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Abstract

In this work, laser-diagnostic techniques have been used to investigate soot in both
small-scale laboratory burners as well as in large-scale and more applied systems. The
aims of the investigations have been both to do fundamental investigations of soot
optical properties and to perform more applied measurements in order to see how
different running conditions in large-scale systems affect the soot formation. The main
laser-diagnostic techniques used are extinction, laser-induced incandescence and elastic
light scattering.

Extinction measurements, using twelve lasers with wavelengths from 405 nm to
1064 nm, were conducted in two premixed ethylene/air flames in order to investigate
the wavelength dependence of the absorption properties in soot. For the more mature
soot particles, found at higher heights above burner (HAB), the results show the
expected inverse relation to wavelength from Rayleigh theory for absorbing spheres.
However, for nascent soot particles, a much stronger wavelength dependence was
found. The results also indicated that wavelengths longer than 700 nm should be used
when performing extinction measurements of soot in order to avoid additional
absorption by soot precursors, such as polycyclic aromatic hydrocarbons. The
ethylene/air flames have also been investigated using laser-induced incandescence,
where the changes in soot properties caused by the ageing process was studied. This
investigation showed that nascent soot is more transparent, and absorbed less light
compared to more mature soot.

Extinction measurements were also applied in an entrained-flow gasifier to
investigate how different operating conditions affected the soot formation. The
investigation was performed using two fuels (wood and peat), two burners, and was
done at two different distances from the burner. The main difference in measured soot
concentrations was found when changing between the fuels, with much lower soot
concentrations when, under the same air-fuel equivalence ratios, using peat compared
to wood. The primary reason for the lower concentrations found for peat powder is
most likely the lower volatile content in peat, and may additionally be due to higher
ash concentrations.

The effects of seven metal salts, selected based on metals found in the biofuel feed-
stock, on soot formation were investigated using laser-induced incandescence, elastic
light scattering and extinction. The salts were seeded into a small-scale ethylene/air
flame at three different concentrations. Soot volume fractions and particle sizes were
evaluated, and the flames seeded with potassium chloride, calcium chloride, and
sodium chloride, showed significant decreases in soot volume fractions. For potassium



and sodium chloride additives, decreased scattering signals were also observed, at lower
HAB, before visible soot appeared, indicating that also the soot precursors are affected
by the salt additions, either by size or concentration. Soot primary particle size
evaluation was performed both using laser-diagnostics (LII and ELS) and by evaluation
of soot samples in a transmission electron microscope. For the flame seeded with
potassium chloride, both the evaluation of images from the microscope and the
evaluation from LII and ELS showed decreased soot primary particle sizes.



Populirvetenskaplig sammantfattning

Den hir avhandlingen syftar till att utveckla och anvinda olika lasermittekniker bide i
mindre laboratorieflammor, i syfte for att oka kunskaperna om sotpartiklarnas optiska
egenskaper, men ocksd att anvinda dessa tekniker i storre anliggningar for att fi dkade
kunskaper om hur olika kiorfall paverkar bildningen av sot.

Energianvindningen 6kar kontinuerligt i virlden och den energi som anvinds genereras
till st6rsta del genom f6rbrinning av olika brinslen, dir fossila brinslen si som kol, olja
och naturgas ir de mest vanliga. Intresset okar for att ersitta dessa fossila brinslen med
fornybara alternativ for att minska den globala uppvirmningen. En méjlighet dr ate
anvinda biobrinslen, till exempel rester fran skogsindustrin, for att genom férgasning
skapa mer flexibla brinslen som till exempel biogas. Den biogas som produceras kan da
ha samma innehall som motsvarande naturgas, men istillet ha ett ursprung som gor att
utslippen av koldioxid i atmosfiren inte okar.

Forgasning kan liknas vid férbrinning men sker i en atmosfir som innehaller for lite
syre i forhéllande till hur mycket brinsle som tillsdtts. Pa sa vis skapas de energirika
molekyler som utgér forstadiet till den firdiga biogasen. Det kan dven skapas andra
oonskade kolbaserade restprodukter som till exempel sot. Sot dr mycket sma
kolbaserade partiklar, som kan klumpa ihop sig till stérre strukturer. En killa till
sotpartiklar som manga kan relatera till 4r stearinljus, dir de upphettade sotpartiklarna
dr orsaken till det tydligt gul-orangea sken som syns. Sotpartiklar har visat sig bade vara
hilsofarligt, da det kan orsaka till exempel astmabesvir och lungcancer, och skadligt f6r
miljén. Sot som kommer ut i atmosfiren har visat sig ha liknande effekt som koldioxid,
och anses vara en av de tre storsta orsakerna till den globala uppvirmningen tillsammans
med koldioxid och metan.

For att undersoka sot kan lasermetoder med fordel anvindas. Dessa kan anvindas
for att ta reda pd mingden sot, hur stora sotpartiklarna dr, men dven temperaturen hos
sotpartiklarna i till exempel en flamma eller en storre forgasningsanliggning. De
vanligaste teknikerna for mitning av sot med laser 4r extinktion, laserinducerad
inkandescens (glddning) och elastisk ljusspridning.

Extinktion 4r en teknik dir ljus passerar genom till exempel en flamma med
sotpartiklar. Genom att jimféra intensiteten av ljuset fre och efter flamman kan man
ta reda pd hur mycket av ljuset som har absorberats av sotpartiklarna. Detta kan sedan
anvindas for att berikna hur mycket sot det finns lings ljusets vig. For laserinducerad
inkandescens anvinds intensiva laserpulser for att hetta upp sotpartiklarna. Dessa hettas
d& upp till flera tusen grader éver normal flamtemperatur och nir temperaturen dkar



si Okar dven den strilning som partiklarna sinder ut. Denna stralning, utéver den
normala strdlning som en flamma avger, mits och kan dven den relateras till hur mycket
sot som finns vid mitpunkten. Genom att kombinera laserinducerad inkandescens med
elastisk ljusspridning kan Z4ven storlek pa sotpartiklarna beriknas under vissa
forutsittningar. Elastisk ljusspridning 4r en teknik diar det spridda ljuset frin
inkommande laserpulser mits. Ljuset sprids frin sotpartiklarna mot detektorn som
oftast dr placerad vinkelritt mot den inkommande laserpulsen.

For att kunna géra noggranna mitningar av sot si ir det viktigt att veta hur
sotpartiklarna paverkas av olika saker, till exempel pa vilken firg (vaglingd) som
laserstrilen har. Sotet kan ocksd ha olika egenskaper som péaverkar mitningarna
beroende pd om det ir alldeles nyskapat eller har fatt vixa till sig och mogna. Mitningar
dir sotets egenskaper har undersokts har utforts i stabila flammor pa mindre
laboratoriebrinnare. Dessa mitningar har visat att nyskapat sot dr mer genomskinligt,
och absorberar ljus simre 4n sotpartiklar som aldrats. Det yngre sotet har ocksa visat
sig ha ett starke viglingdsberoende pa det inkommande ljuset vid absorption.

Vid praktiska mitningar i strre anliggningar, sd dr extinktionsmitningar vildigt
praktiska, da utrustningen ir relativt liten till sin storlek och enkel att hantera. Mitning
av mingden sot kan da utféras kontinuerligt, och ofta kan man direkt se hur en
forindring av driften paverkar mingden sot i anliggningen. Den hir typen av mitning
har utférts i en forgasningsanliggning i Pited, dir korfall med olika brinslen undersokts.
Resultaten visade pa stora skillnader i mangden sot som bildades beroende pa om pulver
av vanligt trd eller torv anvindes, dven under liknande brinsleluftblandningar. Denna
skillnad kan bero pa att innehallet mellan trd och torv skiljer sig at. Torv innehéller
bland annat en mindre andel liteflyktiga dmnen och har dven en hégre andel
askkomponenter, som till exempel metaller. Vissa metaller har visat sig kunna paverka
mingden sot kraftigt.

For att kunna undersdka hur metaller péaverkar sotbildningen i flammor
genomfordes ett experiment dir sju olika salter med metaller, som aterfinns i
ramaterialet for biobrinslen, har undersokts. Dessa salter matades in tillsammans med
blandningen av brinsle och luft och undersoktes sedan med laserinducerad
inkandescens, elastisk ljusspridning och extinktion. Resultaten visar tydligt att salter
som innehaller kalium, kalcium och natrium har en tydlig paverkan pé sotbildningen
och minskar mingden sot i flammorna.
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Chapter 1 Introduction

The overall energy consumption in the world is increasing every year [1], and during
2015 a total of 81.4 % of the world’s energy fuel supply originated from coal, oil, and
natural gas [1]. In Sweden, the numbers are significantly lower, with only 28.2 % of
the energy originating from fossil fuels during the same year [2]. The total energy
consumption in Sweden is also decreasing, and an increased amount of carbon-neutral
fuels are used [2].

Carbon dioxide is considered to be the most important anthropogenic greenhouse
gas contributing to global warming [3], and emission of greenhouse gases must decrease
to prevent possible effects such as increased temperatures, increased sea levels, and
extreme weather [4]. Gasification of biofuels is one way of reducing the net emissions
of carbon dioxide while, for example, creating carbon neutral fuel for the transport
sector. Oxy-fuel combustion is another way of minimizing the amount of CO,-
emissions if used in combination with carbon storage. However, both gasification and
the oxy-fuel technique, described in Chapter 2, are likely to form soot regardless of
whether fossil fuel or biomass is used.

Soot is a result of incomplete combustion and has been shown to be negative for
both health [5] and climate [6]. Health issues caused by soot include, for example, lung
cancer, chronic lung diseases, and asthma [5]. For the climate, soot has in recent studies
been found to be one of the main contributors to global warming along with carbon
dioxide and methane [4, 6]. The effect of soot particles is not always negative, for
example, the high radiative intensity of soot compared to the combustion gases makes
soot necessary for achieving effective heat transfer in furnaces. However, it is important
to limit the amount of soot in the exhaust from such devices. A more detailed
description of soot and soot formation can be found in Chapter 3.

In Sweden, the emissions of soot particles have decreased by around 40 % between
the year 2000 and 2016 to approximately 3 million kilograms per year [7]. Emissions
from the heating of houses and buildings have increased by 30 % during the same
period, making this the main contributor to soot emissions in Sweden. The previous
largest contributor to soot emissions in Sweden (domestic transports mainly from
heavy-duty traffic) decreased by over 60 % during the same period [7].

Experimental studies of soot in combustion can be separated into two categories:
fundamental studies and practical studies. In fundamental studies the focus is on
investigating only a limited number of properties and parameters in small-scale systems,
while in practical studies the overall performance of various fuels and operating
conditions are investigated. Both fundamental and practical investigations are
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important to get a better understanding of soot, for example, regarding soot optical
properties and soot formation. Investigation of soot in either small or large-scale
environments can result in questions leading to both a more practical or a more
fundamental approach in the ongoing soot research.

Experimental studies of soot can either be performed intrusively using probes for
soot extraction and evaluation in an external instrument [8], or using non-intrusive
laser diagnostics for measurements iz sizu with advantages of, for example, increased
spatial and temporal resolution. The most commonly used laser diagnostic techniques
for soot are extinction, laser-induced incandescence (LII) [9, 10], and elastic light
scattering measurements (ELS) [11]. These techniques, along with related theory are
described in Chapter 4.

Extinction measurement of soot can advantageously be used in practical and large-
scale systems as the equipment needed is small, and often relatively cheap. However,
extinction is a line-of-sight technique, which relies on measuring the transmitted light
intensity through an absorbing medium. It is therefore important to use light which is
only absorbed by the species of interest, in this case, soot particles. Furthermore, it is
important to know the optical properties and their uncertainties for the investigated
soot and how these properties change, for example, during the soot ageing process. In
Paper I, results from an investigation of wavelength dependence of soot using
extinction to find suitable wavelengths for soot measurements are presented. Results on
how soot maturity affected the optical properties are also shown in this paper. Soot
maturity was also investigated in the work leading up to Paper II, where laser-induced
incandescence and elastic light scattering measurements were used to investigate how
absorption properties change for soot at different stages of maturity. Soot temperatures
were also investigated in this work, where results from the wavelength dependence
investigation in Paper I, were used.

The extinction technique and the gained knowledge from the small-scale
experiments were applied in an engine (Paper III) and an atmospheric gasifier
(Paper IV) under various running conditions. The measurement from the gasifier
showed significant differences in soot concentrations depending on which fuel was used
(stem wood or peat), under approximately the same operating conditions. The main
reason for the difference in soot concentrations was believed to be the higher volatile
content in the wood powder resulting in higher concentrations of soot. However, the
lower concentration of soot when using peat powder could also be related to higher
concentrations of ash components. The ash components include metal compounds,
which are found in both peat and bark mixtures [12], and some metals have showed to
reduce the soot formation [13-15].

A controlled study of how metal compounds affect the soot formation was performed
by seeding metal salt solutions into a premixed flame on a small-scale burner. The metal
salts were selected based on metal compounds found in high abundance in the bio-fuel
feed-stock [12]. A combination of laser-induced incandescence, elastic light scattering,
and extinction were used to evaluate, for example, soot concentrations and particle
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sizes. Part of the results, with additives of potassium chloride, showing significant
reduction in concentration of both soot precursors and soot were presented in Paper V.
A more extensive presentation of the results from all investigated metal salts were made
in Paper VI

In an attempt to combine extinction and imaging laser-induced incandescence in a
large-scale environment, a 100 kW oxy-fuel test furnace was investigated using
propane as fuel. The combination of LII and extinction allowed for spatially resolved
LIl measurements calibrated to soot volume fractions over a large area inside the
furnace. The furnace was operated at various running conditions in oxy-fuel mode,
with air, and with oxygen-enriched air. The measured spatially resolved soot volume
fraction data can, for example, be used for validation of radiative heat transfer models,
of importance for improving efficiency and operation of furnaces and boilers. The
results from the oxy-fuel measurements were presented in Paper VII.

In Chapter 5, measurement related equipment, such as lasers and detectors, are
presented as well as typical optical setups used for extinction, LII, and ELS. The main
results from Paper I - VII will be presented along with some unpublished results in
Chapter 6, followed by a summary and outlook in Chapter 7.
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Chapter 2

Combustion and Gasification

In this chapter, the concepts of combustion and gasification are introduced. For
combustion, premixed and non-premixed flames will be presented as well as the oxy-
fuel combustion technique. For gasification, a general introduction is presented
together with gasification techniques such as entrained-flow gasification and fluidized
bed gasification.

2.1 Combustion

Combustion is exothermic reactions between a fuel and an oxidant, often oxygen. The
combustion phenomenon has been around on earth since the first wildfires occurred
around 420 million years ago when the oxygen content in the atmosphere had reached
at least 13 % [16, 17]. The first human-controlled fires occurred much later, between
0.2 and 1.7 million years ago [18].

The energy released from a combustion process depends on what fuel is being used
and can be calculated by using enthalpies of the reactants and products. For the theory
of heat release and heating values, textbooks on combustion can advantageously be
consulted, see for example [19, 20]. The maximum energy release will theoretically
occur for the stoichiometric mixture, i.e. the mixture for which all fuel and oxidizer are
consumed and has created only carbon dioxide and water (for hydrocarbon fuels). The
energy released during the combustion process will be used to heat the product gases.
The actual temperature will depend on what environment the fuel is being burnt in,
the energy losses, and the heat capacities of the products. For example, burning a fuel
in only oxygen will result in much higher temperatures compared to burning fuel in
air, since the energy released will also be used to heat the inert nitrogen during
combustion in air [20].
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2.1.1 Premixed and Non-Premixed Flames

A flame can either be premixed or non-premixed, often referred to as a diffusion flame.
Three images showing one diffusion (candle light) and two premixed flames with
different ratios of fuel and air can be seen in Fig. 2.1. For a premixed flame, the fuel
and oxidizer are mixed before burning. The relation between the fuel and oxidizer can
be described by the equivalence ratio, ¢. The fuel-air equivalence ratio is defined as:

( Nfyel )
b= Noxidizer’ mixture (2.1
( Nfyel ) ’ l
Noxidizer

stoichiometric

where Ngue; and Noyidizer fepresents the number of moles of the fuel and oxidizer
respectively. For a stoichiometric mixture, where ideally the fuel and oxidizer are
consumed and creating carbon dioxide and water, the equivalence ratio equals to 1. If
the mixture contains more fuel than oxidizer compared to the stoichiometric mixture
then ¢ > 1, which is referred to as a fuel-rich flame [20]. On the other hand, if the
mixture contains more oxidizer in relation to fuel, then the flame is referred to as a fuel-
lean flame with ¢ < 1 [20].

Y

Candle flame Premixed ethylene/air flame Premixed ethylene/air flame

(mostly a diffusion flame) ¢=1.78 ¢=2.00
Figure 2.1

Flame images of one candle flame (mostly a diffusion flame), and two premixed ethylene/air flames on a McKenna
burner. Both premixed flames are fuel rich, where the premixed flame with equivalence ratio 1.78 shows some initial
soot formation and the flame with equivalence ratio 2.0 show clear visible soot emissions.

Premixed ethylene/air flames have been used in measurements throughout the work for
this thesis, and would therefore serve as a good candidate for an example. The balanced
stoichiometric equation for burning ethylene in air is:

79 79
1C;Hy +30; + 32N, = 2H,0 +2C0, + 32Ny, (2.2)
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The stoichiometric ratio, (Mfyel/Moxidizer)st> between the fuel and oxidizer for
burning ethylene/air is in this case 1/3. If the amount of fuel is doubled, while keeping
the amount of air constant, the equivalence ratio will also be doubled:

( Nfyel ) 2
_ \Noxidizer” mixture _ 3 _
b = ( o ) =1= 2. (2.3)
Noxidizer 3

For a non-premixed flame, or diffusion flame, the fuel and oxidizer are introduced
separately. The name diffusion flame comes from the fact that the fuel and oxidizer
primarily are transported to the reaction zone by diffusion from opposite sides [20].
For a diffusion flame, mixing between the fuel and oxidizer are important for the
combustion reactions to occur. A common example of flame that is mainly a diffusion
flame is a normal candle light, see Fig. 2.1, where the fuel burns on a wick surrounded
by ambient air as an oxidizer. The candle light process starts with some of the wax is
being melted by the heat from the flame. The melted wax is then transported upwards
on the wick through capillary action, where the wax is vaporized due to increased
temperature. The vapors then break down into smaller hydrocarbons through pyrolysis
when transported towards the surface of the flame. At the same time oxygen moves
from the surrounding atmosphere to the flame surface through convection and
diffusion, which then leads to combustion and to the formation of soot.

For a diffusion flame it is difficult to discuss an equivalence ratio as the input of fuel
and oxidizer is not mixed. However, a local equivalence ratio can often be defined for
a specific volume in a diffusion flame. In large-scale enclosed systems, such as in gasifiers
or furnaces, an overall equivalence ratio is often defined. For these applications it is
more common to use the air-fuel equivalence ratio, often referred to as lambda, A. The
air-fuel equivalence ratio is defined as the ratio between the stoichiometric air-to-fuel
ratio (AFR) and the actual air-to-fuel ratio. The air-fuel equivalence ratio is also equal
to the inverse of the fuel-air equivalence ratio, ¢, and can be expressed as:

stoichiometric

_ AF Rsoichiometric _ l (2.4)

- AFR actual ¢

2.1.2 Oxy-fuel Combustion

In oxy-fuel combustion, the oxidizer is oxygen and is often mixed with carbon dioxide.
Oxy-fuel in combination with carbon storage has in recent years gained increasing
interest due to its potential as a method for either neutral or negative net emissions of
carbon dioxide for fossil fuels and biofuel, respectively [19]. Techniques for carbon
storage are described in, for example [21]. An advantage of the oxy-fuel technique is
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that it can often be applied in existing systems with only minor retrofitting, and thereby
reducing the cost and taking advantage of earlier investments [19].

A negative aspect of the oxy-fuel combustion technique is the increased
temperatures, which is a result of the increased oxygen concentration. When burning
solid fuels, such as coal or biomass, the increased temperatures causes a significant
increase in char combustion and volatile components [19]. By recirculating some of the
flue-gas, which include primarily carbon dioxide and excess oxygen, into the
combustion chamber, the temperature effect caused by the increased oxygen levels can
be lowered. For example, the heat capacity of carbon dioxide is higher than the heat
capacity of nitrogen, which means that having 21 % oxygen and 78 % carbon dioxide
in the inlet oxidizer would result in lower temperatures compared to if air had been
used (21 % O, and 78 % N,). However, the recirculated flue-gas containing CO, and
O, would have a higher initial temperature compared to if air with ambient temperature
were used as oxidizer, which would decrease the effect of using recirculation. This
problem could be minimized if some part of the heat from the recirculated flue-gas
were used for other purposes before the flue-gases are circulated back into the reactor.

Even though most nitrogen has been removed when using oxygen and recirculated
carbon dioxide instead of air, various NOx-compounds can often be found in large-
scale systems, especially when burning solid fuels [19]. These NO, molecules originate
from the oxidation of nitrogen in the volatile fuel components and from char. However,
the recirculation allows re-burning of previously formed NO,, since up to 70 % of the
flue-gases are recirculated in practical devices [19]. Furthermore, the lower
temperatures due to recirculation inhibits the formation of thermal NO,. For
combustion in oxy-fuel environments the amount of NO; created is often decreased by
a factor of at least three compared to normal combustion [19].

2.2 Gasification

The main purpose of gasification is to convert solid carbon fuels to a gaseous or liquid,
and a more usable product, which can be used as a versatile fuel compared to the solid
counterpart. The gas produced often includes carbon monoxide, water, hydrogen, and
methane, and is often referred to as synthetic gas or syngas [22, 23]. The thermal
conversion of solid fuels includes several steps and occurs in substoichiometric (in terms
of lambda value) conditions, sometimes with less than 35 % of the amount of oxygen
needed for complete combustion [22]. The first step in the conversion process occurs
when the fuel is heated and drying commences, which results in the release of water.
The next process is devolatilization, where pyrolysis occurs. During this process char is
created and volatiles are released. Gasification then occurs where the solid carbon reacts
with, for example, hydrogen, steam or carbon dioxide [22]. If the fuel conversion
process is halted after the partial conversion, the process is called gasification. If full
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conversion of the solid fuel to a product gas with no residual heating value has taken
place, then the process is combustion [23], which is discussed in section 2.1.

The first commercial use of gas produced from gasification of coal was for lighting
of the Westminster Bridge in London in 1812 [23]. A few years later, in 1816, the first
plants opened in the United States in order to produce gas for street lights in Baltimore,
and soon thereafter also in Boston and New York City [22]. The use of coal has been,
and continuous to be, the primary fuel source for producing gas through conversion of
solid fuels using gasification.

In recent years the interest of using biomass instead of coal for gasification has
increased. This is a result of the biogas produced, compared to the fossil alternatives
such as gas produced from coal gasification or natural gas, will be a renewable source of
energy. Furthermore, as with gasification in general, the goals are to create a versatile
and a more homogenous fuel with a more concentrated energy content compared to
the original form of the biomass [22]. This is important as the definition of biomass is
quite broad, and includes, for example, mixed waste, wood residues, and sewage sludge
[22, 23], which means that the heating values or energy content of different biomass
sources varies significantly. There might also be large variations of heating value for the
same type of fuels, which is especially notable in mixed waste. This means that it is not
only hard to estimate the fuel consumption for producing biogas, it will also be difficult
to design a gasification plant suitable for a broad range of biomass [22].

The main chemistry for gasification of carbonaceous fuels are the same regardless of
if biofuels or pure coal is used to produce the synthetic gas. In [22], ten reactions that
are probable to occur during gasification are presented, they are denoted (a) to (j) here:

C+ 0, - CO, (2.5a)
C+050, - CO (2.5b)

H, +0.50, - H,0 (2.5¢0)

C+ H,0 - CO+H, (2.5d)

C+ 2H,0 - CO, + 2H, (2.5e)
C+ CO, —» 2CO (2.5¢)

C+ 2H, —» CH, (2.5g)

CO + H,0 - H, + CO, (2.5h)
CO + 3H, —» CH, + H,0 (2.51)
C+ H,0 - 0.5CH, + 0.5 CO, (2.5j)

According to [22], the first three reactions, (2.5a) to (2.5¢), are the primary consumers
of the supplied oxygen. These reactions will provide heat for drying and
devolatilization, break up chemical bonds, and increase the temperature inside the
reactor in order for reactions (2.5d) to (2.5j) to take place. These reactions are referred
to as the gasification reactions, and depends strongly on pressure and temperature. The
reactions are described in more detail in [22].
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During gasification, unwanted products such as soot and tars may also be formed
depending on reaction temperatures, air-fuel equivalence ratios (lambda), and how well
mixing occurs inside the gasifier [24]. The largest difference in terms of products
between coal and biomass gasification are the solid rest products. The ash content, i.e.
the inorganic components, differs significantly between coal and biomass. The main
ash components found in coal includes silica, alkali metals, and ferric oxide to mention
a few. In most biomass sources the main ash components are salts [23]. In Paper IV,
measurements in a gasifier were presented, showing significant differences in soot
concentration depending on the fuel used. It was speculated that one cause of this was
the ash components, as salts, especially salts containing alkali and alkaline earth metals,
could affect the soot formation [13, 14, 25]. The effects of salts on soot formation was
studied in laboratory flames with the work being presented in Paper V and Paper VI.

The syngas produced during gasification has to go through several steps before being
a useful fuel, for example, a gas cleaning processes in order to remove soot, tars and
unwanted products. However, this will not be discussed in this thesis. For a more
thorough review of pre-treatment of solid fuels, gas cleaning, reactor designs, and a
more deepened knowledge regarding the chemical reactions and kinetics, see for
example [22, 23].

2.2.1 Gasification Techniques

There are several different types of gasification techniques/processes, and all have their
advantages and disadvantages. Two common types of gasification are entrained-flow
gasification and fluidized bed gasification.

For entrained-flow gasification the fuel and oxidizer, often oxygen or air, are
introduced together in the same direction, most commonly top-fired or side-fired,
using one or several burners. An advantage of using entrained-flow gasification is that
most types of coal-based fuels can be used, given that they are milled to a small enough
size (less than 100 um for coal) [23]. Small particles are required for good transport of
the fuel within the reactor, and is a consequence of the short residence time, which is
often only around a few seconds [23]. Furthermore, due to the short residence time,
high temperatures are needed for good carbon conversion. The high temperature will
make most entrained-flow gasifiers operate in slagging mode, which means that the rest
products (ash) are transported out from the reactor as a melted slag.

An atmospheric top-fired entrained-flow gasifier, located at RISE ETC in Pitea,
Sweden, was investigated using two different fuels, peat (fossil fuel) and milled stem
wood (biomass). This investigation was presented in Paper IV. For more information
regarding the gasifier, see section 3.2.3.

In fluidized-bed gasification, fuel and oxidizer are often introduced separately but
directly into the bed material, consisting of either silica sand, quartz sand or any other
suitable material. This allows for very good mixing between the fuel and the oxidizer.
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The oxidizer is often a mixture of oxygen and steam, however for biomass gasification,
air is often used. The fuel size is important in fluidized bed gasification, since fuel
particles that are too small may leave the fluidized bed and follow the raw syngas
upwards and exit the reactor. This might cause clogging of the equipment and should
be avoided. Large particles (larger than 10 mm for coal) should also be avoided, as it
might be difficult to fluidize these particles [23]. The residence time for a fuel particle
in the fluidized bed varies significantly. Some particles may leave the bed together with
the ash particles before full conversion is complete, and some particles may be fully
converted. The obtainable conversion-ratio for a fluidized bed gasifier is therefore often
lower compared to entrained-flow gasification, 97 % and 99 % respectively [23]. The
operation temperature inside the reactor is also lower compared to entrained-flow
gasification to avoid melting the ash particles, which would cause problems in the
fluidized bed.

In Gothenburg, Sweden, a demonstration plant (GoBiGas) for producing biogas
from forest residues has been built and has been in operation since 2014. This plant is
based on dual fluidized-bed gasification, which uses two fluidized-bed reactors, one for
combustion and one for gasification [26]. The plant also includes gas cleaning and
processes for increasing the methane content up to 95 %. The produced gas is then
being used as fuel in vehicles [27].
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Chapter 3

Soot and Experimental Soot Sources

In this chapter soot is presented to give an insight into what soot is and how soot is
formed. This chapter also includes most of the experimental soot sources that have been
used in the work for this thesis, including laboratory burners, a soot generator, and
practical combustion devices.

3.1 Soot

The definition of soot varies depending on literature source, but in short, soot is
particles resulting from incomplete combustion of hydrocarbon fuels, and consists
mainly of carbon and to some extent also hydrogen (-1 % by weight) [19, 28]. Soot is
sometimes referred to as black carbon (BC) when it comes to atmospheric research [29,
30]. In the atmospheric research community another type of less absorbing particles
with high organic content is called brown carbon (BrC), where brown carbon often is
considered to originate from burning biofuels [29]. For flame soot originating from
gaseous hydrocarbon fuels, the equivalent optical properties of brown and black carbon
are found in what will be referred to as nascent and mature soot, where nascent soot
absorb less light compared to the more graphitized and mature soot particles, see [31]
and Paper I1.

Soot primary particles are approximately spherical with a diameter of 1 - 50 nm [32-
34]. However, significantly larger soot structures can be formed when a few or many
primary particles create a soot aggregate. Soot aggregates are often described
mathematically as fractal structures [11] and can be several hundred nanometers in size.

3.1.1 Soot Formation

Soot is a result of incomplete combustion in regions with excess carbon atoms relative
to what would be found if complete combustion occurred. For a premixed flame with
an equivalence ratio, ¢ > 1, there is excess fuel in relation to oxidizer, which may
result in the formation of soot when the equivalence ratio approaches two. The
description of the soot formation process in this section will assume a premixed
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environment, as most of the investigated flames in this thesis have been premixed. For
flames with equivalence ratios larger than 1, water and carbon dioxide will be formed,
but also other molecules due to the excess amount of carbon atoms in the mixture. For
a slightly rich flame, i.e. with an equivalence ratio of just above 1, carbon containing
molecules such as carbon monoxide will be formed. The carbon monoxide
concentration will increase with increased equivalence ratio, and for increased
equivalence ratio other larger carbon molecules may also be formed leading up to
formation of soot particles. The soot formation limit in terms of equivalence ratio, i.e.
critical equivalence ratio, varies from fuel to fuel, and has, for example, been found to
be 1.82 for ethylene and 1.56 for propane [19].

Reaction Time

Molecular Zone Particle Surface Growth Aggregation
Nucleation and Coagulation

Figure 3.1
An illustration of the soot formation process for a fuel-rich premixed flame, going from molecules in the product zone
to soot aggregates in the later stages of the formation process.

In Fig. 3.1, the soot formation process is illustrated. In the early stages of the product
zone for a fuel-rich flame, various molecules can be found in gas-phase. These molecules
include water, carbon dioxide, hydrogen, carbon monoxide, and various hydrocarbons
which have been formed when the fuel molecules have dissociated in the high-
temperature regions of the flame. One of the most important hydrocarbons for soot
formation is acetylene, C;H,, which is considered to be among the earliest precursor to
soot [34]. From the molecules in the product zone, larger polycyclic aromatic
hydrocarbons (PAHs) can be formed through different mechanisms [34], and PAHs
are also considered to be precursors to soot [19, 34].

Polycyclic aromatic hydrocarbons of various sizes, from the smallest naphthalene
molecules with only two aromatic ring to larger ones with several rings, can be found
throughout the product zone in sooting flames [35]. The soot nuclei are assumed to be
formed when the two-dimensional PAH molecules attach to each other and form three-
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dimensional structures, i.e. particle nucleation. In [34], three pathways of the
nucleation process are described. The newly formed soot particles are approximately
1 - 2 nm in size [34, 36] and will grow to particle sizes of up to 50 nm through surface
growth and coagulation, which occur simultaneously. The process of surface growth
occurs continuously as the soot nuclei are exposed to smaller hydrocarbons present in
the flame. The smaller hydrocarbons interact with the surface and results in an
increased size of the soot particles. Coagulation is a process where soot nuclei merge to
create larger particles. In comparison to surface growth, where the soot volume fraction
(the fraction of soot in a confined volume) increases with the increased size, coagulation
will not change the soot volume fraction in the gas. However, the number
concentration of particles will decrease during the coagulation process. The process of
coagulation also explains why the primary soot particles are not entirely spherical.

The final step of the soot formation process is aggregation. The primary soot particles
which have grown through coagulation and surface growth, group together and form
large structures of various sizes. These structures can contain hundreds of almost
spherical primary particles and can be several hundred nanometers in size.

(b)

Figure 3.2

Two images of sampled soot from the miniCAST soot-generator evaluated in a transmission electron microscope. The
image in (a) shows a soot particle from early in the soot formation process with an amorphous structure, while in (b)
clear carbon layers are visible indicating a more mature particle. Image courtesy of Sandra Térék and Kirsten Kling.

During the soot formation process, the inner structure of the particles changes as well.
The newly formed soot particles are often referred to as nascent soot, and have a much
more amorphous structure than soot particles in the later stages of formation process.
The structure of the more mature particles is more graphitized with clear carbon layers.
During the soot ageing process, the particles will lose hydrogen, and at the same time
accumulate carbon from the carbon rich surrounding atmosphere. This may result in
sp’-bonds, which are present in graphite, and thereby be part of the graphitization
process [37]. A comparison between nascent and more mature particles can be seen in
Fig. 3.2, where two high-resolution transmission electron microscopy images are
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shown, one of nascent soot (Fig. 3.2a), and one of a more mature soot particle (Fig.
3.2b). Differences in the soot structure can be seen in these images, where the more
mature particles have visible carbon layers around an amorphous core, while no
apparent structures can be seen in the image of the nascent particles. For further reading
regarding soot formation, see for example [34, 38, 39].

3.2 Experimental Soot Sources

In this section several types of combustion devices are presented, including burners, an
engine, a gasifier and a furnace. The most commonly used flames and operating
conditions for these systems are also presented.

3.2.1 Laboratory Burners

The McKenna Burner

The McKenna burner is a porous-plug burner manufactured by Holthius and
Associates [40]. An image of the McKenna burner is shown in Fig. 3.3a. The burner
consists of a porous sintered inner plug of either bronze or stainless steel with a diameter
of 60 mm. The outer porous ring is a shroud ring of bronze, used for a co-flow gas with
an inner and outer diameter of 62.6 mm and 73.5 mm, respectively. The burner is
water-cooled through a cooling circuit inside the inner plug. A sketched drawing
showing a cross-section of the burner is showed in Fig. 3.3b.

In the community of laser-induced incandescence, primarily two flames on the
McKenna burner are used for soot diagnostics. These are premixed ethylene/air flames
with equivalence ratios, ¢, of either 2.1 or 2.3. The total flow of fuel and air through
the center plug are often kept at 10 I/min (1 atm, 273 K). To stabilize the flames, either
air or nitrogen is often used as co-flow gas. The flow of gas in the outer ring is often
selected to match to cold gas velocity of the fuel and air in the center plug. To stabilize
the flame further, a plug of stainless steel, with a diameter of 60 mm, is placed with its
lower edge 21 mm above the burner surface.
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Figure 3.3

In (a), an image of the McKenna burner is shown together with the stainless steel stabilizer plug placed with its lower
edge 21 mm above the burner surface. In (b) a sketch of a cross-section of the McKenna burner is shown with some of
the connectors marked.

The flames produced on the McKenna burner are often considered to be flat flames,
meaning that their properties only change with height above burner (HAB) and are
constant in the horizontal plane, i.e. the flames are one-dimensional in nature.
However, in work by Olofsson ez al. [41] and by Migliorini ez al. [42], this was showed
to be questionable, at least for some conditions, with results showing varying soot
concentration in the horizontal plane of the burner. Also, Olofsson ez al. showed that
a co-flow of nitrogen leads to cooling effects in the edges of the flame resulting, in lower
soot volume fractions and smaller particle sizes, while a co-flow of air resulted in a more
even soot distribution. In Fig. 3.4, images of the two commonly used ethylene/air
flames with an equivalence ratio of 2.1 and 2.3, where a co-flow of air has been used,
are shown. The difference in intensity is due to the increased amount of soot in the
¢ = 2.3 flame.

The flames on the McKenna burner have been investigated in work related to Paper I
and Paper II and in work presented in numerous other publications, see for example

[41-44].
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Figure 3.4
Images of two ethylene/air flames using shroud gas of air with equivalence ratios of (a) ¢ = 2.1, and (b) ¢ = 2.3. The
images have an overlapped mm-cross. Both images have been captured with exposure times of 1/500 s.

The Modified PerkinElmer Burner

The modified PerkinElmer burner produces similar, yet physically smaller flames than
the McKenna burner, but allows for seeding of various solutions into the flame. Images
of the PerkinElmer burner can be seen in Fig. 3.5. The air, fuel and co-flow gases leave
the burner through a mesh top with a diameter of 45 mm with holes of approximately
1 mm in diameter and a depth of 20 mm, see Fig. 3.5b. The inner part of the mesh,
with a diameter of 23 mm, is where the mixture of fuel, and air (with seeded solution)
exits the burner, and the surrounding mesh is for the co-flow used for stabilization.

For the soot measurements presented in Paper V and Paper VI, an ethylene/air flame
with an equivalence ratio of ¢ = 2.6 was used. The flow of ethylene was set to 0.27
I/min and the flow of air was set to 1.5 I/min (1 atm, 273 K). These settings resulted
in a flame with an approximate diameter of 16 mm at a height above burner of 10 mm.
The small flame was quite sensitive to the ambient atmosphere and required a
substantial co-flow of air for stabilization. The co-flow was set to 5 I/min. In addition
to the co-flow gas, a stabilizer plug in stainless steel with a diameter of 20 mm was
placed with its lower edge at 21 mm above the burner surface.

The PerkinElmer burner allows seeding of various solutions into the flame directly
through the fuel and air mixture. The solution is pulled from an external container and
carried by air from one of the air inlets, see all connectors of the burner in Fig. 3.5¢.
The solution carried into the burner hits an impact bed and creates an aerosol with
small water droplets, which are transported towards the burner head. Larger droplets
will not follow the gas flow and are removed and collected in an air-tight drain
container.
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Figure 3.5
Images of the modified PerkinElmer burner. In (a) the burner and the stabilizer plug are shown, in (b) the mesh for the
fuel and air mixture and co-flow are shown, and in (c) all of the connectors to the burner are marked.

In Fig. 3.6, three images of the investigated flame with an overlapped mm-cross are
shown, seeded with distilled water, solutions of potassium chloride, and sodium
chloride. In the flame seeded with sodium chloride, the typical (589 nm)-emission from
sodium is visible at the edges of the sooting flame.

(a) Distilled water (b) Potassium chloride, KCI (c) Sodium chloride, NaCl,, )

(aq)

Figure 3.6
Images of sooting ethylene/air flames with equivalence ratio 2.6 seeded with distilled water (a) and 1 M solutions of
potassium chloride (b) and sodium chloride (c). An overlapped mm-scale is shown in each image of the flames.
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3.2.2 The miniCAST Soot-Generator

The miniCAST soot-generator (model 5201 type C) is a commercial product by Jing
Ltd in Switzerland for creating soot with various properties. A photo of the miniCAST
can be seen in Fig. 3.7. The settings for operating the miniCAST can be varied to
change, for example, soot particle sizes, concentration, and the organic content of the
particles. The particle diameters range from 20 to 200 nm, with a concentration of up
to 10° particles per cm’® [45]. The miniCAST is operated using propane as fuel, nitrogen
as a mixing and quench gas, and air for oxidation and dilution. In Table 3.1, suggested
operating points (OP) from the manufacturer are presented. Changes of the dilution
air can be performed if the particle concentration needs to be adjusted without
changing the particle properties. The operation of the miniCAST, including the control
of the built-in mass flow controllers, are managed by a pre-supplied computer program
where the different operating points are set by the user.

CAST

mini

n

S;ot
output

Figure 3.7
A photo of the miniCAST 5201 type C soot-generator.

Table 3.1
The opertating points suggested by the manufacturer for the miniCAST [46].
Operating point Fuel, C;Hs Mixing gas, N, Oxidizer air Quench gas, N, Dilution air

1 0 ml/min 1.55 [/min
2 50 ml/min 1.54 [/min
3 100 ml/min 1.52 I/min
4 150 ml/min 1.50 l/min
5 0.06 | /min 200 ml/min 1.47 Umin 7 l/min 20 l/min
6 250 ml/min 1.42 l/min
7 300 ml/min 1.36 [/min
8 330 ml/min 1.32 I/min

The fundamental principle of the miniCAST is presented in Fig. 3.8a. A propane
diffusion flame is the source of the soot particles. Around the flame, oxidizing air is
present. The flame is quenched by nitrogen, resulting in a particle flow leaving the
combustion chamber. The flow of quench gas will cool down the particles and suppress
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further combustion processes and condensation when soot approaches the ambient
atmosphere. The dilution air is added to dilute the particle output stream from the
miniCAST. From the data presented in Table 3.1, it is clear that the most significant
change between the different operation points is the variation in the amount of mixing
gas (nitrogen). The mixing gas is combined with the fuel and will change the soot
output significantly. In Fig 3.8b, an exaggerated sketch of flames from three operating
conditions (OP1, OP5, and OP7) are shown to highlight how particles with different
properties are extracted from the flames when changing the amount of mixing gas. The
increased total flow of fuel and mixing gas will allow particles from earlier in the
combustion process to be quenched, and thereby result in an output with smaller, less
aggregated, and less mature particles.
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Dilution (air)
Quench gas (N,)

Dilution (air)
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Soot output

Oxidizer Oxidizer
(air) (air)
Fuel (C,H,)
(b) mixing gas (N,)
Quench Quench Quench
gas (N,) gas (N,) gas (N,)
OP1: I OoP5: I OP7: I
0.06 I/min C,H; 0.06 I/min C,H, 0.06 I/min C,H,
no mixing gas 200 ml/min N, 300 ml/min N,

.
»

Smaller, less aggregated, and less mature particles

Figure 3.8

Hlustrations to show how the miniCAST create different types of soot. (a) shows the fundamental principle of the
miniCAST and the gases involved in the process, inspired by [46]. (b) shows an exaggerated sketch of how different
types of soot are carried out from the miniCAST by changing the amount of mixing gas in the fuel.
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Soot from the miniCAST has been investigated using a four-wavelength extinction
approach and the results are presented in [47] (Paper R-IV), and some of the results are
shown in Chapter 6.

3.2.3 Large-Scale and Practical Systems

Atmospheric Entrained-Flow Gasifier
At RISE Energy Technology Center (ETC) in Pited, Sweden, they have a top-fired

down-draft atmospheric entrained-flow gasifier. This gasifier is sometimes referred to
as the vertical atmospheric flexi-fuel rig (VAFF). The gasifier is cylindrical with a flat
top and a conical bottom with an inner and outer diameter of approximately 500 mm
and 900 mm, respectively. The combustion chamber is surrounded by 200 mm of
refractory lining inside the outer steel shell. The height of the gasifier is 3.87 m. In Fig.
3.9, both a sketch and a photo of the gasifier is shown with some dimensions given.

The burner is placed in the top of the rig, creating a down-fired flame. Two different
burners can be used with the gasifier. Both burners have an outer diameter of 89 mm
with a central fuel pipe which has a diameter of 50 mm. One of the burners is referred
to as the “jet burner”, which has the air and fuel inlets parallel to the burner axis creating
a flame directed downwards. The second burner has three air registers creating a
rotating flow inside the gasifier, and this burner is therefore referred to as the “switl
burner”. The characteristics of the swirl burner can be altered by changing the
distribution of air between the different air registers.

The rig can be operated with various fuels, and for the measurements presented in
Paper IV, powders of stem wood and peat at various operating conditions were
investigated. The flow of fuel was controlled by changing the rotating speed of feed
augers originating from the bottom of a fuel hopper. When operating using wood and
peat powder, the fuel consumption was on average 20.2 kg/hour and 22.9 kg/hour,
respectively, resulting in a fuel load of around 115 kWi.. The air-fuel equivalence ratio,
A, was adjusted by changing the amount of air, both transport air for carrying the fuel,
and burner air through the different air registers. The gasifier was operated at 4 = 1.2
in combustion mode during the startup process, and from A=0.7 to 1=0.3 in
gasification mode for the measurements. Details of specific air flows and air-fuel
equivalence ratios can be found in Table 2 in Paper IV.

Optical measurements in the gasifier were possible as measurement ports were
located at different distances from the burner. In Fig. 3.9, these are denoted with ML1
to MLG6, where ML stands for measurement level. The extinction measurements
presented in Paper IV were performed in measurement ports ML3 and MLA4.
Furthermore, thermocouples are located both in the refractory lining as well as inside
the gasifier at different distances from the burner. These are seen in Fig. 3.9a, and

denoted T1 to T'16.
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An illustration of the RISE ETC atmospheric entrained-flow gasifier is shown in (a) and an image of the gasifier is
shown in (b). The measurement levels are denoted ML1-ML6, and the thermocouples inside the rig and inside the
refractory lining are denoted T1-T8 and T9 to T16, respectively.

Scania D12 (optical) Engine

The engine used for the measurements presented in Paper I1I is a modified Scania D12
heavy-duty direct-injection engine with six cylinders. For the investigated engine, only
one of the six cylinders was fired, while the others were motored. The engine has been
modified with an extended piston according to a Bowditch design [48] to allow for
optical access. The extended piston has a quartz top, allowing for optical access to the
combustion chamber from below. In addition, one of the exhaust valves was replaced
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by an angled window to allow for optical access from the top of the combustion
chamber.

For the soot measurements presented in Paper III, a Scania injector with eight nozzle
holes was used for fuel injection along with the Scania XPI common rail fuel injection
system, which allows injection pressures of up to 2500 bar. The fuel used for the
measurements was Swedish MK diesel fuel and the engine was operated at 1200 rpm.
To create conditions of exhaust gas recirculation (EGR), an external furnace burning
diesel was used. The simulated EGR conditions enabled variations in the intake oxygen
concentration from 9 % to 21 % O,. For more details regarding the engine and the
settings used, see Paper II1.

Chalmers Oxy-Fuel Test Furnace

A 100 kW, atmospheric oxy-fuel test furnace is located at Chalmers University of
Technology in Gothenburg, Sweden. The furnace is a down-fired cylindrical furnace
with an outer and inner diameter of 1400 mm and 800 mm respectively. The inner
height of the furnace is 2400 mm, and a sketch of the furnace with some dimensions
given can be seen in Fig. 3.10a. The furnace uses a swirl burner, for which a sketch can
be seen in Fig. 3.10b, and can be operated with both solid and gaseous fuels in oxy-fuel
mode, with normal air as well as oxygen-enriched air. The burner has two annular
swirling registers, the primary register and the secondary register, with angles of 45 and
15 degrees respectively. The fuel is introduced in the center of the burner. In oxy-fuel
mode, some of the dry flue-gas, consisting mainly of carbon dioxide and excess oxygen,
is recirculated back into the furnace.

Measurements can be conducted using various techniques at different distances from
the burner using measurement ports placed at different vertical positions. The
measurement ports are denoted M1 to M8 in Fig. 3.10a, and are also shown in images
of the furnace in Figs 3.10c and 3.10d. At each vertical position M1 to M7, four
measurement ports are found placed orthogonally to each other. For the extinction and
laser-induced incandescence measurements presented in paper VII, three of the four
measurement ports at level M3 were used. Previous measurements performed in the
furnace have mainly been using probes and extractive techniques, for example,
temperature measurements using thermocouples, radiative intensity measurements,
and soot sampling for analysis using external instruments [49-51].

For the measurements leading to Paper VII, several measurement cases were
investigated as the furnace was operated using propane in oxy-fuel mode, with air, and
with oxygen-enriched air. The measurement cases are presented in Table 3.2. For all
cases, the overall air-fuel equivalence ratio, 4, was set to 1.15 and the flow of propane
was constant at 1.73 g/s, which resulted in an 80 kW propane diffusion flame. To
maintain the same overall air-fuel equivalence ratio when increasing the amount of
oxygen in the oxidant, both for the oxy-fuel cases and the oxygen-enriched cases, the
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oxidant flow has to be decreased. A decrease in oxidant flow decreases the total flow
through the reactor resulting in less mixing between the fuel and oxidant.
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Figure 3.10

The oxy-fuel furnace located at Chalmers University of Technology, Gothenburg, Sweden. A sketch of the furnace is
shown in (a) and a sketch of the burner used is shown in (b). The measurement ports are denoted M1 to M8. In (c)
and (d) images of the furnace at ground level and the upper level is shown. In these images the visible measurement
ports are marked.

Table 3.2
The different test cases used for the Chalmers oxy-fuel test furnace. The part that is not oxygen in the oxidant is mainly
recirculated carbon dioxide for the oxy-fuel cases.

Test Overall air-fuel Propane Oxygen in Oxidant Primary oxidant
case equivalence ratio flow oxidant flow register
[g/s] [%] [Nm?®/h]
Oxy-fuel 1 25 73.0 Open
2 30 60.8 Open
3 1.15 1.73 35 52.1 Open
4 40 45.6 Open
5 42 43.4 Open
Air 6 115 1.73 21 86.9 Open
7 21 86.9 Closed
Oxygen-enriched 8 25 73.0 Open
air 9 115 1.73 27 67.6 Open
10 29 62.9 Open
11 30 60.8 Open
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Chapter 4  Soot Diagnostics and

Theoretical Considerations

In this chapter, techniques for soot diagnostics are presented to give an insight into how
they can be used for soot measurements. The chapter also includes the necessary theory
for using the techniques for evaluation of, for example, soot volume fractions and
particle sizes. The chapter also includes a discussion regarding the assumptions needed
for evaluation and uncertainties related to both these assumptions and the
measurements.

4.1 Extinction

Extinction is a line-of-sight technique where both the incident light intensity, /, and
the transmitted intensity, 7, through an optically thin absorbing medium are measured.
The decrease in light intensity through the absorbing medium can be related to the
extinction coefficient, Kgyy, using the Beer-Lambert law:

[ = [ye Kextl, (4.1)

where L is the length of the absorbing medium. The Beer-Lambert law can be
understood by looking at Fig. 4.1. Extinction is a combination of both absorption and
scattering, and the extinction coefficient is the sum of the absorption coefficient, Kypg
and the scattering coefficient K¢y, i.e. Kext = Kaps + Ksca- In the general case, where
an absorbing medium consists of several different species, the extinction coefficient may
be written as:

Kext = Z Kabs,i + Ksca,i = Z Kabs,i(l + psa,i) ’ (4.2)
i i

where the absorption and scattering coefficient for each specific species are denoted
with an 7. The ratio between the scattering and absorption coefficient is denoted pg,.
Often, only one species is of interest, and therefore it is of great importance that the
light used is only absorbed by this specific species.
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Figure 4.1
The light intensity as a function of distance when light is passing through an absorbing medium with absorption

length, L.

When applying extinction measurements on soot, it is possible to estimate soot volume
fractions under some assumptions. The primary soot particle diameter, 4, is often
around 5-30 nm for soot found in flames [32, 33] and is often investigated using light
with wavelengths in the visible and near-infrared regimes. The primary soot particles
are often considered to be spherical and isotropic, and are much smaller than the
wavelength used, which means that the measurements can be considered to be
performed within the Rayleigh limit. In the Rayleigh regime, it is common practice to
neglect the scattering as part of the extinction, i.e. pg, is assumed to be zero [52]. This
means that the extinction coefficient is equal to the absorption coefficient. For
individual particles the absorption coefficient for isotropic spheres is, according to

Rayleigh theory given by:

L m? —1 s

Kabs = —7 Im (m—> Nd>, (43)
where 4 is the laser wavelength, m is the complex refractive index of soot, /V is the
particle number concentration, and 4 is the primary particle diameter. The factor,
—Im((m? — 1)/(m? + 2)), is often denoted as the absorption function, E(), which
will be discussed further in section 4.1.1.

For larger particles and for soot aggregates, the above mentioned assumptions may
no longer be valid, and a more complex theory for particles with arbitrary size and shape
may be needed. For diagnostics of soot in flames, the Rayleigh-Debye-Gans (RDG)
approximation may work with sufficient accuracy [53]. In this approximation, the
absorption cross-section for each individual particle is multiplied with the number of
particles in an aggregate of soot. This means that the absorption, as within the Rayleigh
limi, is volume dependent, and that Eq. (4.3) should still be valid.
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The soot volume fraction, f;, can be expressed:

—NT[d3 4.4
fo=N—. (48

The experimentally measured extinction coefficient, evaluated from Beer-Lambert law,
Eq. (4.1) can in combination with Eqs (4.3) and (4.4) give an expression for estimating
the soot volume fractions from measurements, given that the scattering contribution
can be neglected. The expression for evaluating soot volume fractions from extinction
measurements is given by:

K ext/1

k= F(m) (4.5)

A consequence of using a line-of-sight technique such as extinction, is that only
averaged data along the laser beam path can be obtained. For spatially resolved soot
volume fraction measurements, laser-induced incandescence can advantageously be
utilized. Extinction measurements have been performed in the work presented in
Papers I, III, IV, V, VI, and VII in different environments. Measurements in small-
scale laboratory flames were performed in the work presented in Papers I, V, and VI.
In Paper III, extinction measurements performed in a diesel engine with optical access
was presented. Extinction measurements in an atmospheric gasifier were presented in
Paper IV. In Paper VII, measurements performed in a 100 kW oxy-fuel test furnace
was shown.

4.1.1 The Complex Refractive Index of Soot

The complex refractive index of soot, 7, is defined as 7 = n — ik, where 7 is the real
part and /4 is the imaginary part of the refractive index [54]. When evaluating soot
volume fractions it is common to use the absorption function, £(m), directly instead of
using the refractive index. The absorption function can be calculated from the complex
refractive index using:

m?—1

E(m) = —Im{ 575

(4.6)

From Eq. (4.6) it is clear that a specific complex refractive index will only give one
specific value of E(m), however, a specific £(m) will not give just one combination of
values for 7 and 4 for the complex refractive index. In recent years, it has been more
common to directly evaluate £(m) from measurements, see for example Paper II and
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[55-58]. This causes no significant problem when evaluating soot concentrations since
only E(m) or m is required. However, for evaluation of soot particle sizes using a
combination of soot volume fraction and scattering measurements, another function of
the complex refractive index is also used. This function, () is defined according to:

) (4.7)

and can not be derived only from using the absorption function. The function, F(m),
is mainly used for particle size evaluations from elastic light scattering measurements,
which will be discussed in section 4.3. It is shown here to highlight the issues of
performing measurements to evaluate £(m) instead doing measurements to evaluate
the complex refractive index. From a known E(m), there is no possibility to calculate
an equivalent value for (m) without selecting either 7 or £ based on some assumptions.

There are also large variations in reported values in the literature for £(m), F(m) and
for the complex refractive index, which will give large uncertainties if a value is assumed
in, for example, evaluated soot volume fractions. In Fig. 4.2, reported values of E(m),
and complex refractive indices converted to E(m) and F(m) for soot from various
sources are shown. Most of the data in Fig. 4.2 are shown in [37, 59], however, more
detailed information on how the values have been obtained is found in [59-71]. The
data in Fig. 4.2 are shown to highlight the large spread of values presented in the
literature. The values of E(m) and F(m) presented in Fig. 4.2 varies from less than 0.1
to values around 0.5. Therefore, depending on the value of £(7) selected for evaluation
of, for example, soot volume fractions, the results may vary significantly.
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Figure 4.2

Values of the absorption function, E() and the function F(m) of soot from various sources in [59-71]. Most of the
values have been calculated from the complex refractive index of soot. The graphs show the mean value, one standard
deviation and the 95 % conficende interval (CI).
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In the literature, another common representation of the complex refractive index of
soot, is the dimensionless extinction coefficient, K. If using Eq. (4.5) and comparing
with the expression for evaluating K. in [72], then K, = 6m E(m). However, the
definition of the dimensionless extinction coefficient often includes the ratio between
the absorption and the scattering coefficient resulting in K, = 6m (1 + pg,) E(m)
[56], which will result in Eq. (4.5) if the scattering contribution to the extinction can
be neglected, i.e. ps; — 0.

Measurements of K. show quite large variations, which also could be seen in
measurements of the absorption function. In work by Williams ez a/. [72], they present
measurements of K. from diffusion flames resulting in values from 5 to 10 for ethylene
flames, depending on flame type and wavelength that was used for the investigation.
Furthermore, they showed that the dimensionless extinction coefficient is fuel
dependent, with lower values for ethylene and methane compared to kerosene flames.

To conclude this section, it is obvious that there will be large uncertainties in the
evaluated soot volume fraction, independent on whether E() is used directly or if the
complex refractive index or measured values of K. are used in evaluations.

4.1.2 Uncertainties — Extinction

The main uncertainty for the extinction measurements and evaluation of soot volume
fractions is, as discussed in section 4.1.1, the absorption function, £(m). The absorption
function may introduce significant errors when evaluating soot volume fractions due
to the large spread of values in the literature, as presented in Fig. 4.2. How large the
error is will depend on the selected value for the absorption function compared to the
actual optical properties of the measured particles. However, there are also other
uncertainties when using extinction for soot volume fraction measurements. These
uncertainties include estimation of the absorption length, potential absorption by other
species than soot, the assumption of neglecting the scattering contribution, and
accuracies in the measurements of both the transmitted and the initial intensity.

The difficulty in estimating the absorption length varies depending on whether the
measurements have been performed in small-scale laboratory flames or in large-scale
systems. For absorption lengths in smaller flames, the uncertainties are often quite
small, as the entire measurement region can be imaged using any type of camera, see
for example measurements presented in Papers I, V or VI. For these measurements the
uncertainties come from the problem of establishing where the soot edge of the flame
is located, which may be related to the saturation level on the camera. In large-scale
systems, however, it is much harder to estimate the absorption length. For the engine
measurements presented in Paper III, the absorption length varied as the piston moved
up and down, which was taken into account in the evaluation. Moreover, it is difficult
to know if soot is present along the entire beam path. For the measurements performed
in the atmospheric gasifier shown in Paper IV, the absorption length was set to the full
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inner diameter of the gasifier, as no secondary technique could be used to give a better
approximation. A third example is the measurements presented in Paper VII. In this
work images obtained using laser-induced incandescence (LII) were used to estimate
the absorption length. From the averaged LII images which showed LII signals for only
15 cm of the entire furnace, the absorption length was estimated based on the soot
distribution from LII.

When performing soot measurements, it is also of great importance that the laser
beam is only absorbed by the soot particles. In sooting flames, polycyclic aromatic
hydrocarbons (PAHs) can be found throughout the flame [35], and they absorb
strongly in the ultra-violet (UV) and visible wavelength regimes. This was investigated
thoroughly and presented in Paper I, where it was shown that wavelengths longer than
around 700 nm should be used for soot measurements to avoid absorption by PAHs,
in good agreement with results presented in [35]. PAHs are not the only absorbers in a
sooting flame. Absorption lines from molecular species such as H,O should be avoided.

The scattering contribution in small-scale flames is often small, and does not inflict
any large uncertainties. But for larger soot particles, the scattering-to-absorption ratio,
Psq> have in some studies been found to be between 0.2 and 0.4 depending on fuel and
wavelength [56, 57], which means that the corresponding soot volume fractions
measured under the assumption that scattering is neglected might be over predicted by
20 to 40 %. In work presented in Paper IV, the scattering contribution to the extinction
was investigated. This was performed by using a second laser for the extinction
measurements in the gasifier when burning wood and peat. In this work, it was
concluded that the scattering contribution caused an error of less than 10 % for the
measured soot volume fractions. For the measurements conducted in the oxy-fuel
furnace, presented in Paper VII, no measurements of the scattering contribution were
conducted. However, in an earlier investigation by Bickstrom ez al. presented in [51]
and [73], similar flames were investigated using a photo-acoustic soot spectrometer
(PASS-3). These measurements resulted in single-scattering albedos (SSA), which is the
ratio between the scattering and the total extinction, for different wavelengths: 405 nm,
532 nm, and 781 nm. The results showed decreasing SSA for increased wavelength.
For 781 nm (extinction measurements conducted using 808 nm) the value for SSA was
measured to 0.03, indicating a low influence of scattering to the measurements.

The accuracy of the measurement system for extinction was investigated in work
related to Paper I and the measurement uncertainties were found to be very small
compared to those originating from the absorption function, the absorption length,
and the scattering contribution.
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4.2 Laser-Induced Incandescence (LII)

Laser-induced incandescence (LII) is a technique for soot diagnostics, where the soot
particles are heated by laser pulses to temperatures of around 4000 K [9, 10, 74]. The
increase of temperature will increase the Planck radiation emitted from the soot
particles and will also lead to emitted radiation shifted toward shorter wavelengths. The
increased radiation compared to the natural flame luminosity is in this context, referred
to as the LII signal, and has been shown to be approximately proportional to the soot
volume fraction [75].

Besides soot volume fraction measurements, which has been the primary use in the
work of this thesis, LII can also be used for soot primary particle size evaluation and
soot temperature measurements, which will briefly be described in section 4.2.2.

The LII process and the mass-energy balance for a soot particle can be described by
several physical processes. These are mainly absorption, radiation, heat conduction, and
sublimation. By absorbing energy, the internal energy of the soot particle will increase,
resulting in higher particle temperatures. The increased soot particle temperatures will
result in radiation and heat conduction losses. If the particle temperature reaches above
~3400 K, see paper II, the soot particle will start to sublime and lose mass. The mass-
energy balance in a particle can be described by the following equation:

Qint = Qabs - Qrad - Qcon - qub: (4.8)

where the different terms are describing rates in energy for different physical properties
related to the LII process. The change in internal energy for the individual soot particle
is described by Qin¢. The energy increase and losses due to absorption and radiation are
denoted Qaps and Qag respectively, while Qcop, is the term for energy changes due to
heat conduction. The final term, Qgup describes the changes in energy due to
sublimation, i.e. the loss of mass due to very high particle temperatures, which is a result
of high internal energy. The energy required to reach sublimation temperatures varies
depending on the soot optical properties and the laser wavelength used. Using a laser
with a wavelength of 1064 nm, sublimation often occurs for a fluence larger than
0.15 J/cm? [31], but depends strongly on the absorption properties of the soot particles.
For example, nascent soot particles require more energy to reach sublimation
temperatures compared to more mature particles, see Paper II, where it was shown that
nascent particles are more transparent than the more graphitized and mature particles.
The concepts of mass and energy balance can also be depicted as shown in Fig. 4.3. For
more detailed information regarding the different terms in the mass-energy balance
equation, see for example [76].
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Figure 4.3

The physical mechanisms in the LII process including absorption, radiation, heat conduction, and sublimation.

The laser-induced incandescence signal is only approximately proportional to the soot
volume fraction, and does not result in quantitative soot volume fraction data without
being calibrated with a secondary technique. Extinction measurements have often been
performed simultaneously as LII measurements in order to calibrate the LII signals to
soot volume fractions. Laser-induced incandescence has been used in work related to
Papers II, V, VI and VII. In the work presented in Paper II, time-resolved
measurements were conducted in combination with elastic light scattering. Two-
dimensional LII measurements were presented in Papers V, VI and VII. In these papers,
the LII signal was calibrated to soot volume fractions using extinction.

4.2.1 Laser Profiles and Fluence Curves

The laser-induced incandescence signal from soot is highly dependent on the incident
laser energy, or laser fluence (energy per unit area), and on the spatial profile of the used
laser beam. It is therefore of importance to investigate the LII signal response as a
function of laser fluence, i.e. to measure a fluence curve. This is performed to ensure
that a suitable laser energy is used for the intended measurements and that the laser
beam has the intended profile. A typical fluence curve has a rapid initial increase in LII
signal as a function of fluence, until the soot reaches sublimation temperatures. Then
the signal can either continue to increase, plateaus, or decrease with increased fluence
depending on the spatial profile of the laser beam.

There are three commonly used spatial profiles for LII; the Gaussian beam, the
Gaussian sheet and the top-hat profile. The different profiles can be seen in Fig. 4.4.

46



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

[

\

-

Laser
energy
f ;x

Figure 4.4.
Three different ideal laser-profiles, (a) the top-hat profile, (b) the Gaussian beam, and (c) the Gaussian sheet

In Fig. 4.5, modelled fluence curves from the three profiles shown in Fig. 4.4 are
presented. For the top-hat profile (Fig. 4.4a), which theoretically has an even laser
fluence over the cross-section of the entire beam, the LII signal will increase up to a
maximum value and then start to decrease. The decrease is caused by sublimation, and
with increased laser energy, the sublimation will increase as the entire heated soot region
will start to sublime, resulting in lower signals for higher fluence.
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Figure 4.5
Modelled normalized LII signals for the top-hat profile, the Gaussian beam, and the Gaussian sheet as a function of

laser fluence for soot with a primary particle diamater of 100 nm. This graph has been adapted from work presented by

H. Bladh and P.-E. Bengtsson in [77].

For the Gaussian beam (Fig. 4.4b), which has the highest laser fluence in the center of
the profile and decreasing fluence towards the edges, the LII signal will continue to
increase with increased laser fluence, even after sublimation temperatures have been
reached in the center. This is a combined effect of both sublimation and increased LII
signals at the edges. The increased LII signal at the edges, caused by increased fluence
will, in this case, result in higher overall LII signals. The signal decrease caused by
sublimation in the center of the beam profile is smaller than the increase in signal at
the edges. The overall LII signal will therefore continue to increase with increased

fluence for a laser beam with a Gaussian beam profile.
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For the Gaussian sheet (Fig. 4.4c), which has constant fluence in one direction and
a Gaussian profile in the opposite direction, there will be a combined effect of what
occurred for the top-hat profile and the Gaussian beam. This combination will lead to
a fluence curve that approximately reaches a plateau, i.e. giving an LII signal which is
approximately independent on laser fluence after the initial signal increase. An
advantage of using a laser fluence on this so-called plateau during measurements, is that
fluctuations in laser energy will barely affect the emitted LII signal. For applied
measurements with only small absorption of the laser beam, the laser fluence is often
still high enough to be on the plateau. However, for cases with high absorption of the
laser beam, it is possible that the fluence decreases below the fluence plateau, making
the soot measurements very sensitive to laser energy changes.

4.2.2 Time-Resolved LII Measurements

When the laser pulses get absorbed by the soot particles leading to LII, the temperature
and the LII signal increase rapidly. The reached temperature depends strongly on the
absorption properties. For example, heating nascent soot particles to the same
temperature as mature soot requires more laser energy, see the results presented in Paper
I1. When the laser pulse has passed through the flame and has been partially absorbed,
the soot particles start to cool down to ambient flame temperatures. This cool-down
process is strongly dependent on particle size. Larger soot particles have smaller surface-
to-volume-ratios, which results in a slower cool-down process in comparison to smaller
particles. In Fig. 4.6, two decay curves are shown from measurements performed in an
ethylene/air flame. These curves are measured at two different heights above burner
(HAB), 8 mm and 12 mm respectively, where the soot at 12 mm shows a slower
decrease in LII signal. The difference seen for these two curves is mainly a size effect, as
increased particle sizes are observed at higher heights above burner. Increased soot
aggregation could also partially contribute to the slower cool-down process observed at
higher heights [78].

Numerical models of LI, see for example [79], can be used to simulate the LII signal
response for different laser energies and measurement conditions, for example,
conditions found in flames. LII signal decay curves can, for example, be generated for
different particle sizes. Measured curves can then be numerically fitted with modelled
curves and enable particle size estimations directly from LII measurements without
using combined measurements with elastic light scattering. Furthermore, if a two-color
LIl setup is used, i.e. measuring the LII signal at two different wavelengths or
wavelength regions simultaneously, it is possible to evaluate soot particle temperatures.
If temporally resolved measurements have been performed, it is also possible to evaluate
the temperatures during the entire cool-down process to ambient flame temperatures
using pyrometry [58, 80].
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Figure 4.6

Two LII curves measured at two different heights above burner (8 mm and 12 mm) in a ethylene/air flame with an

equivalence ratio of 2.3 on a McKenna burner.

A disadvantage of temporally resolved measurements is that the measurements are
normally limited to point measurements in a specific probe volume, as cameras for two
dimensional measurements are usually too slow to capture the decay curve. However,
measurements in stable flames can be performed by moving or scanning the gate in
attempts to measure parts of the decay curves using cameras, see for example [81].
When performing point measurements for decay curves or temperature measurements
it is important that the soot in the entire measurement region is heated to the same
temperature. Therefore, the top-hat laser profile is the most suitable laser profile for

these measurements.

4.2.3 Time-Gated LII Measurements

Time-gated measurements can be performed by measuring the time-resolved LII signal
and then only use a specific part of the signal, often a few nanoseconds around the peak
LII signal, see Fig. 4.7a. Another option is to use a camera, where the camera gate is
overlapped with the laser pulse. In Fig. 4.7b, a sketch of a camera gated measurement
is shown, where the gate is overlapped with the laser pulse and peak LII signal. The
camera gate is usually longer compared to the gate used in time-resolved measurement
to increase the signal-to-noise ratio. Using a camera allows for two-dimensional
imaging measurements, which can give instantaneous soot volume fractions for the
entire cross-section of a flame in one image. Most often, time-resolved measurements
are performed in fundamental studies while camera gated measurements are performed

for applied studies.
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(a) Time-resolved measurement (b) Time-gated camera measurement
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Figure 4.7

These graphs illustrate the differences when using time-gated measurements for (a) a temporally resolved measurement
and (b) a time-gated camera measurement. The gate-widths are not to scale, but highlights that usually longer gate-
widths are used for camera measurements.

4.2.4 Calibration of LII signals to Soot Volume Fractions

The calibration of LII signals to soot volume fractions are based on the assumption that
the LII signal is proportional to soot volume fraction. This proportionality between the
LII signal and soot volume fraction has been investigated in work by Melton [82] and
Bladh e al. [75], showing an approximate proportionality between the LII signal and
the cube of the soot particle diameter. The general calibration procedure can be
described in three steps.

The first step is to evaluate the soot volume fraction in the investigated flames using,
for example, extinction. When LII measurements have been performed in a single
point, as is most common for temporally resolved measurements, the extinction
measurements and soot volume fraction have to be evaluated at the same point for
calibration to be possible. When performing two-dimensional LII measurements, the
extinction measurements can be performed at any position where the LII signal has
been measured, which can then be used to calibrate and translate the entire LII image
to soot volume fractions. For evaluation of soot volume fraction using extinction, see
section 4.1. The second step is to estimate the LII signal corresponding to the evaluated
soot volume fraction. The third step is to calculate a calibration factor that transfers the
LII signal to soot volume fractions. This factor is valid as long as the measurements
have been performed using the same measurement settings.
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4.2.5 Uncertainties - LII

The measurement uncertainties for laser-induced incandescence are estimated to be
quite low compared to those which are inferred from the extinction measurements
when evaluating soot volume fractions to calibrate LII. In this thesis, laser-induced
incandescence has mainly been used for soot volume fraction measurements in
combination with extinction. The uncertainty discussion in this section will therefore
primarily deal with issues related to soot volume fraction measurements using LII.

The detection wavelength used for measuring LII is important for several reasons. In
work by Melton er al. [82] results are presented indicating that the LII signal
proportionality with soot volume fraction will be more valid if a long detection
wavelength is used. On the other hand, with a longer detection wavelength, the
background flame luminosity will increase significantly. For example, for a blackbody
with a temperature of 1500 K, the Planck radiation will increase by a factor of 390
when comparing the intensity at 400 nm with the corresponding value at 600 nm. It is
therefore important to select a detection wavelength that is suitable for the specific
measurement case. For the LII measurements conducted using two-dimensional
imaging, presented in Papers V, VI and VII, short-pass filters were used with a cut-off
wavelength either at 425 nm or 450 nm. These filters were used to suppress as much
background radiation as possible to increase the signal-to-noise ratio. However, for the
LII measurements presented in Paper II using sensitive photomultiplier tubes, longer
detection wavelengths were used, 575 nm and 684 nm.

For accurate LII measurements, it is important to subtract the remaining background
luminosity. For a stable flame with a constant background, it is quite simple to measure
the background luminosity between the LII signal measurements. However, for a
turbulent flame, for example the flames presented in Paper VII, this approach is not
possible as the background changes and other approaches were therefore necessary. In
the work for Paper VII a double gate option in the camera was utilized, where a
measurement of the background was performed a few microseconds before each LII
measurement.

Variations in laser pulse energy can also be a problem. However, if the measurements
are conducted on the fluence plateau as discussed in section 4.2.1, the problems
resulting from energy variations are minimized. However, if measurements are
conducted in a soot rich environment it is possible that the laser fluence decreases below
the plateau, which will increase the uncertainties. Measurements below the fluence
plateau could result in patterns related to energy variations in the spatial laser profile,
as the LII signal is very sensitive to small energy changes below the plateau. It is also
difficult to use the calibration factor from extinction measurements if LII
measurements have been performed below the plateau, since the same soot volume
fraction might result in different LII signals, due to laser energy changes.
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4.3 Elastic Light Scattering (ELS)

Elastic light scattering (ELS) is a diagnostic technique where the light scattered from,
for example, soot particles are measured. The theory presented in this section are based
on information presented in [11, 54]. For elastic light scattering, the measured light is
at the same wavelength as the incident light from the laser onto, in this case, the soot
particles. Elastic light scattering can in combination with LII or extinction be used for
particle size measurements. Measurements of elastic light scattering from soot are often
presented as Qyy-factors, where the two v’ indicate the polarization observed by the
detector, and the polarization of the incident beam, respectively. For an assumed
spherical soot particle, the Qyy-factor is given by:

o =(7) @)

where Vis the particle number concentration, A is the laser wavelength, 4 is the primary
particle diameter and |(m? — 1)/(m? + 2)|? is a function of the complex refractive
index, called F(m), as presented in section 4.1.1. For aggregated particles, both the
number of primary particles per aggregate, 7, as well as the aggregate number
concentration, N,, have to be taken into account. This will result in a modified
expression for the Qy,y factor as:

=12 (5) (5)

The factor 5(¢), is a structure factor, describing the physical properties of the aggregate
and depends on the radius of gyration, R,, and the scattering wave vector, G. The

2

m?—1
) (4.9

m? + 2

m? -1
m2+2

2
‘ S(q). (4.10)

expression for S(g) depends on the size and magnitude of the scattering wave vector
and is described for three different regimes. These are the Rayleigh, Guinier and power
law regimes, and the structure factor are described in these regimes respectively by:

S(q) =1ifqRg < 1, (4.11a)
_1-TRe e < b
S(g)=1- 3 ifqRg < 1, (4.11b)
S(q) = C(qRg) " if Ry > 1, (4.11¢)

52



where D¢ is the fractal dimension of the aggregate, ¢ represents the inverse of the length
of the scattering vector, and C is a coefficient determining the cut-off between the
power law and the Guinier regime.

Calibration of elastic light scattering measurements are often conducted using either
nitrogen or air with known scattering cross-sections, which for a given temperature and
pressure will give known Qyy-factors, or equivalent depending on which polarization
that is being calibrated. The ELS measurement from N, or air can then be used to
estimate a calibration factor used to transfer scattering data from soot to Qyy-factors.

4.3.1 Soot Particle Size Measurements

In combination with soot volume fraction measurements, either performed by laser-
induced incandescence calibrated using extinction measurements or from extinction
measurements directly, ELS can be used for particle size measurements. This is possible
as the soot volume fractions according to Eq. (4.4) is dependent on the cube of the
primary particle diameter and the ELS signal is dependent on the primary particle
diameter to the power of six. A combination of Eqs (4.4) and (4.9) will yield a
theoretical expression for the primary particle diameter for a spherical non-aggregated
particle, and if also combined with Eq. (4.5), an experimental expression will be given:

(4.12)

_ i/vi 2/14 1 _ i/vi 4/13 E(m)

f, 3m3F(m) Koyt w2 F(m)

For an aggregated particle the expression for the soot volume fraction has to be
changed to take the parameters from aggregation into account. The number of particle
concentration, /V, used in Eq. (4.5) will be replaced by a factor of the number aggregate
concentration, NV, and the number of particles per aggregate, 7, as given by:

d3
f, = NannT. (4.13)

If the expression for Qy,y, for soot aggregates, Eq. (4.10), is combined with Eqs (4.5)
and (4.13) both a theoretical and experimental expression for the primary particle size
is given by:

d=

(4.14)

B KextFF(m)r_lS(Q).
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From the equations presented, it is clear that the size evaluation depends on several
parameters with various uncertainties. The methodology for evaluation of particle sizes,
presented in the present section, has been used for particle size evaluation in Paper VI.

4.3.2 Uncertainties - ELS

The uncertainties for the elastic light scattering measurements are often quite low
compared to those uncertainties that arise from using the measured results in
evaluations of, for example, soot particle sizes. This section will therefore primarily
discuss uncertainties regarding evaluation of primary particle sizes. Evaluation of
particle sizes using ELS and LII will for a certain measurement positions, only result in
one averaged value of the soot particle size. However, the actual particle sizes are found
to have a broad distribution, which clearly can be seen in the evaluation of TEM images
in Papers V and VI.

One of the uncertainties when evaluating primary particle sizes is the complex
refractive index of soot, which is discussed in section 4.1.1. In both Eq. (4.12) and
Eq. (4.14) it becomes clear that uncertainties in £(m) and #(m) will have a large impact
on the evaluated particle sizes as a ratio of these parameters is used. For example, if an
established value of £(m) is used, as discussed in section 4.1.1, there might not be a
corresponding value for F(m) since £(m) could have been evaluated directly from
measurements and not derived from the complex refractive index. This will result in
uncertainties, as values of F(m) reported in the literature are less common than values
of E(m).

Another uncertainty is whether it is possible to evaluate particle sizes without taking
the aggregation into account. The short answer is no. In work presented in Paper VI,
the primary soot particle sizes were evaluated both from sampled soot analyzed in a
transmission electron microscope (see section 4.4) as well as using a combination of LII
and ELS. The images from transmission electron microscopy (TEM) clearly show that
the soot particles had started to form aggregates already at a height above burner of
10 mm (visible soot started to appear at 4 mm HAB). The LII/ELS evaluation using
Eq. (4.12) resulted in evaluated soot particles a factor 3 larger than the sizes evaluated
from the TEM images. This deviation is unreasonable, and it is therefore important to
take the aggregation into account.

If aggregation is taken into account, two additional parameters come into the
evaluation: an average value of the number of primary particles per aggregate, and the
structure factor. The primary particle diameter is proportional the cube root of these
parameters, which means that the effect on the particle size will be smaller than the
uncertainty in the specific parameter.

To estimate an average value of the number of primary particles per aggregate, soot
samples from flames have to be evaluated, for example using TEM. This process is
extremely time consuming as will be discussed in section 4.4.1. Furthermore, if
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evaluation of particle sizes should be performed at multiple heights above burner, then
soot samples are needed from all heights of interest, as the number of particles per
aggregate may change with height. The increased number of samples will increase the
evaluation time significantly; it is therefore extremely time-consuming to estimate this
parameter with high accuracy.

The structure factor has according to Eq. (4.11) a maximum value of 1, which occurs
if scattering in the Rayleigh regime is assumed. Using a structure factor of 1, means
that the particle sizes may be underestimated. In work by Reimann ez a/. [83], they
investigated similar flames as the one presented in Papers V and VI, and they present
experimental values of S(¢) between approximately 0.75 and 1. If these values applied
to our case it could infer a bias towards underestimated particle sizes by up to 10 %.

To conclude this section, it is clear there are large uncertainties in particle size
evaluation and by only using ELS together with LII, it can sometimes be hard to know
what assumptions can be made. Optical techniques can still be utilized in applied
measurements, also when a secondary technique, such as TEM, can not be applied if
the uncertainties have been evaluated in a well-known environment beforehand.

4.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a technique where an electron beam passes
through a sample and creates an image based on the transmitted intensity. A
transmission electron microscope has the possibility to observe much smaller structures
compared to normal light based microscopes, as the electrons have a very short de
Broglie wavelength [84]. For soot diagnostics, TEM can be used for primary particle
size evaluation, aggregate size measurements and, also for retrieving the fractal
dimension of aggregates [85] on soot sampled using a probe.

@ (b)

[\ —

Sample-grid

position

Figure 4.8
Images of (a) the pneumatic probe for soot sampling on TEM grids and (b) an enlargement of a carbon-coated TEM
sample grid.
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To sample soot for TEM analysis, suitable sample grids are needed. Carbon-coated
copper grids can be used for soot sampling and an image of one of these grids can be
seen in Fig. 4.8b. A pneumatic probe has been used for controlled soot sampling for
the samples collected for TEM imaging presented in Papers V and VI, this probe can
be seen in Fig. 4.8a. The pneumatic probe used in these experiments allows for
extraction of samples with specific residence times inside the flame and can be
accurately controlled from 100 ms and up. The soot is collected on the copper grids
based on thermophoresis. This system can also be used for the sampling of cold soot
from the miniCAST soot-generator.

The soot samples collected for Papers V and VI have been evaluated in a TEM
microscope (FEI Tecnai Spirit BioTWIN), with a maximum magnification factor of
300,000. This magnification is good enough for evaluating soot particle sizes. However,
to be able to see the inner structures of the soot particles, a TEM-microscope capable
of a larger magnification factor is needed. The images retrieved from the TEM
microscope include a scale bar to enable size measurements. In Fig. 4.9, two TEM
images are shown, one overview image showing several soot aggregates and one image
of a magnified soot aggregate.

(a)

Figure 4.9
Two typical TEM images of soot, one overview image of several soot aggregates in (a) and one image of a single soot
aggregate in (b).

The evaluation of, for example, soot particle sizes can then be performed on the given
images. This can either be performed by manually or by an automated program, and
for the work presented in Papers V and VI, the analysis of TEM images were performed
manually.
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4.4.1 Uncertainties - TEM

Soot is sampled by inserting a probe into the flame at around 100 ms. This means that
the method is an intrusive way of measuring on soot compared to using laser
diagnostics, since the probe will perturb the flame. Inserting a sample grid into a flame
will lead to uncertainties in what soot has been collected, as soot may not only be
collected inside the flame, with contributions also from the flame edge. The vertical
spatial resolution is neither as good nor as accurate as laser measurements, since the
probe is mechanically inserted and might vibrate during insertion, which may cause
soot sampling at unintended heights above burner. These experimental uncertainties
are hard to avoid, and can therefore be said to an inherent part of the sampling
technique.

The uncertainties caused by the specific TEM microscope will not be discussed here,
but the microscope most likely has some uncertainties in the magnification and given
scale factor. When performing sampling and retrieving images for evaluation, one of
the largest uncertainties comes from not having a large enough statistical data set. For
evaluation of primary particle sizes, it is relatively easy to get a large statistical data set,
as one soot aggregate includes many primary particles. However, particles from many
aggregates need to be evaluated as the primary particles size distribution in one
aggregate may not represent the overall size distribution. For the number of primary
particles per aggregate it is much more time consuming and difficult to retrieve a good
statistical data set. The uncertainties here relate to two different problems, firstly, it is
hard to know whether the sampled data is representing the actual spread of aggregates
in the flame and if the probability for an aggregate to stick to the TEM grid is size
dependent. Secondly, the selected samples for evaluation also have to represent the
distribution, which might be hard when aggregates for evaluation are selected manually
when operating the TEM microscope.

Evaluation of primary particle sizes can be performed either by hand or by using a
computer program based on image analysis. In the work presented in Papers V and VI,
the soot particle sizes were evaluated by hand, i.e. two opposite edges of each primary
particle were determined by hand and then evaluated to particle diameter in a computer
program. This method comes with the uncertainty that the edges have to be determined
by the user, which can be difficult as the particles in an aggregate are not always clearly
defined. Furthermore, this method assumes the particles to be spherical. During the
preparation of Paper VI, the TEM images of some cases were evaluated twice to gain
knowledge on how much the particle sizes differed between the two evaluation rounds
to estimate the uncertainty in the evaluation routine. Differences of a few percent were
found when doing the manual evaluation twice. This does not mean that an automated
system will evaluate the particle sizes with a better accuracy, as the threshold level for
the edges has to be decided using a suitable method. However, repetitive analysis by an
automated program should yield the same result for a given image.
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Chapter 5  Optical Arrangements

and Experimental Equipment

In this chapter typical optical arrangements for extinction measurements, laser-induced
incandescence (LII) and elastic light scattering (ELS) will be presented. Furthermore,
key components such as lasers and detectors used in the experiments leading to this
thesis will be presented. For details regarding a specific setup used for individual
measurement, see the paper(s) where these measurements have been presented.

5.1 Extinction Measurements

The setup used for extinction measurements consists mainly of a laser system using a
diode laser, two detectors (photodiodes), and some additional optical components.
Two typical setups used for extinction measurements are presented in Fig. 5.1.

The highly divergent laser beam emitted from a laser diode is first collimated with
an aspherical lens placed just a few millimeters from the laser diode. The beam is then
divided using a beam-splitter, where one of the laser beams is directed onto a
photodiode measuring a reference intensity. The second laser beam is directed through
the absorbing soot region and then onto a photodiode measuring the transmitted light
intensity.

For the setup shown in Fig. 5.1a, a lens is placed prior to the beam-splitter in order
to achieve high spatial resolution at the location of the burner. This setup is mainly
used for fundamental studies using laboratory burners. For the setup presented in
Fig. 5.1b, the laser beam remains collimated when it passes through the beam-splitter
cube and the absorbing region, and is focused using lenses near the detectors. This
approach can advantageously be used for more applied large-scale measurements, as
longer beam paths can be used and the spatial resolution is not critical. Furthermore,
the lens placed after the absorbing region reduces the effects of beam steering caused by
temperature gradients inside the large-scale systems.

The laser system was controlled by a LabVIEW program using a data-acquisition
(DAQ) card, which also collected all signals from the photodiodes. The LabVIEW
program allowed for preliminary evaluation during measurements based on user input
on absorption length and value of the absorption function, £(m). The laser diodes were
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modulated on and off through signals from the LabVIEW program and the DAQ-card,
enabling background measurements during the laser-off periods. If several lasers were
used simultaneously, as for the work presented in Paper IV and [47] (Paper R-1V), the
LabVIEW program was set to pulse these lasers intermittently with off periods in
between. This made sure that the lasers would not overlap in time and that
measurements of flame background could be performed.

(a) Photodiode

=4 y
Beam-splitter cube Photodiode

(b) Burner

Lens

Aspherical lens

for beam collimation

practical devices

. Lens
e.g. gasifiers, furnaces, :
engines :‘ Photodiode

Figure 5.1.
Two typical setups used for extinction measurements. The setup presented in (a) was used for more fundamental studies
where high spatial resolution is required, while the setup in (b) was used for more applied measurements.

5.1.1 Diode Laser System

For the performed extinction measurements, a diode-laser system was used. Diode
lasers can advantageously be used as they are available at various wavelengths, are
relatively cheap, and are easy to handle due to their small size. A typical transistor
outline (TO)-can diode laser has a diameter of either 3.8, 5.6 or 9.5 mm, and two
typical laser diodes of this type can be seen in Fig. 5.2, along with a diode-pumped
solid state (DPSS) laser.

For a stable operation of the diode lasers a constant and controlled temperature is
essential. The diodes were mounted in a temperature controlled mount (Thorlabs
TCLDMDY) connected to temperature and current controllers (Thorlabs TED200C
and LDC205C). The laser diodes used can be found in a wavelength range from 405
nm to 1064 nm with output power from 10 mW to 1400 mW. The laser diodes used
are presented in Table 5.1.
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Figure 5.2
Three different laser diodes, the first one from the left is a 9.5 mm TO-can diode laser, the second one is a 5.6 mm TO-
can laser, and the third one is a diode-pumped solid state (DPSS) laser with an output of 532 nm.

Table 5.1

The diode lasers used for the extinction measurements presented in Papers I — VII.
Wavelength [nm] Power [mW] Model Manufacturer/Supplier Used in:
405 20 DL4146-101S Sanyo Paper I
450 1400 LD-450-1400MG Roithner LaserTechnik Paper IV
532. 10 DJ532-10 Thorlabs Paper I
635 15 SDL-7501-G1 SDL Paper 1
655 10 QL65F6SA Roithner LaserTechnik Paper I
670 10 QLG67F6SA Roithner LaserTechnik Paper I
685 30 QLG8IGSA Roithner LaserTechnik Paper I
690 30 HL6738MG Hitachi Paper I11
780 10 L780P010 Thorlabs Paper 1
808 10 1808P010 Thorlabs Paper I, VII
808 500 ADL-80V03TL Thorlabs Paper IV
850 10 L850P010 Thorlabs Paper I, V, VI
904 10 1904P010 Thorlabs Paper 1
980 10 1980P010 Thorlabs Paper |
1064 10 QLD-1060-10S QPhotonics Paper I

5.1.2 Photodiodes and Data Collection

Photodiodes were used as detectors for the extinction measurements. Primarily silicon
photodiodes (Thorlabs PDA100-EC) were used in combination with most diode lasers,
presented in Table 5.1. The silicon photodiodes were used mainly because of their
broad wavelength range, 340 nm to 1100 nm, for the detection, and large active area
(100 mm?). It was found that measurements with the longest wavelengths, i.e. 980 nm
and 1064 nm, were not as stable as the measurements performed using shorter
wavelengths. It was speculated that these problems were caused by potential heating of
the photodiodes due to flame radiation, and the very steep sensitivity curve found for
wavelengths longer than 950 nm for the silicon photodiodes.

To achieve accurate measurements for the wavelengths above 950 nm, germanium
photodiodes (Thorlabs PDA50B-EC), sensitive in the wavelength range 800 nm to
1800 nm, were used. However, a disadvantage of using these photodiodes was the
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significantly smaller active area (19.6 mm?®) compared to the silicon photodiodes
(100 mm?).

Two different data-acquisition cards from National Instruments (NI USB-6251
BNC and NI USB-6363), were used for collecting the signals from the photodiodes,
depending on application. For acquiring signals for data collection, the specifications
for the two DAQ-cards are quite similar. However, for control of lasers, they can give
output signals for up to either two or four lasers simultaneously.

5.2 LIT and ELS Measurements

The setups used for LI and ELS are quite similar and will be described together in this
section. A typical setup for LII or ELS consist of a pulsed laser, a beam attenuator, beam
shaping optics, a soot source, and a detector. Two setups used for LII and ELS are
shown in Fig. 5.3, one setup mostly used for fundamental studies and one setup used
primarily for more practical applications.

For the measurements presented in this thesis, an Nd:YAG laser (Quantel
Brilliant B) operating either at the fundamental wavelength (1064 nm) or the second
harmonic (532 nm) have been used. The most commonly used laser wavelength for
heating soot when performing LII measurements is 1064 nm, as this will prevent
fluorescence from polycyclic aromatic hydrocarbons, which strongly absorb light in the
UV and visible wavelength regimes. Sometimes, often in more practical situations, it is
considered advantageous to use 532 nm, due to alignment and safety issues with the
invisible 1064 nm beam. The use of 532 nm would, however, infer some uncertainties
due to fluorescence from PAHs. For elastic light scattering, 532 nm is the most
commonly used wavelength and has also been used for the ELS measurements
presented in this thesis.

The measurement setup presented in Fig. 5.3a, is mainly used for temporally
resolved LII or ELS measurements, often for more fundamental studies. In this setup
the laser beam passes through a beam attenuator, which is used to change the laser
energy without changing the laser beam properties. The center part of the beam is cut-
out in order to create an approximate top-hat profile. The beam is then relay imaged
using lenses to create a top-hat profile of suitable size at the location of the burner. The
induced signal or scattering is then detected using photomultipliers. In Fig. 5.3a, the
LII signal is detected at two different wavelengths simultaneously, often referred to as
two-color laser-induced incandescence [58, 86], which would allow for soot
temperature evaluation using pyrometry. To ascertain that the beam has its intended
top-hat profile at the position of the burner, the laser beam was imaged on the CCD-
chip of a laser beam profiler (DataRay WinCamD UCD15) to make sure that the

energy variations in the spatial profile of the laser beam are acceptable.
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(a) Setup for temporally resolved LII and ELS measurements
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Figure 5.3

Typical experimental setups for LII and ELS measurements. The setup shown in (a) is for temporally resolved
measurements using PMTs and the setup shown in (b) is for two-dimensional imaging LII or ELS using an intensified

CCD camera.

The other setup, presented in Fig. 5.3b, is a setup for two-dimensional imaging LII or
ELS and is often used in more applied measurements. The setup can of course also be
used for fundamental research if two-dimensional soot data is needed. The laser beam,
either with a wavelength of 532 nm or 1064 nm, passes through a beam attenuator.
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The beam is then formed to a Gaussian sheet using, in this case, three lenses and an
aperture. The aperture is used to cut-out a center part of the vertically stretched beam
in order to get an as homogeneous laser energy profile in the vertical direction as
possible. The induced signal or scattering is then collected by an intensified CCD
camera (Princeton Instruments PIMAX IV) using a camera lens and suitable filters, i.e.
short-pass filter for LII and a band-pass filter at 532 nm for ELS.

The setup used for the laser-induced incandescence measurement can
advantageously be combined with an extinction measurement setup. The extinction
measurements can then be used for calibration of LII, as discussed in section 4.2.4.
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Chapter 6 Results

In this chapter, the main results from the measurements presented in Paper I — VII will
be shown along with some related results. In the first part, section 6.1, measurements
conducted in laboratory flames to investigate soot optical properties using extinction
measurements and laser-induced incandescence (LII) will be presented. Some applied
measurements using extinction measurements in practical devices will be presented in
section 6.2. In section 6.3, results from using LII, elastic light scattering (ELS), and
extinction to investigate the effect of metal salts on the soot formation will be presented.
In the final section of this chapter, section 6.4, results from measurements conducted
in a large-scale oxy-fuel furnace using combined LII and extinction measurements will
be shown.

For the evaluation of soot volume fractions, the absorption function has for all
measurements presented in this chapter been set to a value of E(m) = 0.35. This value
has been selected based on measurements for mature soot in premixed flames, see

Paper II or [58].

6.1 Investigation of Soot Optical Properties

The results presented in this section primarily focus on fundamental measurements in
laboratory flames for determination of soot optical properties presented in Paper I and
Paper 1II.

In order to be able to perform accurate measurements on soot to evaluate, for
example, soot volume fractions, particle sizes, and soot temperatures using optical
diagnostics, it is of great importance to know how the optical properties behave related
to soot maturity and as a function of wavelength. Extinction measurements using
twelve different wavelengths in the wavelength range from 405 nm to 1064 nm have
been performed at several heights above burner (HAB) in two flames on the McKenna
burner. In Fig. 6.1, the measured transmission using extinction are shown for the
flames with equivalence ratio, ¢ = 2.1, and ¢ = 2.3.

Extinction is, as discussed in section 4.1, a technique primarily used for soot volume
fraction measurements. For Rayleigh theory, the absorption coefficient, or extinction
coefficient if the scattering contribution can be neglected, is inversely proportional to
wavelength. A result of the inverse proportionality can be seen in Fig. 6.1, where the
beams with longer wavelengths have a higher transmission through the flames, i.e. are
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attenuated less. If assuming that scattering is negligible and that the absorption
coefficient from Rayleigh theory is valid, the only optical property that could have a
wavelength dependence when evaluating soot volume fractions is the complex refractive
index, and consequently the absorption function E(m), i.e. m(1) and E(m, ). This
means that the measured extinction coefficient will be proportional to wavelength
according to:

1
Kext zE(m. ). (6.1)
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Figure 6.1

Transmission as a function of height above burner for extinction measurements conducted at twelve wavelengths on
two flames on a McKenna burner with equivalence ratios, (a) ¢ = 2.1, and (b) ¢ = 2.3.

The wavelength dependence of the absorption function can also be expressed by the
coefficient, a. This coefficient is sometimes referred to as the dispersion
coefficient/exponent [87], however, in the atmospheric research community it is often
referred to as the absorption Angstrom exponent [88]. The absorption function can
with this coefficient be expressed as:

E(m, (Z) = E(m)ref' (6-2)

Aa-1

where E (M)t is the value of the absorption function at a reference wavelength and
the exponent @ expresses the deviation from the theoretical inverse relation to
wavelength according to Rayleigh theory. If Eqs (6.1) and (6.2) are combined the
wavelength dependence of the extinction coefficient can be described as:

Koy & A7%, (6.3)
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From the extinction measurements, shown in Fig. 6.1, extinction coefficients were
evaluated for all the investigated wavelengths. Based on this evaluation and Eq. (6.3),
dispersion coefficients could be estimated at multiple heights above the burner surface
for both flames. In Figs 6.2a and 6.2b, dispersion coefficients as a function of height
above burner (5 mm to 17 mm) are presented. The dispersion coefficients have been
evaluated for two different wavelength intervals, either with all lasers with wavelengths
between 405 nm and 1064 nm, or the between 685 nm and 1064 nm.
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Figure 6.2

Dispersion coefficients evaluated using extinction measurements in flames on a McKenna burner. In (a) and (b) the
dispersion coefficients are presented as a function of height above burner evaluated using two different wavelength
intervals (405 nm — 1064 nm and 685 nm — 1064 nm) for ¢ = 2.1 and ¢ = 2.3, respectively. In (c) and (d) the dispersion
coefficients have been evaluated at three different HAB to show differences in the dispersion coefficients depending on

wavelength interval for equivalence ratio ¢ = 2.1 and ¢ = 2.3, respectively.

The evaluation results in dispersion coefficients approaching unity for increased height
above burner for both flames. However, for dispersion coefficients evaluated in the full
wavelength interval, the dispersion coefficient levels off at a value of approximately 1.3,
compared to a value of approximately 1 for the coefficients evaluated in the range
685 nm to 1064 nm. An a-value of 1 means that the extinction follows the expected
wavelength dependence from Rayleigh theory, i.e. Keyy % A7, The value of the
dispersion coefficient of around 1 found for more mature soot in both flames, is reached
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at a lower HAB for the ¢ = 2.3 flame, which can be associated with a faster soot
formation rate. The increased value for the full interval is most likely a result from
additional absorption by PAHs, which has been found to absorb strongly in the UV
and visible wavelength regimes [35, 89], which therefore does not affect the results in
the same way when evaluating using wavelengths longer than 685 nm.

Evaluation of dispersion coefficients in the interval 405 nm to 1064 nm is assumed
to include the combined wavelength dependence information for both PAHs and soot
particles. For the smaller interval, 685 nm to 1064 nm, the assumption is that only the
wavelength dependence of soot is evaluated. This could mean that when these two
evaluations show the same value, the wavelength dependence of the PAHs and the soot
particles at that specific height are the same. For the flame with an equivalence ratio of
2.1, this occurs at an HAB of 8 mm. The dispersion coefficient at lower HAB (less than
8 mm) is larger for the soot particles than the combined for both soot and PAHs, most
likely a result of the PAHs wavelength dependence decreases the overall wavelength
dependence. The opposite effect is seen at higher HAB (higher than 8 mm), where the
dispersion coefficient approaches 1 for the soot particles, but are shown to be slightly
higher when the PAH:s are also included.

In an attempt to show how different wavelengths affect the evaluated dispersion
coefficients, the evaluation has been performed at three heights above burner. Initially
all wavelengths were included in the evaluation. Evaluations then followed where one
wavelength was excluded at a time until the evaluation only included the three longest
wavelengths. These results are shown in Figs 6.2c and 6.2d. The evaluations performed
for the intervals 685 nm to 1064 nm and 780 to 1064 nm, show approximately the
same values for the wavelength dependence, and should only vary for changed soot
maturity, as discussed above.

The results for the flame with ¢ = 2.1, presented in Fig. 6.2¢, show several effects
that can be discussed. Firstly, for the less mature particles found at an HAB of 8 mm,
the dispersion coefficients are as expected, quite high, but are fairly constant
independent of included wavelengths. The main reason for this could be that both soot
and PAHs have the same wavelength dependence at this HAB, and inclusion of shorter
wavelengths which are absorbed by PAHs therefore does not affect the evaluation. For
the measurements evaluated at 12 mm and 16 mm HAB, a decrease can be seen for the
evaluated dispersion coefficients when removing the shorter wavelengths. This is
expected, as absorption in the PAH molecules here would increase the overall evaluated
wavelength dependence. The reason for the slight increase seen for the evaluation at a
height above burner of 8 mm, especially visible for the ¢ = 2.3 flame for the interval
808 nm to 1064 nm, is unknown, but could be related to absorption in, for example,
water.

Based on the fact that PAHs absorb strongly in the UV and visible regimes, which
was shown both here and in Paper I, wavelengths longer than about 700 nm should be
used when evaluating soot volume fractions using extinction measurements. Another
result from the measurements is that the absorption function, £(), only shows a small
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dependence on wavelength for more mature particles, i.e. particles at higher heights
above burner.

Extinction measurements have also been performed in soot from the miniCAST
soot-generator. A four-laser approach was utilized with lasers operating at wavelengths
of 405 nm, 655 nm, 850 nm, and 1064 nm. These lasers were operated simultaneously,
and modulated on and off intermittently in order to evaluate dispersion coefficients for
soot with different properties. The setup used for these measurements can be seen in
Fig. 6.3a. The settings for the different operation points (OP) can be seen in section
3.2.2 and Table 3.1. The soot from the miniCAST has either been transported directly
to the measurement cell, or passed through either a thermodenuder (250 °C) or a
thermodenuder and an oven (500 °C).
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Figure 6.3

Extinction measurements of miniCAST soot performed using a four-wavelength approach. The setup is presented in
(a) and dispersion coefficients for different operating points of soot are presented in (b). Measurements have also been
performed on miniCAST soot that has passed through either a thermodenuder or an oven.

The results, presented in Fig. 6.3b, show for the more mature particles, associated with
operation points 1, 3 and 5, values that approach 1, which are similar to the results
found at higher heights above burner in flames. For OP6 and OP7, the results are more
similar to those for less mature soot particles, at lower HAB in flames. The values for
the mature particles in Fig. 6.3b are more similar to those found measuring using the
entire wavelength interval presented in Figs 6.2a and 6.2b. This is most likely a result
of absorption by PAHs for the beam with a wavelength of 405 nm. When the soot
particles, especially for OP7, has passed through either the thermodenuder or both the
thermodenuder and the oven before the extinction cell, the dispersion coefficients are
lowered, which could be a result related to organics being removed when the soot
particles are heated to either 250 °C or 500 °C. Nevertheless, the heating of the soot
particle does not decrease the dispersion coefficient to a value close to 1, which indicates
that the soot core shows a larger wavelength dependence. The extinction measurements
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presented here is part of a larger study of soot produced by the miniCAST using various
techniques, where extinction was one of the techniques. The work is presented in [47]

(Paper R-IV).
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Measurements using time-resolved LII at different heights above burner in a flame with ¢ = 2.1 on a McKenna burner.
A fluence curve measured at 684 nm showing normalized LII signal as a function of fluence is shown in (a). Evaluated
soot peak temperatures as a function of fluence are shown in (b), assuming a wavelength independent absorption
function. In (c), peak temperatures as a function of fluence are shown using a wavelength dependent E() based on the
dispersion coefficients shown in Fig. 6.2a. The time-resolved measurements have been evaluated during 0.8 ns around

the peak LII signal for both 684 nm and 575 nm.

The wavelength dependence of the absorption properties shown by the dispersion
coefficients are also important for LII measurements, for example, when evaluating soot
peak temperatures using laser-induced incandescence and pyrometry, see section 4.2.
In Paper II, it was shown that the dispersion coefficients have a large impact on the
results. In Fig. 6.4a fluence curves for five different HABs are shown. The presented
fluence curves have been measured at 684 nm, and can if combined with simultaneous
measurements at 575 nm be used to evaluate soot peak temperatures using pyrometry.
The evaluation of temperature can be performed using the Wien approximation for
blackbody radiation, resulting in an expression for temperature given by:

he/1 1 L E(mA,) (A8
T:_C(___)/ln iM(_l) , (6.4)
ky \1, A, L E(m 4,) \4,
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where, /; and I represent the intensity of the LII signal measured, calibrated to the
sensitivity of the detector for each wavelength, respectively. The constants h and k are
the Planck constant and the Boltzmann constant. If the ratio between the absorption
function at the two different wavelengths were replaced by Eq. (6.2), it would yield the
following expression for temperature:

— (i _ i) / In <I_1’1‘11:1 E(m)res (ﬁf) _ (6.5)
kpy\dz A4 I A5 YE(M)rer \ 1z
By assuming a wavelength-independent absorption function, i.e. a =1, for all
heights above burner, when calculating the soot peak temperatures, the results
presented in Fig. 6.4b are obtained. The results show rapidly increasing temperatures
as a function of laser fluence until a plateau is reached due to sublimation. This plateau
is reached at lower laser fluence for the more mature particles at higher HAB, which is
expected as more mature particles are more effective at absorbing laser light, see for
example Paper II or [31]. The reached temperature intervals are in agreement with
previously reported values [90-92]. However, the less mature particles, at lower HAB,
reaches higher temperatures compared to the soot at higher HAB. This is quite
unexpected as graphite has been found to have a very high sublimation temperature,
and soot found at higher heights above burner is more graphitized, see section 3.1.1.
If the dispersion coefficients found using the extinction measurements, presented in
Fig. 6.2 and Paper I, are applied for the different HABs, the soot peak temperatures
change drastically, as seen in Fig. 6.4c, with differences of around 1000 K for the soot
at 8 mm HAB. The temperatures presented in Fig. 6.4c, are now increasing with height
above burner, as expected from a physical perspective as the soot matures and becomes
more graphitized with increased HAB. Thus, accurate dispersion coefficients are crucial
for evaluation of temperatures using LII and pyrometry.

6.2 Applied Extinction Measurements

The system used for extinction measurements for the fundamental studies, presented
in section 6.1 and Paper I, has also been applied in more practical systems in order to
evaluate soot volume fractions under various operating conditions.

Measurements have been performed in a heavy-duty diesel engine, presented briefly
in section 3.2.3, modified to obtain optical access to the combustion chamber. The
extinction measurements, were made with a diode laser operating at a wavelength of
690 nm, which was selected to avoid as much absorption from PAHs as possible, while
still having a visible laser beam to ease alignment through the engine. The full
measurement setup, and more details regarding the engine, can be found in Paper III.
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Measurements were performed while modulating the laser on and off at a frequency
of 72 kHz, which allowed for a measurement resolution of 0.1 crank angle degrees
(CADs) at 1200 rpm. In Fig. 6.5, results from the engine measurements are shown
when using different concentrations of oxygen in the inlet oxidizer, i.e. different degrees
of EGR. The results are presented as transmitted light and as evaluated extinction
coefficients, both as a function of CAD after top dead center (ATDC). The data
presented in Fig. 6.5, have been averaged over 29 full (fired) cycles, and the extinction
data were calibrated between injections, which was possible as injection only occurred
every second full cycle. However, it was not possible to measure more than some tens
cycles due to build-up of soot deposits on the windows used for optical access.
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Figure 6.5

Results from the extinction measurements in the heavy-duty diesel engine for different oxygen concentrations in the
inlet oxidizer. The results are presented as transmission data in (a) and as evaluated extinction coefficients in (b) based
on absorption lengths corresponding to length of the combustion chamber.

In both graphs of Fig. 6.5, it is clear that after the fuel injection there is a significant
increase in absorption, most likely caused by soot particles. This absorption then
decreases at different rates depending on the oxygen content. For most cases, the
transmission values return to the levels before injection at approximately 40 CAD
ATDC. However, the data for 11 % oxygen still shows significant soot concentration
throughout the presented interval. For this case, the data does not return to the values
found before injection until the exhaust valve is opened, which occurs late in the cycle.
The transmission data presented in Fig. 6.5a, shows decreased transmission with
increased oxygen concentration. However, as can be noted for the 15 % and 21 %
concentrations of oxygen, the transmission reaches zero a few CADs after injection,
which makes it difficult to draw conclusions. The uncertainties in these measurements
are much larger than extinction measurements performed in laboratory flames. The
uncertainty problems are especially clear at CADs from 40 to 140 where the
transmission results vary significantly, which could be a result from vibrating and
moving parts inherent to an engine.
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For the evaluated extinction coefficients, see Fig. 6.5b, using Beer Lambert law
(Eq. 4.1), larger variations are found between the cases. Furthermore, the length of the
combustion chamber, which varies during a cycle, has been taken into account when
evaluating the extinction coefficient. A problem with evaluating the extinction
coefficient, is that the absorption length used only takes the length of the combustion
chamber into account, and not the actual length where soot is present.

An estimation of the oxidation rate was also performed based on the data from the
extinction measurement, i.e. change in extinction versus CAD. These results were
compared to data from heat release curves, and was found to show similar trends. This
means that the heat release curves could possibly be used as a diagnostic tool for the
soot oxidation rates.

Extinction measurements have also been conducted in a large-scale entrained-flow
gasifier operating at atmospheric conditions, see section 3.2.3 and Paper IV. Extinction
measurements were conducted using two overlapped laser beams originating from laser
diodes with wavelengths 450 nm and 808 nm. The measurements were conducted
through measurement ports and one of these can be seen in Fig. 6.6.

Nitrogen
(to prevent
window fouling)

Figure 6.6
Image of one of the measurement ports with optical access on the atmospheric entrained-flow gasifier used in the work
presented in Paper IV.

The purpose of these measurements were to investigate how the soot concentration
varied for different operating conditions using two different fuels, powder from stem
wood and peat powder. Furthermore, two different burners were used in the
investigation, where one creates a rotating flow inside the gasifier and is referred to as
the switl burner. The other burner has the fuel and air inlets parallel to the burner axis
and is referred to as the jet burner. Measurements were also conducted at two different
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vertical levels (measurement level 3 and 4 in Fig. 3.9) in the gasifier in order to
investigate how the soot concentration changed downstream in the gasifier.

Soot volume fractions were evaluated from the data obtained for wavelength
808 nm. The laser with a wavelength of 450 nm, was used with the purpose to estimate
the scattering contribution to the extinction, for more details regarding this estimation
see Paper IV or section 4.1.2. In Fig. 6.7, soot volume fractions as a function of the air-
fuel equivalence ratio are shown for the different measurement cases presented above.
Some data points for the lower air-fuel equivalence ratios are missing due to high
concentrations of soot, which resulted in no evaluable transmission of the laser beams

through the gasifier.
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Figure 6.7

Soot volume fractions as a function of air-fuel equivalence ratios measured using extinction in an atmospheric entrained-
flow gasifier. Two different fuels (stem wood and peat), and two different burners (swirl and jet) have been used and
the measurements have been conducted at two different measurement levels. Measurements at measurement level 3
level 4 are shown (a) and (b), respectively.

A comparison between the two measurement levels, presented in Figs 6.7a and 6.7b
respectively, separated by 45 cm, show the same trends. The differences in measured
soot volume fractions between the two burners are small when using peat as the fuel.
For wood powder, the use of the swirl burner seems to result in more soot. This is not
entirely noticeable for measurement level 4 since a data point is missing at A = 0.5 for
wood powder using the jet burner. However, a missing data point means that the
concentration for this point is actually higher, compared to the measured value using
the swirl burner, since it could not be measured. Higher soot concentrations for the jet
burner also at A = 0.5, is in agreement with the results presented for measurement level
3. For the jet burner, using wood as the fuel, there is a clear increase in soot volume
fractions downstream in the reactor, i.e. higher soot volume fraction at level 4 compared
to level 3. This could be a result from ongoing soot formation. The same effect is not
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seen for the swirl burner, most likely due to that the swirl burner leads to increased
mixing and a faster reaction process.

The most significant difference for these measurements is observed between the two
fuels. Using peat powder results in much lower soot concentrations compared to using
powder from stem wood. There could be multiple reasons for this effect, but the main
reason is most likely the difference in volatile concentration in the fuels, where peat
powder has a much lower volatile concentration, see the fuel analysis shown in Table 1
in Paper IV. Another plausible explanation is the fact that the peat powder has a larger
concentration of ash components, which include various metal compounds. Some
metal additives have been shown to decrease the soot concentration in flames [13, 14,

931.

6.3 Influence of Metal Salts on Soot Formation

The large variations in soot concentrations found when using different fuels in
gasification could, to some extent, be a result of metal compounds affecting the soot
formation. However, in large-scale systems it is difficult to isolate specific causes of such
variations. A small-scale investigation in a lab-scale burner, where salts were seeded into
flames to study the effect on soot formation, was therefore designed. The salts
investigated were selected based on metals commonly found in the ash components of
the bio-fuel feedstock. The full investigation is presented in Paper V and Paper VI.

The effects of seven metal salts: sodium chloride (NaCl), magnesium chloride
(MgCl), aluminum chloride (AICL), potassium chloride (KCI), calcium chloride
(CaCl,), iron chloride (FeCl;), and zinc chloride (ZnCl,), on the soot formation were
investigated. The salts were dissolved in water at three different concentrations
(0.01 M, 0.1 M and 1 M), and were seeded into an ethylene/air flame with an
equivalence ratio, ¢ =2.6, on the modified PerkinElmer burner, described in
section 3.2.1.

Measurements were conducted using imaging laser-induced incandescence and
elastic light scattering, see section 4.2 and 4.3. In order to calibrate the measured LII
data to soot volume fractions, extinction measurements (see section 4.1) were
conducted at 10 mm HAB simultaneously as the LII measurements were performed for
all cases. Extinction measurements were performed using a laser-diode operating at a
wavelength of 850 nm. The typical setups used for LII, ELS and extinction can be
found in Chapter 5, for the actual combined setup, see Paper V or Paper VI. The
measurements for each salt were conducted from the lowest to highest concentration,
and each measurement was repeated three times. For each measurement 100 single-
shot images were collected and averaged. In Fig. 6.8, LII and ELS signals, normalized
using measurements conducted in a reference flame seeded only with water, are
presented. The results in Fig. 6.8 show how different concentrations of the salts affect
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the LII and ELS measurements. Each data point is an average at 10 mm HAB for the
three measurements conducted.

(a) Laser-Induced Incandescence (LII) (b) Elastic Light Scattering (ELS)
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Measurements using laser-induced incandescence (a) and elastic light scattering (b) showing signals normalized against
the reference flame for the different salts and concentrations. Data shown are for HAB = 10 mm.

The results in Fig. 6.8 show a clear reduction in LII signal for the flame seeded with
KCl. The flame seeded with the highest concentration of CaCl, also showed a
significant reduction of LII signal. A reduction in LII signal implies that the soot
volume fraction has been reduced since the LII signal is approximately proportional to
soot volume fraction, as discussed in section 4.2. The other salts are only resulting in
minor changes of the LII signal. However, for the ELS measurements, clear decreases
in signal can be observed for potassium chloride, calcium chloride, sodium chloride and
zinc chloride, in order of significance. For the other salts slight increases can be seen,
which is most likely a result of scattering from the salt particles themselves. The reason
for the larger effect found for the ELS measurements is due the ELS signal being much
more sensitive to changes in particle size, as discussed in relation to Fig. 6.11. The LII
signal is proportional to the cube of primary particle diameter and the ELS is
proportional to the primary particle diameter to the power of six, see Eqs (4.4) and
(4.9).

The largest effect on soot formation seems to occur with the salts containing either
alkali or alkaline earth metals, especially potassium chloride. This effect has also been
seen in, for example [13, 93-95], why the focus will be on these salts in the forthcoming
presentation of results. In Fig. 6.9, soot volume fractions (LII) and Q.-factors (ELS)
are shown as a function of height above burner for NaCl, MgCl,, KCl, and CaCl.. The
soot volume fraction has been evaluated using Eq. (4.4) with E£(m) = 0.35 for all heights
above burner. The use of a constant £() for all heights might introduce uncertainties
for lower HABs, where the soot volume fractions may be underestimated, as discussed
in section 4.1.1 and 4.1.2.
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Laser-Induced Incandescence Elastic Light Scattering
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Figure 6.9
Soot volume fraction and elastic light scattering signals as Q. factors as a function of HAB for NaCl (a, b), MgCL (c,
d), KCl (e, f), and CaCl: (g, h). For each concentration, three averaged measurements are shown in black, blue and red.
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For potassium chloride, calcium chloride, and sodium chloride, presented in Fig. 6.9,
the soot volume fraction remains unaffected until an HAB of approximately 8 mm.
After 8 mm, there is a decrease in soot volume fractions for increased salt concentration
in the soot growth region (8 — 17 mm HAB). However, the effect of seeding magnesium
chloride into the flame is negligible. It can therefore not be said that all alkali and
alkaline earth metals do affect the soot formation, at least not for magnesium when
seeded in as magnesium chloride in this situation.

For the elastic light scattering measurements presented in Fig. 6.9, the effect can be
separated into three parts. The first, and largest effect for the soot particles can be seen
in the soot growth region. The effect at a higher HAB is largest for potassium chloride,
where a clear decrease in Q. -factors can be seen for increased salt concentrations. The
effects for CaCl, and NaCl are quite similar, with decreasing scattering for increased
concentration of salts, while magnesium chloride does not show any effect at higher
heights above burner.

The second effect in the pre-reaction region, below 2 mm, shows increased scattering
signal for increased for all salts along with increased concentrations presented in
Fig. 6.9. This is most likely a result from the scattering of the salt particles themselves.
For KCl and NaCl, this additional scattering seems to disappear after the salt particles
have passed through the reaction zone, which is probably because the salt particles
dissociate at the high temperatures associated with the reaction zone. However, for both
CaCl, and MgCl,, the excess scattering from the salt particles persists through to the
pre-soot region (2-4 mm HAB), indicating that the salt particles did not dissociate.

The third effect, clearly seen in the pre-soot region, is that the additives of potassium
and sodium decrease the scattering significantly before the visible soot starts to appear
at 4 mm HAB. This effect indicates that the soot precursors are affected by the
additives. For calcium chloride, there appears to be a combined effect of both excess
scattering from the calcium chloride particles and an overall decrease in scattering from
the soot particles formed, see Fig. 6.9h.

Soot sampling was performed in the flames at a height above burner of 10 mm, in
order to be able to evaluate soot particle sizes, and to get an idea of how the soot particles
were structured, for example if they were aggregated in soot clusters. The sampling was
performed for the reference flame and the flames seeded with the highest concentration
(1 M) of the salts. These soot samples were investigated using transmission electron
microscopy (TEM), see section 4.4. Images of soot aggregates from this investigation
can be seen in Fig. 6.10 for the reference flame and the flames seeded with NaCl, KCl,
and CaCl,. In Fig. 6.10, statistical information about the primary particle sizes
evaluated from the images of several aggregates taken from each flame are shown. The
largest effect is, as expected, found for the potassium chloride seeded flame, where the
particle sizes are found to be significantly smaller compared to the reference flame. The
calcium chloride seeded flame also showed slightly smaller soot primary particle sizes,
while the sodium chloride seeded flame was only marginally affected when it came to
particle size at 10 mm HAB.
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Figure 6.10
Soot aggregates from TEM measurements for the reference flame (a) and the flames seeded with sodium chloride (b),

potassium chloride (c), and calcium chloride (d). Statistical information of evaluated particle sizes can be seen in the
second column for each of these flames. The graph for the reference flame is placed in the background of the statistical
information graphs of the other salts for comparison.
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Soot primary particle sizes can also be evaluated from the LII and ELS data shown in
Fig. 6.9, by using the theory presented in section 4.3.1. From the TEM images it is
clear that the soot particles have formed aggregates, at least for heights above burner of
10 mm and higher. Therefore, Eq. (4.14) has been used for the primary particle
evaluation, as this takes the aggregation into account. However, evaluation of particle
sizes requires knowledge of several parameters; both E(m) and F(m), the number of
particles per aggregate, 7, and the structure factor, S(g), which includes the radius of
gyration, R,. In the present evaluation of particle sizes, £(m) was set to 0.35, and F(m)
was calculated to 0.217, based on a value of the complex refractive used for particle size
evaluations in [83]. The structure factor was assumed to be 1, and the number of
particles per aggregate was assumed to be 20 for all cases and HABs.

In Fig. 6.11, evaluated soot primary particle sizes are shown as a function of height
above burner for the flames seeded with sodium chloride, potassium chloride, and
calcium chloride. Based on the results from the TEM measurements shown in
Fig. 6.10, it is expected that the evaluation of particle sizes from LII and ELS should
show the largest effect for KCI, which it does. The results at 10 mm HAB, for the KCI
seeded flame, are in fairly good agreement with the results presented using TEM in
Fig. 6.10. For the flames seeded with NaCl and CaCl,, the results from the optical
measurements show larger changes with increased salt concentration than the
corresponding changes from the TEM image evaluation. Since there is a large difference
in the laser measurements for NaCl, and only small size differences in the TEM images,
it is plausible that the sodium chloride particles mainly affect how the particles
aggregate, and to minor extent the soot growth process.

(a) Sodium chloride (NaCl) (b) Potassium chloride (KCI) (c) Calcium chloride (CaCl,)

40

Primary particle diameter [nm]

6 8 10 12 14 16 6 8 10 12 14 16 6 8 10 12 14 16
Height above burner [mm] Height above burner [mm] Height above burner [mm]

Figure 6.11

Evaluated soot primary particle sizes as a function of height above burner for the flames seeded with the three
concentrations of (a) sodium chloride, (b) potassium chloride, and (c) calcium chloride. Three averaged measurements
are shown for each case in black, blue, and red.

The deviations found between the measurements using LII and ELS compared to the
evaluation of TEM images are most likely a result of the limited knowledge on
parameter values used in the interpretation of the optical measurement data. For
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example, retrieving good statistical data on the number of particles per aggregate for
each HAB is very difficult and time consuming. Furthermore, by using a constant value
for the number of particles per aggregate for all HAB, the particle sizes may be
underestimated and overestimated at a lower and a higher HAB, respectively, since the
soot aggregates tend to grow with increased height above burner. For a more detailed
discussion regarding the uncertainties, see the discussion in section 4.3.2 and Paper VI.

6.4 Applied Measurements Using LII and Extinction

Combined laser-induced incandescence measurements for soot imaging and extinction
measurements have been performed in a large-scale oxy-fuel furnace, see section 3.2.3
and Paper VII. Measurements using laser-diagnostics in oxy-fuel and in oxygen-
enriched flames have previously been performed by, for example, Shaddix and Williams
[96] in small-scale diffusion flames using laser-induced incandescence. Measurements
in large-scale oxy-fuel systems have been performed by Stimpson ez al. [97], where line-
of-sight soot volume fraction measurements were performed. The measurements
presented in this section were conducted at atmospheric conditions both in oxy-fuel
mode with recirculated flu-gases, containing mainly carbon dioxide and oxygen, and
using air or oxygen-enriched air as the oxidizer. The measurement cases for the different
conditions are presented in Table 3.2.

For the LII measurements, a laser beam from a pulsed Nd:YAG laser was formed
into a Gaussian sheet and focused inside the furnace. This beam was overlapped with
the extinction laser beam in order to be able to calibrate the LII images to soot volume
fractions. The calibration using extinction is based on averaged LII images and
extinction measurements, and details regarding this calibration to soot volume fractions
can be found in Paper VII. The extinction measurements were performed using a laser
operating at 808 nm.

In Fig. 6.12, three single-shot images collected using laser-induced incandescence
can be seen, and these images have been calibrated to soot volume fractions. From the
images in Fig. 6.12 it is clear that there are soot structures with local high soot
concentrations inside the furnace. The local soot concentration seems to depend
strongly on the environment used, temperature, and mixing inside the furnace. The
overall air-fuel equivalence ratio and the flow of propane are the same for all cases,
which means that the total flow inside the furnace has to be decreased when increasing
the oxygen content in the oxidizer. This could possibly result in less mixing between
the fuel and the oxidizer, and in return result in higher soot concentrations.
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Figure 6.12

Single-shot images measured using laser-induced incandescence, calibrated to soot volume fraction using extinction.
The images show three cases, (a) one from the oxy-fuel measurements, (b) one from the air-fed cases, (c) and one where
oxygen-enriched air was used.

To compare soot concentrations for the measured cases, 500 single-shot LII images
were averaged for each case and calibrated to soot volume fractions. The results from
this evaluation are shown in Fig. 6.13, for data averaged at the position where the
extinction laser overlapped with the LII laser. The results in Fig. 6.13 are shown in a
logarithmic scale in order to clearly present the large variation in soot volume fractions
found for the different cases.

For the oxy-fuel measurements presented in Fig. 6.13a, there is a strong increase in
soot volume fraction as a function of oxygen content in the inlet oxidizer, which is most
likely a result of both increased temperature and decreased mixing as discussed earlier.
A very clear example of the mixing effect can be seen in Fig. 6.13b for the cases when
air (21 % O,) was used. For the case where the primary oxidant register was closed, and
all air passed through the secondary register, much higher soot concentrations were
observed. This is a result of less mixing inside the furnace, which is a result of both
smaller swirl angles in the secondary register, and that the secondary register is located
further away from the central fuel pipe.
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Figure 6.13

Measured soot volume fractions as a function of the oxygen content in the inlet oxidizer. The measurement from the
oxy-fuel cases are shown in (a), while measurements from the air-fed cases and the oxygen-enriched air cases are shown

in (b).

Another interesting observation that can be seen in Fig. 6.13, is that the same level of
soot volume fraction is reached for a much lower oxygen content when using oxygen-
enriched air, compared to the oxy-fuel cases. This is most likely a temperature effect,
since the nitrogen in the air has been replaced with carbon dioxide for the oxy-fuel
cases. The replacement of nitrogen with carbon dioxide will result in lower
temperatures, due to the higher heat capacity of carbon dioxide.

For some of the measurement cases additives of water, potassium chloride dissolved
in water, nitric oxide (NO), or sulfur dioxide (SO,) were introduced to investigate how
these additives affected the soot formation in a large-scale furnace. The water and
KClg), were sprayed directly onto the flames, while NO and SO, were added through
the inlet oxidizer.

The results from these measurements are shown in Fig. 6.14. For the cases where
water and potassium chloride solutions have been sprayed onto the flames, a clear
decrease in soot volume fractions can be observed. This was seen in both cases where
air and oxygen-enriched air were used. The largest effect on soot concentration seems
to come from spraying water onto the flames, indicating that there is a large
temperature effect causing the decrease in soot concentrations. However, adding
potassium chloride causes some additional decrease, which corresponds to the trend
seen for potassium additives in small-scale laboratory flames, see section 6.3. Due to
increasing potassium chloride deposits on the windows during the oxy-fuel
measurements, these cases could not be evaluated.

The effects of using additives of either NO or SO; are quite similar. For the oxy-fuel
cases, a slight increase in soot volume fractions can be observed for these additives.
However, for the cases where air has been used, the effect is the opposite with decreasing
soot concentrations. The reason for this difference is unknown, however, it is plausible
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that it could be a temperature effect, as there is a temperature difference when using air
compared to the oxy-fuel cases.

Colors represent: B H,O additive B NO additive
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Figure 6.14
The effects of different additives, (KClug, H20, NO, and SO») for some of the investigated oxy-fuel, air and oxygen-

enriched air cases. The results have been averaged from calibrated LII images. Case 4* has the same settings as the normal
case 4, however, with significant increased soot concentrations probably due to a thermal effect after running the system

for a full day.
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Chapter 7

Summary, Conclusions, and Outlook

In this chapter a summary and the most important conclusions of the conducted work
will be presented. The chapter also includes a discussion regarding the impact of the
performed work and future possibilities.

7.1 Summary and Conclusions

In the work presented in this thesis, primarily three different laser-diagnostic techniques
have been used for soot diagnostics. The techniques are extinction, laser-induced
incandescence (LII), and elastic light scattering (ELS), and have been used in
fundamental measurements in small-scale burners, as well as in applied measurements
in large-scale systems.

In the work presented in Paper I and Paper II, optical properties of soot have been
investigated for soot produced in two different ethylene/air flames. Extinction
measurements were used to investigate the wavelength dependence of the produced
soot and this work is presented in Paper I. Twelve different lasers were used with
wavelengths in the range of 405 nm to 1064 nm. For the more mature particles at
higher heights above burner, the results showed a wavelength dependence in extinction
which agrees well with Rayleigh theory for absorbing and isotropic spheres, i.e. a A71-
dependence. For nascent soot particles, a much stronger wavelength dependence was
found. The results also suggested that wavelengths longer than 700 nm should be used
when performing extinction measurements of soot, since soot precursors such as
polycyclic aromatic hydrocarbons (PAHs) absorb strongly in the UV and visible
wavelength regimes.

Combined measurements using laser-induced incandescence and elastic light
scattering were presented in Paper I, in order to investigate how soot maturity changed
the properties of the soot particles. The results show indications that mature soot is
more effective in absorbing light compared to nascent soot, based on decreasing
sublimation threshold fluence for increasing height above burner, and fluence curves
shifted towards higher fluences. Furthermore, soot peak temperatures measured using
a two-color LII setup and pyrometry, were investigated. The results showed significant
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differences in evaluated temperatures depending on whether the wavelength
dependence of the optical properties, presented in Paper I, was taken into account or
not. The differences in evaluated temperature were largest for the nascent particles, for
which also the wavelength dependence is the strongest. After the estimated wavelength
dependence was applied, increased peak temperatures as a function of height above
burner was found, which is expected as graphite has a very high sublimation
temperature, and soot has been found to become more graphitized during the ageing
process.

The setup used for extinction measurements has also been applied in practical
devices, such as a heavy-duty diesel engine and an entrained-flow gasifier. The
measurements from the engine are presented in Paper III, where the effect on the soot
oxidation for different concentrations of oxygen in the oxidizer were investigated. The
results showed decreasing soot oxidation rates with decreased oxygen concentration
based on the extinction measurements, which correlate quite well with late cycle heat-
release rates. This means that heat-release analysis could possibly be a diagnostic tool
for soot oxidation rates.

The extinction measurements conducted in an atmospheric entrained-flow gasifier
are presented in Paper IV. The purpose of these measurements was to evaluate soot
concentrations for different operating conditions using two different types of fuel and
two burners. The fuels used were powder from stem wood and powder from peat,
which were burnt at air-fuel equivalence ratios in the range from approximately 4 = 0.7
to A = 0.3. The main results from these measurements were that significant differences
in soot concentrations, also under the same air-fuel equivalence ratio, were found
depending on fuel. Peat powder resulted in considerably lower soot concentrations than
wood powder, which is most likely a consequence from the peat powder containing less
volatile compounds. Peat also contains more ash components, including metal
compounds, for which some has been found to significantly reduce the soot formation.

In large-scale devices, it is often not possible to investigate a specific cause of an
observed effect. Therefore, a study where seven different metal salts (NaCl, MgClL,
AlCl;, KCI, CaCl,, FeCls, ZnCl,) were seeded into a small-scale laboratory burner was
performed in order to evaluate their effect on the soot formation. For this study, LII,
ELS, and extinction measurements were performed in order to evaluate both soot
volume fractions and particle sizes. The results presented in Paper V and Paper VI,
showed a significant reduction of soot volume fractions for additives of potassium
chloride, calcium chloride, and sodium chloride, in order of significance. Soot primary
particle sizes were estimated both from sampling inside the flames evaluated using
transmission electron microscopy, and from the LII and ELS measurements. For
potassium chloride additives, both TEM and the LII/ELS measurements showed
significant reductions in particle sizes. However, for additives of NaCl and CaCl,, the
evaluated particle sizes using TEM only showed minor differences, while the laser
measurements indicated larger changes. This suggests that the additives also affect the
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soot aggregation, as changes in aggregation were not taken into account in the
evaluation.

Soot measurements were also performed in a large-scale (100 kW) oxy-fuel test
furnace, where the soot concentration has been evaluated using imaging LII and
extinction for various conditions in a propane diffusion flame. The furnace was
operated in oxy-fuel environments but also using air and oxygen-enriched air. The
results from these measurements showed significant increases in soot concentrations
when increasing the oxygen concentration in both oxy-fuel and the oxygen-enriched
air cases. This is mainly due to a mixing effect, since the flow inside the furnace is
decreased for increased oxygen concentrations in order to maintain a constant air-fuel
equivalence ratio. An interesting observation in the results is that similar soot
concentrations are achieved for much lower oxygen concentrations for the oxygen-
enriched air compared to the oxy-fuel results. This is most likely a temperature effect
since the nitrogen has been replaced with recirculated carbon dioxide in the oxy-fuel
cases. For some cases, potassium chloride, sulfur dioxide, or nitric oxide were added to
the flames. Additives of potassium chloride solution, sprayed directly onto the flames
showed decreased soot concentrations. However, the main cause of the decrease seems
to arise from lower temperature caused by the water. Sulfur dioxide and nitric oxide
showed different results depending on environment, with increasing and decreasing
soot concentrations in oxy-fuel and air-fed flames, respectively. The imaging results of
the soot volume fractions from these measurements can, for example, be used when
modelling the radiative heat transfer in furnaces.

7.2 Outlook

The most important findings for the LII community in general are the wavelength
dependence and soot maturity work presented in Paper I and Paper II, since these
results may have a large impact on evaluation of soot concentrations, particle sizes, and
soot temperatures. Soot has, as discussed, been found to be one of the main contributors
to global warming, which makes the fundamental work of investigating optical
properties important. These properties are of most importance for the atmospheric
research community, since optical properties of soot are needed for improving climate
models.

For the work related to biomass gasification, the measurements using extinction in
the entrained-flow gasifier were important in order to get an idea of what difficulties
can be faced when performing such measurements. For example, the problems with
very high absorption for some cases, has to be considered if LII or ELS were to be
applied in these systems in the future.

The main contribution to the gasification community in this thesis is the impact of
some metal salts on the soot formation presented in Papers V and VI. However, this
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study should be continued in other types of flames, for example diffusion flames, as the
fuel and oxidizer in gasifiers are rarely premixed. It would also be interesting to dope
biomass particles with, for example, potassium chloride to see how this affects the
formation of soot and PAHs, both in small and large-scale systems.

For lab-scale measurements, initial tests of a system for controlled seeding of biomass
particles using a particle disperser have been performed. This allows for measurements
in biomass-flames using several techniques in controlled small-scale environments. In
such measurements, laser-induced incandescence could be used for soot concentration
measurements, while laser-induced fluorescence for measurements could be used for
measurements of polycyclic aromatic hydrocarbons (which could be a proxy for tars),
and elastic light scattering for measurements of the biomass particles. Combinations of
these techniques could be valuable for studies of conversion of biomass fuel with
simultaneous measurements of PAHs along with the formation of soot.
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