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Abstract

Soot particles generated during combustion processes enhance heat transfer by thermal radiation.
These particles are harmful to human health; therefore, control of soot emissions from combustion
systems and mitigation of their negative effects is highly desirable. Soot particle formation is a
complex process involving many processes. These are nucleation, surface growth, coagulation,
aggregation, and finally oxidation. These processes are not completely understood. The aim of
this research was to apply optical diagnostics as a tool to better understand the inception phase
and surface growth of soot particles in low pressure premixed laminar flames. The work described
in this thesis is based on quasi-one-dimensional, premixed CoHz—air (plus other additives) laminar

flames, stabilised on a McKenna burner.

Three different flame settings were used to study the dependence of soot particle formation on
pressure variation in the range of 48-27 kPa. Two flames were at stoichiometric ratios, at phi (®)
of 2.1 and 2.3. The third flame, at @ of 2.1 and pressure of 40 kPa, was chosen to evaluate the
effect of gas additives on the soot formation process. Three gas additives to ethylene base flame

(C2oHas-air) were used. These gas additives are argon (Ar), nitrogen (N2) and carbon dioxide (CO).

Laser-induced incandescence (LI1) was used to carefully measure the spatial profile of the soot
volume fraction (f,). Spatially resolved emission spectroscopy was then utilised to measure two
key radicals (CH" and C2") and to verify the location of the flame front (y™) and soot particle
temperature (Ts). Probe thermocouple was employed to measure gas temperature (Tg), while Laser
Induced Fluorescence (LIF) was used to record the Polycyclic Aromatic Hydrocarbons (PAHS)
with 2 — 3 rings (2-3R), 3 — 4 rings (3-4 R) and >5 rings (>5 R).

The gas velocity (v) was modelling by using the Ansys-Fluent software package. The time (t), at
each axial location was calculated in a stepwise fashion, based on the modelled velocity profile.
This helps to compute the soot surface growth rate and the phenomenological removing rates of
PAH (2-3R) and PAH (3-4R).

From @ of 2.1 and 2.3 flames at different pressure settings, it was found that the thickness zone
for CH", used as an indicator of the flame front, was larger than for C,". Furthermore, it was
observed that the distance between the maximum recorded intensity of CH" and C2" decreased
linearly with increasing pressure - with a slope of 25 x 10° + 0.062 x 10° (mPa ™) and 28 x 10~

9+0.048 x 10° (mPa?) for @ of 2.1 and 2.3, respectively. It was found that the lowest value of
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fv was 0.0003 ppm, observed at a spatial location of 6 mm away from the burner surface. It was
also observed that fy scales with pressure following a simple power function of the form f, = kPr",
where k is a scaling factor and n was measured at a value of 2.15+0.7and 1.5+ 0.4 for=2.1

and & = 2.3, respectively.

The analysis of soot particle surface growth pointed to a soot growth rate constant, ksg, of 20 s
for @ of 2.1, whereas at @ 2.3 the values of ksg was found to be 32 s, 25.13 st and 12.11 s for
pressures of 27 kPa, 32 kPa and 35 kPa, respectively. This indicates that ksg has a weak

dependence on the pressure and equivalence ratio.

The measured values of Tq and Ts aligned well, with less than70 degrees difference between the
two. The values for Ty that were measured from the first recorded soot particles were

~1465 + 66 K. This was termed the ‘soot inception temperature’.

The spatially phenomenological removing rate of PAHs with 2 — 3 rings (k,f,‘ljff) and 3 — 4 rings
(kg,;;*,‘f) were measured as 24.61 sand 21.64 s2, respectively, at @ of 2.1 and pressure of 40 kPa.
At a pressure of 27 kPa, the spatially phenomenological removing rate constants were measured
as 15.29 st and 18.26s* for PAHs with 2 — 3 rings and 3 — 4 rings, respectively. This indicates

that at a pressure of 40 kPa, (kZ,ox) is faster than (k3,48 )by a factor of 1.14, whereas at a

pressure of 27 kPa, (k3,ar) is faster than (k3,27 )by a factor of 1.19. At & = 2.3 and pressures
of 40 kPa, (k2,oF) and (k3,ax)were found to be 23.33s™ and 16.9s™, respectively. This

indicates that (k2,3%) is faster than (k3,ax )by a factor of 1.13 under these flame conditions.

At @ of 2.1 and pressure of 40 kPa and with respect to C2Hs-air, it was found that f, decreased
after addition of N2, CO2 and Ar. Ar was found to be the most effective additive for reducing f,,
and increasing the soot surface growth rate constant. The soot surface growth rate constant (ksc)
was calculated to be 8.3 s, 15.35 s, 35.65 st and 60.35 st for CoHas-air, C2Hg-air:Na, CoHa-
air:CO. and CoHgs-air:Ar, respectively. However, it was found that f, was reduced significantly in
the presence of additives.

The values of (k2,38 )were measured as 14.1s*,20.58 s, 7.8 s and 11.2 s™* for CoHa-air, C2Ha-
air:Nz, C2Hs-air:CO, and CoHs-air:Ar, respectively; whereas the values of (k;,2%) were measured
as10.3s7%,14.53s?,4.7s ! and 3.9 st for CoHa-air, CoHg-air:N2, CoHs-air:CO, and CoHa-air:Ar,

respectively.
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It was also observed that in these flames, the initial detection of the soot particles took place at a
temperature of 1458.52 K, 1414.51 K, 1406.21 K, and 1377.16 K for CoHs-air, CoHs-air:N2, CoHa-

air:COz and CoHg-air:Ar, respectively.
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Chapter 1: Introduction

Combustion is still a very versatile source of energy, although there are strong arguments in favour
of shifting to more reliance on renewable energies. The availability of hydrocarbon fuels and the
amount of energy produced from combustion fulfil the near-term demand of many industries
which cannot be met with renewable energy. Combustion continues as a leading source of energy
production and its role is expected to grow. Research in the field of combustion and related
technologies has raised concerns toward its impact on human health and the environment.
Research has been focused on improving combustion efficiency and reducing polluting emissions;

however, combustion still remains a significant contributor to greenhouse gas emissions [1].

Soot, one product of the combustion process, is produced through incomplete combustion of
hydrocarbons. The presence of aromatic hydrocarbons, e.g. polycyclic aromatic hydrocarbons
(PAH), in combustion fuel is a key component of soot formation. PAH compounds are highly
toxic to both humans and the natural environment. The introduction of soot to the body can lead
to respiratory diseases. Some agents present in soot are considered genotoxic materials and being
in close contact with these agents can result in major dermal complications [2-4]. Despite these
hazardous effects, soot is still produced in very large amounts. Some industries use soot as an
ingredient in their products; for example, as a reinforcement or filler in the production of tyres
and rubber, pigmentation material for plastics, paints and printer ink, and as part of the electrode

composition of batteries [5].

Given the known importance of soot formation and the negative effects it has on human life,
researchers have long been faced with the significant challenge of determining the inception and
growth process of soot. Industry and the scientific community has long been interested in the
chemistry of fuel-rich combustion. The incomplete combustion of organic materials, including
PAHSs, releases contaminants into the atmosphere. Understanding the limitations of the soot
formation process is vital if soot and PAH production is to be controlled. This requires an in-depth
understanding of the gaseous phase (reaction zone) and the solid phase. However, aspects of the
sooting phenomenon remain unclear. It occurs relatively rapidly, which hinders precise
observation of the steps involved in fuel pyrolysis, nucleation, growth, coagulation, aggregation
and oxidation. Thus, researchers are left with the significant challenge of determining the
inception and growth process of soot formation under low pressure [6-16]. Reaction time

resolution in low-pressure flames helps to examine the early steps of soot formation. However,
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important steps in the formation of large PAHSs that lead to the inception of the first soot particles
remain unclear despite the huge number of experiments undertaken and modelling applied to date
[17-22]. To investigate the relationship between the gaseous and solid phase, a range of optical
and physical sampling procedures must be undertaken. Laser-based diagnostics that have been
utilised to study soot formation in flames include Laser-Induced Incandescence (LII), Laser-
Induced Fluorescence (LIF) and laser scattering. The first aim of the current study was to utilise
LIl to investigate the soot volume fraction and LIF to investigate PAHSs in premixed flames. The
second aim was to use optical laser diagnostics to understand the inception phase and surface
growth of soot particles in premixed flames. The work described in this thesis is based on a study
of low-pressure, quasi-one-dimensional, premixed CyHs—air (plus other additives) flames,

stabilised on a McKenna burner.

This thesis consists of eight chapters including the Introduction; followed by Background;
Methodology; Investigation of the dependence of pressure on soot particle formation; and
Evaluation of the effect of gas additives on soot formation; and finally, Conclusions and

Recommendations.

Chapter 2 discusses the current state of research in soot formation, including relevant techniques.
Fundamental concepts and theory are introduced here facilitating further discussion in later
chapters. Additionally, the chapter reviews the background literature regarding soot practically in

the study of soot under low pressure and the effect of pressure and gas additives on soot formation.

Chapter 3 describes the experimental apparatus used throughout this work and includes the

calibration of the system and the low-pressure vacuum system.

Chapter 4 presents the velocity field in a McKenna Burner, describes the velocity CFD simulation

models, results generation and integration, and the procedure to validate the model.

Chapters 5 and 6 present the experimental findings confirming the dependence of soot particle
formation on pressure in the range 48 — 27 kPa. Two flames at (&) of 2.1 and 2.3 were selected.
Measurement of the soot volume fraction (f,), the location of the flame front, phenomenological
removing rate constant of PAH LIF, and the gas and soot particle temperatures are presented and

discussed.

Chapter 7 presents the experimental findings using one flame at @ of 2.1 and pressure of 40 kPa
to evaluate the effect of gas additives on the soot formation process. Three gas additives to CoHs-
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air were studied: argon (Ar), nitrogen (N2) and carbon dioxide (COz). The soot volume fraction,
the location of the flame front, the gas temperature, and the spatially phenomenological removing

rate constant of PAH LIF were measured.
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Chapter 2: Background

2.1 Combustion

A chemical reaction between a fuel a carbon based solid, liquid or gas and an oxidiser either
oxygen or air oxygen is a combustion process and is exothermic. The following chemical formula

represents the combustion of ethylene (C2H4) using Air:
C,H, +3(0, + 3.76N,) — 2C0, + 2H,0 + 11.28N, (2.1)

This is an ideal form of combustion because only CO, and water are formed; however, there may
be other species present. A large number of hidden intermediate species, that were formed
eventually, continues to form product and some other species. In the combustion reaction
(Equation 2.1), the fuel/oxygen (oxidizer) ratio is chosen to produce only CO> and water. If an
ideal reaction were possible, it would be complete or stoichiometric with no excess distinct atoms
or molecules. Given the circumstance that the reaction in Equation 2.1 is an ideal model, it
represents what would happen if there was complete C>H4 combustion in air. There are two
commonly used definitions for describing the fuel—oxidiser ratio: the equivalence ratio, @, and

the carbon—-oxygen (C — O) ratio. The definition of the former is:

_ Meyel/Mair (22)

" (Mpuet/Mair) st
Where m represents the mass and suffix st stands for stoichiometric condition.

Depending on the mixture, the relative amount of fuel and oxidiser which present in the flames
could be either stoichiometric, lean or rich. This is typically defined using the fuel-air equivalence
ratio (@); the distinction by definition is that a stoichiometric reaction has an equivalence ratio of
@ = 1. If @ <1, the combustion process is considered to be lean or it is rich if @ > 1. Equation 2.2
defines @ as the ratio between the relative mass (m) of fuel and air present in the mixture and the

relative amount of fuel and air found in a stoichiometric (st) mixture.

As mentioned above, combustion is a process in which fuel oxidation occurs rapidly, producing
heat and sometimes light. This process occurs in either a complete or an incomplete way, and this
is directly related to the amount of oxidiser. The oxidiser is usually oxygen that is available in the

area in which the process is occurring. The main objective of combustion is to ensure that the
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maximum amount of heat is released from the fuel source. This is achievable by controlling some
of the main important process variables throughout the combustion reaction; the temperature at
which ignition is occurring, the mixing type of both fuel and oxidiser, and adequate time for the

combustion process to take place [23].

Flames are usually observed where combustion reactions occur. Such flames are a result of the
exothermic interaction between fuels and oxidants which usually happen in rapid stages to form
this thin region; the flame. Flames are typically classified on the basis of the following
characteristics: fuel; air mixing type (premixed, non-premixed or partially premixed); stream type
(laminar or turbulent); and whether the flame is stable or unstable. It is important to point out that
the way in which the reactants were mixed will determine flame type. When the fuel and oxidiser
are mixed prior to the reaction taking place, a premixed flame is generated. On other hand, when
these two reactants enter the reaction in a discrete way, a non-premixed or diffusion flame is
generated. For stream-type classification, a turbulent regime is assigned a large Reynolds number
about at least 4000 and is directly related to be steady or unsteady flows [23, 24].

2.2 Combustion formed Particles

Soot and nanoparticles are the two types of particles formed in combustion. Nanoparticles, exist
in the transition state between gas phase and solid particles, are also known as; condensed phase,
nano-organic carbon [21], nascent soot [19] or soot precursor particles [25-27]. Soot particles can
be labelled as either young or mature [28], but they are still largely solid. Nanoparticles are usually
found as PAH clusters that are compactly or loosely packed oligomers and have aromatic or
aliphatic bonds [10]. They are not exclusively defined by size but are nominally less than 10 nm
in diameter; generally in the range of 1 —5 nm [21]. Since they are composed of oxygen-based
organic species [29, 30] and have a high hydrogen-to-carbon (H—C) ratio [20, 31], these
nanoparticles are more reactive. They retain the chemical reactivity and spectroscopic properties
of their constituent gas phase products. However, their surface and transport related characteristics
are similar to those of larger particles. On the other hand, soot particles with a diameter of
10 — 100 nm form chain-like structures in which primary particles can easily be distinguished
from aggregates [21, 32]. The primary particles are covalently bonded to form aggregates with
fractal dimension typically in the range of 1.7 to 1.9. Soot primary particles have a more graphite
like structure, exhibiting low H — C [20]. Soot behaves like a black-body in terms of its absorption

and emission spectra and does not display fluorescence or other molecular characteristics [20]. In
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fact, the presence of soot can often be observed by eye as the yellow part of the flame in fuel-rich

conditions caused by near black-body incandescence of hot solid particles.

In theory, there are two key progress pathways: particle inception and initial growth [21]. The
first pathway is chemically driven, where polymerisation reactions cause the formation of
particles. PAHSs are joined by C — C & bonds and aliphatic compounds, such that the constituent
PAHs that make up these oligomers are distinguishable within branching chains [22]. In the
presence of higher temperatures and oxygen, this pathway is more active. The growth mechanism
Is facilitated by a large number of radicals and the addition of aromatic radicals to other aromatics
[21]. The second pathway relies more on Van der Waals attractive forces among peri-condensed
PAHs and the ensuing physical interactions [33] that begin to stack in graphite-like structures,
which is also known as dimerisation. The Van der Waals forces also encourage the further
coagulation of these nanostructures into the first primary soot particles. This pathway is preferred
in lower temperature pyrolytic and fuel-rich flame regions where radical concentrations are
limited. The relative contribution of these two pathways to the inception of soot appears to be
strongly dependent on the combustion conditions [34, 35]. Through dehydrogenation and

oxidation reactions, the carbonisation of the soot particles is further increased.

In summary, the mechanism of soot formation can be presented as a two-stage mechanism. At the
first stage, precursors entering the transition phase (the phase between gas and solid, as described
previously) will react to form building blocks which then leads to formation of the initial soot
particles. The next step occurs after leaving the transition phase, as the initial soot particles
increase in size through nucleation, surface growth, particle coagulation, aggregation and, finally,
oxidation [36]. The process of soot formation during combustion remains uncertain as a result of
the highly complex nature of hydrocarbon flames [19, 37]. It is believed that the chemical
reactions involved in the soot formation process are the same in both premixed and non-premixed
flames, as the chemical characteristics of newly formed soot from both flame conditions are the
same. The difference between these two flame conditions is considered to be at the precursor’s
reaction level. As the soot precursor is expected to be produced through oxidation in a premixed

setting, it is produced as result of pyrolysis in non-premixed flames [19].

2.3 Mechanism of Soot Formation

Soot formation is a complex process (Figure 2.1) that can be broken down into four different main

processes. The first is nucleation, which is known to be a non-equilibrium process and the initial
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process of soot inception. Surface growth is the second process that succeeds nucleation in which
the soot particle will start to increase in size. Then, coagulation process occurs, in which spherical
soot particles collide and produce a larger particle. Next is aggregation process, where large
particles get together to form bigger cluster formation, which then follow by the final process;
oxidation. These four processes of the reaction occur on a timescale of milliseconds and yield
millions of carbon atoms [19]. Many issues remain unidentified or unclear throughout the whole
combustion reactions, such as; heat transfer process and fluid flow, which further leaves the

researchers perplexed [38].

The discussion now focusses more on nucleation processes, highlighting the main studies that
have been done and their findings. Many proposals have been advanced to explain the origin of
soot, including ionic species such as polyenes (C2nHz2), free radicals and PAHs [39]. Among these,
PAHs have received the most attention, as they provide the clearest information about the
inception of soot [19]. According to hypotheses relating to PAHSs in the soot process, they will
grow until the formation of the first solid soot particles, in a process known as inception. The next
step involves granular aggregates of mature soot particles, which are the result of a series of
processes that may include agglomeration and coagulation. The initial step involves the chemical
decomposition of fuel. If the temperatures are well below adiabatic flame temperature, this step
will limit the rate at which soot forms [40]. With regard to high temperatures, the diversity of
pyrolysis products determines the rate at which soot is formed. There are two ways in which
pyrolysis of an aliphatic fuel can occur: through H-atom abstraction or fission. High temperatures
support fission reactions and high radical concentrations support H-atom abstraction.
Decomposition of large hydrocarbons through fission is the easiest as they have weaker bonds
[41]. Since different fuels burn in different ways, they produce different pyrolysis products. Thus,

the choice of fuel should be considered in determining the rate and amount of soot formation [42].

The formation of the single aromatic ring molecule, benzene (CsHe), is the most important in soot
formation because this step is considered a rate-limiting process. CeHs can be formed via many
possible chemical avenues, including acetylene (C2H2) addition to n-CsH3 and n-C4Hs as the most
important parts. When C>H: is added to n-C4Hs, it typically produces phenyl (n-CsHs) instead of

CeHs. Both reactions, therefore, occur as a result of the presence of too much C2H: in a flame [5].

In summary, there are many ways in which the basic ring structure can be achieved. It is clear that
the kind of precursors produced by a particular fuel structure has an important effect on the final

soot produced. Growth of small PAHSs occurs through the combination of many sub-mechanisms.
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One is the recursive mechanism, which is based on the activation of radical sites by hydrogen.
Abstraction and saturation of the resulting hydrogen abstraction—acetylene addition (HACA) is
widely accepted by the research community in charge of combustion [19]. Pioneers of the HACA
concept based their reasoning on the argument that the process is not reversible even though the
recursive steps can be reversible and it proceeds in favour of high PAHs because each descendent
PAH is thermodynamically more stable than its predecessor. Further, PAH isomerisation is

believed to contribute to some extent to the growth [19].

The transition from the gaseous phase to the solid phase remains the least understood part of the
soot formation process. Once in the solid phase, PAH species with a size ranging from 3,000
to 10, 000 atomic mass units accumulate to form the initial soot particle by a process known as
soot inception [23]. After inception, the newly formed soot particles collide with each other to
form larger particles as a result of Brownian motion. After inception, the newly formed particles
display a spherical shape, whereas larger soot particles at later stage display a fractal shape. The
explanation was that newly formed soot particles are governed by coalescent collision, while

larger particles agglomerate into fractal aggregates.

The transformation process from a newly formed small particle into large fractal aggregate
remains unclearly defined. Two factors were proposed as heavily influencing this transformation:
the surface growth rate and the size of the colliding particles [43]. After inception, surface growth
plays a dominant role in forming a spherical shape. However, at a later stage, larger particles
become less affected by surface growth, and formation of a spherical shape is less common. An
explanation for this is that surface growth declines with larger soot particles as result of the
reduction in hydrogen atoms and active sites on the soot particle surface [44, 45]. Thus, fractal
aggregates are common in larger soot particles with a fractal dimension range between 1.7 and
1.9.

Oxidation is an important part of the whole process. It is important to recall that the surface growth
process is competing with oxidation. This assumption is based on the surface reaction process,
which is more well-known as a coagulation process. However, small particles cannot undergo
surface reaction processes, so they collide with each other, forming a fragile soot cluster. Being
in contact with oxygen, these particles tend to experience a mass loss and reduction in their size,

causing them to be less active in the surface growth process [39].
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Figure 2.1: Soot formation process in laminar premixed flame.
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2.4 Experimental Methods

Most research in this field has focused on the structural composition of soot particles and the
underlying processes of their formation to gain a deeper understanding of their characteristics. An
appropriate combination of this knowledge and the measurements applied in soot diagnostic
procedures will be important for optimising combustion devices to minimise their levels of soot
emission. The multiple techniques that have been applied in studying soot may be classified into
two broad categories: non-intrusive and intrusive techniques [46]. Intrusive techniques are used
to determine the kinetics of particle formation and concentration, while non-intrusive techniques
provide better information about the structure and morphology of the examined particles. To
examine the combustion and formation of soot particles, intrusive and non-intrusive techniques
are required. Soot particles and their early precursors present in difference sizes and possess
different properties. Throughout combustion, soot particles display different physical and
chemical characteristics compared either to their early precursors or to their mature soot particles.

Therefore, different detection techniques are required to detect different particles.

One of the most suitable techniques for measuring soot particles under low pressure is LII.
Desgroux et al.[10, 15] suggested that optical techniques are the most suitable for the study of
soot under low pressure in combustion processes because of their ability to provide higher spatial
and temporal resolution. Other methods, for example, the use of a scanning mobility particle sizer
or electrical low-pressure impactor, could also be applied in the process of studying soot volume

fraction at low pressure.

This study focused on the non-intrusive technique. Laser diagnostic techniques are widely used
and may expand further in the future because of their capability for remote, non-intrusive, in situ
and spatially and temporally precise measurement of important chemical parameters. Meanwhile,
they provide a clear understanding of combustion phenomena that support sufficient and clean

energy conversion [47].
2.4.1 Non-intrusive techniques
2.4.1.1 Laser-induced incandescence

Laser-induce incandescence (LI1I) is one of the techniques used for soot diagnostic purposes. In
the past two decades, LIl has proved to be one of the most effective diagnostic instruments for

resolving a wider range of soot volume fractions, in applications such as turbulent and laminar
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flames, characterisation of engine exhaust gases and a wider array of in cylinder combustions. LII
method is not a new method; it has gone though many adaptations to result in the approach
currently followed. The first use of the LII technique was published in 1974 [48], when Weeks
and Duley proposed the use of pulsed laser as a heating agent for aerosol particles for particle size
estimation purposes. Eckbreth then discussed the process of interference of signals by Raman
scattering [49]. This was followed in 1984 by a detailed study of the process of LIl by Melton
who used this method to estimate the volume fraction of soot and its particle sizes by employing
equations of energy and mass balance and by noticing the related varying physical procedures
[50]. All contemporary theoretical models are derived from Melton’s work, providing important

improvements to the original model.

The principle of LII is that after heating soot particles to 4000 K, they are sublimed using a
nanosecond laser pulsed at high power; cooling processes are then initiated until thermal
equilibrium in the combustion environment is reached. LIl phenomena are described by the mass—
energy balance between the diameter heated by an intense laser pulse and the signal from a
spherical soot particle of mass m and its surroundings at temperature Tg. The energy balance of

LIl can be described by the following expression:
Qint: Qabs— Qcond— Qrad— qub (2.3)

where Q is the energy rate for each of the included mechanisms and the quasi-blackbody radiative
emission (Orad) is the signal that is collected in LIl measurements. This signal (M(4)) is
temperature and wavelength dependent as dictated by Planck’s law adapted for Equation 2.4,
where h is the Planck constant; 4 is the emission wavelength; &; is the emissivity; c is the speed of
light; k is the Stefan Boltzmann constant; and T is the temperature of the particle:

M) = g 2Z0he (2.4)

ASeake *

The deviation of emissions from a perfect blackbody for particle dimensions is within the
Rayleigh approximation (dp <« 1) emissivity (e.(4,m)). If both temperature and wavelength
influenced at least two distinct wavelengths or bands that are used for measurements, then only
the LII temperature can be determined. Temperature changes rapidly in these measurements.
Therefore, this is true only for temporarily resolved signals. Conduction is far more efficient at

cooling soot than radiation, which can be denoted as, conductive cooling (Qcond).
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LII signal decays exponentially, predominantly because of Qcong at pressures equal to or greater
than atmospheric pressure. This is true when laser fluences are too low to induce any significant
sublimation mass loss. QOcond, described by Equation 2.5, is a function of the temperature difference
of the particle from the surrounding bath gas; a: is the thermal accommodation coefficient; R is
the universal gas constant; W is the molecular weight of air; To is the bath temperature; Cp, is the

heat capacity of air at constant pressure and po is the bath pressure:

Qeona = L2 J S (G~ (T = To) (2.5)
When particle mass and size were not taken to be constant, the complexity of these equations
increases. Particle sublimation (QOsub) began to influence the LI signal once laser fluences exceed
around 0.3 J cm for a 1064 nm laser pulses. Beyond these fluences, particle temperatures rise
above 4000 K, which is the expected sublimation temperature of soot. Vaporised carbon clusters
are in the form of radiated heat and mass. These clusters include C; and Cz and are known to have
excited emission bands in the visible spectrum. An initial decrease in signal is approximately
contained within the laser pulse duration as expected because sublimation processes will drop
significantly as the particle temperature falls below the sublimation temperature. After the laser
pulse, the enduring signal remains dominated by conductive cooling. Choosing the correct laser
fluence is a trade-off of signal magnitude versus its effect on particle size and morphology and

the resultant signal interpretation.

LIl detection and measurement spatially and temporally measures the soot volume fraction and
primary soot particle size. This why the technique was chosen for this study. The basic laser used
was an Nd: Y AG with a wavelength of 1064 nm, which was preferred because it assists in avoiding
obstructions between laser induced and molecular species, as confirmed by [51] and because of

the availability, price and high production power of this wavelength.

It was considered important to examine soot formation in low-pressure flames. The level of soot
volume fraction in these flames is very sensitive to the equivalence ratio, &, and the pressure, p
[15], which permits observation and management of the transformation from a non-sooting
situation to a sooting one. The technique of LI1 was considered a suitable choice in low-pressure
flames because of its brilliant sensitivity and spatial resolution. Further, low pressure was
specified in experiments using the LII technique, as this permits further understanding of the four

stages of soot formation and in clearer way than does high pressure.
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The previous description of the LII measurement technique shows how imaging is used to
determine soot volume fraction. A time-integrated LIl signal was obtained using an intensified

charge-coupled device (ICCD) camera. The soot volume fraction f, is mathematically defined as:
fo =NV, =NZE (26)

where N is the particle’s number density, V, is the volume of the particle and dp is its diameter
assuming the soot particle has a spherical shape. Thus, in many studies, a proportional relationship
between LI signal (I'") and soot volume fraction is obtained and represented as:

M o f, .7)

This expression is frequently used in both laboratory and applied environments. This relationship
only holds true if the laser fluence is high enough [52]; that is, above the point of particle
sublimation. An extensive theoretical investigation of the dependence of soot volume fraction on
the signal was presented by Bladh et al [52]. For this information to be quantitative there must be

calibration that is generally via laser extinction measurements.
To study the soot volume fraction via LIl measurement, the following processes were undertaken:

1. A laser emitted a light pulse which was partly absorbed by the soot particles to be
investigated. The pulse encountered different kinds of optical elements before it arrived at
the specified destination, the soot particle.

2. Upon absorbing the laser light, the soot particle temperature increased. The magnitude of
this increase relied on the local fluence (J cm™ per pulse) of the laser pulse which
influenced the particles, and the physical characteristics of the soot and the surrounding
gas. The soot particles radiated to the increasing temperature. This radiation increase was
called the L1I signal.

3. Depending on the physical procedure, the soot particles cooled after being heated. The
cooling rate also depended on multiple factors in the surroundings such as pressure,
temperature and the characteristics of the soot particles. The particles’ thermal radiation
decreased because the temperature itself decreased.

4. The detection of the thermal radiation increase of the particles heated by the laser was
achieved using an ICCD camera or a photomultiplier. If determination of the time decay

was completed, then information about the particle size (soot diameter) could be found.
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2.4.1.2 Laser-induced fluorescence

Laser induced fluorescence (LIF) can interfere with laser light scattering causing major problem
for the laser diagnostic techniques. Fluorescence is not easily avoidable because it occurs over a
large wavelength extent of the Stoke side of the laser source. However, most of constituents
common to air fed (N2, O2, H.O and CO and hydrocarbon) display transition in the 200 — 250 nm
region. This discrete transition can be avoided by proper laser selection and tuning because these
compounds don’t exhibit strong electronic absorptions unless under vacuum ultraviolet condition
below 200 nm. Thus, most of these compounds pose no serious fluorescence interference threat
in laser diagnostic techniques.

Spices of interest (O2, H2O, CO and hydrocarbons) exhibit electronic resonance which is
distinguishable from others. With appropriate laser wavelength selection and tunning, interference
from these compounds can be avoided. Hydrocarbons fragments and the soot particles they form
possess broad absorption and emission spectra throughout the violet and ultraviolet spectral
region. Interference from hydrocarbons fluorescence is a serious interference because of their
abundance. Fluorescence from polycyclic aromatic hydrocarbons (PAH) is a known strategy to
detect hydrocarbons in various gaseous and spray flames throughout the visible and ultraviolet

regions.

LIF was considered by [49, 53] as one of the most useful imaging techniques to be applied to
combustion diagnostics. LIF has merit because of its ability to identify smaller molecules [54],
especially radical species [55] within the flame. LIF is also used to determine the temperature of

a flame [56] without requiring a probe to be inserted [57].

Fluorescence measurements are the optimal method for observing development from smaller
molecules into larger PAHs because of their high absorption coefficients and quantum yields. As
the size of the aromatic structure increases, the wavelength of the emitted light also increases as
a result of the m — 7* transitions creating a spectrum. As PAHS increase in size, the energy gaps
decrease, causing a redshift to emitted light because of absorption band broadening. Larger PAHs
are found higher in the flame and smaller PAHs are found lower in the flame, thus providing a

mechanism for discrimination [58].

Following excitation via a laser pulse (see Figure 2.2, step 1) the molecule undergoes internal
relaxation because of rotational and vibrational energy transfer. Thus, there is relaxation to a lower
energy band, while still within the upper energy electronic level (see Figure 2.2, step 2). After the
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emission of fluorescence, however, the molecule loses enough energy to fall back to ground state
(see Figure 2.2, step 3). The energy released is less than the energy absorbed; therefore, the
wavelength of the emitted light is longer than the wavelength of the excitation. The emission is

confined to specific wavelengths because of the quantisation of the energy levels.
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Figure 2.2: Energy level diagram showing fluorescence emission: (1) excitation, (2) internal
relaxation and (3) fluorescent emission, where h = Planck’s constant v = frequency and Sx =

electronic energy level.

There may be complications when making fluorescent measurements. For example, there may be
other contributions to the relaxation of the molecule, including processes such as quenching, and
this must be taken into account. This makes LIF more suited to the identification of small radicals
such as OH, NO and CH, as they are well known and thus data concerning their spectroscopy,
guenching and transfer rates already exist. This is why studying species for which these data are

unknown can suffer from many problems [10].

Fluorescence occurs predominantly at wavelengths longer than the excitation wavelength as
discussed above. However, there is very little fluorescence because of the anti-Stokes fluorescence
that occurs at high temperatures when some of the heat or thermal energy is converted into light.
The excitation wavelength should be strategically chosen to excite particular target PAHs [59].
Measurements designed to simultaneously observe PAHs, OH and other small molecules while
exciting with short wavelengths in the ultraviolet (UV) range are also possible [60]. As
highlighted by Desgroux in the 2013 review paper, the PAH concentration is not proportional to
the LIF signal [10]. The structure of PAHs and the measurement environment affect the
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fluorescence level because of the effects of collisional quenching [60]. One of the main
limitations of LIF measurement is that it cannot quantify individual species because it reflects the
sum of contributions of a number of different PAH molecules. It is known that PAHSs are sensitive
to the excitation wavelength used. Although not species selective, it is accepted that shorter
wavelengths excite smaller PAHs than longer wavelengths.

PAHSs fluoresce mainly in the UV-visible spectrum (250-450 nm) as discussed previously [61,
62]. Longer fluorescence wavelengths are emitted from larger PAH species with more rings. The
number of rings (aromatic island size) increases with the fluorescence emission spectrum [63, 64].
However, fluorescence spectra with peak wavelengths above 450 nm are difficult to attribute to
PAHSs larger than coronene, because their relative concentration in flames is quite low compared
with that of smaller PAH species [65]. A redshifted spectrum can indicate structure evolution
towards a more stacked arrangement. In summary, an increase in fluorescent lifetime and a
redshift are indicative of nanostructure growth favouring physical dimerisation, while bluer
spectra and shorter/constant lifetimes indicate growth through chemical polymerisation. In
controlled environments and conditional on a sufficiently low optical density to avoid
reabsorption effects, molecular species concentration is proportional to fluorescence intensity
[66]. The same is true for fluorescent nanostructures within non-sooting premixed flames [67]. In
premixed flames, particle evolution is curtailed as coagulation is limited in low concentrations

and the flame front downstream has a relatively constant temperature.
2.4.1.3 Chemiluminescence

Reactions at excited states cause the generation of chemical species and spontaneous intra-flame
emissions, also known as chemiluminescence. Oscillations of heat emanating from combustion
systems is one process fostered as a result. Chemiluminescence investigation can provide
information that is fundamental to combustion processes such as local heat release and

equivalence ratios.

Spectroscopy uses emission and absorption spectra to differentiate each molecule. Transitions can
take place between the lowest (E1) and the highest (E2) energy levels and vice versa. As emission
and absorption cause electromagnetic radiation, spectrally resolved radiation must be measured
by a suitable device to obtain the spectrum. The frequency of the emitted radiation is calculated
using the following equation:

AE
v =5 (H,) 28)
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Where v is the frequency of the emitted radiation, AE is the energy difference between two energy

states and h is Planck's constant.

Post-excitation, the molecules fall back to a lower, stable energy state. The emission of radiation,
and in turn the chemiluminescent intensity, varies according to the gas fuel, the flame temperature
and the number and density of excited molecules—thus on the equivalence ratio. Molecules
investigated in the current study were the carbogen (CH) and the diatomic carbon (C>). Radiation
is emitted mainly because of the electronic transition of molecules; therefore, all measurements

were taken from the UV-visible region.

Flame structure in a hydrocarbon flame is important for combustion-related research ranging from
essential reaction kinetics to industry system optimisation. Flame-emission spectroscopy is a
simple method to apply in combustion diagnostics and its use in flame diagnostics has increased
recently because of its ability to provide a clear understanding of flame process. It is an important
technique for investigating flame characteristics in the combustion location and at the flame front;
the thickness of the layer of CH™ and C,"; and soot temperature during the combustion process.
Soot temperature is a very useful property in the understanding of the soot formation process as
the actual mechanism that results in soot formation is quite intricate, involving many complex
chemical and physical processes [19, 21]. The spatially resolved emission spectroscopy (SRES)
technique is based on the process of electronically exciting the radicals produced from a flame’s
chemical reactions measured at well-defined different locations. Theoretically, the major excited
radical radiations come from OH", CH" and C>". The primary emission of CH" bands is at 430 nm,
and for C2” bands, 436—560 nm (the so-called Swan bands). Gaydon provided a useful description
of flame reactions in premixed flames [68]. In addition, recent experimental and theoretical
studies have employed spectrometry of CH" and C>" to characterise flames by investigating the
relationships between luminescence intensity and various process factors, for instance,
equivalence ratio fuel type and flame structure [69-72]. Comparing CH" emissions from various
flames leads to the conclusion that CH™ is not directly formed by a breakdown of C2H2 but by a
side reaction. In the reaction zone, it can be observed that CH" usually occurs at higher levels than

C>" [68]. However, there is ongoing debate about the formation of an excited CH" and C" flame.

Chemiluminating species are considered important intermediates that characterise the reaction
zone because of their presence in the flame front as potential markers for heat release; and in the
reaction zone in combustion systems. However, the CH” radical is commonly used as a flame

marker because it is relatively short lived, is present over a narrow zone in flame [73, 74] and is
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of eminent interest because of its involvement in prompt NO formation. Moreover, the CH excited
radical plays a crucial role in the formation of other radicals which influences the outcome of
experiments in different ways [75]. C radicals are also useful in the development of CH” radicals
and the C;" radical is a possible intermediate in the polymerisation dehydrogenation of
hydrocarbon fuel. However, unsaturated C," hydrocarbon radicals are key precursors in the
formation of aromatic and polyaromatic molecules in both combustion processes and planetary

atmospheric environments.
2.4.1.3.1 Carbon-hydrogen chemiluminescence

The A2A - X% (at ~431 nm) and B2Y~ - X? n (at ~390 nm) transitions, in which the 431 nm
band is usually dominant, cause the primary CH™ emission in the UV-visible region [68, 76]. CH”

chemiluminescence mechanism has some requirements:

1. State formation reactions and rates of excitation
2. Collisional quenching and radiative relaxation rates that remove the excited state.

Quenching data and radiative rates are available for CH” by major species of hydrocarbon
combustion [77]. However, for OH”, the accuracy of information may be variable. There have
been attempts to explore CH™ formation reactions and their rate parameters. Of the various
proposed sources, research has focussed on the following:

C2+ OH —CH" +CO (2.9)
C:H +0 —CH" +CO (2.10)
C2H + O, =CH™ + CO; (2.11)

Gaydon [76], who suggested reaction Equation 2.9, was challenged by Grebe and Homann [78].
After experimentation, Brenig backed an earlier proposal that the reaction of ground state ethynyl
radicals (C2H) with O atoms forms CH” [79]. A recent shock tube study with methane (CH4)—
hydrogen mixtures has supported that Equation 2.9 and 2.10 are the dominant CH formation
pathways. This is true for conditions ranging from 1200-2300 K and 0.6-2.2 atm [80]. However,
because of inadequate information on C» Kinetics, there are many uncertainties in the rate
parameters. Equation 2.9 may also be important in high-order hydrocarbon (liquid) fuel systems

where C; is more abundant. Devriendt et al. [81] determined that the majority of CH" is produced
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by Equation 2.10 in a temperature-dependent fashion using a pulsed-laser equation photolysis
study at low pressure. In addition, it was found that excess O, or its addition in the reaction
actually decreased the CH” yield in pulsed-laser photolysis [81] and shock tube studies [80]
eliminating the O step (Equation 2.11) in the analysis. However, Renlund et al. [82] indicated
that C2H should be with Oz and not atomic oxygen (Equation 2.10). In a recent photolysis study
at low pressure of CoH> [83], the temperature dependence of Equation 2.11 was evaluated. The
study determined that there would be a significant contribution of Equation 2.11 to CH"
chemiluminescence in hot flames and under lean fuel conditions. Absolute excited state
concentrations of CH™ were measured in low-pressure CHz—air premixed flames, and rate
parameters for Equation 2.10 and 2.11 were determined [84] and recently re-analysed [85]. The
Equation 2.10 rate constant showed temperature independence, while Equation 2.11 showed weak

temperature dependence.
2.4.1.3.2 C," chemiluminescence

Under fuel-rich conditions @ > 1.0, C2" chemiluminescence occurs in the blue—green spectrum
between 436 and 564 nm from the C2 D3 Y~ — A3 n transition, or Swan bands. Therefore, it is
useful to highlight areas susceptible to soot formation. The reaction CH, + C = C," + Hz to form
C2" was suggested by Gaydon [68]. Savadatti and Broida [86] subsequently put forward the
reaction C3 + O = C2" + CO. Smith and team observed various premixed hydrocarbon flames and
the contained C,* formation via LIF imaging measurements [87]. A sub-mechanism for C,"
kinetics was developed. They also recommended rate coefficients for the two formation reactions
stated in the section above. More recently, Kathrotia et al. [88] studied C," formation among others
in various premixed CHs—air flames. Their findings included the reproducibility of their flame
experiments considering the aforementioned recommended reactions from [68] and [86].
However, because of the lack of reliable precursor concentrations, their results suffer from

simulation uncertainties.
2.4.1.4 Thermocouples

There are many different types of thermocouple with regard to the set of material combinations
that can be made from metals used in the thermo-elements that form the thermocouple (the
positive and negative thermo-elements). These types have different measurable temperature
ranges, which is clearly associated to voltage drop and other material characteristic factors that

are directly related to metal properties. Various thermocouple types and temperature ranges are
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listed in Table 2.1 [89]. Thermocouples are typically selected because of their low cost, high

temperature limits, wide temperature ranges and durable nature.

Table 2.1: Thermocouple types.

Number Thermocouple Materials making up the thermocouple Temperature range (°C)
type

1 S Pt-10% Rh v. Pt -50 to 1480

2 R Pt-13% Rh v. Pt -50 to 1480

3 B Pt-30% Rh v. Pt-6% 0to 1700

4 E Ni-10% Cr v. constantan —270 to 870

5 J Fe v. constantan —210 to 760

6 K Ni-10% Cr v. Ni-5% (Al,Si) —270 to 1260

7 N Ni-14% Cr-1.5% Si v. Ni-4.5% Si- —270 to 392

0.10 Mg
8 T Cu v. constantan —270to 370

A thermocouple is made of two metals for which the voltage differences under a thermal gradient
are dissimilar. A measurement of this varying potential difference is correlated with temperature.
This makes thermocouples useful for combustion measurements at high temperatures. Platinum—
rhodium alloys are often used in the manufacture of thermocouples. The temperature of the flow
is then determined as a result of an energy balance problem, as seen in Equation 2.12. The
thermocouple bead is heated up to gas temperature by convective heat transfer. However, the
thermocouple does not reach that temperature simply because of conduction through the wires
and radiation loss from the bead. Assuming that the probe volume does not have strong
temperature gradients, exposure of the wire to a combustion environment can minimise
conduction losses [90]. Additional uncertainty is added because of enhanced surface reactions via
the bead’s catalytic effects. With respect to that coatings can mitigate the artificial increase of

local temperature that is measured by the probe [91]:

Qconduction"‘ Qconvecti0n+ Qradiation"‘ Qcatalytic =0 (212)

Particle deposition on the thermocouple bead because of sooting flames further complicates
measurements and energy balance equations. The roughness diameter and emissivity of the bead
change as a direct consequence of this. Using the diameter and temperature time history,
emissivity values of the particles inside the flame can be extracted according to thermocouple
particle densitometry (TPD) [92, 93]. These measurements further contrast the spectroscopic

properties of early flame particles with soot.
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Thermal inertia does not always allow thermocouples to track fluctuations in gas temperature
accurately, for instance in turbulent flames. Therefore, only time-averaged measurements can be

made with a thermocouple.
2.5 Literature Review

2.5.1 Soot formation under low-pressure conditions

Several recent studies investigating soot formation under low-pressure conditions have been
carried out on premixed and non-premixed flames to improve understanding of the process of soot
formation. These studies chose low-pressure flames, due to having the advantage that the reaction
time resolution in flames at this pressure help in examining the early steps in soot formation.
Mouton et al [8] specifically studied the formation of soot particles in low-pressure CH4 flames
using LI1I. They kept the pressure constant (26.6 kPa) and changed the equivalence ratio (¢ = 1.95,
2.05, 2.15 and 2.32) to record the evolution of LII signal with laser fluence (fluence curve), time
(temporal decay) and emission wavelength at different height above burner (HAB). They
specifically took advantage of the low-pressure conditions to probe with good spatial resolution
in the soot inception zone of the flames. They concluded that the different behaviours of fluence
curves were related to the probed region of the flame and ¢. At high levels of ¢, the process of
surface growth was accompanied by an increase in the LIl decay times. At lower ¢, the decay
times became shorter until they reached a constant value along the flame at ¢ = 1.95. These
behaviours are appropriate for the detection of the smallest incandescent particles in flames as
such particles have very weak surface growth [8]. Desgroux et al [15] demonstrated that the L1I
time decays are almost constant within the first millimetres, whereas an increase in the decay was
correlated with the growth of the primary soot particle. They also found that the soot volume
fraction still increases after a given HAB and becomes stable in burnt gases. The reaction time
resolution is a property in low-pressure flames that helps in examining the early steps of soot
formation. At the beginning of the soot formation process, the variation in the LII signal with laser
energy before the LII ‘plateau’ zone will be weaker than at any other time. This means that in the
first few millimetres, the time decay of LII will be constant as the primary soot particle begins
growing then the LIl time decay begins increasing [15]. The same result was reported by Bladh
et al. in their experiments: the first used CHa/oxygen/N. flames (1.95 < ¢ < 2.32) at 26.7 kPa; the
second used atmospheric CoHa-air flames (1.77 < ¢ < 2.00). Both experiments produced the same
results: at elevated HAB and elevated ¢ the mature soot fluence curve changes, but the change in

nascent soot linear behaviour found at low HAB and low ¢ is considered to reflect L1l decay time
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and particle size decrease [14]. Bockhorn also measured the distribution of particle size in sooting
flat hydrocarbon oxygen flames for several fuels at low pressure, noting that the soot particle
aerosols had size distributions in light scattering and extinction measurements that could be
approximated by log normal distributions. This result agreed well with results in other studies
mentioned above [94]. Another study by Wersborg et al. used the attenuation of a laser beam to
determine the soot concentration at various positions for premixed CoH>—oxygen flat flame at a
pressure of 20 mm Hg. They then compared the resulting concentration with that of measured
previously under the same flame conditions using molecular beam sampling and electron
microscopy of beam deposits; the concentrations observed were larger in the regions of particle
nucleation and rapid surface growth, but in good agreement farther downstream in the region of

predominant particle coagulation [95].
2.5.2 Effect of pressure on soot formation

The main effect of pressure is taken as the increase in soot formation with a proportionality degree
of P™, where 1 < n <3. This is expressed by the power law:

£, = kP™ (2.13)

This directly implies that with a lower value of n, soot formation is reduced or hindered whereas
an increase in the value of n increases soot formation considerably rises. Soot formation under
low-pressure conditions is minimal as it tends to be inhibited. In contrast, an increase in pressure

corresponds to an increase in soot production as expressed by the relationship.
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Table 2. 2: Summary of previous studies (pressure exponent n in soot oc P").

Pressure Pressure HAB Fuel Burner Type Diagnostic method Pressure exponent  Ref
(bar) Low/ (mm) n in soot o< P"
high
1-3 High n-Heptane High-pressure vessel and  Laminar diffusion LI p138+032 [96]
laminar burner (HPVB) flames
4,8,12and 16  High N.-diluted CoH4 Co-flow burner Co-flow laminar LOSA and scattering pi8 [97]
diffusion flames

1-7 high CH. diluted with  Circular co-flow laminar ~ Co-flow laminar Abel-type inversion p28 [18]

1-20 N2 diffusion type burner diffusion flames algorithm

1-3 High n-Heptane HPVB Laminar diffusion LIl calibrated by means of p34x03 [98]
the LOSA technique

0.20-0.28 Low 30 CH;- McKenna burner Laminar premixed LIl calibration performed by P* [15]

oxygen cavity ring-down
Co-flow N2 spectroscopy

5-40 High CHas Spectral soot emission p? [99]
(SSE), LOSA and numerical
technique

1.0-2.0 High Propane-air Annular Co-flow laminar SSE and LOSA p34 [100]

2.0-7.3 diffusion pi4

5-20 High CHgy—air Annular Laminar non-premixed  SSE and LOSA p? [101]

20-40 pi2

1-16 High CH4 annular Axisymmetric LOSA and LII p2 [102]

1-25 CaoHy diffusion pi7

5-20 High CHg—air Laminar co-flow LOSA p? [103]

20-40 diffusion pol

1-4 High 20 CoHa4 annular Diffusion Two-colour method and p2 [104]
thermocouple

1-60 High Propane—oxygen— Premixed In situ laser extinction [105]

inert gas
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The literature in which several parameters are associated from the perspective of previous
researchers is summarised in Table 2.2. These were pressure range values, fuel types, burners and
types, the diagnostic methods used and the pressure exponential. In one study [97], the line-of-
sight attenuation (LOSA) and scattering diagnostic approaches were employed with a co-flow
burner , and a pressure exponential of 1.8 was estimated by the authors. The flame type employed
in the study was laminar co-flow of diffusion flames for pressure bar ranges of 4, 8, 12 and 16
bar. A 2.8 pressure exponent emerged for a pressure ranges of 1-7 bar and 1-20 bar for dilute
CoHs fuel. Karatas and Giilder [18] employed a circular co-flow burner type using an Abel-type
inversion approach with a co-flow diffusion flame type. Another study on C>Hs flame laminar
diffusion at pressures ranging between 0 and 10 bar was determined through measurement of
temperature and the ‘integrated soot volume’s’ line of sight. The authors reported pressure scaling
to be a maximum volume fraction of the integrated soot with a 1.26 exponent for the laminar C2Hs
flames between 1 and 4 bar [108]. In another study [104], it was found that above the rim of the
burner (~20 mm) there was a square pressure-dependence of the volume fraction on the maximum

local soot.

2.5.3 Soot surface growth

Soot formation involves various physical and chemical mechanisms and reactions. CoH> was
found to be responsible for particle growth in the gas phase, where most particle reactions occur.
Models were developed and experiments were performed to define the rate of particle surface
growth. Early models were based on the assumption that particle surface growth rate is dependent
on either the surface area of the soot particle or the soot volume fraction. An early expression of
this relationship was proposed by Wanger to express the relationship between the rate of particle
surface growth and the soot volume fraction, as shown in Equation 2.14. Harries and Weiner
developed a model that helped in presenting a formulation to identify the rate of particle surface
growth [111]:

dfp/de = ksg(fy* = fo) (2.14)

where f,° represents the final soot volume fraction reached at various reaction times and kg is

an apparent first-order rate constant [15].
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From the previous models and expressions, it is known that the rate of particle surface growth
decreases with increase in particle size. Frenklach and Wang investigated this fact and defined a
chemical reaction path for the surface reaction [112]. An active site on soot particles was
proposed. This parameter helps in identifying the reaction activity on the soot surface that further
allows the soot particle to be involved in chemical reactions in the gas phase. Using PAHSs helps
in defining a surface reaction constant, which then helps in calculating the rate of particle surface
growth with the following formulation. Previous models showed that particle surface growth
changes with time. The surface reaction activity of bigger (older) particles differs from that of
smaller (younger) particles. This introduces the concept of soot particle aging. As a soot particle
grows in size (getting older), it tends to lose reactivity and becomes inert in the gas phase reaction.
This fact has been established since 1973 [113] and later models supposedly addressed this fact.
However, a model built by Colket and Hall ignored this fact in a way that simplified the model,
but raised critical questions concerning the process involved [114]. As most of the latest models
run with premixed flames, Wersborg studied the carbon-formation process in a premixed oxygen-
acetylene flame; his findings confirmed that the increase in soot particles will decrease surface
growth, as smaller particles tend to react faster [113]. Harris and Weiner stated that particle surface
growth is responsible for the mass of the soot produced in the combustion process. They
concluded that the increased rate of mass growth found in richer flames is caused by the increased
surface area as a result of particle inception and not a larger amount of growth species [44, 115,
116]. Another model was established by Bockhorn to describe soot formation, identify a different
relationship between soot inception, particle surface growth, PAH and oxidation and examining
how these might affect soot particle appearance and growth rate.

The effect of low pressure on the soot volume fraction increases with almost the same magnitude
as the increase in the peak value of df,,/dt. This corresponds to a slope change in df, /dt as a

function of f,,. This further indicates slowing or completion of the soot inception process [15].
2.5.4 Effect of gas additives on soot formation

Soot is a type of particulate matter that is produced during combustion. Soot suppression has
become a significant area of research as soot pollutes the environment, adversely affects public
health and influences the efficiency of the thermal processes involved which ultimately reduces
the capacity for energy savings [117]. Much research has been carried out on suppressing soot

formation by introducing additives to the diffusion flame, such as N2, Ar, He and CO., along with
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the fuels such as CzHa4, C3H4 and CsHa. Such studies have included reactive species (CO2, H>),
highly diffusive species (He, H2) and non-reactive near equidiffusive species (Ar and N2). These
studies have helped to identify the mechanisms by which additives affect soot inception. In one
experiment, measurement of the limiting strain rate for complete suppression of soot, or the soot
particle inception limit (kp), was undertaken [118]. Laser excitation measurement of the soot
volume fraction was also carried out in counter flow. The sooting limit was observed to decrease
with the addition of inert gases because of a decrease in fuel concentration and temperature. He
gas was found to be the most effective. Addition of H. increased the flame temperature but
significantly decreased kp. Selective diffusion was responsible for these observations, and also
decreased PAH formation. The addition of CO was found to decrease kp [118]. Studies have
revealed that the influence of gaseous fuel additives on soot formation is highly complex even

when an additive like the inert gas Ar is used.

It has been observed that the inclusion of additives in a diffusion flame is capable of influencing
soot formation in several ways. Primarily it dilutes the fuel concentration and reduces the flame
temperature and residence time. Moreover, chemistry plays a vital role in such combustion
processes by influencing the inception, growth and oxidation stages. All these factors have a
cumulative effect on soot formation directly through fuel dilution; subsequent modification of the
flame temperature and residence time reduces soot formation. Other than that, additives take part
in chemical reaction mechanisms. Du et al [118] specifically attempted to identify the chemical
role of H2 and CO and showed that the role of Hz is complicated; Additives such as Ar and N
provided an important understanding of the additive effects of fuel dilution and temperature.
Highly mobile and diffusive additives such as He exhibited more effective soot suppression as the
fuel concentration was highly reduced in the soot region. Addition of CO had a weak suppression
effect on soot [118]. Haynes et al [119] reported an effect on soot formation in an CaHs—air flat
flame as a result of addition of 3% Nz, H20, Hz, NHs, NO, H2S, SOs, SOz, HCI, CH4, C2H4 and
O.. These additives did not influence soot particle coagulation, but soot volume fraction was
reduced significantly. Addition of SOz showed no such evidence of a pre-soot effect on aliphatic
or aromatic flames. The behaviour of NH3z was not clearly understood but it was believed that one
molecule of NHz acted via removal of one C atom by rapid formation of inert HCN. Effects of the
addition of CH3sNHs were not very fast or significant. The addition of CO generated a slightly
luminous flame. Soot suppression was much stronger with the addition of H,O and COz. The
influence of added H, was complex, but it could change the shape of the flame completely [119].

Tang et al. reported the effect of the addition of CO and suggests that it promoted the flame and
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as a result soot yield was reduced. It was also claimed that the addition of CO2 changed flame
temperature and the composition of both the fuel and oxidiser, and thus could reduce soot build
up via the combined effects of these factors [120]. Liu Fengshan et al [121] studied the effect of
CO. addition and tried to establish the chemical mechanism of soot suppression. As per this

experiment the chemical reactions:
CO2+H 2CO0O + OH, and CO, + CH 2 HCO + CO

Were proposed to explain the chemical effects of CO» addition that suppress soot formation, and

the following equation was assumed to be particularly responsible for soot suppression:
CO2+H 2 CO + OH,

The activity of CO- reduced the flame temperature and slowed the soot nucleation process. In this
reaction, H” radical was consumed, which then slowed Cg¢Hs ring and PAH formation. Laser-
induced microscopy was used to observe the effect of reduction of soot, suppressed growth of
soot particle size and number density in a laminar propane diffusion flame diluted with CO2[122].
As mentioned earlier PAH contributed to soot build up. It was believed that PAHSs in the flame
zone collided with one another and became associated by Van der Waals interactions. Thus, they
kept increasing in size. An experiment was undertaken using a highly diluted flame sample
particle, a scanning mobility particle sizer and a differential mobility analyser. They were
considered the soot precursors. The absorbed chemical species were detected by laser desorption
and laser ionisation followed by time-of-flight spectroscopy (TOF-MS) [121]. Experiments were
undertaken by Du et al [118] to investigate the effect of CO2 and O>. Addition of O, was found to
reduce soot [16]. Chen Linghong et al [123] investigated the effect of CO, addition on soot particle
size and its distribution. Additionally, the flame height and absorption function of soot particles
was studied. It was observed using LIl that CO, addition diluted the fuel gas, supressed the
nucleation of soot particles and reduced their growth; to achieve a satisfactory signal the flame
position in the experiment must have a high soot volume fraction. It was detected that strong
signals were obtained between 18 and 40 mm HAB. The signal measured from the soot particles
was averaged over 128 laser shots, and the peak LI1 signal used for plotting curves were averaged
over 50 laser shots [123]. The addition of CO> was believed to reduce PAH formation because of
the chemical reaction discussed above. Thus, soot generation was suppressed mainly through

destruction of its precursors [124].
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It was observed that fatty acid methyl ester bio fuels did not produce PAH [117]. An investigation
of the effect of CO, and H,O addition on PAH was undertaken using laminar premixed CoHs—O2—
Ar flames while keeping the flame temperature constant. It was observed that less PAH was
formed on addition of CO2 and H20 and thus a lower fluorescent signal was obtained [125]. LIF
was employed to probe the existence of PAHSs in an atmospheric sooting flame; only a fraction of
PAHSs had the characteristics of a spectral feature and only those with these characteristics can be
detected. Usually, large PAHSs are unable to generate spectral signals [62]. Various experiments
have shown that fuel oxidation and the 1-4-ring aromatic hydrocarbons formed generally
contribute to soot formation. It was also believed that the pathway for each such type of PAH
formation is extremely important for fuel decomposition. Furthermore, it was known that even a

small amount of aromatic hydrocarbon formation could be rate controlling in soot formation steps.

Various models for investigation of PAH formation and specific fuel decomposition have been
developed but these phenomena are in need of better explanation. In particular, the accuracy of
previous models was affected by the lack of spatially resolved quantitative data concerning
concentration profiles of PAHs containing several rings. Another important issue that remained
poorly understood was the reformation of some aromatic species in the flame zone, where soot
particles were present. El Bakali et al [126] designed a detailed kinetic model for the investigation
of aromatic and first PAH formation pathways in sooting CH4 premixed flames, operating at two
equivalence ratios (2.05, 2.32) and various pressures (0.211-0.263 atm). The proposed model was
able to predict quite accurately the CsHs mole fraction in both the reaction and post-flame zone
where soot particles were produced. Formation of naphthalene was also modelled and the
corresponding pathways were discussed. Pyrene formation was also investigated in previous
study, as pyrene plays a vital role in soot particles formation [126]. However, the model they used
was not sufficient to explain the pathway of pyrene formation as they lack crucial information

about these species throughout the experiment.

Zhang et al [125] investigated the chemical effect of CO2 and H»O addition on formation of PAHs
in laminar premixed C>Hs—O>—Ar flames using the LIF technique. For this purpose, the
equivalence ratio, dilution ratio and maximum flame temperature were kept constant and the
blending ratios of CO2 and H>O were varied. The experimental results indicated that the
fluorescent signal intensities of different PAHs monotonically decreased with higher blending
ratios of both CO> and H20. It was also observed that the suppression effect of PAHs was stronger

when H>O was added, compared with addition of CO.. The kinetic analysis was carried out to
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clarify the experimental phenomenon using a chemical kinetic model in the Chemkin-Pro software
coupled with a PAH formation mechanism proposed by Appel et al [127]. It was observed that
CO. addition increased the reaction rate for CO + OH 2 CO; + H, resulting in a decrease in the
H" radical concentration and increase in OH™ concentration. In contrast, the addition of H,O
significantly increased the reverse rates for the OH + OH 2 O +H;0 and CH3 + OH 2
CH> + H20 reactions, promoting the formation of OH radicals. In the following steps, the PAH
growth pathway from CeHp to large PAHSs still needed to be completed via a more accurate PAH

mechanism, which required more accurate data from LIF technique [125].

2.6 Motivation for the Study

Although, several approaches have been used to explain the early process of soot formation, a gap
remains in fully determining the steps and precursors involved. In a combustion system, soot
formation has been described generally as involving five processes: soot nucleation, surface
growth, coagulation, aggregation and oxidation. Although the order of these processes is generally
accepted, some questions remain unanswered related to the inception or nucleation process due to
the limited knowledge available to fully explain this process, such as experimental information

about nascent particles and soot precursor particles.

The transition from gaseous species to nascent solid soot particles is still poorly understood. The
production of polycyclic aromatic hydrocarbons (PAHS) is assumed throughout the early steps of
combustion as result of fuel pyrolysis [128]. PAHSs play a vital role, as they are considered the
precursors for soot formation. Knowledge about PAHs formation, growth and transformation to
nascent soot particles through the soot nucleation process is essential, but data describing this
process are limited in the literature [128-130]. Therefore, the combined measurement of PAHs and
temperature associated with nascent soot particles production is very valuable to the soot

modelling community.

The utilization of low pressure laminar premixed flames provides advantages to understanding
the mechanisms of soot formation because the larger reaction zone offers a bigger window for
examining the early soot formation zone. However, the total number of soot particles formed in
low pressure laminar premixed flames was assumed to be lower than the total number in flames

at atmospheric pressure. Therefore, sensitive techniques are required to facilitate detection of the
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early steps of soot formation and measure newly formed precursors and soot particles. LIl and
LIF possess advantages over other intrusive techniques (e.g., probing) to detect and identify PAH
and early formed soot particles as these diagnostic techniques are capable of detecting the particles

with a size of 2-3 nm [14].

In this context, this thesis studies the range of applicability of laser diagnostics for the detection
of PAHs and measurement of the soot volume fraction in low pressure laminar premixed flames.
The aim of this work is to gain information about the combustion process by detecting and
characterising soot particles, their PAH precursors and their growth at different flame conditions
under a wide pressure range. This will be achieved by connecting different techniques to predict
the results. The main benefits of performing such experiments are to:

e Realise the advantages of using optical diagnostics to provide useful data relating to soot
formation in flames.

e Better understanding the soot inception zone and growth rate under low-pressure
conditions.

e Quantify the dependence of the soot volume fraction on the pressure (P) and illustrate the
strong sensitivity of soot formation.

e Establish the temperature of soot inception.

e Identify the soot surface growth rate constant.

o Identify spatially the phenomenological removing rate constant of PAHSs.

o Identify the possible link between PAHs consumption and soot particles production.
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Chapter 3: Experimental

3.1 Equipment Used Throughout the Experiments

In this research four experiments were conducted using the same set of laboratory equipment for
the purposes of studying the soot formation through the burning process. Only the detection
technique varied between experiments and was either flame emission spectroscopy, LIl or LIF.

The flames used in this research were premixed C2Hs —air (plus other additives) flames stabilised
on a McKenna burner. The flames’ composition is reported in Table 3.1. This study was concerned
with two equivalence ratios @ = 2.1 and 2.3 at low pressure of 27—48 kPa, in burns conducted on
a McKenna burner with a bronze plug and a steel plate with 60 mm diameter. This criterion was
followed to determine the flow rates and the ranges of pressure, which are dependent on achieving

excellent stability situations for the flame.

The reason for selecting these flames in which the C2H4 flames considered a typical flame, were
often investigated by the soot society and because of the availability of temperature information.

Table 3.1: Flow composition of premixed CzHa —air.

Gas flow parameters

Fuel Oxidant  Dilution  Dilution  Dilution  Co-flow  Diuton oo

Flame flow rate flow rate CO2 N2 Ar flow rate bligglong flow rate ?

no C2H4 air N2

(I/min) (I/min) (min)  (Umin)  (Umin)  (/min) @)  (I/min)

1 0.64 4.35 N N N 1.0 - 5 21

2 0.69 4.30 - - . 1.0 - 5 23

3 0.90 6.09 - - . 0.5 0 7 21

4 0.90 6.09 0.6 - - 0.5 11 76 21

5 0.90 6.09 - 0.6 - 0.5 11 76 21

6 0.90 6.09 . . 0.6 0.5 11 76 21
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3.1.1 Burner and gas handling
3.1.1.1 Mc-Kenna burner

Many types of burners are currently used in chemical laboratories, including Meker, Hencken,

and McKenna burners, each with its own specifications.

McKenna burner is used frequently in combustion processes. The main target when using this
burner is the production of flat, premixed flames. These premixed flames are used in the study of
soot and the way in which it is formed. The assumption is made of uniform characteristics of both
concentrations and temperatures, along with a radial direction in relation to the flame’s axis. Thus,
measurements are usually conducted along the axis of the flame to ensure homogeneous and

precise results [131].

A sectional view of the McKenna burner is depicted in Figure 3.1. The premixed flames produced
by this type of burner are supported on a sintered matrix fabricated from stainless steel or bronze,
with 6 cm diameter tubes to provide fluid cooling. The reactant mixture (fuel and oxidiser) is
distributed within this sintered matrix.

Figure 3.1: The construction of the McKenna burner (L. Holthuis, Holthuis & Associates Flat

Flame Burners. http://www.flatflame.com/home.html 2017).

3.1.1.2 Mass flow controller

C2Hg4 and air were the reactants in the combustion reaction flowing inside the McKenna burner at

certain mass flow rates controlled by the use of valves before the gases enter the burner. Fuel
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mixing was achieved by three mass flow controllers (Bronkhorst). This study used a special mass
controller with pressure at the input and exit sides at 760 Torr (1 atm) and 200 Torr (~0.26 atm),
respectively. The calibration data for the mass flow controller are presented in Appendix A. The
flow rates for C2Hs and air were within the ranges of 0—4 I/min and 0-10 I/min, respectively. N2
co-flow was used to stabilise the flame inside the chamber; the total flow rate of N2> was 0-1 I/min.

The mass flow controller is shown in Figure 3.2.

To study the effect of gas additives on soot formation, a mass flow controller (Bronkhorst) was
used for each gas, N2, Ar and CO». The calibration data for these three mass flow controllers are

provided in Appendix A.
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Figure 3.2: Schematic diagram of the mass flow controller for the reactants flowing into the McKenna burner.
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3.1.2 Vacuum chamber

A sealed vacuum chamber was constructed to achieve the particular low-pressure values at which
the soot formation process was studied. Pressure is a key player in the rate of soot formation, as
described in previous studies [15, 132], thus low-pressure environment was chosen to help
extending the flame length, which would help to provide a bigger window for our studied region.
The chamber’s total capacity was 39 L, and it was made by connecting six plates to form the final
shape, as presented in Figure 3.4. The first lower part of the chamber is a cylindrical tube 220 mm
high and 700 mm in diameter and containing six pores (holes) to allow delivery of gases and water
to the burner. It holds the burner and a steel plate 80 mm in diameter employed at a height of 25
mm above the burner surface to stabilise the flames, as shown in Figure 3.3 Present the schematic
diagram of burner with stabilizer attached. However, to achieve measurements at different heights

along the flame centreline, the burner was traversed vertically with a spatial resolution of 0.5 mm.

The second (middle) part is next, with a height of 170 mm and a similar diameter to the lower part
(700 mm). This section contains four windows, each pair of two opposes the other, with a diameter
of 50mm each. Two opposing windows were used as a path for delivering a laser beam, and the
other two were used for data collection. This section also contains a pore (hole) to allow insertion
of a thermocouple, as shown in Part B of Figure 3.5. The second part is connected to the third
part, which is an empty cylindrical tube with a height of 240 mm and a diameter of 420 mm which

allows the end products of flame to evaporate out of the chamber.

The fourth and fifth parts provided cooling to the system. Both parts contained two holes (in and
out) to allow the drainage of water from the system. Both parts were connected with a cylindrical
tube, 340 mm long and 250 mm in diameter, allowing evaporating gases to travel through the
parts prior being exposed to water in the fifth part. The sixth part is a condenser used to condense
the evaporation into water drops for easy extraction out of the system through the exit hole

attached at the end of this part, as presented in the Figure 3.3.

To ensure low pressure environment inside the chamber, a vacuum bump (Edwards, EDM 12)
was used and connected to the last part (the condenser) by a 1 m flexible hose. Pressure was
measured by using a Baratron (MKS, 122AA-0100AB) and was regulated with a pressure
regulator to ensure a steady pressure with accuracy of 0.66 kPa. Both pressure reader and regulator
were connected to the system through pressure transducer as shown in Part A of Figure 3.5.

Information about the pressure regulating controller is presented in the next sub section.
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Figure 3.3: Schematic diagram of the burner with stabilizer.
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Figure 3.4: Schematic diagram of the vacuum chamber
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Figure 3.5: Schematic diagram of the vacuum chamber connected to the burner: A, pressure controller and B, inside the chamber.
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3.1.2.1 Pressure controller

As soot formation is very sensitive to pressure, a pressure controller system, the Equilibar®
Precision Back Pressure Regulator, was used to control back pressure down to approximately 0.02
psig / 1.38 millibar (g). The back-pressure regulator was attached to a QPV electronic pressure
regulator to control the pressure as it accepts an analogous voltage (0—10 V) to that used by the
controlled unit (TENMA Power Supply). The unit-controlled pressure is proportional to the signal
received; for example, 0-10 V = 0-760 Torr units, so giving the unit a command of 5 V tells it to
go to 380 Torr.

The QPV series electronic pressure regulator has calibration ranges as low as 0-2 in H20
(0 —500 Pa, 0-5 millibar(g)) with an accuracy of +0.25% of full-scale calibration for pressures
above 1 psig / 68 millibar(g) and an accuracy of 1% of full scale for pressures of 1 psig / 68

millibar(g) and below.

The QPV1 will go to the desired pressure accurate to within +1% of the full-scale calibrated range
(for pressures <1 psig / 68 millibar(g)). However, the repeatability spec of £0.2% may be more
applicable. This means that when given the same command, the unit will always be within a £1%
range of the chosen pressure but will also be within 0.2% (of full scale) of the same pressure. For
example, for a 0-500 Pa calibrated unit the accuracy is as followed: a command of 5 VCD (or
12 mA) tells the unit to go to 250.0 Pa and it could land anywhere between 245 Pa and 255 Pa for
an accuracy of £5 Pa. With regards to repeatability, say the unit hits 250.625 Pa it will then always

be within £0.2% of that number or, £1 Pa, representing a very high degree of repeatability.
3.1.3 Radiation source

A laser is described as light amplification caused by radiation emission. Each light has a certain
wavelength measured in nanometres. This research used a Nd:YAG solid-state laser Neodymium
in YAG lasers. In this laser, lasing occurs in nd? trivalent neodymium ions housed in yttrium
aluminium grant (Y3 ALs O12) crystalline. This laser is optically pumped using a flash lamp for
high energy or a diode laser for low power applications. This work used a flash lamp as the
pumped Nd:YAG lasers that are used to measure the concentration of some light-absorbing
substances, typically emitting light with a wavelength of 1064 nm, in the infrared region.
However, this work used a fundamental wavelength of 1064 nm to measure the soot volume

fraction and a fourth harmonic (266 nm) was used to measure the PAH LIF.
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3.1.4 Detection
3.1.4.1 Digital camera

A Nikon camera (Model D5500) with a micro lens (TAMRON F004 _SP90 mm) attached was
used to take the flame photographs. The details of the camera setup are provided in Table 3.2.

Table 3.2: Camera setup

F-stop /8
Exposure time Yasec
I1SO speed 1SO-640
Focal length 90 mm
Filch mode No

3.1.4.2 ICCD camera

The generated LIl or PAH LIF signal was measured by use of an ICCD (Andor | star camera) set
at an angle of ~87° in relation to the laser beam. At LII, ICCD was then set to operate at gate delay
and gate width of 100 ns and 200 ns, respectively. While at PAH LIF the ICCD was set at 30 ns
without delay to avoid detecting LIl signals. Once the pressure was stable, 200 images were

recorded with a short pass filter (900 nm, 50 mm).
3.1.4.3 Spectroscopy

A spectrometer is an instrument used to split light emitted by a source into different components
depending on their wavelength. The spectrometer used in this study was an Andor Shamrock 500i,
equipped with a second ICCD camera (Andor, iStar). The grating used in the experiments had 150
lines mm™. Spectroscopic measurements were used to recode the chemiluminescence of CH, Ca,

soot luminosity and PAHS.
3.2 Methodology

3.2.1 Laser-induced incandescence

The optical configuration for the L1I measurements is shown in Figure 3.7. A Nd:YAG (Surelite
I1) laser was used as the heating source, controlled at 1046 mm. The laser radiation was directed
towards a half-wave plate and then to a Glen laser polariser, which provided accurate control of

the laser pulse energy without adjusting the time between the flash lamp and the Q-switch. A CW
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530 nm from diode laser was overlapped with ~1064 nm beam to visualise the path of the beam
at ~1064 nm within the chamber. Moreover, the cylindrical lens used a 750-mm focal length was
used without decreasing the vertical spatial resolution through weak signal. As illustrated in
Figure 3.6 a horizontally oriented laser sheet of ~1 x 5 mm was formed by focussing the beam in
the vertical axis oriented by the cylindrical lens with focal length of ~750 mm. Then, the generated
LIl signal was measured through an ICCD camera, utilising a short pass filter (900 nm, 50 mm),
to suppress the 1046 nm radiation to the laser beam. The ICCD was set to operate at gate delay
and gate width of 100 ns and 200 ns, respectively. Once the pressure was stable, 200 images were
recorded when the laser was set to above the burner, as shown in Figure 3.8. The LII signal
intensity was obtained by adding counts at each pixel, where the LIl was recoded and the

background subtracted. The laser fluence was kept constant at 1.3 J cm™.

Vertically Oriented Sheet Horizontally Oriented Sheet

v

o o——

Figure 3.6: LIl signal sheet.
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Figure 3.7: LIl experimental setup; HWP, half-wave plate; PI, polariser; M, mirror; Ir, iris; W, window; Cly, cylindrical lens f = 750 mm; B,
McKenna burner; SLR, single-lens reflex camera.
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Figure 3.8: Typical LIl imaging set for different pressure and HAB & = 2.1.
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3.2.1.1 Laser-induced incandescence calibration methods

In this research, the data were collected using the LII technique, as it was considered one of the
most widely used techniques in recent years in research in this field. However, it was important
to ensure that the data resulting from this and the other measurement techniques was reliable.

Thus, calibration issues must be taken into account when dealing with measurement techniques.

Calibration of signals resulting from LIl is one of the most important steps as the data collected
via these measurements were to be utilised to obtain soot volume fractions. Many methods are
available for LIl calibration, including the light extinction, cavity ring-down (CRD) and
gravimetric techniques. The light extension technique is the method that was used throughout this

research.
3.2.1.1.1 Laser extinction method

This method is based on the assumption that there is a light size limit within which soot particles
should lie, with reference to the source of light. This method is suitable for many types of flames
including steady flames (premixed and diffusion) and unsteady flames. Figure 3.9 shows a
schematic diagram of the experimental setup for the extinction measurements used for LIl

calibration.

For the purposes of obtaining the soot volume fraction, the following equations were used:

I (Kext -fv-L)
o =exp T (3.2)
2 I
fo=— Ko 1 In (G) (3.2)

Where 1/l is the ratio of transmitted laser radiation at 1064 nm; Kex: is the extinction coefficient;
A is the wavelength of laser at 1064 nm; fy is the volume fraction; and L is the optical path length

in the flame.
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Figure 3.9: Calibration by the laser extinction method; 1, chopper; 2, mirror; 3, lens
(f=1000 mm); 4, photodetectorl.

Table 3.3: Laser extinction method parameter.

E(m) K\ Soot volume fraction Refs
I (Kexe- £, L)
—=exp —— L <

- ratio of transmitted
1.60-0.59 i. 5.01 lo [133, 134]
A = wavelength of light

L = optical path length in flame

I
fo= - In ()

Koyt L

It is generally considered that the degree of agreement between measurements obtained from LII
and those obtained from the laser extinction method can lie within 10% at regions and locations

within the flame itself, because of the high soot concentration in these regions. Sometimes, the
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signals generated through LII are calibrated at heights that are near to the middle of diffusion
laminar flames. Thus a deviation is predicted between LII and laser extinction derived volume
fractions of soot when conducting experiments at heights above or below the middle of the flame
because the soot particles at these locations are smaller and thus tend to exhibit lower sensitivity
[135].

3.2.2 Spatially resolved emission spectroscopy setup

Spatially resolved emission spectroscopy was achieved by two methods to confirm the data: with

and without fibre optics.
3.2.2.1 Flame emission with fibre optics

A schematic diagram of the experimental spatially resolved spectroscopy setup used in this work
is presented in Figure 3.10. The light emitted from the flame was collected using a lens (L1; f =
300 mm) focussed by a mirror and directed by another lens (L2; f = 250 mm) to focus the emission
from a single point of light onto the end of a linear-fibre bundle (Thorlabs, BFL200HS02). The
fibre was stabilised on the axis of the equipment to allow for free up-and-down motion. In the
test, the identified filaments were placed precisely at focus-to-focus separations running 23 mm
high from the light fibre. The brightening fibre conveyed light from the McKenna burner source
to the spectrometer (Andor, Shamrock 500i; 150 lines mm-1 diffraction grating) equipped with
an ICCD camera (Andor, iStar). The gate width was 50 ms and the gain = 100. Figure 3.11 shows

a typical spatially resolved emission spectroscopy of 27 kPa, at & 2.1.
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Figure 3.10: Experimental setup, where B is a McKenna burner and L1 and L2 represent lenses (f = 300 mm and f = 250 mm, respectively); OF is

an optical fibre.
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Figure 3.11: A typical spectrum for pressure of 27 kPa at @ = 2.1.
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3.2.2.2 Flame emission without fibre optics

Spatially resolved emission spectroscopy was achieved by scanning the burner, in this set up, the
flame emission was imaged using one lens where the flame emission was focussed onto the slit
of the spectrometer through the lens (f = 100 mm) as shown in the setup in Figure 3.12. And then
guided to the detector. Figure 3.13 and 3.14 present the results for a flame image at different

pressure and different @&.

ICCD| Spectrometer

Figure 3.12: Flame emission without fibre optics set up.
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Figure 3.13: Flame emission image at @ = 2.1.
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Figure 3.14: Flame emission image at @ = 2.3.
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3.2.3 Laser-induced fluorescence of PAHSs

In the Laser induced fluorescence (LIF) measurements, the fourth harmonic (266 nm) of a pulsed
Nd:YAG laser (Quantel) was used as laser source to induce fluorescence from PAHSs in flames.
The incident laser energy was kept at 23.3 mJ cm~ per pulse to avoid LII signal from soot being

induced by a laser energy that was too great and the laser was operated at 10 Hz.

Figure 3.15 illustrates the experimental setup: the laser beam was transmitted via a half-wave
plate and a Glen laser polariser, through which the laser power was varied. The round laser beam
was then reformed into a horizontal laser sheet using three cylindrical lenses. The LIF signals
were conveyed to a spectrometer (Andor, Shamrock 500i) with a 150 lines mm™ grating via an
optical fibre placed at right angles to the laser propagation. The fibre was fixed at the same plane
while the burner was moved vertically to obtain LIF signals along different HABs. In this way,
the incident laser energy could be kept almost constant as the HAB changes. An ICCD (Andor,
iStar) camera was linked to the exit of the spectrometer to register the LIF signals. As LIF signals
are far shorter lived than LII signals from soot in a flame, the gate width of the ICCD was set at
30 ns without delay to avoid detecting LI1 signals. To deal with flame fluctuation, every point was

measured 200 times to calculate the average values.
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Figure 3.15: PAH experimental setup.
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Figure 3.16 present a typical of PAH LIF spectra for a pressure of 40 kPa at different HAB. The
emission wavelength of PAHSs increases along with an increase in aromatic ring size; hence, in
several previous studies the detection wavelength was varied to distinguish the relative size groups
of PAHSs. Three detection wavelength bands were used to distinguish three kinds of PAHs [125,
136].

PAH LIF signals in the range 320—-360 nm are due to 2—3-membered PAHSs. After that, signals in
the wavelength range 370-410 nm indicate the presence of 4-aromatic-ring-membered species.
PAH LIF signals above 500 nm indicate the presence of PAHs with 5-membered ring structures,
where the individual rings consist of five carbon atoms. Hence, PAH LIF signals of 500-550 are
indicative of the presence of 5 membered PAHSs. The signal strengths roughly indicate the

concentration of the corresponding PAHSs.
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Figure 3.16: PAH LIF spectra recorded at pressure of 40 kPa at different HAB at @ = 2.1.
3.2.4 Flame temperature
3.2.4.1 Thermocouple (gas phase)

The gas temperatures were measured using an uncoated Pt/Pt" 13% Rh (R type, Omega)
thermocouple with a diameter of 75 pm and a junction diameter of ~175 pum (see Figure 3.18).
This thermocouple was set inside the chamber with the bead of the thermocouple located in the
centreline of the burner. To prevent leakage in the chamber, sealant was applied to the end of the
thermocouple as shown in Figure 3.17. The gas temperatures were then measured from the
distance of the flame surface to a height of 20 mm. To change the height for each position,
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adjustments were made to the burner axial heights via a moveable vertical traverse; the accuracy
of the position was estimated as £ 0.50 mm. To mitigate soot deposits on the junction, the
thermocouple was rapidly swept into the blue region (soot free) of the flame and held there for 2
s. The data were collected with a thermocouple reader calibrated for the R type. However,
thermocouple measurement errors must be corrected to avoid serious deviations of measured
temperature values from the actual value. Three correction methodologies are available in the
literature: the extrapolation method (using wires of different diameters); the multi-element
correction method; and the numerical correction method. In this work the temperature value was
corrected by the heat radiation loss method. A thin, 75-um-diameter wire thermocouple was used
to minimise conductivity and radiation effects. Catalytic effects of the junction and errors because
of conduction along the wires were expected to be negligible. Radiation losses from the surface
of the thermocouple were calculated using the method suggested by Shaddix [137]. In the steady
state condition Equation 3.3 given by Shaddix describes the heat balance for a thermocouple:

£ 0(Tm* -Tyw*)

Ty = T + =2

3.3)

where Ty is the gas temperature (K); Tm is the measured temperature (K); Tw is the wall (ambient)
temperature to which heat is radiated (300 K); & is the emissivity of the surface of the
thermocouple junction; ¢ is the Stefan-Boltzmann constant (5.67x10% W/m?2.K* 2); and h is the

convective heat transfer coefficient.

The convective heat transfer coefficient can be expressed as:

__kNu
T e

he

(34)
Where K is the thermal conductivity of the gas (W/m K) and Nu is the Nusselt number, given by:

Nu = (0.43 + 0.48 )Re® (3.5)

To estimate local values of the Reynolds number (Re), knowledge of local flow velocity, v,

density, p, gas kinematic viscosity, u, and diameter, d, of the thermocouple junction are required:

_ vd
Re = ~ (3.6)

Where viscosity of the mixture, i, may calculated by [138]
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Where is N is the number of chemical species in the mixture, x. is the mole fraction of species,
U 1S dynamic viscosity.

Finally, the energy balance on Equation 3.3 can be solved for the actual flame temperature.

metal to support holder

15mm T Silicon sealant
& — g}
W !
Thermocouple Thermocouple ceramic Inside
wire 0.075 mm Dia. 0.02in. Outside Dia. 1/8in

Figure 3.17: Cross-section of the type R thermocouple.

Figure 3.18: The thermocouple junction.
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3.2.4.2 Soot Particles temperature derivation from flame luminosity (solid phase)

Spatially resolved spectroscopy was applied to determine the soot particle temperature at different
HABs. With the use of integrated Planck relationship over all solid angles, soot temperature was

computed from spatially resolved spectra following Equation 3.8 [139].

M) = g 20k (3.8)

ASedke

where M(4) is radiative emission, T is temperature, 4 is wavelength, h is Planck’s constant, C is

speed of light and D is primary particles diameter [139].

The emissivity of soot can be calculated using:

__ 4(nD)

8,1 —TE(m) (39)

where E(m) is the absorption function of soot particles in flames, which is a function of the

complex index of refraction m, expressed as:

m?-1
m2+1

E(m) =—Im (3.10)

In the present work, a value of m = 1.63 + 0.7i was adopted, corresponding to a value of E(m) =
0.30. [140].

Utilisation of the recorded spatially resolved spectra to measure the soot particle temperature calls
for the correction of the entire optical system wavelength response using a stabilised broad band
tungsten light source (THROLAB, SLS201, SLS201/M). The property in Equation 3.8 was
utilised by varying the input temperature values utilised to fit each spectrum, upon correction.
Figure 3.19 displays a typical fitting curve and recorded spectra as well as the corresponding
radiance in arbitrary units against the wavelength in nm, displaying the exponential relationship
that can be developed from Equation 1. It is clear that the source has adjusted the wavelength
accordingly to obtain a unique modulation frequency. The result is a signal that is very sensitive
to the modulated radiation. As such, the emitted and the reflected radiation does not necessarily
interfere with the measurement exercise. Thus, the results obtained in the experiment remain not

only reliable but also accurate.
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Figure 3.19: Typical example of flame emission spectra at HAB of 13 mm and pressure 46 kPa.
The fitting curve, red, of the emission spectra, black, are shown. Based on the Planck function
the soot particle temperature was calculated at 1340 +65 K.
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Chapter 4: Velocity field in a McKenna burner

This chapter presents a detailed information about velocity simulation and measurement in a
McKenna burner. The first part in this chapter shows in detail the full steps for experimental
measurement of the velocity. The second part describes a computational fluid dynamics (CFD)
model, explains the geometry used to model the McKenna burner and gives details for boundary

conditions.

In this thesis, flame velocity was simulated through a CFD model using the Ansys-Fluent software
package, version 18.0. The velocity profile is crucial in calculating reaction time. Direct velocity
measurement was not achievable throughout the experiment since the equipment to measure this
was not available. Therefore, a CFD simulation model was the approach chosen to predict the
velocity profile. However, the CFD model should be tested to ensure accurate and precise
simulated results. To validate the model, the velocity profile was measured in real-time in a cold
flow setting. This setting was then modelled to simulate the velocity profile. The simulated profile
was compared to the measured values, where the error margin was within 20%. Therefore, the
flame velocity profiles were simulated through the CFD modelled, after validating it as described

above.
4.1 Velocity measurement in a McKenna burner

4.1.1 Cold flow velocity

The air velocity, VoW at room temperature 295 K was measured at 10 I/min and 5 I/min by
using the VelociCalc® Air Velocity Meter 9545-A (TSI), which has an accurate measurement
range of 0 —30 m/s. At 5 I/min the velocity measurement was not sensitive; thus, the velocity
profile at 10 I/min was measured and scaled to be applied at 5 I/min. Table 4.1 presents the
measured velocity at cold flow with flow rate of 10 and 5 I/min. Figure 4.6 presents a schematic

graph for the measured velocity using cold flow with a flow rate of 10 and 5 I/min.
4.1.2 Flame velocity

The flame velocity values were converted based on the density ratio, with the assumption that the

flame area does not change. The actual gas velocity for each flame was calculated by:
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yflame _ yycold flow .Tﬂﬂ 4.1)

Troom

Where Veold flow js measured air velocity, Treom is room temperature 298K and Tiame is flame
temperature. The details measurement of flame temperature is fully explained on chapter 5. Figure
4.8 presents the actual flame velocity, V™2™ of a premixed flame at @ 2.1 and pressure 27 and 46
kPa.

4.2 Computational fluid dynamics (CFD) model

4.2.1 Geometry and boundary conditions

A full geometric description of the McKenna burner was provided in Figure 3.1 and explained
previously (Chapter 3). The flame simulation was performed using the Ansys-Fluent software
package, version 18.0. The computational domain representing the burner geometry is shown in
Figure 4.1. A two-dimensional domain was generated to model the McKenna burner geometry.

The domain includes three different zones: the burner plug, shrouding ring and combustion zone.

The well-premixed ethylene and air is released to the burner plug and shrouding nitrogen gas
enters the shroud ring. The combustion occurs above the burner surface (z = 0) in the combustion
zone. A stabilizer is present at 25 mm vertically above the burner surface. This stabilizer is made
of 5mm thick steel. The computational domain was discretized into 5347 nodes with the structure

mesh generation

'
Combustion N
domain 25mm
+ Shroud | | O[ A ¥
g l Burner plug | | | 11 mm
1 Ing ft_.‘ T eeennananss s
24 mm 6 mm 60 mm 6 mm

Figure 4.1: Computational domain
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The velocity inlet boundary condition was set for the inlet premixed fuel and shrouding nitrogen
gas, since the flow rate and the inlet area were known. Each velocity inlet surface was specified
by the species mass fractions, inlet temperature and a velocity magnitude. The flow direction was
kept normal to the surface. The output boundaries of the computational domain were set as the
pressure outlet with gauge pressure setting. The operating pressure was set to 101.325 kPa. The
stabilizer was defined as the wall boundary condition with steel material of 5 mm thickness. A

non- slip condition was selected for the walls.
4.2.2 Computational fluid dynamics (CFD) model

A steady state pressure-based solver was defined for the CFD model. Since the flame parameters
are related to the heat transfer, the energy equation was activated in the simulation. The viscous
model was laminar regarding the flow rate of the inlet premixed fuel and nitrogen gas and the

inlet areas.

The species transport model was selected for flame simulation. Mixture material was set as
premixed ethylene-air, which is available in the Fluent database. However, for the cases of
additional gas combustion, the species are selected separately from the database. Laminar finite
rate is selected for the turbulence chemistry interaction with the volumetric reactions model. The

volumetric species are the multi-species used in the volumetric reactions.

There are significant time scale differences between the general flow characteristics and the
chemical reactions in the reacting flows. In order to manage the numerical difficulties that arise
from these differences, the Stiff — Chemistry solver was activated in Fluent. This solver integrates
the reaction rate of each individual species over a time scale of the same order of magnitude as

the general fluid flow.

The radiation model was not activated in this simulation due to the high computational cost. In
general, this model is used for simulation of industrial furnaces, gas fired heaters and other
equipment which involves combustion in an enclosed domain. For the combustions which are
open to air, such as industrial flares and lab-scale burners, the generated heat is dissipated into the
atmosphere. For such a cases, the radiation model can improve the simulation results but increases

the computational time.
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It should be mentioned that all the simulation runs were performed as a cold flow first, which
means that the combustion chemistry was disabled at this stage. Once the cold flow simulation
was converged, a region above the burner surface in the computational domain was patched with
a temperature of 3000 K in the second stage. This process represents the spark to initiate the flame

in the combustion zone.

The simulation in this thesis was performed in three phases. The first phase was C2H4 -air with ®
of 2.1 with 7 different outlet pressures of 27 kPa, 32, 35, 38, 40, 46 and 48 kPa. The second phase
was again CoHa -air with the same outlet pressures as for the first phase but @ of 2.3. The last
phase was C2Ha -air with additional gas Ar, N2 and CO> with & of 2.1 and an outlet pressure of 40
kPa.

As already mentioned, the C2Hs -air premixed fuel was selected from the Fluent database for the
simulation of the first and second phases. In this case, five relevant species including ethylene
(C2H4), oxygen (O2), carbon dioxide (CO.), water (H20) and nitrogen (N2) were involved in the
chemical reaction. The reaction was defined as the stoichiometric coefficients of CoHs4, O2, CO>
and H20O with 1, 3, 2 and 2, respectively. It was set based on equation 2.1, which was mentioned

in previous chapter (Chapter2).

N2 was not involved in the chemical reactions. However, this gas was defined separately as the
shrouding gas to enter the shroud ring. The flow rate of premixed C2H4 -air was 5 I/min for the
first phase of simulation, given a velocity of 0.07 m/s at the entrance of the burner plug. With the
® of 2.1, the flow rate was 0.64 I/min in ethylene and 4.36 I/min in air. The flow rate of shrouding
nitrogen was 1 I/min. The mass fraction of species was required for the velocity inlet boundary
condition. For each species, the mass fraction was calculated based on the percentage of fuel and
air in the premixed fuel, the molar mass of the species and the stoichiometric coefficient. The

mass fraction of ethylene was set to 0.09, oxygen to 0.19 and nitrogen to 0.72.

For the second phase, the total flow rate and, therefore, inlet velocity was the same as the first
simulation phase. However, the ® was 2.3. The flow rate was 0.69 I/min for ethylene and 4.3
I/min for air. The mass fraction of the species was calculated based on the explanations for the

first phase.

For the third phase of simulation, additional gases of Ar, CO2and N> were added to the reactants
based on the stoichiometric coefficient in the chemical equation, which was set as 1 for these

gases.
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Since there is no database in Fluent for this set of premixed fuels, the reactants and products were
selected individually from the database and then set in the mixture species panel to form the
chemical reactions. The mixture properties were set as the Fluent default. The mass fraction of
the species was calculated as explained in the previous phases. In this phase, the flow rate was 7
I/min for the case of CoH4-air, 0.9 I/min ethylene and 6.1 I/min air, giving a velocity of 0.1 m/s.
The flow rate for the cases of diluent gas was 7.6 I/min, 0.9 I/min ethylene and 6.1 I/min air and
0.6 I/min diluent, with an inlet velocity of 0.106 m/s. The shrouding gas was again nitrogen, with

the flow rate of 0.5 I/min.
4.2.3 Cold flow velocity

Figure 4.2 presents a velocity contour for cold flow at 10 I/min, where figure 4.3 presents the
velocity vector for the same setting. Similarly, figures 4.4 and 4.5 present velocity contours and
vectors for cold flow at 5 I/min. the velocity simulated values are presented in table 4.1 and

figure 4.6.
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Figure 4.2: Cold flow velocity Contour profile at 10 I/min
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Figure 4.3: Cold flow velocity vector profile at 10 I/min

b
PR

Bk

Figure 4.4: Cold flow velocity Contour profile at 5 I/min
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Figure 4.5: Cold flow velocity vector profile at 5 I/min
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Table 4.1: Cold flow velocity as measured, scaled and modelled at 10 I/min and 5 I/min
HAB Measured  Measured Fit Scaled Model Model
(mm) velocity velocity  velocity (m/s) velocity (m/s) velocity (m/s) velocity (m/s)

(m/s) (m/s) 10 I/min 5 I/min 10 I/min 5 I/min

10 I/min 5 1/min

0 - - - - 0.143 0.063
2 - - 0.156 0.0681 0.135 0.059
3 0.15 0.065 0.153 0.0666 0.133 0.058
4 0.15 - 0.150 0.0653 0.129 0.056
5 0.15 - 0.147 0.0640 0.125 0.054
6 0.15 - 0.144 0.0627 0.120 0.052
7 0.14 - 0.140 0.0612 0.116 0.050
8 0.13 - 0.136 0.0595 0.110 0.048
9 0.13 - 0.132 0.0574 0.105 0.046
10 0.12 - 0.126 0.0551 0.100 0.043
11 0.12 - 0.120 0.0523 0.094 0.041
12 0.12 - 0.113 0.0492 0.088 0.038
13 0.11 - 0.105 0.0457 0.083 0.035
14 0.1 - 0.096 0.0420 0.076 0.032
15 0.08 - 0.087 0.0379 0.069 0.029
16 0.07 - 0.077 0.0336 0.063 0.026
17 0.07 - 0.067 0.0293 0.056 0.023
18 0.06 - 0.057 0.0250 0.049 0.020
19 0.05 - 0.048 0.0208 0.042 0.017
20 0.04 - 0.039 0.0169 0.035 0.014
21 0.03 - - - 0.028 0.011
22 0.02 - - - 0.020 0.007
23 - - - - 0.013 0.005
24 - - - - 0.006 0.002
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Figure 4.6: Cold flow velocity profile as measured, modelled and scaled at 10 I/min and 5 I/min

4.2.4 Flame Velocity

Figure 4.7 presents a CFD simulated result for velocity contours and vectors for premixed flame
at @ 2.1 and pressure 46 kPa.
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Figure 4.7: Contour of velocity (top) and vector (bottom) profile at @ 2.1 with total flow rate 5
I/min at a pressure of 46 kPa
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Figure 4.8 presents the actual and the modelled flame velocity, V™™ of a premixed flame at @
2.1 and at pressure 27 and 46 kPa. Figure 4.9 clearly shows that the velocity profile modelled
with this flame condition is consistent with a measurement done in a flat stabilizer burner at
atmosphere pressure by Aamir.et al [141], However, the velocity model values agree with the
velocity measured values for a pressure of 27 kPa, while some discrepancies were observed at a

pressure of 46 kPa, as shown on Figure 4.8.
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Figure 4.8: Axial flame velocity profile as modelled and after converted at different pressures a;
46 kPa and b: 27kPa at @ 2.1
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Figure 4.9: Normalise axial velocity profile with pressure 48 kPa at @ 2.1 and compared to the
published study [141]
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Chapter 5: Premixed Ethylene-Air at @ 2.1

This chapter presents a study on soot formation in laminar premixed C2Hs—air flames at different
HABs and with a chamber pressure operating at pressures of 27— 48 kPa with an equivalence ratio

of @ = 2.1. Measurements included flame front, f, using LII, PAHs using LIF, Ts and Ty.
5.1 Results and Discussion

5.1.1 Low pressure flames photography

For this study, a steel plate was employed at a height of 25 mm to stabilise the flames, and the
chamber pressure varied in a range of 27-48 kPa with an equivalence ratio of @=2.1. Figure 5.1
shows a series of photographs that recorded the flames in the experiment. It was found that soot
luminosity decreased with a decrease in pressure, which may directly imply the pressure
dependence of soot formation in these premixed CzHs—air flames. This is consistent with the
results presented by Desgroux and others showing that the study of soot formation at low pressure
is affected by many factors. In these pressure conditions, the soot volume fraction is sensitive to

both pressure and the equivalence value @ for CH4 fuel [15, 132].

In addition, a quasi-one-dimensional structure is clearly demonstrated in the photographs in
Figure 5.1, which may be divided into three regions. The blue flame at the front is divided into
two regions: light blue, which refers to a C; radical; and dark blue, which indicates CH". In
addition, the non-luminous soot inception layer, in which the production of soot begins, is shown
in blue combined with orange; this region is not evident in atmospheric pressure or in the above
conditions. The luminous soot region and the ‘dark’ region close to the stabiliser are particularly

clear in the photographs recorded at 27 kPa.
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Figure 5.1: Photographs of flat, rich premixed laminar flames at different pressures with @ =2.1.
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5.1.2 Spatially resolved emission spectra of CH" and Cz"radicals

For heights of 0—23 mm above the burner surface, 200 spectra were collected at each HAB at
increasing steps of 1 mm, and then averaged for that HAB. Typical spectra are shown in Figure
5.2.

Calculations were based on the configuration of the optical collection system and showed that the
measurements below 2.2 mm were only minimally influenced by the blocking edge of the burner;
by ~12%. Accordingly, the correction of this effect barely changed the results. Also, as shown in
Figure 5.1, the flame images were collected using a digital camera, and no clear blue emission

was found below a HAB of 2 mm.
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Figure 5.2: Flame photographs and spatially resolved emission spectra recorded at @ =2.1 for
different pressures; A, 48 kPa; B, 46 kPa; C, 40 kPa; D, 38 kPa; E, 35 kPa; F, 32 kPa; G,
27 kPa.
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The CH" chemiluminescence was measured from 418 to 430 nm, where C; was 500-525 nm.
Figure 5.2 presents emission spectra for laminar CoHs—air premixed flames at low-pressure
conditions from 48 to 27 kPa. At a pressure of 48 kPa, the CH" radicals began to form at a height
of 2 mm; the C; radicals appeared at 3 mm. The peaks of CH" and C; increased from 3-5 mm;
the soot emission profile at 4 mm was shown beside the CH" and C;. After that, the C; disappeared
at 5 mm, and the CH" peak decreased until it disappeared at 8 mm. Thus, at 10 mm, the emission
of soot increased in intensity until it reached 13 mm; then, this emission decreased until the signal
disappeared at 19 mm. However, at a pressure of 46 kPa, the spectra were similar to those at
48 kPa: other than differences in intensity value, mean and the spectra profile (from where the
radical started), the spectra were the same. At a pressure of 40 kPa at 2 mm, CH” began to form
and at 3 mm, CH" and C; were observed. Then, the peak of CH" and C; increased until 5 mm,
when the emission of soot appeared at a height of 5 mm. Afterwards, the peak representing C
disappeared at 6 mm with the peak for CH” remaining beside the emission of the soot profile; the
CH" peak decreased until a height of 9 mm. At a height of 10 mm, only the emission of the soot
profile was shown, and the emission of soot was increased until 13 mm. After that, the emission

decreased until the signal disappeared at 19 mm.

At a pressure of 38 kPa, the CH™ radicals began at a height of 2 mm when @ = 2.1. The C; began
to form at 4 mm and emitted a clear signal, with the peak increasing up to a height of 5 mm. At
this height, soot emission was shown beside CH" and C; radicals. The C} vanished at 6 mm, and
only CH” was seen at this height in the soot emission. Then, the peak of CH” diminished until a
height of 9 mm was reached, where only the emission of the soot profile can be seen; it then
decreased until it reached 13 mm, decreasing further until the signal disappeared at 17 mm. At
35 kPa, CH" radicals began to form at a height of 2 mm and then C; radicals appeared at 3 mm;
at 6 mm, the soot emission profile was shown beside the CH™ and C;. After that, the C;
disappeared at 7 mm, and the CH" peak decreased until it disappeared at 10 mm. At 11 mm, it
was evident that the emission of soot increased in intensity until it reached 13 mm; the emission

then decreased until the signal disappeared.

At 32 kPa, CH" radicals began to appear at a HAB of 2 mm, and C; began to form at 3 mm HAB.
They emitted a clear signal at 4 mm, and the peak increased until 6 mm HAB. At 6 mm HAB, a
soot emission was shown beside the CH” and C; radicals. The C; vanished at 8 mm HAB, while
CH" and soot emission were recorded at this height. The peak of CH” diminished once a height of
11 mm was reached: at this height only the emission of the soot profile was seen. The soot

emission began to decrease from 12 mm and disappeared at 17 mm.
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At a pressure of 27 kPa, the CH™ radicals began at 3 mm, but the signal was too weak. At 4 mm,
the CH" and C; were evident. The peak of these radicals increased very clearly with a strong
intensity value. At 7 mm, peaks of the CH", C; and soot emission profiles were observed. The C;
peak decreased until its disappearance at 9 mm and the CH" peak decreased until 12 mm; after
this height, the peak of CH" had limited value beside the emission profile of soot until the signal

disappeared at 17 mm.
5.1.2.1 Excited CH" radical

Figure 5.3 shows the intensity of CH™ chemiluminescence as a function of HAB, presented as
actual recorded data with a Gaussian line of best fit to describe and differentiate different pressure
settings. It is clear that the intensity of the CH” spectra decreased with increasing pressure. At the
27 kPa pressure point, the highest intensity of the spectra was noted. A sharp spike in intensity
was noted for all pressure points from 2 mm, peaking at 3 mm with pressure at 48 kPa. At a
pressure of 32 kPa, it reached its peak at 4 mm (fast reaction HAB). After 5 mm, there was a
gradual decline in the intensity for all pressure points. The intensity was constant from around
10 mm HAB.

Increasing the pressure from 27 to 48 kPa had a strong effect on the distribution of the C2H4 flame
components (e.g. CH"). This is presented as a higher peak intensity as recorded at the lowest
pressure setting, while a lower and wider peak area represents flames recorded at higher pressure
settings. The effect of increasing the pressure could therefore be seen in the reduction of the flame
temperature, which may be an indicator of the flame intensity. To satisfactorily quench the CH",
the side reactions ran in a similar manner, with higher pressure points determining the rate at

which combustion took place, if the fuel content was constant.
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Figure 5.3: The intensity of CH" at different pressures as a function of the HAB & =2.1
5.1.2.2 Excited C;" radical

Figure 5.4 presents the intensity of C," chemiluminescence as a function of HAB. C," inception
shifted at around 1 mm at a level comparable to CH" inception at all recorded pressures. The figure
shows the actual recorded data with a Gaussian line of best fit to describe and differentiate
different pressure settings. A spike in intensity was noted for all pressure points from 3 mm HAB.
The levels of intensity were considerably different at higher distances from the burner. Increasing
the pressure resulted in compaction of the fuel components, which then led to reduced flame
intensity regardless of the HAB. Since the formation of C5 was part of the chain reaction that
characterises the combustion process, it was noted that an increase in pressure had a concurrent
effect on the distribution of the fuel components. At 5 mm HAB, increasing pressure had a much

stronger effect on the flame intensity than at 10 mm.
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There is sufficient evidence to show that the various compounds formed from combustion varied
in chemical composition, size, nanostructure and chemicals, depending on the conditions of
combustion [142, 143]. The results of the laminar premixed CoHs—air flame experiments carried
out under well-controlled pressure indicated a distinct presence of CH" and C; excited
hydrocarbon radicals. Generally, it has been noted that an increase in pressure reduces the
distributional distance of the fuel material components, thus driving down the flame intensity.
This was evidenced by a reduction in the intensity of the flame. Figure 5.5 demonstrates a strong
presence of CH™ at 430 nm wavelength. This observation is consistent for 5 mm and 10 mm HBA.
CH" was formed as a product of a side reaction of C2H. and not from direct breakdown as expected

in the combustion process, and can be used as a marker for the flame front [68].

Biomolecular reactions in the fast reaction zone could also yield CH” radicals, which were
evidenced by a blue flame colour. This reaction took place in an environment where oxygen levels
were higher than specified by stoichiometric proportions. The 430-nm wavelength CH” band was
the strongest when analysed from a flame intensity point of view. The CH excited radical played
a crucial role in the formation of other radicals, which influenced the outcome of the experiment
in different ways [75]. There were several uncertainties in the manner in which the excitation
reaction rate constants for CH" production were evaluated [144]. Figure 5.5 shows a spectrogram
of the results obtained, with C; bands observed in the 436-560 nm wavelength range for 5 mm
HAB. These bands of excited C; emissions are also known as Swan bands. The degraded diatomic
species of the C; band systems were formed as a result of the transition between triplet levels, or
between singlet levels [68]. It is important to note that there was no inter-combination of any kind
between the singlet and triplet levels. The wavelength of the C; Swan band made the flame turn
an intense greenish—blue colour. The Swan band system is a core part of the triplet side system,
and typically exists in the range of 435-686 nm. This means that the results obtained for the
laminar premixed CoHs—air flame were consistent with previous experiments carried out. The
spectral characteristics of the Swan band have been similar for a wide array of experimental
sources [144]. The excitation mechanism was therefore expected to be the same, and the resultant
flame colour confirmed this assumption. The C; radicals were formed in an experimental
environment where oxygen levels were below specified stoichiometric proportions. The energy
transfer process accounted for the reduction in the flame intensity at high pressure. There was no
apparent difference in the wavelength of the CH” excited radicals; hence a consistent blue flame

was observed at 5 and 10 mm HAB. The C; Swan band was only observed in the 5 mm HAB,

77| Page



while the 10 mm HAB was characterised by soot formation. Therefore, spectra-resolved emission
spectroscopy can be very useful in understanding the process of soot particle formation. Figure
5.2 shows that soot particle formation increased sharply from 5 mm HAB intensity, peaking at
13 mm then beginning to decrease as the HAB increased. Of note is that the absorption became
more visible as soot formation aged along the C.Hs flame, in line with known effects of

temperature on soot formation [145].
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Figure 5.6: (a) HAB of the locations with maximum CH * and C>" emission in different pressure
flames; and (b) the distance between the locations with maximum CH * and C2" emission at & =
2.1.

CH" and C;" layers became thick with a decrease in pressure; they also moved away from the
burner surface, as shown in Figure 5.6 (a). This figure represents data recorded with a Gaussian
line of best fit for CH® maximum emission locations HAB to help to easily correlate it to
atmospheric pressure. CH™ and C; layers almost overlapped each other at atmospheric pressure,
while separation between them could be seen in the pressure-reduced flames, particularly for
pressures less than 40 kPa. It was also interesting to find a separation between the C; and CH"
layers at reduced pressures. As shown in Figure 5.6 (), the peak strength of CH™ and C} emissions
appeared at different heights when the pressure was lower than ~50 kPa, while in the atmospheric
pressure flame, the peak of two layers overlapped each other. At low pressure, the peak strength
of C; appeared later (or higher in space) than that of CH", showing a distance of ~0.6 mm at
27 kPa. Moreover, the distance between the two peaks decreased linearly with the increase in

pressure: as shown in Figure 5.6 (b), intensity of CH”™ and C; decreased linearly with increasing
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pressure with a slope of 25 x 10°+0.062 x 10° (mPa?) indicating that the distance approached
zero at 53 kPa.

5.1.3 Flame temperature
5.1.3.1 Gas temperature (Tg)

For the first method to test the pressure effect on the formation of soot, a Pt/Pt-Rh uncoated
thermocouple was used to measure temperatures along the flame axis. To mitigate soot deposits
on the junction, the thermocouple was rapidly swept into the blue region (soot free) of the flame
and held there for 20 s. The thermocouple measurement errors must be corrected to avoid serious
deviations of measured temperature values from the actual value. In this work the temperature
value was corrected by the heat radiation loss method. A thin, 75 um diameter wire thermocouple
was used to minimise conductivity and radiation effects. Catalytic effects of the junction and
errors because of conduction along the wires were expected to be negligible. Further details into
the radiation correction procedure are described in Chapter 3. The next step involving applying
appropriate correction to account for radiation heat loses effect. The temperature correction for

46 kPa was presented on Table 5.1. The temperatures for all flames are presented in appendix B.
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Table 5. 1: Axial temperature after radiation correction at 46 kPa.

HAB e VR sty contuctiviy Re Ny he omperatot
(mm) (K) (m/s) (m?s1) (W/mK) (W/m2K) (K)
1 773 0.194 1.05E-05 0.0563 27.68 2.96 876.19 777.30
2 954 0.231 1.1E-05 0.065 31.52 3.12 1081.53 962.18
3 1174 0.278 1.2E-05 0.0768 34.81 3.26 1319.02 1189.46
4 1268 0.282 1.2E-05 0.0816 35.1 3.27 1406.89 1287.74
5 1363 0.268 1.24E-05 0.0866 32.47 3.17 1444.02 1388.69
6 1399 0.258 1.25E-05 0.0886 30.94 3.10 1446.48 1427.47
7 1464 0.251 1.26E-05 0.0923 29.76 3.05 1481.22 1497.36
8 1470 0.243 1.28E-05 0.0926 28.58 3.00 1461.08 1504.38
9 1443 0.233 1.27E-05 0.0911 27.6 2.95 1415.62 1475.94
10 1440 0.223 1.26E-05 0.0909 26.44 2.90 1387.28 1473.33
11 1392 0.212 1.26E-05 0.0882 25.29 2.84 1321.16 1422.56
12 1373 0.201 1.24E-05 0.0872 24.28 2.80 1283.31 1402.77
13 1372 0.188 1.24E-05 0.087 22.72 2.72 1246.97 1402.55
14 1369 0.176 1.24E-05 0.0870 21.28 2.64 1211.08 1400.18
15 1358 0.162 1.24E-05 0.0864 19.65 2.56 1163.39 1389.42
16 1344 0.148 1.23E-05 0.0856 18 2.47 1112.67 1375.52
17 1339 0.133 1.23E-05 0.0853 16.22 2.36 1062.14 137153
18 1309 0.117 1.22E-05 0.0837 14.39 2.25 992.79 1340.78
19 1305 0.101 1.22E-05 0.0835 12.44 2.12 933.93 1338.37
20 1295 0.084 1.21E-05 0.0830 10.37 1.98 863.86 1329.98
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Figure 5.7 displays the corrected temperature values after correction using the heat radiation
method (described in chapter 3). The measurement of temperature was undertaken along the flame
axis, reaching HAB = 20 mm. An identical trend was presented by the curves that paralleled the
seven pressure flames. There was a rapid increase in temperature that began from the burner
surface for the first 5 mm, reaching a maximum temperature and slightly decreasing in the

presence of soot. This was the result of radiation loss at elevated soot level.

An evaluation of the gas temperature was made in an attempt to define criteria for selection of the
precise junction temperature and application of the procedure at different HAB while taking
radiation losses into consideration. Measured temperatures in the high-pressure flames were found
to be lower than those derived from low-pressure flames. Therefore, it was evident that they

overlapped. Thus, the temperature field appears not to be affected by pressure in CoH4 flames.
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Figure 5.7: Temperature measured by a thermocouple for flames with different pressures and
HAB at @ = 2.1.
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5.1.3.2 Soot particle temperature (Ts)

Soot particle temperature was calculated by using Planck relationship over all solid angels which
was extensively described in chapter 3. From Figure 5.2, soot spatially resolved emission spectra
data were obtained for this calculation to generate a fitting which then was used to identify soot
particles temperature. Figure 5.8 shows soot resolve spectre emission including the fitting reading

for pressure setting at 32 kPa and at different high above burner.
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Figure 5.8: Typical example of flame emission spectra at different HAB and pressure 32
kPa. The fitting curve, black, of the emission spectra, blue, are shown. Based on the Planck

function the soot particle temperature

82|Page



Figure 5.9 presents soot particle temperature at different high above burner and for different
pressure setting. An identical trend of temperature versus HAB was observed for the flames. The
data below 8 mm was not reliable due to weak soot emission signal. The particle temperature
decreased with the increase in HAB. Interestingly, in the soot growth region, the soot particle

temperature decreased from 1500 K and appeared not to be affected by pressure.
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Figure 5.9: Soot particle temperature at different HABs and pressures at @ = 2.1.
5.1.3.3 Temperature of first soot inception

Figure 5.10 illustrates the temperature points at which soot inception was observed: the
corresponding gas temperature was ~1465 £ 66 K. These results are similar to and consistent with
observations of [143] that showed that soot inception occurs at a nearly uniform temperature of
~1600 K. Further, similar to other research findings the first soot inception temperature seems to
be independent of fuel type. Similar results were reported in previous studies. Gomez and
colleagues [146] reported that the first soot inception temperature for CoH; varied between 1388
and 1398 K; C4He varied between 1345 and 1370 K; and C4Hg varied between 1337 and 1380 K.
Saito et al. [147] reported that the first soot inception temperatures for CH4, C2H2, CoHaand CoHe
were 1390 K, 1350 K, 1385 K, 1399 K, respectively while McEnally and Pfefferle [148, 149]
reported this temperature as 1600 K and 1750 K, respectively, for CHa.
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Figure 5.10: Temperature of first soot inception, as measured by the thermocouple, at @ = 2.1,
the data at 100 kPa [147].
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5.1.4 Laser-induced incandescence
5.1.4.1 Excitation curves relating laser signal to laser energy

From this measurement, it was possible to relate the dependence of the LI1 signals on laser power.
The relationship between the LII signal and the excitation fluence is referred to as the excitation
curve. In this study, once the flame had stabilised the relationship between the LII signal and the
laser energy was investigated. The selected flame was stabilised at 46 and 38 kPa at 16 mm HAB,
with an equivalence ratio @ = 2.1. The laser energy was varied from 32 to 132 mJ per pulse. It
was seen that the LII signal was non-linearly dependent on the laser power. This finding
conformed with prior literature findings [99]. The LIl approach is weakly dependent on the laser’s
energy after a threshold has been attained [101]. The spatial distribution of laser light fluence can
have a significant effect on the measured LIl signal level, as shown in the excitation curves
presented in Figure 5.11. Regardless of the spatial fluence profile, as the energy of the laser light

increases there is an initial sharp increase in LIl signal.

The stability of the flame and avoiding of soot sublimation and wing effects are the main factors
that should be taken into consideration when determining the value of laser energy. According to
previous investigations and observations of the optimal conditions at which the experiment should
be carried out, it is important to keep the laser energy values below soot sublimation conditions.
Previously studied LIl profiles obtained at 60 and 100 mJ pulse™* are very close, while the LII
profile obtained at high fluence (200 mJ pulse™?) is clearly distorted because of the contribution
of wing effects, and likely sublimation [15]. In this study, the thickness of the laser sheet was
600 um, which resulted in a corresponding laser fluence of 1.3 J cm2. This fluence was in the
plateau region as can be seen in Figure 5.11. It was found that a laser fluence of 1.3 J cm™ was
sufficient to maintain an adequate LIl signal-to-noise ratio. Figure 5.11 presents the excitation
curves relating laser signal to laser energy. These results describe the first known appearance of
C2Hs gas at a low pressure setting.
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Figure 5.11: Laser inducesIncandescence intensity as a function of incident laser fluence at

HAB 16 mm under different pressures at @ = 2.1.
5.1.4.2 The relationship between low-pressure application and soot volume fraction

The LI signal generated was measured through an ICCD camera, 200 images were recorded for
each image. Figure 5.12 present the LIl images for different pressure and HAB. The LII signal
intensity was obtained by adding counts at each pixel, where the LII was recoded and the
background subtracted. The LII signal was recorded at different HAB, by scanning the flame
along HAB at positions from 1 to 5 mm, with an estimated error around = 0.5 mm. No LII signal
could be recoded, as LII appeared at 5.50 £ 0.5 mm, at pressures of 48—40 kPa; while at pressures
of 38-32 kPa, the LII signal began from 6 £ 0.5 mm and at 27 kPa, the LIl signal began from
7 £0.5 mm. The soot volume fraction was then calculated via LIl and calibration by the laser
extinction method. A very weak soot volume fraction was calculated, around 0.0003 ppm at first
soot inception; this value is 37% smaller than that reported by Desgroux for a CH4 flame at the

same pressure value with @ = 2.3 [15].
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Figure 5.12: LII imaging set for different pressures and HAB at ® = 2.1.
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The results from the LII measurements are presented in Figure 5.13. Soot volume fractions are
presented as a function of HAB; the soot volume fraction significantly increased with increasing

pressure. At very low pressures the soot volume fraction was almost insignificant.

The soot volume fraction increased with increasing pressure. The LII signals indeed followed the
same relationship with pressure as for soot volume fraction and attained stability at lower pressure.
The relationship was found to be exponential with pressure following the pressure law, given
information on the soot volume fraction, f, = kP". Examples of power fit are presented in Figure
5.14 and Figure 5.15 (a).

Figure 5.15 (b) presents the pressure exponent (n) value at different HAB. Different pressure
exponent values were obtained as a result of changing the experimental parameters for LI1I with
regard to HAB. However, a few fluctuations were visible. This specific behaviour is evident in
Figure 5.15 (b). The pressure exponential (P") is weakly dependent on the HAB. This slight
increase in the exponential factor may also be caused by the influence of the stabiliser plate at
HAB = 25 mm, which can influence the flow fields when the flames propagate to the stagnation

plate.

The results of the experiment show that the LII signal scales with the pressure to the power. As
the soot volume fraction, f,, scales linearly with the LII, it was concluded that f, = kP20 where
k is the scaling factor. These findings were not very different from those reported in most previous

studies.
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Figure 5.14: LII (circles) and an exponential fit curve (dashed line).

89 |Page



%104 a b

25 : \ : : 4
3.5¢
2 L
PENE
—_ L 4 ] 2.5¢
3 1.5 /r 0 +
: ooz ﬁ
3 L , c
=1 ) 15t
Id
O 0"
0.5¢ on
’/ 05 [
0 -7 : 0 ‘
0 10 20 30 40 50 5 10 15 20 25
Pressure (kPa) HAB(mm)

Figure 5.15: (a) LI (circles) measured at HAB = 7 mm in different flames and an exponential
fit curve (dashed line) with a factor of n; (b) The exponential factors fitted at different HAB at
®=21.

From the range of reviewed technologies and literature, it was found that the pressure exponentials
employed by most previous researchers at different pressure ranges, fuel type and diagnostic
technology ranged between 1.2 and 3.7. Figure 5.16 provides a summary of previous studies
carried out to determine the value and variation of the pressure exponent with regard to the soot
volume fraction. For N2-diluted C2H4 with co-flow laminar diffusion flames under high-pressure
ranges, the exponent n was estimated as 1.8. using CHa, CHs—air, CoHs or CaHs—air. For CeHe—
air the pressure exponent value n was estimated as 2.0 for high-pressure ranges [99, 101, 104,
106, 108]. Karatas and Giilder [18] employed a circular co-flow burner type using an Abel-type
inversion approach on a co-flow laminar diffusion flame type in their study on C2H4 flames diluted
with N2 at pressures ranging between 0 and 20 bar; they estimated the exponent n as 2.8. In [98,
100], pressure scaling was reported at the maximum volume fraction of the integrated soot with
an exponent of n = 3.4 estimated for laminar diffusion n-heptane and co-flow laminar diffusion
propane-air flames from 1 to 3 bar. Similarly, and also in accordance with the experimental results
reported here, variation in the pressure exponential function of the soot volume fraction is very
high when the experiment is conducted at low pressure. This was previously reported by Desgroux
et al [15] who subjected CHs—oxygen to low pressure (0.2-0.28 bar) at 30 mm HAB. The
referenced study has shown that the soot volume fraction varies with the pressure exponent and
estimated the exponent n as 11.0 [15]. Following previous studies and in accordance with the
results obtained in this research, soot volume fraction is indeed proportional to the exponential
function of the pressure to which combustion is subjected. However, the value of the pressure
exponent is dependent on a number of functions such as the fuel under investigation, HAB (which

90| Page



results in different radiance, thus affecting carbon vaporisation and consequently soot emission),
the burner used, the diagnostic method (which determines the error accrued during
experimentation and hence directly determines the accuracy of approximation), the combustion

pressure range zone and the type with respect to the flow and diffusion.
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Figure 5.16: Summary of previous studies’ pressure exponent n values in soot.
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5.1.4.3 Reaction time

To obtain reaction time, the flame velocity was modelled by CFD as described previously
(Chapter 4). The total reaction time at each high above burner level, t(HAB), was calculated

using equation 5.1:

t(HAB=i) = (X}i45=6 dt (5.1)

HAB=i)
Where; t(HAB=i) = The total reaction time at location HAB=i and dtnag=i = The local reaction

time at location HAB=i

The local reaction time (dtnag=i) was calculated based on equation 2;

X =i+1—X =i
dtHAB:i — HAB=i+1 HAB=i (52)
VHAB=i

Where; XHag=i+1 - XHaB=i IS the distance between location Xnag=i+1 and Xnas=i, which equals to

1mm, and vhags=i is the velocity at location HAB=I

The calculation based on the above method is presented in table 5.2 for pressure 46 kPa.

Table 5. 2: Reaction time calculation at 46 kPa

HAB \/ flame dt Total reaction time

(mm) (mml/s) (ms) (ms)
0 72 0 0
1 194 5.15 5.15
2 231 4.33 9.48
3 278 3.60 13.08
4 282 3.55 16.63
5 268 3.73 20.36
6 258 3.88 24.23
7 251 3.98 28.22
8 243 4.12 32.33
9 233 4.29 36.63
10 223 4.48 41.11
11 212 472 45.83
12 201 4.98 50.80
13 188 5.32 56.12
14 176 5.68 61.80
15 162 6.17 67.98
16 148 6.76 74.73
17 133 7.52 82.25
18 117 8.55 90.80
19 101 9.90 100.70
20 84 11.90 112.60
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5.1.4.4 Soot surface growth

In this study, the aim was to carry out an analysis of how low pressure affects the growth of a soot
volume fraction in premixed ethylene/air flames. Variables used were differential functions of

soot volume fractions with respect to time (dfy /dt).

The state of the f, profile after the situation of soot rise has been found to follow the following

first-order rate law, which was proposed by Bockhorn et al [12]:

dfp/dt = ksg(f” = fo) (5.3)

In Equation 5.3, f,° is the soot volume fraction at a vast distance away from the
burner surface (i.e., plateau value) and ksg is a rate constant describing the time of active soot
growth. The variable t is the ‘reaction time’, which describes the progress of measurable soot

formation.

In order to determine whether the pressure has some influence on ksg, a graphical representation
was prepared by plotting df, /dt as function of f, (see Figure 5.17). Figure 5.17 shows the axial
profiles of df, /dt as a function of f, for CoH4 flames stabilised at 27 and 48 kPa. Only at the
lowest pressure (27 kPa), measurement of soot growth was possible. The soot surface growth rate
constant ksg was calculated to be 20 s™*. This is considered as 80% lower compared to the values

reported in previous published literature [12, 15, 109, 150-152].
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Figure 5.17: Derivative function dfv/dt as a function of soot volume fraction and linear fit
(dashed line) at @ = 2.1.

5.1.5 Laser-induced fluorescence of PAHSs

PAHs formed during burning of fossil fuels are carcinogenic [153]. Further, PAHs are precursors
of soot particles, which are generally considered one of the more fundamental segments of
atmospheric suspended particulate matter. The arrangement instruments of PAHs and soot have
received increasing attention of late [59, 154-157]. There is some agreement regarding the route
of PAH formation. For instance, the first aromatic ring is the premise of PAH growth and is
essentially shaped by expansion reactions among small radical species produced from fuel
pyrolysis. When just formed, the first aromatic ring can grow into bigger PAHSs following the
HACA mechanism [158, 159]. Some bigger PAHSs can get by at flame condition and are viewed
as the nucleation core of soot particles in soot models. In this way, the accuracy of soot models
mostly relies on the accuracy of PAH concentration profiles.
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Laser-induced fluorescence (LIF) was utilised to measure PAHs. PAH-LIF spectroscopic studies
were performed at 40 kPa and 27 kPa pressure from wavelengths range of 200—700 nm. A typical

spectrum of different pressure and at different HAB is presented in Figure 5.18

The emission wavelength of PAHSs increases with an increase in aromatic ring number; hence, in
several studies, the detection wavelength was varied to distinguish the relative sizes of PAHS.
According to the quantum chemistry calculations in [125, 136], three detection wavelength bands
were used to distinguish three kinds of PAHs. PAH LIF signals in the range 320-360 nm are
caused by the presence of PAHs with 2-3 aromatic rings. Similarly, signals in wavelength ranging
from 370 to 410 nm indicate the presence of 3-4 aromatic-ring-membered species. PAH LIF
signals above 500 nm indicate the presence of PAHs with 5-membered ring structures, in which
the individual rings consist of five carbon atoms. PAH LIF signals of 500-550 are indicative of
the presence of 5-membered PAHSs. Signal strengths qualitatively indicate the concentrations of
the corresponding PAHS.
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Figure 5.18: PAH LIF spectra for different pressure a; 40 kPa and b; 27 kPa at different HAB
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Figure 5.19 (a) and (b) show the PAH LIF over HAB (1-16 mm) at pressures of 40 kPa and
27 kPa, respectively, through three wavelengths range, 320-360 nm, 370-410 nm and 500-—
550 nm. From Figure 5.19 (a) with pressure 40 kPa, the wavelength range of 500-550 nm resulted
in lower PAH LIF at low HAB than other wavelengths range, but PAH LIF increased after
HAB = 12 mm and was higher than other wavelengths range. However, in the results shown in
Figure 5.19 (b) where pressure was 27 kPa, the wavelength range of 500-550 nm produced lower
PAH LIF than did other wavelengths range over all values of HAB, and the wavelength range of
370-410 nm produced higher values of PAH LIF than did other wavelengths range for all values
of HAB, but it decreased along HAB.

x10° a ) x10° b
—&— (2-3R) PAH LIF —&— (2-3R) PAH LIF
31 —e—(34R)PAHLIF —&— (3-4R) PAH LIF
;7 (5and moreR) PAH LIF ’:‘; 1.5 (5 and moreR) PAH LIF
S S
u 2 C
— —
T T
a1 & T 05
ob—- 0
0 5 10 15 20 0 5 10 15 20
HAB (mm) HAB (mm)

Figure 5.19: Three kinds of PAH LIF at different pressures; (a) 40 kPa and (b) 27 kPa.

From Figure 5.19 (a) and (b), the peak spatial distributions of (2-3R) PAH LIF were followed by
the peak spatial distributions of (3-4R) PAH LIF with a difference of 1 mm HAB at both pressure
settings. The peak intensity of (3-4R) PAH LIF was greater than (2-3R) PAH LIF at pressure of
27 kPa, where the peaks were close to each other at pressure 40 kPa. The spatial distribution of
>5R PAH LIF signals started to form when the (2-3R) PAH LIF signals reached their peaks. It is
hard to determine the peak spatia | distribution of >5R PAHSs LIF signals, as these signals kept
increasing inside the soot growth region which indicated soot and PAHs formation.

Figure 5.20 a and Figure 5.20 b show that the signals for (2-3R) PAH LIF and (3-4R) PAH LIF
attained a peak for each type of flame and then declined over time. Table 5.3 summarised the

spatially phenomenological removing rate constant of PAHs with 2-3 rings (k55 ) and 3-4 rings
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(konen). From this table, the (kp,35) and (kjn2n) were found to be 24.61 s and 21.64 s,

respectively, at a pressure of 40 kPa. At a pressure of 27 kPa, (kjnan) and (k;,an) Were measured
as15.29 s and 18.26 s respectively. This indicates that (k;,on) is faster than (k%) by a factor
of 1.14 at a pressure of 40 kPa. At a pressure of 27 kPa, (k,,zn) is faster than (k;;5%) by a factor

of 1.19. The determination of the spatially phenomenological removing rate of soot formation was
key for this study, presumably due to the PAHSs being consumed to increase soot amounts [160].
This simply shows that, at low pressure, the removing rate is very slow, while at high pressure,
the removing rate is much faster. At the same time, removing the different rings that form the
PAHs around the soot also differs at different pressures. As seen from the experimental results,

the removing rate of (kj;on) rings is lower at low pressure of 27 kPa than the removing of

(kg,‘l;‘,’f) rings. This may be due to the fact that the PAHs are themselves formed at low pressures,

thus the removing rate would tend to decrease with a decrease in pressure. Another reason for this
could be coagulation of the gases that form the PAHSs in the soot. The coagulation rates of these

gases are very weak in (kjn2n) at a low pressure than they are in (kp,o5). At a high pressure, the

removing rate of the PAHs from the soot is higher in (kJ,2x) rings than in (k) rings as shown

in table 5.3. These factors all depend on the oxidation and reduction rate of the reactants and their
coagulation rates.

It is worth noting that the PAHs removing rate constant value is close to the soot growth rate
constant. This another novel finding which has not been previously reported.
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Figure 5.20: Different types of PAH LIF as a function of reaction time at different pressures; (a)
40 kPa and (b) 27 kPa, exponential fit curve (dashed line)

Table 5. 3: The spatially phenomenological removing rate constant of PAHs

Pressure Spatially phenomenological removing rate constant
(kPa) sh

(Kpnon (Kphen

40 24.61 21.64

27 15.29 18.26

5.1.6 Spatial correlation among the measured parameters

Figure 5.21 presents superimposition of the parameters on the corresponding flame photographs
to reveal the spatial relationships among the parameters measured. The flame photographs show
four regions from the burner surface upwards to the stagnation plate: the invisible pre-combustion
region; the blue region with CH" and C; emissions; the yellow sooting region; and the dark sooting
region with low temperature. At low pressure, for example 27 kPa, a dark yellow layer is evident

above the blue layer, indicating the slow process of soot formation at low pressure.

Figure 5.21 also presents the spatial distributions of the measured parameters including the
radicals, soot and flame temperature. This figure highlights the spatial relationships among these
parameters. It was found that the formation of soot, which was detectable, began immediately
after the peak region of the radicals. Soot particles were evidently formed within the descent
region of the radical emissions, forming an overlap region of the radicals with soot. Above this
region, a significant increase in soot volume fraction can be seen in Figure 5.13, indicating a
higher soot formation rate than in the region of overlap with the radicals. It is notable that the
flame temperature also peaks in this soot radical overlap region, indicating that this layer may be

a critical region for understanding soot formation in this kind of premixed flame.

Figure 5. 21 also reveals the temperature for soot emergence; that is, the temperature at the lowest
location with detectable soot in the different flames. Figure 5.10 summarises the values of flame
temperature for soot emergence, revealing a critical temperature around 1465 K, and that the value

of the critical temperature for soot formation decreases slightly with pressure.
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Figure 5.21: Superimposition of the measured profiles for fv, normalise CH" and C," emissions, Ts and T onto flame photographs.
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Figure 5.22 illustrates superimposition of the measured profiles onto the flame photograph,
including flame and soot temperatures, CH™ and C emissions, soot volume fractions and PAHs
at @ = 2.1 for pressures of 40 and 27 kPa. For the most part, the profiles display a regular pattern:
the beginning of soot formation at some separation downstream of the burner, trailed by enduring
ascent because of surface and coalescence growth, culminating in a plateau region. Here, particle
growth ceased even though the concentration of C>/CH as a representative growth species was
resolved to be very high in the burnt gases of comparable flames. This has been ascribed to a

lessening in soot particle activity [161].

The superimposition of the measured profiles was summarised on Table 5.4. The distance between
the max intensity of CH” and the max intensity of C; is ~1 mm as discussed at the beginning; the
max intensity of C; had a peak at the same value of HAB as did the max intensity of PAHs with
(2-3R) PAH LIF. The correlation has been observed for the first time and may be useful in
understanding soot formation. However, it was found that the maximum peak for (2 - 3R) PAH
LIF occurred before the maximum for (3 - 4R) PAH LIF, at ~1 mm. PAHs with 5 or more rings
are formed at the same peak as (2 - 3R) PAH LIF; thus, it is difficult to identify the location of
PAHs with 5 or more rings as the signal increased in the region of soot growth, indicating the
signal included emission form both soots particles and PAHSs.

102 |Page



S 1 £2000 = 0.03  [2.5x10°7
T 1] o F2x10° ©
S 11 £ 1500 0.02F [ .=
“ = UCS 1.5x10°K
] % 1000 £ lix108 I
5 0.5 ﬂé_ 0.01 ~ | ] E
0 S 500 . o 5x10° o
E 0_ l_ L 2 ) e PPN O | 0
L 0 5 10 15 20 25
HAB (mm)
*N ~ b ~
Q & 2000 0.03  [1.5x10°75
T , f
11 o Ay Ox ©
O - Neoee ~ ~—
- = 1500 (0 TTT 0.02°E |1x10°®
° © \ S | -
e 0.51 g 1000 BT 0.01 T [5x10° =L
) £ 3 = =
é o 500 o, RN
AT 0- [ RS2 OO . 5 5000 0 LD
0 5 10 15 20 25
HAB (mm)
legend
f AcHc OTg O 23R)PAHLIF  (3-4R)PAHLIF () (5'R)PAH LIF

Figure 5.22: Superimposition of measured profiles for fv, PAH LIF, normalised of CH" and C;"
emissions, Ts and Ty onto the flame photographs at different pressure; (a) 40 kPa and (b) 27 kPa.

Table 5. 4: Superimposition of the measured profiles

Chemical species Spatial location Max intensity (mm)
40 (kPa) 27 (kPa)
CH" 4 6
C 5 7
(2-3R) PAH LIF 5 7
(3-4 R) PAH LIF 6 8
Soot inception 6+0.5 8+0.5
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5.2 Summary

Flame structures for a quasi-one-dimensional laminar premixed C;Hs-air flame burnt on a
McKenna burner at @ of 2.1 were studied experimentally using optical methods. The work
described in this chapter was based on the study of the dependence of soot particle formation on

pressure in the range of 48-27 kPa.

Soot volume fractions (fv) were measured using LII, and the spatial distribution of two key
radicals (CH™ and C>") was measured via chemiluminescence in the soot inception region with a
spatial resolution of 1 mm along the flame height. Soot particle temperature (Ts) was evaluated
by fitting spectrally resolved soot luminosity, while flame gaseous temperature (Tg) was measured
using a thermocouple. PAHs were measured via LIF taking advantage of the extended flame
structure at low pressure. Thus, the spatial profiles of CH, C,", fv, PAH LIF, and temperature as

a function of the HAB, were well resolved.

From the measurements performed under different premixed conditions the following conclusions

were drawn;

e The distance between CH",,, and C; ., decreased linearly with increasing pressure with
a slope of —25 x 10°+ 0.062 x 10° (mPa?).

e The soot volume fraction followed a power function with pressure; that is, fv» = kp» and
n=2.15+0.7. It was also found that the value of n was weakly dependent on the HAB.

e The gas temperature and soots particles temperatures agreed very well within £70 degree.

e A common temperature of 1465 + 66 K was found at the early stage of soot inception (i.e.,
where with f, = 0.3 ppb). This is then termed as soot inception temperature. The results
were similar and consistent with the observations at atmospheric pressure [147].

e The soot surface growth rate ksg was calculated to be 20 s™. This is 80% lower than
previously published values recorded at elevated pressure [109, 150], atmospheric
pressure [151, 152] and low pressure [12, 15].

e From the PAH LIF study, three wavelength ranges were selected to identify the number
of PAH rings: 320-360, 370-410 and 500-550 nm, to identify PAH LIF with 2-3 rings,
PAH LIF 3-4 rings and PAH LIF 5" rings, respectively. It was found that the maximum
value for (2-3R) PAH LIF occurred at ~1 mm before the maximum value of (3-4R) PAH
LIF.

e For the first time, it was observed that the location of maximum (2-3R) PAH LIF

coincided with the location of maximum of intensity of C,” for all measurements.
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The spatially phenomenological removing rate of PAHs with 2-3 rings (k;,5x) and 3—4

rings (kynen): (Konon) and (kynan) were found to be 24.61 s™ and 21.64 s, respectively,

at pressure of 40 kPa. At pressure of 27 kPa (k;,ox) and (k,zn )Were measured as 15.29
stand 18.26 s™ respectively. This indicates that (k;,55) is faster than (k; o) by factor
of 1.14 at pressure 40 kPa, where at pressure 27 kPa (kjno5) is faster than (kjqon) by
factor of 1.19.

The value of the PAH removing rate, 18.26 s, was found to be almost identical to the

soot growth rate, 20 s,
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Chapter 6: Premixed Ethylene-Air at @ 2.3

As in the previous chapter, soot formation was studied in the experiments reported in this chapter
within laminar premixed CoHs—air flames along different HAB and with chamber pressure
operating at different pressure from 27 kPa to 48 kPa, but this time with an equivalence ratio of
@ = 2.3. In this pressure range, the soot volume fraction (f), the location of the flame front (y™),

PAH LIF, the gas temperature (Tg) and soot particle temperature (Ts) were carefully measured.
6.1 Results and Discussion

6.1.1 Low pressure flames photography

A steel plate was employed at a height of 25 mm to stabilise the flames, and the chamber pressure
varied between 27 and 48 kPa with an equivalence ratio of @ = 2.3. Figure 6.1 presents a series
of photographs that record the flames in the experiment. It was found that soot luminosity
decreased with a decrease in pressure, as in the experiments presented in Chapter 5. This is also
consistent with the results presented by Desgroux and others [15, 132]; the study of soot formation
is affected by many factors at low pressure. The soot volume fraction in these pressure conditions

for CH4 fuel is dependent upon both the pressure and equivalence value, ¢ [15, 132].
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Figure 6.1: Photographs of flat rich premixed laminar flames at different pressures, at @ = 2.3.
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6.1.2 Spatially resolved emission spectra of CH" and Cz"radicals

At HAB of 0-23 mm with increasing steps of 1 mm, at each height 200 spectra were collected

and averaged. Typical spectra are shown in Figure 6.2.

Intensity

3.35X10°
> 2.01X10°

6.70X10*
0.00

Intensity
Intensity
(a.u)

Intensity
(a.u)

Figure 6.2: Flame photographs and spatially resolved emissions spectra recorded at @ = 2.3 for

different pressures.
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The CH" chemiluminescence ranged from 418 to 430 nm, and the C; was from 500 to 525 nm.
Figure 6.2 presents the emission spectra for laminar C2Hs—air premixed flames under low-pressure
conditions from 48 to 27 kPa with an equivalence ratio of @ = 2.3. At a pressure of 48 kPa, for
& = 2.3, there was a slight difference in the early formation of CH" compared with & = 2.1, when
the CH” radical started to form at 3 mm, and the C} radical was seen at 4 mm. At a pressure of
46 kPa and @ of 2.3, the spectra were similar to those of 48 kPa: other than differences in the
intensity value, mean and the spectra profile (from where the radical started), these spectra were
the same. At 40 kPa pressure, in contrast, @ = 2.3 produced the same spectra but with a different
form of CH” than @ = 2.1, when it began to form at 3 mm and ended at 9 mm and of C;, which
started at 4 mm and ended at 6 mm. At pressures of 38 kPa, the CH" formed at 3 mm and the C;
started to form at 4 mm. It emitted a clear signal and the peak increased up to a height of 5 mm.
At this height, soot emission was shown beside CH" and C} radicals. The C; vanished at 6 mm,
as was seen for CH™ at this height and soot emission. Then, the peak of CH™ diminished until a
height of 9 mm was reached, where on the high only the emission of the soot profile was evident,
and then decreased until it reached 13 mm, and then further until the signal disappeared at 17 mm.
At 35 kPa for @ = 2.3, there was a slight difference from @ = 2.1 in that at @ = 2.3 the CH" radical
started to form at 4 mm, and the C} radical was shown at 5 mm. At 31.99 kPa, the CH” started
from 4 mm and disappeared at 11 mm, whereas C; began at 5 mm and ended at 8 mm, and soot
emission began at 6 mm. At a pressure of 27 kPa, CH” was formed at 5 mm, and at 6 mm the peak
of C; was evident beside the CH™ (it was very clear). Also, these peaks increased until a height of
10 mm, where the emission of the soot profile appeared beside the CH™ and C;" radicals.
Subsequently, the peak of C; diminished until a height of 11 mm, and the CH" peak decreased

until the value was not observable. Finally, at 17 mm, there was no signal under these conditions.

6.1.2.1 Excited CH" radical

The intensity of CH™ chemiluminescence was presented as recorded data with a Gaussian line of
best fit to describe and differentiate data from different pressure settings. This is shown in Figure
6.3 as a function of the HAB at @ = 2.3. At the 27 kPa pressure point, the highest intensity for
spectra was noted at 9 mm with a large separation from the second height point pressure (~3 x
10°) at 48 kPa. At pressures of 46 and 48 kPa, CH”™ chemiluminescence reached its peak at 5 mm

(fast reaction HAB). The intensity became constant at zero from around 15 mm HAB.
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Figure 6.3: The intensity of CH" at different pressures as a function of the HAB at ®=2.3.

6.1.2.2 Excited C; radical

Figure 6.4 presents the recorded data of the intensity of C; with a Gaussian line of best fit to
describe and differentiate data from different pressure settings as a function of HAB at @ = 2.3.
A spike in intensity was noted at 46 kPa of pressure at 5 mm HAB. The levels of intensity were
considerably different at greater HAB. Increasing the pressure resulted in the compaction of the
fuel components, which then led to reduced flame intensity regardless of the HAB. At 9 mm HAB,
a pressure setting of 27 kPa had a maximal intensity reading compared with other pressure
settings.
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Figure 6.4: The intensity of C," at different pressures as a function of the HAB at & = 2.3.

Figure 6.5 shows the distance between the locations with maximum CH™ and C; emission at
@ =2.3. CH" and C; layers almost overlap each other at atmospheric pressure, but the separation
between them increased at lower pressures, particularly 27 kPa, and the distance decreased at
higher pressures, particularly 46 KPa. It was also interesting to observe a separation between the
C; and CH” layers at reduced pressures, Further, it was observed that the distance between the
maximum recorded intensity of CH™ and C} decreased linearly with increasing pressure, with a
slope of 28 (+ 0.048) x 10° (mPa™?).
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Figure 6.5: The distance between the locations with maximum CH” and C," emissions.

6.1.3 Flame temperature
6.1.3.1 Gas temperature (Tg)

The corrected temperature of axial profiles of flames are displayed in Figure 6.6. The temperature
measurements were assumed with the flame axis, arriving at HAB = 20 mm at @ = 2.3. A similar
direction is indicated by the curves that parallel the seven pressure flames. There was a quick rise
in temperature beginning from the surface of the burner for the first 17 mm, arriving at the
maximum temperature and decreasing a little in the presence of soot. Figure 6.6 provides an
evaluation of the gas temperature, which increased at different HAB, while taking radiation losses
into consideration. Detected temperatures in the high-pressure flames were found to be lower than
those derived from low-pressure flames as in Chapter 5. Therefore, they overlap, as can be seen.

With only a slight temperature decrease, they became quite low in doped flames.
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Figure 6.6: Temperature profiles measured by a thermocouple for flames with different

pressures and HAB.
6.1.3.2 Soot Particle Temperature

Similar to chapter 5, Plank relationship over all solid angels was used to generate a fitting reading
which then was used to calculate soot particles temperature. Data for this calculation were
obtained from Figure 6.2. Figure 6.7 shows soot resolve spectre emission including the calculated

fitting reading for pressure setting at 32 kPa and at different HAB.
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Figure 6.7: Typical example of flame emission spectra at different HAB and pressure 32 kPa.
The fitting curve, black, of the emission spectra, blue, are shown. Based on the Planck function

the soot particle temperature.

The soot particle temperature was derived utilising the fitting process above as introduced in
Figure 6.8. Interestingly, in the soot growth region, soot particle temperature decreased to
~ 1400 K, but pressure had no effect. The temperature at soot inception was ~1332 + 62 K for all
pressures at @ = 2.3 and was similar to that at @ = 2.1. Higher pressures (48 kPa) produced lower

temperatures than did the minimum pressure value (27 kPa), as reported in Chapter 4.
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Figure 6.8: Soot particles temperature at different HAB for seven pressures as indicated.

6.1.4 Laser-induced incandescence

The LI signal generated was measured through an ICCD camera, 200 images were recorded for
each LIl image. Figure 6.9 presents the LI images for different pressure and HAB. The LII signal
intensity was obtained by adding counts at each pixel, where the LII was recoded and the

background subtracted.
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Figure 6.9: LIl imagining set for different pressure and HAB & = 2.3.

The strength of LII signals at different HAB in the different low-pressure flames investigated,
together with soot volume fractions converted from the LI signal strengths were shown in Figure
6.10. The soot volume fraction increased with HAB at @ = 2.3, and it was higher than the soot
fraction obtained at @ = 2.1. An increase in pressure had a significant enhancing effect on soot
formation. A rapid increase in soot volume fraction began at HAB around 10-12 mm, where C}
and CH" emissions faded away. It is worth noting that the LII signals in Figure 6.10 reveal the
distribution of all soot particles only if they were heated efficiently by the laser up to a high
temperature, while spontaneous soot luminosity depended greatly on both temperature and soot
volume fraction, which causes the difference between the profiles of LIl in Figure 6.10 and the
soot luminosity spectra as a function of HAB.
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Figure 6.10: Axial profiles of soot volume fractions in the flames investigated under different
pressures at @ = 2.3.

As in chapter 5, Figure 6.11 a present the power fit at different HAB. An exponential fitting to the
measured values reveals a dependence of soot volume fraction f, = Kp®*“4 on pressure,
suggesting a significant influence of pressure on soot formation. From Figure 6.11b, the
exponential factor (n) slightly increased with HAB revealing a weak dependence on the HAB.
This slight increase in the exponential factor may also be caused by the influence of the stabiliser
plate at HAB = 25 mm, which can influence the flow fields when the flames propagate to the

stagnation plate.
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6.1.4.1 Soot surface growth

To determine the ksg values for different flames used in the experimental protocol under
discussion, a graphical representation was prepared by plotting df,,/dt along the y-axis and the
corresponding soot volume fraction along the x-axis (see Figure 6.12). The resultant values for
ksc at different pressures (27, 32 and 35 kPa) were 32 s, 25.13 s and 12.11 s, respectively
(shown in figure 6.13). These are the lowest reported values recorded, as compared to previously
published literature at elevated pressure [109, 150], atmospheric pressure [151, 152] and low
pressure [12, 15]. These results showed that the rate of soot growth slightly increased with a
decrease in pressure, as shown in Figure 6.13. The soot growth rate was shown to be weakly
dependent on the amount of pressure involved. However, there is a slight change in the soot
surface growth constant as compared to the equivalence ratio of @ = 2.1, which gave a constant
pressure of 20.0 s, This constant is lower compared to the equivalent ratio of @ = 2.3. Thus, the
soot surface growth constant changes with the equivalence ratio, confirming that the soot surface
growth rate constant increases slightly with an increase in equivalence ratio. This increase could

be due to the fact that there is an excess quantity of fuel at a higher equivalence ratio compared a

lower ratio.
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Figure 6.12: Derivative function dfi/dt as a function of soot volume fraction at @ = 2.3.
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Figure 6.13: Summary of previous studies’ soot growth rate constant Ksg’
6.1.5 Laser-induced fluorescence of PAHs

Similarly, to chapter five, laser-induced fluorescence (LIF) was used to measure PAHs. The
emission wavelength of PAH LIF will increase with an increase in aromatic ring sizes; hence,
according to the quantum chemistry calculations in [125, 136], three detection wavelength bands
were used to distinguish three kinds of PAHs. PAH-LIF spectroscopic studies were conducted at
two pressure setting; 40 kPa and 27 kPa, from wavelengths range of 200 — 700 nm. Three
different wavelength bands were used to identify three kinds of PAHSs. Figure 6.14 presents a
typical spectrum of wavelength bands at different pressure, at different HAB and at @ = 2.3. PAH
LIF signals in the range 320 — 360 nm are caused by the presence of PAHs with 2 - 3 aromatic
rings, while signals in wavelength ranging from 370 to 410 nm indicate the presence of 3 - 4
aromatic-ring-membered species, and signals above 500 nm indicate the presence of PAHs with
5 - membered ring structures. Signal strengths qualitatively indicate the concentrations of the

corresponding PAHs.
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Figure 6.14: PAH LIF spectra for different pressure a; 40 kPa and b; 27 kPa at different HAB at
®=23.

Figure 6.15 (a) shows results for PAH LIF spectroscopic studies performed at a pressure of 40 kPa
at three ranges of wavelength (320-360, 370-410 and 500-550 nm) with different HAB. The
signals from the emissions from combustion products were measured at different HAB ranging

from 1to 16 mm.

Figure 6.15 (b) shows results for PAH LIF spectroscopic studies performed at 27 kPa pressure at
three values of wavelength (320-360, 370-410 and 500-550 nm) with different HAB. The signals
from the emissions from combustion products were measured at HAB from 1 to 16 mm. Figure
6.15 b also shows that the best values of PAH LIF were at wavelengths range from 370-410 nm
and HAB from 1-14 mm; PAH LIF then increased from 15 mm at 500-550 nm.

The best spatial distribution of PAHs was recorded at @ = 2.3. A well separation of (2-3R) PAHs
LIF from (3-4R) PAHSs LIF was achieved. This is comparable to results obtained from a previous

experiment (chapter 5), as the best spatial distributions were recorded at @ = 2.1. Figure 6.15
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shows that at @ = 2.3, there was clear separation at each pressure between (2-3 R) PAH LIF and
(3-4 R) PAH LIF at ~1 mm HAB.
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Figure 6.15: PAH LIF as a function of HAB at different pressures; a, 40 kPa and b, 27 kPa.

As seen in Figure 6.16, the signals for (2-3R) PAH LIF and (3-4R) PAH LIF attained a peak for
each type of flame and subsequently started to decline, Table 6.1 summarised the spatially

phenomenological removing rate constant of PAHs with 2-3 rings (kj5an) and 3-4 rings (kjnen)-

From these data, the (kJnan) and (k;,an) Were found to be 23.33 s and 16.9 s, respectively, at
a pressure of 40 kPa. This indicates that (kj,ar) is faster than (kjnon) by a factor of 1.38 at a

pressure of 40 kPa.

The removing rate of the PAHSs at the equivalence ratio of 2.3 also differs from the rate at the 2.1
equivalence ratio. When the equivalence ratio increases from 2.1 to 2.3, there is an increase in the
removing rate of PAHs with (k;,55) and a reduction in the removing rate with (k;25), measured

at the high pressure of 40 kPa.
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Figure 6.16: PAH LIF as a function of reaction time at a pressure of 40 kPa.

Table 6. 1: The spatially phenomenological removing rate constant of PAHs

Pressure Spatially phenomenological removing rate constant
(kPa) sh
(Kphen (Kphen
40 23.33 16.9
27

As seen in Table 6.1 and Table 5.3, the removing rate of the aromatic compounds in soot formation
decreases with an increase in pressure. At the same time, the removing rate of PAHSs increases

with an increase in the equivalence ratio.

6.1.6 Spatial correlation among the measured parameters

Figure 6.17 presents the spatial distributions including the visual presentation of the flame and

HAB (in mm) along the x-axis, and measured results for concentrations of CH” and C} radicals,
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soot and flame temperature and volume fraction of soot along the y-axis. The graphical
presentation highlights the spatial relationships among these parameters. It was found that the
detectable formation of soot began immediately after the peak region where the radicals were
generated. Detectable soot particles were formed within the near flame regions of the radical
emissions, forming a region of overlap between the radicals and soot. Above this region, a
significant increase in soot volume fraction was found, indicating faster soot formation than in the
region of overlap with the radicals. Flame temperatures also peaked in this soot radical overlap
region, indicating that this layer might be a critical region for understanding soot formation in the
case of premixed flames as utilised in the experimental setup. The spatial plot also revealed the
temperature of soot emergence; that is, the temperature at the lowest location with detectable soot
in the different flames. It may be clarified by reducing the concentration of hydrogen atoms or
reducing the particle surface brought about by coagulation. Reducing the temperature of flame
because of irradiative losses and the cooling influence of the stabilisation plate may add to this

effect as discussed in Chapter 5.
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Figure 6.18 presents the spatial distributions for all measurements including PAH LIF for
pressures of 40 and 27 kPa. The max intensity of C; location was found to be coincides with (2—
3R) PAH LIF for each pressure Thus, for the first time a link has been found between (2—-3R)
PAH LIF and C3, indicating a potentially critical area on which to focus to understand soot
formation. ( > 5R) PAH LIF were found to be formed but it was difficult to identify where PAH
LIF with ( >5R) PAH LIF occurred as the signal increased in regions of soot growth, indicating
the signal included (soot) and (PAH LIF), as also seen for @ =2.1. Also, it was clear that the

starting location of soot formation coincided with the location of the observed decrease in PAHS.

Table 6. 2: Superimposition of the measured profiles

Chemical species Spatial location max intensity (mm)
40 (kPa) 27 (kPa)
CH" 5 8
C.’ 6 9
(2-3R) PAH LIF 6 9
(3-4 R) PAH LIF 7 10
Soot inception 7+0.5 10+0.5
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6.2 Summary

Soot volume fraction, chemiluminescence of CH" and C;, flame temperature and particle
temperature were measured in a series of flat premixed C;Hs—air flames with a constant
equivalence ratio of 2.3 and at low pressures of 27 to 48 kPa. The spatially resolved measurements

revealed that:

1. The distance between the max intensity of CH" and max intensity of C increased linearly
with decreasing pressure according to a slope of 28 x 10° + 0.048 (mPa™).

2. Soot volume fraction increased with HAB at @ = 2.3 and was higher than the soot fraction
at @ = 2.1; the increase in pressure had a significant enhancing effect on soot formation.

3. Soot volume fraction followed a power function with pressure; that is, fv» occkpn and
n=1.5%0.4. It was also found that the value of n was weakly dependent on the HAB.

4. The gas temperature and soot particles temperature agreed very well within £ 93 degree.
A common temperature of 1332 + 62 K was found at the early stage of soot inception. The
results were similar and consistent with the observations of Glassman and co-workers at
atmospheric pressure [143].

5. The soot growth rate constants ks (s!) for pressures 27 kPa, 32 kPa and 35 kPa are 32 s°
1 25.13 st and 12.11 s, respectively. This is a change in the soot surface growth constant
as compared to the equivalence ratio of @ = 2.1, which gave a constant rate at a pressure
of 27 kPa is 20.0 s. Thus, the soot surface growth constant changes with the equivalence
ratio, however, the soot surface growth rate constant increases slightly with decrease in
pressure. For all pressures, there is an indication that ksc is week dependence of pressure

and equivalence ratio.

2-3R

6. Ata pressure of 40 kPa, the spatially phenomenological removing rate constants (kppen

and (kpnan) were found to be 23.33 57" and 16.9 5!, respectively.
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Chapter 7: Effect of gases additive

COz is an important compound for the inhibition of combustion flames. The study reported in this
chapter investigated the effects of CO2, N2 and Ar addition on soot particles in laminar premixed

CoHs—air flames, as determined by soot volume fraction using L1l and PAHs using PAH LIF.

The gases added to the flame had three ruling effects on PAH and soot formation: a dilution effect
of changing the segment concentrations; a thermal effect of changing the heat capacity; and a
chemical effect of participating in the reactions specifically. Previous examinations for the most
part were centred on the effects of CO. and N2 as the principle segments of exhaust gas on PAH
and soot formation. Teini et al. [162] studied the influence of CO2 on PAH and nascent soot
particle formation under the homogeneous conditions of a quick compression facility. They found
that CO> upgraded the soot inception rate in C> which responded with stable species to deliver
radicals that accelerated the growth process of PAHs but had no effect in CH4 flames. Wang and
Chung [163] numerically and experimentally explored the effect of CO. dilution in C2H4 counter-
flow laminar premixed flames and found that the formation of PAHs was repressed by the

chemical effects of CO-.

Another study investigated the effects of fuel dilution by CO and N2 on soot formation and the
flame structure in laminar co-flow ethylene/air diffusion flames at high pressures [161]. The study
reported that fuel mass flow rate was fixed, and the flame was buoyancy-dominated. The flame
height was nearly independent of pressure. Properties of each flame under different conditions
and different pressures were comparable to one another. At atmospheric pressure, the luminous
zone appeared only at the flame tip as result of nitrogen or carbon dioxide addition. Dilution by
either nitrogen or carbon dioxide at a 1:2 ratio was very effective in reducing flame sooting
tendency, so flames remained non-smoking even at 20 atm. It was noted that the ethylene/air
diffusion flame becomes smoking at 9 atm, when nitrogen or carbon dioxide were not added. The
visible flame height of the nitrogen diluted flame was consistently slightly higher than that of the

carbon dioxide-diluted flames.

In this chapter, laminar premixed ethylene air with a total flow rate of 7 I/min and at pressure 40
kPa was chosen because it was the best setting for stabilising the flame inside the chamber after
testing different conditions (pressure and flow rate). The three different gasses (CO2, N2, Ar) were
selected to dilute the main flame as each one has a different effect on soot formation, as discussed

in in previous studies. The maximal volume of each gas to be added was established. Ar with a
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volume exceeding 0.6 I/min disturbed flame stabilisation, leading to extinguishing of the flame,
whereas CO2 and N2 exceed this maximum volume with less of an effect on the flame stability.
Therefore, a flow rate of 0.6 I/min for each added gas was chosen to compare the effect of each
gas on soot formation and PAHSs. The pressure was set to 40 kPa, as this will allow for a bigger
dilution factor compared to other pressure settings, allowing examination of the effects of gas
addition.

7.1 Results and Discussion

7.1.1 Flame photographs

Photographs of laminar premixed flames of CoHs—air at 40 kPa pressure and diluted with Ar, N2
and CO> are shown in Figure 7.1; photographs of laminar flames premixed with gaseous additives
such as CO2, N2 and Ar at pressure of 40 kPa were taken for comparison. It was observed that the
flame height was reduced with premixed fuel compared with the C,Hs—air. The flame height and
combustion were reduced to a maximum in the presence of Ar premixed fuel. In the case of Ar
premixed fuel, the luminous zone of the flame was reduced, as was soot formation. Flame

propagation was also restricted when premixed fuel was used.
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Figure 7.1: Photographs of CoHs—air with different additive of Ar, CO2and N at pressure of 40 kPa
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7.1.2 Spatially resolved emission spectra of CH" and C>"

© C,H,-air O C,H,-air
- *
® C,H,-airN, ®  C,H,-airN, Iy
10 C,H,-airCo, 8 C,H,-4irCO, ,l \
= ¥ C_H_ -airAr — #* C,H,-airAr r \
3 2 4 = ” v \
(U. % 1% < ~ N
£ 8 & Py 8 5 10 AT
> \ 11 >, I t
@ o o £ - T N
7 1 | 5 4
c 6 1 \ I \ c @ |
2 ) o0 2 P p oo
= ;o Lo A £ 4 Coa o T
9:<E 4 1 \ I I * I \ 1 1y \
\ I L ! ' |
O I & ] 1 QO Q | I 3 ‘X
! b p ! 2 ! [
2 é LY B \ I v % \
/ \ ) & ! ‘? #* I \vv ! 3 *\ X
I o' 7 8 6 o - \*
0 ——O—————————J—i——a—.—_—_—_t—_—- A 0 Lo = S A —
0 5 10 15 0 5 10 15
HAB (mm) HAB (mm)

Figure 7.2: Flame emission for two radicals; a, CH™ and b, C," as a function of HAB with
different dilution gases at pressure of 40 kPa.

With chemiluminescence, the investigation of fluctuations of the base of the flame demonstrated
an increase in fluctuation of the length of the flame, as shown by the two variables. The influence
of COzin a CoHs—air flame was focussed on experimentally in laminar premixed flame structure
at 40 kPa pressure and PAH and soot formation investigations. Several changes in PAH and soot
in-flame concentrations were noticed in the CH” and C2"doped flame. PAH and soot suppression
indexes can be useful to highlight how the presence of CH” and C2" can globally reduce pollutant
emissions. Figure 7.2 shows the intensity of CH" and C2" with HAB of C,Hs—air and C,Hs—air
diluted with Ar, N2 and CO: at pressure of 40 kPa. It is shown that the higher intensity was for the
CH" case with diluted Ar, while in the C," case, the best intensity was for 9 x 10 at 10 mm HAB
with diluted Ar. Highly spectrally resolved local CH™ and C2" chemiluminescent spectra were
obtained at the near flame zone in the case of the C,Hs—air. The soot yield was directly
proportional to the concentration of CH™ and C;" in the near flame zone. The same signal was
obtained at higher HAB in the case of a premixed flame. The signal from chemiluminescent
spectra indicated that the presence of C," was found at the largest HAB in the case of the Ar
premixed flame; and the presence of CH" was found almost at the same HAB in the case of Ny,
COz and Ar premixed flames.
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A second peak was obtained when N, and CO> were added for both CH" and C2" however, this

could be a false signal or perhaps a new mechanism which sits outside the scope of this study.

7.1.3 Laser-induced incandescence

In this work, various experimental examinations were carried out concerning the utilisation of

CO2, N2and Ar as an additive in laminar premixed CoHs—air flames at pressure of 40 kPa.

The LII signal generated was measured through an ICCD camera, 200 images were recorded for

each image. Figure 7.3 presents the LIl images for different gas additive and HAB at pressure of

40 kPa. The LIl signal intensity was obtained by adding counts at each pixel, where the LIl was

recoded and the background subtracted. To acquire LII signals with appropriate signal to noise

ratios, the position identified in the flames should have a high soot volume fraction, so that the

signals are sufficient. Thus, the LII signals to be examined were identified at 4-19 mm HAB.

Flames HAB (mm)
6 mm 8 mm 10 mm 15 mm 18 mm
CHair N e e e T/

Figure 7.3: LIl imaging at different gas addition at 40 kPa pressure
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Figure 7.4: Soot volume fraction as a function of HAB with different gas additives at 40 kPa

pressure

Figure 7.4 presents soot volume fraction as a function of HAB with different gas additives at 40

kPa of pressure. Ar addition produced minimal soot emission compared to the addition of other

gasses. These results were inconsistent with previously reported studies [124, 164] . These studies

used computational work that permits recognition of the relative contribution of the thermal and

chemical effects brought about by additions of gas to flames. The first examination of

experimental and modelling discoveries suggested that CO; is able to chemically decrease PAH

and soot emissions.
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7.1.3.1 Soot surface growth

This study was conducted to analyse the effects of CO2, Ar and N2 dilution at pressure of 40 kPa.
As a rule, Ar and CO- dilution can reduce soot formation. Prior work has centred on the three
effects of CO2, which are dilution, temperature and direct chemical participation [165]. More
recently, scientists have typically considered the effect of CO: dilution on soot formation
specifically, without investigating the three specific effects. Liu et al. [166], for example, claimed
that it was difficult to absolutely isolate these three effects experimentally, so they researched the

nucleation, surface growth and oxidation of soot particles.

Most results have demonstrated that CO2/N. dilution has a negative effect on the nucleation of
incipient soot and almost no effect on the oxidation of soot particles. Regarding the surface growth
of soot particles, [119] found no change in the surface growth rate, while Gu et al. [167] concluded
in their simulation results that CO> dilution on the fuel side strongly reduced surface growth.
Consequently, an experimental study was required to clarify the influence of CO2/N2/Ar addition

on soot formation, and the flame structure of a laminar C2Hs—air flame.

Figure 7.4 illustrates the case of using Ar as a diluent rather than CO2 or N2, at 40 kPa pressure
demonstrating that the soot volume fraction abruptly decreased. The suppression of soot volume
fraction in the Ar diluted case resulted from two processes: the short residence time in the
inception region caused by late nucleation; and the decrease of surface growth distance by the low

flame temperature resulting from the higher thermal capacity and the chemical change of Ar.

To determine the soot surface growth constant ksg values for the different flames at a pressure of
40 kPa, a graphical representation was prepared by plotting df,,/dt along the y-axis and the

corresponding soot volume fraction along the x-axis (see Figure 7.5).

Soot growth rates were calculated to compare soot growth rates in flames under different
nucleation conditions. The results suggested that the soot growth rate had a relatively weak
dependence on the change of conditions. Using the method described above, the derived ks
values were found to be 8.3 s, 15.35 5%, 35.65 s and 60.35 s for C,Has-air, CoHs-air:N2, CoHa-
air:CO. and CoHg-air:Ar, respectively. This can be seen in Figure 7.5. Therefore, the results show

that the soot growth rate constant was high with the addition of Ar.
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Figure 7.5: Derivative function dfy/dt as a function of soot volume fraction, at pressure of 40

kPa; a = the whole flame condition, b= with gas additives

7.1.4 Flame temperature

It is crucial to keep the temperature profiles constant in the investigation of the chemical effects
of N2, CO. or Ar additions at pressure of 40 kPa. Comparisons of different diluted flame
temperature profiles are shown in Figure 7.6. The results showed that the diluted Ar had lower

temperature values than the CaHs-air and flames diluted with CO2 and N2 at (blue region) low

HAB (2-10 mm).
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Figure 7.6: Temperature profile of different diluted flames at 40 kPa pressure

According to the reaction rate discussed in the following sections, the reactions mainly happened
at HAB less than 10 mm, indicating that these deviations in the post flame region were acceptable.
Hence, the temperature profiles were thought to be nearly constant and the thermal effects of
CzHs-air, N2, CO2 and Ar should be excluded. The temperature at the first soot inception was
1458.52 K, 1414.51 K, 1406.21 K, and 1377.16 K for CzHs-air, C2Hs-air:N2, CoHs-air:CO2 and
CoHgs-air:Ar, respectively, Thus, the soot inception temperature was affected when a gas was

added to the flame as the temperature became lower.
7.1.5 Laser-induced fluorescence of PAHs

Similarly to previous chapters, laser-induced fluorescence (LIF) was used to measure PAHSs. The
emission wavelength of PAH LIF will increase with an increase in aromatic ring sizes; hence,
according to the quantum chemistry calculations in [125, 136], three detection wavelength bands
were used to distinguish three kinds of PAHs. PAH-LIF spectroscopic studies were conducted at
two pressure setting; 40 kPa and 27 kPa, from wavelengths range of 200 — 700 nm. Three
different wavelength bands were used to identify three kinds of PAHSs. Figure 7.7 presents a
typical spectrum at 40 kPa pressure in respect to different gas additive and different HAB. PAH

LIF signals in the range 320 — 360 nm are caused by the presence of PAHs with 2 - 3 aromatic
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rings, while signals in wavelength ranging from 370 to 410 nm indicate the presence of 3 - 4
aromatic-ring-membered species, and signals above 500 nm indicate the presence of PAHs with

5 - membered ring structures. Signal strengths qualitatively indicate the concentrations of the

corresponding PAHSs.
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Figure 7.7: PAH LIF spectra for different flames at 40 kPa pressure a; CoHs-air, b; CoHs-air:N2
c; CoHs-air:COz and d; CoHs-air:Ar at different HAB

Figure 7.8 presents PAH LIF as a function of HAB. It was found that, the PAH LIF decreased
with Ar addition more so than with CO2, N2 or CzHs-air for all values of HAB at pressure of
40 kPa. Thus, it was concluded that addition of Ar to the laminar premixed flames slowed down
the nucleation rate and thus compressed the formation of nascent soot and a slight reduction in

the absorbency of soot particles was observed. This demonstrated that Ar dilution made the soot

particles less mature.

The PAH LIF signals were measured along the axial line of the series of flames in two detection
wavelength bands, 320-360 and 370-410 nm, at various different gas additive and at pressure of
40 kPa, as shown in Figure 7.8 (a) and (b). PAHs was measured up to 17 mm HAB. This height

was sufficient to show the distribution of PAH LIF concentrations along the flame. As shown in
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Figure 7.8 (a) and (b), the signal profiles indicated that the relative concentrations of (2-3R) PAH
LIF and (3-4R) PAH LIF gradually increased along the HAB and then levelled off at ~5, 9, 9 and
11-mm HAB with the CzHg-air, CoHg-air:N2, CzHs-air:CO, and CHs-air:Ar, respectively.
Further, the PAH LIF signals of different PAHs monotonically decreased with additive gases
which indicates that CO2, N2 and Ar additions chemically suppressed PAH formation.
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Figure 7.8: PAH LIF as a function of HAB; a, (2-3R) PAH LIF and b, (3-3R) PAH LIF with
different gas additive at 40 kPa pressure

From Figure 7.9 a and Figure 7.9 b. The spatially phenomenological removing rate at 40 kPa of
pressure was calculated using exponential fitting and the values were presented on Table 7.1.

For(kjnan), the values were 14.1 57!, 20.58 s7', 7.87 s7' and 11.2 s™' for C2Ha-air, C2Hs-air:Ny,

C2H4-air:CO, and CoHas-air:Ar, respectively. The values for (k;27) were 10.3 57!, 14.53 57!, 4.7
s 'and 3.9 s for CoHs-air, CoHg-air:N2, CoHs-air:CO, and CoHas-air:Ar, respectively.

The CzHg-air:Ar had the lowest effect on the removing rate on (k3,25) , as compared to(k;,on),

where C2Hs-air:N2 had the highest effect on the removing rates of PAHs on both the rings.

It is worth noting that the PAH removing rate for CoHs-air and CoHs-air:N2 was close to the soot

growth rate constant. In comparison, the PAHs removing rate constant for CoHs-air:CO> and
CoHs-air:Ar was lower than the soot growth rate.
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Figure 7.9: PAH LIF as a function of time and a fit curve (dashed line) with different PAH LIF
a; (2-3R) PAH LIF and b; (3—4-R) PAH LIF at 40 kPa pressure.

Table 7.1: The spatially phenomenological removing rate constant of PAHSs at 40 kPa pressure

Flame The spatially phenomenological removing rate constant
(s
(Kphen (Kphen
CoHgs-air 141 10.3
CaHs-air:Na 20.58 14.53
C2H;-air:CO; 7.874 4.709
CoHs-air:Ar 11.2 3.978

7.1.6 Spatial correlation among the measured parameters

Figure 7.10 shows superimposition of measured profiles including flame and soot temperatures,
CH" and C," emissions, soot volume fractions and PAH LIF onto flame photographs at 40 kPa
pressure. From spatial resolution as shown at Table 7.2. It was found that a separation occurs

between the two radicals CH™ and C,". However, it was interesting to find that the max intensity
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of C," radicals and (2-3R) PAH LIF overlapped. The locations of maximum (2-3R) PAH LIF
were 4, 8, 8 and 10 mm HAB for the CoHs-air, CoHs-air:N2, CoHs-air:CO2 and CoHg-air:Ar,
respectively. The soot formation locations also increased in the case of premixed flames. The soot
formation locations were 5, 9, 9 and 11 mm HAB for the CoHs-air, CoHs-air:N2, CoHs-air:CO2
and CzHgs-air:Ar flames, respectively. The soot volume fraction, fv, decreased gradually in the
case of CoHs-air:N2, CoHs-air:CO2 and CoHs-air:Ar flames. However, the locations for the soot
volume fraction and removing of PAH LIF were found to be almost overlapping, corresponding

temperatures remained unaffected for the types of flames under the experimental scheme.

It was inferred from the spatial representation that the location of maximum concentration of PAH

LIF, the location of soot formation, the soot volume fraction and temperature were interconnected.

Table 7.2: Superimposition of the measured profiles.

Spatial location Max intensity (mm)

Chemical species
CoHs-air C2Hs-air:N2 C2Hs-air:CO2 C2Hgs-air:Ar

CH" 3 7 7 9

C.’ 4 8 8 10
(2-3R) PAH LIF 4 8 8 10
(3-4 R) PAH LIF 5 9 9 11
Soot inception 5 9 9 11
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Figure 7.10: Superimposition of the measured profiles for flame and soot temperature,

normalise of CH" and C," emissions, soot volume fractions and PAH LIF onto flame
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air:C0Oz; d, CoHga-air:Ar.
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7.2 Summary

Suppression of soot particle formation during combustion of gaseous fuels is particularly
important as soot is harmful for the environment and human health. It was primarily observed that
the introduction of some gases in the flame zone effectively suppressed soot formation although
the exact mechanism is yet to be established in some cases. In the present experiment, premixed
C2Ha fuel with a constant equivalence ratio of 2.1 and at 40 kPa with the addition of CO2, N2 and

Ar gases was studied.

From the photographs of CoHs-air premixed flames, it can be concluded that the flame zone was
reduced significantly by the addition of CO2, N2 and Ar gases. Maximum reduction of the flame
zone might be achieved by using Ar as an additive in fuel. It was known from previous studies
that soot yield is proportional to the concentration of CH™ and C2* near the flame zone. These
could be expelled from the near flame zone by using premixed flames. Ar most effectively reduced
the presence of those ions in the flame zone and thus soot suppression was achieved. The f,
decreased after addition of N2, CO2 and Ar, but this was achieved most effectively with the
addition of Ar.

Gaseous additives had no effect on the first soot initiation temperatures, which were 1458.52 K,
141451 K, 1406.21 K, and 1377.16 K for CoHas-air, CoHs-air:N2, CoHs-air:CO» and CaHs-air:Ar,
respectively.

The soot surface growth rate constant (ksg) was found to be 8.3 s%, 15.35s?, 35.65 s ! and 60.35
st for CoHs-air, CaHas-air:N2, CoHs-air:CO2 and CoHas-air:Ar, respectively. The results show that

the soot growth rate constant kg, was high with the addition of Ar.

PAHSs are known to be contributors to soot formation. The locations for the soot volume fraction
and removal of PAH LIF were found to be almost overlapping. Ar was the most effective fuel
diluent for shifting all types of PAH LIF and moving soot formation locations away from the
flame zone. Thus, Ar proved to be the best additive for soot suppression even beyond the flame
zone. The spatially phenomenological removing rate (k;,on) and (kpnan) Were calculated. The
values for ) were 14.1 s7!, 20.58 s7!, 7.87 s' and 11.2 s ! with CoHa-air, CoHs-air:Na, CoHa-
air:CO2 and CzHa-air:Ar, respectively; while the values (k;,zn) Were 10.3s™, 145357, 4.7 57!
and 3.9 s™! for CyHs-air, C2Ha-air:N2, CoHs-air:CO2 and CoHas-air:Ar, respectively. This indicates

that N2 has the highest effect on the removing rates of PAHs using(kjnan) and (knon
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It is worth noting that the PAH removing rate for C2Hg-air and C2Hg-air:N2 was close to the soot
growth rate constant. In comparison, the PAH removing rate constant for CoHs-air:CO2 and CaHs-

air:Ar was lower than the soot growth rate
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Chapter 8: Conclusion

The objective of this study was to utilise optical laser diagnostics as a tool to better understand
the inception phase and surface growth of soot particles. The work described in this thesis is based
on the study of quasi-one-dimensional, premixed C;Hs—air (plus another additive) flames
stabilised on a McKenna burner under low-pressure conditions ranging from 27 — 48 kPa with

equivalence ratios of 2.1 and 2.3.

The soot volume fraction, PAH LIF, chemiluminescence of CH" and C,", flame temperature, and
particle temperature were measured. Table 8.1 summarised the parameters that have been

measured for all flame settings.

Chapter 5 and 6 focussed on the pressure dependence of soot formation in a series of flat premixed
C2Hs4—air flames with a constant equivalence ratio of 2.1 and 2.3 at different pressures ranging
from 27 to 48 kPa. It was found that the separation between CH™ and C,", measured as the distance
between CH™-Mand C,"-M# decreased linearly with an increase in pressure, with a slope of 25 x
10°+0.062x 10°° (mPa?t) and 28 x 10°+ 0.048x 10~° (mPa?) at & = 2.1 and 2.3, respectively.
Also, a very weak soot volume fraction (f,) of 0.0003 ppm was found at first soot inception;
however, f,, scaled with pressure to the power range of 2.15 + 0.7 and 1.5+ 0.4 at ® = 2.1 and
2.3, respectively. This is consistent with a previous study published with different fuel and

pressure range conditions as the n value 1 <n > 3 [18, 96-110].

At @ = 2.1 the soot growth rate constant, ksg, was found to be 20 s at a pressure of 27 kPa. At &
2.3, ksgwas found to be 32 s, 25.13 st and 12.11 st for pressures of 27 kPa, 32 kPa and 35
kPa, respectively, This is 80% lower as compared to the values reported in previous studies [12,
15, 109, 150-152]. However, the growth rate constant of the soot formation was found to be
slightly higher at a high equivalence ratio and lower at a low equivalence ratio. The soot growth
rate was also found to increase slightly with a decrease in pressure. This indicates that ksg has a

weak correlation with the pressure and equivalence ratio.

PAHs are known to contribute to soot formation. The starting location for soot formation

coincides with the location of the observed decrease in PAHs. The spatially phenomenological

removing rate constant of (k3558 ) and (kj,en) were found to be 24.61 s *and 21.46 s*
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respectively, at a pressure of 40 kPa. While at a pressure of 27 kPa, (k2,58 ) and (k2,4%) were

measured as15.29 s ' and 18.26 s for (k2,38 ) and (k3,2%) , respectively. For & = 2.3 and
pressures of 40 kPa, the (k2nar )and (k3,4%) were found to be 23.33 s and 16.9 s,

respectively. The removing rates of PAHs were also found to be different at different pressures
and equivalence ratios. The removing rates of the PAHSs increase with increasing in pressure and

with increases in the equivalence ratio.

For both at @ = 2.1 and 2.3, it was observed that the initial detection of soot particles took place
at temperatures of ~1465 + 66 K, 1332 £ 62 K, respectively.

Chapter 7 examined the effect of gas additives (CO2, N2 and Ar) on soot formation at a series of
flat premixed CoHs—air flames with a constant equivalence ratio of 2.1 at 40 kPa. It was found that
f,, decreased after the addition of N2, CO> and Ar. The soot growth rate formation with additive
gases differs based on the additive gas used. The results showed that CoHs-air created the lowest
soot growth rate constant. CoHs-air diluted with Ar had the highest soot growth rate constant, as

compared to other additive gases.

The spatially phenomenological removing rate(kynox) and (kjnen) were calculated. For

(kZp3% )were 14.1s7!,20.58 57!, 7.8 s™"and 11.2 s~ with CzHa-air, C2Ha-air:N2, C2Ha-air:CO;

and CzHa-air:Ar, respectively. The values for (k;,zn) were 10.3s™', 145357, 4.7s'and 3.9 s
for CaHas-air, CoHs-air:N2, C2Hs-air:CO2 and CzHa-air:Ar, respectively.With additive gases, the
removing rates of the PAHs depended on the dilution of the soot, which later leads to loading of
the soot. Additives gasses with high dilution rates saw the rate of soot loading increase, thus

having a negligible effect on the removing of the PAHSs at the different rings.

When the loading of soot is low, the dilution rate of the additive gasses was also shown to be low,
which lead to a significant effect on the removing rate of the PAHSs on the gases. Therefore, these
results show that the formation of soot is dependent on the type of additive gasses used during the
experimental process. This difference is based on the fact that each additive will have a different

oxidation rate with the premixed ethylene air.

The determination of the spatially phenomenological removal rate of soot formation was key for
this study, presumably due to the PAHs being consumed to increase soot amounts [160]. This
study found that the value of the PAHs removing rate is found to be identical to the soot growth
rate at &= 2.1, but when Ar and CO. were added, the PAHs removing rate became lower.
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However, the temperature also was affected when a gas was added to the flame as the temperature
became lower; as with gas additives, the soot particle detection occurred at temperatures of
1458.52 K, 1414.51 K, 1406.21 K and 1377.16 K for C,Hs-air, CoHas-air:N2, CoHas-air:CO-2 and
CoHg-air:Ar, respectively. This relationship between the PAHs removal rate and soot growth rate
has been reported here for the first time. However, the observed correlation between (2-3 R) PAH

LIF and C," may be useful for understanding soot formation.

Table 8. 1: Summarised of parameter measured

Parameter measured Technique Used Note

(2-3R) PAH LIF
(3-4R) PAH LIF

(5and more R) PAH LIF
Cold flow

Vflame

Baratron (MKS, 122AA-0100AB)

Spatially resolved Laser- induce incandesce
(L1).

Spatially resolved emission spectroscopy.
Spatially resolved emission spectroscopy.
Spatially resolved emission spectroscopy.

Thermocouple probe

Spatially resolved Laser induced fluorescence.
Spatially resolved Laser induced fluorescence.

Spatially resolved Laser induced fluorescence.

Hot wire probe
Modelled by CFD

Stable pressure by QPV1

Change burner position

Change fiber optic position
Change fiber optic position
Change fiber optic position
Change burner position
Change burner position
Change burner position
Change burner position

Change burner position
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Appendix A

Mass flow controller calibration sheet

To calibrate the tube and ball flowmeter, thermal mass flow controller (MFCs) from Bronkhorst
High-Tech are used to precisely determine the separate flow of ethylene and air. Both mass flow
controller (Model F-201CV-5K0-AAD-22-V) are connected and controlled via reader unit
(Model E-5714-AAA). Calibration sheets for these MFCs are shown in Figure A.1 and Figure

A2
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0

Bronkhorst®
HIGH-TECH

CALIBRATION CERTIFICATE

FrLuib No. 1 OF 1
CERTIFICATE NO. BHT179/1855091

Calibration by comparison
Calibration date: 15 Jun 2015

We hereby certify that the instrument mentioned below has been calibrated in accordance with the stated values and conditions. The
calibration standards used are traceable to national standards of the Dutch Metrology Institute VSL.

Calibrated instrument Calibration standard

Type Flow controller (D) Type Piston Prover

Serial number M15205655A Serial number 80204

Model.number F-201CV-5K0-AAD-22-V Certificate no. BCC001/1804351

Rated accuracy* +(0.5%Rd + 0.1%FS) Uncertainty +0.3% Rd

Customer conditions Calibration conditions

Fluid C2H4 = Fluid AR

Flow 4.000 In/min Flow 6.467 In/min (equivalent flow)
Pressure _780.0 torr (g) Pressure 5.0 bar (a)

Temperature . 200°C Temperature 235 °C

Atm. pressure 1018.6 hPa (a)

Calibration and conversion results

Customer flow** Equivalent flow*™* Reference flow M M
Output signal C2H4 AiR AR deviation* uncertainty*
1100.07% 4,003 In/min 6.471 In/min 6.478 In/min -0.11 % Rd 0.4 % Rd
49.98% 1.999 In/min 3.246 In/min 3.246 In/min 0.00 % Rd 0.4 % Rd
0.00% 0.000 In/min 0.000 In/min 0.000 In/min - -
Measured Deviation
3% T
2% 1
1% T
-
3
*
2 0% + + A + + —4
g o6 20% 40% 60% 80% 100%
3
< ut Flow
2%+
= Rated accuracy
A Measured deviation
3% -
Notes

Flow unit In/min is defined at conditions 0.00 °C, 1013.25 hPa (a).
* Rated accuracy, measured deviation and measurement uncertainty are specified under calibration conditions in digital mode.
** The customer flow at customer conditions is converted to equivalent flow at calibration conditions using Bronkhorst High-Tech FLUIDAT® software.

Measurement uncertainties are based upon 95% (k=2) confidence limits. Although the item d meets the specil and p at the time of
calibration, due to any number of factors, this does not imply continuing to the sp jons. Vi
Calibrator CL. Qc AFK.

Date 17 Jun 201¢

Signed ...
‘Mulical V2.05 FLUIDAT® V5.73 (Database: 17-03-2003) J\ Report V1.13

Figure A.1: Calibration sheets for C2Hs mass flow controller.
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%

Bronkhorst®
HIGH-TECH
CALIBRATION CERTIFICATE
FLuib NO. 1 0F 1 Calibration by comparison
CERTIFICATE NO. BHTG19/1856276 Calibration date: 16 Jun 2015

We hereby certify that the instrument mentioned below has been calibrated in accordance with the stated values and conditions. The
calibration standards used are traceable to national standards of the Dutch Metrology Institute VSL.

Calibrated instrument Calibration standard

Type Flow controller (D) Type Piston Prover
Serial number M15205655B Serial number M4200265A
Model number F-201CV-10K-AAD-22-V Certificate no. BCC001/1841917

Rated accuracy” .. +(0.5%Rd + 0.1%FS) Uncertainty +0.3% Rd

Calibration conditions

Customer conditions

Fluid AR - Fluid AR
Flow 10.00 in/min : Flow 9.972 In/min (equivalent flow)
Pressure 760.0 torr (g) Pressure 5.0 bar (a)
Temperature 200 °C Temperature 223 °C
Atm. pressure 1023.8 hPa (a)
Calibration and conversion results
b Customer flow™* Equivalent flow** Reference flow M d M
Output signal AR ) AiR AR ion* y
100.28% 10.03  In/min 10,00 In/min 10.02 In/min -0.15 % Rd 0.4 % Rd
50.35% 5.035 In/min 5.019 In/min 5.025 In/min -0.12 % Rd 0.4 %Rd
0.00% 0.000 In/min 3 0.000 In/min 0.000 In/min - -
Measured Deviation
3% T
2% T
1% T
2
- % ) ' " O
2 0 + + + +
E o 20% 40% A 60% 80% mﬁ%
< et Flow
2%+
= Rated accuracy
A Measured deviation
-3% =
Notes

Flow unit In/min is defined at conditions 0.00 °C, 1013.25 hPa (a).
* Rated accuracy, measured deviation and measurement L inty are specified under calibration conditions in digital mode.
** The customer flow at customer conditions is converted to equivalent flow at calibration conditions using Bronkhorst High-Tech FLUIDAT® software.

Measurement uncertainties are based upon 95% (k=2) confidence limits. Although the item cali meets the specifications and performance at )‘e time of
calibration, due to any number of factors, this does not imply continuing conformance to the specifications. L

Calibrator M.Se. Qc A.FK.
Date 17 Jun 2015
Sighed: ccasisiisior .
MultiCal V2.05 FLUIDAT® V5.73 (Database: 17-03-2003) Report V1.13

Figure A.2: Calibration sheets for Air mass flow controller.
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Appendix B

Gas temperature after correction

Gas temperature are corrected to compensate for heat and losses by radiation heat loses (see
chapter 3, section 3.2.4.1 Thermocouple (gas phase)). The final temperatures results are shown
on Table B.1 to Table B.5.
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e Premixed Ethylene-Air at & 2.1.

Table B.1: Temperature after radiation correction for 48 kPa, 46 kPa and 40 kPaat @ 2.1

HAB Measured Corrected Measured Corrected Measured Corrected
Temperature Temperature Temperature Temperature Temperature Temperature
(mm) (K) (K) (K) (K) (K) (K)
48 kPa 46 kPa 40 kPa
1 776 781.60 773 777.30 755 759.23
2 964 974.26 954 962.18 913 920.27
3 1180 1189.96 1174 1189.46 1160 1175.22
4 1333 1345.56 1268 1287.74 1254 1273.66
5 1373 1386.72 1363 1388.69 1353 1377.56
6 1434 1450.02 1399 1427.47 1435 1466.99
7 1453 1469.97 1464 1497.36 1476 1511.59
8 1464 1481.59 1470 1504.38 1474 1509.90
9 1433 1449.78 1443 1475.94 1465 1483.24
10 1434 1451.14 1440 1473.33 1450 1485.42
11 1383 1398.77 1392 1422.56 1406 1438.56
12 1375 1390.87 1373 1402.77 1393 1425.32
13 1370 1386.14 1372 1402.55 1383 1400.05
14 1354 1370.06 1369 1400.18 1384 1417.43
15 1352 1368.59 1358 1389.42 1371 1404.48
16 1333 1349.55 1344 1375.52 1354 1387.37
17 1331 1348.27 1339 1371.53 1353 1371.68
18 1314 1331.56 1309 1340.78 1330 1364.63
19 1302 1320.26 1305 1338.37 1322 1357.92
20 1293 1312.43 1295 1329.98 1309 1346.39
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Table B.2: Temperature after radiation correction for 38 kPa, 35 kPa,32 kPa and 27 kPaat @ 2.1

HAB Measured Corrected Measured Corrected Measured Corrected Measured Corrected
(mm) Temperature Temperature Temperature Temperature Temperature Temperature Temperature Temperature
(K) (K) (K) (K) (K) (K) (K) (K)
38 kPa 35 kPa 32 kPa 27 kPa
1 733 736.92 728 731.97 709 712.73 706 709.94
2 902 909.13 885 891.78 863 869.26 856 863.05
3 1148 1163.00 1133 1147.48 1120 1134.37 1112 1128.17
4 1244 1263.54 1234 1253.20 1210 1228.55 1208 1228.87
5 1355 1381.60 1343 1367.13 1323 1348.59 1321 1348.24
6 1436 1468.68 1434 1466.91 1423 1456.15 1433 1469.26
7 1480 1516.56 1473 1509.41 1473 1510.55 1475 1515.30
8 1473 1509.47 1474 1511.00 1478 1516.49 1482 1523.46
9 1474 1511.06 1473 1510.50 1485 1524.70 1489 1531.88
10 1452 1488.44 1453 1489.52 1448 1485.28 1451 1491.10
11 1414 1447.77 1425 1460.03 1442 1479.53 1449 1489.77
12 1393 1425.94 1403 1437.07 1420 1456.58 1416 1454.66
13 1395 1428.97 1403 1437.99 1415 1452.06 1413 1452.37
14 1392 1426.75 1402 1437.91 1414 1452.09 1413 1430.87
15 1383 1418.16 1389 1424.97 1403 1441.33 1410 1428.43
16 1365 1399.90 1376 1412.20 1393 1431.85 1403 1445.39
17 1363 1399.25 1372 1409.35 1383 1422.65 1393 1435.66
18 1334 1369.41 1344 1380.70 1362 1401.48 1372 1415.07
19 1332 1369.43 1339 1377.40 1353 1391.51 1362 1406.38
20 1315 1353.48 1324 1363.68 1343 1385.93 1348 1393.98
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e Premixed Ethylene-Air at & 2.3.

Table B.3: Temperature after radiation correction for 48 kPa, 46 kPa and 40 kPa at @ 2.3

HAB Measured Corrected Measured Corrected Measured Corrected
Temperature Temperature Temperature Temperature Temperature Temperature
(mm) (K) (K) (K) (K) (K) (K)
48 (kPa) 46 (kPa) 40 (kPa)

1 843 856.04 841 854.35 833 846.42

2 952 970.76 953 972.19 963 983.89

3 1057 1074.51 1063 1090.35 1073 1102.15
4 1153 1175.55 1158 1194.32 1163 1201.01
5 1253 1282.86 1265 1314.69 1282 1333.42
6 1269 1300.52 1271 1322.08 1274 1327.16
7 1275 1307.64 1278 1330.51 1295 1351.63
8 1283 1316.72 1292 1346.61 1302 1360.26
9 1288 1322.65 1284 1338.63 1295 1329.91
10 1302 1338.40 1308 1366.94 1315 1376.89
11 1313 1351.12 1318 1379.47 1324 1388.33
12 1333 1373.78 1335 1400.26 1343 1411.55
13 1329 1370.42 1334 1400.43 1349 1391.97
14 1348 1392.40 1352 1422.90 1358 1432.08
15 1344 1389.35 1349 1421.12 1363 1439.88
16 1339 1385.45 1344 1417.30 1359 1437.22
17 1334 1381.72 1344 1419.57 1354 1403.51
18 1323 1371.70 1335 1411.62 1342 1422.14
19 1318 1368.84 1324 1401.82 1339 1421.85
20 1295 1346.30 1304 1381.86 1313 1394.59
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Table B.4: Temperature after radiation correction for 38 kPa, 35 kPa, 32 kPa and 27 kPa at & 2.3

HAB Measured Corrected Measured Corrected Measured Corrected Measured Corrected
(mm) Temperature Temperature Temperature Temperature Temperature Temperature Temperature Temperature
(K) (K) (K) (K) (K) (K) (K) (K)
38 (kPa) 35 (kPa) 32 (kPa) 27 (kPa)

1 773 783.68 772 782.92 753 763.41 733 743.03

2 973 995.10 982 1005.26 995 1020.21 1000 1027.03
3 1081 1111.19 1089 1120.40 1093 1125.63 1113 1149.61
4 1173 1212.52 1184 1225.37 1193 1236.51 1203 1250.27
5 1288 1342.94 1293 1349.42 1294 1352.04 1292 1352.88
6 1282 1336.75 1284 1339.83 1289 1346.95 1303 1366.36
7 1294 1350.96 1301 1359.87 1304 1364.78 1313 1378.56
8 1305 1364.24 1313 1374.35 1314 1377.00 1323 1390.91
9 1300 1359.18 1308 1369.35 1315 1378.94 1325 1394.06
10 1318 1380.85 1321 1385.21 1322 1387.99 1327 1397.33
11 1334 1400.41 1335 1402.55 1350 1421.82 1361 1438.58
12 1350 1420.38 1353 1424.89 1355 1428.91 1363 1442.19
13 1356 1428.72 1364 1439.13 1375 1454.00 1380 1464.06
14 1365 1441.01 1369 1446.70 1372 1452.12 1373 1418.05
15 1370 1448.79 1374 1454.59 1383 1467.12 1387 1434.93
16 1364 1443.68 1372 1454.36 1380 1465.71 1383 1473.47
17 1359 1440.09 1369 1453.13 1373 1459.85 1384 1477.28
18 1354 1436.94 1359 1444.10 1364 1451.82 1367 1459.60
19 1341 1424.82 1344 1429.35 1354 1443.29 1358 1451.98
20 1318 1401.08 1323 1407.98 1332 1420.57 1333 1425.54
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Premixed Ethylene-Air with different gas additive at @ 2.1.

Table B.5: Temperature after radiation correction with different gas additive to flame.

HAB Measured Corrected Measured Corrected Measured Corrected Measured Corrected
(mm) Temperature Temperature Temperature Temperature Temperature Temperature Temperature Temperature
(K) (K) (K) (K) (K) (K) (K) (K)
CoHa+AIr CoHa+Air+N: C2Hs+AIr+CO2 CoHa+AIr+Ar

1 - - - - - - - -

2 1122 1134.43 324 324.07 363 363.16 308 308.05
3 1345 1364.98 625 626.36 660 661.66 319 319.09
4 1450 1463.45 1110 1115.58 1121 1126.77 374 374.31
5 1445 1458.52 1203 1210.27 1349 1359.32 442 442.69
6 1441 1454.68 1394 1405.53 1394 1405.56 783 788.09
7 1435 1448.70 1414 1426.30 1408 1420.16 1109 1125.20
8 1429 1442.72 1413 1425.52 1405 1417.34 1174 119351
9 1419 1432.67 1402 141451 1394 1406.21 1343 1373.58
10 1404 141752 1391 1403.46 1374 1386.09 1353 1385.01
11 1384 1397.26 1370 1382.25 1363 1375.10 1345 1377.16
12 1368 1381.13 1343 1354.86 1325 1336.36 1330 1361.98
13 1341 1353.73 1315 1326.49 1313 1324.42 1290 1319.77
14 1273 1284.23 1240 1249.90 1220 1229.44 1270 1299.67
15 1213 1223.10 1170 1178.63 1194 1203.16 1144 1165.97
16 1156 1165.02 1140 1148.31 1105 1112.47 1104 1124.41
17 1104 1112.19 1085 1092.48 1075 1082.22 1054 1072.39
18 1055 1062.51 1035 1041.82 1005 1011.26 1004 1020.52
19 998 1004.72 975 981.02 956 961.59 955 969.91
20 930 935.81 904 909.13 893 897.90 883 895.26
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Appendix C

Reaction time
1) Flame C2Hs-air at @ 2.1 with total flow rate 5 Lmin:

Table C. 1: Reaction time calculation at 48 kPa

HAB \/ flame dt Reaction time

(mm) (mm/s) (ms) (ms)
0 65 0 0
1 109 9.17 9.17
2 139 7.19 16.37
3 218 4,59 20.96
4 295 3.39 24.35
5 296 3.38 27.72
6 280 3.57 31.30
7 269 3.72 35.01
8 261 3.83 38.84
9 252 3.97 42.81
10 242 4.13 46.94
11 230 4.35 51.29
12 218 4,59 55.88
13 205 4.88 60.76
14 192 5.21 65.97
15 177 5.65 71.62
16 162 6.17 77.79
17 146 6.85 84.64
18 129 7.75 92.39
19 111 9.01 101.40
20 92 10.87 112.27
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Table C. 2: Reaction time calculation at 46 kPa

HAB v flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 72 0 0
1 194 5.15 5.15
2 231 4.33 9.48
3 278 3.60 13.08
4 282 3.55 16.63
5 268 3.73 20.36
6 258 3.88 24.23
7 251 3.98 28.22
8 243 4,12 32.33
9 233 4.29 36.63
10 223 4.48 41.11
11 212 4,72 45.83
12 201 4.98 50.80
13 188 5.32 56.12
14 176 5.68 61.80
15 162 6.17 67.98
16 148 6.76 74.73
17 133 7.52 82.25
18 117 8.55 90.80
19 101 9.90 100.70
20 84 11.90 112.60
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Table C. 3: Reaction time calculation at 40 kPa

HAB V/ flame dt Reaction time

(mm) (mm/s) (ms) (ms)
0 73 0 0
1 189 5.29 5.29
2 243 4.12 9.41
3 291 3.44 12.84
4 296 3.38 16.22
5 281 3.56 19.78
6 271 3.69 23.47
7 262 3.82 27.29
8 254 3.94 31.22
9 246 4.07 35.29
10 231 4.33 39.62
11 222 4.50 44.12
12 210 4.76 48.88
13 197 5.08 53.96
14 184 5.43 59.39
15 170 5.88 65.28
16 155 6.45 71.73
17 139 7.19 78.92
18 123 8.13 87.05
19 106 9.43 96.49
20 88 11.36 107.85
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Table C. 4: Reaction time calculation at 38 kPa

HAB \/ flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 74 0 0
1 191 5.24 5.24
2 247 4.05 9.28
3 297 3.37 12.65
4 302 3.31 15.96
5 287 3.48 19.45
6 277 3.61 23.06
7 269 3.72 26.77
8 261 3.83 30.61
9 251 3.98 34.59
10 234 4.27 38.86
11 228 4.39 43.25
12 215 4.65 47.90
13 202 4.95 52.85
14 188 5.32 58.17
15 174 5.75 63.92
16 159 6.29 70.21
17 143 6.99 77.20
18 127 7.87 85.07
19 109 9.17 94.25
20 91 10.99 105.24
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Table C. 5: Reaction time calculation at 35 kPa

HAB V/ flame dt Reaction time

(mm) (mm/s) (ms) (ms)
0 76 0 0
1 189 5.29 5.29
2 257 3.89 9.18
3 313 3.19 12.38
4 318 3.14 15.52
5 302 3.31 18.83
6 291 3.44 22.27
7 282 3.55 25.82
8 273 3.66 29.48
9 263 3.80 33.28
10 252 3.97 37.25
11 239 4.18 41.43
12 226 4.42 45.86
13 212 4.72 50.57
14 198 5.05 55.63
15 183 5.46 61.09
16 167 5.99 67.08
17 151 6.62 73.70
18 133 7.52 81.22
19 115 8.70 89.91
20 96 10.42 100.33
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Table C. 6: Reaction time calculation at 32 kPa

HAB V/ flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 70 0 0
1 191 5.24 5.24
2 275 3.64 8.87
3 315 3.17 12.05
4 320 3.13 15.17
5 304 3.29 18.46
6 292 3.42 21.89
7 284 3.52 2541
8 275 3.64 29.04
9 265 3.77 32.82
10 253 3.95 36.77
11 241 4.15 40.92
12 227 441 45.32
13 214 4.67 50.00
14 199 5.03 55.02
15 184 5.43 60.46
16 168 5.95 66.41
17 151 6.62 73.03
18 134 7.46 80.49
19 116 8.62 89.12
20 96 10.42 99.53
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Table C. 7: Reaction time calculation at 27 kPa

HAB V/ flame dt Reaction time
(mm) (mm/s) (ms) (ms)

0 77 0 0

1 195 5.13 513
2 233 4.29 9.42
3 270 3.70 13.12
4 287 3.48 16.61
5 311 3.22 19.82
6 299 3.34 23.17
7 291 3.44 26.60
8 282 3.55 30.15
9 270 3.70 33.85
10 259 3.86 37.72
11 246 4.07 41.78
12 233 4.29 46.07
13 219 4.57 50.64
14 204 4.90 55.54
15 188 5.32 60.86
16 172 5.81 66.67
17 155 6.45 73.12
18 137 7.30 80.42
19 119 8.40 88.83
20 99 10.10 98.93
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2) Flame CzHg-air at @ 2.3 with total flow rate 5 Lmin-:

Table C. 8: Reaction time calculation at 48 kPa

HAB \/ flame dt Reaction time

(mm) (mm/s) (ms) (ms)
0 71 0 0
1 221 4,52 4,52
2 257 3.89 8.42
3 266 3.76 12.18
4 270 3.70 15.88
5 257 3.89 19.77
6 247 4.05 23.82
7 240 4.17 27.99
8 232 431 32.30
9 223 4.48 36.78
10 214 4.67 41.45
11 203 4.93 46.38
12 192 5.21 51.59
13 180 5.56 57.14
14 168 5.95 63.10
15 155 6.45 69.55
16 141 7.09 76.64
17 127 7.87 84.51
18 112 8.93 93.44
19 96 10.42 103.86
20 80 12.50 116.36
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Table C. 9: Reaction time calculation at 46 kPa

HAB \/ flame dt Reaction time

(mm) (mm/s) (ms) (ms)
0 71 0 0
1 213 4.69 4.69
2 256 3.91 8.60
3 268 3.73 12.33
4 272 3.68 16.01
5 258 3.88 19.88
6 249 4.02 23.90
7 242 4.13 28.03
8 234 4.27 32.31
9 225 4.44 36.75
10 215 4.65 41.40
11 204 4.90 46.30
12 193 5.18 51.49
13 181 5.52 57.01
14 169 5.92 62.93
15 156 6.41 69.34
16 142 7.04 76.38
17 128 7.81 84.19
18 113 8.85 93.04
19 97 10.31 103.35
20 80.4 12.44 115.79
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Table C. 10: Reaction time calculation at 40 kPa

HAB v flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 72 0 0
1 215 4.65 4.65
2 250 4.00 8.65
3 276 3.62 12.27
4 281 3.56 15.83
5 266 3.76 19.59
6 256 3.91 23.50
7 249 4.02 27.51
8 241 4.15 31.66
9 232 431 35.97
10 221 4,52 40.50
11 210 4,76 45.26
12 199 5.03 50.29
13 187 5.35 55.63
14 174 5.75 61.38
15 160 6.25 67.63
16 146 6.85 74.48
17 132 7.58 82.06
18 116 8.62 90.68
19 100 10.00 100.68
20 83 12.05 112.73
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Table C. 11: Reaction time calculation at 38 kPa

HAB v flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 74 0 0
1 213 4.69 4.69
2 251 3.98 8.68
3 287 3.48 12.16
4 292 3.42 15.59
5 277 3.61 19.20
6 267 3.75 22.94
7 260 3.85 26.79
8 251 3.98 30.77
9 242 4.13 34.91
10 231 4.33 39.23
11 220 4.55 43.78
12 207 4.83 48.61
13 195 5.13 53.74
14 181 5.52 59.26
15 167 5.99 65.25
16 153 6.54 71.79
17 138 7.25 79.03
18 122 8.20 87.23
19 105 9.52 96.76
20 87 11.49 108.25
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Table C. 12: Reaction time calculation at 35 kPa

HAB \/ flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 73 0 0
1 211 4,74 4,74
2 254 3.94 8.68
3 296 3.38 12.05
4 301 3.32 15.38
5 286 3.50 18.87
6 275 3.64 22.51
7 267 3.75 26.26
8 258 3.88 30.13
9 248 4.03 34.16
10 238 4.20 38.37
11 226 4.42 42.79
12 213 4.69 47.48
13 201 4.98 52.46
14 187 5.35 57.81
15 172 5.81 63.62
16 157 6.37 69.99
17 142 7.04 77.03
18 125 8.00 85.03
19 108 9.26 94.29
20 90 11.11 105.40
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Table C. 13: Reaction time calculation at 32 kPa

HAB \/ flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 74 0 0
1 203 4.93 4.93
2 246 4.07 8.99
3 296 3.38 12.37
4 302 3.31 15.68
5 286 3.50 19.18
6 276 3.62 22.80
7 268 3.73 26.53
8 259 3.86 30.39
9 249 4.02 34.41
10 238 4.20 38.61
11 226 4.42 43.04
12 214 4.67 47.71
13 201 4.98 52.68
14 187 5.35 58.03
15 173 5.78 63.81
16 158 6.33 70.14
17 142 7.04 77.18
18 126 7.94 85.12
19 108 9.26 94.38
20 90.3 11.07 105.45
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Table C. 14: Reaction time calculation at 27 kPa

HAB \/ flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 74 0 0
1 204 4.90 4.90
2 249 4.02 8.92
3 300 3.33 12.25
4 305 3.28 15.53
5 290 3.45 18.98
6 279 3.58 22.56
7 271 3.69 26.25
8 262 3.82 30.07
9 252 3.97 34.04
10 241 4.15 38.19
11 229 4.37 42.55
12 217 4.61 47.16
13 203 4.93 52.09
14 190 5.26 57.35
15 175 5.71 63.07
16 160 6.25 69.32
17 144 6.94 76.26
18 127 7.87 84.13
19 110 9.09 93.23
20 91.4 10.94 104.17
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3) Flame C2Hg-air with addition of specific gas with total flow rate 7 Lmin :

Table C. 15: Reaction time calculation from flame C,Hs-air at pressure 40 kPa

HAB \/ flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 100 0 0
1 211 4,74 4,74
2 311 3.22 7.95
3 423 2.36 10.32
4 429 2.33 12.65
5 414 2.42 15.07
6 396 2.53 17.59
7 384 2.60 20.19
8 371 2.70 22.89
9 357 2.80 25.69
10 341 2.93 28.62
11 324 3.09 3171
12 306 3.27 34.98
13 287 3.48 38.46
14 268 3.73 42.19
15 247 4.05 46.24
16 226 4.42 50.67
17 204 4.90 55.57
18 181 5.52 61.09
19 157 6.37 67.46
20 132 7.58 75.04

180 | Page



Table C. 16: Reaction time calculation from flame CzHs-air with addition of N> at pressure 40

kPa

HAB \/ flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 110 0 0
1 317 3.15 3.15
2 413 2.42 5.58
3 485 2.06 7.64
4 484 2.07 9.70
5 469 2.13 11.84
6 453 2.21 14.04
7 436 2.29 16.34
8 418 2.39 18.73
9 399 251 21.24
10 379 2.64 23.87
11 359 2.79 26.66
12 338 2.96 29.62
13 316 3.16 32.78
14 293 3.41 36.20
15 270 3.70 39.90
16 246 4.07 43.96
17 221 4,52 48.49
18 196 5.10 53.59
19 170 5.88 59.47
20 143 6.99 66.47
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Table C. 17: Reaction time calculation from flame C2Hs-air with addition of CO; at pressure

40 kPa

HAB \/ flame dt Reaction time

(mm) (mml/s) (ms) (ms)
0 120 0 0
1 321 3.12 3.12
2 418 2.39 5.51
3 476 2.10 7.61
4 481 2.08 9.69
5 468 2.14 11.82
6 451 2.22 14.04
7 435 2.30 16.34
8 416 2.40 18.74
9 401 2.49 21.24
10 376 2.66 23.90
11 357 2.80 26.70
12 340 2.94 29.64
13 317 3.15 32.79
14 295 3.39 36.18
15 272 3.68 39.86
16 251 3.98 43.84
17 224 4.46 48.31
18 193 5.18 53.49
19 172 5.81 59.30
20 145 6.90 66.20
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Table C. 18: Reaction time calculation from flame C>Hs-air with addition of Ar at pressure 40

kPa

HAB V/ flame dt Reaction time

(mm) (mm/s) (ms) (ms)
0 110 0 0
1 311 3.22 3.22
2 364 2.75 5.96
3 416 2.40 8.37
4 438 2.28 10.65
5 454 2.20 12.85
6 455 2.20 15.05
7 438 2.28 17.33
8 420 2.38 19.71
9 401 2.49 22.21
10 381 2.62 24.83
11 361 2.77 27.60
12 339 2.95 30.55
13 317 3.15 33.71
14 294 3.40 37.11
15 271 3.69 40.80
16 247 4.05 44.85
17 222 4.50 49.35
18 197 5.08 54.43
19 171 5.85 60.28
20 144 6.94 67.22
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Appendix D

In this project, we used six flames conditions. The following tables present a summarised result of

each flame condition.

4) Flame C2Hs-air at @ 2.1 with total flow rate 5 Lmin-:

Table D. 1: Summarised result from flame at pressure 48 kPa

HAB Reaction time Ty Ts fy CH" C”
(mm) (ms) (K) (K) (ppm) (a.u.) (a.u.)
1 9.17 781.60 -- -- 0.02639 0.01017
2 16.37 974.26 -- -- 0.03214 0.01399
3 20.96 1189.96 -- -- 0.16386 0.01807
4 24.35 1345.56 - - 1 0.1874
5 27.72 1386.72 -- -- 0.81683 1
6 31.30 1450.02 -- 7.97E-04 0.45585 0.48963
6.5 -- -- -- 7.50E-04 -- --
7 35.01 1469.97 -- 7.83E-04 0.24843 0.22641
8 38.84 1481.59 -- 8.18E-04 0.08462 0.01017
9 42.81 1449.78 -- 9.65E-04 0.0393 --
10 46.94 1451.14 -- 0.00119 0.03304 --
11 51.29 1398.77 1508.5 0.00145 0.00649 --
12 55.88 1390.87 1468.1 0.00189 -- --
13 60.76 1386.14 1418 0.00265 -- --
14 65.97 1370.06 1385.5 0.004 -- --
15 71.62 1368.59 1385.5 0.00584 -- --
16 77.79 1349.55 1352.9 0.00731 -- --
17 84.64 1348.27 1329 0.00962 -- --
18 92.39 1331.56 1288.9 0.0117 -- --
19 101.40 1320.26 1273.1 0.01455 -- --
20 112.27 1312.43 1264.4 0.01819 -- --
21 -- -- -- 0.02007 -- --
22 -- -- -- 0.02499 -- --
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Table D. 2: Summarised result from flame at pressure 46 kPa

HAB Reaction Ty Ts fu CH" C2”
time
(mm) (ms) (K) (K) (ppm) (a.u.) (a.u.)
1 5.15 777.30 -- -- 0.00171 0.0024
2 9.48 962.18 -- -- 0.02093 0.0024
3 13.08 1189.46 -- -- 0.15105 0.0024
4 16.63 1287.74 -- -- 1 0.71931
5 20.36 1388.69 -- -- 0.92328 1
6 24.23 1427.47 -- 7.36E-04 0.4773 0.38166
6.5 -- -- -- 7.39E-04 -- --
7 28.22 1497.36 1518.7 8.14E-04 0.18375 0.01428
8 32.33 1504.38 1469.5 8.36E-04 0.07636 0.0059
9 36.63 1475.94 1443.9 9.46E-04 0.00548 --
10 41.11 1473.33 1412.7 0.00114 0.00936 --
11 45.83 1422.56 1386.8 0.00143 -- --
12 50.80 1402.77 1359.9 0.00234 -- --
13 56.12 1402.55 1340.4 0.00275 - -
14 61.80 1400.18 1304.9 0.00411 -- --
15 67.98 1389.42 1295.1 0.00549 -- --
16 74.73 1375.52 1272.9 0.00746 -- --
17 82.25 1371.53 1280.2 0.00937 -- --
18 90.80 1340.78 -- 0.01248 -- --
19 100.70 1338.37 -- 0.0164 -- --
20 112.60 1329.98 -- 0.01861 -- --
21 -- -- -- 0.02041 -- --
22 -- -- -- 0.0255 -- --
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Table D. 3: Summarised result from flame at pressure 40 kPa

HAB Reaction Ty Ts CH" C2" fv (2-3R) (3-4R)
time PAH LIF PAH LIF
(mm) (ms) (K) (K) (a.u.) (a.u.) (ppm) (au.) (au.)

1 5.29 759.23 - 1.71E-02  7.05E-04 0 -- --

2 9.41 920.27 - 1.81E-02 8.89E-04 0 -- --

3 12.84 1175.22 - 1.06E-01  0.00531 -- 328770 --

4 16.22 1273.66 8.00E-01  0.51267 -- 810659.6  188844.1

5 19.78 1377.56 - 1.00E+00 1 - 2.18E+06  620011.7

6 23.47 1466.99 -- 512E-01  0.43996  5.28E-04 1.91E+06 2.08E+06

6.5 -- -- -- -- -- 5.32E-04 -- --

7 27.29 1511.59 1530.5 0.24346 0.16984 4.97E-04 1.76E+06 1.90E+06

8 31.22 1509.90 1479.3 0.11889 0.01274  7.46E-04 1.43E+06 1.74E+06

9 35.29 1483.24 1447.6 0.04005  7.05E-04 8.47E-04 1.27E+06 1.48E+06

10 39.62 1485.42 1417.1 0.02548 -- 0.00107 1.13E+06 1.38E+06

11 4412 1438.56 1389.5 0.01332 -- 0.00127  986053.8 1.21E+06

12 48.88 1425.32 1361.7 - - 0.00214 947507  1.13E+06

13 53.96 1400.05 1352.9 -- -- 0.00241  818825.1 1.06E+06

14 59.39 1417.43 1297.7 -- -- 0.00388  732949.4 1.01E+06

15 65.28 1404.48 1269.5 -- -- 0.0051 751542.6  924525.5

16 71.73 1387.37 1259.5 -- -- 0.00674  659896.8 993696.1

17 78.92 1371.68 -- -- -- 0.00915 617212.1 965928.6

18 87.05 1364.63 -- -- -- 0.01161  563303.3 1.04E+06

19 96.49 1357.92 -- -- -- 0.01353 563307  1.19E+06

20 107.85 1346.39 -- -- -- 0.01706 -- --

21 -- -- -- -- -- 0.01948 -- --

22 -- -- - - - 0.02261 - -
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Table D. 4: Summarised result from flame at pressure 38 kPa

HAB Reaction Ty Ts fu CH" C2”
time
(mm) (ms) (K) (K) (ppm) (a.u.) (a.u.)

1 5.24 736.92 -- -- 0.01954 1.51E-04
2 9.28 909.13 -- -- 0.01974 4.98E-04
3 12.65 1163.00 -- -- 0.08725 0.0019
4 15.96 1263.54 -- -- 0.65502 0.29325
5 19.45 1381.60 -- -- 1 1

6 23.06 1468.68 -- 3.86E-04 0.62867 0.62895
6.5 -- -- -- 4.19E-04 -- --

7 26.77 1516.56 1543.7 3.98E-04 0.28705 0.24879
8 30.61 1509.47 1481.8 5.91E-04 0.10617 0.01405
9 34.59 1511.06 1440.9 7.96E-04 0.04778 --
10 38.86 1488.44 1423 9.09E-04 0.02015 --
11 43.25 1447.77 1387.6 0.0011 0.01419 --
12 47.90 1425.94 1360.2 0.0018 -- -
13 52.85 1428.97 13274 0.0021 -- --
14 58.17 1426.75 1299 0.00339 -- --

15 63.92 1418.16 1276.6 0.00414 -- --

16 70.21 1399.90 1259.8 0.00583 -- --
17 77.20 1399.25 -- 0.00814 -- --
18 85.07 1369.41 -- 0.00997 -- --
19 94.25 1369.43 -- 0.01203 -- --
20 105.24 1353.48 -- 0.01438 -- --
21 -- -- -- 0.01703 -- --
22 -- -- -- 0.0192 -- --
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Table D. 5: Summarised result from flame at pressure 35 kPa

HAB Reaction Ty Ts fu CH" C2”
time
(mm) (ms) (K) (K) (ppm) (au.) (a.u.)
1 5.29 731.97 -- -- 0.01218 0.00595
2 9.18 891.78 -- -- 0.01236 0.00595
3 12.38 1147.48 -- -- 0.06766 8.84E-03
4 15.52 1253.20 -- -- 0.42277 0.15237
5 18.83 1367.13 -- -- 1 1
6 22.27 1466.91 -- 2.80E-04 0.7078 0.77951
6.5 -- -- -- 3.07E-04 -- --
7 25.82 1509.41 1578.5 2.83E-04 0.31535 0.31883
8 29.48 1511.00 1508.2 2.85E-04 0.12353 0.13781
9 33.28 1510.50 1459.8 3.76E-04 0.05329 0.00595
10 37.25 1489.52 1429.8 7.91E-04 0.02828 --
11 41.43 1460.03 1403.8 8.99E-04 0.02107 --
12 45.86 1437.07 1380.6 0.00142 0.01346 --
13 50.57 1437.99 1349.2 0.00172 0.01198 --
14 55.63 1437.91 1329.4 0.00281 - --
15 61.09 1424.97 1310.1 0.0035 -- --
16 67.08 1412.20 1325.3 0.00452 -- --
17 73.70 1409.35 -- 0.00606 -- --
18 81.22 1380.70 -- 0.00784 -- --
19 89.91 1377.40 -- 0.00938 -- --
20 100.33 1363.68 -- 0.01092 -- --
21 -- -- -- 0.01219 -- --
22 -- -- -- 0.01457 -- --
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Table D. 6: Summarised result from flame at pressure 32 kPa

HAB Reaction Ty Ts fu CH" C2”
time
(mm) (ms) (K) (K) (ppm) (au.) (a.u.)
1 5.24 712.73 -- -- 0.01296 0.00453
2 8.87 869.26 -- -- 0.01411 0.00453
3 12.05 1134.37 -- -- 0.05061 4.47E-03
4 15.17 1228.55 -- -- 0.30342 0.09703
5 18.46 1348.59 -- -- 1 0.71145
6 21.89 1456.15 -- 2.25E-04 0.96854 1
6.5 -- -- -- 2.23E-04 -- --
7 25.41 1510.55 - 2.11E-04 0.41791 0.50238
8 29.04 1516.49 1573 2.75E-04 0.1781 0.16278
9 32.82 1524.70 1502.8 2.99E-04 0.08497 0.01434
10 36.77 1485.28 1460.9 5.81E-04 0.04783 0.00528
11 40.92 1479.53 1427.4 6.82E-04 0.04021 --
12 45.32 1456.58 1405.7 0.00108 0.03193 --
13 50.00 1452.06 1375.3 0.00127 0.01073 --
14 55.02 1452.09 1358 0.0017 0.008 --
15 60.46 1441.33 1357.6 0.00255 0.00174 --
16 66.41 1431.85 -- 0.00325 -- --
17 73.03 1422.65 -- 0.00425 -- --
18 80.49 1401.48 -- 0.00527 -- --
19 89.12 1391.51 -- 0.00631 -- --
20 99.53 1385.93 -- 0.00725 -- --
21 -- -- -- 0.00805 -- --
22 -- -- -- 0.00974 -- --
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Table D. 7: Summarised result from flame at pressure 27 kPa

HAB Reaction Ty Ts CH® C” fv (2-3R) (3-4R)
time PAH LIF PAH LIF
(mm) (ms) (K) (K) (a.u.) (a.u.) (ppm) (au.) (au.)

1 5.13 709.94 -- 0.01028 0.00797 -- -- --

2 9.42 863.05 -- 1.28E-02  4.33E-03 -- -- --

3 13.12 1128.17 -- 1.41E-02  3.40E-03 -- 94851.59 --

4 16.61 1228.87 -- 8.22E-02  0.01288 -- 138693.8 81394.81

5 19.82 1348.24 -- 5.00E-01  0.18945 -- 3.28E+05 1.75E+05

6 23.17 1469.26 - 1 0.92456 -- 5.37E+05 5.19E+05

6.5 -- -- -- -- -- -- -- --

7 26.60 1515.30 - 0.71222  1.00E+00 1.90E-04 6.11E+05 1.01E+06

8 30.15 1523.46 -- 0.36507  3.86E-01 2.36E-04 4.78E+05 1.20E+06

9 33.85 1531.88 1629.1 0.16503  1.35E-01 2.34E-04 479250.2 9.56E+05

10 37.72 1491.10 1534.5 0.08175  4.18E-02 3.52E-04 458208.5 9.14E+05

11 41.78 1489.77 1510.4 0.03232  1.18E-02 3.31E-04 426514.6 8.84E+05

12 46.07 1454.66 1475.6 0.02083  8.78E-03  4.95E-04 346844.7 7.90E+05

13 50.64 1452.37 1453.4 0.01746  2.15E-03 5.55E-04 327539.8 633246.3

14 55.54 1430.87 1453.5 0.01136 -- 8.88E-04 306348.3 618111.7

15 60.86 1428.43 -- 0.01087 -- 9.43E-04 337109.5 570148.2

16 66.67 1445.39 -- 0.00581 -- 0.00134 315298  5.93E+05

17 73.12 1435.66 -- 0.00193 -- 0.0016 315298  5.50E+05

18 80.42 1415.07 - -- -- 0.00193  318904.5 513909

19 88.83 1406.38 -- -- -- 0.00211  247260.6 448266.5

20 98.93 1393.98 -- -- -- 0.00236 -- --

21 -- - - - - 0.00249 -- --

22 -- -- -- -- -- 0.00291 -- --
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5) Flame CzHs-air at @ 2.3 with total flow rate 5 Lmin-:

Table D. 8: Summarised result from flame at pressure 48 kPa

HAB Reaction Ty Ts fu CH" C2”
time

(mm) (ms) (K) (K) (ppm) (au.) (au.)

1 452 856.04 -- -- 0.01579 --

2 8.42 970.76 -- -- 0.01586 --

3 12.18 1074.51 - - 0.04119 -

4 15.88 1175.55 - - 5.96E-01 -

5 19.77 1282.86 -- 1.15E-04 1.00E+00 --

6 23.82 1300.52 -- 1.03E-04 6.39E-01 3.658133

6.5 -- -- -- 1.38E-04 -- --

7 27.99 1307.64 -- 2.05E-04 0.385 3.726919

8 32.30 1316.72 -- 3.86E-04 0.11465 3.809172

9 36.78 1322.65 -- 8.70E-04 0.0184 3.926451

10 41.45 1338.40 1423.4 0.0014 0.01312 4.048117

11 46.38 1351.12 1380 0.00229 -- 4.220783

12 51.59 1373.78 1360.1 0.00572 -- 4.414568

13 57.14 1370.42 1340 0.00637 -- 4.760563

14 63.10 1392.40 1331.9 0.00916 -- 5.108971

15 69.55 1389.35 1354.6 0.01421 -- 5.6669

16 76.64 1385.45 1367.2 0.01939 -- 6.398767

17 84.51 1381.72 1333.6 0.02399 -- 7.365567

18 93.44 1371.70 1342 0.03145 -- 8.704522

19 103.86 1368.84 -- 0.03791 -- 10.48034

20 116.36 1346.30 -- 0.04592 -- 13.11282

21 -- -- -- 0.05099 -- --

22 -- -- -- 0.05165 -- --
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Table D. 9: Summarised result from flame at pressure 46 kPa

HAB Reaction Ty Ts fu CH" C2”
time

(mm) (ms) (K) (K) (ppm) (a.u.) (a.u.)
1 4.69 854.35 -- -- 0.01008 0.05981
2 8.60 972.19 -- -- 0.00551 0.0153
3 12.33 1090.35 -- -- 0.03016 0.04844
4 16.01 1194.32 -- -- 0.36888 5.11E-01
5 19.88 1314.69 -- 1.06E-04 1 1.00E+00
6 23.90 1322.08 -- 1.12E-04 0.72535 0.74577
6.5 -- -- -- 1.47E-04 -- --
7 28.03 1330.51 -- 1.82E-04 0.30206 0.11948
8 32.31 1346.61 -- 3.93E-04 0.15386 0.08361
9 36.75 1338.63 -- 8.57E-04 0.06083 --
10 41.40 1366.94 -- 0.00146 0.02556 --
11 46.30 1379.47 1419.9 0.0024 -- --
12 51.49 1400.26 1368.1 0.00576 -- --
13 57.01 1400.43 1367.6 0.00709 -- --
14 62.93 1422.90 1380.6 0.00975 -- --
15 69.34 1421.12 1376.2 0.01396 -- --
16 76.38 1417.30 1363.2 0.01858 -- --
17 84.19 1419.57 1350.2 0.0232 -- --
18 93.04 1411.62 1340.5 0.02939 -- --
19 103.35 1401.82 1355.4 0.0368 -- --
20 115.79 1381.86 1384 0.04422 -- --
21 -- -- -- 0.04767 -- --
22 -- -- -- 0.0511 -- --
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Table D. 10: Summarised result from flame at pressure 40 kPa

HAB Reaction Ty Ts CH" C" fv (2-3R) (3-4R)
time PAH LIF PAH LIF
(mm) (ms) (K) (K) (au) (au) (ppm) (au.) (au.)
1 4.65 846.42 - 0.01012 0.07559 -- -- --
2 8.65 983.89 -- 0.00803 0.0795 -- -- --
3 12.27 1102.15 - 0.04376 0.04541 - 349079.2 -
4 15.83 1201.01 - 0.20808  4.68E-02 -- 4.45E+05 168383.2
5 19.59 1333.42 - 1 5.44E-01 - 8.30E+05 266184.1
6 23.50 1327.16 -- 0.95404 1.00E+00 1.05E-04 1.10E+06 788289.7
6.5 -- -- -- -- -- 1.32E-04 -- --
7 2751 1351.63 -- 0.30183 0.05879  1.56E-04 1.05E+06 1.19E+06
8 31.66 1360.26 -- 0.16917 0.07508  3.39E-04 859940.2 1.14E+06
9 35.97 1329.91 -- 0.06354 -- 7.62E-04 809430.8 1.02E+06
10 40.50 1376.89 1447.8 0.00803 -- 0.00138  682355.6  990045.6
11 45.26 1388.33 1410.1 - - 0.00235  508866.4 926666.4
12 50.29 1411.55 1384.3 - - 0.00573 5077113 771078
13 55.63 1391.97 1368.9 -- -- 0.00759  475043.8  759543.5
14 61.38 1432.08 1367.6 - -- 0.00996  455201.5 838015.5
15 67.63 1439.88 1354.3 - - 0.01262  403456.4 810424
16 74.48 1437.22 1356 - - 0.01816 333738  923668.9
17 82.06 1403.51 1301.5 -- -- 0.02123  438798.8 922503.5
18 90.68 1422.14 -- -- -- 0.02903  333583.8 --
19 100.68 1421.85 -- -- -- 0.03469 -- --
20 112.73 1394.59 -- -- -- 0.04205 -- --
21 -- -- -- -- -- 0.04729 -- --
22 -- - - - - 0.04782 - -
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Table D. 11: Summarised result from flame at pressure 38 kPa

HAB Reaction Ty Ts fu CH" C2”
time

(mm) (ms) (K) (K) (ppm) (au.) (a.u.)
1 4.69 783.68 -- -- 0.01768 0.00984
2 8.68 995.10 -- -- 0.01665 0.00984
3 12.16 1111.19 -- -- 0.03846 0.00984
4 15.59 1212.52 -- -- 0.20141 0.02265
5 19.20 1342.94 -- -- 9.21E-01 2.53E-01
6 22.94 1336.75 -- 1.10E-04 1.00E+00 1.00E+00
6.5 - - - 1.25E-04 - -
7 26.79 1350.96 -- 1.48E-04 0.6326 5.51E-01
8 30.77 1364.24 -- 2.99E-04 0.22504 0.014
9 34.91 1359.18 -- 6.98E-04 0.13459 --
10 39.23 1380.85 -- 0.00128 0.09118 --
11 43.78 1400.41 -- 0.00217 0.0114 --
12 48.61 1420.38 1438.2 0.00522 -- --
13 53.74 1428.72 14104 0.00717 -- --
14 59.26 1441.01 1419.6 0.0094 - -
15 65.25 1448.79 1384.9 0.01231 - --
16 71.79 1443.68 13824 0.01653 -- --
17 79.03 1440.09 1363.1 0.02119 -- --
18 87.23 1436.94 1346.7 0.02563 -- --
19 96.76 1424.82 1367 0.03258 -- --
20 108.25 1401.08 1349.7 0.04031 -- --
21 -- -- -- 0.04225 -- --
22 -- -- -- 0.04645 -- --
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Table D. 12: Summarised result from flame at pressure 35 kPa

HAB Reaction Ty Ts fu CH" C2”
time
(mm) (ms) (K) (K) (ppm) (au.) (a.u.)
1 474 782.92 -- -- 0.03212 0.00953
2 8.68 1005.26 -- -- 0.04209 0.00953
3 12.05 1120.40 -- -- 0.04495 0.00953
4 15.38 1225.37 -- -- 0.13667 0.00953
5 18.87 1349.42 -- -- 0.62316 0.14516
6 22.51 1339.83 -- 1.09E-04 1.00E+00 1
6.5 -- -- -- 1.28E-04 -- --
7 26.26 1359.87 - 1.45E-04 7.55E-01 0.72209
8 30.13 1374.35 -- 2.53E-04 3.30E-01 0.0977
9 34.16 1369.35 1.41E+03 5.76E-04 1.80E-01 0.00953
10 38.37 1385.21 1369.2 0.00108 9.48E-02 --
11 42.79 1402.55 1332.7 0.00186 0.02953 --
12 47.48 1424.89 1402.3 0.00421 -- --
13 52.46 1439.13 1384.2 0.00629 -- --
14 57.81 1446.70 13715 0.00799 -- -
15 63.62 1454.59 1354.6 0.01093 -- --
16 69.99 1454.36 1366.4 0.0157 -- --
17 77.03 1453.13 1397.3 0.01785 -- --
18 85.03 144410 -- 0.02557 -- --
19 94.29 1429.35 -- 0.02925 -- --
20 105.40 1407.98 -- 0.03517 -- --
21 -- -- -- 0.03994 -- --
22 -- -- -- 0.03859 -- --

195 | Page



Table D. 13: Summarised result from flame at pressure 32 kPa

HAB Reaction Ty Ts fu CH" C2”
time
(mm) (ms) (K) (K) (ppm) (au.) (a.u.)
1 493 763.41 -- -- 0.0162 0.00291
2 8.99 1020.21 -- -- 0.01792 0.00291
3 12.37 1125.63 -- -- 0.02021 0.00291
4 15.68 1236.51 -- -- 0.06711 0.00291
5 19.18 1352.04 -- -- 0.2144 0.05393
6 22.80 1346.95 -- -- 0.86817 0.60195
6.5 -- -- -- -- -- --
7 26.53 1364.78 -- -- 1 1
8 30.39 1377.00 -- 2.06E-04 0.55484 0.61538
9 34.41 1378.94 -- 4.64E-04 0.22239 0.06441
10 38.61 1387.99 1394.7 8.31E-04 0.09616 0.02516
11 43.04 1421.82 1443 1.55E-03 0.07718 --
12 47.71 1428.91 1412.9 3.17E-03 0.0676 --
13 52.68 1454.00 1381.3 5.04E-03 0.01837 --
14 58.03 1452.12 1374.1 0.00633 -- --
15 63.81 1467.12 1350.6 0.00969 -- --
16 70.14 1465.71 1349.7 0.01233 - -
17 77.18 1459.85 1377.6 0.01668 - -
18 85.12 1451.82 -- 0.01934 -- --
19 94.38 1443.29 -- 0.02487 -- --
20 105.45 1420.57 -- 0.02636 -- --
21 -- -- -- 0.03021 -- --
22 -- -- -- 0.02841 -- --
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Table D. 14: Summarised result from flame at pressure 27 kPa

HAB  Reaction To Ts CH" C f, (2-3R)  (3-4R)
time PAH LIF PAH LIF
(mm) (ms) (K) (K) (a.u.) (a.u.) (Ppm) (a.u.) (a.u.)

1 4.90 743.03 - 0.00347  0.00741 - - -

2 8.92 1027.03 - 0.00379  0.00741 - 78073.97  72273.1

3 1225 114961 - 0.00527  0.00741 - 69055.98  69104.55

4 1553 125027 - 0.01062  0.00741 - 6424511 53947.95

5 1898  1352.88 - 0.02954  0.00109 - 135071.3  138810.6

6 2256  1366.36 - 0.08045  0.00686 - 1777468  226713.4

7 2625 137856 - 0.37974  0.17706 - 183251.3  313707.3

8 3007 139091 - 0.92079  0.87775 - 194874  354639.8

9 3404  1394.06 - 1 1 - 2516205 428584.7

10 3819 139733 - 072697  0.64238  3.86E-04 273837.9 465999.8

11 4255 143858 1.62E+03  0.39492  0.34422  7.13E-04 195197.1 354505.1

12 4716 144219 1.60E+03 0.19383  0.06567  0.00104  249018.6 413794.4

13 5209  1464.06 154E+03 0.10271 - 0.00157  200508.6 385259.3

14 5735 141805 152E+03 0.03724 - 0.00267 2378323  425074.3

15 63.07 143493 152E+03 0.01642 - 0.00401 2017375 395283.8

16 69.32 147347 1.60E+03  0.01396 - 0.00493 2258742 4526456

17 7626 147728 - 0.00994 - 0.00652 2161485 519617.4

18 8413  1459.60 - - - 0.00739 - -

19 9323  1451.98 - - - 0.00933 - -

20 10417 142554 - - - 0.0101 - -

21 - - - - - 0.01161 - -

22 - - - - - 0.01066 - -
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6) Flame C2Hs-air with addition of specific gas with total flow rate 7 Lmin :

Table D. 15: Summarised result from flame C,Hs-air at pressure 40 kPa

HAB Reaction Ty CH" C2" fu (2-3R) (3-4R)
time PAH LIF PAH LIF
(mm) (ms) (K) (a.u.) (a.u.) (ppm) (a.u.) (a.u.)
1 4.74 -- 0.00833 0.00418 -- -- --
2 7.95 1134.43 0.22889 0.00577 -- 244783 234616.6
3 10.32 1364.98 1 0.04814 -- 625946.4 835173.8
4 12.65 1463.45 0.91495 0.75427 -- 1.12E+06 1.80E+06
5 15.07 1458.52 0.34327 1.00E+00 2.74E-04 1.11E+06 1.88E+06
6 17.59 1454.68 0.08815 3.53E-01 2.11E-04 1.02E+06 1.72E+06
7 20.19 1448.70 0.00448 3.73E-02 2.18E-04 932238.1 1.57E+06
8 22.89 1442.72 -- -- 3.13E-04 801999 1.47E+06
9 25.69 1432.67 -- -- 6.04E-04 877233.9 1.45E+06
10 28.62 1417.52 -- -- 0.00101 847782.7 1.44E+06
11 31.71 1397.26 -- -- 0.00181 738813.7 1.32E+06
12 34.98 1381.13 -- -- 0.00307 777141.3 1.36E+06
13 38.46 1353.73 -- -- 0.00515 718988.8 1.36E+06
14 42.19 1284.23 -- -- 0.00853 701188.2 1.27E+06
15 46.24 1223.10 -- -- 0.01169 660207.9 1.24E+06
16 50.67 1165.02 -- -- 0.01611 669531.6 1.25E+06
17 55.57 1112.19 -- -- 0.01914 603929.8 1.19E+06
18 61.09 1062.51 -- -- 0.02652 -- --
19 67.46 1004.72 -- -- 0.02818 -- --
20 75.04 935.81 -- -- -- -- --
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Table D. 16: Summarised result from flame C2Hs-air with addition of N2 at pressure 40 kPa

HAB Reaction To CH" c' f, (2-3R) (3-4R)
time PAHLIF  PAH LIF
(mm) (ms) (K) (a.u.) (a.u.) (ppm) (a.u.) (a.u.)
1 3.15 - - - - 2944138 1637728
2 5.58 324.07 - - - 164031.7  163875.8
3 7.64 626.36 - - - 276933.1  78817.44
4 9.70 111558 - - - 283830.1 1620835
5 11.84 121027  7.31E-03  1.05E-03 - 576933.5  203439.9
6 14.04 140553  4.48E-02  8.51E-03 - 1.16E+06  735840.4
7 16.34 1426.30 032984  1.76E-01 - 1.77E+06  1.87E+06
8 18.73 142552 1 1.00E+00 - 1.79E+06  2.75E+06
9 21.24 141451 058172  7.76E-01 - 1.70E+06  2.83E+06
10 23.87 1403.46 020608  2.31E-01  9.81E-05  164E+06  2.73E+06
11 26.66 138225  587E-02  4.63E-02  177E-04  1.39E+06  2.55E+06
12 29.62 135486  3.77E-01  3.67E-01  2.76E-04  1.29E+06  2.28E+06
13 32.78 132649  167E-01  1.69E-01  542E-04  1.37E+06  2.15E+06
14 36.20 124990  4.89E-02  B8.06E-03  8.88E-04  1.25E+06  2.35E+06
15 39.90 117863  6.03E-03 - 000126  1.18E+06  2.11E+06
16 43.96 1148.31 - - 0.00174  1.05E+06  2.10E+06
17 48.49 1092.48 - - 0.00224 - -
18 53.59 1041.82 - - 0.00265 - -
19 59.47 981.02 - - 0.00321 - -
20 66.47 909.13 - - - - -
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Table D. 17: Summarised result from flame C2Hs-air with addition of CO; at pressure 40 kPa

HAB Reaction To CH" c' f, (2-3R) (3-4R)
time PAHLIF  PAH LIF
(mm) (ms) (K) (a.u.) (a.u.) (ppm) (a.u.) (a.u.)

1 3.12 - - - - 203458 -

2 5.51 363.16 - - - 1385565  193055.8

3 7.61 661.66 - - - 185489.4  135081.7

4 9.69 1126.77 - - - 226619.8  180543.2

5 11.82 1359.32  7.73E-03  6.79E-03 - 417E+05  289478.2

6 14.04 140556  4.67E-02  3.61E-03 - 6513522  699718.2

7 16.34 142016  3.16E-01  0.18115 - 730672.9  1.15E+06

8 18.74 1417.34  1.00E+00 1 - 6734513  1.30E+06

9 21.24 140621  6.43E-01 0.8412 - 710630.7  1.31E+06

10 23.90 1386.09 0.17429 0.1801 8.09E-05  659163.7  1.29E+06

11 26.70 1375.10 006551  3.35E-02  1.34E-04 689284  1.28E+06

12 29.64 1336.36 038059  357E-01  227E-04 611983  1.28E+06

13 32.79 1324.42 015386  1.31E-01  3.64E-04  626924.7  1.22E+06

14 36.18 1229.44 003376  -3.34E-03  536E-04  606302.2  1.21E+06

15 39.86 1203.16 00071  -419E-02  8.38E-04 - 1.25E+06

16 43.84 1112.47 -0.0037  -6.61E-02  9.39E-04 - -

17 48.31 108222  -0.02275  -145E-01  1.18E-03 - -

18 53.49 1011.26 - - 0.00132 - -

19 59.30 961.59 - - 0.00148 - -

20 66.20 897.90 - - - - -
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Table D. 18: Summarised result from flame C2Hs-air with addition of Ar at pressure 40 kPa

HAB Reaction To CH" c' f, (2-3R) (3-4R)
time PAHLIF  PAH LIF
(mm) (ms) (K) (a.u.) (a.u.) (ppm) (a.u.) (a.u.)
1 3.22 - - - - - -
2 5.96 308.05 - - - 2197121  5186.413
3 8.37 319.09 - - - 80248.37  76339.36
4 10.65 374.31 - - - 7.06E+04  76908.13
5 12.85 442.69 - - - 8.18E+04  8.35E+04
6 15.05 788.09 6.88E-03  4.09E-03 - 7.04E+04  72594.76
7 17.33 112520  1.99E-02  8.96E-03 - 8.27E+04  81448.48
8 19.71 119351  144E-01  4.13E-02 - 1.30E+05  135476.6
9 2221 137358  7.79E-01  5.49E-01 - 1556405 174216
10 24.83 138501  1.00E+00 1 - 1.93E+05  273955.8
11 27.60 1377.16 0.50742 061451  456E-05  194E+05  284251.7
12 30.55 1361.98 0.14742 014379  4.66E-05  183E+05  298037.8
13 33.71 1319.77 0.14425 0.06868  9.00E-05  163E+05  255328.9
14 37.11 1299.67 0.23383 010331  1.14E-04  163E+05  266254.1
15 40.80 1165.97 0.24089 011463  1.54E-04  1.72E+05  260649.6
16 44.85 1124.41 0.13653 007011  2.10E-04  1.52E+05  259432.7
17 49.35 1072.39 0.05885 002345  2.34E-04  1.48E+05 2704117
18 54.43 1020.52 0.01185 000271  2.96E-04 - -
19 60.28 969.91 - - 3.06E-04 - -
20 67.22 895.26 - - - - -
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Result summary

Table D. 19: Soot surface growth rate constant ksc

Flames Total flow rate (] Pressure ksc (s%)
(I/min) (kPa) Linear fitting
48
46
40
CoHaair 5 2.1 38
35
32
27 20
48
46
40
CoHa-air 5 2.3 38
35 12.11
32 25.13
27 32
CoHg-air 7 8.3
CoHg-air:N2 7.6 15.35
2.1 40
CzHs-air:CO, 7.6 35
CoH,-air:Ar 7.6 60.30
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Table D. 20: The Spatially phenomenological removing rate constant of PAHs

Flames Total flow (] Pressure Spatially phenomenological
rate removing rate constant
(I/min) (kPa) (s
(Kphen (Kphen
CoHg-air 40 24.61 21.64
5 2.1
27 15.29 18.26
CoHg-air 40 23.33 16.9
5 2.3
27 - -
CoHg-air 7 40 14.1 10.3
CzHs-air:N; 7.6 ”1 40 20.58 14.53
CHy-air:CO; 7.6 ' 40 7.874 4.709
CoHg-air:Ar 7.6 40 11.2 3.978
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