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Abstract

DETAILED NUMERICAL STUDY OF SOOT SURFACE GROWTH AND OXIDATION

IN LAMINAR DIFFUSION FLAMES

Doctor of Philosophy, 2016
Ali Khosousi
Mechanical and Industrial Engineering
Ryerson University
The focus of the present study is to obtain detailed knowledge of the soot formation and
oxidation processes in laminar diffusion flames. The present work studies the effects of various

flame properties on soot growth and oxidation, and how they affect a flame’s sooting behaviour.

Numerically modelling of soot formation in laminar coflow diffusion flames of vaporized
gasoline/ethanol blends at atmospheric pressure is performed. The numerical results are
compared with experimental data to gain improved understanding of ethanol addition to gasoline
on soot formation. Four gasoline/ethanol blends are investigated to quantify how soot loading
varies with the amount of ethanol blending in the fuel. The results of experimental and numerical
modelling agree relatively well in terms of the levels of soot volume fraction. Both results show

a decrease in soot loading as more ethanol is added in the fuel stream.

The work continues by numerically studying the oxidation of soot in laminar ethylene/air coflow
diffusion flames. A new model for soot oxidation, a complex process in numerical soot

modelling, is developed based on the observation that soot ageing reduces surface reactivity.



Using this new model, it is possible to capture the correct behaviour of both smoking and non-
smoking flames in various flame configurations. Along with a detailed soot sectional model, the
new model predicts the correct soot volume fractions, smoke emission characteristics, and

primary particle diameters for different flames without any variation in model parameters.

The work extends to study soot surface reactivity in the growth and oxidation regions. Laminar
ethylene/air and methane/air coflow diffusion flames are numerically studied to develop a unique
soot surface reactivity model. A newly developed surface character model simultaneously
accounts for soot surface reactivity in surface growth and oxidation by considering soot ageing
and its effects on the particle surface. The new model, which eliminates tuning of one modelling
parameter, reconciles the quantification of the evolving soot surface character for both growth
and oxidation. The model is shown to be uniquely capable of predicting soot concentrations and
smoke emissions within experimental uncertainty in a wide range of laminar diffusion sooting

flames.
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Chapter 1

Introduction

A great portion of all power generation and transportation energy comes from combustion. In
fact, combustion has become fundamentally integrated into many aspects of human life,
including cooking, home heating, and transportation. Combustion-generated black carbon
particulate (soot) emissions are a potent threat to human health and the urban environment [1],
and should be avoided in combustion systems. Soot is a major contributor to climate change.
Atmospheric soot absorbs sunlight and contributes to global warming. Soot is also a leading
contributor to the darkening of cityscapes and to air pollution in the urban environment.
Environmental and health issues lead combustion device designers to attempt to reduce
combustion emissions. As a result, understanding the complex process of soot formation is of

great interest to industry and academia.

The main focus of the present dissertation is to study soot formation in laminar coflow diffusion
flames. More specifically, this work concentrates on intermediate steps involved in the
formation, growth, and oxidation of soot. The formation of soot particles involves complicated
intermediate steps such as inception, condensation, surface growth, aggregation, oxidation, and
fragmentation. Inception involves the formation of nascent soot particles from the growth of soot
precursor species, i.e., polycyclic aromatic hydrocarbons (PAHS). Incipient soot particles can
grow in size through surface reactions with gaseous species, mainly acetylene. This process is

referred to as surface growth. Condensation, another soot growth process, occurs when PAHs
1



collide with soot and condense onto its surface. Aggregation is the process of soot particles
colliding with each other to form larger particles. Oxidation and fragmentation contribute to the
destruction of soot particles. Oxidation occurs through the reaction between the soot surface and
oxidative species such as O> and OH. Fragmentation, on the other hand, refers to the process
through which large soot agglomerations are broken down into smaller particle chains. The study
of these processes and how they affect soot emission in different flame types is conducted here.
Figure 1.1 presents a schematic illustration of the soot formation processes. Different regions of

the flame are also shown.

This dissertation comprises six chapters. Chapter 1 outlines this dissertation, detailing the
relationship of the works presented. Chapter 2 provides details on the numerical modelling
methodology, burner configurations and flames, governing equations, boundary conditions, and
chemical mechanisms used in simulations. In Chapter 3, soot formation is investigated in laminar
coflow diffusion flames of vaporized gasoline and ethanol/gasoline blends, with special attention
given to the effects of ethanol addition to gasoline on the flame soot loading. Soot oxidation is
studied in Chapter 4. The effects of soot ageing on soot surface reactivity in growth and
oxidation is presented in Chapter 5. The format of this dissertation follows a manuscript style,
wherein Chapters 3, 4, and 5 each correspond to a journal article, and Chapter 6 draws

conclusions on the body of work as a whole.



uoifiay uonepIxo

uolbey Yymmoao

sajonJed
100S 1uaidiou]
JO uonew.04

uoljew.o4H 10s1ndaid

Fig. 1.1. Soot formation processes in different flame regions.



1.1. Gasoline/Ethanol Flame Simulations

In order to investigate different approaches towards reducing soot emissions in various flames,
the effects of ethanol addition to gasoline fuel is studied. Ethanol has the potential to enhance
engine operation, as it has a higher octane number than gasoline and reduces knock in engines,
and reduce soot emission. Chapter 3 presents a multi-institutional collaboration study of soot
formation in laminar coflow diffusion flames of vaporized gasoline and ethanol/gasoline blends

using experimental and numerical methods.

The experimental measurements of soot volume fraction distributions, which were performed by
a separate group, are conducted using the two-dimensional line-of-sight attenuation (2D-LOSA)
technique [2]. The study investigates the effects of ethanol addition to gasoline on soot formation
in these flames. Different levels of ethanol, i.e., 0%, 20%, 50%, and 85%, by volume, are
blended into gasoline and used for experimental and numerical works, investigating the effects of

ethanol addition to gasoline fuel.

Since gasoline is a complex fuel which is composed of many different hydrocarbons [3], it is
usually simulated using surrogates that emulate the real gasoline fuel. For the numerical
simulations, a gasoline surrogate, which consists of toluene (CsHsCHs), iso-octane (i-CgH1g), and

n-heptane (C7Hzs), also known as a toluene reference fuel (TRF), is used.

For numerical simulations, the CoFlame code [4] [5] is implemented with a detailed chemical
mechanism adapted from Raj et al. [6]. A sub-mechanism [7] is added to account for ethanol

chemical reactions. The final chemical mechanism consists of 180 species and 1127 reactions.
4



The calculations provide temperature and soot volume fraction distributions in the flame field.
The results show a change in soot concentrations as ethanol is blended into gasoline surrogate.
These results are compared with the experimental data to provide useful insight as to how the
model predicts soot propensity of these flames as well as how well the gasoline surrogate

replicates the sooting behaviour of gasoline.

The numerical results are further post-processed to inspect the reasons as to why the flames show
different soot loading as ethanol is added to gasoline. The processes involved in the formation
and oxidation of soot, i.e., inception, surface growth, condensation, and oxidation, are examined

to determine the dominant effect contributing to the change in soot concentrations.

This work is published as a peer-reviewed journal paper:

Ali Khosousi, Fengshan Liu, Seth B. Dworkin, Nick A. Eaves, Murray J. Thomson, Xu He,
Yujie Dai, Yongli Gao, Fushui Liu, Shijin Shuai, and Jianxin Wang, “Experimental and
Numerical Study of Soot Formation in Laminar Coflow Diffusion Flames of Gasoline/Ethanol
Blends,” Combustion and Flame, Volume 162, Issue 10, 2015, Pages 3925—3933.

1.2. Soot Oxidation Model

The process of soot oxidation, which is a complex and poorly understood phenomenon, is
studied in Chapter 4. In numerical works, soot oxidation is usually considered to be caused by
the reactions between soot particles and O> molecules as well as OH radicals. The rate of
reactions between soot and OH is normally calculated based on collision theory. However, the

reaction of soot and O is modelled as a reaction between soot surface sites and O, molecules.



Oxidation rates for O, suggested in the literature differ by orders of magnitudes. Particular

attention has been given to the modelling of soot oxidation by Oo.

In modelling soot oxidation caused by O, a parameter, a, is usually used to account for the
surface reactivity of soot. This parameter is used to account for the probability of the collision
between a gaseous species and a particle’s edge carbon that is available for reaction and also
reconciles the inaccuracies associated with treating the surface of soot like a PAH. Since there is
a lack of understanding as to how o changes with flame properties and in different parts of the
flame, many works in the literature have found it sufficient to use a constant value for this
parameter in their simulations. As will be discussed in more detail in Chapter 4, some works

have developed more sophisticated approaches to implement this parameter in their simulations.

It is suggested in the literature that soot surface reactivity changes as soot particles age [8] [9]
[10]. The main subject of Chapter 4 is to present a systematic approach to formulate this idea and
implement it in the computations. In Chapter 4, an oxidation model is proposed based on soot
ageing effects, accounting for soot surface reactivity changes. This model is used to simulate

soot oxidation by O2 in the upper portion of the flame where oxidation mostly occurs.

Using this model, laminar coflow ethylene/air diffusion flames, with different fuel mole
fractions, fuel and air flow rates, and burner configurations, are simulated. These flames are
chosen for simulations because they provide a wide range of conditions with different sooting
behaviour and smoke emission, which makes them suitable for the validation of the oxidation
model. The CoFlame code [4] [5] is utilized for the simulations. The focus is on the prediction of

maximum soot volume fraction as well as the amount of soot emission. Non-smoking flames,
6



those that do not emit soot, are simulated along with smoking flames, those that emit soot. The
study further seeks the reasons as to why these flames differ in soot emission characteristics. In
addition, the effects of the two major oxidative species, O, and OH, on soot concentrations are
studied, which helps identify the conditions under which these species become the dominant

oxidative species.

This work is published as a peer-reviewed journal paper:

Ali Khosousi and Seth B. Dworkin, “Detailed Modelling of Soot Oxidation by Oz and OH in
Laminar Diffusion Flames,” Proceedings of Combustion Institute, Volume 35, Issue 2, 2015,
Pages 1903—-1910.

1.3. Surface Reactivity Model

In processes such as soot oxidation and Hydrogen Abstraction Carbon Addition (HACA) surface
growth, surface reactions play significant roles. The rates of oxidation and surface growth are
dependent on soot surface reactivity. For the sake of simplicity, the early works in the literature
used a constant reactivity for a soot surface and ignored the fact that it changes within the flame
and under different conditions. Chapter 5 discusses the effects of soot surface reactivity on soot
formation and oxidation processes. Based on various flame parameters, a surface reactivity

model is presented which can be applied throughout the flame.

As mentioned before, modelling surface reactions of soot requires taking into account the
changes in the reactivity of the surface of a soot particle as it travels through the flame. Soot
surface reactivity is found to be a function of the number of active dehydrogenated sites on the

surface of a soot particle that are readily available to react with various species such as C2H>, Oz,
7



H20, and Ha. The reactions of soot with these species result in different phenomenon depending
on the species with which soot reacts. The reaction between an active site and CH>, for instance,
leads to replacing the dehydrogenated site with Carbon atoms, thus contributing to increased soot
mass yield and growth of the soot particle. The reaction of an active site with O, on the other

hand, results in reduction of soot mass yield and oxidation of the soot particle.

Depending on the combustion system, a soot particle may exist within the flame environment for
as long as O(0.1) s. The surface of a newly formed incipient soot particle is different than that of
an aged particle. Apart from the number of active sites on the surface of soot particles, other
factors play important roles in determining the surface reactivity of soot. This notion leads to an

extensive and detailed study which is presented in Chapter 5.

The primary focus of Chapter 5 is to study surface reactivity of soot simultaneously in both
growth and oxidation regions. One reconciled model, which integrates surface growth and
oxidation models for these regions into a unique surface model, is developed and presented. The
study considers both peak soot and soot emissions to assure that the surface reactivity is
modelled correctly in both oxidation and growth regions. The work utilizes the same approach
used in Chapter 4 for the oxidation model, to model surface reactivity for growth and oxidation
simultaneously. This work is a continuation of that presented in Chapter 4, which studies the
surface reactivity of soot in the oxidation region; Chapter 5 builds upon that and extends the
work to implement the same method to consider soot surface reactivity in the surface growth
model in the growth region. For this purpose, various laminar coflow ethylene/air and

methane/air diffusion flames are simulated. These flames include different fuels, fuel and air



flow rates, fuel mole fractions, and burner geometries, providing a wide range of flames with
different sooting behaviours. The simulations are performed using the CoFlame code [4] [5],
with a detailed chemical mechanism. The model, which is applied to simulate nine different

flames, correctly predicts soot distribution and emission in all the flames studied.

This work is published as a peer-reviewed journal paper:

Ali Khosousi and Seth B. Dworkin, “Soot Surface Reactivity during Surface Growth and
Oxidation in Laminar Diffusion Flames,” Combustion and Flame, Volume 162, Issue 12, 2015,
Pages 4523—-4532.

1.4. Relationships between the Journal Papers

The first topic that is studied in the present dissertation is the soot formation in laminar coflow
diffusion gasoline/ethanol flames. Since ethanol has the potential to reduce soot emissions,
understanding soot formation processes in gasoline/ethanol flames is of particular interest. The
intermediate steps involved in soot formation are studied in detail, providing valuable
information as to how PAH and soot formation change as different ethanol levels are added to
gasoline. The experimental and numerical results of soot concentration and temperature
distributions are compared in order to validate the numerical model. The relative contributions of
inception, condensation, surface growth, and oxidation to total soot mass yield are investigated.
Further, the possible reasons for changes in soot concentration as a result of ethanol addition to
the fuel are discussed. While this work is not directly relevant to the other chapters of this
dissertation, it involves a great deal of discussion regarding soot formation and oxidation

processes and how they are affected as a result of ethanol addition to gasoline. The lessons



learned in the study outlined in Chapter 3 are applied to Chapters 4 and 5. Especially, in the work
presented in Chapter 3, it was noticed that using a constant value for surface reactivity of soot
has some drawbacks and limitations. For this reason, studying soot surface reactivity became the

subject of the subsequent chapters.

As mentioned previously, the main objective of the present dissertation is to broaden the
knowledge base of soot formation in laminar diffusion flames. In this regard, this dissertation is
outlined to study the processes involved in soot formation and oxidation, including inception,
HACA surface growth, condensation, and oxidation. As oxidation and HACA surface growth,
which are primary contributors to soot mass yield, include surface reactions, correct modelling of
soot surface reactions in numerical simulations is required to successfully predict soot
concentrations in flames. It is crucial to understand that the reactivity of a soot surface plays an
important role in determining soot growth/decay rates [11]. In order to effectively model soot
surface reactions, one should consider soot reactivity and its changes. In Chapter 4, which
studies soot oxidation, it is introduced that soot surface reactivity changes with particle age. A
method, which was originally developed by Veshkini et al. [11], is used to account for soot
surface reactivity. Thermal age (temperature history of a soot particle) is introduced to
accommodate the effects of soot ageing. The first step, in this regard, is to apply this approach to
model soot surface reactivity in the oxidation region and evaluate the model’s predictive
capability. The surface reactivity in the oxidation region is determined based on particle thermal
age, while soot surface reactivity is assumed to be constant in the growth region. This approach
was first used to make it possible to model both non-smoking and smoking flames using a unique

model. The amount of smoke emission from smoking flames is sensitive to soot surface
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reactivity in the oxidation region. While this model enabled the correct modelling of non-
smoking and smoking behaviour, it has a drawback in the sense that it divides soot particles
depending on the part of the flame in which they are located. The model only applies to those
soot particles that are located in the oxidation region, and calculates soot surface reactivity based
on their thermal age. However, this model allocates a constant surface reactivity for the particles

in the growth region, irrespective of their shape, size, and thermal age.

In order to present a comprehensive model for soot surface reactivity to replace previous models
that assume a constant soot surface reactivity, a model should be developed that is applicable
throughout the flame, and not just to one particulate part of the flame, i.e., growth or oxidation
regions. Therefore, the next goal of the present work became to extend this model so that it could

be applied to both growth and oxidation regions.

Chapter 5 is an extension to the work presented in Chapter 4. A similar approach to that used to
account for surface reactivity of soot in the oxidation region is implemented. The model is
modified so that it can be applied to both oxidation and growth regions simultaneously. Based on
this model, the surface reactivity of identical soot particles with the same thermal age is
calculated by a consistent model regardless of the region in which they are located. The
applicability of the model is tested for a wide range of flames. Apart from ethylene/air and
diluted ethylene/air flames, methane/air flames are also modelled. Noting that methane is a C
fuel, unlike ethylene which is a C» fuel, its pyrolysis, oxidation, and soot formation processes are
different than those for ethylene; it provides a suitable testing ground for the model. The results

of the modelling are compared against experimental data.
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The topics presented in this dissertation offer an integrated study focusing on soot formation in
laminar coflow diffusion flames of various fuels. The subjects are presented in an order to show
the progress of the work and reflect the ultimate goal of this dissertation, as a whole, which is to
provide a thorough and fundamental understanding on soot formation in flames, and apply that

understanding towards new and applicable insights.

1.5. Statement of Authorship

The paper presented in Chapter 3, titled “Experimental and Numerical Study of Soot Formation
in Laminar Coflow Diffusion Flames of Gasoline/Ethanol Blends,” is published in the Journal,
Combustion and Flame. The work is divided into experimental and numerical parts. The
experimental part was conducted by collaborators He, Dai, Gao, and Liu at the School of
Mechanical Engineering, Beijing Institute of Technology, Haidian District, Beijing 100081,
China, and Shuai and Wang at the State Key Laboratory of Automotive Safety and Energy,
Tsinghua University, Beijing 100084, China. The present author was provided with the
experimental results, which were used in preparation of the paper. The numerical part of this
work was conducted by the present author at the Department of Mechanical and Industrial
Engineering, Ryerson University, 350 Victoria Street, Toronto, Ontario, M5B 2K3, Canada. The
preparation of the chemical mechanisms used in the numerical modelling was conducted jointly
by the present author and Nick A. Eaves from University of Toronto. In addition to supervision
by Professor Seth Dworkin at Ryerson University, Dr. Liu Fengshan at the National Research
Council of Canada, and Professor Murray Thomson at University of Toronto, jointly supervised
this work. The manuscript of the paper, except the experimental section, was prepared by the
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present author, revised by Professor Seth Dworkin, Dr. Liu Fengshan, and Professor Murray

Thomson.

The manuscript of the paper presented in Chapter 4, titled “Detailed Modelling of Soot
Oxidation by O2 and OH in Laminar Diffusion Flames,” is fully prepared by the author of this
dissertation. The paper is published in the Proceedings of the Combustion Institute. The work is
conducted by the present author at the Department of Mechanical and Industrial Engineering,
Ryerson University, 350 Victoria Street, Toronto, Ontario, M5B 2K3, Canada. Professor Seth
Dworkin supervised this work and revised the manuscript of the paper before submitting it for

publication.

The present author also fully conducted the research and prepared the manuscript of the paper
presented in Chapter 5, titled “Soot Surface Reactivity during Surface Growth and Oxidation in
Laminar Diffusion Flames.” This paper is published in the journal, Combustion and Flame. The
work, which is supervised by Professor Seth Dworkin, is conducted at the Department of
Mechanical and Industrial Engineering, Ryerson University, 350 Victoria Street, Toronto,
Ontario, M5B 2K3, Canada. Professor Dworkin made revisions to the paper before its

submission for publication.
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Chapter 2

Numerical Modelling Methodology

2.1. Burner Configurations and Flames

In the present study, coflow laminar ethylene/air diffusion flames, studied by Santoro and
coworkers [12] [13] (referred to as ‘Santoro flames’), diluted ethylene/air flames, studied by
Smooke et al. [14] (referred to as ‘Smooke flames’), and the methane/air flame, studied by Lee et
al. [15] (referred to as ‘Lee flame’) are used for simulations. In addition, laminar coflow
diffusion flames of vaporized gasoline/ethanol blends at atmospheric pressure are simulated.
Four gasoline/ethanol blends of different ethanol mole fractions in the fuel stream ranging from
0% up to 85% (by volume), EO, E20, E50, and EB85, are investigated. Figure 2.1 shows a
schematic of the coflow burner used for simulations, in which fuel is supplied through the central

tube, and air is fed through the coflowing annular region.

The flames studied here represent a vast range of conditions with varying properties, flow
conditions and sooting behaviour. They include flames of varying smoke emission character, fuel
composition, fuel dilution, residence time, etc. The details of these flames are provided in Table

2.1.
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Fig. 2.1. Schematic of the burner showing the flame configuration, boundary conditions, grid distribution, and
domain decomposition.
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Table 2.1. Flames investigated in the present study.

Fuel Air Nitrogen  Ethanol
Flame Fuel/Fuel mixture velocity  velocity Fuel mOIG mole mole Reference
fraction . .
(cm/s) (cm/s) fraction  fraction
NSI Ethylene 2.38 8.90 1.0 0.0 0.0 [12]
NSII Ethylene 3.98 8.90 1.0 0.0 0.0 [12]

IS Ethylene 4.75 8.90 1.0 0.0 0.0 [12]

S Ethylene 5.05 13.30 1.0 0.0 0.0 [12]
SM32 Ethylene/Nitrogen 35.0 35.0 0.32 0.68 0.0 [14]
SM40 Ethylene/Nitrogen 35.0 35.0 0.40 0.60 0.0 [14]
SM60 Ethylene/Nitrogen 35.0 35.0 0.60 0.40 0.0 [14]
SM80 Ethylene/Nitrogen 35.0 35.0 0.80 0.20 0.0 [14]

M/A Methane 10.24 11.94 1.0 0.0 0.0 [15]

EO Gasoline/Nitrogen 11.72 87.04 0.1268 0.8732 0.0 Present work
E20 Gasoline/Ethanol/Nitrogen 11.97 87.04 0.1163 0.8547 0.0291 Present work
E50 Gasoline/Ethanol/Nitrogen 12.58 87.04 0.0931 0.8138 0.0931 Present work
E85 Gasoline/Ethanol/Nitrogen 14.16 87.04 0.0416 0.7229 0.2355 Present work

2.2.  Governing Equations and Boundary Conditions

2.2.1. Governing Equations

The governing equations, in their steady-state condition, for conservation of mass, momentum,

energy, and species mass fractions are solved for the gas phase model. Due to the symmetry of

the flame, the governing equations are solved in the two-dimensional cylindrical coordinate

system. Therefore, the conservation equations are provided below in the z-r cylindrical

coordinate system.

Conservation of Mass:

10 )
;a—T(TPV) + E(Pu) =0
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Conservation of Axial Momentum:
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Conservation of Radial Momentum:
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Conservation of Energy:
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Conservation of Species Mass Fractions:

Yi Yy
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k=12, .., KK

In these equations, r is the radial coordinate, z is the axial coordinate, u is the axial velocity, v is

the radial velocity, p is the density of the mixture, p is pressure, u is viscosity, g, is the axial
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gravitational acceleration, C,, is the specific heat of the mixture at constant pressure, C, . is the
specific heat of the k™ species at constant pressure, Cp,s is the specific heat of soot at constant
pressure, T is temperature, A is the thermal conductivity of the mixture, KK is the number of
species in the gas phase, Y; is the k™ species mass fraction, V; . is the k™ species radial diffusion
velocity, V, , is the k™ species axial diffusion velocity, hj is the k™ species specific enthalpy, @y
is the k" species molar production rate per unit volume, W, is the k™ species molar weight, Y; is

the mass fraction of soot, V. is the thermophoretic velocity of soot particles in the radial
direction, Vr_ is the thermophoretic velocity of soot particles in the axial direction, h? is the

specific enthalpy of soot, w, is the molar production rate of soot per unit volume, W is the
molecular weight of soot, and Q, is the radiative heat transfer rate from soot and gaseous species
(CO, CO2, and H20). The radiative source term in the energy equation, @Q,-, due to the nongrey
radiative heat transfer by soot, H.O, CO>, and CO, is calculated using the Discrete Ordinate
Method (DOM) and a statistical narrow-band correlated-k-based model [16]. The details of the

radiation model is available in [17] [18].

Soot particle dynamics are modelled using a fixed sectional approach in which the soot particle
mass range is divided logarithmically into 35 discrete sections. Two transport equations for soot
aggregate number density and for soot primary particle number density are solved for each

section. The governing equations for soot particle dynamics are as follows:

Conservation of Soot Aggregate Number Density:
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Conservation of Soot Primary Particle Number Density:
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in which N2 is the number of i sectional soot aggregates per unit mass of the gaseous mixture,

N/ is the number of i sectional primary soot particles per unit mass of the gaseous mixture, D?

is the diffusion coefficient of the i™" sectional aggregates, and MS is the total number of soot

sections.

The soot sectional model considers inception (inc), PAH surface condensation (cond), surface
growth (sg), surface oxidation (0x), coagulation (coag), and fragmentation (fr). The inception
model is based on the collisions of two pyrene molecules in the free-molecular regime and
therefore connects the gaseous pyrene concentrations with the smallest particle size section. The

surface chemistry model considers growth via the HACA mechanism developed in [19], and soot
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size reduction via oxidation [20]. Surface growth via PAH condensation is calculated by
considering collisions between pyrene molecules and soot aggregates of any size [21]. Based on
a detailed analysis, the probability of sticking in each PAH—soot collision, ¢, is set to 0.5 [22].
Coagulation, which occurs when two soot particles collide and join, is modelled by calculating
the collision rates between soot particles and a collision efficiency accounting for the probability
of a bounce back. Fragmentation happens when a soot aggregate breaks into two smaller
aggregates. In modelling, a fragmentation rate is assigned to each aggregate based on the
number of primary particles in the aggregate and its fractal dimension. It is assumed that
soot aggregates can only break into two smaller aggregates with equal mass. The details of these

models can be found in [17] [18].

2.2.2. Boundary Conditions

As shown in Fig. 2.1, the boundary conditions used in the present work include inlet condition,
symmetry, free-slip, and zero-gradient at the inlet, centerline, the outer radial boundary, and the

outflow boundary, respectively. The details of the boundary conditions are as follows:

Inlet:

0<r<r, z=0((r,is the outer radius of the air passage)

The inlet line is divided into three regions. The first region is from r = 0 to r = r; (; is the inner
radius of the fuel tube), for which the inlet conditions of the fuel are applied. The second region

is the area right above the fuel tube rim, with thickness , for which the inlet velocity and mole
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fractions are set to zero. The third region is from r =r; 4+t to r = r,, for which the inlet

conditions of air are applied. These boundary conditions are provided here:

Forr <

U = Ugyel
v=20
T = Tryer
Yryer = 1.0
Nf =0
N’ =0

Forn<r<n+rt:
u=20
v=20
T =Tryer
YV,=0



Forn+t<r<r:

T = Tyr

Yo, = 0.231

Yy, = 0.769

Axis of Symmetry:

r =0, 0 <z < H (H is the height of the solution domain in the axial direction)

The zero-gradient conditions are applied at the axis of symmetry (z-axis), as follows:
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Outer Radial Boundary:

r=rt, 0<z<H:

At the outer radial boundary, a free-slip boundary condition is applied, as follows:



Yo, = 0.231

Yy, = 0.769

oNP
or

ON{ B
ar

Outflow:

0<r<r,z=H
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Since the conditions on the normal velocity at the boundaries are provided, pressure or pressure

correction boundary conditions are not needed in order to solve the systems of equations.

2.3. Numerical Method

The governing equations are discretized using the finite volume method. A second-order central
difference scheme is used to discretize the diffusive terms, while a power law scheme is used to

discretize the convective terms [23].

In order to save computational cost while resolving large spatial gradients, a non-uniform mesh
has been implemented, which is finest near the flame centerline and fuel tube. The mesh size
stretches in both radial and axial directions and becomes coarser while moving away from the
flame region. Grid independence has been achieved by further refinement of the grids and

ensuring that the changes in the solution are insignificant.

The numerical solutions are sought using parallel processing due to the high computational
intensity of the problem. The computational domain is divided into 192 control volumes in the
axial direction and 88 control volumes in the radial direction (the number of control volumes are
different for the various flames studied). The actual dimensions of the solution domain, number
of cells, and the finest cell size for different flames is provided in Table 2.2. Flat velocity profiles
are assumed for the inlet fuel and oxidizer streams. Strip-domain decomposition is implemented

in a way that one CPU is assigned to one whole row of control volumes (88 control volumes). A
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sample of grids and the strip-domain decomposition used in the simulations is shown in Fig. 2.1.
The interprocess communication is executed using the Fortran Message Passing Interface (MPI)
library [24] [25]. The computations are performed on the General Purpose Cluster (GPC) and the

Ryerson Sandybridge (Sandy) Cluster of the SciNet Computing Consortium of Compute Canada.

Table 2.2. Solution domain for the flames studied.

Solution Domain Number Fme'st
Flame cell size
(cmxcm) of cells

(cmxcm)
NSl 12.29%4.75 192x88  0.05x0.02
NSII 12.29%4.75 192x88  0.05x0.02
IS 17.35%4.75 218x88  0.05x0.02
S 17.35%4.75 218x88  0.05x0.02
SM32 12.29%4.75 192x88  0.05x0.02
SM40 12.29%4.75 192x88  0.05x0.02
SM60 12.29%4.75 192x88  0.05x0.02
SM80 12.29%4.75 192x88  0.05x0.02
M/A 12.29%4.75 192x88  0.05x0.02
EO 12.29%4.75 192x88  0.05x0.02
E20 12.29%4.75 192x88  0.05x0.02
E50 12.29%4.75 192x88  0.05x0.02
E85 12.29%4.75 192x88  0.05x0.02

Pseudo-time marching is used to obtain a steady-state solution for the problem from an initial
guess. The Semi-Implicit Method for Pressure Linked Equations (SIMPLE algorithm), in which
the continuity equation is converted into the pressure correction equation, is used along with a
staggered mesh to handle the coupling between pressure and velocity [23]. The thermal
properties of the gaseous species and chemical reaction rates are obtained using CHEMKIN
subroutines [26] [27]. Transport properties which include mixture-averaged quantities for
viscosities, conductivities, and diffusion coefficients, as well as thermal diffusion coefficients for

H and Hp, are evaluated using TPLIB [28] [29].
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At each Pseudo-time step, the governing equations that need to be solved for each control
volume include 4 governing equations for axial velocity, radial velocity, pressure, and
temperature, KK governing equations for species mass conservation (KK is the number of
species in the chemical mechanism, for instance, it is 93 for the ethylene chemical mechanism
[4]), and 70 governing equations for particle dynamics. Therefore, at each time step, KK+74

equations are to be solved for each control volume.
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Figure 2.2 shows the numerical procedure implemented in the CoFlame code to solve the
systems of equations. The numerical procedure requires an initial guess for the velocity and
temperature fields, mole fraction, and other variables. The speed of convergence is highly
dependent on the initial guess. For the simulations starting from scratch, the initial parameters
are set to constant values. However, in some cases, it is possible to use the solution of previous
simulations as a starting estimate for the simulations. This helps decrease the convergence time
significantly. The numerical procedure begins by solving the axial momentum, the radial
momentum, and the pressure correction equations globally. Afterwards, the gaseous species
equations are solved for each control volume simultaneously to handle the stiffness of the
problem. Then, the conservation equations of sectional soot aggregate number density and
primary particle number density are solved for each control volume. Since 35 sections are used
to divide soot mass, at each control volume, 35 equations for soot aggregate number density and
35 equations for primary particle number density are solved. These equations are solved control-
volume by control-volume in the same manner as the species equations. The next step is to solve

the energy equation to provide an updated temperature field.

The governing equations of radial momentum, axial momentum, pressure correction, and energy
are linearized and the resulting sets of linear equations are solved using a Tri-Diagonal Matrix
Algorithm (TDMA). The non-linear source terms in the gas species equations are linearized
using their Taylor series obtained on the previous timestep values, while neglecting the second
and higher order terms. Gauss elimination method is used to solve these liner systems at each
control volume. At the end of the iteration, the mixture density is updated and a convergence

check is performed. The solution is assumed to have converged when the maximum relative
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error of the flame temperature, species concentrations, and soot volume fraction become less
than 1x10™. If the convergence criterion is not satisfied, the solution will proceed and the next
pseudo-time step starts, again with the solution of axial momentum equation followed by radial
momentum and pressure correction equations. In order to ensure that the effects of convergence
tolerance are insignificant on the solution, the convergence tolerance is reduced by one order of
magnitude and the solution is monitored for any meaningful changes. A typical solution requires
about 25000 to 35000 iterations, which can vary considerably depending on the initial guess.
Each iteration (pseudo-time step) takes about 3.5—5.8 s of wall-clock time, which is strongly

dependent on the number of species and in turn the chemical mechanism used for simulations.

2.4. Chemical Mechanism

The chemical mechanisms used in the present study include a shortened version of the
mechanism developed by Raj et al. [6] and the one developed by the German Aerospace Center

(DLR) chemical kinetics department [4], henceforth referred to as the DLR mechanism.

The mechanism of Raj et al. [6] consists of 231 species and 1500 reactions and includes PAHs
up to coronene (A7). In order to use this mechanism in the present work, the PAHs beyond A4
were removed to make the chemical mechanism consistent with the soot model, which assumes
that inception and condensation involve only A4. Another 53 species that were believed to be
unimportant, including those contributing to the formation of PAHs larger than A4, were
removed to arrive at this shortened version. When PAHs larger than A4 are removed from the

chemical mechanism, they will be treated as soot particles, thereby accounting for the error of

30



neglecting their growth in soot modelling. The resulting mechanism, which consists of 175
chemical species and 1086 reactions, is used to model the EO flame (pure gasoline). So as to
make the mechanism suitable to model the flames of gasoline/ethanol blends, a sub-mechanism
for the ethanol chemical reactions adopted from Andrae [7] was added to the Raj et al. [6]
mechanism. This sub-mechanism for ethanol reactions consists of five additional chemical
species (CoHsOH, CH3CHOH, C;H4sOH, CH3CH.O, and HOC>H4O2) and 41 reactions. The
subsequent mechanism, consisting of 180 species and 1127 reactions, is used in the simulations

of gasoline/ethanol blended fuel flames.

The DLR mechanism is used to simulate ethylene flames in Chapters 4 and 5. This mechanism
contains 93 species and 719 reactions, and provides reactions of PAHs up to A5. This
mechanism has been validated for flame speeds, profiles of small and large aromatics, and soot
volume fraction. Based on an updated literature review and the current understanding of PAH
formation processes, Chernov et al. [30] enhanced this mechanism to accommodate the PAH gas
phase growth associated with methane combustion, with the addition of 6 reactions and updating

15 reactions. This updated mechanism is used to simulate the methane/air flame in Chapter 5.
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Chapter 3

Experimental and Numerical Study of Soot Formation in
Laminar Coflow Diffusion Flames of Gasoline/Ethanol

Blends

Corresponding Publication: A. Khosousi, F. Liu, S.B. Dworkin, N.A. Eaves, M.J. Thomson, X.
He, Y. Dai, S. Shuai, J. Wang, “Experimental and Numerical Study of Soot Formation in
Laminar Coflow Diffusion Flames of Gasoline/Ethanol Blends,” Combustion and Flame 162
(2015) 3925—-3933.

Abstract

This paper reports the experimental and numerical results of soot formation in laminar coflow
diffusion flames of vaporized gasoline/ethanol blends at atmospheric pressure to gain improved
understanding of ethanol addition to gasoline on soot formation. Four gasoline/ethanol blends of
different ethanol mole fractions in the fuel stream ranging from 0% up to 85% (by volume), EO,
E20, E50, and E85, were investigated to quantify how soot loading varies with the amount of
ethanol blending in the fuel. The laminar coflow diffusion flames were generated using a burner
system designed for vaporized liquid fuels. The fuel stream was heavily diluted with nitrogen to
lower the boiling points and to prevent the flames from smoking. The soot volume fraction
distributions were measured using a 2D line-of-sight attenuation (LOSA) technique. These
flames were also modelled numerically using the extensively validated CoFlame code and a

recently developed reaction mechanism for gasoline surrogates including PAH formation. The
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results of experiment and numerical modelling agree quite well in terms of the levels of soot
volume fraction and they both show a decrease in the soot loading as more ethanol is added in
the fuel stream. The measured peak soot volume fraction occurs in the flame centerline region.
The soot model used in this study is unable to capture this experimental feature and predicts the
peak soot volume fraction in the co-annular region. Ethanol addition reduces the soot loading
primarily by lowering soot inception and PAH condensation rates through decreasing the
concentrations of aromatics. Additional measurements in gasoline surrogate/ethanol blend flames
indicate that the gasoline surrogate model emulates well the sooting propensity of the real

gasoline fuel.

Keywords: Laminar diffusion flame, Soot, Gasoline, Ethanol, Gasoline Surrogate

3.1. Introduction

Combustion-generated soot (also known as black carbon particulate) emission has been
identified to be a serious threat to human health and the urban environment [1] and should be
mitigated in combustion systems. The environmental and health issues and the increasingly more
stringent soot particulate emission regulations have generated unprecedented motivations and
pressure for combustion researchers and combustion device designers to gain better
understanding of soot formation mechanisms and attempt to reduce pollutant and particulate
emissions. Approaches that could help achieve this goal include reducing dependence on
traditional fossil fuels, increasing efficiency of combustion systems, and the use of alternative

renewable fuels. Renewable fuels have received world-wide attention in recent years due to the
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carbon-neutral nature of these fuels and the concerns of the limited reserve of petroleum based
fuels. Biofuels have a great potential for renewability and reduction of greenhouse gases.
According to the projection of the International Energy Agency, biofuels have the potential to

provide up to 27% of the world demand for transportation fuels by 2050 [31].

The transportation sector accounts for approximately one-fifth of the global black carbon
emissions and is therefore a major black carbon emission source. Gasoline vehicles constitute the
larger portion of light-duty vehicles world-wide. Soot emissions from traditional port-fuel
injection (PFI) gasoline engines had not been a serious concern since combustion takes place in
stoichiometric mixtures and soot emissions are in general very low. Although the gasoline direct
injection (GDI) engines offer several advantages over the conventional PFI engines and have
become increasingly popular among passenger car manufactures in recent years, they cause
significantly higher soot emissions [32] [33]. One strategy to reduce soot emissions from GDI
vehicles to meet the emission regulations is to use a gasoline particulate filter (GPF). However,
GPF is not cost-effective and it is highly desirable to reduce soot emissions from GDI engines
through improved engine design [33]. Another strategy for GDI vehicles to meet emission
regulations is to use blends of gasoline and biofuels, which in turn requires improved
understanding of soot formation in such blended fuel flames and the role of fuel chemistry on

formation of aromatics, polycyclic aromatic hydrocarbons (PAHS), and soot.

Among various oxygenated biofuels for blending with gasoline, ethanol has received the most
attention since it has the potential to enhance engine operation, reduce soot emissions, and can be

produced from a wide variety of renewable feed stocks, such as potato, brewery waste, sugar
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cane, bagasse, and cellulosic biomass, through the steps of microbial fermentation of sugars,
distillation, and dehydration. Ethanol is rapidly biodegraded in surface water, groundwater, and
soil. With improving technologies used in ethanol production, the water usage is declining.
Moreover, with the development and application of cellulosic ethanol production approach, the
production of ethanol can further alleviate the land and water use and the related ecological
concerns. Ethanol has a higher octane number than gasoline and therefore its mixtures with
gasoline are of particular interest to the automotive industry [34] [35]. These blends can be

readily used in spark ignition engines without any modifications.

Using ethanol as an additive to a hydrocarbon fuel changes its sooting propensity. Although it is
useful and necessary to investigate the effects of ethanol blending on soot emissions from GDI
engines, it is also important and necessary to study the fuel chemistry effect on formation of
aromatics, PAHs, and soot in well-controlled laboratory flames, since the sensitivity of soot
emissions from a GDI engine to various engine parameters can mask the effect of fuel blending
on soot formation [33]. The influence of ethanol on soot formation has been studied by
researchers in different flames and for different fuels, including ethylene and gasoline [33] [36]
[37] [38] [39]. Most of the studies conducted so far, both in engines and in flames, suggest that
adding ethanol to diesel, gasoline, and ethylene reduces PAH and soot formation, e.g., [33] [36]
[37] [40] [41]. Lemaire et al. [36] studied the effects of addition of ethanol to gasoline and to a
gasoline surrogate on soot and PAH formation in turbulent spray flames. They observed
substantial reductions in the concentrations of soot and PAHs when adding ethanol to the fuel.
They also reported that soot particles are oxidized faster as ethanol percentage increases in the

fuel mixture. Lemaire et al. [36] also found that addition of ethanol suppresses soot formation
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not only by the dilution effect, but also by chemical (oxygen) effect [36]. The effects of ethanol
addition on PAH and soot formation in flat rich premixed ethylene/air flames were investigated
by Wu et al. [37] both experimentally and numerically. Both their experimental and numerical
results showed that addition of ethanol reduces PAH and soot formation. Through analyzing the
decomposition pathways of ethanol, Wu et al. [37] concluded that addition of ethanol to the rich
ethylene/air mixture reduces the aromatic species concentrations by lowering the amount of
carbon available to form precursor species of aromatics. Maricq [33] investigated the effect of
adding ethanol to gasoline at different levels in laminar coflow diffusion flames on soot particle
size distributions. The flames investigated by Maricq [33] were smoking, except the E85 (85%
ethanol/15% gasoline blend) one. It was observed that adding small amounts of ethanol results in
slight changes in flame properties and size distributions compared to the base gasoline fuel case.
However, a different behaviour was also observed when adding more ethanol in terms of flame
shape and soot emissions. Maricq [33] pointed out that other factors like fuel volatilization and
mixing might play more important roles than combustion chemistry at low levels of ethanol
addition. The diesel engine emission measurements of Chen et al. [40] and Lapuerta et al. [41]
found that addition of ethanol to diesel up to 20% by volume reduces soot emissions rather

significantly.

In some cases, however, an increase in soot formation has been reported as a response to the
addition of small percentages of ethanol to fuel in ethylene diffusion flames [38] [39]. McNesby
et al. [38] studied the effects of ethanol addition to opposed-flow ethylene/air diffusion flames.
They noted that depending on how ethanol was added, either in the fuel or air stream, increases

or decreases in soot formation could be observed, respectively. The increase was due to

36



enhanced fuel pyrolysis leading to increased soot precursor concentrations, and the decrease was
due to higher temperature and OH concentrations, leading to increased oxidation. In turbulent, or
co-flowing laminar systems, both of these effects may occur simultaneously, depending on
fuel/air conditions and mixing. McEnally and Pfefferle [39] conducted an experimental study of
the effects of up to 10% (QcansoH:Qcz2Hs, Q is the volumetric flow rate) ethanol addition to fuel
on benzene and soot formation in a laminar coflow ethylene/air diffusion flame. It was observed
that addition of relatively small amounts of ethanol results in higher benzene and soot
concentrations [39]. Based on their detailed species concentration measurements, McEnally and
Pfefferle [39] explained the increased formation of benzene and soot by the enhanced formation
of methyl radical, which prompts the C1 + C> addition reactions to form propargyl radical. The
self-reaction of propargyl then leads to the enhanced formation of benzene. Subsequently, more
PAHSs and soot are formed. The reason for the sensitive response of the ethylene diffusion flame
to the enhanced methyl radical formation is because methyl radical concentrations are very low
in this flame. In other systems, such as those of addition of dimethyl ether (DME) to fuel in
ethylene/air diffusion flames studied in [39] [42], the synergistic effects on soot formation have
also been observed with the addition of oxygenated fuel components, and have been attributed to
specific chemical pathways, in particular the interactions of Cy and Cz to form propargyl. As
pointed out by McEnally and Pfefferle [39], however, the larger alkanes, which are a major
constituent of gasoline [3], decompose more readily to methyl. Therefore, the synergistic effect
of adding a small amount of oxygenated fuels (DME and ethanol) to fuel in ethylene/air
diffusion flames [38] [39] [42] is likely a phenomenon to C; fuels, but not to transportation fuels,

such as gasoline.
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There is currently a lack of experimental data of detailed soot volume fraction distributions in
laminar coflow diffusion flames of vaporized gasoline and gasoline/ethanol blends. Such
experimental data are highly desirable for the purposes of validating the gasoline surrogate
models in terms of soot formation [3] and gaining better fundamental understanding of the role
of fuel chemistry in soot formation reduction by ethanol addition to gasoline observed
experimentally in [33] [36]. It is noticed that the diffusion flames investigated in [33] [36] do not
serve such purposes since Lemaire et al. [36] studied turbulent spray flames, while Maricq [33]

measured only soot particle size distributions in laminar coflow smoking flames.

The present study investigates soot formation in laminar coflow diffusion flames of vaporized
gasoline and ethanol/gasoline blends using experimental and numerical methods. Radially-
resolved soot volume fraction distributions were measured using the two-dimensional line-of-
sight attenuation (2D-LOSA) technique [2] and an Abel inversion algorithm [43]. Numerical
calculations are conducted using a gasoline surrogate model with a fairly detailed reaction
mechanism and a sectional soot model. The effect of ethanol addition to gasoline is investigated
for different levels of blending, ranging from EO up to E85. The high computational intensity of
the flame modelling requires parallel processing. An in-house algorithm, known as the CoFlame
code, is used to perform the computations in the present study. The CoFlame code has been
validated for a variety of fuels [4] [5] [22] [30] [42] [44] [45] [46] [47] [48]. However, it has not
been applied to laminar coflow gasoline/ethanol diffusion flames. The objectives of this study
are twofold: (1) to present experimental data of soot volume fraction distributions in laminar
coflow diffusion flames of gasoline and gasoline/ethanol blends that can be used for validation of

gasoline surrogate models, and (2) to gain further fundamental insights into how addition of
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ethanol to gasoline affects PAH and soot formation in laminar coflow diffusion flames. The
results of this study provide valuable information on how soot formation and emissions may be

affected by addition of ethanol to gasoline.

3.2. Experimental Setup

3.2.1. Fuels

In the present study, four liquid fuels were investigated. They comprise the pure No. 92 gasoline
(from a commercial gas station in Beijing, China), known hereafter as EO, and three
gasoline/ethanol blends, E20, E50, and E85, which consist of 20%, 50%, and 85% ethanol
(volume basis), respectively. The No. 92 gasoline, which has a research octane number (RON) of
92, used in the experiments consists of 49.2% saturates, 36.1% aromatics, and 14.7% olefins
(volume basis). In all the experiments the carbon flow rate was kept constant at 6.05 g/h (with an
uncertainty of about 0.05 g/h). The blending ratio, elemental mass distributions, and the fuel flow

rates are summarized in Table 3.1.

Table 3.1. Gasoline and ethanol volume percentages in the four liquid fuel blends,
elemental mass distributions, and fuel mass flow rates (* Volume %, ® Weight %).

EO E20 E50 E85
Gasoline? 100 80 50 15
Ethanol? 0 20 50 85
Carbon content® 86.4 79.2 68.7 57.0
Oxygen content® <0.05 7.32 17.93 29.8
Hydrogen content® 1359 1349 1335 132
Flowrate g/h 7 7.63 8.82 10.6
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3.2.2. The Burner System
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The burner system shown schematically in Fig. 3.1 comprises the laminar coflow diffusion flame
burner, fuel reservoir, controlled evaporator and mixer (CEM), mass flow controllers, air
compressor, fuel and air lines, and heating tapes for both the air and fuel lines. It is useful to
point out that only the fluid in the top part of the accumulator and in the tube connecting the fuel

accumulator and the CEM is in liquid phase; all the fluids in other parts in Fig. 3.1 are in gas

pressure

stabilizing chamber

Fig. 3.1. The liquid fuel laminar diffusion flame burner system.

The coflow flame burner is a modified version of the Gulder burner [49]. The inner diameter of
the fuel tube is 10.9 mm and the inner diameter of the outer air tube is 89 mm. Porous sintered
metal plates and glass beads used in the air stream help generate uniform flows, reduce flow

fluctuations, and improve the flame stability. The entire burner assembly below the gas exit
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plane is surrounded by an outer heating unit to maintain the whole burner at a temperature up to

about 573 K (300°C) to prevent condensation of vaporized fuel inside the burner assembly.

Instead of a syringe pump, the device to store and supply the liquid fuel is a commercial liquid-
gas piston-type accumulator with a volume of 1 | and a maximum working pressure of 3000 psi.
Vaporization of heavy components of a transportation fuel, such as gasoline, is a challenge
because of their fairly high and different boiling points. To produce non-smoking laminar
diffusion flames, and to ensure that all components of the liquid fuel are vaporized at a relatively
low temperature around 473 K (200°C), the fuel is heavily diluted with nitrogen. Although the
present design allows some carrier/diluent nitrogen to be delivered without going through the
CEM device, as shown in Fig. 3.1, all the nitrogen was delivered through the CEM device in all
the experiments conducted in this study at 0.3 I/min (at 273 K, 1 atm) with an uncertainty of

about 0.5%.

Stable vaporization of the liquid fuel was achieved using a Bronkhorst CEM device. Inside the
CEM unit, the liquid fuel is first mixed with the diluent gas (here nitrogen) and then vaporized at
a prescribed temperature of 451 K (+2 K). This CEM temperature was selected based on a
sensitivity study in which the effect of the CEM temperature on the visible flame height and soot
volume fraction distribution was investigated by varying the CEM temperature from 423 K (150
°C) to 451 K (178 °C), and finally to 473 K (200 °C). It is noticed that 473 K (200 °C) is the
maximum temperature allowed for the CEM device used in this study. It was found that there are
appreciable increases in the visible flame height and the soot loadings when the CEM
temperature is increased from 423 K (150 °C) to 451 K (178 °C); however, the variations are
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negligibly small when the CEM temperature is further increased from 451 K (178 °C) to 473 K
(200 °C). After leaving the CEM device, the fuel mixture passes through a pressure stabilizing
chamber to dampen any pressure fluctuations in the system before being delivered to the burner
via heated tubes kept at 573 K. In the present experiments, the fuel mixture after the CEM
device, the pressure stabilizing chamber, the fuel tube connected to the burner, the burner
assembly, and the air flow tube were all maintained at 573 K to avoid fuel condensation in the
burner system. The air flow rate was maintained at 167 I/min (at 273 K, 1 atm) throughout this
study. All the experiments were conducted at atmospheric pressure. Under these experimental
conditions, fairly stable diffusion flames can be achieved over a sufficiently long time at a visible

flame height of 50 mm with a vertical fluctuation of about 1-2 mm.

3.2.3. Soot Volume Fraction Measurement

The soot volume fraction distributions in the laminar axisymmetric coflow diffusion flames were
measured using the 2D-LOSA technique [2]. The 2D-LOSA setup is shown schematically in Fig.
3.2. The system consists of a point light source, a reflecting mirror, a concave mirror, the flame,
lenses, a pin-hole aperture, an interference filter, and a high-speed CMOS camera. The light
source is provided by a halogen lamp and an aperture. The combination of the reflecting and
concave mirrors transforms the point light source into a parallel light beam. The aperture
between the two convex lenses is used to reduce the flame radiation to the detector. The aperture
is selected large enough (1 mm in this work) to minimize the Schlieren effects due to beam
steering by the flame. The diameter and focal length of the two convex lenses are 50.8 and 250

mm, respectively. The detector is a VRI Phantom v7.3 CMOS camera. The detector array size is
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512 x 512 pixels with a square pixel size of 196.2 um. The camera was set at a speed of 30

frame/s and an exposure time of 1/10,000 s.
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Fig. 3.2. A schematic of the 2D-LOSA setup for soot volume fraction measurements.

The experimental procedures follow closely those described in Snelling et al. [2], except the
bandpass filter in front of the camera (577 nm in [2], but 675 nm in this study). It is noticed that
an interference filter centered at 675 nm (with a bandwidth of 30 nm) was used in this study to
avoid light absorption by PAHs and minimize light attenuation by soot scattering based on two
recent studies [50] [51], which recommend conducting extinction measurements at wavelengths
in the upper visible or the near infrared spectral range. In laminar coflow ethylene/air diffusion
flames with soot loadings even somewhat higher than those in the present study, the contribution
of soot scattering to extinction was estimated to be fairly insignificant compared to absorption by
less than about 10% at 500 nm [50] [52]. Therefore, soot scattering contribution to light

attenuation at 675 nm is significantly smaller and can be neglected in the present data analysis.

Although the laminar flames produced using the liquid burner described above are fairly stable,
they are not as stable as gaseous flames, such as methane and ethylene flames, and slight to

modest flame instability can be observed. To suppress the flame instability effects in the LOSA
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measurements, at least 100 flame images were acquired for each fuel conditions and the
averaged image was used in the data analysis. The three-point Abel inversion method of Dasch
[43] was used to obtain the radially resolved soot absorption coefficient from LOSA
measurements. It should be pointed out that the acquired transmission images were first
smoothened using the Gaussian spatial filter in Matlab before further data analysis. The
conversion of the local soot absorption coefficient to soot volume fraction is achieved by

assuming that soot particles are in the Rayleigh scattering regime using the following expression:

f _ Ka/lE
v

"~ 6mE(m) (3.1)

where Ka is the soot absorption coefficient reconstructed from the Abel inversion, E(m) is the
soot absorption function at the extinction measurement wavelength of A = 675 nm. In this study,
E(m) was assumed to be 0.35 based on the recent study of Coderre et al. [53], who found that the

E(m) value of soot is constant at about 0.35 in the visible spectral range between 450 and 750

nm.

The error and uncertainty in the measured soot volume fraction are mainly due to beam steering,
smoothing of transmissivity by the Gaussian filter, and the uncertainty in the value of E(m). The
uncertainty in the value of E(m) at 675 nm is estimated to be less than 20% [53]. The uncertainty

in the measured soot volume fraction is estimated to be 30%.
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3.3. Numerical Method

The governing equations for mass, momentum, energy, species, primary particle number
densities, and soot aggregate number densities are solved in a coupled manner. The details of the
CoFlame code’s numerical model can be found in previous studies [5] [22] [46] [47]. The
computational domain consists of 88 control volumes in the radial direction and 192 control
volumes in the axial direction. The domain is divided into 192 subdomains in order to implement
parallelization using 192 CPUs, each of which is responsible for a single row of 88 control
volumes in the radial direction. A soot sectional model consisting of 35 sections is utilized and
each section considers primary particle size and aggregate structure. The particle dynamics
model includes inception, based on pyrene dimerization [21], hydrogen abstraction CzH>
addition (HACA) [19] [21] [54], PAH (pyrene) condensation, coagulation, and fragmentation
[22]. The radiation model is the discrete ordinate method coupled with a statistical narrow-band
correlated-k-based model [55], which accounts for soot, H2O, CO2, and CO as radiating species.
The oxidation model considers only O, molecules and OH radicals, which have been identified
to be the primary oxidative species [20] [56] [57] [58] [59] [60]. OH oxidation is based on a
collision theory, which uses a constant collision efficiency between soot and OH of 0.13 [20]. O-
oxidation is based on the oxidation of phenyl proposed by Frenklach and Wang [54]. In previous
numerical studies based on the CoFlame code [5] [22] [30] [44] [46] [47] [48], the steric factor «,
which represents the fraction of soot surface sites for HACA surface reactions (except oxidation
by OH) [21] [54], was considered to be a model parameter, whose value was tuned to provide
good agreement with available experimental data. Although various efforts have been made to

correlate o as a function of temperature, particle size, and in a recent study as a function of
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thermal age [11], it is unlikely to establish a generic expression for a that can be applied for
flames of different fuels. This is because there are currently large uncertainties in the PAH
formation sub-mechanism, which has a significant influence on the soot inception rate and the
subsequent surface growth modelling. In this study, a constant o of 0.19 was used based on a
sensitivity study to obtain good agreement in the peak soot volume fraction between modelling

and experiment.

Gasoline is a complex mixture composed of hundreds of hydrocarbons [3]. Such a large number
of compositions makes it impossible to model a real gasoline fuel in numerical simulations
because of limited computational resources and the unknown kinetic mechanisms for many of
them. Therefore, it is necessary to use a gasoline surrogate to emulate the real gasoline fuel.
Most gasoline surrogates are mainly composed of toluene (CeHsCHz), iso-octane (i-CgH1g), and
n-heptane (C7H1s), also known as toluene reference fuels (TRFs), at the current stage of gasoline
surrogates development [3] [61] [62] [63] [64], though 4-component gasoline surrogates have
also been proposed [7] [65]. It has been found that these gasoline surrogates replicate well the
ignition delay times [61] [63], main heat release event and pressure profile of HCCI experiments
[63], and soot formation and particle morphology in laminar coflow gasoline doped methane
diffusion flames [66]. In this study, the No. 92 gasoline was represented by a gasoline surrogate
model in the numerical simulations of gasoline/ethanol blend flames. The particular gasoline
surrogate model employed in the present study is comprised of 19% n-heptane, 38% toluene, and
43% iso-octane (volume basis), which was formulated using the method of Morgan et al. [63] for
RON =92 and an assumed MON = 85. It is noticed that the content of toluene, which is used not

only to emulate the fuel sensitivity of real gasoline [63], but also to mimic the behaviour of the
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aromatics of a real gasoline fuel [66], in this surrogate model (38% in volume) is very close to
the aromatic content in the No. 92 gasoline studied (36.1% given in Section 4.2.1). As mentioned
earlier, the fuel stream is heavily diluted with nitrogen to lower the saturation vapor pressures of

the surrogate fuel components and produce non-smoking laminar diffusion flames.

The chemical reaction mechanism used for the simulations in this work is adopted from [6] and
[7]. The mechanism of Raj et al. [6] consists of 231 species and 1500 reactions and was
developed from that of Marchal et al. [67], which was also developed for gasoline surrogate fuels
and included PAHSs up to pyrene (A4), by extending PAHs up to coronene (A7) and by adding
several new PAH reactions to provide more reliable predictions of the concentrations of large
PAHs. These modifications were found to improve the calculated concentrations of pyrene in n-
heptane flames [6]. A shortened version of the Raj et al. [6] mechanism used in the present study
for modelling the EO (pure gasoline) consists of 175 chemical species and 1086 reactions. In the
shortened version of the Raj et al. [6] mechanism, the PAHs beyond A4 were removed to keep
the chemical mechanism consistent with the soot model, which assumes that inception and
condensation involve only A4. In addition, another 53 species that are believed to be unimportant
were removed from the Raj et al. [6] mechanism to arrive at this shortened version. This
shortened mechanism has been used recently by Consalvi and Liu [48] in the simulation of soot

formation in a laminar coflow n-heptane diffusion flame at elevated pressures.

To extend the shortened Raj et al. [6] mechanism to model gasoline/ethanol flames, the sub-
mechanism for the ethanol chemical reactions adopted from Andrae [7] was added to it. This

sub-mechanism for ethanol reactions consists of five chemical species (C2HsOH, CH3CHOH,
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C2H40OH, CH3CH20, and HOC,H40>) and 41 reactions. So the mechanism used in this study for

gasoline/ethanol blended fuel flames consists of 180 species and 1127 reactions.

Four fuels were studied in this work, namely EO, E20, E50, and E85, as shown in Table 3.1. The
base case, EO, is the pure gasoline fuel, i.e., without ethanol blending. Comparison between the
calculated and measured soot volume fraction distribution gives an indication of the validity of
the gasoline surrogate in soot formation modelling. The effect of ethanol addition to gasoline on
soot formation has been studied with respect to EO (pure gasoline) at three different levels of
blending, i.e., 20%, 50%, and 85% by volume. The fuel compositions specified at different levels
of ethanol blending in the numerical simulations are chosen to provide the same carbon flowrate
as in the experimental work. Table 3.2 shows the compositions (mole fraction), the inlet
velocities, and temperature in the fuel stream. The air stream velocity is kept constant at 84.1
cm/s for all the cases, with an inlet temperature of 523 K and compositions of 0.791 N2 and
0.209 O2 by volume. These inlet values reproduce fairly well the visible flame heights observed
in the experiments.
Table 3.2. The mean velocities, temperatures, and mole fractions of

compositions at the inlet of the fuel stream of the four flames used in the
simulations (gasoline was modelled by the surrogate).

EO E20  E50 E85

V(em/s) 1172 1197 1258 14.16
T (K) 573 573 573 573
N2 0.8732  0.8547 0.8138 0.7229

Toluene  0.0482  0.0442 0.0354 0.0158
iso-octane  0.0545  0.0500 0.0400 0.0179
n-heptane  0.0241  0.0221 0.0177 0.0079
Ethanol  0.0000  0.0291 0.0931 0.2355
C/O - 3172 9.43 3.31
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3.4. Results and Discussion

3.4.1. Experimental Results

The visible appearance of the EO, E20, E50, and E85 flames is compared in Fig. 3.3. The visible
(due to soot luminosity) flame heights are 50.0, 48.7, 46.5, and 45.6 mm for the EO, E20, E50,
and E85 flames, respectively, i.e., the visible flame height decreases with increasing ethanol
blending to gasoline. The decrease of the visible flame height is quite small at 20% ethanol
blending, but becomes modest at 50% and 85% blending. The increased ethanol content in the
fuel mixture results in not only a shorter visible flame, but also a larger distance between the
burner exit and the base of the luminous flame wing and an extended region of low image
intensity in the centerline, suggesting that soot inception is further delayed as more ethanol is

blended into the fuel stream.

EO E20 E50 E85

Fig. 3.3. Photographs of the visible appearance of the EO, E20, E50, and E85 flames.
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The measured soot volume fraction distributions in the four flames using the 2D-LOSA
technique are shown in Fig. 3.4. The peak soot volume fractions in each flame are indicated. It is
interesting to observe that the high soot concentrations occur in the flame centerline region,
which is in contrast to laminar coflow diffusion flames of gaseous fuels with comparable peak
soot volume fractions, where the peak soot volume fraction occurs in the flame wing, e.g., [5]
[22]. The occurrence of the peak soot volume fraction in the flame centerline region in coflow
diffusion flames of doped methane by gasoline, diesel, and primary reference fuels has also been
shown in several recent experimental studies [66] [68] [69]. The soot volume fractions and the
visible flame size are reduced significantly as more ethanol is blended into gasoline. In the E85

flame, the peak soot volume fraction is less than half of that in the EO flame.

(a) EO, 5.2 ppm (b) E20,4.5ppm  (c)E50,3.8ppm  (d) E85, 2.4 ppm

Fig. 3.4. Measured soot volume fraction distributions in the EO, E20, E50, and E85 flames. The peak soot volume
fraction in each flame is indicated.

Figure 3.5 displays the measured radial distributions of soot volume fraction in the EO, E20, E50,

and E85 flames at four heights of z = 10, 20, 30, and 40 mm above the burner exit. It is seen that

50



soot volume fraction monotonically decreases as more ethanol is blended in the fuel stream
throughout the flame, as expected from the 2D distributions shown in Fig. 3.4. Atz = 10 mm, the
soot volume fractions are very low in the E50 and E85 flames. The measured soot volume
fractions in the E50 flame at this height are likely not reliable because they are at the detection
limits of the LOSA technique. The soot volume fractions in the E85 flame at z = 10 mm are too
low to be measured by LOSA. The trend of soot reduction as a result of ethanol addition to
gasoline is consistent with the findings of Lemaire et al. [36] and Maricq [33]. Since the
minimum level of ethanol addition considered in this study is 20% (E20), the present results
cannot be used to confirm if there is a synergistic effect of adding a small amount of ethanol to
gasoline on soot formation observed in the study of McEnally and Pfefferle [39], where ethanol

was added to ethylene, though such effect is unlikely to occur when ethanol is added to gasoline.

51



1.0

]1(a) 10 mm
0.8 -
e 06 ]
Q. ]
o ]
0.4
0.2 -
0.0 —
5 6
EO
E20
E50
5 ES5
s

r, mm r,mm

Fig. 3.5. Experimental radial soot volume fraction profiles in the four flames at fours heights above the burner: (a)
10 mm, (b) 20 mm, (c) 30 mm, and (d) 40 mm.

At a height above the burner of 20 mm, as the ethanol blending increases from 0% to 20%, the
peak soot volume fraction drops by approximately 24% from about 3.86 ppm to 2.94 ppm (Fig.
3.5(b)). Further addition of ethanol to 50% and 85% causes soot volume fraction to further
decrease to peaks of 1.5 ppm and 0.39 ppm, respectively. Similar trends showing the decrease in
soot volume fraction with increasing ethanol blending to gasoline are also observed at heights of

30 mm and 40 mm above the burner exit (Figs. 3.5(c) and (d)).
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In addition to the four flames of gasoline/ethanol blends, experimental measurements were
conducted in four corresponding flames of surrogate/ethanol blends. The flames fuelled with
surrogate/ethanol blends are qualitatively similar to those fuelled with gasoline/ethanol blends in
terms of the visible flame heights and the overall suppressive effects of ethanol blending.
However, the soot volume fractions in the surrogate/ethanol flames are about 15-20% higher
than those in the gasoline/ethanol flames. A direct comparison of the peak soot volume fractions

in these flames is presented at the end of the next section.

3.4.2. Numerical Results

Computations were performed for the four sets of flame conditions shown in Table 3.2. Figures
3.6 and 3.7 display the computed two-dimensional distributions of temperature and soot volume
fraction, respectively, for the EO, E20, E50, and E85 flames obtained using the CoFlame code
described in several previous publications [4] [5] [22] [45] [46] [47] and outlined earlier. Figure
3.6 shows that the peak flame temperature, which occurs in the co-annular region low in the
flame between z = 1 and 2 cm, decreases with increasing level of ethanol addition, while the
temperatures in the flame centerline region around the flame tip increase with increasing ethanol
addition. The peak flame temperature in the E85 flame (1979.6 K) is only about 35 K lower than
that in the EO flame (2015 K). The relatively small decrease in the peak temperature is
attributable to the constant carbon content of the fuel stream for the four flame conditions. The
increase in the flame temperatures in the centerline region around the flame tip with increasing
ethanol addition is due to reduced radiation heat loss associated with the reduced soot loading
shown in Fig. 3.7. The computed soot volume fraction distributions shown in Fig. 3.7 indicate

that the experimentally observed visible flame heights (about 50 mm, based on soot radiation)
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are well predicted for the EO, E20, and E50 flames, but somewhat underpredicted for the E85
flame. The predicted visible flame height remains almost unchanged when 20% ethanol is added
to the fuel stream. However, at higher levels of ethanol addition, the predicted visible flame
height starts to decrease, especially in the E85 flame. These predicted effects of ethanol blending
to gasoline are in agreement with the flame photos and the 2D measured soot volume fraction
distributions shown in Figs. 3.3 and 3.4. Figure 3.7 also shows that the predicted peak soot
volume fraction decreases as more ethanol is added to the fuel stream. Overall, the trends in the
numerical results of soot volume fraction agree well with the experimental results, i.e., the soot
concentration is monotonically reduced as more ethanol is added to the gasoline surrogate.
Despite the fairly small differences in temperature in the co-annular region in the four flames
(Fig. 3.6), the computed peak soot volume fraction decreases significantly from 5.67 ppm in the

EO flame to 2.81 ppm in the E85 flame (Fig. 3.7).
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Fig. 3.6. The calculated temperature distributions in the four flames. The peak temperature is indicated for each
flame.
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Fig. 3.7. The calculated soot volume fraction distributions in the four flames. The peak soot volume fraction is
indicated for each flame.

1

Although the model correctly captures the overall effects of ethanol blending to gasoline on the
visible flame appearance and the suppressive effects of ethanol addition, it fails to predict the
measured distribution of soot volume fraction. As shown in Fig. 3.4, the measured soot volume
fractions peak in the flame centerline regions, regardless of the level of ethanol blending. The
predicted peak soot volume fraction in each flame, however, always occurs in the outer edge of
the co-annular sooting region, i.e., along the flame wing (Fig. 3.7). Such predicted sooting
structure is very similar to that in a laminar coflow diffusion flame of gaseous fuels, e.g.,
methane [70] and ethylene [71]. Therefore, the model fails to predict the correct distribution of
soot volume fraction in the flames fuelled with gasoline/ethanol blends. Understanding why the
peak soot volume fraction in liquid fuel coflow diffusion flames occurs in the centerline region
and how to improve the present soot model to better predict the soot distribution will be pursued

in future studies.
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The computed radial distributions of soot volume fraction at z = 10, 20, 30, and 40 mm are
shown in Fig. 3.8. The computed levels of soot volume fraction at each of these four heights are
in relatively good correspondence with the measured ones shown in Fig. 3.5. However, the
computed peak soot volume fractions remain in the outer co-annular region of the flame while
they quickly shift to the flame centerline regions at z = 30 mm and above in the experiment (Fig.
3.5). As more ethanol is blended into the gasoline surrogate, soot volume fraction is reduced

throughout the flame and a dramatic reduction takes place in the E85 flame.
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Fig. 3.8. Computed radial soot volume fraction profiles in the four flames at fours heights above the burner: (a) 10
mm, (b) 20 mm, (c) 30 mm, and (d) 40 mm.

The peak soot volume fraction is an important indicator of soot propensity of flames and
different fuel mixtures. To gain a quantitative understanding of the effectiveness of the gasoline
surrogate in emulating the sooting propensity of gasoline and the effect of ethanol blending to
gasoline on soot formation, the measured and calculated peak soot volume fractions in the four

flames are compared in Fig. 3.9. When the fuel is the No. 92 gasoline, the experimental peak
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soot volume fraction in the EO flame is 5.2 ppm. Adding 20% ethanol reduces the experimental
peak to 4.5 ppm (13% reduction). The measured peak soot for E50 is 3.8 ppm, decreasing by
27% compared to that for EO. The decrease in the peak soot volume fraction is more significant
for E85 as the experimental peak decreases to 2.4 ppm, a 54% reduction with respect to that for
EO. Although the computed results are higher than the measured values in all four flames, the
model captures the trend of ethanol addition to gasoline on soot formation reduction fairly well,
in particular the more significant reduction between the E50 and E85 flames; however, the model
predicts a small decrease in the peak soot volume fraction in the E20 and E50 flames. The
percentages of the modelled peak soot volume fraction reduction in the E20, E50, and E85
flames, relative to the EO flame, are respectively 3.9%, 14.8%, and 50%, which are somewhat
lower than but comparable to the measured peak soot reductions. Therefore, the gasoline
surrogate model used in this study is capable of predicting the effects of ethanol addition to

gasoline on soot formation reduction revealed in the experimental results.

58



g 717

g 6—: o Exp.: Surrogate/Ethanol

= &——T-g

2 A _ S~ Model

'.6 5 N ~ < - \\\\ 4

© =~ A ~

"'3 4 ST \\G\\\\\\

e Exp.: Gasoline/Ethanol AR

S ] N

IS 3 | \\\\\®

> ] SA

o 27

o ]

(7] i

Xx 1

CU 4

) ]

D‘ O T T T T
EO E20 E50 E85

Fig. 3.9. Comparison between the measured and the calculated peak soot volume fractions in the four flames.

Also plotted in Fig. 3.9 are the measured peak soot volume fractions in flames of gasoline
surrogate/ethanol blends. The flames of the gasoline surrogate/ethanol blends produce somewhat
more soot than the No. 92 gasoline/ethanol blends. The measured peak soot volume fraction in
the gasoline surrogate flame is 6.2 ppm, 20% higher than that in the No. 92 gasoline flame. At
85% ethanol blending, the measured peak soot volume fraction in the gasoline surrogate/ethanol
flame is 2.8 ppm, 15% higher than that in the corresponding No. 92 gasoline/ethanol flame. It is
noticed that the discrepancies between the two sets of measured soot volume fractions or
between the computed and the measured ones are within the experimental uncertainty. Therefore,
it can be concluded that the gasoline surrogate model can emulate fairly well the sooting
behaviour of the No. 92 gasoline/ethanol blends based on the present experimental

measurements and numerical modelling.
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To investigate the causes of soot reduction by ethanol addition to gasoline, the effects ethanol
addition has on the mechanisms of soot formation and oxidation are analyzed in more detail. The
computed data have been post-processed using a Lagrangian particle tracking technique [5],
wherein a fluid parcel is tracked along a given streamline, and then its trajectory is corrected for
soot particle transport so as to trace out a soot particle’s history. Figure 3.10(a) compares the
contributions of O> and OH oxidation to total soot particle mass reduction along the pathline of
maximum soot on the wings for the four flames. The data correspond to collective oxidation
history from inception to the location of maximum soot. The reduction in soot mass from
oxidation by both O, and OH decreases or stays relatively constant with increasing ethanol
addition. For the E85 flame, the reduction of soot mass caused by O is substantially less than the
other flames. Although there is a slight decrease in the contribution of OH oxidation in the E85
flame, it is much smaller than the decrease in the O contribution reduction. In fact, the influence
of ethanol addition is less oxidative, demonstrating that oxidation is not responsible for the
reduction in soot concentrations with increasing ethanol addition seen in Figs. 3.4, 3.5, 3.7-3.9,
but rather it is attributed to changes in the soot inception and surface growth processes brought
by ethanol addition. This finding is consistent with that of McNesby et al. [38], who showed a
decrease in soot precursors, rather than enhanced oxidation, when ethanol was added to their fuel

stream.
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Fig. 3.10. (a) The cumulative contributions of soot oxidation by O, and OH to soot mass reduction, and (b)
cumulative contributions of inception, surface growth by HACA, and PAH condensation to soot mass increase,
along the pathline of the maximum soot between soot inception and the peak soot in the four flames studied.

To better understand the effects that ethanol has on the soot formation processes, a comparison
of the contributions to soot particle mass from the three dominant soot production mechanisms,
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namely inception, surface growth by HACA mechanism, and PAH condensation, is shown in
Fig. 3.10(b). Again, these results are the cumulative contributions from the three processes along
the pathline of the maximum soot from inception to the peak soot volume fraction. Unlike other
systems in which computations have shown that soot surface growth through the HACA
mechanism dominates soot mass addition on the flame wings [5] [14] [21], here PAH
condensation is the dominant mechanism contributing to soot particle mass. This result is
expected since with toluene being a major component of the fuel surrogate, the ratio of aromatics
to CoHz is much higher compared to when C, fuels are considered. Although all three
mechanisms exhibit a similar decreasing trend as the amount of ethanol is increased, noting the
log scale, it is the decrease in PAH condensation that dominates the changes in soot volume
fraction. The decrease in mass contributions is more pronounced for the E85 flame which

explains the significant soot reduction for this flame (seen in Figs. 3.4, 3.5, 3.7-3.9).

The inception and PAH condensation mechanisms are modelled based on collisions between
pyrene (A4) molecules and soot particles, respectively [21]. To further understand the varying
contribution of PAH condensation to soot growth with ethanol addition, the A4 mole fractions
along the pathline of the maximum soot in the four flames are analyzed. Figure 3.11 displays the
A4 mole fractions along the streamline of maximum soot in the EO, E20, E50, and E85 flames
versus height above the burner. It is observed that the A4 mole fractions decrease significantly as
a result of adding ethanol, especially in E85, which explains why soot volume fractions are
reduced with ethanol addition. These results also indicate that the reduction is primarily through
reduced soot inception and PAH surface condensation processes, as a result of the decrease in the

A4 concentrations.
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Fig. 3.11. Distributions of the calculated A4 mole fraction along the pathline of the maximum soot in the EO, E20,
E50, and E85 flames against the vertical distance above the burner exit.

Although iso-octane, n-heptane, and ethanol all form aromatic soot precursors predominantly
through a pathway of oxidation down to acetylene, followed by aromatic growth via HACA, the
aromatic character of toluene is much more efficient in benzene and PAH formation since it
leads directly to PAH formation via CeHsCHs+H — A1+CHs, CsHsCH3+CH>— A1CoHs+Ho,
CeHsCHs; — A1-+CHg3, and CeéHsCH3+H — A1-+CHs [6]. Subsequently, the resulting A1,
Al1CyHs, and Al- grow to naphthalene and larger aromatics through a variety of HACA and
PAH-PAH combination reactions [6]. The numerical results show that the ethanol addition
slightly lowers the C2H> concentrations (the peak mole fraction decreases from 0.0326 for EO to
0.0289 for E85); however, the effects of ethanol addition on CoH> are considered very small
compared to its effects on aromatics (almost a factor of 2 decrease from EO to E85). Therefore, it
can be concluded that the reduction in soot volume fraction when ethanol is added to gasoline is

caused by a sequence of phenomena. The dilution effect of ethanol results in lower aromatic
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(toluene) concentrations in the fuel stream, which in turn lowers the rates of aromatic soot
precursor formation and reduces the reaction rates of PAH condensation. These reduced
formation rates result in decreased soot particle mass and lower soot volume fractions. Therefore,
in the system studied in the present work, the reduction of soot as a result of ethanol addition can
be attributed to the dilution effects of ethanol as proposed in [37] rather than enhanced oxidation,
possibly attributable to the oxygen content of the fuel as observed in [36], or to increased

temperature and OH oxidation as noted in [38].

3.5. Conclusions

The present work investigated the effects of adding ethanol to fuel on soot formation in
gasoline/air coflow diffusion flames at atmospheric pressure experimentally and numerically.
Stable laminar coflow diffusion flames of N2 diluted prevaporized gasoline/ethanol blends were
produced using the burner system developed in this study. Soot volume fractions were measured
using a 2D-LOSA technique. A gasoline surrogate identified in the literature was employed in
the numerical modelling to replicate the No. 92 gasoline used in the experiments. This study
represents the first effort to establish stable laminar coflow diffusion flames of nitrogen diluted
prevaporized gasoline and ethanol blends and to obtain quantitative measurements of soot

volume fraction distribution in such flames.

Both the experimental measurements and numerical results reveal that blending ethanol to
gasoline suppresses soot formation. However, the soot formation suppression remains not very

significant until the blending ratio of ethanol is more than 50%. The E85 flame produces much
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less soot than the EO, E20, and E50 flames. This behaviour is observed in both the experimental
and numerical results and has also been reported in the literature. The visible flame heights and
soot volume fractions are fairly well predicted in terms of the magnitude. Although the location
of peak soot volume fraction was not correctly predicted in comparison to the measurements, the
overall effects of ethanol addition to gasoline on soot formation reduction were captured by the
numerical model. Both the experimental measurements in the No. 92 gasoline/ethanol blend and
gasoline surrogate/ethanol blend flames and the numerical results suggest that the gasoline
surrogate model used in this study emulates the gasoline fuel quite well in terms of sooting
propensity. Understanding why the peak soot volume fraction location shifts to the flame
centerline in laminar coflow liquid fuel flames and how to improve the current soot model to

capture such shift should be investigated.

The numerical predictions were leveraged for further information by tracking the pathlines of
soot particles through the flames. This analysis demonstrated that the reduced soot
concentrations with ethanol addition can be attributed to the dilution effects (due to the resulting
aromatic content reduction in the fuel stream) as opposed to the increased oxygen content of

ethanol, enhanced oxidation, or temperature changes.
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Chapter 4

Detailed Modelling of Soot Oxidation by O, and OH in
Laminar Diffusion Flames

Corresponding Publication: A. Khosousi, S.B. Dworkin, “Detailed Modelling of Soot Oxidation
by Oz and OH in Laminar Diffusion Flames,” Proceedings of the Combustion Institute 35 (2015)
1903-1910.

Abstract

A detailed knowledge of soot formation and oxidation processes is desired to reduce the soot
emissions in combustion devices. Soot oxidation is one of the most complex processes in the
numerical modelling of soot. In this work, the oxidation of soot has been numerically studied in
laminar ethylene/air coflow diffusion flames. There has been disagreement in the literature over
the rates of soot oxidation by O, molecules and OH radicals. A sensitivity analysis has been
performed on the roles of O, and OH in various parts of the diffusion flame, isolating the effects
these species have on soot oxidation. A new oxidation model is developed based on the
observation that soot ageing reduces surface reactivity and is primarily based on temperature and
residence time. A function for surface reactivity of soot, based on the temperature history a soot
particle experiences, has been proposed to model soot oxidation. Using this new model, it is now
possible to capture the correct behaviour of both smoking and non-smoking flames in various

flame configurations. Along with a detailed sectional soot model, the new oxidation model
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predicts the correct soot volume fractions, smoke emission characteristics, and primary particle

diameters for different flames without any variation in model parameters between cases.

Keywords: Soot, Oxidation, Smoking Flames, Laminar Flames

4.1. Introduction

The continued development of quantitatively accurate soot particle formation models is of
interest to both academia and industry. Such models have the potential to increase our
fundamental understanding of soot formation processes and provide tools for engineers to aid in
their design of cleaner combustion devices. Numerical modelling of combustion-generated soot
is very challenging since it involves complex processes including inception, condensation,
surface growth, coagulation, oxidation, and fragmentation. Therefore, an accurate model which
predicts soot volume fraction in flames requires precise models for these processes. Inception,
condensation, and surface growth contribute to the formation and growth of soot particles, while
oxidation accounts for their destruction. Soot oxidation occurs due to the collisions between soot
particles and O> molecules or OH radicals [20] [56] [57] [58] [59] [60]. Although soot formation
modelling for non-smoking flames is well-grounded in the literature, smoking flames (those that

emit soot) have received little attention.

Oxidation rates for O2 have been suggested in the literature. The most commonly used O rate by
Frenklach and Wang [54] has recently been shown to overpredict the kinetic effect [72].
However, use of the O rate from [54] as part of a soot model has permitted quantitative

agreement with experiment in a variety of non-smoking flames [4] [5]. Since all of the soot gets
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oxidized in these flames, primarily in the post-flame region, overprediction of the oxidation rates
does not degrade comparisons of soot growth and peak concentrations. Predicting both non-
smoking and smoking flames is a challenging test for a soot oxidation model and has only been
achieved once in the literature [73] with what is by present standards of statistical particle
tracking, a less detailed two-equation model. Liu et al. [73] proposed two temperature-dependent
correction factors for the oxidation rates by O, and OH, which permitted them to correctly

predict the behaviour of both non-smoking and smoking flames.

The present work considers the soot oxidation caused by O, and OH in different smoking and
non-smoking ethylene/air coflow diffusion flames. A new oxidation model based on the
consideration of soot ageing effects has been proposed, and is used in conjunction with a detailed
sectional soot model that tracks particle size and aggregate structure [4] [5]. Explanation and
physical justification of the model is in the following section. The model is applied to a variety
of non-smoking and smoking flames, in multiple burner configurations, from various studies,
without any modification between cases. In generating the model, a parameter, oox is introduced,
which, accounting for soot particle age, reconciles the inaccuracies of treating the surface of the
soot particle like a corresponding PAH. This parameter is based on an analogous one that has
been proposed and heavily utilized in the literature for HACA growth, which also requires an

accurate characterization of surface reactivity.
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4.2. Burner and Numerical Model

The flames modelled in this work are the laminar coflow ethylene/air diffusion flames studied
originally by Santoro and coworkers [12] [13], and the diluted ethylene flames studied by
Smooke et al. [14]. The flames in [12] [13] have been studied subsequently by a variety of other
researchers both experimentally and numerically [4] [5] [73] [74] [75]. For each computation,
the burner geometry is adapted to be the same as in [13] or [14], in which the dimensions and
other specifications of the burner and flow conditions can be found. Table 4.1 summarizes the
flow conditions of the eight flames studied in the present work. According to the flow rates and
inlet conditions, the flames are either non-smoking (NS), incipient sooting (IS), or smoking (S),

as defined in [13].

Table 4.1. Inlet conditions of the fuel and air streams

Flame No.  Fuel velocity (cm/s)  Air velocity (cm/s) Fuel mole fraction
1 2.38 8.90 1.0
2 3.98 8.90 1.0
3 4.75 8.90 1.0
4 5.05 13.30 1.0
5 35.0 35.0 0.32
6 35.0 35.0 0.40
7 35.0 35.0 0.60
8 35.0 35.0 0.80

The governing equations for mass, momentum, energy, species, primary particle number
densities, and soot aggregate number densities are solved in a coupled manner using the
CoFlame code. The details of the CoFlame code’s numerical model can be found in [4] [5]. The
computational domain comprises a non-uniform axi-symmetric mesh with approximately 100

control volumes in the radial direction and 200 control volumes in the axial direction (varying
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slightly for each flame). The computations require parallel processing carried out using 192

CPUs for the NS flames, and 216 CPUs for the IS and S flames.

A soot sectional model consisting of 35 sections is utilized and each section considers primary
particle size and aggregate structure. The particle dynamics model includes inception, based on
pyrene dimerization [21], Hydrogen Abstraction Carbon Addition (HACA) [21] [54],
condensation, and coagulation. To accurately predict temperature in heavily sooting flames, soot
radiation (luminosity) should be considered. The radiation model used here is the Discrete
Ordinate Method and a statistical narrow-band correlated-k-based model [76] considering soot,
H20, CO2, and CO. The oxidation model considers only O> molecules and OH radicals, and is
described in the following section. While oxidation-induced fragmentation affects particle
structure in the post-flame region, it has little effect on soot concentration, and is not included
here. Nonetheless, particle structure is of interest and modelling oxidation-induced fragmentation
remains an important research topic. Further details on the governing equations and boundary

conditions can also be found in [4] [5] [77].

4.3. Oxidation Model Development

4.3.1. Background

Most works in the literature [20] [56] [57] [58] [59] [60] consider Oz and OH to be the major
species contributing to the surface oxidation of soot particles. Xu et al. [78] experimentally
examined other possible candidates for soot oxidation including CO», H2O, and O in addition to

O, and OH. They came to the conclusion that among these species, OH is mainly responsible for
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the oxidation of soot over the temperature range of 1570 K to 1870 K and in the O> mole fraction
range of 10™ to 0.03. They also point out that OH may not be the main oxidative species in all
conditions, especially at higher temperatures and also fuel lean conditions where the

concentration of O is high.

In a variety of numerical soot modelling studies, the oxidation of soot is considered to be due to
the reactions between soot particles and O2 molecules as well as OH radicals [4] [5] [54] [73].
The reaction rate of soot oxidation by OH is calculated as the product of the frequency of
collision between soot and OH, and a collision efficiency, defined as the fraction of collisions
resulting in soot oxidation. Based on the early work of Neoh et al. [20], an OH collision
efficiency of 0.13 has been widely used in the literature [4] [5] [21] [54]. However, other studies
propose values ranging from 0.01 to 0.27 for OH collision efficiency [58] [78] [79] [80]. This
large range demonstrates the uncertainty existing in the literature associated with the collision
efficiency of OH and its variation with temperature [5] [58] [59] [60] [81]. The effect of collision

efficiency on soot formation is considered in the following section.

By contrast, the oxidation rates used to model soot oxidation due to O differ by orders of
magnitudes in the literature [54] [72] [82]. Nagle and Strickland-Constable (NSC) [82] proposed
an expression for the rate of soot oxidation by O, which was used widely both in numerical and
experimental works [20] [58] [73] [78] [81] [83]. Kennedy et al. [81] applied this rate to model
smoking flames, but their result failed to capture the soot emission behaviour of the smoking
flame. They point out that this is because of the overprediction of soot oxidation by O2 in the

post-flame region estimated by the NSC rate. The same observation was made by Liu et al. [73].
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Introducing two temperature-dependent functions that reduced oxidation rates, Liu et al. [73]
modified the rates of oxidation by O> and OH proposed by Nagle and Strickland-Constable [82]
and Fenimore and Jones [56], respectively, such that they were able to model the transition from

a non-smoking to a smoking flame.

The rate of oxidation of phenyl by O> based on the experiments of Lin and Lin [84] was used by
Frenklach and Wang [54] to model soot oxidation by O2 in premixed flames. They found that the
rate was comparable to that predicted by Nagle and Strickland-Constable [82]. Later, this rate
was introduced in the soot mechanism known as ABF, for its authors, Appel, Bockhorn and
Frenklach [21] and in other mechanisms [85] [86] as the reaction rate of PAH oxidation by O>

for one to four ring PAHSs.

Consistent with [73] and [81], Celnik et al. [72] observed significant underprediction in soot
volume fraction when using the ABF rate. They presented different oxidation rates that are
orders of magnitude lower than that of the Appel et al. [21]. While the ABF mechanism has been
a mainstay in soot modelling for over a decade, Celnik et al. [72] point out that it has provided
the foundation for further model development. A recent work by Raj et al. [87] studied the
oxidation by O2 of PAHSs using density function theory. They too point out that the use of the
oxidation rate of phenyl to model soot oxidation, as was carried out in [21] [54] [85] [86], leads
to overprediction of soot oxidation, as the character of the soot surface, especially that of mature
soot, is not identical to that of PAHs. They also mentioned that the rate proposed by Celnik et al.

[72] is too low to be used for soot oxidation predictions.
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4.3.2. Determination of Model Parameters

Since O2 and OH are the main oxidative species, as discussed above, the study of their individual
effects on soot formation and oxidation is of great interest. In order to isolate the effects O, and
OH have on oxidation in non-premixed flames, a sensitivity analysis is performed varying O-
oxidation levels and OH collision efficiencies. Figure 4.1 depicts the variation of soot volume
fraction in response to O2 (left) and OH (right) oxidation rates for Flame 4 (Tabel 4.1). As
observed, decreasing O oxidation results in less soot oxidation in the post-flame region and
therefore more soot emission from the flame. However, O has a negligible effect in the lower
portions of the flame where soot growth is occurring, as well as on the peak soot volume
fraction; it starts to play a role only after the location of peak soot volume fraction. From Fig. 4.1
(right), it is clearly observed that the peak soot volume fraction decreases significantly when
decreasing OH collision efficiency. This means that OH radicals, unlike O> molecules, are very
important in the soot formation region (lower in the flame), competing with other soot formation
mechanisms, including inception, condensation, and surface growth and contributing
significantly to total soot mass. The dominant effect of OH on soot oxidation has been previously
confirmed when the oxidation is completed near the flame sheet [58] [60] [79]. Since the O
oxidation is important in the post-flame region, it is suggested that O is solely responsible in
determining the non-smoking or smoking behaviour of these flames. These observations allow
the isolation of each of the two oxidative effects. In the coflow diffusion flames studied herein,
peak soot volume fraction, which was unaffected by O, oxidation, can be used to study OH
oxidation, and the amount of smoke emitted, which is insensitive to OH oxidation, can be used to

study O, oxidation. Since peak soot volume fraction has been well predicted [4] [5] [14], and
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predicting the smoking behaviour of flames remains a challenge, model development efforts

therefore focus on O oxidation.
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Oxidation of soot by O is a surface reaction requiring an active surface site that is generated
from H abstraction via collision of soot with a radical such as H or OH. The active site can then
react with either CoH2 (HACA growth) or Oz (oxidation). Reaction rates with CoH. or O; are
based on analogous reactions with PAHSs, with the number of active surface sites on the soot
replacing the PAH concentration in the computation. The rate of HACA surface growth is

calculated by,

Rge = CSGk4[C2H2]As,iNi“ (4.1)

where Csg is a constant that considers Avogadro’s number and the mass of a carbon atom, ks is
per-site rate coefficient for CoH, addition, As;i is the surface density of soot particle i, Nj is the
number density of particle i, and o« is the portion of active surface sites available for chemical
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reaction [54]. The rate of O oxidation is calculated in the same manner relying on O>
concentration instead of C2H: concentration, and on aox rather than o of HACA growth. «, which
varies from 0 to 1, is used to account for the probability of the collision between a gaseous
species and a particle’s edge carbon that is available for reaction, [54] and also reconciles the
inaccuracies associated with treating the surface of soot like a PAH. In the literature, various
constant values and functions for a have been used in simulations for different flame conditions
[4] [21] [54] [73] [88] [89]. However, most of these works focus on HACA surface growth in
determining a. There have been some studies which effectively used a constant or near constant
a for HACA surface growth to model different flames [4] [5] [44] [54] [73], however, they
predominantly rely on the non-smoking nature, overprediction of oxidation, and resulting
insensitivity to O, oxidation of the flames studied. Deficiencies in using a constant o have also

been reported in the literature [21] [90].

It has been suggested in the literature that a« can be expressed as a function of temperature,
particle residence time and/or particle size [8] [11] [21] [85] [88] [89] [91] [92] [93] [94] [95]
[96] [97] [98]. Therefore, using a constant value of « is not perfectly accurate. This idea
motivated many researchers to seek a broadly applicable temperature dependent function for a to
implement in HACA models [11] [21] [85] [90] [99]. As will be discussed in the next section,
the computations in the present work revealed that there is no constant « for oxidation which can
predict the correct smoking nature of both Flames 2 and 4 (Tabel 4.1), thus, further suggesting

the need for a function for o to implement in the oxidation model.
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Based on the conjecture that « is a function of temperature and residence time, similar to [11] for
HACA surface growth, it is suggested that aox can be expressed as a function of thermal age, Ta,
which is defined as the integral of the temperature a soot particle experiences over its residence

time in the flame.

T, = [Tdt (4.2)

Ta is calculated using Lagrangian particle tracking of a fluid parcel through the energy and
velocity field with corrections for soot transport. Thermal age accounts for the effects of both
temperature and residence time. The focus of Veshkini et al. [11] was on HACA surface growth,
proposing a function for soot surface reactivity, whereas the present work studies the oxidation
process and how soot particles interact with O molecules. In [11], it has been shown that a can
decrease significantly at longer thermal age — i.e., in the O2 oxidation region of diffusion flames.
Using the procedure detailed in [11], in the present work, a similar function for « is used for
oxidation which accounts for the ageing of soot particles and allows the use of PAH kinetics for
soot surface chemistry. The function is shown in Fig. 4.2. aox IS expressed as a function of
thermal age (Ta), which is calculated using Eq. 4.2, and of thermal age at the point of maximum
soot (Tamax), Which differs depending on the flame being studied. As thermal age increases, oox
increases, peaks, and then decreases. As in [11], the function is determined by considering the
optimal constant values of o for a variety of datasets, and then combining them into a single

function.
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Fig. 4.2. The function proposed for aox as a function of thermal age, normalized by the thermal age at the point of
maximum soot denoted by Tamax in the equation.

The reason for the increasing and then decreasing shape of the curve in Fig. 4.2 is a result of
competing factors. In the growth region of the flame, incipient particles grow from
approximately 1 nm to 35 nm in diameter. As the particle size increases, increased internal
pressure leads to a rise in thermodynamic activity of the particle substance [100]. The resulting
increase in the equilibrium constant is most pronounced for the smallest particles and contributes
to the upward slope of the aox curve. The increase in aox, can also be attributed to an increase in
active sites during the growth phase [101]. Results of detailed Monte-Carlo simulations

performed by Whitesides and Frenklach [102] verified the increasing trend.

The increasing and then decreasing trend in aox is a result of the balance between the factors
described above (increasing aox) and the carbonization (decreasing aox) that occurs by exposure
to high temperature. Carbonization (polymerization, dehydrogenation, and bond rearrangements)

in the soot particle, is characterized by the C/H ratio. Surface reactivity of soot particles is

77



inversely proportional to C/H ratio. Since C/H ratio increases with residence time, aox decreases

with Ta as the soot continues to mature [97] [103] [104] [105].

4.4. Results and Discussion

A constant value for surface reactivity of soot for HACA surface growth has been used in many
works in the literature [4] [5] [44] [54] [73]. This idea suggests the possibility of using a constant
a for the oxidation region as well. Only Flames 2 and 4 (Tabel 4.1) are considered here in order
to investigate the effectiveness of implementing a constant o to predict the sooting behaviour of
non-smoking (Flame 2) and smoking (Flame 4) flames. Figure 4.3 shows the soot volume
fraction for these flames along the particle path exhibiting maximum soot with the experimental
results from [13] using a constant a = 0.3. As was also the case in [73] [81] [87], the non-
smoking characteristic of Flame 2 is captured, however the model is incapable of predicting the
smoking nature of the Flame 4. The computations further revealed that no constant o for

oxidation can be found to capture the emission behaviour of these two flames.
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Fig. 4.3. Soot volume fraction along the streak line exhibiting maximum soot with the experimental results [13] for
Flames 2 and 4 using a constant o (0.3) for oxidation.

As discussed in the previous section, the model proposed in this work is based on considering
soot ageing effects — in particular the thermal age, Ta. The O2 oxidation model uses the aox
function for oxidation outlined in the previous section to account for the surface reactivity of
soot combined with the kinetic rate proposed by Frenklach and Wang [54]. As Ta increases in the
oxidation region, aox reduces until O, oxidation is arrested at 1500 K, which is slightly higher
than the cessation value suggested by Lee and Na [106]. This model was implemented to
simulate Flames 1 through 4. The results of soot volume fraction along the particle path
exhibiting maximum soot are plotted in Fig. 4.4 with the experimental results of [13]. The peak
soot volume fraction for all the flames is predicted well and is within experimental uncertainty
(error bars not shown). More interestingly, the correct emissions behaviour of all four flames is
captured, including Flame 2 (2 ppm emitted) and Flame 4 (4 ppm emitted). The sudden change
in the slope of soot volume fraction for Flames 3 and 4 is due to a sudden drop in temperature

beyond the tip of the flame, after which oxidation does not occur. To the authors’ knowledge,

79



this is the first such result using a detailed sectional soot model and no variation of model

parameters between cases.
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Fig. 4.4. Soot volume fraction along the streak line exhibiting maximum soot with the experimental results [13] for
Flames 1 through 4 using the aqx function for oxidation (Experimental results of soot volume fraction along the
wings for Flame 3 were not available).

To further validate the model against other experimental datasets, the diluted ethylene/air
laminar diffusion flames of Smooke et al. [14] were also simulated using the CoFlame code and
the new oxidation model. The Smooke et al. [14] flames were on a different burner, representing
widely varying dilution ratios, and the soot particles in them experienced vastly differing
residence times compared to Flames 1-4. Consideration of these eight flames facilitates the
validation of the model in a variety of systems, and also verifies its applicability to smoking and
non-smoking flames, with differing burners and residence times. Table 4.2 compares the
predictions of peak soot volume fraction and smoking behaviour of the eight flames studied here
with the experimental results. Value ranges in brackets represent the experimental uncertainty.

The predictions of the model for peak soot volume fractions are within the experimental
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uncertainty for all eight flames, and also the correct smoking behaviour of each flame is
captured. The model also predicts the correct amount of soot emission for Flame 4. Local and
maximum temperatures were found not to be key parameters in determining soot oxidation rates,
compared to ageing and surface character. Therefore, the model has proven to be widely
applicable, without any modification between cases, to a variety of flames that include different
burner geometries, smoking characteristics, dilution, and residence times.

Table 4.2. Comparison of the model predictions with experiments
Peak Soot volume  Smoke Emission

Flames fraction (ppm) (ppm)
Exp. Present Xp. Present
Model Model
Flame 1 (NS)? [3, 6] 5.5 NS NS
Flame 2 (NS)? [6, 10] 8.7 NS NS
Flame 3 (1S)? [6, 13] 9.2 IS 2.1
Flame 4 (S)? [8, 13] 9.9 [3, 5] 4.0
Flame 5 (NS)® [0.1,0.3] 0.2 NS NS
Flame 6 (NS)? [0.3, 0.6] 0.4 NS NS
Flame 7 (NS)? [1.1,2.1] 1.2 NS NS
Flame 8 (NS)*  [2.4,4.4] 3.3 NS NS

3 Exp. results from [13], ® Exp. results from [14]

Predicting primary particle size distribution is a challenging task as it requires correct modelling
of the soot formation, as well as condensation, particle coalescence, and soot oxidation
processes. In the growth region, soot particle diameters increase, while in the oxidation region,
they decrease. An effective oxidation model should predict the decreasing trend of soot particle
size in the oxidation region. Fig. 4.5 shows the predicted primary particle size as a function of
height above the burner for Flame 2 (NS) and Flame 4 (S), compared with the experimental
measurements by Megaridis and Dobbins [75]. The model shows excellent agreement with the
experimental results for both flames. Both growth and oxidation regions are clearly observed in
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this figure. Peak particle diameters occur at heights of about 5 cm and 6 cm for Flames 2 and 4,
respectively, which are close to the locations of peak soot for these two flames. This is the
location beyond which oxidation is dominant and particle size decreases. For Flame 2, oxidation
continues and particle size decreases until complete oxidation has occurred. However, for Flame
4 (Tabel 4.1), oxidation rates decrease significantly at around 7 cm above the burner, beyond
which primary particle size remains almost constant. To the authors’ knowledge, this work
represents the first time that a single model has been used to predict both soot volume fraction

and primary particle diameter for both smoking and non-smoking flames.
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Fig. 4.5. Primary particle size as a function of height above the burner for soot particles traveling along the particle
path exhibiting maximum soot for Flames 2 and 4. The experimental data is from [75].

4.5. Conclusions

Soot oxidation in a variety of laminar coflow ethylene/air diffusion flames is investigated. The

oxidation by Oz was found in the post-flame oxidation region and was mainly responsible for the
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smoking behaviour of the flames, while the effect of OH oxidation was only significant on the
peak soot volume fraction. A new soot oxidation model for O> was proposed based on soot
particle thermal age. Using a constant ageing parameter, aox for oxidation proved unsuccessful in
predicting the smoking behaviour of the flames. The dependence of surface reactivity of soot on
temperature and residence time led to a function for aox based on thermal age, which was
implemented in the oxidation model. The model was applied to simulate eight flames with
different flow conditions and fuel dilution ratios. The model was successfully able to capture the
transition of the flames from non-smoking to smoke emission. The model also correctly
reproduced peak soot volume fraction and primary particle sizes without any variation in model

parameters between cases.
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Chapter 5

Soot Surface Reactivity during Surface Growth and
Oxidation in Laminar Diffusion Flames

Corresponding Publication: A. Khosousi, S.B. Dworkin, “Soot Surface Reactivity during Surface
Growth and Oxidation in Laminar Diffusion Flames,” Combustion and Flame 162 (2015)
4523-4532.

Abstract

Soot surface reactivity is numerically studied in laminar ethylene/air and methane/air coflow
diffusion flames. Surface reactions are found to be important for many processes involved in
soot formation, including surface growth and oxidation which contribute significantly to soot
yield. It has recently been shown that soot particle reactivity changes as particles age during both
surface growth (Veshkini et al., 2014) and oxidation (Khosousi and Dworkin, 2015). A newly
developed surface character model simultaneously accounts for soot surface reactivity in surface
growth and oxidation by considering soot ageing and its effects on the particle surface,
reconciling the aforementioned works. This new development eliminates tuning from case to
case of one parameter used in soot numerical simulations, «, the portion of soot surface sites
available for reaction, which is implemented as a function of temperature and residence time
(particle history). Thus, the new model reconciles the quantification of the evolving soot surface

character for both growth and oxidation. The model is shown to be uniquely capable of
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predicting soot concentrations and smoke emissions within experimental uncertainty in a wide

range of laminar diffusion sooting flames, without any variation of model parameters.

Keywords: Combustion, Numerical Modelling, Soot, Surface reactivity, Surface growth,

Oxidation

5.1. Introduction

Soot emissions pose a potent threat to human health and should be avoided in combustion
systems [107]. Soot is a leading contributor to the darkening of cityscapes and air pollution in the
urban environment [107]. Environmental and health issues lead combustion device designers to
attempt to reduce combustion-generated soot emissions; however, this challenge requires a
comprehensive understanding of the physics of combustion, especially that of soot formation,
which is particularly complex and remains poorly understood today. A complete understanding
of this phenomenon is crucial to meet the required demands of reduced pollution. Since soot is a
major health hazard in the urban environment, its pre-emission consumption in combustion is
extremely important. Soot particle formation is a highly complex multi-physics phenomenon that
includes fluid mechanics, heat transfer, thermodynamics, and multiphase flows [108]. Much
progress has been made in the numerical modelling of combustion and soot formation in recent
years [4] [5] [21] [22] [86] [109] [110] [111] [112]. Numerical modelling of soot formation and
oxidation is very challenging in that it involves complex processes including those contributing
to the formation and growth of soot particles, such as inception, condensation, surface growth,

and coagulation, and those contributing to the destruction of soot particles, such as oxidation and
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fragmentation. Therefore, an accurate model which predicts soot formation in flames requires

precise models for these processes.

The precision of soot particle dynamics models strongly depends on the accuracy of the
predictions for species and PAH concentrations, which are used in the sectional particle
dynamics submodels to compute soot growth and oxidation rates. Therefore, for accurate
prediction capabilities of the numerical modelling of soot formation, detailed chemical kinetic
mechanisms for gas-phase reactions are required. The widely used mechanism developed by [21]
attributes the growth of PAH soot precursors and also the growth of soot surfaces to hydrogen-
abstraction-carbon-addition (HACA). This mechanism has been effectively used in various
numerical studies to model soot formation [22] [109] [110] [113] [114], representing a major
step towards quantitative prediction. Slavinskaya and Frank [111] presented a more
comprehensive PAH growth mechanism, which introduced additional reaction pathways for
PAH formation and allowed for abstraction and growth in the HACA mechanism by additional
species. This mechanism that has been widely validated for a variety of flames and conditions [4]
[5] [30] [115] permits the use of more physical assumptions about the number of active sites on
the soot particle and is used in the present study. The use of this mechanism has been shown to
produce more accurate predictions of aromatic and soot concentrations on the centerline,

providing a better foundation to study the surface reactivity of soot.
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5.2. Soot Surface Reactivity

The primary processes contributing to formation and growth of soot particles are inception,
condensation, and surface growth. The surface reactivity of soot particles is an important factor
in soot formation as surface growth is a significant contributor to soot yield and in some systems,
it dominates [12]. Polycyclic Aromatic Hydrocarbons (PAHSs), which are known to be the
precursors to soot formation, collide and dimerize to form PAH clusters, which further combine
or grow, leading to inception of soot particles. These incipient soot particles condense,
aggregate, and grow through surface reactions, forming larger soot particles. Surface growth has
been found to have a major impact on soot formation on the wings of the coflow diffusion flames

[11].

In order to study the surface reactivity of soot, it is crucial to understand how surface reactions of
soot and other species such as H», H20, H, CzH>, or Oz could lead to soot growth/decay.
Hydrogen-abstraction-Carbon-addition (HACA) is known to be the main mechanism
accountable for soot surface growth, while oxidation contributes to the decay of soot.
Abstraction of an H atom from an arm-chair site on the soot particle provides a soot particle with
an active (dehydrogenated) site which can react with Hz, H20, H, C2H>, or O2. The reaction of
this active site with acetylene (C2H>) leads to addition of two carbon atoms to the soot particle
and formation of an additional aromatic ring at the active site, thus contributing to its surface
growth. The reaction of the active site with O., however, leads to removal of carbon from the
soot particle, translating into its decay. The rate expressions for HACA-based soot surface
growth and oxidation, adopted from [21], are provided in Table 5.1.
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Table 5.1. HACA-based soot surface growth and oxidation reactions [21], k = AT?e~Fa/RT,

No. Reaction A (1:(335) b Ea (%)
s1 CoooH+ He== C oo + H, 4.2x108 0.0 13.0
s2 Copor H + OH &= Cypp0 + H,0 1.0x10°  0.73 143
s3 Copor© + H—— Coor H 2.0x10%3 0.0 0.0
s4 Conoro + CoHy —— Coo - H+ H 8.0x107 156 3.8
S5 Cyoot® + O, —— 2CO + product 2.2x10%? 0.0 7.5
S6 Cyoot—H + OH —— CO + product Yoy = 0.13

It is known that the surface growth of the soot particles is a major contributor to soot mass yield.
The surface of the soot particles reacts with the gaseous species when exposed to high
temperatures. Reactivity of the soot surface, however, depends on the number of
active/dehydrogenated sites which are available to react with stable gaseous species. The number
of active sites per unit surface area is correlated to the concentration of C—H sites. It has been
observed that the concentration of C—H sites decreases as soot matures, which confirms the
experimental observations suggesting that the reactivity of surface sites changes with particle
ageing [8] [9] [10] [54]. It has been observed that the C/H ratio of a soot particle increases with
particle residence time [97] [103], resulting in the reduction of C—H sites and consequently,

reduced soot surface reactivity.

Frenklach and Wang [54] introduced the parameter o, which is based on the number of surface
sites available for a given reaction, to account for particle orientation/collision probabilities and
soot surface ageing. This parameter is used in numerical works to reconcile the inaccuracies

associated with treating the sites on the soot surface like those on the corresponding PAH. The
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surface ageing effects were taken into account using o for calculation of reaction rates.

Therefore, the rate of HACA surface growth (reaction S4) is calculated by
Ry = ak4[CoH;][Csoor] (5.1)

where k, is the per-site rate coefficient for CoHz addition (for reaction S4), [C,H,] is the

concentration of acetylene, and [Cgo0i0] IS the concentration of dehydrogenated sites given by

A

[Csoor:] = A_i)(c (5.2)

soot®

in which A, (cm?/cc) is the surface density of soot particles, A4, is Avogadro’s number, and

Xc. 1S the number of dehydrogenated sites per unit soot surface area.
soot

How best to implement o in the numerical models has been the subject of various studies [4] [11]
[54]. It has been shown in the literature that treating o as a single, unchanged constant inhibits
broad model applicability [11]. As a result, there have been many works suggesting that o varies
with different flame properties. Much attention has been given to investigate the correlation
between o and flame temperature, particle residence time, and particle size. A constant « has
effectively been used in many numerical works to model HACA surface growth and soot
formation [4] [5] [54] [73], which provides sufficient accuracy to capture the correct trend of
soot formation within different flame configurations. However, the value for o often needs to be
adjusted as flame conditions vary. Using a constant value for a decreases the accuracy of soot
modelling and adds a tunable modelling parameter as the peak soot is matched to the

experimental values. It has been shown in [11] how the accuracy of using a constant a decreases
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as the dilution levels of the fuel increases. Referring to the importance of « to model surface
growth using the HACA mechanism in soot formation, it is suggested that accurately predicting
soot volume fraction in different flames requires using a non-constant (functional form) a. The
use of a function for « is found to be crucial to capture the correct soot volume fraction on the
wings of coflow flames due to the fact that surface growth is the primary process contributing to
soot formation in this region. Different functions for o have been proposed in the literature,
summarized in [11]. The initial focus of most works was on temperature-dependent functions.
However, it soon became apparent that incipient soot particles, usually comprising small PAHSs,
are covered with more dense active sites. Therefore, the use of a function, dependent only on
local temperature, results in unphysically low values of « for the young soot particles, suggesting
that o should be a function of more than just local flame temperature. Furthermore, considering
only local temperature in determining a ignores the relatively long characteristic times of soot

growth, and the importance of particle history.

Veshkini et al. [11] studied various flame properties and their impact on «a in surface growth
regions. Their work showed that it is impossible to find a function for a based on either flame
peak temperature or local temperature at the location of peak soot, which was also observed
previously in the work of Singh et al. [99]. Veshkini et al. [11] further studied other flame
properties and based their work on experimental observations suggesting that the age of a soot
particle is a significant contributor to soot surface reactivity [91] [116]. They combined the
effects of temperature and the age of a soot particle, into one parameter, thermal age, defined as
the integral of the temperature that a soot particle experiences over its residence time, T, =

[ Tdt. This parameter accommodates the effects of both temperature and residence time. This
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definition implies that a soot particle could have equal thermal age in either of these cases: first,
when the soot particle stays in a high temperature region for a short period of time; second: when
the soot particle stays in a low temperature region for a long period of time. They proposed a
systematic method to define a function for a. In their work, it was suggested that soot surface
reactivity, and consequently «, are exponentially dependent on thermal age, adopted from [93]
[104]. This idea was implemented in a detailed numerical algorithm to study various flames with
a wide range of burner configurations and fuel inlet dilution levels and velocities. They
ultimately presented an exponential function to calculate «, to be applied to HACA growth,
which was validated against experimental data for twelve different flames. The model considered

only the growth region of diffusion flames, however, neglecting oxidative effects.

In Khosousi and Dworkin [117], a similar approach was used to employ thermal age as defined
above in the simulations. However, focus was on the post-flame oxidation region in non-
premixed systems, neglecting growth. The models of soot oxidation consider OH and O to be
the primary oxidative species. The effects of these species on soot oxidation are discussed in
detail in [117]. Oxidation of soot is attributed to the surface reactions between soot and O and/or
OH. These species, Oz and OH, are found to be effective in different parts of diffusion flames.
The oxidation of soot by OH is more pronounced in the lower portion of the coflow diffusion
flames (also known as the soot growth region), where soot is still growing, whereas the oxidation
by O. occurs mostly in the upper portion of the flame (also known as the oxidation region),
where O has significantly penetrated via diffusion from the oxidizer zone. The rate of oxidation
by OH is modelled based on collision theory using a collision efficiency, correcting for the

possibility that not all collisions between soot and OH lead to oxidation. However, due to the

91



radical nature of OH, there is no need for an active site for OH oxidation to proceed. The rate of
oxidation by O, however, is calculated using chemical reactions between soot and O.. Finding
the rate for this reaction has remained challenging as the rates proposed in the literature widely
differ [117]. Apart from broadly varied rates, modellers use different approaches to account for
soot surface reactivity, as oxidation by O, like HACA, proceeds through surface reactions

between soot active sites and O».

In the literature, consideration has mostly been given to soot surface growth in the growth
region, and correct predictions of peak soot for non-smoking flames. However, O> is found to
have insignificant effects in this region as well as on the peak soot concentration. O effects are
only noticeable in the upper portion of the flame where soot has already peaked and volume
fraction is in decline. The study of non-smoking flames provides a practical ground to investigate
the surface growth mechanism in the growth region and consider the effects of HACA on peak
soot volume fraction in isolation, while not involving the effects of oxidation. Focusing on the
growth region and the reliance on the non-smoking nature, overprediction of oxidation, and
resulting insensitivity to O» oxidation, have led to successful simulations for the non-smoking
flames [4] [5] [11] [54] [73]. However, these models, as they focus on studying non-smoking
flames, do not perfectly describe soot surface reactivity in the oxidation region. Oxidation by O-
occurs when it reacts with an active site on the soot surface. As a result, this process follows the
same path as surface growth. In Khosousi and Dworkin [117], the present authors diverted
attention to the study of soot surface reactivity in the oxidation region. It was determined that
there was no constant o which could effectively predict the correct smoking nature of both non-

smoking and smoking flames in the study, realizing that in order to have an effective oxidation
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model, surface reactivity of soot and its variation should be accounted for in the simulations.
Therefore, the use of a varying « was suggested when modelling oxidation. Following a similar
approach as in [11], and taking into account the effects of soot ageing, a function for o was
proposed based on the parameter, Ta, as defined in [11], to model soot oxidation by O in the
oxidation region. This function was validated when used to model soot formation in different

non-smoking and smoking flames.

The focus of the present work is to study surface reactivity of soot simultaneously in both growth
and oxidation regions. One reconciled model, which integrates the two models for these regions
into a unique surface model, is developed and presented. This study considers both peak soot and
soot emissions to assure that the surface reactivity is modelled correctly in both oxidation and

growth regions.

5.3.  Numerical Model

The present work studies soot formation and oxidation in atmospheric pressure, coflow laminar
ethylene/air diffusion flames, studied by Santoro and coworkers [12] [13] (referred to as ‘Santoro
flames’), diluted ethylene/air flames, studied by Smooke et al. [14] (referred to as ‘Smooke
flames’), and methane/air flame, studied by Lee et al. [15] (referred to as ‘Lee flame’). These
flames have been chosen not just because of the abundance of experimental data for different
flame properties which makes them suitable for model verification, but also because of the fact
that they represent a vast range of flames with varying properties, flow conditions and sooting

behaviour. They include flames of varying smoke emission character, fuel composition, fuel
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dilution, residence time, etc. Table 5.2 presents the list of these flames, flow velocities and fuel

mole fractions.

Table 5.2. Inlet conditions of the fuel and air streams

Fuel velocity Air velocity Fuel mole fraction Reference
Flame
(cm/s) (cm/s)

NSI 2.38 8.90 1.0 [12]
NSII 3.98 8.90 1.0 [12]
IS 4.75 8.90 1.0 [12]
S 5.05 13.30 1.0 [12]
SM32 35.0 35.0 0.32 [14]
SM40 35.0 35.0 0.40 [14]
SM60 35.0 35.0 0.60 [14]
SM80 35.0 35.0 0.80 [14]
M/A 10.24 11.94 1.0 [15]

The governing equations for conservation of mass, momentum, energy, species mass fractions,
primary particle number densities, and soot aggregate number densities are solved for the gas
phase model. The CoFlame code (details are provided in [4] [5]) has been utilized for the
simulations. The governing equations can be found in [4] [5] [77]. The burner configuration is
axi-symmetric, making it possible to project the three-dimensional computational domain onto a
two-dimensional rectangular plane. The boundary conditions include symmetry, free-slip, and
zero-gradient at the centerline, the outer radial boundary, and the outflow boundary, respectively.
In order to save computational cost while resolving large spatial gradients, a non-uniform mesh
has been implemented, which is finest near the flame centerline and fuel tube, coarsening
moving away from the flame region. Depending on the flame, the domain is divided into
approximately 200 control volumes in the axial direction and 100 control volumes in the radial
direction. The numerical solutions are sought using parallel processing due to the high
computational intensity of the problem. The domain is decomposed uniformly into 200
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subdomains, with the boundaries of each subdomain perpendicular to the z-axis. Each CPU is
responsible for a single row of 100 control volumes in the radial direction. The interprocess
communication is executed using the Fortran Message Passing Interface library [24] [25]. The
computations are performed on the General Purpose Cluster (GPC) and the Ryerson Sandybridge

(Sandy) Cluster of the SciNet Computing Consortium of Compute Canada.

Soot particle dynamics are modelled using a fixed sectional approach in which the soot particle
mass range is divided logarithmically into 35 discrete sections. Two transport equations for
primary spherical particle number density and for soot aggregate density are solved for each
section. The soot sectional model considers inception, surface growth, PAH surface
condensation, surface oxidation, coagulation, fragmentation, particle diffusion, thermophoresis,
and particle radiation. The inception model is based on the collisions of two pyrene molecules in
the free-molecular regime and therefore connects the gaseous pyrene concentrations with the
smallest particle size section. Care is taken to ensure species mass and energy conservation laws
are applied properly; inception acts as a negative source term for the species conservation
equation of pyrene, in addition to being a positive source term for the sectional equations. In
addition, the net difference in enthalpy from the destruction of pyrene and the generation of
particles is accounted for as a source term in the energy equation. The surface chemistry model,
to be discussed in detail in the following section, considers growth via the HACA mechanism
developed in [19], and soot size reduction via oxidation [20]. Surface growth via PAH
condensation is calculated by considering collisions between pyrene molecules and soot
aggregates of any size [21]. Based on a detailed analysis, the probability of sticking in each

PAH-soot collision, c, is set to 0.5 [22]. The radiation model used here is the Discrete Ordinate
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Method and a statistical narrow-band correlated-k-based model [16] which considers a source
term in the energy equation due to the nongrey radiative heat transfer by soot, H.O, CO», and
CO. For more details about the numerical model, the reader is referred to [4] [5] [22] [109]

[110].

5.4. Results and Discussion

The model proposed in this work uses the soot ageing effects — in particular the thermal age. The
model takes into account the effects of soot ageing in the soot growth and oxidation regions. The
surface reactivity of soot is modelled using a single function that is applied to both growth and

oxidation processes throughout the flame.

As mentioned in the previous section, the surface reactivity of soot is sought to be represented as
a function of thermal age, Ta. Similar to Khosousi and Dworkin [117], in the present work,
thermal age, Ta, is normalized using the thermal age at the point of maximum soot, Tamax, tO
make the function applicable to a broader range of flames with various residence times. The
main purpose of this parameter is to generalize the o function. For instance, the residence times
for the Smooke flames are less than those for the Santoro flames, and this parameter allows for
the use of the function for both of these flame configurations without making adjustments to — or

retuning of the function parameters.

The detailed approach to determine the function for surface reactivity is similar to that in
Veshkini et al. [11], wherein the function is determined by considering the optimal constant

values of a for a variety of datasets, and then combining them into a single function. In this
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regard, the first step is to find an optimum constant value for a which predicts correct peak soot
volume fraction for each flame; this value can change from flame to flame. This constant « is
representative of the average surface reactivity of soot particles throughout a given flame. The
thermal age distribution is obtained for each flame. The flames used to generate the function
include NSI, NSII, IS, S, SM32, SM40, SM60, and SM80. The average surface reactivity for
each flame is integrated along the pathline of maximum soot with respect to thermal age, [ adTy,
and plotted against thermal age. An exponential function, as suggested in the literature [78] [79],
is fitted through this curve. This exponential function provides the average value for surface
reactivity, i.e., a, as a function of thermal age. However, in order to use the o function
throughout the flame, it is necessary to calculate the local values for « in the flame. In order to
find a function for the instantaneous « at any point in a flame, the exponential function fitted to
the integrated a, which represents an average value for surface reactivity, is differentiated and
the coefficients are optimized for more accurate predictions. The proposed function, shown in

Fig. 5.1, is expressed as:

o = (Tomax/Ta)" exp[(2.4 * (0.85 — Ty max/Ta)], (5.3)

where Ta is thermal age and Tamax is the thermal age at the point of maximum soot, which differs
depending on the flame being studied. As thermal age increases, a increases, peaks, and then
decreases. There are competing factors contributing to the shape of the function. The increase in
a can be attributed to an increase in active sites during the growth phase [101]. Results of
detailed Monte-Carlo simulations performed by Whitesides and Frenklach [102] verified the

increasing trend. The decreasing trend in « is a result of the carbonization that occurs by
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exposure to high temperature. Carbonization (polymerization, dehydrogenation, and bond
rearrangements) in the soot particle is characterized by the C/H ratio. Soot surface reactivity is
inversely proportional to C/H ratio. Since C/H ratio increases with residence time, a decreases
with T, as the soot continues to mature [95] [103] [104] [105]. Functional parameters depend on
the predicted C2H> concentrations, which despite having been well validated in [4], [111], and

[115], could need recalibration if a different chemical mechanism was used.
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Fig. 5.1. Proposed function for soot surface reactivity to employ in both growth and oxidation regions.

This model is used to simulate soot formation for the ethylene diffusion flames studied by
Santoro and coworkers [12] [13], diluted ethylene flames studied by Smooke et al. [14], and the
methane/air flame studied by Lee et al. [15], listed in Table 5.2. Santoro flames have been
chosen for simulations because of ethylene’s moderately sooting tendencies which provide a

suitable ground for studying soot and comparisons. Applying the model to simulate Smooke
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flames tests the model’s capabilities to predict the effects of fuel dilution as well as flame
residence time. The Smooke flames experience a relatively short residence time, which varies
with dilution ratio. Lastly, simulations of methane flames are also performed to apply the model
to flames with lower sooting tendencies, and test its applicability to a different fuel. Figure 5.2
shows surface reactivity determined by the proposed function (Eq. 3.3) for the NSII, S, SM32,
and SM80 flames versus the height above the burner (z). It can be observed how the function
reflects the changes in flame residence times and flame lengths. The general shape of each of the
four curves is the same. However, the NSII and S flames (Santoro flames) with longer residence

times show smoother and more drawn-out surface reactivity variation.
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Fig. 5.2. Surface reactivity (o) determined by Eq. 3.3 for the NSII, S, SM32, and SM80 flames versus the height
above the burner.
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5.4.1. Modelling Santoro Flames

The coflow laminar diffusion flames first studied by Santoro et al. [12] are simulated here.
Ethylene enters the coflow burner through the central tube with an inner diameter of 11.1 mm.
Air is supplied through a coflowing annular region with an inner diameter of 102.0 mm. Other
details of these flames can be found in [12] [13]. The modelling is performed for four flames
with different air and fuel flow rates, resulting in different sooting behaviour for the flames.
These flames are introduced in Table 5.2 as low flow rate non-smoking (NSI), non-smoking
(NSII), incipient sooting (1S), and smoking (S) flames along with fuel and air velocities. There is
no soot emitted through the tip of the NSI or NSII flames. The onset of smoke emission occurs in

the IS flame. Significant smoke emits from the S flame.

The study of soot formation in these flames has been the subject of many works in the literature
[4] [5] [11] [12] [13] [117]. In order to validate the present model (PM), the simulation results
for the NSII flame obtained using this model are compared with experimental data. As soot
formation processes are highly dependent on temperature, correctly reproducing temperature in
flames is a key factor in soot modelling. Therefore, the model predictions for temperature
profiles at two different heights, z = 2 cm and z = 7 cm, are compared with experimental results
from [13] in Fig. 5.3(a). As it is observed, numerical results show good agreement with those of
experiments, consistent with previous works [4]. Apart from temperature, the correct modelling
of soot formation requires an accurate prediction of acetylene, which is a primary soot precursor.
Figure 5.3(b) shows radial profiles of acetylene at two heights, z = 0.7 cm and z = 2 cm,
reproduced by the PM along with experimental results from [13]. Atz = 0.7 cm, acetylene mole

fraction is slightly overpredicted by the model; however, at z = 2 cm, the predictions show
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relatively good agreement with experimental results. Figure 5.3(c) depicts OH mole fraction

profiles at two heights above the burner, z = 0.7 cm and z = 7 cm. A slight overprediction is

observed at z = 0.7 cm, while the predictions improve at z = 7 cm. Figure 5.3(d) shows the radial

profiles of soot volume fraction predicted by the present model and the constant-o model (a =

0.5), along with the experimental data at two different heights, z=1.5cmand z =5 cm. It is

observed that both models provide sound predictions for soot volume fraction.
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Fig. 5.3. Comparison of numerical predictions of the present model and experimental data for (a) temperature
(measurements from [118]), (b) acetylene mole fraction (measurements from [75]), (c) OH mole fraction
(measurements from [118]), and (d) soot volume fraction (measurements from [13]) at the axial heights indicated as

functions of radial distance from the centerline.
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To further examine the prediction capabilities of the present model, this model along with three
other models are used to simulate the NSII and S flames. Soot volume fraction and particle size
are two primary characteristics of soot particles. These parameters are of particular interest in
that their correct prediction requires an accurate and detailed modelling of soot formation and

oxidation sub-models, and consequently shows the practicality of the model.

The simulations here are performed using four models, the constant-a model (« = 0.5), the
models developed by Veshkini et al. [11] (Veshkini model) and Khosousi and Dworkin [117]
(Khosousi model), and the present model (PM). Table 5.3 shows how surface reactivity is either

prescribed or calculated for the four models.

Table 5.3. Different models and their surface reactivity models used in the present work.

Surface Growth Oxidation
Constant-a Model a=05 a=0.5
Veshkini et al. model [11]  a=6974.6,/T2 exp (- 88.06,/T,) a=05
Khosousi and Dworkin )
=05 a = (Ta,max/Ta) exp[(z *(1— Ta,max/Ta)]
model [117]
Present Model (PM) a= (Ta.max/Ta)ZIZexp[(z-‘l *(0.85 — Ta,max/Ta)]

Figures 5.4 and 5.5 compare the numerical and experimental results for soot volume fraction
(measurements from [13]) and primary particle size (measurements from [75]) along the pathline
of maximum soot for the NSII and S flames. As it is observed from Fig. 5.4(a), all models
correctly predict the peak soot volume fraction for the NSII flame. In addition, all models

capture the increasing and decreasing trends for soot in the growth and oxidation regions.
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While reproducing the correct peak soot shows the model’s efficiency in modelling growth
processes, capturing the non-smoking nature of the flame does not guarantee that soot surface
reactivity has been modelled effectively, as the non-smoking nature could be achieved due to
unphysically high oxidation rates. To investigate the capability of different models in modelling
soot surface reactivity in the oxidation region, one should consider modelling a smoking flame,
as predicting the amount of smoke emission essentially shows if the model is working well in the
oxidation zone. Figure 5.4(b) shows soot volume fraction along the pathline of maximum soot
obtained using different models versus experiments for the S flame. All models predict the peak
soot volume fraction correctly. The constant-o and Veshkini models, however, which were
calibrated to soot growth only, fail to capture the smoke emission in the post-flame oxidation
region. These two models implement an oxidation model which does not account for the change
in soot surface reactivity effects in the oxidation region. However, the PM and Khosousi models
predict the correct soot volume fraction in both growth and oxidation regions, and therefore

correctly predict the amount of smoke emission from the flame.
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Fig. 5.4. Comparison of numerical predictions of the present model, VVeshkini model [11], Khosousi model [117],
and constant-a model for soot volume fraction along the streak line exhibiting maximum soot with the experimental
results from [13] for the (a) NSII and (b) S flames.

Figure 5.5 shows primary particle size along the pathline exhibiting maximum soot for the NSII
(Fig. 5.5(a)) and S (Fig. 5.5(b)) flames. It can be seen that the particle size, as with soot volume
fraction, for the NSII flame is predicted correctly by all four models. The effects of soot surface
reactivity in the oxidation region are insignificant for the NSII flame, which is why all models
capture the correct trend of increase and then decrease in particle size while moving upward
along the pathline of maximum soot. For the S flame (Fig. 5.5(b)), the constant-a and Veshkini
models predict particle size distribution in the growth region, however, they underpredict the
particle size in the oxidation region. The predictions of the PM and Khosousi models lie within
the experimental uncertainty throughout the flame. These two models reproduce soot volume
fraction and primary particle size very well compared to experimental results, but the PM has the
advantage of employing a particle-history based surface reactivity function in the flame, and

eliminating one tuning parameter.
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Fig. 5.5. Comparison of numerical predictions of the present model, VVeshkini model [11], Khosousi model [117],
and constant-a. model for primary particle size along the streak line exhibiting maximum soot, with the experimental
results from [75] for the (a) NSII and (b) S flames.

In determining the temperature history, which is used to compute surface reactivity, soot-
containing fluid parcels need to be tracked within the flame. The residence time data along streak
lines in the flame can be used to explain relative soot growth phenomena. Figure 5.6 shows soot
volume fraction along the streak line exhibiting maximum soot for the four flames as a function
of fluid parcel residence time. As it is observed, the NSI flame experiences the shortest residence
time, around 0.06 s, consequently leading to less soot formation. The NSII flame has a longer
residence time, providing more time for soot formation and growth processes to generate more
soot. The IS flame experiences an even longer residence time, compared with the NSI and NSII
flames, which again contributes to greater soot formation. The S flame has very similar residence
time to the IS flame, as both of their curves follow essentially the same path in the oxidation
region. However, the S flame forms soot the fastest in the growth region, and therefore generates
the most soot. The reason for the relative increases in soot concentration is that the fuel flow rate

increases moving from the NSI flame to the S flame. As a result, the time required for the fuel to
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completely burn out increases, which leads to increasing residence times. In addition, the slope
of the curves in the growth region decreases from the NSI to NSII to IS flames, pointing to a
slowdown in soot formation, while the slope increases for the S flame, pointing to faster soot
formation. The reason for the slower soot formation for the IS flame compared to the NSI and
NSII flames is the increase of fuel flow rate while the air flow rate is kept constant; however, for
the S flame, the air flow rate is also increased which provides additional oxidizer, leading to

accelerated fuel burnout and soot formation.
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Fig. 5.6. Soot volume fraction along the pathline exhibiting maximum soot as a function of fluid parcel residence
time for the NSI, NSII, IS, and S flames.

5.4.2. Modelling Diluted Smooke Flames

Smooke et al. [14] studied soot formation in atmospheric pressure, coflow laminar diffusion
flames numerically and experimentally. In their work, the fuel, which is a mixture of ethylene
and nitrogen, is supplied through the central tube with an inner diameter of 4 mm; the oxidizer,

which is air, is fed through the coflowing tube which has an inner diameter of 50 mm. The fuel
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and oxidizer velocities are kept constant at 35 cm/s for all fuel dilution levels. The mixture ratio
of ethylene and nitrogen in the fuel stream was varied to produce four different flames, i.e. SM32
(32% ethylene by volume in the fuel stream), SM40 (40% ethylene by volume in the fuel
stream), SM60 (60% ethylene by volume in the fuel stream), and SM80 (80% ethylene by
volume in the fuel stream), introduced in Table 5.2. In their simulations, they accounted for soot
ageing effects by implementing a cut-off for formation of primary particles that were larger than
the maximum experimental values, i.e. ~25 nm. The formation of large particles seemed to slow

oxidation and lead to an extended sooting region.

In order to further examine the efficiency of the present model, this model is used to simulate
these four diluted ethylene flames. Diluting the fuel changes the flame length and residence time,
which in turn alters temperature history profiles, which are used by the PM, as it is based on
particle temperature history. Figure 5.7 shows the contours of soot volume fraction for the four
flames predicted by numerical simulations using the PM (right panel) along with the
corresponding experimental data (left panel) from [14], with each contour having its own contour

range. Overall, the model predictions agree with experiments.
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Fig. 5.7. Contours of soot volume fraction for the (a) SM32, (b) SM40, (c) SM60, and (d) SM80 flames. The
predictions of the present model are shown on the right side and the experimental measurements from [14] are
shown on the left side of each panel.

Both model and experiments point to the fact that peak soot increases as the fuel dilution ratio
decreases. The model reproduces the values for peak soot volume fraction within the
experimental uncertainty for each flame. The model slightly overpredicts peak soot volume
fraction which could be due to overprediction of surface growth rates. Since flame residence
time is an important factor in formation and oxidation of soot particles, it is useful to study how
they are affected as fuel dilution level changes. Figure 5.8 compares soot volume fraction along
the pathline exhibiting maximum soot versus the residence time for the four flames. It is
observed that as fuel dilution ratio increases, the flame residence time decreases, which, as it is
discussed in [14] in detail, is because the more diluted flames have less fuel content in the fuel

stream which is burnt faster, causing the flame to become shorter and the residence time to
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reduce. Therefore, in the flames with lower dilution ratios, the higher residence time allows for
more soot inception and growth, thus increasing soot concentration. It is also interesting to note
that with an increase of residence time caused by reduced fuel dilution, the sooting region
extends further downstream in the flame (Fig. 5.7), which is again attributed to the additional
time available for inception and surface growth to generate more soot and therefore extend the

sooting region.

Soot volume fraction is highly dependent on flame temperature as the formation/oxidation rates
are strongly related to temperature. The peak temperatures for the SM32, SM40, SM60, and
SMB80 flames are calculated to be 2076K, 2124K, 2131K, and 2168K, respectively. As fuel mole
fraction increases, so too does the flame peak temperature. This increase in flame temperature
and the aforementioned additional residence time contribute to soot volume fraction increase as

fuel mole fraction increases, i.e., fuel dilution level decreases.

The model predicts the peak soot to occur on the wings for all four flames, while the
experimental data show that the peak soot, for the SM32 and SM40 flames, occurs on the flame
centerline. Smooke et al. [14] attributed the occurrence of the peak soot on the centerline, for the
SM32 and SM40 flames, to the high inception rates in this region. The underprediction of the
peak soot on the centerline is therefore likely a result of deficiencies in the inception and PAH
condensation models, or in prediction of PAH precursors, which are less sensitive, compared to

those on the wings, to soot surface reactivity modelling for the ethylene flames [3] [4].
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Fig. 5.8. Soot volume fraction along the pathline exhibiting maximum soot as a function of fluid parcel residence
time for the SM32, SM40, SM60, and SM80 flames.

5.4.3. Modelling Methane/Air Flame

The numerical modelling of C, flames has been done in many works in the literature [4] [5] [11]
[12] [13] [14] [22] [77] [109] [110] [111] [117]; but soot simulations of C1 flames (i.e., methane
flames) have received comparatively little attention [15] [30] [111]. The formation of soot
precursors changes with different fuels. There are other substantial differences between C: and
C> flames in that they comprise a different radical pool and acetylene profiles, have different
PAH formation pathways, and experience different residence times. These differences make
modelling C1 flames more difficult using conventional models developed for C, flames. For this
reason, applying the present model to a methane/air flame, which was not used to generate the o
function and tends to be less sooting compared to ethylene flames, would provide an ideal testing

ground to determine if the model predictions deteriorate in a differing environment.
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The surface reactivity model presented in this study (PM) is used to simulate the coflow laminar
methane/air diffusion flame studied by Lee et al. [15]. The fuel and oxidizer are supplied through
two concentric tubes with inner diameters of 11.1 mm and 101.6 mm, respectively. There are
some similarities between this flame and the ethylene flame studied in section 4.1; both flames
use the same burner and are of about the same luminous height. This flame has been modelled
previously by Chernov et al. [30]. In their simulations, however, they used a tuned constant value

for soot surface reactivity (a = 0.15).

In the present work, the chemical mechanism used for the methane/air flame simulations is that
used in [30], which was modified in [30] based on an updated literature review. In order to
determine the effectiveness/ineffectiveness of the present model, the constant-« model is also
implemented in the modelling for comparison. Numerical results for the profiles of soot volume
fraction at five different heights obtained using the PM (Fig. 5.9(a) right) and the constant-a
model (Fig. 5.9(b) right) are compared with the experimental results from Lee et al. [15] (Fig.
5.9(a) and (b) left). Both models offer good predictions compared to the experiments, correctly
capturing that soot moves towards the centerline as height increases. The peak soot volume
fraction predicted by the PM is about 0.53 ppm, which is about 47% higher than that measured in
the experiments (~0.36 ppm); while the constant-a model predicts the peak soot volume fraction
to be ~0.20 ppm, underpredicting by about 44%. As for the location of peak soot, according to
both models, peak soot occurs on the annular region of the flame (wings), while the experiments
indicate that the peak soot is located on the flame centerline. This discrepancy is consistent with

that seen in the ethylene flames. The height at which the peak soot occurs, however, is better
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predicted by the PM, 60 mm, similar to experiments, in comparison with 70 mm predicted by the

constant-a model.

a) ——

Exp. [15] o

Fig. 5.9. Comparison of the profiles of soot volume fraction as a function of radial distance predicted by (a) the
present model and (b) the constant-a model, with the experimental results from [15] for the M/A flame. The left side
shows the experimental measurements and the right side shows the model predictions.

Both model predictions lie almost within experimental uncertainty. Using the PM slightly
improves the results. However, given that the PM was initially developed for the ethylene/air
flames and that it is applicable to both C; and C, flames, it offers a broader model, while
replacing one tuned constant with an empirically determined function, that is held unchanged
between simulations. The chemical mechanism used for the methane flame simulations is an

expanded version of that used for the ethylene flames. Using a different chemical mechanism
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changes soot precursor formation pathways, which further signifies model capabilities in

predicting soot with altered PAH formation pathways.

5.4.4. Results Summary

The newly proposed surface reactivity model has been applied to a wide range of conditions,
including smoking and non-smoking flames, varying dilution levels, and ethylene and methane.
In addition, peak soot concentrations in the flames studied here vary from ~0.1 ppm to 10 ppm.
Table 5.4 summarizes the numerical results obtained using the present model (PM) for the nine
flames. The computed peak soot volume fraction and the amount of soot emission along with the
experimental data for these flames are shown. Value ranges in brackets represent the
experimental uncertainty. For each case, the present model predicts peak soot volume fraction
within the experimental uncertainty range, which shows that the surface reactivity of soot is
accurately modelled in the growth region. More interestingly, the correct emissions behaviour of
all flames is captured, including the IS flame (~1.9 ppm emitted) and the S flame (~4 ppm
emitted), confirming the correct modelling of soot surface reactivity in the oxidation region.?
Therefore, the present model (PM), which utilizes a unique surface reactivity model throughout
the flame and for both growth and oxidation processes, is shown to be widely applicable, without
any modification between cases, to a variety of flames that include different burner geometries,

fuels, smoking characteristics, dilution, and residence times.

1 Note that emitted soot concentration was not reported for the IS flame, but the concentration is expected to be less
than that of the S flame.
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Table 5.4. Comparison of the model predictions for the nine flames studied with experiments

Peak Soot .
. Smoke Emission
Flames volume fraction (ppm)
(ppm)

Exp. Present Exp Present

Model Model
NSI2 [3, 6] 5.1 NS NS
NSII2 [6, 10] 7.5 NS NS
152 [6, 13] 8.0 - 1.9
S [8, 13] 9.0 [3, 5] 4.0
SM32°P [0.1,0.3] 0.2 NS NS
SM4QP [0.3,0.6] 0.6 NS NS
SM60P [1.1,2.1] 25 NS NS
SM80P [24,44] 5.0 NS NS
M/A® [0.2,0.5] 0.53 NS NS

3 Exp. results from [13], ® Exp. results from [14], ¢ Exp. results from [15]

5.5. Conclusions

Surface reactivity of soot particles in a variety of laminar coflow diffusion flames was studied.
Surface reactivity is found to be important in determining the soot mass yield on the wings of the
coflow flames due to dominant effects of surface growth in this region. A new model was
proposed to account for the effects of soot surface reactivity in both growth and oxidation
regions, considering soot ageing parameters defined in the previous works [11]. The proposed
model correlated the surface reactivity of soot with particle thermal age, a function of
temperature and residence time. This model was used to take into account the effects of soot
surface reactivity changes due to growth and was implemented in the oxidation and surface
growth models in the CoFlame code. Using this approach, one tunable modelling parameter, a,
which had previously been used in both soot growth and oxidation modelling, was replaced with
an empirically determined function, that is held unchanged between simulations. The model was

applied to simulate nine flames with different flow conditions, fuel dilution ratios, and fuels.
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The model was successfully able to capture the correct peak soot volume fraction and soot
emission in all flames. The modelling was performed without any variation in model parameters
between cases. Four flames, originally studied by Santoro and coworkers [12] [13], with varying
peak soot concentrations and smoke emission characteristics were simulated. The model
correctly predicted peak soot concentrations and smoke emission for all four flames.
Furthermore, the diluted ethylene/air flames, originally studied by Smooke et al. [14], were
modelled, again without any model variation. The fuel was diluted with nitrogen at different
ratios. Peak soot concentrations for these flames, which have varying residence times, were also
correctly predicted. The model also captured the decreasing trend of soot concentrations as the
fuel dilution levels increased. The surface reactivity model was also employed to simulate the
methane/air flame studied by Lee et al. [15]. The predictions of the model for peak values and

profiles of soot concentrations were also relatively well reproduced.
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Chapter 6

Summary and Future Work

6.1. Conclusions?

The studies presented in this thesis utilized a strong computing tool, the CoFlame code, to
simulate soot formation in different laminar flames. The CoFlame code has been validated for
many flames and its use provides an opportunity to investigate different soot formation processes
in flames with various fuels and burner configurations. Each chapter of this thesis focused on
different subjects relating to soot formation. In Chapter 3, the soot formation in vaporized
ethanol/ gasoline flames was studied. This chapter also provided the intermediate processes of
soot formation for laminar diffusion flames of ethanol/gasoline mixtures. In Chapters 4 and 5,
soot surface reactivity in different parts of the flame and its variations with flame properties were
investigated. These two chapters were outlined such that the investigation of the surface
reactivity of soot in the oxidation region was presented in Chapter 4, and was complimented in
Chapter 5 wherein soot surface reactivity was studied in both oxidation and growth regions.
Heavy computations required parallelization of the problem. The computations were performed
on the General Purpose Cluster (GPC) and the Ryerson Sandybridge (Sandy) Cluster of the

SciNet Computing Consortium of Compute Canada.

2 This section is adapted from Chapters 2, 3, and 4.
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The detailed study of the soot formation process in ethanol/gasoline flames was conducted, given
that the detailed CoFlame code provides a strong tool to investigate the intermediate steps
involved in soot formation. The work presented in Chapter 3 studied the effects of adding
ethanol to fuel on soot formation in gasoline/air coflow diffusion flames at atmospheric pressure.
A gasoline surrogate identified in the literature was employed in the numerical modelling to

replicate the No. 92 gasoline used in the experiments.

Consistent with the experimental measurements, the numerical results revealed that blending
ethanol to gasoline suppresses soot formation. However, the soot formation suppression remains
not very significant until the blending ratio of ethanol is more than 50%. The E85 flame
produces much less soot than the EO, E20, and E50 flames. This behaviour has also been
reported in the literature. The visible flame heights and soot volume fractions were relatively
well predicted in terms of the magnitude. Although the location of peak soot volume fractions
was not correctly predicted in comparison to the measurements, the overall effects of ethanol
addition to gasoline on soot formation reduction were captured by the numerical model. The
results suggested that the gasoline surrogate model used in this study emulates the gasoline fuel

relatively well in terms of sooting propensity.

The numerical predictions were leveraged for further information by tracking the pathlines of
soot particles through the flames. This analysis demonstrated that the reduced soot
concentrations with ethanol addition can be attributed to the dilution effects (due to the resulting
aromatic content reduction in the fuel stream) as opposed to the increased oxygen content of

ethanol, enhanced oxidation, or temperature changes.
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The present work further focused on advancing numerical simulations of soot formation in
laminar coflow diffusion flames. The CoFlame code was used to simulate other flames. In
Chapter 4, soot oxidation in a variety of laminar coflow ethylene/air diffusion flames was
investigated. The oxidation by O> was found more influential in the post-flame oxidation region
and mainly responsible for the smoking behaviour of the flames, while the effect of OH
oxidation was only significant on the peak soot volume fraction. Using a constant ageing
parameter, aox for oxidation proved unsuccessful in predicting the smoking behaviour of the
flames. A new soot oxidation model for O2 was proposed based on soot particle thermal age. The
dependence of surface reactivity of soot on temperature and residence time led to a function for
aox based on thermal age, which was implemented in the oxidation model. The model was
applied to simulate eight flames with different flow conditions and fuel dilution ratios. The
model was successfully able to capture the transition of the flames from non-smoking to
smoking. The model also correctly reproduced peak soot volume fraction and primary particle

size distributions without any variation in model parameters between cases.

Even though the work presented in Chapter 4 solved the problem of accounting for soot surface
reactivity, it did not address this issue completely. The modelling of soot surface reactivity was
considered only for the particles in the oxidation region and a constant surface reactivity for soot
particles in the growth region was assumed. This study provided the foundation for an extension
of the work to study soot surface reactivity in a more comprehensive manner, presented in

Chapter 5.
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Chapter 5 focused on a more generalized study of surface reactivity of soot particles in a variety
of laminar coflow diffusion flames. Surface reactivity was found to be important in determining
the soot mass yield on the wings of the coflow flames due to the dominant effects of surface
growth in this region. A new reconciled model was proposed to simultaneously account for the
effects of soot surface reactivity in both growth and oxidation regions, considering soot ageing
parameters defined in the previous works [11]. The proposed model correlated the surface
reactivity of soot with particle thermal age, a function of temperature and residence time. This
model was used to take into account the effects of soot surface reactivity changes due to growth
and oxidation and was implemented in the oxidation and surface growth models in the CoFlame
code. Using this approach, one tunable modelling parameter, «, which had been used previously
in both soot growth and oxidation modelling and often treated differently in the two regions, was
eliminated from numerical simulations. The model was applied to simulate nine flames with

different flow conditions, fuel dilution ratios, and fuels.

The more fundamentally sound model was successfully able to capture the correct peak soot
volume fraction and soot emission in all flames. The modelling was performed without any
variation in model parameters between cases. Four flames, originally studied by Santoro and
coworkers [12] [13], with varying peak soot concentrations and smoke emission characteristics
were simulated. The model predicted peak soot concentrations and smoke emission for all four
flames relatively well. Furthermore, the diluted ethylene/air flames, originally studied by
Smooke et al. [14], were modelled, again without any model variation. The fuel was diluted with
nitrogen at different ratios. Peak soot concentrations for these flames, which have varying

residence times, were also correctly predicted. The model also captured the decreasing trend of
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soot concentrations as the fuel dilution levels increased. The surface reactivity model was also
employed to simulate the methane/air flame studied by Lee et al. [15]. The predictions of the
model for peak values and profiles of soot concentrations were also relatively well. This work
represented a substantial advancement in soot surface reactivity modelling in that it proposed a
systemic method to model soot surface reactivity based on flame properties and it successfully

implemented the model in different laminar diffusion flames.

6.2. Future Work

The objective of future work relating to the soot surface reactivity model should be to implement
the model in different burner configurations and also premixed flames. The model development
is achieved through rigorous testing and studying of different laminar diffusion flames. Another
interesting topic to study could be to investigate the effectiveness of the model in predicting the
concentration of major species and soot precursors. In addition, the investigation of how the
model affects inception and condensation rates and also relative contributions of soot formation
and oxidation processes to total soot mass yield would provide interesting insight into the causes
of the change in soot characteristics of various flames. Furthermore, the possible effects of other
tunable parameters including inception efficiency, condensation efficiency, and coagulation

efficiency on model development could be studied.

Another interesting subject for future study would be to investigate the reasons as to why the
location of peak soot volume fraction shifts to the flame centerline in diluted ethylene/air flames

as dilution ratio increases, while the model fails to predict this transition. A similar trend is
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observed in gasoline/ethanol flames as ethanol content in the fuel stream increases, which is,
again, not predicted by the model. The study could focus on why the current soot model fails to

predict this transition and how to improve the model to capture such a shift.

One interesting topic to consider for future study would be to use different gasoline surrogates
which are available in the literature to perform numerical modelling. It would also be useful to
implement various blends of other oxygenated biofuels into the model. Understanding the effects
of varying fuel mixture ratios is of particular interest to industry as alternative/conventional fuel
mixing is becoming commonplace. The proposed techniques could be applied to ethanol/octane
mixtures and provide significant insight into the way in which competing
decomposition/oxidation mechanisms of mixed fuels will interact, and how they contribute to
reduction of emissions. The results should be processed to find the best biofuel blend generating
the least soot emissions. The study of the synergistic effect that may occur between the EO and

E20 in the ethanol/gasoline mixtures would also be of merit.
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