NUMERICAL INVESTIGATION OF SOOT FORMATION
IN NON-PREMIXED FLAMES

Dissertation by
Ahmed Gamaleldin Abdelgadir

In Partial Fulfillment of the Requirements
For the Degree of
Doctor of Philosophy

King Abdullah University of Science and Technology
Thuwal, Kingdom of Saudi Arabia

May, 2017

2

EXAMINATION COMMITTEE PAGE

The dissertation of Ahmed Gamaleldin Abdelgadir is approved by the examination
committee.

Committee Chairperson: Professor William L. Roberts
Committee Members: Professor Fabrizio Bisetti, Professor Omar Knio, Professor
Daniel Haworth (external)

3

©May, 2017
Ahmed Gamaleldin Abdelgadir
All Rights Reserved

4

ABSTRACT

Numerical Investigation of Soot Formation in Non-premixed Flames
Ahmed Abdelgadir
Soot is a carbon particulate formed as a result of the combustion of fossil fuels. Due to the health hazard posed by the carbon particulate, government agencies
have applied strict regulations to control soot emissions from road vehicles, airplanes,
and industrial plants. Thus, understanding soot formation and evolution is critical.
Practical combustion devices operate at high pressure and in the turbulent regime.
Elevated pressures and turbulence affect soot formation significantly and fundamental
understanding of these complex interactions is still poor. In this study, the effects of
pressure and turbulence on soot formation and growth are investigated numerically.
As the first step, the evolution of the particle size distribution function (PSDF)
and soot particles morphology are investigated in turbulent non-premixed flames. A
Direct Simulation Monte Carlo (DSMC) code is developed and used. The stochastic
reactor describes the evolution of soot in fluid parcels following Lagrangian trajectories in a turbulent flow field. The trajectories are sampled from a Direct Numerical
Simulation (DNS) of an n-heptane turbulent non-premixed flame. Although individual trajectories display strong bimodality as in laminar flames, the ensemble-average
PSDF possesses only one mode and a broad tail, which implies significant polydispersity induced by turbulence.
Secondly, the effect of the flow and mixing fields on soot formation at atmospheric
and elevated pressures is investigated in coflow laminar diffusion flames. The experimental observation and the numerical prediction of the spatial distribution are in
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good agreement . Based on the common scaling methodology of the flames (keeping the Reynolds number constant), the scalar dissipation rate decreases as pressure
increases, promoting the formation of PAH species and soot. The decrease of the
scalar dissipation rate significantly contributes to soot formation occurring closer to
the nozzle and outward on the flames wings as pressure increases. The scaling of the
scalar dissipation rate is not straightforward due to buoyancy effects.
Finally, a new scaling approach of the flame at different pressures is introduced. In
this approach, both Reynolds number and Grashof number are kept constant so that
the effect of gravity is the same at all pressures. In order to keep Gr constant, this
requires the diameter of the nozzle to be changed as pressures vary. This approach
guarantees a similar non-dimensional flow field at all pressures and rules out the
effect of hydrodynamics and mixing, so that only the effect of chemical kinetics on
soot formation can be studied.
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Chapter 1
Introduction

The goal of this study is to answer the following questions: in the first part, the
questions are what does the particle size distribution look like in turbulent flames?
Is it different than the laminar flame ones? If so, why? In the second part, answers
are provided for questions related to the effect of pressure on soot, e.g. do the flow
field and the scalar dissipation rate have an effect on soot at high pressure for the
coflow configuration? What are the important mechanisms that affect soot formation
at high pressures?

1.1

Particulate matter (PM)

The U.S. Environmental Protection Agency (EPA) defines particulate matter as the
“mixture of solid particles or air droplets found in the air” [15]. This particulate
matter is made up of different components such as dust, dirt, soot, or smoke. The
sources for the particulate matter can be categorized into natural sources and human
sources. The primary natural sources are volcanoes, and wildfire, while the main
human source is emissions from combustion devices. PM spans a wide range of sizes,
from very large particles (greater than 10 µm) that can be seen with the naked
eye, to very small ones (less than 2.5µm) that can only be seen with microscopes.
The size, morphology, and number of these aggregates are crucial in determining the
health hazard when they are released in the atmosphere. The ultra-fine particles
can penetrate deeply into the human lungs [16, 17] and have carcinogenic effects.
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For example, combustion-generated soot particles are usually small in size (2.5µm)
and have a unique chemical composition and morphology. These ultra-fine particles
usually escape the post-combustion cleaning devices and contribute significantly to
air pollution [16].
The EURO 6 regulations [18] contain stringent limits on soot emissions from light
road vehicles. These regulations target the particle size and the number density for
the soot emissions. For example, the emissions limit for the particulate matter for a
passenger car is 0.005 g/km (gram/kilometer) and the number of particles is limited
to 6 × 10(11) km(−1) . Emissions from aircrafts are also significant as 227 billion liters
of fuel are consumed every year [19]. Chen et al. [20] studied the aromatic emissions
from an aircraft during the landing and take-off (LTO) cycle. The total emission levels
were found to be higher than the European Commission standard (1.24 mg LT O−1 ).
Since a particulate filter may not be used in aeronautical applications, there is a need
for a thorough understanding of the soot formation, the particles size distribution,
and the effect of soot/chemistry flow interaction on this distribution with the ultimate
goal of soot abatement in the combustor.
Diffusion or non-premixed combustion is present in many practical applications.
Examples of these applications are aircraft combustors, diesel engines, steam boilers,
furnaces, etc. Non-premixed flames are generally safer since the fuel and the oxidizer are brought together in the combustor only, reducing the explosions risk. The
widespread use of the non-premixed combustion is also due to its stability, but at
the same time pollutant emissions are harder to abate [21]. Figure. 1.1 shows two
extreme examples of soot emissions from practical combustion devices.
Furthermore, soot is an important contributor to the radiative balance of Earth,
and thus contributes to global warming and climate change with its ability to absorb
solar radiation when dispersed in the atmosphere [22, 23]. In the past two decades,
tremendous efforts have been made to study soot formation with the aim of reduc-
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ing emissions from combustion devices. The understanding of the soot formation in
combustion devices is still poor due to the very complicated physical and chemical
processes associated with soot formation. This is in addition to the complexity introduced by the flow field (turbulence and turbulent mixing) and the high pressure in
practical combustion devices. Practical combustion devices operate in the turbulent
regime, which enhances fuel-air mixing, and in high pressure, which increases the
thermal efficiency. For example, the operating pressure in the diesel engine could go
as high as 200 bar and in the gas turbine the pressure range may span from 15 to 45
bar.

Figure 1.1: (a) Emission of soot from aircraft (source internet URL: http :
//www.euractiv.com/sections/transport/commission − backs − down − aviation −
emissions − 301332) . (b) Emission of soot from a large diesel engine (source internet
U RL : http : //en.wikipedia.org/wiki/Soot)
.

1.1.1

Soot description and aerosol processes

Soot aggregates consist of elementary spherical particles which are referred to as
primary particles. The primary particle size falls in the range O(1 − 10 nm) [24], and
is affected by the residence time in the flame environment and by the fuel [25].
Since primary particles are arranged in complex, three-dimensional structures, a
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definition of a characteristic length of a soot aggregate is not straightforward. It is
usually defined as a function of the number and size of the primary particles describing
soot as fractal aggregates [26], or as a characteristic length depending on the measurement technique [27], such as the mobility diameter [1]. The resulting characteristic
size of a typical soot aggregate spans from a few nanometers for nucleated particles
composed of a single primary particle up to O(1 − 10 µm) due to the hundreds or
thousands of primary particles in carbon black [28].
An aerosol is defined as a gaseous flow with suspended solid particles or liquid
droplets. In industries, aerosol flows are involved in the production of nano-materials,
crystallization, and precipitation processes. In combustion studies, sprays and soot
formation also result in an aerosol flow. In the study of soot formation, the aerosol
dynamic processes of interest are nucleation, condensation, surface reactions, and coagulation. These processes affect the size and the shape of the soot aggregate. In
order to predict the size and the morphological properties of soot aggregates, simulation of all of these processes is required. Nucleation (the transition from gas-phase
species to solid particles) is the least understood process, but it is widely agreed that
the nucleation is due to the growth of the Polycyclic Aromatic Hydrocarbons (PAH).
Chemical and physical pathways for the growth of the PAH have been proposed for
the nucleation process. The chemical growth was found to be very slow compared
to the rates observed for soot nucleation, therefore the physical collision of PAH is
most likely responsible for the soot nucleation [29, 30]. Condensation is the deposition of the aromatics species on the surface of the soot particles which results in
increasing the soot mass. Surface reactions such as the surface growth by hydrogenabstraction acetylene addition (HACA) also results in increasing the soot mass while
the oxidation reaction results in soot mass loss and fragmentation of soot particles.
Soot particles also collide with each other, forming larger soot particles. The collision
results in different shapes of soot aggregates, a process is called coagulation [29, 30].
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This study addresses the effect of the two parameters that affect the soot formation
strongly; turbulence mixing and pressure. Firstly, the particle size distribution function (PSDF) and morphology of soot particles in turbulent flames are investigated
to understand the effect turbulence exerts in the PSDF. Secondly, soot formation
at elevated pressures is studied. These two parameters are the typical conditions
encountered in the real combustion devices.

1.2

Soot formation in turbulent flames

There is a very limited knowledge of soot formation in turbulent flames reflecting the
challenge of performing detailed measurements in turbulent flames, and the high computational cost of executing Direct Numerical Simulation (DNS) of turbulent sooting
flames. Most of the numerical investigation of soot formation in turbulent flames are
performed in the Reynolds-averaged Navier-Stokes (RANS) framework or large-eddy
simulation (LES) framework to reduce the computational cost. Soot simulation adds
more complexity to the turbulent combustion modeling due to the complex interaction between soot, chemistry and turbulent fluctuations. These difficulties lead to the
need for a turbulent closure for soot. Another difficulty arises from the fact that soot
is very intermittent and present in very small scale (due to the high Schmidt number
of soot) that are unresolved in the LES grid [31].
One of the early three-dimensional LES of soot formation in non-premixed turbulent flame was performed by El-Asrag et al. [32]. The soot model implemented
in their work relies on a semi-empirical acetylene based soot inception model. Regardless of the simplified models, this study has established the framework to study
the soot formation in turbulent flames. Mueller et al. [33] also performed an LES
for sooting turbulent non-premixed flames. The filtered source terms for the moment
transport equations are closed using a presumed subfilter PDF, which models the
intermittency of soot. Also a transport equation for the lumped polycyclic aromatic
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hydrocarbon (PAH) concentration was solved to model the unsteady effects due to
slow chemistry. Another LES study for soot modelling in ethylene/air piloted flame
was recently performed by Xuan et al. [34]. The models they used in their study
are somewhat similar to the models used in [33]. Transport equations for the PAH
species were solved with their source terms closed by a newly developed relaxation
model [35].
In cases with a high turbulence intensity (e.g. high Reynolds number), the flow
time scales span a wide range of scales. On the other hand, chemical time scales may
also span in a wide range of scales especially if the PAH species are considered. The
polycyclic aromatic hydrocarbons (PAHs) are characterized by a very low Damköhler
number (slow chemistry) therefore, they are very sensitive to flow conditions and
high-fidelity simulation is required to accurately predict their concentrations for soot
modeling. Recently, Attili et al. [36, 37] performed three-dimensional direct numerical simulations (DNS) of n-heptane turbulent non-premixed flame using a finite rate
chemistry that describes the oxidation of the fuel and the formation of PAH species.
These studies lie on the basis of this work since they provide a detailed information
that are needed by Monte Carlo simulations presented in this work.
Soot is characterized by high Schmidt number (low diffusivity) and the diffusion
transport of soot is negligible, while differential diffusion is very important. Due to the
unsteady nature of the turbulent flow, the fluid parcels or the Lagrangian trajectories
experience strong variations in the gas-phase and temperature conditions. These
variations have a great effect on the soot growth and destruction rates as well as
the soot particles shape and morphology. Bisetti et al. [31] highlighted the effect of
turbulence on soot formation. They found that, PAH species are very sensitive to the
scalar dissipation rate. Regions with high scalar dissipation rate have a lower PAH
concentrations. The PAH concentration affects the nucleation and condensation rates
and as a results the coagulation rate is also affected (coagulation is a function of the
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number density of soot).

1.2.1

Particle size distribution function (PSDF)

In addition to the previously mentioned difficulties, the simulation of the particle size
distribution functions (PSDF) and the internal morphology of soot particles requires
even more simulation efforts. In order to study the PSDF, one needs to solve the
population balance equations (PBEs), which describe the conservation and evolution
of the particulate. The method of moments [38] doesn’t provide detailed information
about the PSDF and only provides information about low order moments derived
from the population balance equations. The sectional representation for simulating
aerosol dynamics developed by Gelbard et al. [39] is the most employed method for
solving the PBEs and is based on dividing the particle size domain into sections. This
method is appropriate only for problems with limited number of internal coordinates,
one or two at most. Most of the implementation of the sectional methods have been
limited to one variable only [40].
Accurate prediction of the soot particle size and morphology requires a moderate
number of internal coordinates (i.e. particle volume, surface, and/or active hydrogenated sites), thereby introducing two or three internal coordinates. Monte Carlo
methods predict the particle size distribution function very accurately by allowing
the use of many internal coordinates. Monte Carlo can also be used to post-process
data obtained with a less expensive method such as method of moments to recover
the PSDF, as it is shown and explained in this study.
Many forms of Monte Carlo simulations have been used to study the PSDF in laminar flames configuration (one-dimensional flame). A stochastic simulation approach
has been proposed by Balthasar et al. [41] to study the particle size distribution in
flames, with all aerosol processes treated in a stochastic manner. For each time step,
only one aerosol process is solved depending on which process has been selected ran-
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domly. A majorant kernel was used instead of the actual coagulation kernel, in order
to speed up the calculations. Balthasar et al. [41] implemented this method to the
calculation of soot in laminar premixed flames aiming to compare the results to the
results obtained with a method of moments. A good agreement was found between
the two methods for the first two moments. Zhao et al. [42] used the stochastic
algorithm of [41] in laminar premixed ethylene flames. They found that the PSDF
evolved from a power law function to bimodal distribution downstream. Singh et
al. [43] implemented the same stochastic approach in laminar flames to study and
compare the PSDF to experimental data [44].
There are very few studies about PSDF in turbulent flames. The recent experiment study by Boyette et al. [45] investigated the PSDF in a turbulent non-premixed
Ethylene-Nitrogen flame using SMPS technique. A numerical simulation of soot evolution in a turbulent diffusion flame has been performed by Netzell et al. [46]. The
flame was modeled via an unsteady flamelet approach, while soot evolution was obtained via a sectional method. The present study is the first detailed investigation of
the PSDF in turbulent flame using a Monte Carlo method. Here we post-process data
form the direct numerical simulation by Attili et al. [36]. The Monte Carlo method
is coupled with detailed soot models.

1.3

Coflow laminar diffusion flames

The coflow configuration consists of a circular jet, where fuel is issued, and coflow of air
surrounding the jet. The steady coflow diffusion flame is a widely used configuration
to study combustion kinetics, flame dynamics, and pollutant formation. The early
studies focused on the prediction of the laminar diffusion flame sizes [47, 3]. Burke
et al. [47] proposed a mathematical formulation to study the physical characteristics
and the size of non-premixed flame for cylindrical jet. Roper et al. [3] extended
the previous study to estimate the diffusion flame height for different burner shapes
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(circular, square, long slot burners).
Coflow flame configuration has also been used to study flame instabilities and
flame flickering behaviour [48, 49]. The instability is a result of buoyancy effects on
the flame. In the buoyancy dominated flames, flow accelerates near the flame tip.
This acceleration of the flow may cause a shear layer instability if the coflow velocity
is not high enough such that the velocity gradient between the flame core and coflow is
small. Darabkhani et al. [49] investigated the effect of the coflow velocity in stabilizing
the flame and found that by increasing the coflow velocity to a certain value, the flame
oscillation is completely suppressed. Furthermore, coflow laminar flame configuration
also used to study the effects of gravity on flames. Experimentally, gravity is modified
by either drop-tower [50] or a spin tester [51].

1.3.1

Soot formation in laminar diffusion flames

Soot formation has been investigated in shocktube reactors (zero-dimension reactor) [52] and counterflow configurations (one-dimensional configuration) [53]. While
these two configurations help to develop our fundamental understanding on the process associated with soot formation, there is a need to develop an understanding in
more realistic flames. The two dimensional coflow flame provides a more realistic platform to investigate the effect of the flow field on soot formation. Pressurized laminar
coflow flames are often used to study soot formation due to their well-characterized
configuration and easy optical access for laser-based measurements of soot volume
fraction and morphology. Recently, coflow flames have been adopted to rank fuels by
sooting tendency [54].
As most practical combustion devices operate at elevated pressures to increase
thermodynamic efficiency and power density, it is clearly important to investigate
the effect of pressure on soot formation and growth. Experimentally, it has been
observed that soot yields increase with increasing pressure, and the study of canonical,
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laboratory-scale sooting flames at elevated pressures is an active topic of research [8,
6, 7, 55, 56, 57, 58, 59, 60, 61].
Although close quantitative agreement between simulations and experiments is
not typically seen in studies of sooting flames, results from simulations have been
used in the past to investigate the mechanisms responsible for the increase in soot
yield at elevated pressures. Lui et al. [55] found that the increase in soot production at high pressures is due to the increase of both the mixture density and the
concentration of soot precursors. Charest et al. [62] studied the effect of gravity
on soot formation in coflow flames at various pressures. They found that the flame
shape remains approximately unchanged as pressure increases in zero-gravity flames;
conversely, the flame diameter decreases when pressure increases in the presence of
gravity. In addition, they found that zero-gravity flames have a higher soot concentration compared to normal-gravity ones due to an increased residence time. Eaves
et al. [63] studied the effect of radical concentrations on soot formation and growth
in coflow flames. They concluded that the condensation of Polycyclic Aromatic Hydrocarbon (PAH) species is the dominant source of soot along the centerline, while
the H-abstraction/C2 H2 -addition (HACA) [64] mechanism controls soot growth along
the flame wing due to the high concentration of radicals. They also reported that the
importance of HACA-based growth decreases with increasing pressure and is offset
by PAH condensation. In their work, high rates of HACA-based growth, exceeding
those due to PAH species, were observed for a rather high value of the surface density
of active sites, the so-called α parameter. The rates of HACA growth depend significantly on the α modeling parameter, which is related to the surface density of active
sites on soot particles. Thus, the relative importance of HACA-based growth versus
condensation of PAH species depends markedly on the values of the α parameter and
is subject to significant uncertainties.
There are many open questions regarding the increase of soot volume fraction with
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pressure, which are addressed in the present study via numerical simulations. These
issues include the mechanisms responsible for soot formation occurring closer to the
nozzle and outward on the flame’s wings as pressure increases [9] and the processes
responsible for the scatter observed in the scaling law of soot versus pressure across
various experimental studies and coflow facilities [9].
Experimental studies of coflow flames at different pressures are typically conducted
keeping the mass flow rate of fuel and air constant [9] , thereby maintaining a constant
Reynolds number. This implies that the inlet velocity is reduced by the same factor at
which the density increases in order to compensate for the increase of the density with
pressure. Consequently, the mass flow rate and the Reynolds number are maintained
constant as pressure increases. Theoretical [3], experimental [12], and numerical [55]
studies have shown that, when operated at constant Reynolds number, the height of
coflow flames does not vary significantly with pressure. Although its height remains
constant, the flame becomes narrower with increasing pressure due to buoyancy [62]
and as a result, the mixing field changes as the gradients of mixture fraction increase.
A secondary effect is that related to diffusivity. As pressure increases, the flame
temperature increases also, causing a slight decrease in diffusivity. These variations
in the gradients of mixture fraction and diffusivity imply significant modifications to
the scalar dissipation rate as pressure increases.
We expect that these changes in scalar dissipation rate may play a significant role
in affecting soot yields as pressure increases. Soot and soot precursors are characterized by a strong sensitivity to the mixing rates, in both laminar [65, 53] and turbulent
flames [31, 36, 37]. This study elucidates the role of scalar dissipation in affecting
soot yields, which we show and argue is a key to interpreting the trends observed in
experiments.
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1.4

Overview of this work

This work is organized as follows. The Monte Carlo algorithm for the simulation of
the particle size distribution is presented in Chapter 2 along with the details of the
implementation and validation against experimental measurements in laminar premixed flames. Chapter 3 illustrates the application of the Monte Carlo algorithm
in fluid parcels as they are transported along Lagrangian trajectories in a turbulent
flow field. The trajectories are sampled from a Direct Numerical Simulation (DNS)
of a n − heptane turbulent non-premixed flame [36, 37]. In Chapter 4, we report a
comprehensive investigation of soot formation in laminar coflow flame at pressures
ranging from 1 to 8 atm. The chapter focuses on the complex interaction between
scalar dissipation rate (mixing) and soot formation in laminar coflow flames at elevated pressures. The chapter also shows that, at constant mass flow rate (constant
Reynolds number) the pressure has a great effect on the flame shape and the flow
field, which has a direct impact on soot formation. In Chapter 5, a new scaling
methodology for coflow laminar flames is introduced for soot investigation at different pressures. The scaling is done so that not only Reynolds number is kept constant
but Grashof number as well. Grashof number is a dimensionless number that shows
the importance of gravity (buoyancy) with respect to viscous force. The new scaling
eliminates the effect introduced by gravity, hence the flame shape and the flow field
remain unchanged as pressure varies. Finally, in Chapter 6 a conclusion of the work
presented here is drawn.
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Chapter 2
Monte Carlo method for soot formation

2.1

Introduction

Monte Carlo or Direct Simulation Monte Carlo (DSMC) simulates the evolution of
the particles through stochastic theory. DSMC provides a detailed and accurate
description of the particle size distribution function. In the study of soot formation
in flames, there are multiple physical processes involved, which greatly affect the
particle size distribution of the soot aggregates. The processes are soot nucleation,
condensation, surface growth, oxidation, and coagulation. Each of these processes has
an effect on the PSDF, i.e. nucleation is responsible for the production of the smallest
soot particles which are assumed to be spherical. Coagulation is responsible for
the production of large and complex soot aggregate, while condensation and surface
growth are responsible for spherizing the soot aggregate [66].
Since the time scale associated with coagulation is very small compared to the
other processes time scales, an operator splitting approach is proposed, which takes
care of the different time scales of the processes in order to make the simulation
affordable.
In this chapter, we will start by introducing the model equations, then the models
for soot formation processes and the soot physical models are explained in detail.
Finally, the operator splitting approach is discussed.
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2.2

The model equations

The population balance equation (PBE) considered here is the extended Smoluchowski coagulation equation [67]. It includes the interaction between the soot particles and the surrounding gas species, where the soot mass is altered by either surface
growth, condensation, and oxidation, and the addition of the new particles through
nucleation.
The number density function NDF is n(t; V, S), where V and S are the volume and
surface of the soot particle and t is the time. The NDF is a function that counts the
number of soot particles at each size (V,S) per gas-phase unit volume. In this method,
the soot particle is tracked by two internal coordinates (by its volume and surface
area) to better predict the complex nature of the soot aggregate. The integration of
the number density function over the two sample spaces (volume and surface) yields:
Z Z
n(t; V, S)dV dS = nd (t),
S

(2.1)

V

where nd is the number density (number of particles per unit volume). The extended
PBE can be written as:

Q
X
∂n(t; V, S)
= I(V0 , S0 , κ(t)) +
Sk (n(t; V, S), κ(t)) + C(n(t; V, S)),
∂t
k=1

(2.2)

In Eq 2.2, the first term on RHS is the nucleation term which represents the rate
of addition of the soot particles per unit volume with a fixed volume V0 and fixed
surface S0 . κ(t) indicates the time dependent vector of the thermochemical state.
For example, in the nucleation term κ = (T, YP AH ), where T is the temperature of
the gas mixture and YP AH is the mass fraction of PAH. The second term represents
the surface reaction processes including condensation, surface growth by HACA, and
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oxidation.
Sk (n(t; V, S), κ(t)) = OV,S · n(t; V, S)S(V, S, κ(t)),

(2.3)

where S(V, S, κ) is the kernel associated with each process. The various kernels associated with different soot formation processes are discussed in the next sections in
detail.
The last term in Eq 2.2 is the coagulation term. If the vector of the internal
coordinates is φ, i.e φ = (V, S), then the Smoluchoski’s equation for two colliding
particles can be written as:

Z

φ

Z

∞

β(φ̃, φ − φ̃)n(φ̃)n(φ − φ̃)dφ̃ −

C(n(φ)) = 1/2
φ0

β(φ, φ̃)n(φ)n(φ̃)dφ̃,

(2.4)

φ0

where β is the collision kernel for a pair of particles. The first term on RHS represents
the formation of particles from class φ due to collision between two smaller particles
φ̃ and φ − φ̃, while the second term is the destruction of particles from class φ due to
collision of particles from class φ with other particles.
β is the coagulation kernel and is expressed as in [68]:
1/2 
1/2
 (2/3) 
πkB T
1
1
6
+ 0
(V 1/3 + V 01/3 ).
β(V, V ) =
π
2ρ
V
V
0

2.3
2.3.1

(2.5)

Soot models
Nucleation and condensation

In this study, the nucleation of a soot particle is assumed to occur due to the collision
of two PAH dimers. The dimer is formed due to the collision of two naphthalene
molecules, forming a spherical particle of diameter D0 = 0.94 nm. A quasi-steadystate dimer production rate is proposed in which all dimers formed are consumed by
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Table 2.1: Sticking coefficient for PAH dimer as summarised in Ref [14]
Species name
Chemical formula
γ
naphthalene
C10 H8
0.0010
acenaphthylene
C12 H8
0.0030
biphenyl
C12 H10
0.0085
.
phenathrene
C14 H10
0.0150
acephenanthrylene
C16 H10
0.0250
pyrene
C16 H10
0.0250
fluoranthene
C16 H10
0.0250
cyclo[cd]pyrene
C18 H10
0.0390
either colliding with one another (nucleation) or with soot particles (condensation)
[69]. The effective dimer production rate is given by

ẇdimer =

X

γi (

i

4πkT 1/2 6mi 2/3
) (
) [P AHi ]2 ,
mi
πρs

(2.6)

where γ is the sticking coefficient for molecule i, k is Boltzmann constant, T is the
temperature of the gas and m is the molecule mass. The sticking coefficient used
for different PAH species are summarised in Table 2.1. As the quasi-steady-state
hypothesis implies that all dimers will be removed by either nucleation or condensation due to the high collision frequency of dimer-dimer and dimer-soot, the dimer
concentration can be calculated as

2

ẇdimer = βN [dimer] + (

N
X

βCi nd )[dimer].

(2.7)

i=1

In Eq. 2.7, the first term on the right hand side is the nucleation term and the
second term is the condensation term. βN is the collision rate between two dimers
and βCi is the collision rate between dimer and soot particles:

βN = 2.2(

4πkB T 0.5 2
) ddimer ,
mdimer

(2.8)
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Table 2.2: surface reactions by HACA
Reactions
A
n
E
∗
8
Soot-H + H = Soot +H2
1x10
1.8
68.42
8.68x 104 2.36 25.46
Soot-H + OH = Soot∗ +H2 O 6.72x101
3.33
6.09
−1
6.44x 10
3.79 27.96
Soot-H = Soot∗ +H
1.13x1016 -0.06 476.05
4.17x 1013 0.15
0.00
∗
9
Soot + C2 H2 = Soot-H
2.52x10
1.77 13.54

1
2
3
4

βCi = (

4πkB T 0.5 vi + vdimer 0.5
) (
) · (di + ddimer )2 ,
2ρsoot
vi · vdimer

ref
[71]
[72]
[73]
[74]

(2.9)

where mdimer , vdimer and ddimer are the mass, volume and diameter of a dimer, respectively.

2.3.2

Surface reactions

The surface reactions in this study include surface growth by HACA (hydrogen abstraction C2 H2 addition) and oxidation by both oxygen and hydroxyl radical. For
the HACA surface growth as introduced by Frenklach et al. [70], the process of mass
addition occurs through several reactions. Here, we list in table 2.2 these reactions
with their reaction rates in Arrhenius form as they were summarized by Blanquart
et al. [69].
Oxidation is the only process that is responsible for the mass loss of a soot particle;
the result of the oxidation process is carbon monoxide CO and a smaller soot particle.
Oxidation reaction by O2 is a function of the number of the radical sites on the particle
surface and results in a loss of two carbon atoms. The oxidation by OH is a function
of the soot surface and results in a loss of a one carbon atom. The oxidation reaction
rate by O2 is taken from [75] and the rate for the reaction by OH is taken from [76].
The oxidation reactions are summarized in table 2.3.
The calculations of the oxidation and surface growth rates are performed under
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5
6

Table 2.3: surface oxidation reactions
Reactions
A
∗
Soot + O2 = Soot-H +2CO
2.2x1012
Soot-H + OH = Soot-H + CO reaction probability

n
0.0

E
31.38
0.13

ref
[75]
[76]

the assumption that all the hydrogenated sites on the surface of the soot particles
are active, the number of the hydrogenated sites are constant after the stabilization
process, and the radical sites on the soot surface are in quasi-steady-state [69]. Then,
their concentration is given by:

[Soot∗ ] =

r=

r
[Hsite ],
1+r

k1f H + k2f [OH] + k3f
,
k1b H2 + k2b [H2 O] + k3b [H] + k4 C2 H2 + k5 [O2 ]

(2.10)

(2.11)

where [Hsite ] is the concentration of the hydrogenated carbon sites per unit volume.
Therefore, the volume added due to the surface reactions is given by,
MC2
· dt
ρsoot

(2.12)

MC2
MC2
+ 0.5 · KOH · S ·
) · dt
ρsoot
ρsoot

(2.13)

∆Vhaca = Khaca · S · Xsoot ·

∆Voxi = −(KO2 · S · Xsoot ·

Khaca = k4 · [C2 H2 ] ·
KO2 = k5 · [O2 ] ·

KOH = 0.13 · (

r
1+r

r
1+r

πkBT 0.5
) · NOH
2MOH

(2.14)
(2.15)

(2.16)

where Xsoot is the number density of surface site, MC2 is the weight of two carbon

36
atoms, MOH is the weight of the OH molecule, and NOH is the number concentration
of OH per unit volume.

2.3.3

Coagulation

Here, the term coagulation refers loosely to the formation of a new particle as a
consequence of the collision of two particles. The coagulation model reflects experimental observations on soot particles and aggregates at various stages of soot growth.
Small particles in laminar flames shortly after nucleation behave as liquid-like [77].
On the contrary, large particles stick to each other to form larger aggregates. These
hypotheses lie at the basis of the modeling approach for the outcome of a coagulation
event as explained in Ref. [69]. The outcome depends on the volume of the colliding
particles, which are distinguished in small and large. The threshold that differentiates small and large particles is set at a critical size Dt . In our work, we consider
Dt = 1 nm. Changing the value of Dt results in a negligible differences. This value
of Dt = 1 nm yields results that are consistent with the HMOM approach used in
the DNS of sooting turbulent nonpremixed flame in Ref. [36]. Two small colliding
particles coalesce into a spherical particle, two large particles stick in a chain, while
a small particle splashes on a large one. The volume is always conserved, while the
surface of the resulting aggregate is computed following the functional expressions
given in Ref. [69]. Summary of the coagulation models is given below.
• Coalescence.
Two small particles collide and form a new spherical particle. The surface can
be calculated easily.

Vnew = Vi + Vj ,

Snew = (π)1/3 (6Vnew )2/3

(2.17)
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• Aggregation.
Two large particles stick and form a chain like structure. In this model volume
and surface are conserved.

Vnew = Vi + Vj ,

Snew = Si + Sj

(2.18)

• Splashing.
Small particles splash on a large particle. In this model, volume is conserved
and the surface is calculated from a power law [78],

Vnew = Vi + Vj ,

δV
δS
=
S
V




2 −0.2043
n
.
3 p

(2.19)

It should be noted that there is little experimental evidence supporting this modeling approach conclusively, although this coagulation model has been applied extensively to several laminar flames [79, 69] and shown to produce volume fractions,
number densities, and particle sizes that are in good agreement with experimental
data. Coagulation of the soot particles can happen in the free molecular regime (i.e.,
when soot particles are smaller than the mean free path of the gas), in the continuum
regime (i.e., when soot particles are larger than the mean free path of the gas) or in
the transitional regime. The non-dimensional number that governs the coagulation
regime is called Knudson number (the ratio of the molecular mean free path to the
soot particle characteristic length). The coagulation frequency βi,j between two particles is then given by the harmonic mean of the collision frequencies in the continuum
and free molecular regimes [80]. The harmonic mean was found to converge to the
proper limits at high and small Knudson number [80].
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2.4

Soot aggregates and statistical description

A soot particle is described as a fractal aggregate with volume V and surface S.
Fractal aggregate is a cluster or collection of small particles called primary particles,
which are assumed to be equal in size. Soot aggregate consists of np primary particles
with diameter Dp [81]:
Dp = 6V S −1

and np =

1 −2 3
V S .
36π

(2.20)

The collision diameter of the aggregate is computed from the volume, the surface,
and the fractal dimension as [82, 78]:

Dc =

6
V 1−2/Df S 3/Df −1 .
(36π)1/Df

(2.21)

The value of the fractal dimension is Df = 1.8 [69]. A mobility diameter [83] Dm may
be computed adopting a model that relates np and Dp . Several models for the mobility
diameter of fractal-like aggregates are available [84, 85, 86, 87, 88]. A detailed review
is available in Ref. [89], where a comprehensive, regime-independent relation between
Dm and the particle internal coordinates is proposed:
Dm = Dp np0.46 .

(2.22)

In this work, Eq. (2.22) is used to compute the mobility diameter of soot aggregates.
Let P(s < D) be the probability of particles to have size s smaller than D, where
s can be a diameter, volume, mass, or any other quantity suitable for measuring soot
size. Given the local number density nd of soot particles, the number per unit volume
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N(D) of particles with size smaller than D is:
ZD
N(D) = nd P(D) = nd

p(s) ds,

(2.23)

0

where p(s) is a probability density function (PDF). A common definition for the
particle size distribution function PSDF(D) of fractal aggregates is:

PSDF(D) =

1 dN(D)
.
nd d log D

(2.24)

Such a definition is commonly used to describe soot particle size distributions sampled
experimentally [43, 90, 91, 1, 2], so that most results available in the literature are
presented in this form. For the most part, experimental data are reported in the form
of particle mobility, and the PSDF is based on the mobility diameter. Therefore, the
same approach is adopted here and the internal variable s for the PSDF is taken to
be the mobility diameter unless otherwise noted. The function CDF(D) is defined as:
ZD
CDF(D) =

PSDF(s) d log s,

(2.25)

0

and using Eq. (2.23) and (2.24), it is easily shown that CDF(D)=P(s < D). CDF(D)
is the cumulative distribution function associated to the PSDF.
Since collision and mobility diameters have a different dependence on np , they
result in different sizes for the same soot aggregate. Combining Eq. (2.20), Eq. (2.22),
and Eq. 2.21 with Df = 1.8 we obtain:
Dc
= n0.095
,
p
Dm

(2.26)

illustrating that, for an aggregate composed by a single primary particle, these two
diameters are the same, while for a large aggregate, e.g. np = 1000, the collision
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diameter is about two times larger than the mobility diameter.

2.5

Monte Carlo coagulation algorithm

The Monte Carlo method employed here evolves a set of Ni notional particles in a
reactor of volume Ωi , where i is an index for the discrete times ti when the solution is
available. A notional particle possesses a volume V and a surface S. The number of
notional particles in the reactor of volume Ωi does not exceed O(104 ) for the sake of
keeping the simulation tractable. Loosely defined, the accuracy of the Monte Carlo
method depends on the maximum number of particles Nmax . In this work, we let
Nmax =20×103 .
The volume and the surface of all notional particles increase or decrease to reflect
condensation of dimers, surface reaction due to HACA, and oxidation. Nucleation
is implemented as the addition of new notional particles to the reactor, according to
the nucleation rate.
The collision of soot particles is addressed using the partial conditioning method
proposed by Gillespie [92]. In this study, the collision kernel βi,j is given by the harmonic mean of the collision kernels in the continuum and free molecular regimes [80].
It has been shown that such collision kernel is proportional to the ratio of the size
of the two colliding particles [93, 94], so that soot particles having vastly different
collision diameters are most likely to collide.
Gillespie [92] proposed the partial conditioning method to simulate particle coagulation as follows:
• Step 0: Specify initial values (volume, surface, diameter etc.) for N particles,
determine the simulator size Ω = N/n0 (where n0 is the number density at
the start of the coagulation step), and evaluate the pair coagulation rate Cij =
β(vi , vj )/Ω, (i = 1, . . . , N − 1, j = i + 1, . . . , N ).
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• Step 1: Generate a random time τ at which two particles coagulate.
P (τ ) = C0 exp−C0 τ .

Here C0 is the summation of all pair coagulation rates, C0 =

(2.27)
PN −1 Pi+1
i=1

j=1

Cij .

• Step 2: Randomly choose two particles to coagulate according to the distribution P (i, j) = Cij /C0 .
• Step 3: Update N (one particle less) and C0 , and repeat Steps 1 and 2, until
the accumulated random time τ is larger than the simulation time tstop .
Algorithm 1 Stochastic collision with partial conditioning
1: t̂ ← t
PN −1 PN
2: C0 ←
i=1
j=i+1 Cij
∗
3: C ← maxij Cij
4: while t̂ < t + h do
5:
τ ← C0−1 ln(1/r1)
6: Repeat
7: Select i’ and j’ uniformly between 1 and N s:t i0 < j 0
8: Until Cij /C ∗ ≥ r2
9: vi ← vi0 + vj 0
10: Remove particle j’
11: Update C0 and C ∗
12:
t̂ ← t̂ + τ
The pseudo code for the stochastic coagulation is shown in Alg 1, where r1 and r2
are random numbers from uniform distribution in the unit interval. At the beginning
of the coagulation step, the stochastic reactor has a volume Ω and N number of
notional particles and the thermodynamic state κ is kept constant.
The time t is set to t0 (line 1). The quantity C0 is evaluated (line 2) at the beginning of the coagulation since other processes, e.g. nucleation and surface reactions
may change the ensemble and particle’s properties. The partial conditioning method
relies on the quantity C ∗ , which bounds from above the maximum value of Cij (line
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3). At line 5, the sample time interval τ is generated from a coagulation time Poisson
distribution. A colliding pair of particles (i0 , j 0 ) are randomly selected from the ensemble (line 7). The two selected particles are accepted if Ci0 j 0 is greater or equal to
r2C ∗ , otherwise a new pair is selected and the comparison is repeated (line 8). After
the coagulation, a new particle is formed and this particle takes the place of particle
i and particle j is removed (line 9-10). The volume and the surface of the particle
resulting from the coagulation step is described in Sec. 2.3.3. Finally, the number of
particle is reduced by one and C0 and C ∗ is updated.
The easiest way to update C0 is to substract the contribution of particle i and
particle j and to add the contribution of the new particle to its current value. Those
operations have complexity O(N ) and have negligible costs compared to the initial
computation of C0 . For updating C ∗ , a comparison of the new Cij and C0 can be
made during the update of C0 .

2.6
2.6.1

Operator splitting Monte Carlo
Introduction

Due to the different time scales associated with different soot dynamic processes,
the Operator Splitting Monte Carlo (OSMC) is an ideal approach to overcome such
a problem. Instead of integrating all dynamic processes in one step, OSMC splits
the integration to multiple steps. For example, let δt denote one time step. OSMC
separates the integration into multiple time steps as:

eδtX = eδtXd eδtXs + O(δ 2 ),

(2.28)

where Xd donates the deterministic processes (nucleation and surface reactions) and
Xs donates the coagulation which is treated stochastically. The advantage gained by
implementing OSMC is discussed next.
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The most expensive part in the computation of the particle coagulation is the
evaluation of the quantity C0 , (line 2 in Alg 1), which has a complexity O(N 2 ). Integrating all the soot processes at one step means computing the quantity C0 at every
coagulation time τ , since the other soot processes, e.g, nucleation surface growth,
may change the ensemble. This makes the simulation unaffordable specially for large
value of N. Instead, C0 is computed only once at each time step δt when simulating
the coagulation while freezing the other soot dynamic processes.

2.6.2

Implementation of the soot processes

Figure 2.1 shows the flow chart of the operator splitting Monte Carlo. At the beginning of the simulation, nucleation is solved, which requires the addition of newly
nucleated particles. Practically, the number of newly nucleated particles must be an
integer, but the integration of the nucleation term results in a real number. To solve
such an issue, a rounding technique has been adopted. Let the newly nucleated partiR
cle numbers be Nnew = Ω(t) I(V0 , S0 , t)dt. To avoid the severe round-off errors, first,
let Nround = bNnew c, where b·c denotes the integer floor. Then, a random number r
is selected from the uniform distribution on the unit interval. If r < Nnew − Nrand ,
then Nnew = bNnew c; otherwise Nnew = bNnew c + 1.
As a result of adding a new particles, the number of particles in the stochastic
reactor may exceed the Nmax . In that case, down-sampling of the particle is performed
and the details are provided later in this chapter.
In the second step, the other soot processes (condensation, HACA, and oxidation)
are integrated, which depend on thermochemical state κ and the size of the soot
particles. These processes modify the internal coordinates of the soot particles while
keeping the number of particles unchanged, except for oxidation which may result in
burning the soot particles completely. In the proposed method, growth/shrinkage is
handled via a direct integration of the process rates, which depend on the gas-phase
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Figure 2.1: Flow chart for the operator splitting Monte Carlo
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properties of the reactor κ. The integration of the ordinary differential equations is
repeated for all particles in the reactor and the internal coordinates vector φi (i =
1,...., N).

0

φ =

X
Sk (κ(s), φ),

(2.29)

k

φ(s = t) = φi (i)

(2.30)

Finally, the stochastic coagulation is performed as described in details in Sec 2.5.
The integration of the deterministic processes is carried out using the explicit Euler
forward method.

2.6.3

Up- and down-sampling

Nucleation increases the number of notional particles in the reactor, while collisions
decrease it. Therefore, the number of notional particles may grow excessively, resulting in excessive computational cost or, should the number drop significantly, resulting
in an inaccurate representation of the NDF. In case the number exceeds the allowed
maximum number Nmax , the particles are downsampled to Nmax and the reactor
volume is adjusted accordingly to conserve the number density. The case of downsampling requires to sample Nmax particles from an ensemble of a larger size.
Let Ñ > Nmax be the size of the ensemble that needs to be down-sampled to Nmax .
We hasten to note that we assume that Ñ = N + Nnucl > Nmax , i.e., nucleation is
responsible for enlarging an otherwise acceptable ensemble of size N. Thus, m = Ñ Nmax particles need to be selected for removal or, alternatively, m = Nmax particles
need to be selected for keeping. In either case, the selection of m particles out of Ñ
occurs without repetition according to an efficient random permutation algorithm [95].
When the number of particles decreases to the lower limit Nmin , the particles are
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doubled and so is the reactor volume Ωi .
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Figure 2.2: Evolution of soot number density with YA2 = 10−4 with (dashed) and
without (solid) condensation.

2.7

Cases with constant background gas-phase properties

In this Section, the general features of the evolution of the soot population are explored by prescribing selected thermochemical states of the background gaseous mixture in the stochastic reactor. The goal of this preliminary study is to assess the role
and the characteristic time scales of nucleation, coagulation, and growth of soot particles in the presence of concentrations of soot precursors typical of flames. Five cases
are considered at 2000 K, 1 atm, and constant values of napththalene mass fraction
(YA2 ), ranging from 10−2 to 10−6 , and nitrogen. The values of YA2 from the DNS
in Ref. [36] fall within this interval. For each case, two simulations are conducted,
one with and one without condensation. Nucleation and coagulation are taken into
account in all cases, while surface growth and oxidation are not considered, in order
to focus the analysis on the interaction between coagulation and nucleation.
Figure 2.2 shows the number density nd for YA2 = 10−4 , with and without condensation. For both profiles, within the first 2 ms, the number density increases, reaches
a peak, and then decreases. The sudden increase is due to intense nucleation, which
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Figure 2.3: Particle size distribution function (PSDF) at 1,2,4,and 16 ms with
YA2 = 10−4 (circle/square: with/without condensation). The mobility diameter Dm
is calculated as in Eq. (2.22).
seeds the reactor with small particles. As the number density increases, the coagulation rate becomes significant, balancing nucleation and then inducing a decrease in
the number density. When condensation is included, the peak value of nd decreases.
Figure 2.3 shows the particle size distribution for YA2 = 10−4 , at four time instants,
with and without condensation. The PSDF is defined as in Eq. (2.24) with respect to
the mobility diameter (Eq. (2.22)). At early times, the population consists of small
particles, the PSDF is unimodal and peaks at the smallest particle size Dm = D0 =
0.94 nm. As coagulation occurs, the distribution broadens (2 and 4 ms) and then
displays a second peak (16 ms). The location of this second peak moves to larger
sizes as time progresses and particles of intermediate sizes (between 3 and 8 nm)
are no longer present. This trend has been observed in numerical and experimental
studies [41, 90, 43, 96]. Balthasar and Kraft [41] attribute the absence of particles
of size between 3 and 8 nm to the dependence of the collision model on particle size.
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Figure 2.4: (a): Time evolution of number density for all cases with given mass
fraction of naphthalene YA2 = 10−2 , 10−3 , 10−4 , 10−5 , 10−6 with (dashed line) and
without (solid line) condensation. (b): Time at which the number density reaches a
peak (squares) and time at which the particle size distribution shows a second peak
(circles). Solid symbols indicate the cases without condensation and open symbols
the cases with condensation.
If condensation is accounted for, the behaviour does not change, although a higher
probability of large aggregates is observed, since part of the dimers result in particle
growth, rather than nucleation.
Figure 2.4 shows a summary of all test cases. The overall behaviour of the system
is the same regardless of the concentration of soot precursors, but an increase of one
order of magnitude in YA2 results in an increase of one order of magnitude in the peak
value of number density and a decrease of one order of magnitude in the time scale
characterizing the evolution of the system.
For the case with YA2 = 10−4 , the time to reach the number density peak is
around 1 ms, with small variations due to condensation, while after 4 ms the particle
size distribution displays bimodality. These time scales are representative of soot
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Figure 2.5: PSDF (squares), CDF (dashed line) and CMD (solid line) at 1 and 16 ms
for YA2 = 10−4 .
evolution in the target DNS of Ref. [36], since YA2 = 10−4 was found to be a typical
naphthalene mass fraction therein.
In Fig. 2.5, the PSDF and the associated CDF (Eq. (2.25)) are compared with
the cumulative mass distribution CMD(D) for the case YA2 = 10−4 at two different
times. Recall that the CDF represents the probability of finding particles with a
mobility diameter smaller than a given value. In analogy with CDF(D), we define
the function CMD(D) as the fraction of the total soot mass associated with particles
with mobility diameter smaller than D. Figure 2.5 highlights that, when the PSDF
is unimodal, the mass and the number of particles are similarly distributed over the
mobility diameter. If the PSDF is bimodal, the population is composed by a very
large amount of small particles, accounting for a negligible amount of mass, while the
very small number of large particles in the second mode accounts for almost all the
mass.
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2.8

Comparison of Monte Carlo results with experiments in
a laminar premixed flame

The models and DSMC numerical framework are applied to the simulation of soot
formation in a burner stabilized laminar premixed flame [1] for which experimental data are available. A detailed description of the experimental setup is given in
Refs. [91, 1] and is reviewed only briefly here. The ethylene-oxygen flame is stabilized
at atmospheric pressure on a water-cooled porous plug of diameter db at temperature
Tb . The probe consists of a circular aluminium plate positioned at a given separation distance Hp from the burner, which acts as a stagnation plate with temperature
Ts . The dependence of soot on db , Tb and Ts is weak, as discussed in Ref. [1]. Soot
number density, volume fraction and mobility diameter are measured using an SMPS.
Results from setups in various labs are reported and the differences in the burners
and diagnostics are found to affect the measurements only weakly.
The DSMC approach is applied to a one-dimensional solution obtained using OPPDIF from the CHEMKIN-PRO package [97]. Saggese et al.[98] show that a 1D
flame solution can be used if soot is compared with experiments at a location shifted
upstream from the position of the probe.
Boundary conditions are given at the burner (Tb = 473 K, composition and mass
flow rate of the cold gas) and at the stagnation plate (Ts = 500 K), for five values
of the burner-probe separation Hb . The chemical mechanism used to perform this
simulation is taken from Ref. [99] and it includes 158 species and 1804 reactions.
Radiative losses are neglected while Soret effect is included for the gas species, and
the transport is based on a mixture averaged model. A good agreement between the
1D solution and the experimental data is found for temperature [2, 1]. Comparisons
are obtained for five different heights above the burner at 0.4, 0.6, 0.8, 1, and 1.2 cm.
In Fig. 2.6, soot number density and volume fraction obtained with the Monte
Carlo method are compared to previous numerical and experimental results [1]. Since

number density (cm-3)
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Figure 2.6: (a) Soot number density; (b) Soot volume fraction. Experimental measurements from Ref. [1] (open symbols); numerical simulation from Ref. [2] (solid
line); Monte Carlo method presented in this work using the volume of soot aggregates (filled red squares) and computing the volume of a sphere of diameter equal to
the mobility diameter (empty blue squares).
the experimental results were obtained using a scanning mobility particle sizer, which
has a limited dynamic range, only particles in the size range 2 to 70 nm [1] are used
when computing statistics from numerical results.
The volume fraction from the experiments [1] is computed by assuming that soot
particles are spheres with a diameter equal to the mobility diameter measured by the
SMPS. The authors [1] observe that the volume fraction calculated in this manner is
most likely overestimated.
In Fig. 2.6, the volume fraction from the DSMC simulations is reported based on
the volume of the aggregates as well as based on the sphere-equivalent according to
the aggregate mobility diameter.
Notwithstanding the challenges of comparing the volume fraction data from our
simulation and the experiments [1], it is apparent that the overall qualitative agree-
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Figure 2.7: Soot PSDF at Hb =0.4, 0.8, and 1.2 cm. The PSDF is not normalized by
the number density, following the formulation given in Refs [1, 2]. The residence time
is also reported at the considered locations. Experimental measurements from Ref. [1]
(black solid line); numerical simulation from Ref. [2] (black dashed line); Monte Carlo
method presented in this work (red empty circles).
ment is good.
Figure 2.7 compares the PSDF obtained via Monte Carlo with the PSDF from
Ref. [2]. Along with the value of Hb , the corresponding value of the residence time is
reported. The residence time τR is defined as
Z
τR =
0

Hb

dx
,
U (x)

(2.31)

where U (x) is the axial velocity. At large distances from the burner, the experimental PSDF is well reproduced. Both the span of the tail of the second mode and
the position of the trough between the modes are accurately captured. The trough
as well as the second mode match the experimental results.
An interesting difference between the PSDFs shown in Fig. 2.7 and Fig. 2.3 is the
presence of particles in the range 2−5 nm in Fig. 2.7. This difference is due to a lower
coagulation rate due to the lower number density. Recall that the PSDFs in Fig. 2.3
are sampled at conditions where number density is greater than 2 × 1017 m−3 , while
in this laminar flame the number density is always lower than 1017 m−3 .
At small values of Hb , soot quantities are not reproduced as accurately, including
the number density, volume fraction (Fig. 2.6) and the PSDF (Fig. 2.7). A plausi-
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ble explanation is that the soot nucleation model has a marked effect on the early
evolution of soot, perhaps resulting in nucleation and growth rates that are too high
compared to experimental evidence. The fact that both number density and volume
fraction are over-predicted with respect to experimental data (Fig. 2.6) supports this
explanation.
The results shown in this Section confirm that the implementation of the DSMC
and the physical models used in our work are able to reproduce the experimental data
in laminar premixed flames to a degree of accuracy that compares favorably to that
of previous numerical simulations [2].
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Chapter 3
Particle size distribution in turbulent nonpremixed flame

3.1

Introduction

Several intrusive experimental techniques allow for the determination of the PSDF,
such as probe-based particle mobility measurements [90, 91, 1] or grid-based sampling
followed by TEM image postprocessing [100]. The sampling process induces flame perturbations [98] and results may suffer from particle loss and growth due to coagulation
in the extraction probe and sampling lines. In addition, the measurements are timeaveraged over several minutes, although recently fast-scanning technology has been
developed, providing size distribution information at a time resolution of 1 s [101]. In
this context, numerical simulations are a very useful tool due to the time and space
resolution they provide. Two possible modeling approaches are widely employed for
the purpose of simulating soot size distributions. The sectional method [39, 2], based
on a direct discretization of the population balance equation [102], and the Monte
Carlo method [103], which reproduces the evolution of a population of particles via
stochastic methods.
Numerical [41, 43, 2] and experimental measurements [24, 90, 1] show that the
PSDF in laminar flames evolves from unimodal, in locations close to the burner, to
bimodal, moving downstream. Bimodality is defined here to indicate that the PSDF
has two different modes, appearing as two distinct features in size space. The first
mode is located at small particle sizes. The second mode peak is at larger sizes, due
to growth, such as PAH condensation, acetylene-driven surface growth (HACA [70]),
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and coagulation of existing soot particles. Bimodality originates from the persistent
nucleation in the presence of large particles [1].
In real devices, combustion occurs in the turbulent regime. Turbulence imposes
chaotic changes to the thermochemical properties of the mixture, hence the time
average of the PSDF at a given location can be very different from its instantaneous realization. This is not the case in laminar flows, where the flows are steady.
Therefore, it is expected that the PSDF in a turbulent flow flame differs from that
observed in laminar flames. Up to now our knowledge of PSDF in turbulent flames
is limited. Chowdhury et al. [104] have recently performed scanning mobility particle size (SMPS) measurements on probe-sampled soot collected on the centerline
of a turbulent sooting flame of ethylene. In contrast with known trends in laminar
flames, the authors found that the PSDF does not show a second mode. Instead,
it appears as a polydisperse distribution with only one evident peak, at small particle size, and a marked tail towards larger sizes, spanning up to many dozens of
nanometers. These findings agree with mobility measurements of alumina powder in
turbulent flows [105]. An explanation for the observed PSDF in the turbulent nonpremixed flame is not provided in Ref. [104] and motivates our work. In this study,
statistics of the PSDF of soot particles in a turbulent nonpremixed flame for which
data from a Direct Numerical Simulation are available [36], are computed using a
Direct Simulation Monte Carlo (DSMC) approach [103], coupled with a detailed soot
model. The aim is to explain the mentioned difference between findings in laminar
and turbulent flames.
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3.2

Soot size distribution and particle morphology in a turbulent nonpremixed flame

3.2.1

Flame configuration

The Monte Carlo simulation approach described in the previous sections has been
applied to postprocess the results obtained with a large-scale DNS of a nonpremixed
turbulent jet flame [36]. In this DNS, the formation, growth, and transport of soot
were analyzed employing a finite-rate skeletal chemical mechanism, including the soot
precursor naphthalene, and a high-order method of moments for the description of
the soot aerosol. A complete description of the configuration and detailed analysis
of the results are reported in a number of previous papers [37, 106, 36, 107, 108];
therefore, only a brief description is reported here.
The flame configuration employed in this analysis is a temporally evolving planar
jet of n-heptane diluted with 85% (by volume) nitrogen at 400 K in a coflow of air
at 800 K [36]. The pressure is atmospheric and the stoichiometric mixture fraction is
Zst = 0.147. The domain is periodic in the streamwise y and the spanwise z directions.
Open boundary conditions are prescribed in the crosswise direction x. The domain
dimensions are Ly = 94 mm (Ly /H = 6.3) and Lz = 47 mm (Lz /H = 3.1), where
H = 15 mm is the initial jet width. The crosswise coordinate spans the ranges
−Lx /2 ≤ x ≤ Lx /2, where Lx = 105 mm (Lx /H = 7).
An overview of the turbulent nonpremixed jet flame is shown in Fig. 3.1. The
temperature and soot number density fields are visualized for a two-dimensional slice
at time equal 15 ms. At this time, the flame is characterized by fully developed
velocity and mixing fields and by a wide range of spatial scales. The soot number
density field is strongly intermittent due to the sensitivity of the soot precursor to
the local mixing field and the scalar dissipation rate [36, 107]. It is evident that the
flame is characterized by patches with large values of soot number density and regions
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where soot is absent.
Statistics of the soot mass fraction in physical and mixture fraction space are
shown in Fig. 3.2. During the first phase of the simulation, soot is concentrated in
a thin region characterized by mixture fraction close to 0.3 and located in physical
space around the crosswise position x/H = 0.5. At later times, when turbulence is
well developed, the conditional mean shows a flat distribution in mixture fraction
space and soot is present at very large values of Z.

3.2.2

Data extraction from the DNS database

Due to the extreme computational cost of turbulent combustion DNS, the mathematical models describing the evolution of soot in flames are restricted to a few statistical
moments of the soot particles size distribution. These models usually provide quantities such as the soot volume and mass fraction and the soot number density. In
addition, moment methods allows for the computation of the gas-phase source terms
due to soot formation that are required for a two-way coupling between the gas-and
solid-state phases. However, even if these models provide a detailed description of
the soot formation and transport in flames, the information about the distribution of
sizes of soot particles is limited to a few moments. In order to compute the particle
size distribution in the turbulent flame, the gas-phase quantities have been sampled
along Lagrangian trajectories at run time during the DNS and used as input for the
Monte Carlo simulations.
In the DNS, soot is described by a set of seven low order statistical moments,
including soot number density, surface fraction, and volume fraction. The moments
are evolved using the Hybrid Method of Moments (HMOM) [78]. The physical models
and rates that describe the soot processes in the Monte Carlo simulations are identical
to those employed in the DNS with the method of moments. The difference lies solely
in the statistical representation of the soot population.
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In the DNS, the Eulerian equations of the moments are solved using a Lagrangian
numerical method, described in [106]. In brief, moment evolution equations are solved
along Lagrangian trajectories of the flowfield. A Lagrangian trajectory is defined as
the path x(t) followed by a fluid parcel. The quantity x(t) and the set of soot statistical moments µpa,b are evolved solving the following system of ordinary differential
equations:
dxp
= up
dt
dµpa,b
p
= Fa,b
dt

p = 1, . . . , N

(3.1)
(3.2)

where xp and up denote the fluid parcel location and Eulerian fluid velocity at the
p
parcel location, while µpa,b represents the vector of moments, Fa,b
describes the source

terms reflecting soot processes, and N is total number of Lagrangian trajectories.
In order to compute the evolution of soot along a Lagrangian trajectory using the
MC method, the time evolution of temperature, density, and a number of chemical
species are needed. The time history of these quantities is available along a large
number of Lagrangian trajectories from the DNS results. Due to the high cost of
the method, the Monte Carlo approach is applied to selected subsets of the entire
ensemble of Lagrangian trajectories.
It is worth noting here that there are two different sample spaces on which statistics are computed. The instantaneous and local values of the PDF and soot number
density are computed on the ensemble of the Monte Carlo particles. Statistical convergence of these quantities is assured by considering a large number of Monte Carlo
particles and by repeating the simulation along a given trajectory multiple times.
Averages with respect to turbulent fluctuations are computed by an appropriate average of the results from various trajectories as described below. For this purpose,
Lagrangian trajectories are divided conceptually in sets and trajectories within each
set are statistically equivalent and may be averaged appropriately.
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The definition of a sensible averaging procedure to obtain an average PSDF is
not straightforward, and a consistent definition should be adopted to avoid biased
statistics, as explained next. At the onset of the DNS, the Lagrangian particles are
uniformly distributed in the physical domain. As time progresses, the Lagrangian
particles tend to concentrate in regions where the mixture density is high, so that
extracting a set of trajectories at random produces a statistical bias in favor of high
density regions. This issue is akin to that encountered in Lagrangian particle schemes
in the context of transported PDF methods [109]. This bias should be accounted for
when averaging the particle size distribution over a set of notional particles. The
average PSDF is computed as an ensemble average of the t-th realization of the
particle size distribution, PSDF(t) . When performing this average, a weighted mean
is used to account for the bias discussed above, where the weight is the local fluid
specific volume:
T PSDF(t)
P
ρ(t)
.
PSDF = t=1 T
P 1
(t)
t=1 ρ

(3.3)

The following four subsets of trajectories are considered to analyze soot statistics
in the turbulent flame. The number of trajectories in each set is large enough to
converge the statistics of the quantities of interest.
• Set A consists of 166 trajectories, which terminate on the jet centerline at time
15 ms, when the jet flame has reached a fully developed turbulent state. The
statistics of the soot size distribution obtained from this set are equivalent to
those obtained experimentally by processing soot particles on the centerline of a
turbulent jet flame at a given axial location downstream of the exit plane [104].
• Set B consists of 137 trajectories, which terminate at the crosswise position
where the average soot mass fraction peaks at 15 ms. The statistics obtained
on this set correspond to those obtained from measurements performed in a jet
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flame on a radial location away from the centerline.
• Set C consists of 140 trajectories for which Z ≈ 0.3 at 15 ms. This corresponds to the mixture fraction for which the maximum conditional mean of the
naphthalene precursors is observed. Z ≈ 0.3 is the mixture fraction where the
maximum soot nucleation and growth occur [36]. This can be interpreted as
the particles size distribution conditioned on a value of mixture fraction that
identifies the thermochemical state of the mixture that is most conducive to
soot formation and growth.
• Set D consists of 102 trajectories for which Z ≈ 0.8 at 15 ms. At this mixture
fraction, soot formation and growth are negligible, but soot is abundant due to
transport and differential diffusion [36].
The time evolution of the spatial position and mixture fraction value for selected
trajectories belonging to sets A and C are shown in Fig. 3.3(a) and (b), respectively.
By construction, the trajectories of these two sets terminate on the centerline (set A)
and at Z ≈ 0.3 (set C). Even if all the trajectories of one subset end at the same
spatial or mixture fraction location, the time histories of the spatial position and
mixture fraction are remarkably different for different trajectories. This behavior is
key to interpreting correctly the statistics that will be presented in the next Section.
In Fig. 3.3(c) and (d), the time history of temperature is reported for trajectories
from sets A and C, respectively. Not surprisingly, the temperature experienced by
soot aggregates displays the same features as those of the mixture fraction. Again, the
effect of turbulent transport is apparent. Note that there exists a strong correlation
between mixture fraction and temperature due to the high Damköhler number that
characterizes the flame configuration [37].
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Figure 3.3: Time evolution of the crosswise position x/H along selected Lagrangian
trajectories belonging to subset A(a). Time evolution of mixture fraction along selected Lagrangian trajectories belonging to set C(b).

3.2.3

Particle size distribution

To begin, five trajectories are considered from set A with different histories in terms
of thermochemical state. In what follows, we explore the effect of thermochemical
history on soot evolution. The mixture fraction history along these trajectories is
shown in Fig. 3.4(a). Trajectories 1, 2, 3 and 4 start from the rich region of the flame.
Trajectory 5 starts from the oxidizer side, crosses the flame region (Zst = 0.147) and
ends at a rich flame location. Although all five trajectories end at the centerline,
they document that the soot contained in the fluid parcel along these five Lagrangian
trajectories moves across very different regions of mixture fraction and physical space
alike. Such variability in mixture fraction space is due to turbulent transport, and
affects the time evolution of the naphtalene mass fraction YA2 experienced by soot
(Fig. 3.4(b)). For the oxidizer and fuel streams employed in this work, YA2 is high in
the range 0.3 < Z < 0.6 [31, 36], which is marked in grey in Fig. 3.4(a) for the sake
of clarity.
Figure 3.4(c) shows the time evolution of soot number density for the five trajec-
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tories. Soot number density increases whenever high values of YA2 are encountered.
In particular, along trajectory 1, number density peaks at 1 ms, along trajectories 5
at 9 ms, along trajectories 2 and 3 at 11 ms, and along trajectory 4 at 14 ms. Consequently, since YA2 governs nucleation and condensation, the variability in the thermochemical state of the mixture encountered along each trajectory has a significant
impact on soot formation, causing remarkably different dynamics of the soot number
density, as well as different particle size distributions as explained below.
The particle size distribution for the five trajectories at 15 ms is reported in
Fig. 3.4(d). Trajectories 1, 2 and 5 show a bimodal PSDF, with a first peak at the
size of the nucleated particle, and a second peak at larger particle size. The PSDF
for trajectories 3 and 4 are unimodal and weakly bimodal, peaking at the nucleated
particle size, with tails extending up to 6 and 30 nm, respectively. Along trajectory
4, there is only one number density peak, corresponding to a single nucleation event
at 14 ms, so that collisions have limited time to generate larger aggregates, and the
PSDF tail is relatively short. Along trajectory 3, a nucleation event occurs at 13 ms
and, compared to trajectory 4, collisions and condensation have twice the time to
generate large aggregates. Consequently, the PSDF at 15 ms is broader than that for
trajectory 4. The different location of the second peak in trajectories 1, 2, and 5 is
due to the combined effects of the time available for condensation and nucleation and
the intensity of the nucleation events, controlling the number density peak and the
subsequent collision rates.
In Fig. 3.4(d), the continuous line is the average PSDF at 15 ms, computed from
all trajectories in set A following the procedure detailed above. It is unimodal with a
broad tail, even if selected PSDFs computed on individual trajectories are bimodal.
Clearly, the reason for the broadening of the average PSDF is that the PSDF on
individual trajectories display the second peak at different diameters. Once these
PSDF are averaged, they give rise to a very broad average PSDF.
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The average PSDF for sets A, B, C and D are compared in Fig. 3.5(a). As previously shown, the trajectories within each set are very different, although they are
selected with the same statistical criterion. Yet, all four distributions are unimodal
with a broad tail, extending over two orders of magnitude in mobility diameter. Moreover, the average distributions computed on trajectories from the four sets are very
similar, and such similarity is explained by turbulent transport, generating homogeneous statistics.
The CDFs in Fig. 3.5(b) show that more than 90% of the population is composed
by particles that have a mobility diameter smaller than 2 nm. The solid lines show
the cumulative normalized mass distribution. It emerges that almost all the mass is
given by aggregates with diameter larger than 20 nm.
These results differ with respect to those in a laminar flame, where PSDFs are
found to be bimodal, but are consistent with recent experimental measurements of
soot formation in turbulent flames, whereby the the PSDF was found to be always
unimodal with long tails, broadening as one moves downstream [46, 104].
Similar features are observed in the case of other aerosols. Size measurements of
alumina produced in turbulent flows have been carried out in Ref. [105]. The authors
compared the average PSDF in time with the PSDF of alumina produced in a laminar
flow, showing that the former is significantly more polydisperse than the latter, on
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the account of aggregates with sizes that are not found in the laminar configuration.

3.2.4

Morphology of soot aggregates

The modeling framework adopted in this work describes soot particles in terms of
volume and surface. The joint PSDF (JPSDF) in volume and surface is shown in
Fig. 3.6 for sets A and C. Results for the other sets are very similar to those for set
A and are not shown.
The distribution lies in a narrow region. In the particle volume range 1 nm3 <
V < 10 nm3 , the JPSDF is consistent with spherical particles, induced by surface
growth and condensation occuring on small particles resembling spheres. For larger
volumes (V > 10 nm3 ) the slope is steeper than the slope of the solid line, reflecting
the presence of large fractal aggregates.
The JPSDF of the number of primary particles per aggregate and the primary
particle diameter, computed as in Eq. (2.20), offers insight on the morphology of soot
aggregates, as shown in Fig. 3.7. Again, the distribution for set A is similar to the
distributions for the other sets, which are not discussed.
A peak at low values of diameter and number of particles per aggregate is ob-
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served, confirming the fact that the soot population is mostly composed by very
small aggregates. In addition, it is shown that aggregates with a large number of
primary particles are composed of large primary particles and vice versa.
Soot is oxidized by O2 and OH radicals. Oxidation results in a reduction of
soot mass due to the removal of carbon atoms from the surface of soot particles.
Its effect can be observed readily for the JPSDFs in set C, while for all the other
sets, oxidation does not play an important role. Several trajectories belonging to
set C cross regions with high concentrations of OH. The JPSDF in volume and
surface contains more aggregates at smaller volumes than the other distributions.
Accordingly, the JPSDF in (Dp ,np ) shows more aggregates at smaller diameters and
number of primary particles (Fig. 3.7). If trajectories that crossed the flame sheet are
removed, the distribution becomes very similar to the distributions for the other sets,
confirming that oxidation, consuming large aggregates, generates small aggregates
(not shown).
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3.3

Concluding Remarks

A Direct Simulation Monte Carlo (DSMC) approach has been employed to simulate
the evolution of soot in a turbulent flame. The aim of this work is to characterize
and investigate the effect of turbulence on the soot number density and particle
size distribution function (PSDF). The modeling framework is consistent with that
adopted to simulate soot formation and growth in a recent target DNS [36], and
it has been successfully validated against experimental data from recent soot size
measurements in laminar premixed flames [1]. Exercising the models in canonical
test cases, it was shown that the competition between nucleation and coagulation is
the main factor in determining the evolution of soot number density and PSDF, and
that the characteristic time scales of the problem are sensitive to the mass fraction
of the PAH precursors. On the other hand, condensation has been found to be of
secondary importance as far as the size distributions are concerned.
Data from the turbulent flame in Ref. [36] are postprocessed to obtain the average
PSDF over a large number of trajectories, equivalent to the PSDF obtained by a time
averaging technique such as particle sizing via SMPS. The distribution is found to
be unimodal and broad with long tails at large particle sizes. This finding agrees
with recent experimental results in turbulent flames and the overall behavior is different from that in laminar flames. Furthermore, the average PSDF is independent
of the physical location or mixture fraction values used to condition the statistics. A
detailed analysis of single trajectories has shown that such trend is determined by
the fluctuating evolution of the gas-phase mixture due to turbulence, which implies
a marked variability of the PSDF over single trajectories.
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Chapter 4
The effects of mixing and hydrdynamics on soot formation in
laminar coflow diffusion flames at elevated pressures

4.1

Introduction

In recent years, soot formation at elevated pressures has been studied in various
laboratory-scale laminar flame configurations, including counterflow diffusion flames [110],
coflow diffusion flames [111, 63, 112], and laminar premixed flames [113]. Soot formation in flames at elevated pressures is one of the focus areas within the International
Sooting Flame (ISF) Workshop [6].
Laminar coflow flames are often used to study soot formation [8] and sooting tendencies of fuels [54, 114] because they conform to a canonical configuration for which
numerous experimental, theoretical, and numerical results are available. Gülder and
coworkers have assembled an extensive experimental database of sooting coflow flames
of methane (10 − 60 atm) [115], ethylene (10 − 35 atm) [10], ethane (2 − 33 atm) [11],
and n-heptane (2 − 7 atm) [112]. The authors report spatially resolved measurements
of the soot volume fraction and temperatures via spectral soot emission.
In most experimental studies at elevated pressure, the burner is operated at constant mass flow rates of fuel and coflow air and, as the pressure increases, velocities
reduce as a result of the increase in density. Experiments document the general trends
of coflow sooting flames clearly. As pressure increases, soot volume fraction increases
significantly throughout the flame and soot forms closer to the nozzle. At high enough
pressures, the location of peak soot volume fraction moves from the tip to the wings
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of the flame.
Kailasanathan et al. [4, 5] and Steinmetz et al. [7] have investigated flames of
ethylene diluted with nitrogen in a coflow of air at pressures between 1 and 16 atm.
These experimental datasets are noteworthy and include temperature measurements
at various radial and axial locations [4], mole fractions of key gaseous soot precursors
along the flame centerline via quartz-probe sampling followed by gas-chromatographic
analysis [4, 5], and soot volume fraction and morphology via laser-based, optical techniques [7]. For selected flames, multiple quantities are available from the experiments,
thereby providing a comprehensive characterization, which facilitates physics-driven
inquiry into the mechanisms of soot formation at pressure as well as model development and assessment. The set of flames are known within the International Sooting
Flame (ISF) Workshop as “ISF-3 target flame 2” [6].
Previous studies based on detailed numerical simulations of soot formation in
coflow flames [116, 111, 117, 63] have concluded that the increase in soot production
with increasing pressure is due to enhanced mixture density and species concentrations [116]. Secondary effects are ascribed to modifications to the gas-phase chemistry
(i.e. three-body reactions) and changes to the entrainment rates near the flame base.
Additional numerical studies investigated the effect of flame preheating [118], gravity [119], and radiation [120, 121].
Recently, numerical studies have focused on the characterization of the processes
resulting in the growth of soot particles in coflow flames. Eaves et al. [63, 122] simulated soot formation in ethane/air coflow flames. According to their models, the
growth of soot particles is due mostly to the condensation of Polycyclic Aromatic Hydrocarbon (PAH) species along the centerline, while the H-abstraction/C2 H2 -addition
(HACA) [70] mechanism controls soot growth along the flame wing due to the high
concentration of radicals next to the flame sheet. The authors also reported that
the relative contribution of HACA-based growth decreases with increasing pressure.
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The study in Ref. [122] presents a detailed analysis of the sensitivity of the growth
rates of soot via HACA and condensation to the numerical treatment of the governing
equations at the nozzle’s exit plane.
Under well-controlled conditions, it is well recognized that comparisons across
flames at increasing pressure need to take into account modifications to the flame’s
structure. The modifications to coflow flames brought by pressure are discussed in
Refs. [3, 12, 111, 62]. Firstly, flames become narrower due to buoyancy, eventually
attaining a pencil-like shape [62, 63, 111]. Secondly, the height of coflow flames does
not vary significantly with pressure when the flames are operated at constant mass
flow rate [3, 12, 111, 62].
When the flame becomes narrower due to buoyancy, the flame’s cross-sectional
area decreases. Although the velocity at the base of the flame is lower for higher
pressures on the account of lower flow rates, the reduction in cross-sectional area
further downstream results in a higher acceleration of the fluid on the centerline,
offsetting the lower velocities at the nozzle’s exit plane. Indeed, Liu et al. [111] showed
that the centerline velocity and the flame height remain approximately unchanged
with increasing pressure. A detailed analysis may be found in Ref. [111].
These observations support the notion that the residence time, proportional to
the ratio of the flame height to the centerline velocity, is the same across the set
of flames for increasing pressure. Then, the differences in the flames’ soot yields
are due to variations in the growth rates of soot only, since the residence time and
the flow rates of enthalpy and carbon mass remain constant across flames. In their
review, Karataş and Gülder [8] refer to this feature of coflow flames as the basic
premise for the tractability of the laminar coflow flames at elevated pressures. The
increase in the rates of soot growth with increasing pressure has been attributed to
the increase in mixture density and additional kinetics effects related to three-body
reactions [116, 111, 117, 63].
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In the recent studies on turbulent nonpremixed sooting flames [31, 36, 37, 123],
it has been documented that soot precursors are extremely sensitive to the scalar
dissipation rate χ = 2α|∇Z|2 , where α is the thermal diffusivity and ∇Z the mixture
fraction gradient. In Refs. [31, 36, 37, 123], it was shown that the mass fractions
of PAH species, e.g. naphthalene, drop by several orders of magnitude as the scalar
dissipation rate increases, even at values that are far below the extinction limit of the
nonpremixed flame [31, 36, 37, 123]. As the formation of soot precursors is inhibited
by increasing mixing gradients, soot formation is suppressed also.
In the literature on sooting laminar flames, there exist several experimental studies that point to this mechanism. These studies include work on soot formation in
opposed flow (“Tsuji burner”) [65], counterflow [53], and coflow [124] flames. Experimental observations in counterflow flames [53] are as follows. As the strain rate
increases, the volume fraction of soot drops below the detection limit by light scattering. If the strain rate increases further, the concentration of Polycyclic Aromatic
Hydrocarbon (PAH) species decreases abruptly as detected qualitatively by laser
induced fluorescence (LIF). Finally, should the strain rate increase beyond the extinction limit, the flame extinguishes. The study [53] refers to this mechanism as
aerodynamic suppression of soot.
As discussed above, when pressure increases, coflow flames become narrower due
to buoyancy [62]. As a result, the magnitude of the gradient of mixture fraction ∇Z
increases. When pressure increases, the flame temperature increases also. The thermal diffusion coefficient α increases with temperature, but decreases with pressure.
As a consequence, as pressure increases, changes in the shape of the flame and in the
transport coefficients lead to important changes in the scalar dissipation rate χ.
We shall show that, although the velocity along the centerline and the flame
height remain unchanged as pressure increases, the scalar dissipation rate field does
not. Thus, variations in the scalar dissipation rate lead to important modifications
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to the concentrations of the soot precursors and, in turn, to the soot yield. As it will
be demonstrated in this work, this mixing effect contributes to the variation of the
rates of soot growth together with increasing mixture density.
To the best of our knowledge, the effect of changes in scalar dissipation rate on
the soot yield in coflow flames at increasing pressures has never been addressed either
experimentally nor numerically. Due to the strong non-linearity in the response of
soot precursors to scalar dissipation as well as the complex coupling between gasphase transport, soot formation, and radiative heat transfer, a detailed numerical
study, such as the one reported here, is an ideal approach to explore this effect and
isolate individual mechanisms.
In this work, we focus our attention on the ethylene/air coflow flames investigated
experimentally by [4, 5] and [7]. These are laminar coflow flames of ethylene diluted
in nitrogen in the pressure range 1 to 8 atm and are known within the International
Sooting Flame (ISF) Workshop as “ISF-3 target flame 2” [6]. To the best of our
knowledge, this work reports the first simulations of these flames.
The variations in the velocity, mixture fraction, and scalar dissipation rate fields
brought by increasing pressure are characterized and discussed in detail with regard
to scaling laws based on suitable reference quantities and non-dimensional numbers,
such as the Reynolds and Grashof numbers. The implications of the scaling of scalar
dissipation rate across the set of flames with regard to soot precursors, soot yield,
and dominant routes to soot formation are addressed.
For each flame, simulations with two chemical kinetic mechanisms as well as with
and without radiation are performed. The effect of the nozzle’s wall temperature
on the soot volume fraction is investigated for one flame (4 atm) by repeating the
calculations with three different wall temperatures. By varying models and model
parameters, we aim to assess the robustness of our analysis and conclusions with
respect to model uncertainty, which is significant with regard to the modeling of
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gas-phase soot precursors and soot growth. In doing so, we characterize in detail
the manner in which radiative heat losses, flame structure, and soot formation are
coupled together.

4.2
4.2.1

Theoretical formulation and flame configuration
Introduction

In this section we introduce the governing equations, soot models, chemical mechanisms, and numerical methods we used for the simulation of the two-dimensional
coflow flames. First, we start with the governing equations and soot models, then the
two chemical kinetics mechanisms are introduced. Finally, the numerical methods
and flame configuration are presented. Our goal is also to compare two comprehensive and detailed chemical kinetic mechanisms that include PAH species. The reason
being is that there are still uncertainties in PAH chemistry and we would like this
study to document the sensitivity of soot predictions to chemical kinetics in a realistic
coflow flame configuration.

4.2.2

Governing Equations

Fluid flows are governed by the Navier-Stokes equations. These are a set of partial differential equations. The equations include the continuity, momentum, energy
or temperature equations along with species or scalar equations that describe the
reactions network.
Continuity:
The continuity equation describes the conservation of mass. The differential form of
continuity is:
∂ρ
+ ∇ · (ρv) = 0
∂t

(4.1a)
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where v is the velocity vector and ρ is the density.
Momentum:
The momentum equation is derived from Newton’s first law of motion and the differential form can be written as:
∂ρv
+ ∇ · (ρvv) = −∇p + ∇ · τ + ρg
∂t

(4.1b)

where p is the pressure, g is the gravity and τ is the stress tensor and given as:

 2
τ = µ ∇v + (∇v)T − µ (∇ · v) I
3
Species:
For species i, the mass conservation equation can be written as:
∂ρYi
+ ∇ · (ρvYi ) = −∇ · (ρYi Vi ) + ẇYi
∂t

(4.1c)

where Yi is the mass fraction of species i, Vi is the mass-based species velocity vector,
and ẇYi is the reaction rate for species i which are defined as:
N
X

Yi Vi = 0,

i=1

N
X

ẇYi = 0

(4.1d)

i=1

A closure is needed for the diffusion velocity Vi and should be consistent with the
equations above. In the literature, there are many proposed closures for the diffusion
velocity that are used in numerical codes such as, Maxwell equations, Fick’s law,
constant Lewis number, and Hirschfelder & Curtiss approximation.
In this work, we adopted the Hirschfelder & Curtiss approximation [125]:

Vi = −Di

∇Xi
,
Xi

Di = P

1 − Yi
j6=i Xj Dij

(4.2)
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where Di is the diffusion coefficient of species i into the rest of mixture. The approximation above results in a loss of the mass conservation, therefore a correction
velocity is needed for the compensation.
Temperature:
The temperature equation can be written as:

cp


N
X
∂ρT
+ ∇ · (ρvT ) = ∇ · (λ∇T ) − ∇ · qR −
cp,i (ρYi Vi ) · ∇T + ẇT
∂t
i=1

(4.3)

where the first term in the RHS is the heat diffusion term expressed by Fourier’s law.
The second term in RHS is the divergence of the radiative heat flux due to soot and
gas species. The third term is the heat diffusion of species with different enthalpy
and the last term is the heat release due to combustion.
The perfect gas law is used for the mixture

P0 =

ρT
W̄

(4.4)

P
Where W̄ = 1/( N
i=1 Yi /Wi ) is the local molar mass of the mixture and Wi is the
molar mass of species i.

4.2.3

Soot models

Soot particles and aggregates are described statistically with a bivariate method of
moments accounting for their volume and surface area. The morphological model is
flexible, in that it accommodates both spherical soot particles and soot aggregates
consisting of a large number of primary particles. The Hybrid Method of Moments
(HMOM) developed by Mueller et al. [78] is used for closure within the method of
P
x y
moments framework. The moments are defined as Mx,y =
i Ni Vi Si , where Ni
represents the number density of particles with volume Vi and surface Si .
HMOM combines a single delta function, fixed at the nucleated particle size,
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with an interpolative closure [38] and the resulting moments in HMOM are recovered
P Pr
k r−k
as Mx,y = N0 V0x S0y + exp( R
) where ar,k are the interpolation
r=0
k=0 ar,k x y
coefficients, obtained using available moments up to order R, and V0 and S0 are
the volume and surface of the nucleated, spherical soot particles. More details are
provided in Ref. [78].
Soot transport is characterized by a high Schmidt number and diffusive mass fluxes
are neglected. In the flames considered here, thermophoretic velocities are found to
be two orders of magnitude less than local flow velocities throughout the flame and
are also neglected. Soot models used in this study are presented in details in Sec 2.3.

4.2.4

Chemical kinetic models

The source terms for all gas-phase species are modeled using finite rate chemistry.
We employ the chemical kinetics mechanism of Narayanaswamy et al. [99], consisting
of 158 species and 1804 reactions, and that of Wang et al. [126], which includes 202
species and 1351 reactions. We refer to these two mechanisms as NBP and KM2,
respectively. Unless otherwise stated, the results shown are obtained using the NBP
mechanism.
Both mechanisms result in very similar values for canonical flame quantities, such
as the premixed laminar flame speed at various equivalence ratios and the stoichiometric scalar dissipation rate at extinction. Both mechanisms include pathways for the
formation of PAH species contributing to the formation of dimers [14]: naphthalene
(A2), acenaphthylene (A2R5), biphenyl (P2), phenanthrene (A3), acephenanthrene
(A3R5), pyrene (A4), fluoranthene (FLTN), and cyclopenta[cd]pyrene (A4R5). A
comparison of the mass fractions of key soot precursors predicted by the two mechanisms is presented in Section 4.5.3.
Given the important uncertainties in the chemical pathways and rate parameters
describing the formation of PAH species, selected flames were simulated with both
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mechanisms, with the aim of assessing the sensitivity of the soot volume fraction to
the chemical kinetics model used.
A comprehensive comparison of the mass fractions of PAH species predicted by
the two mechanisms in one-dimensional counterflow flames at various pressures and
stoichiometric scalar dissipation rates are discussed in Appendix B.
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4.3

Numerical methods

The gas phase hydrodynamics are modeled with the reactive Navier-Stokes equations
in the low Mach number limit. As mentioned in Sec 4.2, the transport of the species
mass fractions is described using the Hirschfelder and Curtiss approximation to the
diffusive fluxes, together with a velocity-correction approach to enforce mass conservation [127, 108]. Soret and Dufour effects are neglected as the numerical study
of [128] indicated that Soret effects are minor. The transport equation for the mixture fraction is solved together with the reactive scalars’ equations. Radiative heat
transfer from soot and three gaseous species (H2 O, CO2 , and CO) is described using
the optically thin radiation model [129].
The convective and diffusive terms in the momentum equation are discretized
with a second order finite differences centered scheme [130]. The convective term
in the scalar equations is discretized with a third-order WENO scheme [131] and
the diffusive fluxes are treated with a second order centered scheme. The system
of advection-reaction equations for the soot moments is solved using a Lagrangian
particle method [106]. The equations for the gas-phase reactive scalars and soot
moments are fully coupled, so that the consumption of gas-phase soot precursors
is taken into account in the source terms appearing in the gas-phase mass fraction
balance equations.

4.4

Configuration and numerical setup

The flames are laminar coflow flames of ethylene diluted in nitrogen (82.4% by mass)
at pressures ranging from 1 to 16 atm. The burner consists of a central nozzle (inner
diameter D = 4 mm and outer diameter ≈ 6 mm) surrounded by a coflow of air
with uniform axial velocity. The burner assembly is enclosed in a Pyrex chimney and
placed inside a pressurized vessel [4, 5].
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P
atm
1
2
4
8

ṁ C2 H4ṁ N2
mg/s mg/s
1.37 6.41
1.37 6.41
1.37 6.41
1.37 6.41

U
cm/s
53.1
26.6
13.3
6.64

ṁ air
g/s
1.25
1.25
1.25
2.51

Uco
cm/s
53.1
26.6
13.3
13.3

Gr/106 Ri/102 T X F
0.91
3.6
14.6
58

0.39 • •
1.54 • •
6.24 • • •
24.78
• •

Table 4.1: Flow parameters for the coflow flames of ethylene diluted in nitrogen. The
Reynolds number is Re = U D/ν = 153 for all flames, where U is the bulk nozzle
velocity, D is the nozzle diameter, and ν is the kinematic viscosity of the fuel stream.
The Grashof number is Gr = (∆T /T )gH 3 /ν 2 , where g is the gravitational constant,
H = 24 mm, ∆T /T = 1.5 for all flames. The Richardson number is defined as
Ri = Gr/Re2 . The flame height H is taken from the experiments. The availability
of experimental data is noted with a symbol in each of the columns marked with T
(temperature via thermocouples [4]), X (species mole fraction along the flame axis via
quartz-probe sampling followed by gas-chromatographic analysis [4, 5]), and F (soot
volume fraction via Laser extinction [7]).
The flow parameters and information about the experimental data are reported in
Tab. 4.1 for the flames at pressures from 1 to 8 atm, which are the focus of this work.
As pressure increases, the mass flow rate and Reynolds number of the fuel stream
are kept constant (Re = 153), so that the nozzle bulk velocity decreases inversely to
density increasing. Consequently, there is a significant increase in the Grashof and
Richardson numbers from the 1 atm (Gr = 9.10 × 105 and Ri = 39) to the 8 atm
(Gr = 5.8 × 107 and Ri = 2.5 × 103 ) flame.
The numerical methods used are described in chapter 4.3. The equations are discretized in cylindrical coordinates using a non-homogeneous, structured, staggered
mesh. Along the axial direction x, the computational domain is 67.5 mm long, extending from 8 mm upstream of the nozzle’s exit plane. In the radial direction r, the
domain extends from the axis to the inner wall of the enclosure at 25.5 mm.
Uniform profiles for the axial velocity, temperature, and species mass fractions are
imposed in the nozzle and in the coflow regions on the inlet plane, located two diameters upstream of the exit of the central nozzle. Free convective outflow is employed
at the top boundary. No-slip and impermeable wall conditions are imposed on the
inner and outer fuel nozzle walls and on the wall of the surrounding enclosure. The
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fuel nozzle’s walls are isothermal with Tw = 400 K and the wall of the surrounding
enclosure is adiabatic. We note that the boundary conditions adopted for the inlet
plane and the nozzle’s isothermal walls allow for flame stabilization to occur as part
of the solution.
The mesh is homogeneous with the finest grid size ∆x = ∆r = 100 µm in the
region occupied by the flame, extending axially from the nozzle exit plane to the
domain’s outflow boundary and radially from the axis up to 10 mm. Outside this
region, the computational mesh is anisotropic and stretched with a stretch rate ≈ 1%.
The mesh features Nx × Nr = 669 × 169 = 113061 points overall. The solution is
marched to steady state with a constant time step 1 ≤ ∆t ≤ 10 µs, giving a CFL
number for the convective terms well below unity (O(0.1)) and moderately large
Fourier numbers for the viscous and diffusive fluxes (O(10)).
For all flames presented here (1 to 8 atm), the convergence with respect to the grid
was verified by refining the mesh in the high-resolution region. Approximately 105
Lagrangian particles are employed with a mollification kernel width ε = 3∆x [106]
and the convergence of the Lagrangian method is confirmed by doubling the number
of particles. The Lagrangian particles are injected at the inlet of the computational
domain in the range 0 ≤ r ≤ 5 mm. At all times, there are about 10 particles per
cell and averages are taken over 9 cells (i.e. with a three point stencil in both the
radial and axial direction). Thus, coupling between the Lagrangian and Eulerian
fields occurs with statistics computed with 90 particles on average.

4.5
4.5.1

Results and discussion
Overview of the flames

Photographic images of the coflow flames at 1, 2, 4, and 8 atm are shown in Fig. 4.1,
together with isocontours of the line-of-sight integrated soot volume fraction processed
from simulation data. The experimental images show that, as pressure increases
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Figure 4.1: Ethylene coflow flames at 1, 2, 4, and 8 atm: photographic images taken
with a Nikon D700 camera (top row) and line-of-sight integrated soot volume fraction
isocontours processed from simulation data (bottom row). The horizontal line at 20
mm represents the flame height estimate according to theory [3], black solid diamonds
indicate the radial location of peak temperature from thermocouple measurements
at 12 mm from the nozzle exit (x/D = 3), and the solid red line represents the
stoichiometric mixture fraction contour (Z = Zst ). A different color scale is employed
in each plot, so that the peak soot volume fraction corresponds to the yellow color.
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Figure 4.2: Overview of the mixture fraction and velocity fields in the simulated
flames at 1, 4, and 8 atm. For each flame, the mixture fraction and axial component of
velocity are shown as color isocontours on the left- and right-hand panels, respectively.
The stoichiometric mixture fraction isocontour (Z = Zst ) (solid red line) is shown on
the left-hand panels. The streamlines (solid black lines) are shown on the right-hand
panels.
across the four cases, the flames acquire a pencil-like appearance in agreement with
previous studies [55]. The height of the flame remains approximately constant, consistent with the well-known theoretical analysis of [3], which gives H = 20 mm at
all pressures. The same conclusions apply to the results from simulations. The blue
flame sheet and the sharp boundary of the light emissions in the photographic images
are close to the stoichiometric mixture fraction isocontour (Z = Zst = 0.28) from the
simulations, although some differences are apparent, especially for the 2 atm flame.
The radial location at which the peak temperature is observed, as measured by thermocouples at 12 mm (about half the flame height or x/D = 3), also closely matches
the stoichiometric mixture fraction isocontour at that axial location.
The simulated mixture fraction and velocity fields are reported in Fig. 4.2. As the
pressure increases, the flame becomes narrower and the mixture fraction gradients
become sharper. The observed decrease of the flame width is due to buoyancy [62] as
indicated by the Gr number increasing from the 1 to 8 atm flame (see Tab. 4.1).
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The axial velocity displays shallow radial gradients for all flames. Due to continuity in the fuel core, the flow-tubes identified by the streamlines are significantly
narrower near the flame tip for the 8 atm flame compared to the 1 atm one, indicating
that the flow accelerates more in the higher pressure flames [62]. Thus, even though
each flame is characterized by a different inlet velocity, with the flames at lower pressure being characterized by a higher inlet velocity, the velocity fields become similar
downstream of the nozzle inlet near the flame tip.
The location of soot in the four coflow flames can be assessed qualitatively from
the images in Fig. 4.1, which are complemented by the data from simulations. As
measured experimentally, the soot volume fraction increases decisively from the 1 to
the 8 atm case, reaching a peak value of ≈ 7 ppm at 8 atm. While soot appears only
at the tip of the flame in the 1 atm case, it forms closer to the nozzle in the 2, 4, and 8
atm cases. As the onset of soot formation moves upstream, soot appears on the flame’s
wings. Even though the peak value of soot volume fraction is located at the flame tip
for all flames shown in Fig. 4.1, more soot appears on the wings for the 8 atm flame
compared to the 1 atm one. These trends have been observed in previous experimental
studies on pressurized laminar coflow flames, but the mechanism responsible for such
behavior has not been identified conclusively [8].

4.5.2

Scaling of the scalar dissipation field and effects on
PAH

The scalar dissipation rate is defined as χ = 2α|∇Z|2 (α = λ/ρcp is the thermal diffusivity of the mixture) and is a measure of the local mixing time. χ may be compared
to the time scales of relevant chemical reactions to define appropriate Damköhler
numbers. It has been shown that PAH species in nonpremixed flames are very sensitive to χ and the dependence of the mass fractions of PAH species on χ is highly
non-linear [53, 65, 31, 36, 37], with PAH species decreasing sharply and exhibiting
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Figure 4.3: Peak naphthalene mass fraction in a one-dimensional counterflow flame
shown versus (a) scalar dissipation rate χst for various pressures and (b) pressure for
χst = {0.01, 0.1, 1}. In (a), diamonds connected with thin lines correspond to the
scaling at constant mass flow rates. In (b), data obtained using two scaling strategies
are shown: (i) at given χst with changing pressure (solid lines); and (ii) rescaling the
inlet velocities inversely to pressure, so that the mass flow rate remains constant.
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extinction-like behavior at values of χ significantly lower than those that induce flame
extinction.
By way of example, Fig. 4.3(a) shows the peak in YA2 computed in a one-dimensional
counterflow flame for pressures from 1 to 8 atm as a function of the scalar dissipation
rate at the stoichiometric value of mixture fraction χst . The naphthalene mass fraction increases with pressure for the same χst . Also, naphthalene decreases sharply in
response to increasing χst at all pressures, so that for χst > O(10) s−1 , YA2 becomes
negligible, while flame extinction happens at much greater values of χst equal to 180
and 700 s−1 for 1 and 8 atm, respectively.
Naphthalene is discussed here because it is among the most important contributors
to the formation of soot according to the results obtained using the NBP mechanism.
Very similar conclusions hold for all other PAH species. In fact, the larger the molecular mass of a PAH species, the higher the sensitivity of its peak mass fraction to the
scalar dissipation rate (not shown). In the discussions that follow, the response of
naphthalene to varying scalar dissipation rate is taken to represent that of all PAH
species.
Figure 4.3(b) illustrates the dependence of the peak naphthalene mass fraction on
pressure. The data are obtained via two distinct scenarios: one at constant scalar
dissipation rate χst and the other at constant mass flow rate, i.e., the velocity at
the inlets is decreased to account for the increase in density of the streams with
pressure, thereby decreasing the scalar dissipation rate. The two scaling strategies
yield distinctly different rates of increase of the peak YA2 with pressure. In particular,
the constant mass flow rate scaling scenario yields a greater rate of increase due to
the scalar dissipation rate decreasing. We shall return to this important observation
later.
Figure 4.4 shows the scalar dissipation rate and naphthalene fields in the four
flames. For all cases, the scalar dissipation rate is very high in the near field and
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Figure 4.4: Scalar dissipation rate χ (s−1 ) in the coflow flames (logarithmic scale).
The stoichiometric mixture fraction isocontour (Z = Zst ) is shown with black dashed
lines. The other isocontours show the location of 90% (blue), 50% (red), and 20%
(black) of the peak naphthalene mass fraction for each flame.
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decreases in the streamwise direction due to the spreading of the cylindrical mixing
layer. As pressure increases, the scalar dissipation rate decreases proportionally in
the whole domain. This behavior is akin to that described before for counterflow
flames in which an increase of pressure at constant mass flow rate causes a decrease
of scalar dissipation and the subsequent effects on PAH species.
Consistent with the adverse effect of a high scalar dissipation on PAH mass fractions, naphthalene is absent from the near field, where χ is high, and forms at locations
where the χ is lower. Peak PAH mass fractions are localized at the flame tip, while
the formation of PAH species upstream towards the nozzle exit occurs on the wings
of the flame.
In addition to the increase of the PAH concentration due to pressure, the formation of soot precursors is favored by the lower values of scalar dissipation rate that
characterize the higher pressure flames in the set. Furthermore, it is evident that
the region of low scalar dissipation rate, which is confined at the flame tip at 1 atm,
becomes broader as pressure increases. Consequently, at high pressure naphthalene is
present in a larger region that includes the flame wings. This trend is shown clearly
by the isocontour indicating 20% of peak naphthalene mass fraction moving upstream
along the flame wings from the 1 to the 8 atm flame.
In conclusion, the variation of the spatial structure of the scalar dissipation field,
in conjunction with the pressure increase, plays a major role in the spatial distribution
of PAH and soot, which appears closer to nozzle exit on the wings of the flame as
pressure increases.
Figure 4.5 provides a quantitative assessment of the scalar dissipation rate at a
streamwise location corresponding to half of the flame height. Trends at this axial
location are representative of the overall characteristics of the mixing field throughout
the flame. As shown in Fig. 4.5(a), the scalar dissipation rate decreases significantly
from the 1 atm to the 8 atm flame, in accordance with the trends highlighted in
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Figure 4.5: Scalar dissipation rate χ (top row), thermal diffusion coefficient α (middle
row), and mixture fraction gradient squared |∇Z|2 (bottom row) as a function of
mixture fraction extracted along the radial direction at 12 mm, corresponding to
half the flame height. χ, α, and |∇Z|2 are shown in dimensional (left column) and
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P/P0 where P0 = 1 atm (middle and right columns). Data are made nondimensional
by the nozzle diameter D (constant across flames) and the bulk velocity U .

91
Fig. 4.4.
In the discussion that follows, it is important to keep in mind that the scalar
dissipation rate χ = 2α|∇Z|2 reflects the contributions of both the mixture fraction
gradient ∇Z and the thermal diffusivity α. The decrease of scalar dissipation is
related to the decrease of the thermal diffusion coefficient α (Fig. 4.5(d)) in response
to increasing pressure. On the other hand, the mixture fraction gradients |∇Z|2
increase from the 1 atm to the 8 atm flame, consistent with the narrowing of the
flame.
The scalar dissipation rate is shown nondimensionalized by U/D in Fig. 4.5(b)
and it is apparent that the profiles of χD/U do not collapse. A collapse would
be expected in an ideal case in which the Reynolds number, that is kept constant
when pressure is varied, were the sole (or the dominant) parameter governing the
flow. In the present flames, gravity, or more correctly the Grashof number, plays an
important role. Due to the effect of gravity, the non-dimensional mixture fraction
gradient, shown in Fig. 4.5(h), does not collapse and increases as pressure is varied
from 1 to 8 atm. On the other hand, Fig. 4.5(e) shows that the thermal diffusion
coefficient remains nearly unchanged across flames when compensated by a factor
of P/P0 , indicating that variation in temperature and composition due to pressure
effects do not affect the thermal diffusivity significantly.
In order to assess conclusively the role of the Grashof number, the simulations
are repeated without gravity. As shown in Fig. 4.5(c), Fig. 4.5(f), and Fig. 4.5(i),
the profiles of the non-dimensional χ are identical in the four flames as well as these
of |∇Z|2 . We conclude that, since α scales inversely to pressure in all the cases, the
lack of collapse of χD/U at constant Re is due solely to the mixture fraction gradient
field, which changes due to buoyancy effects.
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Figure 4.6: Peak mole fraction of species relevant to the formation of soot along
the centerline in the coflow ethylene/nitrogen flames. Mole fractions are in ppm.
Experimental data from direct probe-based sampling and gas-chromatography [4, 5].
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4.5.3

Comparison of PAH fields in experiments and simulations

The peak values of the mole fractions of species relevant to the formation of soot are
shown in Fig. 4.6. For all species, the peak mole fraction occurs on the centerline,
where experimental data are available from quartz-probe based sampling followed by
gas-chromatographic analysis [4, 5]. Experimental data show that, from the 1 to the
8 atm flame, the peak mole fractions of C2 H2 decrease, while those of benzene (A1)
and selected PAH species (A2, A2R5, and A3) increase. The greater the molecular
mass of the PAH species, the smaller its peak mole fraction, so that, among all PAH
species characterized experimentally, A2 and A2R5 are the most abundant.
Simulation results obtained using the NBP and KM2 mechanisms are reported
in Fig. 4.6 also. For A2, A2R5, and A3, the results from the two mechanisms are
similar. Both mechanisms underestimate the mole fractions of A2, A2R5, and A3,
while they overestimate those of C2 H2 and benzene. This suggests that the rates of
formation of these PAH species in both kinetics models are slower than those implied
by experimental data. The data from the two mechanisms differ significantly for the
peak mole fraction of pyrene (A4), which is much higher for the KM2 than the NBP
mechanism, by as much as factor of 70 for the 8 atm flame. Experimental data for
A4 are not available, preventing a comparison between simulations and experiments.
A detailed analysis of the formation pathways indicates that the NBP mechanism
forms PAH species hierarchically, i.e. each PAH is formed from PAH species with a
lower molecular mass. The PAH pathways in the NBP and KM2 mechanisms are very
similar up to A3, but the formation of A4 in the KM2 [126] mechanism proceeds primarily through C9 H7 via the one-step reaction C9 H7 +C9 H7 −→ A4 +C2 H2 +H2 [132],
rather than through A3- (phenanphthryl) via A3- + C2 H2 −→ A4 + H as in the NBP
mechanism [99]. This difference in the active pathways leading to A4 is responsible for the large difference in the mole fraction of pyrene (A4) predicted by the two
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Figure 4.7: Soot volume fraction in the 1, 4, and 8 atm flames. Results from
simulations with the KM2 and NBP mechanisms are shown alongside experimental
data [6, 7] when available (4 and 8 atm flames only). Each figure has a different color
scale to facilitate comparisons and the peak value of the soot volume fraction (red
color) is reported in ppm. The solid red line indicates the stoichiometric isocontour.
mechanisms. It is important to note that the authors of the KM2 mechanism caution
that the C9 H7 route [132] must be studied in detail to determine the elementary steps
involved, and to obtain more accurate estimates of the relevant rate constants [132].
Compared to major species in flames, including products, intermediates, and key
radicals such as O and OH, the agreement between simulations and experiments for
PAH mole fractions is poor overall. This level of disagreement reflects the paucity of
detailed PAH measurements, major challenges in experimental diagnostics, including
probe-related flame perturbations and loss of PAH species to the walls on the sampling
system, as well as the mere complexity of assembling a mechanism for minor species.
Yet, we remark that the two chemical kinetics mechanisms employed in our work have
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been validated against numerous experimental datasets and widely adopted to model
soot formation in flames.

4.5.4

Analysis of the soot fields

The simulated soot volume fraction obtained using both mechanisms is shown in
Fig. 4.7, together with experimental data from extinction measurements for the 4
and 8 atm flames. In the range of pressures considered here, experimental data
indicate that soot volume fraction is largest at the flame tip, shortly upstream of the
reaction zone.
Soot also forms on the flame wings and, although the peak soot volume fraction
is always located at the flame tip, the amount of soot on the flame wings increases
from the 1 atm to the 8 atm flame. The significant presence of soot on the wing
of the flames at high pressure is related to the presence of its precursors, i.e. PAH
species. From the analysis of the data shown in Fig. 4.4, it is shown that the presence
of PAH species in the wings is due to two synergistic effects. The increase of pressure
causes an increase of the rate of formation of PAH and induces a significant decrease
of scalar dissipation χ, also. Due to the strong sensitivity of PAH species to χ, the
decrease of scalar dissipation is responsible for the PAH increase and the movement
of PAH species to the flame wing at high pressure.
Using the NBP mechanism, the spatial distribution conforms very closely to that
observed in experiments. According to the numerical data from the NBP mechanism,
soot forms predominantly from A2 and A2R5 and both experiments and simulations
confirm that soot volume fraction reaches a maximum near the location where the
mole fractions of the PAH species peak.
As shown in Fig. 4.7, the soot volume fraction field predicted using the KM2 and
NBP mechanisms are similar at 1 atm, while at 4 and 8 atm, there are important
differences between the two. At these higher pressures, the KM2 mechanism results in
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Figure 4.8: Rate of change of the soot volume fraction in the 1 (left column) and
8 atm (right column) flames shown for different soot formation processes. The data
are shown along the centerline (top row) and along a streamline on the flame wing
through the radial locations of peak soot volume fraction (bottom row). The flow
(Lagrangian) time tL is defined as the integral of the inverse of the local velocity
magnitude.
the production of soot only along the centerline and closer to the nozzle compared to
the NBP mechanism. The soot volume fraction predicted using the KM2 mechanism
is qualitatively different from that observed experimentally and lacks soot production
on the flame wings. Soot formation with the KM2 mechanism is due to A2 and
A2R5 at pressures up to 2 atm (not shown) and entirely due to pyrene (A4) in the
4 and 8 atm flames. As explained above, the route to the formation of A4 in the
KM2 mechanism does not proceed hierarchically through PAH species of increasing
molecular mass, but rather is based on C9 H7 [132], suggesting a possible reason for
the unconventional spatial distribution of soot obtained with the KM2 mechanism.
Soot formation proceeds through nucleation, condensation, and growth by reactions on the surface of the soot particles [69]. As these processes are driven by different
gas-phase precursors, i.e., PAH species for nucleation and condensation versus acety-
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lene and atomic hydrogen for HACA-based growth, their rates differ at different flame
locations. Figure 4.8 shows the rate of increase of the soot volume fraction along two
streamlines, one on the centerline and the other on the flame wing through the radial locations of peak soot volume fraction at half of the flame length. The rate of
soot growth is significantly higher along the centerline compared to the flame’s wing.
However, the ratio between the growth rate on the centerline and along the wings is
about 100 at 1 atm and decreases to a ratio of 4 at 8 atm. Along the centerline as
well as through the wings, growth based on nucleation and condensation contributes
to soot formation more than growth based on HACA. The predominant role played
by PAH-based growth via condensation is strengthened further at higher pressures,
when the mole fraction of acetylene is found to decrease, while that of PAH species
increases (see Fig. 4.6). Our simulations suggest that HACA based growth is not
a major contributor to soot formation at any of the pressures considered or flame
locations, including the wings.
In agreement with previous studies, PAH-based condensation is found to be an
important route to soot formation in coflow (diffusion) flames [63]. Eaves et al. [63]
showed that, along the centerline, PAH-based condensation is the most important
contributor to the soot yields. Along the wings, the authors found that the rates of
HACA mechanism and soot yield are very sensitive to the value of the parameter
α, which represents the portion of active soot surface sites available for chemical
reactions. In their simulations [63], the soot volume fraction was observed to vary by
a factor of 11 and 3.5 at 2 atm and 15 atm, respectively, as the value of α is varied
from 0.0195 to 0.156. These results illustrate the important sensitivity of the soot
yield and soot growth mechanism to α. Additionally, since α controls the relative
importance of HACA, this could explain the authors’ observation [63] that the peak
of soot volume fraction is located on the wings of the flame, where radicals result in
a marked sensitivity to HACA rates.
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Figure 4.9: Peak soot volume fraction Fmax versus pressure: experimental data from
extinction measurements [6, 7] (stars); simulations using the NBP mechanism with
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In our simulations, we adopted a surface growth model based on the original
HACA rates [70]. The condensation rates are based on a model featuring sticking
coefficients [133], whose values have been obtained from a literature review as in
[69]. These values, which are used in the present work, are in very close agreement
with those recommended in [134], where sticking coefficients are determined based
on a comprehensive study of mass spectra of PAH species sampled from ethylene/air
flames.
Figure 4.9 shows the peak soot volume fraction, which is located at the flame tip
for all flames considered here, observed in experiments and simulations using various
models. The increase in the peak soot volume fraction with pressure is apparent. It
is important to note that, as implied by the analysis presented thus far, the rate of
increase of soot yield with pressure is not a fundamental property of the fuel, but
rather is a manifestation of at least two concurrent effects: (i) increasing reaction
rates due to increasing pressure via the complex network of reactions leading to
soot precursors (chemistry effect); and (ii) variation of the scalar dissipation rate
field, which is related to the burner’s geometry (i.e. its diameter) and operating
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conditions as well as to the strategy adopted for scaling the fuel flow rates with
increasing pressure at constant Reynolds number (mixing effect). Thus, it is unlikely
that the rate of increase of the soot volume fraction with pressure obeys a universal
scaling law that depends solely on the fuel and is independent of the burner and
operating conditions. This observation may explain the differences in the observed
variation of the rate of increase of the peak soot volume fraction with pressure as
measured in similar, albeit different burners operated by various groups worldwide
[8, 6, 7, 56, 58, 59, 60, 61].
Although the spatial distribution of soot observed experimentally is well reproduced by the NBP mechanism (see Fig. 4.7), the simulated peak soot volume fraction
is about 3 times lower than that observed experimentally in the two flames for which
data is available. Conversely, in addition to failing to predict the spatial distribution
of soot qualitatively at pressures above 1 atm, the KM2 mechanism overpredicts the
peak soot volume fraction at 8 atm by a factor of 4.5. Note that, in keeping with
the objectives of this study, we did not attempt to improve the quantitative comparison between the numerical results and the experimental values, i.e., the rates of soot
formation and growth have not been optimized for these particular flames and are
identical to those adopted in numerous previous simulations of turbulent and laminar
sooting flames (see Refs. [31, 36, 37] and references therein).
This underprediction of the soot volume fraction is consistent with the underestimation of the peak mole fractions of PAH species using the NBP mechanism
compared to experiments (see Fig. 4.6), and points to the key role played by the
chemical kinetics model in the simulation of sooting flames. Similarly, the overprediction of the peak soot volume fraction using the KM2 mechanism is consistent with
the very large amounts of pyrene obtained. Nonetheless, we advise that this disagreement between simulations and experiments cannot be attributed definitively to the
chemical kinetic models, given the important uncertainties in the nature and rates of
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the physical processes responsible for the conversion of gas-phase soot precursors to
soot particles [30, 69].

4.5.5

Effects of radiative heat losses

In the simulations, it is found that the peak value of the heat release rate is 2 to
3 orders of magnitude higher than that of the radiative loss, even in the presence
of soot volume fraction as high as 30 ppm in the 8 atm flame. The contribution of
gas-phase radiation is small (< 10%) and heat losses are dominated by soot radiation
at all pressures. Given the spatial distribution of the radiative term, flame cooling
due to radiation influences energy transport only along the centerline inside the fuel
core and away from the flame front, where heat release rate from chemical reactions
dominate the energy balance instead.
In order to assess the effect of radiation, the simulations are repeated without
radiative heat losses. The peak soot volume fraction computed with and without
radiation are shown in Fig. 4.9 and more details are provided in Tab. 4.2. Further
comparisons are shown in Fig. 4.10 in terms of temperature, mole fraction of naphthalene, and soot volume fraction along the centerline.
The data in Fig. 4.9 shows that the peak soot volume fraction is affected, albeit
only modestly, by radiative heat losses. The observation that radiation results in minor modifications to the soot yield is consistent with recent literature data pertaining
to coflow and counterflow flames. Liu et al. [120] report a decrease from 8.3 to 7.8
ppm when radiation is included in the simulation of an atmospheric coflow flame. In
counterflow ethylene/air flames, Hernandez [135] report 2.5 and 2.3 ppm peak soot
volume fraction with and without radiation, respectively. In counterflow ethylene/air
flames, Liu et al. [136] report a peak soot volume fraction of 2.8 ppm with radiation
and 2.4 ppm without it. Contrary to our findings and those in the recent studies
mentioned above, an earlier study [129] reports a more marked sensitivity of soot
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P (atm)
Mech
NBP
NBP
KM2
KM2
NBP
NBP

RAD
yes
no
yes
no
yes
yes

Tw (K)
400
400
400
400
300
500

1

2

4

8

0.00156
0.00115
0.0033
0.0043
-

0.0356
0.0281
0.0860
0.092
-

0.404
0.3133
2.15
1.90
0.37
0.44

2.25
1.94
30.5
28.5
-

Table 4.2: Peak soot volume fraction Fmax in ppm for various pressures, the two
chemical kinetic mechanisms with and without radiation, and different nozzle’s wall
Tw .
yield to radiative heat losses, as the authors indicate that peak soot volume fraction
changed from 0.14 to 0.42 ppm (+200 %) when radiation was not included in the
simulation of a sooting flame of methane and air.
The data reported in Fig. 4.10(a) show that inclusion of radiation results in a
temperature drop by about 100 K for the 8 atm flame simulated with the NBP
mechanism. A drop of 130 K was observed in the 8 atm flame simulated with KM2.
This ≈ 100 K temperature drop observed in the present simulations is consistent
with previous simulations of coflow flames. Liu et al [120] report a maximum drop
in temperature by about 120 K with 10 ppm of soot in a 1 atm coflow flame and
[62] a reduction in temperature by about 140 K with 28 ppm of soot in a 5 atm
coflow flame. In an older study, Smooke et al. [129] report a decrease in temperature
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by about 120 K in the presence of 1 ppm of soot at 1 atm in a coflow flame. In
counterflow ethylene/air flames with 2 ppm of soot, Hernandez et al. [135] report a
drop of 125 K when radiation is included.
The lack of clear trends in the minor dependence of soot yield on radiative heat
losses points to the fact that the manner in which radiation affects the soot yield
in a coflow flame is complex and most likely flame dependent, involving synergistic
effects connected to the temperature field, the rate of formation of soot precursors,
and residence times associated with flame height and morphology.
Figure 4.10(b) shows a decrease of naphthalene concentration when radiation is
included in the 4 and 8 atm flames simulated with the NBP mechanism. Similar
conclusions apply to all other PAH species and to the 4 and 8 atm flames simulated
with KM2. However, the soot volume fraction increases for the 4 and 8 atm flames
when radiation is considered (Fig. 4.10(c)). Consistently with the decrease of PAHs,
Figure 4.11 shows that the rate of production of soot are indeed lower in the presence
of radiative heat losses.
These observations seem contradictory at first as a decrease in the mole fraction
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of soot precursors, which is consistent with the drop in temperature, should lead to
a reduction in the rate of soot formation and overall soot yield.
Although the rate of soot formation is lower when radiative heat losses are included, the profile of soot volume fraction in Fig. 4.10(c) indicates that the residence
time is longer. Soot forms later and grows more slowly in the presence of radiationinduced flame cooling, but its growth persists for longer on the account of a slightly
longer flame. These findings on the effect of radiation on flame length are consistent
with previous work by Liu et al. [120]. Thus, it is the combined effect of temperature
on the chemistry of soot precursors and on the spatial distribution of the oxidation
layer that contributes to a net effect on soot.
In general, the response of the soot volume fraction to radiative heat losses in
coflow flames is due to the details of the balance between decreasing PAH concentrations and increasing residence time. For example, in the 1 and 2 atm flames
simulated with the KM2 mechanism, the decrease in the PAH concentration (not
shown) dominates and the peak soot volume fraction is smaller when radiation is
included (Fig. 4.9).

4.5.6

Effects of the nozzle wall temperature

The effect of varying the temperature of the wall’s nozzle is explored for the 4 atm
flame case and the NBP mechanism. The computational domain extends two diameters upstream of the nozzle exit plane where the flame stabilizes. Isothermal
wall boundary conditions are applied with Tw equal to 300, 400, and 500 K, where
Tw = 400 K is taken to represent the base case. In all cases, the temperature of the
incoming fuel stream is 300 K.
The results of the parametric study are detailed in Fig. 4.12. A 500 K isothermal
wall heats up the 300 K mixture by 100 K over the two-diameter distance included
in the computational domain. As a consequence of the higher temperatures, the fuel
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stream is preheated, fuel pyrolysis accelerates, and more naphthalene is generated,
resulting in higher soot volume fractions. The opposite effect is obtained when the
wall’s temperature is lowered to 300 K. In all the cases, the residence time along the
centerline is almost identical. Over the 300 to 500 K wall temperature range, the
variation of the peak soot volume fraction is about 19% (see Tab. 4.2 also).
An experimental study addressing the issue of the nozzle’s wall temperature is
that of Gülder et al. [137], whereby the peak soot volume fraction is measured to
be 8, 9, and 11.5 ppm in 1 atm ethylene/air coflow flames for an aluminum, steel,
and glass nozzle, respectively. Consistently with our results, as the temperature of
the nozzle increases (glass being taken here as an adiabatic limit), so does the soot
volume fraction.
In addition to the experimental study in [137], Eaves et al. [63] and [122] explored
the effect of the wall temperature on the flame and soot yield. Depending on the
numerical treatment of the inlet, and on whether a conjugate heat transfer approach
is adopted to solve for the nozzle wall temperature or not, the authors observe changes
in the peak soot volume fraction for similar coflow flames ranging from −4.5% to
+82%.
A direct comparison with the work by [63, 122] is not conclusive on the account of
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the broad range of modifications to the soot volume fraction reported by the authors,
including both positive and negative depedence. Nonetheless, based on our results
and consistently with the study by [137], we expect that modifications to the nozzle’s
wall temperature by 100 to 200 K lead to modest changes in the soot volume fraction
by one or two ppm for a 10 ppm soot loading at most.

4.6

Concluding Remarks

A set of coflow flames of diluted ethylene were simulated at 1, 2, 4 and 8 atm using a
detailed soot model and two different finite rate chemistry mechanisms. Simulation
results were compared to soot volume fraction and species measurements. The primary aim of our work was to investigate the scaling of the mixing field and explore
the effect of scalar dissipation rate on the soot yield in coflow flames at increasing
pressures.
Without any optimization of the models and model parameters for this configuration, one of the two kinetic mechanisms accurately predicted the spatial distribution
of soot in coflow flames at all pressures, although the peak value of the soot volume
fraction was underestimated by more than a factor of three compared to measurements based on laser extinction. Soot growth was found to occur primarily through
condensation based on PAH species, with HACA growth playing a lesser role. These
trends are observed on the centerline as well as on the flame’s wings.
We showed that the decrease of scalar dissipation caused by the increase of pressure
at constant mass flow rate contributes to the increase of soot as pressure increases.
In addition, the experimental observation of soot appearing closer and closer to the
nozzle on the flame wings as pressure increases has been ascribed to the variation
of the scalar dissipation rate field in the near field of the coflow flames for increasing pressure. We concluded that the variation of scalar dissipation rate across the
pressurized flames is key to interpreting the experimentally observed trends.
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We find that the choice of chemical mechanism has the largest impact on the ability
of the simulations to capture the trends observed experimentally. The prescribed
nozzle wall temperature and the inclusion of a radiation model had minor effects on
the soot and temperature fields consistent with those reported in the literature. The
minor effect of radiative heat losses was related to two competing effects. On the
one hand, radiation reduces the flame temperature and the rates of formation of soot
precursors and soot. On the other hand, radiative heat losses result in a longer flame,
thereby providing longer residence times for soot growth.
Our results and analysis suggest that the scaling of the soot yield with pressure
is not a fundamental property of the fuel, but rather is affected by both increasing
PAH concentrations at pressure and by the decrease in the magnitude of the scalar
dissipation rate field from low to high pressure coflow flames at constant mass flow
rate. Due to the complex interaction between hydrodynamics and gravity, the decrease of the scalar dissipation cannot be described with a simple scaling law. Thus,
the decrease of the scalar dissipation due to pressure is configuration specific, complicating the task of formulating a unified relation between soot yield and pressure.
Our conclusions on the role of scalar dissipation rate in affecting soot formation are
robust and remain unchanged even as the chemical kinetics and heat transfer models
are varied.
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Chapter 5
Scaling of coflow flames at constant Reynolds and Grashof
numbers at elevated pressures

5.1

Introduction

There are many parameters that characterize the coflow flames. The most important
parameters are the flame height, width, flame lift-of-height, and the velocity ratio of
the coflow and fuel streams. The operating conditions such as, Reynolds number at
the inlet, pressure, and the fuel, play an important rule in shaping the coflow flame.
The increase in pressure introduces many fluid dynamics complexities. For example, at high pressure, flames are more attached to the nozzle as a result of the
fast chemistry. At high pressures, coflow flames are also unstable and show some
flickering behaviour. The flickering behaviour was shown to be a result of buoyant
force. In the buoyancy dominated flames, flow accelerates near the flame tip and
the acceleration of the flow may cause a shear layer instability. Pressure also has
a tremendous effect on soot formation. Experimentally, it has been observed that
soot yields increase significantly with increasing pressure. The increase in soot load
with pressure increases the radiative heat loss which decreases the temperature of the
flame and delay the oxidation of soot and results in slightly longer flame as shown in
chapter 4. The increase in the radiative heat loss might also increase the temperature
of the nozzle affecting the flame attachment.
In the current studies on coflow flames at high pressures, flames are scaled with
pressure at a constant mass flow rate [9], and hence the Reynolds number is constant.
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This implies a reduction in the inlet velocity as the inverse of the density (1/ρ) to
compensate for the increase of the density at high pressure. In addition to the previous
mentioned complexities, the mixing field is also affected as pressure increases. For
buoyancy dominated flames, Roper [3] proposed that flame height is independent of
pressure for a given mass flow rate. This has been confirmed both experimentally [12]
and numerically [55]. On the other hand, the diameter of the flame decreases as
pressure increases. The decrease of the flame width is due to buoyancy [62]. Due
to the narrowing of the flame, the velocity at given height above burner is nearly
constant regardless of pressure. This means the residence time of soot is a function
only of height above burner, and allows meaningful comparison of flames at different
pressures [8]. However, as a result of the change in the flame width, the mixing
field is changed dramatically and the mixture fraction gradient becomes sharper with
pressure as clearly shown in Chapter 4.
Soot formation is very sensitive to the mixing field as shown by previous studies [31, 36, 37]. The change in the mixing field and the decrease of the scalar dissipation rate χ at high pressure promotes the formation of PAH species, hence soot
formation and growth.
The previous studies of soot formation at high pressures in the coflow flame configuration, completely neglected the affect of gravity on the mixing fields since the
flames are scaled at constant Reynolds number only. In Chapter 4 we showed that,
for flames at a given mass flow rate, the scaling of the soot yield with pressure is
affected by both the increasing reaction rates with pressure and by the decrease in
the magnitude of the scalar dissipation rate field.
In Chapter 4, simulations with zero-gravity flames were performed and showed
that the flame shape does not change with pressure, this was also observed by previous
study of Charest et al. [62]. In Chapter 4, for the zero-gravity flames, when the
scalar dissipation rate is non-dimensionalised by U0 /D (inlet velocity and the nozzle’s
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diameter), the χ fields are perfectly scaled across the pressurized flames. In the zerogravity flames, Grashof and Richardson numbers are zero and inconsequential for all
pressures. This suggests that not only Reynolds number should be constant, but also
the Grashof number should be kept constant so that the effect of buoyancy is the
same for all pressures.
Most of the hydrodynamics complexities at high pressures is due to buoyancy or
to the increase in Grashof (the relative importance between buoyancy force and the
viscous force), and Richardson numbers (the relative importance between buoyancy
force and the inertial force). Therefore, it is clear that a careful consideration of
the scaling of the pressurized flames is needed, or in another words, an alternative
scaling approach could be adopted to mitigate the effects of buoyancy at elevated
pressures. In order to carefully study any high pressure phenomena, ideally, one must
maintain all of the non-dimensional parameters, i.e. those that govern the coflow
flames, constant as pressure is varied. While this might be hard to accomplish, some
of the non-dimensional numbers may have less effect than the others. Therefore, only
the important parameters may be kept constant.
Based on the previous discussion, we proposed to scale the flames with pressure
at constant Reynolds and constant Grashof or Richardson number. The proposed
approach requires to change the nozzle of the coflow flame at different pressures. This
increases experimental complexity, but is more practical than zero-gravity flames.
There are other non-dimensional parameters that may be important to characterize
the coflow flame, such as Damköhler number and the coflow to the fuel velocity ratio
in addition to the fuel itself.
In this work, two-dimensional simulations of steady laminar coflow flames are
performed with the objective of introducing a novel method of scaling the coflow
flames for the purpose of studying soot at high pressures so that the mixing field and
the scalar dissipation rate are similar for all pressures. The chapter is organised as

110
follows. Firstly, the scaling methodology is introduced. Secondly, the experimental
and numerical setups are introduced. Finally, the results and the limitation of the
proposed scaling are discussed in detail.

5.2

Scaling methodology
Wf
Flame
Sheet

Hf
Nozzle

Lf

Fuel

Air

Figure 5.1: Coflow configuration and flame shape parameters

5.2.1

Flame configuration, parameters, and nondimesional
groups

The aim of this study is to explore the opportunity of scaling the flames so that both
the Reynolds number and the Grashof number remain constant as pressure varies.
Figure 5.1 shows the configuration and flame parameters of coflow flames. The
flames height, width and lift-of-height are Hf ,Wf , and Lf , respectively. In principle, when made non-dimensional by the nozzle diameter, these three flame parameters
are governed by three non-dimensional numbers (Reynolds, Grashof, and Damköhler
numbers). The flame height Hf /D is governed by Reynolds number: as Reynolds
number increases flame height increases, as shown in Ref [3]. The flame width Wf /D
is governed by the Grashof number. As the Grashof number increases, the flame width
decreases. As shown by previous studies [12, 55], for flames at constant Reynolds num-
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ber, Hf /D remains constant while Wf /D decreases as the Grashof number increases.
The lift-of-height Lf /D is governed by the Damköhler number. High Damköhler
number means fast chemistry compared to the flow, hence we expect smaller lift-ofheights or a closely attached flame. We postulate that these non-dimensional numbers
are the dominant parameters that control the shape and the mixing field of the coflow
flame and their effects will be investigated in detail.
The other quantities that might have an effect on the flame are the coflow to fuel
velocity ratio (Ru) and the radiative heat loss. Ru is shown to have a great affect in
the suppression of the flickering behaviour that is typically seen in the coflow flames
[49]. Ru is also shown to have an effect on the soot load [138]. Dai et al. [138]
explain the reason for soot reduction with the increase of Ru is due to the decrease
in the residence time of soot production. Regarding the radiative heat loss, The
increase in soot load with pressure increases the radiative heat loss which decreases
the temperature of the flame and delay the oxidation of soot which result in slightly
longer flame. Nonetheless, our results show that Re, Gr, and Da are the governing
parameters to first approximation.
We begin by introducing the following parameters:
1. U0 is the bulk velocity at the nozzle.
2. T0 is the inlet temperature.
3. ρ0 , ν0 , and α0 are the density, kinematic viscosity, and thermal diffusivity at
inlet conditions.
4. P is the background pressure.
5. Tf is a representative flame temperature, which can be set equal to the equilibrium temperature at constant enthalpy and constant pressure for a stochiometric
mixture at pressure P and temperature T0 .
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6. g = 9.81 m/s is the acceleration of gravity.
7. S is the volumetric ratio of the oxidizer stream to the fuel stream for stoichiometric conditions.
8. D is the diameter of the nozzle.
9. Q = U0 πD2 /4 is the volumetric flow rate at the nozzle.
10. Hf is the height of the flame as computed from Roper’s analysis for a round
nozzle.
Then we define the following non-dimensional groups that characterize the problem:
1. Re = U0 D/ν0 is the Reynolds number at inlet conditions.
2. P r = α0 /ν0 is the Prandtl number at inlet conditions.
3. Gr = (∆T /T )gHf3 /ν02 , where ∆T = Tf − T0 and T = (Tf + T0 )/2, is the Grashof
number of the flame.
4. Ri = Gr/Re2 is the Richardson number of the flame.
5. Da = Dχe /U0 .
Reynolds number (Re) shows the relative importance between the inertial and
viscous forces. Grashof number (Gr) shows the relative importance between buoyant
force and viscous force, while Richardson number shows the relative importance between buoyant force and momentum force. Damköhler number (Da) represents the
ratio of the flow time to the chemical time scales. The inverse of the extinction scalar
dissipation rate χe in the definition of Da is taken to represent the chemical time
scale, while the flow time scale is represented by D/U0 .
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The effect of gravity forces (buoyancy forces) become more important as pressure
increases if the flames are scaled at constant Reynolds number only. The effect of
buoyancy results in a change of the flame shape [62]. The change in flame’s shape
results in hydrodynamics complexities which affect some other phenomena such as
soot formation. Our goal is to introduce a way of scaling the flames so that the
effect of gravity is the same at all pressures. To do this, the flames should be scaled
with pressure at constant Reynolds and Grashof numbers. Our hypothesis is that, by
keeping the Reynolds and Grashof number constant as pressure is varied, the flame
shape will not change and flames will be similar at all pressures. This similarity of
the flames would guarantee similar non-dimensional velocity fields, mixture fraction
fields, and hence, mixing fields.

5.2.2

Scaling at constant Re and Gr

Roper [3] proposes the following scaling for the flame height from a circular port
burner, i.e., a coflow flame from a round nozzle:
(T0 /Tf )0.67
Hf
=
Q
4πα0 log(1 + 1/S)

(5.1)

The formula above can be manipulated to expose the dependence with respect to
the Reynolds number.
Hf
(T0 /Tf )0.67
=
· P r · Re
D
16log(1 + 1/S)

(5.2)

The formula above states clearly that the height to diameter ratio is linearly
proportional to the Reynolds and the Prandtl numbers at the inlet conditions. Note
that this does not mean that the flame, i.e., its velocity, temperature, mixture fraction,
and reactive scalar fields, depends solely on the Reynolds number since the equation
above pertains to the flame height only. At the very least, the flame shape (although
not the height to nozzle diameter ratio as implied by Roper’s formula) depend on the
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Grashof (or Richardson) number also, since gravity is expected to play a role.
Let us begin by assuming that the Prandtl number Pr, T0 /Tf , and ∆T /T remain
constant as pressure P changes. Then, Hf /D = f (Re), so that, if Re remains constant,
so does Hf /D. As pressure P increases, flames are maintained at constant Reynolds
number, thereby ensuring that the Hf /D ratio remains constant. On the other hand,
Gr increases rapidly with ν0 decreasing as P increases. The Grashof number can be
rewritten as:
∆T
Gr = g
T



Hf
D

3

D3
ν02

(5.3)

In order to keep Gr constant, Eq. 5.3 suggests that the diameter of the nozzle
needs to be reduced as pressure increases to compensate for ν0 :
1
D=
Hf /D



Grν02
g∆T /T

1/3
(5.4)

The effect of the scalar dissipation rate, which scales as U0 /D for constant Re and
constant Gr, is as follows:
U0
ν0
= Re · 2
D
D

(5.5)

where D is computed according to Eq. 5.4 above.

5.2.3

Cases considered

For the choice of Reynolds and Grashof numbers, we are bounded by practical and
physical limitations. For example, at low Reynolds number, the flame is very small
and there is insufficient diagnostic resolution. At high Reynolds, and since we are
setting the velocity ratio to be five, the coflow may become turbulent. On the other
hand, at a very high Grashof number flame starts to become unstable and flickers.
Additionally, at high Reynolds and low Grashof numbers, which correspond to low
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Damköhler, flames were found to be lifted and sometimes to blow-off.
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Figure 5.2: Summary of Re numbers and Gr numbers of flames computed in previous
studies [8, 9, 10, 11, 12]. Grashof number is computed using the actual flame height.
The rectangle shows the region under investigation for this study. Different colors
and symbols represent different fuels, Methane (red empty circles), Ethylene (blue
solid squares), Ethane (green solid circle), and n-heptane (purple empty squares).
The range of Re and Gr that have been explored by previous studies on sooting
coflow flames at various pressures [8, 9, 10, 11, 12] is shown in Figure 5.2. In
these studies, the same experimental configuration (same nozzle diameter) is used to
study the flame at various pressures and as a result, Gr number increases while Re
is maintained constant. Note that, keeping Reynolds and Grashof number constant
does not mean Damköhler number will remain constant. In fact, Damköhler number
varies across flames as the diameter changes, as will be discussed later.
We also consider diluted methane flames. The dilution is 50% nitrogen by mass.
The reason for the choice of the diluted cases is that will allow for the use of the same
chemical mechanism. On the other hand, the dilution is commonly adopted to limit
the sooting tendency of the flame. Dilution also changes the stoichiometric air/fuel
ratio, thereby exercising similarity under different conditions.
Based on the regions of Re/Gr space previously studied in these flames, for demonstration, we can look at flames with Re (15, 25, and 35), and Gr of (5 × 104 , 2.2 × 105 ,
and 106 ). Then, equation 5.4 can be used to compute the diameter D for these flames.
Figure. 5.3 shows the resulting nozzle diameter for the nine sets. Note that in Fig 5.3,
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Figure 5.3: Nozzle diameter D as function of pressure for nine cases at constant Re
and constant GR. Letters: A, B, and C indicate the constant Re =15, 25, and 35
respectively, while numbers: 1, 2, and 3 indicates the constant Gr at Gr = 5 × 04 ,
2.2 × 105 , and 106 . For example, A3 curve represents Re =15 and Gr = 106 . The
black dot is where the scaling is performed.
the D vs P is computed using the estimated height from Roper, since there is no way
to know the height of the flame a priori. Each curve represents a constant Re constant Gr pair. Our hypothesis is that the flame shape and relevant non-dimensional
mixing and velocity fields will not change across flames with increasing pressures. In
particular, by looking at e.g. A3 curve, The scaling may be applied for a wide range
of pressures from 4 to 12 atm by changing the diameter from 6 to ≈ 3 mm.

Numerical setup
25 mm

Axis of symmetry

5.2.4

High resolution
region

L

no-slip
20 mm
Fuel

Coflow
0.2 x D

D/2

Figure 5.4: Numerical configuration and boundary conditions
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The numerical methods used are described in chapter 4.3. The equations are
discretized in cylindrical coordinates using a non-homogeneous, structured, staggered
mesh. The simulations are performed with different nozzle diameters for different
pressures. The smallest and largest diameters used are 2 and 6 mm. As shown by
Eq 5.4 and Fig 5.3, The diameter D = 2 and D = 6 mm correspond to the highest
and lowest pressures, respectively. The details about the domain and mesh sizes for
each nozzle are listed in Table 5.1. For small diameters, and high pressures, the flame
is small in size, and a finer mesh resolution is required. The nozzle wall thickness Wt
is chosen such that Wt = 0.2 × D.
Figure 5.4 depicts the computational domain. The mesh is homogeneous with
the finest grid size in the region occupied by the flame, extending axially from the
nozzle exit plane to the domain’s outflow boundary and radially from the axis up to
2D. Outside this region, the computational mesh is anisotropic and stretched with
a stretch rate ≈ 1%. The length of the domain is chosen such that the flame is
enclosed inside the domain. The length of the domain depends on the flame nozzle’s
diameter, increasing with nozzle’s diameter. In the radial direction r, the domain
extends from the axis to the inner wall of the enclosure at 25.5 mm for all nozzle
diameters. The number of overall grid points also depends on the nozzle diameters
as shown in Table 5.1. The solution is marched to steady state with a constant time
step 1 ≤ ∆t ≤ 10 µs, giving a CFL number for the convective terms well below unity
(O(0.1)) and moderately large Fourier numbers for the viscous and diffusive fluxes
(O(10)). For all flames presented here, the convergence with respect to the grid was
verified by refining the mesh in the high-resolution region.
Uniform profiles for the axial velocity, temperature, and species mass fractions
are imposed in the nozzle and in the coflow regions on the inlet plane, located 20
mm upstream of the exit of the central nozzle. Free convective outflow is employed
at the top boundary. No-slip and impermeable wall conditions are imposed on the
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Wall
Thickness
mm mm
2
0.4
3
0.6
4
0.8
5
1.0
6
1.2
D

Smallest
Mesh Size

Control Volumes

Domain
Length

µm
25
25
50
50
100

Nx × Nr
1525 × 210
1925 × 260
1163 × 179
1363 × 201
783 × 133

mm
40
50
60
70
80

Table 5.1: The computational domain parameters for the coflow flames of methane.
inner and outer fuel nozzle walls and on the wall of the surrounding enclosure. The
fuel nozzle’s walls are isothermal with Tw = 333 K as measured in the previous study
for similar flames [139]. The wall of the surrounding enclosure is adiabatic. We note
that the boundary conditions adopted for the inlet plane and the nozzle’s isothermal
walls allow for flame stabilization to occur as part of the solution and adhere to best
practices in the simulation of coflow flames.
The source terms for all gas-phase species are modeled using finite rate chemistry.
We employ a recent skeletal chemical kinetics mechanism derived from GRI3.0 [140].
The mechanism consists of 25 reactions and 16 species. The mechanism is extremely
validated in different configurations and the details of the mechanism can be found
in [141].

5.2.5

Experimental setup

A 50 mm coflow section surrounds a central tube which can be fitted with nozzles
of different diameters. The nozzle extends 20 mm from where the coflow starts.
The nozzle inner diameter ID ranges from 2 mm to 7 mm with outer diameter
OD = ID + 0.4ID. The coflow section is conditioned with copper beads and porous
nickel-chrome foam, producing an even velocity distribution. The central nozzle flow
is fully developed. The burner is mounted inside a pressure vessel with optical access.
The outlet of the burner is enclosed in an optically accessible chimney to minimize
flame disturbance from flow patterns within the vessel. Burner flowrates are controlled
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by Brooks thermal mass flow controllers, and the pressure of the vessel is controlled
by an electronic back pressure regulator. Detailed information about the burner
geometry may be found in Ref. [142].

5.3
5.3.1

Results and discussion
Flame overview
8

Roper
Sim
Exp

12
10
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H/D

H/D
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4

6
4

2
2
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0
10 20 30 40 50 60

10 20 30 40 50 60

Re

Re

Figure 5.5: Height to diameter (H/D) for the diluted methane flames (left) and the
pure methane flames (right) vs Reynolds number. The blue line is the height computed according to Roper’s analysis [3], dashed lines are the results from simulation
for different Grashof numbers, while the dots are the experiments results.
Figure 5.5 shows a comparison of the flame height (H/D) between simulations and
experiments as well as Roper’s analysis [3] plotted against Reynolds number. In the
simulations, the flame height is taken to be the location of the stoichiometric mixture fraction on the centerline. In the experiments the flame height is approximated
from photographic images taken with a Nikon D700 camera, and H is taken at sharp
boundary of the blue flame sheet and in the cases with highly sooting flames, H is
taken at the sharp boundary of the light emissions. Roper’s usually under estimates
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U0 (cm/s)
Uco (cm/s)
ṁ (mg/s)

Methane Flame
Diameter / Pressure
mm
/
atm
6 / 4.3 4 / 7.9 3 / 12.3
0.98
0.79
0.69
4.88
3.95
3.45
0.79
0.53
0.40

Table 5.2: The parameters of the flames considered for the scaling study at various
pressures and the corresponding diameters for pure methane flames.
the flame height, while simulation results show a very good comparison with experiments. The different dashed lines and different dots are simulations and experiments
with different Grashof numbers, respectively. We can clearly see that H/D increases
as Reynolds number increases and is independent of Grashof number and the scatter
of experiment’s results is the uncertainty of the height estimation. It is very hard to
measure the flame height of a very sooting flame.
To study this scaling approach, we start with flames at Re = 15 and Gr = 106 ,
which correspond to the A3 curve in Fig 5.3. The flame is pure methane flame. The
effect of dilution will be discussed later. Table 5.2 shows the flame’s parameters.
The flames are simulated at three different diameters and pressures. The velocities,
pressure, diameters, and mass flow rates are listed in Table 5.2.
Figure 5.6 shows a comparison between experimental images and numerical simulations for the pure methane flame (the flame corresponds to the A3 curve in Fig 5.3)
at different nozzle diameters and pressures. The pressure ranges from ≈ 4.3 to 12.3
atm. The shape of the flames is well predicted by the simulations. The location of
the stoichiometric mixture fraction (Zst = 0.055) is in close agreement with that of
the blue flame sheet and sharp boundary of the light emissions from the experimental images. The height and the width of the flames are in good agreement with the
experimental images. At higher pressure, i.e at P = 12.3 atm, the numerical simulation predicts slightly shorter flames than those produced experimentally. From the
experimental images we see that the flames are sooty. Soot radiation has a minor
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Gr = 106, Re = 15
D = 6 mm
P = 4.30 atm

D = 4 mm
P = 7.9 atm
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Figure 5.6: Experimental images (top row) and OH contours (bottom row) along the
curve A3 at D = 6, 4, and 3 mm. The diameters correspond to pressures 4.3, 7.9,
and 12.3 atm, respectively. The iso-contour is the stochiometric mixture fraction Zst
= 0.055 from the simulations.
effect on the shape and results in slightly longer flames due to a cooling effect, which
results in shifting the OH layer downstream.

5.3.2

Mixture fraction and velocity fields

Before we discuss the change in the scalar dissipation rate, it is important to take
a close look to the velocity and mixture fraction fields, since the major effect of the
pressure on the flames is the change in the mixture fraction field. In chapter. 4,
Fig 4.5 we showed that the diffusion coefficient remain unchanged across pressure
if compensated by a factor P/P0 . While the mixture fraction changes significantly,
when the flames are run at constant mass flow rate only. The mixture fraction fields
for the three flames are shown in Fig 5.7. Different iso-contours for the three flames
are plotted against r/d and x/D. The mixture fraction fields for the three flames
collapse on each other perfectly. This shows that the pressure has no effect on Z
when flames are scaled at constant Re and Gr numbers.
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Figure 5.7: Mixture fraction iso-contours for flames along the curve A3 at D = 6, 4,
and 3 mm. The diameters correspond to pressures 4.3, 7.9, and 12.3 atm, respectively.
The values of the iso-contours are shown in the graph.
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Figure 5.8: Non-dimensional velocity fields along the curve A3 for the pure methane
flames at different diameters and different pressures. The panels from left to right
corresponds to flame with diameters D = 3, 4, and 6 mm, respectively.
Figure 5.8 shows the non-dimensional velocity fields for flames along the curve A3
as a function of the non-dimensional axial and radial locations. The velocity are nondimensionalized by the inlet velocity at the nozzle while axial and radial locations are
non-dimensionalized by the diameter D. Again, the velocity profiles scale very well.
Both the velocity profiles and the mixture fraction field indicate that the flow field
scales perfectly across flames.
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5.3.3

Mixing field

Figure 5.9 shows the dimensional (χ) and the non-dimensional (χD/U0 ) scalar dissipation rate field. The dimensional (χ) is plotted against x and y while χD/U0 is
plotted against x/D

and r/D. Again, when the flames are scaled by D, the non-

dimensional scalar dissipation rate fields are the same across the flames. This shows
that the Reynolds and Grashof numbers are the dominant parameters that govern
the coflow flames for the flow conditions considered. A more quantitative comparison across the flames is shown in Fig 5.10. Radial profiles for the non-dimensional
scalar dissipation rate χD/U0 at various x/D along the flames for the three flames are
shown. The profiles collapse on each other perfectly, which proves that our postulate
holds. These conclusions also apply for the other eight cases for the different Re and
Gr numbers as well as the diluted flames.
Gr = 106, Re = 15
D = 4 mm
P = 7.9 atm

D = 6 mm
P = 4.30 atm

D = 3 mm
P = 12.3 atm χ (s-1)

25

25

25

20

20

20

15

15

15

10

10

10

5

5

5

x (mm)

10

1

0

0
-4

0

0 4
r (mm)

-4

0 4
r (mm)

-4

0 4
r (mm)

0.1
χD/U0
10

3

3

3

2

2

2

1

1

1

0

0

0

x/D

1
0.1
0.01
-1

0
r/D

1

-1

0
r/D

1

-1

0
r/D

1

Figure 5.9: The dimensional (top row) and non-dimensional (bottom row) scalar
dissipation rate χ D/U0 along the curve A3 at D = 6, 4, and 3 mm. The diameters
correspond to pressures 4.3, 7.9, and 12.3 atm, respectively. The iso-contour (blue
line) is the stoichiometric mixture fraction Zst = 0.055.
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Figure 5.10: Radial cuts for A3 curve flames at x/D = 0.5 (top), x/D = 1 (center,) and
x/D= 2 (bottom) for pressures 4.3, 7.9, and 12.3 atm which correspond to diameters
D = 6, 4, and 3, respectively.

5.3.4

The effect of Damköhler number

Other non-dimensional parameters that may affect the coflow flames include Damköhler
number (Da). In this section we shall explore the effects of the Da on the flames in
detail.
The flames under investigation are along the C3 curve, where the black dots in
Fig 5.3 show the location of the simulations. The curve C3 is chosen to provide more
data on the scaling without being repetitive. The simulations were also performed
for a very small nozzle diameter (D = 2 mm) to investigate the scaling for wider
range of diameters. To start, we need to show how Damköhler number varies in
these flames. Damköhler number can be defined as χe D/U0 , where χe is the scalar
dissipation rate at extinction. The χe is calculated in a counter flow diffusion flame
using the FlameMaster code. The scalar dissipation rates at extinction are (χe =
23,

33,

34,

and 33 for P = 1.3, 2.2, 3.5, and 6.3 respectively). The extinction

scalar dissipation rates don’t change much for these pressures; therefore, Da is greatly
controlled by U0 /D, and the value of U0 /D can be estimated from Eq 5.5. Figure 5.11
shows the U0 /D versus pressure for all flames. For the C3 curves, Fig 5.11 shows
that the value of U0 /D increases from 13.6 to 23.5 for the diameters 6 and 2 mm,
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Figure 5.11: U0 /D for constant Re and constant Gr numbers. The black dots along
the curves C3 are where the simulation is carried to investigate the effect of Damköhler
number on the flames. The dots correspond to pressures 1.25, 2.2, 3.5, and 6.3 atm
and the diameters are 6, 4, 3, and 2 mm, respectively.
We expect the increase of the U0 /D, or the decrease of Damköhler number, to
have an effect on the flame, in particular, the stabilization mechanism. In other
words, we expect that the lift-of-height of flames will be affected. Figure 5.12 shows
the OH contours near the nozzle exit for four flames along the curve C3 for the
four different diameters. OH is taken as an indicator of the flame location. U0 /D
increases as diameter decreases, therefore, we see the lift-of-height slightly increases
across flames. As we clearly see, the flame with the smallest diameter (D = 2 mm)
has higher lift-of-height due to the higher U0 /D or lower Da number.
To investigate the effect of different lift-of-height on the scalar dissipation rate
field, the χ fields are plotted in Fig 5.13. For the flame with small diameter (D = 2
mm), the scalar dissipation field is slightly different especially for locations close to
the nozzle exit. This is due to the fact that the stabilization of the flame is different
for the small nozzle as discussed. This behaviour suggests that Da number may be
important for these kind of flames.
To investigate the scaling more quantitatively, radial cuts are compared for the
flames along the C3 curve. Figure 5.14 shows radial cuts at x/D = 1,

x/D =
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Figure 5.12: OH contours (top row) for flames along C3 curve for pressures 1.25, 2.2,
3.5, and 6.3 atm which correspond to diameters D = 6, 4, 3, and 2 mm, respectively.
Black iso-contour is the 20% of the peak OH mass fraction for each flame. The liftof-height vs Damköhler number (bottom row). The lift-of-height is computed from
the nozzle to the location of the 20% OH mass fraction (black iso-contour).
3,

and x/D = 5. The cuts compare very well for diameters as small as 3 mm,

while for the 2 mm diameter the comparison is not good due to the Damköhler
number effect. An important observation is that, as we move downstream the effect
of Damköhler number seems to fade away.
It is hard to keep all of these non-dimensional numbers constant at once unless the
streams are modified or the gravity is changed, but fortunately Damköhler number
effect becomes important only at small diameters. This issue can simply be avoided
by using nozzle diameters that always produce flames that are attached to the nozzle.
The centerline velocity profiles for C3 curve are shown in Fig 5.15(a). The centerline velocities collapse on each other perfectly when rescaled by the inlet velocity
and plotted against x/D. Taking a closer look at the profiles in the region very close
to the nozzle outlet (x/D = 0), we see a small kink for the diameters 3, 4, and 6 mm,
while this is not apparent for the diameter D = 2 mm. Note that the length of the
nozzle (L) is 20 mm for all diameters. Although, this length ensure a fully developed
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Figure 5.13: The non-dimensional scalar dissipation rate χD/U0 along the curve C3
at D = 2, 3, 4, and 6 mm. The diameters correspond to pressures 6.3, 3.5, 2.2, and 1.3
atm, respectively. The iso-contour (blue line) is the stoichiometric mixture fraction
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Figure 5.14: Radial cuts for C3 curve flames at x/D = 1 (left), x/D = 3 (center,) and
x/D= 5 (right) for pressures 1.3, 2.2, 3.5, and 6.3 atm which correspond to diameters
D = 6, 4, 3, and 2 mm, respectively.
flow inside the nozzle, the simulations are repeated for the same L/D = 10 ratio for D
= 3 and 4 mm Fig 5.15(b). In the inset in Fig 5.15(b), we see that the kink for D = 3
and 4 mm is still present and we can conclude that the kink is due to the interaction
between the velocity with and flame which cause the flow to decelerate a bit at the
nozzle exit. The more the flame is attached, the stronger kink is observed. In the
case of the 2 mm diameter, the flame is a little bit lifted, therefore the interaction
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for the simulation with same L/D.
between the velocity and the flame is less pronounced. This behaviour is a result of
the effect Damköhler number on the flame.
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Chapter 6
Concluding Remarks

6.1

Summary

The work in this dissertation contributes to the International Sooting Flames workshop (ISF), in both the particle size distribution known as ”ISF-3 Premixed Flame 6”
and pressurized sooting flame known as ”ISF-3 Target flame 2”. In Chapters 2 and 3,
a Monte Carlo framework is developed for the purpose of simulating the particle size
distribution in turbulent flames. The Monte Carlo framework is tested and validated
against results obtained from HMOM as well as against results obtained experimentally from recent soot size measurements in laminar premixed flames. This work is
the first detailed analysis of particle size distribution in a turbulent flame due to the
high computational cost required for such analysis.
In chapter 4, the high pressure effect on soot formation in coflow laminar diffusion
flame is explored. This chapter also shows the effect of radiation and nozzle’s wall
temperature on soot yield as well as the effect of the chemistry models. In this
chapter, the effect of pressure in altering the hydrodynamics and mixing fields due to
buoyancy effects, which have a direct impact on soot formation, was also shown.
In chapter 5, we proposed a new scaling methodology for scaling the laminar
sooting flames at high pressure. The new scaling insures that the effect of gravity is
the same for all the scaled flames as pressure varies.
The major conclusion and contributions of this work are summarized below.
• Canonical test cases were investigated to study the contribution of the differ-
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ent soot growth processes on the particle size size distribution. It was shown
that the competition between nucleation and coagulation is the main factor
in determining the evolution of soot number density and PSDF, and that the
characteristic time scales of the problem are sensitive to the mass fraction of
the PAH precursors. On the other hand, condensation has been found to be of
secondary importance as far as the size distributions are concerned.
• Data from the turbulent flame in Ref. [36] are postprocessed to obtain the
average PSDF over a large number of trajectories, equivalent to the PSDF
obtained by a time averaging technique such as particle sizing via SMPS. The
distribution is found to be unimodal and broad with long tails at large particle
sizes. This finding agrees with recent experimental results in turbulent flames
and the overall behavior is different from that in laminar flames.
• Furthermore, the average PSDF is found to be independent of the physical
location or mixture fraction values used to condition the statistics. A detailed
analysis of single trajectories has shown that such trend is determined by the
fluctuating evolution of the gas-phase mixture due to turbulence, which implies
a marked variability of the PSDF over single trajectories.
• In chapter 4, soot formation at elevated pressures is investigated in coflow laminar flame configuration using a detailed soot model and two different finite
rate chemistry mechanisms. The results were compared with experimental data
available in litterature. One of the two kinetic mechanisms accurately predicted
the spatial distribution of soot in coflow flames at all pressures, although the
peak value of the soot volume fraction was underestimated by more than a factor of three compared to measurements based on laser extinction. Soot growth
was found to occur primarily through condensation based on PAH species, with
HACA growth playing a lesser role. These trends are observed on the centerline
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as well as on the flames wings.
• The effect of radiation and nozzle wall temperature on soot yield was investigated. The reason being that, it is hard to measure the temperature of nozzle
inside closed and pressurized vessel and the wall temperature is measured only
at atmospheric conditions. The prescribed nozzle wall temperature and the inclusion of a radiation model had minor effects on the soot and temperature fields
consistent with those reported in the literature. The minor effect of radiative
heat losses was related to two competing effects. On the one hand, radiation
reduces the flame temperature and the rates of formation of soot precursors and
soot. On the other hand, radiative heat losses result in a longer flame, thereby
providing longer residence times for soot growth.
• This study also focuses on the effect of the scalar dissipation rate on soot formation. The decrease of scalar dissipation caused by the increase of pressure at
constant mass flow rate contributes to the increase of soot as pressure increases.
In addition, the experimental observation of soot appearing closer and closer to
the nozzle on the flame wings as pressure increases has been ascribed to the variation of the scalar dissipation rate field in the near field of the coflow flames for
increasing pressure. We concluded that the variation of scalar dissipation rate
across the pressurized flames is key to interpreting the experimentally observed
trends.
• The results and analysis in chapter 4, suggest that the scaling of the soot yield
with pressure is not a fundamental property of the fuel, but rather is affected
by both increasing PAH concentrations at pressure and by the decrease in the
magnitude of the scalar dissipation rate field from low to high pressure coflow
flames at constant mass flow rate. Due to the complex interaction between
hydrodynamics and gravity, the decrease of the scalar dissipation cannot be
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described with a simple scaling law. Thus, the decrease of the scalar dissipation
due to pressure is configuration specific, complicating the task of formulating
a unified relation between soot yield and pressure. Our conclusions on the
role of scalar dissipation rate in affecting soot formation are robust and remain
unchanged even as the chemical kinetics and heat transfer models are varied.
• A novel scaling methodology is proposed in chapter 5. The goal from this scaling
methodology is to keep the effect of buoyancy the same for flames as pressure
varies. In this scaling approach, both Reynolds and Grashof numbers are kept
constant. In order to keep Gr constant, this requires the diameter of the nozzle
to be changed as pressures varies. This approach guarantees a similar flow field
at all pressures and rule out the effect of hydrodynamic and mixing that is
influenced by the flame geometry and burner design (e.g. the nozzle diameter),
so that only the effect of chemical kinetics on soot formation can be studied.
• As to keep both Reynolds and Grashof’s numbers constant, Damköhler number
was found to change at different pressures. It is hard to keep all of these
nondimesional numbers constant at once unless the streams are modified or the
gravity is changed, but fortunately Damköhler number effect becomes important
only at small diameters. This issue can simply be avoided by using nozzle
diameters that always produce flames that are attached to the nozzle. The
fuel to coflow velocity ratio ”Ru” was tested and found to play a major rule
in suppressing the flickering behaviour of the flames, as well as suppressing the
soot formation in flames.

6.2

Future Research Work

The work presented in this thesis can be extended in the following directions.
• Although the particle size distribution in turbulent flame is very extensive and
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detailed, there is still a lot of uncertainties in the soot models. In general,
the soot nucleation is the least understood phenomena and more work is still
required in this area, since the PSDF is found to be very sensitive to the nucleation and coagulation (The coagulation rate is also function of the nucleation
or the number density).
• The results from PSDF in turbulent flame could be very promising for model
development of the turbulent closure of the moment source term in the transport
equation for soot moments, since the PSDF is found to be somehow similar and
independent of flame location.
• Soot formation is very complicated phenomena that involve chemical and physical processes. The most important part is the chemistry of PAH. As this study
shows, the major factor that affect soot formation is the chemical mechanism
model. Most of these chemistry model is validated in a simple configuration
(0-D or 1-D reactors). This work provides a realistic two-dimensional flame
simulation and clearly shows that our understanding of PAH chemistry is still
far from good and suggests that the PAH chemistry need to be revised and
revisited.
• As we were simulating the coflow flames, we have encountered many difficulties
to find conditions where flames are stable. Looking at literature, there is no
clear guidance to solve these issues. Therefore, it would be of great benefit to
the combustion community if such a study were available. The study could be
to find stability map in terms of Reynolds number and Grashof or Richardson
number.
• Simulation of soot formation using the new scaling approach is highly recommended as an extension of this work. The scaling of soot with pressure using
this scaling methodology can be compared with results from 1-D counterflow
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diffusion flame to investigate whether the rate of increase of the soot volume
fraction with pressure obeys a universal scaling law.
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APPENDICES

A

Validation of the Monte Carlo method with the Hybrid

Method Of Moments

A comparison between the Monte Carlo method and the moment approach used in
the DNS (HMOM) [36] is performed to cross validate the two numerical techniques.
In particular, soot number density and volume fraction are available from HMOM
and can be directly compared to the Monte Carlo results. Moments such as number
density and volume fraction can be computed from the Monte Carlo ensemble as
follows. Given a set of N notional Monte Carlo particles in a volume Ω, the x, y-th
moment Mx,y is computed as
N

Mx,y

1X x y
V S ,
=
Ω i=1 i i

(A.1)

where V and S are the particle volume and surface. A comparison between soot
number density obtained with the two methods is shown in Fig. A.1(a) for the five
trajectories presented in Sec. 3.2. The agreement for both number density and mass
fraction is excellent. This comparison confirms that the closure assumptions in the
moment method are adequate in the context of soot formation in flames, as well
as the choice of the parameters of the Monte Carlo method. In Fig. A.1(b) the
number density computed via MC and HMOM is shown at 10 ms and 15 ms for all
the trajectories in the four sets in Sec 3.2.3.
The data indicate that the error is mostly less than 30%, even if some trajectories
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Figure A.1: (a) Number density along the five trajectories discussed in Sec. 3.2 for
HMOM (dashed line) and MC (solid line). (b) Number density from HMOM and MC,
at 10 and 15 ms (grey and black dots respectively); the continuous line represents the
ideal case in which the two methods compute the same value; the solid lines delimit
the region where the error is within a factor of 2.
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can reach an error of a factor of 2. The same considerations apply to other important
quantities, such as soot mass and volume fraction (not shown).
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B

Comparison of flame speeds and the mass fractions of

PAH species between NBP and KM2 mechanisms

Laminar flame speeds for a freely-propagating ethylene/air flame are calculated using
PREMIX [13] with the mixture-average transport model and neglecting the Soret and
Dufour effects. We employ the chemical kinetics mechanisms of Narayanaswamy et.
al. [99], consisting of 158 species and 1804 reactions, and that of Wang et. al. [126],
which includes 202 species and 1351 reactions.
Figure B.1 compares the laminar flame speeds obtained with the two mechanisms.
The flame equivalence ratio is varied between 0.5 and 1.5. The pressures are 1, 2, 4,
and 8 atm and the unburnt temperature is 400 K for all pressures. For the 1 and the
2 atm cases the agreement is satisfactory for the lean and near stoichiometric flames
and deteriorates for rich flames, while for the 4 and the 8 atm cases flames, a good
agreement is found for all values of φ.
A comprehensive comparison between the two mechanisms is performed for steady
flamelet solutions. Calculations are performed using the FlameMaster code [143] with
the mixture-average and unity Lewis transport models. The oxidizer stream is air
and the fuel stream is ethylene diluted in nitrogen (82.4% by mass) as in the coflow
flames. The temperature of the two streams is 294 K.
The profiles of temperature and of the mass fractions of C2 H2 , naphthalene,
pyrene, acenaphthylene, and phenantherene as a function of mixture fraction for
steady flamelets at χst = 0.1 s−1 are shown in Figs Figure B.2, B.3, B.4, B.5, B.6, B.7, B.8, B.9,
and B.10 for 1, 4, and 8 atm.
The peak temperature and peak mass fractions of PAH species and C2 H2 mass
fraction obtained with the two mechanisms are compared as function of the stoichio-
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metric scalar dissipation rate at various pressures as shown in Figs. B.11, B.12, B.13, B.14, B.15,
and B.16.
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Figure B.1: Laminar flame speed SL for ethylene/air flames at pressures 1, 2, 4, and 8
atm against equivalence ratio φ: KM2 mechanism (dashed line) and NBP mechanism
(solid line) The textwidth-dimensional simulations are performed with PREMIX [13]
using a mixture-average transport model and neglecting the Soret and Dufour effects.
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Figure B.2: Temperature (T) and acetylene (C2 H2 ) mass fraction as a function of the
mixture fraction for χst = 0.1 s−1 at 1 atm in a steady flamelet using mixture-average
transport model.
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Figure B.3: Naphthalene (A2) and pyrene (A4) mass fraction as a function of the
mixture fraction for χst = 0.1 s−1 at 1 atm in a steady flamelet using mixture-average
transport model.
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Figure B.4: Acenaphthylene (A2R5) and phenanthrene (A3) mass fraction as a function of the mixture fraction for χst = 0.1 s−1 at 1 atm in a steady flamelet using
mixture-average transport model.
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Figure B.5: Temperature (T) and acetylene (C2 H2 ) mass fraction as a function of the
mixture fraction for χst = 0.1 s−1 at 4 atm in a steady flamelet using mixture-average
transport model.
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Figure B.6: Naphthalene (A2) and pyrene (A4) mass fraction as a function of the
mixture fraction for χst = 0.1 s−1 at 4 atm in a steady flamelet using mixture-average
transport model.
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Figure B.7: Acenaphthylene (A2R5) and phenanthrene (A3) mass fraction as a function of the mixture fraction for χst = 0.1 s−1 at 4 atm in a steady flamelet using
mixture-average transport model.
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Figure B.8: Temperature (T) and acetylene (C2 H2 ) mass fraction as a function of the
mixture fraction for χst = 0.1 s−1 at 8 atm in a steady flamelet using mixture-average
transport model.
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Figure B.9: Naphthalene (A2) and pyrene (A4) mass fraction as a function of the
mixture fraction for χst = 0.1 s−1 at 8 atm in a steady flamelet using mixture-average
transport model.
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Figure B.10: Acenaphthylene (A2R5) and phenanthrene (A3) mass fraction as a
function of the mixture fraction for χst = 0.1 s−1 at 8 atm in a steady flamelet using
mixture-average transport model.
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(A4), and cyclopenta[cd]pyrene (A4R5) as a function of the scalar dissipation rate χst
s−1 at 1, 2, 4, and 8 atm in a steady flamelet using mixture-average transport model.
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(A4), and cyclopenta[cd]pyrene (A4R5) as a function of the scalar dissipation rate
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Figure B.14: Peak mass fraction of phenanthrene (A3), acephenanthrene (A3R5),
biphenyl (P2), and fluoranthene (FLTN) peak mass fraction as a function of the
scalar dissipation rate χst s−1 at 1, 2, 4, and 8 atm in a steady flamelet using unity
Lewis transport model.
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Figure B.15: Peak temperature (T) and peak acetylene (C2 H2 ) mass fraction as a
function of the scalar dissipation rate χst s−1 at 1, 2, 4, and 8 atm in a steady
flamelet using mixture-average transport model.
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Figure B.16: Peak temperature (T) and peak acetylene (C2 H2 ) mass fraction as a
function of the scalar dissipation rate χst s−1 at 1, 2, 4, and 8 atm in a steady
flamelet using unity Lewis transport model.
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