important reaction for the first aromatic ring formation. The reaction
between two propargyl radicals, C3H3 +C3H3=A1, was considered as
the most important reaction for high temperature (1200 K to 1530 K)
benzene formation.

A detailed chemical kinetic mechanism for gasoline surrogate fuel
(i.e., n-heptane, iso-octane, and toluene) for a wide range of engine
conditions was proposed by Mehl et al. [14]. The mechanism consists of
5935 reactions and 1389 species. Validations were done with numerous

experimental data for both pure fuels and various fuel blends (such as
toluene/n-heptane and iso-octane/1-hexene). The results of the me-
chanism validations in JSR and shock-tubes have shown that the model
was highly successful for the ignition characteristics for an equivalence
ratio of 1, and the pressure and temperature ranges of 3 to 50 atm and
650 to 1200 K, respectively.

There are limited number of experimental and modeling studies in
the literature reporting concentration profiles of stable low molecular
weight species, aliphatics, aromatics, and polycyclic aromatic hydro-
carbons for the same n-heptane flame. In this study, the main objective
is to model premixed, laminar, fuel-rich, atmospheric pressure n-hep-
tane flame at an equivalence ratio of 2.10 [8] using detailed chemical
kinetic modeling technique.

2. Method

2.1. Experimental data

The experimental setup used for data acquisition has been described
elsewhere [8], therefore only brief information will be presented here.
A laminar, premixed, atmospheric pressure flat flame of n-Heptane/O2/
Ar was stabilized over a 50mm diameter porous bronze burner. Argon
was also used as a shield gas to protect the flame from surrounding air.
The concentrations of major, minor, and trace species were established
by analyzing samples withdrawn from the flame using heated quartz
microprobe coupled to an online GC/MS. The experimental conditions
of the flame study are given in Table 1.

2.2. Model

The Detailed Chemical Kinetic Modeling (DCKM) approach is
widely used to understand the combustion processes. One of the com-
monly used software for DCKM is ANSYS Chemkin-Pro® [15]. In this
study, a premixed, laminar, fuel-rich flame of n-heptane was modeled
using ANSYS Chemkin-Pro based on the experimental work of Inal and
Senkan [8].

Nomenclature

DCKM Detailed Chemical Kinetic Modeling
DRG Directed Relation Graph Method
DRGEP Directed Relation Graph with Error Propagation
DRGPFA Directed Relation Graph Method with Path Flux Analysis
GC/MS Gas Chromatography/Mass Spectrometry
HAB Height Above the Burner Surface
HACA Hydrogen Abstraction Acetylene Addition
HAMA Hydrogen Abstraction Methyl Addition
JSR Jet Stirred Reactor
LLNL Lawrence Livermore National Laboratory
PAH Polycyclic Aromatic Hydrocarbon
PRF Primary Reference Fuels
ROP Rate of Production Analysis

j thermocouple junction emissivity
rAB immediate error

Nuj Nusselt number of thermocouple junction
vA,i the stoichiometric coefficient of species A in the ith reac-

tion
Ea the activation energy

i the reaction rate of the ith reaction
A pre-exponent collision frequency factor
kgas thermal conductivity of gas (W/mK)
R universal gas constant
S the group of all possible paths from species A to species B
Tgas gas temperature (K)
Ttj thermocouple junction temperature
k reaction rate constant

temperature exponent
kg0 assumed constant; 6.54×10–5 (W/mK2)
σ Stefan-Boltzmann constant; 5.67×10−8 (W/m2K4)
Φ equivalence ratio

Table 1
Inlet stream properties of the premixed n-heptane flame.

Properties Premixed flame

Initial velocity (cm/s) 5.17
Equivalence ratio (Φ) 2.10
n-heptane (mole %) 5.50
O2 (mole %) 28.79
Ar (mole %) 65.71
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In order to start the modeling work, a comprehensive mechanism
(i.e., Lawrence Livermore National Laboratory (LLNL) n-heptane me-
chanism version 3.1) [14] was selected as a Base Mechanism. The LLNL
n-heptane mechanism was also validated for a wide range of conditions,
and used as the base mechanism in various modeling studies
[10,11,16]. The Base Mechanism does not include some important re-
actions for the formation of specific fuel-rich flame products such as
benzene and polycyclic aromatic hydrocarbons. The Donor Mechanism
1 includes some aromatic and PAH species formation pathways with
hydrogen abstraction acetylene addition (HACA) growth [17]. It was
merged with the Base Mechanism. Additionally, formation pathways of
linear PAH (anthracene), angular PAH (phenanthrene), and branched
aromatics (indene, cyclo-penta[cd]pyrene, etc.) were added from the
Donor Mechanism 2 [18]. The Donor Mechanism 3 includes site specific
formation and oxidation pathways of benzene and PAHs up to high
molecular weight species (anthracene, aceanthrylene, cyclopenta[cd]
pyrene, chrysene, etc.) [19]. It was also combined with the Base Me-
chanism. Additional PAH and intermediate formation reactions were
also added from the recent study [11]. While merging the Donor and
Base Mechanisms the molecular structures of the species were taken
into consideration since each mechanism has different notations to refer
species. After merging these mechanisms, the resulting mechanism was
called as Master Mechanism. The general information about Base,
Donor, and Master Mechanisms are given in Table 2. As seen from
Table 2, the number of reactions and species in the Master Mechanism
were 4185 and 893, respectively. Chemkin files for the Master Me-
chanism can be obtained upon request from the authors.

To enhance the model predictions, some reaction rate parameters
were modified with the recent kinetic data available in the literature
[11,17–21] as shown in Table 3. In Table 3, the reaction rate constant is
defined by the three-parameter expression,

=k AT e
E
RT

a (1)

where, k is the rate constant, A the pre-exponent collision frequency
factor, β the temperature exponent, Ea the activation energy, T the
temperature, and R the universal gas constant.

A validation work was conducted for the Master Mechanism using
the experimental data from the literature. Species mole fractions ob-
tained in jet stirred reactors [16,20] were used for mechanism

validation. There were two JSRs, the first reactor (JSR1) was at
106.6 kPa, 2 s residence time, and an equivalence ratio of Φ =3 [16],
and the second reactor (JSR2) was at the same conditions of JSR1 ex-
cept for an equivalence ratio of Φ =2 [20]. The model predictions of
Master Mechanism and experimental measurements for n-heptane,
acetylene, methane and benzene mole fractions are shown in Fig. 1. The
Master Mechanism slightly underestimated n-heptane mole fractions
from 550 K to 700 K for both equivalence ratios but for the negative
temperature coefficient region (~700 K to ~850 K) and higher tem-
peratures, the differences between the experimental data and model
predictions were smaller (Fig. 1). As seen from Fig. 1, the Master Me-
chanism overpredicted acetylene mole fractions by a factor of about 3
for both JSR studies, yet the formation temperature of acetylene was
properly estimated (~850 K). Model predictions for benzene mole
fractions were consistent with the experimental data at the equivalence
ratio of 2 (Fig. 1). However, for the equivalence ratio of 3, the Master
Mechanism could not predict the low temperature (550 K to 850 K)
formation of benzene. Although there were over and under predictions
by the Master Mechanism, generally satisfied predictions were achieved
for both JSRs. Additional model validation was carried out using one
dimensional, atmospheric-pressure, premixed, laminar flame data at an
equivalence ratio of 1.9 [4]. Experimental mole fractions of acetylene
and benzene with model predictions are given in Fig. 2. Acetylene mole
fractions were predicted by the Master Mechanism with a very low
error compared with the experimental data. Benzene mole fractions
were underestimated by the Master Mechanism with an error less than a
factor of 2. A validation work for ignition delay time was also carried
out using shock-tube data at two different pressures (20 and 38 bar)
with an equivalence ratio of 1 [20]. As seen from Fig. 3, for 20 bar
pressure, the Master Mechanism predicted ignition delay times with a
low error on a wide temperature range (726 K to 1412 K). For the
pressure of 38 bar, Master Mechanism overestimated the ignition delay
times by a factor of about 1.5 for temperatures from 750 K to 950 K.

In the premixed, fuel-rich n-heptane flame the temperature mea-
surements were carried out by rapid insertion technique [8]. However,
especially around the post-flame region soot deposition on the ther-
mocouple junction was reported. The high emissivity values of soot
covered thermocouple might cause heat loss from the thermocouple
junction by radiation. By exerting energy balance around the thermo-
couple junction [22], the measured temperature profile was corrected;

=
×

×T
k Nu

d
T T

2
( )j tj

g j

tc
gas tj

4 0 2 2
(2)

where, dtc is the thermocouple junction diameter (m), Tgas the gas
temperature (K), kg0 the assumed constantk

T
gas
gas

; 6.54× 10−5 (W/
mK2), kgas the thermal conductivity of gas (W/mK), Nuj the Nusselt
number of thermocouple junction, Ttj the thermocouple junction tem-
perature (K), σ the Stefan-Boltzmann constant; 5.67×10−8 (W/m2K4),
and Ɛj the thermocouple junction emissivity.

By assuming a linear correlation between experimentally measured

Table 2
General information of the Base, Donor, and Master Mechanisms.

Mechanisms Number of Reactions Number of Species Reference

Base Mechanism 2827 627 [14]
Donor Mechanism 1 553 99 [17]
Donor Mechanism 2 672 154 [18]
Donor Mechanism 3 1110 256 [19]
Additional Reactions 74 5 [11]
Master Mechanism 4185 893 This Study

Table 3
Modified rate constant parameters in the Base Mechanism.

Reactions A (mol, cm, s units) β Ea (cal/mol) Reference

H+O2=O+OH 1.04E+14 0 15,286 [20]
C3H5-A+H=C3H4-A+H2 5.00E+13 0 0 [18]
C3H5-A+CH3=C3H4-A+CH4 3.02E+12 −0.32 −1.31E+02 [18]
C3H4-A+CH3=C3H3+CH4 1.50E+00 3.5 5.60E+03 [18]
C3H3+H+(M)=C3H4-P(+M) 1.66E+15 −0.37 0 [18]
C2H+CH3=C3H4-P 8.00E+46 −10 4.63E+04 [19]
C3H3+O=CH2O+C2H 7.17E+13 0 0 [19]
C3H3+OH=C3H2+H2O 2.00E+13 0 8.00E+03 [11]
C3H3+H=C3H2+H2 2.14E+05 2.52 7.45E+03 [11]
C2H4+H=C2H3+H2 1.33E+06 2.53 1.22E+04 [17]
C2H3+O2=O+CH2+CO 3.50E+14 −0.611 5.26E+03 [18]
C2H2=H+HCCO 9.03E+12 0 4.53E+03 [21]
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soot volume fractions and junction emissivity values, the energy bal-
ance was solved for gas temperature. As a result of the temperature
corrections, the measured and corrected temperature profiles are given
in Fig. 4. The radiation correction in temperature was about 70 K at
2.0 mm HAB. Similar differences between measured and corrected
temperatures were also reported for premixed, fuel-rich butane (about
105 K at 1.5mm above the burner surface) [18] and ethylene (80 K at
2.0 mm above the burner surface) [23] flames. The corrected tem-
perature profile of the flame (Fig. 4) was used as an input parameter to
predict species mole fraction profiles with the Master Mechanism.

Fig. 1. Validation of the Master Mechanism for mole fractions of n-C7H16, C2H2, CH4, and C6H6 in JSR1 (Φ =3) [16] and JSR2 (Φ =2) [20].

Fig. 2. Validation of the Master Mechanism for mole fractions of C2H2 and C6H6

in a premixed flame [4].

Fig. 3. Validation of the Master Mechanism for ignition delay time in a shock-
tube [20].

Fig. 4. Measured and corrected temperature profiles of premixed n-heptane flame.
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3. Results and discussion

The experimental [8] and model predictions for mole fraction pro-
files of reactants (O2 and n-heptane) and low molecular weight pro-
ducts (H2, H2O, CO, CO2, CH4) are shown in Fig. 5. In the model pre-
dictions fuel completely consumed at around 2mm earlier than the
experimental data. For H2 there was an underestimation by a factor of
about 2.5 in the model predictions. A good agreement between ex-
perimental measurements and model predictions were achieved for
H2O and C1 species (CO, CO2, and CH4).

The important decomposition routes for n-heptane were in-
vestigated by rate of decomposition and reaction pathway analyses. As
seen from Fig. 6, all decomposition reactions for n-heptane occurred

between burner surface and 1.5 mm HAB. Hydrogen abstraction reac-
tions by H radical from the second and third carbon atoms of n-C7H16

seem to be the most dominant reactions for n-heptane decomposition.
Decomposition of n-heptane by hydrogen abstraction with OH radicals
started earlier than hydrogen abstraction by H radicals (Fig. 6). At
around 0.4 mm HAB, third body reactions that formed C3 and C4 alkyls
have started. Since all decomposition reactions were in competition at
~0.8mm HAB, the closest grid point (HAB=0.8125mm) was chosen
to perform reaction pathway analysis.

In Fig. 7, the atomic carbon flux from n-heptane to other species
were shown at 0.8125mm HAB. The formation rates of 3-heptyl
(C7H15-3) and 2-heptyl (C7H15-2) from n-heptane by H abstraction re-
actions were analogous to each other (Fig. 7). Additionally, 1-butyl
(PC4H9). and ethyl (C2H5) were directly formed from n-heptane by third
body reactions. (2)-heptyl broke down into propene (C3H6) and 1-butyl
(PC4H9). The decomposition path for 3-heptyl was not available in
Fig. 7 since decomposition rates of 3-heptyl were very slow compared
with those for 2-heptyl at 0.8125mm HAB.

The measured and predicted mole fraction profiles of C2 species
(C2H2, C2H4, and C2H6), C3 species (C3H4 and C3H6), and C4 species
(C4H2, C4H4, and C4H6) are shown in Fig. 8. Among these species,
acetylene is an important species that takes a significant role in ben-
zene, PAH and soot formations [17,24,25]. Moreover, propadiene
(C3H4) and vinylacetylene (C4H4) are also considered as precursors for
benzene formation [3,26,27]. Vinylacetylene was reported as a

Fig. 5. Comparisons of model predictions with experimental mole fraction
profiles for n-C7H16, O2, H2O, H2, CO, CO2, and CH4.
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precursor for PAH growth [3]. There are other studies in the literature
that indicate the importance of propargyl (C3H3) and 1,3-butadienyl
(1,3-C4H5) for benzene formation, and propargyl (C3H3) and cyclo-
pentadienyl (C5H5) for PAH formation [3]. For these unstable species,
there are no experimental data available in the flame studied. The
predicted mole fraction profiles of acetylene (C2H2) matched with the
experimental measurements. However, for ethylene (C2H4) mole frac-
tion profile there was a 1.5 mm shift to the burner surface side in the
model predictions (Fig. 8). The experimental data for ethane (C2H6)
were available up to 3mm HAB. The predicted C2H6 mole fractions
started to decrease at around 2mm HAB. The propadiene (C3H4) mole
fractions were underestimated by the Master Mechanism by a factor of
10 (Fig. 8). For C3H6, the model fitted the experimental measurements
up to 2mm HAB, but at higher HAB there were underestimations by the
model. The trends for diacetylene (C4H2) and vinylacetylene (C4H4)
mole fraction profiles were successfully computed by the Master Me-
chanism. However, the mole fractions of both species were under-
estimated by a factor of about 10 (Fig. 8). In experimental data there
were no 1,3-butadiene (C4H6) at HAB greater than 3mm, however, in
the model predictions, there was a rapid decrease for C4H6 at around
1.5 mm HAB (Fig. 8). In general, there was a good agreement between
experimental and modeling results for C2–C4 species. Similar differ-
ences between modeling results and experimental data were also re-
ported for different flames [9,12].

The experimental data and modeling results for one ring aromatic
species benzene (C6H6), toluene (C7H8), and phenylacetylene (C8H6)
are shown in Fig. 9. Inal and Senkan [8] have reported that the ex-
perimental data for aromatic and PAH species within a few millimeters
above the burner surface were questionable due to the possible sam-
pling probe burner surface interactions. Considering their statement, it
can be said that both benzene and phenylacetylene mole fractions were
slightly overestimated by the Master Mechanism for HAB greater than

4mm (Fig. 9). However, toluene was overestimated by a factor of about
10 for HAB greater than 4mm.

It has been reported that 1,3-butadienyl radical (1,3-C4H5) was a
precursor of benzene in 1,3-butadiene (C4H6) flames by the following
reaction sequence [24];

+1, 3-C H C H C H4 5 2 2 6 7

C H c-C H (ring closure)6 7 6 7

+c-C H Benzene H(hydrogen loss)6 7

The unstable intermediate propargyl (C3H3) is also considered as a
major precursor for the formation of benzene with the following reac-
tion [18,28];

+C H C H Benzene3 3 3 3

The addition of vinyl to vinylacetylene reaction is also regarded as a
source of benzene formation especially in ethylene flames [28];

+ +C H C H C H H4 4 2 3 6 6

To see the important reactions for the formation of benzene in the
fuel-rich n-heptane flame, rate of production analysis for benzene
across the flame was carried out. The most significant eight reactions on
the formation and decomposition of benzene can be seen in Fig. 10. The
maximum benzene production was achieved at around 1.25mm HAB.
Between 1.4 mm and 2.4mm HAB, benzene decomposition was faster
than its production. The most effective reaction for benzene destruction
and formation seems to be hydrogen abstraction reaction from benzene.
Combination of propargyl (C3H3) reactions also led to benzene forma-
tion especially at HAB of ~ 2mm. The forward reaction between to-
luene and H (C6H5CH3+H=A1+CH3) also resulted to benzene for-
mation. Since the maximum total ROP of benzene was at around
1.25mm HAB, the reaction pathway analysis for benzene was per-
formed at that height.

Fig. 8. Comparisons of model predictions with experimental mole fraction
profiles for C2H2, C2H4, C2H6, C3H4, C3H6, C4H2, C4H4, and C4H6.

Fig. 9. Comparisons of model predictions with experimental mole fraction
profiles for benzene, toluene and phenylacetylene.
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The simplified formation pathways of benzene (in both C and H
fluxes) are shown in Fig. 11. Bimolecular reaction between two pro-
pargyl radicals (C3H3) was found as the most dominant route for ben-
zene formation. Vinyl (C2H3) addition to vinylacetylene (C4H4) reaction
also produced a comparable amount of benzene. However, the reactions
between propadiene (C3H4-A) and propargyl radical and acetylene
addition to 1,3-butadienyl radical (1,3-C4H5) were found to be less
important in benzene formation under the conditions considered.

Two membered PAH naphthalene is also considered as an alter-
native first aromatic ring in hydrocarbon combustion and pyrolysis by
the following reaction [3,29],

+ + +C H C H A H H5 5 5 5 2

where A2 refers to naphthalene. It is also suggested that phenylacety-
lene can be formed as a first aromatic ring by the reaction
C4H4 +C4H4(+H) [30].

Hydrogen abstraction acetylene addition (HACA) is one of the main
reaction mechanism that results in PAH formation [2,25]. That me-
chanism relied on the addition of acetylene to phenyl (for i= 1) radical
to grow their molecule and after the necessary amount of carbon is
achieved two or more membered aromatic species can be formed;

+ +A H A Hi i 2

+A C H A C Hi 2 2 i 2 2

+ ++A C H C H A Hi 2 2 2 2 i 1

Vinylacetylene addition to aromatic radical and fusion of aromatic
radical with an aromatic ring also considered as growth mechanism of
polycyclic aromatic hydrocarbons [25];

+ +A C H A C H Ai 4 4 i 4 4 i 1

+A A P1 1 2

where P2 is biphenyl and Ai is PAH with i number of benzene ring.
Hydrogen abstraction methyl addition (HAMA) sequence was also

considered as an alternative reaction sequence for PAH growth [31].
The experimental measurements and modeling results for the mole

fraction profiles of indene, naphthalene, and acenaphthylene are shown
in Fig. 12. For indene, the model underpredicted the experimental data
by a factor of about 10 up to 5mm HAB while the difference between
model predictions and the experimental data was about a factor of 3 for
HAB above 6mm (Fig. 12). Naphthalene was underpredicted by the
model up to 5mm HAB. However, the model predictions of naphtha-
lene became very close to experimental data for HAB greater than
6mm. Acenaphthylene was underpredicted by the model up to 2mm
HAB. However, for HAB greater than 2mm the model predictions were
very close to the experimental data.

For three ring PAH species phenanthrene, anthracene and 4H-cy-
clopenta[def]phenanthrene, experimental data and model predictions
for mole fraction profiles are shown in Fig. 13. The Master Mechanism
was able to predict both phenanthrene and anthracene concentration
profiles with an error less than a factor of 3 especially at higher dis-
tances above the burner surface (Fig. 13). The model underpredicted
the 4H-cyclopenta[def]phenanthrene mole fractions by a factor of 10
when compared with the experimental data (Fig. 13).

Fluoranthene and pyrene experimental mole fraction profiles with
model predictions are presented in Fig. 14. The experimental fluor-
anthene mole fractions and modeling results match with each other.
Pyrene mole fractions were underestimated by the Master Mechanism
about a factor of 5 for HAB greater than 5mm. The difference between
experimental data and the model predictions of PAHs can be considered
acceptable. There was more than a factor of 100 difference between
experimental data and model predictions for pyrene and phenanthrene
mole fractions in a fuel-rich, premixed ethylene flame [32].

There are several methods suggested in the literature to apply me-
chanism reduction, such as principal component analysis, directed re-
lation graph method (DRG) [33], directed relation graph with error
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Fig. 10. Rate of production analysis for benzene across the flame.

Fig. 11. Main formation pathways of benzene (A1) at HAB=1.25mm (both
carbon and hydrogen fluxes).
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production (DRGEP) [34], directed relation graph method with path
flux analysis (DRGPFA) [35], and isomer lumping. In this study, di-
rected relation graph with error propagation method was used to obtain

a Skeletal or Reduced Mechanism from the Master Mechanism.
In DRG method, the removal of a species on the production rate of

selected species was defined as an immediate error, (rAB) where A is the
selected species and B is the removed species. The immediate error is
calculated by the equation below [33],

=

=
r

| |
| |AB

i j A i i Bi

i j A i i

1, ,

1, , (3)

= 1, if the i reaction involves species B
0, otherwiseBi

th

where i is the reaction number, vA i, the stoichiometric coefficient of
species A in the ith reaction, and i the reaction rate of the ith reaction.
Denominator includes all the reactions in the mechanism, however, the
numerator just includes the reactions that consist of species B. If the
calculated immediate error is greater than the error-tolerance level, the
specie would not be eliminated.

In DRGEP method an additional R-value is defined to determine the
species required to be kept in the mechanism. The R-value is defined as
[34];

=R B max r( ) { }A S ij (4)

where S is the group of all possible paths from species A to species B,
and rij the immediate error. For the reaction sequence of A→B→C, the
R value is ×r rAB BC. If there is a reaction between A and B with a larger
R value than the threshold value, species B needs to be kept in the
mechanism.

As the relative tolerance increases, the number of eliminated reac-
tions also increase. To start mechanism reduction, the relative tolerance
of all the major, minor, and trace species that experimentally quantified
were defined. By defining the relative tolerance as a high value, it was
possible to see different versions of reduced mechanisms.

Reduced mechanisms that have different number of species/reac-
tions with their error percentages of n-heptane mole fractions are
shown in Fig. 15. The error percentage was related to the difference
between n-heptane mole fractions in the Master and Reduced Me-
chanisms. The threshold values are related with the removal of the
species/reactions. Threshold value of 1 means the removal of all spe-
cies/reactions. There were two sudden increases in the percentage error
of n-heptane mole fraction predictions with the increasing threshold
value. The reduced mechanism which corresponds to a threshold value
of 0.111 was chosen as the best Skeletal or Reduced Mechanism

Fig. 13. Comparisons of model predictions with experimental mole fraction
profiles for phenanthrene, anthracene, and 4H-cyclopenta[def]phenanthrene.

Fig. 14. Comparisons of model predictions with experimental mole fraction
profiles for fluoranthene and pyrene.

Fig. 12. Comparisons of model predictions with experimental mole fraction
profiles for indene, naphthalene, and acenaphthylene.
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(Fig. 15). As a result of mechanism reduction, a Skeletal Mechanism
with 1879 reactions and 359 species was achieved.

Fig. 16 shows the experimental mole fractions of acetylene, ben-
zene, and naphthalene with the Master and Skeletal Mechanism pre-
dictions. As seen from Fig. 16, the performances of the Skeletal and
Master Mechanisms were almost the same for the species considered in
the fuel-rich n-heptane flame.

4. Conclusion

A burner-stabilized, premixed, laminar, fuel-rich n-heptane flame at
an equivalence ratio of 2.10 was modeled using DCKM approach. A
detailed chemical kinetic mechanism was generated by merging Base
and Donor Mechanisms. The Base Mechanism was about the detailed
oxidation pathways of n-heptane in a wide range of conditions. Donor
Mechanisms include the formation pathways of benzene and polycyclic
aromatic hydrocarbons. Some reaction rate parameters were also
modified to improve the model predictions over the experimental data.
The resulting Master Mechanism consists of 4185 reactions and 893
species. It was validated by experimental data of species mole fractions
in jet stirred reactors (JSRs) and premixed flame, and ignition delay
time measurements in shock-tube. The Master Mechanism was able to
predict most of the major, minor, and trace species mole fractions of the
premixed, fuel-rich, n-heptane flame. By the rate of production and
reaction pathway analyses, it was seen that propargyl radical (C3H3),
vinylacetylene (C4H4), and acetylene (C2H2) were the main precursors
for the formation of benzene. The Skeletal Mechanism was generated by
the directed relation graph with error propagation method. It consists of
1879 reactions and 359 species. The Skeletal Mechanism was in a good
agreement with the Master Mechanism on the species mole fraction
predictions of the n-heptane flame. It can be used to simulate complex
combustion processes without compromising the descriptive ability of
the Master Mechanism.
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