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Abstract

Flames that have an excess of fuel, compared to the stoichiometry, or
where the mixing between fuel and oxidizer is imperfect, result in an
incomplete combustion. The excess of fuel is principally converted into
Polycyclic Aromatic Hydrocarbons (PAH), which are molecular precur-
sors of soot. In addition to the carcinogenic hazard of PAH, soot pro-
motes the atmospheric solar heating or causes the coating of combustion
chambers in the industry. It is therefore very important to understand
mechanisms involved in the chemistry of soot formation. Such a compre-
hension is the guiding thread of this work investigating chemical path-
ways involved in benzene and toluene flames.

One-dimensional, premixed and laminar benzene-oxygen-argon and
toluene-oxygen-argon flames have been stabilized at different equiva-
lence ratios and at low pressure on a flat flame burner. Experimental
structures have been determined by Gas Chromatography, enabling the
detection of major products of combustion, small hydrocarbon interme-
diates and chemical species from C6Hx to first PAH. Molecular Beam
Mass Spectrometry has been used to detect chemical species of interest
that could not be followed by Gas Chromatography. These species in-
clude phenoxy radical, benzoquinone, benzyl radical and fulvenallene,
which are all thought to be important intermediates of benzene and
toluene combustion. Finally, a device has been developed for the mea-
surement of soot concentration in rich hydrocarbon flames.

A detailed kinetic model for aromatic consumption and soot formation
has been developed on the basis of a comprehensive literature survey.
The good predictive capability of the proposed model has been verified
by comparing its predictions to the experimental flame structures. Com-
parative reaction rate analyses have been carried out to determine the
main reaction pathways occurring in aromatic flames.

The comprehensive experimental and kinetic modeling studies presented
in this work improve the current understanding of aromatic flame chem-
istry, and will help the future works devoted to aromatic oxidation, as
well as those on PAH and soot formation.
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"I remember, as a teenager, watching the yellow flame of the
Sabbath candles dancing randomly above the white paraffin
cylinders that fueled them. I was too yong to think candle-
light romantic, but still I found it magical - because of the
flickering images created by the fire. They shifted and mor-
phed, grew and waned, all without apparent cause or plan.
Surely, I believed, it must be rhyme and reason underlying
the flame, some pattern that scientist could predict and ex-
plain with their mathematical equations."

Leonard Mlodinow, The Drunkard’s Walk: How Random-
ness Rules Our Lives [1]





1
Introduction

1.1 A brief history of combustion

Whereas the fire is nowadays domesticated by humans, it is primarily
a natural phenomenon that does not require a human action to start.
Indeed, the fall of a meteorite, lightnings of a violent storm or the erup-
tion of a volcano are all able to produce enough heat to start a fire,
as showed the destruction of Pompei in the first century. Humans were
quickly attracted by virtues of fire and palaeontologists estimate that the
conquest of fire occurred between 600 000 and 1 million of years ago [2].
The possession of fire enabled humans to see in the dark and provided a
constant source of heat for warming themselves and cooking their food.
Consequently, the conquest of fire completely changed the way human
lived and has conditioned our current standards of living. Thousands of
years ago, humans became aware of the technological potential of fire, as
they began to harden wood within fires and cook pottery objects made
from clay.

The technological potential of fire was equally in the center of the in-
dustrial revolution, characterized by the development of steam engines.
These machines convert the heat produced by fire into mechanical work,
through the formation of water vapor and are consequently referred to as
external combustion engines. They contrast with internal combustion

1
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engines that directly convert the heat produced by fire into mechani-
cal work. Although internal combustion engines appeared before the
19th century, their development has been stimulated by the production
and the refining of petroleum in the 1850s. Nowadays, these internal
and external combustion engines are widely used for transportation and
electric power generation, as more than 80% of the world primary en-
ergy comes from the combustion process. The understanding of this
phenomenon is therefore of particular concern and is the guiding thread
of this work.

In the 5th century BC, the Greek philosopher Empedocle postulated that
fire is one of the four elements constituting nature, besides water, earth
and air. Later, alchemists considered the same four classical elements
for a long time. In the 17th century, Johann Joachim Becher replaced
fire by three forms of earth and considered that one is responsible of
combustible properties. In the early 18th century, Georg Ernst Stahl
named this element phlogiston and proposed that it is released when
combustible substances are burned.

The appearance of a significant interest in the elucidation of the nature
of fire came in 1738 with a competition proposed by the French academy
of science on the nature and the propagation of fire. One of the suc-
cessful candidates was Leonhard Euler [3], who suggested to model the
combustion phenomenon by a set of small spheres that each contains air
at high pressure. According to Euler, the breaking of one sphere allows
to break neighboring spheres and therefore propagates the combustion
phenomenon. As stated by Louis Boyer [4], this very simple model could
be one of the first theory of combustion, which was able to represent the
energetic threshold of the lightning of a combustion reaction, as well as
its energetic release and its propagation. Moreover, the model proposed
by Euler contains the idea of chain branching reactions, which were later
identified as key reactions of the combustion phenomenon.

Later in the 18th century, Lavoisier discovered that combustion requires
air, and particularly oxygen. This crucial finding refuted the phlogiston
theory proposed earlier by Stahl and opened the way to a better under-
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standing of the combustion phenomenon. In the 19th century, accidents
in coal mines due to firedamp explosions drove numerous scientists to
study flame propagation. The French researchers François-Ernest Mal-
lard and Henry Le Chatelier began therefore applied and basic inves-
tigations on combustion (among others, see [5]). Their comprehensive
contribution includes experimental determination of burning velocities
of different flames, at various temperatures, dilution ratios and reactant
concentrations, as well as significant insights in the theoretical under-
standing of such phenomenons. Indeed, in 1883 Mallard and Le Chate-
lier proposed the very first model to predict the normal propagation
velocity of laminar flames [6].

The combustion phenomenon has been shown to be a complex process,
located at the interplay of thermodynamics, gas kinetics, transport pro-
cesses and fluid dynamics. Since these subjects reached their peaks in the
late 19th century, the understanding of the combustion phenomenon is
quite recent. After Lavoisier, Mallard and Le Chatelier, the most recog-
nized scientists that contributed to the current model of combustion are,
among others, David Leonhard Chapman, Emile Jouguet, Yakov Boriso-
vich Zel’dovitch, David Albertovich Frank-Kamenetskii and Adolphe
Van Tiggelen.

The comprehension of the combustion phenomenon is still a central
theme of research, as it is responsible of most of the anthropogenic
release of carbon dioxide (CO2) into the atmosphere. The rise of the at-
mospheric CO2 concentration is thought to be responsible of the global
warming [7], which consists in one of the biggest challenge of our cen-
tury. Beside carbon dioxide, combustion is responsible of the emission of
several pollutants, like nitrogen oxides and soot particles. As explained
in the following section, the understanding of chemical reactions leading
to the formation of soot is the main topic of this work.
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1.2 The study of aromatic flames

Flames that have an excess of fuel, compared to the stoichiometry, or
where the mixing between fuel and oxidizer is imperfect, result in an
incomplete combustion and are therefore less efficient than flames where
the fuel is perfectly balanced by the oxidizer. When incomplete com-
bustion occurs, the excess of fuel is principally converted into Polycyclic
Aromatic Hydrocarbons (PAH), which are molecular precursors of fine
particles characterized by a high C/H ratio: the soot [8]. PAH produced
in these flames are carcinogenic, as they are metabolized by the human
body into high electrophilic compounds (epoxies), which tempt to dis-
turb cellular division through their addition on DNA [9]. Moreover, soot
can be compared to a black body and may therefore promotes the atmo-
spheric solar heating, as suggested by Ramanathan and co-workers [10]
who showed that brown clouds containing soot may contribute as much
as the recent increase in anthropogenic greenhouse gases to lower atmo-
spheric warming trends in Asia. In addition, Xu and co-workers have
recently suggested that soot can deposit on glaciers and significantly
contributes to their rapid retreat [11]. Beside these climatic and health
hazards, soot causes the coating of combustion chambers in the industry
and can damage gas turbines of power plants.

However, soot is equally necessary to obtain hydrocarbon flames with
high radiative properties, allowing to reach sufficient temperatures in
industrial furnaces such as those of the glass industry. Soot is also used
for the synthesis of nanomaterial components, such as fullerenes. It
is therefore very important to understand mechanisms involved in com-
bustion chemistry of aromatic hydrocarbons and soot formation. Such a
comprehension is the guiding thread of this work, investigating chemical
pathways involved in benzene and toluene flames. Compared to other
hydrocarbon flames, aromatic flames present higher PAH levels, as the
first aromatic ring does not have to be formed. They are consequently
more convenient for the investigation of PAH and soot formation. The
study of toluene combustion is equally important as it is widely used
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as a fuel additive or in surrogate mixtures for gasoline, due to its high
anti-knocking capacity.

All considered, this work will focus on the oxidation of benzene and
toluene, as well as on their growth towards PAH and soot. In the follow-
ing section, the conceptual framework of the combustion phenomenon is
briefly presented in order to understand the specific objectives and the
developed strategy, which are exposed at the end of this chapter.

1.3 Conceptual framework of combustion

1.3.1 Basic flame types

Basically, the combustion phenomenon is a self-sustained and exother-
mic chemical reaction that propagates into a flammable mixture of fuel
and oxidizer. The flame is the reactive zone of the mixture that produces
light through chemiluminescence reactions. According to the way fuel
and oxidizer are mixed and the regime of the fluid motion, four different
types of flames can be observed (see figure 1.1).

If fuel and oxidizer are properly mixed, the composition of the fresh re-
active mixture is fixed and the flame is referred to as premixed. The fluid
motion of premixed flames can either be turbulent or laminar, as in spark
ignition engines and Bunsen flames, respectively. If fuel and oxidizer are
not premixed, the flame is said non premixed. These flames include a
more complex chemistry than premixed ones, because the composition
of the reactive mixture vary from pure oxidizer to pure fuel, depending

Figure 1.1: the four basic flame types [12]



6 Chapter 1. Introduction

on the position in the flame. Similarly to premixed flames, the fluid mo-
tion can be turbulent or laminar, as in the Diesel engine and the candle
flame, respectively. Turbulent flames are generally used to maximize the
heat production rate, as they allow to increase the combustion rate by
enlarging the surface of the flame. In this work, composition of reac-
tive mixtures are fixed and spatial fluctuations of flame properties due
to turbulence are avoided in order to focus on combustion chemistry.
Each flame presented in following chapters is therefore premixed and
laminar.

1.3.2 The one-dimensional, premixed and laminar flame

In addition to be premixed and laminar, flames presented in this work are
all one-dimensional. This behavior is obtained by stabilizing flames on a
flat flame burner, perforated by a huge number of small holes. Properties
of premixed, laminar and one-dimensional flames only depend on one
coordinate: z, the height above the burner surface. The evolution along
the z axis of the temperature and mole fractions of chemical species in
the flame is referred to as the flame structure. Figure 1.2 presents the
typical structure of a one-dimensional, premixed and laminar flame and
shows that it can be divided into three main zones.

The first is the preheating zone, where the temperature slightly increases
and chemical reactions initiate due to heat conduction and molecular dif-
fusion of radical species from the flame front, which corresponds to the
second zone. In its strict sense, the combustion reaction takes place in
the flame front, where heat transfer and consumption rates of reactants
reach their peaks. The conversion of reactants into final products of
combustion goes through the formation of intermediate species, whose
mole fraction profiles exhibit Gaussian-like forms, reaching their maxi-
mums in the flame front.

The spatial evolution of mole fractions profiles of these intermediate
species gives important clues on chemical mechanisms responsible of re-
actant conversion into combustion products. From a chemical point of
view, the flame front is therefore the most interesting region to analyze.
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Figure 1.2: structure of a one-dimensional, premixed and laminar
flame

However, at atmospheric pressure, the flame front is excessively narrow
(about 10−4 m) and consequently difficult to investigate with a suffi-
cient spatial resolution. Fortunately, the thickness of the flame front is
a function of the inverse of the working pressure and it can therefore be
enlarged by stabilizing flames at lower pressures. At the end of the flame
front, the rate of chemical reactions decreases and the region of burnt
gases finally appears. In this last zone, the combustion reaction is com-
pleted and products subsist together with excess of fuel or oxidizer. In
this work, the measurements of premixed, laminar and one-dimensional
benzene and toluene-oxygen-argon flame structures, burning at low pres-
sure, will be carried out.

1.3.3 Combustion chemistry

The equivalence ratio

Basically, a premixed flame of a hydrocarbon species (CxHy) with molec-
ular oxygen (O2) is said to be stoichiometric if fuel and oxidizer com-
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pletely consume each other, forming carbon dioxide (CO2) and water
(H2O), as represented by the overall reaction 1.1. If the fuel is intro-
duced in excess, the flame is referred to as rich and other products such
as carbon monoxide (CO), molecular hydrogen (H2) and even soot sub-
sist in the burnt gases. If the oxidizer is introduced in excess, the system
is called lean and molecular oxygen subsist at the end of the reaction
zone.

CxHy + (x+ y

4)O2 → xCO2 + y

2H2O (1.1)

The lean, stoichiometric or rich character of a premixed mixture can be
determined by calculating its equivalence ratio (φ) through equation 1.2,
where χCxHy and χO2 respectively represent mole fractions of fuel and
oxidizer.

φ =
(χCxHy/χO2)premixed mixture
(χCxHy/χO2)at stoichiometry

(1.2)

According to this equation, the lean, stoichiometric and rich cases re-
spectively correspond to φ < 1, φ = 1 and φ > 1.

The chain branching mechanism

Equation 1.1 corresponds to the overall combustion reaction of a hy-
drocarbon with O2 and therefore represents a whole set of individual
reactions. These reactions form a chain branching mechanism, which
involves the formation of radical species that sustain the combustion
reaction through propagation and ramification steps. The four typical
steps of a chain branching mechanism are initiation, chain branching,
propagation and termination, which respectively consist in reactions R1,
R2, R3 and R4 of table 1.1.

The initiation reaction R1 begins the chain branching process through
the formation of two radical species R from the dissociation of a reactant
A. Then, these radicals R can react with another reactant A, forming
more than one radical species R (α > 1, see reaction R2). These chain
branching reactions allow to considerably speed up the combustion re-
action and are necessary to sustain the combustion phenomenon. The
propagation step (see reaction R3) involves the reaction between a reac-
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Table 1.1: the chain branching mechanism

general forms example of the H2/O2 system
R1 A → 2 R H2 → H +H

O2 → O +O

R2 A+R → α R H +O2 → OH +O
O +H2 → OH +H

R3 A+R → P+R H2 +OH → H2O +H

R4 R+R → P H +H → H2

tant A and a radical species R, forming another radical R and a stable
product P . This step does not change the number of radicals R and
therefore only propagates the combustion reaction. Finally, termina-
tion reactions neutralize two radicals R, by recombining them into a
stable product P . This step decreases the number of radicals R and
consequently inhibits the combustion reaction.

On the right side of table 1.1, reactions R1 to R4 are exemplified for a
H2/O2 flame. The chain branching step consists of reactions H +O2 �

OH +O and O+H2 � OH +H, which equally play a considerable role
in CxHy/O2 flames. Indeed, as presented in the following section, hy-
drocarbon flames produce H atoms that are able to react with O2, in the
same way as in the H2/O2 system. Since flames have a large concentra-
tion of radical species, initiation reactions are generally of lower impor-
tance than chain branching, propagation and termination steps.

Typical reactions of a hydrocarbon/O2 system

Each step of the chain branching mechanism corresponds to typical re-
actions of hydrocarbon consumption in CxHy/O2 flames that are briefly
presented hereafter.

The initiation step is represented by the homolytic fission of a chem-
ical bond of a molecular species, generating two radical fragments. For
example, CH bonds of toluene (C7H8) and benzene (C6H6) can break
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forming C6H5 + H and C7H7 + H, respectively. The rate of such re-
actions depends on the strength of the considered bond. Consequently,
the homolytic fission of CC bonds (∼ 348 kJ mol−1) are generally faster
than that of CH bonds (∼ 412 kJ mol−1).

The chain branching step is represented by H atom abstraction
reactions involving biradical species such as O atom, as they produce
two radical species. For example, the H abstraction reaction on benzene
by O atom gives phenyl and hydroxyl (OH) radicals. The dissociation of
a radical through another pathway than a β-scission is equally a chain
branching reaction, as it gives a radical and a biradical species. An
example is the overall H +O2 � OH +O reaction, which consists in an
addition reaction of an H atom on O2, forming HO2, followed by the
dissociation of this radical into OH and O atom.

The propagation step is represented by H atom abstraction reac-
tions, where a radical R removes a hydrogen atom on a molecule. For
example, an H atom of benzene can be abstracted by H or OH radicals,
giving C6H5 + H2 or C6H5 + H2O, respectively. The dissociation of a
radical is equally a propagation step if it takes the form of a β-scission: a
bond breaks two atoms away from the radical position, forming a radical
R and a stable product having an additional CC bond. These reactions
explain the formation of unsaturated molecules in hydrocarbon flames.
The addition of a radical onto an unsaturated bond equally produces a
new radical and therefore corresponds to a propagation step. Finally,
the isomerization of a radical into another radical is also a propagation
reaction.

The termination step is represented by the recombination between
two radicals, forming a stable product. For example, the recombina-
tion between H atom and C6H5 radical gives benzene, which is unable
to continue the propagation of the combustion reaction without a new
initiation step.
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1.3.4 Reaction kinetics

Reactions discussed in the previous section are either unimolecular or
bimolecular, as they respectively involve one or two chemical species.
In a flame, these reactions will occur at definite rates that depend on
the reaction and the conditions of the system (concentration of chemical
species, temperature and pressure).

The reaction rate RR of elementary unimolecular (B → products) and
bimolecular (B + C → products) reactions can be represented by the
Arrhenius theory, as illustrated hereafter.

RRuni = [B]×A× exp(−Ea
RT

) (1.3)

RRbi = [B][C]×A× exp(−Ea
RT

) (1.4)

In these expressions, [B] and [C] stand for concentrations of chemical
species B and C, R is the ideal gas constant, T is the temperature, Ea is
the activation energy of the reaction and A is its pre-exponential factor.
The latter accounts for the steric factor of the reaction and the collision
frequency between reactants. The exponential term of equations 1.3
and 1.4 gives the fraction of collisions that have an energy higher than
Ea, which is required to achieve the considered reaction. Practically,
the product of the pre-exponential factor with the exponential term is
called the rate constant and is noted k.

Over large temperature ranges, such as those observed in flames, rate
constants deviate from the normal Arrhenius behavior and it is prefer-
able to use equation 1.5, where n is a temperature exponent taking this
deviation into account.

k = A× Tn × exp(−Ea
RT

) (1.5)

In addition to temperature, the rate of unimolecular reactions is equally
found to depend on pressure. Therefore, expression 1.3 could only be
used at a definite pressure and has to be modified in order to extrapolate
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reaction rates at different pressures. This question has been addressed
by Lindemann [13] and Hinshelwood [14], who showed that a unimolec-
ular reaction is rather a two step process than an elementary reaction.
As depicted in the following equations, Lindemann and Hinshelwood
proposed that the reaction begins with the activation of the reactant
B by collision with a non reacting partner M . The rate constant of
this reaction is noted kf . Then, the activated reactant B∗ can either be
deactivated by another collision with a rate constant kb, or decomposes
into final products with a rate constant kp.

B +M
kf
�
kb

B∗ +M (1.6)

B∗
kp−→ products (1.7)

The reaction rate of a unimolecular reaction should therefore accounts
for the concentration of nonreactive partners, which directly depends on
the surrounding pressure. Lindemann showed that at low and infinite
pressures the rate constant respectively corresponds to equations 1.8 and
1.9.

k0 = kf × [M ] (1.8)

k∞ = kfkp
kb

(1.9)

In between these two regions, the rate constant is said in the fall-off
regime and different formalisms have been proposed to model its behav-
ior. The most popular is that of Troe, which consists in an equation
involving k0, k∞, [M ] and 4 additional parameters noted as a, T ∗, T ∗∗

and T ∗∗∗ that represent the reaction fall-off [15–17].

The kinetics of all reactions involved in the combustion phenomenon
can therefore be parametrized. The gathering of kinetic parameters of
reactions describing a definite system is called a kinetic model. Re-
cent progresses in computer science have allowed to develop softwares
able to compute mole fraction profiles of chemical species involved in
premixed, laminar and one-dimensional flames, based on such kinetic
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models. These models can therefore be validated against experimental
flame structures and indications on major reaction channels can be ob-
tained by comparing the predicted rate of each included reaction. As
presented in the following section, the development of such a kinetic
model for benzene and toluene combustion and its comparison to rele-
vant experimental data is the key strategy of the present work.

1.4 Objectives and strategy

The main goal

The main goal of the present work is the understanding of benzene and
toluene combustion chemistry, including fuel oxidation, as well as PAH
and soot formation.

The formulated strategy

To achieve this comprehension, a strategy that consists in two main steps
has been formulated. Firstly, relevant structures of benzene-oxygen-
argon and toluene-oxygen-argon flames will be measured over a large
range of equivalence ratios. As mentioned in previous sections, these
flames will be premixed, laminar, one-dimensional and stabilized at low
pressure in order to focus on combustion chemistry. Secondly, a kinetic
model able to predict experimental measurements will be developed and
main reaction channels of benzene and toluene combustion will be de-
termined by comparative reaction rate analyses.

If reaction channels are taken as hypothesis during the development
of the kinetic model, they may potentially be verified by performing
new measurements in flames. Moreover, the predictive capability of
the developed model may be validated by measuring additional flame
structures. The formulated strategy is therefore cyclic and should not
be seen as two unconnected steps.
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As it will be shown in chapters four and five, they are only a few ex-
perimental structures of benzene and toluene flames described in the
literature. The present strategy will therefore bring new and valuable
experimental data to the scientific community, which should allow to val-
idate new kinetic models and improve the current understanding of aro-
matic combustion. Moreover, it will be shown that many uncertainties
remain in previous kinetic models of benzene and toluene combustion,
and that recent insights have been performed in this field. Consequently,
the development of a new model, based on a comprehensive literature
survey that includes recent findings on aromatic combustion should al-
low to improve the comprehension of chemical pathways involved in such
flames.

The operational objectives

The first and second steps of the strategy are implemented by formulat-
ing the following operational objectives.

The first step of the strategy

1. To stabilize one-dimensional, premixed and laminar benzene-oxygen-
argon and toluene-oxygen-argon flames at 45 mbar and equivalence
ratios of 0.7, 1, 1.8 and 2.

2. To develop an experimental setup for sampling at different heights
above the burner surface, allowing the measurement of mole frac-
tion profiles of reactants, intermediate species and products in each
stabilized flames. The developed setup should be able to detect
first PAH in order to describe the molecular growth of benzene
and toluene towards soot particles.

3. To develop an experimental setup for measuring soot concentration
profiles in rich benzene and toluene flames.

4. To develop an experimental setup for measuring temperature pro-
files of each investigated flame.
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The second step of the strategy

1. To perform a comprehensive literature survey on benzene and
toluene reactions at high temperature.

2. To develop a detailed kinetic model with a good predictive capa-
bility for experimental benzene and toluene flame structures.

3. To extend this kinetic model to PAH and soot formation and to
validate these predictions on measurements performed in flames.

4. To perform comparative reaction rate analyses in order to deter-
mine main pathways of oxidation, as well as PAH and soot forma-
tion in benzene and toluene flames.

5. To determine how these pathways compete with equivalence ratio
and temperature.

1.5 Presentation of the results

As described hereafter, the presentation of the results is divided in three
main parts:

• the first presents the experimental setup developed to investigate
benzene and toluene flame structures and exposes how such flame
structures can be predicted based on kinetic models;

• the second part shows experimental structures of benzene- and
toluene-oxygen-argon flames and discusses the development of a
kinetic model able to reproduce these measurements. The main
reaction channels of benzene and toluene consumption in flames
are highlighted and the dependence of these pathways on the equiv-
alence ratio and the temperature is equally discussed;

• the third part presents the molecular growth of benzene and toluene
towards PAH and soot and discusses the extension of the developed
kinetic model.
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Finally, at the end of these three parts, chapter eighth concludes this
work by summarizing the main findings and gives some interesting per-
spectives.



Part I

Experimental and kinetic
modeling methods

17





2
Experimental setups and methods

2.1 Introduction

This chapter presents experimental setups developed to measure struc-
tures of flames presented in this work. Since each flame is laminar,
premixed and one-dimensional, flame structures consist in the evolution
along an axis perpendicular to the burner surface of mole fractions of
chemical species, of the concentration of carbonaceous particles and of
the temperature. These axial evolutions are called profiles. Flames have
been stabilized on flat and circular burners that are located in low pres-
sure combustion chambers. The low pressure analysis increases the mean
free path between reactive species and, consequently, the thickness of the
flame front and the spatial resolution of measurements. Four different
experimental setups have been used to carry out flame structure mea-
surements. The first corresponds to a Gas Chromatography analyzer
(GC) that allows to measure mole fraction profiles of stable chemical
species inside the flame. The second is a Molecular Beam Mass Spec-
trometry device (MBMS) that enables to measure mole fraction profiles
of radical and stable species that cannot be detected by GC. The third
is a thin thermocouple that is inserted into the flame for temperature
profiles determination and the last consists of a filter that is introduced
into rich flames in order to collect carbonaceous particles and measure
soot concentration profiles. Apparatuses used for flame stabilization and

19
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these four experimental setups along with their calibration procedures
are described in this chapter.

2.2 Flame stabilization

As GC and MBMS devices require highly different sampling methods,
which will be described further, two different apparatuses have been used
for flame stabilization. The first is devoted to GC, soot concentration
and temperature measurements, while the second is connected to the
MBMS device. Except for their sampling methods, these apparatuses
are analogous and it has been carefully verified, in this work and in the
past [18], that mole fraction measurements performed with each of them
are very similar, by analyzing a flame with an identical composition.
Therefore, the following discussion does not differentiate between these
two apparatuses and collectively presents gas mixture preparations, their
admission into the combustion chamber and flame stabilization above
the two flat flame burners.

2.2.1 Preparation of fresh gas mixtures

In order to stabilize a premixed flame, dilutant, fuel and molecular oxy-
gen (O2) have to be blended in their gaseous state before entering into
the burner. The use of nitrogen (N2) as a dilutant was avoided as it
may be involved in chemical reactions into the flame that are beyond the
scope of this study. Consequently, argon (Ar) has been chosen since it is
an inert gas that has a low specific heat capacity (cp = 0.52kJkg−1K−1),
allowing to efficiently control the flame temperature. High purity molec-
ular oxygen and argon (99.5 % and 99.996 %, respectively) from Air Liq-
uide and stored in pressurized gas cylinders have been used. Concerning
the fuel, for flames of hydrocarbons that are liquid at room temperature
and atmospheric pressure, they are evaporated before to be mixed with
Ar and O2. The evaporation is conducted in a balloon glass that is
immersed in a thermostatic bath of water, as illustrated in figure 2.1.
The accessible temperature range of the water bath is approximately 20
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Figure 2.1: the blending of fresh gases

to 70◦C. The evaporation setup is connected to the pipe bringing the
mixture of argon and molecular oxygen to the combustion chamber in
order to fully premix all gases before entering into the burner. Since
the developed strategy consists in comparing experimental to predicted
flame structures, initial flame compositions have to be measured with
precision. The initial composition is defined by partial volumetric flow
rates Dvi of the fuel, the oxidant and the dilutant in the fresh gas mix-
ture and their sum gives the total volumetric flow rate DvT , as shown
in equation 2.1. ∑

i

(Dvi) = DvT (2.1)

Considering the ideal gas law, the ratio Dvi/DvT represents the mole
fraction χi of the compound i at the inlet of the burner, as demonstrated
by equation 2.2. In this equation, Vi and VT are respectively the volume
of i and the total volume of gas that exit the burner during the time t, ni
and nT are the corresponding mole numbers, R is the ideal gas constant,
and T and P are the temperature and the pressure at the output of the
burner, respectively.

Dvi
DvT

= Vi/t

VT /t
= niRT/P

nTRT/P
= ni
nT

= χi (2.2)
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The measurement of partial volumetric flow rates of fuel, oxidant and
dilutant is performed with the setup illustrated in figure 2.2. It is based
on the sonic nozzle theory [19], which allows to determine the mass flow
rate of a gas flowing at a supersonic speed through a capillary orifice, by
measuring the upstream pressure. In such a setup, gases flow at a su-

Figure 2.2: setup for flow rate measurement

personic speed if the ratio between upstream and downstream pressures
verifies the equation 2.3, where P and γ are the pressure and the ratio
between the specific heats of the considered gas, respectively.

Pupstream
Pdownstream

>
( 2

1 + γ

) γ
1−γ

(2.3)

Table 2.1 summarizes γ values and critical pressure ratios of each com-
pound present in fresh gases of flames investigated in this work. Since
this critical pressure ratio is generally close to 2 and the downstream
pressure is close to the working pressure of 45 mbar, equation (2.3) is
easily verified for gaseous reactants stored in gas cylinders with pressures
above 1 atmosphere, such as O2 and Ar. However, for chemical species

Table 2.1: values of γ† and critical pressure ratios of reactants

Reactants γ†
critical values of
pressure ratios

Ar 1.66 2.05
O2 1.39 1.88
C6H6 (g) 1.11 1.72
C7H8 (g) 1.09 1.70
C5H8 (g) 1.11 1.72
p-C3H4 1.16 1.75
†γ = Cp/(Cp −R) and Cp values are those recommended by the NIST at 300 K [20].
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that have to be evaporated, verification of equation (2.3) depends on
their partial pressures over the range of temperature that is technically
accessible with the thermostatic bath (about 20 to 70◦C).

The flow rate calibration of a compound i that verifies equation (2.3)
is based on equation (2.4), where Dmi, γi and Mi are respectively the
mass flow rate of i, the ratio between its specific heats, and its molar
mass. P , A, R and T are the upstream pressure read on the manometer
of figure 2.2, the orifice area of the capillary used, the ideal gas constant
and the temperature, respectively. For a given capillary diameter and
at a constant temperature, the mass flow rate of a compound i becomes
proportional to the measured upstream pressure P . Since temperature
and pressure are constant at the output of the capillary, the mass flow
rate of a compound i is proportional to its volumetric flow rate (see
equation 2.5) and calibration curves of the volumetric flow rate versus
the upstream pressure can therefore be measured in order to determine
the linear equation connecting these two variables.

Dmi = Pupstream ·A

√√√√γiMi
RT

( 2
γi + 1

) γi+1
γi−1

(2.4)

Dvi = Dmi ×
RT

PMi
(2.5)

In this work, O2, Ar, C6H6, C5H8 and p-C3H4 verify equation (2.3). Ac-
cording to ranges of volumetric flow rates required for the preparation
of fresh gas mixtures, capillaries with convenient diameters have been
chosen for these chemical species and calibration curves have been mea-
sured. Upstream pressures have been measured with Bourdon gauges
and mercury manometer for capillaries connected to gas cylinders and
evaporation setups, respectively. Volumetric flow rates of gases have
been directly measured with a flow meter. For liquids, the evaporated
mass have been measured and the volumetric flow rate has been deduced
from the ideal gas law and the evaporation time.

Under conditions that do not verify equation 2.3, no linear expression
can be found between the volumetric flow rate and the upstream pres-
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sure. In this work all reactants verify this equation, except toluene that
has a low vapor pressure, compared to benzene. For this reactant, the
temperature of the thermostatic bath has been fixed to 70◦C and an
appropriate capillary, giving the desired volumetric flow rate, has been
manufactured. Because equation (2.3) is not respected, the volumetric
flow rate of toluene is highly sensitive to variations in pressure at the
output of the capillary, and therefore to volumetric flow rates of other
gases in the mixture. Consequently, the calibration of the toluene flow
rate has to be performed for each investigated flame.

The adjustment of fuel, oxidant and dilutant flow rates allows to pre-
pare definite fresh gas mixtures that are directed towards the burner
of the combustion chamber. Composition of fresh gas mixtures of each
investigated flame will be presented in further chapters.

2.2.2 The combustion chamber

Fresh gas mixtures enter into the stainless and cylindrical combustion
chamber depicted in figure 2.3, which is maintained at low pressure
thanks to a vacuum pump. The pressure is measured by a diaphragm
vacuum gauge and can be easily regulated by manually adjusting a valve
situated between the vacuum pump and the chamber. The burner is lo-
cated inside the combustion chamber and is mounted on a millimetric

Figure 2.3: the combustion chamber
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screw, allowing to move it along an axis that is perpendicular to its
surface. In front of the center of the burner surface, a conical quartz
nozzle is located for gas sampling. It has an aperture of 0.2 mm and
an angle of 45◦. The system millimetric screw-burner-quartz nozzle is
lined up in order to allow sampling in its axis, at different heights above
the burner surface and with a spatial resolution close to 10−1 millime-
ters. The body of the burner is thermostatically cooled by water at
30◦C and consists of a cylinder that is filled by small glass balls al-
lowing a homogeneous distribution of fresh gases at the burner surface.
The brass head of the burner is perforated by about 4500 holes of 1
mm in diameter, uniformly spread into a circle of 8 cm in diameter.
This huge number of holes, together with small glass balls filling the
body of the burner, allows the stabilization of a flat, homogeneous and
one-dimensional flame. At room temperature, the gas mixture whose
preparation has been discussed above exits the burner surface with a
velocity (vc), which is determined by equation 2.6, where DvT is the
total volumetric flow rate of the mixture at the atmospheric pressure
Patm, Pworking is the pressure in the combustion chamber and r is the
radius of the burner surface.

vc = DvT ×
Patm

Pworking
× 1
πr2 (2.6)

A retractable electrode connected to a high voltage source (2-3 kV) can
be placed in front of the burner surface to create sparks, lighting the
flame that may be observed through 4 windows. The pressure in the
chamber beyond the nozzle is kept lower than that of the combustion
chamber in order to sample throughout the apex of the quartz cone. De-
pending on the analysis that has to be carried out, samples are directed
either towards a gas chromatography analyzer (GC) or to a molecular
beam mass spectrometry device (MBMS). These both analytical tech-
niques are described hereafter.
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2.3 Flame sample analysis

The two methods used in the present work to analyze chemical samples
are very different. Although the first (GC) is based on the chemical
structure of sample constituents, the second (MBMS) is connected to
their mass. Both methods are complementary and are described sepa-
rately in the following sections.

2.3.1 Gas Chromatography

Conceptual framework

The chromatography is a technique widely used in analytical chemistry
to separate mixtures of chemical species and sometimes to identify and
to quantify their constituents. It consists in passing the mixture di-
luted in a mobile phase through a stationary phase which separates
the constituents based on their differential partitioning coefficients be-
tween the mobile and the stationary phases. Gas Chromatography is a
common type of chromatography used to separate mixtures of gaseous
or vaporized compounds, as those involved in combustion reactions.
Gas Chromatography is therefore frequently used to study flame chem-
istry [18,21–25].The mobile phase consists of an inert gas such as helium
or argon and the stationary phase is a microscopic layer coated inside a
glass or a metal tube called column. Columns mainly differ by physical
and chemical properties of their inner coating which is chosen according
to the kind of mixture to be analyzed. Based on their partitioning co-
efficients between the stationary and the mobile phase, each compound
flows through the columns with different speeds, leading to characteris-
tic eluting times. These eluting times can be modified by changing the
kind of column, the nature of the carrier gas, the flow rate of the mobile
phase or the temperature of the oven that contains the column. These
four parameters have to be optimized in order to get the best constituent
separation.
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Connection to the combustion chamber

According to their vapor pressures, chemical species detected inside sam-
ples may be divided into 2 classes. The first consists of permanent gases
of combustion (O2, CO2, H2O, CO, H2) and hydrocarbons that have
high vapor pressures (generally those between C1 and C6), while the
second class includes lower vapor pressure hydrocarbons (from C7 to
PAH). For each class, the mixture is injected into the Gas Chromato-
graph by a particular method. The high vapor pressure of compounds
belonging to the first class allows to increase their concentrations in
samples, without condensing them, by compressing each sample before
its injection into the GC (see figure 2.4). The highest chromatographic
signals are obtained from the highest sample concentrations, and show
the lowest detection limit. The setup developed for analysis of this first
class of hydrocarbons is based on one previously developed in the labo-
ratory [18]. At the output of the quartz nozzle, a stainless tube directs
samples towards a vessel connected to a vacuum pump and a multiway
valve located inside the GC. The multiway valve is connected to the
carrier gas, the chromatographic column, the vacuum pump and a 2 ml
sample loop. As describe in figure 2.5, the multiway valve has 2 differ-
ent positions corresponding to 2 sets of connections. In the A position,

Figure 2.4: injection of samples for analysis of permanent gases of
combustion and C1 to C7 hydrocarbons
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Figure 2.5: the multiway valve of the chromatographic setup

the carrier gas enters directly into the column and the sample loop is
connected to the vessel and the vacuum pump. In the B position, the
carrier gas directs the content of the sample loop inside the column and
the vessel is connected to the vacuum pump. Before injecting a sample
into the GC, the burner is moved to the desired position, the multiway
valve is moved in its A position and the injection setup of figure 2.4 is
cleaned up by closing valve 1 and opening valves 2, 3 and 4 until a pres-
sure lower than 10−1 mbar is measured on manometer 1. Then, valve 1
is opened to fill the injection setup with the sampling gas. Afterwards,
valve 3 and 4 are closed to fill the vessel containing the piston with the
sample until a pressure of about 3.5 mbar is reached on manometer 1.
Then, valve 1 is closed and the pressure is adjusted to 3 mbar thanks
to valve 3. Subsequently, valve 2 is closed and the sample is compressed
into the vessel as well as in the 2 ml sampling loop. Finally, the 2 ml of
compressed sample that are located inside the sampling loop are injected
into the GC column by changing the multiway valve position from A to
B (see figure 2.5).

As defined above, chemical species that belongs to the second class of
compounds generally have lower vapor pressures than those of the first
class. As depicted in equation 2.7, to ensure its gaseous state before
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injection inside the column of the Gas Chromatograph, a compound
i must have a vapor pressure Pvi higher than its partial pressure Pi,
which is defined by the product of its mole fraction χi with the pressure
P inside the injection setup.

Pvi ≥ P × χi (2.7)

Pvi = e
Ai−

Bi
Ci+T (2.8)

The vapor pressure of a chemical species i closely depends on the tem-
perature, as described by the Antoine’s law depicted in equation 2.8,
where Ai, Bi and Ci are coefficients that are specific to i. Consequently,
vapor pressures of large hydrocarbons that have to enter into the GC
column can be increased by heating the injection setup. Moreover, to
ensure the gaseous state of most of constituents having low vapor pres-
sures, the pressure P in the injection setup can be maintained low by
bypassing the compression step described in figure 2.4.

Therefore, another injection setup, resistant to high temperatures and
bypassing the compression system, has been developed (see figure 2.6).
This injection setup is heated at 300◦C by a heating wire that is winded
up around the main pipe, from the exit of the quartz nozzle to the sam-
pling loop of the GC. The pressure in the setup is adjusted to 30 mbar
in order to keep a negative pressure gradient between the combustion

Figure 2.6: injection of samples for analysis of hydrocarbons with more
than 7 carbon atoms
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Figure 2.7: vapor pressures of some small PAH in function of tem-
perature. Antoine’s law parameters are those recommended by the
NIST [20].

chamber and the injection setup. The combination of low pressure and
high temperature in the injection setup ensures that most of PAH are in
their gaseous state, as demonstrated by figure 2.7, showing that under
these conditions, even a pure pyrene (C16H10) flux should be gaseous.
Before injecting a sample into the GC, the burner is moved to the desired
location, the multiway valve is set to its A position and the injection
setup is cleaned up by closing valve 1 and opening valves 2 and 3 of fig-
ure 2.6, until a pressure of 10−1 mbar is measured on the manometer 1.
Then, valve 1 is opened and temperature and pressure are respectively
adjusted to 300◦C and 30 mbar by changing the voltage applied to the
heating wire and by adjusting valve 2. Three thermocouples have been
inserted into pipes of the injection setup and one onto the multiway valve
in order to measure the sample flux temperature. Once the system has a
pressure of 30 mbar and a temperature close to 300◦C, valve 3 is closed
in order to stop pumping inside the sampling loop. Finally, once the
temperature has reached 300◦C on thermocouple t4, the multiway valve
is moved to its B position for injection of the sample into the GC column.
The following section describes how sample constituents are separated
and detected, and presents the appropriate calibration procedure of the
chromatographic response using both injection setups.
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Chromatographic separation and detection

In order to achieve the chromatographic separation of sample constituents,
three different columns have been used, in combination with specific
oven temperature programs and detector temperatures. The choice of
GC columns depends on chemical properties of hydrocarbons that have
to be detected and is consequently linked to the setup used for the
injection.

Hydrocarbons of the first class defined in the previous section mainly
consist of permanent gases of combustion and high vapor pressure hy-
drocarbons, which have 1 to 6 carbon atoms. For these compounds, an
efficient column is the PORAPLOT Q from Varian inc that allows to
separate light hydrocarbons, some permanent gases of combustion and
polar compounds such as ketones, aldehydes, acids and alcohols. Never-
theless, among the permanent gases of combustion, only CO2 and H2O

can be separated with the PORAPLOT Q and a second column is con-
sequently required for their complete separation: the MOLSIEVE 5A,
which is also provided by Varian inc. This column consists of a coated
molecular sieve that allows a good separation of H2, O2, Ar and CO at
temperatures around 150◦C.

The last column is devoted to compounds of the second class defined
above: large hydrocarbons having low vapor pressures. The CPSIL-
PAHCB column from Varian inc is well suited to that kind of applica-
tions as it is designed for PAH separation and resists to temperatures up
to 400◦C, allowing to speed up the elution of very large compounds. At
the output of columns, detection of sample constituents can be achieved
by two different detectors. The first is a Flame Ionization Detector (FID)
that burns compounds arriving at the output of the column into aH2/O2

diffusion flame. Hydrocarbon species burning in this flame form CHO+

ions that are repelled by the nozzle of the FID burner which is positively
charged. They are collected onto a negatively charged plate, inducing
a current that can be measured. Even if FID detectors are commercial
analyzers for now more than 50 years, the mechanism responsible of
CHO+ ions formation is surrounded by some uncertainties [26]. How-
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ever, the main channel is thought to be reaction of oxygen atoms with
CH radicals, forming CHO+ and one electron (CH+O → CHO++e−).
When a compound i exits the column, the signal Si of the FID detector
first increases, then reaches a maximum, and finally decreases. The time
interval between the sample injection and the maximum of the signal in-
tensity of a compound i is called the eluting time of i, noted ti. It can
be measured by introducing each known compound separately and used
as a reference for identification of chemical species at the output of the
column.

The plot of the detector signal versus time is called a chromatogram
and if sample constituents are well separated, it presents one peak per
chemical species introduced into the column, centered on corresponding
eluting times ti. For each peak, the integration of detector signal over
time gives an area Ai that is proportional to the number of positive ions
that hit the negative collector plate of the detector. Considering that
the combustion of a definite compound i in the FID detector always
leads to the formation of the same amount of positive ions per mole, the
surface Ai is proportional to the number of moles ni of the compound i
that is detected, as depicted in equation 2.9. Since the sample injection
is always performed in the same conditions of pressure, temperature and
volume, the total number of moles entering into the column, noted nt,
is identical at each injection. Consequently, in the present work the
surface Ai is also proportional to the mole fraction of the compound i,
as summarized by equation 2.10.

ni = αi ×Ai (2.9)

χi = ni
nt

= αi
nt
×Ai = βi ×Ai (2.10)

The FID detector can be used for all organic compounds whose combus-
tion generates CHO+ ions. This excludes CO, CO2, H2O, H2 and other
compounds that do not contains carbon atoms or are already too oxi-
dized to form CHO+ ions. Since these compounds have to be measured
in the investigated flames, a second chromatographic detector called
Thermal Conductivity Detector (TCD) has been used. This detector
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compares the thermal conductivity of the eluent at the output of the
column to that of the pure carrier gas and any differences caused by the
presence of another compound having a different thermal conductivity
results in a measurable signal. Therefore, contrarily to the FID detector,
the TCD is independent of the chemical nature of compounds and its
response only depends on the difference in thermal conductivity between
the analyzed compound i and the carrier gas. In the same way as FID
detector, the TCD response depends on number of moles of compounds
i that passes through the detector and equations 2.9 and 2.10 are equally
valid.

Contrarily to the FID detector, the TCD detector does not alter the
sample composition and these two detectors can therefore be placed in
series with the order TCD - FID to fully benefit of their complemen-
tarity. As depicted in table 2.2, this configuration is used with the
PORAPLOT Q column that allows to separate light hydrocarbons and
some permanent gases of combustion, which cannot be detected with
the FID detector. The MOLSIEVE 5A column, devoted to H2, O2, Ar
and CO measurement, is only connected to the TCD detector, as none
of these compounds provides an FID signal. Since the difference in ther-
mal conductivity of H2 and helium is quite low, measurements with the
MOLSIEVE 5A column have to be performed twice: firstly with helium
as carrier gas and secondly using argon (see table 2.2). The difference
in thermal conductivities between argon and H2 is indeed sufficient to
obtain significant TCD signals. Concerning the CPSILPAH CB column,

Table 2.2: chromatographic configurations used in the present work

Chemical species
targeted

Injection
setup†

Column Carrier
Gas

Detectors

O2, Ar, CO A MOLSIEVE 5A He TCD
H2 A MOLSIEVE 5A Ar TCD
Hydrocarbons from
C1 to C6, CO2 and
H2O

A PORAPLOT Q He FID + TCD

Hydrocarbons from
C7 to PAH

B CPSILPAH CB He FID

† Setups A and B are those described in figures 2.4 and 2.6, respectively.
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the transit into the TCD detector before the FID detection is avoided as
it cools the eluent, causing PAH condensation and decreasing the quality
of the chromatographic separation.

Table 2.2 summarizes the different chromatographic configurations that
have to be used for measurement of flame structures and shows that
four different flame sample analyses have to be carried out to fully de-
termine rich hydrocarbon flame structures of this work. In the future,
this number of chromatographic analysis may be reduced to three by
adding a multiway valve at the output of the PORAPLOT Q column,
in order to direct the H2, O2, Ar and CO mixture that rapidly flows
through the column into the MOLSIEVE 5A for a parallel separation.
All parameters used for chromatographic analyses with setups detailed
in table 2.2 are describe in appendix A, together with eluting times of
each measured compound.

The calibration procedure

The FID and the TCD detectors presented above are calibrated for
permanent gases of combustion and a large range of stable hydrocarbons,
including those observed in flames. The calibration procedure is divided
into two phases. The first consists in measuring molar response factors
αi of equation 2.9 for each detector and each compound i, by measuring
response surfaces Ai corresponding to samples with variable quantities of
mole ni. These samples are directly injected into the gas chromatograph
with a syringe. According to its physical state at room temperature and
atmospheric pressure, each compound i is injected either in the gaseous
state (CH4, C2H2, etc), in the liquid state (H2O), or diluted into an
appropriate solvent (C10H8, C12H8, C12H10, etc).

However, it is more adequate to perform a mole fraction calibration
than a molar one, as mole fraction profiles of chemical species detected
in flames have to be measured. Equation 2.10 has shown that the mole
fraction response factor βi of a compound i equals its molar response
factor divided by the total number of moles that are injected. Since
injections are always performed in similar conditions, nt is a constant
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that only depends on the injection setup used for the analysis. There-
fore, by measuring nt corresponding to both injection setups described
previously, mole fraction response factors βi of each compound i could
be easily calculated from αi factors, using equation 2.11.

βi = αi
nt

(2.11)

The second phase of the calibration procedure consists in measuring
these total quantities of mole nt injected into the GC using setups of
figures 2.4 and 2.6. Ai surfaces corresponding to cold gas mixtures of
methane-oxygen-argon with variable methane mole fractions have been
measured using both injection setups, in order to determine the mole
fraction response factor of methane (βCH4) with each of them. Then,
knowing βCH4 and αCH4 , total molar quantities nt injected using each
setup has been calculated from equation 2.11. For many years it has been
shown that the FID detector response Ai of a compound i is proportional
to the number of its carbon atoms that are not double bounded to an
oxygen atom (see reference [26] and references therein). The reason
of this particular behavior is that the FID response is proportional to
CHO+ ions that are formed, which is in turn proportional to the number
of carbon atoms that are not double bounded to an oxygen atom. Indeed,
CO groups cannot react with O atoms forming CHO+ ions. This well
known relation has been verified in this work by plotting values of 1/αi
measured for several hydrocarbons from C1 to C14 in function of their
effective carbon atom content (see figure 2.8). The plot consists in a well
linear trend that can be approximated by linear regression to equation
2.12 (1/αi is in mV × s ×mol−1), with a linear correlation coefficient
(R2) of 0.997.

1
αi

= 293194×NC (2.12)

This equation is used to estimate αi coefficients of unstable compounds,
such as cyclopentadiene (C5H6), vinylacetylene (C4H4) or diacetylene
(C4H2), which are not commercially available or difficult to handle. The
uncertainty of chromatographic measurements performed in the present
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work is difficult to determine, as it depends on several factors, including
flame composition, the injection setup used, the calibration and the de-
tector signal. For compounds that have been calibrated experimentally
and via equation 2.12, it is reasonable to consider relative errors of 10%
and 20%, respectively.

2.3.2 Molecular Beam Mass Spectrometry

Conceptual framework

Mass spectrometry is an analytical technique that allows the measure-
ment of mass to charge ratios (m/z) of charged particles. It is widely
used for determining elemental composition of samples and elucidat-
ing structures of molecules. Basically, a mass spectrometer consists in
three main parts. The first is an ionizing source that generates charged
molecules or molecule fragments, the second is the mass analyzer that
filters ions on the basis of their m/z ratios, and the last is a detector
which provides a signal proportional to the number of ions that passes
through the mass filter. Beside the qualitative determination of sample
constituents, mass spectrometry can be used for a quantitative analy-
sis. Its application to the determination of mole fraction of compounds
involved in flames is discussed hereafter.
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Connection to the combustion chamber

The great advantage of Mass Spectrometry, compared to Gas Chro-
matography, is that it operates at a very low pressure (about 10−7

mbar), allowing to be coupled with a Molecular Beam sampling method
(MBMS). The reason why mass spectrometry needs such a low pres-
sure will be discussed further. A molecular beam is characterized by a
high mean free path between molecules that prevents reactions between
its constituents. Consequently, highly reactive species such as radicals
may be extracted from the flame and safely transported until the ion-
ization source of the mass spectrometer device. Consequently, MBMS
is well suited for the quantitative investigation of flame chemistry, as
originally demonstrated by Peeters and Mahnen [27], and has been used
by several groups [28]. The MBMS device used in this work has been
well described in previous studies [18, 29] and will consequently not be
presented in much details below.

Practically, the molecular beam is created by sampling into the flame
throughout the small apex of the quartz nozzle depicted in figure 2.9.
The geometry of the nozzle (orifice diameter of 0.2 mm, a conical angle

Figure 2.9: Molecular Beam Mass Spectrometry analysis



38 Chapter 2. Experimental setups and methods

of 45◦and a height of 2 cm) and the low pressure of the downstream
chamber (about 10−3 mbar), compared to that of the flame (45 mbar),
allows the expansion of samples into a molecular beam characterized by a
high mean free path. This beam is consequently "frozen" and reactions
between reactive species may no longer occur. The vacuum pumping
inside the quartz nozzle chamber is achieved by the oil diffusion pump
D1 (see figure 2.9). After a certain distance, the expanded sample may
undergo a compression into a Mach disc that must be avoided in order
to keep the high mean free path characterizing the beam. Therefore, the
opened apex (1.5 mm in diameter) of a brass skimmer is introduced into
the molecular beam before the Mach disc formation and the beam is
directed inside the skimmer chamber, where the pressure is maintained
at 10−5 mbar thanks to the turbomolecular vacuum pump T1 (see figure
2.9). In this chamber, the molecular beam is chopped at 30 Hz for phase
detection and monitoring, allowing enhancement of the signal to noise
ratio. Finally, it passes through a 0.8 × 8 mm collimating slit and enters
into the ionization chamber of the mass spectrum device, which will be
presented hereafter.

The mass spectrum device

As previously explained, a mass spectrum device consists of 3 main parts
that are presented hereafter. The first part is the ionization chamber
where molecules of the molecular beam are converted into ions that will
be further separated by the mass filter of the spectrometer. Various ion-
ization techniques exist, including the electronic impact ionization (EI),
the chemical ionization (CI), the photoionization (PI) and the electro-
spray ionization (ESI). For this work, the ionization source is the EI, as it
operates at low pressure and is therefore compatible with the molecular
beam formation. Moreover, an EI source does not require any addi-
tional reactant for the ionization of chemical species, contrarily to the
CI. The EI source consists of an electron beam of a determined energy
that is produced by a tungsten filament and steered across the chamber
towards an electron trap. The energy of the beam can be modified by
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varying the current crossing the tungsten wire and by changing the po-
tential of the electrode extracting the electrons. According to reaction
2.13, electrons having enough energy may extract an electron of an ABC
molecule, forming a radical molecular ion ABC .+ that may have an ex-
cess of energy, depending on the difference between the electron beam
energy and the ionization energy of ABC. EI sources need to operate at
very low pressure in order to avoid the burning of the hot tungsten fila-
ment. At the same time, a high mean free path is maintained, avoiding
chemical reactions of ions before their detection.

ABC + e− → [ABC .+]∗ + 2e− (2.13)

If the energy of the electron beam is superior but close to the ionization
energy of ABC, the ABC .+ radical molecular ion will not subsequently
fragment and could be preserved. On the contrary, if the electron beam
has an energy that is highly superior to the ionization energy, the ABC .+

radical molecular ion will undergo fragmentation reactions like:

[ABC .+]∗ → AB.+ + C (2.14)

[ABC .+]∗ → AB+ + C . (2.15)

In this work mass spectrometry is used to quantify sample constituents.
Therefore, fragmentation has to be avoided in order to ensure that the
mass signal detected for ABC .+ fully corresponds to the quantity of
ABC present into the sample. Ionization potentials are therefore always
carefully adjusted just above ionization energies of targeted compounds.
The second part of the mass spectrum device consists in a quadrupole
mass analyzer that is able to filter ions formed in the ionization source
according to their mass to charge ratios (m/z). The quadrupole is com-
posed by 4 hyperbolic rods and each opposite rod pair is connected
together electrically. A radio frequency voltage V is applied between
one pair of rods and the other and a direct current U is superimposed.
Inside the quadrupole analyzer, forces that apply on an ion having an
m/z ratio depend on m, z, U , V and the distance between rods. Val-
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ues of U and V can therefore be adjusted in order to impose to an ion
with a determined m/z ratio a trajectory crossing the quadrupole filter.
Other ions will collide with the rods and will not reach the output of the
quadrupole mass analyzer. Practically, the m/z ratio of the ion to ana-
lyze has to be chosen on the control panel of the mass spectrum device
and values of U and V are automatically adjusted.

The last part of the mass spectrum device is the detector setup that is
composed by an electron multiplier, a preamplifier and an electrometer
that allows to measure a mass signal in mV, corresponding to the number
of radical molecular ions reaching the detector. Practically, the signal
corresponding to the m/z ratio of a targeted chemical species is mea-
sured at various distances along the flame. At each distance, the signal
is measured at fixed time intervals, during an appropriate time. A soft-
ware running on the Windows R© operating system and able to acquire
mass signals from the electrometer has been developed in the present
work. This software allows to choose the number of measurements to
perform and the time interval between them. Then, it calculates a mean
signal whose evolution as a function of the position in the flame can be
plotted on the screen for an easier interpretation of measurements. This
software replaces a former version developed in the laboratory, which
only supports the MS DOS R© operating system and does not allow an
easy transfer of data into Excel R©.

The calibration procedure

At a distance z of the burner surface, the mass signal Ii of a compound i
that is read on the electrometer can be linked to its mole fraction χi by
equation 2.16, where Si represents the sensitivity factor of i. Sensitivity
factors highly depend on the temperature (and therefore on the sampling
position z in the flame), on the pressure, on the analyzed compound i,
and on the working potential of the EI source.

[Ii]z = [Si]z × [χi]z (2.16)
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Peeters and Mahnen [27, 29] have shown that for all chemical species,
their sensitivity factors vary in the same manner with the temperature.
Therefore, for two chemical species i and j, the ratio Sj/Si is constant
all along the flame and mole fraction of i can be obtained by solving
equation 2.17 at different heights z of the flame.

[χi]z =
[
Ii
Ij

]
z

× Sj
Si
× [χj ]z (2.17)

The reference compound j is chosen among those measured by gas chro-
matography, in order to know its mole fraction profile [χj ]z in the flame.
Then, the ratio Sj/Si is approximated by the additivity of atomic con-
tributions to the ionization cross section through equation 2.18, where
nC , nH and nO respectively represent the number of carbon, hydrogen
and oxygen atoms of the molecule [29]. The best estimation of Sj/Si
is achieved by considering a compound j that has an ionization cross
sections close to i.

Sj/Si = (1.8nC + 0.65nH + 1.3nO)j
(1.8nC + 0.65nH + 1.3nO)i

(2.18)

Knowing the GC mole fraction profile of j and the Sj/Si ratio, the mole
fraction profile of i can be deduced from the measurement of mass signal
profiles [Ii]z and [Ij ]z, using equation 2.17. In the same way as gas chro-
matography measurements, the error on MBMS mole fraction profiles
are difficult to address. Indeed, it depends on the Sj/Si approximation,
the error on the χj mole fraction determined by GC and the error on
the mean mass signal that is calculated. The latter can be significantly
reduced by calculating the mean mass signal on a high number of mea-
surements, as this error decreases with the number of measurements
performed. Figure 2.10 depicts the mean mass signal profile measured
at a m/z ratio corresponding to the phenoxy radical (C6H5O) into the
lean benzene flame BF07 (see appendix B). Each mean signal is calcu-
lated on 20 measurements, with a time interval of 1 second. The bars
of errors performed on the mean signals are equally represented with a
confidence interval of 95%. Since the C6H5O is a radical species and
is present in very low concentration in this flame (about 1.0 10−5), this
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Figure 2.10: mean mass signal profile (arbitrary units) measured at
an m/z ratio corresponding to the phenoxy radical (C6H5O) in BF07
(see appendix B). Error bars are presented for a confidence interval of
95%.

figure is well representative of the maximum error that should surround
mean signals measured by MBMS. A general relative error of 20% should
be considered for mole fraction measurements performed by MBMS and
presented in this work.

2.3.3 GC and MBMS complementarity

Gas Chromatography and Molecular BeamMass Spectrometry described
above are complementary techniques [18]. The first allows to separate
mass isomers but is unable to detect radical species since it operates at
atmospheric pressure, which avoids the use of a molecular beam. On
the contrary, the second allows to detect radical species but is unable
to easily differentiate mass isomers. MBMS has the advantage to define
the mass, which is unavailable in GC analyses. However, at a definite
position z inside the flame, the GC has the great advantage to allow the
analysis of the whole sample composition in one go, although the MBMS
requires independent measurements for each chemical species. Conse-
quently, the GC analysis has been chosen as the primary technique and
the MBMS has only been used to acquire mole fraction profiles of some
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important radicals and species unidentified by GC. In chapters present-
ing and discussing flame structure measurements, the analysis method
will be specified for each considered compound.

2.4 Flame temperature measurements

Conceptual framework

Temperature measurements have been performed by inserting a thin
thermocouple composed of platinum and platinum-rhodium 10% into
the flames. This technique is based on the Seebeck effect stipulating
that when two different metals or alloys are joined together, a voltage
depending on the temperature of the junction is created between the
two wires. This voltage may be measured and correlated to the temper-
ature at the junction of the Pt and PtRh 10% wires inserted into the
flame. The relationship between temperature and voltage is junction
specific and different alloys are therefore used for different temperature
ranges. The junction between platinum and platinum-rhodium 10% pro-
vides a wide temperature range (approximately 300 to 2000 K) that is
convenient to typical flame temperatures.

Connection to the combustion chamber

As depicted in figure 2.11, the thermocouple consists of a kind of fork
whose the two branches are wires of Pt and Pt/Rh10% (0.5 mm in di-
ameter). These branches are connected together by a wire of 0.1 mm in
diameter, constituted of Pt and Pt/Rh 10% whose junction is located
at an equal distance of each branch. For temperature measurement, the
thinest wire is inserted well perpendicularly to the burner axis into the
flame, in order to avoid any temperature gradient along it. Its junction
is placed at about 1 mm in front of the apex of the quartz nozzle for
measuring temperatures that are representative of the sampling location.
Since the thermocouple is made of platinum which is a powerful catalyst
of hydrogen atom recombination into H2, the wire of 0.1 mm in diameter
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Figure 2.11: measurement of the flame temperature profile using a
thermocouple

is coated with a thin ceramic layer (BeO 7% and Y2O3 93%) to prevent
any chemical interaction of platinum with the flame [30]. Indeed, the
recombination reaction of H atoms into H2 is an exothermic reaction
(∆H = -104 kcal mol−1) that may artificially increase the measured
temperature. The wires of 0.5 mm in diameters are bended in order to
pass through the wall of the combustion chamber, and to be connected
to a voltmeter. The crossing of the stainless wall is achieved through
a window that is converted into a ceramic sheathing, enabling to easily
pass the wires outside the combustion chamber without any leaks. To
determine the temperature profile, the voltage between the two branches
of the thermocouple has to be measured all along the flame, by mov-
ing the position of the burner. Then, these voltages are converted to
temperatures by the calibration method presented below.

The calibration procedure

The relationship between the temperature and the voltage of a specific
thermocouple, as that used in this work, has been well investigated in
the past [29]. Consequently, calibration curves for Pt/PtRh 10% ther-
mocouples exist and may be used to convert the voltage profile into a
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temperature profile. However, at temperatures such as those measured
in a flame, the thermocouple looses some heat that it receives into radi-
ation and the measured temperature consequently underestimates that
of the gas-phase. Therefore, the temperature profile has to be corrected
for radiation losses using the electrical compensation method, briefly
presented hereafter.

The energy balance describing a thermocouple inserted inside a flame
is that of equation 2.19, where α, β, Tg, Tt and Tw are respectively a
conduction factor, a radiation factor, temperature of the gas-phase, of
the thermocouple and of the walls absorbing radiation. The left side of
equation 2.19 represents the heat received by convection from the hot
gas-phase and the right side that loosed by radiation.

α× (Tg − Tt) = β × (T 4
t − T 4

w) (2.19)

In order to determine the error in temperature that is caused by ther-
mocouple radiation, the term (Tg−Tt) of equation 2.19 has to be known
for each Tt measured in the flame. The method consists in first ap-
plying an alternative current to the thermocouple placed in a vacuum
chamber and measuring the temperature for various current intensities.
The energy balance of such a system corresponds to equation 2.20 that
does not involves the energy loosed by conduction since it is negligible
under vacuum conditions. The term RI2 represents the energy brought
by applying a current on the thermocouple.

(RI2)vacuum = β × (T 4
t − T 4

w) (2.20)

Then, the same experiment is performed at different distances inside a
flame. The new energy balance is equation 2.21 that depicts a conduc-
tion term which is no longer negligible.

(RI2)flame + α× (Tg − Tt) = β × (T 4
t − T 4

w) (2.21)

If one plots on the same graph RI2 as a function of the measured temper-
ature Tt at the output of the thermocouple for both experiments (under
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vacuum and inside a flame), one can determine intersection points that
verify equation 2.22. At these points, equation 2.22 may be inserted into
2.20 giving equation 2.23.

RI2
flame = RI2

vacuum (2.22)

(RI2)flame = β × (T 4
t − T 4

w) (2.23)

Finally, if equation 2.23 is inserted into equation 2.21, considering that α
is not null, one obtains that temperature of the gas-phase Tg equals that
of the thermocouple Tt. It means that the energy brought by applying a
current at the output of the thermocouple corresponds to that loosed by
radiation. By applying this method at diverse distances inside the flame,
one can deduces the function f(Tt) giving the gas-phase temperature Tg
as a function of the thermocouple temperature. Parameters of this latter
equation have been determined in the laboratory for many years, with a
thermocouple having a composition identical to that used in the present
work.

2.5 Soot concentration measurements

Conceptual framework

In addition to the measurement of mole fractions profiles of the gas-
phase constituents and of the flame temperature profile, a setup able
to measure soot concentration was necessary to fully determine experi-
mental structures of rich hydrocarbon flames investigated in this work.
Such setups have already been described in the literature and principally
consist either in intrusive gravimetric methods or in non-intrusive laser
techniques [31,32].

The simple laser method to measure the soot volume fraction is that
of extinction, which is based on the Beer-Lambert law. This law links
the ratio of transmitted to incident light intensity with the concentra-
tion of the analyzed substance, by a relationship involving its extinction
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coefficient and the length of the cell containing the sample. Unfortu-
nately, a large uncertainty is still surrounding the extinction coefficient
of soot [31,33]. Indeed, values proposed in the literature for the extinc-
tion coefficient of soot vary by a factor close to 4 [33]. Moreover, the
low pressure at which flame investigations are conducted in this work
considerably decreases the soot concentration. Consequently, the ratio
of transmitted to incident light intensity is quite high and difficult to
measure. Another light based technique for the measurement of soot
volume fraction is the emerging Laser Induced Incandescence method,
which consists in rapidly heating soot particles that are on the path of
the laser beam by using a pulsed laser source [34–36]. The soot is heated
up to incandescence (between 4000 to 4500 K) and the produced light
is analyzed by photodetectors that give information on the soot volume
fraction and the primary particle diameter. Unfortunately, this method
is highly expensive as it necessitates a specific laser and particular detec-
tors. Laser diagnostic setups for the measurement of soot concentrations
are thus subject to a high uncertainty or are highly expensive and are
therefore not considered in this work.

Beside these laser based techniques, gravimetric methods could be used,
but they imply the intrusion of a probe inside the flame to collect soot.
This soot can subsequently be weighted and by knowing the volumetric
flow rate through the probe and the elapsed time, soot concentration
inside the flame can be calculated. Since this technique is cheap and
does not require highly specific material, it has been used for soot con-
centration measurements inside flames investigated in this work.

Connection to the combustion chamber

Based on previous considerations, a quartz probe for soot sampling has
been designed. It consists in a quartz tube with a conical extremity that
presents a small orifice of 1 mm in diameter, which is introduced inside
the flame, perpendicularly to the burner surface. The tube has a 90◦bend
that allows to exit the combustion chamber throughout a modified win-
dow. Outside the combustion chamber, the probe extremity is linked to
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a filter connected to a vacuum pump to collect soot. A manometer and
a regulating valve have been inserted between the filter and the vacuum
pump in order to control the pressure of soot extraction, which has been
fixed to 20 mbar. Whereas this setup allows to collect soot material
on the filter, a significant amount of soot deposits on the wall inside
the probe. The problem is certainly due to the bended geometry of the
probe and could not be avoided in the present work.

In 2009, Abid and co-workers developed a soot sampling probe that
prevent soot deposition [37]. It consists in a tube that is placed per-
pendicularly to the burner axis and which presents a small orifice for
soot sampling. A nitrogen flow penetrates in one tube extremity, steer-
ing particles to the other side for measurement. Unfortunately, such a
technique involves too much apparatus modifications and could not be
developed in the present work.

The use of a probe has thus been substituted by a filter that is directly
introduced into the flame, as depicted in figure 2.12. This filter allows
to easily determine the mass of soot that is produced per unit of time at
definite positions in the flame, whereas its introduction and dismantling
necessitates the opening of the combustion chamber, which is a restric-
tive operation. The filter is made of ceramic wool that resists to high
temperatures such as those encountered in flames. In addition, most of
the gas flow is able to cross the ceramic wool filter and the flame is con-
sequently not much perturbed. Nevertheless, the filter cannot be placed

Figure 2.12: setup for soot sampling developed in this work.
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too close to the burner (about 8 mm), as it quenches the flame. At too
large distances from the burner surface (about 15 mm), the flame begins
to curve up as its axis is horizontal and hot gases tend to go upside, by-
passing the filter. Therefore, measurements can only be performed in a
region spreading from 8 to 15 mm, which fortunately coincides with the
soot formation area. Even in this region, some soot seems to bypass the
filter since soot deposition is observed on its back side. This indicates
that soot recirculation occurs in the combustion chamber and that par-
ticles accumulated in the filter might not all correspond to the sampling
position.

Quantitative as well as qualitative studies of these soot samples are thus
subject to an error that cannot be estimated. Moreover, the soot caught
inside the filter is not cooled and subsists in the flame environment,
allowing subsequent reactions to occur. However, chapter 7 will show
that measurements performed with the present are consistent with other
studies of the literature, indicating that the error surrounding the soot
concentration might be limited. Anyway, the developed setup consists
in a first attempt to measure soot concentrations in the laboratory and
it should be further improved or substituted by a more powerful tech-
nique.

The calibration procedure

In order to measure soot concentrations at certain distances of the burner
surface, a ceramic wool filter consisting in a 12 × 12 cm2 square with
a thickness of 0.5 cm has first to be prepared and weighted. Then,
the combustion chamber is opened to install the filter perpendicularly
to the axis of the burner, in front of the quartz nozzle. Afterwards, the
combustion chamber is closed and the burner is moved backward in order
to ignite a lean fuel-oxygen-argon flame. This non sooting flame allows
to carefully adjust the burner position, without the risk of premature
soot deposition. Once the burner is in the right position, volumetric flow
rates of fuel, oxygen and argon are rapidly adjusted to those of the rich
flame that has to be analyzed and the soot sampling is achieved for 30
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minutes. Then, the flame is quenched and the combustion chamber is
opened to weight the filter containing soot. The mass flow rate of soot
Dms at the analyzed distance z above the burner can be determined
by equation 2.24, where m represents the mass of soot that has been
accumulated during the time t.

[Dms]z = [ms]z
t

(2.24)

In order to calculate the soot concentration Cs at the distance z, the
mass flow rate of soot has to be divided by the total volumetric flow
rate of gas DvT that has crossed the filter, as depicted in equation 2.25,
where VT represents the total volume of gas that crossed the filter during
the time t.

[Cs]z =
[
Dms
DvT

]
z

= [m]z/t
[VT ]z/t

=
[
m

VT

]
z

(2.25)

Knowing the total volumetric flow rate DvT of the cold gas mixture,
that at the distance z can be calculated using the ideal gas law, as
demonstrated in equation 2.26, where Tz and Pz respectively represent
the temperature and the pressure of the flame at the distance z of the
burner surface.

[DvT ]z = DvT ×
Patm
298K ×

Tz
Pz

(2.26)

The pressure Pz corresponds to the working pressure and the temper-
ature Tz has been measured by a thermocouple, as described in the
previous section. Therefore, all variables are known and the soot con-
centration can finally be calculated using equation 2.27.

[Cs]z = [Dms]z
DvT × Patm298K ×

Tz
Pz

(2.27)

The presence of the filter may slightly decreases the flame temperature
at the z position and the use of that measured with the thermocouple
method presented above may therefore introduce an error on the cal-
culated soot concentration. If the development of this method is to be
pursued, more reliable temperature measurements should be performed
at the filter position. The method can equally be improved by consider-
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ing the variation of the total number of mole of gas accompanying the
combustion reaction in equation 2.26.

2.6 Conclusions

This chapter has presented several apparatuses developed to analyze
structures of premixed, laminar and one-dimensional benzene and toluene
flames that will be presented in following chapters. These flame struc-
tures include mole fractions profiles of compounds involved in the com-
bustion reaction, as well as concentration profiles of carbonaceous par-
ticles formed in rich conditions and temperature profiles. Sampling is
achieved by a quartz nozzle at different heights inside flames and two
different techniques are used for the measurement of chemical species
mole fractions. The first is Gas Chromatography (GC) that allows to
measure mole fractions of non radical species. In order to cover a large
range of chemical species, different columns, detectors and injection se-
tups have been used. The GC technique developed in this work is able to
detect all permanent gases of combustion and major hydrocarbons from
CH4 to C14H10, including small PAH. The second method used for the
measurement of mole fractions is the Molecular Beam Mass Spectrom-
etry (MBMS). This technique is complementary to GC, as it allows to
detect radical species. However, it is difficult to separate mass isomers
with MBMS and this technique necessitates to measure each chemical
species individually, whereas GC allows to measure them in one go. Con-
sequently, GC is used as the primary technique and MBMS is only used
for selected chemical species that cannot be detected by GC and whose
mole fraction measurement is useful for the understanding of aromatic
combustion.

Beside mole fraction measurements, a setup has been developed for tem-
perature profile determination. It consists in a thermocouple that is
inserted in front of the quartz nozzle and coated to prevent chemical in-
teractions with the flame. The temperature profile can be measured by
moving the burner and therefore placing the thermocouple at different
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heights in the flame. Finally, a setup to measure soot concentrations in
rich hydrocarbon flames has been developed. It consists of a filter made
of ceramic wool that is located in front of the quartz nozzle. The soot
can be collected at different heights in the flame by moving the burner
to different positions. The soot concentration can be deduced from the
collected mass of soot, the residence time in the flame, the working pres-
sure and the flame temperature. It is the first attempt to measure soot
concentration inside hydrocarbon flames in the laboratory. The setup is
still at the first stage of its development and should be further improved
in order to avoid soot recirculation inside the combustion chamber and
flame perturbation.

Experimental measurements performed with these setups provide valu-
able data on benzene and toluene oxidation in flames as well as on PAH
and soot formation. Detailed kinetic models will be developed to com-
pare with these data and information on flame chemistry will be obtained
by a comparative rate analysis of included reactions. Before to present
such comparisons, the next chapter exposes the mathematical descrip-
tion of premixed, laminar and one-dimensional flames and explains how
predicted flame structures can be computed from kinetic models.



3
Kinetic modeling method

3.1 Introduction

As stated by Warnatz [12], a chemically reacting flow such as a flame
can be completely described at each point in space and time by speci-
fying its pressure, its temperature, its velocity and the density of each
chemical species that it contains. These properties can be changing in
time and space due to chemical reactions, the fluid flow causing molec-
ular and energy convection, molecular diffusion, energy conduction and
radiations. Warnatz therefore stressed that a comprehensive mathemat-
ical description of flames has to account for each of these processes.
Since some properties such as energy, mass and momentum are con-
served across flames, conservation equations can be determined. For
non reacting flows, they consist of Navier-Stokes equations, which are
widely used by scientists to model fluid dynamic phenomena. In or-
der to describe reacting flows such as flames, these equations require
some additional terms, accounting for the presence of multiple chemical
species and the existence of chemical reactions between them [38]. A
comprehensive modeling of flame structures therefore necessitates ap-
propriate conservation equations and a detailed kinetic model contain-
ing information on rates of chemical reactions that occur, together with
thermodynamic and transport properties of each involved compound.
The kinetic modeling of flames has consequently become a multi disci-

53
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plinary task, involving engineers for developing softwares able to solve
complex conservation equations and chemists for creating and handling
kinetic models that may involve a large number of chemical species.
This chapter presents conservation equations for laminar, premixed and
one-dimensional flames investigated in this work and briefly describes
the way they are solved by the Cosilab software [39]. The development
of the associated kinetic model will be comprehensively discussed in the
following chapters.

3.2 Mathematical description of flames

The first part of this section briefly presents the general form of three
dimensional conservation equations following the approach proposed by
Warnatz [12]. Then, these equations are applied to the conservation
of the mass, momentums and the energy, for the special case of one-
dimensional flames investigated in this work.

3.2.1 The general form of 3 dimensional conservation equa-
tions

An arbitrarily three dimensional element Ω with a volume V and a
surface S is considered. The value of an extensive variable F of Ω as
a function of time t, can be calculated by integration of its density
ρF (−→r , t) = dF/dV over the volume V , as described by equation 3.1
where −→r is a vector representing the spatial location.

F (t) =
∫
V
ρF (−→r , t)dV (3.1)

Considering that (i) the element Ω is located inside a flux that may
bring or take the variable F away, (ii) F may be consumed or produced
within Ω and (iii) interactions with the surrounding of Ω may bring or
take F away of the volume V , a change of the extensive variable F (t)
can basically be represented by :
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i a change in the flux −→φ F−→n dS that crosses the surface S of Ω (−→n is
a vector perpendicular to the surface). This flux may be molecular
diffusion, heat conduction, convection, etc. The flux density −→φ F
describes the amount of F that flows per units of time and surface
through S.

ii a change in the term qF describing the production of F within the
volume V of Ω. This change may be due to chemical reactions. The
term qF is the amount of F that is formed per units of time and
volume.

iii a change in the term pF describing interaction processes with the
surrounding of Ω. This change may be due to radiation, gravity, etc
and pF is the amount of F generated per unit of volume.

Considering these three terms, an overall balance equation can be writ-
ten for F , as depicted in the following equation 3.2.∫

V

∂ρF
∂t

dV +
∫
S

−→
φ F
−→n dS =

∫
V
qFdV +

∫
V
pFdV (3.2)

In this equation, the temporal variation of F contained in Ω has been
written according to equation 3.3.

∂F

∂t
=
∫
V

∂ρF
∂t

dV (3.3)

According to the theorem of Gauss, the integral representing the change
in the flux −→φ F through the surface S of Ω in equation 3.2 can be con-
verted to a volume integral, as depicted in equation 3.4 where −→∇ · −→φ F
represents the divergence of the flux.∫

S

−→
φ F
−→n dS =

∫
V

−→
∇ ·
−→
φ FdV (3.4)

Equation 3.2 can therefore be re-written in the form of equation 3.5∫
V

∂ρF
∂t

dV +
∫
V

−→
∇ ·
−→
φ FdV =

∫
V
qFdV +

∫
V
pFdV (3.5)
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Finally, considering an infinitesimally small volume element dV instead
of the volume V of Ω, V → 0 and equation 3.5 can be converted to
the general equation 3.6 that represents the conservation of an extensive
variable F .

∂ρF (−→r , t)
∂t

+−→∇ · −→φ F = qF + pF (3.6)

3.2.2 Conservation equations of premixed, laminar and
one-dimensional flames

Laminar and premixed flames that are stabilized in this work are flat and
one-dimensional. This means that each flame parameter only changes in
one direction z that is perpendicular to the burner surface, as depicted
in figure 3.1. In equation 3.6, the term −→∇ ·−→φ F can therefore be replaced
by the variation of −→φ F versus the coordinate z. Laminar flames of this
work are equally stationary and their parameters consequently do not
exhibit any temporal dependence. Therefore, the function ρF (−→r , t) of
equation 3.6 is constant over time and its derivative versus time becomes
zero. In the present work, pF represents the effects of gravitation, flame
radiation and heat transfer to the burner surface. Whereas the impact of
gravitation can be considered as negligible, those of the flame radiation
and the heat transfer to the burner may be significant in flames presented
in following chapters. However, we will show that pF is only involved
in the conservation equation of energy, which is not resolved for the
calculation of flame structures presented in this work, as experimental
temperature profiles are provided.

z Axis

Flat flame

burner

Unidimensional

flame
Quartz nozzle

for sampling

Figure 3.1: a schematic illustration of a laminar, one-dimensional and
premixed flame
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All considered, the general conservation equation 3.6 can be simplified in
equation 3.7, which is specific to premixed, laminar and one-dimensional
flames of this work.

∂
−→
φ F
∂z

= qF + pF (3.7)

The left side of this equation represents the variation of the density
flux of an extensive variable F versus the z-axis, and the right side
summarizes sources and sinks that respectively produce and consume
F within a flame element Ω. In following sections, this equation will
be applied to conservation of mass, chemical species and enthalpy in
flames of the present study, following the approach proposed by Warnatz
[12].

Conservation of the overall mass

The left side of equation 3.7 with F being the total mass corresponds to
the variation of the total mass flux density (−→φm) with the coordinate z.
This total mass flux density is the product of the total mass density ρ
with the velocity v of the flow. Since chemical reactions, flame radiation
and heat transfer to the burner neither create nor destroy mass, terms
qm and pm are zero and the conservation equation 3.8 demonstrates that
the product ρ× v is constant all along the flame.

∂(ρv)
∂z

= 0 (3.8)

Conservation of the mass mi of chemical species i

In the same way as −→φm = ρv, the mass flux density of a compound
i is given by −→φmi = ρivi. Considering that the mass density ρi of a
species i is given by ρwi, where wi is its mass fraction mi/m, the mass
flux density of i can be written as −→φmi = ρwivi. In contrast with the
total mass of the mixture, the mass of a compound i can be created
or consumed through chemical reactions involving it. The term qmi
is therefore different of zero and corresponds to ri that describes the
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mass rate of production of i through chemical reactions, as depicted
in equation 3.9, where [i] is the molar concentration of i and Mi is its
molecular mass.

ri = Mi × (∂[i]/∂t) (3.9)

In contrast to qmi , pmi is zero as the flame radiation and the heat trans-
fer to the burner neither produce nor destroy mass of a compound i.
All considered, the conservation equation of mi is given by equation
3.7.

∂(ρwivi)
∂z

= ri (3.10)

The flow velocity vi of a compound i is the resultant of (i) the total flow
velocity v that represents the convection of i in the reacting flow and
(ii) a diffusion velocity Vi that describes molecular transport through
diffusion processes, due to concentration gradients of species i inside the
flame. The flow velocity can therefore be written as vi = v+Vi and once
inserted in equation 3.10, after a simple product law differentiation, it
gives equation 3.11.

wi
∂(ρv)
∂z

+ ρv
∂(wi)
∂z

+ ∂(ρwiVi)
∂z

= ri (3.11)

Considering the conservation equation 3.8 of the total mass of the mix-
ture, the first term of the left side of equation 3.11 is zero and the
conservation equation for the mass mi of species i can be written as
hereafter, where ji = ρwiVi and denotes the diffusion flux of a species
i.

ρv
∂(wi)
∂z

+ ∂(ji)
∂z

= ri (3.12)

Conservation of the mixture energy

The energy flux density of the reacting mixture is given by∑i ρwivihi+
jq, where hi is the specific enthalpy of the compound i and jq is a heat
flux density that is caused by transport of energy due to temperature
gradients in the flame. In the same way as the total mass, since chemical
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reactions neither create nor destroy energy but transform it, the conser-
vation equation of the total enthalpy can be written as follows.

∑
i

∂(ρwivihi)
∂z

+ ∂jq
∂z

= phi (3.13)

In this equation, the term phi represents the energy lost by flame ra-
diation and by heat transfer to the burner surface and to the wall of
the combustion chamber. Concerning the flame radiation, it is expected
to be significant in rich hydrocarbon flames producing soot particles,
whereas it is considered negligible in non sooting flames. The heat trans-
fer to the burner surface depends on the position of the flame, but is
expected to be significant in all flames of this work. Experimental flame
temperature profiles have been introduced as input parameters to ac-
count for these energy transfers. Therefore, the conservation equation
of energy discussed in this section is not resolved when modeling flame
structures depicted in following chapters. However, the following equa-
tions are of interest for the calculation of adiabatic and non sooting
flame temperatures (see section 3.5).

Considering that vi = v + Vi and ji = ρwiVi, as previously mentioned,
equation 3.13 can be converted into equation 3.14.

∑
i

∂(ρvwihi)
∂z

+
∑
i

∂(jihi)
∂z

+ ∂jq
∂z

= phi (3.14)

The first two terms on the left side of equation 3.14 can be developed
by the law of product derivation, as depicted below.

∑
i

∂(ρvwihi)
∂z

+
∑
i

∂(jihi)
∂z

=(∑
i

wihi
∂(ρv)
∂z

+ ρv
∑
i

wi
∂(hi)
∂z

+ ρv
∑
i

hi
∂(wi)
∂z

)
+(∑

i

hi
∂(ji)
∂z

+
∑
i

ji
∂(hi)
∂z

) (3.15)
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If one introduces equations 3.15 and 3.8 into equation 3.14, one ob-
tains:

ρv
∑
i

wi
∂(hi)
∂z

+ ρv
∑
i

hi
∂(wi)
∂z

+

∑
i

hi
∂(ji)
∂z

+
∑
i

ji
∂(hi)
∂z

+ ∂jq
∂z

= phi

(3.16)

Finally, considering the mass conservation equation 3.12 of a species
i, equation 3.16 can be simplified into the enthalpy conservation equa-
tion 3.17, where ∑i hiri represents the change in enthalpy due to the
production of i through chemical reactions. Terms involving ji and jq

respectively represent the enthalpy brought by species diffusion and the
heat flux caused by temperature conduction.

ρv
∑
i

wi
∂(hi)
∂z

+
∑
i

hiri +
∑
i

ji
∂(hi)
∂z

+ ∂jq
∂z

= phi (3.17)

Using dhi = cp,idT , the temperature T can be introduced into the former
equation, giving:

ρv
∑
i

wicp,i
∂T

∂z
+
∑
i

hiri +
∑
i

jicp,i
∂T

∂z
+ ∂jq
∂z

= phi (3.18)

Heat and mass transport phenomenons

In equations of chemical species conservation 3.12 and energy conserva-
tion 3.18, terms ji and jq that respectively represent the transport of
mass (molecular diffusion) and heat (heat conduction) have been intro-
duced. The molecular diffusion ji can be obtained by an extended form
of the law of Fick, as depicted in equation 3.19 where c is the molar
concentration of the mixture, Mi and Mj are molecular masses of com-
pounds i and j, Dij is the multicomponent diffusion coefficient, χj is the
mole fraction of j and DTi is the thermal diffusion coefficient of i.

ji = c2

ρ
Mi

∑
j

MjDij
∂χj
∂z
− DTi

T

∂T

∂z
(3.19)
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Concerning the heat conduction, the term jq can be obtained by the law
of Fourier, as shown in equation 3.20, where λ is the heat conductivity
of the mixture.

jq = −λ∂T
∂z

(3.20)

Information on the calculation of coefficients Dij , DTi and λ will be given
in next sections.

3.3 The Cosilab software

As highlighted in the introduction of this chapter, a chemically reacting
flow can be fully described in time and space by its pressure P , its
temperature T , its velocity v and the density ρi of each chemical species
that it contains. In flames of this work, the pressure P is constant and
is measured on the manometer of the combustion chamber. Considering
that the density ρi of each of the N chemical species constituting the
flame is given by the product of its mass fraction wi with the total
density ρ, N+2 variables remain unknown: wi, wi+1, ..., wN−1, T , v and
ρ (the mass fraction wN can be found using ∑Ni wi = 1).

At each distance z of the burner surface, the Cosilab software [39] uses
the conservation equations presented in the previous section to find
these N+2 unknowns, based on a kinetic model, the thermodynamic
and transport data of involved compounds and the boundary conditions
of a flame. In addition, an experimental temperature profile can be pro-
vided in order to account for non adiabatic behavior of flames. Figure
3.2 presents the general functioning scheme of Cosilab. The software
firstly determines a system of equations on the basis of input data and
conservation equations. Then, the equation system is solved using the
Newton’s method that is an iterative algorithm able to determine roots
of a function if an initial guess is provided. The solver therefore requires
an initial guess that is sufficiently close to the final solution. This can be
achieved by entering the experimental structure of the analyzed flame
or by starting the calculation with a known flame that is subsequently
converted to the desired flame by step by step modifying its initial com-
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Figure 3.2: general functioning scheme of the Cosilab software

position. The convergence level can be adjusted and highly affects the
calculation time, in the same way as the quality of the initial guess, the
size of the kinetic model and the number of involved chemical species.
Once the solver has converged, an output file is written with the calcu-
lated flame structure. Additional information such as rate of chemical
reactions as a function of the coordinate z can be stored in the output
file. Following sections detail some key points of the general functioning
scheme of Cosilab, presented in figure 3.2.

3.3.1 Boundary conditions

The boundary parameters that have to be entered into Cosilab are:

i the temperature Tf of the fresh gas mixture;

ii the mass flux ρv of the fresh gas mixture at the output of the burner
that is calculated using equation 3.21, where i represents each chemi-
cal species of the fresh gas mixture (fuel, oxidizer and dilutant),Mi is
the molecular mass of i, R is the ideal gas constant, Sb is the burner
surface and Dvi is the volumetric flow rate of i, which is measured
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with the setup described in the previous chapter;

ρv =
∑
i

Dvi
PMi
RTfSb

(3.21)

iii the mole fraction composition of the fresh gas mixture;

iv the pressure in the combustion chamber.

3.3.2 The kinetic model

From a chemical point of view, the kinetic model is the key input as it
identifies chemical species involved in flame chemistry, as well as kinetic
parameters of chemical reactions that occur. The size of the kinetic
model depends on the considered fuel and on the desired detail level of
the calculated flame structure. Indeed, versatile mechanisms that com-
prehensively describe flame structures and provide reliable predictions
for various conditions are generally voluminous. For example, a detailed
description of methane and kerosene combustion will respectively re-
quire 325 reactions for 53 chemical species [40] and 3500 reactions for
225 chemical species [4]. These large models are generally developed
by chemists and allow to analyze in details reaction pathways of fuel
consumption and pollutant formation in flames. Such models may be
reduced and optimized for specific conditions, as the calculation of flame
speeds and ignition delays over small ranges of temperatures, pressures
and equivalence ratios. These reduced mechanisms may be finally in-
cluded by engineers into models describing systems with complex fluid
dynamic behaviors, such as those encountered in engines and power
plants.

Practically, the kinetic model that is used as input parameter by Cosilab
consists of two sections. The first lists all chemical species involved in
the mechanism and the second gives elementary chemical reactions that
may occur. Each reaction corresponds to one of general forms discussed
in the first chapter and is listed with its three Arrhenius parameters (A,
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! ***** BENZENE SUBMECHANISM ***** 
 
 ! DECOMPOSITION AND ISOMERIZATION REACTIONS 
C6H5+H(+M) = C6H6(+M)  2.200000E+014 0.000000E+000 0.000000E+000 
 LOW /4.100000E+104 -2.463000E+001 2.150500E+004/ 
 TROE /4.600000E-002 3.520000E+002 6.000000E+004 7.60000E+003/ 
FULVEN = C6H6  5.620000E+081 -1.936000E+001 1.215000E+005  
C3H3+C3H3 = C6H6  1.290000E+069 -1.673000E+001 2.786400E+004  
C3H3+C3H3 = C6H6  7.070000E+039 -8.819000E+000 7.049000E+003  
 
 ! C6H6+H REACTIONS 
C6H6+H = C6H5+H2  6.020000E+008 1.805000E+000 1.640000E+004 
C6H6+H => C6H7  4.030000E+013 0.000000E+000 4.300000E+003 
C6H7 => C6H6+H  1.300000E+016 0.000000E+000 3.320300E+004 
 
 ! C6H6+O REACTIONS 
C6H6+O = C6H5+OH  6.000000E+013 0.000000E+000 1.106400E+004 
C6H6+O = C6H5O+H  6.660000E+012 0.000000E+000 2.332000E+003 
 
 ! C6H6+OH REACTIONS 
C6H6+OH = C6H5+H2O  2.386100E+004 2.680000E+000 7.730000E+002  
C6H6+OH = C6H5OH+H  1.320000E+002 3.250000E+000 5.590000E+003  

Figure 3.3: kinetic sub-model used in the present work for benzene
reactions

n and Ea). As an example, the kinetic sub-model of benzene is depicted
in figure 3.3.

Reactions included into the kinetic model can be either reversible (i.e.
they can occur in both directions) or non reversible. The way these
reactions are introduced into Cosilab is described hereafter, together
with the method to calculate the mass rate of formation ri for each
chemical species.

Reversible reactions

Elementary and reversible reactions are written in the general form of
equation 3.22. Only parameters of the forward rate constant (kf ) are
introduced in Cosilab, as the reverse rate constant kr can be calculated
at each temperature T by equation 3.23.

A+B
kf
�
kr

C +D (3.22)
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kf
kr

= Kp = e−
∆H−T∆S

RT (3.23)

In this equation, Kp is the gas equilibrium constant, expressed in term
of partial pressures Pi, as depicted in equation 3.24. Cosilab can eas-
ily compute partial pressure Pi of each compound i by using equation
3.25, where R, T , ρi and Mi are respectively the ideal gas constant, the
temperature, the density of i and its molecular mass.

Kp = PCPD
PAPB

(3.24)

Pi = ρi
Mi
×RT (3.25)

The ∆H and ∆S involved in reactions 3.23 are respectively the variation
in enthalpy and entropy caused by the considered reaction at the tem-
perature T . They can be calculated by equations 3.26 and 3.27, where
hi and si are enthalpy and entropy of each compound i at the tempera-
ture T. The thermodynamic database, which will be further presented,
contains information on hi and si for each compound involved in the
kinetic model, as a function of the temperature.

∆H = (hC + hD)− (hA + hB) (3.26)

∆S = (sC + sD)− (sA + sB) (3.27)

The net formation rate of a compound i, involved in an elementary and
reversible reaction such as that of equation 3.22, can be calculated by
subtracting its consumption rate to its formation rate, as depicted in
equations 3.28 and 3.29 for i being a product and a reactant, respec-
tively.

∀i ∈ products, d[i]
dt

= kf ×
∏

i=reactants
[i]− kr ×

∏
i=products

[i] (3.28)

∀i ∈ reactants, d[i]
dt

= kr ×
∏

i=products
[i]− kf ×

∏
i=reactants

[i] (3.29)
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Non reversible reactions

Non reversible and elementary reactions are entered in the general form
of equation 3.30, along with parameters of their forward rate constants
kf . Their reverse rate constants kr are not taken into account by Cosi-
lab and the net formation rate of i can therefore be calculated according
to equation 3.31 and 3.32, for i being a product and a reactant, respec-
tively.

A+B
kf→ C +D (3.30)

∀i ∈ products, d[i]
dt

= kf ×
∏

i=reactants
[i] (3.31)

∀i ∈ reactants, d[i]
dt

= −kf ×
∏

i=reactants
[i] (3.32)

Non reversible reactions can be used to introduce non elementary pro-
cesses whose reverse rate constants cannot be calculated using equation
3.23.

Pressure dependent reactions

As discussed in the introduction of this work, dissociation and recombi-
nation reactions are not elementary but two steps processes that involve
collisions with non reactive partners M . The rate of these reactions
therefore depends on the M concentration, which in turn depends on
the working pressure. In Cosilab, this pressure dependence is specified
by inserting a third body M in the reaction, as depicted in the recom-
bination reaction 3.33.

A+B +M
kf
�
kr

C +M (3.33)

Each compound M of the gas-phase does not has the same collision
efficiency. Consequently, in Cosilab the third body efficiency αM can
be specified for each compound M involved in the kinetic model. If not
specified, this factor is 1.



3.3. The Cosilab software 67

Rate constants kf and kr of such reactions have low (k0) and high (k∞)
pressure limits. In between these two regions, rate constants are said in
the fall-off regime and Troe’s parameters (a, T ∗, T ∗∗ and T ∗∗∗) [15–17]
may be used to model their behavior. In Cosilab, k0, k∞ and the 4
Troe’s parameters may be specified in order to account for the pressure
dependence of kf and kr.

The net formation rate of a compound i, involved in a pressure de-
pendent reaction, can be calculated by multiplying the pressure depen-
dent rate constants kf and kr of equations 3.28, 3.29, 3.31 and 3.32 by∑
M ([M ]αM ), in order to account for concentration and efficiency of

each third body M .

Calculation of mass rate of formation of a compound i

By summing net formation rates of a compound i, calculated for each
reaction where it is involved, Cosilab obtains the global net formation
rate of i. This term corresponds to d[i]/dt in equation 3.9 and allows
to determine the mass rate of production ri of a compound i, which is
involved in equations 3.12 and 3.18 of species and energy conservation,
respectively.

3.3.3 The thermodynamic database

For each chemical species i included into the kinetic model, thermo-
dynamic properties are calculated using a polynomial curve fit of the
NASA type [41] that consists in two sets of 7 coefficients (a1 − a7), cor-
responding to 2 ranges of temperatures (300 K to 1000 K and 1000 K
to 5000 K). These 14 coefficients allow to calculate molar heat capacity
cp,i, enthalpy hi and entropy si of a compound i at various temperatures,
using the following equations.

cp,i = R(a1 + a2T + a3T
2 + a4T

3 + a5T
4) (3.34)

hi = R(a6 + a1T + a2
2 T

2 + a3
3 T

3 + a4
4 T

4 + a5
5 T

5) (3.35)
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si = R(a7 + a1ln(T ) + a2T + a3
2 T

2 + a4
3 T

3 + a5
4 T

4) (3.36)

C6H6                     C     6H     6                                        G            300.000  5000.000  1000.000    1 
 1.10809576E+01 2.07176746E-02 7.52145991E-06 1.22320984E-09 7.36091279E-14     2 
 4.30641035E+03 4.00413310E+01 5.04818632E-01 1.85020642E-02 7.38345881E-05     3 
-1.18135741E-07 5.07210429E-11 8.55247913E+03 2.16412893E+01                    4 

Figure 3.4: NASA coefficients used in the present work for benzene

As illustrated for benzene in figure 3.4, NASA coefficients consist in 4
lines. The first gives information on the name of the chemical species
used in the kinetic model, as well as its elemental composition and the
temperature range of the provided coefficients. The 3 last lines give,
from the left to the right, the 7 high and low temperature range coef-
ficients. Specification of the molecular composition allows to calculate
the molecular weight Mi of chemical species and to verify the atomic
balance for each reaction provided in the kinetic model. Practically,
NASA coefficients can be found in databases such as that of Burcat [42]
or estimated using the Thergas software [43], based on the method of
group additivity proposed by Benson [44].

3.3.4 The transport database

The transport database provides information for calculation of coeffi-
cients Dij , DTi and λ that are necessary to determine ji (molecular dif-
fusion) and jq (heat conduction) in equations 3.19 and 3.20, respectively.
In these equations, Dij is the multicomponent diffusion coefficient, DTi
is the thermal diffusion coefficient and λ represents the heat conductiv-
ity of the mixture. These 3 parameters can be calculated by Cosilab
by providing into a transport database the Lennard-Jones well depth ε,
the Lennard-Jones collision diameter σ, the dipole moment δ, the po-
larizability α and the rotational relaxation collision number Zrot of each
chemical species involved into the kinetic model. A comprehensive pre-
sentation of the relationships between these properties and Dij , DTi and
λ can be found in the paper of Kee and co-workers [45].
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3.3.5 System of equations

On the basis of boundary conditions, the kinetic model and thermody-
namic and transport databases presented in previous sections, Cosilab
is able to determine the system of equations to solve for calculating
the predicted flame structure. It consists in 1 linear equation, 3 differ-
ential equations and 1 constraint stipulating that the sum on wi coef-
ficients of reaction 3.12 and 3.18 is 1. These equations are discussed
hereafter.

Equation of state
The total density of the flow may be calculated from the temperature
T , the working pressure P and mass fractions wi, using the ideal gas
law:

ρ = m

V
= P

∑N
i wiMi
RT

(3.37)

Equation of the total mass conservation
Since the equation 3.8 describing the total mass conservation stipulates
that the product ρv of equation 3.21 is constant all along the flame, the
velocity v of the flow can be calculated at any distance z of the burner
surface by knowing the corresponding total density ρ.

Equation of species conservation
In the equation 3.12 of chemical species conservation, the only unknowns
are ρ, v, wi and T , as ri can be calculated with the detailed kinetic model
and terms constituting ji (see equation 3.19) may be calculated from
thermodynamical and transport databases and the equation of state
3.37. In addition to the conservation equation of species the constraint
that the sum on the N mass coefficients wi corresponds to the unity can
be written.

N∑
i

wi = 1 (3.38)

Equation of energy conservation
The conservation equation of the enthalpy mixture 3.17 has the same
unknowns than that of chemical species conservation (ρ, v, wi and T ),
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as cp,i, hi, ri and terms involved in ji and jq (see equation 3.19 and
3.20, respectively) can be calculated on the basis of the kinetic model,
the thermodynamical and the transport databases, and the equation of
state.

3.3.6 The output file

As previously mentioned, Cosilab solves the equation system using the
Newton’s method. After the calculation, Cosilab writes a text file con-
taining information that have been requested (mole fractions or concen-
trations of chemical species, reaction rates, etc). This file is in the CSV
(Coma Separated Values) format, which means that each line of the file
is a table row, where data are separated by comas. The Cosilab out-
put file can be imported into Excel R© for data examination. However,
when large kinetic models are used, the importation into Excel R© may
become fastidious, as well as the analysis of net reaction rates. Indeed,
Cosilab does not save the name of reactions in the output file, but num-
bers them according to their order in the kinetic model. Moreover, the
output file does not allow to compare rate of reactions that involve a def-
inite chemical species, in order to determine the weight of each reaction
that consumes or produces it. The development of a post-processing
software was therefore required to efficiently analyze output files with a
high reaction number, such as in those of this work.

3.4 Postprocessing analysis: contribution cal-
culation

An efficient macro has been developed in Excel R© to import output files
generated by Cosilab. It allows to replace reaction numbers by reaction
names and to calculate contributions of each reaction to the consump-
tion and formation of every chemical species of the kinetic model. The
control panel of the developed macro is depicted in figure 3.5 and con-
sists of three buttons that respectively allow to import an output Cosilab
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LIMITATIONS: 1 Dans cette version, l'importation de données est limitée à 5 feuilles excel (+- 1000 réactions) 
 

            PREPARATIONS: 1 Configurer Cosilab pour qu'il fournisse un Output TXT séparé par des points virgules 
  

 
2 Faire une copie de l'OUTPUT dans un fichier TXT 

     

 
3 Vérifier qu'il n'existe pas de virgules dans votre mécanisme.  

 

 
4 

Au besoin, les enlever ou les remplacer. 
Faire une copie du MECANISME dans un fichier TXT 

     

            UTILISATION DE 
L'IMPORTATION: 

1 Lancer l'importation de vos données COSILAB en cliquant sur le bouton vert ci-dessous 
  2 Vous ne devriez rien changer. Cliquer sur Begin using these parameters 

   

 
3 Spécifiez l'emplacement du fichier TXT de l'output de cosilab précédemment enregistré 

  

 
4 Si vous voulez remplacer les numéros de réaction par les intitulés, cliquez sur OUI 

  

 
5 Spécifiez l'emplacement du fichier TXT de votre mécanisme précédemment enregistré 

  

 
6 Attendez l'importation 

 

 

 

      

  

 

   

      

      

            

            UTILISATION DU TRIAGE 
DE REACTIONS: 

1 Cliquez sur le bouton rouge ci-dessous (ou utiliser le raccourci ctrl+q) 
   2 Entrez le nom d'une espèce à trier 

      

  

Pour adapter le programme à votre environnement de travail, 
veuillez ajuster les paramètres ci-dessous 

            

            

     

 

    

         

         

            PARAMETRES: 1 Maximum des abcisses 2.0 
      

 
2 Ecart entre les graphes 240 

      

Figure 3.5: control panel of the post-processing macro developed in
the present work

file into the Excel document, to erase all data contained into the Ex-
cel file and to calculate reaction contributions for a definite chemical
species.

Concerning the calculation of reaction contributions, after pushing the
corresponding button, a dialog box opens and invites the user to enter
a chemical species formula. Then, the macro looks for all reactions that
contain this compound i and stores their net reaction rate profiles into a
separated spreadsheet. In order to assess the relative weight of a reaction
j forming or consuming i, the macro compares the surface Sj beyond
its curve of net reaction rate to the sum of those involved in formation
or consumption of i, respectively. The procedure developed for such
calculations is detailed hereafter.

The macro first calculates surfaces Sj delimited by the and the z-axis
and curves of each net reaction rate involving i, by summing surfaces An
of every rectangle n centered on a coordinate zn, as depicted in figure
3.6 and in equation 3.39. Since the grid used for Cosilab calculations
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Figure 3.6: calculation of the surface Sj beyond curves of net reaction
rates

has about 200 points, homogeneously spread along the 3.5 cm of the
considered reaction zone, the distance zn − zn−1 = zn+1 − zn ≈ 0.017
and equation 3.39 is a good approximation of Sj .

Sj =
∑
n

An =
∑
n

hn × 0.5(zn+1 − zn−1) (3.39)

Afterwards, contributions Cj of each reaction j are calculated by divid-
ing their surfaces Sj by the sum on absolute values of all surfaces Sj ,
according to equation 3.40.

Cj = Sj∑
j |Sj |

(3.40)

These general contributions can be either positive or negative, depending
on the direction taken by the considered reaction. Based on the sign of
each contribution Cj and the position of the chemical species i compared
with the arrow in the chemical reaction j, reactions are sorted in two sets:
one noted "formation" that gathers reactions forming i, and one noted
"consumption" that gathers reactions consuming i. Then, the sum on
absolute values of surfaces Sj are calculated inside each set of reactions
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and contributions of j to either i formation (Cfj) or i consumption (Ccj)
is calculated by equations 3.41 and 3.42.

∀j ∈ formation,Cfj = |Sj |∑
j |Sj |

(3.41)

∀j ∈ consumption,Ccj = |Sj |∑
j |Sj |

(3.42)

These contributions Cfj and Ccj are positive since absolute values of Sj
are used. Practically, the spreadsheet were contributions are calculated
has a presentation similar to that of figure 3.7. Reactions consuming
and producing i are respectively sorted on the left and the right side
of the sheet and net reaction rates of consumption and production are
plotted into two specific graphs for an easier analysis. Moreover, val-
ues of Cfj and Ccj are reported for each reaction in order to perform
comparative analyses, allowing to determine main reaction channels for
formation and consumption of i. Such comparisons are the basis of dis-

 

Figure 3.7: illustration of contribution calculations performed with the
developed macro
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cussions on aromatic combustion proposed in following chapters. The
developed macro allows to calculate contributions within a few seconds,
compared to several minutes if done manually for small mechanisms. It
therefore enables to more efficiently analyze kinetic results issued from
Cosilab. This improvement was necessary for dealing with large reaction
mechanisms such as that developed in this work.

3.5 Adiabatic flame temperature

Basically, the heat (QP )T1 evolved by a flame burning at a constant
pressure P and at the temperature T1 corresponds to the change in
enthalpy (∆Hr)T1 due to the combustion reaction. Since a fraction of
the heat evolved by the reaction may be used to heat up the product
gases at a temperature T2 higher than T1, (QP )T1 is calculated following
equation 3.43. In this equation, T0, T1 and T2 are respectively the
reference, the reactant and the product temperatures, and n, H◦ and
∆H◦f are the mole number, the standard enthalpy and the standard
formation enthalpy of the product i or the reactant j.

(QP )T1 = (∆Hr)T1 =
∑

i products

ni
(
H
◦
T2 −H

◦
T0 + (∆H◦f )T0

)
i
−

∑
j reactants

nj
(
H
◦
T1 −H

◦
T0 + (∆H◦f )T0

)
j

(3.43)

If all the heat evolved by the combustion reaction is used to heat up
the product gases, (QP )T1 is zero and the flame is referred to as adia-
batic. Therefore, for adiabatic flames equation 3.43 can be written as
equation 3.44. If the reactant temperature T1 and the mole numbers ni
and nj are known, this equation can be solved and the product temper-
ature T2 can be deduced. This temperature is called the adiabatic flame
temperature. ∑

i products

ni
(
H
◦
T2 −H

◦
T0 + (∆H◦f )T0

)
i

=

∑
j reactants

nj
(
H
◦
T1 −H

◦
T0 + (∆H◦f )T0

)
j

(3.44)
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However the product composition is generally not known. Indeed, in
addition to carbon dioxide and water, other chemical species may persist
in the burnt gases (CO, O2, H2, H, O, OH, ...) and their nature and
mole numbers depend on the equivalence ratio, as well as on the burnt
gas temperature. At a definite temperature T2, the product composition
may be calculated based on the conservation equations of elements and
the equilibrium constants between the products.

Consequently, the calculation of an adiabatic flame temperature is an
iterative process where the product composition is determined for an
initial guess of T2 and introduced into equation 3.44 to deduce a new
burnt gas temperature. The latter is used to calculate a new product
composition, which allows to determine a new burned gas temperature,
and so on until the iteration converges into the adiabatic flame temper-
ature. In this work, the program called Stanjan and developed by W.
C. Reynolds [46] is used to perform these calculations.

3.6 Conclusions

This chapter has shown that mass, chemical species and energy conserva-
tion equations can be written for laminar, premixed and one-dimensional
flat flames investigated in this work. These equations can be solved by
knowing the working pressure, boundary conditions and rate parame-
ters of reactions occurring in the flame, along with thermodynamical
and transport data of chemical species. The resolution of the equation
system gives information on mole fractions of chemical species involved
in the flame and on rates of each included reaction. A predicted flame
structure can therefore be obtained and main reaction pathways can be
determined by comparing reaction rates of included reactions.

In this work, the Cosilab software is used for solving these equation sys-
tems and the way the kinetic model and thermodynamical and transport
databases have to be provided has been described. A powerful macro has
been developed in Excel R© to post process reaction rates calculated by
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Cosilab and to allow calculation of reaction contributions to formation
and consumption of each chemical species.

The following chapter describes the development of a comprehensive
kinetic model for benzene combustion and compares flame structures
predicted by Cosilab to experimental measurements performed with se-
tups presented in the previous chapter. Contributions of reactions to
formation and consumption of major chemical species will be calculated
in each investigated flame with the developed macro and main reac-
tion channels will be emphasized in order to describe the chemistry of
aromatic flames.



Part II

Benzene and toluene flame
chemistry: the fuel

oxidation
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4
Benzene combustion

4.1 Introduction

Benzene was discovered by Michael Faraday [47] in 1825 when he suc-
ceeded in separating a new compound with a boiling point close to 80 ◦C
from petroleum distillation. Faraday named this new chemical species
bi-carburet of hydrogen and tried to characterize it by conducting many
physical and chemical experiments. Among his observations, Michael
Faraday highlighted that "It burns with a bright flame and much smoke".
Although in 1825 the first scientist who burned pure benzene had already
noticed its ability to produce large amount of smoke, 185 years later sci-
entists are still trying to understand chemical mechanisms involved in
benzene combustion and soot formation.

However, benzene oxidation, combustion and pyrolysis have been inves-
tigated by numerous researchers for many years. To the best of our
knowledge, the first kinetic study devoted to benzene oxidation was per-
formed in 1930 by Fort and Hinshelwood [48] at temperatures between
507 and 567 ◦C. They determined that final products of the reaction are
steam, carbon monoxide and carbon dioxide and measured the reaction
rate over a wide range of initial benzene and oxygen concentrations. In
order to explain their kinetic measurements, Fort and Hinshelwood no-
ticed that a chain branching mechanism should occur during benzene

79
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oxidation rater than a molecular one. In 1937, 1940 and 1954 other
scientists [49–52] studied benzene oxidation between 550 and 650 ◦C.
These studies mainly demonstrated that co-products of benzene oxida-
tion under moderate temperatures are phenol, formaldehyde, ethylene,
acetylene, paraffins, molecular hydrogen and acids, including maleic and
formic acids. In 1956, Norrish and Taylor [53] performed benzene oxida-
tion and pyrolysis experiments at higher temperatures (680 and 685 ◦C).
They measured the variation of product yields with different benzene to
oxygen ratios and variable reaction times. As Fort and Hinshelwood [48]
in 1930, Norrish and Taylor suggested that a chain branching mecha-
nism should occur and proposed the chemical mechanism described in
table 4.1 to explain their measurements.

Table 4.1: chemical mechanism proposed by Norrish and Taylor [53]

C6H6 +O2 � C6H5 +HO2
C6H5 +O2 � C6H5OO
C6H5OO + C6H6 � C6H5O + C6H5OH
C6H5O + C6H6 � C6H5OH + C6H5

C6H5OH +O2 � C6H4(OH) +HO2
C6H4(OH) +O2 � C6H4(OH)OO
C6H4(OH)OO + C6H6 � C6H5O + C6H4(OH)2
C6H4(OH)OO + C6H6 � C6H4(OH)O + C6H5OH
C6H4(OH)O + C6H6 � C6H4(OH)2 + C6H5
C6H4(OH)2 +O2 � maleic acid (C4H4O4) + C2H2
C6H4(OH)2 +O2 � oxalic acid (C2H2O4) + 2C2H2

C2H2 oxidation produces CH2O and chain branching radicals.
CH2O +O2 leads to radical formation.

Between 1956 and 1971, several groups performed benzene pyrolysis
[54–59] and oxidation [53, 60] experiments at temperatures below 1000
K. Contrarily to previous studies, Hou and Palmer [57] proposed in 1965
that benzene pyrolysis should proceed through the molecular mechanism
2C6H6 � C12H10 +H2. In 1971, Asaba and Fujii [61] performed a high
temperature (1400 - 1900 K) investigation of the pyrolysis of benzene
and highlighted that the molecular mechanism proposed by Hou and
Palmer was not able to predict their measurements. Therefore, as Fort
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Figure 4.1: kinetic scheme proposed by Asaba and Fujii [61, 63] for
benzene pyrolysis.

and Hinshelwood [48] in 1930 and Norrish and Taylor [53] in 1956, they
suggested that a chain mechanism should occur and proposed the mech-
anism summarized in the kinetic scheme of figure 4.1. In this figure, it
is interesting to note that, in 1971, Asaba and Fujii already suggested
a soot formation mechanism based on phenyl addition reactions, which
is now discussed in the literature as the Phenyl Addition Cyclization
(PAC) mechanism [62]. After benzene pyrolysis, Fujii and Asaba [63]
studied its oxidation in shock-tubes. They extended their kinetic model
of figure 4.1 to account for benzene oxidation by including benzene H
abstraction reactions with O2, O, OH and HO2, the chain branching
reaction H+O2 � OH+O and the phenyl oxidation reaction 4.1.

C6H5 +O2 � 2CO + products (4.1)

C6H5 +O2 � 2CO + C2H3 + C2H2 (4.2)

C6H5 +O2 � 2CO + C4H4 +H (4.3)

By comparing predicted and measured rates of product appearance and
reactant disappearance, Fujii and Asaba showed that reaction 4.1 should
be responsible of most of CO formation. They proposed 2 possible sets
of products for this reaction: C2H3 +C2H2 (reaction 4.2) and C4H4 +H

(reaction 4.3). In 1979, McLain and co-workers [64] performed similar
benzene oxidation experiments behind shock waves and highlighted the
importance of reaction 4.2 for properly modeling CO formation.

Beside the understanding of benzene oxidation and pyrolysis, some works
[65–69] were devoted to the study of soot formation in flames. These
works showed that benzene flames produce large Polycyclic Aromatic
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Hydrocarbons (PAHs) and suggested that these chemical species coagu-
late into soot. The understanding of aromatic and particularly benzene
flame chemistry therefore became a central theme of research. In 1963,
Homann and co-workers [70] performed such a flame study in a pioneer
work, where they measured mole fraction profiles of a few compounds
in a rich benzene-oxygen-nitrogen flame by Molecular Beam Mass Spec-
trometry (MBMS).

In 1981, Bittner and Howard [71, 72] comprehensively investigated rich
benzene combustion in a premixed, laminar and one-dimensional benzene-
oxygen-argon flame burning at low pressure, near the sooting limit. Au-
thors measured mole fraction profiles of many stable and free radical
species using MBMS and based on the observed sequence of species
profile maximums, Bittner and Howard postulated a kinetic scheme for
benzene combustion (see figure 4.2). Unlike previous studies of Nor-
rish and Taylor [53] and Fujii and Asaba [63], Bittner and Howard ex-
pected phenyl radical to be a minor intermediate of benzene oxidation,
since they measured a low maximum mole fraction and supposed its
consumption paths to be slow. They proposed that benzene should
principally react with O atom, forming phenol (C6H5OH) that should
produce cyclopentadiene (C5H6), which had a high maximum mole frac-

Figure 4.2: kinetic scheme proposed by Bittner and Howard [71] for
benzene flame chemistry.
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tion. Authors suggested that cyclopentadiene consumption leads to the
formation of C4Hx, C3Hx, C2Hx and CHx hydrocarbons, as illustrated
in figure 4.2. Beside benzene consumption towards smaller chemical
species, Bittner and Howard investigated the formation of larger com-
pounds. They measured mole fraction profiles of chemical species with
masses corresponding to PAHs between 100 and 200 amu and an overall
signal for aromatic material with masses higher than 200 amu. They
showed that PAHs with masses between 100 and 200 amu disappear at
about 10 mm above the burner surface, probably due to their oxidation,
whereas those with masses higher that 200 amu continue to grow. They
demonstrated that this growth was correlated with the onset of soot
formation, confirming the major role of PAHs in soot formation.

In 1982, Venkat and co-workers [73] studied the oxidation of benzene,
toluene and ethylbenzene at 1200 K in a turbulent flow reactor, in or-
der to clarify the mechanism of aromatic oxidation. In their work, au-
thors demonstrated that reaction 4.1 would be fast enough to explain
the low maximum of phenyl radical mole fraction measured by Bittner
and Howard [71], even if phenyl radical is produced from a major ben-
zene consumption path. Therefore, contrarily to Bittner and Howard,

Figure 4.3: kinetic scheme proposed by Venkat and co-workers to
describe benzene oxidation in turbulent flow reactors [73].
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Venkat and co-workers postulated that benzene consumption into phe-
nol (C6H5OH) and phenyl radical (C6H5) were respectively minor and
major channels. Based on their measurements, Venkat and co-workers
proposed the chemical mechanism depicted in figure 4.3. As reported
by the authors, phenyl radical can react with molecular oxygen, yield-
ing phenoxy radical (C6H5O) and oxygen atom. Then, C6H5O can
decompose into cyclopentadienyl radical (C5H5) and carbon monoxide
(CO). The cyclopentadienyl radical can react with O atom forming the
cyclopentadienoxy radical (C5H5O), which can further dissociate into
1,3-butadien-1-yl radical (n-C4H5) and CO. n-C4H5 is a precursor of
either 1,3-butadiene (C4H6), vinylacetylene (C4H4) or acetylene + vinyl
radical (C2H2+C2H3). Venkat and co-workers therefore showed that the
overall reaction of such a mechanism corresponds either to reaction 4.2
or to reaction 4.3, confirming previous findings of Fujii and Asaba [63]
and McLain and co-workers [64].

In 1984, Hsu and co-workers [74] studied kinetics of the CO formation
in lean benzene-oxygen mixtures behind shock-waves. They used the
kinetic mechanism proposed by Fujii and Asaba [63] to model the CO
production and confirmed by a sensitivity analysis that reaction 4.3 is
of particular importance in CO formation. Hsu and co-workers stressed
that the pathway linking C6H5 +O2 to C4H4 +H + 2CO proposed by
Venkat and co-workers (see figure 4.3) is not the only reaction route,
since the mechanism of figure 4.4 would also occur at combustion tem-
peratures. Hsu and co-workers equally measured significant UV chemi-
luminescence in their experiments. They attributed these electronic ex-
citation processes to reactions 4.4 and 4.5. Authors concluded that even

Figure 4.4: mechanism for reaction C6H5 + O2 � 2CO + C4H4 + H,
as proposed by Hsu and co-workers [74].
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if benzene consumption to phenyl radical is the major pathway, ben-
zene reactions with O atom and OH radical should therefore not be
neglected.

C6H6 +O � (C6H6O)∗ � C6H5O +H (4.4)

C6H6 +OH � (C6H6OH)∗ � C6H5OH +H (4.5)

In 1985, Rotzoll [75] studied the high temperature oxidation of benzene
in a flow reactor using MBMS and detected an important number of
chemical species. Based on his observations and on previous studies de-
voted to benzene oxidation, Rotzoll postulated a kinetic scheme describ-
ing benzene consumption until C2Hx hydrocarbons (see figure 4.5). Rot-
zoll showed that the reaction of the phenoxy radical via benzoquinone
and cyclopentadienone represents an additional pathway for C4H4 +H

formation, confirming the suggestion of Hsu and co-workers [74].

In 1988, Lovell and co-workers investigated benzene oxidation perturbed
by NO2 addition, in order to change O, H and OH radical concentra-

Figure 4.5: kinetic scheme proposed by Rotzoll [75] for benzene oxi-
dation.



86 Chapter 4. Benzene combustion

tions [76]. They showed that the main route of phenoxy radical forma-
tion is the reaction of phenyl radical with molecular oxygen and that O
atom addition onto benzene, yielding phenoxy radical and H atom (see
reaction 4.4), is only minor.

Based on mechanistic and rate constant information gained over previ-
ous years, detailed mechanisms for aromatic oxidation were developed
by Bittker in 1990 [77] and Emdee and co-workers in 1992 [78] and
compared to experimental data of Lovell and co-workers [76]. Both
studies reported a satisfactory agreement for lean and stoichiometric
benzene-oxygen-argon mixtures, whereas a poor predictive capability
was observed under rich conditions. In 1994, Lindstedt and Skevis [79]
extended the kinetic model of Emdee and co-workers [78] to the flame
chemistry of small hydrocarbons and compared its predictions to ex-
perimental measurements performed by Bittner and Howard [71] in a
rich benzene-oxygen-argon flame. Lindstedt and Skevis obtained a good
agreement for reactants, products and some main intermediates but
highlighted that their C5Hx submodel was subject to a high uncertainty.
However, it was the first time that predictions of a detailed kinetic model
were compared to an experimental benzene-oxygen-argon flame struc-
ture. In 1995, Zhang and McKinnon [80] also developed a kinetic model
to compare with data of Bittner and Howard and only reached a poor
agreement for major intermediates, as Lindstedt and co-workers. In
the same year, Bermudez and Pfefferle [81] performed an investigation
of benzene oxidation at moderate temperatures, using laser ionization
Time-of-Flight Mass Spectrometry combined with residual gas analysis.
Their experimental observations are consistent with the kinetic scheme
previously proposed by Venkat and co-workers but do not give evidences
of linear C6H5O2 formation, involved in reaction 4.2 proposed by Fujii
and Asaba [63] and later by Saikannan and co-workers [82].

In 1996, Shandross and co-workers [83] experimentally analyzed benzene
consumption in H2/O2 flames and compared their data to predictions
of models previously developed by Emdee and co-workers [78], Lindst-
edt and Skevis [79] and Zhang and McKinnon [80]. They highlighted
that phenoxy radical (C6H5O) is extraordinarily overpredicted by all
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models and that it affects phenol (C6H5OH) predictions, as H atom
recombination with C6H5O radical plays a main role in C6H5OH for-
mation. In addition, they stressed that errors in predictions of phenyl
radical (C6H5) and O atom may exacerbate the overprediction of phe-
noxy radical mole fractions by kinetic models. The same year, Tan
and Frank [84] developed a new kinetic model for benzene combustion,
including their measurements on kinetics of the C6H5 +O2 reaction per-
formed in 1994 [85]. In their former work, authors found that reaction
of phenyl radical and molecular oxygen produces O and H atoms. They
measured kinetics of these 2 channels and suggested that they should
correspond to overall reactions 4.6 and 4.7, respectively.

C6H5 +O2 � C6H5O +O (4.6)

C6H5 +O2 � C6H4O2 +H (4.7)

Shandross and co-workers obtained a better agreement for phenyl radical
predictions than with previous models but experimental mole fractions of
other intermediates were still poorly reproduced. At the same time, the
group of Brezinsky (Davis and co-workers [86]) measured laminar flame
speeds of benzene-air and toluene-air mixtures at room temperature and
atmospheric pressure. They improved the model initially developed in
their group (Emdee and co-workers [78]) to compare with flame speed
measurements and reached a satisfactory predictive capability. Mod-
ifications brought to the model mainly consisted in improvements of
fall-off behaviors for pressure dependent reactions and the use of rate
parameters of Frank and co-workers [85], divided by a factor 2.6, for the
reaction of phenyl radical with molecular oxygen giving phenoxy radical
and O atom.

In 1998, Chai and Pfefferle [87] investigated benzene oxidation at fuel-
lean and stoichiometric conditions in a well mixed reactor over the tem-
perature range 900 - 1300 K. Authors noted that concentrations of main
intermediate species of benzene oxidation are significantly affected by
changes in the O2 concentration. Based on their observations, they
discussed the dependence of the benzene oxidation mechanism on the
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equivalence ratio and highlighted that reactions 4.6 and 4.4, together
with reactions of the cyclopentadienyl radical with O2 and O atom
should be of particular importance. Moreover, Chai and Pfefferle re-
ported the measurement of a compound with a mass corresponding to
benzoquinone (C6H4O2), confirming that reaction 4.7 may play a role
in phenyl oxidation, as predicted earlier by Frank and co-workers [85].
However the maximum concentration of C6H4O2 measured by Chai and
Pfefferle was relatively low and did not give evidence that reaction 4.7
is a major pathway.

In 1999, new experimental data on laminar, premixed, one-dimensional
and rich benzene-air flames were obtained by Tregrossi and co-workers
[88] at atmospheric pressure, using gas chromatography. High equiva-
lence ratios of these flames prevent significant insights into the under-
standing of benzene oxidation under combustion conditions. However,
flame structures investigated by Tregrossi and co-workers included large
PAHs and soot volume fraction measurements, which are of particular
importance to validate soot formation models.

Between 2000 and 2003, some groups developed new detailed kinetic
models for benzene oxidation. Firstly, Alzueta and co-workers [89] pro-
posed a new mechanism to predict their C6H6, CO, CO2, O2 and NO
measurements in benzene oxidation experiments conducted in a flow
reactor. This mechanism was based on the previous kinetic model of
Emdee and co-workers [78] and included an additional sub-model de-
scribing the oxidation of para and ortho benzoquinone isomers [90].
Since benzoquinone has been postulated as an intermediate in phenyl
oxidation and observed in benzene oxidation, Alzueta and co-workers
stressed that it should be included in kinetic models describing aro-
matic oxidation. The kinetic model was able to reproduce their product
measurements, but authors highlighted that a number of kinetic issues
need to be addressed before concentration of intermediate species can
be predicted satisfactorily. Secondly, Ristori and co-workers [22] devel-
oped in 2001 a new kinetic model for benzene oxidation and compared
its predictions to new experiments in jet-stirred reactors. In addition to
their experimental data, authors compared their model predictions to
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the benzene flame structure measured by Bittner and Howard [71], igni-
tion delays of benzene-oxygen-argon mixtures determined by Burcat [91]
and laminar burning velocities of benzene-air flames measured by Davis
and co-workers [86]. Contrarily to Alzueta and co-workers, Ristori and
co-workers did not include benzoquinone in their kinetic model, as they
did not detect it in their experiments. The developed kinetic model
satisfactorily predicts experimental data but authors stressed that fur-
ther improvements were needed to better represent benzene oxidation
under flame conditions. Thirdly, Richter and Howard [92] developed
a new detailed kinetic model to describe structures of acetylene and
ethylene-oxygen-argon flames, together with the benzene flame previ-
ously investigated by Bittner and Howard. Similarly to the model of
Alzueta and co-workers, that of Richter and Howard includes benzo-
quinone. Whereas their kinetic model has a satisfactory predictive ca-
pability for light hydrocarbons (C1Hx to C4Hx), authors pointed up
that only a qualitative understanding of benzene oxidation has been
achieved. They concluded that further works in the fields of C6H5 +O2

reaction and formation and consumption of benzoquinone, cyclopentadi-
enyl radical and cyclopentadienone were necessary. Fourthly, Da Costa
and co-workers [93] developed a new kinetic model for benzene oxidation
and compared its predictions to experimental measurements performed
in a flow reactor, ignition delays of benzene-oxygen-argon mixtures and
the flame structure of Bittner and Howard. As previous authors, Da
Costa and co-workers concluded that many uncertainties remain in ki-
netics of benzene combustion.

These 4 kinetic models are all based on the kinetic scheme of aromatic
oxidation originally proposed by Venkat and co-workers [73] in 1982
and mainly differ by the choice in rate parameters of some reactions, or
by the use of particular sub-models, as that of benzoquinone. All au-
thors stressed that many uncertainties remain in the understanding of
benzene oxidation and that only a qualitative prediction of the benzene-
oxygen-argon flame studied by Bittner and Howard could be achieved.
Therefore, this sudden emergence of numerous detailed kinetic models
for aromatic oxidation did not come with significant insights in the un-
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derstanding of benzene oxidation. After 2005, reinvestigation of benzene
combustion in flames were performed by a few groups in order to enlarge
the experimental database used to compare with predictions of kinetic
models. In 2005, Defoeux and co-wokers [94] determined the structure of
a laminar, premixed and one-dimensional benzene-oxygen-argon flame
burning at low pressure with an equivalence ratio of two. Whereas this
flame had a slightly higher equivalence ratio than the one of Bittner and
co-workers (2 instead of 1.8), both flame structures are very close and
their comparison did not allow to improve the understanding of benzene
oxidation in flames. In 2007, Yang and co-workers [95] used the recent
tunable synchrotron photoionization method to reinvestigate the flame
structure of Bittner and Howard, with a higher ionization energy res-
olution, allowing to detect isomeric composition of some hydrocarbon
species. One of the main insight of this work was the measurement of
the maximum mole fraction of phenoxy radical, which is thought to be
a key intermediate of benzene oxidation. Authors showed that its mole
fraction is very low (5.010−5), contrarily to predictions of kinetic models
used to describe benzene oxidation (about 5.0 10−3).

Surprisingly, recent experimental re-investigations of benzene-oxygen-
argon flames [94,95] were all conducted at rich equivalence ratios, whereas
low equivalence ratios should help to emphasize kinetic issues concern-
ing reactions with O2. In order to fill this lack in experimental data
and to throw some light on the kinetic scheme of aromatic combustion,
the present chapter reports new measurements in laminar, premixed and
one-dimensional benzene-oxygen-argon flames, burning at low pressure
with equivalence ratios of 0.7, 1, 1.8, and 2. These flame structures
have been measured with experimental setups presented in chapter 2.
Beside these measurements, the development of a new detailed kinetic
model based on a recent literature survey is presented. According to
the method exposed in the previous chapter, this mechanism is used
to interpret experimental measurements and determine main reaction
channels of benzene flames. A particular attention was paid to benzo-
quinone and phenoxy radical formation, as their kinetic modeling is a
recurrent problem.
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4.2 Experimental results

This section presents experimental structures of six laminar, premixed
and one-dimensional benzene-oxygen-argon flames, stabilized at low pres-
sure on the flat flame burner of the experimental setup described in
chapter three. Table 4.2 summarizes parameters of each investigated
flame and introduces flame codes that will be used in the following dis-
cussion. A more detailed presentation of the flame characteristics is
given in appendix B. Since the literature review has highlighted that
premixed, laminar and one-dimensional benzene flames have only been
investigated at rich conditions, the chosen range of equivalence ratios (φ
= 0.7 to 2) spreads from lean to rich conditions.

The dilution ratio of the richest benzene flame (BF20) has been fixed to
45%. This ratio allows to obtain a large concentration of soot precur-
sors, while keeping the maximum flame temperature below the fusion
temperature of the quartz nozzle (about 2000 K). In BF18, the initial
mole fraction of C6H6 is equal to that in BF20, in order to have a similar
carbon content in the flame. The equivalence ratio is adjusted to 1.8 by
respectively increasing and decreasing initial mole fractions of O2 and
Ar (see table 4.2). In BF10, the dilution ratio has been increased to
77% as the maximum flame temperature reaches its peak around the
stoichiometry. Whereas this ratio leads to lower maximum flame tem-
peratures than in BF18 and BF20, it allows to study the influence of the
temperature on the flame chemistry. Similarly to BF20 and BF18, the
initial mole fraction of C6H6 in BF07 is equal to that in BF10, in order

Table 4.2: investigated benzene flame parameters

Code φ
P Mass flux Fresh gas composition

mbar (g s−1 cm−2) χC6H6 χO2 χAr
BF07 0.7 45 2.93 10−3 2.72 10−2 2.92 10−1 6.81 10−1

BF10 1.0 45 2.98 10−3 2.72 10−2 2.04 10−1 7.68 10−1

BF18 1.8 45 3.07 10−3 1.16 10−1 4.84 10−1 4.00 10−1

BF20 2.0 45 3.10 10−3 1.16 10−1 4.36 10−1 4.48 10−1

BF20-35 2.0 35 3.10 10−3 1.16 10−1 4.36 10−1 4.48 10−1

BF20-65 2.0 65 3.10 10−3 1.16 10−1 4.36 10−1 4.48 10−1
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to have a similar carbon content. The equivalence ratio is decreased
by adjusting the mole fraction of O2 and the dilution ratio (see table
4.2).

These four flames have been investigated at 45 mbar. Moreover, the
working pressure of the richest benzene flame (BF20) has been varied to
35, 45 and 65 mbar in order to identify the pressure dependence of its
structure.

Flames stabilized at 35, 45 and 65 mbar have a fresh gas velocity vc

of respectively 53, 41 and 28 cm s−1 at 298 K. Lean and stoichiomet-
ric benzene flames depict a typical blue color, whereas rich flames are
greener and orange in the burnt gas region, as soot emits in this part
of the visible spectrum. The soot production of rich benzene flames
is confirmed by its deposition on the wall of the combustion chamber
and particularly on the quartz nozzle. To avoid blocking the apex of
the nozzle, measurements in the sooting region have to be performed
rapidly.

Gas chromatography has been used for the measurement of mole fraction
profiles of all chemical species, except for benzoquinone (C6H4O2), phe-
noxy radical (C6H5O), phenol (C6H5OH) and propargyl radical (C3H3),
which were analyzed by MBMS. These 4 compounds were not followed
by GC, as this method cannot detect radical species and because phenol
has a considerable eluting time and benzoquinone could not be identified
in the chromatogram. For each detected compound, appendix D sum-
marizes the method of measurement and the maximum mole fraction in
every investigated flame.

4.2.1 Flame temperatures

Temperature profiles of each investigated flame are depicted in figures
4.6 and 4.7. They all exhibit the three main flame areas described in
the first chapter: a preheating zone where temperature slowly increases,
the flame front where the heat release is maximum and the burnt gas
region where temperature slowly decreases. As shown in figure 4.6,
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BF07, BF10, BF18 and BF20 reach their maximum temperatures of
respectively 1470, 1495, 1775 and 1715 K at 1.6, 1.15, 0.95 and 1.15
cm from the burner surface, respectively. Although the maximum flame
temperature should be theoretically located near the stoichiometry, rich
benzene flames BF18 and BF20 have higher temperatures than lean
(BF07) and stoichiometric (BF10) flames. This comes from their lower
dilution ratios (see table 4.2), chosen to maximize their soot precursor
concentrations.

Temperature profiles of flames with an equivalence ratio of two and in-
vestigated at 35, 45 and 65 mbar are depicted in figure 4.7. BF20-35,
BF20 and BF20-65 respectively reach their maximum temperatures of
1720, 1715 and 1670 K at 1.3, 1.2 and 1 cm from the burner surface,
respectively. An increase of the working pressure brings flames closer
to the burner, increasing the heat transfer to its surface. The work-
ing pressure therefore significantly influences flame temperature profiles
and the discrimination between pressure and temperature effects will be
difficult.

For each investigated flame, the adiabatic flame temperature has been
calculated using Stanjan [46]. These data are presented and compared
to experimental temperatures in the appendix C.

4.2.2 Influence of equivalence ratio on flame structures

In this section, the influence of equivalence ratio (φ) on the 4 benzene-
oxygen-argon flame structures measured in this work is discussed. As
summarized in table 4.2, these flames have φ of 0.7, 1, 1.8 and 2 and
will be called BF07, BF10, BF18 and BF20, respectively. Experimental
structures of these flames are depicted in figures 4.8, 4.9, 4.10 and 4.11,
respectively. Flame structures with equivalence ratios of 0.7, 1 and 2
have been published in 2009 [96], along with a kinetic modeling analysis
based on mechanisms proposed by Ristori and co-workers [22] in 2001
and Richter and Howard [92] in 2002. The kinetic modeling of these
benzene flames will be discussed in section 4.3 on page 107.
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Figure 4.6: experimental temperature profiles of benzene-oxygen-
argon flames burning at 45 mbar with equivalence ratios of 0.7, 1, 1.8
and 2.
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Figure 4.7: experimental temperature profiles of benzene-oxygen-
argon flames burning at 35, 45 and 65 mbar with an equivalence ratio
of 2.
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Basically, at lean conditions molecular oxygen is in excess compared to
the fuel and main chain carriers are O atom and OH radical due to the
high oxygen content of flames. On the contrary, at rich conditions fuel
is in excess and H atom becomes the main chain carrier. Stoichiometric
flames have an intermediate behavior, where O atom, OH radical and H
atom all play an important role. In addition to a change in equivalence
ratio, flame structures presented in this chapter have different tempera-
ture profiles, as discussed earlier. Consequently, each trends highlighted
in the following discussion comes from a combination of changes in equiv-
alence ratio and flame temperature.

In each investigated flame, reactants (benzene and molecular oxygen)
are consumed into products (carbon dioxide, water, carbon monoxide
and molecular hydrogen) through the formation of intermediate species
such as cyclopentadiene (C5H6) or vinylacetylene (C4H4). In rich BF18
and BF20 flames, reactants are completely consumed in burnt gases,
whereas molecular oxygen subsists in BF07 and BF10. In BF10, this
phenomenon can be explained by the presence of molecular hydrogen
(H2) and carbon monoxide (CO) in the burnt gases, indicating that the
reaction is not completed. The stoichiometry of BF10 can be verified
by comparing remaining mole factions of CO and H2 at 2 cm of the
burner surface (3.5 10−2 and 5 10−3, respectively) to the one of molecular
oxygen required to fully oxidize them into CO2 and H2O, according to
reaction 4.8.

(a+ b)
2 O2 + aH2 + bCO → CO2 +H2O (4.8)

The calculated mole fraction of 2 10−2 is very close to the experimental
value of 1.9−2, confirming the stoichiometry of BF10. A similar calcu-
lation for BF07 gives 3.9 10−2. Compared to the experimental value of
5 10−2, it demonstrates the oxygen excess in BF07.

Contrarily to the excess of O2 in lean benzene flames, that of C6H6 goes
to zero under rich conditions. This phenomenon can be explained by the
persistence of some intermediate species such as acetylene (C2H2) and
polyacetylenic compounds (C2xH2 with x ≥ than 1) in the burnt gas
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Figure 4.8: experimental structure of the benzene-oxygen-argon flame
BF07 (φ = 0.7). X and Y-axes represent the height above the burner
in cm and the mole fraction X measured for each chemical species, re-
spectively. When indicated, mole fraction profiles are scaled for more
clarity.
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Figure 4.9: experimental structure of the benzene-oxygen-argon flame
BF10 (φ = 1). X and Y-axes represent the height above the burner in cm
and the mole fraction X measured for each chemical species, respectively.
When indicated, mole fraction profiles are scaled for more clarity.
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Figure 4.10: experimental structure of the benzene-oxygen-argon flame
BF18 (φ = 1.8). X and Y-axes represent the height above the burner
in cm and the mole fraction X measured for each chemical species, re-
spectively. When indicated, mole fraction profiles are scaled for more
clarity.
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Figure 4.11: experimental structure of the benzene-oxygen-argon flame
BF20 (φ = 2). X and Y-axes represent the height above the burner in cm
and the mole fraction X measured for each chemical species, respectively.
When indicated, mole fraction profiles are scaled for more clarity.
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region and by the formation of soot, which is CxHy material. A detailed
discussion on soot formation will be given in chapter 7. Another differ-
ence between rich and lean combustion is the χCO/χCO2 mole fraction
ratio measured in burnt gases. It is worth 0.25, 0.40, 4.3 and 5 in BF07,
BF10, BF18 and BF20, respectively, confirming that it highly depends
on the equivalence ratio. This phenomenon is explained by the reaction
CO + OH � CO2 +H that is the main CO2 formation route. As OH
concentration is higher in lean flames than in rich flames, this reaction
is stimulated in BF07 and BF10, compared to BF18 and BF20.

The mole fraction profile of argon could not be measured by Gas Chro-
matography. Indeed, the use of He and Ar as carrier gases with the
MOLSIEVE 5A column (see appendix A), respectively leads to similar
eluting times for oxygen and argon, and prevents to observe the response
of Ar present inside the injected sample. Whereas argon is a non re-
active compound, its mole fraction should decrease in burned gases, as
the total mole number increases in benzene flames (C6H6 + 7.5O2 →
6CO2 + 3H2O, ∆n = +0.5).

Concerning intermediate species, the sole C1 hydrocarbon measured us-
ing gas chromatography is methane (CH4) and its maximum mole frac-
tion increases with the equivalence ratio. In BF07 and BF10, methane
is completely consumed in burnt gases and its maximum mole fractions
are respectively 1.8 10−4 and 2.6 10−4. In rich BF18 and BF20 flames,
methane slightly persists in burnt gases and measured maximum mole
fractions are 2.8 10−3 and 3.0 10−3, respectively.

Two C2 hydrocarbons have been measured: acetylene (C2H2) and ethane
(C2H6). The measured C2H2 profile is the sum on acetylene and ethy-
lene mole fractions, as our chromatographic setup cannot distinguish
between these two compounds. However, previous studies [71,94,95] on
benzene oxidation have shown that ethylene mole fraction is very low
compared to acetylene, allowing to assume ethylene signal as negligible.
Acetylene maximum mole fraction spreads from 10% of the initial ben-
zene mole fraction in BF07 to 40% in BF20, making it quantitatively
the main intermediate of benzene combustion. This observation agrees
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with previous findings on benzene oxidation, stressing that acetylene is
a key intermediate. As CH4, C2H2 is completely consumed in burnt
gases of BF07 and BF10, whereas it persists in BF18 and BF20. The
high acetylene concentration measured in the burnt gas region of rich
flames makes it a potential building block of soot formation, as further
discussed in chapters 6 and 7. In BF07 and BF10, C2H6 and CH4 mole
fraction profiles are of similar magnitude, whereas in BF18 and BF20
C2H6 maximum mole fraction is a factor 40 lower than CH4. Both these
compounds should be formed from methyl radical (CH3) through reac-
tions such as CH3 + CH3 � C2H6 or CH3 + H � CH4. The highest
H atom concentration in BF18 and BF20 should therefore explain the
stimulation of CH4 production, compared to that of C2H6.

Four C3 hydrocarbons were measured using gas chromatography: al-
lene (CH2CCH2, called a-C3H4), propyne (CH3CCH, called p-C3H4),
propylene (C3H6) and propane (C3H8). As previous studies [71, 94, 95]
reported that propargyl radicals (C3H3) may play an important role
in benzene oxidation, its mole fraction profiles have been measured in
BF07, BF10 and BF20 by Molecular BeamMass Spectrometry (MBMS).
Moreover, it is now well established that a channel linking C3H3 to ben-
zene is of particular importance in rich hydrocarbon flames [97] and
experimental data on this radical are therefore necessary. Its maximum
mole fraction is relatively high in each investigated flame, confirming
that it should play a key role in benzene oxidation. Propane has a
very low maximum mole fraction in each investigated flame and should
not play a significant role in benzene oxidation. In BF18 and BF20,
maximum mole fractions of propylene are significantly lower than those
of p-C3H4 and C3H3. On the contrary, in BF07 and BF10 maximum
mole fractions of C3H6 are relatively similar to those of other C3 hy-
drocarbons, indicating that C3H6 formation is favored under oxidation
conditions, compared to other C3 intermediates. Over the entire range
of equivalence ratio, propyne has constantly a higher mole fraction than
allene. However, mole fraction profiles of these C3H4 isomers are very
similar and the mole fraction ratio between p-C3H4 and a-C3H4 seems
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constant, suggesting that rapid isomerization reactions should be ac-
tive.

Four C4 hydrocarbons were measured by gas chromatography: diacety-
lene (C4H2), vinylacetylene (C4H4), 1,3-butadiene (1,3-C4H6) and 1,2-
butadiene (1,2-C4H6). Compared to other C4 hydrocarbons, diacetylene
is only a minor intermediate species in BF07 and BF10. However, in
BF18 and BF20 C4H2 is quantitatively the second major intermedi-
ate and slightly persists in burnt gases. Since this behavior is similar to
C2H2, one can postulate that pathways such as C2H+C2H2 � C4H2+H
are involved in diacetylene formation. Contrarily to C4H2, vinylacety-
lene has relatively high maximum mole fractions over the entire range of
equivalence ratio. This observation confirms kinetic schemes previously
postulated for benzene oxidation (see figures 4.2, 4.3 and 4.5) where its
consumption converge towards C4H4 formation. 1,3-C4H6 and 1,2-C4H6

are minor intermediates of benzene oxidation as their maximum mole
fractions are low in each investigated flame.

The sole C5 hydrocarbon measured by gas chromatography is cyclopen-
tadiene (C5H6). This intermediate has high maximum mole fractions
over the entire range of equivalence ratios, confirming the major role
played by its parent radical C5H5 in kinetic schemes previously postu-
lated by Bittner and co-workers [71], Venkat and co-workers [73] and
Rotzoll [75].

Concerning C6 chemical species, only benzene (C6H6) was measured by
gas chromatography. Mole fractions of phenol (C6H5OH) has been mea-
sured in BF07, BF10 and BF20 by MBMS, as well as phenoxy radical
(C6H5O) and benzoquinone (C6H4O2) in BF07. Regarding the high un-
certainty surrounding the importance of these compounds in aromatic
oxidation, these complementary MBMS measurements are of great in-
terest. Phenol has a maximum mole fraction close to 1.0 10−4 in BF07
and BF10, and close to 5.0 10−4 in BF20, indicating that it is an impor-
tant intermediate of benzene oxidation. Contrarily to phenol, C6H5O

and C6H4O2 have very low mole fractions in BF07, whereas they are
described as principal intermediates of phenyl oxidation in the litera-
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ture. Consequently, present measurements tend to disapprove the benzo-
quinone channel supported by Alzueta and co-workers [89] and indicate
that previous kinetic schemes assuming that the only major phenoxy
radical decomposition route is cyclopentadienyl and carbon monoxide
formation are not reliable. Indeed, if phenoxy radical is really a key
intermediate of benzene oxidation, the high activation energy of reac-
tion C6H5O � C5H5 + CO (43.92 kcal mol−1) cannot explain phenoxy
radical mole fractions as low as those measured in BF07. The role of
phenoxy radical in benzene combustion will be discussed in more details
in a following section.

Concerning C7 hydrocarbons, toluene (C7H8) is the only intermediate
compound measured by gas chromatography. Its mole fraction is worth
about 1 10−5 and 2 10−4 in flames with low and high equivalence ratios,
respectively. compared to other intermediate species, these maximums
are relatively low. In present experiments, toluene is the first interme-
diate having more carbon atoms than benzene and is the largest hydro-
carbon detected in BF07 and BF10. Toluene combustion is the subject
of the next chapter.

Among C8 hydrocarbons, phenylacetylene (C8H6) and styrene (C8H8)
have been measured by gas chromatography in rich BF18 and BF20
flames. In these flames, phenylacetylene maximum mole fractions reach
6 10−4 and 7 10−4, highlighting that it may play an important role in
hydrocarbon growth towards polycyclic aromatic hydrocarbons. This
observation agrees with previous findings of Bockhorn and co-wokers
[98] and Frenklach and co-workers [99], who proposed a kinetic scheme
describing benzene growth to PAHs through H Abstractions and C2H2

Additions (later named the HACA mechanism by Frenklach and Wang
[100]) where phenylacetylene is a key intermediate. As toluene, styrene
mole fractions are close to 1.5 10−4 in BF18 and BF20 flames. Styrene
should not play a major role in soot formation.

Three C10 hydrocarbons have been measured by gas chromatography in
BF18 and BF20: naphthalene (C10H8), 1-methylnaphthalene (1-C11H10)
and 2-methylnaphthalene (2-C11H10). C10H8 is the first polycyclic aro-



104 Chapter 4. Benzene combustion

matic hydrocarbon and exhibits a higher maximum mole fraction in
BF20 than in BF18. Methylnaphtalene isomers have maximum mole
fractions close to 1.0 10−5 in both BF18 and BF20. These compounds
should be formed through reactions of the methyl radical with naph-
thalene and naphthyl radicals. The sole C12 hydrocarbon that has been
measured by gas chromatography is biphenyl (C12H10). Its mole frac-
tion is close to 7.0 10−5 in both BF18 and BF20 flames and it should
be mainly produced by reactions between phenyl radical and benzene
or phenyl radicals self recombination. One C14 hydrocarbon has been
measured by gas chromatography: phenanthrene (C14H10). It could be
produced either from HACA reactions on biphenyl or on naphthalene
and its mole fraction is in the ppm range in BF18 and BF20. Phenan-
threne is the highest hydrocarbon observed in the present study.

4.2.3 Influence of pressure on flame structures

In addition to the influence of the equivalence ratio on benzene flame
structures, the influence of pressure has been investigated. The rich-
est flame BF20 has been analyzed at 35 (BF20-35), 45 (BF20) and 65
mbar (BF20-65), as shown on figures 4.12, 4.11 and 4.13, respectively.
As discussed previously, the working pressure highly influences temper-
ature profiles of investigated flames and it is therefore very difficult to
discriminate between temperature and pressure effects. Consequently,
the study of BF20-35 and BF20-65 flame structures has been limited to
the measurement of mole fraction profiles of hydrocarbons from C1Hx

to C7Hx, including small soot precursors as C2H2 and C5H6. Ta-
ble 4.3 summarizes the variation in maximum mole fractions of main
hydrocarbons in BF20-35 and BF20-65, compared to BF20. Except
for methane, maximum mole fractions of intermediate species measured
in BF20 (45 mbar) respectively increase and decrease when decreasing
and increasing the working pressure. Compared to BF20, the general
increase in consumption reactions of intermediate species observed in
BF20-65 seems to produce higher CH3 radical concentrations, which
promote the methane formation. On the contrary, the consumption of
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these intermediate species seems slower in BF20-35 and should therefore
produce less CH3 radical, disadvantaging methane formation.

Whereas the pressure increase disadvantages the formation of soot pre-
cursors such as C2H2 and C5H6, the mean diameter of soot particles
may be higher in BF20-65 than in BF20 and BF20-35, as the mean free
path between them decreases. This hypothesis agrees with experimental
difficulties encountered when analyzing BF20-65. Indeed, the soot pro-
duced in this flame blocks the quartz nozzle and the filter of the vacuum
pump connected to the combustion chamber more often than in BF20
and BF20-35, indicating that the mean diameter of soot particles may
be higher.
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Figure 4.12: Experimental flame structure of the rich benzene-oxygen-
argon flame BF20-35 (P = 35 mbar). The X-axis and Y-axis represent
the height above the burner in cm and the mole fraction measured for
each chemical species, respectively.
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Figure 4.13: Experimental flame structure of the rich benzene-oxygen-
argon flame BF20-65 (P = 65 mbar). The X-axis and Y-axis represent
the height above the burner in cm and the mole fraction measured for
each chemical species, respectively.

Table 4.3: variation of maximum mole fractions in BF20-35 and BF20-
65, compared to BF20

Species BF20-35 BF20-65
CH4 -10% +19%
C2H2 +6% -3%
C2H6 +4% -16%
C3H6 +12% -20%
a-C3H4 +10% -6%
p-C3H4 +7% -0.2%
C4H4 +16% -15%
C4H2 +7% -19%
1,3-C4H6 +0.4% -15%
C5H6 +5% -8%
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4.3 Discussion on benzene flame chemistry

This section presents the development of a detailed kinetic model for
benzene combustion and compares its predictions to experimental results
previously discussed. The following discussion is divided into several
subsections corresponding to chemical intermediates of benzene com-
bustion. For each intermediate compound, reactions leading to its for-
mation are presented and choices in consumption pathways and kinetic
parameters are justified by a comprehensive literature survey.

The predictive capability of the developed kinetic model is evaluated for
each compound by comparing its predictions to mole fraction profiles
measured in BF07, BF10, BF18 and BF20 or to experimental data avail-
able in the literature. The comparison with measurements performed for
BF20 at 35 and 65 mbar will be briefly discussed at the end of this chap-
ter. In addition to our kinetic model predictions, experimental results
are compared to predictions of the mechanism developed by Richter and
Howard (the RH model) for benzene combustion [92], in order to assess
improvements brought by the present study. In a recent paper [96], we
have shown that this mechanism has a predictive capability as bad as
that of Ristori and co-workers [22] for lean and stoichiometric benzene
flames. However, the RH model has been retained for comparison with
the present work since it has been developed for the modeling of a rich
benzene flame similar to BF18 and since it includes new calculated data
for the pressure dependence of several reactions.

Finally, comparative reaction rate analyses allow to determine the im-
portance of each reaction pathway involved in consumption and forma-
tion of every intermediate compound. The discussion begins with ben-
zene, introduced as a reactant in flames described in this chapter.

4.3.1 The benzene sub-model

Benzene (C6H6) is a planar and aromatic hexagonal ring, considered as
one of the most stable organic compounds. Since the benzene molecule
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has a D6h symmetry, its reaction pathways do not depend on the po-
sition of the reacting carbon or hydrogen atom and therefore lead to
single isomer products. In flames, benzene can be consumed through
either decomposition reactions, radical addition reactions or H abstrac-
tion reactions by H, O and OH. Since C6H6 is a reactant, each chem-
ical pathway connected to it is a potential consumption route and is
presented hereafter. Channels that occur backward, producing benzene,
will be pointed up later.

Benzene consumption pathways

(i) Benzene isomerization and decomposition routes

Despite its high stability, C6H6 undergoes isomerization reactions at
high temperature, as experimentally highlighted in 1987 by Scott and
co-workers [101]. They showed that the reaction of doubly labeled
1,2-13C2-benzene in a flow reactor at 1375 K gives a product distri-
bution of 74%, 24% and 4% of 1,2-, 1,3- and 1,4-13C2-benzene, respec-
tively. In 1998, Bettinger and co-workers [106] theoretically studied
the C6H6 potential energy surface to elucidate Scott and co-workers
findings. They found that a path linking 1,2-13C2-benzene to 1,3-13C2-
benzene through cyclohexadienecarbene and fulvene (f-C6H6) should be
involved in benzene topomerization reactions (see figure 4.14). In 1992,

Figure 4.14: main isomerization and decomposition pathways of ben-
zene
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Table 4.4: C6H6 consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Isomerization and decomposition reactions.
R1 f-C6H6 � C6H6 5.62 1081 -19.4 121.5 [97]
R2 C3H3+C3H3 � C6H6 1.29 1069 -16.7 27.86 [97]
R3 C3H3+C3H3 � C6H6 7.07 1039 -8.8 7.05 [97]
R4 C6H5+H+M � C6H6+M (k∞) 2.20 1014 0 0 [86]

C6H5+H+M � C6H6+M (k0) 4.10 10104 -24.6 21.51 [86]
Troe’s broadening factors: 4.6 10−2 / 3.5 102 / 6.0 104 / 7.6 103 [86]

Reactions with H atom.
R5 C6H6+H � C6H5+H2 6.02 108 1.8 16.4 [102]
R6 C6H6+H � C6H7 1.12 10167 -45.87 81.8 b

Reactions with O atom.
R7 C6H6+O � C6H5+OH 6 1013 0 11.06 c
R8 C6H6+O � C6H5O+H 6.66 1012 0 2.33 c

Reactions with OH radical.
R9 C6H6+OH � C6H5+H2O 2.38 104 2.68 0.77 [103]
R10 C6H6+OH � C6H5OH+H 1.32 102 3.25 5.59 [103]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.
b determined on the basis of data presented at 100 Torr in [102].
c kR7+kR8 comes from [104] and the branching ratio is from [105].

Miller and Melius [107,108] investigated the potential energy surface of
C3H3 + C3H3 systems and found that propargyl radicals (C3H3) self-
recombination should be an important benzene formation pathway in
flames since it can produce f-C6H6. As Bettinger and co-workers, they
showed that f-C6H6 can subsequently isomerize into cyclohexadienecar-
bene and benzene, as depicted in figure 4.14. Later, Mebel and co-
workers [109,110], Madden and co-workers [111] and Miller and Klippen-
stein [97] provided additional theoretical studies and investigated new
features of the C6H6 potential energy surface. In 2001, Mebel and co-
workers [110] showed that beside isomerization to fulvene, benzene can
undergo decomposition reactions to phenyl radical (C6H5) and H atom,
to orthobenzyne (o-C6H4) and H2 or can isomerize into vinylacetylene
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(C4H4) and acetylene (C2H2) or into ethylene (C2H4) and diacetylene
(C4H2). They calculated that most favorable pathways were f-C6H6

and C6H5 + H formation with activation barriers of 104.7 and 115.2
kcal mol−1 relative to benzene, respectively. In 2003 Miller and Klip-
penstein [97] re-investigated the potential energy surface and calculated
rate coefficients of key reactions linking C6H6 to f-C6H6, C3H3 +C3H3

and C6H5 +H at various pressures.

In our kinetic mechanism, the sub-model connecting benzene to fulvene
and C3H3 + C3H3 determined by Miller and Klippenstein at 30 Torr
has been included (see reactions R1 to R3 in table 4.4). Benzene de-
composition to phenyl radical and hydrogen atom is also considered but
its rate constant is taken from the work of Davis and co-workers [86]
(see reaction R4) who calculated the detailed fall-off behavior of this
reaction.

(ii) Benzene reactions with H atom

Hydrogen atom can react with benzene through 2 different pathways
(see reactions R5 and R6 in table 4.4 on the previous page). The
first consists in an H abstraction reaction yielding C6H5 and H2, while
the second adds an H atom to the C6H6 ring forming a cyclohexadi-
enyl radical (C6H7). These both reactions have been experimentally
studied by numerous researchers including Sauer and Many [112], Kim
and co-workers [113], Knutti and Buhler [114] and Nicovich and Ravis-
hankara [115]. The conclusion of these studies is that at temperatures
below 1000 K, the addition pathway is faster than the H abstraction
route. On the contrary, above 1000 K C6H7 fastly dissociates back
into C6H6 +H, allowing the H abstraction route to dominate. In 1997
and 2003, respectively, Mebel and co-workers [102] and Barckholtz and
co-workers [116] performed theoretical studies on the H + C6H6 reac-
tion and confirmed previous experimental findings. Authors calculated
a higher activation barrier for the H abstraction pathway than for the
H addition route.

Since the temperature range of all investigated flames spreads from 700
K to 1800 K, reactions R5 and R6 have been added into the kinetic
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model using rate parameters calculated by Mebel and co-workers at 100
Torr [102], as described in table 4.4 on page 109.

(iii) Benzene reactions with O atom

In the same way as H atom, O atom reacts with benzene either through
an H abstraction reaction, forming phenyl and hydroxyl radicals, or
through an electrophilic addition to the benzene ring, yielding a triplet
biradical C6H6O. Extensive experimental investigations of the O+C6H6

reaction, including particularly works of Nicovich and co-workers [117]
and Ko and co-workers [104], have led to a general consensus on the
overall rate constant of the O+C6H6 → products reaction, over a tem-
perature range of 300 to 1400 K. Ko and co-workers [104] equally showed
that below a pressure of 1 atm, the rate constant of the overall reaction
is essentially independent of pressure. In spite of these studies, little
information is available on the product distribution of the O+C6H6 re-
action. Indeed, experimental works devoted to product observation have
reached different conclusions. In 1977, Sloane [118] performed crossed
molecular beam experiments of benzene and oxygen atoms and showed
by mass spectrometry that main products should be phenol (C6H5OH)
and carbon monoxide. In 1980, Sibener and co-workers [119] performed
similar experiments at higher collision energies. Unlike Sloane, they did
not measure CO formation but found that the phenoxy radical (C6H5O)
and phenol should be main reaction products. Later, Nicovich and co-
workers [117] and Bajaj and Fontijn [120] confirmed that CO production
was a minor reaction pathway by studying the C6H6 + O reaction in
flow reactors. Moreover, as Sibener and co-workers, Bajaj and Fontijn
showed that the phenoxy radical was the main reaction product. In
1999 and 2004, Parker and Davis [121] and Berndt and Boge [122] iden-
tify for the first time different C6H6O isomers in flash photolysis and
flow reactor experiments of the C6H6 + O reaction: cyclohexadienone,
butadienylketene and benzene oxide/oxepin.

Recently, Nguyen and co-workers [105] have theoretically studied the po-
tential energy surface of the C6H6 + O system and have calculated the
branching ratio between H atom abstraction and O atom addition chan-
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nels, along with the product distribution of the C6H6O diradical isomer-
ization and decomposition, as a function of temperature and pressure.
They showed that the O atom addition pathway dominates until 2000
K, but competes with the H atom abstraction channel above 1000 K and
predicted that the C6H6O diradical mainly decomposes into the reso-
nantly stabilized phenoxy radical (C6H5O) and H atom in flames. Very
recently, Taatjes and co-workers [123] have experimentally and theoret-
ically examined the branching ratio between products of the C6H6 +O

reaction, over the temperature range 300 to 1000 K and pressure range
1 to 10 Torr. They have found that C6H5O +H, phenol and cyclopen-
tadiene + CO are major products and have calculated rate parameters
and branching ratios representative of their measurements. Taatjes and
co-workers and Nguyen and co-workers have shown that the C6H6 + O

reaction mechanism is extremely complex and highly dependent on tem-
perature and pressure, explaining contradictory conclusions of previous
experimental works [105, 123]. Even if the uncertainty on the product
distribution is still significant, up to now phenoxy radical and H atom
formation seems to be globally considered as the main reaction prod-
ucts.

Consequently, reactions R7 and R8 of table 4.4 on page 109, respec-
tively describing H abstraction on benzene by O atom and oxygen atom
addition to benzene, giving phenoxy radical and hydrogen atom, have
been included in the developed kinetic model. The total rate constant
(kR7 + kR8) has been taken from the work of Ko and co-workers [104]
and individual rate parameters have been deduced from the branching
ratio calculated by Nguyen and co-workers [105].

(iv) Benzene reactions with OH radical

Similarly to H and O atoms, hydroxyl radical (OH) can either per-
form an H abstraction reaction or an electrophilic addition onto the
benzene ring. Numerous experimental and theoretical kinetic studies
have been devoted to reactions of hydroxyl radical with benzene, but
have been essentially carried out at room temperature, as they play a
significant role in atmospheric chemistry. These studies have been well
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Figure 4.15: experimental and predicted mole fraction profiles of ben-
zene (C6H6). Gray scale symbols represent experiment (4 BF07, o
BF10, � BF18, ♦ BF20) and solid and dashed curves stand for predic-
tions of present and Richter and Howard [92] models, respectively.

summarized as part of recent reviews of Barckholtz and co-workers [116],
Chen and co-workers [124], and Seta and co-workers [103]. Under atmo-
spheric conditions, they are known to proceed mainly via the formation
of a C6H6OH adduct, and the H abstraction channel is reported as
minor.

Recently, Seta and co-workers [103] have measured rate constants for
reactions of OH radicals with benzene and toluene, in shock tubes and
at high temperature. Authors have calculated the product distribu-
tion by a quantum chemical analysis. They have shown that the H
abstraction channel (reaction R9 of table 4.4 on page 109) dominates
under flame conditions, whereas OH addition followed by an H atom
elimination, forming phenol (reaction R10), can significantly compete at
elevated temperatures. Reactions R9 and R10 have been included into
our kinetic model using rate constant parameters determined by Seta
and co-workers.

Comparison between predicted and experimental results

Figure 4.15 compares experimental C6H6 measurements performed in
BF07, BF10, BF18 and BF20 to predictions of the present model and
that developed by Richter and Howard [92] (further called the RHmodel).
Over the entire range of equivalence ratios, the present model well pre-
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Figure 4.16: summary of benzene consumption pathways included into
the developed kinetic model. Percentages represent contribution of each
reaction in BF07, (BF10), {BF18} and [BF20].

dicts the rate of benzene consumption. The RH model well reproduces
BF18 and BF20 measurements, but is unable to predict the shape of
benzene mole fraction profiles in stoichiometric and lean flames. This
underestimation of the benzene consumption rate mainly comes from a
loop between phenoxy radical and phenol formations, which will be dis-
cussed further. Figure 4.15 indicates that our mechanism improves the
modeling of the benzene mole fraction profiles in BF07 and BF10.

A comparative reaction rate analysis has been carried out to determine
contribution of each reaction pathway to benzene consumption. Figure
4.16 presents reactions significantly active and gives percentages of their
contributions to C6H6 consumption or formation. This figure shows
that among all investigated pathways, only H abstraction reactions giv-
ing phenyl radical (reactions R5, R7 and R9 of table 4.4 on page 109
and figure 4.16) and reactions of O atom and OH radical with benzene,
yielding phenoxy radical (reaction R8) and phenol (reaction R10), con-
sume C6H6. Other reactions (R2, R3, R4 and R6) proceed backward,
forming benzene.
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Over the entire range of equivalence ratio, the main benzene consump-
tion route is phenyl radical formation through H atom abstraction by
OH radical, by H atom and by O atom (reactions R9, R5 and R7, re-
spectively). The contribution of reaction R7 is minor (about 5%) in
all investigated flames, compared to reactions R9 and R5. Whereas H
atom contribution is always lower than that of OH radical, it increases
when moving towards higher equivalence ratios, contrarily to contribu-
tions of OH radical and O atom. This observation can be explained by
the highest H atom concentration in rich flames, due to their lowest oxy-
gen content. Another major benzene consumption channel is phenoxy
radical production through reaction R8. Since this reaction involves O
atom, its contribution is highest under lean conditions and decreases
when increasing the equivalence ratio. The last pathway that consumes
benzene is reaction with OH radical, yielding phenol and H atom (R10).
Its contribution remains essentially constant over the investigated range
of equivalence ratio.

Benzene is slightly produced by reactions R2, R3, R4 and R6 in all inves-
tigated flames. However, the molar flux of these reactions is significantly
smaller than that of consumption routes and no benzene formation is
experimentally observed (see figure 4.15). Phenyl radical recombination
to H atom (reaction R4) and propargyl radical self-recombination (re-
action R2 and R3) are main benzene formation channels. The chemical
pathway leading to cyclohexadienyl radical (C6H7) formation will be
discussed in section 4.3.6. The three following sections present chemical
reactions involved in consumption of main benzene consumption prod-
ucts: phenyl radical, phenoxy radical and phenol.

4.3.2 The phenyl radical sub-model

Phenyl radical formation pathways

Phenyl radical is principally produced through H abstraction reactions
on benzene and is quantitatively the most important product of benzene
consumption, as depicted in figure 4.16.
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Phenyl radical consumption pathways

As discussed in the introduction of this chapter, phenyl radical reac-
tion with O2 is thought to be a major consumption channel. However,
C6H5 dissociation and recombination with H atom, with O atom and
with OH radical are other potential pathways that are equally discussed
hereafter.

(i) Phenyl radical reactions with O2

For many years, phenyl radical (C6H5) reaction with O2 is thought to be
of particular importance in aromatic oxidation. There are experimental
evidences that this reaction proceeds through two different pathways,
giving either H or O atom [85, 125] and co-products are generally as-
sumed to be benzoquinone (C6H4O2) and phenoxy radical (C6H5O),
respectively. However, our MBMS measurements performed in BF07 at
m/z ratios corresponding to phenoxy radical and benzoquinone (see fig-
ure 4.8 on page 96) have revealed that their mole fractions are very low
in benzene flames. Consequently, if phenoxy radical and benzoquinone
are really major products of the C6H5 +O2 reaction, their degradation
channels should be fast enough to explain such low maximum mole frac-
tions. Otherwise, new reaction products should be postulated in order
to agree with experimental measurements.

In the past decade, many researchers theoretically studied the C6H5+O2

reaction and showed that molecular oxygen addition to phenyl radical,
forming the phenylperoxy radical (C6H5OO), is exothermic by about 45
kcal mol−1 and fast since it is barrierless [126, 128,129], as described in
figure 4.17. Moreover, these studies highlighted that C6H5O+O should
be a main product channel of subsequent C6H5OO decomposition, be-
cause phenylperoxy radical has gained enough energy to eliminate an O
atom. This theoretical finding has been recently confirmed by an exper-
imental investigation of the C6H5 +O2 reaction, showing that phenoxy
radical is formed in high concentration [130]. Regarding these theoretical
and experimental evidences, our kinetic model considers that phenoxy
radical is the co-product of O atom formation from C6H5 + O2 reac-
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Figure 4.17: potential energy surface of the C6H5 +O2 reaction [126]

Table 4.5: C6H5 consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Reactions with O2.
R11 C6H5+O2 � C6H5O+O 1.02 1013 0 3.58 [125]
R12 C6H5+O2 � C6H4O2+H 8.1 1010 0 3.6 b

R13 C6H5+O2 � n-C4H5+2CO 4.44 1012 0 3.6 b

Reactions with O atom and OH radical.
R14 C6H5+O � C5H5+CO 1 1014 0 0 [85]
R15 C6H5+OH � C6H5O+H 5 1013 0 0 [107]

Isomerization and decomposition reactions: Lories sub-model [127].
R16 C6H5 � o-C6H4+H 8.75 1014 0 86.1 [127]
R17 C6H5 → n-C4H3+C2H2 1.67 1019 0 110.72 [127]

n-C4H3+C2H2 → C6H5 1.02 1015 -0.8 13.32 [127]
R18 C6H5 → l-C6H4+H 9.74 1017 0 107.37 [127]

l-C6H4+H → C6H5 2.25 1012 0.5 11.12 [127]
R19 C6H5 → f-C6H5 2.03 1014 0 59.84 [127]

f-C6H5 → C6H5 1.17 1013 0 29.96 [127]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.
b kR12+kR13 comes from [125] and the branching ratio is estimated to 0.017.
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tion (see reaction R11 of table 4.5). Since this reaction is predicted to
fastly produce phenoxy radical, C6H5O consumption routes should be
fast enough to explain low maximum mole fractions measured in the
present work, as discussed in the next section.

More uncertainties remain on the identification of the co-product of the
H atom formation channel. Whereas it is generally assumed to be ortho-
benzoquinone (o-C6H4O2), a kinetic model considering C6H5OO disso-
ciation into o-C6H4O2 + H and including an experimentally validated
sub-mechanism for the consumption of benzoquinone isomers [90] over-
estimates C6H4O2 measurements performed in our benzene flames by a
factor close to 100 (see the dashed curve of figure 4.18). As indicated in
appendix C, the total benzoquinone mole fraction has been measured by
MBMS. The use of this technique is particularly justified for the detec-
tion of o-C6H4O2, as it decomposes at temperatures higher than 80◦C.
To the best of our knowledge, it is the first time that benzoquinone
measurements are performed into benzene flames and compared to ki-
netic modeling. This comparison clearly highlights that mechanisms
using benzoquinone as a major intermediate of phenyl radical oxida-
tion [89,92,93] are not reliable.
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the major route, respectively. Mole fractions represented by the dashed
curves are divided by a factor 100.
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Benzoquinone formation through reaction of phenyl radical with O2

should therefore be minor and another pathway should be responsible
of most of the experimentally observed H atom formation. Several the-
oretical investigations of the C6H5 + O2 reaction have recently showed
that beside phenoxy radical + O atom, 2-oxepinoxy radical formation
may be a major product [126, 128, 129] and that this radical may have
enough energy to further dissociate into either n-1,3-butadienyl radical
and CO, cyclopentadienyl radical and CO2, C5H5O + CO, or ortho-
benzoquinone and H atom, as depicted in figure 4.17. Our study has
shown that dissociation into ortho-benzoquinone + H atom is irrele-
vant in this work. Moreover, the C5H5 channel of figure 4.17 will yield
an early CO2 formation that is not observed in flames. Therefore, by
the process of elimination, H atom formation from C6H5 +O2 reaction
should mainly be due to C5H5O + CO or n-1,3-butadienyl radical for-
mation. As it will be presented further, C5H5O is mainly consumed
into n-C4H5 +CO. It is therefore assumed that products of the H atom
formation channel of the C6H5 + O2 reaction are n-C4H5 + 2CO. This
hypothesis is plausible since n-C4H5 can subsequently decompose into
C4H4 and H atom, explaining hydrogen atom formation.

Consequently, two reactions are included into our kinetic model for H
atom production from the C6H5 + O2 reaction: one leading to benzo-
quinone (reaction R12, see table 4.5) and one yielding n-C4H5 + CO

(reaction R13). The sum on kR12+kR13 is set to the rate constant ex-
perimentally measured by Kumaran and Michael [125] for C6H5 +O2 �

H + products and the branching ratio between these two channels has
been fitted to 0.017 in order to properly predict benzoquinone mea-
surements of this work. However, the reaction of phenyl radical with
molecular oxygen is particularly complex and its poor understanding is
responsible of most of uncertainties surrounding benzene combustion.
Further experimental and theoretical studies analyzing reaction chan-
nels of C6H5 + O2 and their dependence on pressure and temperature
are obviously needed.
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(ii) Phenyl radical reactions with O atom, OH radical and H atom

In addition to molecular oxygen, phenyl radical can react with O atom
(R14, see table 4.5 on page 117), with OH radical (reaction R15) and
with H atom (reaction R4 of table 4.4 on page 109), yielding respec-
tively cyclopentadienyl radical + CO, phenoxy radical + H and ben-
zene. Reaction R14 is an overall process involving phenoxy radical,
whose consumption will be discussed in the next section. The rate con-
stant of reaction R14 has been estimated by Frank and co-workers to 1.0
1014 [85]. Reaction R15 is equally an overall process that goes through
phenol formation. Its rate constant has been estimated to 5.0 1013 by
Miller and Melius in 1992 [107].

(iii) Phenyl radical isomerization and decomposition routes

Many kinetic models consider that phenyl radical decomposition occurs
by decyclization to a linear open chain radical (l-C6H5), followed by
a rapid fragmentation into n-C4H3 + C2H2. However, Madden and co-
workers [131] showed in 1997 that the barrier for fragmentation of l-C6H5

is significantly higher than that for recyclization into C6H5. Moreover,
authors demonstrated that the overall energy required for phenyl radical
decomposition into n-C4H3 +C2H2 is greater than that for formation of
ortho benzyne (o-C6H4)+H or linear 1,5 hexadiyn-3-ene (l-C6H4)+H,
as depicted in figure 4.19. In 2010, Lories [127] extensively investi-
gated the C6H5 potential energy surface and demonstrated that beside
n-C4H3+C2H2, o-C6H4+H and l-C6H4+H, phenyl radical can produce
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i-C4H3 +C2H2 or the fulvenyl radical (f-C6H5). The f-C6H5 radical can
subsequently recombine with H atom forming fulvene (f-C6H6), whose
reactions are discussed later. Lories calculated kinetic parameters of
each reaction involved in phenyl radical decomposition and summarized
them into a C6H5 sub-model which is used in the present kinetic mech-
anism. Some key reactions of this sub-model are presented in table 4.5
on page 117 (reactions R16 to R19).

Comparison between predicted and experimental results

Unfortunately, phenyl radical mole fraction profiles could not be mea-
sured by MBMS in this work, due to the high perturbation of C6H6,
introduced as a reactant. However, Yang and co-workers [95] recently
detected this radical with a tunable synchrotron device in a benzene-
oxygen-argon flame with a composition close to BF18 (φ = 1.78 and
dilution = 50%, compared to 1.8 and 40% in BF18) and our model
predictions will therefore be compared to these experimental data. As
shown on the left of figure 4.20, whereas C6H5 predictions of RH and
present models differ by a factor 2, they are of the same magnitude than
measurements performed by Yang and co-workers. Phenyl radical is pre-
dicted to be the main benzene consumption product, whereas its mod-
eled maximum mole fraction is low. This indicates that its degradation
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Figure 4.20: comparison between Yang and co-workers [95] measure-
ments (symbols) with predictions of present and Richter and Howard [92]
models (solid and dashed curves, respectively). For C6H4, Richter and
Howard’s predictions are divided by a factor 100.
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routes are fast enough to balance its quick formation. A comparative
reaction rate analysis has therefore been carried out to determine contri-
butions of each reaction pathway to phenyl radical consumption.

Figure 4.21 presents significantly active reactions and gives percentages
of their contribution to C6H5 consumption or formation. In each inves-
tigated flame, phenyl radical is principally consumed through reactions
with O2 giving C6H5O +H and n-C4H5 + 2CO (reaction R11 and R13
of table, respectively). Under lean and stoichiometric conditions, the
high O atom concentration allows reaction R14 to play a significant role
whereas it is negligible in BF18 and BF20. Decomposition reactions R17
and R18 are inactive in BF07 and BF10 but contribute to about 25%
of phenyl consumption in BF18 and BF20. This can be explained by
their highest temperatures, allowing to easily cross activation barriers of
these reactions. Whereas present and RH models give close predictions
of phenyl radical measurements, the mechanisms differ in the contri-
butions of each consumption route [96]. Since l-C6H4 and o-C6H4 are
only produced from phenyl decomposition in present and RH models,

Figure 4.21: summary of phenyl radical consumption pathways in-
cluded into the developed kinetic model. Percentages represent contri-
bution of each reaction in BF07, (BF10), {BF18} and [BF20].
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the comparison of total C6H4 measurements performed by Yang and co-
workers to predictions of both mechanisms allows to assess the weight
given to this channel in both models (see the right part of figure 4.20).
Present and RH mechanisms respectively well predict and hugely over-
estimate C6H4 maximum mole fraction, indicating that RH model reac-
tions that decompose phenyl radical into C6H4 species are not reliable.
Contrarily to this mechanism, the sub-model of Lories [127] included in
this work for the modeling of the unimolecular decomposition of phenyl
radical has a good predictive capability.

4.3.3 The phenoxy radical sub-model

Phenoxy radical formation pathways

In 1956, Norrish and Taylor [53] already suggested that phenoxy radical
might play an important role in benzene oxidation. Later, Venkat and
co-workers [73] developed a general kinetic scheme for benzene combus-
tion, including phenoxy radical for linking C6Hx to C5Hx hydrocarbons.
Nowadays, kinetic models representing aromatic oxidation are still based
on the pioneer study of Venkat and co-workers. In the present work, two
reactions principally produce phenoxy radical (C6H5O). The first is re-
action R8 of table 4.4 on page 109 that consumes benzene through O

atom addition, yielding a C6H6O adduct that subsequently decomposes
into C6H5O + H. The second is reaction R11 of table 4.5 on page 117
that converts C6H5 + O2 into C6H5O + O. These two reactions are
of particular importance since they produce flame propagating radicals
(O atom and H atom), which have a significant impact on the entire
kinetic scheme. Reactions R8 and R11 are fast and bring a significant
mole flux towards phenoxy radical formation that needs to be balanced
by fast consumption channels in order to reproduce low C6H5O maxi-
mum mole fractions observed experimentally in BF07 (see figure 4.8 on
page 96).
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Figure 4.22: mechanism of phenoxy radical dissociation into cyclopen-
tadienyl radical and CO [136]

Phenoxy radical consumption pathways

(i) Phenoxy radical isomerization and decomposition routes

In the nineties, researchers [132–134] experimentally observed that pri-
mary products of the high temperature dissociation of phenoxy rad-
ical are carbon monoxide and cyclopentadienyl radical (C5H5). More-
over, Lin and Lin [134] experimentally determined that the high pressure
rate constant of this reaction could be fitted to k = 2.51 1011e−22100/T

s−1 (see reaction R20 in table 4.6). Further theoretical calculations of
Olivella and co-workers [135] and Liu and co-workers [136] have con-
firmed these rate parameters and identified the mechanism involved in
the phenoxy radical decomposition (see figure 4.22). This mechanism
involves the formation of a bicycle intermediate from a carbon-centered
phenoxy radical, followed by two subsequent CC bond cleavages, giving
C5H5 + CO.

Table 4.6: C6H5O consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Isomerization and decomposition reactions.
R20 C6H5O � C5H5+CO 2.51 1011 0 43.9 [134]

Reactions with O atom and OH radical.
R21 C6H5O+H → C3H3+C2H3+CO 4.5 1013 0 0 [137], b
R22 C6H5O+O → C2H2+C2H3+2CO 1.68 1014 0 0 [137], b
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.
b Reaction products have been changed, see text
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Figure 4.23: experimental and predicted mole fraction profiles for the
phenoxy radical in BF07. Symbols represent the experiment and the
curve stand for predictions (χ/100) of the present model considering
C6H5O � C5H5 + CO as the only consumption route.

The significant activation energy of this decomposition reaction (about
44 kcal mol−1) contrasts with fast reactions expected for phenoxy radical
consumption. A kinetic model considering phenoxy radical consumption
only through reaction R20 hugely overestimates C6H5O maximum mole
fraction, as depicted in figure 4.23. To the best of our knowledge, it
is the first time that phenoxy radical predictions are compared to ex-
perimental measurements in lean benzene flames. These measurements
confirm the hypothesis of Shandross and co-workers [83], stressing that
phenoxy radical may be overestimated by current kinetic models. This
comparison obviously demonstrates that additional consumption routes
should compete with phenoxy radical decomposition into C5H5 + CO.
Similarly to propargyl, cyclopentadienyl and benzyl radicals, C6H5O is
resonantly stabilized and is therefore less reactive to non radical com-
pounds such as O2. Consequently, its additional consumption channels
should mainly include reactions with radical species present in significant
concentrations, as H and O atoms or OH radical.

(ii) Phenoxy radical reaction with H atoms

To the best of our knowledge, the study of Buth and co-workers [137] is
the only devoted to experimental analysis of phenoxy radical reactions
withH and O atoms. In 1994, authors experimentally investigated these
reactions at low pressure and room temperature, and studied reaction
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products and rate constants of each channel. Since these experiments fo-
cus on recombination reactions which are temperature independent and
were conducted at low pressure, results are to some extent quantitatively
and qualitatively applicable to the present work.

Concerning the C6H5O+H recombination reaction, Buth and co-workers
pointed up that it might produce either phenol (C6H5OH) or cyclohexa-
dienone (C6H6O), because phenoxy radical has 4 resonant forms: one
oxygen centered radical and three carbon centered radicals. Authors
measured a global value for the C6H5O + H reaction but were unable
to determine the exact branching ratio between both product channels.
However, many experimental and theoretical studies (see [136] and ref-
erences therein) demonstrated that the unpaired electron is significantly
delocalized from the oxygen atom onto the carbon ring. Consequently,
one postulates that reaction C6H5O+H forms cyclohexadienone rather
than phenol.

This assumption agrees with the low maximum mole fraction measured
by MBMS at an m/z ratio corresponding to C6H5OH in BF07. In-
deed, if one considers that reaction C6H5O + H produces C6H5OH as
do many other kinetic models, its mole fraction is about 20 times over-
estimated. Moreover, since phenol consumption mainly yields back the
phenoxy radical, a loop between phenoxy radical and phenol formation
would appear, decreasing the rate of benzene consumption. This phe-
nomenon occurs in the RH model and the underestimation of the ben-
zene consumption rate has been presented in figure 4.15 on page 113.
Nevertheless, substituting phenol by C6H6O in the C6H5O + H reac-
tion still yields to an overestimation of mole fraction measurements at
m/z = C6H5OH, as both compounds have the same mass. Therefore,
the fast C6H6O production by C6H5O+H reaction should be balanced
by rapid cyclohexadienone consumption reactions, forming other com-
pounds than phenol or phenoxy radical.

To the best of our knowledge, no experimental investigation on high tem-
perature cyclohexadienone reactions have been reported into the litera-
ture. Consequently, in figure 4.24 one proposes three potential channels
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Figure 4.24: Potential pathways of cyclohexadienone consumption

to consume C6H6O. The first involves an H atom addition onto the sp2

carbon atom vicinal to the CO group of cyclohexadienone, followed by
a CC bond cleavage and a carbon monoxide expulsion, forming a linear
and resonantly stabilized C5H7 radical. After an H atom migration, this
radical can perform a beta scission, forming a linear C5H6 hydrocarbon
that might dissociate into propargyl and vinyl radicals. This C5H7 rad-
ical is already suspected to be a key intermediate of propargyl radicals
formation in cyclopentene combustion [138,139]. Moreover, it is a reso-
nantly stabilized radical and these compounds are generally admitted to
play an important role in combustion chemistry. This first path of figure
4.24 has already been suggested to properly model C2H4 formation in
anisole thermolysis experiments by Arends and co-workers [140].

The second route involves cyclohexadienone isomerization to cis-1,3-
butadienyl-4-ketene. Hydrogen atom addition on the sp2 carbon atom
of the ketene group, followed by a CC bond cleavage, produces the same
linear C5H7 radical as in the first route of figure 4.24. Therefore, the
second path may produces propargyl and vinyl radicals, as the first
channel. Cyclohexadienone isomerization to 1,3-butadienyl-4-ketene has
been shown to be energetically achievable by a few groups [105,141,142]
and butadienylketene has been experimentally observed in benzene oxi-
dation experiments by Parker and co-workers [121].

Finally, the last path of figure 4.24 involves an H atom abstraction
reaction in beta of the sp3 carbon atom of cyclohexadienone, followed
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by the ring opening and the loss of a carbon monoxide forming a linear
C5H5 radical. Then, this radical might dissociate into acetylene and
propargyl radicals. This last dissociation process is already known to
play a key role in cyclopentadienyl radical dissociation to acetylene and
propargyl radicals [143,144].

Each channel presented above yields propargyl radical that is under-
estimated in both BF07 and BF10. Consequently, their inclusion into
the kinetic model might improve both propargyl and phenoxy radicals
predictions. As kinetic parameters of these 3 pathways are mostly un-
known, the overall reaction R21 (C6H5O + H � C3H3 + C2H3 + CO,
see table 4.6 on page 124) has been introduced in our kinetic model.
It corresponds to paths 1 and 2 of figure 4.24 and considers that cy-
clohexadienone consumption is faster than its production from phenoxy
radical recombination to H atom, as discussed above. Rate parame-
ters of reaction R21 are fixed to measurements of Buth and co-workers
for phenoxy radical reaction with hydrogen atom [137]. Whereas reac-
tion R21 is non elementary, one shows that pathways linking phenoxy
radical to propargyl radical might exist and that further studies on cy-
clohexadienone consumption are clearly needed in order to throw light
on kinetics of the phenoxy radical in flames.

(iii) Phenoxy radical reaction with O atoms

Concerning the C6H5O+O recombination reaction, Buth and co-workers
[137] expected two different product channels, as for the recombination
with an H atom. They suggested that carbon and oxygen centered
forms of phenoxy radical react with oxygen atom forming benzoquinone
+ H and C5H5 +CO2, respectively. Since they did not observed signifi-
cant carbon dioxide formation, authors concluded that the benzoquinone
channel should dominate. This assumption is confirmed by studies on
the localization of the unpaired electron of phenoxy radical, as mentioned
above. However, as discussed previously, benzoquinone mole fraction is
low in benzene flames and its degradation paths, experimentally deter-
mined by Alzueta and co-workers [90], are not fast enough to consume
a formation flux coming from C6H5 +O2 or C6H5O+O. This observa-
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tion is confirmed by the theoretical investigation of Lin and Mebel [145]
who calculated a rate constant for C6H5O + O � C6H4O2 + H about
100 times slower than that measured experimentally by Buth and co-
workers [137]. Benzoquinone is therefore not the main product of this
reaction and other pathways should exist. Reaction C6H5O+O may be
connected to the potential energy surface of the C6H5 +O2 reaction de-
scribed in section 4.3.2 and postulated to give n-C4H5 +2CO. Consider-
ing that n-C4H5 may undergo a beta scission into C2H2+C2H3, the reac-
tion R22 (C6H5O+O � C2H2 +C2H3 +2CO, see table 4.6 on page 124)
has been introduced into the kinetic model. This overall process is sim-
ilar to reaction 4.2 on page 81, whose importance has been highlighted
by Fujii and co-workers [63] and McLain and co-workers [64].

Comparison between predicted and experimental results

Figure 4.25 compares predictions of present and RH models to C6H5O

measurements performed in BF07 and in the flame of Yang and co-
workers [95], which has a composition close to BF18. The model devel-
oped in this work, as well as that of Richter and Howard [92], overes-
timates maximum mole fractions of phenoxy radical by a factor equal
to or greater than 10. As both models include C6H5O dissociation into
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Figure 4.25: experimental and predicted mole fraction profiles at m/z
corresponding to C6H5O. Gray scale symbols represent experiment (4
BF07 (this work), � BF18 (Yang and co-workers [95]). Solid and dashed
curves stand for predictions of the present and the Richter and Howard
[92] models, respectively.



130 Chapter 4. Benzene combustion

C5H5 + CO and C6H5O reactions with H and O atoms, with same ki-
netic parameters, predicted results are of similar magnitude. In BF07,
the position of the C6H5O maximum mole fraction predicted by the ki-
netic model developed in this work is shifted towards the burner surface.
This observation indicates that phenoxy radical formation pathways may
still be overestimated in the present model.

A comparative reaction rate analysis allows to detect reactions that are
significantly involved in phenoxy radical consumption. Results are sum-
marized in figure 4.26 that indicate contributions of each major channel.
In lean and stoichiometric flames, C6H5O is mainly consumed through
reactions R21 and R22, giving C2H3 +C3H3 +CO and C2H2 +C2H3 +
2CO, respectively. The high contribution of reactions R21 and R22
stresses the importance of their inclusion into kinetic models devoted
to aromatic oxidation. Mechanisms that do not consider them overes-
timate phenoxy radical mole fraction far more than our model or that
of Richter and Howard [92]. For example, the model of Ristori and co-
workers [22] overestimates C6H5O by a factor close to 100 in BF07. In
BF18 and BF20, phenoxy radical decomposition into cyclopentadienyl
radical and carbon monoxide becomes the main reaction channel. This
change is due to higher flame temperatures in BF18 and BF20, com-

Figure 4.26: summary of phenoxy radical consumption pathways in-
cluded into the developed kinetic model. Percentages represent contri-
bution of each reaction in BF07, (BF10), {BF18} and [BF20]
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pared to BF10 and BF07, which allow to more easily cross its activation
barrier.

In the RH model, products of the C6H5O + H and the C6H5O + O

reactions are respectively C6H5OH and C6H4O2, rather than C3H3 +
C2H3 +CO and C2H3 +C2H2 +2CO in this work. The new set of prod-
ucts proposed in this study seems more convenient for kinetic modeling
of phenoxy radical consumption in flames, as the C6H5O mole fraction
profile is a factor 2 lower than that of Richter and Howard in BF07
(see figure 4.25. Moreover, reactions used in the RH model lead to a
huge overestimation of the benzoquinone maximum mole fraction, sim-
ilar to that presented in figure 4.18. As mentioned previously, a loop
between phenoxy radical and phenol formation equally occurs in the RH
model. It is responsible of the slow decrease of the C6H5O mole frac-
tion depicted in figure 4.25. Compared to the present mechanism, the
better prediction of C6H5O by the RH model in BF18 (see the right
part of figure 4.25) comes from the high overestimation of phenyl rad-
ical consumption into C6H4 + H, highlighted in the previous section.
This overestimation decreases the phenoxy radical formation through
C6H5 + O2 � C6H5O + O and therefore artificially leads to a better
C6H5O prediction in BF18.

4.3.4 The phenol sub-model

Phenol formation pathways

In benzene flames, phenol is only produced from OH addition onto the
benzene ring, followed by a hydrogen atom elimination, giving C6H5OH+
H (reaction R10, see table 4.4 on page 109). Compared to other kinetic
models, the present work considers that reactions of O atom with ben-
zene and H atom with phenoxy radical do not produce phenol, but
C6H5O+H and C3H3 +C2H3 +CO, respectively. These reaction chan-
nels have been presented in previous sections (see reactions R8 and R21
in table 4.4 on page 109 and table 4.6 on page 124, respectively).
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Phenol consumption pathways

A few high temperature investigations on phenol reactions have been
reported into the literature. C6H5OH can either isomerize, decompose
or undergo H abstraction reactions, as presented hereafter.

(i) Phenol isomerization and decomposition routes

In 1998, Horn and co-workers [147] investigated phenol decomposition
in shock tubes and found that H, CO and C5H6 are major products.
Since the breaking of the phenol OH bond through reaction R23 of table
4.7 gives H atom and phenoxy radical, which in turn can dissociate into
C5H5 +CO, authors concluded that this reaction should play a key role
in phenol decomposition. However, they noticed that CO formation
was faster than H atom production and therefore assumed that phenol
undergoes another decomposition reaction R24.

In 2003 and 2006, Zhu and Bozzelli [141] and Xu and Lin [142] theoreti-
cally investigated phenol decomposition and confirmed the previous as-
sumption of Horn and co-workers. By studying the potential energy sur-
face of C6H5OH (see figure 4.27), authors showed that phenol can either
break its OH bond yielding phenoxy radical and H atom or tautomerize
to cyclohexadienone (C6H6O) which can open into cis-1,3-butadienyl-4-

Table 4.7: C6H5OH consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Isomerization and decomposition reactions
R23 C6H5OH+M → C6H5O+H+M (k∞) 3.33 1017 -0.5 91.6 [142]

C6H5OH+M → C6H5O+H+M (k0) 1.54 10118 -28.2 125.9 [142]
R24 C6H5OH � C5H6+CO 8.62 1015 -0.6 74.1 [142]

Reactions with O atom, H atom and OH radical
R25 C6H5OH+H � C6H5O+H2 1.15 1014 0 12.4 [146]
R26 C6H5OH+OH � C6H5O+H2O 6 1012 0 0 [146]
R27 C6H5OH+O � C6H5O+OH 2.81 1013 0 7.3 [78]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.
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Figure 4.27: potential energy surface of the C6H5O+H reaction [142]

Figure 4.28: mechanism of phenol dissociation into C5H6 + CO

ketene (l-C6H6O). Subsequently, l-C6H6O can forms a 5 membered ring
and eliminate a carbon monoxide molecule, yielding cyclopentadiene as
depicted in figure 4.28. Rate constants calculated by Xu and Lin have
been included into the kinetic model for both decomposition pathways
(reactions R23 and R24 of table 4.7 on the facing page).

Concerning the potential energy surface of phenol depicted in 4.27, it
first confirms that the previously hypothesized cyclohexadienone forma-
tion from phenoxy radical recombination withH atom is achievable from
an energy point of view. Secondly, it shows that cyclohexadienone is a
key intermediate of phenol isomerization to cyclopentadiene and CO and
that this reaction should be included into kinetic models. However com-
bustion conditions are somewhat different than pyrolysis conditions and
the radical pool may react with cyclohexadienone or cis-1,3-butadienyl-
4-ketene before they isomerize into cyclopentadiene and CO, forming
C3H3 + C2H3 + CO as postulated in the previous section.



134 Chapter 4. Benzene combustion

(ii) Phenol reactions with H atom, with O atom and with OH radi-
cal

In 1988, He and co-workers found that H atom and OH radical react
with phenol either via abstraction of the phenolic hydrogen atom or the
displacement of the OH group [146]. Rate constant measurements of
He and co-workers have been added into the present kinetic scheme for
H abstractions with H and OH (reactions R25 and R26 of table 4.7 on
page 132, respectively). The hydroxyl radical displacement by H atom,
giving benzene+OH, has not been previously included since it is the
reverse of reaction R10 (see table 4.4 on page 109). The rate constant
estimated by Emdee and co-workers [78] for phenolic H abstraction by
O atom (reaction R27) is used in the present study.

Comparison between predicted and experimental results

Figure 4.29 compares numerical predictions of present and RH models
to experimental measurements of this work. In BF07, BF10 and BF20,
the RH model overestimates phenol maximum mole fraction by a factor
comprised between 5 and 10. Moreover, the RH model is unable to
reproduce phenol consumption in burnt gases of BF07 and BF10, due
to the loop between phenoxy radical and phenol formation discussed
earlier. Compared to the RH model, the mechanism developed in this
work therefore brings a significant improvement. The better predictive
capability of our kinetic model gives evidence that reactions between
phenoxy radical and H atom and between O atom and benzene should
not produce phenol, as their inclusion into a kinetic model leads to a
high overestimation of its maximum mole fraction over a wide range of
equivalence ratios. This observation agrees with the recent work of
Taatjes and co-workers [123] who stressed that whereas contribution of
C6H6 + O � C6H5OH is prevalent between 300 and 900K, it becomes
lower than that of C6H6 + O � C6H5O + H at higher temperatures,
such as those measured in our flames.

Reactions significantly active in phenol consumption have been deter-
mined by a comparative reaction rate analysis and percentages of their
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Figure 4.29: experimental and predicted mole fraction profiles of phe-
nol (C6H5OH). Gray scale symbols represent experiments (4 BF07,
o BF10, ♦ BF20). Solid and dashed curves stand for predictions of
present and Richter and Howard [92] models, respectively. Predictions
of the RH model are divided by a factor 10.

Figure 4.30: summary of phenol consumption pathways included into
the developed kinetic model. Percentages represent contribution of each
reaction in BF07, (BF10), {BF18} and [BF20]
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contributions are summarized into figure 4.30. Since H atom displace-
ment on benzene by OH radical, giving C6H5OH+H, is the only phenol
formation route of the kinetic model, reaction R10 has a contribution of
100% in each investigated flame. In BF07 and BF10, phenol is mainly
consumed through abstraction of the phenolic hydrogen atom, giving
phenoxy radical (reactions R25, R26 and R27). The overall contribution
of decomposition routes are only 1 and 13%, respectively. Compared to
BF07 and BF10, contributions of these channels become major in BF18
and BF20, as highest flame temperatures allow to easily overcome their
significant activation barriers. Contribution of phenol decomposition
into cyclopentadiene and CO (reaction R24) is always greater than dis-
sociation to phenoxy radical and H atom (reaction R23), confirming
experimental findings of Horn and co-workers [147].

4.3.5 The fulvene sub-model

Fulvene formation pathways

As discussed in previous sections, benzene isomerization can produce ful-
vene (f-C6H6) that can decompose into propargyl radicals (see reactions
R1, R2 and R3 of table 4.4 on page 109). By analyzing contributions
of all benzene consumption channels, we pointed up that reactions R1,
R2 and R3 were all proceeding backward, indicating that under experi-
mental conditions of this work, fulvene is formed by propargyl radicals
(C3H3) self-recombination and isomerizes into benzene.

Fulvene consumption pathways

They are numerous fulvene decomposition pathways leading to various
C5, C4, C3, C2 and C1 chemical species, as depicted in figure 4.31. In
1990 Yokoyama and co-workers showed that one of primary fragmenta-
tion channels of benzene photodissociation is C5H3+CH3 [148] and in
1997 Mebel and co-workers theoretically studied the mechanism of ben-
zene dissociation into these fragments [109]. They found that fulvene is
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a key intermediate of benzene photodissociation and that 2 isomers of
C5H3 can be formed: n-C5H3 and i-C5H3, as shown in the lower part of
figure 4.31. In 1992, Miller and Melius proposed that propargyl radicals
(C3H3) self recombination can produce fulvene, isomerizing to benzene.
Later, Miller and Klippenstein in 2003 calculated the potential energy
surface linking C6H6 to f-C6H6 and C3H3, along with kinetic parameters
of major reaction channels [97].

Pathways connecting fulvene to C3H3 are summarized into the highest
part of figure 4.31. In 2000 Pope and Miller developed a kinetic sub-
model summarizing reactions linking fulvene to i-C5H3, n-C5H3 and
C3H3 radicals and proposed new channels connecting some intermedi-
ates to isomers of C4H3 and C4H5 radicals [149], as described in figure

Figure 4.31: Main decomposition pathways of fulvene (f-C6H6).
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Table 4.8: f-C6H6 consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Isomerization and decomposition reactions.
R28 C3H3+C3H3 � f-C6H6 2.34 1069 -17.02 25.8 [97] b
R29 C3H3+C3H3 � f-C6H6 1.74 1044 -10.31 8 [97] b
R30 i-C5H3+CH3 � f-C6H6 1.4 1013 0 0 [149]
R31 n-C5H3+CH3 � f-C6H6 1.0 1013 0 0 [149]
R32 i-C4H3+C2H3 � f-C6H6 5.0 1012 0 0 [149]
R33 n-C4H3+C2H3 � f-C6H6 4.0 1012 0 0 [149]
R34 n-C4H5+C2H � f-C6H6 4.0 1012 0 0 [149]
R35 i-C4H5+C2H � f-C6H6 1.0 1013 0 0 [149]
R36 f-C6H5(1)+H � f-C6H6 3.88 1013 0.2 0 [127]
R37 f-C6H5(2)+H � f-C6H6 9.79 1013 0.15 0 [127]

Reactions with H atom.
R38 f-C6H5(1)+H2 � f-C6H6+H 2.14 104 2.5 6.9 [127]
R39 f-C6H5(2)+H2 � f-C6H6+H 1.31 104 -1.3 30.8 [127]
R40 f-C6H6+H � C5H5CH2 1.52 1014 0 6.4 [127]
R41 f-C6H6+H � C5H4CH3 1.7 1012 2 0 [127]
R42 f-C6H5(1) � C6H5 1.17 1013 0 30.0 [127]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.
b These two reactions correspond to the two pathways linking fulvene to C3H3
presented in figure 4.31.

4.31. In 2006, the presence of C4H3, C4H5 and C5H3 isomers in flames
has been demonstrated by Hansen and co-workers and Yang and co-
workers [150–152], confirming that channels proposed by Pope and Miller
might be active [149]. Very recently, Lories and co-workers developed
a kinetic sub-mechanism for phenyl decomposition (see paragraph 4.3.2
on page 115) and showed that C6H5 can isomerize into a dehydroful-
vene radical that can subsequently abstract a hydrogen atom to another
compound forming fulvene.

The developed kinetic model uses rate parameters of Miller and Klippen-
stein for fulvene decomposition into C3H3 radicals and isomerization to
benzene [97] (see reactions R28 and R29 of table 4.8 and reaction R1 of
table 4.4 on page 109). The kinetic sub-models of Pope and Miller [149]
is used for fulvene degradation into C4 and C5 hydrocarbons, as depicted
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in reactions R30 to R35 of table 4.8 on the facing page). Reactions con-
necting fulvene to either dehydrofulvene isomers (reactions R36 to R39)
or C6H7 isomers (reactions R40 and R41) come from the sub-model de-
veloped by Lories [127]. Chemistry of C6H7 isomers will be discussed in
the following section.

Comparison between predicted and experimental results

As fulvene is highly reactive, its observation by Gas Chromatography
was not possible. Moreover, since it has the same mass than benzene,
the measurement of its mole fraction profile using MBMS could equally
not be achieved. Fortunately, Yang and co-workers have recently esti-
mated the maximum mole fraction of fulvene to 5.0 10−5 by studying
a benzene-oxygen-argon flame with a composition close to BF18 using
a tunable synchrotron [95]. Figure 4.32 compares this value to fulvene
mole fraction profiles predicted for BF18 using present and RH kinetic
models. It shows that our mechanism has a better predictive capabil-
ity than that of Richter and Howard. Nevertheless, more reliable ful-
vene mole fraction measurements are necessary to assess improvements
brought by the developed kinetic model. A comparative reaction rate
analysis allows to identify major reaction pathways involved in fulvene
flame chemistry and to determine their contributions to its formation or
consumption (see figure 4.33).

Over the entire range of equivalence ratio, fulvene is formed through
propargyl recombination (see reactions R28 and R29 of table 4.8). In
the lean BF07 and the stoichiometric BF10 flames, reaction R41 that in-
volves an H atom addition onto fulvene, giving 5-methylcyclopentadiene
(C5H4CH3), is the most important consumption channel. However, ful-
vene maximum mole fraction is very low (about 1 10−7) and its reactions
should not highly influence benzene combustion. In BF18 and BF20,
reactions R41, R40, R32 and R38 compete and produce C5H4CH3, 5-
methylenecyclopentadiene (C5H5CH2), i-C4H3 +C2H3 and dehydroful-
vene (f-C6H5(1)), respectively. Whereas fulvene maximum mole frac-
tion is somewhat higher than in BF07 and BF10, fulvene is still a minor
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Figure 4.32: predicted and experimentally estimated fulvene maxi-
mum mole fraction of Yang and co-workers in a benzene-oxygen-argon
flame with a composition close to BF18 [95]. The gray scale symbol
represents experiment and solid and dashed curves stand for predictions
of present and Richter and Howard [92] models, respectively.

Figure 4.33: summary of fulvene consumption pathways included into
the developed kinetic model. Percentages represent contribution of each
reaction in BF07, (BF10), {BF18} and [BF20]

intermediate of benzene combustion. This observation contrasts with
the key role played by fulvene for benzene formation in other hydro-
carbon flames. f-C6H5(1) isomerizes into phenyl radical through reac-
tion R42. C5H4CH3 and C5H5CH2 radicals are intermediates of the
cyclohexadienyl radical (C6H7) consumption, which will be discussed
hereafter.
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4.3.6 The cyclohexadienyl radical sub-model

In section 4.3.1 on page 107, one mentioned that the reaction of H
atom with benzene may produce cyclohexadienyl radical (C6H7). We
found that this reaction occurs backward under our flame conditions,
forming benzene. The present section analyzes chemical pathways linked
to the C6H7 radical and determines which routes are involved in its
formation.

Cyclohexadienyl radical formation pathways

In addition to H atom addition onto the benzene ring, cyclohexadienyl
radical (c-C6H7) can either be formed by the isomerization of other C6H7

chemical species. Potential energy surfaces of C6H7 and C6H8 have been
theoretically investigated by a few researchers [153–157] to describe the
recombination reaction between cyclopentadienyl and methyl radicals,
thought to produce benzene through cyclohexadienyl radical formation,
as depicted in figure 4.34.

In 2005 Lifshitz and co-workers [158] experimentally studied methylcy-
clopentadiene pyrolysis under shock-tube conditions and observed high
yields of benzene, confirming previous theoretical predictions [154]. In

Figure 4.34: main decomposition pathways of cyclohexadienyl radical
(c-C6H7).
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their work, authors successfully developed a kinetic mechanism based on
their previous rate coefficient calculations to model their measurements.
In 1984 and 2001, Louw and co-workers [159] and van Scheppingen [160]
and co-workers experimentally investigated benzene hydrogenolysis at
high pressure and showed that methane is a major product, indicat-
ing that the route forming benzene from cyclopentadienyl and methyl
radicals can proceed backward under certain conditions. From figure
4.34 summarizing reactions of the C6H7 potential energy surface, it is
clear that if not produced from benzene, cyclohexadienyl radical should
be formed from 5-methylenecyclopentadiene (C5H5CH2) isomerization.
This last radical may either be formed by the H atom addition to
fulvene, discussed in the previous section, or by dehydrogenation re-
actions of methylcyclopentadiene. In the present kinetic model, rate
coefficients of the reactions between cyclopentadienyl and methyl radi-
cals, giving methylcyclopentadiene and 5-methylcyclopentadiene radical
(C5H4CH3) + H atom, as well as their subsequent reactions towards
C5H5CH2 formation, have been added from the theoretical work of
Sharma and Green [157] (see reactions R44 to R46 of table 4.9). Kinetic
parameters of the isomerization of C5H5CH2 and C5H4CH3 radicals
into c-C6H7 are taken from the work of Dubnikova and Lifshitz [154]
(see reactions R43 and R47). Finally, rate constants of Lories and co-

Table 4.9: c-C6H7 formation reactions included into the kinetic model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Reactions linking C5H5CH2 to C5H5 + CH3.
R43 C5H4CH3 � C5H5CH2 3.0 1012 0 50.4 [154]
R44 C5H5+CH3 → C5H5CH3 1.11 10−51 16 -74.1 [157]
-R44 C5H5CH3 → C5H5 + CH3 5.21 1076 -19 88.8 [157]
R45 C5H5CH3 � C5H4CH3+H 6.5 1077 -20 93.2 [157]
R46 C5H5+CH3 � C5H4CH3+H 6.4 1015 -0.5 10.7 [157]

Isomerization reactions.
R47 C5H5CH2 � C6H7 1.4 1013 0 17.4 [154]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.
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workers [127] were taken for H addition to fulvene, as discussed in previ-
ous section (see reactions R38 and R39 of table 4.8 on page 138).

Cyclohexadienyl radical consumption pathways

As discussed in section 4.3.1 devoted to benzene reactions, cyclohexadi-
enyl radical is decomposed into benzene and H atom through reaction
-R6 of table 4.4 on page 109.

Comparison between predicted and experimental results

Unfortunately, cyclohexadienyl radical has not been detected using our
experimental setup and no measurements are available into the liter-
ature. A comparative reaction rate analysis of reaction channels pre-
sented into figure 4.34 shows that H atom addition to fulvene producing
C5H5CH2 and C5H4CH3 radicals, followed by isomerization into cyclo-
hexadienyl radical are the main formation pathways. In flames presented
in this chapter, methyl and cyclopentadienyl radicals recombination is
found to be insignificant. Although benzene formation through this
pathway is negligible in BF07, BF10, BF18 and BF20, it will be in-
teresting to determine its contribution into toluene-oxygen-argon flames
presented in the following chapter.

4.3.7 The cyclopentadienyl radical sub-model

In previous sections we have examined benzene consumption into C6Hx

intermediates and found that three main channels consume benzene:
phenyl radical formation, phenoxy radical production and conversion to
phenol (see paths 1, 2 and 3 of figure 4.35). We have stressed that C5H5

is a product of all these routes and that it might also be involved in ben-
zene formation through recombination with methyl radical. Therefore,
C5H5 is a central intermediate of benzene combustion and kinetics of its
consumption is of particular importance in models describing aromatic
oxidation.



144 Chapter 4. Benzene combustion

Figure 4.35: the three main cyclopentadienyl radical formation routes
that compete over the investigated range of equivalence ratios. Percent-
ages represent contribution of each pathway in BF07, (BF10), {BF18}
and [BF20]

Cyclopentadienyl formation pathways

Figure 4.35 highlights that the 3 pathways cited above compete in cy-
clopentadienyl radical formation and that path 1 is prevalent on path 2
and 3 over the investigated range of equivalence ratio. Whereas O atom
concentrations are highest in BF07, path 2 involving O atom addition
on benzene is not stimulated compares to higher equivalence ratios. The
reason is the lowest flame temperature of BF07 which prevents an easy
crossing of the energy barrier of the decomposition reaction R20 (see
figure 4.35 and table 4.6 on page 124). Since BF10 has a lower oxygen
atom content and a higher flame temperatures than BF07, contribution
of path 1 and 2 respectively decreases from 90 to 80% and increases from
9 to 26%. Under rich conditions, the lowest oxygen atom content causes
contribution of path 2 to decrease until 21 and 19% in BF18 and BF20,
respectively. Over the investigated range of equivalence ratios, contri-
bution of path 3 to cyclopentadienyl formation is always minor. It is
maximal in BF20 where highest flame temperatures stimulate reaction
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R24, decomposing phenol into cyclopentadiene and CO (see figure 4.35
and table 4.7 on page 132).

Cyclopentadienyl consumption pathways

To the best of our knowledge there are only few works devoted to cy-
clopentadienyl radical consumption in the literature. However, kinetics
of pyrolysis and oxidation of its parent molecule C5H6 have been ex-
perimentally investigated by several researchers [143, 144, 161–164] and
theoretically studied by a few groups [165–168]. As depicted in figure
4.36, it is now well admitted that C5H5 consumption is mainly achieved
through its recombination with H atom giving C5H6, its dissociation
into acetylene and propargyl radicals (C3H3) and its reaction with O

atom yielding cylopentadienoxy radical (C5H5O). These pathways are
described hereafter.

(i) Cyclopentadienyl radical isomerization and decomposition

In 1998 Roy and co-workers [143] and Kern and co-workers [144] ex-
perimentally investigated cyclopentadiene pyrolysis in shock tubes and
found that major products are propargyl radicals and acetylene. They
measured reaction rates of cyclopentadiene decomposition into C5H5+H

Figure 4.36: Mechanism of cyclopentadienyl radical decomposition
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and further dissociation reactions of C5H5. Both groups proposed that
C5H5 decomposition occurs through an H atom migration reaction, fol-
lowed by the ring opening and a CC bond fission giving acetylene and
propargyl radicals, as depicted in figure 4.36 and summarized by reaction
R48 of table 4.10.

Since only Kern and co-workers measured the rate of C5H5 decomposi-
tion at various pressure and determined k0 and k∞, one has chosen to
include their rate parameters into the present kinetic model. This reac-
tion is not considered as reversible in our mechanism because it is not
elementary and its reverse reaction cannot be calculated using its equi-
librium constant. Therefore, one included a rate expression calculated
by Moskaleva and Lin [169] at 133 mbar for the C2H2 +C3H3 recombi-
nation giving cyclopentadienyl radical (see reaction -R48).

(ii) Cyclopentadienyl radical reaction with H atom

Beside this dissociation channel, C5H5 can recombine withH atom form-
ing cyclopentadiene (C5H6) (see reaction R49). Together with reaction
R24 (see table 4.7 on page 132) of phenol decomposition, reaction R49
is the only cyclopentadiene formation route. Rate constants k0 and k∞

Table 4.10: C5H5 consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Isomerization and decomposition reactions.
R48 C5H5+M → C2H2+C3H3+M (k∞) 6.3 1013 0.1 62.3 [144]

C5H5+M → C2H2+C3H3+M (k0) 1.0 1045 -8.4 47.5 [144]
-R48 C2H2+C3H3 → C5H5 6.17 1066 -15.7 47.8 [169]

Reactions with H, O and O2.
R49 C5H6+M � C5H5+H+M (k∞) 7.7 1019 -1.2 84.5 [167]

C5H6+M � C5H5+H+M (k0) 1.1 1080 -16.8 16.9 [167]
R50 C5H5+O � C5H5O 1.00 1014 0 0 b

R51 C5H5+O2 � C5H5O+O 8.50 1014 0 28 [163]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.
b Reaction rate is estimated, see text.
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calculated by Roy and co-workers [167] in 2001 have been included into
the developed kinetic model.

(iii) Cyclopentadienyl radical reaction with O atom and O2

In 1998, Zhong and Bozzelli [165] theoretically investigated reactions of
H, OH, O and O2 with cyclopentadienyl radical and found that the O+
C5H5 reaction giving cyclopentadienone (C5H4O) and H atom should
have an important contribution to cyclopentadienyl radical consumption
under combustion conditions. However, C5H4O has never been observed
in significant concentration in flames whereas kinetic models including
reactions calculated by Zhong and Bozzelli predict large maximum mole
fractions.

Recently, Butler and Glassman [164] have investigated cyclopentadi-
ene oxidation in a plug flow reactor and have not detected cyclopenta-
dienone, demonstrating that it is not a key intermediate of the C5H5 +O
reaction. Instead of C5H4O formation, authors proposed that the cy-
clopentadienoxy radical intermediate is directly converted into n-C4H5+
CO, as described in figure 4.36. Since theoretical predictions of the
C5H5 + O rate constant disagree with experimental evidences and no
experimental measurements are available in the literature, we have esti-
mated the rate constant of reaction R50 (C5H5 + O � C5H5O) to 1.0
1014. This value is consistent with measurements performed by Buth
and co-workers [137] in 1994 for the rate of O atom reaction with the
phenoxy radical (see reaction R22 of table 4.6 on page 124), which is
resonantly stabilized as C5H5. Moreover, our estimation is more plau-
sible than the exceptionally high value of 5.0 1014 proposed by Ristori
and co-workers [22].

In addition to C5H5 + O, Murakami and co-workers [163] showed that
reaction of molecular oxygen with cyclopentadienyl radical can produce
C5H5O and an O atom (see reaction R51 of table 4.10). However, as
previously mentioned for C6H5O + O2, reactions of resonantly stabi-
lized radicals with non radical compounds are slow and do not play a
significant role in their consumption.
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Comparison between predicted and experimental results

Unfortunately, cyclopentadienyl radical mole fraction was not measured
in the present work. However, figure 4.37 compares BF18 predictions of
present and RH models to the maximum mole fraction of C5H5 mea-
sured by Yang and co-workers [95] in a benzene-oxygen-argon flame with
a composition close to BF18. Whereas the RH model significantly over-
estimates Yang et al. measurements, the kinetic mechanism developed
in this work has a good predictive capability. This observation is of
particular importance because cyclopentadienyl radical is a key inter-
mediate that links C6 to C4 hydrocarbons and is though to play a role
in naphthalene formation through its self recombination [156,170]. The
good agreement between our prediction and experiment demonstrates
that our kinetic model brings significant improvement in kinetic model-
ing of C5H5 formation and consumption.

A comparative reaction rate analysis allows to determine the contri-
bution of each C5H5 consumption pathway included into the kinetic
model, as depicted into figure 4.38. In BF07 and BF10, recombination
reactions with H and O atoms (reactions R49 and R50 of table 4.10)
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Figure 4.37: predicted and experimentally measured cyclopentadienyl
radical maximum mole fraction of Yang and co-workers in a benzene-
oxygen-argon flame with a composition close to BF18 [95]. The gray
scale symbol represents experiment and solid and dashed curves stand for
predictions of present and Richter and Howard [92] models, respectively.
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Figure 4.38: summary of cyclopentadienyl radical consumption path-
ways included into the developed kinetic model. Percentages represent
contribution of each reaction in BF07, (BF10), {BF18} and [BF20]

are prevalent and contribute to 98 and 94% of the C5H5 consumption,
respectively. Compared to BF10 and BF07, contribution of reaction R50
falls to 4.3 % in BF18 and BF20. This drop is due to the lower oxygen
atom concentration and to the higher flame temperatures of BF18 and
BF20 increasing the contribution of reaction R48 that dissociates C5H5

into acetylene and propargyl radicals. As previously postulated, reaction
R51 involving O2 reaction with the resonantly stabilized radical C5H5

is slow and does not significantly contribute to cyclopentadienyl radical
consumption under flame conditions investigated in this work.

In addition to these consumption channels, the self recombination of cy-
clopentadienyl radicals produces naphthalene and two hydrogen atoms.
This channel contributes to 4% of C5H5 consumption in BF18 and BF20
and will be discussed in much details in chapter 6, devoted to PAHs for-
mation.

4.3.8 The cyclopentadiene sub-model

Cyclopentadiene formation pathways

In all investigated benzene flames, cyclopentadiene (C5H6) is mainly
produced from H atom recombination with the cyclopentadienyl radical
(reaction R49 of table 4.10 on page 146). In addition, under high tem-
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perature conditions phenol decomposition to C5H6 + CO significantly
contributes to cyclopentadiene formation (reaction R24 of table 4.7 on
page 132).

Cyclopentadiene consumption pathways

C5H6 can undergo H abstraction reactions giving back the C5H5 radical
or can react with O atom, H atom and OH radical, yielding C5H6O,
C5H7 and C5H6OH, respectively. To the best of our knowledge, theo-
retical works of Zhong and Bozzelli [171] and Bacskay and co-workers
[166, 172] are the only in the field of rate constant determination of cy-
clopentadiene reactions. Zhong and Bozzelli investigated kinetics of H,
O, OH and HO2 addition reactions to cyclopentadiene, while Bacskay
and co-workers focused on H abstraction by H atom [172] and cyclopen-
tadiene decomposition to C3H4 isomers and acetylene [166].

(i) Cyclopentadiene isomerization and decomposition routes

In 2001, Bacskay and Mackie found that migration of hydrogen atoms
connected to sp2 carbons of cyclopentadiene, followed by the ring open-
ing, can form linear C5H6 compounds that might subsequently decom-
pose into propyne (p-C3H4) or allene (a-C3H4) and acetylene, as pre-
sented in figure 4.39. Authors calculated rate parameters of these re-
actions pathways and demonstrated that they can compete with other
cyclopentadiene reactions at combustion temperatures. These reactions

Figure 4.39: mechanism of cyclopentadiene decomposition into C3H4
isomers and acetylene



4.3. Discussion on benzene flame chemistry 151

Table 4.11: C5H6 consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Isomerization and decomposition reactions.
R52 C5H6 � CH2CHCHCCH2 1.3 1015 0 80.4 [166]
R53 CH2CHCHCCH2 � p-C3H4+C2H2 2.9 1013 0 66.6 [166]
R54 C5H6 � a-C3H4+C2H2 3.8 1017 0 104 [166]
R55 C5H6 � CH2CHCH2CCH 8.5 1014 0 90.5 [166]
R56 CH2CHCH2CCH � a-C3H4+C2H2 3.55 1013 0 63.4 [166]

Reactions with H, O and OH.
R57 C5H6+H � C5H7(A) 3.2 1013 0 2.7 [171]
R58 C5H6+H � C5H7(B) 6.1 1013 0 2.7 [171]
R59 C5H6+H � C5H5+H2 3 1014 0 6.6 [172]
R60 C5H6+O � C5H5+OH 1.8 1014 0 3.1 [78]
R61 C5H6+OH � C5H5+H2O 3.4 109 1.2 -0.5 [78]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.

have been added into the developed kinetic model (see reactions R52 to
R56 of table 4.11).

(ii) Cyclopentadiene reactions with O atom, OH radical and H atom

H atom addition onto the double bond of cyclopentadiene forms ei-
ther cyclopent-2-en-1-yl (noted C5H7(A)) or cyclopent-3-en-1-yl (noted
C5H7(B)) radicals (see reactions R57 and R58 of table 4.11). Subsequent
reactions of these radicals will be presented in the following section. Rate
constants calculated by Zhong and Bozzelli [171] for H atom addition
to cyclopentadiene have been included into the present kinetic model.
In addition to these reactions, abstraction of the hydrogen atom con-
nected to the sp3 carbon by an H atom, forming C5H5 +H2, has been
implemented into the kinetic model using rate parameters calculated
by Bacskay and co-workers [172] in 1998 (see reaction 59). Zhong and
Bozzelli found that O atom addition to cyclopentadiene can forms cyclic
or linear cyclopentenyl-carbonyl products + H atom. However, in a re-
cent study on cyclopentadiene oxidation, Butler and Glassmann [164]
were unable to give evidences of such pathways and stressed that ab-
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straction of the H atom connected to the sp3 carbon of cyclopentadiene
by O atom should be the most important O + C5H6 reaction (see re-
action R60). Therefore, no reactions of O atom addition onto C5H6

have been included into the present model. As for O atom, OH addi-
tion to cyclopentadiene double bounds are expected to be slower than
the H abstraction reaction by OH. Consequently, no OH atom addition
onto C5H6 is considered. Rate parameters estimated by Emdee and co-
workers [78] for C5H6 hydrogen atom abstraction by O atom and OH
radical, giving C5H5 are included into the present model (see reactions
R60 and R61).

Comparison between predicted and experimental results

Figure 4.40 compares predictions of present and RH models to exper-
imental measurements of C5H6 in BF07, BF10, BF18 and BF20. Al-
though our model exhibits a good agreement for all investigated flames,
the RH mechanism highly overestimates C5H6 mole fractions in BF07
and BF10. The large discrepancy between the RH predictions and those
of our kinetic model comes from the use of a different set of products for
the reaction between C6H5O and H. As discussed previously, Richter
and Howard consider that this reaction produces phenol, which then
gives back the phenoxy radical by dissociation and by H abstraction
reactions. Therefore, in the RH model the C6H5O + H reaction does
not allow a net consumption of the phenoxy radical. As a result, the
decomposition of the phenoxy radical into C5H5 + CO and the subse-
quent recombination of C5H5 and H atom into C5H6 are overestimated.
Contrarily to the RH model, we consider that the reaction between the
C6H5O radical and H atom gives C3H3 +C2H3 +CO. Consequently, in
our mechanism the C6H5O radical is partly consumed through another
channel than the C5H5 formation and the cyclopentadiene mole fraction
is better predicted.

Figure 4.41 gives contributions of each reaction channel to cyclopen-
tadiene consumption. Abstraction of a H atom bounded to the sp3

carbon atom of C5H6 dominates over the entire range of equivalence
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Figure 4.40: experimental and predicted profiles of cyclopentadiene
(C5H6) mole fractions. Gray scale symbols represent experiments (4
BF07, o BF10, � BF18, ♦ BF20). Solid and dashed curves in corre-
sponding gray scale stand for predictions of present and Richter and
Howard [92] models, respectively.

Figure 4.41: summary of cyclopentadiene consumption pathways in-
cluded into the developed kinetic model. Percentages represent contri-
butions in BF07, (BF10), {BF18} and [BF20].
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ratio. Contributions of reactions R59 and R60 respectively decrease and
increase with the drop in equivalence ratio, as they respectively depend
on hydrogen and oxygen atom concentrations. Decomposition pathways
proposed by Bacskay and Mackie [166] have only a significant contri-
bution in BF18 and BF20 that have highest flame temperatures, since
they have high energy barriers. Finally, hydrogen atom addition onto
cyclopentadiene play a minor role in all investigates flames and further
reactions of the C5H7(B) radical will be examined in the following sec-
tion.

4.3.9 The C5H7 radicals sub-model

C5H7 radicals formation pathways

In benzene flames C5H7(A) and C5H7(B) are produced by H atom ad-
dition to cyclopentadiene, as discussed previously.

C5H7 radicals consumption pathways

Kinetics of C5H7 radicals consumption has been investigated by Gueniche
and co-workers [138] in 2008. In their work devoted to cyclopentene
(C5H8) combustion, authors proposed the kinetic scheme summarized in
figure 4.42 for C5H8 consumption and validated it against an experimen-
tal methane-cyclopentene-oxygen-argon flame. In this mechanism, cy-
clopentene is converted to 3 cyclopentenyl isomers (C5H7(A), C5H7(B)
and C5H7(C), see figure 4.42) that can subsequently decompose into
cyclopentadiene and H atom or open into linear isomers, decomposing
into various products such as CH3, C3H3, a-C3H4 or p-C3H4. Since this
kinetic scheme includes each C5H7 intermediate produced from H atom
addition to cyclopentadiene and links these radicals to other important
chemical species, the mechanism of Gueniche and co-workers [138] has
been included into the present kinetic model.
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Figure 4.42: decomposition pathways considered by Gueniche and co-
workers [138] for C5H7 radicals .

Comparison between predicted and experimental results

The present kinetic model predicts an overall maximum mole fraction
of 8.0 10−5 for C5H7 radicals, which is relatively close to the value of
1.3 10−4 measured by Yang and co-workers [95]. The RH model does
not include C5H7 formation and only has an overall C5H6 + H �a-
C3H5 + C2H2 reaction. The inclusion of the sub-mechanism developed
by Gueniche and co-workers into our kinetic model shows that the main
products of C5H7 decomposition should be C4H4 and CH3. Therefore,
the RH model may be wrong and further studies are needed to clarify
kinetics of the C5H7 decomposition routes.

Since cyclopentene consumption can produce high concentrations of
C5H5 radical, which is though to be involved in PAHs formation, cy-
clopentene flames will be investigated in chapter 6. The sub-model devel-
oped by Gueniche and co-workers [138] will be presented in this chapter
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and compared to experimental measurements performed in these cy-
clopentene flames.

4.3.10 The cyclopentadienoxy radical sub-model

Cyclopentadienoxy radical formation pathways

In the present kinetic model, the cyclopentadienoxy radical (C5H5O)
is produced through O atom and O2 reactions with cyclopentadienyl
radical (C5H5).

Cyclopentadienoxy radical consumption pathways

In 1982, Venkat and co-workers [73] proposed that C5H5O consump-
tion yields n-C4H5 and carbon monoxide. Rate constant of this reaction
was estimated to 2.51 1011e−22094/T s−1 by Emdee and Brezinsky [78]
in 1992. In 1998, Zhong and Bozzelli [165] calculated that C5H5O can
dissociate through three major channels: (i) hydrogen atom and cy-
clopendadienone , (ii) n-C4H5 + CO and (iii) C2H2 + C3H3O . They
calculated rate constants of each reaction channel and found that the
first and the third should dominate in flames. Recently, Butler and
Glassman [164] studied cyclopentadiene oxidation and did not observed
cyclopentadienone formation. Consequently, they ruled out this reac-
tion pathway and proposed the kinetic sub-model composed of reactions
R62, R63 and R64 of table 4.12.

Comparison between predicted and experimental results

Unfortunately, no experimental data on C5H5O formation in flames are
available in the literature. Our kinetic model predicts maximum mole
fractions spreading from 3.5 10−4 to 1.5 10−4 in BF07 and BF20, re-
spectively. Further experimental studies on C5H5O flame chemistry are
needed to compare with kinetic models and improve the understanding
of C6 to C5 conversion. In our kinetic scheme, C5H5O conversion into
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Table 4.12: C5H6 consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Isomerization and decomposition reactions.
R62 C5H5O � n-C4H5+CO 2.5 1011 0 29.7 [164]
R63 C5H5O � n-C4H5+CO 2.5 1011 0 37.4 [164]
R64 C5H5O � C3H3O+C2H2 2.0 1013 0 104 [164]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.

C3H3O+C2H2 (see reaction R64) is negligible and the main channel is
n-C4H5 +CO formation from reactions R62 and R63. Reactions linking
C4 to C1 hydrocarbons are summarized in the following section, together
with a comparison of predicted results with experimental measurements
performed in BF07, BF10, BF18 and BF20.

4.3.11 Further reactions of C4Hx and smaller hydrocar-
bons

Previous sections have described the development of a new kinetic model
for C6H6 based on a comprehensive literature survey. The model has a
good predictive capability for main chemical species, C6H5OH, C6H5,
C6H4, C5H5 and C5H6 but still overestimates phenoxy radical mole
fraction, whereas its prediction is globally improved, compared to other
models available in the literature. One has shown that consumption of
C6 and C5 intermediates principally leads to C2, C3 and C4 hydrocarbon
formation through chemical pathways summarized in figure 4.43.

Formation of C2, C3 and C4 hydrocarbons

A comparative reaction rate analysis shows that in BF07 and BF10,
benzene consumption is dominated by path 1 and 2 of figure 4.43, which
produce C2H2, C2H3 and C3H3 from phenoxy radical reactions with
H and O atoms. In BF18 and BF20 that have higher flame tempera-
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Figure 4.43: summary of chemical pathways involved in C6 and C5
conversion to C2, C3 and C4. The table in the lowest part of this figure
gives contribution percentage of each route to benzene consumption in
BF07, BF10, BF18 and BF20.

tures than BF07 and BF10, the rate of phenoxy radical dissociation into
C5H5 + CO significantly increases, diminishing contributions of path
1 and 2 and increasing that of path 3, which becomes the main ben-
zene consumption channel. Whereas cyclopentadienyl radical formation
is stimulated in BF18 and BF20, contribution of path 4 that involves
C5H5 + O � C5H5O decreases, as it necessitates an O atom which is
present in lower concentrations, compared to BF07 and BF10. Path
5 is not active in BF07 and BF10 but converts about 20% of benzene
into n-C4H3 + C2H2 in BF18 and BF20, due to their high flame tem-
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peratures that allow to more easily cross the activation barrier of this
reaction.

As shown in figure 4.43, the developed kinetic model must contain re-
actions describing C4Hx to C1Hx combustion chemistry and a H2/O2

sub-mechanism in order to fully model benzene flames. Since a com-
prehensive investigation of these reactions was beyond the scope of this
work, our kinetic model has been completed with sub-mechanisms care-
fully selected from the literature. Reactions describing C4Hx hydro-
carbon combustion have been taken from the work of Wang and Fren-
klach [173], who developed a detailed kinetic model to predict aromatic
formation in ethylene and acetylene flames. Authors gave a particular
attention to C4Hx reactions, as they play a major role in benzene for-
mation. Reactions of C3Hx to C1Hx and the H2/O2 sub-mechanism
have been taken from the work of Leplat and co-workers [174,175], who
comprehensively investigated various oxygenated C2 hydrocarbons and
ethylene flames. Authors developed a kinetic model, successfully vali-
dated over an impressive set of experimental data, including low-pressure
flames, jet-stirred reactor studies conducted at 1 and 10 bars, laminar
flame velocities and ignition delay times. The complete kinetic model
used in this work is provided as supplementary information in appendix
E. The following discussion describes a comparative reaction rate anal-
ysis performed for BF07, BF10, BF18 and BF20, in order to highlight
major chemical pathways involved in C4, C3 and C2 hydrocarbon con-
sumption. Predicted mole fraction profiles of these intermediates and of
main chemical species are equally compared to measurements.

Consumption of C4Hx hydrocarbons

As shown in figure 4.43, cyclopentadienoxy radical (C5H5O) decompo-
sition and phenyl radical reaction with O2 are the only C4 production
route from benzene in BF07. In BF10, these channels compete with
phenyl radical decomposition, giving the n-C4H3 radical. Contributions
of kinetic pathways converting n-C4H5 and n-C4H3 radicals into smaller
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hydrocarbons are presented in figures 4.44 and 4.45 for BF07 and BF10,
respectively.

In BF07, 36% of n-C4H5 is converted to i-C4H5 by an isomerization
reaction catalyzed by an H atom, 20% recombines with H atom form-
ing 1,3-butadiene, 18% reacts with O atom forming C2H3 and ketene
(CH2CO) and 19% yields vinylacetylene (C4H4) through H abstrac-
tion reactions. While contributions of reactions forming vinylacetylene
are similar in BF07 and BF10, the highest equivalence ratio and flame
temperature of BF10 promote n-C4H5 isomerization into i-C4H5, which
reaches a contribution of 43% in BF10. The highest contribution of this
reaction disadvantages H atom recombination with n-C4H5 yielding 1,3-
C4H6, whose contribution decreases in BF10, compared to BF07. The
lowest O atom concentration in BF10, compared to BF07, disadvantages
the reaction forming C2H3 + CH2CO, whose contribution decreases to
12%. As n-C4H5, i-C4H5 produces C4H4 by H abstraction reactions or
reacts with O atom forming C2H3 + CH2CO. Contributions of these
reactions are affected by the equivalence ratio in the same way as n-
C4H5.

In addition to these chemical pathways, i-C4H5 reacts with H atom
yielding CH3 + C3H3. This reaction contributes to 42% and 45% of i-
C4H5 consumption in BF07 and BF10, respectively. In BF07 and BF10,
C4H6 either yields i-C4H5 and n-C4H5 by H abstraction reactions or
reacts with O atom, giving ethylene + ketene and a-C3H5 +CO. Com-
pared to BF07, the overall C4H6 reaction with O atom less important
in BF10, as O atom concentration is lower. In BF07 and BF10, viny-
lacetylene (C4H4) is mainly consumed by reaction with O atom, forming
C2H3 + HCCO. Other reaction pathways produce either n-C4H3 or i-
C4H3 through H abstraction reactions. Contribution of reactions form-
ing the resonantly stabilized i-C4H3 radical are always higher than those
forming n-C4H3. C4H3 isomers are consumed either (i) by reaction with
H atom forming two acetylene molecules, (ii) by reaction with O2 yield-
ing ketene and HCCO, (iii) by recombination with O atom followed by
decomposition into ketene and C2H, (iv) by H asbtraction reactions giv-
ing diacetylene (C4H2) or (v) by reaction OH radical giving H2C4O+H.
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Figure 4.44: kinetic scheme of C4Hx hydrocarbons in BF07

Figure 4.45: kinetic scheme of C4Hx hydrocarbons in BF10
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Moreover, n-C4H3 is converted into i-C4H3 by an isomerization reac-
tion catalyzed by a hydrogen atom. As previously discussed, reactions
depending on oxygenated compounds and hydrogen atom are respec-
tively disadvantaged and favored in BF10, compared to BF07. Conse-
quently, contributions of reactions converting n-C4H3 into i-C4H3 and
both isomers into two acetylene molecules increase in BF10, compared
to BF07. Diacetylene reacts either with O atom forming HCCO+C2H

and C3H2 + CO, or with OH radical giving H2C4O, which is in turn
converted to ketene + C2O, ketene + HCCO and C2H2 + HCCO by
reactions with O, OH and H atom, respectively.

As discussed previously, in BF18 and BF20 phenyl dissociation into n-
C4H3 +C2H2 highly competes with n-C4H5 formation from C6H5 +O2

and C5H5O decomposition (see path 4 and 5 of figure 4.43). Contribu-
tions of kinetic pathways converting n-C4H5 and n-C4H3 into smaller
hydrocarbons are presented in figures 4.46 and 4.47 for BF18 and BF20,
respectively. These kinetic schemes are similar to those of BF07 and
BF10, excepted that reactions depending on H and O atoms are re-
spectively favored and disadvantaged, due to highest equivalence ratios.
Since BF18 and BF20 are less diluted than BF07 and BF10, they have
highest flame temperatures, which equally increase the contribution of
dissociation reactions. In BF18 and BF20, n-C4H5 is still principally
converted into i-C4H5 but its dissociation reactions into C2H3 + C2H2

and C4H4 +H begin to compete, as they contribute to about 10% and
6% of its consumption in BF20. Consumption channels of i-C4H5 in
BF18 and BF20 are similar to those in BF07 and BF10, except that re-
actions with hydrogen atom dominate and that the decomposition into
C4H4+H competes. As in BF07 and BF10, in BF18 and BF20 the C4H4

consumption is performed through i-C4H3 formation, which is equally
produced from n-C4H3 isomerization. Both C4H3 isomers are consumed
through H abstraction reactions, giving diacetylene (C4H2). Since in
BF18 and BF20 the n-C4H3 radical is directly produced from phenyl
radical dissociation, C4H2 formation is highly promoted, compared to
BF07 and BF10. Whereas reactions consuming C4H2 into C4H are not
significantly active in BF07 and BF10, they contribute to about 15%
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Figure 4.46: kinetic scheme of C4Hx hydrocarbons in BF18

Figure 4.47: kinetic scheme of C4Hx hydrocarbons in BF20
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Figure 4.48: experimental and predicted mole fraction profiles of
diacetylene (C4H2), vinylacetylene (C4H4) and 1,3-butadiene (C4H6).
Gray scale symbols represent experiments (4 BF07, o BF10, � BF18,
♦ BF20). Solid and dashed curves in corresponding gray scale stand for
predictions of present and Richter and Howard [92] models, respectively.
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of diacetylene consumption in BF18 and BF20 and C4H reacts with
molecular oxygen giving C2O +HCCO.

Figure 4.48 compares experimental and predicted mole fraction profiles
of C4Hx compounds measured in this work. Vinylacetylene (C4H4),
which is principally produced from H abstraction reactions on C4H5

radicals, is well predicted in BF18 and BF20 but slightly overestimated
by the kinetic model in BF07 and BF10. However our predictions are
significantly better that those of Richter and Howard that highly over-
estimate C4H4 and are unable to reproduce the effect of the equivalence
ratio on its maximum mole fraction. As the RH model, 1,3-C4H6 is
overestimated by our kinetic mechanism in BF18 and BF20. However,
a better predictive capability is reached in BF07 and BF10, whereas
a slight overestimation is observed. The 1,2-C4H6 is predicted to be
formed from the recombination between C3H3 and CH3. Its mole frac-
tion profile is well predicted in each investigated benzene flame. The
C4H2 predictions are close to experimental measurements over the en-
tire range of equivalence ratio, whereas the RH model overestimates its
maximum mole fraction in BF07 and BF10. Compared to the Richter
and Howard model, our mechanism therefore significantly improves the
predictive capability of C4Hx hydrocarbons. This improvement is due
to the better understanding of the C6H6 consumption pathways brought
by this work and by the use of the comprehensive model of Wang and
Frenklach for C4Hx combustion chemistry.

Consumption of C3Hx hydrocarbons.

In each investigated benzene flame, propargyl radicals (C3H3) are pro-
duced from benzene consumption, through phenoxy radical reaction with
H atom and cyclopentadienyl radical decomposition (see path 1 and
path 2 of figure 4.43 on page 158). In BF07 and BF10, C6H5O +H �

C3H3 +C2H3 +CO dominates propargyl radicals formation, as the dis-
sociation of cyclopentadienyl radical is slower than its reaction with
O atom giving C5H5O. In the previous section, one has shown that
C3H3 is equally produced from H atom reaction with i-C4H5. Beside
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C3H3, minor benzene consumption routes produce a-C3H4, p-C3H4 and
a-C3H5 (CH2CHCH2. radical) through the dissociation of cyclopen-
tadiene or its reaction with a hydrogen atom. Contributions of kinetic
pathways converting C3H3, C3H4 and C3H5 compounds into smaller hy-
drocarbons are presented into figures 4.49 and 4.50 for BF07 and BF10,
respectively.

In BF07 and BF10, a-C3H5 consumption is dominated by recombination
with H atom producing propylene (C3H6), which is subsequently con-
sumed either (i) by H atom abstraction reactions giving C3H5 radicals,
(ii) by reactions with O atom yielding C2H5 +HCO and ketene+CH3

and (iii) by H atom addition, followed by a CC bond fission forming
CH3 + C2H4. H abstraction reactions giving a-C3H5 dominate propy-
lene consumption in all investigated benzene flames. In addition to
the recombination with an H atom, a-C3H5 is consumed through H

abstraction reactions forming allene (a-C3H4) or by reaction with O

atom producing CH2CHCHO + H. p-C3H5 (CH2C.CH3) undergoes
H abstraction reactions giving propyne (p-C3H4), reacts with O atom
producing CH3CHCO+H or is converted into CH3CHCO+OH and
CH3CHO + HCO through reaction with O2. s-C3H5 (.CHCHCH3)
forms p-C3H4 and a-C3H4 by H abstraction reactions. It equally reacts
with O2 forming CH2O+CH3CO and with HO2, OH and O atom giv-
ing CH2CO+CH3. Moreover, p-C3H5 and s-C3H5 give a-C3H5 through
isomerization reactions.

Contributions of consumption pathways depending on oxygen atom de-
crease in BF10, compared to BF07. Allene and propyne can react with
H and O atoms, respectively giving C2H2 + CH3 and C2H4 + CO.
Beside these reactions, propyne reacts with H atom producing either
a-C3H4 +H, s-C3H5 or a-C3H5 and reacts by H atom abstraction reac-
tions, giving C3H3 radicals. Allene reacts either with H atom forming
a-C3H5 and C2H2 +CH3, with O atom forming C2H4 +CO and by H
abstraction reactions producing the C3H3 radical. C3H3 is mainly con-
sumed into propargylene (C3H2) by H abstraction reaction. It equally
reacts with O atom and O2, giving CH2O+C2H and CH2CO+HCO,
respectively. Propargylene gives back C3H3 by recombination with an
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Figure 4.49: kinetic scheme of C3Hx hydrocarbons in BF07

Figure 4.50: kinetic scheme of C3Hx hydrocarbons in BF10
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H atom or reacts with O, OH and O2 to yield C2H2+CO, C2H2+HCO
and HCCO + CO, respectively.

Contrarily to BF07 and BF10, in BF18 and BF20 the reaction C5H5 �

C2H2 +C3H3 dominates propargyl radicals formation. As in BF07 and
BF10, minor benzene consumption routes form a-C3H4, p-C3H4 and a-
C3H5 through cyclopentadiene dissociation or reaction with a hydrogen
atom. Contributions of kinetic pathways converting C3H3, C3H4 and
C3H5 compounds into smaller hydrocarbons are presented into figures
4.51 and 4.52 for BF18 and BF20, respectively. The kinetic scheme of
C3 hydrocarbon consumption is similar to BF07 and BF10, except that
reactions depending on H atom are promoted and those depending on
oxygenated compounds are disadvantaged, due to the increase of the
equivalence ratio. Highest flame temperatures of BF18 and BF20, com-
pared to BF07 and BF10, allow some dissociation reactions to compete
with pathways previously discussed.

Figure 4.53 compares experimental and predicted mole fraction profiles
of C3Hx compounds measured in this work. The mole fraction profile of
C3H3 is well predicted in BF10 and BF20, but is slightly underestimated
in BF07. However, our mechanism significantly improves propargyl rad-
ical prediction in soitchiometric and lean conditions, compared to the
model of Richter and Howard [92]. This observation supports our hy-
pothesis that additional consumption pathways connecting the phenoxy
radical to propargyl radicals should be active in benzene flames. The de-
veloped kinetic model well predicts mole fraction profiles of a-C3H4 and
p-C3H4 over the entire range of equivalence ratios. Although the kinetic
model of Richter and Howard is unable to reproduce the allene/propyne
mole fractio ratio, figure 4.53 shows that our mechanism achieve good
predictions. The C3H6 is underestimated in BF07 and BF10 by our
kinetic model, whereas in BF18 and BF20 it is well reproduced. The
Richter and Howard has a bad predictive capability over the entire range
of equivalence ratios. All considered, one concludes that the developed
kinetic model brings significant improvements to the modeling of C3Hx

hydrocarbons in benzene flames.
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Figure 4.51: kinetic scheme of C3Hx hydrocarbons in BF18

Figure 4.52: kinetic scheme of C3Hx hydrocarbons in BF20
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Figure 4.53: experimental and predicted mole fraction profiles of
propargyl radicals (C3H3), allene (a-C3H4), propyne (p-C3H4) and
propylene (C3H6). Gray scale symbols represent experiments (4 BF07,
o BF10, � BF18, ♦ BF20). Solid and dashed curves in corresponding
gray scale stand for predictions of present and Richter and Howard [92]
models, respectively.
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Consumption of C2Hx and C1Hx hydrocarbons.

As depicted in figure 4.43 on page 158, benzene consumption produces
C2 hydrocarbons from paths 1, 2, 3 and 4. In BF07 and BF10, paths
1 and 2 involving phenoxy radical consumption into C3H3 + C2H3 and
C2H2 + C2H3 dominate the C2 hydrocarbon formation. In BF18 and
BF20, the highest flame temperatures promote dissociation reactions.
Therefore, paths 3 and 5 become major C2 formation channels. In addi-
tion to these pathways, C4Hx and C3Hx consumption routes equally pro-
duce C2 hydrocarbons, as depicted in figures of previous sections.

Figures 4.54 and 4.55 present main consumption routes of C2Hx and
C1Hx hydrocarbons in BF07 and BF10, respectively. Vinyl radical
(C2H3) is principally consumed through H abstraction reactions giving
acetylene (C2H2), which in turn mainly reacts with O atom, forming
HCCO + H and CH2 + CO. In addition to C2H2, vinyl radical con-
sumption produces CH2CO +H and CH2CHO +O through reactions
with O atom and O2, respectively. In addition to the C2H3 + O reac-
tion, ketene (CH2CO) is produced from C4Hx and C3Hx consumption,
as discussed previously. Consequently, ketene seems to be an impor-
tant intermediate species in benzene flames. It is mainly consumed into
HCCO by H abstraction reactions, and into CH3 +CO and CH2 +CO

by reactions with H and O atoms, respectively. CH2CHO is principally
converted to CH3 + CO and CH3 + HCO by decomposition reaction
and reaction with H atom, respectively. These reactions, together with
CH2CO+H � CH3 +CO and i-C4H5 +H � CH3 +C3H3, dominates
methyl radical formation in BF07 and BF10. CH3 principally produces
CH2O and CH2(S) (methylene singlet radical) through reactions with
O atom and OH radical. Minor consumption channels lead to CH4,
C2H6 and C2H5 formation. Ethane (C2H6) is consumed by H abstrac-
tion reactions giving C2H5, which subsequently reacts with H atom and
OH radical, respectively forming methyl radical and ethanol (C2H5OH).
Ethanol is converted by H abstraction reactions to CH3CHOH, which
in turn gives CH3CHO. Its consumption either produces the CH2CHO

radical previously discussed or the CH3CO radical that decomposes into
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methyl radical and carbon monoxide. HCCO consumption yields CO,
CO2 and CH2(S). CH2(S) isomerizes into the methylene triplet (CH2)
radical or reacts with O2, giving carbon monoxide. The consuption of
the methylene triplet radical produces CO, CO2, CH2O, CH andHCO.
CH2O and CH are consumed into HCO that is converted into carbon
monoxide.

In BF18 and BF20, kinetic schemes of C2Hx are globally similar to
those of BF07 and BF10, except that reactions depending on O atom
are disadvantaged, compared to reactions involving H atom. More-
over, decomposition reactions are promoted due to the highest flame
temperatures. Whereas in BF07 C2H5 decomposition into C2H4 + H

is negligible, it accounts for 40%, 84% and 87% of C2H5 consumption
in BF10, BF18 and BF20, respectively. The same phenomenon occurs
for C2H3 � C2H2 + H, CH2CHO � CH2CO + H and CH2OH �

CH2O +H.

In BF07, the most important CO production channels are HCO+O2 �

CO+HO2, HCCO+H � CO+CH2(S) and C2H2 +O � CH2 +CO

that are responsible of 23%, 10% and 8% of its formation, respec-
tively. In BF20 these channels are HCCO + H � CO + CH2(S),
C3H2 + O2 � CO + HCCO + H and C6H5O � C5H5 + CO that
contributes to 17%, 12% and 10% of carbon monoxide formation, re-
spectively. This change in primary CO formation channels between
BF07 and BF20 can be explained by the highest flame temperature of
BF20, compared to BF07, which promotes dissociation reactions such
as C6H5O � C5H5 + CO and C5H5 � C3H3 + C2H2. As depicted in
figure 4.52 on page 169, propargyl radicals (C3H3) formed by this last re-
action are mainly consumed into C3H2, which is a major CO precursor.
The increase in the contribution of the HCCO + H � CO + CH2(S)
reaction comes from the highest equivalence ratio of BF20, compared to
BF07, advantaging reactions depending on H atoms. Carbon monoxide
is only consumed through reaction with OH radical, forming CO2 +H.
Therefore, the CO consumption rate is slow compared to its production
rate and its mole fraction persists in burnt gases. In flames with low
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Figure 4.54: kinetic scheme of C2Hx and C1Hx hydrocarbons in BF07.
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Figure 4.55: kinetic scheme of C2Hx and C1Hx hydrocarbons in BF10.
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Figure 4.56: kinetic scheme of C2Hx and C1Hx hydrocarbons in BF18.
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Figure 4.57: kinetic scheme of C2Hx and C1Hx hydrocarbons in BF20.
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Figure 4.58: experimental and predicted mole fraction profiles of
ethane (C2H6), acetylene (C2H2) and methane (CH4). Gray scale sym-
bols represent experiments (4 BF07, o BF10, � BF18, ♦ BF20). Solid
and dashed curves in corresponding gray scale stand for predictions of
present and Richter and Howard [92] models, respectively.
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equivalence ratios, such as BF07 and BF10, OH concentration are high
and CO2 formation is stimulated, compared to BF18 and BF20.

Over the entire range of equivalence ratios, main H2O formation routes
are OH + H2 � H2O + H and C6H6 + OH � C6H5 + H2O. The
OH radical is formed from the chain branching reactions H + O2 �

OH+O and O+H2 � OH+H. In BF07, molecular hydrogen is formed
from H abstraction reactions on vinyl and propargyl radicals, yielding
acetylene and propargylene, respectively. In BF20, high concentration
of H atom stimulates C6H6 +H � C6H5 +H2 that become the principal
H2 formation route, whereas C3H3 +H � C3H2 +H2 is still the second
most important channel.

Figure 4.58 on the previous page compares mole fraction profiles of
C2H6, C2H2 and CH4 predicted by present and RH models to mea-
surements performed in benzene flames of this work. Whereas acetylene
mole fraction profile is accurately reproduced in all investigated flames,
C2H6 and CH4 are underestimated in BF07 and BF10 and C2H6 is
overestimated in BF18 and BF10. Since ethane and methane are pro-
duced from methyl radical recombination reactions, underestimation of
their maximum mole fractions in BF07 and BF10 should be due to an
underestimation of CH3 radical concentrations. However, compared to
the model of Richter and Howard, the developed model significantly
improves predictions of ethane and methane mole fractions. The nice
fit between C2H2 measurements and predictions over the investigated
range of equivalence ratios supports the hypothesis of phenoxy radical
consumption into C2H3 and C2H2. All considered, we conclude that the
developed mechanism brings significant improvement to the prediction
of C2 hydrocarbons in benzene flames.

4.3.12 The main chemical species

Finally, figures 4.59 and 4.60 compare mole fraction profiles of main
chemical species predicted by the present and the RH models to mea-
surements performed in benzene flames of this work. In the present
work, a general good agreement is obtained for these main species. The
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Figure 4.59: experimental and predicted mole fraction profiles of car-
bon monoxide (CO), carbon dioxide (CO2) and molecular oxygen (O2).
Gray scale symbols represent experiments (4 BF07, o BF10, � BF18,
♦ BF20). Solid and dashed curves in corresponding gray scale stand for
predictions of present and Richter and Howard [92] models, respectively.
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Figure 4.60: experimental and predicted mole fraction profiles of wa-
ter (H2O) and molecular hydrogen (H2). Gray scale symbols represent
experiments (4 BF07, o BF10, � BF18, ♦ BF20). Solid and dashed
curves in corresponding gray scale stand for predictions of present and
Richter and Howard [92] models, respectively.

position of their mole fraction profiles is better predicted in BF07 and
BF10 with the developed mechanism than with that of Richter and
Howard [92].

4.3.13 Kinetic modeling of the pressure dependence of
BF20

The kinetic model whose development has been presented in previous
sections has been used to predict the influence of pressure on the richest
benzene flame structure. As depicted in table 4.2 on page 91, this ben-
zene flame with an equivalence ratio of 2 has been analyzed at 35 mbar
(noted the BF20-35 flame), 45 mbar (BF20) and 65 mbar (BF20-65) in
order to determine the effect of pressure on its structure. Unfortunately,
one has shown that the impact of pressure could not be distinguished
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Figure 4.61: experimental and predicted mole fraction profiles of CH4,
C2H2, a-C3H4, p-C3H4, C4H2, C4H4 and C5H6 in the richest benzene
flame, at 35 mbar (BF20-35), 45 mbar (BF20) and 65 mbar (BF20-
65). Gray scale symbols represent experiments (4 BF20-35, � BF20, ♦
BF20-65). Solid curves in corresponding gray scale stand for predictions
of the model developed in this work.
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of that of temperature, as the flame temperature is closely linked to
the working pressure. Indeed, the increase in pressure brings the flame
closer to the burner, increasing the heat transfer to its surface and there-
fore decreases the flame temperature. Consequently, this section does
not discuss how the pressure influences the flame structure but only
validates experimental mole fraction profiles of some major intermedi-
ates against predictions of the developed kinetic model (see figure 4.61).
Such a validation shows that the developed kinetic model well repre-
sents small pressure and temperature perturbations, demonstrating its
reliability.

Whereas the maximum mole fraction and the shape of methane mole
fraction profiles are not well reproduced, the increase in methane max-
imum with that of the working pressure is properly predicted by the
kinetic model. Concerning acetylene, the maximum mole fraction de-
creases with the pressure increase. Whereas this trend contrasts with
that observed for methane, it is well reproduced by the kinetic model.
Other main intermediates exhibit a pressure dependence similar to that
of acetylene. For each chemical species depicted in figure 4.61, the vari-
ation in maximum mole fractions are generally well predicted by the
kinetic model. Since these compounds are all important intermediates
of the benzene kinetic scheme, one can conclude that the developed
mechanism is well representative of slight pressure perturbations under
rich conditions.

4.4 Conclusions

Benzene oxidation has been experimentally investigated for many years
by several researchers. However one have shown that many uncertainties
remain on chemical pathways involved in its consumption. Among them,
roles of benzoquinone and phenoxy radical in aromatic oxidation are im-
portant points that have required some clarification. Whereas benzene
oxidation has been extensively investigated in chemical reactors, studies
devoted to its combustion are scarce, as to the best of our knowledge only
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three works describing premixed, laminar and one-dimensional benzene-
oxygen-argon flames have been published in the literature. These works
have been performed to acquire experimental data on PAH and soot for-
mation in flames, and have consequently only focused on rich aromatic
flames. However, the experimental investigation of lean and stoichiomet-
ric benzene-oxygen-argon flames should provide new experimental data
to guide the kinetic model development and should throw some light on
recurrent problems surrounding aromatic oxidation. We think that a
reliable kinetic modeling of benzene combustion under lean conditions
is the first step of PAH and soot modeling in rich hydrocarbon flames,
as their building blocks are produced during the fuel oxidation.

All things considered, experimental structures of six laminar, premixed
and one-dimensional benzene-oxygen-argon flames with equivalence ra-
tios spreading from 0.7 to 2 have been stabilized at low pressure on the
movable burner described in chapter 2. Their structures have been prin-
cipally investigated by Gas Chromatography, whereas Molecular Beam
Mass Spectrometry has been used to measure mole fraction profiles of
some key intermediates, undetected by GC. A particular attention has
been paid to mole fractions of phenoxy radical and benzoquinone in or-
der to help the kinetic model development. Experimental measurements
have shown that chemical species such as phenol, cyclopentadiene, viny-
lacetylene, propargyl radicals and acetylene are present in significant
concentration over the entire range of equivalence ratio, suggesting that
they should play a key role in benzene combustion. However, maximum
mole fractions of phenol, phenoxy radical and benzoquinone were found
to be relatively low, compared to other intermediates, indicating that if
they are important intermediates, their consumption routes should be
fast. These observations are inconsistent with results of kinetic modeling
studies on aromatic oxidation described in the literature, which predict
high concentrations of phenol, phenoxy radical and benzoquinone. To
the best of our knowledge, among these oxygenated compounds only
phenol and phenoxy radical were previously measured under rich ben-
zene flame conditions. Therefore, our experimental measurements bring
very new and pertinent data on aromatic oxidation, which are expected
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to help the understanding of reactions involved in benzene consump-
tion.

Predictions of the most recent kinetic model developed for benzene flame
chemistry have been compared with our flame measurements, in order
to assess its validity. Under rich conditions, one found that even if mole
fraction profiles of reactants, products and some intermediates are well
predicted, several discrepancies remain. Under lean and stoichiometric
conditions, that kinetic model is unable to predict the rate of fuel con-
sumption, shifting positions of maximum mole fractions towards burnt
gases. A comparative reaction rate analysis has shown that this under-
estimation of benzene consumption rate was due to a loop between phe-
noxy radical and phenol formation. Indeed, that model considers that at
lean and stoichiometric equivalence ratios, phenoxy radical principally
recombines with H atom, giving huge phenol concentrations that mainly
yield back the phenoxy radical through H abstraction reactions. This
kinetic model equally has a poor predictive capability for benzoquinone
and other main intermediates maximum mole fractions. Therefore, we
have developed a new kinetic sub-mechanism for benzene combustion,
able to better reproduce measurements of this work.

This new sub-model has been developed by performing a comprehensive
literature survey on high temperature reactions of each intermediate of
benzene oxidation. The model therefore includes recent insights per-
formed in reaction pathways and rate parameters of aromatic combus-
tion. For some years, theoretical calculations have become a powerful
tool in studying combustion reactions. When available, these investiga-
tions where taken into consideration for the kinetic model construction.
One has shown that benzene is mainly consumed either through H ab-
straction reactions giving phenyl radical, by reaction with an O atom
yielding phenoxy radical and H atom, or by a metathesis reaction with
the OH radical, producing phenol and H atom. Whereas phenoxy radi-
cal formation is most important under fuel lean conditions, which exhibit
a higher O atom concentration compared to rich flames, H abstraction
reactions dominate benzene consumption over the entire range of equiv-
alence ratios. The phenyl radical reaction with molecular oxygen is fast
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and accounts for the vast majority of phenyl radical consumption in
flames. However, one has shown that this reaction is highly complex
and that many uncertainties remain on the branching ratio between its
potential products. Previous experimental investigations have shown
that two main channels should be active and that one produces phe-
noxy radical and O atom. Consequently, this channel has been included
into our kinetic model. It is known that the second channel produces
H atom and many researchers suggested that benzoquinone is the co-
product. However, when this channel is considered our kinetic model
cannot reproduce the low maximum mole fraction of benzoquinone that
has been measured in this work, even using a sub-mechanism experi-
mentally validated for benzoquinone consumption. Therefore, based on
theoretical investigations of phenyl radical reaction with molecular oxy-
gen, it is suggested that the second channel of this reaction forms n-C4H5

and CO, instead of benzoquinone and H atom. This change allows to
well predict benzoquinone measurements. Under rich conditions, phenyl
radical decomposition into n-C4H3 + C2H2 and l-C6H4 + H are found
to compete with reactions involving O2. The predictions of the phenyl
radical mole fraction profile in BF18 has been successfully compared
to experimental data from the literature. As discussed previously, phe-
noxy radical reactions are badly reproduced by the kinetic model taken
in the literature and improvements were therefore needed. We have
suggested that the reaction of phenoxy radical and H atom does not
produce phenol but cyclohexadienone and that cyclohexadienone might
reacts with H atom forming propargyl and vinyl radicals. Whereas this
overall reaction pathway is hypothetical, one has shown that some evi-
dences support this assumption. Moreover, this new channel allows to
prevent the loop appearing in other kinetic models and to better pre-
dict propargyl radicals and acetylene formation under lean conditions.
Concerning cyclopentadienyl radical, one has taken into account recent
works on its oxidation, showing that cyclopentadienone formation does
not occur, as generally postulated by other kinetic models. Our fruitless
tentatives to measure this compound confirm this recent finding and one
has considered that cyclopentadienyl radical react with O atom forming
cyclopentadienoxy radical. Cyclopentadienoxy radical subsequently de-
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composes into n-C4H5 radical and CO. Kinetic sub-mechanisms found
in the literature and developed in the lab have been used for C4 and
C3 to C1 reactions, respectively. The whole kinetic model has a bet-
ter predictive capability than previous mechanisms published into the
literature. Intermediates such as phenyl radical, phenol, benzoquinone,
cyclopentadienyl radical, cyclopentadiene and propargyl radicals, known
to play an important role in aromatic oxidation are well reproduced by
the developed model.

The benzene flame structure with an equivalence ratio of 2 has been mea-
sured at 35, 45 and 65 mbar in order to assess the influence of pressure
on soot precursors formation. Unfortunately, pressure and temperature
effects cannot be distinguished as the pressure variation implies a change
in flame position, and thus in the heat transfer towards the burner sur-
face. The increase of the working pressure therefore decreases the flame
temperature. Whereas the pressure influence on the kinetic model has
not been determined, predictions of the kinetic model have been com-
pared to experimental measurements. The developed model well predict
the changes in the working pressure, showing that the model may be used
for the modeling of benzene flames analyzed at higher pressures. How-
ever, the investigated pressure range is small and should be enlarged
prior to predict benzene combustion at atmospheric conditions.

Finally, our work has brought valuable experimental data on benzene
combustion that should help to improve the current understanding of
aromatic oxidation. Since no kinetic models were able to reproduce all
our measurements, we developed a new mechanism that has allowed
us to test some recent results on kinetics of certain reactions and to
throw some light on recurrent uncertainties, as benzoquinone or phenol
formation. However, many uncertainties remain and further works are
still needed, especially on phenyl radical reaction with O2 and phenoxy
radical reactions with the radical pool in order to verify assumptions
performed in this work.



5
Toluene combustion

5.1 Introduction

In the same way as benzene, high temperature reactions of toluene have
been investigated under many different conditions. Many groups investi-
gated toluene pyrolysis in order to focus on its decomposition reactions,
whose understanding is essential to determine mechanism of toluene ox-
idation in chemical reactors and flames. To our best knowledge, toluene
pyrolysis was firstly investigated in 1939 by Tilicheev [176], who found
that toluene decomposition has an activation energy of 70 kcal mol−1

and is about 13 times faster than that of benzene. In 1943, Hein and
Mesee [177] studied toluene pyrolysis in presence of mercury vapor and
succeeded in isolating mercury-di-benzyl as a product of the reaction.
Authors postulated from the detection of this chemical species that the
first step of toluene pyrolysis should be the rupture of a methyl CH bond,
giving the resonantly stabilized benzyl radical. In 1948, Szwarc [178]
equally investigated toluene pyrolysis and measured the formation of
molecular hydrogen, methane and dibenzyl. The author proposed a
mechanism explaining the formation of these products, which has been
extensively reviewed between 1948 and 1962 [179–182].

The model proposed by Price [182] in 1962 is depicted in table 5.1.
It consists in toluene dissociation into benzyl radical (b-C7H7) and H

187



188 Chapter 5. Toluene combustion

Table 5.1: mechanism of toluene pyrolysis proposed by Price [182] in
1962.

Reactions
R1 C7H8 � b− C7H7 +H
R2 H + C7H8 � b− C7H7 +H2
R3 H + C7H8 � C6H6 + CH3
R4 CH3 + C7H8 � b− C7H7 + CH4
R5 H + C7H8 � C6H4CH3 +H2
R6 CH3 + C7H8 � C6H4CH3 + CH4
R7 C7H8 � C6H5 + CH3
R8 2CH3 � C2H6

atom (see reaction R1 of table 5.1), followed by H atom reactions with
toluene, giving either benzyl radical and H2 or methyl radical and ben-
zene, through reactions R2 and R3, respectively. The reaction between
methyl radical and toluene can form benzyl radical and methane, as
depicted by reaction R4. Beside H abstraction reactions on the methyl
group of toluene, Price highlighted that abstraction of hydrogen atom
onto the phenyl ring may play a significant role at high temperatures,
as summarized by reactions R5 and R6. The author equally postulated
that the dissociation of toluene into phenyl and methyl radicals (see
reaction R7) should play a negligible role, compared to that forming
benzyl radical and H atom.

After the Price’s study, the appearance of new experimental techniques
has allowed to identify additional reaction products such as C7H7, C7H6,
C7H5, C6H6, C5H5, C4H4, C4H3, C3H3 and C2H2 [183, 184]. Further
studies were therefore devoted to the mechanism of toluene pyrolysis in
order to extend the Price’s mechanism to the formation of C2, C3, C4 and
C5 hydrocarbons. The decomposition of benzyl radical has been rapidly
postulated as responsible of such chemical species formation and various
chemical pathways have been proposed by Rao and Skinner [185], Ben-
son [186] and Colket and Seery [187]. These decomposition channels are
quite complex and were surrounded by a high uncertainty until recently,
as further discussed in this chapter. In addition to C1 to C7 hydrocar-
bons, in 1994 Colket and Seery [187] equally detected the formation of
polycyclic aromatic hydrocarbons in toluene pyrolysis experiments and
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consequently proposed an updated mechanism to reproduce their mea-
surements. Authors postulated that an overall reaction between benzyl
and propargyl radicals might yield naphthalene and two hydrogen atoms,
explaining the significant levels of naphthalene and other observed PAHs.
This naphthalene formation pathway will be further discussed in chapter
6, dealing with PAH formation in our benzene and toluene flames. Be-
side these insights performed in toluene pyrolysis, first experiments on its
oxidation began in 1979 when McLain and co-workers [64] measured ig-
nition delay times of toluene-oxygen-argon mixtures under shock waves.
Authors developed a simplified kinetic model based on findings derived
from pyrolysis experiments, and added reactions involving oxygenated
compounds, such as H abstraction reactions on toluene by O2 and O

atom and overall reactions of the benzyl radical with O2 and O atom,
forming 2CO + C3H5 + C2H2 and CH2O + C6H5, respectively.

One had to wait the pioneer works of the Brezinsky’s group [78,188] in
1984 and 1992 to better understand the high temperature oxidation of
the methyl side chain of toluene. In these studies, this group performed
a turbulent flow reactor analysis of toluene oxidation and proposed that
benzyl radical reacts faster with radicals than with the molecular oxy-
gen. Consequently, authors developed a detailed kinetic model where
benzyl radical reacts with O atom and HO2 radical, respectively form-
ing benzaldehyde + H or + OH. Then, they suggested that benzalde-
hyde can undergo H abstraction reactions forming the benzoyl radical,
which subsequently decomposes into phenyl radical and carbon monox-
ide. This kinetic scheme contrasts with previous hypothesis of McLain
and co-workers [64], who considered a direct CC bond fission after the
O atom addition on the benzyl radical, forming C6H5 +CH2O. Brezin-
sky and co-workers equally mentioned that benzyl radical can recombine
with OH radical forming benzylalcohol, which can subsequently produce
benzaldehyde throughH atom abstraction reactions, followed by the loss
of a hydrogen atom. In 1996 and 1998, the Brezinsky’s group respec-
tively determined laminar burning velocities of toluene-air flames [86]
and experimentally investigated oxidation of toluene-butane blends in
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a flow reactor [189]. Authors updated their kinetic model in order to
reproduce all these new measurements.

In addition to shock tubes and turbulent flow reactors, toluene oxidation
was equally investigated in flames. In 1987, Hamins and Seshadri [190]
performed an experimental analysis of toluene combustion in diffusion
flames and measured mole fraction profiles of numerous compounds by
gas chromatography. In 1990, Hamins and co-workers [191] compared
a pure methane diffusion flame to a methane-toluene one, in order to
deduce some mechanistic indications. Authors showed that benzene for-
mation should be one of the main toluene consumption routes in flames,
confirming pyrolysis mechanisms previously postulated (see reaction R3
of table 5.1). In 1996, Lindstedt and Maurice [192] developed a more
detailed kinetic model whose predictions satisfactorily compare with re-
actor data of Brezinsly and co-workers [188], diffusion flame measure-
ments of Hamins and Seshadri [190] and flame speed measurements of
the Brezinsky’s group [86]. Comparatively to the kinetic scheme outlined
by Brezinsky and co-workers [78, 188], the mechanism of Lindstedt and
Maurice contains additional toluene consumption pathways, including
benzyl radical decomposition reactions [192].

Surprisingly, one has to wait 2007 for new investigations devoted to
toluene oxidation in flames. El Bakali and co-workers [23] investigated
a laminar, premixed and one-dimensional methane flame, seeded with
toluene and burning at low pressure. Measurements satisfactorily com-
pared to predictions of a new kinetic model, whose toluene sub-mechanism
was based on the work of Lindstedt and Maurice [192]. In the mean
time, Dagaut and co-workers [21] investigated toluene oxidation in a jet
stirred reactor, at various temperatures and equivalence ratios. Authors
measured concentration profiles of 20 chemical species and satisfactorily
compared these data to predictions of their model developed for benzene
oxidation in 2001 [22]. In 2005, Bounaceur and co-workers [193] per-
formed new flow reactor and shock tube measurements on toluene oxida-
tion and developed a detailed kinetic model to compare with their mea-
surements. In 2004, 2005 and 2006, the Brezinsky’s group investigated
toluene oxidation and pyrolysis under high pressure conditions [194–197].
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Authors updated their kinetic model to reproduce their experiments and
reached a good fit between measurements and predictions.

Since 2007, important insights were performed into the understanding
of toluene combustion. These improvements were allowed by the contri-
bution of theoretical chemistry to analyze complex reaction pathways.
As an example example, Klippenstein and co-workers [198] have theo-
retically determined the fall-off behavior and branching ratios of toluene
decomposition through CH and CC bond fissions (see reactions R1 and
R7 of table 5.1) and successfully compared their calculations to mea-
surements performed by Eng and co-workers [199] in 2002. The work
of Klippenstein has thrown light on uncertainties that remained since
1939 and its introduction into new kinetic models should be of particular
importance. Recently, da Silva and co-workers [200–202] and Cavallotti
and co-workers [203] have theoretically investigated reactions involving
benzyl radical and methylphenyl radicals, whose consumptions involve
complex channels that were still misunderstood. They found that ben-
zyl radical may decompose into H atom and fulvenallene (C7H6), which
can subsequently react with hydrogen atom, decomposing into cyclopen-
tadienyl radical and acetylene. Moreover, authors calculated kinetic
parameters of these reactions in order to help detailed kinetic model
developments. At the same time of our work, Li and co-workers [204]
have used the new tunable synchrotron technique to investigate the first
laminar, premixed and one-dimensional toluene-oxygen-argon flame. In
this rich flame, authors have measured a significant concentration of
the C7H6 compound, previously predicted by theoretical investigations,
but did not provide an update kinetic model to interpret their mea-
surements. As presented in this chapter, such a kinetic model has been
developed in this work and published in 2009 [24]. The model confirms
that fulvenallene formation is an important pathway of toluene combus-
tion chemistry.

Very recently, Tian and co-workers have published a new kinetic model
that well predicts a rich toluene flame [205]. The same year, we have
published new structures of toluene flames burning at lean and stoichio-
metric conditions, together with an updated kinetic model [25]. There-
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fore, the model presented in this work is the first validated over a wide
range of equivalence ratios. Li and co-workers equally published lean and
stoichiometric toluene flame structures in 2011 [206], demonstrating that
toluene combustion has really become a central theme of research.

The present chapter exposes the experimental structures of laminar,
premixed and one-dimensional toluene-oxygen-argon flames partly pub-
lished in [24] and [25]. In addition, it provides new measurements per-
formed at an equivalence ratio of 1.8. The kinetic model developed in
the previous chapter has been extended to toluene combustion, in order
to compare its predictions with experimental flame structures. The main
toluene consumption channels are highlighted by comparative reaction
rate analyses and the dependence of these pathways to the equivalence
ratio and the flame temperature is investigated.

5.2 Experimental results

This section presents the experimental measurements performed in lam-
inar, premixed and one-dimensional toluene-oxygen-argon flames in this
work. Similarly to benzene flames discussed in the previous chapter,
toluene flames have been stabilized at low pressure on the experimental
setup presented in chapter 2 and have been investigated with equivalence
ratios (φ) spreading from 0.7 to 2. This wide range of φ should allow
to identify its influence on main reaction pathways of toluene combus-
tion. Table 5.2 summarizes flame parameters and provides flame codes
that will be used throughout this chapter. A more detailed descrip-

Table 5.2: toluene flame parameters

Code φ
P Mass flux Fresh gas composition

mbar (g s−1 cm−2) χC7H8 χO2 χAr
TF07 0.7 45 2.94 10−3 2.26 10−2 2.9 10−1 6.87 10−1

TF10 1.0 45 2.99 10−3 2.26 10−2 2.03 10−1 7.74 10−1

TF18 1.8 45 3.12 10−3 9.89 10−2 4.94 10−1 4.07 10−1

TF20 2.0 45 3.15 10−3 9.89 10−2 4.45 10−1 4.56 10−1
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tion of flame characteristics and parameters is proposed in the appendix
B.

Similarly to benzene flames of the previous chapter, the dilution ratios
of rich toluene flames have been chosen to maximize the soot precursor
concentrations, while preventing the occurrence of excessive tempera-
tures in the burnt gases. As the maximum flame temperature increases
near the stoichiometry, lean and stoichiometric toluene flames have been
investigated at higher dilution ratios. Initial mole fractions of toluene
in TF20 and TF18 have been chosen to keep the total carbon content
similar to that of rich benzene flames, according to equation 5.1.

χC7H8 = χC6H6 ×
6
7 (5.1)

The working pressure and fresh gas velocity vc of each investigated flame
is respectively 45 mbar and 41 cm s−1 at 298 K. Lean and stoichiometric
toluene flames depict a typical blue color, whereas rich flames are greener
and orange in the burnt gas region, as soot emits in this part of the visible
spectrum. As Benzene flames, the soot production of rich toluene flames
is confirmed by its deposition on the wall of the combustion chamber,
and particularly on the quartz nozzle. To avoid blocking the hole of the
quartz nozzle, measurements in the sooting region have to be rapidly
performed.

5.2.1 Investigated flame temperatures

Figure 5.1 presents temperature profiles of toluene-oxygen-argon flames
investigated in this work. Each flame depicts a preheating zone where
temperature rises slowly, a flame front where the heat exchange is maxi-
mum, and a burnt gas region where temperature slightly decreases. Fig-
ure 5.1 shows that TF18 and TF20 have maximum temperatures close
to 1800 K, higher than those measured in TF10 and TF07 (about 1650
K). This observation contrasts with the theory that predicts occurrence
of maximum flame temperatures around the stoichiometry. The lowest
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Figure 5.1: experimental temperature profiles of toluene-oxygen-argon
flames. X-axis and Y-axis respectively represent the height above the
burner in cm and the measured temperature in K. Flame codes refer to
table 5.2.

dilution ratios of TF18 and TF20 (see table 5.2), compared to TF10 and
TF07, fully explains this behavior.

Adiabatic flame temperatures have been calculated for toluene flames
presented in table 5.2 and are summarized in the appendix C.

5.2.2 Influence of equivalence ratio on flame structures

This section presents measurements performed in the toluene flames of
this work. Since many chemical species are common with benzene flames
exposed in the previous chapter, the following discussion focuses on a
comparison between experimental toluene and benzene flame structures.
These observations bring important clues to understand the impact of
the methyl group of toluene on its flame chemistry, which will be dis-
cussed in more details in the following sections.

Figures 5.2, 5.3, 5.4 and 5.5 respectively present measurements per-
formed in TF07, TF10, TF18 and TF20. In TF07 and TF10, toluene
is fully consumed at 0.6 and 0.8 cm of the burner surface, respectively.
On the contrary, molecular oxygen remains in burnt gases of TF07 and
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Figure 5.2: experimental flame structure of the lean toluene-oxygen-
argon flame TF07. The X-axis and Y-axis represent the height above the
burner in cm and the mole fraction measured for each chemical species,
respectively. If indicated, mole fraction profiles are multiplied or divided
by a factor allowing its fit in the graph.
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Figure 5.3: experimental flame structure of the stoichiometric toluene-
oxygen-argon flame TF10. X-axis and Y-axis respectively represent the
height above the burner in cm and the mole fraction measured for each
chemical species. If indicated, mole fraction profiles are multiplied or
divided by a factor allowing its fit in the graph.
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Figure 5.4: experimental flame structure of the rich toluene-oxygen-
argon flame TF18. X-axis and Y-axis respectively represent the height
above the burner in cm and the mole fraction measured for each chemical
species. If indicated, mole fraction profiles are multiplied or divided by
a factor allowing its fit in the graph..
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Figure 5.5: experimental flame structure of the rich toluene-oxygen-
argon flame TF20. X-axis and Y-axis respectively represent the height
above the burner in cm and the mole fraction measured for each chemical
species. If indicated, mole fraction profiles are multiplied or divided by
a factor allowing its fit in the graph..
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TF10, with mole fractions of 1 10−1 and 2.5 10−2, respectively. Since
TF10 is a stoichiometric flame, O2 should theoretically be completely
consumed in burnt gases, in the same way as toluene. However, car-
bon monoxide and molecular hydrogen are still present in burnt gases,
indicating that the combustion reaction is not fully completed. Con-
sidering that experimental mole fractions of CO and H2 persisting in
burnt gases of TF10 still have to be consumed through the overall reac-
tion O2+H2+CO � CO2+H2O, O2 mole fraction in burnt gases should
be of 2.2 10−2, which is very close to the measured value of 2.5 10−2.
The increase of the χCO/χCO2 ratio in TF10, compared to TF07, can be
explained by the main CO consumption route CO + OH � CO2 + H,
which is disadvantaged under rich conditions, depicting lower OH con-
centrations. In TF18 and TF20, toluene and molecular oxygen are fully
consumed around 0.8 and 1 cm, respectively. This obviously demon-
strates that contrarily to O2 in lean flames, the excess of fuel is fully
consumed in rich flames. It is converted to H2, some hydrocarbons such
as polyacetylenic compounds and soot, which all persist in the burnt gas
region.

Compared to benzene flames, methane (CH4) is an important inter-
mediate of rich toluene combustion. This may be explained either by
reactions substituting the methyl group of toluene by a H atom, yield-
ing methane and benzene, or by toluene decomposition into phenyl and
methyl radicals, which can subsequently recombine with a hydrogen
atom into CH4. In the same way as CH4, maximum mole fractions
of ethane (C2H6) significantly increase in toluene flames. Since methyl
radical is a major methane precursor and CH3 recombination yields
C2H6, this observation is consistent with higher methane mole fractions
measured in toluene flames, compared to benzene flames. Acetylene
(C2H2) maximum mole fractions are significant over the entire range of
equivalence ratios and are close to those measured in corresponding ben-
zene flames. This observation suggests that acetylene formation routes
in toluene flames might be analogous to those of benzene flames. As
in benzene flames, the main C3 and C4 hydrocarbons detected are al-
lene (a-C3H4), propyne (p-C3H4), propylene (C3H6), propane (C3H8),
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diacetylene (C4H2), vinylacetylene (C4H4) and butadiene (1,3-C4H6).
Similarly to acetylene, their maximum mole fractions are close to those
measured in benzene flames with similar equivalence ratios, indicating
that C2, C3 and C4 hydrocarbons may be formed through reaction path-
ways which are common to benzene and toluene combustion. The only
C5 hydrocarbon that has been identified is cyclopentadiene (C5H6) and
its maximum mole fractions in TF07 and TF10 are similar to those mea-
sured in BF07 and BF10. Under rich conditions, toluene flames exhibit
lower C5H6 mole fractions than corresponding benzene flames, whereas
cyclopentadiene is still present in high concentrations. As in benzene
combustion, the parent radical of C5H6 (cyclopentadienyl radical, C5H5)
might therefore be a central intermediate of toluene consumption, con-
nected to C4 and C3 hydrocarbons. This assumption could explain sim-
ilarities observed between mole fraction profiles of several C4, C3 and
C2 hydrocarbons in benzene and toluene flames, and is coherent with
previous pyrolysis studies on toluene which demonstrated that C5H5 is
a key intermediate of its thermal decomposition [187]. Benzene (C6H6)
maximum mole fractions are significant over the entire range of equiva-
lence ratios. This suggests that benzene is a key intermediate of toluene
combustion and that a significant overlap between toluene and benzene
flame chemistry should exist. This assumption confirms analogies ob-
served between benzene and toluene flames and may explain important
cyclopentadiene concentrations, since it is an important intermediate
of benzene combustion. In the same way as methane, significant ben-
zene mole fractions support that substitution of the methyl group of
toluene by a H atom may play an important role in the toluene combus-
tion.

In oder to throw some light on toluene decomposition into benzyl radi-
cal + H atom and its subsequent degradation into C7H6 intermediates,
MBMS measurements at m/z ratios corresponding to C7H7 and C7H6

have been performed. Surprisingly, in TF20 the maximum mole fraction
of benzyl radical is 10 times higher than that of the phenyl radical in
BF20. This significant difference should come from the resonant stabi-
lization of the benzyl radical, which makes it less reactive to O2 than
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phenyl radical. The measurement of a C7H6 maximum mole fraction
as high as 5 10−4 in TF20 and below the detection limit in TF07 and
TF10 is an interesting finding which indicates that C7H6 may only be
an important decomposition product of benzyl radical at temperatures
as high as those measured in TF20. This confirms previous theoretical
studies showing that the decomposition of benzyl radical into C7H6 +H

might be an important consumption route [200–203]. Measurements
performed in this chapter provide relevant experimental data that will
allow to compare with recent rate parameters proposed for the kinetic
modeling of benzyl radical decomposition. MBMS measurements have
equally been performed at an m/z ratio corresponding to benzaldehyde
(C7H6O), as it is though to be an important intermediate of the ben-
zyl radical oxidation. C7H6O is present in significant mole fractions
in all investigated toluene flames and the ratio between benzyl radical
and benzaldehyde mole fractions increases towards lean conditions, con-
firming that this pathway play a key role in toluene and benzyl radical
oxidation.

The measurement of mole fraction profiles of larger chemical species has
equally been achieved. Phenylacetylene (C8H6), styrene (C8H8), naph-
thalene (C10H8), methylnaphthalene isomers (1-C11H10 and 2-C11H10)
and biphenyl (C12H10) have been detected in rich toluene flames. Phenan-
threne mole fraction was close to the detection limit but its maximum
mole fraction is estimated to 5 10−6. Styrene formation is highly stim-
ulated in toluene flames, compared to benzene flames, indicating that
its formation could depend on the benzyl radical. Phenylacetylene mole
fractions are similar in benzene and toluene flames, whereas naphtha-
lene mole fractions are higher in toluene flames. This suggests that
phenylacetylene may not be an important intermediate of naphthalene
formation in aromatic flames, whereas its formation pathways are fa-
vored in toluene combustion. Biphenyl maximum mole fraction is three
times lower in toluene flames than in benzene flames. This observation
demonstrates that reactions such as the phenyl radical self recombina-
tion or the phenyl radical addition to benzene, followed by the loss of an
H atom may play an important role in its formation. The development
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of a kinetic sub-model devoted to molecular growth and PAH formation
will be the subject of the next chapter. The present chapter only focuses
on toluene oxidation in flames.

5.3 Discussion on toluene combustion chemistry

This section presents the development of a detailed kinetic sub-model
for toluene combustion and compares its predictions to the experimental
results. The following discussion is divided into several subsections that
each corresponds to flame chemistry of specific intermediates of toluene
combustion. For each intermediate compound, reactions leading to its
formation are presented and choices in consumption pathways and ki-
netic parameters are justified by a comprehensive literature survey on
its flame chemistry. The predictive capability of the developed kinetic
sub-model is evaluated for each compound by comparing its predictions
to mole fraction profiles measured in TF07, TF10, TF18 and TF20 or to
experimental data available in the literature. In addition to our kinetic
model predictions, experimental results are compared to predictions of
the mechanism developed by Richter and Howard for benzene combus-
tion [92], called the RH model, in order to assess improvements brought
by the present study. Finally, comparative reaction rate analyses allow
to determine the importance of each reaction pathway in consumption
or formation of every intermediate compound. The discussion begins
with toluene, introduced as a reactant in flames described in this chap-
ter.

5.3.1 The toluene sub-model

The toluene molecule consists in a benzene ring with a hydrogen atom
replaced by a methyl group. This slight difference has a deep impact
on toluene combustion, as H abstraction reactions may now react with
this new CH3 group, yielding the benzyl radical which is not an impor-
tant intermediate of benzene combustion. Moreover, the methyl group
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transforms the D6h symmetry of benzene into C2v. Consequently, all hy-
drogen atoms are no more equivalent and H abstraction reactions onto
the phenyl ring can lead to ortho, meta and para isomers. In addition to
these H abstraction reactions, toluene can undergo decomposition and
electrophylic addition reactions, as discussed hereafter.

Toluene consumption pathways

(i) Unimolecular dissociation reactions

The thermal decomposition of toluene has been investigated by many
researchers [183,184,187,199,207–212] who found that its main products
are H atom, methyl, phenyl and benzyl radicals. These compounds are
produced by reactions breaking either the CC bond between the phenyl
ring and the methyl group or a CH bond of the CH3, as respectively
summarized by reactions R1 and R2 of table 5.3. Whereas these works
provide kinetic measurements of these two reaction routes at various
pressures, no experimental studies fully describe the fall-off behavior
of toluene decomposition. In 2007, Klippenstein and co-workers [198]
performed a theoretical investigation of these reactions and calculated
their high and low pressure rate constants, together with their fall-off
parameters. Authors equally calculated that the recombination of ben-
zyl radical with an H atom can give toluene with an excess of energy,
which subsequently decomposes into phenyl and methyl radicals (see
reaction R3). Since Klippenstein and co-workers comprehensively in-
vestigated toluene decomposition and successfully validated their cal-
culations against several experiments, their rate parameters have been
included into the present kinetic model.

(ii) Reactions with OH radical

The toluene reaction with OH radical has been investigated by two
groups at high temperature [103, 216]. These works showed that H ab-
straction reactions on the methyl group of toluene (see reaction R4 of
table 5.3) is dominant above 500 K. Nevertheless, Seta and co-workers
highlighted that the H abstraction of a hydrogen atom onto the phenyl
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Table 5.3: C7H8 consumption reactions included into the kinetic
model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Decomposition reactions.
R1 b-C7H7+H+M � C7H8+M (k∞) 7.23 1013 0.06 0 [198]

b-C7H7+H+M � C7H8+M (k0) 3.03 10136 -33.35 55.6 [198]
Troe’s broadening factors: 1.63 10−1 / 7.14 102 / 7.28 102 / 5.11 103 [198]b

R2 C6H5+CH3+M � C7H8+M (k∞) 2.33 1014 -0.283 -0.2 [198]
C6H5+CH3+M � C7H8+M (k0) 6.74 1083 -19.22 15 [198]

Troe’s broadening factors: 7.35 10−1 / 6.00 104 / 5.13 102 / 1.00 105 [198]b
R3 b-C7H7+H � C6H5+CH3 4.5 1058 -11.9 51.9 [198]

Reactions with OH radical.
R4 C7H8+OH � b-C7H7+H2O 1.31 105 2.39 -0.6 [103]
R5 C7H8+OH � o-C6H4CH3+H2O 5.22 103 2.61 0.3 [103]
R6 C7H8+OH � m-C6H4CH3+H2O 7.4 103 2.69 0.9 [103]
R7 C7H8+OH � p-C6H4CH3+H2O 4.43 103 2.66 0.6 [103]
R8 C7H8+OH � HOC6H4CH3+H 1.32 102 3.25 5.6 [103]
R9 C7H8+OH � C6H5OH+CH3 7.82 102 2.88 3.2 [103]

Reactions with H atom.
R10 C7H8+H � b-C7H7+H2 6.47 3.98 3.4 [213]
R11 C7H8+H � o-C6H4CH3+H2 1.02 108 1.8 15.9 c
R12 C7H8+H � m-C6H4CH3+H2 2.73 108 1.8 16.7 c
R13 C7H8+H � p-C6H4CH3+H2 1.33 108 1.8 16.3 c
R14 C7H8+H � C6H6+CH3 9.50 105 2 0.9 [214]

Reactions with O atom.
R15 C7H8+O � b-C7H7+OH 6.3 1011 0 0 [215]
R16 C7H8+O � o-C6H4CH3+OH 1.02 1013 0 10.6 c
R17 C7H8+O � m-C6H4CH3+OH 2.73 1013 0 11.4 c
R18 C7H8+O � p-C6H4CH3+OH 1.33 1013 0 11 c
R19 C7H8+O � OC6H4CH3+H 5.55 1012 0 2.3 d
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1. b These parameters where calculated by
Enoch Dames and communicated by Klippenstein. c These rate constants have been
estimated by analogy with benzene (pre-exponential factors times by 5/6) and
branching ratios for ortho, meta and para isomers formations correspond to H
abstraction reaction with OH (reactions R5 to R7), investigated by Seta and
co-workers [103]. d This rate constant has been estimated by analogy with benzene
(pre-exponential factor times by 5/6). This reaction is not considered isomer
specific (see text).
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ring, as well as the substitution of the methyl group and that of a
H atom of the ring by OH radical, can compete at higher tempera-
tures. These latter reaction channels can yield three isomers of the
methylphenyl radical, through reactions R5 to R7 or give phenol and
cresol (HOC6H4CH3) by reactions R8 and R9. All these reactions
have been introduced into the kinetic model using rate parameters from
the work of Seta and co-workers [103]. In order to simplify the de-
veloped kinetic model and since the specific consumption of isomers of
HOC6H4CH3 are poorly known, our mechanism does not differentiate
between its ortho, meta and para isomers. This simplification will be
discussed in more details further. In figures of the following discussion,
HOC6H4CH3 and OC6H4CH3 will be represented as meta isomers, as
Seta and co-workers found that its formation dominates over the inves-
tigated temperature range.

(iii) Reactions with H atom

The toluene reaction with H atom can basically occur through four dif-
ferent pathways. The first abstracts a H atom on the methyl group,
yielding the resonantly stabilized benzyl radical, and was particularly
investigated by Ellis and co-workers [214] and Oehlschlaeger and co-
workers [213]. Authors found that this reaction is fast and should be
the dominant path under rich flame conditions. Rate parameters calcu-
lated by Oehlschlaegher and co-workers have been used in the developed
kinetic model for this reaction (see R10 of table 5.3). The second path
abstracts a hydrogen atom from the benzene ring, forming ortho, meta
and para methylphenyl radical isomers (C6H4CH3) through reactions
R11 to R13, respectively. These rate constants have been estimated us-
ing branching ratios determined by Seta and co-workers for the similar
reaction with the OH radical [103]. The overall rate constant has been
determined by analogy with H atom abstraction on benzene by hydro-
gen atom, whose pre exponential factor has been multiplied by a factor
5/6 to account for the replacement of a hydrogen atom by the methyl
group. The third path involves a H atom addition onto the carbon of
the benzene ring that is connected to the methyl group, followed by the
CC bond rupture giving benzene and methyl radical. High benzene con-
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centrations measured in this work over the entire range of equivalence
ratios indicates that this reaction should be important under combustion
conditions. The kinetics of this channel has equally been investigated
by Ellis and co-workers [214] and their rate constant parameters have
been used for reaction R14. The last reaction channel involves an H

atom addition onto a CH carbon atom of the toluene ring, giving vari-
ous methylcyclohexadienyl radicals. To our best knowledge, no studies
were devoted to this reaction. Since the previous chapter showed that
H atom addition onto the benzene ring does not compete with H atom
abstraction reactions, this reaction was not included into the toluene
sub-mechanism.

(iv) Reactions with O atom

The toluene reaction with O atom has been investigated in 1990 at high
temperature by Hoffmann and co-workers [215]. Authors measured the
overall rate of reaction C7H8 + O → products and estimated the over-
all rate constant of reaction R15 which abstracts an H atom of methyl
group of toluene, giving b-C7H7 +OH. In the previous chapter devoted
to benzene combustion, we showed that O atom can abstract an H atom
from the ring as well as perform an electrophylic addition, followed by
a CH bond fission giving phenoxy radical. In the same way as ben-
zene, O atom should be able to react with toluene forming methylphenyl
(C6H4CH3) or methylphenoxy (OC6H4CH3) radicals. Reaction param-
eters of these channels have been introduced into the chemical model by
analogy with benzene and pre exponential factors were multiplied by 5/6
in order to account for the replacement of a H atom by CH3 in toluene
(see reactions R16 and R19). As for reactions R11 to R13, branching
ratios determined by Seta and co-workers for the same reaction with
OH radical have been used [103]. The sum on rate constants introduced
for C7H8 + O reactions in our kinetic model only differs by a factor
comprised between 0.7 and 1.5 from the expression of Homann and co-
workers, proving that our estimated rates are satisfactory. Our kinetic
model does not differentiate between ortho, meta and para isomers of
OC6H4CH3. However, it will be further demonstrated that these rad-
icals have common consumption pathways, allowing to use, as a first
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approximation, an overall rate constant rather than a detailed mecha-
nism including all isomers.

Comparison between predicted and experimental results

Figure 5.6 compares experimental toluene mole fraction profiles with
predictions of the present and RH models. Both kinetic mechanisms
depict a good predictive capability. Compared to the RH model, the
mechanism developed in this work improves the rate of toluene con-
sumption under lean conditions. The underestimation of the RH model
principally comes from the lack in benzyl radical consumption routes
involving oxygenated compounds, causing an overestimation of benzyl
radical concentration that speeds up toluene formation from the reverse
of reaction R1 (see table 5.3).

A comparative reaction rate analysis has been carried out to determine
contribution of each reaction channel to toluene consumption and for-
mation. Results are summarized in figure 5.7 and show that the H
abstraction of a hydrogen atom from the methyl group of toluene is
the dominant pathway over the entire range of investigated equivalence
ratios. This observation confirms previous studies that identified the
benzyl radical as the major product of the toluene reaction with H, O
and OH radicals at high temperature.
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Figure 5.6: experimental and predicted mole fraction profiles of toluene
(C7H8). Gray scale symbols represent experiments (4 TF07, o TF10,
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present and Richter and Howard [92] models, respectively.
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Figure 5.7: summary of toluene consumption pathways included into
the developed kinetic model. Percentages represent contributions in
TF07, (TF10), {TF18} and [TF20]

However, figure 5.7 demonstrates that minor reaction routes includingH
abstraction onto the phenyl ring and substitution reactions should not
be neglected, as they respectively contribute to 40% and 34% of toluene
consumption in TF07 and TF20. Toluene decomposition into benzyl
radical and H atom is found to proceed backward, forming toluene.
Since the loop involving H abstraction reactions on toluene forming ben-
zyl radical and its recombination with a H atom into toluene globally
neutralizes two chain carrier radicals, the use of accurate rate parame-
ters for these reactions is of particular importance for the modeling of
the fuel consumption rate. The second toluene decomposition reaction
forming phenyl and methyl radicals is not significantly active in TF07
and TF10. However, it is accelerated by higher temperatures of TF18
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and TF20, where it respectively contributes to 6 and 8% of toluene con-
sumption.

Whereas the previous chapter has shown that benzene consumption only
yields four different products (phenol, phenyl, phenoxy and cyclohexa-
dienyl radicals), the toluene combustion appears to be more complex as
nine different products are involved. For more convenience, toluene con-
sumption into these nine intermediate species will be divided into three
main pathways, as illustrated in figure 5.7. The first channel gathers
phenol, phenyl radical and benzene formations, which are directly con-
nected to the kinetic scheme of benzene combustion already discussed.
This first path shows that a significant overlap exists between benzene
and toluene chemistry, highlighting the importance of developing reliable
benzene combustion mechanisms prior to model toluene combustion.
The second channel contains reactions occurring onto CH groups of the
toluene ring, forming cresol, methylphenyl and methylphenoxy radicals.
Whereas most of previous kinetic models devoted to aromatic oxidation
only consider reactions taking place on the side chain of toluene, our
work demonstrates that H abstraction and electrophilic O atom addi-
tion onto the ring of toluene play a significant role and should not be
neglected. Finally, the third path involves benzyl radical formation and
is a key channel of toluene combustion, as it dominates over the entire
range of equivalence ratios. The following discussion examines further
reactions of these three overall channels.

5.3.2 Path 1: the benzene channel

In the previous section, we have shown that reactions R2, R9 and R14
of table 5.3 on page 204 consume toluene into phenyl radical, phenol
and benzene, respectively. These reactions form what we have called
the first path of toluene consumption, which is connected to the kinetic
scheme of benzene. This path accounts for 9, 11, 15 and 17% of toluene
consumption in TF07, TF10, TF18 and TF20, respectively. The increase
of its contribution with the equivalence ratio and the flame temperature
comes from reaction R14 that involves H atom and reaction R2 that
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Figure 5.8: summary of benzene consumption pathways included into
the developed kinetic model.

has a high activation barrier, respectively. Since intermediate species of
path 1 are common with those of benzene combustion, further reactions
will be very similar to those discussed in the previous chapter and will
consequently not be discussed in much details here.

As summarized and illustrated in figure 5.8, benzene is consumed into
phenyl radical, phenoxy radical and phenol, through H abstraction reac-
tions and electrophilic additions of O atom and OH radicals, followed by
an H atom elimination. Phenyl radical can recombine with an H atom
forming benzene or react with molecular oxygen, giving n-C4H5 + CO

or phenoxy radical + O atom. Then, phenoxy radical either decomposes
into cyclopentadienyl radical and CO or reacts with H and O atoms,
respectively giving C2H3 + C3H3 + CO and C2H2 + C2H3 + 2CO. In
that kinetic scheme, cyclopentadienyl radical plays a key role since it
links C6 to C4 chemistry through cyclopentadienoxy radical formation.
Cyclopentadienyl radical equally recombines with H atom forming cy-
clopentadiene, which has been detected in high concentration in benzene
flames of this work. The high maximum mole fraction of C5H6 mea-
sured in toluene flames suggests that it may also play an important role
in toluene combustion. This hypothesis will be verified in the following
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sections, devoted to reactions of intermediates formed in path 2 and 3
of figure 5.7.

5.3.3 Path 2: the methylphenyl radicals channel

The second path of toluene consumption (see figure 5.7) gathers the for-
mation of methylphenyl radicals, methylphenoxy radicals and cresols,
which are respectively produced from H abstraction reactions and elec-
trophilic additions of O and OH onto CH groups of the toluene ring.
Whereas this path is generally not considered by kinetic models devoted
to toluene oxidation [21,78, 192], our study shows that it should not be
neglected since it accounts for 31, 21, 16 and 16% of toluene consump-
tion in TF07, TF10, TF18 and TF20. Contrarily to benzene, positions
of carbon and hydrogen atoms of the toluene ring are not equivalent
and intermediates formed in path 2 may be either ortho, meta or para
isomers. Consumption pathways of these intermediates are discussed
hereafter, beginning with methylphenyl radicals.

Methylphenyl radicals consumption pathways

In the previous chapter, we have shown that phenyl radical mainly re-
acts with molecular oxygen forming phenylperoxy radical, which either
dissociates into phenoxy radical and O atom or rearranges into the
2-oxepynoxy radical. Ortho, meta and para isomers of methylphenyl
radicals, which have chemical structures close to that of phenyl radi-
cal, should react in the same way with O2, forming ortho, meta and
para methylphenylperoxy radicals, which will either dissociate into cor-
responding methylphenoxy radicals + O atom or rearrange into various
methyloxepinoxy radicals, as illustrated in figure 5.9.

This hypothesis has been confirmed by da Silva and co-workers [200]
who have recently theoretically investigated the potential energy sur-
face of the C6H4CH3 + O2 reaction and have calculated kinetic pa-
rameters of each reaction channel presented in figure 5.9. Similarly to
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Figure 5.9: mechanism postulated for reaction of molecular oxygen
with methylphenyl radicals.

the 2-oxepinoxy radical formed in the phenyl reaction with O2, methy-
loxepinoxy radicals can expel two carbon monoxide molecules, forming
various C5H7 radicals. Since high temperature reactions of these C5H7

radicals are still unknown, we have postulated that they principally dis-
sociate into C2 and C3 hydrocarbons, as depicted in figure 5.9. Overall
reactions linking ortho, meta and para isomers of methylphenyl radicals
to these C2 and C3 hydrocarbons have been included into the devel-
oped kinetic model using kinetic parameters calculated by da Silva and
co-workers for the formation of corresponding methyloxepinoxy radicals
(see reactions R20 to R24 of table 5.4).

Beside methyloxepinoxy radicals, other products of the C6H4CH3 +O2

reaction are ortho, meta and para methylphenoxy radicals. By anal-
ogy with the phenoxy radical, whose dissociation into cyclopentadienyl
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Table 5.4: C6H4CH3, OC6H4CH3 and HOC6H4CH3 consumption
reactions included into the kinetic model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Methylphenyl radicals (C6H4CH3) reactions with O2.
R20 o-C6H4CH3+O2 � 2C2H2+CH3CO+CO 6.95 109 0.5 -4.5 b

R21 o-C6H4CH3+O2 � C2H2+p-C3H5+2CO 6.95 109 0.5 -4.5 b

R22 m-C6H4CH3+O2 � C2H2+s-C3H5+2CO 2.82 109 0.6 -5.1 b

R23 m-C6H4CH3+O2 � C2H2+p-C3H4+2CO 2.82 109 0.6 -5.1 b

R24 p-C6H4CH3+O2 � C2H2+s-C3H5+2CO 5.64 109 0.6 -5.1 b

R25 o-C6H4CH3+O2 � OC6H4CH3+O 4.99 1018 -1.7 5.3 d

R26 m-C6H4CH3+O2 � OC6H4CH3+O 9.82 1017 -1.5 4.5 d

R27 p-C6H4CH3+O2 � OC6H4CH3+O 9.82 1017 -1.5 4.5 d

R28 o-C6H4CH3+O2 � C6H6+CO+OH 4.99 1018 -1.7 5.3 d

Methylphenyl radicals (C6H4CH3) reactions with O and H atoms.
R29 o-C6H4CH3+O � C5H4CH3+CO 1 1014 0 0 c

R30 m-C6H4CH3+O � C5H4CH3+CO Considered equal to R29
R31 p-C6H4CH3+O � C5H4CH3+CO Considered equal to R29
R32 o-C6H4CH3+H+M � C7H8+M (k∞) 2.2 1014 0 0 c

o-C6H4CH3+H+M � C7H8+M (k0) 4.1 10104 -24.6 21.5 c

Troe’s broadening factors: 4.6 10−2 / 3.52 102 / 6.0 104 / 7.6 103 c

R33 m-C6H4CH3+H+M � C7H8+M Considered equal to R32
R34 p-C6H4CH3+H+M � C7H8+M Considered equal to R32

Methylphenoxy (OC6H4CH3) radical reactions.
R35 OC6H4CH3 � C5H4CH3+CO 2.51 1011 0 43.9 d

Cresol (HOC6H4CH3) radical reactions.
R36 HOC6H4CH3 +H � OC6H4CH3+H2 1.15 1014 0 12.4 e

R37 HOC6H4CH3 +O � OC6H4CH3+OH 2.81 1013 0 7.4 e

R38 HOC6H4CH3 +OH � OC6H4CH3+H2O 6 1012 0 0 e

a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1. b Rate parameters taken from [200] but
products are hypothesized, as discussed in the text. c Rate parameters determined
by analogy with phenyl radical. d Rate parameters determined by analogy with
phenoxy radical. e Rate parameters determined by analogy with phenol.
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radical and CO is a major consumption channel, we have postulated
that decomposition of ortho, meta and para methylphenoxy radicals
into carbon monoxide and C5H4CH3 radicals should be an important
consumption path. Figure 5.10 shows that whatever the methylphenoxy
isomer that decomposes, it always yields to resonant forms of the same
C5H4CH3 molecule. Considering this observation, our kinetic model
has been simplified by substituting ortho, meta and para methylphe-
noxy radicals by an overall OC6H4CH3 intermediate, which can decom-
pose into carbon monoxide and the C5H4CH3 radical of figure 5.10.
Kinetic parameters of methylphenyl radicals reactions with O2 forming
the overall OC6H4CH3 radical (see reactions R25 to R27 of tabe 5.4)
have been taken from the work of da Silva and co-workers [200] and the
rate constant of the OC6H4CH3 decomposition into C5H4CH3 + CO

is estimated by analogy with that of the phenoxy radical (see reaction
R35).

Figure 5.10: mechanism postulated for decomposition of methylphe-
noxy radicals.
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The previous chapter has demonstrated that in addition to the phenoxy
radical decomposition into C5H5 + CO, other reactions channels such
as C6H5O + H or C6H5O + O should be considered. Contrarily to
OC6H4CH3 decomposition, products of its reaction with O andH atoms
will depend on the position of the methyl group onto the ring. Since
methylphenyl radicals formation is not the major consumption route of
toluene (its contribution is 23% in FT07), we have considered that the
introduction of these reactions into the kinetic model was not necessary
and that the sole use of reaction R35 of table 5.4, forming C5H4CH3 is
a good approximation.

The previous chapter has equally highlighted that the C5H4CH3 radi-
cal is a key intermediate of the C6H7 potential energy surface, linking
benzene + H atom to cyclopentadienyl en methyl radicals. Therefore,
C5H4CH3 consumption might contribute to either cyclopentadienyl or
benzene formation, detected in high concentration in toluene flames of
this work. In their theoretical analysis of the C6H4CH3 + O2 reaction,
da Silva and co-workers highlighted that contrarily to meta and para
methylphenyl radicals, the ortho isomer can equally react with O2 form-
ing hydroxyl radical and ortho-quinone methide. The pyrolysis of the
latter has been experimentally investigated and was found to princi-
pally yield benzene + CO [217]. Consequently, the overall reaction R28
of table 5.4 has been included into the kinetic model.

Similarly to phenyl radical, methylphenyl radicals can also react with O
atom forming energized OC6H4CH3 radicals, which could have enough
energy to decompose into carbon monoxide and the C5H4CH3 radical
of figure 5.10. Rate constants of these reactions have been estimated by
analogy with those of phenyl radical and were included into the kinetic
model (see reactions R29 to R31 of table 5.4). In addition to reactions
with O atom, methylphenyl radicals can recombine with a hydrogen
atom, giving toluene back. Rate parameters are equally estimated by
analogy with the phenyl radical, as depicted in reactions R32 to R34.
Cresol (HOC6H4CH3), which is produced by substitution of an H atom
of the toluene ring by a hydroxyl radical, should react similarly to phenol
that principally yields phenoxy radical through H abstraction reactions.
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As illustrated in reactions R36 to R38, rate parameters of alcoholicH ab-
straction reactions on cresol, forming methylphenoxy radical, have been
supposed identical to those of phenol. Since ortho, meta and para iso-
mers of cresol should all yield to corresponding methylphenoxy isomers,
which mainly dissociate into the same C5H4CH3 radical, our kinetic
model considers an overall cresol compound that is the sum on ortho,
meta and para forms, in the same way as methylphenoxy radicals.

In summary, we have shown that similarly to phenyl radical, methylphenyl
radicals can undergo reactions withO2 that could form either methylphe-

Figure 5.11: product distribution of Path 2 in TF07, TF10, TF18 and
TF20.
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noxy radicals or various C2 and C3 hydrocarbons, which are already
considered in the kinetic model developed for benzene combustion. We
have demonstrated that the decomposition reactions of ortho, meta
and para methylphenoxy radicals yield to resonant forms of the same
C5H4CH3 radical, which is an intermediate compound of benzene com-
bustion. Moreover, we have shown that cresol, equally formed in toluene
consumption through path 2, principally leads to methylphenoxy rad-
ical formation. Therefore, path 2 globally leads to C5H4CH3 produc-
tion.

The C5H4CH3 is an intermediate of benzene combustion that links cy-
clopentadienyl and methyl radicals to benzene and fulvene, as illustrated
in figure 5.11. Fulvene can either rearrange into benzene or reacts with
H atom forming C5H5CH2, which subsequently gives benzene or de-
composes into propargyl radicals and i-C4H3 +C2H3. Figure 5.11 sum-
marizes contributions of each reaction channel in the path 2. Forma-
tion of methyloxepinoxy and their opening in C2 and C3 hydrocarbons
(PATH A) in figure 5.11 accounts for about 30 % of path 2 in all in-
vestigated flames. In TF07, cyclopentadienyl and methane radicals for-
mation (PATH C) dominates in TF07 whereas benzene (PATH B) and
i-C4H3 +C2H3 (PATH D) productions prevail into TF20. The increase
in contribution of these last channels with a higher flame temperature
is consistent with high activation barriers of their entrance reactions,
involving isomerization and decomposition of C5H4CH3 into C5H5CH2

and fulvene, respectively. On the whole, the second path of toluene
consumption, involving methylphenyl radicals, methylphenoxy radicals
and cresol, mainly produces benzene, cyclopentadienyl radicals and i-
C4H3 + C2H3, which are all intermediates of the kinetic scheme devel-
oped for benzene combustion.

5.3.4 Path 3: the benzyl channel

Benzyl radical belongs to the third path of toluene consumption, as de-
picted in figure 5.7. It is formed by H atom abstraction reactions on the
methyl group of toluene and it is the main product of toluene consump-
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tion. As many other important intermediates of aromatic combustion
(phenoxy, cyclopentadienyl or propargyl radicals), benzyl radical is res-
onantly stabilized. Its is therefore less reactive with stable compounds
and its major consumption routes should be isomerization, decomposi-
tion and reactions with H, O and OH, rather than reactions with O2, as
phenyl and methylphenyl radicals. Whereas the investigation of toluene
pyrolysis began many years ago, only very recent theoretical findings
have allowed significant insights in the understanding of the benzyl rad-
ical consumption at high temperatures, as discussed below.

(i) Benzyl radical isomerization and decomposition routes

In 1979, Simth [183, 184] investigated toluene pyrolysis and found that
C5H5, C2H2, C3H3 and C4H4 fragments are produced. He consequently
suggested that benzyl radical decomposition is connected to these chem-
ical species. Since this finding, many researchers have proposed reaction
channels linking benzyl radical to these fragments, as summarized in

Figure 5.12: benzyl decomposition pathways proposed in the litera-
ture.
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figure 5.12. In 1990, Braun-Unkhoff and co-workers [218] suggested two
alternative pathways based on the 1:1 H atom formation that they mea-
sured in the pyrolysis of benzyl iodide. The first is based on early works
of Rao and Skinner [185] and involves the ring opening into a linear
C7H7 radical, followed by a beta scission forming a linear C7H6 com-
pound and a hydrogen atom, as depicted in path 1 of figure 5.12. The
second followed a Benson’s suggestion [186] and involves the benzyl rad-
ical rearrangement into a bicycle intermediate that can subsequently
isomerize into a 1,3-cyclopentadiene-5-vinyl radical, as shown in path 2
of figure 5.12.

In 1994, Colket and Seery [187] proposed a new route involving ben-
zyl radical isomerization into the noroboradienyl radical, followed by its
rearrangement into the 1,3-cyclopentadiene-5-vinyl radical and the de-
composition into cyclopentadienyl radical and acetylene, as described in
path 3 of figure 5.12. In 1997, Jones and co-workers [219] proposed an-
other channel (path 4), forming cyclopentadienyl radical and acetylene
through norcaradienyl radical formation. Moreover, authors performed
a theoretical investigation of decomposition routes previously suggested
in order to determine their kinetic parameters. They concluded that
the formation of 1,3-cyclopentadiene-5-vinyl + H atom from path 2
should be dominant at combustion temperatures. In 2006, Oehlschaeger
and co-workers [220] experimentally measured rate constant of ben-
zyl decomposition into C7H6 + H, confirming that it should be the
most important route under combustion conditions. However, uncer-
tainties remained on the structure of this C7H6 compound. Very re-
cently, Cavallotti and co-workers [203] and da Silva and co-workers [201]
have theoretically demonstrated that another decomposition route was
faster than those previously proposed. They have suggested that ben-
zyl radical decomposition forms fulvenallene and hydrogen atom in-
stead of 1,3-cyclopentadiene-5-vinyl, as described in path 5 of figure
5.12. Their mechanism involves benzyl radical isomerization into 1,3-
cyclopentadiene-5-vinyl radical, followed by a migration of the tertiary
hydrogen atom of the C5 ring to a vicinal CH group. Then, the new
C7H7 radical expels a hydrogen atom producing fulvenallene. Both
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groups have showed that fulvenallene might react with H atom yielding
cyclopentadienyl radical and acetylene, demonstrating that the overall
benzyl decomposition reaction yields C5H5 +C2H2, as initially proposed
by Smith [183,184] 31 years ago. Additional C4H4 and C3H3 fragments
identified by Smith can be formed by cyclopentadienyl radical consump-
tion, as discussed in the previous chapter.

Based on these recent theoretical insights, the kinetic model developed
in this work considers C7H6 as fulvenallene. Thermodynamical data of
C7H6 have been calculated using quantum chemistry. Rate constant
of benzyl radical decomposition into C7H6 +H calculated by Cavallotti
and co-workers has been included into the mechanism (see reactions R39
and -R39 of table 5.5).

Figure 5.13: mechanism ofHatom addition onto fulvenallene proposed
by da Silva and co-wortkers [202].

Only 2 works were devoted to the reaction between fulvenallene and
hydrogen atom giving cyclopentadienyl radical and acetylene [202, 203]
since it has been only very recently suggested. Both studies are theo-
retical and propose the mechanism that is depicted in figure 5.13, to-
gether with enthalpies of intermediates and transition states calculated
by da Silva and co-workers [202]. According to these studies, the overall
reaction is exothermic by 18 kcal mol−1. H atom addition to fulvenal-
lene occurs either on the C5 ring or on the allene group, respectively
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Table 5.5: b-C7H7 and fulvenallene consumption reactions included
into the kinetic model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Benzyl radical (b-C7H7) reactions.
R39 b-C7H7 → C7H6+H 1.44 1013 0.45 76.3 [203]
-R39 C7H6+H → b-C7H7 8.82 108 1.2 -2 [203]
R40 b-C7H7+O � C7H6O+H 2 1014 0 0.0 [221]
R41 b-C7H7+OH � C7H7OH 6.3 1011 0 0 [222]
R42 b-C7H7+HO2 � C7H7O+OH 3.16 1012 0 0 [223]

Fulvenallene (C7H6) reactions.
R43 C7H6+H � C5H5+C2H2 3 1014 0 0 [24]
a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1.

without and with a small activation barrier of 3 kcal mol−1, forming 2
C7H7 adducts. Then these intermediates rearrange and dissociate into
C5H5+C2H2 in a few steps whose activation barrier is only 2 kcal mol−1.
Therefore, this reaction is expected to be fast under combustion condi-
tions. Both groups calculated rate constants scattered by a factor close
to 6. The fastest is that determined by da Silva and co-workers, which
reaches 6 1012 cm3 mol−1 s−1 at 1800 K. Unfortunately, this rate con-
stant is too slow to explain fulvenallene and cyclopentadiene mole frac-
tions experimentally observed in toluene flames of this work. By fitting
the rate constant of this reaction to 3 1014 cm3 mol−1 s−1 (see reaction
R43 of table 5.5) we observed that our kinetic model has a good pre-
dictive capability of experimental mole fraction profiles of fulvenallene
and cyclopentadienyl radical in each toluene flame of this work [24]. In
addition to the present work, this rate approximation has been recently
used to successfully model fulvenallene formation in toluene pyrolysis
by Zhang and co-workers [224]. Therefore, the submechanism devel-
oped for benzyl radical decomposition into C5H5 +C2H2 seems relevant
for kinetic modeling of high temperature reactions of toluene. The large
discrepancy between our rate approximation and theoretical calculations
might come from the lack of direct benzyl decomposition channels into
C5H5 + C2H2. Indeed, da Silva and co-workers highlighted that such
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pathways exist and that the reaction of fulvenallene with H atom, giving
benzyl radical, may proceed faster than that forming cyclopentadienyl
radical and acetylene. Therefore, one may think that our kinetic model
has to compensate the absence of a direct benzyl decomposition channel
into C5H5 + C2H2 by an empirical increase of the rate constant of the
reaction R43. However, kinetic studies devoted to benzyl radical decom-
position into C5H5 +C2H2 through fulvenallene have only been recently
suggested and further studies should throw light on these remaining un-
certainties.

(ii) Benzyl radical reactions with H, O, OH, HO2 and O2

Benzyl radical reaction with H atom has been discussed in the section
devoted to toluene reactions since it corresponds to reaction R1 and
R3 of table 5.3 on page 204. The comparative rate analysis of reac-
tions involved in C7H8 flame chemistry has showed that reactions R1
and R3 do not consume toluene but are involved in benzyl radical con-
sumption. In 1990, Hippler and co-worker [222] performed a shock-tube
study of benzyl radical oxidation and demonstrated that benzyl alcohol
and benzaldehyde were important intermediates. This finding explains
high maximum mole fractions detected at anm/z ratio corresponding to
benzaldehyde in all toluene flames. Rate constant of the benzyl radical
reaction with O atom producing benzaldehyde and H atom has been
recently reviewed by Baulch and co-workers [221] and fixed to 2 1014,
which has been introduced into our mechanism (see reaction R40). Ben-
zyl radical can equally react with theHO2 radical, forming C7H7O+OH
(see reaction R42), as suggested by Brezinsky and co-workers [188] and
recently theoretically demonstrated by da Silva and Bozzelli [223]. Hip-
pler and co-workers equally demonstrated that benzyl radical reaction
with O2 is very slow as it is stabilized by resonance. Rate constant
suggested by authors for b-C7H7 reaction with OH radical has been
introduced into our kinetic model.

(iii) Further reactions of benzaldehyde and benzylalcohol

To our best knowledge, only a few kinetic studies were devoted to
high temperature reactions of benzaldehyde and benzylalcohol, including
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benzaldehyde decomposition into benzoyl radical +H and benzylalcohol
reaction with OH radical, giving C6H5CH2O +H2O. Reaction param-
eters of other reactions involving these compounds are only estimated
in kinetic models of the literature describing the oxidation of aromatics.
Therefore, to be integrated rate constants of benzaldehyde and benzylal-
cohol reactions have been determined by analogy with acetaldehyde and
ethanol reactions, as depicted in table 5.6. Only reactions involving the
side chain of benzylaldehyde and benzylalcohol have been considered, as
reactions on the aromatic ring have been shown to proceed slower [188].
Their addition to the kinetic scheme would lead to a significant increase
of considered chemical species, with rate constants of their consump-
tion pathways remaining unknown. Benzaldehyde (C7H6O) can react
with free radicals through H abstraction reactions (see reaction R44 to
R46) forming the benzoyl radical that can subsequently decompose into
phenyl and carbon monoxide (see reaction R59). Beside H abstraction
reactions, C7H6O may react with H atom and OH radical to respec-
tively produce benzene + HCO and phenol + HCO (see reactions R47
to R48). Finally, benzaldehyde can decompose into phenyl radical and
HCO through reaction R49 that has a high activation barrier of 79 kcal
mol−1, suggesting that it will principally occur at high temperatures.
Benzyl alcohol (C7H7OH) can undergo H abstraction reactions on its
alcoholic hydrogen or on its -CH2- group, respectively giving C7H7O

and C7H6OH. Whereas all these reactions have been included into the
kinetic model, only those involving the -CH2- group are summarized into
table 5.6 (see reactions R50 to R52) because others only play a minor
role in C7H7OH consumption, as described further. Benzyl alcohol can
equally react with H atom yielding benzene + CH2OH and decomposes
into phenyl and CH2OH through reactions R53 and R54, respectively.
C7H6OH should mainly react through H abstraction reactions forming
benzaldehyde through reactions R55 to R57. Consequently, benzalde-
hyde and benzylalcohol consumption routes enter into the benzene ki-
netic scheme discussed in the previous chapter. As benzaldehyde forma-
tion is favored under lean conditions, it should significantly contribute
to benzene formation at low equivalence ratios.
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Table 5.6: C7H7OH and C7H6O consumption reactions included into
the kinetic model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Benzaldehyde reactions (C7H6O).
R44 C7H6O+H � C7H5O+H2 1.2 1014 0 7 b

R45 C7H6O+O � C7H5O+OH 5.84 1012 0 1.8 b

R46 C7H6O+OH � C7H5O+H2O 2.34 1010 0.7 1.1 b

R47 C7H6O+H � C6H6+HCO 1.2 1013 0 5.1 b

R48 C7H6O+OH � C6H5OH+HCO 1.2 1013 0 5.1 b

R49 C7H6O � C6H5+HCO 6 1014 0 79.1 b

Benzyl alcohol reactions (C7H7OH).
R50 C7H7OH+H � C7H6OH+H2 1.79 105 2.53 3.42 c

R51 C7H7OH+O � C7H6OH+OH 1.45 105 2.41 0.9 c

R52 C7H7OH+OH � C7H6OH+H2O 1.31 105 2.43 -1.5 c

R53 C7H7OH+H � C6H6+CH2OH 2 1014 0 0.0 c

R54 C7H7OH+M � 5.94 1023 -1.68 91.1 c

C6H5+CH2OH+M (k∞)
C7H7OH+M � 2.88 1085 -18.9 109.9 c

C6H5+CH2OH+M (k0)
Troe’s broadening factors: 5 10−1 / 2 102 / 8.9 102 / 4.6 103 c

C7H6OH reactions.
R55 C7H6OH+O � C7H6O+OH 1 1014 0 0 d

R56 C7H6OH+OH � C7H6O+H2O 5 1012 0 0 d

R57 C7H6OH+HO2 � C7H6O+2OH 4 1013 0 0 d

R58 C7H6OH+M � C7H6O+H 5 1013 0 21.9 d

Benzoyl radical reactions (C7H5O).
R59 C7H5O+M � C6H5+CO+M (k∞) 1.07 1012 0.63 16.8 e

C7H5O+M � C6H5+CO+M (k0) 2.78 1018 -0.85 14.4 e

Troe’s broadening factors: 6 10−1 / -1 1015 / 1 10−15 / 1 1015 e

a A units are s−1 and cm3 mol s−1 for Unimolecular and bimolecular reactions,
respectively. Ea is expressed in kcal mol−1. b Rate parameters determined by
analogy with acetaldehyde reactions of kinetic model of appendix E. c Rate
parameters determined by analogy with ethanol reactions of kinetic model of
appendix E. d Rate parameters determined by analogy with CH3CH2O reactions of
kinetic model of appendix E. e Rate parameters determined by analogy with
CH2CO reactions of kinetic model of appendix E.
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Comparison between predicted and experimental results

Figure 5.14 compares predictions of current and RH models to mole frac-
tion profiles measured by MBMS at m/z ratios corresponding to benzyl
radical, fulvenallene and benzaldehyde, respectively. Our kinetic model
well reproduces mole fraction profiles of benzyl radical measured in TF20
and slightly overestimates measurements performed in TF10 and TF07.
However, the present mechanism significantly improves benzyl radical
predictions and better represents the dependence of its maximum mole
fraction on the equivalence ratio than the RH model. Concerning ben-
zaldehyde, our kinetic model overestimates C7H6O mole fraction. How-
ever, the overprediction of benzaldehyde is consistent with that of the
benzyl radical, which is the main benzaldehyde precursor. Richter and
Howard’s model well reproduces C7H6O mole fraction profiles in TF07
and TF10, but underestimates its maximum mole fraction in TF20.
Since this model respectively well predicts and overestimates benzyl rad-
ical mole fraction in TF20 and both TF07 and TF10, its good predictive
capability observed for benzaldehyde in TF07 and TF10 should be for-
tuitous. Fulvenallene is well predicted by our kinetic model in TF20. In
TF07 and TF10, C7H6 mole fractions were beyond the detection limit
of our MBMS device that is estimated to 5 10−5, as predicted by the de-
veloped model. Richter and Howard model does not consider any C7H6

intermediate in toluene consumption.

A comparative rate analysis of reactions involved in benzyl radical, ful-
venallene, benzaldehyde and benzylalcohol flame chemistry has allowed
to calculate their contributions to consumption of these compounds, as
depicted in figure 5.15 for benzyl radical and in figure 5.16 for ben-
zaldehyde and benzylalcohol. Under lean and stoichiometric conditions
reaction of benzyl radical with O atom forming benzaldehyde and hydro-
gen atom (see reaction R40 of table 5.5) respectively accounts for 33 and
24% of b-C7H7 consumption. Reaction R41 involving the OH radical
recombination with b-C7H7, giving benzylalcohol, contributes to 9 and
4% of b-C7H7 consumption in TF07 and TF10. The reaction R42 form-
ing C7H7O consumes 1% of benzyl radical under all investigated flame
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Figure 5.14: experimental and predicted mole fraction profiles of for
m/z ratios corresponding to benzyl radical (b-C7H7), benzaldehyde
(C7H6O) and fulvenallene (C7H6). Gray scale symbols represent ex-
periments (4 TF07, o TF10, ♦ TF20). Solid and dashed curves stand
for predictions of present and Richter and Howard [92] models, respec-
tively.

conditions. Therefore, oxidation of the side chain of benzyl radical play
an important role in toluene combustion chemistry at low equivalence
ratios. Benzyl radical recombination with H atom yielding toluene or
phenyl and methyl radicals is equally an important route of b-C7H7

consumption over the entire range of equivalence ratio and dominates
in FT10. In flames with the highest tempreatures (TF18 and TF20),
reaction R39 of table 5.5 forming fulvenallene becomes the main con-
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Figure 5.15: summary of benzene consumption pathways included
into the developed kinetic model. Percentages represent contribution in
TF07, (TF10), {TF18} and [TF20]

sumption route of benzyl radical. Indeed, its activation barrier is more
easily overcome. Fulvenallene reacts with H atom through reaction R43,
yielding cyclopentadienyl radical and acetylene. From figure 5.15 it is
clear that benzyl radical consumption is highly dependent on the equiva-
lence ratio and the flame temperature. High equivalence ratios favor the
recombination with anH atom, yielding toluene or C6H5+CH3, and low
equivalence ratios stimulate the reaction with an O atom forming ben-
zaldehyde and hydrogen atom. Flame temperature essentially controls
the benzyl radical decomposition into fulvenallene and H atom, as this
reaction has a high activation energy. Figure 5.16 shows contributions of
reactions involved in benzaldehyde and benzyl alcohol consumption. In
TF07 and TF10, H abstraction reactions on benzaldehyde (see reactions
R44 to R46 of table 5.6) dominate, whereas the dissociation into phenyl
and formyl radicals (reaction R49) becomes the major route in TF18
and TF20. This observation is explained by the higher flame tempera-
tures of TF18 and TF20, allowing to more easily overcome the reaction
barriers. Consumption routes forming benzene and phenol significantly
contribute to benzaldehyde consumption into TF07 and TF10, but are
consigned into a minor role in TF20 and TF18. All the benzoyl radi-
cal formed from reactions R44 to R46 is consumed into phenyl radical
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Figure 5.16: summary of benzaldehyde and benzylalcohol consump-
tion pathways included into the developed kinetic model. Percentages
represent contribution in TF07, (TF10), {TF18} and [TF20]

and CO through the dissociation reaction R59, over the entire range of
equivalence ratios. Benzyl alcohol (C7H7OH) consumption mainly gives
C7H6OH through H abstraction reactions R50 to R52 and reaction R53
with H atom yielding benzene and CH2OH equally plays a significant
role over the entire range of equivalence ratios. C7H6OH undergoes H
abstraction reactions forming the benzoyl radical that is converted to
phenyl radical and CO, as previously discussed. As for benzaldehyde, a
dissociation reaction forming phenyl radical directly from benzyl alcohol
plays an important role under high temperature conditions of TF18 and
TF20.

In summary, benzyl radical consumption either leads to cyclopentadi-
enyl radical and acetylene formation through the fulvenallene pathway
or produces phenyl radical, benzene and phenol through benzaldehyde
or benzylalcohol formation. Thus, final products of benzyl radical con-
sumption all belong to the kinetic scheme of benzene combustion, dis-
cussed in the previous chapter.
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5.3.5 Benzene and cyclopentadienyl radical formation

In previous sections, we have shown that three main reaction path-
ways compete in toluene consumption: the benzene path (path 1),
the methylphenyl radical route (path 2) and the benzyl radical channel
(path 3). This section analyzes the evolution of their respective contri-
butions to benzene and cyclopentadienyl radical formations, which are
their main products. These intermediates belong to the kinetic scheme
developed in the previous chapter.

Cyclopentadienyl radical formation

Figure 5.17 presents contributions of main toluene consumption paths
to cyclopentadienyl radical formation. Over the investigated range of
equivalence ratios, path 3 is the major C5H5 formation channel and can
proceed either through benzyl radical oxidation into benzaldehyde or
fulvenallene formation. Since benzaldehyde and fulvenallene formations
respectively depend on the O atom concentration and the temperature,

Figure 5.17: contribution of 3 main pathways of toluene consumption
to cyclopentadienyl radical formation
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their contributions to C5H5 radical formation respectively go down and
up when the equivalence ratio increases. The overall contribution of
path 3 worths 45 % in TF07 and slightly decreases to 40 % in TF10,
as the flame temperature increase is unable to balance the drop in O

atom concentration, disadvantaging the C5H5 radical formation through
benzaldehyde. Compared to TF07, the contribution of path 1 in TF10
is favored by the decrease in that of path 3 and by the higher H atom
concentration, accelerating the metathesis reaction between toluene and
H atom, forming benzene and methyl radical. In TF20, the increase
in flame temperature is sufficient to compensate the drop in O atom
concentration and the overall contribution of path 3 reaches 70 %. Con-
sequently, contributions of path 1 and path 2 decrease to 21 and 8 %,
respectively.

Cyclopentadienyl radical formation in toluene combustion therefore highly
depends on the equivalence ratio and the temperature. Each reaction
channel in figure 5.17 significantly contributes to its production and
should be included in kinetic models devoted to aromatic combustion.
As demonstrated in the previous chapter, the cyclopentadiene (C5H6)
formation is closely linked to that of cyclopentadienyl radical as it is
principally formed by the recombination reaction C5H5 + H + M =
C5H6 +M . Consequently, the comparison of the experimental cyclopen-
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Figure 5.18: experimental and predicted mole fraction profiles of cy-
clopentadiene (C5H6). Gray scale symbols represent experiments (4
TF07, o TF10, ♦ TF20). Solid and dashed curves stand for predictions
of present and Richter and Howard [92] models, respectively.
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tadiene mole fraction profile with that predicted by the current model
illustrates the validity of the developed mechanism.

As shown in figure 5.18, model predictions are generally close to experi-
mental measurements performed in all investigated flames. Compared to
the model developed by Richter and Howard [92], the present mechanism
provides a better predictive capability and figure 5.18 attests that sig-
nificant improvements have been done in the understanding of toluene
combustion chemistry. Nevertheless, the model tends to overestimate
cyclopentadiene formation under lean conditions. This is caused by the
overestimation of the benzaldehyde mole fraction (see figure 5.14), which
stimulates the contribution of path 3 in figure 5.17. Rate parameters of
the main benzaldehyde formation reaction (reaction R40 in table 5.5)
consists in only a pre exponential factor, as its temperature dependence
has not been investigated until now. Therefore, the rate of this reaction
may not well reproduce the temperature drop observed between TF10
and TF07, respectively. Further studies on the kinetics of benzyl ox-
idation into benzaldehyde should improve cyclopentadiene predictions
under lean conditions.

Benzene formation

Figure 5.19 presents contributions of main toluene consumption paths to
the benzene formation. In TF07 and TF10, path 3 involving the benzyl
radical is the main benzene formation route. Compared to C7H8 +H �

C6H6 + CH3, rate constant of b-C7H7 + H � C6H5 + CH3 increases
more than 20 times faster with temperature. Consequently, contribution
of path 3 increases by 10 % when moving from TF07 to TF10 that has
a maximum flame temperature 50 K higher than TF07. Although TF18
and TF20 have higher flame temperatures and H atom concentrations
than TF07 and TF10, the contribution of path 3 suddenly drops to
8 %. Under flame temperatures of TF18 and TF20, the benzyl radical
dissociation into fulvenallene andH atom has a high contribution, which
consumes most of the benzyl radical into cyclopentadienyl radical and
acetylene, instead of benzene. This drop allows path 1 and 2 to become
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Figure 5.19: contribution to the benzene formation of the 3 main
pathways of toluene consumption
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Figure 5.20: experimental and predicted mole fraction profiles of ben-
zene (C6H6). Gray scale symbols represent experiments (4 TF07, o
TF10, ♦ TF20). Solid and dashed curves stand for predictions of present
and Richter and Howard [92] models, respectively.



5.3. Discussion on toluene combustion chemistry 233

main benzene formation channels and path 2 that highly depends on H
atom is the most important pathway, contributing to 64% of benzene
formation in TF20.

As shown in figure 5.20, this kinetic scheme is able to well reproduce
experimental measurements performed in all toluene flames investigated
in this work. Compared to the RH model, the present model signifi-
cantly improves benzene predictions. The good predictive capability of
benzene mole fractions is important for the prediction of the molecu-
lar growth and soot formation, as it will be discussed in the following
chapters.

5.3.6 Further reactions of C4Hx and smaller hydrocar-
bons

Formation of C2, C3 and C4 hydrocarbons

In previous sections, we have demonstrated that toluene consumption
is achieved through 3 main channels, which produce various C2, C3

and C4 hydrocarbons. The contribution of each pathway contributing
to the formation of these hydrocarbons is summarized in figure 5.21
for each toluene flame. Most active channels are those connected to
benzene and cyclopentadienyl radical (paths 1 to 5 in figure 5.21), as
main pathways of toluene combustion converge towards these interme-
diates. Since these routes have been comprehensively described in the
previous chapter, they will not be presented here. Path 6 of figure
5.21 requires high temperatures to overcome the activation barrier of
the benzyl radical decomposition into fulvenallene + H. Consequently,
acetylene and cylopentadienyl radical formation from the reaction of
fulvenallene with an H atom (path 6) is only important into TF18 and
TF20. This additional channel of cyclopentadienyl radical formation in-
creases the propargyl radical production through path 3 in TF18 and
TF20, compared to TF07 and TF10. The reaction of methylphenyl rad-
icals with molecular oxygen, forming various C2 and C3 hydrocarbons
through path 7, accounts for 8%, 6%, 5% and 5% of toluene consump-
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Figure 5.21: summary of chemical pathways involved in C7, C6 and
C5 conversion to C2, C3 and C4. The table in the lowest part of this
figure gives contribution percentages of each route involved in toluene
consumption in TF07, TF10, TF18 and TF20.

tion in TF07, TF10, TF18 and TF20, respectively. The decrease of this
channel contribution, observed in flames with larger equivalence ratios,
comes from the decrease of the whole contribution of the methylphenyl
channel to toluene consumption, which has been discussed in previous
sections. Finally, pathways 8 and 9 respectively form i-C4H3 + C2H3

and 2 C3H3 from fulvene, which is equally produced from methylphenyl
radicals. Paths 8 and 9 only account for 4% of toluene consumption in
TF18 and TF20, where the temperature is sufficient to overcome activa-
tion barriers of these decomposition reactions. Major reaction channels
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involved in the consumption of C2, C3 and C4 hydrocarbons produced
from pathways presented in figure 5.21 are discussed hereafter. The
kinetic model for C4 to C1 flame chemistry is identical to that of the
previous chapter and can be found in appendix E.

Consumption of C4Hx hydrocarbons

The main C4Hx hydrocarbons produced in the kinetic scheme proposed
for toluene combustion are n-C4H5, n-C4H3 and i-C4H3, as depicted in
paths 4, 5 and 8 of figure 5.21. The contribution of each major reac-
tion consuming C4Hx hydrocarbons in TF07, TF10, TF18 and TF20
are respectively presented in figures 5.22, 5.23, 5.24 and 5.25. In TF07
and TF10, the n-C4H5 radical is mainly consumed through an isomer-
ization reaction, forming i-C4H5 and catalyzed by an H atom. Other
major consumption routes involve the reaction with an O atom form-
ing CH2CO + C2H3 and H abstraction reactions giving vinylacetylene
(C4H4). In TF18 and TF20, the isomerization into i-C4H5 is still the
main consumption route and in addition to C4H4 formation, n-C4H5

reaction with H2 forming 1,3-butadiene (C4H6) becomes significant due
to the highest H2 mole fractions. The reaction of n-C4H5 with O atom
is negligible in TF18 and TF20, as the oxygen content of these flames
is lower than in TF07 and TF10. In TF07 and TF10, the con-
sumption of C4H6 is mainly performed through the addition of an O

atom, giving a-C3H5 + HCO or forming an OC4H6 adduct, which is
subsequently decomposed into C2H4 +CH2CO. Other major pathways
involve either the dissociation of C4H6 into C2H4 +C2H2, the formation
of C2H4 + C2H3 through reaction with an H atom, or the abstraction
of an H atom producing i-C4H5. In TF18 and TF20, which have higher
flame temperatures than TF07 and TF10, the C4H6 dissociation into
C2H4 + C2H2 becomes the most important consumption route, as the
reaction barrier is overcome easily. Concerning i-C4H5, in TF07 and
TF10 its consumption is mainly achieved through reaction with H atom
forming propargyl and methyl radicals. Additional channels produce
C4H4 and CH2CO + C2H3 by H abstraction reactions and reactions
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Figure 5.22: kinetic scheme of C4Hx hydrocarbons in TF07.

Figure 5.23: kinetic scheme of C4Hx hydrocarbons in TF10.
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Figure 5.24: kinetic scheme of C4Hx hydrocarbons in TF18.

Figure 5.25: kinetic scheme of C4Hx hydrocarbons in TF20.
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with H and O atoms, respectively. In TF18 and TF20, the main con-
sumption route becomes vinylacetylene production through H abstrac-
tion reactions. In all toluene flames, n-C4H5 and i-C4H5 consumption
routes are therefore involved in vinylacetylene formation. Over the en-
tire range of equivalence ratio, the main C4H4 consumption channel
is the abstraction of an H atom forming the i-C4H3 radical, which is
equally produced from fulvene dissociation in TF18 and TF20, as de-
picted into path 8 of figure 5.21. Other pathways of C4H4 consumption
produce C2H3 +HCCO and n-C4H3 through reaction with O atom and
H abstraction reactions, respectively. i-C4H3 is mainly consumed into
2 C2H2, through reaction with an H atom. Additional channels are the
reaction with O atom forming H2C4O and H abstraction reactions pro-
ducing diacetylene (C4H2). Reactions with O atom are mainly active
in TF07 and TF10, which have a higher oxygen content than TF18 and
TF20. The n-C4H3 is connected to i-C4H3 through an isomerization re-
action catalyzed by an H atom and can form C4H2, similarly to i-C4H3.
In all investigated flames, the main C4H2 consumption route is the re-
action with an O atom forming HCCO + C2H. Additional pathways
produce C3H2 +CO or C4H and H2C4O, which are both consumed into
C2 intermediates, as depicted in figures 5.22, 5.23, 5.24, 5.25. The con-
sumption of C4Hx hydrocarbons therefore principally converges towards
the formation of C3H3, C3H2, C2H3, C2H2, CH2CO andHCCO, whose
consumption pathways will be examined in following sections.

In figure 5.26, predicted mole fraction profiles of C4H2, C4H4 and 1,3-
C4H6 are compared to experimental measurements in order to assess
the predictive capability of the developed kinetic model. The present
model generally well reproduces C4H2 and C4H4 measurements. The
persistence of C4H2 in burnt gases is well predicted and comes from
a formation route involving C2H2 and C2H, which are equally present
in burnt gases. Vinylacetylene predictions are reliable in all investi-
gated flames, contrarily to predictions of the model developed by Richter
and Howard [92] which overestimates its mole fraction in all conditions.
This last model equally overestimates mole fraction profiles of C4H2 but
gives better predictions for 1,3-C4H6 than the model developed in this
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Figure 5.26: experimental and predicted mole fraction profiles of
diacetylene (C4H2), vinylacetylene (C4H4) and 1,3-butadiene (C4H6).
Gray scale symbols represent experiments (4 TF07, o TF10, � TF18,
♦ TF20). Solid and dashed curves in corresponding gray scale stand for
predictions of present and Richter and Howard [92] models, respectively.

work. Indeed, our mechanism respectively underestimates and overes-
timates 1,3 butadiene measurements performed in flames with low and
high equivalence ratios. This discrepancy between our model and that
developed by Richter and Howard comes from the absence of the reac-
tion 1,3-C4H6 + H �n-C4H5 + H2 in the RH model. In our model,
this H abstraction reaction proceed backward and is a main pathway
of 1,3-butadiene formation. The absence of this reaction from the RH
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model is surprising and further studies are therefore require to clarify
this point.

Consumption of C3Hx hydrocarbons.

As depicted in figure 5.21, toluene combustion produces p-C3H5, s-
C3H5, p-C3H4 and C3H3. Moreover, the consumption of C4Hx interme-
diates form C3H3 and C3H2, as discussed in the previous section. Fig-
ures 5.27, 5.28, 5.29 and 5.30 summarize consumption channels of these
C3Hx species and present contributions of main reactions, calculated by
comparative reaction rate analyses. In TF07 and TF10, the consumption
of the p-C3H5 radical is mainly achieved through reaction with molecular
oxygen, forming either CH3CHCO+H+O or CH3CHO+HCO. Minor
channels lead to a-C3H5, propylene and propyne formation, through iso-
merization, recombination withH atom andH abstraction reactions, re-
spectively. In TF18 and TF20, the contribution of consumption routes
depending on molecular oxygen decreases and that of channels forming
propyne, propylene and a-C3H5 is of greater importance. In TF07 and
TF10 a-C3H5 principally reacts with O, forming CH2CHCHO + OH.
Additional pathways lead to propylene and allene formation through re-
combination with H atom and H abstraction reactions, respectively. In
TF07 and TF10, propylene is mainly consumed through reaction with O
atom forming either C2H5 +HCO or CH2CO+CH3. Other pathways
produce CH3 + C2H4 or p-, a- and s-C3H5 by reaction with H atom
and H abstraction reactions, respectively. In TF18 and TF20, the con-
tribution of reactions involving O atom are less important than in TF07
and TF10 and the formation of CH3 +C2H4 and C3H5 isomers is there-
fore more important. In all investigated flames, s-C3H5 is principally
converted into allene and propyne through unimolecular dissociations
or H abstraction reactions. Then, allene and propyne are mainly con-
verted into C2H2 +CH3, C2H4 +CO and the propargyl radical (C3H3),
respectively through reactions with H atom, O atom and H abstrac-
tion reactions. Propyne and allene recombination with an H atom can
equally produce C3H5 radicals. The C3H3 radical is a major intermedi-
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Figure 5.27: kinetic scheme of C3Hx hydrocarbons in TF07.

Figure 5.28: kinetic scheme of C3Hx hydrocarbons in TF10.
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Figure 5.29: kinetic scheme of C3Hx hydrocarbons in TF18.

Figure 5.30: kinetic scheme of C3Hx hydrocarbons in TF20.
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Figure 5.31: experimental and predicted mole fraction profiles of
propargyl radicals (C3H3), allene (a-C3H4), propyne (p-C3H4) and
propylene (C3H6). Gray scale symbols represent experiments (4 TF07,
o TF10, � TF18, ♦ TF20). Solid and dashed curves in corresponding
gray scale stand for predictions of present and Richter and Howard [92]
models, respectively.
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ate in benzene and toluene flames since it is produced directly from the
dissociation of cyclopentadienyl radical, which has been previously iden-
tified as a central intermediate species. Moreover, consumption of C4Hx

and C3Hx hydrocarbons are found to converge towards C3H3 forma-
tion. This radical mainly undergoes H abstraction reactions producing
propargylene (C3H2) or reacts with O and O2, giving C2H + CH2O

and CH2CO+HCO, respectively. As previously highlighted, reactions
involving O and O2 are mainly important in TF07 and TF10, compared
to TF18 and TF20. The C3H2 radical principally reacts with O, OH
and O2, forming C2H2 +CO, C2H2 +HCO and HCCO+CO, respec-
tively. An additional pathway involves the recombination with an H

atom, producing the propargyl radical back. Since acetylene is an im-
portant product of C3H3 consumption and is equally formed in various
consumption channels of benzene and toluene combustion, it is therefore
a central intermediate that is present in high mole fractions in flames of
this work.

Figure 5.31 compares experimental measurements to predictions of the
model presented in this chapter and those of the RH mechanism. Pre-
dicted mole fractions of a-C3H4 and p-C3H4 overestimate measurements
by factors 2 and 3, respectively and the model of Richter and Howard
has a better predictive capability. This overestimation might come from
the highest C3H5 production with the present model, due to path 7 of
figure 5.21. In the present model, methylphenyl reactions with O2 pro-
ducing C3Hx + C2Hx have been included as overall pathways, whereas
they have linear C5H7 intermediates. Since no reliable rate constants
exist for reactions of linear C5H7 hydrocarbons, they are therefore sup-
posed to fully dissociate into C3Hx + C2Hx intermediates. This may
explain highest predictions of C3H4 mole fractions, depicted in figure
5.31. Concerning C3H6, predicted maximum mole fractions of the de-
veloped model are slightly better than those of the Richter and Howard’s
model.
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Consumption of C2Hx and C1Hx hydrocarbons.

The consumption of toluene, C4Hx hydrocarbons and C3Hx hydrocar-
bons converges towards C2Hx and CHx formations, whose principal in-
termediates are C2H2, C2H3 and CH3. Figures 5.32, 5.33, 5.34 and 5.35
present main consumption reactions of these hydrocarbons in TF07,
TF10, TF18 and TF20, respectively, together with their contributions
calculated by comparative reaction rate analyses. The C2H3 radical
principally reacts with O2 through three different channels, producing
C2H2 +HO2, CH2CHO and HCO+CH2O. The two latter routes are
principally active TF07 and TF10 and the first competes withH abstrac-
tion reactions by H and OH radical. In addition to these reactions, in
TF07 and TF10 C2H3 reacts with O atom, forming CH2CO+H. Acety-
lene principally reacts with O atom, forming either the triplet radical of
CH2 and CO or HCCO+H. Acetylene conversion into HCCO prevails
on CH2 + CO formation in all investigated flames. The HCCO radi-
cal can equally be formed through H abstraction reactions on CH2CO,
which is produced from H abstraction reactions on CH2CHO. In addi-
tion to H abstraction reactions, CH2CHO and CH2CO reacts with H
atom, forming methyl radical, which leads to methane formation through
its recombination with an H atom. Methane is only consumed through
H abstraction reactions, giving methyl radical back. Methyl radical
is a key intermediate in hydrocarbon combustion, as it is responsible
of ethylene, ethane, ethyl radical and CH2O formation. In TF18 and
TF20, ethyl radical (C2H5) is mainly decomposed into ethylene and H
atom, whereas in TF07 and TF10 it principally reacts with O atom and
OH radical, forming acetaldehyde and ethanol, respectively. Ethanol
is mainly converted into acetaldehyde, which produces CH2CHO and
CH3CO through H abstraction reactions.

Then, CH2CO dissociates into CO and methyl radical. In the same way
as HCCO, methyl radical produces the singlet radical of CH2, which
is oxidized in CO and CO2 through H abstraction, O addition and
dissociation reactions.
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Figure 5.32: kinetic scheme of C2Hx and C1Hx hydrocarbons in TF07.

Figure 5.33: kinetic scheme of C2Hx and C1Hx hydrocarbons in TF10.
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Figure 5.34: kinetic scheme of C2Hx and C1Hx hydrocarbons in TF18.

Figure 5.35: kinetic scheme of C2Hx and C1Hx hydrocarbons in TF20.
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Figure 5.36: experimental and predicted mole fraction profiles of
ethane (C2H6), acetylene (C2H2) and methane (CH4). Gray scale sym-
bols represent experiments (4 TF07, o TF10, � TF18, ♦ TF20). Solid
and dashed curves in corresponding gray scale stand for predictions of
present and Richter and Howard [92] models, respectively.

Figure 5.36 compares experimental results to predictions of C2H2, C2H6

and CH4 obtained with the developed kinetic model and that of Richter
and co-workers [92]. A general good predictive capability is observed.
Since C2H2 is a key intermediate of toluene consumption, the good
agreement obtained demonstrates the relevance of the developed mecha-
nism. Moreover, the good prediction of C2H2 is of particular importance
in soot formation since it is a major building block of PAH material,
as presented in the following chapter. The good methane prediction
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equally demonstrates the consistence of the toluene kinetic sub-model,
as it is formed from methyl radical, which is principally produced from
the substitution of the methyl group of toluene by a hydrogen atom.
The distribution between contributions of the 3 main paths of toluene
consumption is therefore consistent with methane formation in all inves-
tigated flames.
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Figure 5.37: experimental and predicted mole fraction profiles of car-
bon monoxide (CO), carbon dioxide (CO2) and molecular oxygen (O2).
Gray scale symbols represent experiments (4 TF07, o TF10, � TF18,
♦ TF20). Solid and dashed curves in corresponding gray scale stand for
predictions of present and Richter and Howard [92] models, respectively.



250 Chapter 5. Toluene combustion

 

0.0E+00

1.0E-02

2.0E-02

3.0E-02

4.0E-02

5.0E-02

6.0E-02

7.0E-02

8.0E-02

9.0E-02

1.0E-01

0.0 0.5 1.0 1.5 2.0

M
o

le
 f

ra
c
ti

o
n

Height above the burner (cm)

X H2O TF07

X H2O TF10

0.0E+00

2.0E-02

4.0E-02

6.0E-02

8.0E-02

1.0E-01

1.2E-01

1.4E-01

1.6E-01

1.8E-01

0.0 0.5 1.0 1.5 2.0

M
o

le
 f

ra
c
ti

o
n

H. A. B. (cm)

X H2O TF18

X H2O TF20

0.0E+00

2.0E-03

4.0E-03

6.0E-03

8.0E-03

1.0E-02

1.2E-02

0.0 0.5 1.0 1.5 2.0

M
o

le
 f

ra
c
ti

o
n

Height above the burner (cm)

X H2 TF07

X H2 TF10

0.0E+00

2.0E-02

4.0E-02

6.0E-02

8.0E-02

1.0E-01

1.2E-01

0.0 0.5 1.0 1.5 2.0

M
o

le
 f

ra
c
ti

o
n

H. A. B. (cm)

X H2 TF18

X H2 TF20

This work 

Richter and  
Howard 

Figure 5.38: experimental and predicted mole fraction profiles of wa-
ter (H2O) and molecular hydrogen (H2). Gray scale symbols represent
experiments (4 TF07, o TF10, � TF18, ♦ TF20). Solid and dashed
curves in corresponding gray scale stand for predictions of present and
Richter and Howard [92] models, respectively.

5.3.7 The main chemical species

Figure 5.38 and 5.37 compare experimental mole fraction profiles of main
chemical species detected in toluene flames to model predictions. A good
agreement is reached for all reactants and products, showing that the
developed kinetic model of toluene combustion reliably represent the
overall combustion reaction of toluene, over the investigated range of
equivalence ratios.

5.4 Conclusions

In this chapter, experimental structures of one-dimensional, laminar and
premixed toluene-oxygen-argon flames, burning at 45 mbar and at equiv-
alence ratios of 0.7, 1, 1.8 and 2 have been discussed. To our best knowl-
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edge, experimental structures at equivalence ratios of 0.7, 1 and 2 are
the first to be investigated. This work is therefore of a great interest for
researchers working in the field of oxidation of aromatic hydrocarbons.
It has been showed that chemical species detected in toluene flames are
very similar to those previously measured in benzene flames. Conse-
quently, it has been suggested that an important overlap between ben-
zene and toluene combustion chemistry should exist. As highlighted in
the introduction, a significant uncertainty still surrounds benzyl radical
formation and consumption in toluene combustion. Indeed, its consump-
tion is thought to occur through dissociation into fulvenallene (C7H6)
intermediate and an H atom, or by reaction with an O atom forming
benzaldehyde. The measurement of mole fraction profiles of these inter-
mediates is therefore of particular concern and the gas chromatography
investigation has been completed by a molecular beam mass spectrom-
etry study at m/z ratios corresponding to benzyl radical, fulvenallene
and benzaldehyde.

In parallel to this experimental study, toluene combustion has been in-
vestigated by kinetic modeling. A detailed kinetic sub-model has there-
fore been developed on the basis of a comprehensive literature survey, in
order to complete the benzene combustion mechanism presented in the
previous chapter. Comparative reaction rate analyses have allowed to
determine the contribution of each reaction to the consumption of every
chemical species involved in toluene combustion. It has been shown that
toluene is mainly consumed through three different pathways consisting
of (i) the benzyl radical formation through H abstraction reactions from
its methyl group, (ii) benzene and phenyl radical formation through
toluene dissociation or substitution of the methyl group by a H atom
and (iii) ortho, meta and para-methylphenyl radical production byH ab-
straction reactions on the phenyl ring. Most of kinetic models describing
toluene combustion does not include the latter channel, assuming that
its contribution is negligible. However, our study demonstrates that at
low temperature and equivalence ratio, this pathway must be taken into
account to properly model toluene combustion. The developed kinetic
scheme considers the consumption of methylphenyl radicals through re-
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actions with molecular oxygen, forming either methylphenoxy radicals or
various C2Hx and C3Hx intermediates. This reaction is thought to pro-
ceed similarly to that involving phenyl radical and O2, discussed in the
previous chapter. It is shown that methylphenoxy radicals decompose
into CO and methylcyclopentadienyl radical, which is further consumed
into benzene and cyclopentadienyl+methyl radicals. The benzyl radical
produced in the first path of toluene combustion is found to oxidize into
benzaldehyde at low equivalence ratios and low temperatures and to de-
compose into fulvenallene and H atom at higher equivalence ratios and
temperatures. Mole fraction profiles measured by MBMS at m/z ra-
tios corresponding to benzyl radical, fulvenallene and benzaldehyde are
globally in good agreement with the the kinetic modeling. Benzalde-
hyde is principally converted into benzoyl radical, which subsequently
decomposes into phenyl radical and CO. In order to reliably predicts the
cyclopentadiene mole fraction, it is demonstrated that the reaction of
fulvenallene with H atom has to produce cyclopentadienyl radical and
C2H2, as recently proposed by some theoretical studies. The present
study therefore provides experimental and numerical evidences that this
pathway should exist in flames and proposes an estimate of its rate con-
stant, which has been successfully used in recent studies devoted to high
temperatures reactions of toluene. The kinetic modeling study predicts
that toluene is principally consumed into benzene, phenyl radical and
cyclopentadienyl radicals, which are important intermediates of the ki-
netic scheme of benzene combustion presented in the previous chapter.
This confirms the overlap between toluene and benzene flame chem-
istry, assumed on the basis of similarities observed between benzene and
toluene experimental flame structures.

Whereas the developed kinetic sub-model has a general good predictive
capability, some improvements are still needed in methylphenyl radical
reactions with O2 forming C3Hx + C2Hx hydrocarbons. Indeed, these
reactions result in high C3H5 formation rates that cause the overesti-
mation of mole fractions of C3H4 intermediates. The reaction of benzyl
radical with O atom should be equally further addressed, as its rate con-
stant does not accounts for dependence on pressure and temperature.



5.4. Conclusions 253

Moreover, the rate constant proposed for fulvenallene reaction with H
atom is an assumption based on the current kinetic model and more
fundamental theoretical and experimental works should be performed
to confirm this hypothesis.

This chapter presents valuable toluene-oxygen-argon flames structures,
together with a detailed kinetic modeling study that improves the un-
derstanding of toluene combustion chemistry and will be helpful for re-
searchers working in the field of oxidation of aromatic hydrocarbons.
In the next chapters, the kinetic model developed for combustion of
aromatic fuels will be extended to molecular growth towards PAH and
soot.
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6
Molecular growth: PAH formation

6.1 Introduction

In previous chapters experimental structures of benzene and toluene-
oxygen-argon flames have been presented at various equivalence ratios.
We have shown that under rich conditions chemical species larger than
reactants appear in significant concentrations, demonstrating that a
molecular growth process operates simultaneously to the fuel oxidation.
As it will be discussed in the following chapter, the soot production pro-
cess is a complex phenomenon based on particles formation from these
large hydrocarbons. The development of a kinetic sub-model able to re-
produce mole fraction profiles of these larger hydrocarbons is therefore
necessary to extend the model to soot formation. The PAH sub-model
development and the comparison of its predictions to experimental mea-
surements will be described in this chapter. The addition of a sub-model
allowing to predict soot formation will be the subject of the next chap-
ter. For many years, several reaction pathways have been proposed to
explain molecular growth towards large PAHs and most of them are
presented below.
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6.1.1 The acetylene pathway

In 1981, Bittner and Howard [71] investigated a laminar, premixed and
one-dimensional benzene-oxygen-argon flame under rich conditions. Au-
thors measured mole fraction profiles of several intermediate species,
including PAHs with masses until 228 uma, and postulated that the
molecular growth may operate through reactions depending on acety-
lene, as illustrated in route 1 of figure 6.1. The involvement of acetylene
in PAH formation is supported by its high concentration observed in
burnt gases of rich aromatic flames, where PAH growth and soot forma-
tion occur. The mechanism proposed by Bittner and Howard consists
in phenyl formation from benzene through H abstraction reactions, fol-
lowed by two successive acetylene additions, a cyclization step and a H
atom elimination reaction, forming naphthalene. Based on the pioneer

Figure 6.1: the two routes of naphthalene formation from benzene
through acetylene addition
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study of Bittner and Howard, Frenklach and co-workers [99] later de-
veloped a kinetic model for soot formation, using acetylene addition to
describe the hydrocarbon growth. In addition to route 1 of figure 6.1,
authors included many variant mechanisms and performed a sensitivity
analysis to determine which chemical pathway dominates PAH forma-
tion in acetylene pyrolysis. They found that route 1 of figure 6.1 is minor
and that route 2 is the most important channel of naphthalene forma-
tion, since the C8H7 adduct formed by acetylene addition on the phenyl
radical is unstable and rapidly decomposes into phenylacetylene and H
atom. Then phenylacetylene can be reactivated by H abstraction reac-
tions and further react with acetylene to form naphthalene, as depicted
in route 2 of figure 6.1. In 1991, Frenklach and Wang [100] introduced
the name HACA (Hydrogen Abstraction C2H2 Addition) to refer to this
mechanism of molecular growth based on acetylene addition reactions.
Frenklach and co-workers highlighted that in addition to naphthalene
formation, the HACA mechanism can explain the growth towards larger
compounds, as depicted in figure 6.2. The HACA mechanism has rapidly

Figure 6.2: further growth of naphthalene through HACA reactions
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become very popular and is now widely used to explain PAH and soot
formations in hydrocarbon flames. Recently, Celnik and co-workers [225]
theoretically investigated PAH growth through the HACA mechanism
and stressed that it can lead to various products, depending on the
environment of the starting CH group. Basically, they suggested that
each PAH surface can be divided into different reacting sites that they
called zig zag, free edge, arm chair and bay, which will react through
HACA reactions forming determined structures. The HACA process on
a zig zag site always produces a five membered ring, while it leads to
six membered ring formation if occurring on other sites. Formation of
five membered rings are very important because if bordered on all sides
by hexagons, they provide a bowl-shaped structure that is specific to
some non planar compounds observed in soot, such as corranulene and
fullerenes. Figure 6.2 depicts the application of the site governed ap-
proach of Celnik and co-workers on naphthalene growth through HACA
reactions.

6.1.2 The benzyl pathway

In addition to propose acetylene as a main building block for PAH for-
mation, Bittner and Howard [71] observed high levels of indene (C9H8)
in their rich benzene-oxygen-argon flames and suggested that a mecha-
nism involving acetylene addition on the benzyl radical, followed by a
cyclization step and a hydrogen atom elimination, can explain its forma-
tion (see the top of figure 6.3). This mechanism has been theoretically
analyzed by Vereecken and Peeters in 2003 [226] and Kislov and Mebel in
2007 [227], who demonstrated that it should contribute to indene forma-
tion under combustion conditions. As further discussed, indene can be
involved into PAH formation through reactions of cyclopentadienyl and
methyl radicals on its C5 ring, forming phenanthrene and naphthalene,
respectively. In addition to these pathways converting the C5 ring into a
C6 ring, indene can growth by reactions forming PAH containing a five
membered ring, needed to explain the bowl-shaped structures of some
large PAHs observed in soot. In 1994, Colket and Seery performed a py-
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Figure 6.3: naphthalene formation through benzyl and propargyl rad-
icals recombination

rolysis study of toluene in shock tubes [187] and measured high concen-
trations of several PAHs. Authors highlighted that the HACA process
could not explain alone these PAH levels and proposed a new reaction
channel for naphthalene formation, involving benzyl and propargyl radi-
cal recombination. The mechanism of this chemical pathway is depicted
at the bottom of figure 6.3 and involves two main reaction sequences.
The first includes the b-C7H7 +C3H3 recombination, followed by an H
atom elimination forming the C10H9 intermediate of figure 6.3. The sec-
ond involves a series of isomerization reactions, a cyclization step and an
H atom elimination finally forming naphthalene. Until now, this reac-
tion channel has not been theoretically investigated and energy barriers
related to its different steps are still unknown. In addition to these two
reaction channels forming indene and naphthalene, benzyl radical can re-
act with methyl radical, producing ethylbenzene (C8H10) that may give
styrene (C8H8) and phenylacetylene (C8H6) through dehydrogenation
of the ethyl side chain.
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6.1.3 The cyclopentadienyl pathway

In 1996, Marinov and co-workers [170] performed experimental and
kinetic modeling studies on PAH formation in methane and ethylene
flames. They highlighted that the HACA mechanism was unable to
predict the observed levels of PAHs and that additional pathways lead-
ing to their formation should compete. Authors proposed that be-
side the HACA process, self recombination of cyclopentadienyl radi-
cals may significantly contribute to naphthalene formation. The same
year, Melius and co-workers [156] performed theoretical calculation on
the C5H5 + C5H5 potential energy surface and demonstrated that this
new naphthalene formation channel may compete under flame tem-
peratures. The mechanism proposed by Melius and co-workers is de-
picted in figure 6.4 and consists of 2 main reaction sequences. The
first involves the self recombination of two cyclopentadienyl radicals,
forming 9,10-dihydrofulvalene that subsequently isomerizes into 1,10-
dihydrofulvalene, which finally eliminates a hydrogen atom giving the
C10H9 radical of figure 6.4. According to Melius and co-workers, the
overall 2C5H5 � C10H9 + H reaction is only slightly endothermic by
4 kcal mol−1. The second reaction sequence involves a series of ring

Figure 6.4: naphthalene formation through cyclopentadienyl radical
self recombination
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closure and opening reactions on the previous C10H9 radical, and finally
the loss of a hydrogen atom forming naphthalene, as shown in figure
6.4. Authors calculated that the overall reaction C10H9 � C10H8 + H

would have a maximum energy barrier of 47 kcal mol−1. Consequently,
this second reaction sequence should be the rate determining step of
naphthalene formation through the self recombination of C5H5 radicals.
Melius and co-workers stressed that this reaction scheme can equally be
applied to compounds having a cyclopentadienyl ring on their chemical
structure, such as the indenyl radical (C9H7) formed by H abstrac-
tion reactions on indene (C9H8), whose formation has been discussed
previously. As an example, the reaction between C9H7 and C5H5 will
convert the five membered ring of indenyl radical into two six mem-
bered rings, forming phenanthrene and two hydrogen atoms. Recently,
Kislov and Mebel [228] have comprehensively investigated the potential
energy surface of the C5H5 + C5H5 reaction and have highlighted that
beside naphthalene, this recombination may result into indene formation
through a complex mechanism involving an H atom addition, various
isomerization reactions and the loss of a methyl group.

6.1.4 The ring ring condensation pathway

In 1998, Bohm and co-workers [229] investigated PAH growth and soot
formation during the pyrolysis of acetylene and benzene and performed a
kinetic modeling study of their experiments. Authors showed that soot
formation starts much earlier in benzene pyrolysis than in acetylene
systems, demonstrating that the HACA mechanism could not explain
PAH formation and growth alone. Consequently, Bohm and co-workers
considered an additional PAH formation route, initially proposed by
Frenklach and co-workers in 1986 [230], which is based on ring ring con-
densations followed by HACA reactions, as depicted in at the bottom
of figure 6.5. Bohm and co-workers determined relative contributions of
this new channel, the HACA mechanism and the cyclopentadienyl radi-
cal route. Authors found that the ring ring condensation process and the
cyclopentadienyl radical route dominate small PAH formation in ben-
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Figure 6.5: PAH formation and growth through ring ring condensation
reactions.

zene and acetylene pyrolysis, although the HACA mechanism is mainly
responsible of these PAH growth into larger compounds, which will ul-
timately form soot. The ring ring condensation mechanism proposed by
Frenklach and co-workers [230] and used by Bohm and co-workers [229]
has been recently reinvestigated by Shukla and co-workers [62] by study-
ing toluene pyrolysis with and without benzene. Authors introduced the
Phenyl Addition Cyclization (PAC) mechanism to explain the observa-
tion of regular sequences of 74 uma in PAH masses, corresponding to the
phenyl addition, followed byH atom elimination and cyclization through
H2 ejection. The top of figure 6.5 illustrates the condensation of three
phenyl rings into triphenylene through this PAC mechanism.

6.1.5 Other pathways of PAH formation and growth

The four previous sections present major PAH formation pathways cur-
rently described in the literature. However, these four channels are ob-
viously not the only that can be envisioned to propagate the growth of
aromatic rings. Several other proposals have appeared, including those
involving reactions of vinylacetylene, methyl radical, allene and propyne.



6.1. Introduction 265

Figure 6.6: naphthalene formation through vinylacetylene reaction
with phenyl radical

Naphthalene formation from vinylacetylene addition to phenyl radical
was first introduced by Bittner and Howard [71] in 1981, who proposed
the isomerization mechanism depicted in mechanism 1 of figure 6.6. In
2000, Moriarty and Frenklach [231] performed a theoretical analysis of
this reaction pathway and stressed that the mechanism initially pro-
posed by Bittner and Howard should be significantly slower than that
involving an H atom elimination and addition, presented as mechanism
2 in figure 6.6.

Molecular growth mechanisms depending on methyl radical have been
suggested by Shulka and co-workers in 2007 [232] and 2010 [233], who
performed a mass spectrometry study on PAH formation in toluene
pyrolysis. Authors detected mass sequences corresponding to methyl
addition on PAHs and proposed a mechanism involving series of de-
hydrogenation and methyl radical addition reactions to explain their
measurements. This general scheme is illustrated for the phenanthrene
formation in figure 6.7. Unfortunately, up to now no kinetic studies have
been conducted to assess the kinetic viability of such a PAH growth
channel. However, it is well admitted that methyl addition on benzyl
radical is a key reaction forming ethylbenzene, which is a precursor of
styrene and phenylacetylene. The methyl radical channel is a good can-
didate to explain PAH growth since CH3 radical is present in relatively
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Figure 6.7: phenanthrene formation through methyl addition reactions

high concentrations in burnt gases of hydrocarbon flames. Reactions be-
tween phenyl radical and C3H4 isomers such as allene and propyne have
equally been suggested by Vereecken and Peeters in 2003 [226]. How-
ever, authors theoretically showed that these reaction pathways are too
slow and should consequently not compete with other PAH formation
channels in flames.

Whereas the HACA mechanism explaining PAH formation and their
growth has been initially considered as the main source of molecular
growth in hydrocarbon flames, this introduction demonstrates that sev-
eral additional reaction pathways may compete with this acetylene based
model. These supplementary channels mainly involve resonantly stabi-
lized radicals such as cyclopentadienyl or benzyl radicals, demonstrating
that they do not only play a key role in fuel oxidation but may be highly
active in PAH formation. Aromatic flames investigated in this work con-
tain significant concentrations of building blocks involved in all mecha-
nisms presented above. Whereas the development of a detailed kinetic
model to predict PAH formation in these flames should include each of
these pathways, kinetic parameters of the vinylacetylene and the methyl
radical channels are not available in the literature. Consequently, these
mechanisms cannot be included into the present model, which will only
contain the three main routes discussed above.

In addition to compare model predictions to experimental measure-
ments of PAHs detected in this work, this chapter presents rich flame
structures of cyclopentene-oxygen-argon, cyclopentene-benzene-oxygen-
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argon and propyne-toluene-oxygen-argon flames. Indeed, cyclopentene
and propyne are respectively precursors of cyclopentadienyl and propar-
gyl radicals, two intermediates that are thought to produce naphthalene
through the cyclopentadienyl radicals channel or the benzyl + propargyl
reaction route. The investigated fuel blends are therefore suspected to
influence the naphthalene formation and the validation of the mecha-
nism on these flame structures is therefore important to determine the
validity of naphthalene formation routes presented above. Consequently,
a kinetic sub-model representing cyclopentene and propyne combustion
chemistry is equally presented in the following discussion.

6.2 Discussion on the mechanism of molecular
growth

The previous section has introduced mechanisms proposed in the lit-
erature for the molecular growth in hydrocarbon flames. The present
section examines how these schemes are included into the kinetic model
developed for benzene and toluene flames and compares predictions to
experimental measurements. PAH formation in stoichiometric and lean
fames will not be discussed in this chapter as a significant molecular
growth has only been observed in flames with equivalence ratios of 1.8
and 2. The further discussion is divided into subsections, each describing
the formation and the consumption of a compound having a molecular
mass higher than reactants. Choices of rate parameters are discussed
and a contribution analysis is provided to determine how various reac-
tion channels compete.

6.2.1 The toluene sub-model

Toluene has been detected as an intermediate compound in all benzene
flames of this work and its formation and consumption involve chem-
ical pathways presented in chapter 5. In benzene flames, toluene is
mainly produced through recombination reactions between (i) phenyl
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and methyl radicals and (ii) benzyl radical and hydrogen atom. Since
benzyl radical is mainly produced fromH abstraction reactions on toluene,
the channel (ii) consists in a loop between toluene and benzyl radical.
Consequently, the key reaction for toluene formation in benzene flames
is C6H5 +CH3 +M � C7H8 +M , whose rate parameters have been dis-
cussed in table 5.3 on page 204. It is interesting to note that the fulvenal-
lene pathway does not proceed backward in benzene flames, producing
benzyl radical through acetylene recombination with cyclopentadienyl
radical. However, in hydrocarbon flames having low phenyl and methyl
radicals maximum mole fractions, this pathway is a potential toluene
formation route. The contribution of reactions involved in consump-
tion of the toluene formed in benzene flames are very similar to those
presented in chapter 5. The reader should therefore refer to that chap-
ter for more information on toluene consumption in benzene flames. In
addition to these consumption routes, minor pathways lead to molecu-
lar growth through recombination reactions of the benzyl radical with
various hydrocarbons. These reactions will be discussed further in this
chapter.

Figure 6.8 compares toluene mole fraction profiles measured in BF07,
BF10, BF18 and BF20 to predictions of kinetic models developed in
this work and published by Richter and Howard [92]. Our predictions
are close to experimental measurements in all investigated flames and
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Figure 6.8: experimental and predicted mole fraction profiles of toluene
(C7H8). Gray scale symbols represent experiments (4 TF07, o TF10,
� TF18, ♦ TF20). Solid and dashed curves stand for predictions of
present and Richter and Howard [92] models, respectively.
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a significant improvement of maximum positions is achieved in BF07
and BF10. The good predictive capability of our kinetic model for these
toluene mole fraction profiles demonstrates the validity of the sub-model
developed for toluene combustion in chapter 5.

6.2.2 The naphthalene sub-model

The development of the naphthalene sub-model

As discussed in the introduction of this chapter, several mechanisms
have been postulated to explain naphthalene formation in hydrocarbon

Figure 6.9: reactions pathways considered for naphthalene formation
and consumption in the developed kinetic model.



270 Chapter 6. Molecular growth: PAH formation

flames. Since this work is devoted to aromatic flames that exhibit signif-
icant concentrations of acetylene, cyclopentadiene, benzyl radicals and
propargyl radicals, one can suggest that the HACA pathway, the cy-
clopentadienyl radical recombination route and the benzyl + propargyl
radical channel will be key naphthalene formation channels.

These three reaction pathways are usually included in the form of three
overall reactions in kinetic models available in the literature [22, 92],
whereas they consist in complex mechanisms that involve numerous re-
action steps and share common intermediates, as depicted in figure 6.9.
Recently, theoretical studies have been conducted in order to determine
potential energy surfaces of the HACA mechanism and the cyclopen-
tadienyl radical pathway [168, 228, 234]. These works equally provide
rate constant calculations for many individual steps of those two naph-
thalene formation routes. Concerning the benzyl + propargyl radicals
channel, it may be linked to the reaction scheme presented in figure
6.9 by inserting two additional reactions whose kinetic parameters are
estimated, as explained further. Consequently, instead of using three
overall reactions, a new detailed sub-model for naphthalene formation
has been developed. It is depicted in figure 6.9 and rate parameters of
each reaction are summarized in table 6.1 and discussed hereafter.

Figure 6.9 shows that the cyclopentadienyl radicals route and the benzyl
+ propargyl radicals pathway produce naphthalene through reactions
belonging to the C10H9 potential energy surface. These two pathways
share two intermediate compounds: C10H9−4 and C10H9−5 (see figure
6.9). When available, rate constant parameters of table 6.1 have been
taken from the recent theoretical works of Kislov and co-workers [228,
234]. Rate parameters of reactions that were not calculated in those
works (reactions R1, R2, R10 and R11) have been estimated.
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Table 6.1: C10H8 production and consumption reactions included into
the kinetic model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Reactions of the C5 pathway.
R1 C5H5+C5H5 → C5H4C5H5+H 8.0 1013 0 8 a

C5H5+C5H5 ← C5H4C5H5+H 3 1013 0 0 b
R2 C5H4C5H5 � C10H9 − 0 3.6 1010 0.9 37 c
R3 C10H9 − 0 → C10H9 − 1 3.8 1012 -1.92 6 d

C10H9 − 0 ← C10H9 − 1 5.1 1013 -3.38 -3.4 d
R4 C10H9 − 1 → C10H9 − 2 3.5 1022 -4.77 14.7 d

C10H9 − 1 ← C10H9 − 2 6.7 1021 -4.65 29.5 d
R5 C10H9 − 2 → C10H9 − 3 1.4 1014 -2.37 7.5 d

C10H9 − 2 ← C10H9 − 3 7.1 1014 -2.4 -0.3 d
R6 C10H9 − 3 → C10H9 − 5 5.5 1011 -1.67 5.1 d

C10H9 − 3 ← C10H9 − 5 2.1 1011 -1.52 29.9 d
R7 C10H9 − 2 → C10H9 − 4 1.7 1015 -4.7 12.3 d

C10H9 − 2 ← C10H9 − 4 1.2 1013 -4.7 -7.9 d
R8 C10H9 − 4 → C10H9 − 5 2.2 109 -0.8 1.6 d

C10H9 − 4 ← C10H9 − 5 1.3 1011 -0.5 38.5 d
R9 C10H9 − 5 → C10H8+H 7.2 1010 0.8 15.1 d

C10H9 − 5 ← C10H8+H 4.4 108 1.5 11.1 d

Reactions of C7 + C3 pathway.
R10 b-C7H7+C3H3 → C10H9 − 6+H 6.0 1011 0 0 [187]

b-C7H7+C3H3 ← C10H9 − 6+H 3.0 1013 0 0 b
R11 C10H9 − 4 � C10H9 − 6 3.6 1010 0.9 37.3 e

Reactions of the HACA pathway.
R12 C8H6+H → C8H5+H2 1.3 108 1.9 17.6 f

C8H6+H ← C8H5+H2 9.1 104 2.4 5.6 f
R13 C8H5+C2H2 → C10H7 − 3 1.3 104 2.5 1.3 f

C8H5+C2H2 ← C10H7 − 3 7.6 1013 0.4 46 f
R14 C10H7 − 3 → C10H7 − 1 1.3 109 -0.7 1.5 f

C10H7 − 3 ← C10H7 − 1 9.6 109 -0.2 71.1 f
R15 C10H7 − 1+H+M � C10H8+M (k∞) 2.2 1014 0 0 f

C10H7 − 1+H+M � C10H8+M (k0) 4.1 10104 -24.6 21.5 f
Troe’s broadening factors: 4.6 10−2 / 3.52 102 / 6 104 / 7.6 103 f

Reactions of naphthalene consumption.

Continued on next page
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Reactions k = ATne−Ea/RT Refs.Aa n Eaa

R16 C10H8+H � C10H7 − 1+H2 2.3 108 1.9 17.1 [234]
R17 C10H8+H � C10H7 − 2+H2 2.3 108 1.9 17.1 g
R18 C10H8+OH � C10H7 − 1+H2O 9.7 102 3.0 4.4 [234]
R19 C10H8+OH � C10H7 − 2+H2O 8.3 102 3.0 4.4 g
R20 C10H8+O � C10H7 − 1+OH 6.0 1013 0 11.1 g
R21 C10H8+O � C10H7 − 2+OH 6.0 1013 0 11.1 g
R22 C10H8+O � C10H7 − 1O+H 6.7 1012 0 2.3 g
R23 C10H8+O � C10H7 − 2O+H 6.7 1012 0 2.3 g
R24 C10H7 − 2+H+M � C10H8+M (k∞) 2.2 1014 0 0 g

C10H7 − 2+H+M � C10H8+M (k0) 4.1 10104 -24.6 21.5 g
Troe’s broadening factors: 4.6 10−2 / 3.52 102 / 6 104 / 7.6 103 g

R25 C10H7 − 1+O2 � C10H7 − 1O+O 1.0 1013 0 3.6 g
R26 C10H7 − 2+O2 � C10H7 − 2O+O 1.0 1013 0 3.6 g
R27 C10H7 − 1O � C9H7+CO 3.6 1011 0 43.9 g
R28 C10H7 − 2O � C9H7+CO 3.6 1011 0 43.9 g
a rate parameters from [235] with pre exponential factor times by 4
b by analogy with C2H5 +H = 2CH3
c by analogy with n-C3H7 � i-C3H7 [236]
d QRRK calculations on Kislov and Mebel 2008 [228]
e by analogy with n-C3H7 � i-C3H7 from [236]
f QRRK calculations on Kislov et al. 2005 [234]
g by analogy with reactions of benzene combustion (see chapter 4)

Kinetic parameters of reaction R1 have been taken from the work of
Lindstedt and Maurice [235] and the pre exponential factor has been
increased by a factor 4. This adjustment is necessary to obtain a good
naphthalene prediction and can be justified by imprecisions on the pre-
dicted cyclopentadienyl radical mole fractions, which have a high in-
fluence on the rate of cyclopentadienyl radical self recombination. An
adjustment of a factor 4 has equally been proposed by Richter and co-
workers, demonstrating that a high uncertainty still surrounds rate pa-
rameters of that reaction. Kinetic parameters of the reverse reaction
have been determined by analogy with the H atom addition onto ethyl
radical, giving 2 CH3 radicals. Theoretical investigations of reactions R1
and -R1 of table 6.1, together with a fall off analysis are utterly needed
in order to model naphthalene formation more accurately. The reaction
R2 involves the migration of a hydrogen atom and its rate parameters
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have been estimated on the basis of a similar H atom isomerization.
Concerning the benzyl + propargyl radicals channel, rate constant of
reaction R10 has been deduced from the work of Colket and Seery [187]
and rate parameters of the reverse reaction have been taken by analogy
with the reaction C2H5 +H � 2CH3, in the same way as reaction -R1.
Kinetic parameters of the reaction R10 have been taken by analogy with
anotherH atom migration reaction. Beside the cyclopentadienyl and the
benzyl + propargyl radicals channels, the HACA route, forming naph-
thalene from acetylene addition on the phenyl radical, has been added
using kinetic parameters proposed by Tokmakov and Lin [168] in 2004.
A second HACA channel, linking C6H5 +C2H2 to C10H9− 4 exists but
necessitates an acetylene addition onto the C6H5CHCH adduct that
has been demonstrated by Frenklach and co-workers [99] to be substan-
tially slower than the adduct decomposition into phenylacetylene and H
atom. Therefore, this second HACA pathway is not included into our
kinetic model.

In 2007, Kislov and Mebel predicted that the conversion of C10H9 − 2
into C10H9 − 5 through C10H9 − 3 formation has a lower activation
barrier than through C10H9 − 4 production. Authors equally showed
that C10H9 − 4 isomerization into C10H9 − 5 is faster than C10H9 − 2
formation. Therefore, one can expect that the C5 and the C7 + C3

pathways will converge into C10H9−5, rather than into C10H9−4.

Comparison with experimental data

Figure 6.10 compares experimental measurements of naphthalene mole
fraction profiles to model predictions. Composition of toluene and ben-
zene flames have been chosen in order to have the same total carbon
content in BF18 and TF18, and in BF20 and TF20, respectively. There-
fore, the highest maximum mole fraction of naphthalene measured in
TF20 (500 ppm), compared to that measured in BF20 (300 ppm), indi-
cates that in similar conditions, toluene flames have a higher propensity
for C10H8 formation than benzene flames. This observation suggests
that, in similar conditions, toluene flames may produce more soot than
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Figure 6.10: experimental and predicted mole fraction profiles of naph-
thalene (C10H8). Gray scale symbols represent experiments (4 TF07, o
TF10, � TF18, ♦ TF20). Solid and dashed curves stand for predictions
of present and Richter and Howard [92] models, respectively.

benzene flames. This assumption will be addressed in the following chap-
ter, devoted to the measurement and to the modeling of soot formation.
The developed kinetic model well reproduces naphthalene measurements
performed in BF18, BF20, TF18 and TF20. Highest naphthalene levels
detected in toluene flames, compared to benzene flames, suggest that its
formation depends on the reactant structure and that different pathways
should be involved. This hypothesis may be verified by the calculation
of relative contributions of each path presented in figure 6.9. Such a cal-
culation shows that in rich benzene flames, 97% of naphthalene forma-
tion is achieved through the cyclopentadienyl radical self recombination
channel and that only 3% comes from the benzyl + propargyl radicals
channel. This prediction is consistent with high cyclopentadiene maxi-
mum mole fractions measured in BF18 and BF20, demonstrating that
cyclopentadienyl radical could be a key intermediate. Surprisingly, it is
found that the HACA mechanism does not participate to naphthalene
formation but consumes naphthalene into phenylacetylene. This finding
could be explained by the important naphthalene formation through the
C5 route, which yields high C10H7−1 formation by H abstraction reac-
tions on naphthalene. This high 1-naphthyl formation forces reactions
R14, R13 and R12 to go backward, towards decomposition into phenyl
radical and acetylene. This is an important finding that shows that
if additional naphthalene formation pathways exist, they will prevent
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the HACA mechanism to compete and even force it to go backward,
consuming naphthalene.

Our study confirms that the main naphthalene formation channel is dif-
ferent in toluene flames. Indeed, it is found that the benzyl + propargyl
radicals pathway is responsible of 60% and 70% of naphthalene forma-
tion in TF18 and TF20, respectively. Compared to benzene combustion,
the C5 channel becomes minor and only produces the remaining 40% and
30% of naphthalene. This change in the main C10H8 formation path-
way might be explained by the lowest cyclopentadiene mole fractions
and the highest benzyl radical levels measured in toluene flames, com-
pared to benzene flames. These changes in maximum mole fractions
disadvantage the cyclopentadienyl radical channel and highly promote
the benzyl radical route in toluene flames. Our study thus demonstrates
that the formation of naphthalene is highly dependent on reactant struc-
ture, since the substitution of a hydrogen atom on the benzene ring by
a methyl radical leads to a deep modification of the main naphthalene
formation route. In the same way as benzene combustion, in toluene
flames the HACA mechanism consumes naphthalene rather than pro-
ducing it.

Concerning naphthalene consumption, rate constants of reactions that
might consume it are still uncertain. Consequently, in this work we
have postulated that naphthalene reacts similarly to benzene and its re-
actions with H, O and OH radicals have been determined by analogy.
However, contrarily to benzene, positions of CH groups of naphthalene
are not all similar and depending on the position where reactions take
place, two different isomers can always be formed. 86% of naphthalene
consumption is achieved through H abstraction reactions (reactions R16
to R21 of table 6.1), producing 1-naphthyl (C10H7 − 1) and 2-naphthyl
(C10H7−2) radicals. The 1-naphthyl radical can decompose into phenyl
radical and acetylene by the HACA mechanism. However, this channel
represents less than 1% of 1 naphthyl consumption and main reaction
routes of 1 and 2-naphthyl radicals involve reaction with O2 producing
1-naphtoxy (C10H7 − 1O) and 2-naphthoxy (C10H7 − 2O) radicals + O

atom, through reactions R25 and R26, similarly to the reaction of phenyl
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radical with O2 forming phenoxy radical + O atom. In the same way
as phenoxy radical, high temperature reactions of naphthoxy radicals
principally consist in ejection of a CO molecule, converting naphthoxy
radicals into the indenyl radical (C9H7), as depicted ate the top of fig-
ure 6.9 and in reactions R27 and R28 of table 6.1. Then, this indenyl
radical might form indene (C9H8) through recombination reactions with
H atom, in the same way as cyclopentadienyl radical forms cyclopenta-
diene.

6.2.3 The indene sub-model

The development of the indene sub-model

In the introduction of this chapter, one mentioned that two main chan-
nels can produce indene (C9H8). The first involves the reaction between
benzyl radical and acetylene and the second consists in the recombina-
tion between two cyclopentadienyl radicals. In addition to those path-
ways, one has shown in the previous section that the C10H8 oxidation
equally produces indene in significant levels, bringing the number of in-
dene formation routes to three. Unfortunately, rate parameters of indene
formation from benzyl and cyclopentadienyl radicals are still unknown
and consequently have to be estimated. The C5H5 +C5H5 channel has
been included in the kinetic model thanks to reactions R29 and R30
of table 6.2. Since no rate constant have been proposed for the recom-
bination of two cyclopentadienyl radicals, they have been deduced by
analogy with that of two propargyl radicals. The reverse rate constant
is taken equal to that of the CC bond breaking in ethane. Then, we
have fitted the rate constant of the H atom addition onto C10H10 yield-
ing indene and a methyl radical to 2.0 1013, in order to reach the indene
maximum mole fraction observed in our benzene flames. Benzene flames
have been taken as reference since the indene formation pathway involv-
ing benzyl radical and acetylene is supposed to be negligible. Further
investigation on the rate constant of reaction R10 are required in or-
der to assess the validity of our rate constant fit. Concerning the benzyl
radical recombination with acetylene, we have deduced rate constant pa-
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Table 6.2: C9H8 production and consumption reactions included into
the kinetic model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Reactions of Indene.
R29 C5H5+C5H5 → C10H10 2.0 1013 0 0 a

C5H5+C5H5 ← C10H10 1.1 1025 -8.24 93.6 b
R30 C10H10+H � C9H8+CH3 2.0 1013 0 0 c
R31 b-C7H7+C2H2 → C9H8+H 1.71 1013 0 16.9 d

b-C7H7+C2H2 ← C9H8+H 3.56 1013 0 28.4 d
R32 C9H8+M � C9H7+H+M (k∞) 7.7 1019 -1.2 84.5 e

C9H8+M � C9H7+H+M (k0) 1.1 1080 -16.8 16.9 e
R33 C9H8+H � C9H7+H2 3 1014 0 6.6 e
R34 C9H8+O � C9H7+OH 1.8 1014 0 3.1 e
R35 C9H8+OH � C9H7+H2O 3.4 109 1.2 -0.5 e
R36 C9H7+O → C6H5CHCH+CO 1.0 1014 0 0 [235]
a Taken equal to propargyl radical recombination calculated by Georgievskii et
al. [237]. b by analogy with ethane dissociation. c Estimated, no rate data available.
d based on Kislov et al. [227]. e by analogy with reactions of cyclopentadiene.

rameters from the theoretical work of Kislov and Mebel in 2007. Further
reactions of indene have been introduced by analogy with cyclopenta-
diene. Rate parameters of O addition on the indenyl radical, forming
C6H5CHCH+CO, come from the work of Lindstedt and Maurice [235].

Comparison with experimental data

Indene was not detected by gas chromatography in this work but our
previous MBMS study of BF20 reported a maximum mole fraction of 1.5
10−4 [238] that well compares with the value of 2 10−4 recently reported
by Yang and co-workers [95] in a similar flame. A comparative rate
constant analysis of reactions included in table 6.2 shows that H atom
recombination with the indenyl radical produced from naphthalene oxi-
dation is a minor C9H8 formation route and that the C5H5+C5H5 path-
way is responsible of most of indene formation in rich benzene flames.
Figure 6.11 shows that indene mole fraction is well predicted in BF20,
whereas this observation is evident since rate constant of R30 has been
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Figure 6.11: experimental and predicted mole fraction profiles of in-
dene (C9H8). Gray scale symbols represent experiments (4 TF07, o
TF10, � TF18, ♦ TF20). Solid and dashed curves stand for predictions
of present and Richter and Howard [92] models, respectively.

fitted to obtain a good predictive capability. However, this curve fitting
is necessary to model soot formation on a firm foundation.

We did not measure indene formation in our toluene flames but Li and
co-workers [204] measured a maximum mole fraction of 8/; 10−4 in a
flame similar to TF18. This indicate that in the same way as naphtha-
lene, toluene flames have a higher propensity for indene formation. The
kinetic modeling study also predicts an increase of the indene maximum
mole fraction, compared to benzene flames, whereas it underestimates
the maximum (see figure 6.11). A comparative reaction rate analysis
shows that the increase in naphthalene formation observed in toluene
flames comes from the benzyl radical + acetylene channel. This can
be compared to the key role played by the benzyl + propargyl radicals
route for naphthalene formation in toluene flames, indicating that benzyl
radical is of particular importance for the molecular growth.

6.2.4 Styrene and phenylacetylene sub-models

The development of the styrene and phenylacetylene sub-model

Styrene formation can be achieved from several reaction routes, includ-
ing the recombination of C4 hydrocarbons, a side chain formation on
benzene or the growth of the toluene side chain. The flame chemistry of
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Figure 6.12: reactions pathways considered for ethynylbenzene,
styrene and phenylacetylene formation and consumption in the devel-
oped kinetic model.

styrene is linked to those of ethylbenzene and phenylacetylene, through
its side chain hydrogenation and dehydrogenation, respectively. Figure
6.12 depicts these reaction channels and table 6.3 summarizes rate pa-
rameters of corresponding reactions. In the previous section devoted to
indene formation, we pointed up that C6H5CHCH is a product of in-
dene oxidation in flames. This compound might be involved in C8H6 for-
mation through a beta scission reaction, expelling a hydrogen atom from
the side chain. In 2004 and 2003, Tokmakov and Lin [168,239] compre-
hensively investigated potential energy surfaces of phenyl + acetylene,
phenyl + ethylene, benzene + vinyl radical and styrene + H atom re-
actions. Authors equally calculated rate coefficients of each reaction
step that has been included into our kinetic model. In 2003, Ellis and
co-workers [214] investigated reactions of hydrogen atom with ethylben-
zene and measured the rate parameters that have been used in this
work.
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Table 6.3: C8H10, C8H8 and C8H6 production and consumption reac-
tions included into the kinetic model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Reactions of Ethylbenzene.
R37 C8H10+M � b-C7H7+CH3+M (k∞) 1.9 1050 -9.72 107.3 a

C8H10+M � b-C7H7+CH3+M (k0) 3.7 1065 -13.14 101.6 a
Troe’s broadening factors: 3.9 10−1 / 1.00 102 / 1.9 103 / 6 103 a

R38 C8H10+M � C6H5+C2H5 (k∞) 1.3 1037 -5.84 97.4 a
C8H10+M � b-C7H7+CH3 (k0) 5.6 1074 -15.74 98.7 a

Troe’s broadening factors: 3.1 10−1 / 5.00 101 / 3 103 / 9 103 a
R39 C6H5CH2CH2+H+M � C8H10+M (k∞) 1.8 1013 0 0 b

C6H5CH2CH2+H+M � C8H10+M (k0) 1.5 1048 -9.32 5.8 b
Troe’s broadening factors: 5.0 10−1 / 1.314 103 / 1.314 103 / 5 104 b

R40 C6H5CHCH3+H+M � C8H10+M (k∞) 2.4 1013 0 0 b
C6H5CHCH3+H+M � C8H10+M (k0) 1.7 1058 -12.1 11.3 b

Troe’s broadening factors: 6.5 10−1 / 1.213 103 / 1.213 103 / 1.337 104 b
R41 C8H10+H � C2H5+C6H6 1.0 106 -2 0.9 [214]
R42 C8H10+H � C6H5CH2CH2+H2 7.2 108 1.5 7.4 [214]
R43 C8H10+H � C6H5CHCH3+H2 3.3 107 2 5.6 [214]
R44 C6H5CH2CH2 → C6H5CHCH3 5.9 105 2.07 29.6 [242]

C6H5CH2CH2 ← C6H5CHCH3 2.3 107 1.74 44.5 [242]
R45 C6H5CH2CH2 � C8H8+H 3.8 106 2 32.1 [242]
R46 C6H5CHCH3 � C8H8+H 3.7 108 1.55 44.6 [242]
R47 C6H5+C2H4 → C6H5CH2CH2 4 103 2.6 1.5 [242]

C6H5+C2H4 ← C6H5CH2CH2 1.7 1011 0.78 38.7 [242]

Reactions of styrene.
R48 n-C4H5+C4H4 � C8H8+H 3.2 1011 0 0.6 [243]
R49 C4H4+C4H4 � C8H8 1.5 1014 0 38 [244]
R50 C8H8+H � C6H5+C2H4 1.6 1037 -6.31 31.7 [242]
R51 C8H8+H � C6H6+C2H3 5.62 1024 -3 19.8 [242]
R52 C8H8 → C6H5CHCH+H 4.6 109 0.81 26.3 [239]

C8H8 ← C6H5CHCH+H 2.0 1010 0.7 27.5 [239]
R53 C8H8 → C6H5CCH2+H 4.6 109 0.81 32 [239]

C8H8 ← C6H5CCH2+H 2.0 1010 0.7 32 [239]
R54 C6H5CHCH → C6H5CCH2 4.9 1012 0.45 45.7 [239]

C6H5CHCH ← C6H5CCH2 6.6 1013 0.14 53 [239]
R55 C8H8+H � C6H5CHCH+H2 6.6 105 2.5 12.2 [235]
R56 C8H8+H � C6H5CCH2+H2 3.3 105 2.5 12.2 [235]

Continued on next page
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Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Reactions of phenylacetylene.
R57 C6H5+C2H2 � C8H6+H 2.93 1012 0.18 6.5 [239]
R58 C6H5+C2H2 → C6H5CHCH 2.7 106 2.05 3.7 [239]

C6H5+C2H2 ← C6H5CHCH 1.4 1014 0.34 45.7 [239]
R59 C6H5CHCH � C8H6+H 3.8 1011 0.82 38.91 [239]
R60 C6H5CCH2 � C8H6+H 1.2 1013 0.55 42.6 [239]
a by analogy with propane dissociation [240]
b by analogy with propane dissociation [241]

In 1984, Cole and co-workers [243] and Lundgard and co-workers [244]
suggested that pathways involving C4 hydrocarbons might participate
to styrene formation. These reaction channels, together with their rate
parameters, have been included into the model.

Comparison with experimental data

Figure 6.13 compares experimental measurements performed in BF18,
BF20, TF18 and TF20 to predictions of the present kinetic model. Ex-
perimental phenylacetylene mole fraction in benzene and toluene flames
are well reproduced by the kinetic model. The main C8H6 formation
route in benzene and toluene flames is indenyl radical reaction with O
atom, forming CO and the C6H5CHCH radical (see reaction R36 in
table 6.2), which subsequently gives phenylacetylene + hydrogen atom,
as depicted in reaction R59 in table 6.3. Phenylacetylene is mainly
consumed through reaction with H atom forming phenyl radical and
acetylene (reaction R57). The experimental increase in phenylacetylene
mole fraction observed in TF18 and TF20, compared to BF18 and BF20,
is not reproduced by the kinetic model. This may be explained by the
underestimation of indene mole fraction in TF20, which disadvantages
the C6H5CHCH and the phenylacetylene productions. Compared to
the kinetic model developed by Richter and Howard, this work signif-
icantly improves maximum positions of phenylacetylene mole fraction
profiles.
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Figure 6.13: Experimental and predicted mole fraction profiles of
styrene (C8H8) and phenylacetylene (C8H6). Gray scale symbols repre-
sent experiments (4 TF07, o TF10, � TF18, ♦ TF20). Solid and dashed
curves stand for predictions of present and Richter and Howard [92] mod-
els, respectively.

Concerning styrene formation, our mechanism has a good predictive
capability in benzene flames of this work and underestimates mole frac-
tion profiles measured in toluene flames. A comparative reaction rate
analysis shows that reaction R51 of table 6.3 proceeds backward and is
the main styrene formation route in benzene flames. In toluene flames,
benzene concentration are significantly lower and this reaction becomes
insignificant. The main channel forming styrene is benzyl radical reac-
tion with methylene triplet radical, followed by the loss of a hydrogen
atom. An additional channel for styrene formation from toluene is the
reaction with vinyl radical, producing styrene and methyl radical. Un-
fortunately, rate parameters of this reaction are unknown and their de-
termination should therefore help to better predict styrene formation in
toluene flames. It is interesting to note that reaction R37 involving ben-
zyl and methyl radicals recombination forming ethylbenzene is negligi-
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ble. Consequently, styrene formation from C8H10 dehydrogenation does
not compete with the pathway coming from the indenyl radical.

6.2.5 The biphenyl sub-model

The development of the biphenyl sub-model

Kinetics of the phenyl radical self recombination has been experimentally
investigated by Park and Lin [245] in 1997 at high pressure and in the
temperature range of 300 - 500 K. Since this rate constant could not be
applied to our experimental conditions, we have chosen rate parameters
calculated by Richter and Howard [92] in 2002 for the same reaction.
The reaction between phenyl radical and benzene giving biphenyl + H

atom has also been taken from the work of Richter and Howard. Then,
other rate constants have been deduced by analogy with benzene. Table
6.4 summarizes rate parameters used for the C12H10 chemistry.

Comparison with experimental data

Figure 6.14 compares experimental measurements of biphenyl performed
in benzene and toluene flames to predictions of the kinetic model de-
veloped in this work. In benzene flames, maximum mole fractions of

Table 6.4: C12H10 production and consumption reactions included into
the kinetic model.

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Reactions of biphenyl.
R61 C6H5+C6H5 � C12H10 5.9 1042 -8.83 13.8 [92]
R62 C6H5+C6H6 � C12H10+H 1.4 1013 0 0.1 [92]
R63 C12H10+H � C12H9+H2 3.2 107 2.1 15.84 a
R64 C12H10+OH � C12H9+H2O 2.11 1013 0 4.57 a
R65 C12H9+H+M � C12H10+M (k∞) 2.20 1014 0 0 a

C12H9+H+M � C12H10+M (k0) 4.10 10104 -24.6 21.51 a
Troe’s broadening factors: 4.6 10−2 / 3.5 102 / 6.0 104 / 7.6 103 a

a by analogy with benzene.
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Figure 6.14: Experimental and predicted mole fraction profiles of
biphenyl (C12H10). Gray scale symbols represent experiments (4 TF07,
o TF10, � TF18, ♦ TF20). Solid and dashed curves stand for predic-
tions of present and Richter and Howard [92] models, respectively.

biphenyl are well predicted by the kinetic model. The main biphenyl
formation pathwyay is the phenyl radical reaction with benzene (reac-
tion R62). In toluene flames, reaction R61 involving the recombination
of two phenyl radicals becomes the main biphenyl formation route, as
benzene mole fractions are lower. Biphenyl is principally consumed by
reactions R63 and R64 in the C12H9 radical. As discussed in the in-
troduction, this radical may react through a HACA mechanism forming
phenanthrene.

6.2.6 Summary on PAH formation and further growth
into phenanthrene and pyrene

At this stage, largest hydrocarbons considered in the developed kinetic
model are biphenyl, indene and naphthalene. Figure 6.15 summarizes
their main formation pathways, which have been comprehensively dis-
cussed in previous sections. In flames investigated in this work, naphtha-
lene is predicted to be produced from two major channels, which consist
in the recombination either between two cyclopentadienyl radicals or
between benzyl and propargyl radicals. The later route is predicted to
only contributes to 3% of the naphthalene formation in BF20, whereas it
is the main formation channel (71%) in TF20. According to the kinetic
modeling analysis, the HACA pathway is not competitive for naphtha-
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Figure 6.15: summary on PAH formation in BF20 and TF20. Contri-
butions to the formation of chemical species are indicated for BF20 and
{TF20}.

lene formation in rich benzene and toluene flames. Indene is predicted
to be mainly formed through cyclopentadienyl radical recombination
in BF20 (87%), whereas in TF20 a second channel based on acetylene
reaction with benzyl radical highly competes (41%) with the cyclopen-
tadienyl radical route (41%). Naphthalene consumption is predicted to
produce 12 and 18% of indene in BF20 and TF20, respectively. Finally,
the biphenyl formation is achieved through phenyl radical recombina-
tion and phenyl radical reaction with benzene in BF20, whereas the
recombination route is dominant in TF20.

As described in figure 6.15, naphthalene, indene and biphenyl are start-
ing points of further growth into PAHs having three and four fused
aromatic rings, which are respectively called phenanthrene and pyrene.
These reactions have been introduced using the kinetic model proposed
by D’Anna and co-workers [246]. Whereas pyrene has not been detected
by Gas Chromatography due to the detection limit of our apparatus,
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its inclusion is necessary to model soot formation, as described in the
following chapter.

The reaction pathways considered by D’Anna and co-workers for phenan-
threne formation includes (i) the recombination between phenylacety-
lene (C8H6) and phenyl radical or that between C8H5 and benzene, (ii)
HACA reactions on naphthalene, (iii) HACA reactions on biphenyl and
(iv) the cyclopentadienyl radical addition onto the indenyl radical. In
rich benzene flames, the first channel accounts for 69 % of phenanthrene
formation while routes (iii) and (iv) represent 21 and 7%, respectively.
The channel (ii) is not predicted to compete in phenanthrene formation
using the mechanism of D’Anna and co-workers. The predicted maxi-
mum mole fraction of phenanthrene in BF20 is 1.6 10−5. This prediction
is a factor 10 times higher than our measurement. However, we have
highlighted that the phenanthrene mole fraction was close to the detec-
tion limit of our Gas Chromatograph and that a significant error should
therefore be considered. Contrarily to our measurements, that of Yang
and co-workers [95] (1 10−5) achieved in a similar benzene flame well
compares with the prediction.

Pyrene formation is considered by D’Anna and co-workers through HACA
reactions on phenanthrene and a maximum mole fraction of 7 10−7 is
predicted. Compared to the 1 10−5 mole fraction measured by Yang and
co-workers, this predicted value seems too low. This discrepancy might
come from the uncertainty on the rate parameters of HACA reactions
on phenanthrene that are still an important topic of research. In toluene
flames, phenanthrene formation is mainly achieved through the reaction
between cyclopentadienyl and indenyl radicals (45 %). Compared to the
benzene flame, the change in the main reaction route comes from the
decrease in benzene and phenyl radical mole fractions. This decrease
disadvantages pathways (i) and (iii), whose phenyl radical and benzene
are main building blocks. In the same way as in benzene flames, pyrene
formation occurs through HACA reactions on phenanthrene.
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6.3 Study of naphthalene formation by propyne
and cyclopentene seeding into benzene and
toluene flames

As discussed in previous sections and summarized in figure 6.15, the
main naphthalene formation pathways are based on the recombination
between two cyclopentadienyl radicals or propargyl and benzyl radicals.
The naphthalene formation rate should consequently depends on mole
fractions of cyclopentadienyl and propargyl radicals. In order to verify
this hypothesis, precursors of cyclopentadienyl and propargyl radicals
have been added into BF20 and TF20 and the resulting flame structures
have been measured. The chosen precursors are cyclopentene (C5H8)
and propyne (C3H4) and kinetic sub-models representing cyclopentene
and propyne reactions in flames have been developed. The following
sections first briefly introduce propyne and cyclopentene combustion
by presenting their experimental studies described in the literature and
the current understanding of their flame chemistry. Then, experimen-
tal measurements are exposed and their comparison to predicted flame
structures is presented. The effect of the propyne and the cyclopentene
seeding on naphthalene formation is equally discussed.

6.3.1 Introduction

The cyclopentene combustion

To our best knowledge, Lamprecht and co-workers [139] are the first who
investigated cyclopentene combustion. In 2000, they measured struc-
tures of laminar, premixed and one-dimensional cyclopentene-oxygen-
argon flames, burning at 50 mbar and with C/O ratios of 0.6, 0.77
and 0.94, by electron impact MBMS. From their measurements, au-
thors suggested that H asbtraction reactions on cyclopentene, forming
cyclopentenyl radicals and their subsequent dissociation through path-
ways presented in section 4.3.9 on page 154 should be main cyclopen-
tene consumption channels. In addition, authors performed a reaction
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flow analysis of benzene formation and determined that several reaction
pathways should compete, including the recombination of two propar-
gyl radicals and that of cyclopentadienyl and methyl radicals (see sec-
tions 4.3.5 on page 136 and 4.3.6 on page 141, respectively). In 2002,
Lindstedt and Rizos [247] developed a kinetic model of cyclopentene
combustion to predict experimental measurements performed by Lam-
precht and co-workers [139]. The model consists in two main cyclopen-
tene consumption pathways: (i) H atom addition onto cyclopentene, fol-
lowed by the dissociation into a-C3H5 (CH2CHCH2) + C2H4 and (ii)
H abstraction reactions on cyclopentene, forming an overall C5H7 rad-
ical that further decomposes into cyclopentadiene and hydrogen atom.
For most of measured species, their model has a good predictive ca-
pability and authors demonstrated that both C3H3 recombination and
cyclopentadienyl and methyl radical recombination routes should form
benzene, as previously postulated by Lamprecht and co-workers [139].
Nevertheless, the model overpredicts propargyl radical mole fractions
and authors pointed up that it should explain the benzene overestima-
tion equally recorded. Concerning naphthalene formation, Lindstedt
and Rizos showed that the overall rate constant proposed by Marinov
and co-workers for C5H5 recombination (k = 21013exp(−2013/T ) cm3

mol−1, [170]) leads to naphthalene predictions 35 times higher than the
experiment [247]. They consequently proposed a new kinetic description
of this pathway, based on a two-steps sequence with estimated rate pa-
rameters that better represent naphthalene mole fraction measurements
performed by Lamprecht and co-workers [139].

In 2007, Hansen and co-workers reinvestigated the C/O = 0.77 cy-
clopentene flame structure of Lamprecht and co-workers using photoion-
ization molecular beam mass spectrometry and they resolved isomeric
composition for most chemical species [248]. In 2008, Kamphus and
co-workers [249] compared these new measurements with predictions
of models developed by Richter and Howard [92] and by Bakali and
co-workers [250]. Since these mechanisms do not include cyclopentene
chemistry, they added a set of 11 reactions to each of them, involving
(i) H abstraction on the C5H8 forming an overall C5H7 radical that dis-
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sociate into cyclopentadiene and (ii) molecular dehydrogenation of cy-
clopentene forming cyclopentadiene andH2. Therefore, contrarily to the
former mechanism of Lindstedt and Rizos [247], the sub-model of Kam-
phus and co-workers does not consider H atom addition on cyclopentene
and involves an additional molecular H2 elimination process.

Rate parameters of the latter reaction have been investigated by many
authors in the past, including [251, 252], and it was found to compete
with H abstraction reactions under combustion conditions [249]. Au-
thors performed reaction flux analysis and concluded that this dehy-
drogenation reaction is the main cyclopentene consumption route in
the investigated flame. In addition, they confirmed previous findings
of Lindstedt and Rizos by showing that propargyl radicals recombina-
tion is a major benzene formation route and that naphthalene is highly
overestimated by models considering the C5H5 radicals recombination
proposed by Marinov and co-workers [170].

The same year, Gueniche and co-workers [138] performed an experi-
mental analysis of a methane flame doped by cyclopentene and devel-
oped a detailed mechanism of cyclopentene oxidation. This new sub-
model is far more detailed than previous submodels of Lindstedt and
Rizos and Kamphus and co-workers, as it takes into account (i) different
C5H7 radicals formation and their following dissociations, (ii) cyclopen-
tene dehydrogenation into cyclopentadiene and (iii) H atom addition
on cyclopentene forming C5H9, which can subsequently dissociates into
a−C3H5+C2H4. This model has an overall good predictive capability
and one takes it as a basis for our C5H8 and C5H7 kinetic sub-model
development, as explained in section 4.3.9 on page 154. In addition
to the investigation of the naphthalene formation from the recombina-
tion of two cyclopentadienyl radicals, the present study should therefore
allow to throw some light on consumption pathways of cyclopentene
and to study the contribution of the different benzene formation chan-
nels.
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The propyne combustion

The first comprehensive kinetic modeling study whose we are aware is
that of Dagaut and co-workers [253] who developed a detailed kinetic
model to predict mole fraction profiles of chemical species measured in
perfectly stirred reactors. In 1998, Davis and co-workers [254] studied
propyne flame speeds, ignition delays and oxidation in a flow reactor.
Authors developed a kinetic model to compare with these measurements
and determined that propyne reactions with H atom forming propargyl
radicals + H2 or CH3CHCH radical, which subsequently decomposes
into CH3 + C2H2, are major consumption routes. Moreover, authors
stressed that propyne isomerization into allene should play a key role
in high temperature reactions. Other kinetic models of propyne oxi-
dation have also been developed by Fournet and co-workers [255] and
Ranzi and co-workers [256], who have reached the same conclusions con-
cerning main consumption route. To our best knowledge, the influence
of propyne addition on naphthalene formation has never been investi-
gated.

6.3.2 Experimental results and discussion

The cyclopentene combustion

The main goal of these measurements is to provide new experimental
data to test the predictive capability of the developed model in condi-
tions that should influence naphthalene formation. Consequently, our
attention was focused on small hydrocarbons and on naphthalene forma-
tion. Mole fraction profiles of main chemical species such as permanent
gases of combustion were therefore not measured. Since cyclopentene
combustion is a hot topic of the current literature [138, 248, 249], the
analysis of a pure cyclopentene-oxygen-argon flame has been performed
in order to compare with results previously obtained.

Table 6.5 presents flame parameters of each investigated flame that
has been stabilized at 45 mbar on the same apparatus than our ben-
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Figure 6.16: Experimental and predicted mole fraction profiles of some
key intermediates measured in CF20. Gray scale symbols represent ex-
periments and solid curves in corresponding gray scale stand for predic-
tions of present model.
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Table 6.5: Parameters of cyclopentene and propyne flames

Benzene-cyclopentene-oxygen-argon flames :

Code φ
Mass flux Fresh gas composition

(g s−1 cm−2) χC6H6 χC5H8 χO2 χAr
CF20 1.7 3.38 10−3 0 8.91 10−2 3.67 10−1 5.44 10−1

BCF20 2.0 3.04 10−3 8.84 10−2 3.11 10−2 4.47 10−1 4.33 10−1

Toluene-propyne-oxygen-argon flames :

Code φ
Mass flux Fresh gas composition

(g s−1 cm−2) χC7H8 χC3H4 χO2 χAr
TPF21 2.1 3.15 10−3 9.89 10−2 1.11 10−2 4.45 10−1 4.45 10−1

TPF22 2.2 3.15 10−3 9.89 10−2 2.22 10−2 4.45 10−1 4.34 10−1

zene and toluene flames. The experimental flame structure of the pure
cyclopentene-oxygen-argon flame (CF20) is described in figure 6.16. Cy-
clopentene is fully consumed at 0.75 cm from the burner surface and the
maximum flame temperature reaches 1697 K at 0.95 cm. Compared
to benzene and toluene flames of this work, cyclopentene combustion
forms very high quantities of cyclopentadiene. This observation sup-
ports occurrence of a direct dehydrogenation reaction of cyclopentene
into cyclopentadiene + H2, as discussed previously. Measurements also
demonstrate that C4, C3 and C1 hydrocarbons reach significant mole
fractions, suggesting that they might be key intermediates of cyclopen-
tene consumption. This hypothesis is supported the work of Gueniche
and co-workers [138] on cyclopentene combustion, which has demon-
strated that cyclopentenyl radicals formation and decomposition into
C3 + C2 or C4 + C1 hydrocarbons can play a significant role in cy-
clopentene flames. Maximum mole fractions measured for toluene and
naphthalene are 5.5 10−5 and 3.9 10−4, respectively. Table 6.6 compares
maximum mole fractions measured in the present study with those re-
ported in works of Lamprecht and co-workers [139] and Hansen and
co-workers [248]. It appears that discrepancies as high as a factor of
2.25 appears between both previous published works whereas they in-
vestigated a flame with an identical cold mixture composition. Authors
justified these differences by the presence of fragmentation processes in
the electron impact molecular beam mass spectrometry analysis. It is
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Table 6.6: Maximum mole fraction measured in CF20.

Species EI MBMS [139] UV MBMS [248] GC - present work
C/O = 0.77 C/O = 0.77 C/O = 0.65
χAr = 25 % χAr = 25 % χAr = 54 %

CH4 2.0 10−3 4.5 10−3 8.0 10−3

a-C3H4 3.4 10−3 1.0 10−3 8.0 10−4

p-C3H4 2.5 10−3 1.3 10−4

C4H2 2.3 10−3 2.8 10−3 1.4 10−3

C4H4 1.7 10−3 1.5 10−3 1.2 10−3

C4H6 1.2 10−3 1.5 10−3 1.6 10−3

C5H6 1.1 10−2 1.8 10−2 1.6 10−2

C6H6 1.8 10−3 1.3 10−3 1.5 10−3

C7H8 5.0 10−5 5.5 10−5

C10H8 2.2 10−5 3.8 10−4

difficult to compare our measurements with these former works as dilu-
tion and C/O ratios are substantially different.

Indeed, in this work CF20 has been stabilized with a dilution ratio of
54% and a C/O ratio of 0.65. However, one can note that maximum
mole fractions of our measurements are close to those of previous stud-
ies, except for naphthalene which is about 15 times higher than in the
work of Lamprecht and co-workers [139]. Unfortunately, Hansen and co-
workers [248] did not perform naphthalene measurements in their work
of 2007 and this important discrepancy between the present study and
that of Lamprecht and co-workers should be addressed in the future. The
kinetic sub-model used for the modeling of cyclopentene combustion is
detailed in table 6.7, together with references of kinetic parameters for
each reaction. It is mainly based on the recent work of Gueniche and
co-workers [138] described in a previous section. Predictions of the ki-
netic model are presented by solid curves in figure 6.16 and comparative
reaction rate analyses have been performed to determine main reaction
pathways of cyclopentene combustion.
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Table 6.7: C5H8 consumption reactions included into the kinetic model
(see also section 4.3.9).

Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Dehydrogenation reaction.
R66 C5H8 � C5H6 +H2 1 1013 0 60.0 [251]

Reactions with H atom.
R67 a-C3H5 + C2H4 � C5H8 +H 1.2 1010 0 11.5 [247]
R68 C5H8 +H � C5H7(B) +H2 9.0 106 2 5 [138]
R69 C5H8 +H � C5H7(A) +H2 1.1 105 2.5 -1.9 [138]
R70 C5H8 +H � C5H7(C) +H2 8.2 105 2 9.8 [138]

Reactions with OH atom.
R71 C5H8 +OH � C5H7(B) +H2O 2.6 106 2 -0.8 [138]
R72 C5H8 +OH � C5H7(A) +H2O 2.0 106 2 -1.5 [138]
R73 C5H8 +OH � C5H7(C) +H2O 2.2 106 2 1.4 [138]

Reactions with O atom.
R74 C5H8 +O � C5H7(B) +OH 2.6 1013 2 5.2 [138]
R75 C5H8 +O � C5H7(A) +OH 1.7 1011 0.7 3.2 [138]
R76 C5H8 +O � C5H7(C) +OH 1.2 1011 0.7 7.6 [138]

Reactions of C5H7(A).
R77 C5H7(A) � C5H6 +H 3 1013 0 50.5 [138]
R78 C5H7(A) � 1,3-C5H7-5-yl 1.3 1013 0 35 [138]
R79 1,3-C5H7-3-yl � 1,3-C5H7-5-yl 5 1013 0 37 [138]
R80 1,4-C5H7-5-yl � 1,3-C5H7-5-yl 3.4 1013 0 34.5 [138]
R81 1,3-C5H7-4-yl � 1,3-C5H7-5-yl 2 1013 0 47 [138]
R82 1,4-C5H7-4-yl � 1,3-C5H7-5-yl 1.3 1013 0 44.5 [138]
R83 1,3-C5H7-3-yl � CH3 + C4H4 3.3 1012 0 31.5 [138]
R84 1,3-C5H7-4-yl � p-C3H4 + C2H3 2 1013 0 31 [138]
R85 1,4-C5H7-4-yl � a-C3H4 + C2H3 2 1013 0 35.5 [138]

Reactions of C5H7(B).
R86 C5H7(B) � C5H6 +H 6.4 1013 0 34.8 [138]
R87 C5H7(B) � C5H7(A) 2.3 1011 1 44.1 [138]
R88 C5H7(B) � 1,4-C5H7-5-yl 2 1013 0 35.5 [138]
R89 1,4-C5H7-5-yl → C2H2+a-C3H5 4.42 1012 0 16.7 [165]

1,4-C5H7-5-yl ← C2H2+a-C3H5 6.3 1011 0 7.7 [165]

Continued on next page
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Reactions k = ATne−Ea/RT Refs.Aa n Eaa

Reactions of C5H7(C).
R90 C5H7(C) � C5H7(B) 6.7 1012 1 49.5 [138]
R91 C5H7(C) � 1-C5H7-5-yl 2 1013 0 33 [138]
R92 C5H7(C) � 1,2-C5H7-5-yl 2 1013 0 31 [138]
R93 1-C5H7-5-yl � C2H4 + C3H3 2 1013 0 22.5 [138]
R94 1,2-C5H7-5-yl � C2H4 + C3H3 2 1013 0 35.5 [138]

As depicted in figure 6.17, it is found that under conditions of this work
three main pathways consume cyclopentene: (i) 62% of cyclopentene un-
dergoes a molecular dehydrogenation reaction forming cyclopentadiene,
(ii) 32% reacts with H atom forming a C5H9 adduct that subsequently
decomposes into CH2CHCH2 + C2H4 and (iii) 6% reacts through H

abstraction reactions forming a C5H7 radical that is principally decom-
posed into C4H4 + CH3. Qualitatively, the fact that pathways (i), (ii)
and (iii) lead to CH3, a-C3H5, C4H4 and C5H6 intermediate formations
agrees with experimental measurements discussed above. Moreover, as
shown in figure 6.16, mole fraction profiles of CH4, C4H4 and C5H6

are quantitatively well reproduced by the kinetic model, indicating that
paths (i) and (iii) are well described by the mechanism. The signifi-
cant discrepancy between C3H6 measurements and predictions suggests
that path (ii) is overestimated by the model. Since 63% of cyclopentene
consumption goes through the cyclopentadienyl radical formation, path-
ways depending on this intermediates should be significantly stimulated.
This observation confirms our choice of adding cyclopentene in benzene
flames to favor naphthalene formation through the recombination of 2
C5H5 radicals.

Before discussing naphthalene formation, we will focus on the first aro-
matic ring formation in cyclopentene flames. As presented in the pre-
vious chapter, benzene formation might occur from a chemical pathway
going through the methylcyclopentadiene radical formation. Since this
compound can be formed by cyclopentadienyl and methyl radicals re-
combination, followed by the loss of a hydrogen atom, one can expect
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Figure 6.17: Comparative reaction analysis of cyclopentene consump-
tion in the flame investigated in this work.

that this route will play a key role in the cyclopentene flame. This hy-
pothesis has already been made by Lamprecht and co-workers [139] and
Kamphus and co-workers [249]. As shown in figure 6.18, a compara-
tive reaction rate analysis reveals that whereas the C3H3 recombination
channel is the main formation route (77 %), the C5H5 + CH3 recombi-
nation channel accounts for 23 %. This high contribution confirms that
the pathway involving the methylcyclopentadiene radical intermediate
is an important benzene formation route. Figure 6.16 shows that the
present kinetic model has a good predictive capability of the benzene
mole fraction profile.

Concerning naphthalene, an experimental maximum mole fraction of
3.8 10−4 has been measured in CF20. As mentioned previously, this
value is about 15 times larger than that measured by Lamprecht and
co-workers using MBMS in a flame with a close composition (see table
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Figure 6.18: Comparative reaction analysis of benzene formation in
CF20.

6.6). Therefore, no definitive conclusion about naphthalene formation in
cyclopentene flames can be drawn in this work and further experiments
devoted to C10H8 measurements are necessary. In 2002 and 2008, Lind-
stedt and Rizos [247] and Kamphus and co-workers [249] developed a
kinetic model for cyclopentene combustion and compared their naphtha-
lene predictions to measurements of Lamprecht and co-workers. They
stressed that the C5H5 recombination pathway was the main C10H8

formation route but that it overestimates naphthalene formation by a
factor close to 35. Even if our naphthalene measurements are higher
than those of Lamprecht and co-workers, it is found that our predic-
tion overestimates C10H8 maximum mole fraction by a factor close to
2. Compared to Kamphus and co-workers, our predictions only over-
estimates Lamprecht and co-workers measurements by a factor of 10.
Therefore, our study improves naphthalene predictions in cyclopentene
flames, whereas it equally confirms previous observations stressing that
kinetics of the C5H5 channel might be overestimated in current kinetic
models. However, the C5H5 concentration in cyclopentene flames is
highly sensitive to consumption reactions of cyclopentene, which are
still not well understood. Therefore, the observed overestimation might
comes from overprediction of the C5H5 mole fraction, rather than from
kinetic parameters of the C5H5 recombination channel.
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Figure 6.19: Experimental and predicted mole fraction profiles of some
key intermediates measured in BCF20. Gray scale symbols represent
experiments and solid curves in corresponding gray scale stand for pre-
dictions of present model.

In addition to the cyclopentene-oxygen-argon flame, predictions of the
kinetic model have been compared to a benzene-cyclopentene-oxygen-
argon flame, in order to assess the influence of C5H5 precursor addition
in BF20. Experimental measurements and predictions obtained by the
current model are depicted into figure 6.19. Main differences between
the pure BF20 flame and the one seeded with cyclopentene (BCF20)
is the increase in cyclopentadiene, methane, vinylacetylene and C3H6

maximum mole fractions. This observation agrees with that performed
in the cyclopentene-oxygen-argon flame and once again demonstrates



6.3. Propyne and cyclopentene flames 299

that main cyclopentene consumption routes should correspond to those
presented in figure 6.17. Experimentally, the impact of cyclopentene
seeding on naphthalene formation is negligible as its maximum mole
fraction is similar to that measured in the pure benzene flame. Com-
pared to BF20, the kinetic model predicts a slight increase of the naph-
thalene mole fraction, whereas the prediction remains close to the exper-
iment 6.19. The predicted increase comes from that in cyclopentadienyl
radicals mole fraction. In BCF20, 22% of cyclopentadienyl radical is
produced from cyclopentadiene, directly formed through cyclopentene
dehydrogenation. The remaining 78% of C5H6 formation comes from
the phenoxy radical decomposition. This modification in C5H5 produc-
tion channels leads to an increase of 10% in its maximum mole fraction
that produces a 12.5% increase in the predicted naphthalene maximum
mole fraction. This predicted increase, which is not experimentally re-
produced, and the overestimation of the naphthalene maximum mole
fraction in CF20 suggest that the C5H5 channel might be overestimated
in our kinetic model.

However, in benzene flames the benzyl + propargyl pathway and the
HACA route could not explain alone levels of naphthalene that have
been measured. Therefore, if the C5H5 channel is overestimated, ad-
ditional naphthalene formation routes should exist or the rate of the
HACA pathway and the benzyl + propargyl route are underestimated.
Recently, Lories and co-workers proposed that the HACA route forming
naphthalene might be underestimated since they identified new transi-
tion states that are lower in energy. This suggestion should be further
addressed to better predict naphthalene formation in benzene and cy-
clopentene flames. Finally, consumption channels of cyclopentene are
still surrounded by a large uncertainty and errors on the C5H5 mole
fraction profiles could not be rejected. Indeed, naphthalene formation is
highly sensitive to the molecular dehydrogenation of cyclopentene form-
ing C5H6, which subsequently gives C5H5, and new measurements of
the rate constant of this reaction, at pressure and temperatures corre-
sponding to our flame conditions are necessary.
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The propyne combustion

Beside the seeding of benzene flames by cyclopentene, the effect of
propyne addition to toluene-oxygen-argon flames has equally been in-
vestigated. Since propyne oxidation and combustion has been largely
investigated for many years, a pure propyne-oxygen-argon flame has not
been analyzed. Contrarily to cyclopentene, we did not compensate the
additive introduction by a decrease of the main fuel concentration and
the equivalence ratios of toluene-propyne-oxygen-argon flames are there-
fore different, as depicted in table 6.5.

Figure 6.20 shows that propyne addition to a rich toluene flame increases
maximum mole fractions of allene, methane, vinylacetylene and ben-
zene. However, maximum mole fraction of cyclopentadiene is not highly
affected by the propyne addition. The kinetic model well reproduces
mole fraction variations experimentally recorded for these intermediate
compounds. A comparative reaction rate analysis shows that reaction
of propyne with an H atom, forming a C3H5 adduct that subsequently
decomposes into acetylene and methyl radical, is the main propyne con-
sumption route. This explains the important methane increase in TPF21
and TPF22, compared to TF20.

Indeed, this reaction only forms 7% of methyl radical in TF20 whereas
it respectively produces 13 and 18% in TPF21 and TPF22. The in-
crease in vinylacetylene maximum mole fraction is mainly caused by
the decrease in the contribution of the H abstraction reactions by OH
radical at higher equivalence ratios. Concerning cyclopentadiene, the de-
crease predicted by the kinetic model principally comes from the lower
flame temperatures of TPF21 and TPF22, compared to TF20. Indeed,
they decrease the contribution of the benzyl radical decomposition into
fulvenallene, which subsequently produces cyclopentadienyl radical and
acetylene by reaction with a hydrogen atom. Concerning benzene, the
observed increase of its maximum mole fraction is mainly due to the
stimulation of the propargyl radical recombination, whose formation is
favored by H abstraction reactions on propyne. Indeed, the maximum
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Figure 6.20: Experimental and predicted mole fraction profiles of some
key intermediates measured in TF20, TPF21 and TPF22. Gray scale
symbols represent experiments and solid curves in corresponding gray
scale stand for predictions of present model.

mole fraction of C3H3 increases by 8% in TPF22 and in TPF21, com-
pared to TPF21 and TF20, respectively.

Concerning naphthalene formation, figure 6.21 shows that its maximum
mole fraction increases by 8 and 9 % in TPF21 and TPF22, respec-
tively compared to TF20 and TPF21. These increases are qualitatively
well predicted by the kinetic model but quantitatively slightly overesti-
mated. Indeed, the kinetic modeling predicts increases of 14 and 21%,
compared to experimental values of 8 and 9 %. A comparative reaction
rate analysis has revealed that the benzyl + propargyl radicals chan-
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Figure 6.21: Experimental and predicted mole fraction profiles of some
key intermediates measured in TF20, TPF21 and TPF22. Gray scale
symbols represent experiments and solid curves in corresponding gray
scale stand for predictions of present model.

nel is stimulated by the propyne addition as it increases the propargyl
mole fraction, as depicted in figure 6.21. This observation confirms
the assumption that the benzyl + propargyl radical reaction is a ma-
jor naphthalene formation route in toluene flames. The overestimation
of the naphthalene increase by the kinetic model may comes from un-
certainties in the C3H3/C3H4 sub-model, which might overestimate the
propargyl radical mole fraction.

6.4 Conclusions

In this chapter the state of the art on molecular growth towards PAH for-
mation in hydrocarbon flames has been presented. Three main pathways
are thought to compete in naphthalene formation. The first is called the
HACA pathway and is based on the addition of six membered rings
through H abstraction and acetylene addition reactions. The second is
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named the cyclopentadienyl radical pathway and involves the recombi-
nation of two C5H5 radicals, forming a C10H10 intermediate that subse-
quently rearranges into naphthalene and two hydrogen atoms. The third
route is the benzyl + propargyl pathway, which equally forms a C10H10

intermediate that rearranges into naphthalene and two hydrogen atoms.
Naphthalene can further growth by HACA reactions into phenanthrene,
which can in turn produces pyrene or larger PAHs through HACA reac-
tions. The recombination of phenyl radicals has equally been proposed as
an important PAH formation channel. It produces biphenyl, which can
subsequently react by HACA reactions, forming phenanthrene.

All these pathways were introduced into the developed kinetic model in
order to predict their mole fractions profiles in rich hydrocarbon flames
investigated in this work. The three channels suspected to form naph-
thalene were found to share common intermediates and were included
as detailed mechanisms in the present model. It is found that the re-
combination of cyclopentadienyl radicals is responsible of the majority
of naphthalene production in rich benzene flames and that the benzyl
+ propargyl pathway becomes the main channel in rich toluene flames,
competing with C5H5 recombination. Naphthalene formation through
the HACA pathway is negligible in all investigated flames. Naphthalene
is predicted to be consumed byH abstraction reactions, forming 1 and 2-
methylnaphthalene isomers. These radicals are mainly consumed in the
same way as benzene, forming the indenyl radical. The later principally
reacts with either an O atom, forming the C6H5CHCH radical, or with
a C5H5 radical, producing phenanthrene through a mechanism similar
to that of two C5H5 recombination forming naphthalene and 2 hydrogen
atoms. As suggested in the literature, biphenyl is formed through the
recombination of two phenyl radicals and is involved in phenanthrene
formation through HACA reactions. Since phenyl radical mole fraction
is higher in benzene flame than in toluene flames, this phenanthrene
formation pathway is principally active in benzene flames.

Finally, the dependence of naphthalene formation channels on cyclopen-
tadienyl radicals and propargyl radicals has been verified by seeding
benzene and toluene flames with cyclopentene and propyne, respectively.
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Cyclopentene and propyne are respectively precursors of cyclopentadi-
enyl and propargyl radicals and their addition into benzene and toluene
flames were suspected to increase naphthalene mole fractions. A kinetic
model has been developed for cyclopentene combustion that was not
considered in the model presented in previous chapters. As the flame
chemistry of cyclopentene is still not well understood, a pure cyclopen-
tene flame has been experimentally and numerically investigated. The
developed model has a good predictive capability in pure cyclopentene
and seeded flames but slightly overestimates naphthalene mole fraction.
Similar observations were previously made in the literature and indicate
that kinetic parameters of the C5H5 channel may be overestimated in
current models. However, rate parameters of many reactions of the cy-
clopentene consumption are still assumed and the predicted C5H5 mole
fraction profile is therefore surrounded by a large uncertainty. Conse-
quently, this study shows that the C5H5 channel may not be so compet-
itive than generally considered and that further works on cyclopentene
combustion are necessary to throw light on cyclopentene combustion
and naphthalene formation. Concerning propyne addition into toluene
flames, the experiment showed that naphthalene mole fraction slightly
increases compared to pure toluene flames. The kinetic modeling study
revealed that this increase is due to the stimulation of the benzyl +
propargyl channel, confirming its key role in naphthalene formation in
rich toluene flames.

The kinetic model developed in this chapter for the formation of first
PAHs will be completed in the following chapter by a soot formation
mechanism, in order to predict soot concentration in burnt gases of rich
hydrocarbon flames.



7
Molecular growth: soot formation

7.1 Introduction

At the end of their flame fronts, rich benzene and toluene flames of this
work depict a highly luminous region, where carbonaceous particles are
formed. Those are characterized by a high C/H ratio and generally
referred to as soot. These fine particles can be formed in engines or in
several industrial processes involving combustion. Soot may absorb car-
cinogenic PAHs, whose emission into the atmosphere may pose a health
hazard, as demonstrated in 1993 by Dockery and co-workers [257], who
showed that fine particle air pollution contributes to excess mortality in
six cities of the United States. In addition, soot can be compared to
a black body and may therefore contributes to atmospheric solar heat-
ing, as suggested by Ramanathan and co-workers [10], who showed that
brown clouds containing soot may contribute as much as the recent in-
crease in anthropogenic greenhouse gases to lower atmospheric warming
trends in Asia. Beside atmospheric warming, Xu and co-workers [11]
have recently suggested that soot deposit on Tibetan glaciers may also
be a significant contributing factor to their observed rapid retreat. Fi-
nally, soot may also cause technical damages in the industry, such as
coating of combustion chambers or damaging of gas turbines in power
plants. Soot formation in flames has therefore several disadvantages and
is generally avoided. However, its formation may be necessary in certain
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industrial processes. For example, furnaces of the glass industry require
a high soot concentration in order to significantly increase the radiative
heat transfer of flames, allowing to reach a high furnace temperatures.
Indeed, rich hydrocarbon flames have a high luminosity, which is due to
carbon particles that radiate strongly at the high combustion gas tem-
perature. The solid phase cloud has a very high emissivity, compared
to a pure gaseous system, as it can approach the black-body conditions.
Beside industrial furnaces, soot formation is also used for fullerene syn-
thesis [258], as these carbon containing compounds are byproducts of
reactions leading to soot production. Since depending on the consid-
ered setup, soot formation has to be either avoided or maximized, it is
very important to understand chemical pathways that control its pro-
duction in hydrocarbon flames. Such a comprehension can be reached
by developing kinetic models able to reproduce experimental evidences.
The following sections first expose the current understanding of the soot
formation process. Then, some available models of soot formation are
presented and the application of two detailed kinetic models to rich ben-
zene and toluene flames of this work is finally discussed.

7.2 The current understanding of soot forma-
tion

The study of soot formation in hydrocarbon flames is a central theme
of research for many years. In the present work, this vast literature
will not be presented in much details, as several review articles have
been recently written [8, 259, 260]. However, one will briefly expose the
consensus that has been reached by the scientific community concerning
the general process of soot formation.

Basically, it is thought to proceed through two different steps. The first
is called the nucleation of soot particles and consists in the forma-
tion of small particle-like structures that have molecular masses between
500 and 2000 uma. As depicted in figure 7.1, this step represents the
transition between gas-phase species to solid particles. Nowadays, this
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Figure 7.1: scheme of soot formation in hydrocarbon flames [261]

step is probably the least understood part of the soot formation process.
Initially, the chemical growth mechanisms were thought to be the only
responsible of the nucleation phenomenon. However, it has been shown
that this chemical growth alone is not sufficient to explain the time scale
of soot inception phenomena and underpredicts particle size. Therefore,
it has been proposed that a physical process, which can take place simul-
taneously, should participate to soot particle nucleation: the coagulation
of PAHs. Once PAH have reached a sufficient size, they are thought to
form PAH dimers by collision. Then, these PAH dimers may collide with
other PAHs, forming PAH trimers or with other dimers forming PAH
tetramers, and so on, all while individual PAH species keep increas-
ing in size via molecular chemical growth reactions. Nowadays, authors
developing kinetic models of soot formation consider that pyrene dimer-
ization could be the soot nucleation step, whereas many uncertainties
still surround this subject. Moreover, the collision efficiency of reactions
forming PAH dimers are still uncertain. In summary, soot nucleation is
currently thought to proceed through two different phenomena occur-
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ring simultaneously: PAH coagulation (physical) and molecular growth
(chemical). Soot nucleation determines the density of soot nuclei that
will further growth into mature soot.

The second step of soot formation is the growth of soot particles.
The surface of soot particles may growth by chemical reactions involving
compounds available in the surrounding gas phase. Several studies have
shown that acetylene is the main co-reactant of PAH surface growth and
these observations are consistent with high acetylene concentrations that
persist in burnt gases of flames investigated in this work. Simultaneously
to surface growth reactions, oxidation of soot particles occurs and tends
to decrease their size. All reactions taking place on soot particles are
thought to proceed similarly to those occurring on PAH molecules. This
assumption has provided a way to describe the rate of surface growth and
oxidation in terms of elementary chemical reactions. The surface of soot
particles is assumed to look like a PAH edge and thus presents various
reacting sites including zig-zag, armchair, free-edge or bay that can be
activated by an H abstraction reaction on a CH group. Once activated,
the surface radical can react through the HACA mechanism, forming
structures that depend on the kind of reaction site involved. Therefore,
it is possible to develop stochastic models that are able to predict the
structure of growing soot particles, by recording the sequence of sites
on its outer edge. The development of such models is currently a hot
topic of kinetic modeling of soot formation in flames [262, 263]. The
surface growth of soot particles influences soot concentration, but does
not change the soot particle density. Similarly to the nucleation step, the
chemical growth of soot occurs simultaneously to the particle coagulation
phenomenon. It is a physical process that allows soot particles to readily
increase their diameter by collision between each other.

In summary, soot formation occurs through two different steps being
the nucleation and the growth of soot particles. These two steps involve
chemical (the growth of PAH and soot particles by chemical reactions)
and physical (the coagulation of PAH and soot particles) phenomenons.
The two steps of soot production should be included in any detailed
kinetic models describing soot formation.
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7.3 Available models of soot formation

Since the industrial control of soot formation in flames is of particular
importance, many researchers have tried to model carbonaceous particle
formation in combustion processes. These models can be divided into
two main categories. The first gathers models that predict soot yield
based on one or several empirical parameters, such as the equivalence
ratio of the flame, the temperature or the dilution. The second category
consists of models that are not based on empirical relations, but on
the detailed kinetic modeling of flame structures described in previous
chapters.

7.3.1 Empirical models

Many authors have measured the critical equivalence ratio (φc) at which
the onset of some yellow flame luminosity is observed, in order to deter-
mine a general fuel sooting tendency. Fuels that exhibit high φc have
low tendency to form soot. It has been shown that sooting tendency
does not depend on fuel structure but on its C/H ratio and its number
of C atoms [264]. Authors showed that for a similar C/H ratio and
temperature, sooting tendency increases with the total C atom number
in the fuel and that molecules with similar C atom numbers and C/H
ratios have identical sooting tendencies. Moreover, authors showed that
in premixed flames, at a constant temperature, the logarithm of this
critical sooting equivalence ratio linearly decreases with the number of
CC bonds in hydrocarbon fuels, with a double and a triple CC bond
counting for two and three CC bonds, respectively. This correlation
may be explained by the fact that the CC bond number is an indicator
of the total C carbon number and C/H ratio. One should notes that
according to these observations, benzene has a lower sooting tendency
than toluene, resulting in a higher sooting equivalence ratio for benzene,
compared to toluene.

In diffusion flames, the sooting tendency of a hydrocarbon is tradition-
ally characterized by the smoke height H, which is the height of that
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hydrocarbon jet flames at the smoke point. These smoke heights mea-
sured in a particular setup may be converted into setup-independent
threshold sooting index (TSI), by the following equation:

TSI = A× MWi
H

+B (7.1)

In this equation, MWi is the molecular weight of the investigated hy-
drocarbon i and A and B are apparatus specific constants, chosen so
that TSI-ethane = 0 and TSI-naphthalene = 100. These TSI have been
measured by McEnally and Pfefferle [265] for about 100 hydrocarbons,
and a quantitative relationship between TSI and molecular structure
has been derived, allowing to predict TSIs for some other hydrocar-
bons. Since the H parameter depends inversely on sooting tendency, it
is small and difficult to measure for heavily sooting hydrocarbons, such
as aromatics.

Consequently, McEnally and Pfefferle recently proposed a new mea-
sure of sooting tendency: the maximum soot volume fraction fv,max,
measured on the centerline of a co-flow and non-premixed flame of
methane/air, whose fuel is doped with 400 ppm of the test hydrocarbon.
Similarly to smoke points, these soot volume fractions can be converted
into apparatus-independent yield sooting indexes (YSI) by the equa-
tion:

Y SI = C × fv,max +D (7.2)

In this equation, C and D are apparatus-specific parameters, chosen so
that YSI-benzene = 30 and YSI-1,2-dihydronaphthalene = 100. Accord-
ing to measurements performed by McEnally and Pfefferle, toluene has
an YSI of 43.5, compared to 30 for benzene. Compared to benzene, this
higher toluene propensity for soot formation is coherent with the finding
of Takahashi and Glassmann [264] discussed above. However, authors
showed that compounds having similar C/H ratios and identical total
C atom number may have highly different YSI, demonstrating that the
fuel structure may play a role in soot formation.
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7.3.2 Detailed models: the sectional approach

Beside empirical models that determine the general trend of sooting in
hydrocarbons, some authors have developed detailed kinetic models that
are able to predict soot concentration in hydrocarbon flames, based on
their predicted flame structures. Until now two major concepts have
been applied: the method of moments, essentially developed by Fren-
klach and co-workers [266, 267] and the sectional approach developed
by Howard and co-workers [268, 269] and D’Anna and Kent [270]. The
model proposed by Frenklach and co-workers consists in 2 sub routines:
(i) a kinetic model of 531 reactions for 99 chemical species, allowing the
calculation of soot precursors mole fraction profiles and (ii) a mathemat-
ical model that post processes mole fraction profiles of soot precursors
in order to compute the soot volume fraction. This model will not be
presented here since it cannot be integrated directly into the software
used to predict flame structures investigated in this work. The modifica-
tion of the Cosilab code for integration of the Frenklach and co-workers
model might be the subject of a future work, devoted to kinetic modeling
of soot formation in flames.

In this work, the sectional approach used by Richter and co-workers [269]
and D’Anna and Kent [270] is preferred, as it is fully integrable into
Cosilab. Moreover, the work of Richter and co-workers is focused on
a laminar, premixed and one-dimensional benzene-oxygen-argon flame,
burning at low pressure, and is therefore well adapted to aromatic flames
investigated in the present work. Consequently, the sectional approach
will be discussed in more details hereafter.

Contrarily to the method of moments proposed by Frenklach and co-
workers [266], the sectional approach gathers gas-phase and aerosol chem-
istry into an unique kinetic model, which is written in the common form
A+ B → C +D, already used in this work. Models of Richter and co-
workers [269] and D’Anna and Kent [270] are available in the Chemkin
format, which may be imported into the Cosilab software after some
adaptations that will be presented below. These models respectively
consist of 295 species for 6654 reactions and 90 species for 1901 re-
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actions. Chemical reactions of these models are divided into 2 main
sets that consist of (i) a mechanism that describes reactions of chemi-
cal species present into the gas-phase and (ii) a mechanism devoted to
particle nucleation and growth. The important reaction number of the
model developed by Richter and Howard [269] is due to the detailed de-
scription of formation of several large PAHs until corranulene (C20H10).
Particle nucleation is then included by considering PAH dimerization
and growth by the HACA mechanism. However, most of kinetic param-
eters of these large PAH reactions are deduced by analogy, as they are
still unknown. Consequently, a very large uncertainty still surrounds
formation of PAHs as large as those included into their kinetic model.
D’Anna and Kent [270] have limited PAHs of their kinetic model to
pyrene (C16H10), whose rate constants of formation channels are bet-
ter known. The exclusion of pathways leading to larger PAH formation
explains the smallest reaction number of their kinetic model. The nu-
cleation process is included in the same way as in the work Richter and
co-workers, as described hereafter.

In 2006 Wen and co-workers [271] have developed a hybrid kinetic model
for soot formation. It consists of a sectional approach for the model-
ing of soot nuclei formation, combined with an advanced aerosol dy-
namic model for the growth of soot particles. In this work we only focus
on the addition of a soot formation model that is compatible with the
chemical model described in previous chapters. Therefore, only the sec-
tional models developed by Richter and co-workers [269] and D’Anna
and Kent [270] will be considered. However, the addition of compre-
hensive models of Frenklach and co-workers [266,267] and Wen and co-
workers [271] to our gas phase mechanism may be the subject of future
works.

The nucleation process

As the number of mass isomers increases significantly with mass of hy-
drocarbons, it is practically impossible to write a comprehensive model
that includes reactions of all hydrocarbon species involved in the soot
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formation. The idea proposed by Richter and co-workers is to describe
nuclei formation and their further growth into larger soot particles by
using reactions between classes of hydrocarbons, covering certain mass
ranges and having mean properties, rather than considering reactions of
all possible intermediates. These classes of molecules are called BINs and
their characteristics are depicted in table 7.1, for the model proposed by
Richter and co-workers [269]. They are 20 BINs and 20 corresponding
radicals, which cover the mass range 201 to 2.1 ×108 amu and have a
mean diameter σ that spreads from 0.85 nm to 68 nm. For each BIN
compound, this mean diameter is calculated by considering a spherical
carbonaceous particle, having a density of 1.8 g cm−3.

The model co-authored by D’Anna [246,270] uses the same approach as
that of Richter and co-workers but considers six supplementary BINs to
cover a higher mass range. Practically, in the present work only 4 of these
6 supplementary BINs will be used for computations (see table 7.1),
as experiments are conducted at low pressure and soot cannot growth
so rapidly into compounds represented by BIN26 than in atmospheric
investigations of D’Anna and co-workers.

In order to include the nucleation step in their kinetic model, Richter
and co-workers [269] have added formation reactions of several PAHs
until corranulene and have considered that radicals of these PAHs can
either recombine with other PAH radicals or react with PAHs forming
compounds belonging to the first class of molecule, called BIN1 (see
table 7.1). This set of nucleation reactions is represented by 610 reac-
tions that are written in the form of equations 7.3 and 7.4, for reactions
between a PAH and a PAH radical and 2 PAH radicals, respectively.
In these equations, numbers 24 and 12 respectively represent carbon
and hydrogen contents of the hydrocarbon C24H12, which corresponds
to the mean structure of BIN1. For PAH reactions with PAH radicals,
Richter and co-workers consider that they produce an H atom and H2,
whereas for PAH radical recombination only H2 is produced. This hy-
drogen production allows to account for the decrease in the C/H ratio
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Table 7.1: definition of classes of molecules (BINs) describing large
PAH and soot particles.

BIN Mass range (amu) CxHy σ (nm) C/H

BINs proposed by Richter and co-workers [269]
1 201-400 C24H12 0.85 2
2 401-800 C48H24 1.07 2
3 801-1600 C96H48 1.34 2
4 1601-3200 C193H84 1.69 2.3
5 3201-6400 C388H144 2.13 2.7
6 6401-12800 C778H264 2.68 2.9
7 12801-25600 C1560H480 3.37 3.2
8 25601-51200 C3124H912 4.24 3.4
9 51201-102400 C6256H1728 5.35 3.6
10 102401-204800 C12528H3264 6.73 3.8
11 204801-409600 C25088H6144 8.48 4.1
12 409601-819200 C50240H11520 10.69 4.4
13 819201-1638400 C100608H21504 13.46 4.7
14 1638401-3276800 C201472H39936 16.96 5.0
15 3276801-6553600 C403456H73728 21.36 5.5
16 6553601-13107200 C807936H135168 26.91 6.0
17 13107201-26214400 C1617920H245760 33.91 6.6
18 26214401-52428800 C3239936H442368 42.72 7.3
19 52428801-104857600 C6483968H835584 53.83 7.8
20 104857601-209715200 C12972032H1622016 67.82 8

Additional BINs proposed by D’Anna [246]
21 209715201-419430400 C25944593H2464719 82.11 10.5
22 419430401-838860800 C51889738H4773836 103.44 10.9
23 838860801-1677721600 C103780027H9028841 130.31 11.5
24 1677721601-3355443200 C207560605H17019965 164.16 12.2

characterizing soot formation.

CaHb+CcHd(•)→
a+ c

24 BIN1+0.5×(b+d−12×a+ c

24 −1)H2+H (7.3)

CaHb(•) +CcHd(•)→
a+ c

24 BIN1 + 0.5× (b+ d− 12× a+ c

24 )H2 (7.4)

These reactions do not represent a single step but a sequence of ele-
mentary reactions. Richter and co-workers have used rate constants of
phenyl + benzene and phenyl + phenyl reactions as references for PAH
radical + PAH and PAH radical + PAH radical reactions. Activation
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energies have been kept constant for both types of reactions and pre-
exponential factors have been scaled based on the change in collision
frequencies kf (see equation 7.5), relative to those of benzene/phenyl +
phenyl to take into account the increase in reactive sites. In the follow-
ing equation, N is the molecular concentration, d is the sum on radii,
and µ is the reduced mass.

kf = Nd2
√

8πkT
µ

(7.5)

The formation of the first class BIN1 through reactions 7.3 and 7.4
consists in the nucleation step of the soot formation process.

The model co-authored by D’Anna follows the same approach as that
of Richter and co-workers. However, since the highest considered PAH
is pyrene (C16H10), compared to corranulene (C20H10) in the model of
Richter and co-workers, the number of nucleation reactions is consider-
ably reduced. Another important difference is that, contrarily to Richter
and co-workers, D’Anna and co-workers consider coagulation reactions
between non radical PAHs. As previously mentioned, these reactions
are thought to play a key role in the soot nucleation phenomenon.

The molecular growth phenomena

All further reactions that involve either the first BIN produced by the
nucleation process or following BINs consist in the molecular growth
section of the kinetic mechanism developed by Richter and co-workers.
They proposed that BIN1 can react through H abstraction reactions
by an H atom and an OH radical, forming its corresponding radical
BIN1J , as depicted by reactions R1 to R4 in table 7.2.

As the maximum mole fraction of oxygen atom is significantly lower
than that of H atom and OH radical in burnt gases of rich hydrocarbon
flames, one can assume that O atom will not be involved in H abstrac-
tion reactions of BIN classes. In addition to H abstraction reactions,
BIN1 can decompose forming a hydrogen atom and its parent radical
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Table 7.2: reactions considered by Richter and Howard and D’Anna
for BINs chemistry.

Considered reactions

R1 BINi +H → BINJi +H2
R2 BINJi +H2 → BINi +H
R3 BINi +OH → BINJi +H2O
R4 BINJi +H2O → BINi +OH
R5 BINi → BINJi +H
R6 BINJi +H → BINi
R7 BINi +OH → BINi +BINi−1 +HCO
R8 BINJi +O2 → BINi +BINi−1 + 2CO
R9 BINJi + C2H2 → BINi +BINi+1 +H
R10 BINJi +BINj → BINi+j +H
R11 BINJi +BINJj → BINi+j
R12 BINJi + PAH → BINi +BINi+1 +H2 +H
R13 BINi + PAHJ → BINi +BINi+1 +H2 +H
R14 BINi +BINj → BINi+j

BIN1J, as represented by reactions R5 and R6 of table 7.2. BIN1 and
its radical BIN1J can equally be oxidized by reaction with OH and O2,
respectively, as depicted in reactions R7 and R8. All these reactions
are included into the Richter and co-workers model and their rate pa-
rameters have been taken by analogy with benzene and phenyl radical,
by scaling for the number of hydrogen atoms available. The model co-
authored by D’Anna considers the same reactions than those of Richter
and co-workers, but uses a different method to determine their rate pa-
rameters, as described in their studies [246,270].

In addition to reactions R1 to R8 of table 7.2, Richter and co-workers
consider that BIN1 can react through a HACA process with C2H2,
which persists in significant concentrations in burnt gases of rich hy-
drocarbon flames. These reactions are symbolized by reaction R9 that
allows BIN1 to growth into the next class BIN2. Then, reactions R1
to R9 are also written for this second class BIN2 that may growth into
BIN3, and so on until formation of BIN20. The model of Richter and
co-workers equally considers that a radical BINiJ can react either with
a BINj or another BINjJ radical through reactions R10 and R11 of
table 7.2, forming BINi+j +H or BINi+j , respectively. In addition, it
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considers reactions of BINi and radicals BINiJ with PAH radicals and
PAHs through reactions R12 and R13, respectively. Reactions R9 to R13
are equally included into the model co-authored by D’Anna, using differ-
ent kinetic parameters than those proposed by Richter and co-workers.
Another major difference between both models is the presence in that
of D’Anna and co-workers of reactions that involve the sticking of a
BINi and a BINj molecules, forming dimers that have the molecular
composition of BINi+j (see reaction R14).

As described by reactions R1 and R14 of table 7.2, the total number
of reactions describing the chemical growth of BINs is closely linked to
the number of considered BINs and the number of PAHs involved in
the developed kinetic model. Compared to the model co-authored by
D’Anna, that of Richter and Howard includes the formation of a huge
number of PAHs. Consequently, the latter is much more complex, as it
includes reactions R12 and R13 for each BIN, BINJ radical, PAH and
PAH radical.

7.4 Development of a detailed model including
soot formation

The development of such a model was not the main objective of this work
and since two detailed kinetic models already exist in the literature, one
has decided to import their PAH formation chemistry and BIN reactions
into the model developed for reactions of gas-phase species in previous

Table 7.3: kinetic models considered for soot formation.

Kinetic model Species Reactions Range
This work 144 757 C1 to C12
Richter et al. 166 6454 C12 to BIN20
Model 1 310 6598 C1 to BIN20

This work 144 757 C1 to C12
D’Anna 61 1683 C12 to BIN24
Model 2 205 2440 C1 to BIN24
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chapters. The resulting mechanisms used for the calculation of soot
concentrations are called model 1 and model 2 and their characteristics
are briefly presented in table 7.3. The first model consists in 310 chemical
species and 6598 reactions that describe chemistry from C1 to BIN20.
The model 2 has 205 chemical species and 2440 reactions that describe
chemistry from C1 to BIN24. Consequently, model 2 is smaller than
model 1 and requires less calculation time for a larger range of chemical
species. However, PAH formation reactions are included in less details
than in model 1 and the further discussion will examine the impact on
the modeling of the soot nucleation.

7.4.1 Thermodynamic and transport databases

Mean thermodynamic data of each class of molecules presented in ta-
ble 7.1 were not calculated neither by Richter and co-workers nor by
D’Anna. In both mechanisms, these data are assumed to be equal to
those of benzene and all forward and reverse reactions involving BIN
molecules are considered as irreversible in order to avoid calculation of
the reverse rate constant on the basis of erroneous thermodynamic pa-
rameters. Transport properties have been deduced by similarity with
benzene for each involved BINs by Richter and co-workers. Conse-
quently, thermodynamic and transport databases available in supporting
information of the article published by Richter and co-workers [269] are
used in the present work.

7.4.2 Modifications required to the Cosilab software

Unfortunately, the use of such large mechanisms in Cosilab has required
some modifications of the software that have been achieved by the de-
velopers upon our request. The personalized version of Cosilab allows
to introduce compounds with a very high number of carbon and hydro-
gen atoms in the thermodynamic database. In addition, since models
are based on reactions involving compounds that have mean molecular
compositions, stoichiometric coefficients might not be integer numbers
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and the element preservation check performed by Cosilab on reactions
of the provided model may not be strictly equal. Consequently, an op-
tion allowing to define a tolerance for the element preservation check
has been added to the Cosilab software. Finally, the way Cosilab stores
calculation results has been modified to support very large files contain-
ing information on rate of thousands of reactions and concentrations or
mole fractions of hundreds of species.

7.5 Discussion on soot formation

7.5.1 General comments on soot formation

Soot concentration measurements have been performed using the setup
presented in chapter 2 inside the rich benzene and toluene flames (equiv-
alence ratios of 1.8 and 2), as depicted in figure 7.2. The residence time
of the filter inside the flame has been fixed to 30 min. Measurements be-
low 1 cm of the burner surface have not been conducted as the filter has
been found to perturb the flame or to cause its extinction. Measurements
beyond 2 cm above the burner surface have not been carried out as an
important deformation of the flame has been observed, avoiding reliable
soot concentration measurements. Indeed, the burner is placed horizon-
tally and at high heights of the burner surface, hot gases tend to move
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Figure 7.2: Soot concentration profiles in rich benzene and toluene
flames. Experiments are represented by symbols and predictions of
model 2 by curves.
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upside, deforming the flame. When the filter is placed between 1 and 2
cm above the burner surface, the flame is stable and one-dimensional,
allowing to perform reliable soot concentration measurements.

However, all particles may not pass through the soot filter and a certain
quantity of soot may re-circulate inside the whole combustion chamber.
Soot deposition on the backside of the filter, which is not in contact
with the flame, confirms this hypothesis. Unfortunately, the error on
soot concentration measurements is unknown and profiles depicted in
figure 7.2 should be considered with care.

Moreover, since the soot collected with the filter stays at high temper-
ature inside the flame for several minutes, subsequent reactions may
not be avoided. These reactions include (i) the chemical growth of the
collected soot with compounds from the surrounding gas-phase and (ii)
the coagulation of the trapped soot with new particles passing through
the filter. Since first reactions might artificially increase the mass of
soot collected inside the filter, and therefore invalidate soot concentra-
tion measurements discussed in following sections, it has been verified
that the measured soot concentration linearly depends on the residence
time of the filter in the flame. A perfectly linear behavior has been
obtained, demonstrating that the accumulation rate of soot on the fil-
ter does not depend on the collected mass of soot, and therefore on its
growth through reactions with chemical species in the surrounding gas-
phase. Consequently, it is assumed that the chemical growth of soot
trapped inside the mass filter is negligible.

Coagulation reactions that may occur during the residence of the filter
inside the flame does not introduce errors on the measured soot con-
centration, but might change the morphology of the collected soot, as
discussed in the section devoted to its structural analysis. In the labo-
ratory, the developed method is a first attempt to measure soot inside
hydrocarbon flames and should utterly be improved in the future. Nev-
ertheless, measurements presented in figure 7.2 allow to know the mag-
nitude of soot concentration in flames of this work and to discuss the
effect of the equivalence ratio and the fuel structure on the soot concen-
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tration profiles. Moreover, these effects may be compared to predictions
of models presented above and the predicted magnitude of measured
soot concentrations can be compared to experiment.

Each soot concentration profile is characterized by a rapid increase,
reaching a maximum before slightly decreasing. This shape is unex-
pected as soot is supposed to continue to growth in burnt gases, from
surface reactions with acetylene. This is confirmed by the work of Grieco
and co-workers, who analyzed a rich benzene-oxygen-argon flame with
an equivalence ratio of 2.4 at low pressure [272] and showed that soot
concentration in such a flame continues to increase in burnt gases. The
concentration decrease observed in our work should be linked to the
lowest efficiency of the filter at higher distances above the burner, as
previously discussed. The equivalence ratio has an important impact
on soot concentration as its decrease from 2 to 1.8 causes a diminution
of about 30% of the soot concentration in benzene and toluene flames.
This observation is consistent with the highest oxygen content of flames
with lowest equivalence ratios, allowing a larger oxidation of soot and
its precursors.

In burnt gases, the decrease observed in soot concentrations is much
more pronounced at equivalence ratio of 1.8 than 2. The soot concen-
trations in toluene flames are found to be similar to those measured in
benzene flames with corresponding equivalence ratios. Therefore, the
substitution of a hydrogen atom from the benzene ring with a methyl
group seems to only have a limited impact on the soot yield, whereas
it has an important effect on the combustion chemistry, as described in
previous chapters. In the present work, the equivalence ratio seems to
be the main parameter that affects the soot concentration. However,
a more reliable setup should be developed for the measurement of soot
concentrations in order to verify this hypothesis.

7.5.2 Model predictions

Figure 7.2 only presents model predictions of D’Anna and co-workers
[246, 270] as the model of Richter and co-workers has been found to
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highly underestimate experimental measurements. Regarding the good
predictive capability presented in their article of 2005 [269], this under-
prediction is surprising. Therefore, comparative reaction rate analyses
have been performed on predicted results obtained for BF20, with the
model provided in their study and with that developed in this work. The
analyses have revealed that the major nucleation route of the model de-
veloped by Richter and co-workers begins with the recombination of two
ortho benzyne (o-C6H4) molecules into biphenylene (C12H8). However,
in chapter 4 we have shown that the model of Richter and co-workers
highly overestimates the o-C6H4 maximum mole fraction. In our kinetic
model we have therefore included a new sub-model for phenyl decompo-
sition, developed by Lories [127], which gives more reliable predictions of
ortho benzyne, significantly decreasing the biphenylene formation rate.
Consequently, the use of the sub-model of soot formation developed by
Richter and co-workers in combination with the model developed in this
work for the gas-phase chemistry causes a significant underestimation of
the soot yield.

In contrast with the model developed by Richter and co-workers, the one
co-authored by D’Anna gives very encouraging results, for each investi-
gated flame, as depicted in figure 7.2. Since the model of D’Anna gives
significantly better predictions and requires less calculation time than
that of Richter and co-workers, only that of D’Anna has been used for
soot modeling in this work. In following sections, prediction of the differ-
ent steps of soot formation with this mechanism will be examined.

7.5.3 Soot nucleation

Figure 7.3 compares derivatives of predicted soot concentrations mea-
sured in BF20 and TF20, which indicate the growth rate of soot particles.
The nucleation zone is defined as the range of height above the burner
surface spreading from the beginning of the growth until the reach of
a constant growth rate. In BF20, this nucleation zone is worth 0.4 cm
and begins around 0.18 cm of the burner surface. In TF20, this zone is
smaller than in BF20 and begins at 0.36 cm of the burner surface, which



7.5. Discussion on soot formation 323

 

0

0.5

1

1.5

2

2.5

3

3.5

4

0.1 0.3 0.5 0.7

D
e

ri
v

a
ti

v
e

 o
f 

s
o

o
t 

c
o

n
c

e
n

tr
a

ti
o

n
 i

n
 n

g
/m

l

Height Above the Burner (cm)

0.4 cm 

0.32 cm 

Figure 7.3: derivative of predicted soot concentration curves of BF20
(the gray curve) and TF20 (the black curve). Indicated distances repre-
sent the spreading of the nucleation zone.

is 0.18 cm above the beginning position of BF20. This gap of 0.18 cm
is consistent with that of about 0.12 cm predicted between maximum of
mole fraction profiles of chemical species measured in TF20 and BF20.
These predicted gaps are experimentally confirmed and comes from the
difference in the position of the flame above the burner. Whereas particle
nucleation in TF20 begins later than in BF20, its zone is the narrow-
est, indicating that the nucleation occurs faster in TF20 than in BF20.

A comparative reaction rate analysis has been performed on predicted
data of BF20 and TF20, in order to identify reactions involved in the
nucleation process and to examine how the change in the fuel struc-

Table 7.4: Contributions of main reactions involved in particle nucle-
ation in BF20 and TF20.

Reactions BF20 TF20
R1 C6H5 + C10H8 → 0.6667BIN1 + 2H2 +H 0.24 0.32
R2 C6H5 + C10H7 − 2→ 0.6667BIN1 + 2H2 0.18 0.24
R3 C6H5 + C10H7 − 1→ 0.6667BIN1 + 2H2 0.17 0.22
R4 C6H6 + C10H7 − 2→ 0.6667BIN1 + 2H2 +H 0.10 0.06
R5 C6H6 + C10H7 − 1→ 0.6667BIN1 + 2H2 +H 0.10 0.05
R6 C6H5 + C14H10 → 0.8333BIN1 + 2H2 +H 0.08 0.02
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Figure 7.4: (a) Concentration of the first 7 BINs molecules predicted
in BF20 (a) and TF20 (b).

ture affects their contributions (see table 7.4). The principal reaction
which produces BIN1 from PAHs is that between phenyl radical and
naphthalene. It accounts for 24% and 32% of BIN1 formation in BF20
and TF20, respectively. Recombination reactions of phenyl radical with
isomers of naphthyl radical (C10H7J1 and C10H7J2) are also major nu-
cleation pathways, as they have contributions of respectively 18% and
17 % in BF20, and 24% and 22% in TF20. The contribution increase
observed for these three reactions in TF20, compared to BF20, is due to
the important increase of naphthalene and naphthyl radicals mole frac-
tions in TF20, compared to BF20. These increases largely compensate
for the slight decrease in phenyl radical mole fraction observed in TF20,
compared to BF20, allowing to speed up the rate of BIN1 production
through these reactions.

The stimulation of these three main nucleation reactions in TF20 ex-
plains the shortest nucleation zone predicted for this flame, compared
to BF20. Moreover, as depicted in figure 7.4, the concentration of BIN1

in TF20 is about 25% higher than in BF20, demonstrating that the
nucleation step in TF20 is predicted to be more efficient. The major
role played by reactions 1 to 3 in the soot nucleation process equally
explains the large drop in soot concentrations observed in BF18 and
TF18, compared to BF20 and TF20. Indeed, at lower equivalence ra-
tios, naphthalene and naphthyl radicals mole fractions are lower and
therefore significantly decrease the nucleation rate.
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Whereas the phenyl radical mole fraction only slightly decreases in TF20,
compared to BF20, the maximum mole fraction of benzene considerably
drops off in TF20, as it is no longer a reactant. This causes the de-
crease in contributions of nucleation reactions R4 and R5, which involve
C6H6. The last important nucleation route is reaction R6 of table 7.4
that involves phenyl radical and phenanthrene (C14H10). As previously
discussed, phenyl radical mole fraction decreases in TF20, compared to
BF20. Since the mechanism of D’Anna and co-workers mainly predicts
phenanthrene formation through HACA reactions on biphenyl, which
is principally formed from phenyl radical recombination, phenanthrene
mole fraction decreases in TF20, compared to BF20. The combination
of decreases in phenyl radical and phenanthrene mole fractions in TF20
causes the drop in the contribution of reaction R6 to BIN1 formation
in TF20, compared to BF20.

From table 7.4 it emerges that mole fractions of naphthalene, naphthyl
radicals, benzene and phenyl radical play a determining role in soot nu-
cleation. It is found that reactions involving dimerization of PAHs such
as pyrene (C16H10) are not significantly involved in particle formation,
contrarily to pathways proposed by Frenklach [260]. However, reactions
R1 to R6 of table 7.4 are not elementary and they may include pyrene
formation and its dimerization. The mechanism of D’Anna is thus sta-
tistical and does not allow to precisely determine reaction pathways
involved in the nucleation process.

7.5.4 Chemical growth of BIN material

The BIN1 class of molecules produced during the nucleation process is
mainly consumed through H abstraction reactions by H atom, forming
the corresponding radical BIN1J . The further chemical growth of soot
nuclei occurs either through HACA reactions on this radical or by reac-
tions involving aromatic chemical species present in the gas phase and
BIN1 molecules or its radical BIN1J . Concerning the chemical growth
of BINs through HACA reactions, it involves acetylene that is a main
product of both BF20 and TF20. As presented in figure 7.5 (a), the
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Figure 7.5: (a) Mole fraction profiles of acetylene in BF20 and TF20
(b) Net mole flux of BIN1J + C2H2 → 0.9167BIN1 + 0.0833BIN2 in
BF20 and TF20.

mole fraction profile of C2H2 depicts different shapes in these flames.

In TF20, the increase of the acetylene mole fraction is sharper and
reaches a higher maximum than in BF20. Then, the mole fraction de-
crease is more pronounced in TF20 and finally reaches a similar mole
fraction than in BF20. The sharpest acetylene increase in TF20 speeds
up HACA reactions of BIN1 molecules, as shown in figure 7.5 (b) that
depicts the net reaction rate of BIN2 formation from reaction R7 of
table 7.5 in BF20 and TF20. Similar reactions than those discussed for
BIN1 are included in the mechanism to represent the growth of larger
BINs until BIN24. The acceleration of HACA reactions is equally ob-
served for reactions of BIN2J radicals and higher with acetylene. Since
these particle growth reactions, as well as the nucleation step, are stimu-
lated in TF20, compared to BF20, one can expect that concentrations of
BIN2 and higher will be greater in TF20 than those predicted in BF20.

However, figure 7.4, which depicts mass concentrations of BINs in BF20
and TF20, shows that the kinetic model exactly predicts the opposite.
Moreover, figure 7.2 indicates that the maximum soot concentration is
lower in TF20 than in BF20. These predictions can be explained by the
high contribution of another chemical growth pathway, which involves
reactions of aromatic chemical species of the surrounding gas phase with
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BIN molecules or their radicals. As an example, in BF20 and TF20 the
growth of BIN1 through the HACA pathway is predicted to have con-
tributions of only 21 and 39 %, respectively (see table 7.5), whereas the
growth through reactions with aromatic compounds, principally repre-
sented by reactions R8 to R12, respectively accounts for 77 and 57 %. In
TF20, the 20 % drop in contribution of this second channel is due to the
lowest benzene and phenyl radical mole fractions, compared to BF20,
where benzene is a reactant. Since in TF20 this second channel is still
the major BINs formation route, the stimulation of the HACA pathway
previously discussed cannot result in higher BINs concentrations than
in BF20, as depicted in figure 7.4.

According to the model prediction of the distribution of various BINs
concentrations, the soot produced in TF20 should be structurally dif-
ferent than that formed in BF20. Indeed, in TF20, BIN1 in one hand,
and BIN2 to BIN24 in the other hand, respectively have higher and
lower concentrations than in BF20. Consequently, particles in TF20 are
predicted to have a structure closer to BIN1, which has a small mean
molecular diameter, whereas particles in BF20 are predicted to have a
larger size distribution and thus a higher mean diameter than those in
TF20. This is confirmed by calculating the mean particle diameter σz
at z = 3 cm of the burner surface, by using equation 7.6, where σi and
Ci are the diameter of BIN i and its mole concentration, respectively.
In BF20 and TF20, the model predicts a mean particle diameter of 1.02

Table 7.5: Contributions of main reactions involved in particle growth
in BF20 and TF20.

Reactions BF20 TF20
HACA pathway 0.21 0.39

R7 BIN1J + C2H2 → 0.9167BIN1 + 0.8333BIN2 0.21 0.39

Reactions with aromatic species 0.77 0.57
R8 C6H6 +BIN1J → 0.75BIN1 + 0.25BIN2 + 0.5H2 +H 0.30 0.15
R9 C6H5 +BIN1J → 0.75BIN1 + 0.25BIN2 + 0.5H2 0.29 0.28
R10 C6H5 +BIN1 → 0.75BIN1 + 0.25BIN2 + 0.5H2 +H 0.15 0.11
R11 C6H6 +BIN1 → 0.75BIN1 + 0.25BIN2 + 1.5H2 0.03 0.01
R12 C10H8 +BIN1J → 0.5833BIN1 + 0.4167BIN2 + 0.5H2 +H 0 0.02
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and 0.93 nm, respectively.

σz =
∑24
i=1Ci × σi∑24
i=1Ci

(7.6)

Nevertheless, the kinetic model of D’Anna and co-workers does not con-
sider reactions of BINs molecules and their radicals with toluene or ben-
zyl radical that are present in high concentration in TF20. Contrarily
to phenyl and benzene addition on PAHs through the PAC mechanism,
these reactions have never been proposed in the literature. Their ad-
dition into the kinetic model highly increases the rate of BINs growth
in TF20 and thus the predicted mean diameter of particles. However,
their addition also leads to the overestimation of the maximum soot con-
centration predicted in TF20 and should results in BINs having several
methyl groups that contrast with regular PAHs generally detected in
soot samples. The molecular growth through toluene and benzyl radi-
cal addition is thus a topic of research that should be addressed in the
future, in order to model soot formation in toluene flames with a higher
accuracy.

A last channel involving the growth of BIN material is the recombination
of two BIN radicals or the reaction of a BIN molecule with a bin radical,
followed by the loss of an H atom. The kinetic model predicts that the
contribution of these reactions to the formation of small BIN molecules is
insignificant and progressively becomes important for larger compounds.
For molecules greater than BIN9, these reactions reach a contribution
of formation close to 15%.

The lowest soot concentration observed in BF18 and TF18, compared
to BF20 and TF20, can be explained by the drop in the equivalence
ratio, yielding a decrease in mole fractions of acetylene, benzene, phenyl
radical, BIN1 and BIN1J radical. Consequently, reactions of table 7.5
are disadvantaged and the chemical growth is slower.
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7.5.5 Physical growth of bin material

The physical growth of BIN material is included into the kinetic model
of D’Anna and co-workers by reactions R14 of table 7.2. In the present
work, these reactions are found to have an insignificant contribution
to the growth of soot particles, compared to reactions of the chemical
growth presented above. However, these reactions may have a more
important role at higher distances of the burner surface than those con-
sidered here, where concentrations of chemical species involved in the
chemical growth of BIN compounds become sufficiently low to make
their rate negligible. These distances may be relatively high considering
the low pressure of flames investigated in this work. On the contrary,
literature studies devoted to atmospheric flames showed that coagula-
tion of soot particles plays a determining role in soot formation, even at
close distances of the burner surface.

7.5.6 Oxidation of Bins

The oxidation of BIN molecules and radicals is achieved through reac-
tions R7 and R8 of table 7.2, which respectively involve hydroxyl radical
reaction with a BIN molecule and molecular oxygen reaction on a BIN
radical. Due to the low concentrations of hydroxyl and molecular oxy-
gen in the region where soot formation occurs, reactions R7 and R8
only account for about 5 % and 1% of BIN consumption, respectively.
Compared to BF20 and TF20, these contributions increase in BF18 and
TF18, reaching 10 % and 3%, respectively. These increases are due to
the the decrease of the equivalence ratio, increasing the availability of
hydroxyl radical and molecular oxygen in the burnt gases.

7.5.7 Structural analysis of soot

Figure 7.6 shows a Scanning Electron Microscopy picture of the soot
collected in BF20, at 8 cm of the burner surface. Since no isolated par-
ticles can be found, this picture demonstrates that particle coagulation
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Figure 7.6: SEM picture of soot collected in BF20.

occurs inside the filter, changing the observed morphology, as previously
discussed. Consequently, SEM pictures that are presented in this chap-
ter are not representative of the exact structure of particles that have
been sampled inside the flame, but show coagulation patterns of them.
However, these pictures give information on the soot morphology that
deposit on the wall of a combustion chamber that is in contact with a
flame, such as in industrial or domestic burners. Moreover, consider-
ing that at investigated height above the burner, coagulation reactions
are negligible inside the flame (see model predictions discussed above),
following figures will allow to define a maximum size for primary soot
particles that have been sampled inside the flame. Figure 7.7 repre-
sents an enlargement of a factor 10 on a section of figure 7.6, showing
that the fine structure of soot is equally composed of small aggregates
sticked together. The largest pattern of figure 7.7 has a diameter of
about 20 micrometers and is composed by several smaller particles that
depict a diameter of about 8 micrometers, which are in turn composed
by smaller aggregates of 3 micrometers in diameter. Figure 7.8 presents
an enlargement of such a small structure, showing that it is equally
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Figure 7.7: SEM picture of soot collected in BF20.

Figure 7.8: SEM picture of soot collected in BF20.
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composed by many smaller similar aggregates that have diameters of
hundreds of nanometers. Finally, these structures also seem to be com-
posed by several smaller aggregates, and so on. Figures 7.6, 7.7 and 7.8
therefore clearly demonstrate that primary soot particles should have a
mean diameter lower than hundreds of nanometers and prove that these
primary structures should coagulate together, forming larger patterns
of several micrometers, which can in turn coagulate together or with
primary particles, and so on until soot particles of a few millimeters are
produced. The soot trapped inside the filter can therefore be defined as
an irregularly object that is "self-similar" and "scale invariant" over cer-
tain length scales. These properties are typical of a fractal morphology
that has already been observed by several researchers investigating soot
formation [273,274]. The maximum limit deduced at 8 cm of the burner
surface for the diameter of primary soot particles (less than hundreds
of nanometers) is consistent with that predicted at 3 cm by the kinetic
model in BF20 and TF20 (about 1 nm). The significant gap between
these 2 values can be explained by the region of 5 cm that separates
them, where several reaction growth should still occur.

7.6 Conclusions

This chapter has presented the current general consensus that has been
reached by scientists on the understanding of the soot formation process.
Basically it can be divided into 2 main steps, whose the first is the soot
particle nucleation forming soot nuclei by chemical reactions between
species from the gas-phase and by the coagulation of small PAH. The
second is the growth of soot particles through chemical reactions with
compounds from the surrounding gas-phase and by coagulation with
other particles. Since the control of soot formation is of particular health
and industrial concerns, we have shown that for many years researchers
have developed models to predict carbonaceous particles formation in
hydrocarbon flames. These models are empirical if they consists in a
relation between a flame parameter such as the equivalence ratio and
the soot concentration, or detailed if they are based on predicted flame
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structures that are calculated in the same way as those presented in
previous chapters.

Since this work is devoted to the development of a detailed kinetic model
for benzene and toluene combustion, one has decided to complete it with
a detailed model of soot formation. Among the literature, only models
of Richter and co-workers and D’Anna and co-workers may be easily
added into the software used for the calculation of flame structures in
this work. These models consider classes of molecules that cover defined
mass ranges from large PAHs until that of soot particles. Then, these
models include reactions between these classes of molecules instead of
considering reactions between all possible intermediate species that may
link PAHs to soot. The formation of the first class of molecule is defined
as the nucleation step and consists of reactions between aromatic species
of the gas-phase. Then, the first class may growth into larger classes of
compounds, through soot growth reactions, and the different classes are
allowed to coagulate together, producing larger particles. The two well
admitted steps of soot formation are therefore included in these detailed
models.

Experimental measurements of the soot concentration were performed
in rich hydrocarbon flames of this work in order to compare with pre-
dicted data. A simple setup consisting in a filter that is inserted inside
the flame has been developed. This intrusive method is the first appa-
ratus allowing to collect soot that has been developed in the laboratory.
It therefore presents many disadvantages that should be addressed in
further studies, as the small sampling spatial range due to the flame
perturbation, or the long residence time of the collected soot inside the
flame, altering its morphological properties. Nevertheless, the present
apparatus allows to measure the magnitude of the soot concentration
in flames of this work and to compare them in order to determine the
effect of the equivalence ratio and the fuel structure on particles for-
mation. Moreover, concentration profiles can be compared to predicted
results to assess the predictive capability of the developed models.
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It has been found that the model of Richter and co-workers signifi-
cantly underpredicts soot concentrations, whereas that of D’Anna and
co-workers gives predictions of similar magnitude as experimental mea-
surements. The underprediction of the model of Richter and co-workers
comes from the better prediction of ortho benzyne mole fraction with
the gas-phase kinetic model developed in this work, which disadvantage
biphenylene formation that is a major nucleation channel in their de-
tailed soot formation model. Since the model of Richter and co-workers
requires an important computation time, compared to that of D’Anna
and co-workers, it has not been further considered.

Comparative reaction rate analysis have been achieved on predicted re-
sults of the model developed by D’Anna and co-workers. The most im-
portant nucleation reactions involve benzene, phenyl radical, naphtha-
lene and naphthyl radical. Since the toluene flames have higher naphtha-
lene mole fractions that benzene flames, they are predicted to undergo
a faster nucleation process than corresponding benzene flames. This
observation agrees with studies of the literature, demonstrating that
toluene has a larger propensity to form soot than benzene. However,
the analysis of predicted results has shown that the chemical growth
of soot nuclei is mainly achieved through reactions with benzene and
phenyl radicals from the surrounding gas-phase, which are in lower con-
centration in toluene flames, compared to benzene flames. Consequently,
toluene flames depict a slower particle growth than benzene flames and
are predicted to produce lower soot concentrations. This prediction dis-
agree with experimental results of this work and those of the literature,
which respectively show that toluene flames should produce similar or
higher soot concentrations than benzene flames. This might be explained
by the lack of growth reactions involving toluene and benzyl radicals,
which are present in high concentrations in toluene flames.

The improvement of the soot formation model may be the subject of
a future work and should address this hypothesis. Until a distance of
3.5 cm above the burner surface, coagulation reactions are predicted
to be negligible compared to the chemical growth phenomenon. The
mean diameter of soot particles in benzene and toluene flames having
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an equivalence ratio of 2 are therefore predicted to be as small as 1.02 and
0.93 nanometer, respectively. The highest diameter of particles formed
in benzene flames is due to the highest rate of chemical growth reactions.
According to experiments, the soot concentration is found to depend on
the flame equivalence ratios and this observation is well reproduced by
the kinetic model. A comparative reaction rate analysis reveals that
the higher oxygen content of these flames promotes oxidation of soot
particles. In addition, the lowest naphthalene mole fractions of these
flames decrease their nucleation rate.

Scanning Electron Microscopy has been used to analyze the morpho-
logical properties of the collected soot, obtained in the richest benzene
flame at a distance of 8 cm from the burner surface. Since no isolated
particle has been detected, it is supposed that soot highly coagulates
inside the mass filter during the residence in the flame. However, the
SEM analysis reveals that soot depicts a fractal morphology, confirm-
ing previous findings described in the literature. Moreover, it is found
that at 8 cm of the burner surface, the primary soot particle diameter
should be lower than hundreds of nanometers, which is consistent with
that of 1 nm predicted by the kinetic model at 3 cm from the burner
surface.

The kinetic model developed for the gas-phase chemistry of benzene and
toluene combustion has been successfully completed with a soot forma-
tion sub-model available in the literature. The analysis of predicted data
allows to discuss the contribution of chemical reactions involved in the
different steps of the general soot formation process and the effect of
the fuel and equivalence ratio on the soot concentration. Finally, SEM
analysis have allowed to analysis the morphology of the produced soot
and verify the magnitude of the predicted primary soot particle diame-
ter. This chapter describes the first attempt to measure and predict soot
concentration in the laboratory. Both the apparatus developed for soot
concentration measurement and the kinetic model assembled should be
improved in further studies.





8
Conclusions and perspectives

Conclusions

The present work consists in an experimental and a kinetic modeling
study of laminar, premixed and one-dimensional benzene-oxygen-argon
and toluene-oxygen-argon flames, burning at low pressure. The inves-
tigation has been conducted over a large range of equivalence ratios,
including lean, stoichiometric and rich conditions. Experimental mole
fraction profiles of several chemical species occurring in the investigated
flames have been measured by Gas Chromatography (GC). Molecular
Beam Mass Spectrometry (MBMS) measurements have equally been
achieved for some radicals and hydrocarbons of interest, which could
not be detected by GC. An experimental setup for the measurement
of soot concentrations in flames has been developed and profiles have
been determined in rich benzene and toluene flames. To the best of
our knowledge, such experimental flame structure studies of lean and
stoichiometric benzene and toluene flames have never been published in
the literature. Moreover, this work provides soot concentration mea-
surements for 4 rich premixed, laminar and one-dimensional aromatic
flames. Consequently, it provides valuable experimental data that will
be useful for the scientific community working on the understanding of
aromatic oxidation, as well as on that of PAHs and soot formation.

337
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Experimental structures of benzene-oxygen-argon flames have shown
that some hydrocarbons such as cyclopentadiene, vinylacetylene and
acetylene are produced in high concentrations over the entire range of
equivalence ratios, demonstrating that these compounds play a central
role in benzene combustion. Other chemical species have been detected
in lower concentrations, as allene, propyne and methane. Chemical
species heavier than benzene have been detected in rich benzene-oxygen-
argon flames, including toluene, styrene, phenylacetylene, naphthalene,
biphenyl and phenanthrene. PAHs above phenanthrene could not been
detected using the Gas Chromatography setup. The improvement of
the detection limit of this apparatus is an interesting perspective, which
should allow to close the gap between small PAHs and soot forma-
tion.

Based on a recent literature survey, a detailed kinetic model with a good
predictive capability has been developed for benzene combustion. A
comparative reaction rate analysis has revealed that in the investigated
flames benzene is mainly consumed into the phenyl radical through H
abstraction reactions. It is now well admitted that phenyl radical prin-
cipally reacts with O2 through two different pathways. The first consists
in the O2 addition, followed by the break of the O-O bond, giving oxy-
gen atom and phenoxy radical. As highlighted in this work, the second
pathway is still surrounded by a large uncertainty. Many kinetic models
consider that it consists in O2 addition on the phenyl radical, followed by
a complex rearrangement yielding benzoquinone and a hydrogen atom,
whereas no previous experimental evidence exists for the benzoquinone
formation in benzene flames. Consequently, measurements at a m/z ra-
tio corresponding to benzoquinone have been performed by MBMS in
a lean benzene flame, demonstrating that its maximum mole fraction is
very low compared to other species. This value is highly overestimated
by kinetic models considering that phenyl radical reacts with O2 giving
benzoquinone. The present study clearly demonstrates that other re-
action pathways should exist and that kinetic models that consider the
conversion of phenyl radical into benzoquinone have to be improved. In
the developed kinetic model, we have suggested that this reaction rather
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produces n-1,3-butadienyl radical and two CO. This assumption is co-
herent with other experimental studies on this reaction and gives better
predictions of experimental structures of benzene flames. Since models
of the literature equally predict large mole fractions for phenoxy radical,
MBMS measurements have equally been performed. Our study confirms
that its maximum mole fraction is significantly lower than usually pre-
dicted and we have therefore conducted a kinetic modeling analysis of
pathways involved in its formation and consumption. We have shown
that its recombination with an H atom giving phenol causes an impor-
tant overestimation of the latter and equally significantly slows down
the flame speed, as phenol gives back the phenoxy radical, leading to a
loop. Based on studies published in the literature, we have proposed that
the reaction between the phenoxy radical and a H atom should rather
produce acetylene, vinyl and two CO. This reaction allows to better pre-
dict the speed of benzene consumption, as well as the phenoxy radical
mole fraction. Our study has confirmed that at high temperature, the
phenoxy radical mainly decomposes into the cyclopentadienyl radical
and CO, explaining the significant mole fractions of cyclopentadiene ob-
served experimentally. The cyclopentadienyl radical is predicted to be a
key intermediate, as it links C6 chemistry to C4, C3 and C2 formations,
through reactions with O atom and dissociation into propargyl radicals
and acetylene. Acetylene is therefore equally a central intermediate of
benzene consumption, explaining its large experimental mole fraction.
The developed kinetic model well reproduces most of measurements per-
formed in benzene-oxygen-argon flames, over the entire range of equiv-
alence ratio. The kinetic modeling study, together with experimental
measurements, have therefore allowed to improve the understanding of
benzene oxidation, by throwing some light on certain remaining uncer-
tainties. However, some hypotheses take in this work still have to be
further examined, by theoretical and experimental studies on definite
reactions.

The measurement of toluene-oxygen-argon flame structures has equally
been performed over a large range of equivalence ratios. These flame
structures involve chemical species similar to those observed in benzene
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flames. Indeed, high mole fractions of intermediates such as benzene,
cyclopentadiene, vinylacetylene and acetylene have been detected. We
have therefore postulated that an important overlap between benzene
and toluene flame chemistry should exist. This hypothesis has been ver-
ified by the development of a kinetic model with a good predictive capa-
bility for toluene combustion. Comparative reaction rate analyses have
demonstrated that toluene is principally consumed through three main
pathways, converging towards benzene and cyclopentadienyl radical for-
mation. This explains the significant overlap observed between benzene
and toluene flame structures. The first channel of toluene consumption
consists in forming the benzyl radical through H abstraction reactions
on its methyl group. Reactions of benzyl radical at high temperature
are currently a central theme of research. According to most recent
insights on this topic, its decomposition into fulvenallene and H atom
has been included into the kinetic model. Concerning the consumption
of fulvenallene, it has been demonstrated that a good predictive capa-
bility of cyclopentadiene could only be achieved if a pathway involving
H atom addition and decomposition into cyclopentadienyl radical and
acetylene, is included. Such a pathway has been recently proposed in the
literature and we have demonstrated that its consideration gives reliable
predictions of mole fraction profiles measured by MBMS at m/z ratios
corresponding to fulvenallene and benzyl radical. However, compared
to theoretical predictions, the rate constant proposed for the H atom
reaction with fulvenallene is larger. Then, further works on this subject
are necessary to fully elucidate the mechanism of benzyl radical decom-
position in cyclopentadienyl radical. Beside this decomposition route,
the side chain of the benzyl radical can be oxidized, forming the phenyl
radical that is consumed in the same way as in benzene flames. The sec-
ond route of toluene consumption produces benzene and phenyl radical,
respectively through the substitution of the methyl group by an H atom
and through toluene dissociation. This path is very important since it
is responsible of most of methyl radical formation, whose in turn gives
methane that is observed in large concentrations in toluene flames. The
last toluene consumption channel consists in H abstraction reactions
onto the phenyl ring. Whereas this pathway is generally not included



341

into kinetic models devoted to toluene oxidation, our study has shown
that it plays a significant role at low equivalence ratios and low temper-
atures. Contrarily to benzene, this path can produce different isomers
that have to be taken into account, as their consumption may give var-
ious products. Methylphenyl radicals are expected to react similarly to
phenyl radicals and their consumption are therefore equally uncertain.
Based on the literature, we have proposed that methylphenyl radicals
react with O2, forming two CO and various C3Hx and C2Hx compounds.
Beside this channel, methylphenoxy radicals can equally be formed and
we have demonstrated that their decompositions at high temperature
should produce resonant forms of the C5H4CH3 radical. This radical
is converted to cyclopentadienyl radical and CH3 by reaction with H

atom, and may also produce benzene through a complex isomerization
pathway, followed by the loss of an H atom. The benzene formation in
toluene flames has been demonstrated to occur from the second route
of toluene consumption, as well as from the isomerization of C5H4CH3

and the recombination of propargyl radicals, which has been widely dis-
cussed in the literature these last years. Formation of C4 and smaller
hydrocarbons have been showed to proceed similarly to benzene flames.
The developed mechanism well reproduces most of the measurements
performed in toluene flames, over the entire range of investigated equiv-
alence ratios. Mole fractions of C3H4 hydrocarbons are overestimated by
the model, due to the significant formation of C3 intermediates through
reactions of methylphenyl radicals with O2. In the same way as phenyl
radical reaction with O2, this reaction is still uncertain and should there-
fore be further investigated. Phenyl and methylphenyl radicals reactions
with O2 are complicated pathways, whose products and kinetics are dif-
ficult to interpret. It is very interesting to note that similar uncertainties
still surround O2 reaction with the vinyl radical, which has a reacting
site somewhat similar to that of phenyl and methylphenyl radicals. This
problem seems therefore recurrent in combustion of hydrocarbons and
should be utterly addressed in further studies.

The measurement of PAH mole fraction profiles in benzene and toluene
flames has shown that toluene flames generally exhibit larger naphtha-
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lene mole fractions than corresponding benzene flames. Based on this
observation, we have postulated that it should exist naphthalene forma-
tion routes highly dependent on toluene. A detailed kinetic model for
PAH formation has been developed based on major reaction pathways
described in the literature, including the HACA route, the cyclopen-
tadienyl radical self-recombination channel and the benzyl+propargyl
radicals pathway. The comparative reaction rate analysis has confirmed
that the benzyl+propargyl channel plays a key role in the naphthalene
formation in toluene flames. In benzene flames, this route is not active
and naphthalene is only produced from cyclopentadienyl radicals self-
recombination. This work shows that the HACA mechanism should not
produce naphthalene in benzene and toluene flames, whereas it may be
responsible of the further growth of large PAHs and soot. Concerning
biphenyl, we have shown that its formation is disadvantaged in toluene
flames, as it principally depends on the phenyl radical. Biphenyl is found
to form phenanthrene through HACA reactions. Other compounds such
as phenylacetylene and styrene have been included into the kinetic model
and an overall good predictive capability of their mole fraction profiles
has been obtained.

Cyclopentene and propyne have been respectively added to benzene and
toluene flames, in order to further investigate the naphthalene forma-
tion. Indeed, cyclopentene and propyne are respectively cyclopentadi-
enyl and propargyl radicals precursors, which should respectively pro-
mote the cyclopentadienyl radicals and the benzyl + propargyl radicals
pathways producing naphthalene. The kinetic model has been extended
to cyclopentene flame chemistry and experimental flame structures have
been compared to predictions. It is found that the cyclopentadienyl rad-
icals pathway slightly overestimates naphthalene formation, highlighting
that further studies on this mechanism should be conducted. However,
as stressed in this work, cyclopentene flame chemistry is still uncertain
and the overestimation of consumption routes forming cyclopentadienyl
radicals could equally be responsible of the naphthalene overestimation.
The addition of propyne to rich toluene flames is better reproduced by
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the kinetic model, confirming the key role played by the benzyl + propar-
gyl pathway in the formation of naphthalene in toluene flames.

Finally, the developed kinetic model has been completed by a soot for-
mation mechanism available in the literature. This model considers the
formation of classes of molecules (BIN) having mean properties, rather
than describing all chemical species linking PAHs to soot. The mecha-
nism used for soot formation has a reasonable number of reactions and
performs calculations within a reasonable time. The model includes the
main soot formation steps admitted by the scientific community: nucle-
ation, chemical growth and coagulation. It well predicts the magnitude
of soot concentration measured in all investigated flames and the effect
of the equivalence ratio. It is found that main nucleation routes depend
on naphthalene in both benzene and toluene flames. Therefore a reliable
prediction of naphthalene formation is crucial to obtain a good predic-
tive capability of soot concentration. The molecular growth of soot is
found to occur through HACA reactions and reactions with aromatic
species subsisting into the gas phase. Scanning Electron Microscopy has
been used to characterize the collected soot. However, the long residence
time of the filter inside the flame allows soot coagulation and subsequent
reactions that alter its morphology. Consequently, no direct information
could be obtained on the structure of initial soot particles. Nevertheless,
this analysis confirms the fractal morphology of soot and indicated that
the primary soot particle diameter should be smaller than few hundreds
of nanometers, which is consistent with model predictions.

In conclusion, the objectives presented at the beginning of this work
have been fulfilled and the developed strategy therefore seems relevant
to the understanding of hydrocarbon flame chemistry. The present study
brings valuable experimental data on oxidation of aromatics, as well as
on PAH and soot formations in flames. It therefore helps to close the
gap towards soot formation. The developed kinetic model has allowed
to assess the validity of certain hypotheses recently proposed in the
literature, and consequently contributes to a better understanding of
aromatic flame chemistry. However, the road towards the development
of a versatile mechanism, working for most of hydrocarbons, is still long.
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Indeed, the number of possible structures and reaction pathways signif-
icantly increases with the molecular weight and the detailed modeling
of large PAH and soot formation therefore appears to be very difficult.
Fortunately, recent statistical methods allow to predict the soot concen-
tration and its morphology without including such a detailed modeling.
These statistical methods are very promising and their development will
certainly be a central theme of research for the coming years.

Perspectives

In addition to elucidate the remaining uncertainties that have been high-
lighted in this work, the developed kinetic model should be validated
under different conditions. Since the addition of oxygenated species to
hydrocarbon flames is thought to reduce the soot formation, the study
of flames burning blends of aromatic and oxygenated hydrocarbons is
an interesting perspective. Moreover, the kinetic model of this work
is well appropriated for such conditions, as it includes the sub-model
for ethanol, acetaldehyde and acetic acid combustion developed by Lep-
lat [174]. The kinetic model should equally be validated at higher pres-
sures, using flame structures of Tregrossi and co-workers [88] or flame
speed measurements of Davis and co-workers [86]. As the work of Tre-
grossi and co-workers includes soot concentration measurements, the
sub-model for soot formation may equally be validated at higher pres-
sures.

Beside these additional validations, the kinetic model should be reduced
as much as possible in order to be used as an input database by engineers
working on the modeling of industrial combustion processes. Since the
sub-model for soot formation consists of thousand of reactions, other
sub-models should be tested. The one of Frenklach and co-workers is in-
teresting as it consists of an algorithm that may be more easily included
into codes developed for the modeling of combustion phenomena.

Concerning the experimental setup, it should be adapted to the detec-
tion of larger PAHs, by using new chromatographic detectors, such as
UV or Mass Spectrometry detectors. The apparatus of soot sampling
should be improved in order to avoid flame perturbations, as well as the
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residence of the collected soot inside the flame. The sampling method
proposed by Abid and co-workers [37] or non intrusive techniques are
good candidates. The development of such setups is very important to
close the gap between PAH and soot formation.

The measurement of mole fraction profiles of H and O atoms, as well
as that of the OH radical is equally an interesting perspective. Indeed,
these chemical species play a key role in hydrocarbon flames and the
validation of the kinetic model against such experimental data is of par-
ticular importance.
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Appendix A

Experimental parameters of chromatographic separations.

This appendix summarizes parameters used for chromatographic separa-
tions carried out with the setup presented in chapter 2. Table 1 presents
the four configurations that have been discussed. Parameters associated
to these configurations are given hereafter and eluting times of detected
compounds are presented in table 2.

Table 1: chromatographic configurations used in the present work

Configuration Injection
setup1

Column Carrier
Gas

Detectors

A A MOLSIEVE 5A He TCD
B A MOLSIEVE 5A Ar TCD
C A PORAPLOT Q He FID + TCD
D B CPSILPAH CB He FID
1 Setups A and B are those described in figures 2.4 on page 27 and 2.6 on page 29,
respectively.

Parameters of configurations A and B:

Flow rate: 10 ml/min
TCD temperature: 30◦C
Oven temperature:

1. 35◦C for 5 minutes

2. first increase: 10◦C / min
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3. 110◦C for 10 min

Parameters of configuration C:

Flow rate: 8 ml/min
FID temperature: 200◦C
TCD temperature: 30◦C
Oven temperature:

1. 60◦C for 10 minutes

2. first increase: 40◦C / min

3. 120◦C for 5 min

4. second increase: 40◦C / min

5. 200◦C for 50 min

Parameters of configuration D:

Flow rate: 2.4 ml/min
FID temperature: 380◦C
Oven temperature:

1. 55◦C for 5 minutes

2. first increase: 20◦C / min

3. 70◦C for 10 min

4. second increase: 2◦C / min

5. 150◦C for 1 min

6. third increase: 10◦C / min

7. 300◦C for 10 min
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Table 2: Eluting times of detected chemical species

Chemical species Name Eluting times (min.)

Configuration A
H2 molecular hydrogen 2.5
O2 molecular oxygen 3.4
Ar argon 3.6
CO carbon monoxide 11.7

Configuration B
H2 molecular hydrogen 3.0

Configuration C
CH4 methane 3.6
CO2 carbon dioxide 3.9
C2H4, C2H2 ethylene, acetylene 4.4
C2H6 ethane 5.2
H2O water 5.2
C3H6 propylene 11.2
C3H8 propane 11.6
a-C3H4 allene 11.8
p-C3H4 propyne 11.9
C4H4 vinylacetylene 16
1,3-C4H6 1,3-butadiene 16.2
C4H2 diacetylene 16.9
C5H6 cyclopentadiene 19.6
C6H6 benzene 22.6
C7H8 toluene 27.2

Configuration D
C8H6 phenylacetylene 10.2
C8H8 styrene 11
C10H8 naphthalene 23.4
1− C11H10 1-methylnaphthalene 25.4
2− C11H10 2-methylnaphthalene 25.7
C12H10 biphenyl 26.7
C14H10 phenanthrene 31.1
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Composition and characteristics of investigated flames

Table 3 summarizes the code and the fresh gas composition of each flame
presented in this work. Table 4 gives detailed characteristics of these
flames, including the equivalence ratio φ, the C/O ratio, the working
pressure P , the mass flux at the output of the burner, the total volu-
metric flow rate DvT measured at 298K and 1 atm, and the cold gas
velocity vc at the working pressure P and 298 K.

Table 3: code and fresh gas composition of each investigated flame

Code Fresh gas composition
χC6H6 χC7H8 χC5H8 χC3H4 χO2 χAr

BF07 2.72 10−2 2.92 10−1 6.81 10−1

BF10 2.72 10−2 2.04 10−1 7.68 10−1

BF18 1.16 10−1 4.84 10−1 4.00 10−1

BF20 1.16 10−1 4.36 10−1 4.48 10−1

BF20-35 1.16 10−1 4.36 10−1 4.48 10−1

BF20-65 1.16 10−1 4.36 10−1 4.48 10−1

TF07 2.26 10−2 2.9 10−1 6.87 10−1

TF10 2.26 10−2 2.03 10−1 7.74 10−1

TF18 9.89 10−2 4.94 10−1 4.07 10−1

TF20 9.89 10−2 4.45 10−1 4.56 10−1

CF20 8.91 10−2 3.67 10−1 5.44 10−1

BCF20 8.84 10−2 3.11 10−2 4.47 10−1 4.33 10−1

TPF21 9.89 10−2 1.11 10−2 4.45 10−1 4.45 10−1

TPF22 9.89 10−2 2.22 10−2 4.45 10−1 4.34 10−1
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Table 4: codes and detailed characteristics of each investigated flame.

Code φ C/O P Mass flux DvT vc
mbar (g s−1 cm−2) l/min† cm/s‡

BF07 0.7 0.28 45 2.93 10−3 5.5 41
BF10 1.0 0.40 45 2.98 10−3 5.5 41
BF18 1.8 0.72 45 3.07 10−3 5.5 41
BF20 2.0 0.80 45 3.10 10−3 5.5 41
BF20-35 2.0 0.80 35 3.10 10−3 5.5 53
BF20-65 2.0 0.80 65 3.10 10−3 5.5 28
TF07 0.7 0.27 45 2.94 10−3 5.5 41
TF10 1.0 0.39 45 2.99 10−3 5.5 41
TF18 1.8 0.70 45 3.12 10−3 5.5 41
TF20 2.0 0.78 45 3.15 10−3 5.5 41
CF20 1.7 0.61 45 3.38 10−3 6.2 46
BCF20 2.0 0.77 45 3.04 10−3 5.5 41
TPF21 2.1 0.82 45 3.15 10−3 5.5 41
TPF22 2.2 0.85 45 3.15 10−3 5.5 41
† Measured at 298K and 1 atm
‡ At the working pressure P and 298K



Appendix C

Experimental and adiabatic flame temperatures

As presented in table 5, adiabatic flame temperatures Tsta have been cal-
culated for each investigated flame using the software Stanjan [46]. Adi-
abatic flame temperatures Tcos have been calculated using Cosilab [39]
at 3.5 cm from the burner surface for BF07, BF10, TF07 and TF10, in

Table 5: Experimental and adiabatic flame temperatures of each inves-
tigated flame

Code zexp
† Tmexp

‡ Tsta
∗ Tcos

∗

cm K K K
BF07 1.6 1470 2432 2095
BF10 1.15 1495 2414 2146
BF18 0.95 1775 2670
BF20 1.15 1715 2564
BF20-35 1.3 1720 2545
BF20-65 1 1670 2592
TF07 1.25 1630 2418 2106
TF10 1.06 1660 2400 2141
TF18 0.85 1765 2643
TF20 1.05 1745 2530
CF20 0.95 1700 2579
BCF20 1.0 1725 2574
TPF21 1.1 1690 2489
TPF22 1.15 1680 2446
† Position of the maximum of experimental flame temperature.
‡ Tmexp, stands for the maximum flame temperatures measured using the
thermocouple.
∗ These adiabatic flame temperatures have been calculated using Stanjan (Tsta) [46]
and Cosilab (Tcos) [39]. Tcos are token at 3.5 cm from the burner surface.
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354 Appendix C

order to compare with Stanjan calculations. The input temperature of
reactants has been fixed to 300 K in Cosilab and Stanjan. In Stanjan,
the products involved in the equilibrium are CO2, H2O, CO, H2, O2,
H, O, OH and Cs. The calculated adiabatic flame temperatures Tsta
and Tcos are systematically higher than those measured in our flames.
This highlights that flames investigated in this work should significantly
transfer heat to the burner surface, to the walls of the combustion cham-
ber, and to the quartz nozzle.

As presented in chapter 3, the adiabatic flame temperature depends on
the product distribution in the burnt gases. Since Cosilab and Stanjan
calculate this distribution based on the chemical kinetics and on the
thermodynamic equilibrium, respectively, the predicted temperatures
are significantly different. Indeed, the equilibrium composition of the
burnt gases is an ideal case that the system tends to reach, in a time that
depends on the chemical kinetics. Therefore, at 3.5 cm from the burner
surface, the product composition and the adiabatic flame temperature
predicted by Cosilab contrast with the equilibrium distribution and the
adiabatic temperature calculated with Stanjan.

The amount of heat transfered by a flame to the burner surface depends
on its position above it. In this work, since lean benzene and toluene
flames stabilize closer to the burner surface than rich flames, the heat
transfer should decrease when the equivalence ratio increases. This phe-
nomenon causes experimental flame temperatures of BF10 and TF10 to
be larger than those respectively measured in BF07 and TF07, whereas
adiabatic flame temperatures Tsta predict the opposite.

Although adiabatic temperatures of lean and stoichiometric benzene
and toluene flames are similar (see table 5), experimental toluene flame
temperatures are larger than those corresponding to benzene flames.
As toluene flames stabilize further of the burner surface than benzene
flames, this phenomenon can equally be explained by a decrease of the
heat transfer.

According to adiabatic temperature calculations, the substitution of
some benzene by cyclopentene in BCF20 should not significantly change
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the temperature in the burnt gases. Experimental temperatures confirm
this hypothesis, as their maxima in BF20 and BCF20 only differ by 10
K. Concerning the seeding of TF20 by propyne, the drop of the flame
temperature predicted by adiabatic calculations is consistent with that
measured in TPF21 and TPF22.





Appendix D

Method of measurement and maximum mole fractions of com-
pounds detected in investigated flames

Table 6 and 7 summarize experimental maximum mole fractions of com-
pounds detected in flames presented in this work. White and gray back-
ground colors indicate chemical species measured by Gas Chromatogra-
phy and Molecular Beam Mass Spectrometry, respectively. Flame codes
refer to table 3 of appendix B.
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Appendix E

Detailed kinetic model presented in this work

This appendix presents the whole kinetic model used in this work. All
references included in this appendix report to the end of the table pre-
sented on following pages. The whole kinetic scheme may be divided
into as follows.

1. The sub-model that includes reactions of the H2/O2 system and
those of C1Hx and C2Hx hydrocarbons. It comes from the PhD
Thesis of Leplat. This model is mainly based on the GRI mecha-
nism [14] and on models of Marinov [1], Yasunaga et al. [8] and
Gasnot et al. [17] for ethanol, acetaldehyde and acetic acid, re-
spectively.

2. The sub-model for reactions of C3Hx hydrocarbons, which comes
from mechanisms of Davis et al. [38] and Marinov et al. [15].

3. The sub-model for reactions of C4 intermediates, which is based
on the kinetic model of Wang and Frenklach [45].

4. The sub-model for C6Hx to C14Hx flame chemistry, which has
been discussed in chapters 4, 5 and 6.

5. The sub-model for soot formation, which comes from the work of
D’Anna and co-workers. It is not presented in the following table
but may be found in supporting information of their paper.
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The table on the following pages presents the kinetic model. Rate con-
stant are expressed in the form k = ATne−

Ea
RT , with the units cm3, mol,

s and cal.



363



364 Appendix E



365



366 Appendix E



367



368 Appendix E



369



370 Appendix E



371



372 Appendix E



373



374 Appendix E



375



376 Appendix E



377



378 Appendix E



379



380 Appendix E



381



382 Appendix E



383



384 Appendix E



385



386 Appendix E



387



388 Appendix E



389



390 Appendix E



391



392 Appendix E



393



394 Appendix E



395



396 Appendix E



397



398 Appendix E



399



400 Appendix E



Bibliography

[1] L. Mlodinow. The Drunkard’s Walk: How Randomness Rules Our
Lives. Pantheon Books, New York, U.S.A., fisrt edition, 2008.

[2] N. Goren-Inbar, N. Alperson, M.E. Kislev, O. Simchoni,
Y. Melamed, A. Ben-Nun, and E. Werker. Evidence of ho-
minin control of fire at gesher benot yaaqov, israel. Science,
304(5671):725–727, 2004.

[3] L. Euler. Dissertatio de igne in qua ejus natura et pro-
prietates explicantur. In Académie Royale des Sciences,
editor, Recueil des pièces qui ont remporté les prix de
l’Académie royale des sciences, vol 4, pages 5–21. Paris,
France, 1738. A translation of this Latin dissertation
can be found at http://www.fontesdart.org/ressources-
documentaires/bibliographie/ouvrages/23-4-euler-dissertation-
sur-le-feu-primee.

[4] L. Boyer. Feu et flammes. Bibliothèque scientifique. Belin, Paris,
France, 2006.

[5] F.-E. Mallard and H. Le Chatelier. Etude sur la combustion des
mélanges gazeux explosifs. Journal de Physique Théorique et Ap-
pliquée, 1(1):173–183, 1882.

401



402 BIBLIOGRAPHY

[6] F.-E. Mallard and H. Le Chatelier. Recherches expérimentales
et théoriques sur la combustion des mélanges gazeux explosifs.
Annales des Mines, 8:274, 1883.

[7] J. Hansen, D. Johnson, A. Lacis, S. Lebedeff, P. Lee, D. Rind,
and G. Russell. Climate impact of increasing atmospheric carbon
dioxide. Science, 213(4511):957–966, 1981.

[8] C.S. McEnally, L.D. Pfefferle, B. Atakan, and K. Kohse-
Höinghaus. Studies of aromatic hydrocarbon formation mecha-
nisms in flames: Progress towards closing the fuel gap. Progress
in Energy and Combustion Science, 32(3):247–294, 2006.

[9] Jan Szeliga and Anthony Dipple. Dna adduct formation by poly-
cyclic aromatic hydrocarbon dihydrodiol epoxides. Chemical Re-
search in Toxicology, 11(1):1–11, 1998.

[10] V. Ramanathan, M.V. Ramana, G. Roberts, D. Kim, C. Corrigan,
C. Chung, and D. Winker. Warming trends in Asia amplified by
brown cloud solar absorption. Nature, 448(7153):575–578, 2007.

[11] B. Xu, J. Cao, J. Hansen, T. Yao, D.R. Joswia, N. Wang, G. Wu,
M. Wang, H. Zhao, W. Yang, X. Liu, and J. He. Black soot and the
survival of Tibetan glaciers. Proceedings of the National Academy
of Sciences, 106(52):22114–22118, 2009.

[12] J. Warnatz, U. Maas, and R.W. Dibble. Combustion: physi-
cal and chemical fundamentals, modeling and simulation, experi-
ments, pollutant formation. Fourth edition. Springer-Verlag, 2006.

[13] F.A. Lindemann, S. Arrhenius, I. Langmuir, N.R. Dhar, J. Perrin,
and W. C. McC. Lewis. Discussion on the radiation theory of
chemical reaction. Transactions of the Faraday Society, 17:598–
606, 1922.

[14] C. N. Hinshelwood. On the theory of unimolecular reactions. Pro-
ceedings of the Royal Society of London. Series A, 113(763):230–
233, 1926.



BIBLIOGRAPHY 403

[15] J. Troe. Predictive possibilities of unimolecular rate theory. The
Journal of Physical Chemistry, 83(1):114–126, 1979.

[16] J. Troe. Theory of thermal unimolecular reactions in the fall-off
range. i. strong collision rate constants. Berichte der Bunsenge-
sellschaft für physikalische Chemie, 87(2):161–169, 1983.

[17] R.G. Gilbert, K. Luther, and J. Troe. Theory of thermal uni-
molecular reactions in the fall-off range. ii weak collision rate con-
stants. Berichte der Bunsengesellschaft für physikalische Chemie,
87(2):169–177, 1983.

[18] V. Dias, C. Renard, P.J. Van Tiggelen, and J. Vandooren. Mass
Spectrometry, Gas Chromatography, and coupling GC/MS as
complementary techniques for flame structure analysis. Combus-
tion Science and Technology, 176(9):1419–1435, 2004.

[19] M. Barrere, A. Jaumotte, B.F. De Veubeke, and J. Vandenker-
chohe. Rocket propulsion. Elsevier, 1960.

[20] P.J. Linstrom and W.G. Mallard. NIST Chemistry WebBook,
NIST Standard Reference Database Number 69. National Insti-
tute of Standards and Technology, Gaithersburg, U.S.A., 2005.

[21] P. Dagaut, G. Pengloan, and A. Ristori. Oxidation, ignition and
combustion of toluene: Experimental and detailed chemical kinetic
modeling. Physical Chemistry Chemical Physics, 4(10):1846–1854,
2002.

[22] A. Ristori, P. Dagaut, A.E. Bakali, G. Pengloan, and M. Cathon-
net. Benzene oxidation: experimental results in a JDR and com-
prehensive kinetic modeling in JSR, shock-tube and flame. Com-
bustion Science and Technology, 167(1):223–256, 2001.

[23] A. El Bakali, L. Dupont, B. Lefort, N. Lamoureux, J.F. Pauwels,
and M. Montero. Experimental study and detailed model-
ing of toluene degradation in a low-pressure stoichiometric pre-
mixed CH4/O2/N2 flame. The Journal of Physical Chemistry A,
111(19):3907–3921, 2007.



404 BIBLIOGRAPHY

[24] V. Detilleux and J. Vandooren. Experimental and kinetic modeling
evidences of a C7H6 pathway in a rich toluene flame. The Journal
of Physical Chemistry A, 113(41):10913–10922, 2009.

[25] V. Detilleux and J. Vandooren. Experimental and kinetic modeling
investigation of toluene combustion in premixed, one-dimensional
and laminar toluene-oxygen-argon flames. Proceedings of the
Combustion Institute, in press, 2010.

[26] K. Schofield. The enigmatic mechanism of the flame ionization de-
tector: its overlooked implications for fossil fuel combustion mod-
eling. Progress in Energy and Combustion Science, 34(3):330–350,
2008.

[27] J. Peeters and G. Mahnen. Reaction mechanisms and rate con-
stants of elementary steps in methane-oxygen flames. Symposium
(International) on Combustion, 14(1):133–146, 1973.

[28] N. Hansen, T.A. Cool, P.R. Westmoreland, and K. Kohse-
Höinghaus. Recent contributions of flame-sampling molecular-
beam mass spectrometry to a fundamental understanding of com-
bustion chemistry. Progress in Energy and Combustion Science,
35(2):168–191, 2009.

[29] G. Mahnen. Contribution à l’étude du mécanisme des déflagra-
tions. PhD thesis, Université catholique de Louvain, Louvain-la-
Neuve, Belgium, 1973.

[30] J.H. Kent. A noncatalytic coating for platinum-rhodium thermo-
couples. Combustion and Flame, 14(2):279–281, 1970.

[31] M.Y. Choi, G.W. Mulholland, A. Hamins, and T. Kashiwagi.
Comparisons of the soot volume fraction using gravimetric and
light extinction techniques. Combustion and Flame, 102(1-2):161–
169, 1995.

[32] A. Alexiou and A. Williams. Soot formation in shock-tube pyrol-
ysis of toluene, toluene-methanol, toluene-ethanol, and toluene-
oxygen mixtures. Combustion and Flame, 104(1-2):51–65, 1996.



BIBLIOGRAPHY 405

[33] Olivier Mathieu. Etude Cinetique de la Formation des Particules
de Suie dans les Conditions de Fonctionnement des Moteurs Au-
tomobile. PhD thesis, Université d’Orléans, December 2006.

[34] R.L. Vanderwal and K.J. Weiland. Laser-induced incandescence:
development and characterization towards a measurement of soot-
volume fraction. Applied Physics B: Lasers and Optics, 59(4):445–
452, 1994.

[35] B. Mewes and J.M. Seitzman. Soot volume fraction and parti-
cle size measurements with laser-induced incandescence. Applied
optics, 36(3):709–717, 1997.

[36] S. Will, S. Schraml, K. Bader, and A. Leipertz. Performance char-
acteristics of soot primary particle size measurements by time-
resolved laser-induced incandescence. Applied optics, 37(24):5647–
5658, 1998.

[37] A.D. Abid, J. Camacho, D.A. Sheen, and H. Wang. Quantitative
measurement of soot particle size distribution in premixed flames -
the burner-stabilized stagnation flame approach. Combustion and
Flame, 156(10):1862–1870, 2009.

[38] T. Poinsot and D. Veynante. Theoretical and numerical combus-
tion. RT Edwards, Inc., Philadelphia, U.S.A., second edition, 2005.

[39] Rotexo GmbH and Co. KG. Cosilab R©, the combustion simulation
laboratory 3.1, 2007. http://www.softpredict.com.

[40] G.P. Smith, D.M. Golden, M. Frenklach, N.G. Moriarty, B. Eite-
neer, M. Goldenberg, C.T. Bowman, R.K. Hanson, S. Song, W.C.
Gardiner, V.V. Lissianski, and Z. Qin. The gri mech mechanism
3.0, 2010. http://www.me.berkeley.edu/gri_mech.

[41] B.J. McBride, M.J. Zehe, and S. Gordon. Nasa glenn coefficients
for calculating thermodynamic properties of individual species.
Technical Report NASA-TP-2002-211556, National Aeronautics
and Space Administration, 2002.



406 BIBLIOGRAPHY

[42] A. Burcat and B. Ruscic. Third millennium ideal gas and con-
densed phase thermochemical database for combustion with up-
dates from active thermochemical tables. Technical Report ANL-
05/20, Argonne National Laboratory, 2005.

[43] C. Muller, V. Michel, G. Scacchi, and G.M. Côme. Thergas: a
computer program for the evaluation of thermochemical data of
molecules and free radicals in the gas phase. Journal de chimie
physique, 92(5):1154–1178, 1995.

[44] S.W. Benson, F.R. Cruickshank, D.M. Golden, G.R. Haugen, H.E.
O’neal, A.S. Rodgers, R. Shaw, and R. Walsh. Additivity rules for
the estimation of thermochemical properties. Chemical Reviews,
69(3):279–324, 1969.

[45] R.J. Kee, G. Dixon-Lewis, J. Warnatz, M.E. Coltrin, and J.A.
Miller. A fortran computer code package for the evaluation of
gas-phase multicomponent transport properties. Technical Report
SAND86-8246, Sandia National Laboratories, 1986.

[46] W.C. Reynolds. Stanjan chemical equilibrium solver v. 3.91, 1986.

[47] M. Faraday. On new compounds of carbon and hydrogen, and on
certain other products obtained during the decomposition of oil by
heat. Philosophical transactions of the Royal society of London,
115:440–466, 1825.

[48] R. Fort and C.N. Hinshelwood. The kinetics of the oxidation of
gaseous benzene. Proceedings of the Royal Society of London. Se-
ries A, 127(804):218–227, 1930.

[49] J.H. Burgoyne. The combustion of aromatic and alicyclic hy-
drocarbons. I. the slow combustion of benzene, toluene, ethyl-
benzene, n-propylbenzene, n-butylbenzene, o-xylene, m-xylene, p-
xylene and mesitylene. Proceedings of the Royal Society of London.
Series A, 161(904):48–67, 1937.

[50] J.H. Burgoyne. The combustion of aromatic and alicyclic hydro-
carbons. IV. the kinetics of the slow combustion of benzene and



BIBLIOGRAPHY 407

its mono-alkyl derivatives at low temperatures. Proceedings of the
Royal Society of London. Series A, 174(958):394–409, 1940.

[51] J.H. Burgoyne. The combustion of aromatic and alicyclic hy-
drocarbons. V. the products of combustion of benzene and its
monoalkyl derivatives. Proceedings of the Royal Society of Lon-
don. Series A, 175(963):539–563, 1940.

[52] M.B. Donald and J.R. Grover. The air oxidation of mixtures of
benzene and cyclohexane to phenol. Chemical Engineering Sci-
ence, 3(Supplement 1):31–40, 1954. The Proceedings of the Con-
ference on Oxidation Processes.

[53] R.G.W. Norrish and G.W. Taylor. The oxidation of benzene. Pro-
ceedings of the Royal Society of London. Series A, 234(1197):160–
177, 1956.

[54] R.S. Slysh and C.R. Kinney. Some kinetics of the carbonization
of benzene, acetylene and diacetylene at 1200 ◦c. The Journal of
Physical Chemistry, 65:1044–1045, 1961.

[55] C.R. Orr. Combustion of hydrocarbons behind a shock wave. Pro-
ceedings of the Combustion Institute, 9:1034–1045, 1963.

[56] S.H. Bauer and C.F. Aten. Absorption spectra of polyatomic
molecules at high temperatures. II. benzene and perfluorobenzene.
kinetics of the pyrolysis of benzene. The Journal of Chemical
Physics, 39(5):1253–1260, 1963.

[57] K.C. Hou and H.B. Palmer. The kinetics of thermal decomposition
of benzene in a flow system. The Journal of Physical Chemistry,
69(3):863–868, 1965.

[58] H. Miyama. Ignition of benzene–oxygen–argon and ben-
zene–oxygen–nitrogen mixtures by shock waves. The Journal of
Chemical Physics, 52:3850–3851, 1970.

[59] H. Miyama. Ignition of aromatic hydrocarbon-oxygen mixtures
by shock waves. The Journal of Physical Chemistry, 75(10):1501–
1504, 1971.



408 BIBLIOGRAPHY

[60] E.T. Enisov and D.I. Metelitsa. Oxidation of benzene. Russian
Chemical Reviews, 37(9):656–665, 1968.

[61] T. Asaba and N. Fujii. Shock-tube study of high-temperature
pyrolysis of benzene. Proceedings of the Combustion Institute,
13:155–164, 1971.

[62] B. Shukla, A. Susa, A. Miyoshi, and M. Koshi. Role of phenyl
radical in the growth of polycyclic aromatic hydrocarbons. The
Journal of Physical Chemistry A, 112(11):2362–2369, 2008.

[63] N. Fujii and T. Asaba. Shock-tube study of the reaction of rich
mixtures of benzene and oxygen. Proceedings of the Combustion
Institute, 10:433–442, 1973.

[64] A.G. McLain, C.J. Jachimowski, and C.H. Wilson. Chemical ki-
netic modeling of benzene and toluene oxidation behind shock
waves. Technical Report NASA-TP-1472, National Aeronautics
and Space Administration, 1979.

[65] S.R. Smith and A.S. Gordon. Studies of diffusion flames. I. the
methane diffusion flame. The Journal of Physical Chemistry,
60(6):759–763, 1956.

[66] C.P. Fenimore, G.W. Jones, and G.E. Moore. Carbon formation
in quenched flat flames at 1600 k. Proceedings of the Combustion
Institute, 6:242–247, 1957.

[67] D.B. Scully and R.A. Davies. Carbon formation from aromatic
hydrocarbons. Combustion and Flame, 9(2):185–191, 1965.

[68] R.A. Davies and D.B. Scully. Carbon formation from aromatic
hydrocarbons ii. Combustion and Flame, 10(2):165–170, 1966.

[69] S.C. Graham, J.B. Homer, and J.L.J. Rosenfeld. The formation
and coagulation of soot aerosols generated by the pyrolysis of aro-
matic hydrocarbons. Proceedings of the Royal Society of London.
Series A, 344(1637):259–285, 1975.



BIBLIOGRAPHY 409

[70] K.H. Homann, M. Mochizuki, and H.G. Wagner. Uber den
reaktionsablauf in fetten kohlenwasserstoff-sauerstoff-flammen.
Zeitschrift fur Physicalische Chemie Neue Folge, 37:299–313, 1963.

[71] J.D. Bittner and J.B. Howard. Composition profiles and reaction
mechanisms in a near-sooting premixed benzene/oxygen/argon
flame. Proceedings of the Combustion Institute, 18:1105–1116,
1981.

[72] J.D. Bittner. A molecular beam mass spectrometer study of
fuel-rich and sooting benzene-oxygen flames. PhD thesis, Mas-
sachusetts Institute of Technology, 1981.

[73] C. Venkat, K. Brezinsky, and I. Glassman. High temperature ox-
idation of aromatic hydrocarbons. Proceedings of the Combustion
Institute, 19:143–152, 1982.

[74] D.S.Y. Hsu, C.Y. Lin, and M.C. Lin. Co formation in early stage
high temperature benzene oxidation under fuel lean conditions:
kinetics of the initiation reaction C6H6 → C6H5 +H. Proceedings
of the Combustion Institute, 20:623–630, 1984.

[75] G. Rotzoll. Molecular beam sampling mass-spectrometric study
of high-temperature benzene oxidation. International Journal of
Chemical Kinetics, 17(6):637–653, 1985.

[76] A.B. Lovell, K. Brezinsky, and I. Glassman. Benzene oxidation
perturbed by NO2 addition. Proceedings of the Combustion Insti-
tute, 22(1):1063–1074, 1989.

[77] D.A. Bittker. Detailed mechanism for oxidation of benzene. Tech-
nical Report NASA-TM-102443, National Aeronautics and Space
Administration, 1990.

[78] J.L. Emdee, K. Brezinsky, and I. Glassman. A kinetic model for
the oxidation of toluene near 1200 K. The Journal of Physical
Chemistry, 96(5):2151–2161, 1992.



410 BIBLIOGRAPHY

[79] R.P. Lindstedt and G. Skevis. Detailed kinetic modeling of pre-
mixed benzene flames. Combustion and Flame, 99(3-4):551–561,
1994.

[80] H.Y. Zhang and J.T. McKinnon. Elementary reaction modeling of
high-temperature benzene combustion. Combustion Science and
Technology, 107(4):261–300, 1995.

[81] G. Bermudez and L. Pfefferle. Laser ionization time-of-flight mass
spectrometry combined with residual gas analysis for the investi-
gation of moderate temperature benzene oxidation. Combustion
and Flame, 100(1-2):41–51, 1995.

[82] S. Sethuraman, S.M. Senkan, and D. Gutman. An experimental
study of the gas phase oxidation of C6H5Cl in a flow reactor.
Combustion Science and Technology, 82(1):13–30, 1992.

[83] R.A. Shandross, J.P. Longwell, and J.B. Howard. Destruction
of benzene in high-temperature flames: chemistry of benzene and
phenol. Proceedings of the Combustion Institute, 26:711–720, 1996.

[84] Y. Tan and P. Frank. A detailed comprehensive kinetic model for
benzene oxidation using the recent kinetic results. Proceedings of
the Combustion Institute, 26(1):677–684, 1996.

[85] P. Frank, J. Herzler, T. Just, and C. Wahl. High temperature reac-
tions of phenyl oxidation. Proceedings of the Combustion Institute,
25:833–840, 1994.

[86] S.C. Davis, H. Wang, K. Brezinsky, and C.K. Law. Laminar
flame speeds and oxidation kinetics of benzene-air and toluene-air
flames. Proceedings of the Combustion Institute, 26(1):1025–1034,
1996.

[87] Y. Chai and L.D. Pfefferle. An experimental study of benzene oxi-
dation at fuel-lean and stoichiometric equivalence ratio conditions.
Fuel, 77(4):313–320, 1998.



BIBLIOGRAPHY 411

[88] A. Tregrossi, A. Ciajolo, and R. Barbella. The combustion of ben-
zene in rich premixed flames at atmospheric pressure. Combustion
and flame, 117(3):553–561, 1999.

[89] M.U. Alzueta, P. Glarborg, and K. Dam-Johansen. Experimental
and kinetic modeling study of the oxidation of benzene. Interna-
tional Journal of Chemical Kinetics, 32(8):498–522, 2000.

[90] M.U. Alzueta, M. Oliva, and P. Glarborg. Parabenzoquinone py-
rolysis and oxidation in a flow reactor. International Journal of
Chemical Kinetics, 30(9):683–697, 1999.

[91] A. Burcat, C. Snyder, and T. Brabbs. Ignition delay times of ben-
zene and toluene with oxygen in argon mixtures. Technical Report
NASA-TM-87312, National Aeronautics and Space Administra-
tion, 1986.

[92] H. Richter and J.B. Howard. Formation and consumption of
single-ring aromatic hydrocarbons and their precursors in pre-
mixed acetylene, ethylene and benzene flames. Physical Chemistry
Chemical Physics, 4(11):2038–2055, 2002.

[93] I. Da Costa, R. Fournet, F. Billaud, and F. Battin-Leclerc. Ex-
perimental and modeling study of the oxidation of benzene. In-
ternational Journal of Chemical Kinetics, 35(10):503–524, 2003.

[94] F. Defoeux, V. Dias, C. Renard, PJ Van Tiggelen, and J. Van-
dooren. Experimental investigation of the structure of a sooting
premixed benzene/oxygen/argon flame burning at low pressure.
Proceedings of the Combustion Institute, 30(1):1407–1415, 2005.

[95] B. Yang, Y. Li, L. Wei, C. Huang, J. Wang, Z. Tian, R. Yang,
L. Sheng, Y. Zhang, and F. Qi. An experimental study of the pre-
mixed benzene/oxygen/argon flame with tunable synchrotron pho-
toionization. Proceedings of the Combustion Institute, 31(1):555–
563, 2007.

[96] V. Detilleux and J. Vandooren. Experimental study and kinetic
modeling of benzene oxidation in one-dimensional laminar pre-



412 BIBLIOGRAPHY

mixed low-pressure flames. Combustion, Explosion, and Shock
Waves, 45(4):392–403, 2009.

[97] J.A. Miller and S.J. Klippenstein. The recombination of propargyl
radicals and other reactions on a C6H6 potential. The Journal of
Physical Chemistry A, 107(39):7783–7799, 2003.

[98] H. Bockhorn, F. Fetting, and H.W. Wenz. Investigation of the
formation of high molecular hydrocarbons and soot in premixed
hydrocarbon-oxygen flames. Berichte der Bunsengesellschaft für
physikalische Chemie, 87(11):1067–1073, 1983.

[99] M. Frenklach, D.W. Clary, W.C. Gardiner, and S.E. Stein. De-
tailed kinetic modeling of soot formation in shock-tube pyrolysis
of acetylene. Proceedings of the Combustion Institute, 20:887–901,
1984.

[100] M. Frenklach and H. Wang. Detailed modeling of soot particle
nucleation and growth. Proceedings of the Combustion Institute,
23:1559–1566, 1991.

[101] L.T. Scott, N.H. Roelofs, and T.H. Tsang. Thermal rearrange-
ments of aromatic compounds. 10. automerization of benzene.
Journal of the American Chemical Society, 109(18):5456–5461,
1987.

[102] A.M. Mebel, M.C. Lin, T. Yu, and K. Morokuma. Theoretical
study of potential energy surface and thermal rate constants for
the C6H5 +H2 and C6H6 +H reactions. The Journal of Physical
Chemistry A, 101(17):3189–3196, 1997.

[103] T. Seta, M. Nakajima, and A. Miyoshi. High-temperature reac-
tions of oh radicals with benzene and toluene. The Journal of
Physical Chemistry A, 110(15):5081–5090, 2006.

[104] T. Ko, G.Y. Adusei, and A. Fontijn. Kinetics of the O(3P )+C6H6
reaction over a wide temperature range. The Journal of Physical
Chemistry, 95(22):8745–8748, 1991.



BIBLIOGRAPHY 413

[105] T.L. Nguyen, J. Peeters, and L. Vereecken. Theoretical reinves-
tigation of the O(3P ) + C6H6 reaction: Quantum chemical and
statistical rate calculations. The Journal of Physical Chemistry
A, 111(19):3836–3849, 2007.

[106] H.F. Bettinger, P.R. Schreiner, H.F. Schaefer III, and P.R.
Schleyer. Rearrangements on the C6H6 potential energy surface
and the topomerization of benzene. Journal of the American
Chemical Society, 120(23):5741–5750, 1998.

[107] J.A. Miller and C.F. Melius. Kinetic and thermodynamic issues in
the formation of aromatic compounds in flames of aliphatic fuels.
Combustion and Flame, 91(1):21–39, 1992.

[108] C.F. Melius, J.A. Miller, and E.M. Evleth. Unimolecular reaction
mechanisms involving C3H4, C4H4 and C6H6 hydrocarbon species.
Proceedings of the Combustion Institute, 24:621–628, 1992.

[109] A.M. Mebel, S.H. Lin, X.M. Yang, and Y.T. Lee. Theoreti-
cal study on the mechanism of the dissociation of benzene. the
C5H3 +CH3 product channel. The Journal of Physical Chemistry
A, 101(36):6781–6789, 1997.

[110] A.M. Mebel, M.C. Lin, D. Chakraborty, J. Park, S.H. Lin, and
Y.T. Lee. Ab initio molecular orbital / Rice-Ramsperger-Kassel-
Marcus theory study of multichannel rate constants for the uni-
molecular decomposition of benzene and the H + C6H5 reaction
over the ground electronic state. The Journal of Chemical Physics,
114(19):8421–8435, 2001.

[111] L.K. Madden, A.M. Mebel, M.C. Lin, and C.F. Melius. Theoretical
study of the thermal isomerization of fulvene to benzene. Journal
of Physical Organic Chemistry, 9(12):801–810, 1996.

[112] M.C. Sauer Jr and I. Mani. Rate constants and transient spectra
in the gas-phase reactions of hydrogen atoms. substituents effects
in monosubstituted benzenes. The Journal of Physical Chemistry,
74(1):59–63, 1970.



414 BIBLIOGRAPHY

[113] P. Kim, J.H. Lee, R.J. Bonanno, and R.B. Timmons. Kinetics
and mechanism of the reaction of hydrogen and deuterium atoms
with benzene and benzene-d. The Journal of Chemical Physics,
59(9):4593–4601, 1973.

[114] R. Knutti and R.E. Buehler. Kinetics of the hydrogen atom reac-
tions with benzene, cyclohexadiene and cyclohexene: hydrogena-
tion mechanism and ring cleavage. Chemical Physics, 7(2):229–
243, 1975.

[115] J.M. Nicovich and A.R. Ravishankara. Reaction of hydrogen atom
with benzene. kinetics and mechanism. The Journal of Physical
Chemistry, 88(12):2534–2541, 1984.

[116] C. Barckholtz, T.A. Barckholtz, and C.M. Hadad. A mechanistic
study of the reactions of H, O(3P ), and OH with monocyclic
aromatic hydrocarbons by density functional theory. The Journal
of Phyical Chemistry A, 105(1):140–152, 2001.

[117] J.M. Nicovich, C.A. Gump, and A.R. Ravishankara. Rates of
reactions of atomic oxygen (3P) with benzene and toluene. The
Journal of Physical Chemistry, 86(9):1684–1690, 1982.

[118] T.M. Sloane. Reaction product identification from
O(3P )+benzene, toluene, and 1, 3, 5-trimethylbenzene colli-
sions in crossed molecular beams. The Journal of Chemical
Physics, 67(5):2267–2275, 1977.

[119] S.J. Sibener, R.J. Buss, P. Casavecchia, T. Hirooka, and Y.T. Lee.
A crossed molecular beams investigation of the reactions O+C6H6,
C6D6. The Journal of Chemical Physics, 72(8):4341–4349, 1980.

[120] P.N. Bajaj and A. Fontijn. A flow-reactor mass-spectrometer in-
vestigation of the initiation steps of the O(3P ) atom reaction with
benzene. Combustion and Flame, 105(1):239–241, 1996.

[121] J.K. Parker and S.R. Davis. Photochemical reaction of ozone and
benzene: An infrared matrix isolation study. Journal of the Amer-
ican Chemical Society, 121(17):4271–4277, 1999.



BIBLIOGRAPHY 415

[122] O. Boge and T. Berndt. Reaction of O(3P ) atoms with benzene.
Zeitschrift fur Physikalische Chemie, 218(4), 2004.

[123] C.A. Taatjes, D.L. Osborn, T.M. Selby, G. Meloni, A.J. Trevitt,
E. Epifanovsky, A.I. Krylov, B. Sirjean, E. Dames, and H. Wang.
Products of the benzene+O(3P ) reaction. The Journal of Physical
Chemistry A, 218(4):3355–3370, 2004.

[124] C.C. Chen, J.W. Bozzelli, and J.T. Farrell. Thermochemical prop-
erties, pathway, and kinetic analysis on the reactions of benzene
with oh: An elementary reaction mechanism. The Journal of Phys-
ical Chemistry A, 108(21):4632–4652, 2004.

[125] S.S. Kumaran and J.V. Michael. Phenyl radical thermolysis and
rate constants for phenyl+O2. In Proceedings of the International
Symposium on Shock Waves, Great Keppel Island, Australia, July
1997.

[126] I.V. Tokmakov, G.S. Kim, V.V. Kislov, A.M. Mebel, and M.C. Lin.
The reaction of phenyl radical with molecular oxygen: A G2M
study of the potential energy surface. The Journal of Physical
Chemistry A, 109(27):6114–6127, 2005.

[127] Xavier Lories. Quantum chemical study of reactions forming a
first aromatic ring in hydrocarbon flames. PhD thesis, Université
catholique de Louvain, September 2010.

[128] J.K. Merle and C.M. Hadad. Computational study of the oxygen
initiated decomposition of 2-oxepinoxy radical: A key intermediate
in the oxidation of benzene. The Journal of Physical Chemistry
A, 108(40):8419–8433, 2004.

[129] N. Sebbar, H. Bockhorn, and J. Bozzelli. Thermodynamic prop-
erties of the species resulting from the phenyl radical with O2

reaction system. International Journal of Chemical Kinetics,
40(9):583–604, 2008.

[130] X. Gu, F. Zhang, Y. Guo, and R.I. Kaiser. A crossed molecular
beam study on the formation of phenylacetylene from phenyl rad-



416 BIBLIOGRAPHY

icals and acetylene. Angewandte Chemie, International Edition,
46(36):6866–6869, 2007.

[131] L.K. Madden, L.V. Moskaleva, S. Kristyan, and M.C. Lin. Ab
initio MO study of the unimolecular decomposition of the phenyl
radical. The Journal of Physical Chemistry A, 101(36):6790–6797,
1997.

[132] A.J. Colussi, F. Zabel, and S.W. Benson. The very low-pressure
pyrolysis of phenyl ethyl ether, phenyl allyl ether, and benzyl
methyl ether and the enthalpy of formation of the phenoxy radical.
International Journal of Chemical Kinetics, 9(2):161–178, 1977.

[133] C.Y. Lin and M.C. Lin. Unimolecular decomposition of the phe-
noxy radical in shock waves. International Journal of Chemical
Kinetics, 17(10):1025–1028, 1985.

[134] C.Y. Lin and M.C. Lin. Thermal decomposition of methyl phenyl
ether in shock waves: The kinetics of phenoxy radical reactions.
The Journal of Physical Chemistry, 90(3):425–431, 1986.

[135] S. Olivella, A. Sole, and A. Garcia-Raso. Ab initio calculations
of the potential surface for the thermal decomposition of the phe-
noxyl radical. The Journal of Physical Chemistry, 99(26):10549–
10556, 1995.

[136] R. Liu, K. Morokuma, A.M. Mebel, and M.C. Lin. Ab initio study
of the mechanism for the thermal decomposition of the phenoxy
radical. J. Phys. Chem, 100(22):9314–9322, 1996.

[137] R. Buth, K. Hoyermann, and J. Seeba. Reactions of phenoxy
radicals in the gas phase. Proceedings of the Combustion Institute,
25(1):841–849, 1994.

[138] H.A. Gueniche, P.A. Glaude, R. Fournet, and F. Battin-Leclerc.
Rich methane laminar flames doped with light unsaturated hydro-
carbons. part III: cyclopentene. Combustion and Flame, 152:245–
261, 2008.



BIBLIOGRAPHY 417

[139] A. Lamprecht, B. Atakan, and K. Kohse-Höinghaus. Fuel-rich
flame chemistry in low-pressure cyclopentene flames. Proceedings
of the Combustion Institute, 28(2):1817–1824, 2000.

[140] I.W.C.E. Arends, R. Louw, and P. Mulder. Kinetic study of the
thermolysis of anisole in a hydrogen atmosphere. The Journal of
Physical Chemistry, 97(30):7914–7925, 1993.

[141] L. Zhu and J.W. Bozzelli. Kinetics and thermochemistry for the
gas-phase keto-enol tautomerism of phenol 2,4-cyclohexadienone.
The Journal of Physical Chemistry A, 107(19):3696–3703, 2003.

[142] Z.F. Xu and M.C. Lin. Ab initio kinetics for the unimolecular reac-
tion C6H5OH = CO+C5H6. The Journal of Physical Chemistry
A, 110(4):1672–1677, 2006.

[143] K. Roy, C. Horn, P. Frank, V.G. Slutsky, and T. Jost. High-
temperature investigations on the pyrolysis of cyclopentadiene.
Proceedings of the Combustion Institute, 27(1):329–336, 1998.

[144] R.D. Kern, Q. Zhang, J. Yao, B.S. Jursic, R.S. Tranter, M.A.
Greybill, and J.H. Kiefer. Pyrolysis of cyclopentadiene: Rates for
initial ch bond fission and the decomposition of C5H5. Proceedings
of the Combustion Institute, 1:143–150, 1998.

[145] M.C. Lin and A.M. Mebel. Ab initio molecular orbital study of
the O+C6H5O reaction. Journal of Physical Organic Chemistry,
8(6):407–420, 1995.

[146] Y.Z. He, W.G. Mallard, and W. Tsang. Kinetics of hydrogen
and hydroxyl radical attack on phenol at high temperatures. The
Journal of Physical Chemistry, 92(8):2196–2201, 1988.

[147] C. Horn, K. Roy, P. Frank, and T. Just. Shock-tube study on the
high-temperature pyrolysis of phenol. Proceedings of the Combus-
tion Institute, 27(1):321–328, 1998.

[148] A. Yokoyama, X. Zhao, E.J. Hintsa, R.E. Continetti, and Y.T.
Lee. Molecular beam studies of the photodissociation of benzene



418 BIBLIOGRAPHY

at 193 and 248 nm. The Journal of Chemical Physics, 92(7):4222–
4233, 1990.

[149] C.J. Pope and J.A. Miller. Exploring old and new benzene forma-
tion pathways in low-pressure premixed flames of aliphatic fuels.
Proceedings of the Combustion Institute, 28(2):1519–1527, 2000.

[150] N. Hansen, S.J. Klippenstein, C.A. Taatjes, J.A. Miller, J. Wang,
T.A. Cool, B. Yang, R. Yang, L. Wei, C. Huang, et al. Identifica-
tion and chemistry of C4H3 and C4H5 isomers in fuel-rich flames.
The Journal of Physical Chemistry A, 110(10):3670–3678, 2006.

[151] N. Hansen, S.J. Klippenstein, J.A. Miller, J. Wang, T.A. Cool,
M.E. Law, P.R. Westmoreland, T. Kasper, and K. Kohse-
Höinghaus. Identification of C5Hx isomers in fuel-rich flames by
photoionization mass spectrometry and electronic structure calcu-
lations. The Journal of Physical Chemistry A, 110(13):4376–4388,
2006.

[152] B. Yang, C. Huang, L. Wei, J. Wang, L. Sheng, Y. Zhang, F. Qi,
W. Zheng, and W.K. Li. Identification of isomeric C5H3 and C5H5

free radicals in flame with tunable synchrotron photoionization.
Chemical Physics Letters, 423(4-6):321–326, 2006.

[153] L.V. Moskaleva, A.M. Mebel, and M.C. Lin. The CH3 + C5H5

reaction: A potential source of benene at high temperatures. Pro-
ceedings of the Combustion Institute, 26(1):521–526, 1996.

[154] F. Dubnikova and A. Lifshitz. Ring expansion in methylcyclopen-
tadiene radicals. quantum chemical and kinetics calculations. The
Journal of Physical Chemistry A, 106(35):8173–8183, 2002.

[155] D. Wang, A. Violi, and J.A. Mullholland. Formation of naphtha-
lene, indene, and benzene from cyclopentadiene pyrolysis: A dft
study. The Journal of Physical Chemistry A, 110(14):4719–4725,
2006.

[156] C.F. Melius, M.E. Colvin, N.M. Marinov, W.J. Pitz, and S.M.
Senkan. Reaction mechanisms in aromatic hydrocarbon formation



BIBLIOGRAPHY 419

involving the C5H5 cyclopentadienyl moiety. Proceedings of the
Combustion Institute, 26(1):685–692, 1996.

[157] S. Sharma and W.H. Green. Computed rate coefficients and prod-
uct yields for C5H5 + CH3 products. The Journal of Physical
Chemistry A, 113(31):8871–8882, 2009.

[158] A. Lifshitz, C. Tamburu, A. Suslensky, and F. Dubnikova. De-
composition and ring expansion in methylcyclopentadiene: single-
pulse shock tube and modeling study. Proceedings of the Combus-
tion Institute, 30(1):1039–1047, 2005.

[159] R. Louw, J.H.M. Dijks, and P. Mulder. Pyrolysis of benzene
and chlorobenzene in an atmosphere of hydrogen; formation of
methane. Journal of the Royal Netherlands Chemical Society,
103(10):271–275, 1984.

[160] W.B. van Scheppingen, M.K. Cieplik, and R. Louw. Gas-phase
hydrogenolysis of benzene and derivatives at elevated pressure;
methane formation. European Journal of Organic Chemistry,
2001(11):2101–2106, 2001.

[161] A. Burcat and M. Dvinyaninov. Detailed kinetics of cyclopentadi-
ene decomposition studied in a shock tube. International Journal
of Chemical Kinetics, 29(7):505–514, 1997.

[162] A. Burcat, M. Dvinyaninov, and E. Olchanski. Detailed combus-
tion kinetics of cyclopentadiene studied in a shock-tube. Interna-
tional Journal of Chemical Kinetics, 33(9):491–508, 2001.

[163] Y. Murakami, Y. Murakami, K. Naito, T. Itoh, T. Kobayashim,
and N. Fujii. Kinetics and oxidation mechanism of cyclopentadiene
behind the shock waves. Shock Waves, 13(2):149–154, 2003.

[164] R.G. Butler and I. Glassman. Cyclopentadiene combustion in a
plug flow reactor near 1150 K. Proceedings of the Combustion
Institute, 32(1):395–402, 2009.

[165] X. Zhong and J.W. Bozzelli. Thermochemical and kinetic anal-
ysis of the H, OH, HO2, O, and O2 association reactions with



420 BIBLIOGRAPHY

cyclopentadienyl radical. The Journal of Physical Chemistry A,
102(20):3537–3555, 1998.

[166] G.B. Bacskay and J.C. Mackie. The pyrolysis of cyclopentadiene:
quantum chemical and kinetic modelling studies of the acetylene
plus propyne/allene decomposition channels. Physical Chemistry
Chemical Physics, 3(12):2467–2473, 2001.

[167] K. Roy, M. Braun-Unkhoff, P. Frank, and T. Just. Kinetics of
the cyclopentadiene decay and the recombination of cyclopenta-
dienyl radicals with H-atoms: Enthalpy of formation of the cy-
clopentadienyl radical. International Journal of Chemical Kinet-
ics, 33(12):821–833, 2001.

[168] I.V. Tokmakov, L.V. Moskaleva, and M.C. Lin. Quantum chemical
/ RRKM study on the thermal decomposition of cyclopentadiene.
International Journal of Chemical Kinetics, 36(3):139–151, 2004.

[169] L.V. Moskaleva and M.C. Lin. Unimolecular isomeriza-
tion/decomposition of cyclopentadienyl and related bimolecular
reverse process: ab initio MO / statistical theory study. Journal
of Computational Chemistry, 21(6):415–425, 2000.

[170] N.M. Marinov, W.J. Pitz, C.K. Westbrook, M.J. Castaldi, and
S.M. Senkan. Modeling of aromatic and polycyclic aromatic hydro-
carbon formation in premixed methane and ethane flames. Com-
bustion Science and Technology, 116(1):211–287, 1996.

[171] X. Zhong and J.W. Bozzelli. Thermochemical and kinetic anal-
ysis on the addition reactions of H, O, OH, and HO2 with 1,
3 cyclopentadiene. International Journal of Chemical Kinetics,
29(12):893–913, 1997.

[172] G.B. Bacskay, M. Martoprawiro, and J.C. Mackie. An ab initio
quantum chemical study of the electronic structure and stability of
the pyrrolyl radical: comparison with the isoelectronic cyclopenta-
dienyl radical. Chemical Physics Letters, 290(4-6):391–398, 1998.



BIBLIOGRAPHY 421

[173] H. Wang and M. Frenklach. A detailed kinetic modeling study of
aromatics formation in laminar premixed acetylene and ethylene
flames. Combustion and flame, 110(1-2):173–221, 1997.

[174] N. Leplat, P. Dagaut, C. Togbé, and J. Vandooren. Numerical and
experimental study of ethanol combustion and oxidation in lami-
nar and premixed flames and in jet stirred reactors. Combustion
and flame, 2010. in press.

[175] Nicolas Leplat. Effet de l’ajout d’additifs oxygénés sur la formation
de précurseurs de particules de suie dans des flames d’éthylène.
PhD thesis, Université catholique de Louvain, 2010. Temporary
title, will be defended in 2010.

[176] M.D. Tilicheev. Kinetics of cracking of hydrocarbons under pres-
sure. The Journal of Applied Chemistry (USSR), 12:735, 1939.

[177] F. Hein and H.J. Mesée. Radikalbildung bei der thermischen spal-
tung von benzol und toluol und ihr nachweis mit metalldämpfen.
Berichte der Deutschen Chemischen Gesellschaft (A and B Se-
ries), 76(4):430–447, 1943.

[178] M. Szwarc. The C-H bond energy in toluene and xylenes. The
Journal of Chemical Physics, 16(2):128–136, 1948.

[179] H. Blades, A.T. Blades, and E.W.R. Steacie. The kinetics of the
pyrolysis of toluene. Canadian Journal of Chemistry, 32(3):298–
311, 1954.

[180] A.T. Blades and E.W.R. Steacie. Some aspects of the toluene py-
rolysis. Canadian Journal of Chemistry, 32(12):1142–1145, 1954.

[181] A.H. Sehon and M. Szwarc. Bond energies. Annual Review of
Physical Chemistry, 8(1):439–462, 1957.

[182] S.J. Price. The pyrolysis of toluene. Canadian Journal of Chem-
istry, 40(7):1310–1317, 1962.



422 BIBLIOGRAPHY

[183] R.D. Smith. A direct mass spectrometric study of the mechanism
of toluene pyrolysis at high temperatures. The Journal of Physical
Chemistry, 83(12):1553–1563, 1979.

[184] R.D. Smith. Formation of radicals and complex organic com-
pounds by high-temperature pyrolysis: The pyrolysis of toluene.
Combustion and Flame, 35:179–190, 1979.

[185] V.S. Rao and G.B. Skinner. Formation of hydrogen atoms in py-
rolysis of ethylbenzene behind shock waves. rate constants for the
thermal dissociation of the benzyl radical. Proceedings of the Com-
bustion Institute, 21(1):809–814, 1986.

[186] S.W. Benzon, 1986. See comments in ref [185], page 813.

[187] M.B. Colket and D.J. Seery. Reaction mechanisms for toluene
pyrolysis. Proceedings of the Combustion Institute, 25(1):883–891,
1994.

[188] K. Brezinsky, T.A. Litzinger, and I. Glassman. The high temper-
ature oxidation of the methyl side chain of toluene. International
Journal of Chemical Kinetics, 16(9):1053–1074, 1984.

[189] S.D. Klotz, K. Brezinsky, and I. Glassman. Modeling the com-
bustion of toluene-butane blends. Proceedings of the Combustion
Institute, 27(1):337–344, 1998.

[190] A. Hamins and K. Seshadri. The structure of diffusion flames
burning pure, binary, and ternary solutions of methanol, heptane,
and toluene. Combustion and flame, 68(3):295–307, 1987.

[191] A. Hamins, D.T. Anderson, and J.H. Miller. Mechanistic studies
of toluene destruction in diffusion flames. Combustion Science and
Technology, 71(4):175–195, 1990.

[192] R.P. Lindstedt and L.Q. Maurice. Detailed kinetic modelling
of toluene combustion. Combustion Science and Technology,
120(1):119–167, 1996.



BIBLIOGRAPHY 423

[193] R. Bounaceur, I. Da Costa, R. Fournet, F. Billaud, and F. Battin-
Leclerc. Experimental and modeling study of the oxidation of
toluene. International Journal of Chemical Kinetics, 37(1):25–49,
2005.

[194] R. Sivaramakrishnan, R.S. Tranter, and K. Brezinsky. High-
pressure, high-temperature oxidation of toluene. Combustion and
Flame, 139(4):340–350, 2004.

[195] R. Sivaramakrishnan, R.S. Tranter, and K. Brezinsky. A high
pressure model for the oxidation of toluene. Proceedings of the
Combustion Institute, 30(1):1165–1173, 2005.

[196] R. Sivaramakrishnan, R.S. Tranter, and K. Brezinsky. High
pressure pyrolysis of toluene. 1. experiments and modeling of
toluene decomposition. The Journal of Physical Chemistry A,
110(30):9388–9399, 2006.

[197] R. Sivaramakrishnan, R.S. Tranter, and K. Brezinsky. High pres-
sure pyrolysis of toluene. 2. modeling benzyl decomposition and
formation of soot precursors. The Journal of Physical Chemistry
A, 110(30):9400–9404, 2006.

[198] S.J. Klippenstein, L.B. Harding, and Y. Georgievskii. On the for-
mation and decomposition of C7H8. Proceedings of the Combustion
Institute, 31(1):221–229, 2007.

[199] R.A. Eng, A. Gebert, E. Goos, H. Hippler, and C. Kachiani. Incu-
bation times, fall-off and branching ratios in the thermal decom-
position of toluene: Experiments and theory. Physical Chemistry
Chemical Physics, 4(16):3989–3996, 2002.

[200] G. da Silva, C.C. Chen, and J.W. Bozzelli. Toluene combustion:
Reaction paths, thermochemical properties, and kinetic analysis
for the methylphenyl radical+O2 reaction. The Journal of Physical
Chemistry A, 111(35):8663–8676, 2007.

[201] G. da Silva, J.A. Cole, and J.W. Bozzelli. Thermal decomposition
of the benzyl radical to fulvenallene (C7H6)+ H. The Journal of



424 BIBLIOGRAPHY

Physical Chemistry A, 113(21):6111–6120, 2009.

[202] G. da Silva, J.A. Cole, and J.W. Bozzelli. Kinetics
of the cyclopentadienyl+acetylene, fulvenallene+H, and 1-
ethynylcyclopentadiene+H reactions. The Journal of Physical
Chemistry A, 114(6):2275–2283, 2010.

[203] C. Cavallotti, M. Derudi, and R. Rota. On the mechanism of de-
composition of the benzyl radical. Proceedings of the Combustion
Institute, 32(1):115–121, 2009.

[204] Y. Li, L. Zhang, Z. Tian, T. Yuan, J. Wang, B. Yang, and F. Qi.
Experimental study of a fuel-rich premixed toluene flame at low
pressure. Energy and Fuels, 23(3):1473–1485, 2009.

[205] Z. Tian, W.J. Pitz, R. Fournet, P.-A. Glaude, and F. Battin-
Leclerc. A detailed kinetic modeling study of toluene oxidation
in a premixed laminar flame. Proceedings of the Combustion In-
stitute, 33(1):233–241, 2011.

[206] Y. Li, J. Cai, L. Zhang, T. Yuan, K. Zhang, and F. Qi. Investi-
gation on chemical structures of premixed toluene flames at low
pressure. Proceedings of the Combustion Institute, 33(1):593–600,
2011.

[207] W. Müller-Markgraf and J. Troe. Shock wave study of benzyl
uv absorption spectra: Revised toluene and benzyl decomposi-
tion rates. Proceedings of the Combustion Institute, 21(1):815–824,
1988.

[208] K.M. Pamidimukkala, R.D. Kern, M.R. Patel, H.C. Wei, and J.H.
Kiefer. High-temperature pyrolysis of toluene. The Journal of
Physical Chemistry, 91(8):2148–2154, 1987.

[209] V.S. Rao and G.B. Skinner. Formation of h and d atoms in the
pyrolysis of toluene-d8 and toluene-ααα-d3 behind shock waves.
The Journal of Physical Chemistry, 93(5):1864–1869, 1989.

[210] M. Braun-Unkhoff, P. Frank, and T. Just. A shock tube study
on the thermal decomposition of toluene and of the phenyl radical



BIBLIOGRAPHY 425

at high temperatures. Proceedings of the Combustion Institute,
22(1):1053–1061, 1989.

[211] K. Luther, J. Troe, and K.M. Weitzel. Carbon-carbon and carbon-
hydrogen bond splits of laser-excited aromatic molecules. 2. in situ
measurements of branching ratios. The Journal of Physical Chem-
istry, 94(16):6316–6320, 1990.

[212] M.A. Oehlschlaeger, D.F. Davidson, and R.K. Hanson. Thermal
decomposition of toluene: Overall rate and branching ratio. Pro-
ceedings of the Combustion Institute, 31(1):211–219, 2007.

[213] M.A. Oehlschlaeger, D.F. Davidson, and R.K. Hanson. Experi-
mental investigation of toluene +H = Benzyl + H2 at high tem-
peratures. The Journal of Physical Chemistry A, 110(32):9867–
9873, 2006.

[214] C. Ellis, M. Scott, and R.W. Walker. Addition of toluene and
ethylbenzene to mixture of H2 and O2 at 773 K: formation of
products, and determination of kinetic data for H+additives and
for other elementary reactions involved. Combustion and Flame,
132(3):291–304, 2003.

[215] A. Hoffmann, M. Klatt, and H.G. Wagner. An investigation of
the reaction between O(3P ) and toluene at high temperatures.
Zeitschrift fur Physicalische Chemie Neue Folge, 168:1–12, 1990.

[216] F.P. Tully, A.R. Ravishankara, R.L. Thompson, J.M. Nicovich,
R.C. Shah, N.M. Kreutter, and P.H. Wine. Kinetics of the reac-
tions of hydroxyl radical with benzene and toluene. The Journal
of Physical Chemistry, 85(15):2262–2269, 1981.

[217] E. Dorrestijn, O.J. Epema, W.B. Scheppingen, and P. Mulder.
o-quinone methide as a common intermediate in the pyrolysis of
o-hydroxybenzyl alcohol, chroman and 1,4-benzodioxin. Journal of
the Chemical Society, Perkin Transactions 2, 1998(5):1173–1178,
1998.



426 BIBLIOGRAPHY

[218] M. Braun-Unkhoff, P. Frank, and T. Just. High temperature re-
actions of benzyl radicals. Berichte der Bunsengesellschaft für
Physikalische Chemie, 94(11):1417–1425, 1990.

[219] J. Jones, G.B. Bacskay, and J.C. Mackie. Decomposition of
the benzyl radical: quantum chemical and experimental (shock
tube) investigations of reaction pathways. The Journal of Physi-
cal Chemistry A, 101(38):7105–7113, 1997.

[220] M.A. Oehlschlaeger, D.F. Davidson, and R.K. Hanson. High-
temperature thermal decomposition of benzyl radicals. The Jour-
nal of Physical Chemistry A, 110(21):6649–6653, 2006.

[221] D.L. Baulch, C.T. Bowman, C.J. Cobos, R.A. Cox, T. Just, J.A.
Kerr, M.J. Pilling, D. Stocker, J. Troe, W. Tsang, R.W. Walker,
and J. Warnatz. Evaluated kinetic data for combustion modeling:
supplement II. Journal of Physical and Chemical Reference Data,
34(3):757–1397, 2005.

[222] H. Hippler, C. Reihs, and J. Troe. Shock tube UV absorption study
of the oxidation of benzyl radicals. Proceedings of the Combustion
Institute, 23(1):37–43, 1990.

[223] G. da Silva and J.W. Bozzelli. Kinetic modeling of the
benzyl+HO2 reaction. Proceedings of the Combustion Institute,
32(1):287–294, 2009.

[224] L. Zhang, J. Cai, T. Zhang, and F. Qi. Kinetic modeling study
of toluene pyrolysis at low pressure. Combustion and Flame,
157(9):1686–1697, 2010.

[225] M. Celnik, A. Raj, R. West, R. Patterson, and M. Kraft. Aromatic
site description of soot particles. Combustion and Flame, 155(1-
2):161–180, 2008.

[226] L. Vereecken and J. Peeters. Reactions of chemically activated
C9H9 species II: The reaction of phenyl radicals with allene and cy-
clopropene, and of benzyl radicals with acetylene. Physical Chem-
istry Chemical Physics, 5(13):2807–2817, 2003.



BIBLIOGRAPHY 427

[227] V.V. Kislov and A.M. Mebel. Ab initio G3-type/statistical theory
study of the formation of indene in combustion flames. I. Pathways
involving benzene and phenyl radical. The Journal of Physical
Chemistry A, 111(19):3922–3931, 2007.

[228] V.V. Kislov and A.M. Mebel. An ab initio G3-type/statistical
theory study of the formation of indene in combustion flames.
II. the pathways originating from reactions of cyclic C5 species
cyclopentadiene and cyclopentadienyl radicals. The Journal of
Physical Chemistry A, 112(4):700–716, 2008.

[229] H. Böhm, H. Jander, and D. Tanke. PAH growth and soot forma-
tion in the pyrolysis of acetylene and benzene at high temperatures
and pressures: Modeling and experiment. Proceedings of the Com-
bustion Institute, 27(1):1605–1612, 1998.

[230] M. Frenklach, D.W. Clary, W.C. Gardiner Jr, and S.E. Stein. Ef-
fect of fuel structure on pathways to soot. Proceedings of the Com-
bustion Institute, 21(1):1067–1076, 1988.

[231] N.W. Moriarty and M. Frenklach. Ab initio study of naphthalene
formation by addition of vinylacetylene to phenyl. Proceedings of
the Combustion Institute, 28(2):2563–2568, 2000.

[232] B. Shukla, A. Susa, A. Miyoshi, and M. Koshi. In situ direct
sampling mass spectrometric study on formation of polycyclic aro-
matic hydrocarbons in toluene pyrolysis. The Journal of Physical
Chemistry A, 111(34):8308–8324, 2007.

[233] B. Shukla, A. Miyoshi, and M. Koshi. Role of methyl radicals in
the growth of PAHs. Journal of the American Society for Mass
Spectrometry, 21(4):534–544, 2010.

[234] V.V. Kislov, N.I. Islamova, A.M. Kolker, S.H. Lin, and A.M.
Mebel. Hydrogen abstraction acetylene addition and diels-alder
mechanisms of PAH formation: A detailed study using first prin-
ciples calculations. Journal of Chemical Theory and Computation,
1(5):908–924, 2005.



428 BIBLIOGRAPHY

[235] P. Lindstedt, L. Maurice, and M. Meyer. Thermodynamic and
kinetic issues in the formation and oxidation of aromatic species.
Faraday Discussions, 119:409–432, 2002.

[236] D.M. Matheu, W.H. Green Jr, and J.M. Grenda. Capturing
pressure-dependence in automated mechanism generation: Reac-
tions through cycloalkyl intermediates. International Journal of
Chemical Kinetics, 35(3):95–119, 2003.

[237] Y. Georgievskii, J.A. Miller, and S.J. Klippenstein. Association
rate constants for reactions between resonance-stabilized radicals:
C3H3+C3H3, C3H3+C3H5, and C3H5+C3H5. Physical Chemistry
Chemical Physics, 9(31):4259–4268, 2007.

[238] V. Detilleux and J. Vandooren. Molecular beam mass spectrom-
etry analysis of PAH production pathways in C6H6/O2/Ar and
C6H6/C2H2/O2/Ar flames. Combustion Science and Technology,
180(7):1347–1369, 2008.

[239] I.V. Tokmakov and M.C. Lin. Reaction of phenyl radicals with
acetylene: Quantum chemical investigation of the mechanism and
master equation analysis of the kinetics. Journal of the American
Chemical Society, 125(37):11397–11408, 2003.

[240] M.A. Oehlschlaeger, D.F. Davidson, and R.K. Hanson. High-
temperature ethane and propane decomposition. Proceedings of
the Combustion Institute, 30(1):1119–1127, 2005.

[241] S.G. Davis, C.K. Law, and H. Wang. Propene pyrolysis and oxi-
dation kinetics in a flow reactor and laminar flames. Combustion
and Flame, 119:375–399, 1999.

[242] I.V. Tokmakov and M.C. Lin. Combined quantum
chemical/RRKM-ME computational study of the phenyl+
ethylene, vinyl+ benzene, and h+ styrene reactions. The Journal
of Physical Chemistry A, 108(45):9697–9714, 2004.

[243] J.A. Cole, J.D. Bittner, J.P. Longwell, and J.B. Howard. For-
mation mechanisms of aromatic compounds in aliphatic flames.



BIBLIOGRAPHY 429

Combustion and Flame, 56(1):51–70, 1984.

[244] R. Lundgard and J. Heicklen. Pyrolysis of vinylacetylene be-
tween 300 and 450◦c. International Journal of Chemical Kinetics,
16(2):125–148, 1984.

[245] J. Park and M.C. Lin. Kinetics for the recombination of phenyl
radicals. The Journal of Physical Chemistry A, 101(1):14–18, 1997.

[246] A. D’Anna. Detailed kinetic modeling of particulate formation in
rich premixed flames of ethylene. Energy and Fuels, 22(3):1610–
1619, 2008.

[247] R.P. Lindstedt and K.A. Rizos. The formation and oxidation of
aromatics in cyclopentene and methyl-cyclopentadiene mixtures.
Proceedings of the Combustion Institute, 29(2):2291–2298, 2002.

[248] N. Hansen, T. Kasper, S.J. Klippenstein, P.R. Westmoreland,
M.E. Law, C.A. Taatjes, K. Kohse-Höinghaus, J. Wang, and T.A.
Cool. Initial steps of aromatic ring formation in a laminar pre-
mixed fuel-rich cyclopentene flame. The Journal of Physical Chem-
istry A, 111(19):4081–4092, 2007.

[249] M. Kamphus, M. Braun-Unkhoff, and K. Kohse-Höinghaus. For-
mation of small PAHs in laminar premixed low-pressure propene
and cyclopentene flames: Experiment and modeling. Combustion
and Flame, 152(1-2):28–59, 2008.

[250] A. El Bakali, M. Braun-Unkhoff, P. Dagaut, P. Frank, and
M. Cathonnet. Detailed kinetic reaction mechanism for cyclohex-
ane oxidation at pressure up to ten atmospheres. Proceedings of
the Combustion Institute, 28(2):1631–1638, 2000.

[251] K.D. King. Very low-pressure pyrolysis (VLPP) of cyclopentene.
International Journal of Chemical Kinetics, 10(1):117–123, 1978.

[252] S.F. Rickborn, D.S. Rogers, M.A. Ring, and H.E. O’Neal. Kinetic
and product studies of the thermal decomposition of dimethylsi-
lane in a single-pulse shock tube and in a stirred flow reactor. The
Journal of Physical Chemistry, 90(3):408–414, 1986.



430 BIBLIOGRAPHY

[253] P. Dagaut, M. Cathonnet, and J.C. Boettner. Propyne oxidation:
A kinetic modeling study. Combustion Science and Technology,
71(1):111–128, 1990.

[254] S.G. Davis, C.K. Law, and H. Wang. An experimental and kinetic
modeling study of propyne oxidation. Proceedings of the Combus-
tion Institute, 27(1):305–312, 1998.

[255] R. Fournet, J.C. Baugé, and F. Battin-Leclerc. Experimental
and modeling of oxidation of acetylene, propyne, allene and 1, 3-
butadiene. International Journal of Chemical Kinetics, 31(5):361–
379, 1999.

[256] E. Ranzi, T. Faravelli, A. Goldaniga, F. Ferrari, and M. Lattuada.
Pyrolysis and oxidation of unsaturated C2 and C3 species. Exper-
imental Thermal and Fluid Science, 21(1-3):71–78, 2000.

[257] D.W. Dockery, C.A. Pope, X. Xu, J.D. Spengler, J.H. Ware, M.E.
Fay, B.G. Ferris, and F.E. Speizer. An association between air
pollution and mortality in six US cities. New England journal of
medicine, 329(24):1753–1759, 1993.

[258] M. Hammida, A. Fonseca, R. Doome, E. De Hoffmann, P.A. Thiry,
and J.B. Nagy. C60, c60o, c70 and c70o fullerene formations in
premixed benzene-oxygen flames. Proceedings of the Combustion
Institute, 27(2):1663–1668, 1998.

[259] H. Richter and J.B. Howard. Formation of polycyclic aromatic
hydrocarbons and their growth to soot - a review of chemical re-
action pathways. Progress in Energy and Combustion Science,
26(4-6):565–608, 2000.

[260] M. Frenklach. Reaction mechanism of soot formation in flames.
Physical Chemistry Chemical Physics, 4(11):2028–2037, 2002.

[261] H. Bockhorn, editor. Soot Formation in Combustion: Mechanisms
and Models. Springer-Verlag, Heidelberg, Germany, 1994.

[262] A. Raj, M. Celnik, R. Shirley, M. Sander, R. Patterson, R. West,
and M. Kraft. A statistical approach to develop a detailed soot



BIBLIOGRAPHY 431

growth model using PAH characteristics. Combustion and Flame,
156(4):896–913, 2009.

[263] M.S. Celnik, M. Sander, A. Raj, R.H. West, and M. Kraft. Mod-
elling soot formation in a premixed flame using an aromatic-site
soot model and an improved oxidation rate. Proceedings of the
Combustion Institute, 32(1):639–646, 2009.

[264] F. Takahashi and I. Glassman. Sooting correlations for premixed
flames. Combustion Science and Technology, 37(1):1–19, 1984.

[265] C.S. McEnally and L.D. Pfefferle. Improved sooting tendency
measurements for aromatic hydrocarbons and their implications
for naphthalene formation pathways. Combustion and Flame,
148(4):210–222, 2007.

[266] M. Frenklach and H. Wang. Detailed mechanism and modeling of
soot particle formation. In H. Bockhorn, editor, Soot Formation
in Combustion: Mechanisms and Models, pages 165–192. Springer-
Verlag, Heidelberg, Germany, 1994.

[267] J. Appel, H. Bockhorn, and M. Frenklach. Kinetic modeling of soot
formation with detailed chemistry and physics: laminar premixed
flames of C2 hydrocarbons. Combustion and Flame, 121(1-2):122–
136, 2000.

[268] C.J. Pope and J.B. Howard. Simultaneous particle and molecule
modeling (SPAMM): An approach for combining sectional aerosol
equations and elementary gas-phase reactions. Aerosol Science
and Technology, 27(1):73–94, 1997.

[269] H. Richter, S. Granata, W.H. Green, and J.B. Howard. Detailed
modeling of PAH and soot formation in a laminar premixed ben-
zene/oxygen/argon low-pressure flame. Proceedings of the Com-
bustion Institute, 30(1):1397–1405, 2005.

[270] A. D’Anna and J.H. Kent. Modeling of particulate carbon and
species formation in coflowing diffusion flames of ethylene. Com-
bustion and Flame, 144(1-2):249–260, 2006.



432 BIBLIOGRAPHY

[271] J.Z. Wen, M.J. Thomson, M.F. Lightstone, and S.N. Rogak. De-
tailed kinetic modeling of carbonaceous nanoparticle inception and
surface growth during the pyrolysis of c6h6 behind shock waves.
Energy and Fuels, 20(2):547–559, 2006.

[272] W.J. Grieco, A.L. Lafleur, K.C. Swallow, H. Richter,
K. Taghizadeh, and J.B. Howard. Fullerenes and PAH in low-
pressure premixed benzene/oxygen flames. Proceedings of the
Combustion Institute, 27(2):1669–1675, 1998.

[273] P.A. Bonczyk and R.J. Hall. Fractal properties of soot agglomer-
ates. Langmuir, 7(6):1274–1280, 1991.

[274] K. Tian, K.A. Thomson, F. Liu, Snelling D.R., G.J. Smallwood,
and D. Wang. Determination of the morphology of soot aggregates
using the relative optical density method for the analysis of TEM
images. Combustion and Flame, 144(4):782–791, 2006.


