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Abstract 

This work has been aimed at developing and applying laser-induced incandescence 
(LII) for flame soot characterization. The basic principle of LII is rapid heating of the 
soot particles to temperatures of 3500-4000 K by short laser pulses. Thereby the 
intensity of the soot incandescence is increased. By detection of this increased 
incandescence and analysis of the detected signal, the volume fraction, particle size 
and optical properties of the soot can be evaluated. Additionally, both optical and 
probing techniques have been utilized in combination with LII for studies of specific 
soot properties. 

LII has been applied for characterization of different laboratory flames of interest for 
soot studies. The soot distribution in flat premixed ethylene/air flames on McKenna 
burners was found to deviate somewhat from the predicted one-dimensional 
behavior, where no variation is supposed to be seen radially. A variation was also seen 
depending on the choice of co-flow gas. Additionally, partially premixed flames 
burning vaporized n-heptane and n-decane and diluted flat unstrained CH4/O2 
diffusion flames were characterized in terms of soot volume fraction distributions. 

As the ageing process of soot particles can be followed as height above burner (HAB) 
in flat premixed flames, these have been utilized as measurement targets for studies of 
soot formation. Significant differences have been found between newly formed 
nascent soot and more mature soot. The LII signal response of newly nucleated 
nascent soot particles in low-sooting flames was found to deviate from what is 
commonly seen. Instead of displaying an S-shaped fluence curve (signal vs. laser 
energy) the fluence curve of the nascent soot showed an almost linear trend. Even 
though these results are challenging to interpret, they show potential for LII as a 
diagnostic technique for investigations of these newly nucleated soot particles. 
Evaluation of the absorption function, ܧ(݉), showed a significant increase with soot 
maturity, approaching a nearly constant value of ~0.35 for mature soot. A similar 
trend was found when combining LII and elastic light scattering for measuring the 
sublimation threshold i.e. the onset of sublimation. The evaluated sublimation 
threshold temperature was found to increase with maturity and reach an essentially 
constant temperature at ~3400 K for mature soot. 

When studying processes affecting the decay time of time-resolved LII signals, an 
increasing level of aggregation of the soot particles was found to increase the decay 
time. A plausible explanation is an aggregate shielding effect, effectively decreasing the 
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heat conduction rate of the soot. Additionally, by combination of LII and rotational 
coherent anti-Stokes Raman spectroscopy, a local gas heating effect could be 
measured. The gas temperature was found to increase ~100 K in a flame with 4 ppm 
of soot when heating the soot by ~2000 K, effectively increasing the decay time of the 
LII signal. If not accounting for effects increasing the decay time of LII signals in e.g. 
soot particle size evaluations, this will lead to an over prediction of the sizes. 
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Populärvetenskaplig sammanfattning 

Även om vi i dagens samhälle försöker minska vårt beroende av förbränningsprocesser 
är förbränning fortfarande vår största energikälla och förväntas så förbli under en lång 
tid. Därför är det viktigt att effektivisera förbränningsprocesserna för att maximera 
den energi som utvinns medan utsläppen samtidigt minimeras. En av de oönskade 
biprodukterna vid förbränning är sotpartiklar, vilkas effekt på vår omgivning idag är 
omdiskuterad. Den totala effekten av sotpartiklarna på klimatet är svår att avgöra då 
sotpartiklar kan verka både värmande och avkylande genom att antingen absorbera 
eller sprida ljus. Dessutom har sotpartiklar en negativ effekt på vår hälsa. För att öka 
kunskapen om sot och dess effekter krävs noggrannare mättekniker, inte bara för att 
avgöra sotets inverkan på klimat och hälsa, utan även för att studera dess bildning och 
därigenom få ökad kunskap för att minimera utsläppen. Arbetet i denna avhandling 
har i huvudsak handlat om att utveckla laserbaserade mättekniker för att mäta 
sotpartiklarnas koncentration, storlek, struktur samt optiska egenskaper. Den teknik 
som framförallt arbetats med är laserinducerad inkandescens (LII). 

Vad är då en sotpartikel? Sotpartiklar bildas i flammor vid ofullständig förbränning, 
t.ex. i ett stearinljus, en brasa eller en motor. Den gula färgen hos eld är nämligen 
strålning från varma sotpartiklar i flamman, med en temperatur omkring 1500-2000 
°C. Partiklarna är väldigt små, sällan större än en miljondels meter, en hundradel av 
tjockleken på ett hårstrå och består till största del av kol. Sotpartiklarna förekommer 
som små runda partiklar, så kallade primärpartiklar. Primärpartiklarna uppträder 
aningen som separata sotpartiklar eller ihopklumpade i olika formationer som 
aggregerade sotpartiklar. 

Vid en LII mätning hettas sotpartiklarna upp till över 3000 °C m.h.a. intensiva 
laserpulser. När temperaturen ökar, ökar även intensiteten av strålningen från sotet. 
Genom att mäta strålningens intensitet kan koncentrationen av sotpartiklar 
bestämmas och genom att mäta hur signalen från de upphettade sotpartiklarna avtar i 
takt med att temperaturen minskar, kan man bestämma storleken på partiklarna. 
Ytterligare analys kan även ge information om sotets optiska egenskaper. 

För att generera sot under kontrollerade former används laboratoriebrännare som 
producerar flammor där förbränningen kan kontrolleras av användaren. I detta arbete 
har denna typ av flammor uteslutande använts. Därmed har t.ex. studier kunnat göras 
av hur sotets egenskaper ändras under dess bildningsprocess som kan följas med höjd 
över brännaren i s.k. flata förblandade flammor. Till de attribut som studerats hör 
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sotets optiska egenskaper, d.v.s. hur sotet interagerar med ljus. Mätresultaten visar 
signifikanta skillnader hos de optiska egenskaperna på olika höjder i dessa flammor, 
d.v.s. sotets optiska egenskaper ändras under bildningsprocessen. Även 
sotpartikelstorlekar och koncentrationer har uppmätts för att karaktärisera andra 
laboratorieflammor, data som kan användas för att verifiera förbränningsmodellerares 
simuleringar. Dessutom har studier gjorts av olika processer som kan påverka 
utvärderingen av sotpartikelstorlekar. Till exempel har en effekt påvisats som gör att 
ju mer aggregerad en sotpartikel är, desto långsammare avtar temperaturen efter att de 
upphettats av en laserpuls. Inkluderas inte detta i utvärderingen kommer storleken 
överskattas. 

Beroende på forskningsfält finns olika intresse för de uppmätta sotegenskaperna. För 
till exempel motortillverkare är mättekniker med vilka man noggrant kan bestämma 
partikelkoncentrationer och storlekar betydelsefulla. Detta då det kontinuerligt 
kommer skärpta restriktioner av partikelutsläppen. För klimatmodellerare är även 
utvärderade värden av sotets optiska egenskaper viktiga för att de ska kunna förutsäga 
sotpartiklarnas effekt på klimatet. 
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1 Introduction 

Even though environmental consciousness is steadily increasing in the world today, so 
is the energy consumption. Although the use of eco-friendly alternatives is increasing, 
like wind and solar power plants, these are far from enough to accommodate the 
increasing energy consumption. Thus the world’s consumption rate of fossil fuels is 
also increasing, and it has undergone more than a twofold increase since the 70´s, 
constituting more than 80% of the world’s energy supply today [1]. Counting the 
energy resources from which energy is extracted by combustion, i.e. adding biofuel 
and waste to the fossil fuels, these constitute over 90% of the total energy supply. 
According to predictions combustion will also remain the major source of energy 
during a foreseeable future [1]. 

As a result of combustion there will be unwanted emissions of different molecular 
species and particulate matter. These emissions affect climate, environment and 
health in negative ways, e.g. by increasing the global temperature [2]. The particulate 
matter originating from combustion is commonly called soot or black carbon and is a 
result of incomplete combustion. Soot has some characteristic attributes that are of 
large importance for the environmental and health impacts; it efficiently absorbs 
visible light, it is refractory and also insoluble in water. In the atmosphere soot has a 
heating effect through direct absorption of sun light and by acting as condensation 
nuclei for cloud formation it has a cooling effect by decreasing the sun light reaching 
the earth’s surface. Another example of soot’s climate effects is the deposition of soot 
on the polar ice caps effectively melting the ice. The various effects of soot on the 
climate make it hard to predict the net effect. In a recent review by Bond et al. [3] the 
total direct forcing was estimated to +0.88 W/m2 i.e. a heating effect, however with 
an uncertainty of 90%. In addition to climate and environmental effects there are also 
negative health effects. Due to the small size of soot particles they can follow the 
inhaled air deep into the lungs and also penetrate into the cells and circulatory 
system, leading to asthma, lung cancer and cardiovascular diseases [4, 5]. As the soot 
particles are short lived in the atmosphere, with a lifetime of a few days to weeks [3], a 
decrease of soot emissions would show an almost immediate effect. This has been 
recognized by politicians and decision makers who have gathered several governments 
in an effort to reduce short lived climate pollutants [6]. As a result it is of great 
interest to acquire more knowledge about soot, its properties and its formation in 
combustion processes. 
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With various different combustion processes producing soot there are also inherent 
differences between properties of the emitted soot. For example the size, morphology 
and optical properties may differ depending on origin of the soot [7, 8]. These are all 
important attributes when predicting climate and health effects. However, it is a 
challenging task to characterize soot and there are numerous diagnostic techniques 
that have been developed for this purpose. The diagnostics techniques can be divided 
into two categories, probing techniques and optical techniques. The main difference 
is that probing techniques require extraction of the soot from the measurement 
position, effectively perturbing any flow or combustion process taking place at that 
position, while optical techniques are commonly considered as non-invasive in this 
context. From this point of view optical techniques are often preferable when 
studying the soot properties and soot formation in combustion processes e.g. 
laboratory flames. These flames are commonly used within combustion research since 
they offer the possibility to control the combustion process and study it under stable 
and reproducible conditions. This is a feature desirable by both experimentalists and 
modelers. 

This thesis work has mainly been aimed at development of the optical diagnostic 
technique called laser-induced incandescence (LII), a technique commonly used for 
soot measurements in different combustion processes [9, 10]. The basic principle of 
the technique is rapid heating of the soot particles by high energy laser pulses, which 
results in soot temperatures up to ~4000 K. At this high temperature the soot emits 
intense electromagnetic radiation, both in the visible and infrared wavelength regions. 
By detecting the emitted radiation and analyzing the detected signal, attributes like 
the soot concentration, soot particle size and soot optical properties can be evaluated. 

The outline of this thesis is as follows. The second chapter gives a description, in 
accordance with current knowledge, of what soot particles are, how they are formed 
and what properties they possess. This is accompanied by a discussion about the 
uncertainties related to the soot properties. In the third chapter the different 
diagnostic techniques utilized in this work are described with focus on optical 
diagnostics, in particular the laser-induced incandescence technique. Chapter four 
deals with the experimental aspects of the work and contains descriptions of the most 
crucial equipment and discussions about important experimental considerations. In 
the fifth chapter the results of the work are presented and interesting aspects and 
implications are discussed. Finally, the work is summarized in chapter six. 
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2 Combustion generated soot 

Soot consists of small relatively spherical particles in the size range ~5-50 nm or 
aggregates of these small particles and is mainly composed of carbon and some 
fraction of hydrogen. Most people probably relate soot to some kind of combustion. 
However, not all combustion will generate soot particles. There are two prerequisites 
that must be fulfilled for a combustion process to generate soot. Firstly, the fuel 
should contain both carbon, C, and hydrogen, H, i.e. some kind of hydrocarbon 
should be burnt. As an example, combustion of pure hydrogen gas, H2, will not emit 
soot particles due to the lack of carbon. Secondly, the combustion of the fuel should 
be incomplete. Otherwise there will be no fuel fragments from which the soot 
particles are formed. In this chapter both soot and its formation will be discussed.  

2.1 What is soot? 

The answer to the question “What is soot?” is a bit complicated since there is no 
precise definition of what soot really is. What is considered as soot somewhat differs 
between different research fields. In a review by Bond et al. [7] the current state of 
terminology concerning carbon and carbonaceous material is discussed in detail. For 
the sake of simplicity, from now on in this thesis, soot will be considered as 
combustion-generated carbonaceous particles. 

Soot consists mainly of carbon, but there is also significant hydrogen content (~1% 
by weight [11]). Depending partly on the H/C ratio the soot will have different 
structure and properties, see section 2.2 and 2.3. The soot particle size is typically 
very small, in the range 10-100 nm, but there are cases where soot particles have been 
seen to grow to sizes up to ~100 micrometers, see for example [12] and Paper VIII. 

The soot particle size and structure differs depending on the environment i.e. flame 
conditions. Generally one can say that soot is built up of spherical (or close to 
spherical) primary particles in the size range ~5-50 nm. These primary particles can 
either be isolated or grouped together in the form of soot aggregates consisting of 2 or 
more primary particles. In Figure 2.1 a transmission electron microscopy (TEM) 
image of soot aggregates is displayed, see section 3.1 for a description of TEM. The 
structure of these aggregates is commonly described mathematically as a fractal 
structure [13], 
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 ௣ܰ = ݇௙ ቀோ೒௔ ቁ஽೑, (2.1) 

where ௣ܰ is the number of primary particles in the soot aggregate, ݇௙ is a 
proportionality constant often denoted as the fractal prefactor, ܴ௚ is the radius of 
gyration (a measure of the aggregate size), ܽ is the primary particle radius and ܦ௙ is 
the fractal dimension. This theoretical description of aggregates is useful since it 
provides measurable quantities so that soot aggregates can be characterized, and thus 
modelled and experimentally measured. It should be noted that this theoretical 
description of fractal aggregates assumes spherical primary particles and point contact 
between them, and as seen in Figure 2.1 this is a simplification of the reality. 

 

Figure 2.1 
A TEM image of aggregated soot particles from a flat premixed ethylene/air flame (see section 4.1.1). 

2.2 Soot formation 

Soot originates from some kind of combustion process, i.e. an exothermic reaction 
between two or more reactants. For combustion to take place one of these reactants 
must be an oxidizer and another must be a fuel. The oxidizer releases chemically 
bound energy from the fuel by oxidation, which is why a combustion process releases 
heat, i.e. an exothermic reaction. The most commonly used fuel both in the work 
presented in this thesis and within the LII community is ethylene (C2H4) and the 
most commonly used oxidizer is air (or more precisely the oxygen, O2, in air). The 
combustion of ethylene and air can be described by the following global reaction 
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ସܪଶܥ  + 3ܱଶ → ଶܱܪ2 +  ଶ, (2.2)ܱܥ2

which describes the complete or stoichiometric combustion process, meaning that all 
fuel and oxidizer is consumed. For hydrocarbon fuels this results in the products 
water, H2O, and carbon dioxide CO2. However, the global reaction does not show 
any of the intermediate reactions taking place, called elementary reactions. There are 
numerous elementary reactions before the final products are formed and for a 
stoichiometric process the intermediately formed products are consumed. On the 
other hand, if there is excess fuel there will be other products in addition to the water 
and carbon dioxide. A way of defining the fuel-oxidizer mixture strength is through 
the equivalence ratio, defined as 

 ߶ = ቀ௡೑ೠ೐೗ ௡೚ೣ೔೏೔೥೐ೝൗ ቁ೒ೌೞ	೘೔ೣ.ቀ௡೑ೠ೐೗ ௡೚ೣ೔೏೔೥೐ೝൗ ቁೞ೟೚೔೎೓.೘೔ೣ., (2.3) 

where n denotes the number of moles of either fuel or oxidizer. When ߶ = 1 the 
combustion process is stoichiometric. For ߶ < 1 the combustion is called lean, and 
when ߶ > 1 it is called rich. Increasing the equivalence ratio above one leads to 
formation of carbon monoxide, CO, and hydrogen, H2, in addition to the H2O and 
CO2. Further increasing ߶ will eventually lead to the formation of larger aromatic 
hydrocarbons and soot particles (߶ ≳ 1.5, depending on the fuel used). 

In Figure 2.2 there is a schematic illustration of the soot formation process, starting 
from the left in the figure. The start of soot formation is the pyrolysis of fuel i.e. high 
temperature makes the fuel break down into smaller hydrocarbons. One of the most 
abundant of these smaller hydrocarbons is acetylene, C2H2, which also is one of the 
most important molecular building blocks for soot particles [8]. The next step in the 
soot formation process is the formation of aromatic hydrocarbons, which then grow 
by addition of other aromatics and smaller hydrocarbons to form larger polyaromatic 
hydrocarbons (PAH). One likely pathway for this PAH growth process is the 
hydrogen-abstraction-carbon-addition (HACA) mechanism, see [8] and references 
therein. The PAHs are often denoted as soot precursors, since they are believed to be 
the origin for nucleation of soot particles. However, the details of the nucleation 
process are still a subject of research. There are several different potential pathways 
from PAHs to soot nuclei [8, 14]. The first nucleated soot particles are of sizes around 
1 nm [8]. These soot particle nuclei then grow by the addition of smaller 
hydrocarbon molecules, like acetylene, to the particle surface, a process called surface 
growth. Additionally, there is coagulation occurring simultaneously with the surface 
growth. This means that the soot nuclei collide and stick together to form larger soot 
particles, and is one of the reasons that the soot primary particles are not completely 
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spherical. Later in the soot formation process the formed soot particles adhere to each 
other to form soot aggregates, like the ones seen in Figure 2.1. The pathways and 
precise mechanisms for the steps in the soot formation process are still subject of 
research, see [8, 14] and references therein for a thorough review of the subject. 

 

Figure 2.2 
A schematic illustration of the soot formation process showing how the growth process starts with 
molecules and ends with large soot aggregates. 

It is not only the size that changes with soot growth, but also the structure of the soot 
particles. The newly formed soot particles, with sizes of a few nanometers, are referred 
to as nascent soot particles. These have been shown to exhibit a liquid-like structure 
[8, 14-18] by studying how they spread onto substrate surfaces using TEM and 
atomic force microscopy (AFM). As the soot particle surface growth and coagulation 
cease later in the soot formation, the surface of the soot particles becomes less reactive 
and also more solid. During the aging of the soot, hydrogen is abstracted and carbon 
is added to the particles, effectively decreasing the H/C ratio [7, 8, 19-21]. Thus the 
H/C ratio is sometimes used as a measure of soot age, or maturity. Soot late in the 
formation process is often denoted as mature i.e. the soot surface reactivity has 
decreased considerably and the soot properties have stabilized. By high-resolution 
TEM and X-ray analysis, it has been shown that a graphitization process occurs at the 
later stages of the soot formation [22-26]. This graphitization results in an onion-like 
shell-structure of the mature soot particles due to ordered graphitized carbon layers 
around an amorphous core, see Figure 2.3 for an illustration of a graphitized soot 
aggregate. The graphitization can be explained by the abstraction of hydrogen leading 
to a transformation from amorphous carbon to carbon clusters with sp2 bonds, like 
the bonds between carbon in graphite [7]. For interested readers there are numerous 
sources for more information about combustion and soot formation, e.g. [8, 11, 14, 
27-29]. 
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Figure 2.3 
A schematic illustration of an aggregated and graphitized, mature soot particle with an onion-like 
structure. The outer graphitized carbon forms an ordered shell around the amorphous core. 

2.3 Soot properties 

Knowledge of soot properties is very important to understand and predict the impact 
soot has on both environment and human health. However, measuring these 
properties, especially without affecting them at the same time, is very challenging. 

Two important physical properties of soot are the density, ߩ௦, and specific heat 
capacity, ܿ௦. Commonly used values for mature soot at flame temperature are ~1.8 
g/cm3 for the density [30, 31] and ~2100 J/kgK for the specific heat, which is the 
value for solid graphite [32]. Suggested temperature dependent expressions for ߩ௦ and ܿ௦ can be found in [32]. However, to add to the complexity, these two properties are 
likely to differ between mature and nascent soot due to the large structural 
differences. In [33, 34] the density of nascent soot particles is suggested to be ~1.2 
g/cm3, a value significantly lower than the commonly used density for solid graphite. 
On the other hand, one can argue that a lower density of the nascent soot is 
reasonable considering the much higher hydrogen content compared to mature soot. 
Available sources for data on the variation of ܿ௦ with maturity are very scarce, but it is 
not farfetched to assume that there also is a variation of the specific heat. The impact 
of possible variations of ߩ௦ and ܿ௦with soot maturity on the work presented in this 
thesis is discussed in Paper I and V. 

The optical properties of soot are central when describing the interaction between 
light and soot particles, e.g. the absorption, emission and scattering of laser light. 
When describing the light-soot interaction the complex refractive index, ݉, of the 
soot is a crucial property, 
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 ݉ = ݊ − ݅݇. (2.4) 

As will be further explained in section 3.2, the complex refractive index affects the 
absorption and emission of light by soot through the absorption function, 

(݉)ܧ  = −Imቀ௠మିଵ௠మାଶቁ, (2.5) 

and the scattering of light through 

(݉)ܨ  = ቚ௠మିଵ௠మାଶቚଶ. (2.6) 

The value of ݉ for soot is inherently challenging to quantify, not only due to 
limitations of the measurement techniques, but also due to variations with maturity, 
wavelength and temperature etc. [7, 35]. Paper I, V, IX and X, are examples of studies 
where the value and wavelength dependence of ܧ(݉), or more specifically ܧ൫݉(ߣ)൯, 
and how the wavelength dependence changes with maturity are discussed. 

Soot particles are very efficient absorbers and emitters of electromagnetic radiation, 
i.e. light, both in the visible and infrared regions. In the visible region this efficiency 
can be identified by the yellow luminosity of sooting flames and in the infrared it can 
be identified by the emitted heat. The intensity, or irradiance, of the radiation 
emitted by a soot particle is close to that of a black body and can thus be described by 
the Planck radiation law weighted by the emissivity of the soot as, 

,൫݀௣ܫ  ,ߣ ܶ൯ = ,௣݀)ߝ (ߣ ଶగ௛௖మఒఱቀୣ୶୮ቀ௛௖ ఒ௞ಳ்ൗ ቁିଵቁ, (2.7) 

where ݀௣ is the primary particle diameter, ߣ is the wavelength of the emitted 
electromagnetic radiation, ܶ is the soot temperature, h is the Planck constant, c is the 
speed of light, and ݇஻ is the Boltzmann constant. Assuming that the particle is 
spherical and fulfills the Rayleigh criterion, ݀௣ ≪  the emissivity can be expressed ,ߣ	
as 
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,൫݀௣ߝ  ൯ߣ = ସగௗ೛ா൫௠(ఒ)൯ఒ . (2.8) 

When the Planck radiation is scaled down by an emissivity the emitting object is 
commonly called a gray body. In the case of larger aggregated soot particles, which 
can violate the Rayleigh criterion, the Rayleigh-Debye-Gans (RDG) theory is often 
applied. The RDG theory implies that the even though an aggregated particle itself is 
not within the Rayleigh limit, it may be divided into subunits that fulfill the Rayleigh 
criterion and assuming they do not interact with each other, Rayleigh theory is 
applicable [36, 37]. This means that for an aggregated soot particle, the emitted 
intensity is the expression in (2.7) multiplied by ௣ܰ. The error induced by assuming 
RDG theory for the absorption and emission by aggregated soot particles has been 
investigated by Liu et al. [38]. A more thorough description of the absorption and 
emission of light by small particles can for example be found in [37]. 
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3 Soot diagnostics 

There are several different ways to detect and characterize soot. The simplest method 
is to visually study the yellow luminosity of hot soot particles, for example in a flame, 
since this can be done by the naked eye without any aid of advanced equipment. 
However, to achieve any quantification, more advanced techniques will be required. 
These can be divided into probing techniques and optical techniques. The difference 
between these two categories is that with probing techniques the soot must be 
extracted from the measurement location by some kind of probe and then analyzed ex 
situ, while optical techniques use information carried by light and thus the 
measurement can be made directly at the measurement location, in situ. The work 
presented in this thesis is focused on optical techniques and thus the main part of this 
chapter will deal with optical techniques. 

3.1 Probing techniques 

There are a multitude of different probing techniques for measurements of soot and 
other small particles. These techniques are frequently used within the aerosol research 
field. It is however not within the scope of this thesis to describe the variety of 
probing techniques in detail. Nonetheless, the techniques used for the work in this 
thesis will briefly be explained. Scanning mobility particle sizing (SMPS) and a 
differential mobility analyzer (DMA) combined in series with an aerosol particle mass 
analyzer (APM), DMA-APM for short, were used in Paper II. 

An SMPS system is a combination of three different components: a bipolar charger, a 
DMA and a condensation particle counter (CPC). The bipolar charger is used to 
achieve a bipolar equilibrium charge distribution of the soot particles [39] needed for 
the DMA. After passing the bipolar charger the soot enters the DMA which is used to 
sort out particles of a certain electric mobility diameter, i.e. a diameter related to how 
a sphere with a certain electric charge would move in air when subject to an electric 
field [40]. This is achieved by using a flow of air to transport the charged particles 
through an electric field. Particles with a specific electric mobility diameter will exit 
through an exit slit, while all other particles will follow the air flow to an exhaust. By 
varying the strength of the electric field, the electric mobility diameter of the particles 
exiting through the slit can be chosen. The number of exiting particles per size 



18 

interval is then counted by a CPC and thus an electric mobility diameter distribution 
is achieved i.e. a size distribution of the soot particles. 

In the DMA-APM an APM [41] is used to determine the mass of the particles exiting 
the DMA. The APM consists of two concentric cylindrical electrodes rotating at the 
same angular speed and by applying a voltage an electric field is created between the 
electrodes. When the charged particles exiting the DMA are introduced at one end 
between the two electrodes only the particles subject to an electric force equal to the 
centrifugal force will exit at the other end. By variation of the angular speed and 
applied voltage the mass of the particles passing the APM can be controlled. The 
number of passing particles is then counted by a CPC, resulting in a mass distribution 
of the particles. Those interested in more information about aerosol science and 
probing techniques are referred to [39] and references therein. 

Microscopy techniques can also be listed under the probing techniques category. 
Among these, transmission electron microscopy (TEM) is a commonly used method 
for soot particle studies, making it possible to evaluate the size and structure of the 
particles [15, 22, 39, 42-44]. TEM has also been used for characterization of soot 
particles in Papers I, II and VIII. The principle of TEM can be compared to that of a 
conventional optical microscope, but a beam of electrons is used instead of light. This 
requires that the inside of the microscope is under a high vacuum (<0.01 Pa). Thus 
TEM is limited to studies of solid matter that does not evaporate or degrade under 
the low pressure and heating by the electron beam. The electron beam is controlled 
by magnetic lenses and soot particles subject to the electron beam will scatter and 
absorb electrons. This can be used to achieve a two-dimensional silhouette image of 
the soot, which can then be utilized for characterization of soot primary particles and 
aggregates.  

For insertion of the soot particles into the electron microscope they must first be 
extracted from the flame and deposited on a small grid covered by a thin carbon film. 
For this there are different techniques, but when working with flames a commonly 
used technique is to quickly insert and extract the grid at the measurement location in 
the flame e.g. by a pneumatic probe. Since the grid is much colder than the flame the 
soot particles will stick to the carbon film due to a thermophoretic force arising from 
the steep temperature gradient. Thus this technique of collecting soot particles is 
called thermophoretic sampling.  

In addition to TEM, also atomic force microscopy (AFM) and scanning electron 
microscopy (SEM) are used for soot studies [12, 17, 18, 45, 46].  
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3.2 Optical techniques 

Optical techniques always require a light source of some kind since it is the light that 
carries the information. This light source can for example be a lamp, a flame, the sun 
or a laser. The light source can be used in very different ways for measurements. For 
example, the emitted light can be measured directly to characterize the emitting 
source, it can also be used to induce a light signal from some other source e.g. a 
molecule or a particle and it can also be transmitted through a medium to study 
absorption phenomena etc. There is one inherent advantage with all optical 
diagnostic techniques. The measurement is done remotely without need of a probe at 
the measurement location, making it possible to measure in very harsh environments, 
e.g. high temperatures, without inducing perturbations at the measurement location. 
However, with this follows a limitation as well since optical access is required to 
collect and measure the light. 

In this work the optical techniques used are all based on the use of laser as light 
source. The laser gives some additional advantages to the already mentioned one. Due 
to the high intensity of the laser light it can be used to induce signals that cannot be 
achieved with other light sources. The measurements can be done as point 
measurements, where the laser light is focused to a small measurement point, or along 
a line as a line of sight measurement. The laser light can also be shaped to a sheet, 
making 2D measurements possible and with the high repetition rate lasers that are 
available today it is possible to do 3D measurements by rapidly scanning a 2D sheet 
over a volume [47] and even time-resolved 3D measurements have been made [48]. 
Additional, commonly mentioned benefits are the high temporal and spatial 
resolutions achievable. 

3.2.1 Laser extinction 

Laser extinction is a commonly used line of sight technique for characterization of 
soot particles, especially in combination with other laser diagnostic techniques [49-
55]. On its own, laser extinction is regularly applied for measurements of soot volume 
fractions of soot particles dispensed in some medium (usually a gas, e.g. in a flame) 
[56, 57]. Assuming spherical and monodisperse primary particles with diameter ݀௣, 
the soot volume fraction can be defined as 

 ௩݂ = ܰ గௗ೛య଺ , (3.1) 

with ܰ denoting the particle number concentration in the medium. One of the 
reasons that laser extinction is so commonly applied is that it is a simple technique 
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and it does not require a lot of expensive apparatus, as opposed to more advanced 
laser diagnostic techniques. Hence it is also fast to set up and does not require much 
space. 

The laser extinction technique is based on the phenomenon that light propagating 
through a volume of medium with dispensed particles will get attenuated due to 
absorption and/or scattering in the wavelength region of the incident light. Thus the 
transmitted light will have a lower intensity than the incident light, schematically 
illustrated by Figure 3.1. This attenuation, or extinction, of light can be described by 
the Beer-Lambert law,  

்ܫ  =  (3.2) ,(ܰܮ௘௫௧ߪ−)଴expܫ

where ்ܫ denotes the irradiance of the transmitted light, ܫ଴ the irradiance of the 
incident light, ߪ௘௫௧ the average extinction cross-section of the dispensed particles and ܮ is the path length through the volume of dispensed particles. For the Beer-Lambert 
law to hold, the particles must be homogenously distributed in the medium and 
spaced so that they do not interact by e.g. multiple scattering. The extinction consists 
of two parts, absorption and scattering, and thus the extinction cross-section is the 
sum of the absorption cross-section,	ߪ௔௕௦, and the scattering cross-section, ߪ௦௖௔௧,  
௘௫௧ߪ  = ௔௕௦ߪ +  ௦௖௔௧. (3.3)ߪ

The extinction coefficient can then be defined as, 

௘௫௧ܭ  = ௘௫௧ߪܰ = ௔௕௦ܭ +  ௦௖௔௧, (3.4)ܭ

where ܭ௔௕௦ is the absorption coefficient and ܭ௦௖௔௧ is the scattering coefficient. 
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Figure 3.1 
A schematic illustration of the Beer-Lambert law with light of irradiance I0 incident on a volume of 
length L with dispensed soot particles, attenuating the light by scattering/absorption, resulting in 
transmitted light of irradiance IT, with IT < I0. 

Assuming that the Rayleigh criterion holds, see section 2.3, the absorption coefficient 
is given by 

௔௕௦ܭ  = గమா൫௠(ఒ)൯ఒ ܰ݀௣ଷ. (3.5) 

Furthermore, assuming that the scattering contribution to the extinction is negligible 
in comparison with the absorption contribution, the scattering term in (3.4) can be 
disregarded. This assumption must be estimated for the measurement conditions at 
hand, while it may hold for some premixed flame it might not be valid for another 
flame which produces larger soot particles. Combining (3.1), (3.2) and (3.5) yields 
the following expression for the soot volume fraction 

 ௩݂ = ఒ଺గா൫௠(ఒ)൯ ln ቀூబூ೅ቁ ଵ௅. (3.6) 

Thus, by utilizing (3.6) the soot volume fraction can be measured using laser 
extinction. For cases where the scattering contribution is not negligible, it can usually 
either be measured or estimated and accounted for.  

In the case of aggregated soot particles, assuming RDG theory holds, the absorption 
cross-section is that of a single primary particle multiplied by the number of primary 
particles in the soot aggregate, ௣ܰ. 

There are some important points to consider for measurements of soot volume 
fractions by extinction. Since laser extinction is a line of sight technique the evaluated ௩݂ will be an average value along the laser beam path and thus variations along this 
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path will not be detected. However, using more advanced (and complex) procedures, 
this can be circumvented [58-60], e.g. by measurements at different angles and/or 
positions and using the symmetry of the flame in the evaluation or by using LII in an 
imaging setup to attain the relative soot volume fraction along a line as was done in 
Paper III. As seen in (3.6), the soot volume fraction is inversely proportional to the 
absorption function, and therefore also affected by the value of the complex refractive 
index. Thus the inherent uncertainties of ݉, discussed in section 2.3, also propagate 
to the evaluated ௩݂, an important point to consider when evaluating soot volume 
fractions using extinction. Additionally, care should be taken to the influence of 
unwanted absorption by large molecules, like PAHs, since such absorption will lead 
to a lower ்ܫ, which could be interpreted as a higher ௩݂ if not accounting for the 
molecular absorption. By using laser wavelengths longer than ~700 nm, interferences 
by molecules can usually be avoided [61, 62], and see Paper X for a laser extinction 
study where this was investigated. 

3.2.2 Elastic light scattering (ELS) 

Elastic light scattering (ELS) is a commonly used technique for soot particle 
characterization. It has been used to extract complex refractive indices for soot as well 
as for particle sizing and measurements of soot aggregate structures, often in 
combination with other techniques, e.g. laser extinction or LII [15, 55, 63-67]. 
Additionally, see Paper III, V and IX for the use of ELS in conjunction with this 
thesis.  

As for laser extinction, the principles of ELS are quite straight forward. When 
incident light hits soot particles a fraction of it will scatter off the particles. The 
amount of scattered light depends on several parameters e.g. detection angle, 
polarization of the light, size and concentration of the scatterers etc. Due to the small 
size of the soot primary particles the scattering can be assumed to follow Rayleigh 
theory, or RDG theory in the case of aggregated particles. The scattering theory 
presented here is based on more thorough descriptions found in [13, 37]. 

One important parameter for the scattering theory to be presented is the scattering 
wave vector, ݍ, which is a function of the scattering angle, ߠ, i.e. the angle between 
the incident and scattered light. The scattering wave vector is expressed as, 

(ߠ)ݍ  = 2݇sin(ߠ 2⁄ ), (3.7) 

where ݇ = ߨ2 ⁄ߣ  and ߣ is the wavelength of the scattered light. The inverse of the 
scattering wave vector, ିݍଵ,can be seen as a kind of length scale of the scattering light, 
i.e. the probe length of a scattering experiment. 
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The scattered light intensity from a soot particle will be proportional to the 
differential scattering cross-section of that particle. Assuming that the light is scattered 
by an isolated spherical soot particle, the differential scattering cross-section can be 
expressed as 

 ௗఙௗஐ௣ = ݇ସ ቀௗ೛ଶ ቁ଺  (3.8) .(݉)ܨ

If the scattering particle is an aggregated soot particle, assuming the aggregate consists 
of spherical primary particles in point contact, the differential scattering cross-section 
is instead described by the following expression 

 ௗఙௗஐ௔௚௚ = ௣ܰଶ ௗఙௗஐ௣  (3.9) ,(ݍ)ܵ

where ܵ(ݍ) is the structure factor of the aggregate. The structure factor has its name 
since it contains information about the structure of the scattering particle. 
Experimentally this structural information is converted to the scattering intensity 
varying with scattering angle. Depending on the size of the soot aggregate and the 
magnitude of the scattering wave vector, the structure factor is described by different 
expressions. To compare the length scale of the scattering to the aggregate size and 
determine what expression to use for the structure factor, the product ܴݍ௚ is formed. 
The structure factor can then be expressed as follows for the Rayleigh, Guinier and 
power law regimes, respectively, 

(ݍ)ܵ = ௚ܴݍ 1 ≪ 1, (3.10) 

(ݍ)ܵ = 1 − ଶܴ௚ଶݍ 3⁄ ௚ܴݍ  ≲ 1, (3.11) 

(ݍ)ܵ = ௚൯ି஽೑ܴݍ൫ܥ ௚ܴݍ  > 1, (3.12) 

where ܥ is a coefficient determining the cutoff level between the Guinier and power 
law regimes. In his review [13], Sorensen shows that ܥ ≈ 1 for aggregates with ܦ௙ ≈1.8, i.e. most flame generated soot aggregates. Utilizing (3.7)-(3.12), the scattered 
light intensity by a soot aggregate at a certain place in space, e.g. at a detector, can be 
expressed as 
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௦ܫ  = ଴ܫߟ ௔ܰ௚௚ ௗఙௗஐ௔௚௚ = ଴ܫߟ ௔ܰ௚௚ ௣ܰଶ݇ସ ቀௗ೛ଶ ቁ଺  (3.13) ,(ݍ)ܵ(݉)ܨ

where ௔ܰ௚௚ is the aggregate number density and ߟ is a constant accounting for the 
solid angle, detection efficiency of the detector and various losses between the 
scattering particle and the detector etc. Using (3.13), or more refined versions of it, 
accounting for polydisperse distributions of aggregate and primary particle sizes, the 
structural parameters of soot aggregates can be evaluated from experimental ELS 
measurements, as described in [13]. 

For measurements of absolute scattering intensities it is important to know the 
polarization of the incident light since elastic light scattering in the Rayleigh regime is 
highly polarization dependent. Commonly laser light with a vertical polarization is 
used since this results in the most convenient geometry for the experimental setup, 
with the highest intensity of the scattered light in the horizontal plane. The total 
scattering cross-section in (3.3) can be derived from the differential scattering cross-
section by integrating over all solid angles, and for the case of incident light with a 
vertical polarization the integral is expressed as 

௦௖௔௧ߪ  = ׬ ׬ ௗఙௗஐଵିଵ sinଶ߶݀(cos߶)݀ߠଶగ଴ . (3.14) 

To calibrate the scattering system for absolute measurements a gas with a known 
scattering cross-section is usually used, e.g. nitrogen. 

There are some important considerations and restrictions for using elastic light 
scattering as a tool for characterization of soot particles. As for laser extinction 
measurements of soot, the uncertainty of the value of ݉ will lead to uncertainties in 
scattering measurements as well. Further uncertainty is introduced due to 
polydispersity of the aggregate and primary particle sizes. Even though it is possible to 
incorporate a polydisperse size distribution in the evaluation, a specific distribution 
must be assumed. All the variables, i.e. for the polydisperse distributions and for the 
aggregate morphology, Eq. (2.1), lead to so many degrees of freedom that it becomes 
hard to find a single converging solution [67]. This can potentially be solved by 
combining ELS with other techniques, like LII, to reduce the degrees of freedom in 
the evaluation [66, 68]. 
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3.2.3 Two-color pyrometry 

Pyrometry is an optical technique for temperature evaluation from the Planck 
radiation of a black body or a gray body. By comparison of the theoretical expression 
for Planck radiation with the measured radiation, the temperature can be determined. 
Thus the temperature of soot can be measured and evaluated by utilizing Eq. (2.7). In 
Figure 3.2 the irradiance calculated using (2.7) is plotted as function of wavelength 
for a set of different temperatures to illustrate the difference in soot radiation for 
different experimental situations.  

 

Figure 3.2 
The irradiance of soot, calculated using Eq. (2.7), plotted as function of wavelength for different 
temperatures. 

There are different methods to measure the soot emission and evaluate the 
temperature using pyrometry. Here a two-color procedure, frequently used in the 
work for this thesis, will be described. The two-color pyrometry method is based on 
measuring the soot emission at two different detection wavelengths, ߣଵ and ߣଶ, and 
comparing the ratio of the signal at these wavelengths using the theoretical expression 
in (2.7) to evaluate a temperature. The ratio of the irradiance at the two wavelengths 
becomes 

 
ூ൫ௗ೛,ఒభ,்൯ூ൫ௗ೛,ఒమ,்൯ = ,௣݀)ߝ (ଵߣ ଶగ௛௖మఒభఱቀୣ୶୮ቀ௛௖ ఒభ௞ಳ்ൗ ቁିଵቁ ,௣݀)ߝ (ଶߣ ଶగ௛௖మఒమఱቀୣ୶୮ቀ௛௖ ఒమ௞ಳ்ൗ ቁିଵቁ൘ . (3.15) 

In order to simplify (3.15) it can be noted that for detection in the visible wavelength 
range and for typical soot temperatures 
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 1 ≪ exp ቀℎܿ ஻ܶൗ݇ߣ ቁ. (3.16) 

Using (2.8) and (3.16), (3.15) can be simplified to the following expression for ܶ, 

 ܶ = ௛௖௞ಳ ቀ ଵఒమ − ଵఒభቁ ln ൬ூభூమ ா൫௠(ఒమ)൯ா൫௠(ఒభ)൯ ቀఒభఒమቁ଺൰ൗ , (3.17) 

where ܫଵ and ܫଶ are the irradiances at the two detection wavelengths. Thus (3.17) can 
be used to evaluate the soot particle temperature if the emission from the soot is 
measured at two different wavelengths. The largest strengths of this technique are that 
it is relatively simple to employ and that an absolute value of ܧ൫݉(ߣ)൯ is not needed 
(the absolute value is very uncertain, as discussed in section 2.3). Assuming the ratio 
of ܧ൫݉(ߣ)൯ to be one further simplifies the expression in (3.17). This is an 
assumption often used, but as discussed in Paper V, IX and X, this is a simplification 
more suitable for mature soot than for nascent soot due to seemingly stronger 
wavelength dependence of the absorption function for nascent soot. 

In practice, a calibration source with a known emission spectrum is needed in order 
to calibrate the detection at the two wavelengths, see section 4.2.3.  

3.2.4 Laser-induced incandescence (LII) 

Laser-induced incandescence (LII) is nowadays a commonly used technique for 
visualization and characterization of soot, especially in combustion environments, and 
LII is also the main subject of this thesis. The first publication discussing the use of 
the LII process as a diagnostic technique was made by Weeks and Duley in 1974 
[69], and three years later the process was described by Eckbreth [70], but this time as 
an interference on Raman scattering signals. In 1984 Melton published a work [71], 
where he thoroughly described the LII process and suggested how it could be used for 
evaluation of soot volume fractions and soot particle sizes using energy and mass 
balance equations, describing the different physical processes involved. All theoretical 
models today stem from the work by Melton, but with significant enhancements. The 
most refined of the LII models today is the one developed by Michelsen [32], where 
several physical processes not accounted for in other models are included. Reviews of 
laser-induced incandescence can be found in [9] and [10]. 

The basic principle of LII is that soot is rapidly heated by a high energy laser pulse, 
usually with a length of ~10 ns. If the pulse energy is high enough, the soot will reach 
peak temperatures of about 4000 K. As illustrated in Figure 3.2, the soot radiation 
intensity increases drastically with the increased temperature. This increased intensity 
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is detectable and the detected signal is thus the LII signal. After the laser pulse has 
passed, the soot will cool down to the ambient gas temperature and as the soot cools 
down, the LII signal will decay. Using a suitable detector e.g. a photomultiplier tube 
(PMT), the signal can be resolved in time and thus the signal decay can be measured. 
From the signal intensity the soot volume fraction, ௩݂, can be evaluated, while 
information about the soot particle diameter, ݀௣, can be extracted from the signal 
decay. Since the peak intensity is related to the soot volume fraction, these 
measurements can be applied in 2D using a laser sheet for heating the soot and a 
camera for detection, for example an intensified CCD (ICCD) camera. For 
quantitative measurements of ௩݂ there is need of calibration, usually against a source 
with known soot volume fraction. This calibration source is commonly a laboratory 
flame where the soot volume fraction is known and has been measured with for 
example laser extinction. An alternative calibration procedure, using a calibration 
lamp, has been developed by Snelling et al. [72]. 

3.2.4.1 Energy and mass balance 
The LII process is commonly described theoretically by the different physical 
mechanisms illustrated in Figure 3.3. Absorption of the laser light will increase the 
internal energy of the soot. The increased internal energy is associated with an 
increased temperature of the soot, which will cool down after the heating laser pulse 
has passed. The cooling occurs through heat conduction to the surrounding gas by 
molecules colliding with the soot, and through the increased thermal radiation. If the 
laser pulse energy is high enough, the soot will reach temperatures above ~3400 K at 
which the soot starts to sublime (see Paper IX), thus losing energy and mass. In 
addition to these processes, the theoretical model developed by Michelsen [32] also 
includes oxidation, melting, annealing and photodesorption of the soot. 

 

Figure 3.3 
An illustration of the sub-mechanisms constituting the LII process that takes place when soot is heated 
by a high energy laser. 
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The energy balance of the LII process as described by Figure 3.3 can be described by 
the following expression, where ሶܳ  denotes an energy rate for each of the included 
mechanisms, 

 ሶܳ ௜௡௧ = ሶܳ௔௕௦ − ሶܳ௖௢௡ௗ − ሶܳ௥௔ௗ − ሶܳ௦௨௕. (3.18) 

Studying (3.18) it can be noted that absorption, ሶܳ ௔௕௦, is the only process increasing 
the energy of the soot. Using the absorption cross-section, ߪ௔௕௦, described in section 
3.2.1, the absorption of the laser light can be written as, 

 ሶܳ ௔௕௦ = ܨ௔௕௦ߪ ⋅  (3.19) ,(ݐ)݃

where ܨ denotes the laser fluence (J/cm2) and ݃(ݐ) is the normalized temporal 
distribution of the laser pulse intensity. It can also be noted that since ߪ௔௕௦ ∝ ݀௣ଷ, as 
described in section 3.2.1, the absorption is directly proportional to the soot particle 
volume, thus soot particles are volume absorbers. This means that if the soot is heated 
by uniform laser irradiance, it will reach essentially the same temperature even if the 
particle sizes differ, as long as the RDG theory is valid, see section 2.3. 

The internal energy rate term corresponds to the energy transfer to and from the soot 
particles. It can be described by the following expression, 

 ሶܳ ௜௡௧ = గ଺ ௦ܿ௦݀௣ଷߩ ௗ்ௗ௧ . (3.20) 

As discussed in section 2.3, there are some uncertainties associated with the density 
and specific heat since they both vary with temperature and soot maturity. 
Temperature dependent expressions for ߩ௦ and ܿ௦, for example the ones suggested by 
Michelsen [32], can be used, resulting in a more complex expression due to the 
temperature varying with time. Additionally, when considering aggregated soot 
particles the rate term is multiplied by ௣ܰ, assuming the energy is distributed 
homogenously in the aggregate. This might introduce some errors for larger soot 
aggregates as the particles start to cool down, because of different cooling rates at 
different parts of the aggregates due to shielding effects, discussed in [73, 74] and 
investigated experimentally in Paper II. 

An expression derived for the heat conduction in the free molecular regime [32], i.e. 
the soot particles are small compared to their mean free path, will be presented to give 
a qualitative understanding of the heat conduction process. There are also other 
models that are commonly used for the heat conduction, e.g. the McCoy and Cha 
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[75] and the Fuchs models [76, 77]. Of the current models the Fuchs model has been 
shown to be the most accurate. However, due to the Fuchs model being an iterative 
method, not having a closed form expression, it will not be presented here. Thus the 
heat conduction rate can be expressed as, 

 ሶܳ ௖௢௡ௗ = గௗ೛మఈ೅௓ೞೠೝ೑ேಲ ቀܥ௚ − ோଶቁ ൫ܶ − ௚ܶ൯, (3.21) 

where ்ߙ is the thermal accommodation coefficient, ܼ௦௨௥௙ is the collision rate of 
ambient gas molecules per unit surface area, ஺ܰ is the Avogadro constant, ܥ௚ is the 
heat capacity of the ambient gas, ܴ is the universal gas constant, ܶ is the soot 
temperature and ௚ܶ is the gas temperature. The thermal accommodation coefficient is 
a very important parameter for the heat conduction term. It is the probability for a 
molecule colliding with a soot particle to undergo energy exchange and thus carry 
away heat from the particle, and as seen in (3.21), it scales the whole expression. As 
the value of ்ߙ for soot is very uncertain, with employed values ranging from 0.07 to 
1.0 [78-82], and most likely there is also a variation with soot maturity (see for 
example Paper I and [83]), it inevitably leads to large uncertainties in the heat 
conduction term. Another important thing to note in (3.21) is that the heat 
conduction is proportional to the surface area of the soot, meaning that larger soot 
particles will cool down at a slower rate due to a smaller surface to volume ratio. The 
shielding effect mentioned in the previous paragraph has also been shown to have a 
significant impact, effectively decreasing the heat conduction, see [73, 74] for details 
about this. Additionally it should be mentioned that the heat conduction is highly 
pressure dependent, with higher pressure increasing the heat conduction rate. Readers 
are referred to [76, 77, 84] for more details about the heat conduction rate term. 

The radiation as loss term is usually very small compared to the conduction term (on 
the order of a few percent [32]) and thus of small importance for calculation of the 
energy balance. However, the lower the pressure is, the higher the fraction of energy 
lost through radiation will be. Radiation from soot particles is described in section 
2.3, and to get the energy rate term for a soot particle, (2.7) is integrated over all 
wavelengths (assuming a wavelength independent absorption function) and 
multiplied by the geometrical cross-section of the soot particle. This results in the 
following expression [32], 

 ሶܳ ௥௔ௗ ≈ ଵଽଽగయௗ೛య(௞ಳ்)ఱா൫௠(ఒ)൯௛(௛௖)య . (3.22) 
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By studying (3.22) it can be noted that the radiation from soot is proportional to the 
particle volume. Thus soot particles are not only volume absorbers, as stated 
previously. They are also volume emitters, as an effect of Kirchhoff’s law. 

At laser fluences around 0.14 J/cm2 (at a laser wavelength of 1064 nm) the soot starts 
to sublime (see Paper IX) forming gas-phase carbon, mostly as C, C2 and C3 [32]. 
Thus the sublimation of soot results in loss of both energy and mass. The energy rate 
expression can be written as [85], 

 ሶܳ ௦௨௕ = −୼ுೡெೡ ௗ௠೛ௗ௧ , (3.23) 

where Δܪ௩ is the heat of sublimation, ܯ௩ is the molecular weight of soot vapor and ݉௣ is the mass of the soot particle. Additionally, the mass rate can be expressed as 
[85], 

 
ௗ௠೛ௗ௧ = ௣ଶ݀ߨ− ௩ܰ ெೡேಲ, (3.24) 

where ௩ܰ is the molecular flux of sublimed carbon. Since sublimation occurs at high 
laser fluences it is likely that other processes altering the soot also take place, [32, 86, 
87]. Thus it is hard to predict the behavior of the LII process at fluences larger than 
~0.14 J/cm2, called the high fluence regime. Consequently, the fluence region below 
~0.14 J/cm2 is called the low fluence regime. The exact transition point between these 
two regimes depends on flame temperature and soot properties and the threshold 
value of ~0.14 J/cm2 was established for the premixed ethylene/air flames studied in 
Paper IX. From (3.23) and (3.24) it can be noted that, as for the heat conduction 
term, the sublimation is also proportional to the surface area of the soot particles. 

Using the equations for energy and mass balance, it is possible to model the LII 
process by solving the energy and mass balance equations for ܶ(ݐ) and ݀௣(ݐ), i.e. 
soot particle temperature and diameter as functions of time. Using these time-
dependent functions and (2.7), the LII signal from an aggregated soot particle can be 
calculated as, 

 ܵ௅ூூ = ௣ܰ݀ߨ௣ଶ ׬ (ߣ)ߟ ቀܫ൫݀௣, ,ߣ ܶ൯ − ,൫݀௣ܫ ,ߣ ௚ܶ൯ቁ ஶ଴ߣ݀ , (3.25) 

where (ߣ)ߟ is a coefficient accounting for the spectral sensitivity of the detection 
system. By fitting of the modelled time-resolved signal and temperature to 
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experimentally measured ones it is possible to evaluate for example soot particle sizes 
or ܧ(݉). 
3.2.4.2 LII signal interpretation 
Displayed in Figure 3.4 are two experimentally measured LII signals. These have been 
measured at two different heights in a flat premixed ethylene/air flame burning on a 
McKenna burner (described in section 4.1.1) at ߶ = 2.1. The temporal profile of the 
heating laser has been plotted together with the LII signals to give a quantitative 
comparison of the LII signal length and the laser pulse length. A typical LII signal at 
atmospheric pressure is some hundred nanoseconds up to around 1-2 microseconds 
long, depending mainly on the soot particle sizes. As can be seen in Figure 3.4, the 
signal from the soot at 8 mm height above burner (HAB) has a significantly faster 
decay than the signal from the soot at 14 mm HAB. This is primarily due to the 
primary particle diameters at 14 mm HAB being larger than at 8 mm HAB. 
Evaluation by TEM resulted in diameters of ~12 nm and ~8 nm at 14 mm HAB and 
8 mm HAB, respectively, see Paper I. There is also an influence of shielding due to 
particle aggregation at 14 mm HAB effectively increasing the signal length, and some 
influence from the different soot peak temperatures and ambient gas temperatures at 
the two heights, see Paper I. By analyzing the time-resolved LII signals using 
numerical LII models there is thus potential for evaluation of several soot properties. 
To simplify the evaluation it is preferable that the measurements were conducted in 
the low fluence regime, since then the sublimation and other processes occurring at 
higher fluences can be neglected. 

 

Figure 3.4 
A plot of two experimentally measured, normalized and time-resolved LII signals at 8mm and 14 mm 
heights above burner (HAB) in a flat premixed ethylene/air flame at ߶ = 2.1. The heating laser (1064 
nm, top-hat at 0.14 J/cm2) temporal profile can be seen in gray. The primary particles diameters are 
about 12 nm and 8 nm at 14 mm and 8 mm HAB respectively. 
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In the work by Melton [71] the gated LII signal (over the peak of the signal) 
dependence on particle number concentration and size is given as, 

 ܵ௅ூூ ∝ ܰ݀௣ଷା଴.ଵହସ⋅ଵ଴షల ఒ೏೐೟⁄ , (3.26) 

where ߣௗ௘௧ is the detection wavelength in meter. Studying (3.26) it can be noted that 
the gated LII signal is approximately proportional to the soot volume fraction as, 

 ܵ௅ூூ ∝ ܰ݀௣ଷ ∝ ௩݂. (3.27) 

This approximation is commonly used for 2D measurements of soot volume fractions 
by utilizing a laser sheet for heating the soot and then the induced soot incandescence 
is imaged onto a camera with a suitable gating time to collect the LII signal. Thus, by 
calibration towards a source with known ௩݂, every pixel value in the camera can be 
related to a soot volume fraction value, 

 ௩݂ = ௖௔௟ܥ ⋅ ܵ௅ூூ, (3.28) 

where ܥ௖௔௟ is the calibration coefficient. It can be noted that the longer the detection 
wavelength is, the smaller the error induced by the approximation in (3.27) is. In an 
extensive investigation by Bladh et al. [88] the relation between the soot volume 
fraction and gated LII signal was investigated and it was found that when using 
(3.27), the error is minimized if using as short detection gate and long detection 
wavelength as possible. 

When studying the theory presented in the previous section it becomes clear that the 
LII signal has nonlinear laser power dependence. Presented in Figure 3.5 is a plot of 
the normalized measured peak LII signal for different heating laser fluences at 1064 
nm, commonly denoted as a fluence curve, in a flat premixed ethylene/air flame at ߶ = 2.1 and at 14 mm HAB. The fluence curve shows a steep signal gradient in the 
region up to ~0.3-0.4 J/cm2, where it transitions into a plateau region at fluences 
above ~0.4 J/cm2. This is a typical fluence curve shape, and it can be explained by the 
processes described in section 3.2.4.1. The steep gradient occurs due to the 
absorption being the dominating process, in fact the signal can be seen to follow the ܶହ dependence in (3.22) at lower laser fluences where the sublimation process still has 
minor influence. As the sublimation becomes more and more prominent with 
increasing laser fluence, the signal levels off and transitions into a plateau behavior as 
the soot peak temperature around 4000 K is reached. 
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Figure 3.5 
Experimentally measured peak LII signal plotted as function of heating laser fluence and normalized to 
the measurement point at the highest fluence. Such a plot is commonly denoted as an LII fluence curve. 
The heating laser operated at a wavelength of 1064 nm and detection was made over a 24 nm wide 
wavelength band centered at 684 nm. The measurement was made at 14 mm HAB in in a flat premixed 
ethylene/air flame at ߶ = 2.1. 

If the signal is gated over the peak, as for a 2D measurement of ௩݂, instead of 
measured at the peak, the sublimation and conduction processes will have large 
influence on the shape of the fluence curve. Then also the spatial intensity profile of 
the heating laser will have a large impact on the shape. Illustrated in Figure 3.6 are 
three common laser spatial intensity profiles: the Gaussian beam, Gaussian sheet and 
top-hat profiles. 

 

Figure 3.6 
An illustraion of three different laser beam spatial intensity profiles. From the left, Gaussian beam, 
Gaussian sheet and top-hat profiles. 

Modelled LII fluence curves corresponding to the laser intensity profiles in Figure 3.6 
are plotted in Figure 3.7. As can be seen, the Gaussian sheet is the only laser profile 
giving rise to a plateau region for the corresponding fluence curve. This can be 
explained by a balance between the loss of signal in the center of the laser profile due 
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to sublimation and an increase of signal from the “wings” of the Gaussian sheet with 
increasing laser fluence. 

 

Figure 3.7 
Modelled LII signal as function of average heating laser fluence, i.e. fluence curves, using a detection gate 
time of 100 ns over the peak of the signal and ݀௣ = 10 nm, presented for three different laser beam 
spatial intensity profiles. The curves are normalized to their peak values and the laser beam spatial 
profiles used were a Gaussian beam, a Gaussian sheet and a top-hat, as indicated in the figure. The 
original modeling and figure are presented in [89]. 

For evaluations of ௩݂ it is desirable to perform the measurements in a fluence regime 
corresponding to a plateau region, since by doing so, small fluctuations in laser energy 
(e.g. due to absorption along the laser beam) will have minor impact on the evaluated 
soot volume fraction. Thus a Gaussian sheet laser spatial profile should be used for 
measurements of ௩݂ when using gated detection, in accordance with the fluence 
curves presented in Figure 3.7. 

3.2.4.3 Main uncertainties in LII 
As with all measurement techniques, there are both strengths and weaknesses with LII 
as a diagnostic technique. The main sources for error in LII will be discussed here. 

The most common application of LII is for measurements of soot volume fractions, 
in which the LII signal is usually assumed to be proportional to the soot volume 
fraction as described in the previous section. As also mentioned, keeping the gate time 
as short as possible and the detection wavelength as long as possible will minimize the 
errors induced by the assumption of proportionality. However, the longer the 
detection wavelength is the larger the influence of background radiation from the 
flame is and the shorter the gate is the weaker the signal. Thus a balance has to be 
found, which of course depends on the measurement conditions at hand. 
Additionally, as discussed in conjunction to Figure 3.7, errors induced by laser energy 
variations can be minimized by measuring at laser fluences corresponding to a plateau 
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region. The main uncertainty can however be traced back to the calibration. 
Assuming a laboratory flame is used as calibration source, all the uncertainties from 
the measurement of ௩݂ in the calibration source are transferred to the LII 
measurement. Presuming laser extinction was used to determine the absolute value of ௩݂ (which is commonly the case) it is the uncertainties of this technique (discussed in 
section 3.2.1) that are carried over to the LII measurement of the soot volume 
fraction. Most notable are the large uncertainties connected to the value of the 
complex refractive index, as discussed in section 2.3. Furthermore, any variations of 
the soot particle characteristics between the calibration flame and the measurement 
target that lead to differences in the induced signals, such as variations of the complex 
refractive index or level of maturity, will also lead to uncertainties in the evaluated 
soot volume fractions. 

Evaluation of soot primary particle diameters and other soot properties from the 
decay of the LII signal is prone to large uncertainties. To reduce the uncertainties and 
in order to know what can be expected from evaluation of time-resolved LII 
measurements, here are some important considerations: 

1. The preferred laser spatial profile for these measurements is usually a top-hat, 
to ensure that all soot particles are heated to the same temperature. However, 
the experimental laser profile is never a perfect top-hat since there will always 
be deviations due to diffraction patterns etc. This means that the soot will be 
unevenly heated, which due to the ܶହ term in (3.22) means that the emitted 
signal will be skewed towards higher temperature than the average 
temperature, as long as the maximum temperature of ~4000 K is not 
reached. At this limit, when major sublimation occurs, variations in the laser 
profile will instead affect the decay time, since regions of the laser profile with 
higher laser fluence will induce more sublimation and thus shorter signals. 
An extensive study on this subject has been made by Michelsen et al. [90]. 

2. The soot primary particles and aggregate sizes have polydisperse distributions, 
meaning that the emitted signal is dominated by the emission of the larger 
particles due to the soot particles being volume emitters. Furthermore, 
increasing aggregation leads to an increased shielding effect. Thus, if 
assuming monodisperse distributions, the evaluated particle size will be larger 
than the true average size. This effect is more pronounced the longer after the 
peak signal the evaluation is done since the smaller particles have shorter 
decay times. Hence the larger the time-delay to the peak signal is, the more 
the signal is dominated by the large soot particles. 

3. It is very challenging to achieve agreement between experimental and 
modelled signals at laser fluences above the sublimation threshold. At these 
fluences the sublimation (3.23) and other not so well characterized processes 
must be modelled, e.g. photodesorption and annealing. Thus the high 
fluence regime is usually avoided. 
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4. The thermal accommodation coefficient, ்ߙ, which scales the conduction 
term (3.21) and thus has a large influence on the evaluation of the signal 
decay, is one of the larger uncertainties in the evaluation. Due to the large 
spread of reported values of ்ߙ, discussed in section 3.2.4.1, there is 
inevitably also a large uncertainty in the parameters evaluated from the signal 
decay, e.g. soot particle sizes. 

5. Through the uncertainty in the value of ܧ൫݉(ߣ)൯ there is an inherent 
uncertainty in the absorption term (3.19). This is commonly avoided in LII 
model evaluations by estimation of the soot peak temperature by two-color 
pyrometry and matching the modelled peak temperature to the measured 
one. Even though this method avoids the absolute value of the absorption 
function, it suffers from the uncertain wavelength dependence of ܧ൫݉(ߣ)൯ 
through the ratio seen in (3.17). 

Further improvement of the evaluation can be achieved by measuring the soot particle 
size at some of the LII measurement points with another technique e.g. TEM, as was 
done in Paper I, and use this size as a calibration value. 
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4 Experimental equipment and 
considerations 

When conducting LII measurements, or basically any other laser diagnostic 
measurements, the experimental setups are commonly quite complex. In this chapter 
the most central experimental equipment for this thesis will be described and in 
addition some important experimental considerations will also be discussed. 

4.1 Soot generation 

As explained in chapter 2, the fundamental prerequisite for soot production is fuel 
rich combustion of some hydrocarbon, effectively making it relatively easy to generate 
soot. However, generating soot under controlled conditions and achieving a stable 
and reliable sooting source is much more challenging. For this purpose there are 
different kinds of soot generators. There is for example a Swiss company named Jing 
[91], which manufactures different models of cold soot generators called CAST 
(Combustion Aerosol STandard), these have however not been used in the work for 
this thesis. Other commonly used sources are different kinds of laboratory burners, 
burning either liquid or gaseous fuels. Within the LII community there are three 
different gas burners that have been designated as target burners together with 
standard operating conditions for which ethylene is burnt with air as oxidizer [10, 
92]. Two of these burners, the McKenna burner and the Gülder burner, have been 
used in this work and will be described in the following sections. 

4.1.1 The McKenna burner 

The McKenna burner is manufactured by Holthuis & Associates [93] and is a gas 
burner used to produce flat premixed flames. In Figure 4.1 a photograph of a 
McKenna burner is displayed together with a cutaway view to see how it is 
constructed. With the cutaway view in mind, the burner construction can be 
explained as follows. The fuel/oxidizer mixture is supplied to the center of the burner 
through a pipe connected at the bottom. This gas mixture then exits through a central 
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porous plug with a diameter of 60 mm. Just outside of the central plug there is a 
second coannular porous plug to produce a shielding co-flow around the central plug. 
The gas for the co-flow is also supplied through a pipe connected to the bottom of 
the burner. This co-flow is used to protect the flame from fluctuations induced by air 
movements in the surroundings e.g. from ventilation systems. As can be seen in the 
sketch in Figure 4.1 there is a thin piping connected to the central plug for cooling 
water which is used to keep the porous material from melting and at a constant 
temperature. Seen in the photograph is a stainless steel flame stabilizer with a 
diameter of 60 mm. This is placed centered above the burner to achieve a nice and 
stable flame suitable for measurements. The burner is manufactured in different 
versions; there are McKenna burners with either steel or bronze porous plugs and 
there is also a low-pressure version of the burner, meant for operation at pressures 
below atmospheric pressure. 

 

Figure 4.1 
To the left there is a photograph of a bronze plug McKenna burner and to the right is a cutaway 
illustration of the burner. 

The premixed target flame within the LII community [10, 92] is a premixed 
ethylene/air flame burning on a bronze plug McKenna burner at ߶ = 2.1. This value 
can however easily be changed by changing the ethylene/air ratio if a fuel richer or 
leaner flame is wanted. The ethylene/air mixture should have a flow rate of 10 L/min 
(at 273 K and 1 atm) and the stabilization plate should be placed with its lower edge 
at 21 mm height above the burner surface to produce the premixed and laminar 
standardized flame. Even though a co-flow gas is not specified for the standardized 
case, a co-flow is commonly used to achieve better stability. The standardized flame is 
clearly sooting and has a bright yellow luminosity, see Figure 4.2. The reaction zone 
can be found about 1-2 mm above the burner surface and is recognizable as a thin 
blue disc (not visible in Figure 4.2 due to the soot incandescence). The soot starts to 
form above the reaction zone and grows with height above burner (HAB), as 
described by Figure 2.2, with soot aggregates starting to form at about 10-12 mm 
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HAB, see Paper I. The soot growth also results in larger primary particle sizes and 
higher soot volume fractions with increasing flame height, see Paper I and Paper X. 
The flame temperature peaks at 4 mm HAB where it is ~1750 K and then decreases 
when moving towards the flame stabilizer at 21 mm HAB, see section 5.1.1 and 
Paper I and III for more information about the flame temperature. In addition to the 
settings for the standardized flame it should also be noted that a standard height for 
measurements has been defined at 12 mm HAB. 

Although the standardized flame does not have a defined co-flow it is common to use 
either a co-flow of air or nitrogen to shield the flame from wind whiffs due to 
movements in the surroundings, effectively leading to a more stable flame. For the 
measurements in premixed flames on McKenna burners in this thesis, the flow speed 
of the co-flow has been matched to that of the cold flow speed of the central 
ethylene/air mixture. In Figure 4.2 two photographs of ߶ = 2.1 flames are presented, 
one with a nitrogen co-flow and the other with a co-flow of air. As seen in the 
photographs, the choice of co-flow gas has an impact on the flame. While the visible 
flame width with a co-flow of nitrogen is 25 mm at 10 mm HAB, it is 27.5 when 
using a co-flow of air. This difference can be explained by an outer oxidation of 
unburned products (mainly soot, carbon monoxide and hydrogen) when using air as 
co-flow, which gives rise to the yellow luminosity seen also around the stabilizing steel 
plate, while the nitrogen co-flow instead rapidly cools the soot leaving the flame. For 
investigation and further discussion about the influence of co-flows on McKenna 
burner flames, see section 5.1.1 and Paper III. 

 

Figure 4.2 
Ethylene/air flames burning on a McKenna burner at ߶ = 2.1 where the top flame has a co-flow of 
nitrogen and the bottom one has a co-flow of air. The flow speed of the co-flow is matched to that of the 
cold flow of the ethylene/air mixture. The scale shows the visually evaluated flame edge position at 10 
mm HAB, see Paper III. 
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Flat premixed flames are often referred to as one-dimensional, meaning that variations 
are seen only along the vertical axis while the conditions are constant along the radial 
axis. As a result of the one-dimensionality it is possible to follow the soot formation 
with HAB, where the soot forms low in the flame and then grows with height. This 
makes it possible to conduct measurements of soot at different stages in the soot 
formation process by probing different flame heights, see Paper I, III, V, VI, IX and X 
for studies in flat premixed ethylene/air flames. The one-dimensionality of the flames 
should however be considered as an approximation, since there are some variations 
with radial position. While the temperature is essentially constant in the central parts 
of the flame it either increases or decreases at the edges depending on if air or 
nitrogen is used as co-flow. Furthermore, some variation has also been seen of soot 
particle sizes and soot volume fractions. See section 5.1.1, [94] and Paper III for 
details on the flame characteristics. As a result of the stability and the flame being well 
characterized it is often used as calibration source for absolute measurements of soot 
volume fractions, see for example Paper IV and VIII. 

4.1.2 The Gülder burner 

The Gülder burner is a gas burner mainly used to produce stable laminar diffusion 
flames for soot studies [66, 95]. The fuel is provided through a central fuel tube with 
an inner diameter of 10.9 mm. There is a coannular air nozzle with an inner diameter 
of 88 mm surrounding the fuel tube, for providing a stabilizing air flow around the 
flame. Prior to exiting the nozzle, the air passes a layer of glass beads (5 mm diameter) 
placed between two porous metal discs to achieve a stable air flow without 
instabilities. A photograph of the burner is displayed to the left in Figure 4.3. 

 

Figure 4.3 
A photograph of the Gülder burner is displayed to the left in the figure and to the right is a photograph 
of the standardized ethylene diffusion flame together with a scale indicating the visible flame height at 64 mm. 
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The standardized flame is attained by providing an ethylene flow at 0.194 L/min (at 
294 K and 1 atm) and an outer air flow of 284 L/min. This should optimally result in 
a laminar diffusion flame with a visible flame height of ~64 mm, as depicted to the 
right in Figure 4.3. However, the visible flame height may vary a few millimeters 
depending on for instance the absolute value of the surrounding atmospheric 
pressure. A position at the center of the flame and at a height of 42 mm above the tip 
of the fuel tube has been defined as the standard measurement position and here the 
soot volume fraction has been shown to stay at a relatively constant value of about 4.0 
ppm over 3 mm at a flame width of ~5 mm [72]. The gas temperature at this position 
has been measured to ~1700 K [96]. 

While it is not possible to follow the soot formation in a Gülder burner diffusion 
flame in the same manner as for a premixed McKenna burner flame, the diffusion 
flame has other advantages for measurements. It produces more soot and there are 
positions where the generated soot is of a more mature character than in premixed 
flames [87], making these flames more suitable for some studies. In connection to this 
thesis the standardized Gülder burner flame was used as measurement target for the 
study presented in Paper VII, where gas heating effects from laser heated soot were 
studied, which required a heavily sooting flame. 

4.2 Two-color LII setup 

A sketch of a typical setup for two-color LII, as it has been applied in much of the 
work in this thesis, is presented in Figure 4.4. In short the setup typically consists of a 
Q-switched Nd:YAG laser (Quantel Brilliant B) operating at its fundamental 
wavelength of 1064 nm and with a repetition rate of 10 Hz. The laser beam is guided 
by mirrors to the measurement location at which it has a top-hat spatial intensity 
profile, achieved by a relay imaging system. The pulse energy is adjusted by an 
attenuator system and the beam profile is monitored by a beam profiler CCD camera 
(WinCamD-UCD15) while the pulse energy is measured by a pyroelectric laser 
power meter (Ophir PE25BB-DIF). The signal is detected by PMTs (Hamamatsu 
H6780) at two different wavelength bands by using band-pass filters (Semrock 
BrightLine). 
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Figure 4.4 
A sketch of a typical two-color LII setup as it has been arranged in much of the work constituting this 
thesis. 

In the following sections separate parts of the two-color LII setup will be described in 
more detail. Additionally, important points to consider will also be discussed to 
elucidate specific details and choices. 

4.2.1 Laser considerations 

When choosing laser for the measurements there are several considerations to take 
into account so that the uncertainties and errors are minimized while the signal-to-
noise ratio is maximized. Beginning with the wavelength of the laser, it might seem 
like a choice of short wavelength would be preferable due to the soot absorption 
having an inverse proportionality to wavelength, as seen in Eq. (3.5). However, with 
modern lasers it is not a problem to reach energies far higher than what is needed for 
LII, even in the long visible and infrared wavelength regions. In addition to the soot 
having high absorption efficiency at short wavelengths there are numerous molecular 
species in flames that absorb at wavelengths below ~700 nm [61, 62], most notable 
are PAHs, discussed also in Paper X. Using laser wavelengths below ~700 nm will 
thus result in laser induced fluorescence (LIF) from these molecules, which may 
interfere with the LII signal. Hence it is preferable to utilize laser wavelengths above 
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700 nm for LII measurements, making Nd:YAG lasers with a fundamental 
wavelength of 1064 nm a suitable choice, not only because of the wavelength, but 
also the availability, cost and high output power. A considerable drawback of working 
with laser light at 1064 nm is that it is not visible to the naked eye. This makes 
alignment of the setup more complicated than when working with visible laser 
wavelengths. Furthermore the laser light at 1064 nm is an eye safety hazard, not only 
because it is invisible, but because the light is not absorbed by the cornea and lens in 
the eye and thus this radiation may cause irrevocable damage to the retina. 

The spatial intensity profile of the laser is also of importance for the measurements, as 
discussed in section 3.2.4 and in [90]. For time-resolved two-color measurements a 
top-hat profile is preferable as all particles will reach essentially the same peak 
temperature (assuming ܧ(݉) is the same) since the soot particles are volume 
absorbers, as discussed in section 3.2.4. An experimentally acquired image of a top-
hat profile from a two-color LII setup like the one displayed in Figure 4.4 can be seen 
in Figure 4.5. The presented profile is the one used for the measurements in Papers V 
and IX. As can be seen in Figure 4.5, the profile exhibits some variations (standard 
deviation of 13.5%) and hence it is not a perfect top-hat profile with the same laser 
fluence at every position, which is not experimentally achievable. The variations in 
the profile come for example from lens aberrations and diffraction patterns 
originating from the sharp edges of the apertures, as seen in the lower left part of 
Figure 4.5. 

 

Figure 4.5 
An image taken with a beam profiler camera of the experimentally acquired top-hat intensity profile of 
the heating 1064 nm laser in Papers V and IX. The dimensions are indicated by the X and Y-axes and 
the intensity has been normalized to 1. 
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The typical pulse length of pulsed Nd:YAG lasers at ~10 ns is suitable for LII 
measurements at atmospheric and lower pressures. This is due to the induced LII 
signals at these pressures having a considerably longer duration (~1 μs at atmospheric 
pressure and even longer at lower pressures) than the laser pulses. However, at 
elevated pressures, tens of bars over atmospheric pressure, the LII signal length is 
significantly shorter and comparable to a nanosecond laser pulse. This means that 
picosecond laser pulses may be preferable instead of nanosecond laser pulses in order 
to simplify the evaluation of the LII signal decay [97]. This should be taken into 
consideration if conducting time-resolved LII measurements in for example the 
cylinders of internal combustion engines. 

An additional point to consider when discussing the temporal behavior of the laser is 
the spatiotemporal behavior. Depending on radial position in the laser profile, the 
temporal profile of the laser light may differ, as discussed in [98]. This is a 
phenomenon arising due to the unstable resonators used in many Q-switched 
Nd:YAG lasers, resulting in different temporal profiles and delays of up to ~10 ns 
between the center and edges of the laser profile. As a result, unwanted errors might 
be induced in measurements where high temporal sensitivity is needed if this is not 
taken into consideration, for example by discarding the outer regions of the laser 
spatial profile. 

4.2.2 Laser beam optics 

The laser attenuator system seen in Figure 4.4 is used for adjustments of the laser 
pulse energy and consists of two thin film polarizers and a half-wave plate. The laser 
beam is first ensured to be linearly polarized before passing the half-wave plate by 
placing one of the thin film polarizers in front of the half-wave plate while the other 
one is placed on the other side. Thus by rotating the half-wave plate, the polarization 
of the linearly polarized laser light incident on the second thin film polarizer will be 
turned. This effectively changes the transmitted pulse energy depending on the 
rotation angle between the half-wave plate and the second thin film polarizer. By 
using an attenuator setup like this instead of e.g. changing the flashlamp to Q-switch 
delay for adjusting the pulse energy, the temporal and spatial characteristics of the 
laser pulses are maintained. 

The relay imaging system in Figure 4.4 is used to achieve a top-hat spatial profile of 
the laser beam, as displayed in Figure 4.5. This is done by using an aperture to cut 
out the central section of the laser profile with close to homogenous intensity 
distribution and relay imaging this section to the measurement location. Thereby also 
solving the potential problem arising from a spatiotemporal laser profile as discussed 
in the previous section. Thus the size of the achieved spatial profile is defined by the 
size of the aperture and magnification of the imaging system. The benefit of using a 
relay imaging system with two lenses instead of imaging with a single lens is that the 
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light rays stay parallel. Nevertheless, the top-hat profile will deteriorate with 
increasing distance from the image plane. This effect can be countered through 
elongating the depth of field by using long focal lengths of the imaging lenses. 

4.2.3 Detection system 

The signal collection is achieved by imaging of the measurement position by a 
combination of two achromatic doublets onto an aperture, which size thus delimits 
the probe volume. To make it possible to detect the signal at two different wavelength 
bands the aperture is followed by an imaging system of achromatic doublets including 
a dichroic mirror to separate the signal into two paths, see Figure 4.4. The wavelength 
bands are determined by two band-pass filters and the signal is collected onto PMTs 
connected to a 1-GHz, 4-channel digital oscilloscope (LeCroy Waverunner 104MXi) 
capturing and storing the signals. Implementing the signal collection this way ensures 
that the signal at the two wavelengths originates from the same volume. Furthermore, 
it is simple to add additional detection wavelengths by adding additional dichroic 
mirrors, filters and PMTs, as was done in Paper V and IX for detection of scattering 
at 532 nm. 

A calibration of the two-color detection system is required for evaluation of soot 
temperatures by pyrometry. For this a calibration lamp (Labsphere IES) with a known 
emission spectrum is needed. This lamp is placed so that the emitted light is directed 
straight into the signal collection system, see Figure 4.4. The calibration and 
temperature evaluation is then carried out according to the following description. If 
the signals detected at the two wavelength bands by the PMTs are written as ଵܵ௠ and ܵଶ௠, then the irradiance from the measurement position at the two detection 
wavelength bands can be expressed as, 

ଵܫ  = ଵܥ ଵܵ௠, (4.1) 

ଶܫ  =  ଶܵଶ௠, (4.2)ܥ

where ܥଵ and ܥଶ are calibration constants for the detection efficiency. These 
calibration constants can then be combined into one as, 

ܥ  = ஼భ஼మ = ூభௌమ೘ூమௌభ೘. (4.3) 

Utilizing Eq. (3.17) in combination with (4.3), the temperature can be evaluated as, 
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 ܶ = ௛௖௞ಳ ቀ ଵఒమ − ଵఒభቁ ln ൬ܥ ௌభ೘ௌమ೘ ா൫௠(ఒమ)൯ா൫௠(ఒభ)൯ ቀఒభఒమቁ଺൰ൗ . (4.4) 

4.2.4 Laser monitoring 

The laser pulse energy and spatial intensity profile were monitored by a pyroelectric 
laser power meter and a beam profiler CCD camera, respectively. To measure the 
pulse energy is a straight forward procedure, where the power meter is inserted in the 
beam path during the measurement and withdrawn afterwards. During measurements 
a reflex of the laser pulses is monitored by a fast photodiode (EOT ET-3500, rise/fall 
time is 25 ps) connected to the oscilloscope for collecting the time-resolved laser 
pulse, which can be used as input in the evaluation of the time-resolved LII signals 
and also to reveal any variations of the pulse energy. 

For monitoring of the spatial profile the position along the laser beam at which the 
profile is to be investigated must be imaged onto the CCD chip of the beam profiler 
camera. This is achieved by imaging with a single lens as shown in Figure 4.4. Due to 
the high energy of the laser pulses, the laser light must be attenuated before reaching 
the beam profiler sensor. This is done by utilizing glass windows in series to reflect 
fractions of the laser light until low enough pulse energy is achieved for the beam 
profiler sensor, as illustrated in Figure 4.4. 
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5 Results 

The main findings of the work in this thesis are summarized in this chapter. To begin 
with, the results of measurements in premixed ethylene/air flames burning on 
McKenna burners will be presented. This is followed by the results from studies of 
processes directly affecting the LII signals and then the chapter is ended with a 
summary of the results from applied LII measurements. 

5.1 Measurements in flat premixed ethylene/air flames 

Much of the experimental work with LII in this thesis is based on measurements in 
flat premixed ethylene/air flames burning on McKenna burners. The main reasons for 
this are that they are stable flames and also offer the possibility to separately measure 
on soot at different stages in the soot formation process, i.e. from nascent to mature 
soot. This section summarizes the results found in Paper I, III, V, VI, IX and X, 
where different soot studies have been conducted in flat premixed flames. 

5.1.1 Characterization of flat premixed ethylene/air flames 

The flat premixed ethylene/air flames burning on McKenna burners are well 
characterized, see for example [51, 56, 65, 81, 94] in addition to the papers 
summarized here. A significant effort in the characterization of these premixed flames 
was done in Paper III, a study stimulated by the work of Migliorini et al. [94], where 
the commonly assumed one-dimensionality of the flames was investigated. 

As the premixed ethylene/air flame at ߶ = 2.1 has been denoted as a standard case 
within the LII community, see section 4.1.1, this is also the most studied flame. 
However, also other equivalence ratios have been used. Fuel richer flames with higher ߶ can be of interest when heavily sooting flames are desired, for example to achieve 
strong signals [65, 99]. There are also cases when flames with lower ߶ are of interest, 
for example in Paper VI where low-sooting flames at lower ߶ were used for studies of 
nascent soot. The visual sooting limit was found at ߶ = 1.75, while the detection 
limit for LII (using the LII setup described in Paper VI) was found to be ߶ = 1.77. 
For a visual comparison of premixed ethylene/air flames on a McKenna burner at 
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different equivalence ratios starting at the sooting limit, see Figure 5.1. In the low-
sooting flames at ߶ < 1.9 the reaction zone can clearly be seen as a thin blue/green 
disc above the surface of the burner in the images. The blue/green color comes from 
the chemiluminescence of CH and C2 formed in the reaction zone [100]. 

 

Figure 5.1 
A comparison of premixed ethylene/air flames on a McKenna burner at different equivalence ratios with 
a co-flow of air at a flow speed equivalent to the cold flow speed of the ethylene/air mixture.  

Measurements using various measurement techniques have been conducted at 
different HAB, especially in the standardized ethylene/air flame at ߶ = 2.1. The 
flame temperature, mean primary particle diameter and soot volume fraction as 
functions of HAB are displayed in Figure 5.2. The temperature, measured by 
rotational coherent anti-Stokes Raman spectroscopy (CARS) of N2 [101-103], can be 
seen to have a very steep gradient just above the surface of the burner. This gradient 
can be explained by the water-cooled porous plug, which is maintained at a constant 
temperature much lower than the flame temperature and thus the ethylene/air 
mixture has the same low temperature as it exits the burner through the plug. A peak 
temperature of ~1750 K is reached at 4 mm HAB and then the temperature declines 
with height when approaching the flame stabilizer at 21 mm HAB. The decreasing 
temperature with height can be explained by radiation losses and the flame stabilizer 
acting as a heat sink. The soot primary particle diameters presented in Figure 5.2 are 
mean sizes evaluated from TEM studies of soot, extracted from the flame by 
thermophoretic sampling, see section 3.1. The particle size is seen to increase with 
height due to surface growth and coagulation, as discussed in section 2.2, until about 
10-12 mm HAB where a plateau is reached. Part of the explanation to this plateau 
could be a decreasing surface growth and coagulation as the soot is graphitized, 
attaining the characteristics of mature soot around 12 mm HAB, as discussed in 
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Paper IX. Furthermore, as the primary particles grow larger, added volume results in 
smaller increase of the diameter due to the surface growing as ݀௣ଶ. While the primary 
particle diameter stays essentially constant above 12 mm HAB, the aggregate size, i.e. 
the number of primary particles per aggregate, has been seen to increase, see Paper I. 
The third plot in Figure 5.2 shows the soot volume fraction as function of HAB, 
evaluated from laser extinction measurements at 1064 nm with the value of ܧ൫݉(ߣ)൯ 
kept constant at 0.35, see Paper X for a detailed description of the measurements. 
Studying the plot, a steady increase of the soot volume fraction can be seen with 
increasing height in the flame as the soot formation progresses according to the 
description in section 2.2. 

 

Figure 5.2 
Flame temperature, mean primary particle diameter and soot volume fraction measured at different HAB 
in a premixed ethylene/air flame burning on a bronze plug McKenna burner at ߶ = 2.1 with a co-flow 
of air.  

As seen in Figure 4.2, the choice of gas for the co-flow has an impact on the flame. In 
Paper III the influence of the co-flow was investigated by comparison of 
measurements in premixed ethylene/air flames with ߶ = 2.1 and a co-flow of either 
nitrogen or air. Presented in Figure 5.3 are results of measurements of the flame 
temperature, soot primary particle diameter and soot volume fraction along the radial 
direction at 10 mm HAB from the study in Paper III, together with vertical lines 
indicating the flame edges also seen in Figure 4.2. The largest dissimilarity seen 
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between the two flames is at the outer edges, i.e. a radial position of ~25 mm with the 
nitrogen co-flow and ~27.5 mm with the co-flow of air, see Figure 4.2. In these outer 
flame regions the flame with a co-flow of air has a higher temperature than in the 
central parts while the temperature of the flame with nitrogen co-flow decreases 
rapidly. The increase in temperature can be explained by the outer oxidation of 
unburned products occurring due to the air co-flow, while the rapid temperature 
decrease can be explained by cooling from the co-flow of nitrogen. Studying the 
central parts of the two flames, the temperature is almost the same, where the flame 
with air co-flow has a ~5-10 K higher average temperature, not discernable in Figure 
5.3. A potential explanation to the slightly higher temperature is heating of the 
central parts of the flame by radiation from the warmer outer region. Also the soot 
size and volume fraction follow the same trends in the central regions of the flames, 
with slightly higher values for the flame with air co-flow. At the flame edges the lower 
temperature of the flame with nitrogen co-flow seems to reduce the soot formation 
rate, effectively leading to smaller soot particles and lower soot volume fractions, 
while the outer oxidation surrounding the flame with air co-flow has the opposite 
effect. 

 

Figure 5.3 
Flame temperature, primary particle diameter and soot volume fraction measured at different radial 
positions at HAB 10 mm in a premixed ethylene/air flame burning on a bronze plug McKenna burner at ߶ = 2.1. Circles represent measurements in a flame with a co-flow of nitrogen and crosses correspond to 
a flame with a co-flow of air. The dotted line shows the position of the visual flame edge of the flame 
with nitrogen co-flow while the dashed line corresponds to the flame with a co-flow of air.  
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Considering the assumption of one-dimensionality of these flat premixed flames 
Figure 5.3 makes it clear that this is a somewhat erroneous assumption. While the 
choice of co-flow gas does not have a very large impact on the radial temperature 
distribution within the flame limits, there is a clear influence on the one-
dimensionality of the primary particle size and soot volume fraction. The largest 
influence is seen at radial positions from 16 mm and outwards, especially in the case 
of a nitrogen co-flow, where both the soot size and volume fraction decrease towards 
the flame edges. This might not be a problem for point measurements or imaging 
measurements, but it is clearly a problem for line of sight measurements where the 
result is an average along the laser beam path e.g. in laser extinction. See Paper III for 
the complete study and discussion of the influence of co-flow gas on flat premixed 
flames. 

Before conducting measurements in these premixed flames stabilized by a steel plate, 
there is a general recommendation to run the flame for about 15 minutes to heat up 
the stabilizer and reach a thermal equilibrium for the system before conducting any 
measurements [10]. In Paper III it was tested whether this actually has any influence 
on the flame, or more specifically on the soot generated by the flame. This was done 
by utilizing ELS (at 532 nm) to probe for variations of the soot during 50 minutes 
after ignition of the flame (at 10 mm HAB in a premixed ethylene/air flame with ߶ =2.1). ELS was used as probing technique due to the high sensitivity to changes of the 
soot particle size as the light scattering is proportional to ݀௣଺, see Eq. (3.13). The 
result is plotted in Figure 5.4 and a slight increase of the signal can be seen during the 
~10 first minutes. However, since the scattering signal is not only dependent on the 
primary particle size, but also the aggregate size, particle number density and complex 
refractive index, the signal increase cannot solely be attributed to an increase of the 
size of the primary particles. The increase of the signal is nevertheless an indication of 
a change of the soot properties. Thus it is verified that the recommendation of a ~15 
minute heat up time holds. However, when the same kind of measurement series over 
time was done with CARS, no temperature variation could be discerned. 

  



52 

 

Figure 5.4 
The normalized ELS signal (532 nm), plotted over time, from a premixed ethylene/air flame at ߶ = 2.1 
and HAB 10 mm burning on a bronze plug McKenna burner with a co-flow of air. 

5.1.2 Optical investigations of soot properties and maturity 

When conducting measurements on soot at different heights in flat premixed flames, 
it involves measuring on soot at different stages in the soot formation process i.e. soot 
at different levels of maturity. In this section the results from studies of soot 
properties in flat premixed flames are summarized and differences found between 
nascent and mature soot are discussed. The presented data originates from the studies 
presented in Paper I, V, VI, IX, and X. 

The absorption function can be evaluated from time-resolved LII data using a 
numerical model for LII, following the method introduced by Snelling et al. [80], 
which was done as part of the studies in Paper I and IX. The evaluation routine 
requires a number of parameters to be known and that the measurements are made in 
the low-fluence regime, below the sublimation threshold of the soot, so that the 
sublimation (see section 3.2.4 and Eq. (3.23)) can be disregarded in the modelling. 
To begin with, the flame temperature and the soot particle temperature are required 
and these can be measured by for example rotational CARS and two-color pyrometry, 
respectively. The absorption rate, described by Eq. (3.19), is then adjusted in the 
modelling so that the modelled soot peak temperature equals the experimentally 
evaluated one. This is done by varying the value of the absorption function until a 
best fit between the temperatures is found, resulting in a value of ܧ൫݉(ߣ)൯ at the 
laser wavelength. Studying Eq. (3.19) it can be seen that this evaluation scheme 
requires the laser pulse energy, laser spatial and temporal profiles and primary particle 
size to be known. However, by evaluating at the signal peak, the influence of the 
particle size on the result is minimized due to the soot particles being volume 
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absorbers, resulting in essentially the same peak temperatures independent of size as 
discussed in section 3.2.4.1. The inferred value of ܧ൫݉(ߣ)൯ by this method is valid at 
the laser wavelength, which for the studies in this thesis is 1064 nm. Furthermore, 
since the inferred value is based on soot heated more than 2000 K it is an effective 
value for a range of soot temperatures, thus including effects taking place during the 
heating e.g. graphitization of the soot. 

The absorption function has been evaluated at a wavelength of 1064 nm for soot at 
different HAB in flat premixed ethylene/air flames at both ߶ = 2.1 and ߶ = 2.3 in 
Paper IX. In Figure 5.5 the resulting values for ܧ(݉) at a wavelength of 1064 nm are 
presented at 8, 9, 10, 12 and 14 mm HAB for both of the investigated flames. The 
evaluated values are lower at all heights in the ߶ = 2.1 flame except for at 14 mm 
HAB, most likely due to a slower soot formation process, i.e. a lower degree of 
maturity at corresponding heights. Both flames display an increasing trend of the 
absorption function with increasing height in the flames. This can be explained by the 
increasing soot maturity with height in the flames, where the more mature soot at 
higher HAB absorb more efficiently due to the higher fraction of graphitic bonds, i.e. 
sp2 bonds [7]. Apart from the studies in conjunction to this thesis, there are several 
other investigations where an increasing absorption efficiency with increasing soot 
maturity has been evaluated, see for example [81, 87, 104]. By further analyzing 
Figure 5.5 the increase of the evaluated values of the absorption function can be seen 
to almost cease above ~10-12 mm HAB, indicating that an essentially constant level 
of maturity is reached above these heights in the flame with an ܧ(݉) value around 
0.35 at a wavelength of 1064 nm. This value is in good agreement with previously 
reported ones, see [10, 105] and references therein. 

 

Figure 5.5 ܧ(݉) at 1064 nm evaluated from LII measurements at a laser fluence of 0.14 J/cm2 at different HAB in 
flat premixed ethylene/air flames at ߶ = 2.1 and ߶ = 2.3. 
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An important point to consider when evaluating ܧ൫݉(ߣ)൯ from LII data using the 
described method is a potential change of the soot properties as a result of the rapid 
laser heating for example laser induced graphitization, as has been suggested to occur 
[87, 106, 107] and effectively increase the absorption efficiency. This could affect the 
inferred values of the absorption function, especially at the lower flame heights, 
potentially resulting in higher evaluated values. Additionally, a key assumption that is 
made when evaluating the absorption function using LII is that the product ߩ௦ ∙ ܿ௦ 
stays constant throughout the absorption process and also for soot at different levels 
of maturity. 

The absorption function has a wavelength dependence through the complex refractive 
index which is wavelength dependent, as mentioned in section 2.3 and discussed in 
detail in [7]. A suggested wavelength dependence of the absorption function has been 
presented in several studies, with significant discrepancies in some cases, see for 
example [10, 105, 108, 109] and references therein. Some of the differences can likely 
be explained by the different soot sources used, producing soot with different 
properties, such as the differences seen between nascent and mature soot. A varying 
wavelength dependence of the absorption function with soot maturity in premixed 
ethylene/air flames is discussed to some extent in Paper IX and X, and an attempt is 
made for predicting the wavelength dependence at different HAB in flat premixed 
ethylene/air flames. As seen in Eq. (3.5), the absorption of light by soot particles has a ∼ 1 ⁄ߣ  dependence within the Rayleigh limit. By assuming the scattering to be 
negligible in the laser extinction measurements in Paper X, where extinction was 
measured in flat premixed ethylene/air flames at different HAB and with different 
laser wavelengths, the absorption was seen to deviate from the predicted ∼ 1 ⁄ߣ  
dependence at low HAB. This deviation was incorporated as a dispersion coefficient ߙ for the wavelength dependence of the absorption using Eq. (3.5), 

௔௕௦ܭ  = గమா൫௠ೝ೐೑൯ఒഀ ܰ݀௣ଷ, (5.1) 

where ݉௥௘௙ is a constant complex refractive index used in the evaluation. A 
wavelength dependence for ܧ൫݉(ߣ)൯ can be achieved by instead interpreting ߙ as a 
wavelength dependence of the absorption function as, 

൯(ߣ)൫݉ܧ  ∝  ଵିఈ. (5.2)ߣ

The inferred ߙ from Paper X is plotted in Figure 5.6 as function of HAB for two flat 
premixed ethylene/air flames at ߶ = 2.1 and ߶ = 2.3. As can be seen in the figure, 
the dispersion coefficient seems to approach a value of 1 for heights above ~12 mm, 
suggesting an essentially wavelength independent absorption function. This is in quite 



  

55 

good agreement with results reported for mature soot in similar studies, see [108] and 
references therein. However, up to ~12 mm HAB ߙ is seen to decrease, indicating a 
decreasing wavelength dependence of ܧ൫݉(ߣ)൯ with increasing HAB. Similar 
indications have also been found in other studies, see for example [51, 110]. An 
important implication of these results is for soot temperature evaluation using the 
two-color pyrometry procedure outlined in section 3.2.3. A wavelength dependent 
absorption function makes the assumption ܧ൫݉(ߣଶ)൯ ൯ൗ(ଵߣ)൫݉ܧ = 1 erroneous, 
resulting in the evaluated temperatures at lower HAB being incorrect. However, using 
the results presented in Figure 5.6 together with (5.2), it is possible to correct for the 
wavelength dependence in the temperature evaluation. This was done for temperature 
evaluations of soot in Paper IX, resulting in lower temperatures than first evaluated 
when not accounting for a wavelength dependent absorption function. 

 

Figure 5.6 
Dispersion coefficient, ߙ, plotted as function of HAB for flat premixed ethylene/air flames at ߶ = 2.1 
and ߶ = 2.3. 

Another important soot property when conducting LII measurements is the soot 
sublimation threshold, defining the transition point between the low fluence and high 
fluence regimes, see section 3.2.4. The sublimation threshold is commonly defined at 
a certain laser fluence or a temperature. However, there are differences between these 
two measures of the sublimation threshold that are important to take into 
consideration. A sublimation fluence threshold is not a pure soot property, since it 
also depends on the laser properties, i.e. wavelength (due to the wavelength 
dependence of the absorption, Eq. (3.5)) and spatial and temporal profiles, and the 
flame temperature (the soot has to be heated from the flame temperature to the soot 
sublimation temperature). Furthermore, a fluence threshold also depends on the value 
of the absorption function, meaning that the level of soot maturity also has an 
influence on the fluence threshold. Accounting for these aspects, the benefit of using a 
laser fluence threshold is that it is simpler to measure and monitor the laser fluence 
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than the soot temperature. Soot sublimation thresholds at different HAB in premixed 
ethylene/air flames were evaluated for flames at ߶ = 2.1 and ߶ = 2.3 in Paper IX. 
This was done by using a pump-probe combination of two-color LII and ELS, where 
a laser at 1064 nm was used to heat the soot and two-color LII was utilized to 
determine the soot temperature, while ELS was used to probe for the onset of 
sublimation. Both the sublimation fluence threshold and temperature threshold from 
Paper IX are plotted in Figure 5.7 for different HAB in the two flames. The presented 
temperature thresholds are corrected for a wavelength dependent ܧ൫݉(ߣ)൯ using the 
results from Figure 5.6. Uncorrected temperature thresholds are presented in the full 
study, see Paper IX. The threshold values, both the fluence and the temperature, are 
converging towards an essentially constant value above ~12-14 mm HAB. This can 
most likely be explained by the soot reaching a certain level of maturity above ~12 
mm HAB, as also seen in the results presented in Figure 5.5 and Figure 5.6. The 
sublimation temperature threshold at ~3400 K for mature soot at heights above ~12 
mm agrees well with previously presented results by Liu et al. [111] where a value of 
3300-3400 K was found. 

 

Figure 5.7 
Sublimation fluence and temperature thresholds evaluated at different HAB in flat premixed ethylene/air 
flames burning at ߶ = 2.1 and ߶ = 2.3. 

As the soot properties vary with soot maturity the LII signal response will inevitably 
also be altered. In Paper VI a detailed investigation was made of the LII signal 
detected from very small nascent soot particles found in low-sooting flat premixed 
flames using an experimental setup with high detection sensitivity. The results of this 
study indicate that the LII signal from the smallest detectable nascent soot particles in 
the studied flames do not show the same behavior with increasing laser fluence as 
commonly seen. The fluence curves do not display an S-shape as seen for the fluence 
curve presented in Figure 3.5, at least not within the fluence range where an S-shape 
is typically seen. Instead the LII signal was found to increase linearly with increasing 
laser fluence for these soot particles within the studied laser fluence range. Presented 
in Figure 5.8 is a comparison of fluence curves measured at 12 mm HAB in flat 
premixed ethylene/air flames burning at different equivalence ratios. A flame with an 
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equivalence ratio of 1.77 was the lowest sooting flame in which a signal could be 
detected with the setup used. 

 

Figure 5.8 
LII fluence curves, i.e. signal as function of laser fluence, for different equivalence ratios of flat premixed 
ethylene/air flames on a McKenna burner, measured at 12 mm HAB. The plotted results are normalized 
at the measurement point corresponding to the highest laser fluence, 0.6 J/cm2. 

In Figure 5.8 the fluence curves at the different equivalence ratios are seen to 
gradually transition from the commonly seen S-shape to a linear behavior at ߶ =1.77. This linear shape of the fluence curve was seen at all studied heights in the ߶ =1.77 flame, from 8 mm to 16 mm HAB and also in the ߶ = 1.85 flame at heights 
up to 10 mm HAB. Another interesting observation in the ߶ = 1.77 flame was that 
the LII signal decay time did not change with height, suggesting essentially constant 
particle properties throughout the flame. Thus it seems like particle nucleation takes 
place, but only minor soot growth i.e. surface growth and coagulation. The inevitable 
question that arises is if the detected signal really is thermal emission from particles or 
if it could be some kind of LIF signal, induced from large PAHs. The following 
reasoning and analysis led to the conclusion that the origin of the signal really was 
thermal emission, i.e. LII. 

1. A laser wavelength of 1064 nm was used to heat the soot particles to avoid 
LIF, even from the largest PAH molecules. The longest excitation wavelength 
at which LIF interference has been detected is ~700 nm [61, 62]. This is 
further strengthened by the results from the laser extinction study in Paper X, 
where no absorption except for that from soot was observed at wavelengths 
longer than 700 nm. 

2. The possibility of a LIF signal from two-photon excitation was ruled out due 
to a combination of weak absorption cross-sections and low concentrations of 
PAHs large enough to generate such a signal. 
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3. Planck’s law, Eq. (2.7), could be fitted to measured spectra showing broad 
band emission at low HAB in the ߶ = 1.85 flame. Unfortunately, the signal-
to-noise ratio at ߶ = 1.77 was not high enough to achieve any spectra for 
analysis. 

4. Two-color LII measurements were made at 10 mm HAB in the ߶ = 1.85 
flame for laser fluences up to 1.5 J/cm2, resulting in a fluence curve 
indicating an S-shape. Furthermore, evaluation of the two-color data resulted 
in evaluated temperatures approaching 4000 K for the highest fluence. 

The results indicate that nascent soot particles with sizes on the order of a few nm can 
be detected using LII. However, their optical and physical properties likely differ 
substantially from those of soot at the later stages in the formation process, probably 
being the reason for the essentially linear relationship between signal and laser fluence 
observed. These results show potential for utilizing LII as a tool to study newly 
nucleated soot particles, of which important knowledge is lacking to accurately model 
the nucleation process. 

5.2 Processes affecting time-resolved LII signals 

The physics behind the time-resolved LII signals are complex and challenging to 
model due to the numerous processes taking place during the rapid laser heating and 
successive cooling of the soot particles. Results from the studies made in Paper II and 
VII, where processes affecting time-resolved LII signals were investigated, will be 
summarized in this section. 

5.2.1 Soot aggregation 

The decay time of the LII signal depends on soot primary particle size, as described in 
section 3.2.4, where the decay time is longer for larger primary particles due to a 
decreasing surface-to-volume ratio. However, it can also be reasoned that when the 
soot starts to form aggregates, the heat loss rate should decrease even more. This 
decrease would result from a shielding effect where the primary particles in the 
aggregate shield each other from impinging atoms and molecules, leading to a 
decrease of the heat conduction rate of the aggregate. A shielding effect like this has 
been modelled in a number of numerical investigations that all indicate an actual 
influence of aggregation on the temperature decay of laser heated soot particles, see 
for example [73, 74, 84, 112]. Experimental investigations of aggregate shielding are 
however scarce, and presented in Paper II is, to my knowledge, the first experimental 
investigation of the influence of a shielding effect on the decay time of time-resolved 
LII signals. 
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For the investigation in Paper II an in-house built soot generator resembling the 
commercial CAST system [113] was used for generation of the soot particles. The 
generator consists of two coannular tubes with a flow of propane in the center and a 
co-flow of air, producing a laminar diffusion flame. At a height of 55 mm above the 
burner surface a horizontal stream of air, at a constant flow, was used to quench the 
flame and thereby produce a homogenous and steady flow of soot particles. By 
variation of the propane and air flows, the morphology of the generated soot could be 
altered. A detailed description of the soot generator can be found in [114]. By a 
combination of TEM, SMPS and DMA-APM measurements, see section 3.1, the 
emitted soot could be characterized in terms of soot primary particle size and number 
of primary particles per aggregate. Using these techniques, three different operating 
conditions were found at which the primary particle sizes were practically the same 
while there was a significant difference between the aggregate sizes. These operating 
conditions were termed Case A, B and C and in Figure 5.9 the primary particle size 
distributions are displayed together with TEM images for each of the three cases, 
where Case A corresponds to the smallest aggregates and Case C to the largest. 

 

Figure 5.9 
Evaluated soot primary particle size distributions presented together with TEM images for the three 
operating conditions used, named Case A, Case B and Case C. 

Two-color LII measurements were conducted for each of the three cases using a setup 
similar to the one described in detail in section 4.2. For further experimental details 
see Paper II. The resulting time-resolved LII signals for the three cases are presented 
in Figure 5.10. A significant difference in decay time is seen when comparing the LII 
signals from the three cases. Furthermore it can be noted that the signal with longest 
decay time corresponds to Case C and the signal with shortest decay time corresponds 
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to Case A. This is in agreement with the aggregate shielding theory [73, 84] and 
previously mentioned modelling results, predicting that larger soot aggregates result in 
longer LII signals. 

 

Figure 5.10 
A comparison of experimentally measured time-resolved LII signals for three separate operating 
conditions of the soot generator, Case A, B and C. 

In addition to the two-color LII measurements and visual comparison of the time-
resolved curves presented in Figure 5.10 our numerical model for LII was used to 
further analyze the data, with and without using the aggregation mechanism 
developed by Liu et al. [84]. Evaluation of primary particle diameters from the 
experimental curves using the LII model without accounting for aggregation resulted 
in monodisperse equivalent sizes of 19, 26 and 36 nm for Case A, B and C, 
respectively. A clear disagreement is seen when comparing the diameters evaluated 
using the model to the ones evaluated from the TEM data, presented in Figure 5.9. 
Utilizing the aggregation mechanism and the primary particle sizes in Figure 5.9, the 
model was used to simulate LII signals for the three cases. While the same trend was 
achieved, with longest signal for Case C and shortest signal for Case A, the same 
quantitative difference of decay times could not be reached for the modelled signals. 
It could however not be clarified whether this was purely due to the model failing to 
reproduce the influence of aggregation on the signal decay, or if the differences seen 
between the decay times in Figure 5.10 are a combined result of aggregation and 
differing soot properties between the three cases (e.g. thermal accommodation 
coefficient). Nevertheless, the results strongly suggest that at least part of the 
explanation to the observed difference between decay times lies in an increasing 
shielding effect with increasing level of aggregation. 
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5.2.2 Local gas heating 

When an LII measurement is performed, where the soot is rapidly heated to 
temperatures up to ~4000 K and then cools down to the ambient temperature, it can 
be argued that the heat carried away from the soot should be deposited in the ambient 
gas (except for the fraction of heat lost by radiation). Depending on the soot volume 
fraction and how fast the heat diffusion is, this could possibly lead to a noticeable 
local gas heating effect in the measurement volume i.e. the volume affected by the 
laser light. An effect like this was discussed by Eckbreth already in 1977 [115], who 
made theoretical estimates of the heat diffusion rate from laser heated soot. The 
conclusion was that a gas heating effect due to heat conduction from laser heated soot 
should be seen on a time scale of ~10-100 ns for typical soot sizes presented in this 
thesis. Another study on the same subject was made by Snelling et al. [116] who, in 
addition to theoretical predictions, also made an experimental investigation using 
two-color pyrometry. The results indicated a significant local gas heating in an 
ethylene/air diffusion flame burning on a Gülder burner, described in section 4.1.2. 

In Paper VII a combination of two-color LII and rotational CARS was utilized to 
experimentally investigate the gas heating effect induced by laser heated soot in the 
same diffusion flame as used in [116] and described in section 4.1.2, with a soot 
volume fraction of ~4.0 ppm at the measurement position. The gas temperature 
increase evaluated from CARS measurements is plotted in Figure 5.11 as a function 
of delay time between the heating laser pulse (1064 nm) and the CARS probe pulse 
for two different laser fluences of the heating laser. A laser fluence of 0.14 J/cm2 was 
chosen to get as high gas heating effect as possible with only minor sublimation of the 
soot occurring, while a laser fluence of 0.40 J/cm2 was chosen to have a measurement 
case where major sublimation is present. 

  



62 

 

Figure 5.11 
Increase of the gas temperature as a result of heat transfer from soot particles heated using a laser at 1064 
nm and laser fluences of 0.40 and 0.14 J/cm2, as indicated in the figure. The temperature is evaluated 
from rotational CARS measurements at different delay times to the heating laser pulse. The vertical 
dotted line indicates where the x-axis changes from linear scale to logarithmic and the horizontal dotted 
lines indicate the mean values at the plateau regions of the two data sets. 

Studying Figure 5.11, the gas temperature is seen to increase some 10´s of K already 
within the first 100 ns, reaching a plateau at delay times on the order of μs i.e. the 
soot particles and the gas are at temperature equilibrium. The temperature is seen to 
decrease back to the original flame temperature at times from ~0.1 ms to a few ms 
which is interpreted as a combination of thermal diffusion and the heated gas volume 
being swept away by the vertical gas flow in the flame. Additionally, two dotted 
horizontal lines are seen, designating the mean temperature increase in the estimated 
plateau region (the region covered by the dotted lines). Thus, the evaluated 
temperature increase using a heating laser fluence of 0.14 J/cm2 is ~50 K lower than 
when using a heating laser fluence of 0.40 J/cm2, as indicated in Figure 5.11. A higher 
temperature increase at a fluence of 0.40 J/cm2 (inducing major sublimation) means 
that also part of the energy lost by sublimation from the soot is deposited in the 
surrounding gas. 

To investigate how the local gas heating changes with increasing laser fluence, a 
measurement series was made where the delay between the heating laser and the 
CARS probe laser was kept constant at 10 μs, well within the plateau region seen in 
Figure 5.11, while the heating laser fluence was varied. The results of this 
measurement series can be seen in Figure 5.12, where a steady increase of the gas 
heating is seen as a function of laser fluence throughout the studied fluence range.  
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Figure 5.12 
Temperature increase of the gas due to heat transfer from laser heated soot particles plotted as function 
of heating laser fluence. Temperatures are evaluated using rotational CARS and the error bars represent 
an estimated uncertainty from a series of measurements. 

The consequences of gas heating for LII are mainly of importance when evaluating 
time-resolved LII signals since the gas heating is taking place simultaneously with the 
decay of the LII signal i.e. as the soot cools down after the heating laser pulse has 
passed. Since the effective gas heating is gradual, so is the impact on the LII signal. 
Hence, if not taking the gas heating into account, a lower heat conduction rate is to 
be expected due to the increase of ambient gas temperature. The effect of this on 
time-resolved LII signals is a somewhat longer decay time than predicted. Thus 
particle sizes evaluated from time-resolved LII signals will be slightly over predicted if 
gas heating is not considered. 

5.3 LII applied for measurements of soot volume fractions 

In practical combustion devices LII is commonly applied for 2D measurements of 
soot volume fractions, ௩݂, as described in section 3.2.4. In Paper IV and VIII, LII was 
used for 2D mapping of the soot volume fraction in partially premixed vaporized 
liquid fuel flames and diluted unstrained flat CH4/O2 diffusion flames, respectively.  

In Figure 5.13 some of the results from measurements in a partially premixed flame 
burning vaporized n-heptane (C7H16) at ߶ = 3.7 are displayed. The images were 
collected by an ICCD camera, for experimental details see Paper IV and for a detailed 
description of the burner see [117]. Both 266 nm and 1064 nm were used as laser 
wavelengths to heat the soot. By using a laser wavelength of 266 nm both laser-
induced fluorescence (LIF) from PAH and LII from soot were acquired at the same 
time. The prompt signal resulting from the 266 nm laser is displayed in pane a) in 
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Figure 5.13, showing the overlapping LIF and LII signals. In pane b) the signal 
induced by the 266 nm laser is detected using a gate delayed by 50 ns to the laser 
pulse, thus only detecting LII due to the much shorter decay time of LIF compared to 
LII. While the signals in a) and b) are only qualitative, pane c) displays the soot 
volume fraction evaluated from LII measurements using a laser wavelength of 1064 
nm (thus avoiding PAH LIF). Comparing the three panes to each other it becomes 
clear that the top part (around 15 mm HAB) of the signal from prompt detection at 
266 nm excitation originates from LII, while the signal below ~13 mm HAB can be 
related to LIF from PAH. Another interesting observation that can be made when 
following the vertical center line is that as the PAH signal decreases with height, after 
reaching a peak around 12 mm HAB, the LII signal increases. This can be interpreted 
as the PAH molecules, i.e. soot precursors, being consumed when the soot particles 
are formed. Measurements were also made using n-decane (C10H22) as fuel, resulting 
in the same trends, but with higher soot volume fractions. At ߶ = 3.7 the n-decane 
flame produced about a factor 1.3 higher peak soot volume fraction than the n-
heptane flame. More details and results from the measurements in vaporized n-
heptane and n-decane flames are found in Paper IV. 

 

Figure 5.13 
2D laser-induced signals from a partially premixed vaporized n-heptane flame burning at ߶ = 3.7. Pane 
a) displays the overlapping signals of LII and PAH LIF resulting from prompt detection using 266 nm 
laser excitation, b) shows the signal when delaying the gate in a) by 50 ns, thus only collecting part of the 
LII signal decay and c) shows the evaluated soot volume fraction using 1064 nm excitation. 

In Paper VIII diluted unstrained flat CH4/O2 diffusion flames were characterized in 
terms of soot volume fraction distributions by 2D LII measurements using 1064 nm 
laser light. While the supplied oxidant consisted of 100% O2 the fuel gas flow was 
diluted with CO2 to achieve different volume fractions of CH4, effectively varying the 
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mixture strength while keeping the flow speed constant. A picture of one of the 
sooting flames is displayed in Figure 5.14 burning at ߶ = 2.18 (here defined as the 
mixture strength of the provided CH4 and O2), where the sooting region can be 
recognized as the brightly yellow layer of a few mm thickness. A detailed description 
of the burner is available in [118]. 

 

Figure 5.14 
A photograph of a sooting flat diffusion flame burning at ߶ = 2.18. 

A wide range of flames with different mixture strengths and gas flows were 
investigated, of which only some are presented in Paper VIII. The vertical soot 
volume fraction distribution for seven flames with different volume fractions of CH4 
in the fuel gas flow are presented in Figure 5.15. The shape of the spatial soot 
distribution is similar for all of the mixture strengths, with increasing volume fraction 
and width of the soot layer for increasing volume fractions of CH4. The soot volume 
fraction is seen to gradually increase from lower to higher heights i.e. from lower to 
higher temperatures as the fuel is pyrolyzed and soot is formed. A peak ௩݂ is reached 
at a certain height, above which a rapid decrease can be seen due to oxidation of the 
soot. This behavior is representative for all of the investigated flames. 

 

Figure 5.15 
Soot volume fraction distributions along the vertical direction in seven different unstrained flat CH4/O2 
diffusion flames, evaluated from 2D LII measurements. The CH4 volume fraction ranges from 32% up 
to 44%, as indicated in the figure. 
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As discussed in 3.2.4, the largest uncertainties when quantitatively evaluating soot 
volume fractions using LII stem from the calibration procedure and the choice of ܧ(݉), assuming a laser wavelength of 1064 nm is used so PAH LIF interference of 
the signal can be neglected. In both Paper IV and VIII calibration was performed in 
flat premixed ethylene/air flames in which the soot volume fraction was originally 
evaluated using laser extinction. Thus the uncertainty from the extinction technique 
propagates to the evaluated soot volume fractions using LII. Most notable is the 
uncertainty related to ܧ(݉), for which an absolute value is required to determine ௩݂ 
by laser extinction. This has been discussed in section 2.3 (soot properties), 3.2.1 
(laser extinction) and 3.2.4.3 (LII). The soot volume fraction in the premixed 
ethylene/air flames used for calibration in Paper IV and VIII was evaluated using ݉ = 1.56 − 0.46݅ from [19], i.e. ܧ(݉) = 0.217. Whether this is a suitable value or 
not can certainly be discussed, and recent studies actually indicate that a higher value 
of ܧ(݉) might be more appropriate to use. See for example Paper IX where ܧ(݉) 
was evaluated to ~0.35 for HAB from ~12 mm and up in premixed ethylene/air 
flames at ߶ = 2.1 and ߶ = 2.3. 



  

67 

6 Summary and outlook 

The conducted work displays a variety of ways in which LII can be applied for 
measurements of soot properties, both on its own and in combination with other 
diagnostic techniques. The main part of the work has been done with an aim to 
improve the knowledge about soot particle properties and how these affect the LII 
signal, knowledge that is crucial for conducting accurate LII measurements and 
evaluations. Additionally, LII has been used as a tool to characterize different 
laboratory flames in terms of soot properties. 

Maturity of soot and differences between nascent and mature soot have been 
investigated and discussed to some extent in Papers I, V, VI, IX and X, where the soot 
formation was followed as a function of HAB in flat premixed ethylene/air flames. In 
Paper VI the LII signal response of newly nucleated nascent soot particles was studied 
in low-sooting premixed flames and the results revealed significant differences in 
comparison to the signals commonly seen. Even though the results are challenging to 
interpret, they show potential for LII as a diagnostic technique for investigations of 
these newly nucleated soot particles. The thermal accommodation coefficient of soot 
and its evolution with soot maturity was discussed in Paper I, where the results 
indicate a decreasing trend with HAB. The absorption function and its variation with 
soot maturity and wavelength were discussed and investigated in Papers I, V, IX and 
X. Results from these studies suggest an increasing ܧ(݉) with height, reaching a 
value of ~0.35 for mature soot. While ܧ(݉) seems to be almost wavelength 
independent for mature soot, the results suggest that ܧ(݉) decreases with wavelength 
for nascent soot particles. Using a combination of LII and ELS, the sublimation 
threshold and its variation with soot maturity were investigated in Papers V and IX, 
where the sublimation threshold temperature was found to increase slightly with soot 
maturity and reach an essentially constant value around 3400 K for mature soot. 

The behavior of time-resolved LII signals and processes affecting these were 
investigated in Paper II and VII. In Paper II LII was utilized together with SMPS and 
DMA-APM to investigate the influence of soot particle aggregation on time-resolved 
LII signals. The results show that aggregation of soot particles leads to longer LII 
signals, likely due to a shielding effect that decreases the heat conduction rate and 
thus results in longer decay times of the LII signals with increasing levels of 
aggregation. The study in Paper VII was aimed at investigating a potential gas heating 
effect as laser heated soot cools down, resulting in an increase of the surrounding gas 
temperature. By combining LII with rotational CARS for temperature measurements, 
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the gas temperature was found to increase ~100 K in a flame with 4 ppm of soot 
when heating the soot by ~2000 K. 

LII was also applied for characterization of laboratory flames. In Paper III the 
premixed ethylene/air flame standardized within the LII community was investigated 
at ߶ = 2.1 for co-flows of air and nitrogen. The results show uneven soot 
distributions along the radial axis, differing with choice of co-flow gas. Thus the 
assumption of one-dimensionality is somewhat violated and also depends on the 
choice of co-flow gas. Additionally, flames burning vaporized n-heptane and n-decane 
were characterized in Paper IV in terms of soot volume fraction distributions and in 
Paper VIII soot volume fraction distributions were measured in diluted unstrained 
flat CH4/O2 diffusion flames. 

The main contributions from this work to the LII community are the results 
concerning differences of soot properties between nascent and mature soot, and 
knowledge of ܧ(݉) and its variation with soot maturity and wavelength. These are 
important subjects for improving the LII models and thereby also the accuracy of the 
LII technique. Furthermore, this is knowledge that can be used within other fields of 
research as well. It is also interesting for combustion and climate modellers for 
improving the knowledge about soot particles, how they evolve with time and the 
impact of soot emissions on the climate. 

Of large importance for the development and improvement of the LII technique is 
the international workshop on LII taking place every 2nd year. The first meeting was 
held in Duisburg, Germany 2005 and the sixth one was held on the island of Ven in 
Sweden 2014. At these meetings the recent findings on LII are discussed in a 
collaborative effort to solve arisen questions and obstacles. Two good examples of the 
outcomes of these collaborative efforts are [10, 119], where the results of different 
research groups within the LII community are compared and discussed. It is 
important for future development and progress of the LII technique that these 
meetings continue, so the most recent trends and questions can be debated in a 
familiar environment. The next LII workshop is scheduled for 2016 and will be 
hosted by Sandia National Laboratories in USA. 

Another workshop that has been initiated is the international sooting flame (ISF) 
workshop where modelers are brought together with experimentalists to compare 
their results. This workshop is held every 2nd year in conjunction with the 
International Symposium on Combustion. The first workshop took place in Warsaw, 
Poland, 2012 and the second one was held in conjunction with the symposium in 
San Francisco, USA, 2014. The aim of the workshop is to designate target flames for 
both modelling and experimental measurements, and compare the results. This kind 
of validation is crucial for confirming that the results are reliable as well as for 
improving the knowledge on soot formation and soot properties. Cross-disciplinary 
collaborations like this are very useful for further developing the LII technique by 



  

69 

finding out what knowledge other fields are lacking and also by filling knowledge 
gaps within the LII field of research. 
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