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Summary 

 
 
Combustion is the main source of power and heat, but unfortunately the process also 
typically results in the formation of various pollutants. Greenhouse gases may be the most 
current example, but the combustion-generated fine particulate matter (such as soot) is an 
important source of environmental and health concerns, and can impact the performance 
of combustion equipment. Molecular precursors of particles will condense into small 
clusters, which will in turn collide and merge with other molecules and clusters. In latter 
stages, small spherical clusters, commonly referred to as primary particles or monomers, 
form the basis of what are known as fractal aggregates: dendrite-like structures with a high 
surface to volume ratio, often characterized by their monomer radius, 𝑎𝑎𝑎𝑎, mass-averaged 
root-mean-square radius (a.k.a. radius of gyration, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔), and fractal dimension, 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓. The size 
and structure of the solid structures are major determinants for their impact. 

Many different particle species can be generated in combustion, but in this thesis 
we focus on two: soot and silica. Soot is the most ubiquitous type of combustion-generated 
particle, formed during the incomplete combustion of hydrocarbons, which occurs under 
fuel-rich conditions, i.e. where limited oxygen is available. Modeling and predicting soot 
formation and growth in flames remains challenging despite extensive research into the 
topic. For this reason, experimental studies of the formation and growth of soot are 
indispensable in adding to our understanding of relevant processes and for improving 
models of soot formation. Meanwhile, our interest in silica is motivated by the fact that it 
may be formed in the combustion of biogas, owing to trace amounts of siloxanes found 
therein. The deposition of ‘fluffy’ fractal structures will result in more blocked volume in, 
for example a heat exchanger, than a denser layer of equal mass. Therefore, a reliable model 
describing the growth and properties of the aggregates is essential for formulating realistic 
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limits; hence the importance of understanding in detail what happens on the aggregate 
level. 

For high quality reproducible experiments, a well-controlled combustion 
environment is desired, preferably one that is easily accessible for diagnostic tools. Flat 
laminar premixed flames are especially amenable for study because of their 1-D character, 
which means that conditions only change along one axis of the flame. In these flames, 
processes can be studied as function of time by performing measurements at different 
distances from the burner. The burners and gas handling system that were used to produce 
aggregates in this type of flame, for a variety of conditions, are described in 0. An important 
concept in this work is that of burner stabilization, as it enables independent control over 
the flame temperature and fuel equivalence ratio without the need for dilution of the 
premixed gas/air mixture with an inert species. 

This thesis focuses on the experimental study of the formation and growth of the 
combustion-generated soot and silica particles through means of laser diagnostics, 
circumventing a number of issues that are inherent to the physical sampling required in 
other methods. The principal techniques used are angle-dependent light scattering (ADLS) 
to measure particle size, laser light extinction (LLE) and laser-induced incandescence (LII) 
to measure soot volume fractions, and Raman spectroscopy to measure flame temperatures. 
0 gives an overview of these diagnostic techniques and also describes in detail the 
experimental setups and measurement procedures. 

The remainder of this thesis revolves around the study of soot and silica aggregate 
growth, with an initial focus on silica because of its relative simplicity (contrary to what is 
the case for soot, it is expected that all silica is formed in the very first stages of the process 
and the volume fraction remains constant thereafter). 0 presents the experimental study of 
the growth of silica aggregates in methane/L2/air flames, where L2 is an abbreviation for 
hexamethyldisiloxane, C6H18Si2O. Radii of gyration of generated silica particles are 
measured for a variety of flame temperatures and L2 admixture concentrations, with results 
showing a sublinear dependence of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 on residence time, and a non-monotonic 
dependence on flame temperature with a maximum around 2000 K. Additionally, a lean 
flame environment appears to foster aggregate growth compared to rich and stoichiometric 
flames in which growth is very similar, implying an unexpected dependence of aggregate 
formation on oxygen fraction. The use of a simple model to describe particle evolution from 
𝑑𝑑𝑑𝑑 = 0 as a result of collisional growth and sintering was frustrated by the lack of an accurate 
expression for the sintering time. At times greater than ∼10 ms, the model describes 
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aggregate growth adequately, but requires input of initial conditions derived from the 
experimental data and fitting of the monomer radius. 

0 is an extension of 0 and examines the effects of hydrogen addition to the fuel on 
silica aggregate growth. At equal mass flux and silica concentration in the combustion 
products, hydrogen addition was found to decrease both silica aggregate and primary 
particle size. However, further investigation shows that the observed impact of hydrogen 
addition can be fully attributed to the associated decrease in flame temperature, caused by 
increased burner stabilization, rather than a change in the chemical environment. 

Shifting away from silica, in Chapter 6 the growth of soot is investigated in 
ethylene/air flames at various equivalence ratios and for a range of temperatures. These 
measurements not only include soot particle size, but also volume fraction, 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣. In addition, 
measured flame temperatures for equivalence ratios up to 𝜙𝜙𝜙𝜙 = 2.1 showed good agreement 
with temperatures calculated using the San Diego mechanism. In accordance with 
literature, the equivalence ratio is observed to have a substantial impact on the volume 
fraction, with over ten times as much soot being formed at 𝜙𝜙𝜙𝜙 = 2.35 compared to 2.0. In 
addition, there is a non-monotonic dependence of the measured 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 on the exit velocity of 
the fuel-air mixture, with a maximum occurring at the velocity corresponding to a flame 
temperature of ∼1675 K, regardless of equivalence ratio. The impact of 𝜙𝜙𝜙𝜙 on 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is observed 
to be similar to the effect on 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, but the maximum of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 occurs at slightly higher exit 
velocities than for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, corresponding to a temperature of ∼1700 K. The measurement results 
were compared with calculations using two different semi-empirical two-equation models 
of soot formation. Numerical calculations using both mechanisms substantially overpredict 
the measured soot volume fractions, although the models do better in richer flames. The 
model accounting for particle coagulation overpredicts the measured radii of gyration 
substantially for all equivalence ratios, although the calculated values improve at 𝜙𝜙𝜙𝜙 = 2.35. 
 Finally, Chapter 7 is an extension of Chapter 6 and examines the effects of 
hydrogen addition to the ethylene/air flames on the growth of soot. In this chapter, the 
radius of gyration, volume fraction and monomer radius of soot particles are measured for 
various fractions of hydrogen in the fuel mixture. Contrary to its impact on silica, hydrogen 
addition decreases soot aggregate size also when compared in flames having equal 
temperatures. Even the addition of relatively small amounts of H2 results in a pronounced 
decrease in soot volume fraction and aggregate size. At equal equivalence ratio and flame 
temperature, this decrease is faster than linear in hydrogen fraction of the fuel, 𝛾𝛾𝛾𝛾. Based on 
literature, the effect observed here is stronger than that at constant C/O and exit velocity. A 
plausible explanation for this is the substantial increase in 𝜙𝜙𝜙𝜙 upon hydrogen addition under 
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limits; hence the importance of understanding in detail what happens on the aggregate 
level. 
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𝑑𝑑𝑑𝑑 = 0 as a result of collisional growth and sintering was frustrated by the lack of an accurate 
expression for the sintering time. At times greater than ∼10 ms, the model describes 
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aggregate growth adequately, but requires input of initial conditions derived from the 
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the latter conditions, as an increase in equivalence ratio, by itself, results in increased soot 
formation. Hydrogen addition is also seen to decrease monomer size. The measurement 
results were again compared with calculations using the semi-empirical two-equation 
models of soot formation. Numerical calculations using the mechanism with more detailed 
soot oxidation do quite well predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 and 𝑎𝑎𝑎𝑎 at 𝛾𝛾𝛾𝛾 = 0, but underestimate the impact of 
hydrogen addition (by over a factor of two in the case of soot volume fraction). The model 
accounting for particle coagulation severely underpredicts the impact of hydrogen addition 
on 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and severely overpredicts the aggregate size for all conditions. This may be addressed 
in future research by comparing the measurement results with more detailed models. 
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Samenvatting 

 
 
Verbranding is de belangrijkste bron van kracht en warmte, maar helaas resulteert het 
proces over het algemeen in de vorming van verschillende vervuilende stoffen. 
Broeikasgassen zijn hiervan dan wel het meest actuele voorbeeld, maar door verbranding 
gegenereerde fijnstof (zoals roet) heeft een aanzienlijke negatieve impact op het milieu en 
gezondheid, en kan ook de prestaties van verbrandingsapparatuur verminderen. 
Moleculaire precursors van deeltjes condenseren in kleine clusters die op hun beurt botsen 
en samensmelten met andere moleculen en clusters. In latere stadia vormen kleine sferische 
clusters, meestal aangeduid als primaire deeltjes of monomeren, de basis van wat fractale 
aggregaten worden genoemd: een soort dendritische structuren met een hoge oppervlakte-
volumeverhouding, vaak gekarakteriseerd door de straal van de monomeren, 𝑎𝑎𝑎𝑎, het 
kwadratisch gewogen gemiddelde van de massa-gewogen straal (ofwel de gyrostraal, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔) en 
de fractale dimensie, 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓. De grootte en structuur van de vaste structuren zijn bepalende 
factoren voor hun impact. 
 Bij verbranding kunnen veel verschillende soorten deeltjes worden gevormd, maar 
in dit proefschrift richten we ons op twee: roet en silica. Roet is het meest voorkomende 
type verbranding-gegenereerde deeltje. Het wordt gevormd bij de onvolledige verbranding 
van koolwaterstoffen, waarvan sprake is onder brandstofrijke omstandigheden (i.e. wanneer 
er een tekort is aan zuurstof). Ondanks uitgebreid onderzoek blijft het modelleren en 
voorspellen van de vorming en groei van roet in vlammen erg lastig. Experimenteel 
onderzoek naar de vorming en groei van root zijn daarom van groot belang om ons begrip 
van relevante processen en modellen van roetvorming te verbeteren. Voor silica komst onze 
interesse voort uit het feit dat het gevormd kan worden bij de verbranding van biogas. Dit is 
een gevolg van de kleine hoeveelheden siloxanen die vaak in dit gas aanwezig zijn. De 
afzetting van ‘pluizige’ fractale silica-structuren resulteert in relatief snel dichtslibben van 
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