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Abstract

In this work, laser-based diagnostic techniques were developed and applied to investigate soot formation in small-
scale laboratory burners as well as in practical combustion devices.

Quantitative 2D laser-induced incandescence (LII) measurements often use a cylindrical lens to shape the beam
and illuminate the planar region of interest. The varying laser fluence and sheet width in the imaged flame region
created due to this focusing was found to introduce significant bias in the 2D LIl signal distributions, especially for
short focal length lenses combined with long imaged regions. Experimental data were recorded with variations in
laser fluence and detector gate, which were reproduced through numerical simulations using a heat-and-mass-
transfer-based LIl model. It was shown that adequate choices of experimental parameters could minimize bias in
the 2D LII signal distribution.

Combined measurements using LIl and extinction as well as laser-induced fluorescence of polycylic aromatic
hydrocarbons (PAH-LIF) were applied to characterize soot formation in methane-air diffusion flames at elevated
pressures. A special focus was on the evaluation of optical properties of soot at various spatial locations in the
flames through the analysis of LIl fluence curves. The absorption function E(m) was found to increase strongly with
increase in pressure at the position of maximum soot volume fraction (f;), and also along the centreline of the flame
until the position of maximum f,.. It was demonstrated that an assumption of constant E (m) in 2D LIl measurements
in sooting diffusion flames leads to large uncertainties in evaluated soot volume fractions.

Previous studies have shown that addition of potassium chloride (KCI) reduces soot concentration and primary
particle size. As PAHs are precursors of soot, this work focused on the influence of potassium and sodium salt
additives on PAH formation, and measurements were primarily made using PAH-LIF and elastic light scattering
(ELS). Using different combinations of excitation and fluorescence wavelengths, the detected fluorescence could
be classified to originate from two groups: small PAHs (~ 2-3 rings) and large PAHSs (= 4 rings). Addition of potassium
and sodium salts were found to have no observable influence on the formation of smaller PAHs. However, the
concentration of larger PAHs decreased in the sooting flame region with the addition of these salts, where the largest
effect was seen for potassium salts. Additionally, different salts of potassium (or sodium) showed similar
fluorescence and scattering response, thus showing that it is the metal ion which is primarily responsible for the
influence on PAH concentrations observed in this study.

Laser diagnostic techniques have also been applied in an optical diesel engine to study the effects of injector aging
and oxygenated fuel additive tripropylene glycol monomethyl ether (TPGME) on spray and soot formation as well
as soot oxidation. Studies in the literature have shown that aging of injectors adversely affects diesel engine
combustion. TPGME has also been found to lower soot emissions. The spray and soot formation were investigated
using high-speed imaging measurements of Mie scattering and natural luminosity, whereas late cycle soot oxidation
was studied using semi-quantitative 2D LIl and extinction measurements. Aged injector showed higher fuel injection
rates resulting in higher soot formation and faster soot oxidation, predominantly at low load conditions. The fuel with
added TPGME produced lesser soot in the cycle and showed faster soot oxidation rates.
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Abstract

In this work, laser-based diagnostic techniques were developed and applied to
investigate soot formation in small-scale laboratory burners as well as in practical
combustion devices.

Quantitative 2D laser-induced incandescence (LII) measurements often use a
cylindrical lens to shape the beam and illuminate the planar region of interest. The
varying laser fluence and sheet width in the imaged flame region created due to this
focusing was found to introduce significant bias in the 2D LII signal distributions,
especially for short focal length lenses combined with long imaged regions.
Experimental data were recorded with variations in laser fluence and detector gate,
which were reproduced through numerical simulations using a heat-and-mass-
transfer-based LII model. It was shown that adequate choices of experimental
parameters could minimize bias in the 2D LII signal distribution.

Combined measurements using LII and extinction as well as laser-induced
fluorescence of polycylic aromatic hydrocarbons (PAH-LIF) were applied to
characterize soot formation in methane-air diffusion flames at elevated pressures. A
special focus was on the evaluation of optical properties of soot at various spatial
locations in the flames through the analysis of LII fluence curves. The absorption
function E(m) was found to increase strongly with increase in pressure at the
position of maximum soot volume fraction (f;)), and also along the centreline of the
flame until the position of maximum f,,. It was demonstrated that an assumption of
constant E(m) in 2D LII measurements in sooting diffusion flames leads to large
uncertainties in evaluated soot volume fractions.

Previous studies have shown that addition of potassium chloride (KCI) reduces soot
concentration and primary particle size. As PAHs are precursors of soot, this work
focused on the influence of potassium and sodium salt additives on PAH formation,
and measurements were primarily made using PAH-LIF and elastic light scattering
(ELS). Using different combinations of excitation and fluorescence wavelengths,
the detected fluorescence could be classified to originate from two groups: small
PAHs (~ 2-3 rings) and large PAHs (= 4 rings). Addition of potassium and sodium
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salts were found to have no observable influence on the formation of smaller PAHs.
However, the concentration of larger PAHs decreased in the sooting flame region
with the addition of these salts, where the largest effect was seen for potassium salts.
Additionally, different salts of potassium (or sodium) showed similar fluorescence
and scattering response, thus showing that it is the metal ion which is primarily
responsible for the influence on PAH concentrations observed in this study.

Laser diagnostic techniques have also been applied in an optical diesel engine to
study the effects of injector aging and oxygenated fuel additive tripropylene glycol
monomethyl ether (TPGME) on spray and soot formation as well as soot oxidation.
Studies in the literature have shown that aging of injectors adversely affects diesel
engine combustion. TPGME has also been found to lower soot emissions. The spray
and soot formation were investigated using high-speed imaging measurements of
Mie scattering and natural luminosity, whereas late cycle soot oxidation was studied
using semi-quantitative 2D LII and extinction measurements. Aged injector showed
higher fuel injection rates resulting in higher soot formation and faster soot
oxidation, predominantly at low load conditions. The fuel with added TPGME
produced lesser soot in the cycle and showed faster soot oxidation rates.

12



Popular Summary

Since the beginning of the industrial revolution, fossil fuels such as coal, oil and
natural gas have been in the forefront of various sources of energy. However,
concerns about the emissions from these fossil fuel-based combustion systems
causing atmospheric pollution and global warming started to form a few decades
ago, and these concerns have been intensified as time progressed. Out of the various
emission products from a combustion system, carbon dioxide and soot are two of
the main contributors of global warming. In this thesis, we focus on soot. Soot
particles are extremely small carbon-based nanoparticles with sizes often smaller
than one hundredth of the thickness of a hair. They are formed due to the incomplete
combustion of hydrocarbon fuels (fuels primarily composed of carbon and
hydrogen) such as fossil fuels, biomass, etc. The yellow colour in a candle flame is
coming from heated soot particles in the flame. Soot upon inhalation, has also been
found to be detrimental to human health. Since the technological solutions alternate
to combustion systems can not satisfy the growing energy demands of the world
now, we must find ways to improve combustion systems in reducing their
emissions. Carbon-neutral combustion alternatives — such as biofuels — must be
further improved, for example regarding the reduction of soot emissions.

Developing accurate measurement or diagnostic techniques is an important step in
understanding any process. Optical diagnostic techniques such as laser-based
diagnostic techniques use the emission or absorption of light by the system to study
it. Although optical diagnostic techniques usually offer high spatial and temporal
resolutions, they can only be performed in open systems or in systems with optical
access (transparent components). Laser-induced incandescence (LII) is one of the
main optical diagnostic technique used for studying soot formation, where one can
obtain soot concentrations upon combining with other techniques such as laser
extinction or elastic light scattering (ELS). LII can also be used for measuring
different properties of the soot such as primary particle size, optical properties (how
soot interacts with light), etc. For this purpose, a heat and mass transfer based
numerical model called the LIl model is commonly used, in combination with the
measurements. Techniques such as laser extinction, ELS, laser-induced
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fluorescence of polycyclic aromatic hydrocarbon molecules (PAHs, considered as
the precursors of soot), etc. are some of the other diagnostic techniques used in the
works reported in this thesis.

A fundamental study on improving quantitative two-dimensional (2D) LII
measurements based on focusing of a laser beam or sheet was performed.
Experimental measurements and supporting calculations using the numerical LII
model showed that it is important to have a large value of the ratio between the focal
length and the length of the imaging region. Another fundamental study related to
soot formation at high pressures was performed to study how soot evolves from less
light absorbing less mature soot to more mature soot with higher light absorption
efficiency. Using experimental data together with simulations using the LII model,
it was found that for methane-air diffusion flames, soot maturity increased with
pressure and with height above the burner surface. Another study relevant for
biomass (renewable fuel based on plant or animal material) combustion using PAH-
LIF and ELS showed that addition of potassium chloride in a flame reduced the
formation of larger PAHs. Further investigations using different salts of potassium
(K) and sodium (Na) showed that only the metal ions in the salt, K" and Na* in our
cases, significantly influence the PAH and soot formation process. Applied
measurements of LII and extinction combined with high-speed imaging of flame
luminosity and scattering was performed in an optical diesel engine (one with
transparent components). The effects of the fuel injection system in the car getting
old was studied, and it was found that aging of injectors result in higher soot
formation and emissions. Additionally, the effect of the fuel additive TPGME was
studied, which showed lesser soot formation and faster soot oxidation.

Although several interesting results discussed here have shone some light into the
enigmatic topic of soot formation, some of these results pose interesting questions
to explore further. Laser diagnostic techniques such as the ones mentioned here
certainly has a role to play in helping to find those answers.
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Popularvetenskaplig Sammanfattning

Sedan borjan av den industriella revolutionen har fossila branslen som kol, olja och
naturgas varit dominerande bland energikéllorna i vérlden. Utsldppen fran fossil-
bréanslebaserade forbranningssystem orsakar luftféroreningar och bidrar till global
uppvarmning. Koldioxid och sotpartiklar &r tva forbranningsprodukter som starkt
bidrar till den globala uppvérmningen. I denna avhandling fokuserar vi pa sot.
Sotpartiklar dr extremt sma kolbaserade nanopartiklar med storlekar som oftast ar
mindre dn en hundradel av harets tjocklek. De bildas pd grund av ofullstindig
forbranning av kolvitebranslen (brinslen huvudsakligen sammansatta av kol och
vite) sasom fossila brénslen, biomassa, etc. Den gula fargen i en ljuslaga kommer
fran uppviarmda sotpartiklar i ldgan. Om sotet inte forbrinns i ldgan utan nar
omgivande luft si kan det vid inandning vara skadligt for ménniskors hilsa. Aven
om fossila branslen med tiden kommer att fasas ut och ersittas, s& kommer andra
forbréanningsalternativ sdsom biobréinslen att vara betydelsefulla &dven i framtiden
for att ticka det snabbt viixande energibehovet. Aven biobrinsleforbrinning
producerar sot och dessa forbranningssystem maéste forbdttras for att minska
utsldappen.

Att anvinda noggranna mattekniker édr ett viktigt steg for att forstd en process.
Optiska maéttekniker, t.ex. laserbaserade tekniker, anvinder ljus for att studera ett
system. Dessa tekniker paverkar vanligtvis inte systemet som studeras och
mojliggdr ofta hog tids- och rumsupplosning. Det kravs dock optisk access till
mitomradet, vilket betyder att slutna system sdsom motorer maste goras optiskt
tillgdngliga genom att ersétta motordelar med transparenta glaskomponenter.

Laserinducerad inkandescens (LII) dr en av de viktigaste optiska diagnostiska
teknikerna som anvédnds for att studera sotbildning genom att kunna mita
sotkoncentrationer. I kombination med andra tekniker som méter ljusabsorption och
ljusspridning kan man ocksa bestdmma till exempel sotpartikelstorlekar. LII kan
ocksé anvindas for att méta optiska egenskaper for partiklarna, dvs hur effektivt de
kan absorbera och sprida ljus. En matematisk modell har anvént for att simulera de
miétresultat som erhéllits med LII-tekniken, och god dverensstimmelse har erhallits.
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Samtliga har ndmnda tekniker — LII, absorption och spridning — har anvénts i det
experimentella arbetet presenterat i denna avhandling for att méta egenskaper for
sotpartiklar och fi en dkad forstaelse for sotbildningsprocesser. Aven forstadierna
till sotpartiklar, s.k. polycykliska aromatiska kolviten (PAHs), kan studeras med
lasermaétteknik. I avhandlingsarbetet har laserinducerad fluorescens (LIF) anvénts
for att mita koncentrationer av tva olika storleksklasser av PAHs.

En grundldggande laboratoriestudie utfordes om hur forbéttring av kvantitativa
tvadimensionella LII-métningar kan goras da laserstrdlen fokuseras till ett laserark.
Savil experimentella mitningar som den numeriska modellen visade att det ar
viktigt att ha ett stort viarde pa forhallandet mellan fokuseringslinsens brannvidd och
langden pé avbildningsregionen. En annan grundlidggande studie relaterad till
sotbildning vid hoga tryck utfordes for att studera hur sot utvecklas fran mindre
moget sot till mer ljusabsorberande svart sot. Utifran experimentella métningar och
den numeriska LII-modellen framkom att for metan-luftdiffusionslagor Skade
sotmognaden med savél tryck som hojd Over brinnarytan. En annan studie
undersokte hur tillsatser av kalium- och natriumsalter pdverkade bildningen av
polycykliska aromatiska kolviten (PAHs), alltsd forstadierna till sotpartiklar. Med
hjalp av LIF observerades att framforallt tillsatser av kalium ledde till en ldgre
koncentration av storre PAHs, medan koncentrationen av mindre PAHs verkade
vara opaverkad. Denna studie dr relevant for forbranning av biomassa da dessa
branslen innehaller kalium- och natriumsalter i varierande grad. Tillimpade optiska
mitningar utférdes i en optisk dieselmotor (med transparenta komponenter).
Teknikerna som anvéindes var hoghastighetsavbildning av flamemission och
ljusspridning och LII kombinerat med ljusabsorption. Resultaten visade att aldrande
injektorer resulterade i hogre sotbildning i motorcylindern. Dessutom studerades
effekten av brénsletillsatsen, TPGME, och denna tillsats ledde till mindre
sotbildning och snabbare sotoxidation.

Aven om flera intressanta resultat har presenterats hir finns det fortfarande manga
obesvarade fragor i det gatfulla &mnet sotbildning. Optiska mattekniker dr ocksd
fortséttningsvis viktiga for att finna dessa svar.
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Nomenclature

BP320
BS

CS
CAD
Cw

DM
EGR
ELS
EOI
E(m)

fps
FWHM
F(m)

f
500

2000

Burner

Band-pass filter at 320 nm

Beam splitter

Speed of light in vacuum

(~ 3 x 108 m/s)

Heat capacity of soot particle
Crank angle degree

Continuous wave (laser)

Primary particle diameter of soot
Dichroic mirror

Exhaust gas recirculation

Elastic light scattering

End of injection

Absorption function

Laser fluence

Optical filters

Frames per second

Full width at half maximum
Refractive index function for
scattering

Soot volume fraction

Cylindrical lens with a focal length
of +500 mm

Cylindrical lens with a focal length
of +2000 mm (f1000 = +1000 mm)
Free molecular (regime)
Geometry-dependent heat transfer
factor

Normalised temporal distribution of
the laser energy

Planck’s constant (6.626 x 1073 J-
s)

Height above burner
Hydrogen-abstraction-carbon-
addition (mechanism)

Intensity of reference beam
Intensity of transmitted beam
Gross indicated mean effective
pressure

Kscatter

L

LIF
LIl

LP385

= X 3

S

NL
oD

PD
PM
ppm
ppb
Qabs
QCOTL
Qraa

qub
SOl

SP450
SP425

g
TDC
TPGME

Uint

Imaginary part of the complex
refractive index of soot
Extinction coefficient

Thermal conductivity of the gas
Knudsen number

Scattering coefficient
Absorption length
Laser-induced fluorescence
Laser-induced incandescence
Long-pass filter with cut-off
wavelength at 385 nm

Complex refractive index of soot
Mass of the soot particle

Molar

Number density of soot

Real part of the complex refractive
index of soot

Aggregate size

Natural luminosity

Optical density (filter)

Pressure

Photodiode

Particulate matter

Parts per million

Parts per billion

Heat transfer due to absorption
Heat transfer due to conduction
Heat transfer due to radiation
Heat transfer due to sublimation
Start of injection

Short-pass filter - cut-off at 450 nm
Short-pass filter - cut-off at 425 nm
Temperature

Temperature of the gas

Top dead centre

Tripropylene glycol monomethyl
ether

Internal energy of soot particle
Thickness of the laser sheet
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Greek symbols

ar

6FM

18

Thermal accommodation
coefficient

Mass accommodation coefficient
Ratio of specific heats (y = C,/C,)
Thickness of the free molecular
regime

Wavelength

Ps
AMFP
psa
Oabs

O-SCG.

Density of soot particle

Mean free path of gas molecules
Scattering to absorption ratio
Absorption cross section
Scattering cross section
Equivalence ratio

Diffusion coefficient of soot vapour
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1 Introduction

From time immemorial, the enigma of combustion and flames have sparked human
curiosity tremendously. The ability to tame fire and extract energy from it can be
regarded as two of the main driving factors of human civilization. Discovery and
use of fossil fuels such as coal, oil and natural gas for energy have also significantly
improved the economy and life of a vast majority of the human population.
However, in the past several decades, these processes have been found to have
devastating side-effects [1]. Although humans have come a long way in mastering
ways for sapping energy from combustion, there is still a lot to be done in terms of
mitigating these shortcomings.

One of the main disadvantages of combustion systems based on hydrocarbon fuels
such as fossil fuels is the production of unwanted emissions in the forms of various
molecular species and particulate matter (PM). These harmful emissions commonly
contain soot, carbon monoxide, unburned hydrocarbons, nitrogen oxides (NOx),
etc., which have detrimental effects on human health and the climate [1-6]. Soot,
which is the main topic of this thesis, is primarily composed of carbon and hydrogen,
and is one of the most important components out of these harmful emissions. Other
than fossil fuel-based combustion systems, atmospheric soot sources include forest
fires, local field burning, waste incineration, wood-fired ovens, etc. Soot particles
can be present as aerosols, and due to their small sizes (order of tens to hundreds of
nanometers), these particles can be transported deep into the lungs when inhaled,
and also penetrate the cells and circulatory system to cause asthma, lung cancer and
cardiovascular diseases [5, 6]. Soot particles often have surface coatings consisting
of polycyclic aromatic hydrocarbon molecules (PAHs), which are considered as the
precursors of soot [7, 8]. PAHs are found to be carcinogenic and mutagenic to
human cells [9].

In addition to the harmful effects on human health, soot particles are also destructive
for the environment. They efficiently absorb light, are refractory, and are insoluble
in water. Due to these properties, soot has also been found to be one of the main
contributors of global warming along with carbon dioxide and methane. The
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presence of these highly absorbing soot particles on polar ice caps has been causing
the melting of ice at an alarming rate [2, 6]. However, soot particles are short-lived
in the atmosphere, with lifetimes of the order of a few days to weeks [2]. As a result
of this, a reduction of soot emissions can have an immediate impact in climate
change.

Due to their harmful effects on human health and climate, we must get rid of fossil-
fuel-based combustion systems very fast. Increased investments in more eco-
friendly and renewable sources of energy such as solar, wind and hydropower have
been made to reduce the environmental impact of fossil fuel-based combustion
systems. In addition to these, there has been growing interest in biomass as one of
the contributors in replacing fossil-fuels [10-12], although biomass combustion also
generates soot emissions. Regardless of the presence of these alternates, the rate of
consumption of fossil fuels has been increasing steadily in the past few decades [13,
14]. This is primarily due to the alternate energy sources not being able to cope with
the increasing energy demands of the world. It has also been predicted that the
consumption of fossil fuels is not going to significantly drop in the coming decades
[13, 14]. Hence, it is essential to find ways to improve the current combustion
systems to reduce the emissions. To accelerate this process, increasingly stricter
regulations on emissions have been placed in the transportation sector. Improving
our understanding on soot and soot formation is essential to find solutions to reduce
the emissions. In the short term, this helps us to comply with these strict emission
regulations, and in the long term, it is critical to keep our planet habitable for the
coming generations.

Developing accurate diagnostic tools is an important step in improving our
understanding of soot formation. As it is a complex process, a short introduction on
soot formation is given in Chapter 2. Soot formation and the properties of soot
formed are sensitive to its state of evolution in the flame, the fuel, and ambient
conditions. The newly formed incipient soot particles evolve further in the flame
changing their size, morphology, and optical properties, by a process called soot
maturation. For the prediction of climate and health effects, these are all important
attributes. Salts of metals such as potassium (K) and sodium (Na), which are
commonly present in biomass, also influence the formation of PAH and soot (Paper
II). As another example, the diesel additive tripropylene glycol monomethyl ether
(TPGME) has also been found to influence soot formation and oxidation (Paper IV,
V). Furthermore, ambient pressure has been found to influence the soot maturation
process (Paper II). This thesis involves with the development and use of laser-based
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diagnostic techniques for investigating the formation, and properties of soot in
various combustion systems.

Soot formation was studied in different combustion systems ranging from small
scale laboratory burners to an optical diesel engine. These combustion systems have
been discussed in Chapter 2. Multiple laser-based diagnostic techniques were
employed to study different aspects of soot formation. Laser-induced incandescence
(LII), extinction, laser-induced fluorescence of PAHs (PAH-LIF) and elastic light
scattering (ELS) were some of the techniques used. In addition to these, a heat-and-
mass-transfer-based LII model [15] was also used to both develop the quantitative
LII measurements and to study the soot maturation process. More details on all the
diagnostic techniques used and the LII model are given in Chapter 3. The main
results of the investigations in Papers [-V are discussed in Chapter 4. Finally, the
work is summarised in Chapter 5 along with an outlook.
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2 Combustion and Soot

In this chapter, an introduction is given about the concept of combustion and its
types, soot formation and a brief discussion on the various sources of soot.

2.1 Combustion Fundamentals

Combustion can be simply defined as an exothermic reaction between a fuel and an
oxidizer. Common fuels involved in combustion processes are carbon-based solid,
liquid, or gaseous fuels and the oxidizers are usually air or oxygen. The chemical
equation of an ideal combustion process of one such fuel ethylene (C,H4) with air
can be written as

C,H, + 3(0, + 3.76 N,) - 2C0, + 2H,0 + 11.28N,, (2.1)

where the composition of air is assumed to be (21 % O, and 79 % N,). Ideal refers
to that the only net products formed are CO, and H,O. It can also be called a
complete or stoichiometric reaction as the only net products formed are CO, and
H,O without any excess of fuel or oxidizer or any other species remaining. The
global reaction in Eq. 2.1 does not describe the chemistry on a detailed scale, for
which chemical mechanisms involving hundreds of species and elementary
reactions are needed.

Combustion processes can generally be classified into two in terms of how the
reactants are transported to the reaction zone. Premixed and non-premixed flames,
where the latter is often referred to as a diffusion flame. For a premixed flame, the
fuel and oxidizer are mixed before the reaction zone. The flames studied in Papers
I, 111, in a spark-ignition engine, etc. are examples of premixed flames. In a diffusion
flame, the fuel and oxidizer are kept separate and forms the reaction zone at the
interface. Flames studied in Paper II, and most often the combustion process inside
a Diesel engine (Papers IV and V) are examples of diffusion flames.
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Premixed flames are usually characterized by the parameter called the equivalence
ratio (¢). Equivalence ratio is defined as,

_ (nr/Mo) actuat mix
(nf/no)stoic. mix

¢ ) (2.2)
where, ¢ and n, represent the number of moles of fuel and oxidizer, respectively.
By definition, a stoichiometric reaction has an equivalence ratio, ¢ = 1.
Combustion processes or flames with ¢ > 1 are termed as fue! rich flames and those
with ¢p < 1 are called as fuel lean flames. For diffusion flames the fuel and oxidizer
are not mixed before combustion, and a global equivalence ratio cannot be defined.
However, one can define local equivalence ratios at the reaction zones.

2.2 Soot and its Formation

Soot is a product of incomplete combustion of hydrocarbon-based fuels which
consists primarily of carbon and to some extent also hydrogen [16]. Figure 2.1 from
Michelsen et al. [7] shows a brief summary of the soot formation process.

At high temperatures, the fuel and oxidizer molecules dissociate into smaller
radicals OH, O, H, CH, CH,, etc., which lead to reactions that result in the formation
of larger hydrocarbon radicals and polycyclic aromatic hydrocarbon (PAH) species.
PAHs are considered as the precursors of soot [7, 17]. These PAHs nucleate, react,
and combine, or grow to form incipient soot particles. One likely pathway of this
growth process of PAHs is the hydrogen-abstraction-carbon-addition (HACA)
mechanism [18, 19]. These liquid-like incipient soot particles have carbon-to-
hydrogen (C/H) ratios in the range of 1.4 — 2.5 and generally have a disordered fine
structure. These particles grow further in size by coalescence (merging or
coagulating) and surface growth to form larger primary particles with diameters
ranging from 10 — 50 nm. Further on, these primary particles aggregate together to
form chain-like structures, which can be several hundred nanometers in size with
hundreds of almost spherical primary particles. During this growth process, the C/H
ratios increase to the range between 10 — 20, soot fine structure becomes more
ordered, the optical band gap and interlayer spacing decreases, and the electrical
conductivity increases [7]. This process is called soot maturation where the less
mature incipient particles transform into more graphitic or more mature soot
particle.
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Figure 2.1: Schematic representation of soot formation and evolution in a flame [7].

2.2.1 Soot Properties

Knowledge on the various properties of soot particles is important to understand and
predict the impact of soot on both the climate and human health. Soot particles can
be characterized using several parameters. Some of the important ones are discussed
here.

During the evolution of soot, small soot particles coagulate and aggregate to form
large soot aggregates. Individual particles in this aggregate are called primary
particles. Primary particles are approximately spherical in shape and are generally
characterized by their diameters (d,,). Usually, the sizes of primary particles in an
aggregate follow a distribution, which sometimes is assumed to have lognormal or
normal distributions [17]. Another geometric parameter related to soot aggregates
is the aggregate size, N;,, which is defined as the number of primary particles per
aggregate. Over a region across the flame, aggregate size also follows a distribution.
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Soot density (ps) and specific heat capacity (cy) are two of the important physical
properties of soot. The parameters p; and cg are dependent on temperature and
maturity and hence, usually temperature-dependent expressions are used for these
parameters, for example in the modelling of time-resolved LII signals as described
in Chapter 3. However, their product, the volumetric heat capacity, pscg, was found
to be fairly constant at temperatures close to flame temperatures (= 1500 K) [20].
The volumetric heat capacity was found to be independent to soot maturity as well
[20].

When describing the interaction between light and soot particles, such as absorption,
emission and scattering of laser light, the optical properties of soot are essential. The
thermal radiation from the soot particles also depends on the optical properties of
soot.

In the simplest model of a soot particle with respect to its optical properties, soot
particles are assumed to be homogenous spheres with a complex refractive index m.

m=n+ ik, (2.3)

where, n is the refractive index of the particle related to the phase velocity in the
medium (n = ¢/Vppqse, Where ¢ is the speed of light in vacuum and v, p s, is the

phase velocity in the medium or particle), and k is a related to the particle’s
absorption. The complex refractive index of soot has been found to vary with
chemical composition and temperature of soot, and the wavelength of the light [17,
21]. It is also important in measurements involving absorption or scattering of light
by the particle via the refractive index functions,

2 2

m
E(m) =—Imi—5 s

m? —1

) (24)

} and, F(m) =

E(m), known as the absorption function, appears in expressions involving
absorption and emission, whereas F (1), is present in the expression for scattering
[17]. The value of E (m) of a soot particle has been shown to increase with increase
in soot maturity. Although, the value of E (m) for mature soot has been deduced to
be between 0.29 and 0.52 in the literature [22]. In some recent studies a value of
0.35 has been reported for the most mature soot [23, 24]. The values of E(m) were
estimated in methane-air diffusion flames at elevated pressures in the work
presented in Paper I1.
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2.2.2 Combustion and Soot Formation in Diesel Engines

A typical conventional diesel engine has four stages in its combustion process as
shown in Fig. 2.2 [25]. The first stage called the ignition delay period is the time
gap between the start of injection (SOI) and the start of combustion. Here, fuel is
injected at high pressure into the cylinder with compressed and thereby heated air.
Due to the intense momentum exchange between the liquid fuel and the ambient air,
the liquid fuel jet breaks down into small droplets which then later atomize and
subsequently vaporize. This fuel vapour mixes with air to reach a flammable
equivalence ratio, and when the temperature inside the combustion chamber is
sufficiently high, auto-ignition occurs. The second stage of premixed combustion
starts afterwards where the initial ignition locations rapidly cause the ignition of the
rest of the mixture. Afterwards, the mixing-controlled combustion phase occurs
when most of the mixture formed during the ignition delay gets consumed, while
the fuel injection still goes on. Here, the heat release rate is primarily controlled by
the fuel-air mixing. Generally, the peak heat release rate in this phase drops after
the end of injection (EOI). After the EOI, the heat release is continued at a lower
rate into the expansion stroke where most of the combustion products undergo
oxidation, although at a much lower rate due to reduced mixing rate and
temperature.
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Figure 2.2: Heat release rate from a conventional diesel engine combustion process [25].
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With the help of various optical diagnostic techniques applied in an optically
accessible engine, Dec et al. has devised a detailed in-cylinder process model from
the SOI to a quasi-steady reacting diesel jet [26], shown in Fig. 2.3.

The liquid fuel jet starts to break up immediately after leaving the injector nozzle
and the ambient air is entrained. This hot ambient air vaporizes the liquid fuel
droplets to form a rich mixture layer surrounding the liquid jet. As the fuel injection
and air entrainment continue, the liquid fuel jet reaches its maximum penetration
when the injection and vaporization rates balance out. A rich gaseous mixture zone
surrounded by a thin layer of premixed combustion is formed when the fully
evaporated mixture is driven further downstream. Near this premixed combustion
region, the initial soot formation process starts. The intermediate combustion
products including most of the incipient soot is driven outwards from the centre of
the jet by the jet flow and diffusion. Here, it mixes with the ambient air to oxidise
and form a high temperature diffusion flame layer in near stoichiometric conditions.
The unoxidized initial soot particles, propagate to the tip of the jet along with other
intermediate species to form a vortex region. During this transport, soot particle
growth and aggregation occur, leading to high soot concentrations in this tip region
[26].
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Figure 2.3: A conceptual model of quasi-steady reacting diesel jet by Dec et al. [26].
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2.3 Experimental Soot Sources

Soot formation has been investigated in both small-scale laboratory burners and a
diesel engine, which is a practical combustion device. Basic descriptions of all the
combustion systems studied in Papers [-V are given here.

2.3.1 Laboratory Burners

The McKenna Burner

The McKenna burner, manufactured by Holthius & Associates, is a gas burner used
to produce flat premixed flames. A photograph along with a schematic of the
McKenna burner is shown in Fig. 2.4. From the schematic, it can be seen that the
burner has a central porous plug region (diameter = 60 mm) through which, the
fuel/oxidizer mixture exits. Just outside the central porous plug, there is a co-annular
porous plug through which a shielding co-flow exits. This co-flow is used to shield
or protect the flame from the disturbances caused due to the movement of air in the
room. The gas for the fuel/oxidizer mixture and the co-flow are supplied through
pipes connected at the bottom of the burner. It can also be seen from Fig. 2.4b that
the burner is water cooled. Additionally, a stainless-steel flame stabilizer with a
diameter of 60 mm is placed 21 mm over the burner surface to achieve a stable flame
suitable for measurements.

The laminar premixed ethylene-air flame (¢ = 2.1) stabilized on a bronze plug
McKenna burner was used for the work in Paper I and is one of the target flames in
the LIl community [27]. The total flow rate of the ethylene-air mixture through the
central porous plug is kept at 10 I/min (at 273 K and 1 atm). The stabilization plate
should also be placed so that the lower surface is 21 mm over the burner surface.
Although details about the co-flow have not been specified in the target flames, a
co-flow of air with a flow rate of 9 /min (at 273 K and 1 atm) was used in the work
presented in Paper I. In such a flame, the incipient soot particles start to form at an
HAB of 4 mm, which grow with increasing HAB.
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Figure 2.4: (a) The McKenna burner along with the stainless-steel stabilizer plug placed so that its lower
surface is 21 mm above the burner surface. (b) Schematic representation of the burner [28].

Figure 2.5 shows the flame luminosity image of the target flame studied in Paper L.
The McKenna burner is considered to produce one-dimensional flames (also known
as flat flames), where the properties only vary with height above burner (HAB) and
remain fairly constant in the horizontal plane. However, some studies have shown
that flames produced in the McKenna burner are not perfectly one-dimensional, and
the main deviations are caused due to edge effects [29, 30]. However, the variation
was found to be larger for flames where nitrogen was used as the co-flow, while it
showed a more even soot distribution when air was used as the co-flow [30]. In the
investigations presented in Paper I, air was used as the co-flow, and based on Fig. 5
in the paper, the flames can be considered to be fairly one-dimensional.
Additionally, this flame was found to be low-sooting (maximum f;, < 60 ppb [31]).
Hence, this particular flame was used for the work presented in Paper I. In this
flame, the incipient soot particles start to form at an HAB of ~ 4 mm, which grow
with increasing HAB. In such a flame, one can also study soot formation by
investigating various properties at different heights using multiple laser diagnostic
techniques.
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Figure 2.5: Flame luminosity image of premixed ethylene-air flame (¢ = 2.1) stabilized on the McKenna
burner. The smallest separation between the lines in the superimposed grid is 1 mm.

The Modified Perkin-Elmer Burner

The modified Perkin-Elmer burner produce similar and fairly one-dimensional
flames like the McKenna burner. However, the flames are physically smaller than
those produced by the McKenna burner. Figure 2.6 shows the images of the burner
setup. The modified Perkin-Elmer burner has the capability to seed solutions into
the flame directly through the fuel-air mixture. The air from one of the air inlets
aspirates the solution from an external container through a thin pipe (inner diameter
< 1 mm). The solution then hits on an impact bed to form an aerosol with small
water droplets. These small droplets are transported up towards the burner head
along with the fuel-air mixture while large droplets are removed using a drain and
collected in a container. It is important to keep the drain tube immersed in a liquid
to avoid the leakage of gases through the drain. The air, fuel and co-flow gases exit
the burner through a mesh with a diameter of 45 mm, where the mesh has a depth
of 20 mm and a hole diameter of 1 mm. The fuel-air mixture along with the seeded
liquid droplets exit through the central region of the mesh with a diameter of 23 mm.

For the investigations presented in Paper III, a premixed ethylene-air flame (¢ =
2.6) was used. Ethylene and premixing air were set to flow rates of 0.27 1/min and
1.5 I/min (273 K, 1 atm), respectively. A significantly large flow of 9 I/min (273 K,
1 atm) was used for the co-flow air as the flame was sensitive to disturbances in the
ambient air flows. Additionally, a stainless-steel stabilizer plug of diameter 20 mm
was placed so that the lower surface is 21 mm above the burner surface. Solutions
with 1 M, 0.1 M and 0.01 M of KCI, NaCl, KOH and NaOH, and 0.5 M, 0.05 M
and 0.005 M solutions of K»COj3; were aspirated into the flames in this work. The
flow rates of the salt solutions were approximately 3 ml/hour, which corresponds to
a salt concentration of ~ 700 ppm for the 1 M case. This work was performed to
investigate the influence of various metal salts on PAH and soot formation. The
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commonly used McKenna burner was not used for this study as it was not possible
to seed the flames with salts/salt solutions without the salt particles getting stuck in

the porous plug.
(a) Water cooling
Co-flow air -b’/

Salt solution

Drain

Figure 2.6: (a) Image of the modified Perkin-Elmer burner with the connectors to the burner marked. (b)
Top view of the burner showing the mesh for fuel-air mixture. (c) Image with the flame and the stabilizer
plug.

High-Pressure Burner

Figure 2.7 shows a photograph and a schematic representation [32] of the high-
pressure burner used in the investigation presented in Paper II. The burner is
cylindrical in shape, and can operate up to a pressure of 36 bar and a maximum
ambient temperature of 220 °C. The cylindrical combustion chamber has an inner
height of 500 mm and an inner diameter of 254.5 mm. There are optically accessible
windows placed equidistantly along the circumference. The pressure inside the
chamber is kept constant by regulating the exiting gas flow rate electronically with
the use of back-pressure regulators.

36



co-flow g, co-flow

Combustion
chamber

Figure 2.7: (a) Photograph of the high-pressure burner. (b) Schematic representation of the burner [32].

Methane-air co-flow diffusion flames at 0.1 to 0.5 MPa were investigated in the
study presented in Paper II. A central tube with an inner diameter of 5 mm carried
methane, while a co-axial tube with an inner diameter of 35 mm carried air into the
combustion chamber. Methane and air mass flow rates were set to 1.1 mg/s and 0.2
g/s respectively. The flames were continuously monitored using a digital camera
(Nikkor, D7100) equipped with an f = 200 mm AF Micro Nikkor camera lens.
Figure 2.8 shows the flame luminosity images captured using this camera at
pressures ranging from 0.1 to 0.5 MPa. The visible flame height remains fairly
constant with increase in pressure, although a small decrease can be observed for
the 0.5 MPa case. Increase in pressure also resulted in a drastic increase in soot
concentrations. More details about the burner can be found here [32-34].

0.1 MPa 0.15MPa 0.2 MPa 0.3 MPa 0.5 MPa

Figure 2.8: Flame luminosity images of methane-air co-flow diffusion flames at 0.1 MPa to 0.5 MPa.
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2.3.2 Practical Combustion Devices

Optical Diesel Engine

A multi-cylinder light-duty Volvo diesel engine was operated as a single-cylinder
optical engine using a Bowditch design for the investigations presented in Papers
IV and V. A schematic representation of an optical engine is given in Fig. 2.9. Four
quartz windows in the cylinder liner provide optical access from the sides of the top
volume of the cylinder. The transparent quartz piston mounted on a piston extension
provides optical access from below. The optical piston has the same geometry as
the one in a production engine. The combustion chamber can also be visualized
through the quartz piston by using a 45° mirror as shown in Fig. 2.9.

Quartz liner

Combustion chamber

Side access Piston quartz window

Mirror

Bottom access Extended piston

«— Crank shaft

Figure 2.9: Schematic representation of an optical engine [35].

Combustion and soot formation in a diesel engine were introduced in section 2.2.2.
One of the main topics discussed in Papers IV and V is the effects of aging of
injectors on the formation of spray, and the formation and late cycle oxidation of
soot. To study this, two sets of differently aged injectors were selected. The first set
contains new injectors, which only have been used for a couple of hours of test run.
The second set, being the aged ones, have been used over 100,000 km of field test.
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Both the sets of injectors are Denso’s 4™ generation solenoid injectors used in light-
duty diesel engines. They have 8 tapered nozzle holes with outlet diameters of 125
pm and umbrella angles of 155°. For the investigation of spray formation, a non-
reactive environment is created using exhaust gas recirculation (EGR). This is
achieved by using a diesel burner as an external EGR source. The oxygen level
inside the combustion chamber can be as low as 5 % to prevent the occurrence of
combustion.

The second topic of investigation is related to the influence of the soot reducing
additive tripropylene glycol monomethyl ether (TPGME) on soot formation and
late-cycle oxidation. For studying this, two sets of fuel blends were used in the
optical engine. The first one termed as baseline diesel meets the CEC RF-79-07
standard. The second fuel is a blend of the baseline diesel and a 5 % vol. TPGME.
The fuel blend with TPGME is calculated to have around 1.5 % oxygen
concentration by weight assuming there is no oxygen content in the baseline fuel.
Other important properties of the tested fuels are given in Table 2.1.

Table 2.1: Properties of the baseline fuel (BL) and the blend with TPGME additive [36].

Baseline (BL) TPGME
Composition CEC RF-79-07 Pure diesel Baseline fuel + 5 % vol. TPGME
Density @ 15 °C (kg/m?®) 833.8 837.6
Net heating value (MJ/kg) 43.2 42.76
Flash point (°C) 84 84

The engine was operated without exhaust gas recirculation (EGR) and at a speed of
1200 rpm, which accommodates the repetition rate of the laser system (10 Hz, Paper
V). Additionally, a 1:9 skip fire sequence was incorporated for the measurements.
The operating points of the optical engine were devised by adapting the two
reference points provided by Volvo for metal engines. Both the reference points
involve two pilot injections, followed by one main injection and one post injection.
These two reference points are termed as the low load and mid load conditions.
More details on these operating conditions are given in Table 2.2 and in Papers IV
and V.
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Table 2.2: Operating conditions of the optical engine for both loads used in this study. (IMEPg — Gross
indicated mean effective pressure. TDC — Top dead centre.)

Low load Mid load
Injection pressure [bar] 450 850
Intake pressure [bar] 1.27 1.83
Intake temperature [°C] 75 75
Engine speed [rpm] 1200 1200
Engine load IMEPg [bar] ~4 ~9
EGR [%] 0 0
Estimated TDC density [kg/m®] ~15 ~22
Estimated TDC temperature [K] ~ 880 ~ 890
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3 Diagnostic Techniques &
Numerical Models

Sooting flames have been studied using both probing and optical diagnostic
techniques. Probing techniques use a probe either to measure a property at the
location of insertion or to collect samples for further analysis using a specific
instrument. Temperature measurements using thermocouples and sampling of soot
from flames and further analysis using instruments, such as transmission electron
microscope (TEM), scanning mobility particle sizer (SMPS), single particle soot
photometer (SP2) are examples of probing techniques [7, 17]. These techniques are
intrusive in nature as they tend to disturb the processes they are investigating.
Additionally, they are often limited by low spatial and temporal resolutions.

Probe

Figure 3.1: Effects of intrusive probe measurements. The stable flame (a) gets disturbed upon the
insertion of the probe (b).

Optical diagnostic techniques, such as laser-based diagnostic techniques, can be
considered as a non-intrusive alternative to probing techniques [7]. Optical
diagnostic techniques generally involve the use of electromagnetic radiation either
emitted, scattered or absorbed by the system under study. The emitted radiation
could be in the form of natural luminosity emission, chemiluminescence,
fluorescence, incandescence, etc. which, for instance, could give information on
temperature, species concentration, or several other properties in the flame [7].
Absorption measurements have also been used for obtaining species [37-40] and
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soot concentrations [31]. Contrary to probing diagnostics, optical diagnostics can
provide high temporal resolution, and often also high spatial resolution.

There are several diagnostic techniques which can be used for studying soot
formation. However, this chapter only revolves around the various diagnostic
techniques and mathematical models relevant to the works reported in this thesis. A
brief description of the technique along with its applications and generic
experimental setups are discussed. In addition to these, this chapter also include
discussions on the various limitations and uncertainties of these techniques. A
discussion on the heat and mass transfer model for laser-induced incandescence
(LII), which was used in the work presented in Papers I and II, has also been
included.

3.1 Laser Extinction

3.1.1 Theory

Laser extinction or extinction is a technique where a laser beam is sent through a
medium and the laser energy absorbed by the medium is measured [31]. The
decrease in light intensity through the absorbing medium can be related to the
extinction coefficient K, using the Beer-Lambert law as

I, = Ije Kextl (3.1)

where I, and I; are respectively the incident and transmitted light intensities, and L,
the length of the absorbing medium. In addition to absorption, scattering could also
contribute to the total extinction. The total extinction coefficient is given as, Ky =
Kaps + Kscq, where Ky and K., are respectively the absorption and scattering
coefficients.

Extinction measurements performed under appropriate conditions, while involving
certain assumptions, can be used for obtaining soot volume fractions. Soot volume
fraction (f;,) is defined as the fraction of volume occupied by soot particles in unit
volume. Assuming spherical and monodisperse particles, f,, can be written as,
3
Tdy,

fu=N 6 (3.2)
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where N is the number density and d,, is the primary particle size (expressed as the
diameter) of soot in the medium. Primary particle diameters of soot particles found
in flames are usually in the range of 5 — 30 nm, and are often investigated using light
with wavelengths in the visible and infrared regimes. If the soot particles have sizes
much smaller that the wavelength used for the extinction measurements, the
Rayleigh criterion is fulfilled [41]. For the measurements performed in the Rayleigh
regime the scattering contribution to the extinction is commonly assumed to be
negligible [41]. Hence, under such circumstances, K, is equal to K. According
to Rayleigh theory for isotropic spheres, the absorption coefficient of individual
particles is given by,

m  (m?-1 3
Kaps = —TIm T2 Nd,”, (3.3)
where 1 and m are respectively the laser wavelength and the complex refractive
. m?—1 .

index of soot. The factor —Im {( )/ (m? + 2)}, which represents the

imaginary part of the expression inside the curly brackets, is often denoted as the
absorption function E (m), which is discussed in section 2.2.

Combining Eq. 3.1 — 3.3 while using the assumption K,,; = K;,s and the
expression for E (m), the soot volume fraction can be expressed as,

_ Keth _ A o\l .
" 6mE(m) 6mE(m) n(i)_' (34

i -

3.1.2 Experimental Setup

A typical experimental setup used for extinction measurements is shown in Fig. 3.2.
A continuous wave (CW) diode laser operated at a certain wavelength (850 nm in
Paper 11, and 690 nm in Paper V), which is long enough to avoid absorption from
PAHs is ideal for extinction measurements. It has been shown in the literature that
PAHs do not fluoresce when excited using wavelengths = 680 nm [8]. Another
study has also shown that PAHs have negligible influence to extinction for
wavelengths = 700 nm [31].
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Figure 3.2: Schematic of the experimental setup for extinction. Abbreviations: BS — Beam splitter,
PD — Photodiode, DM — Dichroic mirror, B — Burner, F — Optical filter(s). The green arrows represent the
spatially overlapped laser sheet used for other 2D diagnostics like LII.

The laser beam from the CW laser was split into two components using a beam
splitter cube (BS), where one of the components was used as the reference (/) and
the other (I;) was sent through the flame. The beams [, and I; finally terminate at
photodiodes (PD), which measure their energies. The relation between [ and I; with
and without the flame is used to estimate the net extinction and subsequently the
soot volume fraction using Eq. 3.4. Simultaneous measurement of I, with [,
improves the accuracy of the results as they can overcome the problems due to
fluctuation in laser energy over time. A band-pass filter (F) corresponding to the
respective laser wavelength is used to minimise background radiation. Additionally,
ON-OFF modulations were introduced into the laser beam (500 Hz and 72 kHz in
the works presented in Papers Il and V, respectively). This has been discussed in
detail in Paper V. These modulations allow the possibility to acquire background
signals in between the measurement points for efficient background subtraction. The
procedure of background subtraction and the calculation of soot volume fractions
have been discussed in detail in Paper V. Fast modulations of 72 kHz were achieved
by using an acousto-optic modulator and was used for optical engine measurements
to obtain crank-angle resolved data, see details in Paper V.

Extinction, when used in combination with 2D LII measurements can provide
absolute 2D f,, distributions, which is discussed in section 3.2. For this, the
extinction laser beam and the laser sheet used for 2D LII measurements are spatially
overlapped at the desired height using a dichroic mirror (DM). Both the laser beam
and sheet are separated after the flame region using another dichroic mirror. More
details about the extinction setup can be found in [28] and in Papers Il and V.

3.1.3 Uncertainties

The main uncertainty involved with extinction measurements and evaluating soot
volume fractions is the absorption function, E (m), which can be interpreted as the
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absorption efficiency of the soot. The value of E (m) increases with increase in soot
maturity [17]. It is tricky to evaluate the value of E (m) accurately, and as discussed
in Paper II, soot maturity can vary spatially in the same flame or across flames. In
addition to this variation, the values reported of E(m) in the literature for mature
soot alone has a large spread between 0.29 to 0.52 [22]. It can also change with
wavelength as the refractive index m is wavelength dependent [31, 42]. The
magnitude of error in the measurements would depend on the value chosen for E (m)
compared to the actual optical properties of the particles under investigation.

Another source of uncertainty lies in the estimation of absorption length. Although
the absorption length does not influence the total amount of soot calculated along
the beam path, it is critical in the estimation of soot volume fraction (Eq. 3.4). While
it is possible to measure it with fairly good accuracy in small-scale laboratory
systems, measurements in large scale and transient systems would pose challenges.
In small scale systems such as the McKenna or Perkin-Elmer burners, the absorption
length can be estimated either from the natural luminosity images or from the LII
signal images by using a threshold in the signal intensity level. However, for the
optical engine measurements (Paper V), the error in estimating absorption lengths
could be much larger due to a variety of reasons. For example, as the flames in these
systems were turbulent, it would be difficult to know if soot was present in the entire
beam path. In these studies, the absorption length was evaluated using the mean LII
signal image which would have uncertainties related to the turbulent nature of the
flame.

Presence of other absorbing species in the region of interest is yet another source of
uncertainty. In sooting flames, the presence of polycyclic aromatic hydrocarbons
(PAHSs) could potentially cause this uncertainty unless care is taken to avoid this.
PAHs are found to strongly absorb in the UV and visible regimes up to ~ 680 nm
[8] and not to absorb beyond 700 nm [31]. Use of a laser with wavelength above
680 nm could mitigate this issue of unwanted absorption by PAHs. Extinction
measurements in all the works discussed in this thesis were performed using lasers
with wavelengths above 680 nm.

The assumption of negligible scattering contribution to extinction was discussed in
section 3.1.1. The scattering contribution in small-scale flames are generally small
to not inflict large uncertainties in extinction measurements. However, for larger
soot particles the scattering-to-absorption ratio, pg, has been estimated to be
between 0.2 to 0.4 depending on the fuel and wavelength [23, 43]. This could result
in an uncertainty of 20 — 40 % in the corresponding estimations of soot volume
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fractions. Flames similar to those investigated by Simonsson et al. [44] were studied
by Backstrom et al. [45, 46]. Single-scattering albedos (SSA) which is the ratio of
scattering and total extinction were estimated and it showed a reduction in SSA with
increasing wavelengths. For 781 nm a value of 0.03 was obtained for SSA, which
indicates a low influence of scattering in the measurements.

3.2 Laser-induced Incandescence (LII)

Laser-induced incandescence (LII) is a diagnostic technique that can be applied to
particles, where the most common application is to measure on soot [17]. Initially,
the soot particles are heated up to high temperatures (~ 3500 — 4000 K) using laser
pulses. The resulting enhanced Planck radiation from the heated soot particles,
called the LII signal is acquired using a detector. The LII signal is found to be
proportional to soot volume fraction to a first approximation [17, 47].

In addition to soot volume fraction measurements, LII can be used for obtaining
parameters such as the primary particle size [47, 48], soot optical properties [24, 34,
49]. The procedure for primary particle size evaluation will not be discussed in this
context as it has not been used in the studies mentioned in this thesis. However,
applications of LII in evaluating soot optical properties are discussed in section 3.2.2
and in Paper II.

3.2.1 Energy and Mass Balance of Heated Soot

LII process can be theoretically described in terms of several physical processes
related to heat and mass transfer phenomena [17]. Some of these processes are
absorption, radiation, conduction, sublimation, oxidation, annealing, and thermionic
emission. Among these physical processes, absorption, heat conduction, radiation
and sublimation are the most predominant ones. The energy-balance equation
including these heat and mass transfer processes can be written as

dUint _ anbs erad dQcond dqub
dc  dc  dr  de T dr

dUint anbs erad dQcond and dqub
dt > dt > dt ’ dt dt
of internal energy and heat transfer rates due to absorption, radiation, conduction,

(3.5)

where respectively represent the rate of change

and sublimation of the soot particle. While absorption increases the internal energy
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of the particle, the other processes are heat loss processes. Additionally, the
sublimation term also involves mass loss.

Absorption

The rate of absorption can be easily evaluated if the absorption cross section is
known. Absorption cross section is the geometric cross section of a particle
multiplied by the so-called absorption efficiency, which represents the ratio between
the true and the geometric cross section. For a primary particle, with diameter d,, in
the Rayleigh regime (d,, < 4, the laser wavelength), the absorption cross section is
given by,
2 3

Oabs = w (3.6)
Absorption cross section for small particles, scales with particle volume. For soot
particles, if their sizes are in the regime where RDG theory [41] is valid, it can be
stated that even if there are differences in their particle size, they will reach the same

temperature if they are heated by uniform laser irradiance. The rate of absorption
can be written using the absorption cross-section g as,

anbs
dt

where, F is the laser fluence (laser energy per unit area of cross-section) and g(t)
is the normalised temporal distribution of the laser energy.

= 0aps X F X g(t), (3.7)

Internal Energy

The rate of change of internal energy of the soot particle can be expressed as,

Wine _ o 5dT _dT 58)
ac 6% g T VST '

dr . : . .
where, pg, ¢5, M and < are respectively the density, specific heat capacity, mass,

and the rate of change of temperature of the soot particle. The volumetric heat
capacity, pscs, was found to be independent of soot maturity and was found to be
fairly constant at temperatures close to flame temperatures (£ 1500 K) [20]. Thus,
for a certain amount of absorbed energy, soot particles will be heated to the same
temperature regardless of their maturity. Furthermore, when soot aggregates are
considered, the expression for the rate of change of internal energy is multiplied by
N,, the aggregate size. This is under the assumption that the energy is uniformly
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distributed in the aggregate. However, for large aggregates, this could create errors
during the cooling down process of the aggregate when different parts of the
aggregate might have different cooling rates due to shielding effects [50].

Heat Conduction

Heat conduction losses occur when the molecules in the ambient gas interact with
the hot surface of the soot particle taking away some heat from it. Theoretically,
heat conduction from particles have been represented by three regimes, which are
characterised using the Knudsen number [51]. The Knudsen number, Kn, is defined
as

2
Kn = 22 (3.9)
Lg

where Ay pp is the mean free path [52] of the gas molecules and L is a characteristic
length scale of the particle, which is usually chosen as the diameter of the particle.
The mean free path is defined as the average distance a molecule travels before it
collides with another molecule. The three regimes characterizing the heat
conduction are the free-molecular, the transition and the continuum regimes. In the
free-molecular regime, for which Kn = 10, the gas molecules that interact with the
particle travel a long distance from the particle before starting to exchange the
energy to other gas molecules. The continuum regime is characterised by Kn < 0.1,
where the surrounding gas can be considered as a viscous fluid with respect to the
particle. The transition regime is between these two regimes, i.e., 0.1 < Kn < 10.
Transition regime is the most interesting one with regards to LII applications
mentioned in this study (atmospheric and high-pressure applications).

Heat conduction from a spherical particle to the surrounding gas in the transition
regime was proposed by McCoy and Cha [53] to be described as,

{dQcond} _ Zkg (T B Tg)‘l'[dpz
dt Juyc dp + GAyrp

, (3.10)

where kg, and T, are respectively the thermal conductivity and temperature of the
gas. Meanwhile, T and G are respectively the soot temperature and geometry-
dependent heat transfer factor. G is a function of heat-capacity ratio, y = C,/C, and
is given by,

209y -5)

= m, (311)
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where ar is the thermal accommodation coefficient. Thermal accommodation
coefficient represents the extent to which gas molecules exchange vibrational,
rotational, and translational energy with a surface (here, surface of the soot particle)
during surface-scattering events. Completely elastic gas-surface collisions (no
energy transfer) result in a value of 0 for ar. Meanwhile, when the gas molecules
are fully in equilibrium with the surface, a takes a value of 1. This parameter has
a significant influence in the conductive cooling rate [17].

The McCoy and Cha model has a closed form expression, and it can be helpful in
understanding the approximate effects of various parameters on heat conduction.
However, this model has limitations for LIl measurements as it is valid only if there
a small difference between the temperatures of the gas and the particle.

The heat conduction model by Fuchs [54] was extended by Filippov and Rosner
[55], and for this model, there is no limitation to the assumption of a small
temperature difference between the particle and the gas. In this model, the gas
surrounding the spherical particle has been approximated to two layers. In the inner
layer having a thickness of gy, heat conduction takes place in the free-molecular
regime. Here, the soot particle is at a temperature T and the boundary sphere is at a
temperature Ts. However, in the outer layer which stretches to infinity, heat
conduction occurs in the continuum regime. Here, the temperature varies between
T at the boundary sphere to T, the ambient gas temperature. For this approximation
to work, heat flux away from the free-molecular regime must be equal to the heat

flux into the continuum regime. This is obtained by iterating the values for 6z, and
. (d d
T5 untll{ Qcond} — { Qcond}
dt Jrm dt  Jcontinuum
does not have a closed-form expression. This model has been discussed in detail in

Liu et al. [56].

at the boundary sphere. The Fuchs model

Sublimation

When soot particles are laser heated up to temperatures above around 3500 K [24],
they sublimate forming gas-phase carbon, mostly as C, C, and C; [57]. This occurs
at laser fluences = 0.3 J/cm? for mature soot for the laser wavelength 1064 nm.
Sublimation results in both mass and energy loss. The rate of sublimation depends
on the heat of sublimation for soot, the particle surface area and the molecular flux
of sublimated carbon. Although sublimation and vaporization are respectively, the
transformations of solid and liquid phases to gas, for soot, these terms have been
used interchangeably across various studies in the literature [17, 58-60]. In this
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thesis, the term sublimation is predominantly used. The heat loss rate expression
can be written as,

dQeup _ _AH,dm,
dt M, dt’

(3.12)

where AH,,, M,, and m,, are the heat of sublimation (enthalpy of formation of the
sublimed carbon clusters), molecular mass of the soot vapour and mass of the soot
particle, respectively (subscript ‘v’ in the terms M,, AH,, etc. represent
vaporization). Furthermore, the rate of mass-loss can be expressed as [61],
dm M
p 2 v
—P— _nd —, 3.13
where N, and N, are respectively the molecular flux of vaporized carbon and
Avogadro’s number (N = 6.023 x 10%). N, in Eq. 3.13 is in the transition regime,
is given as

1.t (3.14)
N, N¢ Ny’ '

where the subscripts C and FM refers to the continuum and free molecular regimes
respectively. In the FM regime,

1 RT

— =fn,

—, 3.15
Nin 21M, (3.15)

where £ is the evaporation coefficient, for which often a value of 0.8 is chosen [61].
The molecular number density of soot vapour n,, can be written using the ideal gas
equation as,
I8 v NA
=— A1
nV RT ’ (3 6)

where P,, T, and R are respectively the vapour pressure and temperature of the
sublimed soot vapour, and the ideal gas constant (8.314 J-mol'-K'). In the
continuum regime, the soot vapour molecular flux, N, can be evaluated as

r
N = 2n, —, (3.17)
P

where I" is the diffusion coefficient of the soot vapour [53].
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Radiation

Radiation is a heat loss term that in most cases is quite small in comparison with
heat loss by conduction, often only of the order of a few percent [26]. This radiation
is what is detected as the LII signal from the heated soot particles. The LII signal
per primary particle calculated using the Planck function modified by the emissivity
&, as soot particles are not perfect black bodies, can be expressed as,

2mhc?

S = and,’ f & da, (3.18)

hc 22
5 —
125 e (AkBT) 1]
where A, h, ¢ and kg are respectively the emission wavelength, the Planck’s
constant, the speed of light and the Boltzmann constant. ) and X, are factors to

account for the solid angle detected and the wavelength-dependent efficiency of the
detector. The emissivity in the Rayleigh regime is defined as,

e = 4md, E(m) -
A
Assuming no wavelength dependence of E(m) and ) = Z; = 1, the radiation heat
transfer can be evaluated from Eq. 3.13 as,

(3.19)

dQraa _ 198.97nd,,* (kgT)°E (m)

dt h(hc)3 (3.20)

3.2.2 LII Model

This is a heat-and-mass-transfer-based numerical model developed by Henrik Bladh
and Per-Erik Bengtsson [15], and further improved by Jonathan Johnsson [62]. The
model, as its name suggests, has the capabilities to produce the time resolved LII
signal upon the input of parameters related to the laser, signal acquisition and
physical properties of soot. The LIl model employs various mathematical models
for the heat and mass transfer processes described in section 3.2.1. The LII model
has been used in the works presented in Papers I and II for obtaining the LII fluence
curves, and subsequently to evaluate the values of E(m) in the work reported in
Paper II. A brief description regarding the operation of the LIl model and the various
parameters used for model evaluation is given here. For more details, see these
articles [15, 47-50, 63].
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In the LII model, the temperature and the particle diameter are considered as state
variables for the differential equation in Eq. 3.1 and their respective expansions.
Once these variables are known as a function of time, the time resolved LII signal
can also be calculated. The values of d, and T as a function of time can be
determined using Eq. 3.5 if their initial values are known.

The mass of a primary particle can be written as,
i 3
m, = gpsdp (3.21)

The time derivative of this is given as,

dm, = ,dd, m ,dpgdT
—_P__ —2 4= —_— 22
@& 2% @ Tt ar @ (3:22)
This expression can be rewritten as,
dd 2 dm, = dps dT
po £ (T Ty 3B (3.23)
dt T[psdp dt 6 dT dt

Using the expression for internal energy in Eq. 3.8, the heat transfer equation given
in Eq. 3.6 can be rewritten as,

dT 6 anbs erad dQcond dqub)
(dt+dt+ dt+dt'

— = 3.24
dt T[dp3pscs ( )

Equations 3.23 and 3.24 can be integrated over time using numerical methods of
solving the ordinary differential equations to evaluate d,,(t) and T (t), starting from

their initial values.

Table 3.1: LIl model parameters. P-I and P-II represent Papers | and Il respectively.

Parameter

or model Description Value/model type
q_pulse Temporal profile of laser pulse Gaussian
4 ns (P-I),
tewnm Laser pulse length (FWHM) 6.3 ns (P-1l)
T Flame temperature (surrounding gas 1595 K (P-I)
temperature) 1580 — 1840 K (P-II)
0.1 MPa (P-l)
P Pressure 0.1— 0.5 MPa (P-Il)
) . . . 12.5 nm (P-I)
d
» Primary particle size (diameter) 30 nm (P-1l)
N Aggregate size (Number of primary particles 1
4 per aggregate)
Ps Soot density Michelsen model [57]
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Cs Soot specific heat capacity Michelsen model [57]

ar Soot thermal accommodation coefficient 0.48 [24, 49]
B Mass accommodation coefficient 0.8 [61]
0.35 (P-1)
E(m) Soot absorption function 0.21 - 0.35 (P-II,
estimated values)
Qcon Heat conduction model Fuchs model [47, 54, 55]
Qsup Sublimation model Based on [47]

LII Signal Interpretation

The calculation of time-resolved LII signals involves multiple heat-transfer
processes, which include properties of the soot as well as the ambient conditions
(temperature, pressure), and the laser and detection properties. Figure 3.3 shows
examples of time resolved LII signals obtained using the LII model for two primary
particle sizes, along with the temporal profile of the laser pulse. Except for the
differences in the primary particle diameters, the rest of the model parameters are
the ones used in Paper I. A laser fluence (top-hat profile) of 0.3 J/cm? was used. One
can observe a fast rise in the LII signal due to the absorption of laser energy to attain
the peak signal intensity. The LII signal decays subsequently due to the effects of
various heat loss processes. One can also notice that the LII signal decays faster for
the smaller soot particle. This is primarily due to the smaller particle having a faster
rate of heat conduction loss compared to the larger particle.
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Figure 3.3: Time-resolved LIl signal along with the temporal profile of the laser pulse.

The LII signal from soot in a measurement situation is highly dependent on the
incident laser pulse energy, or more explicitly the laser fluence (energy per unit
area), and on the spatial energy profile of the laser. Thus, it is important to
investigate the response of the LII signal with respect to the laser fluence, which is
called as a fluence curve. Fluence curve measurements are important in the selection
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of a suitable laser fluence for specific LIl measurements. For example, for particle
sizing it is important to select a fluence avoiding sublimation, whereas for two-
dimensional LII imaging of soot volume fractions a higher laser fluence can be
selected to obtain spatially resolved results with lower uncertainties. Fluence curves
are also sensitive to the laser spatial energy profiles. Figure 3.4 shows the three most
common laser spatial intensity profiles: top-hat, Gaussian beam and Gaussian sheet
profiles.

(a) Top-hat (b) Gaussian (¢) Gaussian sheet

L[] J

Figure 3.4: Spatial energy profiles of laser. (a) the top-hat, (b) the Gaussian beam and (c) the Gaussian
sheet profiles [28].

Laser

Figure 3.5 shows the modelled LII fluence curves for top-hat, Gaussian beam and
Gaussian sheet profiles normalised to their maxima. In general, the temperature of
a soot particle will increase with laser fluence, and when it reaches a high enough
value, the soot particle starts to sublimate. Sublimation results in mass loss of the
soot particle and due to this, the LII signal decreases with further increase in laser
fluence. This behaviour can be observed for the top-hat profile in Fig. 3.5, which is
a case where all particles ideally are heated equally. For the Gaussian beam, the
highest fluence is at the centre of the profile, and the fluence decreases towards the
edges. As the mean laser fluence increases for the Gaussian beam profile, the soot
in the central region (highest fluence) starts to sublime, while the soot at the edges
(lower fluence) still demonstrate an increase in the LII. The overall LII signal
continues to increase with an increase in laser fluence for the Gaussian beam profile.
For the Gaussian sheet, which has a constant fluence along one direction and a
Gaussian profile in the other direction, the decrease in the LII signal at the centre
for increasing fluence gets compensated by the increase in the signal at the edges to
give rise to a so-called plateau region. For this case, the detected LII signal in an
experiment is approximately independent to the laser fluence and hence, small

54



variations in laser fluence do not significantly influence the resulting LII signal. Due
to this behaviour, laser fluences in the plateau region are usually preferred for
performing quantitative measurements of soot volume fractions in combustion
systems.
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Figure 3.5: Modelled normalised LIl fluence curves for top-hat, Gaussian beam and Gaussian sheet
profiles [15].

Several other parameters, such as the physical and optical properties of the soot,
flame conditions, and laser and detection properties, also influence the resulting LII
signal and fluence curves. Figure 3.6 shows the dependence of LII fluence curves
on some of these parameters numerically calculated using the LIl model. All these
curves are normalised to their individual maximum and use a top hat spatial profile
as input in the LII model. Apart from the difference that a Gaussian spatial profile
was used in the study reported in Paper I, the rest of the model parameters used for
the calculations involved with Fig. 3.6 were the same as that used in the work
presented in Paper I (Table 3.1). Figure 3.6a shows the fluence curves for different
detection gate widths. It can be seen that the fluence curves attain the peak signal at
lower fluences with increase in gate width (gw). This is due to the increasing
contribution of heat-loss processes such as conduction and sublimation in the total
signal with increasing gate widths. The rest of the figures 3.6b — 3.6d are based on
calculations using a 30 ns detection gate width.

The influence of primary particle size on the time resolved LII signal was shown
previously in Fig. 3.3. Figure 3.6b shows the influence of the same in the fluence
curves. It can be seen that even a 100 % increase in primary particle size (D) have
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minimal influence in the fluence curves. Figure 3.6¢ shows the influence of ambient
pressure (P). It can be seen that the fluence curves shift to the right (towards high
fluences) with increasing pressure. This is primarily due to the increase in
conductive heat loss from the particles with increasing pressure. This is relevant for
the work presented in Paper II. The influence of ambient temperature (T) on fluence
curves is shown in Fig. 3.6d. It can be seen that the fluence curves shift to the left
with increasing ambient temperature, as it takes lesser energy to heat up particles
which are already at high temperatures. One of the most important results from Fig.
3.6 is that the largest influence among various properties of soot and ambient
conditions in the simulated fluence curves is from the variation in E(m), as shown
in Fig. 3.6d. The sensitivity of LII fluence curves to variations in E(m) have been
used to evaluate values of E () of soot in many studies in the literature [24, 64, 65]
and in Paper I1.
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Figure 3.6: Dependence of the LIl fluence curves on the model parameters such as (a) Detection gate
width, (b) primary particle size, (c) ambient pressure, (d) ambient temperature and (e) E (m) value of the

soot particle.
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3.2.3 Experimental Setup

A schematic representation of a representative 2D LII setup is given in Fig. 3.7.
Detailed discussions on each component have been divided into different sub-
sections.
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Figure 3.7: Schematic representation of an optical setup for LII.

Laser

The works in this thesis used pulsed lasers for LII measurements and hence
continuous wave (CW) LII setups are not discussed here. A Nd:YAG laser (Model:
Quantel Brilliant B, repetition rate 10 Hz) either operated at its fundamental mode
at the wavelength 1064 nm (Papers I and V) or its frequency-doubled mode at the
wavelength 532 nm (Paper II) has been used for LIl measurements. In fact, lasers
operated at any wavelengths in the UV, visible or near-IR with sufficiently high
energy can produce soot incandescence. However, there is a drawback of using laser
wavelengths below 680 nm for LII measurements. PAHs have been found to absorb
radiation up to 680 nm and produce laser-induced fluorescence [8], which might
interfere with the LII signal and cause uncertainties in the measurements. Hence,
longer wavelengths are preferred for LII measurements. However, in Paper II LII
experiments are presented, which were performed using a laser operated at 532 nm.
A correction procedure was designed to remove the contribution of PAH-LIF in the
LII signal which has been described in detail in section 4.2.1.

Attenuation system

The laser beam from the outlet of the Nd:YAG laser system generally has a
predominant polarization, either vertical or horizontal. The attenuation system
shown in Fig. 3.6 uses the polarization of the laser beam to control its pulse energy.
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This system comprises of a half-wave plate placed in between two linear polarizers.
A half-wave plate is an optical component which can rotate the polarization of the
incident light while a linear polarizer is an optical component which transmits only
a specific polarization. To understand the operation of the attenuation system, let us
assume the laser output is predominantly vertically polarized. The linear polarizers
are mounted such that they transmit only the vertically polarized light and reflect
the horizontally polarized light. The unpolarised laser beam (although assumed to
be predominantly vertically polarized) was sent through the first linear polarizer
which transmits only the vertically polarized component. This vertically polarized
laser beam is then sent through a half-wave plate. By adjusting the angle of rotation
of the half-wave plate, one can control the proportion of the vertically and
horizontally polarized light. As the second linear polarizer only transmits vertically
polarized light, one can effectively control the energy of the laser just by rotating
the half-wave plate. The unique advantage of using this method to control the laser
energy is that one can vary the pulse energy without causing any variation in the
spatial and temporal energy profile of the laser beam.

Beam Shaping System

All the LlI-based studies reported here involved 2D LII measurements and hence
the laser beam was shaped into a thin laser sheet focused at the centre of the
burner/combustion system. First, the laser beam was expanded vertically using a
negative cylindrical lens (plano-concave, f = - 20 mm) and later collimated in the
height direction using a positive cylindrical lens (plano-convex, f=+ 200 mm). This
expanded laser beam is focused in the horizontal direction using another positive
cylindrical lens (f =+ 500 to + 2000 mm), so that the beam waist is formed at the
centre of the burner/combustion system. A more detailed discussion of the effects
of the focusing optics on LII can be found in Paper I and section 4.1. The laser sheet
was also clipped in the vertical direction to the desired height using an aperture. As
all the LII-based studies in this thesis used a Gaussian sheet profile, the beam or
sheet was not clipped in the horizontal direction. Figure 3.8a shows the spatial
intensity distribution of a Gaussian sheet at the focal plane detected using a beam
profiler camera. From Fig. 3.8 b and c, it can be seen that the laser intensity follows
a Gaussian profile in the horizontal direction while, the intensity remains fairly
constant along the vertical direction.
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Figure 3.8: (a) Spatial intensity distribution of a Gaussian laser sheet imaged using a beam profiler
camera. (b) Intensity profile along the height direction. (c) Intensity profile along the horizontal (thickness)
direction. A Gaussian curve has been fitted to the experimental data.

LII Signal Acquisition System

As the high energy laser sheet passes through the sooting region in the flame, soot
incandesces and the resulting LII signal is emitted in all directions. The radiation
emitted in the direction perpendicular to the propagation direction of the laser sheet
is collected using an intensified charge coupled device (ICCD camera). A Princeton
Instruments ICCD (PIMAX 4) was used for all the measurements presented in this
thesis. Sufficiently high quantum efficiency in visible (~ 50 % at 500 nm) and the
UV (~ 15 % at 350 nm) region added with the capability to acquire signals using
extremely short gate widths (minimum 1.1 ns) makes this camera a good choice for
LII signal acquisition. The double-imaging feature which gives the capability to
acquire 2 single-shot images in quick succession (~ 2.2 ps) is also useful for
measurements in turbulent flames. Here, the first image acquires the background
luminosity, while the second image acquires the LII signal. This helps in performing
background subtraction on a shot-to-shot basis. This improves the accuracy of the
measurement cases where the background luminosity continuously varies, for
example, in turbulent flames.

Choosing an appropriate gate width is critical for gated LIl measurements. Short
gate widths on the order of 20 — 50 ns are preferred for LIl measurements to optimise
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between increasing the signal strength and reducing the interference from
background flame luminosity [17]. Additionally, LII signals acquired using longer
gate widths diminish the contribution of smaller soot particles to the LII signal due
to their higher conduction heat losses and thereby faster decays (Fig. 3.3). This could
have consequences in the quantification of the 2D LII signal. For instance, two
regions with the same soot volume fraction but with different size distributions
could potentially show differences in the LII signal when a considerably long gate
width is used.

All the LII measurements in this thesis were done using prompt detection of the
signal, i.e. detection of LII during the laser pulse. Although delayed detection is a
way to remove PAH-LIF interference from the LII signal, this procedure has been
found to create uncertainties in quantification [47], which has to be taken into
consideration when planning for such an experiment. The correction procedure used
to remove PAH-LIF interference for the work in Paper II has been described in
section 4.2.1. The laser and the ICCD were synchronised using a BNC Model 575
pulse generator (average jitter = 50 ps). The approximate temporal location of the
LII signal can be found either by using a PMT and oscilloscope setup or, by using
the ICCD itself, but with great caution to avoid saturation of the detector. Once the
approximate location of the LII signal was determined, the gate width was set to a
low value (2 ns) and the position where the LII signal first start to appear was
examined. The starting location of the measurement gate was chosen to be 2 ns
before this temporal location.

As a general procedure, hundreds of single-shot LII images were averaged to
improve the signal-to-noise ratio in the detection. Averaged background luminosity
images were also acquired and were used for background subtraction. For the LII
measurements performed in laminar flames (Papers 1 and II), background
luminosity images were acquired right after the acquisition of the LII signal images.
At least 300 two-dimensional single-shot LII images were acquired using the ICCD
camera for each case and averaged to obtain mean LII signal images. However, for
turbulent flames (Paper V), the mean background luminosity image might not be
representative of the instantaneous flame structure and hence using mean image for
background subtraction could lead to uncertainties in the measurement. Hence for
measurements in turbulent flames, single-shot background luminosity images were
acquired ~ 2.2 us before the LII signal image and background subtraction was
performed on a shot-to-shot basis (section 4.4.2). Around 70 — 80 images were only
used for averaging for the LIl measurements in the optical engine (Paper V) due to
operational constraints.
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As mentioned previously, LII signal is Planck radiation in itself and is broadband.
There are a few factors to consider while choosing wavelength ranges for detection
of LII signals. Soot at flame temperatures radiate strongly and gives a natural
background luminosity in the LII signals. Since soot particles producing LII signals
are at a much higher temperature, their Planck radiation emission shifts to shorter
wavelengths compared to that of soot particles in flame which were not illuminated
with the laser. Thus, it is always advisable to acquire the LII signals at low
wavelengths (450 nm or below) to improve the signal-to-noise ratio.

3.2.4 Uncertainties

LIl is a powerful technique to obtain quantitative information on soot in a
combustion system. However, one must be careful during the measurements to
avoid or mitigate the potential uncertainties. In the works mentioned in this thesis,
LII has been used to evaluate soot volume fractions and, LII fluence curves are used
to estimate the absorption function, E(m). The uncertainty discussion here, thus
primarily deals with these two aspects.

As mentioned before, laser fluence is an important parameter in LIl measurements
and there are several factors that could influence the uniformity of laser fluence over
the whole imaging region. Depending on the fluence used for measurements, and its
position in the fluence curve, this could potentially result in significant uncertainties
in LIl measurements. Some of the factors which influence the laser fluence are laser
energy attenuation along the propagation direction of the laser, optical components
in the system which distorts the laser sheet, varying thickness of the laser sheet along
the propagation direction due to the focusing optics, non-uniform spatial distribution
of laser sheet, pulse to pulse variation in laser energy, etc.

While using a spatial energy profile of a Gaussian sheet, small spatial variations in
the laser fluence due to laser energy attenuation can be mitigated by choosing a high
enough laser fluence in the plateau region of the fluence curve. It is tricky to perform
corrections for this attenuation, especially when the flame is turbulent, and the
attenuation is non-uniform. Uncertainties due to small non-uniformities in the
spatial profile of the laser can also be mitigated by choosing a high laser fluence
lying in the fluence plateau. The uncertainties due to the focusing optics in
quantitative 2D LII measurements have been discussed in detail in Paper I.
Uncertainties due to pulse-to-pulse fluctuations in laser energy can be minimised by
averaging over large number of single-shot images.
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Laser wavelengths in the visible and UV regions when used for LIl measurements
also induce fluorescence from PAHs which interferes with the LII signal. Using a
delayed detection to avoid the short-lived PAH-LIF signals (~ 20 — 30 ns), has been
suggested as one of the ways to mitigate this. However, this method will have a bias
towards larger particles as the LII signals from smaller particles decay much faster
[47]. Another way to make corrections for the PAH-LIF interferences in the LII
signal has been discussed in detail in Paper Il and in section 4.2.1.

Limited knowledge about the optical properties of soot, for example described
through the absorption function (E'(m)), is one of the major factors introducing
uncertainties in quantitative LIl measurements. Most of the studies in the literature
assume a constant value for E(m) for the whole imaging region [44, 66-72].
However, it has been shown that the value of E'(m) increases with increase in soot
maturity [17]. Since soot maturity might vary between different locations in a flame,
choosing a single value for E(m) for the whole imaging region might overestimate
or underestimate the derived soot volume fractions at different regions.
Additionally, the E(m) value of mature soot has been reported in the range from
0.29 to 0.52 in the literature [22], although several studies suggest a value of 0.35
[23, 24].

Beam steering and signal trapping are other sources of uncertainties in 2D LII
measurements [66]. Beam steering is caused due to density gradients in the system
causing variations in refractive indices of the medium resulting in the deviation of
laser beam/sheet propagation from its intended path. Beam steering is a common
source of uncertainty in high pressure systems, highly turbulent flames, systems
with large temperature gradients, etc. Another source of uncertainty in highly sooty
flames is signal trapping [66], which means that the signal gets trapped or absorbed
by the soot particles on its way to the detector.

Effective subtraction of background luminosity is essential in performing accurate
LII measurements. For a stable laminar flame, it is often adequate to acquire the
background luminosity separately and subtract it from the signal. However, for a
turbulent flame, this becomes tricky as background luminosity changes on a shot-
to-shot basis. Hence, for the measurements in a diesel engine discussed in Paper V,
background luminosity images were acquired ~ 2.2 us before each single-shot LII
signal image and subtracted on a shot-to-shot basis (section 4.4.2).
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3.3 Laser-induced Fluorescence

Laser-induced fluorescence has been widely used in detecting species in flames [73-
75]. The concentration level of the species can be down to hundreds of ppb. LIF has
been used to detect OH [76, 77], formaldehyde [75, 76], CH [78], acetone [77], etc.

Laser-induced fluorescence is one of the most important optical diagnostic
techniques for studying polycyclic aromatic hydrocarbons (PAHs). As PAHs are
considered as soot precursors and hence an important step in the soot formation
process, it is important to have a good understanding on PAH formation in sooting
flames. PAHs have high absorption coefficients and quantum yields and hence, they
are good candidates for investigations using laser-based diagnostics.

PAHs are found to fluoresce using a wide range of excitation wavelengths in the
ultraviolet (UV) spectral region as low as 250 nm [79] to the visible region as high
as 680 nm [8]. Generally, excitations using longer wavelengths excite larger PAHs
with more aromatic rings. For example, laser excitation using 355 nm is considered
to excite PAHs with more than 3 aromatic rings [80]. However, most of the PAHs,
irrespective of their size, are likely to have absorption bands around 266 nm [8].
Moreover, laser excitation using 266 nm has been found to produce bimodal
fluorescence spectra in sooting flames with a peak around 320 nm, and a broad
emission in the visible range between 400 nm and 600 nm [81-84]. Various PAH
molecules have shown to have fluorescence spectra which are broad and
overlapping with each other [85]. Furthermore, PAH-LIF spectra also depend on the
excitation wavelength [79], temperature [85, 86], etc., thus making it hard to
determine the types of PAHs in a flame purely from the LIF spectra. However, the
LIF emission in the UV region is regarded to be emitted by the PAHs with two to
three rings, while those in the visible region correspond to PAH species with higher
molecular weights [81, 83, 87, 88]. In general, the fluorescence response of PAHs
shift towards longer wavelengths as the molecular size increases [80, 89, 90].

3.3.1 Experimental Setup

The schematic representation of a PAH-LIF setup is given in Fig. 3.9 where
excitations can be performed using either 266 nm or 532 nm laser wavelengths.
Nd:YAG lasers (Quantel Brilliant b, 10 Hz) operated in second and fourth harmonic
modes were used for generating 532 nm and 266 nm laser beams. Potentially
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remaining 1064 nm laser radiation mixed with the 532 nm laser beam, and 1064 and
532 nm laser radiation superimposed in the 266 nm laser beam, need to be removed
using, for example, dichroic mirrors to avoid signal interferences in the PAH-LIF
signal. This has been discussed in detail in Paper IIl. The attenuation system used
for the 532 nm laser beam is similar to that discussed in section 3.2.3. Laser beams
were shaped into a laser sheet using the combination of a UV cylindrical lens (f = -
40 mm) and a UV spherical lens (f =+ 500 mm).

Spectral measurements of PAH-LIF can be performed using various beam
configurations. In the work presented in Paper IlI, spectral measurements of PAH-
LIF were done using an unfocused laser beam. In such measurements, one must
ensure that low laser fluences are used to avoid incandescence, especially for the
266 nm laser beam. Laser fluences of ~ 0.02 J/cm? and ~ 0.004 J/cm? were used for
the excitation wavelengths of 532 nm and 266 nm, respectively.

The signal acquisition system of 2D PAH-LIF is quite similar to that of LII as
described in section 3.2.3 in terms of the ICCD, finding the location of the gate, etc.
A short gate width of 30 ns was used for signal acquisition of the PAH-LIF signals,
as they generally have durations of the order of ~ 20 - 30 ns [17]. Wavelengths used
for detection can be used for size-selection of PAHs when using 266 nm as the
excitation wavelength. This has been discussed in detail in Paper I11.
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Figure 3.9: Schematic representation of a PAH-LIF set-up using the excitation wavelengths 532 nm and
266 nm.
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3.3.2 Uncertainties

Quantitative PAH-LIF measurements in flames have several uncertainties due to the
overlapping LIF spectra of different PAHs, lack of information about the LIF
spectra of different PAHs at flame conditions (high temperatures), their dependence
on temperature and excitation wavelength, etc. Several of the uncertainties
associated with LII measurements mentioned in section 3.2.4 are applicable for
PAH-LIF measurements as well. Issues such as the presence of spatial non-
uniformities in the laser sheet profile, beam steering, signal trapping, etc. could
cause uncertainties in the measurements. As measurements were performed in stable
flames for the work reported in Paper III, beam steering was found to be minimal.
It is difficult to characterize signal trapping as the absorption properties of PAHs at
all wavelengths are not known. Despite the limitations of spectral overlap for
different PAHs and uncertainties in absorption efficiencies, relative PAH
concentrations can be measured and compared.

3.4 Elastic Light Scattering (ELS)

Elastic light scattering (ELS) is a process that occurs for molecules as well as for
soot particles, in which the scattered light has the same wavelength as the incident
light. In soot-laden media, often the ELS from soot is several magnitudes stronger
than the ELS from the molecules. ELS, when combined with other techniques such
as LII or extinction can be used for obtaining information on the particle size,
aggregate properties, etc. [24, 30, 91]. ELS signals from soot are often presented in
terms of the parameter called the scatter factor or Q,,,. Here, the two v’s indicate
the polarization of the scattered photons observed by the detector and the
polarization of the incident beam, respectively. If one assumes soot particles to be
spherical and monodisperse,

=1 () (%)

where N, A and d,, are the particle number concentration, laser wavelength and the

(3.25)

m2—1|°
m2+2| "’

primary particle size, respectively. The parameter |(m? —1)/(m? +2)|? is a
function of the complex refractive index of soot (m), called F(m).

Calibration of the ELS signals detected by the detector (often ICCD cameras or
photomultipliers) to Q,,, is done by performing ELS measurements on nitrogen or
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air, for which the values of the Q,,, factors are known for a given temperature and
pressure. The calibration factors are thus obtained and the ELS signals from soot
measurements are later converted in terms of @, factors.

3.4.1 Experimental Setup

A schematic representation of an optical setup used for the work presented in Paper
I, is given in Fig. 3.10. This setup is similar to the LII setup shown in section 3.2.3,
apart from a few differences. A laser wavelength of 532 nm is often used for ELS
instead of 1064 nm, because of the availability of efficient detectors in the visible
range, for example ICCD-cameras. The attenuator system can control the pulse
energy while also ensuring that the laser beam is vertically polarized as this is an
essential requirement for obtaining strong elastic light scattering in the orthogonal
direction to the propagating laser beam. A low laser fluence of ~ 0.02 J/cm? was
used to avoid incandescence from soot particles.

Various optical filters are placed in front of the detector while acquiring the ELS
signal. A linear polarizer rotated at an angle to transmit the vertically scattered
photons, along with a band-pass filter at a wavelength of 532 nm are the two
important optical components used for ELS measurements. Additionally, various
neutral density filters are also used to prevent signal saturation of the I[CCD camera.
A short gate width of 20 — 30 ns is preferred for ELS signal acquisition to minimize
the contribution of flame luminosity.
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Figure 3.10: Schematic representation of an ELS setup.
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3.4.2 Uncertainties

In all the works mentioned in this thesis, results from ELS measurements are
reported in terms of Q,,, factors, and further analysis leading to obtaining primary
particle sizes or aggregation properties have not been performed. Evaluating
primary particle sizes using ELS and LII measurements involves several
uncertainties related to the choice of the refractive index of soot, aggregation of
soot, etc. More details can be found in [28]. Other common uncertainties related to
laser diagnostics have been discussed in section 3.2.4.

3.5 High-Speed Imaging Measurements

High-speed imaging techniques are the ones where the image acquisition is at frame
rates generally over 1 kHz. Such techniques are especially useful for studying fast
processes or transient phenomena, such as the combustion processes in an internal
combustion engine, fuel injection in a diesel engine, etc. [92]. In the works involved
in this thesis, high-speed imaging measurements of Mie scattering, and flame
luminosity have been performed.

3.5.1 Mie Scattering

Mie scattering is a useful technique to study spray formation in diesel engines. The
Mie scattered signal occurs at the same wavelength as the incident light, and for
light-droplet interaction, it can be described by Lorenz-Mie theory [93]. The light-
droplet interaction falls into three light scattering regimes based on the size
parameter ‘x’. These regimes are:

x < 1: Rayleigh scattering regime,

1 < x < 100: Mie scattering regime, and
x > 100: Geometrical optics regime.
Here, x is given as,

_nd (3.26)
X = A .

where, d is the droplet diameter and A is the wavelength of the incident light.
Although quantitative evaluation of spray sizes can be done by combining the
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scattering measurements with LIF measurements of sprays, Mie scattering has been
used for qualitative analysis in the work presented in this thesis, see Paper IV.

Experimental Setup

As mentioned in section 2.3.2, Mie scattering measurements were performed by
introducing EGR to create a non-reactive environment inside the combustion
chamber. Figure 3.11 shows the schematic of the experimental setup for the high-
speed imaging measurements of Mie scattering presented in Paper IV.
Measurements were performed in a light-duty Volvo optical diesel engine described
in section 2.3.2. A continuous wave diode laser (~ 3 W) operated at a wavelength
of 452 nm was used to illuminate the combustion chamber of the optical engine. A
positive cylindrical lens was used to restrict the expanding laser beam to match the
shape of the optical window. The optical window acted as a diverging lens to further
expand this rectangular laser beam as shown in Fig. 3.11b. The top surface of the
combustion chamber was coated with graphite spray to reduce strong reflections
from metal surfaces.

A Photron SAS5 high-speed camera with an UV objective lens (B.Halle, f= 100 mm)
was used for acquiring the 2D Mie scattering signals. The camera was operated at
25,000 frames per second (fps) with a gate width of acquisition of ~ 40 us.
Additionally, a band-pass filter at the wavelength 452 nm (FWHM = 22 nm) was
placed in front of the detector.

Uncertainties

The Mie scattering measurements presented in Paper IV was used for qualitative
analysis. However, there are still some uncertainties due to various factors. Firstly,
the illumination might not be uniform for all sprays. Hence, it might be difficult to
characterize the symmetry of a spray using the Mie scattering signals. Due to this
reason, the main analysis has been performed on one of the eight sprays for which
there is strong illumination at all times during the injection process. Another
uncertainty is due to the image distortion caused by the shape of the optical piston.
This has been corrected using a distortion correction procedure described in Paper
V.
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Figure 3.11: Schematic of the experimental setup for high-speed imaging measurements of Mie
scattering performed in an optical diesel engine (Inspired from Lonn et al. [94])

3.5.2 Flame Luminosity

High-speed imaging of flame luminosity (or natural luminosity, NL) is another
useful diagnostic tool in studying combustion processes in transient environments
like in a diesel engine. Although NL from a combustion system consists of
chemiluminescence as well, the predominant contribution in sooty flames as in
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Diesel engines, comes from the heated soot particles. NL of hot soot in the flame is
often used to characterize the global flame structure, and as a first-step diagnostic
tool before using more advanced laser diagnostic techniques. This thermal emission
from hot soot particles has also been used to study soot formation and oxidation,
along with the evaluation of soot concentration and temperatures [95-98].

Experimental Setup

The experimental setup for the NL measurements is quite similar to that of the Mie
scattering measurements described in section 3.5.1 with only a few differences. The
most significant difference is that no laser source was used for the flame luminosity
measurements. Also, in addition to the band-pass filter at 452 nm, various OD filters
were also used to avoid saturation of the detector (Photron SAS camera).

Uncertainties

Natural luminosity measurements in the works mentioned in this thesis were used
for qualitative analysis. However, there are certain factors which might cause
uncertainties in the measurements. As the NL emission from soot is sensitive to its
temperature, a uniform soot distribution with a non-uniform temperature
distribution will give non-uniform distribution of NL emission. This might cause
uncertainties in the results if the information on temperature distribution is not
available. Moreover, there might also be issues due to non-uniform signal trapping,
some of the regions being out of focus in the camera (at late cycle), etc. However,
the focus of the camera was optimised to minimise this effect. Natural luminosity
measurements are also troubled with image distortions caused due to the curvature
of the optical piston. The procedure to correct for this distortion has been discussed
in Paper IV.
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4 Results and Discussion

In this chapter, the main results from the works involved with the Papers [ — V have
been presented. Additionally, some interesting results which were not presented in
the Papers have been added here. However, all results which are presented in the
Papers have not been reported in this chapter to avoid repetition.

4.1 Effects of Laser Focusing Optics on LII

Two-dimensional LII has been one of the most important diagnostic tools in the past
couple of decades in obtaining quantitative information on soot [17, 27].
Measurements based on 2D-LII have been commonly used for obtaining 2D soot
volume fractions (f,) [17, 47]. Although 2D LII has been widely used in laboratory
scale and practical combustion systems, there are several challenges in performing
accurate quantitative measurements. More details on LII, including some of these
challenges such as attenuation of laser energy along the beam path, signal trapping,
and beam steering have been discussed in detail in section 3.2. In this section, the
issues created due to the varying laser sheet width in the imaged region along the
beam propagation direction caused due to the laser sheet focusing optics have been
discussed.

In this study, we used a one-dimensional flame in which a homogenous soot field
was created. For this, low sooting premixed ethylene-air flames (¢p = 2.1, maximum
f» <60 ppb [31]) were stabilized on a McKenna burner as discussed in section 2.3.1.
At the HAB of 14 mm, where the main analysis was done, the extinction of the laser
beam across the flame was 1.8 %. Hence, one can assume negligible influence of
laser energy attenuation along the beam path as well as negligible signal trapping.

LII measurements were performed using a Nd: Y AG laser operated at 1064 nm. The
LII setup was discussed in detail in section 3.2.3, and specific details on this setup
can be found in Paper . After expanding the laser beam in the height direction using
two cylindrical lenses (f=- 19 mm, f =+ 200 mm), a cylindrical lens with a focal
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length of + 500 mm (denoted as f500 lens) was used to focus the laser sheet along
the thickness direction. Along the propagation direction of the laser ‘z’, the
thickness of the laser sheet (‘x’) was measured using a beam profiler camera. The
location z = 0 represents the location of minimum thickness of the laser sheet, and
this was positioned to coincide with the centre of the burner. The variation of laser
sheet thickness along the propagation direction of the laser is shown in Fig. 4.1b,
and the resulting fluence distribution at z =20 mm and z = 0 is shown in Fig. 4.1a.
One can notice that the laser sheet profile is fairly Gaussian. The width of the laser
sheet, which was evaluated as the width at 1/e* (13.5 %) of the maximum intensity

has also been marked in Fig. 4.1a.
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Figure 4.1: (a) Laser fluence profile for a pulse energy of 11.2 mJ at z = 0 and z = 20 mm, where ‘7’ is
distance along the propagation direction of the laser (marked by arrows in (b)). Gaussian fits of the
fluence distribution have also been marked along with the sheet widths. (b) Laser sheet profile along z.
‘x’ represents the width of the laser sheet.

LII measurements were performed using 10 different laser pulse energies ranging
from 2.24 mJ to 22.4 mJ, which correspond to mean fluences of 0.12 J/cm? and 1.22
J/em? respectively, at z = 0. The values of all the ten fluences named as F1 to F10,
are given in Table 4.1. Four different gate widths (10 ns, 30 ns, 50 ns, 100 ns) were
also used for acquiring the 2D LII signals.
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Table 4.1: Laser pulse energies and the corresponding mean laser fluences at z = 0 used for LII
measurements.

Symbol Total pt(lrl:j)energy Mean ﬂ(l,jj(/a::::)at z=0
F1 2.24 0.12
F2 4.48 0.24
F3 6.72 0.37
F4 8.96 0.49
F5 11.2 0.61
F6 13.4 0.73
F7 15.7 0.86
F8 17.9 0.98
F9 20.2 1.10
F10 224 1.22

All the remaining analysis in this work have been performed at an HAB of 14 mm.
The LII model introduced in section 3.2.2, was used to simulate the LII signals
obtained from measurements at 14 mm HAB, using the properties of soot and
ambient conditions summarised in Table 3.1 (also Table 2 in Paper I). For the LII
model evaluations, Gaussian distributions of laser fluences were generated for each
z location with the sheet thickness from Fig. 4.1b. Various points in the distribution
were spatially equidistant from each other (separation ~ 2.3 um) as shown in Fig.
4.2. In order to simulate the LII signal in an imaging experiment at 90 degrees
detection from the propagating laser beam, the LII signal from a z location was
obtained by adding the modelled LII signals evaluated at these individual points
using their corresponding laser fluences. The LII signals generated from the LII
model were found to be matching with the corresponding signals obtained from
measurements (Figs 4 & 6 in Paper I).

Figure 4.3 shows the measurement and modelled LII fluence curves at an HAB of
14 mm while using the 500 lens for the fluence cases F4 and F6. Ideally, the LII
signal profiles should be constant along z as the soot distribution is uniform in the
region shown in Fig. 4.3. The variation is mainly caused due to the variation in the
thickness of the laser sheet along z. The LII signal at z = 20 mm was found to be
around 2.4 and 1.9 times stronger than the signal at z = 0 for the 30 ns case. This is
mainly due to a combination of two factors. The first one is the presence of a larger
probe volume for z = 20 mm compared to z = 0. Meanwhile, the second factor is
the presence of a much higher peak fluence for the z = 0 location compared to that
at z =20 mm, which results in a much higher sublimation at z = 0 leading to a drop
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in the LII signal. Nevertheless, from Fig. 4.3, it can be seen that the use of £500 lens
for LII measurements produces large bias in the signal distribution.
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Figure 4.2: Modelled distribution of laser fluence along the thickness (x) direction for different locations
along the propagation direction of the laser (z). Total LIl signal at a particular z location was the sum of
all the LIl signals obtained at the equidistant points marked in the individual curves.
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are normalised to the highest signal intensity.

Figure 4.4 shows the variation of signal ratio, defined as the ratio between the LII

signals at z = z' and z = 0 (22’ represents the image length, IL), with respect to the
FL/IL ratio. The closer the signal ratio is to 1, the lower is the level of bias in the
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corresponding LII measurement. The plots in Fig. 4.4 correspond to the fluence
cases F4 and F6 for an acquisition gate width of 30 ns. The figure also includes a
curve corresponding to modelled data using an f1000 lens. Here, the variation of
sheet thickness along the direction of laser beam propagation was modelled using a
Gaussian beam propagation model [99] for an f1000 lens (Fig. 7 in Paper I), and
later its LII response was evaluated using the LIl model (Fig. 8 in Paper I). A first
observation from Fig. 4.4 is that, at high FL/IL ratios, the signal ratios remain close
to 1. It can also be seen that the measurements and the model for the 500 case match
well with each other. One can also observe that the modelled signal ratios for the
f1000 lens are slightly lower compared to that of the f500 lens. Thus, for performing
2D LII measurements with minimal bias in the signal distribution due to focusing
optics, the first thing to do is to select a lens with as long focal length as possible.
After this, other measurement parameters such as the gate widths and laser fluence
optimized to minimize the intensity bias in the image.
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Figure 4.4: Variation of signal ratio (ratio between the LIl signals at z = z’' and z = 0) in relation to the
ratio between the focal length (FL) of the focusing lens and the image length (IL) for various lenses for
the fluence cases F4 and F6 (0.49 J/cm? and 0.73 J/cm? respectively, at z = 0).

Figure 4.5 shows the variation of the signal ratio with the FL/IL ratio for different
fluence cases for the modelled 1000 lens and different detection gate widths of 10
ns to 100 ns. One can observe that the low fluence cases such as F1 to F3 show
variations in trends for different gate widths at low FL/IL ratios. Meanwhile, the
signal ratio for the fluence case F2 remains close to 1 for some detection gate widths
even for low FL/IL ratios. This might be misleading as for large image lengths, low
fluence cases might be risky as there is a higher probability of laser energy
attenuation along the beam path. The laser energy attenuation along the beam path
could drastically lead to a strong loss in LII signal intensity across the imaged
measurement region. This might create even larger uncertainties, and the trends
might tend to those of F1. However, too high fluence case such as F10 also results
in large bias for large image lengths. Thus, an optimal laser fluence needs to be
selected based on the actual measurement situation to minimize the bias in LII signal
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distribution. It can also be seen that at high fluences, for a chosen value of FL/IL
ratio, the signal ratio is lower for shorter gate widths. Hence, for a chosen focal
length of the lens, the bias in the LII signal distribution can be minimized by using
a short detection gate width and an optimal laser fluence.
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Figure 4.5: Variation of signal ratio (ratio between the LIl signals at z = z' and z = 0) in relation to the
ratio between the focal length (FL) of the focusing lens and the image length (IL) for various detection
gate widths for the modelled f1000 lens for different fluence cases.

It was found that 2D LlII-based studies performed in large systems often have
underestimated the uncertainties in the LII signal distribution due to the variation of
laser sheet thickness along the propagation direction of the laser [44, 67, 100, 101].
For example, there are studies which used an f600 lens for an image length of 40
mm [101], and an f500 lens for an image length of 30 mm [100] resulting FL/IL
ratios of 15 and ~ 17 respectively. Another study, although the 2D LII images were
used for quantitative analysis used an f2000 lens for an image length of 50 mm,
where the FL/IL ratio comes to ~ 13 [44]. Although these studies do not have exactly
the same conditions as the present investigation, such low FL/IL ratios could
potentially result in significant bias in the 2D LII signal distribution. This bias could
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carry forward into the calculated 2D soot volume fraction distributions, evaluated
by calibration using extinction measurements, which are generally unaffected by the
laser beam width variation. This study, spreads light into the problem caused due to
the varying laser sheet width in 2D LII based investigations and the significance of
the bias in the spatial distributions of the LII signal. Some ways to mitigate the
effects due to this have also been discussed.

4.2 Soot in Laminar Diffusion Flames at Elevated
Pressures

Most of the practical combustion devices in the transportation and power generation
sectors operate at elevated pressures. To mitigate the soot emissions from these
systems, it is important to have a good understanding of soot formation processes at
elevated pressures. In the literature, there have been detailed investigations on soot
formation in laminar diffusion flames at elevated pressures to understand the effects
solely due to pressure [69-72, 102-104]. Spectral soot emission (SSE) [105] and
line-of-sight attenuation (LOSA) [106] of soot have been the most prominent
techniques used for studying soot formation in elevated pressures to obtain
temperature and soot volume fractions (f;,) [69-71, 104]. However, the assumption
of constant absorption properties for soot, represented in terms of E (m) values, has
been stated as the main uncertainty in these measurements based on SSE+LOSA
[69, 104].

As discussed in section 2.2.1, the value of E(m) increases with increase in soot
maturity. In the study reported in Paper I, soot absorption properties in methane-
air diffusion flames up to 0.5 MPa were investigated. LII, PAH-LIF and extinction
were the main diagnostic techniques used in this study. A Nd:YAG laser operated
at 532 nm was used for LIl and PAH-LIF measurements. As PAHs absorb visible
light, the LII signals will face the problem of PAH-LIF signal interference. Delayed
detection could be used to suppress the PAH fluorescence as the PAH fluorescence
lifetime is on the order of tens of nanoseconds while LII signals have lifetimes on
the order of microseconds. However, this procedure was ruled out due to issues with
quantification of LII signal to f;, [47]. A correction procedure was devised to remove
this PAH-LIF interference from the LII signals.
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4.2.1 Removing PAH-LIF signal interference in LII

For removing the PAH-LIF signal interference in LII in the work reported in Paper
IL, two points along the centreline of the burner, termed as reference points were
selected. These reference points were selected at low HABs as there is no soot
present at these locations, but still with fairly good signal intensities in the 2D LII
image. This signal must have originated primarily from the PAHs as LIF. The
fluence curve at these reference points were plotted to obtain the relationship of
PAH-LIF signal with laser fluence.
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Figure 4.6: Procedure to correct for the PAH-LIF interference in 2D LIl signal image for the 0.5 MPa
case. (a) Fluence curve at the reference points showing pure PAH fluorescence. (b) Uncorrected (solid
lines) and corrected (dotted lines) LIl fluence curves at various HABs. (c) Uncorrected 2D LIl image at a
fluence of ~ 0.17 J/cm?. (d) LIF contribution in the uncorrected image. (e) Corrected 2D LIl image.

The fluence curves plotted at the reference points of the 0.5 MPa case are shown in

Fig. 4.6a, i.e., showing only PAH fluorescence. Also, the signal intensities in the
LII image corresponding to the fluences less than 0.03 J/cm? were assumed to be
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purely PAH-LIF signals. As both the PAH contribution to LII signals could be
established for low fluences and the fluence curve shape was similar for all cases,
the PAH-LIF contribution at all the fluences could be estimated. Figure 4.6b shows
the fluence curves for the HABs ranging from 3 mm to 7 mm. The solid lines in the
plot represents uncorrected LII signals, whereas the dotted lines for the HABs 4 mm
and 5 mm represent the LII signal after removing the PAH-LIF interference. Figure
4.6c — 4.6d represent the correction process in 2D LII signal images for the 0.5 MPa
case at a fluence of ~ 0.17 J/em?. Figure 4.6¢, 4.6d and 4.6e respectively represent
the uncorrected 2D LII image, the PAH-LIF contribution in the uncorrected image
and the corrected 2D LII image.

4.2.2 2D PAH-LIF and Soot Volume Fraction (f,) Distributions

Figure 4.7 shows the 2D PAH-LIF and f,, distributions (derived from LII) for all the
pressure cases. The colour-bars represent f;, in ppm for the right halves of individual
images. The PAH-LIF signals, shown in the left halves of the figures, are normalised
to the maximum signal intensities of the corresponding images. At all pressures, it
can be seen that the PAH-LIF signal increases and reaches a maximum followed by
its subsequent decrease. It can also be seen that f,, starts to rapidly increase around
this height to reach a maximum, followed by a strong decrease related to soot
oxidation. One can also notice the increase in maximum f,, with increase in pressure.
Although it cannot be observed in Fig. 4.7, PAH-LIF signals also increase with an
increase in pressure.
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Figure 4.7: 2D PAH-LIF (left half) and f (right half) for all the pressure cases. The colour-bars on the

right side represent f in ppm. PAH-LIF images are normalised to the maximum signal intensity (colour-
bar on the left).
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After correcting the LII signal images for the PAH-LIF interference, the LIl model
was employed to estimate the values of E'(m) at various spatial locations, as well as
to study the variation of E (m) with pressure. This has been discussed in detail in
Paper II. It was found that E (1) values of soot at the position of maximum f,, along
the centreline (denoted as TP; in Paper II) increased with increasing pressure. Soot
E (m) values also increased strongly with HAB up to the point of maximum f;,. The
impact of the assumption of constant E (m) in SSE+LOSA based studies were also
discussed in terms of the exponent x in the expression f,~P*. Despite large
differences in E (m), the impact on the pressure exponent was found to be marginal.

4.3 Influence of Salt Additives on PAH and Soot
Formation

Due to the non-renewability of fossil fuels, biomass has been suggested as one of
the contributors in replacing them [10-12]. It is thus important to have a deeper
understanding of biomass combustion, and soot formation in such systems. It is well
known that the soot formation process is sensitive to the composition of the fuel.
Biomass has various concentrations of trace metals such as potassium (K) and
sodium (Na) in addition to carbon, hydrogen and oxygen [107]. Salts of these metals
have been found to influence the combustion, including the soot formation process
[107-112]. Upon the addition of chlorides of different metal salts, KCl showed
considerable reduction in primary particle sizes and soot volume fractions [109,
110]. This was the main motivation to study the influence of various salts of
potassium (KCIl, KOH, and K>COs) on PAH and soot formation. Salts of sodium,
NaCl and NaOH were also used for the study.

Various concentrations of salt solutions, KCI, NaCl, KOH, NaOH, and K,COs3, were
aspirated into premixed ethylene air flames (¢ = 2.6) stabilized on a Perkin-Elmer
burner. Solutions with concentrations of 1 M, 0.1 M and 0.01 M were aspirated into
the flame for all salts except KoCOs. As there are two potassium atoms in each
molecule of K»COs, solutions with concentrations 0.5 M, 0.05 M and 0.005 M were
aspirated leading to the same metal ion concentration in the solution as the other
salts. Figure 4.8 shows the flame luminosity images of the reference and salt added
cases (case 1 M). Potassium-added flames show a faint bluish glow around the flame
while the sodium-added flames show the strong emission corresponding to the
sodium D lines (588.9950 and 589.5924 nm). More details on the burner can be
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found in section 2.3.1 and in Paper III. However, Paper III only presents the
investigations on the influence of the addition of KCl on PAH and soot formation.
Although the data evaluation for the salts other than KCl is still ongoing, some of
the results are presented here.

KOH NaOH

Figure 4.8: Flame images of the reference and the highest concentration cases (1 M) of various salts.

Laser-induced fluorescence of PAHs (PAH-LIF) was the main technique involved
in these investigations. Nd:YAG lasers operated at the wavelengths of 266 nm and
532 nm were used for PAH-LIF excitations. Generally, excitations using longer
wavelengths tend to excite larger PAHs with more aromatic rings. However, most
PAHs, irrespective of their size, are likely to have absorption bands around 266 nm
[8]. Furthermore, the fluorescence response of PAHs have been found to shift to
longer wavelengths as their molecular size increase [80, 89, 90]. Thus, performing
PAH-LIF measurements with the excitation wavelengths 266 nm and 532 nm, and
detecting the resulting PAH-LIF signal at different wavelength ranges might
provide interesting information on the PAH formation process. In this study, both
spectral and 2D imaging measurements of PAH-LIF have been performed. For the
2D imaging measurements with excitation at 266 nm, the PAH-LIF signals have
been acquired at 320 nm, and in the region above 385 nm, which are respectively
termed as LIF266-BP320 and LIF266-LP385. Here, BP320 and LP385 respectively
represent the use of band-pass filter at 320 nm and a long-pass filter with cut-off
wavelength at 385 nm. The experimental setup for PAH-LIF measurements have
been discussed in detail in Paper III and in section 3.3.1.

4.3.1 Height Profiles

Excitation at 266 nm

Figure 4.9 shows the signal profiles along the centreline for the 2D LIF266-BP320
and LIF266-LP385 measurement cases for all the concentrations of all the salts used
in this study. What stands out in the figure is that there are no significant differences
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between the different salt concentrations for the LIF266-BP320 signal profiles at
higher HABs (> 5 mm). As LIF266-BP320 signal corresponds to smaller PAHs (2
to 3 rings) [81, 83, 87, 88], it can be inferred that addition of K and Na salts do not
significantly influence the PAH concentrations at increasing heights above burner
(HABs). However, the highest concentration cases (1 M) of all salts show a slight
shift in the PAH formation to higher HABs. This will be discussed soon using some
results from the ELS measurements.

LIF266—-BP320 LIF266—LP385

— Reference
— 0.01M
— 01M
— 1M

LIF signal (a.u)
LIF signal (a.u)

s

LIF signal (a.u)

LIF signal (a.u)

LIF signal (a.u)

A7

LIF signal (a.u)

KOH

_ _
= ]
] L
& &
= =
= =
&Y &Y
X &
=] =]
— —
K2C03

[

NaCl

NaOH

HAB (mm)

5 10 15
HAB (mm)

Figure 4.9: LIF266 profiles along the centreline for the BP320 (left) and LP385 (right) cases for 3 different
concentrations of the salt solutions and the reference case. Note that for K,COs, the concentrations are
0.5M, 0.05M and 0.005 M, respectively. The plots are normalised to the maximum signal of the reference
cases.
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The LIF266-LP385 case represents larger PAHs [81, 83, 87, 88]. Here, the PAH-
LIF signal starts to form at a higher height (HAB ~ 3 — 4 mm) compared to the
BP320 cases, rises steadily to reach a peak at around 8 — 10 mm HAB, and then
subsequently decrease. Potassium salts show a slightly higher decrease in the PAH-
LIF signal after attaining the peak compared to the sodium salts. It can also be seen
that there is a successive decrease in the PAH-LIF signal with increase in the salt
concentration. This indicates that the addition of potassium and sodium results in a
decrease in the concentration of larger PAHs at higher HABs, where a larger
influence is shown from potassium addition.

Excitation at 532 nm

The PAH-LIF signal along the centreline of the flame obtained using excitation at
532 nm (termed as LIF'532) for all the concentrations of all the salts tested is shown
in Fig. 4.10. LIF532 is also known to represent larger PAHs [80]. One can also
notice that the trends generally resemble the LIF266-LP385 case (Fig. 4.9).
However, these two cases do not necessarily represent the same PAH molecules, as
the absorption efficiency as well as fluorescence yield of PAHs may vary with
excitation wavelength.

Addition of potassium and sodium salts seem to reduce the concentrations of larger
PAHs at increasing HABs, where potassium salts have the larger influence. It is also
interesting to see that for the respective concentrations, the curves of all the
potassium salts KCI, KOH and K,CO; resemble each other irrespective of the
negative ions. The same can be observed for NaCl and NaOH. It might suggest that
it is primarily potassium and sodium which are responsible for the decrease in the
concentration of larger PAHs at increasing HABs. Furthermore, for cases with
potassium salt addition the PAH concentration decreases with HAB after attaining
the peak, whereas upon the addition of sodium salts, the PAH concentration can be
observed to not decrease with HAB after the peak. One can also observe the shift in
the LIF signal towards higher HABs for the 1 M cases.
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Figure 4.10: LIF532 profiles along the centreline for all concentrations of the salts and the reference
case. Note that for K,COs3, the concentrations are 0.5 M, 0.05 M and 0.005 M, respectively. The plots are
normalised to the maximum signal of the reference cases.

Elastic light scattering (ELS)

Figure 4.11a shows the ELS profiles along the centreline of the burner for the
reference case and various concentrations of KCI, while Fig. 4.11b, ¢, and d show
the same for the reference case and the 1 M case of all the salts. From Fig. 4.11a, it
can be seen that there is a signal peak at the HAB ~ 1 mm for the 1 M case. From
the LII images shown in these former studies [109, 110], this region is prior to the
soot formation region. This signal is expected to come from salt particles before
they dissociate at higher HABs. This behaviour was also observed in previous
studies [109, 110]. Although the full analysis of the ELS signals from all salts is still
ongoing, from Fig. 4.11c, one can observe signal peaks at HABs around 1 — 2 mm
for different salts. This will be explored further in future work.
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Figure 4.11: ELS signal profiles (incident and scattered light are vertically polarized) along the centreline
of the burner for (a) the reference and different concentrations of KCI, and (b), (c) & (d) for the 1 M case
for all the salts. Note that the y-axis for (d) is in logarithmic scale.

Meanwhile, Fig. 4.11b and 4.11d (logarithmic y-axis) show very interesting trends
in the signal profiles of various salts. On a first observation, one can notice that the
ELS signal profiles of all cases with potassium salts overlap with each other at
higher HABs (= 10 mm), irrespective of the type of salt. Similarly, the signal
profiles of NaCl and NaOH addition also overlap with each other at higher HABs.
This indicates that the ELS signals are negligibly influenced by the negative ions in
these investigations, i.e. ClI, OH" and COs>. Furthermore, in comparison with the
reference case, potassium salts show a larger reduction in the ELS signal than the
sodium salts. This is also congruent with a previous study, where the flames with
the addition of KCI and NaCl were found to show lower ELS signals, and KClI cases
subsequently showed smaller particle sizes [109, 110].

4.3.2 PAH-LIF Spectra

Spectral measurements of PAH-LIF signals were performed using both 266 nm and
532 nm excitation, termed as LIF266 spectra and LIF532 spectra, respectively.
PAH-LIF spectra were acquired at the centre of the burner at different HABs for the
reference case and 1 M cases of all the salts.
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Excitation at 266 nm

Figure 4.12 shows the LIF266 spectra of the reference, and the 1 M cases of KCl
and NaCl. The spectra show bimodal nature, which is in agreement with the
literature [8, 81-84]. However, the peak in the UV region in the present study was
found to be at ~ 350 nm instead of at 320 nm [81, 82, 84]. This could be due to the
differences in flame conditions, such as temperatures, leading to a mixture of PAHs
with different fluorescence properties. The PAH-LIF signal at longer wavelengths
can be seen to increase with increase in HAB for all the cases. One can also see that
the variation of LIF266 spectra with HAB matches with the height profiles presented
in Figs 4.9 and 4.10 in the corresponding wavelength ranges. The addition of KCI
and NaCl reduces the PAH-LIF signal at longer wavelengths (= 400 nm) without
any significant change in the spectral shape. More detailed discussions on the
LIF266 spectra can be found in Paper II1.
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Figure 4.12: (a, c & e) Non-normalised LIF266 spectra of the reference, and 1 M cases of KCl and NaCl,
respectively at different HABs. (b, d & f) Normalised spectra of the same.
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Excitation at 532 nm

Figure 4.13 shows the normalised LIF532 profiles for the reference case, and 1 M
cases of KCl and NaCl at various HABs. A first interesting observation is that for
all the three cases, the spectral shape does not vary significantly vary with HAB.
This might indicate that the composition of larger PAHs that can be excited by
532 nm is relatively constant with increasing HAB. One can also observe a drop in
the LIF intensity profile at 532 nm due to the use of the notch filter positioned at
532 nm to block the strong scattering signal from soot.
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Figure 4.13: Normalised LIF532 spectra for (a) reference case, and 1 M cases of (b) KCI and (c) NaCl
at different HABs.

The spectral measurements were found to corroborate well with the height profiles

shown in Figs 4.9 and 4.10 in the corresponding wavelength ranges. In the literature,
KCI and other salt additives have shown to reduce the soot concentration while
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significantly increasing the particle number density (and reducing soot particle size)
[112]. Like coalescence as a soot particle growth process, evidence of coalescence
of smaller PAHs to form larger ones have been found experimentally [113] and has
also been modelled in the study by Wang et al. [18]. This might indicate the
dissociated sodium and especially potassium salts ionize the smaller PAHs and
hinder their progress to form heavier PAHs [114].

This study on the influence of alkali metal salts on PAH and soot formation can be
very useful for improving soot formation mechanisms in biofuel combustion. LII
measurements have also been done for all these salts, and the analysis of the LII
data is currently ongoing. It would also be valuable to develop a detailed chemical
kinetic study on the influence of these alkali metal salts on soot formation.

4.4 Soot Diagnostics in the Optical Engine

Laser-diagnostic techniques have been successfully applied in studying soot
formation in laboratory-scale burners, presented in Papers I — III. Paper IV and V
presented the investigations applying optical diagnostic techniques such as high-
speed imaging of Mie scattering and natural luminosity (NL), and extinction and 2D
LII in a Volvo light-duty optical diesel engine. Spray and soot formation as well as
late cycle soot oxidation were investigated, and especially the behaviour due to two
factors; the age of injector and the use of a fuel additive.

The first factor was the aging of injectors, where a new and an aged injector (with
over 100,000 km on-field usage) were used. Aging of injectors have been found to
adversely affect the combustion process [36, 46, 115-118]. Also, they have shown
to influence the fuel injection rates [36, 117, 119], spray penetration [118], flow
field [115], and result in higher exhaust emissions [117], such as hydrocarbon [118]
and soot emissions [36].

The second factor was the presence of the fuel additive tripropylene glycol
monomethyl ether (TPGME) in late-cycle soot oxidation. TPGME has been shown
to reduce engine out soot emissions [120], and the in-cylinder spatially integrated
natural luminosity (NL, which approximately indicates the total soot formed) signal
compared to the reference fuels [98]. Several investigations using line-of-sight
averaged optical techniques have also indicated that TPGME can be good candidate
for a fuel additive that reduces soot emissions [95-97, 121].
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There were a few novelties in the investigations reported in Papers IV and V. The
measurements were performed in an optical diesel engine equipped with a quartz
piston with the exact geometry of a production engine. Mie scattering and NL
measurements were applied at high-speed detection to study the spray and soot
formation, and 2D LII and extinction were used to semi-quantitatively evaluate soot
volume fractions and soot oxidation rates. Measurements were also performed at
two load conditions, termed as low load and mid load cases.

In the following text, only some highlights of the results in Papers IV and V are
presented in addition to some other interesting aspects of these investigations.

4.4.1 Aging of injectors

From a previous investigation in a metal engine, it was found that the aged injectors
showed higher fuel injection rates, resulting in a ~ 22 % and ~ 9 % increase in load
for the low load and mid load cases respectively [36]. X-ray tomography
measurement on the injectors revealed that there were no distinct differences
between the geometries of the new and aged injectors (Paper 1V). High-speed
imaging of Mie scattering signals from the diesel sprays were used to study spray
formation. Figure 4.14 shows the temporal behaviour of the total Mie scattering
signal for one of the well-illuminated sprays for the new and aged injectors along
with the injection signal for the low load (Fig. 4.14a) and mid load (Fig. 4.14b)
conditions. The injection process consists of two pilot injections, one main injection
and one post injection. It can be seen that at low load, the aged injector injects more
fuel for all injections (two pilot, one main and one post injections). The same is true
for the mid load case except the maximum signal intensity of the main injection
remains similar for both the injectors. However, from the longer duration of the
scattering signal for the aged injector, it can be suggested that the needle has a delay
in closing for the aged injector. The Mie scattering measurements corroborate well
with the metal engine measurements [36] regarding the increase in load for the aged
injector for the same injection conditions. The aged injector was also found to
consistently produce larger amounts of fuel dribbles towards the end of injections.
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Figure 4.14: Total Mie scattering intensity of a well illuminated spray for the new and aged injectors at
(a) low load and (b) mid load conditions. The corresponding injection signals are also shown.

High-speed imaging measurements of natural luminosity (NL) showed higher
signals for the aged injector throughout the cycle for the low load case, primarily
due to the large increase in load. However, for the high load case, the peak NL signal
corresponding to the main injection at ~ 22 ° crank angle after top dead centre (°CA
aTDC) was higher for the new injector, which dropped below the aged injector case
at ~27 °CA aTDC.

Extinction measurements along with 2D LII were used to semi-quantitatively
evaluate 2D soot volume fraction (f;) distributions in the late cycle (= 25°CA
aTDC). Figure 4.15a and 4.15b show the variation of K,,;L (represents line-
integrated f,,) with CAD at low and mid load conditions respectively. Meanwhile,
Fig. 4.15¢ and 4.15d show the variation of mean f,, with CAD at both loads. This
data was later used to calculate semi-quantitative soot oxidation rates, represented
using half-lives. It was found that the aged injector produced higher f;, compared to
the new injector at both loads, potentially due to the higher fuel injection rates in
the aged injector. Aged injector also showed higher soot oxidation rates compared
to the new injector at low load conditions, while showing similar values at mid load
conditions. The faster soot oxidation at low load might be due to the larger
percentage increase in load for the aged injector compared to the mid load
conditions. This might cause in a more predominant late cycle mixing driven by the
increased momentum transfer from the spray, subsequently increasing the late cycle
soot oxidation rate.
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Figure 4.15: K,,.L derived from extinction measurements vs crank angle degree after top dead center
(CAD aTDC) for (a) low load and (b) mid load conditions for the aged and new injectors; Mean f,
evaluated from LIl measurements along the region of the laser sheet over the piston top vs CAD aTDC
at (c) low and (d) mid load conditions for the same cases.

4.4.2 Issues of LII measurements in the Optical Engine

Soot Deposit Formation

As there is a large amount of soot formed inside the combustion chamber during the
cycle, soot deposit formation on the surfaces of the optical piston and windows are
frequent. These soot deposits absorb the NL and LII signals on its way to the
detector. This will create uncertainties in the results. To mitigate these, the optical
piston and windows were cleaned regularly using ethanol. The rate of deposit
formation on windows was much slower compared to the deposit formation on the
piston.

Figure 4.16 shows mean natural luminosity images, or background luminosity
images acquired at 30°CA aTDC for the aged injector at mid load. Figure 4.16a and
4.16b correspond to the mean of the first 5 and last 5 background luminosity single-
shot images in between the cleaning of the piston and windows. It can be seen that
the signal from inside the piston bowl has dropped. This lower intensity is primarily
due to the formation of deposits on the piston surface, although there are cycle-to-
cycle variations and a low number of images are included in the mean image.
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Frequent cleaning after ~ 15 fired cycles were chosen in order to obtain sufficiently
good statistical data while keeping the formation of deposits on an acceptably low

level.
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Figure 4.16: Mean natural luminosity images (background image of LIl) acquired using the ICCD camera
through the side windows using a gate width of 20 ns. (a) Mean of the first 5 single-shot images after the
cleaning of the piston. (b) Mean of the last 5 single-shot images before the cleaning. The colour-bar
represents signal intensity (a.u).

Semi-Simultaneous Background Subtraction

Background luminosity images were acquired ~ 2.2 ps before the acquisition of the
LII signal on a single-shot basis. This procedure improves the accuracy of the LII
measurements as the background luminosity distribution varies from cycle-to-cycle
due to the turbulent nature of the flame and due to the build-up of soot deposits.
Figure 4.17 can be used to show some insights into this issue. Figure 4.17a and
4.17b are respectively, single-shot and mean background luminosity images at
30°CA aTDC for the aged injector at mid load. The mean image in Fig. 4.17b is
obtained by averaging 60 single-shot images. Although the mean image seems to
represent the distribution well, there are differences between the images, for
example, the maximum signal intensities. Figure 4.17c shows the mean LII signal
image (of 30 single-shot images) where background subtraction was performed on
a shot-to-shot basis. A mean background luminosity image obtained from a different
set of 30 single-shot images was subtracted from the mean of the same 30 single-
shot LII images used in Fig. 4.17c, and the resulting LIl image is shown in Fig.
4.17d. When comparing these two figures (c and d) a first conclusion is that the
main features can be seen in both images. Figure 4.17e shows the difference
between Fig. 4.17c and 4.17d, and it can be seen that this signal intensity is not
negligible. The differences could be due to shot-to-shot variation in flame shapes
and due to deposits, which will get carried forward in the calibration to f,, and in the
evaluation of soot oxidation rates. This underlines the use of semi-simultaneous
background subtraction for LIl measurements in turbulent flames.
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Figure 4.17: (a) Single-shot background luminosity image at 30°CA aTDC for the aged injector at mid
load. (b) mean background luminosity image for the same case. (c) Mean LIl image obtained after
performing background subtraction on a shot-to-shot basis. (d) Mean LIl image obtained after subtracting
the mean background luminosity image from a different set of signal images from the LIl images used in
(c). (e) Difference between (c) and (d). The colour-bars represent signal intensity (a.u).
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5 Summary, Conclusions & Outlook

In this chapter, a summary and the most relevant conclusions of the conducted work
is presented. A discussion on the implications of this work along with the future
possibilities is also included.

5.1 Summary and Conclusions

In the works involved in this thesis, multiple diagnostic techniques were used to
investigate soot formation. Laser-induced incandescence (LII), extinction and laser-
induced fluorescence of polycyclic aromatic hydrocarbons (PAH-LIF) have
provided important information about soot characteristics in the works in Papers I-
V. These techniques have been applied on small-scale laboratory burners (McKenna
and Perkin-Elmer burners) to practical combustion devices (diesel engines).
Additionally, the heat-and-mass-transfer-based LII model was used to compliment
the measurements through improved understanding of the LII signal behaviour.

In the work presented in Paper I, the effects of focusing optics on quantitative 2D
LII measurements were investigated. 2D LII measurements were performed using a
cylindrical lens with a focal length of 500 mm on flat premixed ethylene air flames
(¢ = 2.1) stabilized on a McKenna burner. The bias in the 2D LII signal resulting
from the variation of laser sheet width in the imaging region along the propagation
direction of the laser was found to be significant (several tens of percent). Numerical
calculations using the LII model were used to estimate LII signals across 2D LII
images for various combinations of focal lengths (FL), image lengths (IL), gate
widths and laser fluences. The ratio between FL and IL termed as the FL/IL ratio,
was introduced as a valuable parameter to estimate the LII signal response to soot
volume fraction over the whole image length. It was found that high FL/IL ratios
minimize the bias, which suggests using a focusing lens with a very long focal
length. After choosing a long focal length lens, this bias can be further minimized
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using optimal choices of detection gate width and laser fluence for the actual
experimental situation and based on supporting LIl model calculations.

In Paper II, work is presented where the diagnostic techniques LII, extinction, and
PAH-LIF were used to study soot maturity in methane-air diffusion flames at
elevated pressures up to 0.5 MPa. It is well known that the value of the soot
absorption function (E(m)) increases during the soot maturation process. The
assumption of constant E(m) values for soot while performing spectral soot
emission (SSE) and line-of-sight attenuation (LOSA) measurements, which are
commonly used for flames in elevated pressures, has been reported as a prime source
in creating measurement uncertainties. The LII fluence curves generated from the
measurements at various locations in the flames were used in a fitting procedure
using the numerical LII model, in which E'(m) was the fitting variable. It was found
that the soot E (m) values at the maximum soot volume fraction (f,,) location along
the centreline of the burner increases significantly (~ 66 % increase between 0.1 —
0.5 MPa) with increase in pressure. Another result was that soot E(m) values
increased along the centreline with height above burner during the soot formation
process. The pressure exponent x in the expression f,, ~ P* evaluated using the
assumption of constant E(m) of 0.27 and the E (i) values estimated in this study
did not show considerable differences given the significant variation in E(m)
values. This study emphasizes the problems with the use of constant E'(m) for all
the soot under study for the evaluation of temperature and f;, using SSE + LOSA
while investigating sooting high pressure flames.

PAH and soot formation processes relevant to biomass combustion were
investigated primarily using PAH-LIF and elastic light scattering (ELS) (Paper I1I).
It is well-known that biomass contains trace metals such as potassium and sodium,
which motivates improved understanding of the influence of these metals on the
PAH and soot formation processes. Water solutions of several salts of potassium
and sodium at various concentrations were aspirated into premixed ethylene-air
flames (¢p = 2.6) stabilized on a Perkin-Elmer burner. From the PAH-LIF
measurements, it was found that the addition of salts had negligible influence in the
formation of smaller PAHs (2 — 3 rings). However, there was a decrease in the
concentration of larger PAHs throughout the flame region monitored in the lower
LIF signal. It was also found that the fluorescence and scattering signal response for
all the potassium salt (KCl, KOH and K»,CO3) additives were similar to each other
irrespective of the negative ions. The corresponding signal responses for the two
sodium salts (NaCl and NaOH) additives were similar to each other, and differed

96



from the potassium salt additives. This indicates that it is primarily the metal ion
that influences the PAH and soot formation process. The results from this study can
be useful for developing chemical kinetic models on the influence of alkali metal
salts on soot formation.

Soot formation and oxidation studies were also performed in an optical diesel engine
(Papers IV and V). This work composed of two investigations. Firstly, to study the
effects of injector aging on spray and soot formation and late cycle soot oxidation,
as previous studies have shown that aging of injectors adversely affect the
combustion and pollutant emissions in diesel engines. The second investigation was
to study the effects of the oxygenated fuel additive tripropylene glycol monomethyl
ether (TPGME) on soot formation and late cycle soot oxidation, as this additive was
found to lower soot emissions in some previous studies. Measurements were
performed at two load conditions termed as low and mid load conditions. The spray
and soot formation were visualized using high-speed imaging measurements of Mie
scattering and natural luminosity, whereas semi-quantitative estimation of f,, and
soot oxidation rates late in the cycle were estimated using 2D LII and extinction
measurements. It was found that the aged injector has a higher fuel flow rate
compared to the new injector, especially at the low load conditions. The increase in
loads estimated from measurements in a metal engine using the same pair of
injectors showed a ~ 22 % and ~ 9 % increase in load at low and mid load conditions
respectively, compared to the new injector. The aged injector also produced higher
amount of soot at both loads and showed faster late cycle soot oxidation rates at low
load. Additionally, fuel with the TPGME additive showed lower soot concentrations
at both loads and faster soot oxidation rates at mid load.

5.2 Outlook

The most important findings relevant to the LIl community are the effects of laser
focusing optics on 2D LII measurements, presented in Paper I. It was found that the
effects due to the varying laser sheet width across the imaging region leads to
significant bias in the 2D LII signal distribution, which might carry forward to f,,
distributions upon calibration using extinction measurements. This result will be
helpful in choosing focusing lens with appropriately long focal lengths for
performing quantitative 2D LII measurements, especially in large flames. If all the
properties in the flame are known, the method used in this study can potentially be
used to correct for the bias caused due to the focusing optics. This thesis also has
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other contributions to the diagnostic community in general. For example, the
strategy for removal of PAH-LIF signal interference from the LII signal while using
the laser wavelength 532 nm (Paper II).

The main contribution of this thesis towards the combustion community, especially
the biomass combustion community, are the results reported in section 4.3 and in
Paper III. As biomass contains traces of alkali metals, such as sodium and
potassium, information on their influence on PAH and soot formation is vital in
improving the current biomass combustion systems. The finding that the addition of
salts does not influence the concentration of small PAHs while decreasing the
concentration of larger PAHs is especially interesting. The implication that the
negative ions in the salt molecule have negligible effect in PAH and soot formation
is also of great interest. Additionally, there were no significant changes in the shapes
of the PAH-LIF spectra upon the addition of potassium and sodium salts. It would
also be interesting to try out probe sampling from the flame and perform much more
selective diagnostics such as gas chromatography, molecular beam mass
spectrometry, atomic force microscopy, etc. Collaborations with soot modellers on
developing chemical kinetic models for spreading light on the influence of alkali
metal salts on PAH and soot formation is planned to be done in the future.
Additionally, more detailed analysis of the ELS data from the measurement
campaign will be performed. Moreover, a detailed analysis of LII data acquired for
all the cases with salt additives will also be done in the future.
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