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A detailed kinetic model has been developed and used to simulate aromatic growth in premixed
benzene and ethylene flames. The model considers the role of resonantly stabilized radicals in
the growth of aromatic species, in addition to the hydrogen abstraction carbon addition (HACA)
mechanism, which involves hydrogen abstraction to activate aromatics followed by subsequent
acetylene addition. Model results show that the self-combination of resonantly stabilized radicalss
in particular, the combination of cyclopentadienyl radicalssis the controlling pathway for the
aromatic-ring growth. The kinetic model reproduces the experimental trends of these compounds
already below the flame front and their decrease within the flame front, which has been observed
experimentally but never predicted numerically. The reaction mechanism has been used to identify
the different behaviors of aromatic growth in ethylene and benzene flames. Benzene formation
is the rate-limiting step for aromatic growth in ethylene flames. C6H6 is formed across the flame
front and carbon growth continues through the formation of multi-ring aromatics in the post-
flame region. In benzene oxidation, the aromatic ring is already present in the main oxidation
zone and it is mainly oxidized to cyclopentadienyl radicals. As a consequence, a large amount of
cyclopentadienyl radicals are available for recombination reactions, leading to multi-ring formation
already in the main oxidation region. The increase of the temperature at the flame front reduces
their concentration due to pyrolysis and/or oxidation resulting in a peak value in the main
oxidation region and a leveling-off in the post-oxidation region of the flame.

Introduction

In combustion systems, inadequate mixing of fuel and
oxygen produces fuel-rich “pockets”, where incomplete
oxidation results in carbon growth, starting with small
radicals, going through the formation of aromatic spe-
cies and ending up with soot particles. Control of these
combustion-generated pollutants can be achieved through
suppression of their formation, through enhancement
of burnout after they are formed, or through a combina-
tion of these approaches.

To determine the proper combustion modifications to
reduce pollutant emissions, it is important to know the
controlling features of their formation mechanisms.
Hence, an understanding of the elementary reaction
pathways of hydrocarbon oxidation and pyrolysis and
the growth of aromatic compounds is an area of interest,
from both a fundamental combustion standpoint and an
environmental standpoint.

The rich combustion of hydrocarbons is often char-
acterized by the formation of a large variety of com-
pounds, which constitute the emitted carbonaceous
aerosol, including soot, polycyclic aromatic hydrocarbons

(PAH), high-molecular-mass tarlike material, and
fullerenes.1-5 So far, efforts to model the complex
chemistry of fuel-rich combustion have focused on the
prediction of soot and low-molecular-mass PAH,6-12

which are not the major constituents of combustion-
generated pollutants. Indeed, high-molecular-mass com-
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pounds represent the largest fraction of the aromatics
compounds in slightly sooting conditions and they
remain almost unresolved in the analyses of combustion
exhausts, as well as in the atmosphere.3,13-15

Recently, we have developed a kinetic model for
aromatic growth,16,17 which reproduces quite well the
formation of total aromatic compounds (soot + high-
molecular-mass structures) in rich flames of ethylene
in a wide range of operating conditions. The amount and
net rate of two- and three-ring aromatics predicted by
the model agrees with the experimentally determined
concentration and formation rates of soot and high-
molecular-mass structures.

The model also replicates the formation of total
aromatic compounds from the beginning of the post-
oxidation zone. The concentration profile remains con-
stant in the post-oxidation zone, and its value is
comparable to the final concentration of soot that has
been experimentally determined. Consequently, it has
been hypothesized that the amount of carbonaceous
species, which contributes to soot formation, is already
present at the flame front in the form of high-molecular-
mass structures. This result excludes the massive
contribution of a surface growth mechanism to the soot
loading, in slightly sooting regimes.

It is now important to understand if this picture of
particulate formation can be applied also to aromatic
fuel flames, which have a higher propensity to form soot.

In this paper, we use the developed kinetic mecha-
nism16-18 to simulate fuel-rich, low-pressure, premixed
benzene/oxygen flames. The comparison is performed
with flames that have been well-characterized, in terms
of gaseous products and high-molecular-mass aromatics,
i.e., the Bittner and Howard flame at an equivalence
ratio of Φ ) 1.819 and the McKinnon flame (Φ ) 2.4),20

which recently has been characterized by Grieco et al.4

The results obtained for the benzene flames are then
compared with those obtained in an ethylene flame,
studied by Ciajolo et al.,3 to determine the differences
and similarities in the processes of aromatic growth and
soot formation.

Flame Model and Mechanism

The kinetic model that describes the high-tempera-
ture oxidation of benzene includes Emdee et al.21 and
Frank et al.22 submechanisms, with improvements by
Zhang and McKinnon.23 We have also used some of the

elementary reactions from the Wang and Frenklach
benzene oxidation mechanism.9

The chemical kinetic mechanism of light hydrocar-
bons includes a modified version of Miller and Melius’s
gas kinetic model.24 Miller25 subsequently included the
reactions i-C4H5 + H T C3H3 + CH3, i-C4H5 + H T CH3-
CCCH2 + H, and CH3CCCH2 + H T C3H3 + CH3 to
account for the production of C3H3 and 1-methylallenyl
radicals. This modified version of the Miller and Melius
light hydrocarbons/fixed gas kinetic model is used as
the basis upon which to build a detailed growth chem-
istry of hydrocarbons.

Three routes for the formation of phenyl radical and
benzene are included in the reaction mechanism. The
first is the addition of n-C4H3 (HCtC-CHdCH) to
C2H2, leading to phenyl (R197), and, similarly, the
addition of n-C4H5 (H2CdCH-CHdCH) to C2H2, leading
to benzene + H (R196). The rate coefficients of these
reactions are adapted from Wang and Frenklach’s Rice-
Ramsperger-Kassel-Marcus (RRKM) calculations.9 The
second route is the self-combination of propargyl radi-
cals by H2CCCH + H2CCCH T C6H5 + H (R191) and
also by H2CCCH + C3H2 T C6H5 (R192). The aforemen-
tioned reactions cannot be considered as single-step
reactions, because not only the initial adduct, but also
several of the rearrangement intermediates are ali-
phatic C6-species, which transform to either fulvene,
benzene, or phenyl + H. An overall rate constant of 3
× 1012 cm3 mol-1 s-1 is assigned to these reactions, in
reasonably agreement with the measured rate con-
stants26,27 and those derived by modeling benzene
concentrations measured in premixed flames.24,28-31 The
last sequence forming benzene involves 1-methylallenyl
and propargyl combining to form benzyl radicals and
their decomposition to benzene (R203). A rate constant
of 3 × 1012 cm3 mol-1 s-1 is assigned to benzyl formation.

The kinetic sub-mechanism for the formation of larger
aromatic structures include either the replicating hy-
drogen abstraction carbon addition (HACA) mechanism,
or kinetic pathways involving resonantly stabilized free
radicals. The HACA mechanism occurs by way of a two-
step process involving hydrogen abstraction to activate
aromatics, followed by subsequent acetylene addition.32

This process continues, leading to the sequential forma-
tion of multi-ring structures (such as naphthalene,
phenanthrene, and higher-order rings). Byproducts of
the process are ethynyl-substituted PAH and five-
membered aromatics such as acenaphthylene. The rate
constants proposed by Wang and Frenklach9 are used.

Four different reaction sequences of resonantly sta-
bilized radicals, which are potentially important sources
for PAH growth, are analyzed. Dean33 suggested the
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combination of two resonantly stabilized cyclopentadi-
enyl radicals to form naphthalene. Subsequently,
Marinov et al.11 and Melius et al.34 proposed the same
reaction sequence but with 2H as products (R247) using
a rate constant of 2 × 1013 exp[-8000/(RT)] cm3 mol-1

s-1. Although this reaction has a reasonably high
activation energy, it is considered, in the present
analysis, to be a temperature-independent rate, to
overcome the controversy on the value of the activation
energy. The range of temperatures in both the flames
analyzed is comparable; consequently, the differences
in the activation energy will not affect model conclu-
sions. In this work, a rate constant of 3 × 1011 cm3 mol-1

s-1 is assigned to R247. The value used for R247 is ∼10
times higher than that proposed by Dean33 but signifi-
cantly lower than that used by Marinov et al.11 and
Melius et al.34 It is instead in reasonable agreement
with that derived by modeling benzene flames by the
MIT group.12 However, the value proposed ensures a
reasonable good agreement between predictions and
experiments in both benzene and ethylene flames
analyzed in this work.

Colket and Seery35 proposed reactions involving the
resonantly stabilized benzyl radicals forming PAH.
Specifically, the key PAH formation step is the combi-
nation of benzyl and propargyl, yielding naphthalene,
for which they proposed a rate constant of 6.02 × 1011

cm3 mol-1 s-1. In this work, a rate constant of 3 × 1011

cm3 mol-1 s-1 is assigned to this reaction (R242).
The formation of phenanthrene by reaction of phenyl

radicals with benzene, forming biphenyl, and subse-
quent acetylene addition is also considered (R365). The
rate constants for this path are evaluated following
Wang and Frenklach.9

The computations were performed using the Sandia
laminar one-dimensional premixed flame code (PRE-
MIX) of the Chemkin package.36 The PREMIX code
computes the species profiles for a burner-stabilized
premixed laminar flame, using the cold mass flow rate
through the burner, feed-gas composition, pressure, and
an estimated solution profile as input. The program can
also compute the temperature profile. However, heat
losses to the burner surface and the external environ-
ment are unknown; therefore, an experimentally deter-
mined temperature profile is used as input.

Thermochemical information was primarily obtained
from the Chemkin thermodynamic database,36 from
Stein et al.,28 and from Marinov et al.11 Unavailable
thermodynamic properties for some species were esti-
mated using Benson’s group additivity method.37 The
transport parameters were obtained from the Chemkin
database36 and from Wang and Frenklach.38

The reaction mechanism consists of 492 reactions and
105 chemical species. Unless specifically mentioned,
each elementary reaction in the mechanism is revers-

ible. The reverse reaction rates were calculated using
equilibrium constants. For most of the recombination
and decomposition reactions, the pressure dependence
in the Troe format and third-body efficiencies were
taken into consideration.39

The reactions of the aromatic growth sub-mechanism
are listed for convenience in Table 1, where they are
cited with their original source.

Experimental Data

To test the capability of the kinetic mechanism to model
the oxidation of benzene and the growth of aromatics, experi-
mental data that were reported by the MIT group were used
for comparison.2,4,19,20

Bittner and Howard analyzed a low-pressure premixed
benzene/oxygen/argon flame.19 The 2.63 kPa flame was sup-
ported on a cooled copper plate burner that had been drilled
with 1-mm-diameter holes. The feed composition was 13.5 mol
% benzene, 56.5 mol % oxygen, and 30.0 mol % argon at a cold
gas velocity of 50 cm/s (at 298 K). The equivalence ratio was
Φ ) 1.8, corresponding to a “nearly sooting” condition. Using
a molecular beam/mass spectrometer, the authors were able
to measure the profiles of small radicals and stable species;
temperatures were measured using radiation-corrected ther-
mocouples. In the following text, this flame will be referenced
as Flame I.

The second set of experimental data is represented by the
concentration profiles of stable gaseous species and condens-
able material collected in a premixed low-pressure benzene/
oxygen/argon flame stabilized on a water-cooled burner and
equipped with a sampling system for direct product collection.
The flame, here called Flame II, was operated at a fuel
equivalence ratio of Φ ) 2.4, a cold gas velocity of v ) 25 cm/
s, a pressure of P ) 5.33 kPa and a fraction of argon in fuel
mixture of 10 mol %. The condensable material was fraction-
ated in soot, fullerenes, and high-molecular-mass aromat-
ics.2,4,20

Finally, experimental data on soot and condensable material
collected by Ciajolo et al.3 in a rich sooting ethylene/air flame
at atmospheric pressure were used for comparison with
benzene flames. This flame, named Flame III, was stabilized
on a McKenna burner at a fuel equivalence ratio of Φ ) 2.4,
a cold gas velocity of v ) 4 cm/s, and a pressure of P ) 100
kPa. Table 2 summarizes the operating conditions of the
flames analyzed.

Model Results

Modeling the growth of big PAH and the formation
of particulate matter requires reasonably good predic-
tions for stable species, small intermediates, and key
radical species such as H and OH. Such capability of
the new kinetic mechanism is shown in Figure 1, where
model predictions for C6H6, O2, CO, CO2 (Figure 1a),
H2, H2O (Figure 1b), and H and OH (Figure 1c) are
compared with experimental data for Flame I. The
experimental temperature profile used as input for
flame modeling is reported in Figure 1a as a dashed line.

Reactants and combustion products (Figure 1a) are
predicted quite well: the benzene and oxygen concen-
trations rapidly decrease in the flame zone, which is
located ∼1.0 cm above the burner, where the flame
temperature reaches its maximum value (∼1900 K). The
formation of carbon monoxide, which is a major product
in rich combustion, also occurs in the flame zone,
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corresponding to the consumption of the fuel and
oxidant. CO subsequently oxidizes to CO2 and both CO

and CO2 concentrations slowly increase, remaining quite
constant in the post-flame zone. The same behavior is
also shown by the profile of H2O and H2 (Figure 1b),
except for a small decrease of H2O concentration in the
post-oxidation zone of the flame, which is reasonably
captured by the kinetic model. The reaction mechanism
also reproduces the values and trends of OH and H
concentrations (see Figure 1c).

The consumption channels of benzene are primarily
reactions with H, OH, and O atoms forming phenyl
radicals by H-atom abstraction. Oxygen can also be
added to the aromatic ring, forming phenoxy, cyclo-

Table 1. Aromatic Growth Submechanisms

K ) ATn exp[-Ea/(RT)]

submechanism reaction
A

(cm3 mol-1 s-1 K-n) n
Ea

(cal/mol) reference/comment

Benzene Oxidation
R207 C6H6 + O2 ) C6H5 + HO2 6.3 × 1013 60000 Zhang and McKinnon23

R232 C6H6 + OH ) C6H5OH + H 1.3 × 1013 10994 Frank et al.22

R234 C6H6 + O ) C6H5 + OH 1.0 × 101 3.8 1790 Frank et al.22

R231 C6H6 + H ) C6H5 + H2 2.5 × 1014 16005 Wang and Frenklach9

R233 C6H6 + OH ) C6H5 + H2O 2.1 × 1013 4569 Wang and Frenklach9

R235 C6H6 + O ) C6H5OH 2.2 × 1013 4530 Frank et al.22

R392 C6H6 + O ) C6H5O + H 2.2 × 1013 4530 Emdee et al.21

R398 C6H5O + O f HCO + 2C2H2 + CO 3.0 × 1013 Emdee et al.21

R229 C6H5O + H ) C6H5OH 2.5 × 1014 Emdee et al.21

R396 C6H5O f C5H5 + CO 1.5 × 1012 43853 Frank et al.22

R397 C6H5O + H f C5H6 + CO 3.0 × 1013 Frank et al.22

R236 C6H5OH + H ) C6H5O + H2 2.3 × 1014 12404 Frank et al.22

R237 C6H5OH + O ) C6H5O + OH 1.3 × 1013 2891 Frank et al.22

R238 C6H5OH + OH ) C6H5O + H2O 1.0 × 1013 Frank et al.22

R210 C6H5 + O2 ) 2CO + C2H2 + C2H3 7.5 × 1013 15002 Zhang and McKinnon23

R211 C6H5 + OH ) C6H5O + H 5.0 × 1013 Emdee et al.21

R221 C6H5 + O2 ) C6H5O + O 1.0 × 1013 6120 Frank et al.22

R223 C6H5 + O f C5H5 + CO 2.0 × 1014 Frank et al.22

R417 C5H4O f CO + 2C2H2 1.0 × 1015 78000 Emdee et al.21

R216 C5H6 + H ) C5H5 + H2 2.2 × 108 1.8 3000 Frank et al.22

R217 C5H6 + O ) C5H5 + OH 1.8 × 1013 3080 Frank et al.22

R219 C5H6 + O2 ) C5H5 + HO2 2.0 × 1013 25000 Frank et al.22

R218 C5H6 + OH ) C5H5 + H2O 3.4 × 109 1.18 -447 Zhang and McKinnon23

R187 C5H6 + H f CH2CHCH2 + C2H2 1.0 × 1013 12000 Zhang and McKinnon23

R404 C5H5 + H ) C5H6 1.0 × 1014 Frank et al.22

R188 C5H5 + O f CH2CHCHCH + CO 1.0 × 1014 Castaldi et al.10

R189 C5H5 + O ) C5H4O + H 3.0 × 1013 Castaldi et al.10

R190 C5H5 + OH ) C5H4OH + H 3.0 × 1013 Emdee et al.21

R407 C5H5 + HO2 ) C5H5O + OH 1.0 × 1012 Emdee et al.21

R411 C5H5O f CH2CHCHCH + CO 2.5 × 1011 43900 Emdee et al.21

R412 C5H5O + H f CH2O + 2C2H2 3.0 × 1013 estimated
R413 C5H5O + O f CO2 + CH2CHCHCH 3.0 × 1013 estimated
R414 C5H4OH ) C5H4O + H 2.1 × 1013 48000 Emdee et al.21

R415 C5H4OH + H f CH2O + 2C2H2 3.0 × 1013 Emdee et al.21

R416 C5H4OH + O f CO2 + CH2CHCHCH 3.0 × 1013 Emdee et al.21

R417 C5H4O f CO + 2C2H2 1.0 × 1015 78000 Emdee et al.21

R418 C5H4O + O f CO2 + 2C2H2 3.0 × 1013 estimated

Benzene Formation
R191 C3H3 + C3H3 ) C6H5 + H 3.0 × 1012 Miller and Melius24

R192 C3H3 + C3H2 ) C6H5 3.0 × 1012 Miller and Melius24

R196 nC4H5 + C2H2 ) C6H6 + H 1.0 × 1016 -1.33 5400 Wang and Frenklach9

R197 nC4H3 + C2H2 ) C6H5 2.8 × 103 +2.90 1400 Wang and Frenklach9

R203 C4H5 + C3H3) C6H5CH2 + H 3.0 × 1012 Castaldi et al.10

R204 C6H5 + CH3 ) C6H5CH2 + H 5.7 × 10-2 5 15700 Zhang and McKinnon23

R206 C6H5CH3 + H ) C6H6 + CH3 1.2 × 1013 5148 Zhang and McKinnon23

Aromatic Growth
R242 C6H5CH2 +C3H3 ) C10H8 + 2H 3.0 × 1011 estimated
R365 C6H5C6H4 + C2H2 ) C14H10 + H 6.6 × 1033 -5.92 22600 Wang and Frenklach9

R247 C5H5 + C5H5 ) C10H8 + 2H 3.0 × 1011 estimated
R334 C10H7 + C2H2 ) C12H8 + H 6.6 × 1033 -5.92 22600 Wang and Frenklach9

R250 C9H7 + C5H5 ) C14H10 + 2H 3.0 × 1011 estimated
R284 C6H5 + C2H2 ) C6H5C2H + H 5.1 × 1038 -7.09 29600 Wang and Frenklach9

R287 C6H5C2H + H ) C6H4C2H + H2 2.5 × 1014 16000 Wang and Frenklach9

R313 C6H4C2H + C2H2 ) C10H7 1.4 × 1051 -11.58 26000 Wang and Frenklach9

Aromatic Oxidation
R455 C10H7 + O2 f C6H5C2H + HCO + CO 2.0 × 1012 7488 Wang and Frenklach9

R460 C12H7 + O2 f C10H7 + 2CO 2.0 × 1012 7488 Wang and Frenklach9

R427 C10H8 + OH f C6H5C2H + CH3CO 1.0 × 1011 Wang and Frenklach9

R430 C12H8 + OH f C10H8 + HCCO 1.0 × 1011 Wang and Frenklach9

R460 C14H10 + OH f C10H7C2H + CH3CO 1.0 × 1011 Wang and Frenklach9

Table 2. Hydrocarbon/Oxygen/Argon Flames

Value

flame I flame II flame III

hydrocarbon benzene benzene ethylene
argon content (%) 30 10 0
equivalence ratio, Φ 1.8 2.4 2.4
pressure, P (kPa) 2.67 5.33 100
maximum temp, Tmax (K) 1900 1900 1750
cold gas velocity, v (cm/s) 50 25 4
reference 19 2, 4 3
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pentadienyl radicals, and CO:

Figure 2 reports the comparison between predicted
and experimental concentration profiles of phenyl (C6H5),
cyclopentadienyl (C5H5), phenol (C6H5OH), and cyclo-
pentadiene (C5H6), which are the main products of
benzene oxidation that retain the ring structure. The
model predicts quite well the concentration trends of
both radical and stable species, except for a shift of the
model predictions of ∼1 mm toward the burner in the
simulation of the phenyl radical.

Phenoxy (R396) and cyclopentadienyl (R188) radicals
are then oxidized by O atoms, producing CO and light

hydrocarbons. However, the phenyl radical can also
react with H atoms, forming benzene (in this way, the
net aromatic consumption is zero), or with C2H2, form-
ing phenylacetylene (R284), which starts the molecular
growth process. Phenyl may also decompose, forming
C3 + C3 and C4 + C2.

Figure 3 reports the comparison of the predicted and
experimental concentration profiles of methyl and pro-
pargyl radicals and phenylacetylene. Figure 4 shows the
concentration profiles of acetylene, methane, and ethane.
The model is able to reproduce their profiles in the first
part of the flame well, up to the maximum value;
however, it does not predict their decay for heights
greater than 1 cm above the burner. The model properly
computes the maximum values of CH4 and C2H6,

Figure 1. Comparison between experimental mole fraction
profiles (symbols)19 and model predictions (solid lines) in a
nearly sooting benzene/oxygen flame (Flame I): (a) C6H6, O2,
CO, and CO2; (b): H2 and H2O; and (c) H and OH. The
experimental temperature profile is shown as a dashed line
in Figure 1a.

C6H5 + O2 T C6H5O + O (R221)

C6H5 + O T C5H5 + CO (R223)

C6H5O T C5H5 + CO (R396)

Figure 2. Comparison between experimental mole fraction
profiles (symbols)19 and model predictions (solid lines) in a
nearly sooting benzene/oxygen flame (Flame I): (a) phenyl
(C6H5), (b) cyclopentadienyl (C5H5) and phenol (C6H5OH), and
(c) cyclopentadiene (C5H6).
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whereas the acetylene maximum concentration is within
a factor of 2.

The good agreement of the computed profiles of stable
species and free radicals with experimental data is a
rigorous test of the model capability to reproduce also
aromatic fuel flames, and it is essential for the confident
application of the model to larger species and the
assessment of potential errors and uncertainties.

Several PAH were identified by Bittner and Howard
in their study of the near-sooting benzene flame.
Because the kinetic mechanism is unable, at the present
stage, to describe the detailed distribution of the high-
molecular-mass pyrolytic carbon, a direct comparison
of PAH mole fraction predictions with experimental data
is not possible. However, the comparison with experi-
mental data can be performed with the total aromatic
hydrocarbons collected in flames, i.e., the concentration
of all the species with a mass of 200 a.u. and bigger.

Figure 5 shows the comparison between the predicted
concentration of total aromatic hydrocarbons with more
than two rings and the measured signal from species
larger than 200 a.u. The experimental concentration is
reported on an arbitrary unit scale, because Bittner and
Howard did not perform any calibration of their spec-
trometric signal. Consequently, the comparison may be
done only with the shape of the two concentration
curves. The two profiles show the same behaviors: a
rapid increase of the concentration, which maximizes

at ∼8.5 mm, followed by a decrease of the species
concentration across the end of the main oxidation zone
(∼1 cm). These observations are consistent with a fast
formation of PAH in the main flame region, which react
among themselves, growing in size. Thereafter, they are
rapidly consumed at the flame front by the pyrolysis
and oxidative pyrolysis of the high-molecular-mass
species.

The concentration of high-molecular-mass aromatics
has been also measured by the MIT group in Flame

Figure 3. Comparison between experimental mole fraction
profiles (symbols) and model predictions (solid lines) in a
nearly sooting benzene/oxygen flame (Flame I): (a) CH3

(methyl) and C3H3 (propargyl), and (b) C6H5C2H (phenylacety-
lene).19

Figure 4. Comparison between experimental mole fraction
profiles (symbols) and model predictions (solid lines) in a
nearly sooting benzene/oxygen flame (Flame I): (a) C2H2 and
(b) CH4 and C2H4 .19

Figure 5. Computed mole fraction profiles of total aromatic
species (molecular masses larger than naphthalene), compared
with the signal of species larger than 200 a.u.19 in a nearly
sooting benzene/oxygen flame (Flame I). Symbols denote
experimental data, and solid line represents the computed
profile.
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II.2,4,20 The model predicts the concentration profiles of
stable species in this new benzene flame reasonably
well, as shown in Figure 6, for C6H6, O2, CO, CO2, H2
(Figure 6a), CH4, and C2H2 (Figure 6b), when compared
with the experimental data. The mechanism also re-
produces both the value and the trend of total particu-
late carbon collected in flame, i.e., the concentration of
dichloromethane-soluble material and soot. This com-
parison is reported in Figure 7, where the two sets of
measurements performed by McKinnon2 and Grieco et
al.4 (symbols) on the same flame are reported. The
concentration of total particulate peaks before the end
of the main oxidation zone, then decreases across the
maximum temperature zone and levels off with distance
from the burner, attaining the soot concentration profile,
which represents the major fraction of the total par-
ticulate carbon in the post-oxidation zone of the flame.
The same behavior is also shown by the computed
profile: a buildup of aromatic compounds in the main
flame zone, and their decomposition in the high-tem-
perature region of the flame.

The agreement between the model result and the total
amount of particulate carbon collected in flame shows
that the formation of two- and three-ring aromatics
(which are the high-molecular-mass compounds in-
cluded in the kinetic scheme) is the rate-determining
step in the formation of total organic carbon. The
concentration of these compounds gives the possibility
to predict the final concentration of soot and high-
molecular-mass aromatics also in benzene flames.

Here, the different behaviors of high-molecular-mass
compounds in aromatic and aliphatic flames are ana-
lyzed by comparing the results obtained for the benzene
flame with those obtained in an ethylene flame experi-
mentally studied by Ciajolo et al. (Flame III). Experi-
mental data were obtained through sampling and
chemical analysis. As reported elsewhere,16-18 the model
predicts the concentration profiles of stable species in
this ethylene flame reasonably well.

Figure 8 reports the concentration profiles of total
aromatic compounds in the ethylene flame, compared
with experimental data. The buildup of aromatics in the
ethylene flame occurs just at the flame front, and their
concentration reaches a constant value in the post-
oxidation region. The model is able to reproduce the
total amount and concentration profile of these species
correctly.

Discussion
The mechanism identifies two main pathways in rich

combustion. The first pathway is the hydrocarbon
oxidation, in which the main products are C2 and C1
fragments, CO, and CO2. The other pathway is the
molecular growth, with the building-up of species with
a molecular mass higher than that of the starting
hydrocarbon.

Figure 6. Comparison between experimental mole fraction
profiles (symbols) and model predictions (solid lines) in a
sooting benzene/oxygen flame (Flame II): (a) C6H6, O2, CO,
CO2, and H2; and (b) C2H2 and CH4 .2,4 The experimental
temperature profile is shown as a dashed line in Figure 6a.

Figure 7. Experimental (symbols: (0) McKinnon2 and (9)
Grieco et al.4) and computed (solid line) concentration profiles
(given in g/cm3 under flame conditions) of total particulate in
a sooting benzene/oxygen/argon flame with an equivalence
ratio of Φ ) 2.4 (Flame II).2,4 (Model predictions are for total
species larger than naphthalene.)

Figure 8. Experimental (symbols) and computed (solid line)
concentration profiles of total particulate in a sooting ethylene/
oxygen flame with an equivalence ratio of Φ ) 2.4 (Flame III).3
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The pathway for ethylene oxidation includes the
direct attack of OH atoms to the ethylene molecules,
leading to the formation of ketene and subsequent
decomposition to CO and the H-atom abstraction from
the ethylene molecule with the formation of vinyl
radicals. The latter radicals are then oxidized by OH to
CO, which is subsequently only partially oxidized to
CO2, because of the lack of OH radicals in rich combus-
tion. Vinyl radicals also undergo reactions such as
dehydrogenation and decomposition, which lead to the
formation of acetylene and methyl radicals, respectively.
These reactions are more important when few OH
radicals are available for the fuel oxidation, resulting
in a large formation of C2H2 and CH4. Vinyl radicals
also undergo combination reactions, forming pyrolytic
species that have more than two C atoms. The combina-
tion of vinyl radicals with methyl leads to the formation
of C3 species and, by successive H-atom abstraction, to
the formation of the resonantly stabilized propargyl
radicals (C3H3), which reach relatively high concentra-
tions in flame, because of their stability. The combina-
tion of vinyl radicals with acetylene produces C4 species
such as n-C4H5. However, these radicals are present in
low concentrations, because they are easily converted
in the more-stable isomers i-C4H5, whose concentration
in flames is relatively high.

The reactions of these resonantly stabilized radicals
are the main source of benzene in flames. Self-combina-
tion of propargyl radicals and the addition of C2H2 to
i-C4H5 account for ca. 90% of benzene production, with
the remaining contribution being due to the addition of
propargyl to 1-methylallenyl radicals; the latter also are
present at high concentrations in flames. The contribu-
tion of C2H2 addition to n-C4H5 and n-C4H3 radicals is
negligible under high-temperature conditions.

Hence, benzene formation is the rate-limiting step for
aromatic growth in the ethylene flame and it is formed
across the flame front. Carbon growth continues through
the formation of multi-ring aromatics, which are formed
through the H-atom abstraction and acetylene addition
mechanism and through the propargyl addition to
benzyl radicals and the cyclopentadienyl self-combina-
tion. The routes that involve the resonantly stabilized
radicals are the dominant ones in the main oxidation
zone, because of the large formation of c-C5H5 and
benzyl radicals from benzene and toluene oxidation.

Unlike the ethylene flame, in the benzene oxidation,
the aromatic ring is already present in the oxidation
zone and it is mainly oxidized to c-C5H5 radicals. As a
consequence, differently from the ethylene oxidation
zone, a large amount of cyclopentadienyl radicals is
immediately available for recombination reactions, lead-
ing to multi-ring aromatic formation. This occurs al-
ready below the flame front, where large amounts of
aromatics are formed. The increase of temperature at
the flame front reduces their concentration, because of
pyrolysis and/or oxidation, resulting in a peak value in
the main oxidation region and a leveling-off in the post-

oxidation zone of the flame. Cyclopentadienyl self-
combination is the dominant route in the multi-ring
aromatic formation process, whereas benzyl and prop-
argyl combination is less important and contributes
mainly in the post-flame region. The H-atom abstraction
and acetylene addition mechanism is of minor impor-
tance in the entire flame region.

In the benzene flame, the aromatic growth and
oxidation processes are concurrent. The building blocks
for larger aromatic formation are the main products of
benzene oxidation, so that larger aromatics are formed
in the main oxidation zone of the flame.40

Conclusions

A new detailed kinetic model has been developed that
is able to predict, with a reasonable level of accuracy,
smaller species and key radical species, as well as the
concentration profiles of total aromatics in aromatic and
aliphatic flames.

The model considers the role of resonantly stabilized
radicals in the growth of aromatic species, in addition
to the HACA mechanism, which involves H-atom ab-
straction to activate aromatics, followed by subsequent
acetylene addition.

From this study, it results that the self-combination
of resonantly stabilized radicals is the controlling
pathway of aromatic ring growth. In particular, the
combination of cyclopentadienyl radicals is the domi-
nant route of multi-ring aromatic formation.

In ethylene flames, cyclopentadienyl radicals are
formed behind the flame through oxidation of benzene
that is formed by the molecular growth of ethylene.
Larger aromatic hydrocarbons build-up in the post-
oxidation zone of the flame with a fast formation rate,
attaining an almost-constant value in the post-flame
region.

In the oxidation of benzene fuel, the aromatic ring is
already present in the main oxidation zone, and it is
mainly oxidized to c-C5H5 radicals. As a consequence, a
large amount of cyclopentadienyl radicals are available
for recombination reactions during the main oxidation
process, leading to multi-ring aromatic formation al-
ready below the flame front. The high temperature of
the flame zone, which favors decomposition and/or
oxidation of the larger aromatics, leads to an almost-
constant concentration of these species downstream of
the flame zone.

The model reproduces the experimental trends, and,
more importantly, it is able to identify the two different
behaviors for aliphatic and aromatic flames. In particu-
lar, in benzene flames, the reaction mechanism repro-
duces the decrease in the particulate concentration
profile within the flame front, which has been observed
experimentally but never predicted numerically.
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