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Chapter 1 
Introduction 

 
 
The introductory chapter is devoted to the nature of combustion-generated nanoparticles, 
with a particular focus on soot and silica. The concept of fractal aggregate particles is 
introduced, and simple theoretical model describing their growth is discussed. Finally, an 
overview of this thesis is given.  
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Chapter 1. Introduction 

 

1.1. Combustion-generated particles 

Combustion is the main source of power and heat. However, the process of combustion 
also results in the production of various pollutants. While the focus nowadays is often on 
greenhouse gases, combustion-generated particles such as soot have an impact not only on 
the environment, but also on combustion equipment and human health [1–6]. This impact 
is strongly linked to the particles’ size and structure, which are both dependent on the 
conditions in which the particles are formed. Probably of most interest are particles in the 
nanometer size range. The term nanoparticle is generally used to refer to particles with 
diameter around 100 nm or smaller. Particles in this class typically behave differently from 
bulk material. 

Broadly speaking, some species formed in combustion will condense into small 
clusters, which in turn collide 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. 

1.2. Fractal aggregates 

Structures such as the ones formed in combustion, which are the result of particles getting 
lumped together into clusters, all form in a similar manner. Atoms or molecules 𝑀𝑀𝑀𝑀 
condense into small clusters, which in turn collide with other molecules and clusters, 
forming larger structures. For two particles, containing 𝑖𝑖𝑖𝑖 and 𝑗𝑗𝑗𝑗 molecules respectively, 
association can be schematically represented as: 

𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖 + 𝑀𝑀𝑀𝑀𝑗𝑗𝑗𝑗 → 𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖+𝑗𝑗𝑗𝑗 .  (1.1) 

At the initial stages of cluster growth, complete coagulation of colliding particles is near-
instantaneous, meaning that clusters tend to be spherical as a result of minimizing surface 
energy. However, as the clusters grow—especially accompanied by a drop in temperature 
further from the flame front—complete coalescence or sintering of the clusters may become 
slow compared to the time between collisions. In this scenario particles may still merge 
somewhat, so that necks are formed at the contact points, but the individual building blocks 
(called monomers or primary particles) of the cluster remain recognizable. Association of 
larger numbers of particles in this way results in dendrite-shaped structures like those 
shown later in this chapter, in Figure 1.5, called fractal aggregates. 

2 

1.2. Fractal aggregates 

 
In the latter stages of growth particles may get joined loosely together without 

actually fusing, getting entangled into structures, ‘agglomerates’, that (compared to 
aggregates) can easily be broken by mechanical force. We note here that the terms aggregate 
and agglomerate are used interchangeably by many, an issue that has been discussed in 
depth in [7] where it is proposed to instead use the terms ‘soft agglomerate’ for the loosely 
joined particles, and ‘hard agglomerate’ for the fused structures. In the remainder of this 
work we will nevertheless stick to the terms aggregation and agglomeration as defined here 
in order to be consistent with similar work. 

1.2.1. Aggregate structure 

A convenient and oft-used measure of aggregate size is its mass-averaged root-mean-square 
radius a.k.a. radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, 

𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 = �
∑𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖2

∑𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖
 ,  (1.2) 

with 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖 the masses of the individual constituent particles of the aggregate, and 𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 their 
position with respect to the aggregate’s center of mass. In reality, aggregates will usually 
consist of particles of different sizes that have coalesced to varying degrees, and complex 
models may be constructed to take this into account. Still, it can be useful to use a slightly 
simplified representation, such as in Figure 1.1, where we assume a monodisperse 

Figure 1.1. Schematic 2-D representation of a fractal aggregate consisting of monomers with radius 𝑎𝑎𝑎𝑎. 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 denotes the 
aggregate’s mass-averaged root-mean-square radius a.k.a. radius of gyration, defined in Eq. (1.2). 
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monomer size distribution and limited coalescence so that the monomers constituting the 
aggregate can be considered spheres with radius 𝑎𝑎𝑎𝑎. Making these assumptions, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is related 
to the number of monomers inside an aggregate 𝑛𝑛𝑛𝑛 as [8] 

𝑛𝑛𝑛𝑛 = 𝑘𝑘𝑘𝑘0 �
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔
𝑎𝑎𝑎𝑎
�
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

 ,  (1.3) 

where 𝑘𝑘𝑘𝑘0 is a proportionality constant of order unity, and 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 ≤ 3 is the fractal dimension. 
This means that the fractal aggregates can be defined by just three parameters: 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, 𝑎𝑎𝑎𝑎, and 
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓.  

While more precise definitions of the fractal dimension exist, for our purposes it is 
sufficient to understand it as a measure for the way the amount of material scales with the 
objects outer dimensions, with high values corresponding to dense structures and low 
numbers with relatively porous structures. For clarity, this concept is illustrated in Figure 
1.2 for structures in 2-D space. When the outer dimensions of the first structure scale with 
factor 3, its surface area scales with factor 8 (compared to factor 9 for a normal two-
dimensional structure), giving a fractal dimension 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 1.89, and with factor 5 for the 
second structure, giving a much lower value of 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 0.48. As illustrated in Figure 1.3, the 
principle is exactly the same in 3-D space; when the outer dimensions of these structures 
scale with factor 3, the volumes of the first scales with factor 20 and the second with factor 9 

Figure 1.2. Illustration of fractal dimension in 2-D space; when the outer dimensions scale with factor 3, the surface 
area scales with factor 8, giving a fractal dimension 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 1.89 (top), and with factor 5, giving a fractal dimension 
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 0.48 (bottom). 
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(compared to 27 for a normal three-dimensional structure), corresponding to fractal 
dimensions of 2.73 and 2, respectively. 

Due to their fractal-like nature, the density of these particles decreases with 
aggregate size, resulting in a high surface to volume ratio. Furthermore, this type of 
structure significantly increases the collision frequency, and therefore the rate of particle 
growth, compared to solid spherical clusters of equal mass. 

1.2.2. Time dependence of aggregate radius 

To describe collisions between fractal aggregates, it is convenient to treat them as spherical 
particles having an effective collision radius 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐, which (owing to a relation akin to Eq. (1.3)) 
is related to the particle’s volume 𝑣𝑣𝑣𝑣 and surface area 𝑠𝑠𝑠𝑠 as [9] 

𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 =
3𝑣𝑣𝑣𝑣
𝑠𝑠𝑠𝑠
�

𝑠𝑠𝑠𝑠3

36𝜋𝜋𝜋𝜋𝑣𝑣𝑣𝑣2
�
1/𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

 ,  (1.4) 

with the fractal dimension, 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 ≤ 3, depending on the mechanism of formation [10]. When 
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 3, the collision radius is simply the particle’s radius. But for the typical fractal 
dimensions of real fractal aggregates the collision radius is considerably larger than that of a 
spherical particle of equal mass. In the simple model where the fractal aggregate is 
presented as a set of spheres with radius 𝑎𝑎𝑎𝑎 (as in Eq. (1.3)), its collision radius is to a good 
approximation equal to 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. 

Figure 1.3. Illustration of fractal dimension of similar objects in 3-D space; when the outer dimensions scale with 
factor 3, the volume scales with factor 20, giving a fractal dimension 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 2.73 (top), and with factor 9, giving a 
fractal dimension 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 2 (bottom). 
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monomer size distribution and limited coalescence so that the monomers constituting the 
aggregate can be considered spheres with radius 𝑎𝑎𝑎𝑎. Making these assumptions, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is related 
to the number of monomers inside an aggregate 𝑛𝑛𝑛𝑛 as [8] 

𝑛𝑛𝑛𝑛 = 𝑘𝑘𝑘𝑘0 �
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔
𝑎𝑎𝑎𝑎
�
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

 ,  (1.3) 

where 𝑘𝑘𝑘𝑘0 is a proportionality constant of order unity, and 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 ≤ 3 is the fractal dimension. 
This means that the fractal aggregates can be defined by just three parameters: 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, 𝑎𝑎𝑎𝑎, and 
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓.  

While more precise definitions of the fractal dimension exist, for our purposes it is 
sufficient to understand it as a measure for the way the amount of material scales with the 
objects outer dimensions, with high values corresponding to dense structures and low 
numbers with relatively porous structures. For clarity, this concept is illustrated in Figure 
1.2 for structures in 2-D space. When the outer dimensions of the first structure scale with 
factor 3, its surface area scales with factor 8 (compared to factor 9 for a normal two-
dimensional structure), giving a fractal dimension 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 1.89, and with factor 5 for the 
second structure, giving a much lower value of 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 0.48. As illustrated in Figure 1.3, the 
principle is exactly the same in 3-D space; when the outer dimensions of these structures 
scale with factor 3, the volumes of the first scales with factor 20 and the second with factor 9 

Figure 1.2. Illustration of fractal dimension in 2-D space; when the outer dimensions scale with factor 3, the surface 
area scales with factor 8, giving a fractal dimension 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 1.89 (top), and with factor 5, giving a fractal dimension 
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 0.48 (bottom). 
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(compared to 27 for a normal three-dimensional structure), corresponding to fractal 
dimensions of 2.73 and 2, respectively. 

Due to their fractal-like nature, the density of these particles decreases with 
aggregate size, resulting in a high surface to volume ratio. Furthermore, this type of 
structure significantly increases the collision frequency, and therefore the rate of particle 
growth, compared to solid spherical clusters of equal mass. 

1.2.2. Time dependence of aggregate radius 

To describe collisions between fractal aggregates, it is convenient to treat them as spherical 
particles having an effective collision radius 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐, which (owing to a relation akin to Eq. (1.3)) 
is related to the particle’s volume 𝑣𝑣𝑣𝑣 and surface area 𝑠𝑠𝑠𝑠 as [9] 

𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 =
3𝑣𝑣𝑣𝑣
𝑠𝑠𝑠𝑠
�

𝑠𝑠𝑠𝑠3

36𝜋𝜋𝜋𝜋𝑣𝑣𝑣𝑣2
�
1/𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

 ,  (1.4) 

with the fractal dimension, 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 ≤ 3, depending on the mechanism of formation [10]. When 
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 3, the collision radius is simply the particle’s radius. But for the typical fractal 
dimensions of real fractal aggregates the collision radius is considerably larger than that of a 
spherical particle of equal mass. In the simple model where the fractal aggregate is 
presented as a set of spheres with radius 𝑎𝑎𝑎𝑎 (as in Eq. (1.3)), its collision radius is to a good 
approximation equal to 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. 

Figure 1.3. Illustration of fractal dimension of similar objects in 3-D space; when the outer dimensions scale with 
factor 3, the volume scales with factor 20, giving a fractal dimension 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 2.73 (top), and with factor 9, giving a 
fractal dimension 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 = 2 (bottom). 
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Association according to Eq. (1.1) occurs with a corresponding rate of 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗, which 

represents the number of collisions per unit time per unit volume. This rate is given by 
𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 = 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗 where 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖 and 𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗 are the concentration of particles containing 𝑖𝑖𝑖𝑖 and 𝑗𝑗𝑗𝑗 
molecules, respectively, 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is the sticking coefficient, and 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is the so-called collision 
kernel, which depends on both particle parameters and gas properties [11]. Of particular 
importance for determining 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is the ratio of the mean free path of the gas molecules 𝜆𝜆𝜆𝜆 and 
particle collision radius (given by Eq. (1.4)), defined as the Knudsen number 𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 = 𝜆𝜆𝜆𝜆/𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 [9]. 
When the particle’s radius is much larger than the mean free path (𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 ≪ 1), molecules 
striking its surface are strongly affected by those leaving, so the attachment process is 
restricted by the diffusional approach of atoms in the buffer gas to the cluster. Conversely, 
when the particle’s radius is much smaller than the mean free path (𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 ≫ 1), molecules 
bouncing from its surface are unlikely to affect approaching molecules. In this case, which is 
representative for especially early stages of growth, attachment of new molecules is the 
result of pairwise collisions. 

Both for 𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 ≪ 1 and 𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 ≫ 1 (continuum and free molecular regime respectively) 
theoretical expressions for the collision kernel are easily obtained [11]. For spherical 
particles in the free molecular regime 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is given by [11]. 

𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 = �
3

4𝜋𝜋𝜋𝜋
�
1/6

�
6𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀

�
1/2

�
1
𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖

+
1
𝑣𝑣𝑣𝑣𝑗𝑗𝑗𝑗
�
1/2

�𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖1/3 + 𝑣𝑣𝑣𝑣𝑗𝑗𝑗𝑗1/3�2 ,  (1.5) 

where 𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀 is the density of species 𝑀𝑀𝑀𝑀, and 𝑘𝑘𝑘𝑘 is the Boltzmann constant. For two identical 
particles, the collision kernel is can thus be written as: 

𝛽𝛽𝛽𝛽 = 4𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐2 �
𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣

�
1/2

 .  (1.6) 

When the particles grow bigger, we need to take into account the transition from the free 
molecular to continuum regime. This can be done using the semi-empirical Fuchs 
interpolation expression for the collision kernel [12,13] in which we replace the solid sphere 
radius by rc: 

𝛽𝛽𝛽𝛽 = 8𝜋𝜋𝜋𝜋𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 �
𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

2𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 + √2𝑔𝑔𝑔𝑔
+
√2𝐷𝐷𝐷𝐷
𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

�
−1

 ,  (1.7) 

where 𝐷𝐷𝐷𝐷 is the particle diffusion coefficient, 𝑐𝑐𝑐𝑐 is the mean particle velocity, and 𝑔𝑔𝑔𝑔 is a 
transition parameter [9]. 
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Now, the time evolution of the number density of particles as they coagulate is 

described by the so-called Smoluchowski system of differential equations [10,14]: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖+𝑗𝑗𝑗𝑗)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −𝑑𝑑𝑑𝑑�𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖+𝑗𝑗𝑗𝑗�� 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖+𝑗𝑗𝑗𝑗,𝑗𝑗𝑗𝑗𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖+𝑗𝑗𝑗𝑗,𝑗𝑗𝑗𝑗𝑑𝑑𝑑𝑑�𝑣𝑣𝑣𝑣𝑗𝑗𝑗𝑗�𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖
∞

0
+

1
2
� 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗𝑑𝑑𝑑𝑑(𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖)𝑑𝑑𝑑𝑑�𝑣𝑣𝑣𝑣𝑗𝑗𝑗𝑗�𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣𝑗𝑗𝑗𝑗
∞

0
 ,  (1.8) 

where 𝑑𝑑𝑑𝑑(𝑣𝑣𝑣𝑣) is the cluster size distribution function. Generally, this system cannot be solved 
analytically and it is necessary to use numerical methods. But, with a couple of assumptions, 
we can make a rough estimate of the rate of aggregate growth. In this analysis we will ignore 
chemistry, assuming that all of species 𝑀𝑀𝑀𝑀 is present right from the start. This is a reasonable 
approximation for silica, for example, since oxidation of the silica precursors used in this 
thesis (siloxanes) is very fast. Furthermore we will assume a monodisperse particle 
distribution, so that the number density of particles 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 is given by: 

𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 =
𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝χM𝑚𝑚𝑚𝑚𝑀𝑀𝑀𝑀

𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣
 ,  (1.9) 

where 𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 is the number density of the combustion products, 𝜒𝜒𝜒𝜒𝑀𝑀𝑀𝑀 is the 𝑀𝑀𝑀𝑀 mole fraction in 
the combustion products, and 𝑚𝑚𝑚𝑚𝑀𝑀𝑀𝑀 is the molecular mass of 𝑀𝑀𝑀𝑀. Proceeding further with the 
analysis, we find the time dependence for the collision radius assuming that all of species 𝑀𝑀𝑀𝑀 
is bound in particles and the particle density of combustion products is constant. In this 
case, taking the sticking coefficient to be unity, the decay in aggregate number density 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 
due to coagulation is given by [11]: 

𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −
1
2
�̅�𝛽𝛽𝛽𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝2 ,  (1.10) 

where �̅�𝛽𝛽𝛽 is the particle size averaged collision kernel. Assuming that monomer radius 
𝑎𝑎𝑎𝑎 = 3𝑣𝑣𝑣𝑣/𝑠𝑠𝑠𝑠 is constant in time, and using the assumption of a monodisperse particle size 
distribution and 𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛≫1, we can rewrite Eq. (1.6) as: 

𝛽𝛽𝛽𝛽 = 4 �
3

4𝜋𝜋𝜋𝜋
�
2
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓
�
𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀

�
1
2
𝑎𝑎𝑎𝑎
2− 6

𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑣𝑣𝑣𝑣
2
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

−12 .  (1.11) 

Substituting Eqs. (1.9) and (1.11) into Eq. (1.10) and using relation (1.3) yields: 

𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 ∝ 𝑑𝑑𝑑𝑑2/(3𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓−4) ,  (1.12) 
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Association according to Eq. (1.1) occurs with a corresponding rate of 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗, which 

represents the number of collisions per unit time per unit volume. This rate is given by 
𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 = 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗 where 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖 and 𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗 are the concentration of particles containing 𝑖𝑖𝑖𝑖 and 𝑗𝑗𝑗𝑗 
molecules, respectively, 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is the sticking coefficient, and 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is the so-called collision 
kernel, which depends on both particle parameters and gas properties [11]. Of particular 
importance for determining 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is the ratio of the mean free path of the gas molecules 𝜆𝜆𝜆𝜆 and 
particle collision radius (given by Eq. (1.4)), defined as the Knudsen number 𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 = 𝜆𝜆𝜆𝜆/𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 [9]. 
When the particle’s radius is much larger than the mean free path (𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 ≪ 1), molecules 
striking its surface are strongly affected by those leaving, so the attachment process is 
restricted by the diffusional approach of atoms in the buffer gas to the cluster. Conversely, 
when the particle’s radius is much smaller than the mean free path (𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 ≫ 1), molecules 
bouncing from its surface are unlikely to affect approaching molecules. In this case, which is 
representative for especially early stages of growth, attachment of new molecules is the 
result of pairwise collisions. 

Both for 𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 ≪ 1 and 𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛 ≫ 1 (continuum and free molecular regime respectively) 
theoretical expressions for the collision kernel are easily obtained [11]. For spherical 
particles in the free molecular regime 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is given by [11]. 

𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 = �
3

4𝜋𝜋𝜋𝜋
�
1/6

�
6𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀

�
1/2

�
1
𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖

+
1
𝑣𝑣𝑣𝑣𝑗𝑗𝑗𝑗
�
1/2

�𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖1/3 + 𝑣𝑣𝑣𝑣𝑗𝑗𝑗𝑗1/3�2 ,  (1.5) 

where 𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀 is the density of species 𝑀𝑀𝑀𝑀, and 𝑘𝑘𝑘𝑘 is the Boltzmann constant. For two identical 
particles, the collision kernel is can thus be written as: 

𝛽𝛽𝛽𝛽 = 4𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐2 �
𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣

�
1/2

 .  (1.6) 

When the particles grow bigger, we need to take into account the transition from the free 
molecular to continuum regime. This can be done using the semi-empirical Fuchs 
interpolation expression for the collision kernel [12,13] in which we replace the solid sphere 
radius by rc: 

𝛽𝛽𝛽𝛽 = 8𝜋𝜋𝜋𝜋𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 �
𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

2𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 + √2𝑔𝑔𝑔𝑔
+
√2𝐷𝐷𝐷𝐷
𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

�
−1

 ,  (1.7) 

where 𝐷𝐷𝐷𝐷 is the particle diffusion coefficient, 𝑐𝑐𝑐𝑐 is the mean particle velocity, and 𝑔𝑔𝑔𝑔 is a 
transition parameter [9]. 
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𝑎𝑎𝑎𝑎 = 3𝑣𝑣𝑣𝑣/𝑠𝑠𝑠𝑠 is constant in time, and using the assumption of a monodisperse particle size 
distribution and 𝐾𝐾𝐾𝐾𝑛𝑛𝑛𝑛≫1, we can rewrite Eq. (1.6) as: 

𝛽𝛽𝛽𝛽 = 4 �
3

4𝜋𝜋𝜋𝜋
�
2
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓
�
𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝜌𝜌𝜌𝜌𝑀𝑀𝑀𝑀

�
1
2
𝑎𝑎𝑎𝑎
2− 6

𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑣𝑣𝑣𝑣
2
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓
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Substituting Eqs. (1.9) and (1.11) into Eq. (1.10) and using relation (1.3) yields: 

𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 ∝ 𝑑𝑑𝑑𝑑2/(3𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓−4) ,  (1.12) 
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which gives a 𝑑𝑑𝑑𝑑1.43 dependence for the typical fractal dimension of 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 ∼1.8, much weaker 
than the dependence for solid spherical clusters, where 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 ∝ 𝑑𝑑𝑑𝑑2/5. 

It is important to keep in mind that in actuality the story will be more complex. 
For one, a transition from the free-molecular to continuum regime will affect the rate of 
collisions. But also, internal changes in aggregates affect particle growth. Even at 
temperatures below the material’s melting point particles do not just stick together, but as is 
well known [15], the growth process is actually a combination of particle collisions and 
simultaneous intra-aggregate fusion. Driven by a tendency to minimize surface energy, 
contacting monomers inside aggregates will tend to coalesce together into larger spheres, 
decreasing the total surface area with the rate: 

�
𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
�
sintering

= −
1
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠
�𝑠𝑠𝑠𝑠 − 𝑠𝑠𝑠𝑠sph� ,  (1.13) 

where 𝑎𝑎𝑎𝑎 is the aggregate’s surface area, and 𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠 is the characteristic time to reduce 𝑠𝑠𝑠𝑠 to the 
area 𝑠𝑠𝑠𝑠sph of a solid sphere of equal mass [11]. If the sintering rate is fast compared to the 
collision rate we expect compact sphere-like particles to be formed, while relatively slow 
sintering will result in aggregate type particles. The sintering rate is a material specific 
property that is strongly dependent on the temperature and on the sintering mechanism. 

1.3. Particle species 

Many different particle species can be generated in combustion, but below we will focus on 
two: soot and silica. 

1.3.1. Soot 

Soot is the most prominent species of combustion-generated particle, consisting of 
carbonaceous agglomerates containing large numbers of carbon atoms. In fact, 
carbonaceous matter (mainly originating from the incomplete combustion of fossil fuels) is 
one of the primary components of anthropogenic fine particular matter in the Netherlands, 
which in turn makes up about three quarters of the total fine particulate matter [16]. 
Furthermore, incandescence of heated soot particles is responsible for the familiar 
yellow/orange luminescence that many flames have (e.g. the flame of a candle, Bunsen 
flames with low aeration). It is interesting to note that in some cases the formation of soot is 
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actually desired. For example, in industrial furnaces and heat generators its presence can 
serve to enhance heat transfer by radiation [17]. In most cases, however, inception and 
growth of soot are undesirable because of its deleterious effects, like its contribution to 
global warming [1,2] and carcinogenic effects [6,18]. 

Formation of soot during combustion occurs under conditions where there is 
limited oxygen available (note that soot is itself combustible). When enough oxygen is 
available, the overall combustion of hydrocarbons is described by: 

𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥𝐻𝐻𝐻𝐻𝑛𝑛𝑛𝑛 + �𝑥𝑥𝑥𝑥 +
𝑛𝑛𝑛𝑛
4
�𝑂𝑂𝑂𝑂2 → 𝑥𝑥𝑥𝑥𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 +

𝑛𝑛𝑛𝑛
2
𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 ,  (1.14) 

and no soot will be formed. However, if there is insufficient oxygen to convert all fuel 
according to this equation, combustion will be incomplete. In this case other products are 
formed in addition to carbon dioxide and water, such as carbon monoxide, hydrogen, other 
hydrocarbons, and soot. Formation of soot, especially, is a highly complex process, that 
consists of a number of stages, as illustrated in Figure 1.4. During oxidation, the 
hydrocarbon fuel is degraded into small hydrocarbon radicals. Under fuel-rich conditions, 
these radicals form small hydrocarbons, in particular acetylene, C2H2. Addition of more 
radicals results in growing unsaturated (radical) hydrocarbons, which eventually form 
aromatic rings. These, in turn, grow mainly through the addition of acetylene. Subsequent 
growth occurs by coagulation of the large aromatic structures, forming primary soot 
particles [17]. These primary soot particles will merge, while also picking up additional 
molecules from the gas along the way, and in the end form more complex irregular shaped 
aggregates. Despite extensive research into this topic, modeling and predicting soot 
formation and growth in flames remains challenging [19]. Therefore, 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. 

1.3.2. Silica 

Concerns over the climate, dwindling energy reserves and the desire for energetic 
independence are driving the development of renewable energy sources. Biogases can play 
an important role in a transition from fossil fuels and have seen increasing utilization in 
recent years; growth in biogas production and use is expected to continue for the 
foreseeable future [20]. While the exact composition depends on the source, biogas is  
typically composed of methane and carbon dioxide, with trace amounts of other 
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Figure 1.4. Rough picture of soot formation in a homogeneous hydrocarbon/oxidizer mixture (after Bockhorn [17]). 
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constituents, such as sulfide compounds, ammonia, aromatic and halogenated compounds 
and volatile compounds such as siloxanes [21]. 

As an impurity in biofuels, siloxanes are of particular interest. Silicon dioxide SiO2 
(a.k.a. silica) generated in the combustion of the siloxanes coalesces into particles that 
subsequently form aggregates, such as those shown in Figure 1.5, and deposit on internal 
parts of combustion equipment. Short term effects may be marginal because of the typically 
low siloxane concentrations (for example, Dewil et al. [22] report values ranging from 
4.8 mg/m3 up to 400 mg/m3 in biogas from different sites), but it can eventually lead to 
reduced performance, damage and even equipment failure, which puts limits on acceptable 
siloxane concentrations [3]. It is important to note that the deleterious effects are not 
simply a function of the concentration of silica in the flue gases. Whereas the size and 
structure of silica particles determine their mechanical properties as ceramic powders [23], 
the structure of silica aggregates are also critical determinants for the impact of deposition 
in combustion equipment. 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; 
changes in equipment performance have been attributed to this effect [24]. A model 
describing the growth and properties of these aggregates reliably is therefore essential for 
formulating realistic limits, which underlines the importance of understanding in detail 
what happens on the aggregate level. 

   
Figure 1.5. TEM images of typical silica aggregates. 

1.4. Scope and outline of this thesis 

This thesis focuses on the laser-based study of combustion-generated nanoparticle growth 
in premixed flames, in particular of soot and silica. While extensive research has been done 
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with a focus on aggregate particle growth, additional experimental work is required to add 
to our understanding of the processes involved and the influence of parameters like 
temperature, particle volume fraction and fuel/air ratio. An additional interest is that in the 
effect of hydrogen addition to the fuel. Hydrogen can not only serve to improve the 
unfavorable combustion characteristics of biogas, but since it does not produce soot and 
carbon dioxide may also reduce pollutant emission. 

0 provides the background on the 1-D premixed burner-stabilized flames that were 
used in this work to study aggregates. The gas burners and flow control system that were 
used are detailed here as well. Next, 0 gives an overview of the diagnostic techniques that 
were used during the work presented in this thesis. 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. This chapter also describes in detail the 
experimental setups and measurement procedures. 

In the subsequent chapters soot and silica aggregate growth are studied. The 
process of silica particle growth is more straightforward as, in the case of siloxane 
precursor, all silica is formed very early on. Therefore, it is expected that chemistry can be 
ignored, and particle growth is the result, solely, of existing material getting bound together 
into aggregates. The volume fraction of soot on the other hand keeps increasing over time 
while the process of particle growth through aggregation is already ongoing. Because of its 
relative simplicity, silica particle formation is studied first. In 0, silica aggregate growth was 
studied using ADLS in premixed methane/air flames with siloxane admixture, for a range of 
flame temperatures and siloxane concentrations, and a couple of fuel/air ratios. 0 expands 
on the previous chapter by looking into the effect of hydrogen addition to the fuel on silica 
aggregate growth in methane/siloxane/air flames. Next, 0 presents a study of soot in fuel-
rich ethylene/air flames, where the techniques described in 0 were used to measure soot 
particle size as well as volume fraction for a range of flame temperatures and multiple 
fuel/air ratios. In addition, the measurement results were compared with calculations using 
two different semi-empirical two-equation models of soot formation. And in 0, the work in 
0 was expanded upon by investigating the effect of hydrogen addition on soot aggregate 
growth in ethylene/air flames. 
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unfavorable combustion characteristics of biogas, but since it does not produce soot and 
carbon dioxide may also reduce pollutant emission. 

0 provides the background on the 1-D premixed burner-stabilized flames that were 
used in this work to study aggregates. The gas burners and flow control system that were 
used are detailed here as well. Next, 0 gives an overview of the diagnostic techniques that 
were used during the work presented in this thesis. 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. This chapter also describes in detail the 
experimental setups and measurement procedures. 

In the subsequent chapters soot and silica aggregate growth are studied. The 
process of silica particle growth is more straightforward as, in the case of siloxane 
precursor, all silica is formed very early on. Therefore, it is expected that chemistry can be 
ignored, and particle growth is the result, solely, of existing material getting bound together 
into aggregates. The volume fraction of soot on the other hand keeps increasing over time 
while the process of particle growth through aggregation is already ongoing. Because of its 
relative simplicity, silica particle formation is studied first. In 0, silica aggregate growth was 
studied using ADLS in premixed methane/air flames with siloxane admixture, for a range of 
flame temperatures and siloxane concentrations, and a couple of fuel/air ratios. 0 expands 
on the previous chapter by looking into the effect of hydrogen addition to the fuel on silica 
aggregate growth in methane/siloxane/air flames. Next, 0 presents a study of soot in fuel-
rich ethylene/air flames, where the techniques described in 0 were used to measure soot 
particle size as well as volume fraction for a range of flame temperatures and multiple 
fuel/air ratios. In addition, the measurement results were compared with calculations using 
two different semi-empirical two-equation models of soot formation. And in 0, the work in 
0 was expanded upon by investigating the effect of hydrogen addition on soot aggregate 
growth in ethylene/air flames. 
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flames. This chapter details the burners and flow control system that were used for the 
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Chapter 2. Flames and gas burners 

 

2.1. Introduction 

Combustion can take place under a wide variety of conditions, ranging from violent 
explosions to the orderly burning of gas at the kitchen stove. Regardless of the system, 
complex chemical and physical processes typically take place at short time scales and high 
temperatures, making it challenging to examine them in detail. To study the growth of 
combustion-generated nanoparticles in a laboratory setting a well-controlled combustion 
environment is desired, preferably one that is easily accessible for diagnostic tools. 

Over decades of combustion research diffusion and premixed flames have both 
been popular objects of study. These flames differ in how the oxidizer and fuel combine. In 
diffusion flames the fuel and oxidizer are mixed during the combustion process, and flame 
propagation is controlled by diffusion. These systems can have only a fuel supply, relying on 
ambient air as oxidizer, or otherwise have a separate fuel and oxidizer flow, such as in 
counterflow diffusion flames where these flows oppose each other to produce a pure 
diffusion flame. Premixed flames on the other hand, are flames that result from the 
combustion of a premixed blend of fuel and oxidizer. The premixing allows for establishing 
a homogeneous mixture with well-controlled and defined composition, which is commonly 
expressed in terms of the fuel equivalence ratio 𝜙𝜙𝜙𝜙: the ratio of the actual fuel/oxidizer mole 
ratio Χ𝑓𝑓𝑓𝑓𝑢𝑢𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒/Χ𝑜𝑜𝑜𝑜𝑥𝑥𝑥𝑥 to that at stoichiometric conditions: 

𝜙𝜙𝜙𝜙 =
Χ𝑓𝑓𝑓𝑓𝑢𝑢𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒/Χ𝑜𝑜𝑜𝑜𝑥𝑥𝑥𝑥

Χ𝑓𝑓𝑓𝑓𝑢𝑢𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ/Χ𝑜𝑜𝑜𝑜𝑥𝑥𝑥𝑥,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ
 ,  (2.1) 

where the stoichiometric proportions are such that fuel and oxidizer are present in the 
mixture in the proportions given by the balanced chemical equation describing combustion 
(e.g. Eq. (1.14) for hydrocarbon fuel and oxygen). Conditions are said to be fuel-lean or 
fuel-rich in the cases of excess fuel (𝜙𝜙𝜙𝜙 > 1) or deficient fuel (𝜙𝜙𝜙𝜙 < 1), respectively. The 
adiabatic flame temperature of premixed flames is a function of 𝜙𝜙𝜙𝜙, where the temperature 
generally has a maximum around 𝜙𝜙𝜙𝜙 = 1. This is illustrated for a premixed methane/air 
flame in Figure 2.1. 

Another important distinction that can be made is between flames with a turbulent 
gas flow and those with a laminar gas flow. When the flow is turbulent, chaotic velocity 
fluctuations result in an irregular flow that is the sum of an average motion and these 
variations. In laminar flow the gas follows smooth flow lines that do not interfere with one 
another. As a result, this type of flow is much simpler to simulate in detail. Combining 
laminar flow conditions with the homogeneity of the premixed gas flame allows for 
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2.2. Flat Laminar Premixed Burner-Stabilized Flames 

 

 establishing a type of flame that is especially well-suited (and oft-used) for studying 
combustion processes because of its relative simplicity: the flat laminar (1-D) premixed 
flame. 

2.2. Flat Laminar Premixed Burner-Stabilized Flames 

Flat, laminar, premixed flames yield conditions that are especially amenable to analysis 
because of their 1-D character, which means that the conditions only change along the axis 
of the flame. The laminar nature of these flames also means that it is possible to study 
processes as function of time by measuring axial profiles, since it is fairly straightforward to 
convert the heights above the burner (HAB) to a corresponding residence time (𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒). In 
these flames most of the chemical processes typically occur in a relatively thin (and well-
defined) interfacial region that separates the unburned and burned gases (Figure 2.2). In 
this flame front, the fuel is rapidly oxidized, leading to a steep gradient in both temperature 
and species concentrations. Because combustion is generally a multi-step process, the 
region is also rich in intermediate species. In the laboratory frame, the flame front 
propagates with velocity 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 − 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿, where 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 is the velocity with which the cold gas exits 
the burner and 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿 the free-flame laminar burning velocity, which is a function of 𝜙𝜙𝜙𝜙 as 
shown for a premixed methane/air flame in Figure 2.1. We can now distinguish three 
different scenarios: In cases where the exit velocity exceeds the laminar burning velocity 
(𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 > 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿) the flame front will be driven downstream, resulting in blow-off, where the 
flame is blown away and eventually extinguishes. If both are equal (𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿), the flame 

Figure 2.1. Constant-pressure adiabatic flame temperature and laminar burning velocity 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿 of a premixed 
methane/air flame as function of the fuel equivalence ratio 𝜙𝜙𝜙𝜙 (initial conditions: 298 K, 1 atm), obtained from solving 
governing equations describing one-dimensional freely-propagating flames (as explained in section 2.3). 
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Combustion can take place under a wide variety of conditions, ranging from violent 
explosions to the orderly burning of gas at the kitchen stove. Regardless of the system, 
complex chemical and physical processes typically take place at short time scales and high 
temperatures, making it challenging to examine them in detail. To study the growth of 
combustion-generated nanoparticles in a laboratory setting a well-controlled combustion 
environment is desired, preferably one that is easily accessible for diagnostic tools. 

Over decades of combustion research diffusion and premixed flames have both 
been popular objects of study. These flames differ in how the oxidizer and fuel combine. In 
diffusion flames the fuel and oxidizer are mixed during the combustion process, and flame 
propagation is controlled by diffusion. These systems can have only a fuel supply, relying on 
ambient air as oxidizer, or otherwise have a separate fuel and oxidizer flow, such as in 
counterflow diffusion flames where these flows oppose each other to produce a pure 
diffusion flame. Premixed flames on the other hand, are flames that result from the 
combustion of a premixed blend of fuel and oxidizer. The premixing allows for establishing 
a homogeneous mixture with well-controlled and defined composition, which is commonly 
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where the stoichiometric proportions are such that fuel and oxidizer are present in the 
mixture in the proportions given by the balanced chemical equation describing combustion 
(e.g. Eq. (1.14) for hydrocarbon fuel and oxygen). Conditions are said to be fuel-lean or 
fuel-rich in the cases of excess fuel (𝜙𝜙𝜙𝜙 > 1) or deficient fuel (𝜙𝜙𝜙𝜙 < 1), respectively. The 
adiabatic flame temperature of premixed flames is a function of 𝜙𝜙𝜙𝜙, where the temperature 
generally has a maximum around 𝜙𝜙𝜙𝜙 = 1. This is illustrated for a premixed methane/air 
flame in Figure 2.1. 

Another important distinction that can be made is between flames with a turbulent 
gas flow and those with a laminar gas flow. When the flow is turbulent, chaotic velocity 
fluctuations result in an irregular flow that is the sum of an average motion and these 
variations. In laminar flow the gas follows smooth flow lines that do not interfere with one 
another. As a result, this type of flow is much simpler to simulate in detail. Combining 
laminar flow conditions with the homogeneity of the premixed gas flame allows for 
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combustion processes because of its relative simplicity: the flat laminar (1-D) premixed 
flame. 
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Flat, laminar, premixed flames yield conditions that are especially amenable to analysis 
because of their 1-D character, which means that the conditions only change along the axis 
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processes as function of time by measuring axial profiles, since it is fairly straightforward to 
convert the heights above the burner (HAB) to a corresponding residence time (𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒). In 
these flames most of the chemical processes typically occur in a relatively thin (and well-
defined) interfacial region that separates the unburned and burned gases (Figure 2.2). In 
this flame front, the fuel is rapidly oxidized, leading to a steep gradient in both temperature 
and species concentrations. Because combustion is generally a multi-step process, the 
region is also rich in intermediate species. In the laboratory frame, the flame front 
propagates with velocity 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 − 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿, where 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 is the velocity with which the cold gas exits 
the burner and 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿 the free-flame laminar burning velocity, which is a function of 𝜙𝜙𝜙𝜙 as 
shown for a premixed methane/air flame in Figure 2.1. We can now distinguish three 
different scenarios: In cases where the exit velocity exceeds the laminar burning velocity 
(𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 > 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿) the flame front will be driven downstream, resulting in blow-off, where the 
flame is blown away and eventually extinguishes. If both are equal (𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿), the flame 

Figure 2.1. Constant-pressure adiabatic flame temperature and laminar burning velocity 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿 of a premixed 
methane/air flame as function of the fuel equivalence ratio 𝜙𝜙𝜙𝜙 (initial conditions: 298 K, 1 atm), obtained from solving 
governing equations describing one-dimensional freely-propagating flames (as explained in section 2.3). 
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front is stationary in space. In this case, the flame will be essentially adiabatic (neglecting 
radiative heat losses). And if the exit velocity falls short of the burning velocity (𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 < 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿), 
the flame front will propagate upstream towards the burner deck. This is a scenario that in 
some cases could result in flashback, where the flame propagates back into the equipment 
or supply line, which in the worst case could end in an explosion. 

 
Figure 2.2. Schematic of the structure of a 1-D premixed flame. 

The flames used in this work are so-called burner-stabilized flames. Provided that 
the channels of the burner deck are narrow enough that the flame cannot propagate 
through them (the flame would be quenched due to excess heat loss from the flame to the 
channel walls), the flame front will still tend to propagate upstream when 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 < 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿, but 
flashback is prohibited. Instead, heat will be transferred to the burner by conduction, 
resulting in a lowered flame temperature. This principle can be exploited to control the 
flame temperature: in the present work the flame temperature was varied by changing the 
mass flux of the fuel/air mixture through the burner, which determines the degree of 
stabilization and thereby the amount of heat transferred to the burner [1–4]. This provides 
a means to control flame temperature without changing the composition of the gas mixture, 
as it requires neither changing the fuel equivalence ratio 𝜙𝜙𝜙𝜙, nor dilution of the premixed gas 
with an inert species such as N2. The effect of exit velocity on flame temperature is 
illustrated in Figure 2.3 for rich, stoichiometric and lean methane/air flames. The properties 
of the 1-D burner-stabilized flames are determined by just the fuel equivalence ratio 𝜙𝜙𝜙𝜙, 
pressure, initial temperature, and the exit velocity [5], which is why the conditions in these 
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2.3. Calculating the structure of flat laminar premixed flames 

 
flames can be varied in a straightforward manner. In addition, it is possible to calculate the 
flame structure by numerically solving the set of governing equations. 

 
Figure 2.3. Flame temperature as a function of exit velocity 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 for lean (𝜙𝜙𝜙𝜙 = 0.8), stoichiometric and fuel-rich 
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velocity, at which point the flame reaches the adiabatic flame temperature 𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎. 

2.3. Calculating the structure of flat laminar premixed flames 

The description of flat laminar premixed flames is based on the 1-D conservation equations 
that govern their behavior. In fact, various software packages have been developed that are 
able to calculate the flame structure by numerically solving these equations using the proper 
boundary conditions. To facilitate the analysis of the experimental results in this work, one-
dimensional flame calculations were performed using the code from the Cantera suite [6] 
with the GRI-Mech 3.0 chemical mechanism [7] for methane-based flames (see, for 
example, Figure 2.3). For ethylene-based flames the set of one-dimensional conservation 
equations of mass, gas phase species and energy was solved with the chemical-kinetic San 
Diego mechanism [8]. 

Neglecting the effects of viscosity, radiation and external forces, the governing 
equations for a 1-D steady flame at constant pressure can be written as follows [5,9]. 

2.3.1. Overall conservation of mass 

Because chemical reactions do not affect the total amount of mass, the mass flux, �̇�𝑀𝑀𝑀, is 
independent of the axial distance from the burner surface, 𝑥𝑥𝑥𝑥. Therefore, the conservation of 
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front is stationary in space. In this case, the flame will be essentially adiabatic (neglecting 
radiative heat losses). And if the exit velocity falls short of the burning velocity (𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 < 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿), 
the flame front will propagate upstream towards the burner deck. This is a scenario that in 
some cases could result in flashback, where the flame propagates back into the equipment 
or supply line, which in the worst case could end in an explosion. 

 
Figure 2.2. Schematic of the structure of a 1-D premixed flame. 

The flames used in this work are so-called burner-stabilized flames. Provided that 
the channels of the burner deck are narrow enough that the flame cannot propagate 
through them (the flame would be quenched due to excess heat loss from the flame to the 
channel walls), the flame front will still tend to propagate upstream when 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 < 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿, but 
flashback is prohibited. Instead, heat will be transferred to the burner by conduction, 
resulting in a lowered flame temperature. This principle can be exploited to control the 
flame temperature: in the present work the flame temperature was varied by changing the 
mass flux of the fuel/air mixture through the burner, which determines the degree of 
stabilization and thereby the amount of heat transferred to the burner [1–4]. This provides 
a means to control flame temperature without changing the composition of the gas mixture, 
as it requires neither changing the fuel equivalence ratio 𝜙𝜙𝜙𝜙, nor dilution of the premixed gas 
with an inert species such as N2. The effect of exit velocity on flame temperature is 
illustrated in Figure 2.3 for rich, stoichiometric and lean methane/air flames. The properties 
of the 1-D burner-stabilized flames are determined by just the fuel equivalence ratio 𝜙𝜙𝜙𝜙, 
pressure, initial temperature, and the exit velocity [5], which is why the conditions in these 
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total mass states: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥

(𝜌𝜌𝜌𝜌𝑣𝑣𝑣𝑣) =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥

��̇�𝑀𝑀𝑀� = 0 ,  (2.2) 

where 𝜌𝜌𝜌𝜌 is the total mass density, and 𝑣𝑣𝑣𝑣 the mean mass flow velocity. 

2.3.2. Conservation of species mass 

Due to chemical reactions, the mass fractions of individual species 𝑖𝑖𝑖𝑖 change in time at mass 
production rate 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖. This means that in contrast to the conservation equation for total mass, 
this equation for a particular species has a source term. In addition, each species has a 
diffusion velocity 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 relative to the mean mass flow velocity, which is caused by the species’ 
concentration gradient (Fickian diffusion) and the thermal gradient (Soret effect): 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 =
1
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where 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 and 𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖 are the mass density and molar mass of species 𝑖𝑖𝑖𝑖, 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 are multicomponent 
diffusion coefficients, 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 is the species’ mole fraction and 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑇𝑇𝑇𝑇 is the thermal diffusion 
coefficient. The conservation equation of species mass can be written as 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥

[𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖𝜌𝜌𝜌𝜌(𝑣𝑣𝑣𝑣 + 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖)] = 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖 ,  (2.4) 

where 𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖 is the species’ mass fraction. Since chemical reactions neither form nor destroy 
mass, it follows that ∑𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖  = 0. As noted before, the combustion process is typically not a 
simple single-step reaction as reaction equations like Eq. (1.14) might suggest. The 
stoichiometric combustion of methane for example involves tens of chemical species and 
hundreds of elementary reactions. Chemical mechanisms describe the set of elementary 
reactions and corresponding rates involved in a combustion process from reactants to 
products. For instance, the widely-used GRI-Mech 3.0 chemical mechanism which is 
optimized to model natural gas combustion contains 325 reactions and 53 species [7]. 
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2.3.3. Conservation of energy 

The chemical reactions in combustion result in the release of heat, giving rise to a 
temperature gradient. The equation for the conservation of energy states: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥

��𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖𝜌𝜌𝜌𝜌𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖(𝑣𝑣𝑣𝑣 + 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖)
𝑖𝑖𝑖𝑖
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𝑑𝑑𝑑𝑑𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑𝑥𝑥𝑥𝑥
� = 0 ,  (2.5) 

where 𝐻𝐻𝐻𝐻𝑖𝑖𝑖𝑖 is the specific enthalpy of species 𝑖𝑖𝑖𝑖, and 𝜆𝜆𝜆𝜆 the thermal conductivity coefficient of 
the mixture. In this equation, the first term describes the change of enthalpy due to the flow 
of species, and the Second term describes the heat flux caused by the transport of energy 
due to the temperature gradient. For gas mixtures, 𝜆𝜆𝜆𝜆 can be calculated from the thermal 
conductivities of the individual components, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖, with reasonable accuracy using the 
empirical law [5,10]: 

𝜆𝜆𝜆𝜆 =
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𝑖𝑖𝑖𝑖

+ ��
Χ𝑖𝑖𝑖𝑖
𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

�
−1
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2.3.4. Ideal gas equation of state 

The system of equations is complemented by the ideal gas law, which for a gas mixture can 
be written as: 

𝑝𝑝𝑝𝑝 = 𝜌𝜌𝜌𝜌𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘�
𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖
𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

= 0 ,  (2.7) 

where 𝑅𝑅𝑅𝑅 is the gas constant. Combined with the previous conservation equations we now 
have a system containing (𝜕𝜕𝜕𝜕 + 2) linearly independent equations, where 𝜕𝜕𝜕𝜕 is the number of 
species in the flame. With the proper choice of boundary conditions, and because 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 is a 
known function of temperature and species concentrations [11], this is sufficient to solve 
for the unknown parameters: 𝑘𝑘𝑘𝑘, 𝜌𝜌𝜌𝜌, 𝑣𝑣𝑣𝑣 and (𝜕𝜕𝜕𝜕 - 1) independent parameters from the set {𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖}. 

2.3.5. Boundary conditions 

For solving the system, we distinguish between two different scenarios: adiabatic, freely 
propagating flames, and burner-stabilized flames. Although the governing equations are the 
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total mass states: 
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same, the boundary conditions differ [11]. In the case of burner-stabilized flames, �̇�𝑀𝑀𝑀 is 
fixed, while the temperature and mass flux fractions are specified at the cold boundary, and 
vanishing gradients are imposed at the hot boundary. 
 Freely propagating flames require a different approach, since �̇�𝑀𝑀𝑀 must be 
determined as part of the solution. Therefore, a different boundary condition or removal of 
a degree of freedom is required to solve the problem. This can be accomplished by fixing 
the location of the flame by specifying the temperature at one point, the requirement being 
that this point is chosen such that the temperature and species gradients are close to zero at 
the cold boundary. Note that by determining �̇�𝑀𝑀𝑀 we also find 𝑣𝑣𝑣𝑣𝐿𝐿𝐿𝐿, as this will be equal to the 
velocity of the gas mixture at the cold boundary in the solution. 

2.4. Gas burners 

Producing the flat laminar premixed burner-stabilized flames described above requires the 
use of specially designed flat-flame burners. Over the course of the research presented in 
this work, two types of flat-flame burner (detailed below) were used to stabilize the 1-D 
premixed flames. To facilitate performing measurements at different positions in the flame, 
each burner is mounted on a positioner (Parker), allowing it to translate along three 
perpendicular axes with ∼0.1 mm precision. This way the burner is the only required 
moving part in the experimental setups described in 0. 

2.4.1. McKenna Flat Flame Burner 

The commercially available McKenna Flat Flame Burner (Figure 2.4) [12] has been a staple 
in combustion research for decades [13]. A porous sintered matrix burner disk made of 
either bronze or stainless steel (6 cm diameter) is contained in a stainless-steel housing (in 
turn fastened into the main body). The plate contains an Archimedean spiral cooling circuit 
for water flow which minimizes radial temperature gradients. The fuel mixture (premixed 
oxidizer and fuel) is introduced into the bottom of the housing and distributed evenly 
through the burner. Inert gas can be passed through a coaxial shroud ring to shield the 
flame from the outside environment and stabilize it above the sintered disk. Cavities in the 
housing below the sintered burner plug and shroud ring ensure a smooth fuel flow by 
mitigating any pressure surges. The McKenna burner offers reproducible flame conditions 
that are also highly repeatable with different burners of the same design [14]. For this 
reason, these laminar flow burners have become more or less ‘the’ standard for researching 
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1-D premixed flames and provides an excellent flat flame calibration source for combustion 
research [14]. Additionally, owing to the narrow channels in the sintered burner plug, there 
is no risk of flashback as flames cannot propagate through the burner deck. In the work 
described in this thesis, only McKenna burners with bronze sinter were utilized, at all times 
cooled using water at room temperature. The bronze offers superior heat conduction 
compared to the stainless steel, making it suitable for stabilizing higher temperature flames, 
and Raman spectroscopy measurements (Section 3.5) have confirmed the homogeneity of 
conditions above the burner deck. 

 
Figure 2.4. Overview of the McKenna Flat Flame Burner [12] (left), reprinted from www.flatflame.com, retrieved 
December 20, 2018. Reprinted with permission. And a rich ethylene/air flame stabilized above the McKenna burner 
(right). 

2.4.2. Home-made burner 

The other burner used in this work is home-made, similar to the one used by Mokhov and 
Levinsky [3]. Its main feature is a 6 cm diameter ceramic-tile burner deck (Schwank)—
mounted atop the cylindrical burner housing—with perforations of ∼1.3 mm in diameter, 
spaced 0.5 mm apart in a honeycomb pattern. The large perforation size (compared to the 
sintered disk of the McKenna burner) makes the burner more suitable for measurements 
involving siloxanes (Figure 2.5) because it prevents the deck from getting clogged up very 
rapidly, while the deck can also easily be replaced when the perforations do become 
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constricted; in the work described in this thesis the deck was replaced well before any visible 
narrowing of the perforations occurred. The unburned gas is introduced into the bottom of 
the housing trough two opposing inlets in the cylinder side wall. The housing is filled with 
glass beads which serve the purpose of homogenizing the gas flow before it passes through 
the burner deck, preventing the emergence of the velocity differential that might otherwise 
develop in the pipe flow. A tubular chimney with diameter of 80 mm is placed downstream 
to suppress flow instabilities and stabilize the flame above the burner deck. 

 
Figure 2.5. Methane/air flame with siloxane admixture stabilized above the home-made burner, the laser beam 
appears brighter in the flame due to scattering by silica particles (left), and comparison between a burner deck after 
prolonged use and a new one (right). Note that for the measurements described in this thesis, the burner deck was 
replaced well before any visible narrowing of the perforations occurred. 

2.5. Gas handling system 

A schematic of the gas handling system that was used to create the desired gas mixture and 
feed it to the burner is shown in Figure 2.6. The bulk of the system consists of Swagelok 
fittings, connectors and tubing, which allows for easy modification to suit the requirements 
of any specific experiments. Dry, filtered air was supplied by an oil-free compressor while 
other gases were supplied from cylinders with purity of at least 99.7%. The bubbler system 
used to add hexamethyldisiloxane, C6H18Si2O (abbreviated as L2), to the gas mixture for 
experiments involving siloxane admixture is described separately below. The sections of 
tubing in the system are of sufficient length to ensure homogeneous mixing of all gases 
before reaching the burner. 
 In this work, the flow rates of the gases were set using Alicat MC-series mass flow 
controllers with a specified accuracy of ±1% full scale. The flow rates in this work were 
always higher than 10% of full scale of the flow controllers used for their measurement. 
Additionally, the flow rates were measured by Bronkhorst Hi-Tec EL-FLOW® flow meters 
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(accuracy of 0.1% full scale + 0.5% of reading). Differences between the measured and set 
values of flows were less than 2%, in the working range from 9 to 40 SLPM (298 K, 1 atm). 
It is interesting to note that the devices operate based on different measuring principles: the 
Alicat controlers are based on measuring the pressure differential across an internal 
restriction, which is proportional to the gas’s volumetric flow and viscosity, while the 
Bronkhorst meters measure the temperature differential along a heated capillary tube, 
which depends on the gas’s mass flow and heat capacity. 

 
Figure 2.6. Schematic representation of the gas handling system. 

2.6. Siloxane addition through bubbler system 

While siloxanes occur naturally in biogas, the concentrations of different siloxane species 
can vary wildly depending on the source [15–18]. However, in order to perform repeatable 
measurements for a variety of conditions, we need precise control over the concentration of 
silica in the flame. This is best accomplished by introducing silicon into an otherwise ‘clean’ 
flame ourselves. Many previous studies of silica formation have used silane (SiH4) as the 
source of silicon. But given the pyrophoric nature of this compound, complete premixing of 
the silicon source with the fuel-air mixture is problematical and the introduction of SiH4 
instead occurred diffusively (see for example [19] and references therein). This gives rise to 
uncertainties in the actual local concentrations of silica precursors. The use of siloxanes, 
which are relatively stable in air, opened the door to premixed studies with well-defined 
local concentrations, as summarized in [20]. Therefore, the most obvious approach to 
introducing silicon into the flame is by simply doping siloxanes in the premixed mixture 
made up of ‘pure’ components. 

In this work, L2 was used as silica precursor. Its combustion can be represented by 
the overall reaction: 
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C6H18Si2O (g) + 12O2 (g) → 6CO2 (g) + 9H2O (l) + 2SiO2 (s) .  (2.8) 

Owing to its low saturation pressure, L2 cannot easily be inserted into the fuel stream 
directly. Instead, it was added to the unburned fuel/air mixture by passing a fraction of the 
fuel flow through the bubbler system shown in Figure 2.6 [21] containing liquid L2 with a 
purity of >98.5% (Sigma-Aldrich 52630 FLUKA). The mole fraction of L2 in the unburned 
gas mixture can be calculated from the relative volume flows and pressure as 

Χ𝐿𝐿𝐿𝐿2 = �
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𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝐵𝐵𝐵𝐵

� �
𝑄𝑄𝑄𝑄𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝐵𝐵𝐵𝐵
𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
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where 𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿2 is the (temperature dependent) vapor pressure of L2, 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝐵𝐵𝐵𝐵 is the pressure in the 
bubbler system, and 𝑄𝑄𝑄𝑄𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝐵𝐵𝐵𝐵 and 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 are the standard volumetric flow through the bubblers 
and of the gas mixture through the burner, respectively. Weighing the siloxane cylinder 
before and after a few hours of operation has shown that for normal operating conditions 
𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿2 is close to that of saturated vapor (5.59 kPa at 298 K [22]). All measurements were 
performed at the same temperature (298 K) and pressure (295 kPa) inside the bubblers. 
Mole fractions of L2 in the total fuel/air mixture ranging from 150 to 800 ppm were 
obtained by varying the fraction of fuel passing through the bubbler system, with an 
estimated day-to-day reproducibility of better than 10%. The low concentration of L2 
means that the number of moles in the gas mixture does not change significantly during 
combustion due to its presence. However, oxidation of one L2 molecule produces two SiO2 
molecules, so in the case of a stoichiometric methane/air mixture for example we can 
consider Χ𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2 = 2Χ𝐿𝐿𝐿𝐿2, since the total number of moles does not change during complete 
combustion of methane: 

CH4 + 2O2 → CO2 + 2H2O .  (2.10) 

In the rest of this work we will only refer to the concentration of Si in the combustion 
products unless specifically stated otherwise. 
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3.1. Introduction 

Over many years of combustion research a wide variety of diagnostic tools has been used 
and developed for studying particle growth, each with certain drawbacks or limitations. 
Some techniques, such as the often-used transmission electron microscopy (TEM), require 
a physical sample to be taken beforehand which can be investigated elsewhere (ex-situ). 
These samples can be taken after the process has completed, but to investigate a process in 
an active flame environment, a probe of some kind has to be inserted in order to extract the 
samples from a specific point or region. One drawback of this approach is that inserting the 
probe will inevitably perturb the reactive flow and processes therein. But also, to ensure that 
the samples are representative of the actual situation in the flame it is paramount that the 
sample is ‘frozen’ effectively, which is usually accomplished through a combination of 
dilution and cooling using a dilution sampling probe [1–3]. In case of incomplete 
quenching of the particle growth process, the particles may have changed significantly 
before examining. This all means that the results of ex-situ methods may not be 
representative of the actual situation in the flame. 

To get around both the problem of disturbing the flame and incomplete quenching 
of the sample, we turn to optical methods. Although passive methods exist [4–6], most 
optical methods used in combustion research are active techniques where (laser) light from 
an external source interacts in some way with particles in the measurement volume. Light 
can either be absorbed or scattered by the particles, with the cross sections 𝜎𝜎𝜎𝜎 for these 
processes depending on both the wavelength 𝜆𝜆𝜆𝜆 and polarization of light, and the shape, size 
and material properties of the particle. A lot of information about the particles can be 
gathered from the scattered radiation or light that is reemitted after absorption (e.g. by 
fluorescence). While optical techniques generally provide results that are less 
straightforward to interpret, they do allow for performing measurements directly at the 
point or region of interest (in-situ), with minimal disturbance compared to physical 
techniques where an object is inserted into the flame. In this work, optical methods were 
used to measure aggregate size, particle volume fractions, and flame temperatures, the 
employed techniques—angle-dependent light scattering (ADLS), laser light extinction 
(LLE) and laser-induced incandescence (LII), and Raman spectroscopy, respectively—are 
detailed below. 
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3.2. Angle-dependent light scattering (ADLS) 

ADLS is a laser-based technique that allows for in-situ measurement of aggregate particle 
size. To avoid confusion, it should be noted that in the literature this technique goes by 
quite a number of different names, e.g. light scattering dissymmetry [7], multi-angular laser 
light scattering [8], static light scattering [9], or simply light scattering [10]. When the laser 
beam passes through the flame, the light will be scattered by the aggregate particles that are 
present in it. Now, the basic premise is that there is an angular dependence to the scattered 
light intensity which is dependent on aggregate size (Figure 3.1), therefore multi-angle 
measurements allow for the aggregate size to be derived. The workings of ADLS allow for 
measurements regardless of the aggregates’ refractive index, and it could therefore be used 
in this work to measure both silica and soot particles. Compared to TEM, this approach 
does not allow for studying the size of individual particles; because the scattering signal is 
the sum of that from all particles it only provides information about the average particle 
size. However, besides the aforementioned advantages of optical methods, ADLS is also a 
lot more time-efficient, in principle allowing for real time measurements. 

 
Figure 3.1. Theoretical angle dependence of relative scattering intensity on scattering angle for different radii of 
gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 (described in Section 1.2.1) of the scattering aggregates. 

3.2.1. Theory 

The aggregate radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and primary particle radius 𝑎𝑎𝑎𝑎, as described in Section 
1.2.1, can be determined from the scattering signal as follows. In general, the measured 
signal produced by identical scatterers with number density 𝑁𝑁𝑁𝑁, scattering the laser radiation 
of power 𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 and wavelength 𝜆𝜆𝜆𝜆 at scattering angle 𝜃𝜃𝜃𝜃, is given by: 
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𝐼𝐼𝐼𝐼 = 𝑐𝑐𝑐𝑐0𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝑁𝑁𝑁𝑁
𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎(𝜃𝜃𝜃𝜃, 𝜆𝜆𝜆𝜆)
𝑑𝑑𝑑𝑑Ω

 ,  (3.1) 

where 𝑐𝑐𝑐𝑐0 is a constant accounting for setup parameters, such as sampling volume, detector 

sensitivity and collection angle; and 𝑎𝑎𝑎𝑎𝜎𝜎𝜎𝜎(𝜃𝜃𝜃𝜃,𝜆𝜆𝜆𝜆)
𝑎𝑎𝑎𝑎Ω

 is the differential scattering cross section of the 

scatterers. For aggregate particles formed by monomers, assuming that there is no 
intracluster multiple scattering, the differential scattering cross section is given by [11]: 

𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝(𝜃𝜃𝜃𝜃, 𝜆𝜆𝜆𝜆)
𝑑𝑑𝑑𝑑Ω

= 𝑛𝑛𝑛𝑛2
𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑Ω
𝑆𝑆𝑆𝑆 ,  (3.2) 

with 𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 the scattering cross section of the individual monomer particles; 𝑛𝑛𝑛𝑛 the number of 
monomers per aggregate; and 𝑆𝑆𝑆𝑆 the so-called structure factor, which arises from the 
interference of scattered waves produced by aggregates’ monomers, 

𝑆𝑆𝑆𝑆 = 𝑛𝑛𝑛𝑛−2 ��𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑞𝑞𝑞𝑞�⃗ ∙𝑟𝑟𝑟𝑟𝚤𝚤𝚤𝚤���⃗
𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖

�
2

 ,  (3.3) 

where �⃗�𝑞𝑞𝑞 is the scattering wave-vector, and 𝑟𝑟𝑟𝑟𝚤𝚤𝚤𝚤��⃗  the position of a monomer in the aggregate. 
The differential scattering cross section for a spherical monomer with radius 𝑎𝑎𝑎𝑎 and 
composed of a material with refractive index 𝑚𝑚𝑚𝑚, in turn, is [12]: 

𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑Ω
= 𝑘𝑘𝑘𝑘4𝑎𝑎𝑎𝑎6𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚) ,  (3.4) 

where 𝑘𝑘𝑘𝑘 = 2𝜋𝜋𝜋𝜋
𝜆𝜆𝜆𝜆

, and 𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚) = �𝑚𝑚𝑚𝑚
2−1

𝑚𝑚𝑚𝑚2+2
�
2
. Finally, combining Eqs. (3.1), (3.2) and (3.4) gives the 

following expression for the measured signal produced by aggregates: 

𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝 = 𝑐𝑐𝑐𝑐0𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝑘𝑘𝑘𝑘4𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚)𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛2𝑎𝑎𝑎𝑎6 ,  (3.5) 

where 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 is the number density of aggregate particles. 
For small aggregates, the structure factor can be approximated as 𝑆𝑆𝑆𝑆�𝑞𝑞𝑞𝑞,𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔� ≈ 1 −

1
3
𝑞𝑞𝑞𝑞2𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔2 [11], where 𝑞𝑞𝑞𝑞 = |�⃗�𝑞𝑞𝑞| = 4𝜋𝜋𝜋𝜋

𝜆𝜆𝜆𝜆
sin �𝜃𝜃𝜃𝜃

2
� at scattering angle 𝜃𝜃𝜃𝜃. In this regime Eq. (3.5) can be 

rewritten as 

𝐼𝐼𝐼𝐼(0)
𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) ≈ 1 +

1
3
𝑞𝑞𝑞𝑞2𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔2 ,  (3.6) 
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where 𝐼𝐼𝐼𝐼(0) is the intensity for forward scattering. By plotting 1/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) as a function of 𝑞𝑞𝑞𝑞2, the 
slope and intersection with y-axis of a linear fit can provide 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. Sorensen et al. [11,13] have 

shown that 𝐼𝐼𝐼𝐼(0)/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) versus 𝑞𝑞𝑞𝑞2 remains linear up to 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ≈ √3, yielding accurate values for 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. The linear fit of a typical data set is shown in Figure 3.2; this flame at 1950 K and 
800 ppm Si in the hot flame gases measured at axial distance (HAB) of 50 mm gives a 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of 

∼72 nm (𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 < √3). 

 
Figure 3.2. Linear fit of data for a 1950 K stoichiometric flame with 800 ppm silicon at HAB 50 mm giving  
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ∼ 72 nm. 

While 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is determined from the relative scattering signal at different angles, based 
on Eq. (3.5). 𝑎𝑎𝑎𝑎 can be derived from the absolute scattering signal. In present work, 𝑐𝑐𝑐𝑐0𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 is 
determined by measuring (at the same laser power 𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿) the scattering signal 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  from sulfur 
hexafluoride (SF6) purged through the burner surface. From Eq. (3.1) it follows that 

𝑐𝑐𝑐𝑐0𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 =
4𝜋𝜋𝜋𝜋𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6
𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6

 ,  (3.7) 

where 𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  is the total scattering cross section of SF6 (3.23 × 10-26 cm2 at 532 nm [14]), and 
𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  the number density of SF6 molecules. Since the number of monomers inside an 
aggregate is related to 𝑎𝑎𝑎𝑎 through Eq. (1.3), we can write the following relation, expressing 
the monomer radius through experimentally determined parameters 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝, 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  and 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, and 

the particle volume fraction in the combustion products, 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 = 4
3
𝜋𝜋𝜋𝜋𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎3𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝: 

𝑎𝑎𝑎𝑎 = �
𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝

3𝑘𝑘𝑘𝑘0𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6𝑘𝑘𝑘𝑘4𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚)𝑆𝑆𝑆𝑆�𝑞𝑞𝑞𝑞,𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔�𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣

�

1
3−𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

 .  (3.8) 
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scatterers. For aggregate particles formed by monomers, assuming that there is no 
intracluster multiple scattering, the differential scattering cross section is given by [11]: 

𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝(𝜃𝜃𝜃𝜃, 𝜆𝜆𝜆𝜆)
𝑑𝑑𝑑𝑑Ω

= 𝑛𝑛𝑛𝑛2
𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑Ω
𝑆𝑆𝑆𝑆 ,  (3.2) 

with 𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚 the scattering cross section of the individual monomer particles; 𝑛𝑛𝑛𝑛 the number of 
monomers per aggregate; and 𝑆𝑆𝑆𝑆 the so-called structure factor, which arises from the 
interference of scattered waves produced by aggregates’ monomers, 

𝑆𝑆𝑆𝑆 = 𝑛𝑛𝑛𝑛−2 ��𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑞𝑞𝑞𝑞�⃗ ∙𝑟𝑟𝑟𝑟𝚤𝚤𝚤𝚤���⃗
𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖

�
2

 ,  (3.3) 

where �⃗�𝑞𝑞𝑞 is the scattering wave-vector, and 𝑟𝑟𝑟𝑟𝚤𝚤𝚤𝚤��⃗  the position of a monomer in the aggregate. 
The differential scattering cross section for a spherical monomer with radius 𝑎𝑎𝑎𝑎 and 
composed of a material with refractive index 𝑚𝑚𝑚𝑚, in turn, is [12]: 

𝑑𝑑𝑑𝑑𝜎𝜎𝜎𝜎𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚

𝑑𝑑𝑑𝑑Ω
= 𝑘𝑘𝑘𝑘4𝑎𝑎𝑎𝑎6𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚) ,  (3.4) 

where 𝑘𝑘𝑘𝑘 = 2𝜋𝜋𝜋𝜋
𝜆𝜆𝜆𝜆

, and 𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚) = �𝑚𝑚𝑚𝑚
2−1

𝑚𝑚𝑚𝑚2+2
�
2
. Finally, combining Eqs. (3.1), (3.2) and (3.4) gives the 

following expression for the measured signal produced by aggregates: 

𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝 = 𝑐𝑐𝑐𝑐0𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝑘𝑘𝑘𝑘4𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚)𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝑛𝑛𝑛𝑛2𝑎𝑎𝑎𝑎6 ,  (3.5) 

where 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 is the number density of aggregate particles. 
For small aggregates, the structure factor can be approximated as 𝑆𝑆𝑆𝑆�𝑞𝑞𝑞𝑞,𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔� ≈ 1 −

1
3
𝑞𝑞𝑞𝑞2𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔2 [11], where 𝑞𝑞𝑞𝑞 = |�⃗�𝑞𝑞𝑞| = 4𝜋𝜋𝜋𝜋

𝜆𝜆𝜆𝜆
sin �𝜃𝜃𝜃𝜃

2
� at scattering angle 𝜃𝜃𝜃𝜃. In this regime Eq. (3.5) can be 

rewritten as 

𝐼𝐼𝐼𝐼(0)
𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) ≈ 1 +

1
3
𝑞𝑞𝑞𝑞2𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔2 ,  (3.6) 
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where 𝐼𝐼𝐼𝐼(0) is the intensity for forward scattering. By plotting 1/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) as a function of 𝑞𝑞𝑞𝑞2, the 
slope and intersection with y-axis of a linear fit can provide 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. Sorensen et al. [11,13] have 

shown that 𝐼𝐼𝐼𝐼(0)/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) versus 𝑞𝑞𝑞𝑞2 remains linear up to 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ≈ √3, yielding accurate values for 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. The linear fit of a typical data set is shown in Figure 3.2; this flame at 1950 K and 
800 ppm Si in the hot flame gases measured at axial distance (HAB) of 50 mm gives a 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of 

∼72 nm (𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 < √3). 

 
Figure 3.2. Linear fit of data for a 1950 K stoichiometric flame with 800 ppm silicon at HAB 50 mm giving  
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ∼ 72 nm. 

While 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is determined from the relative scattering signal at different angles, based 
on Eq. (3.5). 𝑎𝑎𝑎𝑎 can be derived from the absolute scattering signal. In present work, 𝑐𝑐𝑐𝑐0𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 is 
determined by measuring (at the same laser power 𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿) the scattering signal 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  from sulfur 
hexafluoride (SF6) purged through the burner surface. From Eq. (3.1) it follows that 

𝑐𝑐𝑐𝑐0𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿 =
4𝜋𝜋𝜋𝜋𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6
𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6

 ,  (3.7) 

where 𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  is the total scattering cross section of SF6 (3.23 × 10-26 cm2 at 532 nm [14]), and 
𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  the number density of SF6 molecules. Since the number of monomers inside an 
aggregate is related to 𝑎𝑎𝑎𝑎 through Eq. (1.3), we can write the following relation, expressing 
the monomer radius through experimentally determined parameters 𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝, 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  and 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, and 

the particle volume fraction in the combustion products, 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 = 4
3
𝜋𝜋𝜋𝜋𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎3𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝: 

𝑎𝑎𝑎𝑎 = �
𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝

3𝑘𝑘𝑘𝑘0𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6𝑘𝑘𝑘𝑘4𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚)𝑆𝑆𝑆𝑆�𝑞𝑞𝑞𝑞,𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔�𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣

�

1
3−𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

 .  (3.8) 
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When 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 is known, either through measurement or because it can be calculated from other 
known parameters (e.g. when the bubbler system described in Section 2.6 is used to control 
the concentration of silica in the flame), Eq. (3.8) can be used to calculate the monomer 
radius. 

3.2.2. Setup 

A schematic of the optical measuring system used for the ADLS measurements is shown in 
Figure 3.3. The laser beam from a 532 nm cw laser (Coherent Sapphire or Viasho, with a 
power of 100 mW and 1 W, respectively) is focused above the center of the burner (at 
20 mm below the chimney, if present), by a lens with focal length of 500 mm producing a 
focal spot with diameter less than 1 mm. The scattered light is collected by 𝑑𝑑𝑑𝑑/4, 100 mm 
focal length lenses in the horizontal scattering plane at four different angles (42°, 62°, 90° 
and 133°) with respect to the forward direction of the laser beam. Each lens is placed at 
20 cm from the center of the burner producing a 1:1 image of the laser beam onto a 
detector. Because detection occurs at the laser’s wavelength, great care has to be taken to 
avoid detection of light not coming from the intended detection volume as it could 
overwhelm the signal we want to detect. Ambient light is suppressed by narrow band filters 
centered at 532 nm with a bandwidth of 3 nm (Thorlabs FL532-3) placed in front of the 
detector. A linear polarizer (Thorlabs LPVISE100-A) is included as well, to reject 
horizontally polarized light. Also, to prevent detecting scattered light from other parts of 
the experimental setup, the collecting optics are assembled in a tube system (also indicated 
in Figure 3.3). 

Rectangular apertures are placed directly in front of the detectors to set the 
measuring volume. The size of the measuring volume in horizontal direction 𝑙𝑙𝑙𝑙𝑠𝑠𝑠𝑠 is 
determined by the aperture’s width 𝑑𝑑𝑑𝑑 and the scattering angle 𝜃𝜃𝜃𝜃, 𝑙𝑙𝑙𝑙𝑠𝑠𝑠𝑠 = 𝑑𝑑𝑑𝑑/ sin(𝜃𝜃𝜃𝜃). The 
apertures’ widths are tailored to each collection system’s angular position, such that all 
detectors collect the light from the same 7.5 mm section of the laser beam, which is less than 
a third of the region where the temperature profile is uniform according to measurements 
performed in flames similar to the one in this work [15] in the same burner geometry. The 
apertures’ height (1.5 mm) exceeds the laser beam diameter to avoid the effect of possible 
beam steering. Photomultipliers (Hamamatsu H10721-210) are used as detectors. To 
increase the signal-to-noise ratio, the laser beam is modulated at 650 Hz using a chopper 
wheel and the signal is measured by a lock-in amplifier (EG&G Instruments 7265 DSP). 
The chopper is contained in an enclosure along with the laser and focusing lens to reduce 
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the stray light entering the collection systems. The photomultipliers were operated at an 
applied voltage of 800 V, providing signals in the range 0.5 mV – 100 mV at input 
resistance 25 kΩ with acceptable signal-to-noise ratio. The linearity of the detection system 
has been verified by varying laser intensity with an attenuator and measuring laser power 
with a calibrated photodiode. 

 
Figure 3.3. Schematic for the ADLS experimental setup. The angular orientations of the collection systems are with 
respect to the forward direction of the laser beam. 

The signals measured by different photomultipliers are normalized to take into 
account differences in transmittances and sensitivities of the individual collection systems. 
The normalization coefficients are determined by measuring the intensity of Rayleigh 
scattering in SF6, purged through the burner. Due to its high cross section [14] Rayleigh 
scattering from this gas provides a strong isotropic signal that minimizes the relative 
contribution of any detected background light. The background contribution to the 
measured signal is determined by measuring the ratio of scattered signals in SF6 (𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6) and 
air (𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) using the formula 
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𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6
𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,

=

𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6
𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

+ 𝛼𝛼𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
1 + 𝛼𝛼𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

 ,  (3.9) 

where the ratio of the Rayleigh cross sections of SF6 and air, 𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6/𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, is approximately 6.3 
[14], and 𝛼𝛼𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the background signal normalized by intensity of Rayleigh scattering in air. 
In this work 𝛼𝛼𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 was always less than 2.5%, while the signal in flames with particles 
typically exceeds the signal in air by more than one order of magnitude, eliminating the 
necessity for background correction when processing measured signals. 

3.3. Laser light extinction (LLE) 

LLE is a technique that allows for measuring particle volume fractions. The idea is that a 
laser beam passing through the measurement volume lessens in intensity proportional to 
the particle volume fraction, as a result of absorption and scattering by the particles. It is a 
relatively straightforward technique that, in principle, requires just a laser and single 
stationary light sensor. But perhaps the main benefit is that LLE does not require 
calibration, which is in fact the reason that it is frequently used to calibrate other techniques 
such as laser-induced incandescence (discussed below). It does however require knowledge 
of the optical properties of the particles in order to derive the volume fraction from the 
degree of extinction. A downside of LLE is that it is a line of sight technique, requiring 
either a homogeneous environment or specific knowledge about the particle distribution 
throughout the measurement volume for the data to be interpreted correctly. Also, 
extinction measurements suffer from low sensitivity, requiring very high accuracy for 
measuring low volume fractions. Although this can be mitigated to some degree by using 
more complex multi-pass approaches, it remains a fundamental problem with this 
technique as it is inherently harder to accurately measure the difference between a given 
signal and a signal that is only slightly smaller (as in LLE) than the difference between a 
given signal and no signal (i.e. a zero background method as in e.g. laser-induced 
incandescence). Even a small relative error in the measured signals can still translate into a 
large relative error in their difference and hence a substantial uncertainty in the derived 
volume fraction. This makes LLE unsuitable for measuring low volume fractions or volume 
fractions of materials with low extinction cross sections such as silica, and is the reason it 
was only used for measurements of soot in this thesis. 

In this thesis, we measure the extinction (see Figure 6.2) of a 532 nm cw laser beam 
(Coherent Sapphire 100 mW laser) for the purpose of calibrating LII measurements. As it is 
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clearly essential to have a good signal-to-noise ratio, the laser beam is modulated using a 
chopper wheel and measured by a lock-in amplifier as was done for the ADLS 
measurements described earlier. The incident light 𝐼𝐼𝐼𝐼0 is compared to the light that is 
transmitted through the system of length 𝑙𝑙𝑙𝑙: 

𝐼𝐼𝐼𝐼𝑇𝑇𝑇𝑇 = 𝐼𝐼𝐼𝐼0𝑒𝑒𝑒𝑒−𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ,  (3.10) 

where 𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 is the extinction turbidity, which is related to both the absorption and scattering 
cross section, and to the aggregate number density according to 

𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝�𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝜎𝜎𝜎𝜎𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎
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where 𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚) is the optical absorption function 
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Since 4𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎3/3 is the volume of a monomer, this allows us to express the particle volume 
fraction as 

𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 =
𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

3𝑘𝑘𝑘𝑘𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚) ,  (3.14) 

where it should be noted that this final solution also holds for polydisperse systems [11], 
despite the assumption of identical particles in the derivation presented here. 

3.4. Laser-induced incandescence (LII) 

LII is a powerful technique for acquiring in-situ information about soot and is often used to 
measure soot volume fractions and sizes of primary particles [16–24]. Its application for 
measuring silica particles is prohibited by the latter’s very small absorption cross section. In 
this work LII was used to measure soot volume fractions, for which LII offers a much higher 
sensitivity than the LLE technique described in the previous section, but has the drawback 
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𝐼𝐼𝐼𝐼𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,
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+ 𝛼𝛼𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
1 + 𝛼𝛼𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

 ,  (3.9) 

where the ratio of the Rayleigh cross sections of SF6 and air, 𝜎𝜎𝜎𝜎𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6/𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, is approximately 6.3 
[14], and 𝛼𝛼𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the background signal normalized by intensity of Rayleigh scattering in air. 
In this work 𝛼𝛼𝛼𝛼𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 was always less than 2.5%, while the signal in flames with particles 
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3.3. Laser light extinction (LLE) 

LLE is a technique that allows for measuring particle volume fractions. The idea is that a 
laser beam passing through the measurement volume lessens in intensity proportional to 
the particle volume fraction, as a result of absorption and scattering by the particles. It is a 
relatively straightforward technique that, in principle, requires just a laser and single 
stationary light sensor. But perhaps the main benefit is that LLE does not require 
calibration, which is in fact the reason that it is frequently used to calibrate other techniques 
such as laser-induced incandescence (discussed below). It does however require knowledge 
of the optical properties of the particles in order to derive the volume fraction from the 
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extinction measurements suffer from low sensitivity, requiring very high accuracy for 
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technique as it is inherently harder to accurately measure the difference between a given 
signal and a signal that is only slightly smaller (as in LLE) than the difference between a 
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incandescence). Even a small relative error in the measured signals can still translate into a 
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In this thesis, we measure the extinction (see Figure 6.2) of a 532 nm cw laser beam 
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fraction as 

𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 =
𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

3𝑘𝑘𝑘𝑘𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚) ,  (3.14) 

where it should be noted that this final solution also holds for polydisperse systems [11], 
despite the assumption of identical particles in the derivation presented here. 

3.4. Laser-induced incandescence (LII) 

LII is a powerful technique for acquiring in-situ information about soot and is often used to 
measure soot volume fractions and sizes of primary particles [16–24]. Its application for 
measuring silica particles is prohibited by the latter’s very small absorption cross section. In 
this work LII was used to measure soot volume fractions, for which LII offers a much higher 
sensitivity than the LLE technique described in the previous section, but has the drawback 
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of requiring calibration. Extensive information about this method can be found elsewhere 
(see, for example a recent comprehensive overview in [25]), but we will give a brief 
summary of the most important concepts here. 

In pulsed LII, soot is rapidly heated up—generally to 2500 – 4000 K—during the 
laser pulse, inducing a significant increase in the soot’s broadband radiation. As the soot 
cools down there is a corresponding decay in the intensity of its broadband radiation. 
Volume and mass fractions are typically derived from the intensity of gated (time-
integrated) pulsed-LII signals. Provided that all particles reach the same peak temperature 
(usually at the sublimation point), the maximum LII signal is approximately proportional to 
the soot-volume fraction because, in the Rayleigh approximation, soot primary particles are 
volume absorbers and emitters [25]. Because distributions in both primary-particle and 
aggregate size affect the decay of the pulsed-LII signal, it is generally preferable to use short 
detection gates that overlap with the laser pulse to minimize the effect of size bias, and use 
appropriate filters to discriminate against interfering signals [25]. 

Unfortunately, LII by itself cannot provide all the information desired on particle 
structure, such as particle morphology. Ex-situ methods that are often used in conjunction 
with LII (e.g., transmission electron microscopy, TEM), although relatively easy to interpret 
and informative, suffer from the drawbacks inherent to invasive sampling mentioned 
above. Elastic light scattering has been demonstrated to be a suitable non-invasive 
technique complementing LII to obtain crucial information about soot in flames, such as 
sizes of primary particles and aggregates [23,26,27]. 

3.4.1. Setup and measurements 

The optical setup is shown in Figure 6.2. Soot volume fractions were derived from the peak 
of the measured LII signal. We used a Quanta Ray GCR-150 laser operated at 1064 nm and 
frequency of 25 Hz with a pulse width of 8 ns and energy of 70 mJ/pulse. The laser beam is 
focused by a 500 mm focal length lens above the center of the burner. The IR wavelength of 
the laser prevents generation of LIF signal from polycyclic aromatic hydrocarbons (PAHs) 
that might interfere with the measurements [28]. The LII signal is collected by a UV-Nikkor 
105 mm f/4.5 lens placed perpendicular to the laser beam and detected by the 
photomultiplier (EMI 9558B) with a bandpass interference filter (wavelength 450 nm, 
bandwidth 40±8 nm, Melles Griot 03 FIV 028) installed in front of it. The photomultiplier 
signal is measured by a 54830 series Infiniium Oscilloscope, averaging over 250 laser pulses 
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for each measurement. Finally, LLE is used for calibration, so that the soot volume fraction 
can be determined from the LII peak signal. 

3.5. Raman spectroscopy 

Spontaneous Raman scattering is a measurement technique that can be used to measure 
major species concentrations and temperatures in flames [29]. With this technique, a laser 
is used to excite molecules without relying on any specific resonances, but rather exciting 
the molecules to a virtual state. If the final state after scattering is the original state then the 
scattered photon has the same energy as the incident photon (Rayleigh scattering). If the 
final state is different than the initial state, say a different vibrational or rotational state, 
then the scattered photon has a different energy (Raman scattering). A distinction is made 
between Stokes Raman scattering with a final state that is higher in energy than the initial 
state, releasing a photon with lower energy than that of the exciting laser, and anti-Stokes, 
where the final state is lower in energy, releasing a higher energy photon. The shape of the 
spontaneous Raman spectrum is determined by the populations of the initial states, and 
therefore dependent on the molecular species which determines possible states, and on the 
temperature, which determines the distribution of molecules over these different states 
(proportional to the Boltzmann factor e (−𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖/𝑘𝑘𝑘𝑘𝐵𝐵𝐵𝐵𝑇𝑇𝑇𝑇), where 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖 is the state’s energy and 𝑘𝑘𝑘𝑘𝐵𝐵𝐵𝐵 the 
Boltzmann constant). For diagnostic purposes, using anti-stokes vibrational branches is 
problematic because excited vibrational levels have meager population even at flame 
temperatures, while rotational branches are relatively close to the excitation laser line. 
Therefore Stokes vibrational bands are most suitable for performing measurements at flame 
temperatures. 

While Raman scattering is very weak compared to other laser-based techniques, 
which can limit its applicability, it offers a number of valuable advantages. Compared to the 
frequently used CARS (coherent anti-Stokes Raman scattering) for example, it is much less 
complex, requiring the use of only a single laser (pump) beam rather than three: a pump 
beam, Stokes beam and probe beam [29]. In principle, a laser with arbitrary wavelength can 
be used to measure all species of interest (although shorter wavelengths are preferred since 
the scattering signal scales with the fourth power of the scattered frequency [29]) and an 
excellent spatial resolution can be achieved. Furthermore, the Raman scattering of any 
specific species is independent of the surrounding gas composition, nor is it affected by 
collisional quenching, and scattering intensities are fairly simple functions of flame 
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of requiring calibration. Extensive information about this method can be found elsewhere 
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frequency of 25 Hz with a pulse width of 8 ns and energy of 70 mJ/pulse. The laser beam is 
focused by a 500 mm focal length lens above the center of the burner. The IR wavelength of 
the laser prevents generation of LIF signal from polycyclic aromatic hydrocarbons (PAHs) 
that might interfere with the measurements [28]. The LII signal is collected by a UV-Nikkor 
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for each measurement. Finally, LLE is used for calibration, so that the soot volume fraction 
can be determined from the LII peak signal. 
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Spontaneous Raman scattering is a measurement technique that can be used to measure 
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final state is different than the initial state, say a different vibrational or rotational state, 
then the scattered photon has a different energy (Raman scattering). A distinction is made 
between Stokes Raman scattering with a final state that is higher in energy than the initial 
state, releasing a photon with lower energy than that of the exciting laser, and anti-Stokes, 
where the final state is lower in energy, releasing a higher energy photon. The shape of the 
spontaneous Raman spectrum is determined by the populations of the initial states, and 
therefore dependent on the molecular species which determines possible states, and on the 
temperature, which determines the distribution of molecules over these different states 
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Boltzmann constant). For diagnostic purposes, using anti-stokes vibrational branches is 
problematic because excited vibrational levels have meager population even at flame 
temperatures, while rotational branches are relatively close to the excitation laser line. 
Therefore Stokes vibrational bands are most suitable for performing measurements at flame 
temperatures. 

While Raman scattering is very weak compared to other laser-based techniques, 
which can limit its applicability, it offers a number of valuable advantages. Compared to the 
frequently used CARS (coherent anti-Stokes Raman scattering) for example, it is much less 
complex, requiring the use of only a single laser (pump) beam rather than three: a pump 
beam, Stokes beam and probe beam [29]. In principle, a laser with arbitrary wavelength can 
be used to measure all species of interest (although shorter wavelengths are preferred since 
the scattering signal scales with the fourth power of the scattered frequency [29]) and an 
excellent spatial resolution can be achieved. Furthermore, the Raman scattering of any 
specific species is independent of the surrounding gas composition, nor is it affected by 
collisional quenching, and scattering intensities are fairly simple functions of flame 
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temperature and composition [29,30]. Also, with the proper setup, multiple species can be 
monitored simultaneously. 

In this work, spontaneous Raman spectroscopy was used to measure flame 
temperatures by fitting (parts of) spontaneous Raman spectra, using the setup and method 
described in [31]. In the present work we utilized the Stokes vibrational bands of N2, which 
are fairly well separated from the excitation laser line (∼2300 cm-1) [31]. A comparison of 
calculated stokes Raman scattering spectra from N2 at different temperatures is shown in 
Figure 3.4. N2 was chosen since it is not consumed in the combustion process, while the use 
of air as oxidizer means that it is present in relatively high concentration, therefore it 
provides a strong signal for all conditions.  

 
Figure 3.4. Comparison of calculated Stokes Raman scattering spectra from nitrogen at different temperatures. 

3.5.1. Setup 

The setup that was used for the Raman spectroscopy measurements is shown in Figure 3.5. 
A Nd:YLF laser (Spectra Physics Empower, 5 kHz repetition rate, 400 ns pulse duration, 
average power 30 W, wavelength 527 nm) is used as excitation source. The laser beam is 
passes through a half-wave plate mounted in a motorized rotation stage (Standa Ltd. 
8MR151) and focused above the center of the burner by an f = 500 mm lens. Scattered 
radiation is collected perpendicular to the beam by an f/2.8 lens with a focal length of 
300 mm, passed through a notch filter centered at 527.5 nm (Kaiser Optical Systems Inc. 
HSNF-527.5-1.0) and subsequently dispersed by an f/4 spectrometer (Acton Research 
Spectra Pro 2300i) using a 2400 mm-1 grating, with its entrance slit parallel to the laser 
beam. Finally, the dispersed light is projected onto a PI-Max intensified 1024 × 1024 pixel 
CCD camera (Princeton Instruments, 13 μm pixel size). The full range of horizontal pixels 
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on the sensor is used, binning them in pairs, while vertical pixels 301-700 are binned in one 
group, essentially integrating the signal over a distance of ∼10 mm along the laser beam. 
Additionally, the sensor is cooled to -40 °C to limit dark current. 

 
Figure 3.5. Schematic for the Raman spectroscopy experimental setup. 

 
Figure 3.6. Picture of an ongoing Raman measurement. 

3.5.2. Measurement procedure 

The CCD camera is used in gated mode, meaning that the sensor is only exposed coinciding 
with the laser pulse, this serves to minimize background contribution to the measurement. 
After a set number of gates the sensor is read out, constituting an accumulation. Since the 
Raman cross section is very small, we need to collect light from a large number of pulses in 
order to record a spectrum of sufficient quality for fitting. Because of read-out noise and the 
fact that reading out the sensor is relatively time-consuming, it is generally preferable to 
keep the number of accumulations low and instead use a higher number of gates per 
accumulation, as it is their product that determines the total exposure time. However, care 
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temperature and composition [29,30]. Also, with the proper setup, multiple species can be 
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Figure 3.4. Comparison of calculated Stokes Raman scattering spectra from nitrogen at different temperatures. 
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CCD camera (Princeton Instruments, 13 μm pixel size). The full range of horizontal pixels 
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on the sensor is used, binning them in pairs, while vertical pixels 301-700 are binned in one 
group, essentially integrating the signal over a distance of ∼10 mm along the laser beam. 
Additionally, the sensor is cooled to -40 °C to limit dark current. 

 
Figure 3.5. Schematic for the Raman spectroscopy experimental setup. 

 
Figure 3.6. Picture of an ongoing Raman measurement. 

3.5.2. Measurement procedure 

The CCD camera is used in gated mode, meaning that the sensor is only exposed coinciding 
with the laser pulse, this serves to minimize background contribution to the measurement. 
After a set number of gates the sensor is read out, constituting an accumulation. Since the 
Raman cross section is very small, we need to collect light from a large number of pulses in 
order to record a spectrum of sufficient quality for fitting. Because of read-out noise and the 
fact that reading out the sensor is relatively time-consuming, it is generally preferable to 
keep the number of accumulations low and instead use a higher number of gates per 
accumulation, as it is their product that determines the total exposure time. However, care 

41 



Chapter 3. Diagnostic methods & experimental setups 

 
has to be taken that the high number of gates does not get the sensor overexposed. The 
Raman signal was always measured twice, once with the laser beam polarized perpendicular 
to the scattering plane and once with parallel polarization, using the half-wave plate to 
rotate the polarization. Because the background signal is unpolarized, it can be significantly 
reduced by subtracting the signal measured with parallel incident radiation from the signal 
with perpendicular incident radiation. 

Before evaluating the flame spectra, it is important to improve the fitting quality by 
reducing the number of variables. This is accomplished by also fitting a room temperature 
spectrum recorded in ambient air; a comparison of a room temperature spectrum and a 
typical high temperature spectrum measured in a methane/air flame is shown in Figure 3.7. 
The instrumental line function and the wavelength corresponding to the first pixel are 
determined approximately by fitting the room temperature spectrum, keeping the linear 
reciprocal dispersion (wavenumbers/pixel) fixed at an initial estimate based on the 
spectrometer settings. Subsequently, a more accurate value for the linear reciprocal 
dispersion is found by fitting a high temperature spectrum (with reasonably well-known 
temperature, ideally a flame at near-adiabatic conditions), which has more distinct features 
that correspond to different Raman shifts. This fitted value is then used instead of the initial 
estimate to reevaluate the other parameters with the room temperature spectrum. 
Subsequent iterative fittings of the room temperature and high temperature spectra are 
used to improve the fitting accuracy. After this process the flame temperatures are fitted 
from the measured flame spectra, with previous work [31] showing that the measured 
maximum temperatures in near-adiabatic methane/air flames and calculated adiabatic 
values agree to within ∼60 K. 

 
Figure 3.7. Example of typical fitting results for Stokes Raman spectra of nitrogen at room temperature (left) and in a 
stoichiometric methane/air flame with exit velocity 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 44 cm/s, giving a fitted temperature of 2160 K (right). 
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Chapter 4 
Silica aggregate growth in 1-D methane/air flames 

 
 
Silica aggregate formation was studied in 1-D premixed methane/L2/air flames by angle-
dependent light scattering measurements for various siloxane concentrations, flame 
temperatures and equivalence ratios, using Guinier analysis to interpret the experimental 
data. Measurements were performed in lean (𝜙𝜙𝜙𝜙 = 0.8), stoichiometric (𝜙𝜙𝜙𝜙 = 1.0) and rich 
(𝜙𝜙𝜙𝜙 = 1.3) methane/air flames at temperatures ranging from 1800 K to 2100 K and 
containing 300 to 1600 ppm Si. A sublinear dependence of the aggregate radii of gyration 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of generated silica particles on residence time, and non-monotonic dependence on flame 
temperature with maximum around 2000 K have been observed, with radii of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
in the range of 10 to 120 nm. Furthermore, a lean flame environment appears to foster 
aggregate growth compared to rich and stoichiometric flames, in which growth is very 
similar. When fixing the initial conditions at the residence time corresponding to the first 
measurement point, a simple model describing particle evolution as a result of collisional 
growth and sintering predicts the functional dependence of the growth of particle radii well.  

This chapter is based on the work presented in: Langenkamp PN, Mokhov AV, Levinsky HB. Angle-Dependent Light 
Scattering Study of Silica Aggregate Growth in 1-D Methane/Air Flames with Hexamethyldisiloxane Admixture: 
Effects of Siloxane Concentration, Flame Temperature, and Equivalence Ratio. Combust Sci Technol 2017;189:132–
49. 

47 



 

 

 
 
 

Chapter 4 
Silica aggregate growth in 1-D methane/air flames 

 
 
Silica aggregate formation was studied in 1-D premixed methane/L2/air flames by angle-
dependent light scattering measurements for various siloxane concentrations, flame 
temperatures and equivalence ratios, using Guinier analysis to interpret the experimental 
data. Measurements were performed in lean (𝜙𝜙𝜙𝜙 = 0.8), stoichiometric (𝜙𝜙𝜙𝜙 = 1.0) and rich 
(𝜙𝜙𝜙𝜙 = 1.3) methane/air flames at temperatures ranging from 1800 K to 2100 K and 
containing 300 to 1600 ppm Si. A sublinear dependence of the aggregate radii of gyration 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of generated silica particles on residence time, and non-monotonic dependence on flame 
temperature with maximum around 2000 K have been observed, with radii of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
in the range of 10 to 120 nm. Furthermore, a lean flame environment appears to foster 
aggregate growth compared to rich and stoichiometric flames, in which growth is very 
similar. When fixing the initial conditions at the residence time corresponding to the first 
measurement point, a simple model describing particle evolution as a result of collisional 
growth and sintering predicts the functional dependence of the growth of particle radii well.  

This chapter is based on the work presented in: Langenkamp PN, Mokhov AV, Levinsky HB. Angle-Dependent Light 
Scattering Study of Silica Aggregate Growth in 1-D Methane/Air Flames with Hexamethyldisiloxane Admixture: 
Effects of Siloxane Concentration, Flame Temperature, and Equivalence Ratio. Combust Sci Technol 2017;189:132–
49. 

47 



Chapter 4. Silica aggregate growth in 1-D methane/air flames 

 

4.1. Introduction 

As explained in Section 1.3.2, an issue complicating the implementation of biogas in the 
energy infrastructure is the presence of trace compounds like siloxanes. The deleterious 
effects on the performance of combustion equipment, caused by the deposition of the silica 
particles generated by the combustion of siloxane-containing fuels, put limits on acceptable 
concentrations of siloxane impurities. Because, as discussed above, the structure of these 
silica aggregates is a major determinant for the impact of deposition in combustion 
equipment, it is important to understand what happens on the aggregate level. 

An analytic approach for describing particle growth [1] can be very instructive, as 
it provides insight into functional dependencies, but is of limited quantitative value because 
of the system’s complexity. Similarly, numerical models [2–7] are as yet unreliable because 
the kinetics of silica aggregate formation is not well known. Therefore, experimental studies 
to characterize the aggregates are indispensable to gain a better understanding of processes 
of silica formation in combustion environments. 

Previous studies of silica formation in flames have been motivated by synthesis of 
ceramic powders [8]. In these studies, particle generation has been investigated mainly in  
diffusion flames at atmospheric pressure [9–16]. Because of the spatially varying 
temperature and local fuel/oxidizer ratios in these systems, the results of these studies are 
difficult to interpret unambiguously, particularly regarding processes that occur at relatively 
short time scales. Furthermore, many of these studies used silane (SiH4) as the source of 
silicon. As discussed in Section 2.6, complete premixing of this compound with the fuel-air 
mixture is problematical due to its pyrophoric nature, and its diffusive introduction gives 
rise to uncertainties in the actual local concentrations of silica precursors. However, the use 
of (relatively air-stable) siloxanes has opened the door to premixed studies with well-
defined local concentrations. One-dimensional (1-D) premixed flames yield conditions 
more amenable to analysis and which can be varied in a straightforward manner (see 
Section 2.2). Using ex-situ particle sampling Smirnov et al. [17], for example, analyzed 
aggregate growth and primary particle size as function of residence time in this type of 
flame based on transmission electron microscopy (TEM). Other studies in premixed 1-D 
flames employed in-situ techniques such as dynamic light scattering [18,19] and angle 
dependent light scattering (ADLS) [20,21] to characterize silica growth as function of time. 
In-situ measurements have a clear advantage over ex-situ methods such as TEM in that they 
obviate the need for intrusive physical sampling. In addition to being more time efficient, 
in-situ measurement removes the uncertainties related to disturbing the particle growth 
processes in the flame as a result of sampling. 
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Previous in-situ studies in 1-D premixed flames also varied a limited number of 

experimental parameters. For example, Ulrich and Riehl [20] examined different silica 
concentrations in the fuel/oxidizer mixture and altered the temperatures in a turbulent jet 
flame by varying the equivalence ratio. They also performed experiments on flames 
stabilized on a honeycomb flame holder, but the reduction in flame temperature was not 
characterized. Chang et al. [21] investigated the effect of adding POCl3 vapor, to depress the 
melting point of silica, on  silica agglomerate morphology. To our knowledge, no studies 
have been done that systematically vary flame temperature independently from the 
equivalence ratio, which is readily obtained in 1-D premixed flames [22]. Furthermore, 
given the interest of the prior studies in the synthesis of ceramic powders, the range of 
concentrations in studies that examined the effects of precursor concentration [23] are 
generally above 0.15 mol%. In this chapter, we present results obtained using angle 
dependent light scattering (ADLS) to study silica aggregate growth in 1-D premixed flames 
using L2 as silica precursor (as described in Section 2.6). Here we investigate aggregate 
growth as a function of residence time for a wide range of experimental conditions, varying 
silica concentration, flame temperature and equivalence ratio. We emphasize here that the 
flame conditions considered in this study are those that actually occur in combustion 
equipment; in fact, the burner configuration used, the residence times covered and the 
variations examined [24] are nearly identical to those in millions of appliances used for 
domestic heating. As such, this study contributes towards identifying the conditions 
germane for silica deposition when burning siloxane-containing biogases. 

4.2. Experimental 

Silica aggregates were produced in flat, premixed methane/L2/air flames at atmospheric 
pressure using the system shown schematically in Figure 2.6. The flames were stabilized 
above the 60-mm diameter perforated ceramic burner deck of the home-made burner with 
downstream chimney that was described in Section 2.4.2. Measurements of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in the post-
flame zone were performed by laser light scattering as detailed in Section 3.2, using the 
Coherent Sapphire 100 mW laser. The axial distance between the measuring volume and 
the burner surface (HAB) was varied by moving the burner axially in 5 mm steps. 

Flames of various temperatures and fuel equivalence ratios were obtained by 
setting appropriate air and methane mass fluxes using the gas handling system detailed in 
Section 2.5. The flame temperature was varied by changing the mass flux through the 
burner while keeping the fuel/air ratio constant as described in Section 2.2. Three 
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have been done that systematically vary flame temperature independently from the 
equivalence ratio, which is readily obtained in 1-D premixed flames [22]. Furthermore, 
given the interest of the prior studies in the synthesis of ceramic powders, the range of 
concentrations in studies that examined the effects of precursor concentration [23] are 
generally above 0.15 mol%. In this chapter, we present results obtained using angle 
dependent light scattering (ADLS) to study silica aggregate growth in 1-D premixed flames 
using L2 as silica precursor (as described in Section 2.6). Here we investigate aggregate 
growth as a function of residence time for a wide range of experimental conditions, varying 
silica concentration, flame temperature and equivalence ratio. We emphasize here that the 
flame conditions considered in this study are those that actually occur in combustion 
equipment; in fact, the burner configuration used, the residence times covered and the 
variations examined [24] are nearly identical to those in millions of appliances used for 
domestic heating. As such, this study contributes towards identifying the conditions 
germane for silica deposition when burning siloxane-containing biogases. 

4.2. Experimental 
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pressure using the system shown schematically in Figure 2.6. The flames were stabilized 
above the 60-mm diameter perforated ceramic burner deck of the home-made burner with 
downstream chimney that was described in Section 2.4.2. Measurements of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in the post-
flame zone were performed by laser light scattering as detailed in Section 3.2, using the 
Coherent Sapphire 100 mW laser. The axial distance between the measuring volume and 
the burner surface (HAB) was varied by moving the burner axially in 5 mm steps. 

Flames of various temperatures and fuel equivalence ratios were obtained by 
setting appropriate air and methane mass fluxes using the gas handling system detailed in 
Section 2.5. The flame temperature was varied by changing the mass flux through the 
burner while keeping the fuel/air ratio constant as described in Section 2.2. Three 
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equivalence ratios, 𝜙𝜙𝜙𝜙, were studied here, 𝜙𝜙𝜙𝜙 = 0.8, 1.0 and 1.3.  Since prior studies [22,24,25] 
showed that the measured maximum temperatures and those determined by solving the 
one-dimensional governing equations for burner-stabilized flames agree to within 50 K, 
here we computed the flame temperature.  The results obtained by using the code from the 
Cantera suite [26] with the GRI-Mech 3.0 chemical mechanism [27] are shown in Figure 
2.3. In this figure, the mass flux is recast as a linear exit velocity of the 1-D fuel-air mixture, 
anticipating the conversion to residence times below. Experiments under similar conditions 
[28] indicate that for the region of measurement examined here (see below) the 
temperatures were generally constant up to ∼30 mm, followed by a slow decrease. At the 
lowest mass fluxes described below, axial distance of constant temperature is less than 20 
mm. Since the siloxane fractions studied are relatively low, we neglect any contribution of 
the presence of siloxanes on the computed temperatures. 

4.3. Dependence of aggregate size on Si concentration 

As described in Section 3.2, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 was obtained from the measured ADLS data. The measured 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in stoichiometric flames at 𝑘𝑘𝑘𝑘 = 1950 K (see Figure 2.3) are shown in Figure 4.1 as a 
function of distance above the burner for 300-1600 ppm Si in the combustion products. 
Stray light limited the measurement to >10 mm above the burner surface. 

 
Figure 4.1. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for 1950 K stoichiometric flames as a function of axial distance above the burner, 

for 300-1600 ppm Si. Points above the dashed lines rely (partly) on data where 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 > √3. 

Part of the data was acquired outside the regime of 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ≤ √3 for which the fitting 
procedure is known to yield accurate 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 [28,29]. However, since plots of 𝐼𝐼𝐼𝐼(0)/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) vs. 𝑞𝑞𝑞𝑞2 
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were found to be linear for these data, we expect the fits to still give reliable values for 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
[29]. 

As we can see in Figure 4.1, for all siloxane concentrations there is growth of 
aggregates with increasing HAB. At the highest Si concentration of 1600 ppm, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 increases 
from  ∼40 nm at 10 mm to ∼120 nm at 50 mm. The smallest measured 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is ∼15 nm at 25 
mm above the burner for 400 ppm Si. For this aggregate size, the signal difference between 
scattered intensities at the smallest and largest detection angle is less than 2%. Despite the 
fact that particles at smaller axial distances, where 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and correspondingly the angular 
dependence of the scattered signal is even smaller, still generated a scattering signal a few 
times more intense than that in air, the fitting procedure at these heights typically yielded 
unreliable results. With increasing Si concentration, the minimum height where the fitting 
procedure could be used to yield 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 moves closer to the burner surface. We observe that 
extractive measurements followed by TEM analysis [17] for a stoichiometric flame with 
∼500 ppm Si at a temperature somewhat higher than here (T ≈ 2090 K) gives similar results 
to those at 500 ppm Si in Fig. 5, particularly when considering the effect of temperature on 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 described below. This consistency gives additional confidence in the scattering results. 

Note that the smallest aggregates measured contain very few monomers. Assuming 
a 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 of ∼1.8 [29], an aggregate with 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of 15 nm would contain only 3 to 18 monomers with 
radius of 8 or 3 nm respectively. On the other hand, an aggregate with 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of 120 nm would 
contain 130 monomers of 8 nm radius. 

For further analysis, we estimate the characteristic times of silica particle 
formation using the simple theoretical considerations laid out in Section 1.2. 
Decomposition of siloxane proceeds in the flame front, resulting in the formation of SiO2 
molecules that condense into small clusters, which in turn collide with other molecules and 
clusters, as represented by Eq. (1.1). When the corresponding rate 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is known, it can be 
used to find the characteristic time of association of a particle of size 𝑖𝑖𝑖𝑖 with any particle of 
size 𝑗𝑗𝑗𝑗 as  𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 ~ 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖/𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗. Assuming a sticking coefficient of unity, the rate of association of 
two particles is given by 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 = 𝛽𝛽𝛽𝛽𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗. For the current experimental conditions (1950 K 
and 1 atm) the free path length 𝜆𝜆𝜆𝜆, calculated based on air viscosity according to [30], is 
approximately 550 nm. Thus 𝜆𝜆𝜆𝜆 exceeds the measured gyration radii (Figure 4.1) by at least 5 
times. Because the particle’s radius of gyration is to a good approximation equal to its 
collision radius, it is therefore reasonable to use the free molecular approximation for 
estimation of characteristic collision times. If we assume that the particles are 
monodisperse, we can get a simple estimate of the time of association between two particles. 
In this case the collision kernel is given by Eq. (1.6), while the number density of particles is 
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equivalence ratios, 𝜙𝜙𝜙𝜙, were studied here, 𝜙𝜙𝜙𝜙 = 0.8, 1.0 and 1.3.  Since prior studies [22,24,25] 
showed that the measured maximum temperatures and those determined by solving the 
one-dimensional governing equations for burner-stabilized flames agree to within 50 K, 
here we computed the flame temperature.  The results obtained by using the code from the 
Cantera suite [26] with the GRI-Mech 3.0 chemical mechanism [27] are shown in Figure 
2.3. In this figure, the mass flux is recast as a linear exit velocity of the 1-D fuel-air mixture, 
anticipating the conversion to residence times below. Experiments under similar conditions 
[28] indicate that for the region of measurement examined here (see below) the 
temperatures were generally constant up to ∼30 mm, followed by a slow decrease. At the 
lowest mass fluxes described below, axial distance of constant temperature is less than 20 
mm. Since the siloxane fractions studied are relatively low, we neglect any contribution of 
the presence of siloxanes on the computed temperatures. 
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Figure 4.1. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for 1950 K stoichiometric flames as a function of axial distance above the burner, 

for 300-1600 ppm Si. Points above the dashed lines rely (partly) on data where 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 > √3. 

Part of the data was acquired outside the regime of 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ≤ √3 for which the fitting 
procedure is known to yield accurate 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 [28,29]. However, since plots of 𝐼𝐼𝐼𝐼(0)/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) vs. 𝑞𝑞𝑞𝑞2 
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were found to be linear for these data, we expect the fits to still give reliable values for 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
[29]. 

As we can see in Figure 4.1, for all siloxane concentrations there is growth of 
aggregates with increasing HAB. At the highest Si concentration of 1600 ppm, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 increases 
from  ∼40 nm at 10 mm to ∼120 nm at 50 mm. The smallest measured 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is ∼15 nm at 25 
mm above the burner for 400 ppm Si. For this aggregate size, the signal difference between 
scattered intensities at the smallest and largest detection angle is less than 2%. Despite the 
fact that particles at smaller axial distances, where 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and correspondingly the angular 
dependence of the scattered signal is even smaller, still generated a scattering signal a few 
times more intense than that in air, the fitting procedure at these heights typically yielded 
unreliable results. With increasing Si concentration, the minimum height where the fitting 
procedure could be used to yield 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 moves closer to the burner surface. We observe that 
extractive measurements followed by TEM analysis [17] for a stoichiometric flame with 
∼500 ppm Si at a temperature somewhat higher than here (T ≈ 2090 K) gives similar results 
to those at 500 ppm Si in Fig. 5, particularly when considering the effect of temperature on 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 described below. This consistency gives additional confidence in the scattering results. 

Note that the smallest aggregates measured contain very few monomers. Assuming 
a 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 of ∼1.8 [29], an aggregate with 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of 15 nm would contain only 3 to 18 monomers with 
radius of 8 or 3 nm respectively. On the other hand, an aggregate with 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of 120 nm would 
contain 130 monomers of 8 nm radius. 

For further analysis, we estimate the characteristic times of silica particle 
formation using the simple theoretical considerations laid out in Section 1.2. 
Decomposition of siloxane proceeds in the flame front, resulting in the formation of SiO2 
molecules that condense into small clusters, which in turn collide with other molecules and 
clusters, as represented by Eq. (1.1). When the corresponding rate 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗 is known, it can be 
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and 1 atm) the free path length 𝜆𝜆𝜆𝜆, calculated based on air viscosity according to [30], is 
approximately 550 nm. Thus 𝜆𝜆𝜆𝜆 exceeds the measured gyration radii (Figure 4.1) by at least 5 
times. Because the particle’s radius of gyration is to a good approximation equal to its 
collision radius, it is therefore reasonable to use the free molecular approximation for 
estimation of characteristic collision times. If we assume that the particles are 
monodisperse, we can get a simple estimate of the time of association between two particles. 
In this case the collision kernel is given by Eq. (1.6), while the number density of particles is 
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given by Eq. (1.9). Hence, for a silica concentration of 800 ppm in a 1950 K flame, the 
characteristic time of association of spherical particles with a 5 nm radius (thus containing 
∼16000 molecules) is ∼3 ms, corresponding to a height of less than 3 mm, implying that the 
first stage of silica formation is relatively fast and cannot be studied in the present 
experiment as it is well below our first measurement point at 10 mm (∼12 ms). Results with 
TEM in a similar flame [17] confirmed formation of fractal structures starts very close to 
(within 3 mm) the burner surface. 

Proceeding further with the analysis along the lines of Section 1.2.2, assuming that 
all silica is bound in particles, the particle density of combustion products is constant, and 
that the monomer radius 𝑎𝑎𝑎𝑎 = 3𝑣𝑣𝑣𝑣/𝑠𝑠𝑠𝑠 is constant in time, we find the time dependence for the 
collision radius given by Eq. (1.12). Comparison with the data in Figure 4.1 shows that the 
time dependence for the particle radius thus obtained is in poor agreement with the 
experimental results. For low silica concentrations, the experimental time dependence of 
the particle size appears to be approximately linear, and for higher concentrations the 
curves clearly show a sublinear dependence, in disagreement with Eq. (1.12), which gives a 
𝑑𝑑𝑑𝑑1.43 dependence for 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 ∼1.8. The agreement can be improved by taking 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 larger than 2, 
but this is at variance with available experimental observations (see, for example, 
[19,29,31]). It is clear that this model needs to be refined. 

To improve the description of particle evolution we should reconsider our 
assumption that the monomer size is unchanging throughout aggregate growth. This 
approximation essentially separates particle growth into two separate stages: monomer 
growth initially, and the subsequent aggregation of fixed-size monomers. But this 
assumption ignores the inter-particle monomer growth due to (partial) sintering as an 
important aspect of aggregate development. As was mentioned towards the end of Section 
1.2.2, it is well known that the growth process is actually a combination of particle collisions 
and simultaneous intra-aggregate fusion. Driven by the tendency to minimize surface 
energy, contacting monomers inside aggregates will tend to coalesce together into larger 
spheres, decreasing the total surface area (Eq. (1.13)). This was for example observed in 
[17], where the monomer radius was seen to increase from an initial 3 nm to 6 nm at 50 
mm above the burner. As noted in Section 1.2.2, the sintering rate is a material specific 
property that is strongly dependent on the temperature and on the sintering mechanism. A 
variety of expressions have been proposed for the sintering time of silica [32], but to our 
knowledge none that are expressly applicable to the short residence times and small particle 
sizes relevant for the first stages of particle growth in this research. As an estimate we use an 
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expression for bulk silica, based on a viscous flow mechanism, determined by Xiong et al. 
[3] using data from Kingery et al. [33], given by 

𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠 = 1.3 × 10−12𝑎𝑎𝑎𝑎 exp�
8.3 × 104

𝑘𝑘𝑘𝑘
� .  (4.1) 

The sintering time according to Eq. (4.1) at 1950 K for monomers with a radius of 5 nm is 
just under 20 ms. Since this is of the same order as the characteristic residence time in the 
present experiment (recall that HAB 10 mm corresponds to 12 ms), sintering should be 
taken into account in our description of particle growth (most other formulas will give even 
shorter magnitudes for 𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠 [32]). In fact, based on TEM measurements by Smirnov et al. [17] 
for similar experimental conditions, we expect the monomer radius to more than double 
over the course of measured growth. Thus the proper analysis of the evolution of silica 
particles under the present experimental conditions requires solving the system of 
equations describing both processes of coagulation, and sintering. 

Since it is not feasible to solve the equations analytically, we model the system 
numerically following the procedure described in [34]. In these simulations, Eq. (1.10) is 
generalized by adding a term taking into account the change in gas density due to a 
temperature decrease downstream, and Eq. (1.13) is augmented with a term to account for 
surface growth resulting from the coagulation process. Then the system of equations 
becomes 
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where 𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 is the density of the combustion products. Because the averaged molecular mass 
of the combustion products remains constant, we can replace 𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 in Eq. (4.2) by 1/𝑘𝑘𝑘𝑘. In the 
present experiments we have observed a decrease in temperature, which for simplicity is 
approximated by 𝑘𝑘𝑘𝑘(𝑑𝑑𝑑𝑑) = 𝑘𝑘𝑘𝑘0 exp(−𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑2), with 𝛾𝛾𝛾𝛾 ≈ 38 s-2. At 50 mm above the burner surface, 
the temperature had decreased from 1950 to 1700 K, resulting in a considerably increased 
sintering time according to Eq. (4.1). Furthermore, we take into account the transition from 
the free molecule to continuum regime, using Eq. (1.7) for the collision kernel. In our 
calculations we set a fractal dimension of 1.8, taking into consideration that the evolution of 
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given by Eq. (1.9). Hence, for a silica concentration of 800 ppm in a 1950 K flame, the 
characteristic time of association of spherical particles with a 5 nm radius (thus containing 
∼16000 molecules) is ∼3 ms, corresponding to a height of less than 3 mm, implying that the 
first stage of silica formation is relatively fast and cannot be studied in the present 
experiment as it is well below our first measurement point at 10 mm (∼12 ms). Results with 
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Proceeding further with the analysis along the lines of Section 1.2.2, assuming that 
all silica is bound in particles, the particle density of combustion products is constant, and 
that the monomer radius 𝑎𝑎𝑎𝑎 = 3𝑣𝑣𝑣𝑣/𝑠𝑠𝑠𝑠 is constant in time, we find the time dependence for the 
collision radius given by Eq. (1.12). Comparison with the data in Figure 4.1 shows that the 
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but this is at variance with available experimental observations (see, for example, 
[19,29,31]). It is clear that this model needs to be refined. 

To improve the description of particle evolution we should reconsider our 
assumption that the monomer size is unchanging throughout aggregate growth. This 
approximation essentially separates particle growth into two separate stages: monomer 
growth initially, and the subsequent aggregation of fixed-size monomers. But this 
assumption ignores the inter-particle monomer growth due to (partial) sintering as an 
important aspect of aggregate development. As was mentioned towards the end of Section 
1.2.2, it is well known that the growth process is actually a combination of particle collisions 
and simultaneous intra-aggregate fusion. Driven by the tendency to minimize surface 
energy, contacting monomers inside aggregates will tend to coalesce together into larger 
spheres, decreasing the total surface area (Eq. (1.13)). This was for example observed in 
[17], where the monomer radius was seen to increase from an initial 3 nm to 6 nm at 50 
mm above the burner. As noted in Section 1.2.2, the sintering rate is a material specific 
property that is strongly dependent on the temperature and on the sintering mechanism. A 
variety of expressions have been proposed for the sintering time of silica [32], but to our 
knowledge none that are expressly applicable to the short residence times and small particle 
sizes relevant for the first stages of particle growth in this research. As an estimate we use an 
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expression for bulk silica, based on a viscous flow mechanism, determined by Xiong et al. 
[3] using data from Kingery et al. [33], given by 
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The sintering time according to Eq. (4.1) at 1950 K for monomers with a radius of 5 nm is 
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where 𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 is the density of the combustion products. Because the averaged molecular mass 
of the combustion products remains constant, we can replace 𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 in Eq. (4.2) by 1/𝑘𝑘𝑘𝑘. In the 
present experiments we have observed a decrease in temperature, which for simplicity is 
approximated by 𝑘𝑘𝑘𝑘(𝑑𝑑𝑑𝑑) = 𝑘𝑘𝑘𝑘0 exp(−𝛾𝛾𝛾𝛾𝑑𝑑𝑑𝑑2), with 𝛾𝛾𝛾𝛾 ≈ 38 s-2. At 50 mm above the burner surface, 
the temperature had decreased from 1950 to 1700 K, resulting in a considerably increased 
sintering time according to Eq. (4.1). Furthermore, we take into account the transition from 
the free molecule to continuum regime, using Eq. (1.7) for the collision kernel. In our 
calculations we set a fractal dimension of 1.8, taking into consideration that the evolution of 
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𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 from spherical to fractal-like aggregates as described by Goudeli et al. [35] only has a 
minimal impact on the results. 

Starting the simulations at 𝑑𝑑𝑑𝑑 = 0, setting the initial values of 𝑠𝑠𝑠𝑠 and 𝑣𝑣𝑣𝑣 to those of 
spheres with typical molecular radius (∼0.2 nm), resulted in poor agreement with the 
experimental data. We attribute this primarily to the uncertainty in the estimation of the 
sintering time, while the model is highly sensitive to this parameter during the initial stage 
of aggregate growth. Using Eq. (4.1) for the sintering time results in gross overestimates of 
the rate of growth of the collision radius, because it apparently underestimates the rate of 
sintering for short residence times, here at 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 < 10 ms. The use of other expressions for the 
sintering time [32] also did not reproduce data, neither in particle size nor functional 
dependence on residence time. While fitting parameters in functional dependencies for 
sintering time such as Eq. (4.1) can bring agreement between the experiment and 
simulations, the lack of experimental data for the first stage of growth, and assumptions 
made in establishing the current model, dissuades us from following this procedure in the 
present discussion. It should be pointed out that chemistry could also be a factor during the 
initial stage of growth, which was not included in the model. 

To see whether the simulations can predict the functional dependence shown in 
Fig. 5, above, without having to predict the initial stages in particle formation, we start the 
simulations at the residence time corresponding to the first point measured in each series. 

The initial values of 𝑠𝑠𝑠𝑠 = 4𝜋𝜋𝜋𝜋𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐
𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎2−𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 and 𝑣𝑣𝑣𝑣 = 4

3
𝜋𝜋𝜋𝜋𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐

𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎3−𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓  are set by using the measured 

value of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as the collision radius 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 and adjusting the monomer radius 𝑎𝑎𝑎𝑎. Furthermore, a 
scaling factor 𝑐𝑐𝑐𝑐 was included in Eq. (4.1) for the sintering time 𝜏𝜏𝜏𝜏 = 𝑐𝑐𝑐𝑐𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒. The best agreement 
between the experimental and calculated 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 for all silica concentrations is achieved with the 
scaling factor 𝑐𝑐𝑐𝑐 ≳ 10, essentially disabling particle coalescence though sintering at times 
after initial particle formation. The analysis in [15] resulted in a similar conclusion. The 
results of simulations for 400, 800 and 1600 ppm of silica with the values for 𝑎𝑎𝑎𝑎 obtained by 
fitting of 5.5, 4.3, and 3 nm, respectively, are shown in Figure 4.2, where residence times for 
experimental data were calculated using the measured flow rates and estimated flame 
temperatures. We see that the experimental data for higher silica concentrations require a 
smaller value of 𝑎𝑎𝑎𝑎, while it is expected that the additional available silica would result in 
larger monomers. At the same time, we point out that even without sintering the model 
accounts perfectly well for the sublinear time dependence of 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐; this is the result of using 
Fuchs’ interpolation expression for the collision kernel, rather than the free molecular 
assumption that was used to get Eq. (1.12). We report that the simulated results were 
relatively insensitive to the temperature history used, as a result of the temperature 

54 

4.4. Temperature dependence 

 
dependence of Eq. (4.1), and were more sensitive to the initial particle size. This emphasizes 
the need for more experimental information on the initial stages of particle growth. 

 
Figure 4.2. Numerical simulations (lines) for silica concentrations of 400, 800 and 1600 ppm obtained by matching 
the collision radius with the initial data point of each series, the symbols give the measured radii. 

4.4. Temperature dependence 

The measured gyration radii 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in stoichiometric flames at temperatures ranging from 
1800 K to 2100 K, for a fixed concentration of 800 ppm silica in the combustion products, 
are shown in Figure 4.3 as a function of residence time. 

 
Figure 4.3. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for stoichiometric flames as a function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 with different 
temperatures; 800 ppm Si in the gases. 

These experimental data show a non-monotonic dependence of aggregate growth on the 
flame temperature. When the flame temperature increases from 1800 K to 2000 K, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
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spheres with typical molecular radius (∼0.2 nm), resulted in poor agreement with the 
experimental data. We attribute this primarily to the uncertainty in the estimation of the 
sintering time, while the model is highly sensitive to this parameter during the initial stage 
of aggregate growth. Using Eq. (4.1) for the sintering time results in gross overestimates of 
the rate of growth of the collision radius, because it apparently underestimates the rate of 
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sintering time [32] also did not reproduce data, neither in particle size nor functional 
dependence on residence time. While fitting parameters in functional dependencies for 
sintering time such as Eq. (4.1) can bring agreement between the experiment and 
simulations, the lack of experimental data for the first stage of growth, and assumptions 
made in establishing the current model, dissuades us from following this procedure in the 
present discussion. It should be pointed out that chemistry could also be a factor during the 
initial stage of growth, which was not included in the model. 

To see whether the simulations can predict the functional dependence shown in 
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scaling factor 𝑐𝑐𝑐𝑐 ≳ 10, essentially disabling particle coalescence though sintering at times 
after initial particle formation. The analysis in [15] resulted in a similar conclusion. The 
results of simulations for 400, 800 and 1600 ppm of silica with the values for 𝑎𝑎𝑎𝑎 obtained by 
fitting of 5.5, 4.3, and 3 nm, respectively, are shown in Figure 4.2, where residence times for 
experimental data were calculated using the measured flow rates and estimated flame 
temperatures. We see that the experimental data for higher silica concentrations require a 
smaller value of 𝑎𝑎𝑎𝑎, while it is expected that the additional available silica would result in 
larger monomers. At the same time, we point out that even without sintering the model 
accounts perfectly well for the sublinear time dependence of 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐; this is the result of using 
Fuchs’ interpolation expression for the collision kernel, rather than the free molecular 
assumption that was used to get Eq. (1.12). We report that the simulated results were 
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dependence of Eq. (4.1), and were more sensitive to the initial particle size. This emphasizes 
the need for more experimental information on the initial stages of particle growth. 

 
Figure 4.2. Numerical simulations (lines) for silica concentrations of 400, 800 and 1600 ppm obtained by matching 
the collision radius with the initial data point of each series, the symbols give the measured radii. 

4.4. Temperature dependence 

The measured gyration radii 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in stoichiometric flames at temperatures ranging from 
1800 K to 2100 K, for a fixed concentration of 800 ppm silica in the combustion products, 
are shown in Figure 4.3 as a function of residence time. 

 
Figure 4.3. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for stoichiometric flames as a function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 with different 
temperatures; 800 ppm Si in the gases. 

These experimental data show a non-monotonic dependence of aggregate growth on the 
flame temperature. When the flame temperature increases from 1800 K to 2000 K, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
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corresponding to a given residence time increases as well, whereas in the temperature range 
above 2000 K we observe either constant or a slight decrease in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 at the same residence 
time with increasing temperature. The smaller 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for the highest temperatures, which are 
above the melting point of bulk silica [36], are attributed to fast sintering, resulting in 
relatively compact particles consisting of large monomers. Interestingly, the opposite does 
not hold true for temperatures below 2000 K, where in the framework of the model, we 
would expect the low sintering rates to result in relatively fast formation of large, low-
density structures, while the impact of the change in temperature on the collision kinetics is 
marginal. Given the changes in temperature close to the bulk melting point, the possibility 
of increased clustering of monomers caused by progressively enhanced viscous attachment 
as the temperature is raised from 1800 K to 1950 K could stabilize larger clusters more 
easily than association by van der Waals attraction [35]. However, at the relatively short 
time scales of the experiment, the sintering rates to coalescence, resulting in denser clusters, 
are still relatively slow below 2000 K. Another effect, intrinsic to laminar, burner-stabilized 
flames is possible thermophoretic transport of very small silica clusters upstream from the 
flame front, even to the burner surface, which can increase when decreasing the mass flux. 
Although it is unlikely that substantial fractions of the silica particles will be deposited at the 
burner by this mechanism, additional experiments and detailed modeling will be required 
to describe this process adequately. 

We also note that much practical combustion equipment functions with such 
variations in temperature at the residence times reported here. Thus, the large variation in 
particle size when changing operating conditions can impact the rates of silica deposition in 
practical equipment; this also suggests operating regimes may exist for equipment intended 
to minimize the effects of deposition, which will be investigated in the future.  

Using the numerical simulations described in the previous section, we could 
achieve fits of comparable agreement as seen in Fig. 6, when varying the monomer radius 
𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚. For temperatures of 1850, 1950 and 2050 K, the “best fit” monomer radii, 𝑎𝑎𝑎𝑎, are 6.2, 4.3, 
and 5.8 nm, respectively, which reflect the non-monotonic dependence of 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐. The larger 𝑎𝑎𝑎𝑎 
for 2050 K compared to 1950 K corresponds with the expectation of more compact 
particles, but the suggestion indicated by [37], that changes in nucleation lead to larger 
particles at relatively low temperatures, seems at present the only explanation for the larger 
𝑎𝑎𝑎𝑎 for 1850 K. Other experiments, in which the monomer radius is measured at low Si 
concentration and short residence times, are required to better explain the observed 
influence of temperature on particle growth. 
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4.5. Dependence of aggregate growth on equivalence ratio  

As mentioned in Section Chapter 4, most of the experiments on premixed flames have 
varied the flame temperature together with the equivalence ratio. Here we maintain the 
flame temperature by changing the mass flux through the burner as explained in Section 
2.2. Aggregate growth was studied in lean (𝜙𝜙𝜙𝜙 = 0.8), stoichiometric and rich (𝜙𝜙𝜙𝜙 = 1.3) 
flames at 1850 K and 1950 K, doped with 800 ppm Si. The results, presented in Figure 4.4, 
show a remarkable difference between particle growth in a lean flame environment on the 
one hand, and stoichiometric and rich environments on the other. The oxygen-rich 
environment appears to greatly stimulate aggregate growth, up to a factor of 2 as compared 
to the other equivalence ratios, while there is no significant difference between particle 
growth in stoichiometric and fuel-rich (oxygen-poor) flames. Comparison with 
stoichiometric flames of higher temperatures (e.g., as in Figure 4.3) shows that the observed 
difference is well in excess of what might reasonably be attributed to a slight variation in 
flame temperature due to the small uncertainty in conditions. 

   

Figure 4.4. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 at 1850 K (left) and 1950 K (right) for three 
equivalence ratios; doping of 800 ppm Si. 

Because there is little difference in transport properties between the combustion 
products at different equivalence ratios, the model described above will not reflect a 
dependence on equivalence ratio. There are very few published studies that examine particle 
growth with a comparable variation in parameters. In [38], particle formation was also 
considered in a very rich premixed (𝜙𝜙𝜙𝜙 = 3) H2/O2 flame doped with L2, where they raised 
the possibility of other silicon-containing species such as SiO condensing with the particles. 
Although simple equilibrium calculations indicate that silica should be the major 
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corresponding to a given residence time increases as well, whereas in the temperature range 
above 2000 K we observe either constant or a slight decrease in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 at the same residence 
time with increasing temperature. The smaller 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for the highest temperatures, which are 
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flames is possible thermophoretic transport of very small silica clusters upstream from the 
flame front, even to the burner surface, which can increase when decreasing the mass flux. 
Although it is unlikely that substantial fractions of the silica particles will be deposited at the 
burner by this mechanism, additional experiments and detailed modeling will be required 
to describe this process adequately. 

We also note that much practical combustion equipment functions with such 
variations in temperature at the residence times reported here. Thus, the large variation in 
particle size when changing operating conditions can impact the rates of silica deposition in 
practical equipment; this also suggests operating regimes may exist for equipment intended 
to minimize the effects of deposition, which will be investigated in the future.  

Using the numerical simulations described in the previous section, we could 
achieve fits of comparable agreement as seen in Fig. 6, when varying the monomer radius 
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and 5.8 nm, respectively, which reflect the non-monotonic dependence of 𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐. The larger 𝑎𝑎𝑎𝑎 
for 2050 K compared to 1950 K corresponds with the expectation of more compact 
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Because there is little difference in transport properties between the combustion 
products at different equivalence ratios, the model described above will not reflect a 
dependence on equivalence ratio. There are very few published studies that examine particle 
growth with a comparable variation in parameters. In [38], particle formation was also 
considered in a very rich premixed (𝜙𝜙𝜙𝜙 = 3) H2/O2 flame doped with L2, where they raised 
the possibility of other silicon-containing species such as SiO condensing with the particles. 
Although simple equilibrium calculations indicate that silica should be the major 
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condensed species, even at 𝜙𝜙𝜙𝜙 = 1.3, it is premature to exclude kinetic effects in silica 
formation for the temperatures and residence times presented here. Conditions of excess 
oxygen, in which we expect SiO2 to be the only condensing species, appear to foster particle 
aggregation, particularly at lower temperatures where we expect sintering to be relatively 
slow, as described above. For conditions of low oxygen, a mechanism by which SiO or other 
species [38] deposits with silica in the primary particles either inhibits aggregate growth, 
particularly at lower temperatures, or (strongly) enhances sintering to generate denser 
particles. Measurement of primary particle size is necessary to discriminate between these 
mechanisms.  

4.6. Summary and conclusions 

ADLS measurements in 1-D premixed methane/hexamethyldisiloxane/air flames showed a 
sublinear dependence of the radii of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of generated silica particles on residence 
time, and a non-monotonic dependence on flame temperature with maximum around 
2000 K. Interestingly, a lean flame environment appears to foster aggregate growth 
compared to rich and stoichiometric flames having comparable growth. This result implies 
an unexpected dependence of aggregate formation on oxygen fraction and warrants further 
research, both to explore regimes for influencing particle growth [20] and to assess the 
impact of silica formation and deposition in practical combustion equipment [39,40]. The 
results presented here recommend caution when altering the equivalence ratio as a means 
to study the effect of flame temperature on particle growth. 

Using 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, for the time scales and particle sizes in the experiment, and an incomplete 
understanding of the first stages of particle growth where chemistry may still be relevant. 
Using initial conditions derived from the experimental data, at times greater than ∼10 ms, 
the model describes aggregate growth adequately, but suffers from the necessity of fitting 
the monomer radius. It is crucial to acquire more data for the initial stage of growth to 
explain the observed dependence of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 on temperature and equivalence ratio. Future TEM 
measurements could serve to augment the ADLS-acquired experimental data, particularly 
to characterize the development of monomer size. This would also allow for determination 
of 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 and the average number of monomers in fractal aggregates for the flame conditions 
considered here. 
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oxygen, in which we expect SiO2 to be the only condensing species, appear to foster particle 
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particularly at lower temperatures, or (strongly) enhances sintering to generate denser 
particles. Measurement of primary particle size is necessary to discriminate between these 
mechanisms.  

4.6. Summary and conclusions 

ADLS measurements in 1-D premixed methane/hexamethyldisiloxane/air flames showed a 
sublinear dependence of the radii of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of generated silica particles on residence 
time, and a non-monotonic dependence on flame temperature with maximum around 
2000 K. Interestingly, a lean flame environment appears to foster aggregate growth 
compared to rich and stoichiometric flames having comparable growth. This result implies 
an unexpected dependence of aggregate formation on oxygen fraction and warrants further 
research, both to explore regimes for influencing particle growth [20] and to assess the 
impact of silica formation and deposition in practical combustion equipment [39,40]. The 
results presented here recommend caution when altering the equivalence ratio as a means 
to study the effect of flame temperature on particle growth. 

Using 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, for the time scales and particle sizes in the experiment, and an incomplete 
understanding of the first stages of particle growth where chemistry may still be relevant. 
Using initial conditions derived from the experimental data, at times greater than ∼10 ms, 
the model describes aggregate growth adequately, but suffers from the necessity of fitting 
the monomer radius. It is crucial to acquire more data for the initial stage of growth to 
explain the observed dependence of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 on temperature and equivalence ratio. Future TEM 
measurements could serve to augment the ADLS-acquired experimental data, particularly 
to characterize the development of monomer size. This would also allow for determination 
of 𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓 and the average number of monomers in fractal aggregates for the flame conditions 
considered here. 
  

58 

References 

 

References 

[1] Smirnov BM. Processes involving Clusters and Small Particles in a Buffer Gas. 
Physics-Uspekhi 2011;54:691–721. 

[2] Zachariah MR, Semerjian HG. Simulation of Ceramic Particle Formation: 
Comparison With In-Situ Measurements. AIChE J 1989;35:2003–12. 

[3] Xiong Y, Kamal Akhtar M, Pratsinis SE. Formation of Agglomerate Particles by 
Coagulation and Sintering—Part II. The Evolution of the Morphology of Aerosol-
Made Titania, Silica and Silica-Doped Titania Powders. J Aerosol Sci 1993;24:301–
13. 

[4] Lee BW, Jeong JI, Hwang JY, Choi M, Chung SH. Analysis of Growth of Non-
Spherical Silica Particles in a Counterflow Diffusion Flame Considering Chemical 
Reactions, Coagulation and Coalescence. J Aerosol Sci 2001;32:165–85. 

[5] Lee BW, Oh S, Choi M. Simulation of Growth of Nonspherical Silica Nanoparticles 
in a Premixed Flat Flame. Aerosol Sci Technol 2001;35:978–89. 

[6] Suh S-M, Zachariah MR, Girshick SL. Modeling Particle Formation during Low-
Pressure Silane Oxidation: Detailed Chemical Kinetics and Aerosol Dynamics. J 
Vac Sci Technol A Vacuum, Surfaces, Film 2001;19:940. 

[7] Shekar S, Sander M, Riehl RC, Smith AJ, Braumann A, Kraft M. Modelling the 
Flame Synthesis of Silica Nanoparticles from Tetraethoxysilane. Chem Eng Sci 
2012;70:54–66. 

[8] Pratsinis SE. Flame Aerosol Synthesis of Ceramic Powders. Prog Energy Combust 
Sci 1998;24:197–219. 

[9] Rulison AJ, Miquel PF, Katz JL. Titania and Silica Powders Produced in a 
Counterflow Diffusion Flame. J Mater Res 2011;11:3083–9. 

[10] Zachariah MR, Chin D, Semerjian HG, Katz JL. Dynamic Light Scattering and 
Angular Dissymmetry for the In Situ Measurement of Silicon Dioxide Particle 
Synthesis in Flames. Appl Opt 1989;28:530. 

[11] Bae SH, Shin HD. Generation of Silica Nanoparticles in Turbulent Non-premixed 
Flames with Oxygen Enrichment. Energy & Fuels 2009;23:5338–48. 

[12] Jang HD. Generation of Silica Nanoparticles from Tetraethylorthosilicate (TEOS) 
Vapor in a Diffusion Flame. Aerosol Sci Technol 1999;30:477–88. 

[13] Suh JS, Kim CS, Kim TO, Choi M. Structural and Chemical Characterization of 
SiO2/TiO2 Multicomponent Particles During Aerosol Formation in a Coflow 
Diffusion Flame. Adv Powder Technol 2006;17:495–508. 

[14] Zhu W, Pratsinis SE. Synthesis of SiO2 and SnO2 Particles in Diffusion Flame 

59 



Chapter 4. Silica aggregate growth in 1-D methane/air flames 

 
Reactors. AIChE J 1997;43:2657–2664. 

[15] Wooldridge MS, Torek PV, Donovan MT, Hall DL, Miller TA, Palmer TR, et al. An 
Experimental Investigation of Gas-phase Combustion Synthesis of SiO2 
Nanoparticles using a Multi-Element Diffusion Flame Burner. Combust Flame 
2002;131:98–109. 

[16] Choi M, Cho J, Lee J, Kim HW. Measurements of Silica Aggregate Particle Growth 
Using Light Scattering and Thermophoretic Sampling in a Coflow Diffusion Flame. 
J Nanoparticle Res 1999;1:169–83. 

[17] Smirnov BM, Dutka M, Essen VM van, Gersen S, Visser P, Vainchtein D, et al. 
Growth of Fractal Structures in Flames with Silicon Admixture. EPL (Europhysics 
Lett 2012;98:66005. 

[18] Flower WL, Hurd AJ. In Situ Measurement of Flame-Formed Silica Particles using 
Dynamic Light Scattering. Appl Opt 1987;26:2236–9. 

[19] Hurd AJ, Flower WL. In Situ Growth and Structure of Fractal Silica Aggregates in a 
Flame. J Colloid Interface Sci 1988;122:178–92. 

[20] Ulrich GD, Riehl JW. Aggregation and Growth of Submicron Oxide Particles in 
Flames. J Colloid Interface Sci 1982;87:257–65. 

[21] Chang H, Chang H, Hong H, Won Y. Optical Characterization of the Nonspherical 
Aerosol Particles Generated by Combustion. Environ Eng Res 1998;3:79–86. 

[22] Sepman AV, Mokhov AV, Levinsky HB. Extending the Predictions of Chemical 
Mechanisms for Hydrogen Combustion: Comparison of Predicted and Measured 
Flame Temperatures in Burner-stabilized, 1-D Flames. Int J Hydrogen Energy 
2011;36:9298–303. 

[23] Jalali A, Motamedhashemi MMY, Egolfopoulos F, Tsotsis T. Fate of Siloxane 
Impurities During the Combustion of Renewable Natural Gas. Combust Sci 
Technol 2013;185:953–74. 

[24] Mokhov AV, Levinsky HB. A LIF and CARS Investigation of Upstream Heat Loss 
and Flue-gas Recirculation as NOx Control Strategies for Laminar, Premixed 
Natural-gas/Air Flames. Proc Combust Inst 2000;28:2467–74. 

[25] Sepman AV, Toro VV, Mokhov AV, Levinsky HB. Determination of Temperature 
and Concentrations of Main Components in Flames by Fitting Measured Raman 
Spectra. Appl Phys B 2013;112:35–47. 

[26] Goodwin DG, Moffat HK, Speth RL. Cantera: An Object-Oriented Software Toolkit 
for Chemical Kinetics, Thermodynamics, and Transport Processes 2015. 

[27] Smith GP, Golden DM, Frenklach M, Moriarty NW, Eiteneer B, Goldenberg M, et 

60 

References 

 
al. GRI-MECH 3.0 n.d. http://www.me.berkeley.edu/gri_mech/ (accessed June 24, 
2015). 

[28] Sorensen CM, Lu N, Cai J. Fractal Cluster Size Distribution Measurement Using 
Static Light Scattering. J Colloid Interface Sci 1995;174:456–60. 

[29] Sorensen CM. Light Scattering by Fractal Aggregates: A Review. Aerosol Sci 
Technol 2001;35:648–87. 

[30] Seinfeld JH, Pandis SN. Atmospheric Chemistry and Physics: From Air Pollution to 
Climate Change. 2nd ed. Hoboken, New Jersey: John Wiley & Sons, Inc.; 2006. 

[31] Sneep M, Ubachs W. Direct Measurement of the Rayleigh Scattering Cross Section 
in Various Gases. J Quant Spectrosc Radiat Transf 2005;92:293–310. 

[32] Goudeli E, Eggersdorfer ML, Pratsinis SE. Aggregate Characteristics Accounting for 
the Evolving Fractal-like Structure during Coagulation and Sintering. J Aerosol Sci 
2015;89:58–68. 

[33] Kingery WD, Bowen HK, Uhlmann DR. Introduction to Ceramics. New York: 
Wiley; 1976. 

[34] Kruis FE, Kusters KA, Pratsinis SE, Scarlett B. A Simple Model for the Evolution of 
the Characteristics of Aggregate Particles Undergoing Coagulation and Sintering. 
Aerosol Sci Technol 1993;19:514–26. 

[35] Goudeli E, Eggersdorfer ML, Pratsinis SE. Coagulation–Agglomeration of Fractal-
like Particles: Structure and Self-Preserving Size Distribution. Langmuir 
2015;31:1320–7. 

[36] Lide DR, editor. Handbook of Chemistry and Physics. 84th ed. London: CRC Press; 
2003. 

[37] Zachariah MR, Chin D, Semerjian HG, Katz JL. Silica Particle Synthesis in a 
Counterflow Diffusion Flame Reactor. Combust Flame 1989;78:287–98. 

[38] Butler CJ, Hayhurst AN, Wynn EJW. The Size and Shape of Silica Particles 
Produced in Flames of H2/O2/N2 with a Silicon-Containing Additive. Proc 
Combust Inst 2002;29:1047–54. 

[39] Turkin AA, Dutka M, Vainchtein D, Gersen S, Essen VM van, Visser P, et al. 
Deposition of SiO2 Nanoparticles in Heat Exchanger During Combustion of 
Biogas. Appl Energy 2014;113:1141–8. 

[40] Gersen S, Visser P, Essen VM van, Dutka M, Vainchtein D, Hosson JTM de, et al. 
Effects of Silica Deposition on the Performance of Domestic Equipment. Proc. Eur. 
Combust. Meet., 2013. 

61 



4

Chapter 4. Silica aggregate growth in 1-D methane/air flames 

 
Reactors. AIChE J 1997;43:2657–2664. 

[15] Wooldridge MS, Torek PV, Donovan MT, Hall DL, Miller TA, Palmer TR, et al. An 
Experimental Investigation of Gas-phase Combustion Synthesis of SiO2 
Nanoparticles using a Multi-Element Diffusion Flame Burner. Combust Flame 
2002;131:98–109. 

[16] Choi M, Cho J, Lee J, Kim HW. Measurements of Silica Aggregate Particle Growth 
Using Light Scattering and Thermophoretic Sampling in a Coflow Diffusion Flame. 
J Nanoparticle Res 1999;1:169–83. 

[17] Smirnov BM, Dutka M, Essen VM van, Gersen S, Visser P, Vainchtein D, et al. 
Growth of Fractal Structures in Flames with Silicon Admixture. EPL (Europhysics 
Lett 2012;98:66005. 

[18] Flower WL, Hurd AJ. In Situ Measurement of Flame-Formed Silica Particles using 
Dynamic Light Scattering. Appl Opt 1987;26:2236–9. 

[19] Hurd AJ, Flower WL. In Situ Growth and Structure of Fractal Silica Aggregates in a 
Flame. J Colloid Interface Sci 1988;122:178–92. 

[20] Ulrich GD, Riehl JW. Aggregation and Growth of Submicron Oxide Particles in 
Flames. J Colloid Interface Sci 1982;87:257–65. 

[21] Chang H, Chang H, Hong H, Won Y. Optical Characterization of the Nonspherical 
Aerosol Particles Generated by Combustion. Environ Eng Res 1998;3:79–86. 

[22] Sepman AV, Mokhov AV, Levinsky HB. Extending the Predictions of Chemical 
Mechanisms for Hydrogen Combustion: Comparison of Predicted and Measured 
Flame Temperatures in Burner-stabilized, 1-D Flames. Int J Hydrogen Energy 
2011;36:9298–303. 

[23] Jalali A, Motamedhashemi MMY, Egolfopoulos F, Tsotsis T. Fate of Siloxane 
Impurities During the Combustion of Renewable Natural Gas. Combust Sci 
Technol 2013;185:953–74. 

[24] Mokhov AV, Levinsky HB. A LIF and CARS Investigation of Upstream Heat Loss 
and Flue-gas Recirculation as NOx Control Strategies for Laminar, Premixed 
Natural-gas/Air Flames. Proc Combust Inst 2000;28:2467–74. 

[25] Sepman AV, Toro VV, Mokhov AV, Levinsky HB. Determination of Temperature 
and Concentrations of Main Components in Flames by Fitting Measured Raman 
Spectra. Appl Phys B 2013;112:35–47. 

[26] Goodwin DG, Moffat HK, Speth RL. Cantera: An Object-Oriented Software Toolkit 
for Chemical Kinetics, Thermodynamics, and Transport Processes 2015. 

[27] Smith GP, Golden DM, Frenklach M, Moriarty NW, Eiteneer B, Goldenberg M, et 

60 

References 

 
al. GRI-MECH 3.0 n.d. http://www.me.berkeley.edu/gri_mech/ (accessed June 24, 
2015). 

[28] Sorensen CM, Lu N, Cai J. Fractal Cluster Size Distribution Measurement Using 
Static Light Scattering. J Colloid Interface Sci 1995;174:456–60. 

[29] Sorensen CM. Light Scattering by Fractal Aggregates: A Review. Aerosol Sci 
Technol 2001;35:648–87. 

[30] Seinfeld JH, Pandis SN. Atmospheric Chemistry and Physics: From Air Pollution to 
Climate Change. 2nd ed. Hoboken, New Jersey: John Wiley & Sons, Inc.; 2006. 

[31] Sneep M, Ubachs W. Direct Measurement of the Rayleigh Scattering Cross Section 
in Various Gases. J Quant Spectrosc Radiat Transf 2005;92:293–310. 

[32] Goudeli E, Eggersdorfer ML, Pratsinis SE. Aggregate Characteristics Accounting for 
the Evolving Fractal-like Structure during Coagulation and Sintering. J Aerosol Sci 
2015;89:58–68. 

[33] Kingery WD, Bowen HK, Uhlmann DR. Introduction to Ceramics. New York: 
Wiley; 1976. 

[34] Kruis FE, Kusters KA, Pratsinis SE, Scarlett B. A Simple Model for the Evolution of 
the Characteristics of Aggregate Particles Undergoing Coagulation and Sintering. 
Aerosol Sci Technol 1993;19:514–26. 

[35] Goudeli E, Eggersdorfer ML, Pratsinis SE. Coagulation–Agglomeration of Fractal-
like Particles: Structure and Self-Preserving Size Distribution. Langmuir 
2015;31:1320–7. 

[36] Lide DR, editor. Handbook of Chemistry and Physics. 84th ed. London: CRC Press; 
2003. 

[37] Zachariah MR, Chin D, Semerjian HG, Katz JL. Silica Particle Synthesis in a 
Counterflow Diffusion Flame Reactor. Combust Flame 1989;78:287–98. 

[38] Butler CJ, Hayhurst AN, Wynn EJW. The Size and Shape of Silica Particles 
Produced in Flames of H2/O2/N2 with a Silicon-Containing Additive. Proc 
Combust Inst 2002;29:1047–54. 

[39] Turkin AA, Dutka M, Vainchtein D, Gersen S, Essen VM van, Visser P, et al. 
Deposition of SiO2 Nanoparticles in Heat Exchanger During Combustion of 
Biogas. Appl Energy 2014;113:1141–8. 

[40] Gersen S, Visser P, Essen VM van, Dutka M, Vainchtein D, Hosson JTM de, et al. 
Effects of Silica Deposition on the Performance of Domestic Equipment. Proc. Eur. 
Combust. Meet., 2013. 

61 



 

 

 
 
 

Chapter 5 
Effects of hydrogen addition on silica aggregate growth 

 
 
The effects of hydrogen addition on silica growth in burner-stabilized methane/air flames 
with low fractions of L2 are reported. Profiles of the aggregates’ radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 
monomer radius 𝑎𝑎𝑎𝑎 versus residence time were measured by laser light scattering. 
Experiments were performed at equivalence ratios of 0.8, 1.0 and 1.3, with mole fractions of 
0 – 0.4 of hydrogen in the fuel. At equal mass flux, the addition of hydrogen was found to 
result in decreasing 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎. However, keeping the flame temperature rather than the 
mass flux constant upon hydrogen addition resulted in the same measured profiles. 
 

  

This chapter is based on the work presented in: Langenkamp PN, Levinsky HB, Mokhov AV. The effects of hydrogen 
addition on silica aggregate growth in atmospheric-pressure, 1-D methane/air flames with hexamethyldisiloxane 
admixture. Int J Hydrogen Energy 2018;43:2997–3003. 
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5.1. Introduction 

As mentioned in Section 1.3.2, biogas is a compelling alternative to fossil fuels, and can play 
an important role in a transition to more sustainable energy production, but their 
utilization is often not straightforward. One issue complicating the implementation of 
biogas in the energy infrastructure is the presence of trace compounds like siloxanes and 
the deposition of particles generated by their combustion. A major problem for utilizing 
biogas that we have not touched on yet is that biogas contains high fractions of CO2, which 
results in relatively low flame temperatures and burning rates, and a narrow range of flame 
stability [1]. To improve these unfavorable combustion characteristics of biogas, it is 
possible to blend it with another fuel. In particular, recent work with biogas has focused on 
improving the combustion characteristics by the addition of hydrogen [2–5], which if 
produced from renewable power maintains the sustainable character of the biogas. 
Facilitating these efforts, the combustion characteristics of hydrogen/hydrocarbon blends 
have been extensively studied (for example, with regards to burning velocity [6–10], 
ignition properties [11–13], flame stability enhancement [9,14–16], and the effect of 
hydrogen addition on NO and soot precursor formation [17–19]). 

Although many studies on silica aggregate growth have been performed both in 
hydrocarbon flames [20–25] and in hydrogen flames [26–30], to our knowledge there are 
no studies on the effect that hydrogen addition to hydrocarbon flames may have on the 
decomposition of the trace amount of silica-containing compounds in the fuel/oxidizer 
mixture and subsequent silica aggregate growth. Here, we investigate the effect of hydrogen 
addition on silica aggregate growth in burner-stabilized methane flames with L2 as silica 
precursor. Laser light scattering measurements are used to measure the development of the 
aggregates’ radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and the radius 𝑎𝑎𝑎𝑎 of the primary particles (monomers) 
comprising these aggregates. 

5.2. Experimental 

Silica aggregates were produced in atmospheric-pressure, flat premixed 
methane/hydrogen/L2/air flames, stabilized above the perforated ceramic burner deck of 
the home-made burner described in Section 2.4.2. The burner system, gas supply and 
bubbler system used to add L2 to the gas mixture are identical to those used for the study of 
silica aggregate growth in methane flames described in 0, with the exception of the addition 
of the supply of hydrogen and corresponding flow meter. The measurements of particle 
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properties 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 in the post-flame zone were performed by laser light scattering as 
detailed in Section 3.2, using the Viasho 1 W laser. Axial profiles were obtained by moving 
the burner vertically relative to the laser beam. At each position, 60 measurements collected 
over the course of 1 minute were averaged, resulting in a standard deviation of the 
measured scattering signal of typically less than 5%. 

While the gyration radius 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 was, again, determined from the relative scattering 
signal at different angles, the primary particle radius 𝑎𝑎𝑎𝑎 was determined from the absolute 
scattering signal 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2 , using Eq. (3.8). In the present work, we take 𝑘𝑘𝑘𝑘𝑜𝑜𝑜𝑜 to be unity and 
assume that the refractive index of the silica aggregates is approximately equal to that of 
silica glass at room temperature (𝑚𝑚𝑚𝑚 ≈ 1.5 - 1×10-7i at 532 nm [31]). Taking into account the 
weak temperature dependence of the silica refraction index (∼10-5 K-1 [32]) we expect only a 
small increase (no more than 5%) in 𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚) at flame temperatures in comparison to that at 
room temperature. For the fractal dimension we assume a value of approximately 1.8 [33]. 
Finally, the silica volume fraction in the combustion products can be determined from the 
molar fraction of L2 in the fuel mixture if we assume that all silicon from L2 is fully 
oxidized to SiO2, and subsequently fully condenses: 

𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 =
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the pressure; 𝜌𝜌𝜌𝜌𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2  the density of solid silica (where for the monomers we assume the silica 
bulk density of 2.65 g/cm3 [34]); 𝑅𝑅𝑅𝑅 the gas constant; and 𝑘𝑘𝑘𝑘 the flame temperature. In the 
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fuel/air mixture, while for calculations of 𝑀𝑀𝑀𝑀𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 the composition of the combustion products, 
obtained in numerical simulations (see below) was used. 

5.3. Results and discussion 

The measurements were performed for methane/hydrogen/L2/air mixtures in lean, 
stoichiometric and rich flames with varying fractions of H2. The mass flux �̇�𝑀𝑀𝑀 was set to 
0.0102 g/cm2s for most flames. Provided that the fraction of L2 in the fuel 𝛽𝛽𝛽𝛽 is small, the 
composition of the unburned fuel/air mixture can be chemically presented as 
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5.1. Introduction 

As mentioned in Section 1.3.2, biogas is a compelling alternative to fossil fuels, and can play 
an important role in a transition to more sustainable energy production, but their 
utilization is often not straightforward. One issue complicating the implementation of 
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5.2. Experimental 
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where 𝜙𝜙𝜙𝜙 is the fuel equivalence ratio, and 𝛾𝛾𝛾𝛾 the fraction of hydrogen in the fuel. An 
overview of the flame conditions examined here is given in Table 5.1. To facilitate the 
analysis of the experimental results, one-dimensional flame calculations were performed 
using the code from the Cantera suite [35] with the GRI-Mech 3.0 chemical mechanism 
[36]. Additional calculations were performed with the Konnov mechanism [37] showing 
only small temperature differences with GRI-Mech 3.0 of within 30 K. At mole fractions in 
this research of up to about 800 ppm in the unburned gas mixture, the concentration of L2 
is too low to have a significant influence on the combustion properties [38]. It should be 
pointed out that extended experimental verifications [18,39] showed excellent agreement 
(within 30 K) between the measured and calculated temperature profiles in these flames. 
The computed flame temperatures at height of 1 cm above the burner deck and 
concentrations of SiO2 molecules derived based on the calculated flame composition at the 
same height, are also presented in Table 5.1. The calculations indicate that the influence of  
 

Table 5.1. Flame conditions used in this work. 

Flame 𝝓𝝓𝝓𝝓 𝜸𝜸𝜸𝜸 𝜷𝜷𝜷𝜷 (𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩) 𝛏𝛏𝛏𝛏 (𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩)∗ �̇�𝑴𝑴𝑴 
/𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐 𝐠𝐠𝐠𝐠/𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩𝟐𝟐𝟐𝟐𝐬𝐬𝐬𝐬 

𝑻𝑻𝑻𝑻 (𝐊𝐊𝐊𝐊) 

A 1.0 0 6000 1140 1.02 1855 
B 1.0 0.2 6000 1330 1.02 1835 

C 1.0 0.3 6000 1450 1.02 1820 
D 1.0 0.4 6000 1600 1.02 1805 
E 1.0 0 7020 1330 1.02 1855 

F 1.0 0 7670 1450 1.02 1855 
G 1.0 0 8460 1600 1.02 1855 
H 1.0 0.2 6000 1330 1.08 1850 
I 1.0 0.3 6000 1450 1.13 1850 

J 1.0 0.4 6000 1600 1.23 1855 
K 0.8 0.2 6000 1090 1.09 1715 
L 0.8 0 7030 1090 1.02 1715 
M 1.3 0.2 6000 1680 1.17 1875 
N 1.3 0 7010 1680 1.02 1875 

* 𝜉𝜉𝜉𝜉 is the fraction of silica in the combustion products 
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hydrogen addition at fixed �̇�𝑀𝑀𝑀 and 𝜙𝜙𝜙𝜙 on flame temperature is modest for small values of 𝛾𝛾𝛾𝛾. 
For example, for the highest value in this study of 𝛾𝛾𝛾𝛾 = 0.4, the flame temperature at 1 cm 
above the burner for 𝜙𝜙𝜙𝜙 = 1.0 and �̇�𝑀𝑀𝑀 = 0.0102 g/cm2s drops from 1855 K to 1805 K (see 
Table 5.1). We note here that the apparently counterintuitive result of hydrogen addition 
resulting in a lower flame temperature arises from the use of burner-stabilized flames. At 
constant mass flux, the increase in free-flame burning velocity caused by hydrogen addition 
[18] requires heat transfer from the flame to the burner to reduce this higher burning 
velocity to the extant mass flux [40]. 

Axial profiles of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 were obtained up to a maximum distance of 30 mm 
above the burner deck, as heat losses and mixing with surrounding air can only be neglected 
up to a limited height [41]. Stray light scattered from the burner setup limited the 
measurements to heights >8 mm above the burner surface. To facilitate the comparison of 
𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 obtained in flames with different gas velocities in the post-flame zone, the axial 
positions are recalculated to residence times using temperatures and compositions from 1-
D simulations. Similar to what was reported in 0, a small part of the data was acquired 

outside the regime of 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ≤ √3 that is known to yield accurate 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 [42,33]. Because the plots 
of 𝐼𝐼𝐼𝐼(0)/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) versus 𝑞𝑞𝑞𝑞2 remain linear, it is expected that fits still give reliable values for 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
[33]. The full set of experimental data can be found in Appendix 5.A.. 

5.3.1. Dependence of aggregate size on hydrogen fraction 

The measured gyration radii 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of silica aggregates produced by 6000 ppm L2 in the fuel in 
stoichiometric flames with �̇�𝑀𝑀𝑀 = 0.0102 g/cm2s are shown in Figure 5.1, for 𝛾𝛾𝛾𝛾 = 0, 0.2 and 0.4 
(flames A, B and D in Table 5.1). 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is observed to grow with time for all hydrogen 
fractions. For example, at 𝛾𝛾𝛾𝛾 = 0.4 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 increases from approximately 35 nm at a residence 
time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 of 18 ms to 105 nm at 55 ms. In addition, particles in flames with higher hydrogen 
fraction are consistently larger when compared at equal 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (approximately by 10% and 
20% for 𝛾𝛾𝛾𝛾 = 0.2 and 0.4, respectively, compared to 𝛾𝛾𝛾𝛾 = 0 at all residence times). Neglecting 
for the moment the influence of 𝛾𝛾𝛾𝛾 on flame temperature, we might be able to attribute the 
change in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 to the influence of the concentration 𝜉𝜉𝜉𝜉 of silica in the combustion products. It 
is known that at constant temperature 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 increases with the concentration of precursor 
molecules when the growth of particles takes place through collisions [43]. Since the 
amount of air needed for a given equivalence ratio decreases with increasing hydrogen 
fraction (Eq. (5.2)), a constant siloxane fraction in the fuel will result in a higher SiO2 
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hydrogen addition at fixed �̇�𝑀𝑀𝑀 and 𝜙𝜙𝜙𝜙 on flame temperature is modest for small values of 𝛾𝛾𝛾𝛾. 
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outside the regime of 𝑞𝑞𝑞𝑞𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 ≤ √3 that is known to yield accurate 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 [42,33]. Because the plots 
of 𝐼𝐼𝐼𝐼(0)/𝐼𝐼𝐼𝐼(𝑞𝑞𝑞𝑞) versus 𝑞𝑞𝑞𝑞2 remain linear, it is expected that fits still give reliable values for 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
[33]. The full set of experimental data can be found in Appendix 5.A.. 
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stoichiometric flames with �̇�𝑀𝑀𝑀 = 0.0102 g/cm2s are shown in Figure 5.1, for 𝛾𝛾𝛾𝛾 = 0, 0.2 and 0.4 
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20% for 𝛾𝛾𝛾𝛾 = 0.2 and 0.4, respectively, compared to 𝛾𝛾𝛾𝛾 = 0 at all residence times). Neglecting 
for the moment the influence of 𝛾𝛾𝛾𝛾 on flame temperature, we might be able to attribute the 
change in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 to the influence of the concentration 𝜉𝜉𝜉𝜉 of silica in the combustion products. It 
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molecules when the growth of particles takes place through collisions [43]. Since the 
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fraction (Eq. (5.2)), a constant siloxane fraction in the fuel will result in a higher SiO2 
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fraction in the burned gases, as seen in Table 5.1. Thus, we expect higher 𝛾𝛾𝛾𝛾 to result in 
larger particles. 

 
Figure 5.1. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames A, B and D with 
hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2 and 0.4. 

To test this expectation, we performed additional measurements of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in pure CH4 
flames with silica fractions in the combustion products matching those of the flames with 
added hydrogen. A comparison between flame D (𝛾𝛾𝛾𝛾 = 0.4) and its corresponding reference 
flames A and G is presented in Figure 5.2.  Contrary to our expectations, the measurements 
(which are also representative for what is observed for lower hydrogen fractions) show a 
large difference in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 between flames D and G with equal concentration of silica in the 
combustion products (𝜉𝜉𝜉𝜉 = 1600 ppm). Increasing 𝜉𝜉𝜉𝜉 in the pure methane flame from 1140 to 

Figure 5.2. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames: flame D with hydrogen 
fuel fraction 𝛾𝛾𝛾𝛾 = 0.4 and two methane/air flames, one with the same concentration of L2 in fuel 𝛽𝛽𝛽𝛽 (flame A) and the 
other with the same concentration of silica in the combustion products 𝜉𝜉𝜉𝜉 (flame G). 
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1600 ppm resulted in gyration radii 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 larger than those in the hydrogen flame D, while for 
the same fraction in the fuel (𝛽𝛽𝛽𝛽) lower 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 are observed. However, we cannot exclude the 
influence of temperature. Even though the change in flame temperatures upon hydrogen 
addition is ≤ 50 K, based on the examination of its influence on silica aggregate growth in 0, 
the observed differences in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 might by fully attributable to this relatively modest change in 
flame temperature. 

Additional measurements were performed at higher mass flux with added 
hydrogen (flames H, I and J in Table 5.1), with compositions matching flames B, C and D , 
and temperatures close to those of flames E, F and G without hydrogen. The results, 
presented in Figure 5.3 as function of 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (results for 𝛾𝛾𝛾𝛾 = 0.3 are omitted for clarity, but can 
be found in Appendix 5.A), show excellent agreement with the radii measured in the flames 
with the same temperatures and total SiO2 mole fraction in the combustion products. This 
demonstrates that the difference between particle size in flames with and without added 
hydrogen, at equal mass flux, arises entirely from the difference in flame temperature. The 
results indicate that the change in chemical environment due to the addition of hydrogen 
does not affect the process of silica aggregate growth. 

 
Figure 5.3. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for stoichiometric flames H and J with hydrogen fuel fractions of 0.2 and 0.4, 
respectively, and corresponding reference flames E and G with equal concentration of silica in the combustion 
products 𝜉𝜉𝜉𝜉, all at 𝑘𝑘𝑘𝑘 = 1855 K. 

5.3.2. Monomer size 

The measured primary particle radii 𝑎𝑎𝑎𝑎 in flames A, B and D are shown in Figure 5.4 as a 
function of 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. As follows from Equation 6, the standard deviation of 𝑎𝑎𝑎𝑎 is determined by 
noise in 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑂𝑂𝑂𝑂2, 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹6  and 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. The standard deviations of the measured 𝑎𝑎𝑎𝑎 (∼10%) are also 
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flames with silica fractions in the combustion products matching those of the flames with 
added hydrogen. A comparison between flame D (𝛾𝛾𝛾𝛾 = 0.4) and its corresponding reference 
flames A and G is presented in Figure 5.2.  Contrary to our expectations, the measurements 
(which are also representative for what is observed for lower hydrogen fractions) show a 
large difference in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 between flames D and G with equal concentration of silica in the 
combustion products (𝜉𝜉𝜉𝜉 = 1600 ppm). Increasing 𝜉𝜉𝜉𝜉 in the pure methane flame from 1140 to 

Figure 5.2. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames: flame D with hydrogen 
fuel fraction 𝛾𝛾𝛾𝛾 = 0.4 and two methane/air flames, one with the same concentration of L2 in fuel 𝛽𝛽𝛽𝛽 (flame A) and the 
other with the same concentration of silica in the combustion products 𝜉𝜉𝜉𝜉 (flame G). 
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shown in the figure. The monomer radius is seen to follow the trend in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, being larger for 
higher hydrogen fractions, and growing with time. Although the observed growth is 
generally within the measurement uncertainty, the trend (∼16% increase from 20 to 55 ms) 
was observed for all flames. Most interesting is that this growth occurs despite the relatively 
low flame temperatures (around 1855 K), which is well below the melting temperature of 
quartz [44], where the sintering process that is responsible for monomer growth would be 
expected to be very slow. Also, the effect of the change in flame temperature caused by 
hydrogen addition on monomer radius appears similar to what was observed for 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔; a 
typical example is shown in Figure 5.5 for 𝛾𝛾𝛾𝛾 = 0.3. 

We note that the initial monomer radii reported here are in good agreement with 
those observed in TEM measurements by Smirnov et al. [24] performed in a siloxane-doped 
methane/air flame, but that the growth observed here is much slower than that observed 
previously, where monomer radii larger than 7 nm were observed for similar 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. Lack of 
reliable data regarding the properties of silica particles used in the analysis of the data 
presented above, such as density and refraction index, at the high temperatures 
encountered here complicates the discussion of the attendant uncertainties. However, we 
also note that the measurements by Smirnov et al. were performed in flames that were 
>200 K hotter and with a lower silicon fraction than those studied here. While the higher 
temperature could account for faster monomer growth, possible limitations of the sampling 
technique (which does not instantaneously freeze the particles, allowing for further growth 
during the sampling process) preclude further comparison. Further study is needed to 
provide a clear description of the impact of flame conditions on monomer growth. 

Figure 5.4. Monomer radius 𝑎𝑎𝑎𝑎 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames A, B and D with hydrogen 
fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2 and 0.4. 
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Figure 5.5. Monomer radius 𝑎𝑎𝑎𝑎 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for stoichiometric flames: flames C and I with 
hydrogen fuel fraction 𝛾𝛾𝛾𝛾 = 0.3 and two methane/air flames, one with the same concentration of L2 in fuel 𝛽𝛽𝛽𝛽 (flame A) 
and another with the same concentration of silica in the combustion products 𝜉𝜉𝜉𝜉 (flame F). 

5.3.3. Effect of equivalence ratio 

The effect of hydrogen addition was also studied in lean (𝜙𝜙𝜙𝜙 = 0.8) and rich (𝜙𝜙𝜙𝜙 = 1.3) flames 
(flames K – N in Table 5.1). Initially, the measurements were performed in flames of the 
same mass flux and concentration of L2 in the fuel mixture. This constant mass flux 
inevitably results in different temperatures (𝑘𝑘𝑘𝑘 = 1715 K, 1855 K and 1875 K for 𝜙𝜙𝜙𝜙 = 0.8, 1.0 
and 1.3, respectively, see Table 5.1). The axial profiles of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, presented in Figure 5.6, show 
strong differences between particle sizes in flames of different equivalence ratios, reasonably 

Figure 5.6. Radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of residence time 𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for hydrogen/methane/air flames with 𝛾𝛾𝛾𝛾 = 0.2 
and methane/air flames at 𝜙𝜙𝜙𝜙 = 0.8 (flames K and L), 𝜙𝜙𝜙𝜙 = 1.0 (flames E and H) and 𝜙𝜙𝜙𝜙 = 1.3 (flames M and N). The 
methane/air flames have the same temperature and concentration 𝜉𝜉𝜉𝜉 of silica in the combustion products as the 
corresponding flames with added hydrogen of the same 𝜙𝜙𝜙𝜙. 
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shown in the figure. The monomer radius is seen to follow the trend in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, being larger for 
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methane/air flames have the same temperature and concentration 𝜉𝜉𝜉𝜉 of silica in the combustion products as the 
corresponding flames with added hydrogen of the same 𝜙𝜙𝜙𝜙. 
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consistent with the changes in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 with flame temperature seen in the stoichiometric flames. 
Similar to the results obtained for the stoichiometric flames, the axial profiles in the lean 
and rich flames show very good agreement between the flames with and without added 
hydrogen at equal temperature and silica concentration in the combustion products. Thus, 
there is no indication of any impact of hydrogen addition on silica aggregate growth, except 
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Appendix 5.A 

The full set of experimental data for flames A – N, as referenced in Table 5.1, is presented in 
Table 5.2, below. Here, 𝜎𝜎𝜎𝜎𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 denote the standard deviations of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎, respectively. 

Table 5.2. The full set of experimental data for flames A – N, as referenced in Table 5.1. Here, 𝜎𝜎𝜎𝜎𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔  denotes the 

standard deviation of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, and 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 the standard deviation of 𝑎𝑎𝑎𝑎. 

Flame A HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.41959 39.55939 1.56143 2.435 0.16631 
 14 24.98952 48.41476 1.83851 2.45807 0.15965 
 16 28.55945 57.17988 2.55686 2.56917 0.20398 
 18 32.12938 61.66829 1.54538 2.65675 0.11982 
 20 35.69931 69.2498 2.40605 2.66731 0.15952 
 22 39.26924 74.03208 1.86629 2.70601 0.11508 
 25 44.62414 81.59189 1.62307 2.75227 0.09659 
 30 53.54897 91.48808 1.73677 2.84827 0.09842 
       

Flame B HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.18232 44.36547 1.64758 2.54081 0.18828 
 14 24.71271 54.24076 2.18859 2.61884 0.22147 
 16 28.2431 63.5518 2.92765 2.64088 0.23569 
 18 31.77349 69.50461 2.08476 2.72101 0.16436 
 20 35.30387 75.81532 2.10541 2.74845 0.15323 
 22 38.83426 83.61795 2.51608 2.75801 0.1638 
 25 44.12984 89.85167 2.38609 2.86234 0.14759 
 30 52.95581 100.58763 1.8398 2.94551 0.11046 
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Flame C HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.11566 43.5404 1.15864 2.51666 0.18767 
 14 24.63493 52.81615 1.63267 2.54616 0.1899 
 16 28.15421 61.75777 1.9246 2.6445 0.18384 
 18 31.67349 69.61908 2.68858 2.73651 0.23293 
 20 35.19276 78.16547 2.51012 2.73018 0.18714 
 22 38.71204 83.11024 2.46723 2.76216 0.17581 
 25 43.99095 90.61958 2.14436 2.86169 0.14352 
 30 52.78914 100.99013 1.50835 2.93404 0.1142 
       

Flame D HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.57324 35.71721 4.32206 3.13316 0.78677 
 12 21.08789 48.45388 1.85032 3.09179 0.28653 
 14 24.60254 57.91287 1.42559 3.16334 0.21668 
 16 28.11719 66.8382 2.42866 3.17198 0.27288 
 18 31.63183 76.12847 1.99979 3.22113 0.24415 
 20 35.14648 81.23272 1.98471 3.33299 0.23205 
 22 38.66113 87.60261 2.12422 3.36267 0.24108 
 25 43.9331 94.65705 2.39351 3.43648 0.23182 
 30 52.71972 106.44633 1.98988 3.55064 0.19665 
       

Flame E HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 21.41959 49.27217 1.91056 2.51017 0.17618 
 14 24.98952 57.62651 1.387 2.62201 0.1301 
 16 28.55945 66.65423 2.85477 2.69805 0.24242 
 18 32.12938 73.38992 1.80443 2.82021 0.15435 
 20 35.69931 80.21933 2.34529 2.89148 0.1811 
 22 39.26924 86.73435 2.29495 2.91147 0.15803 
 25 44.62414 93.41418 1.81807 2.97273 0.12408 
 30 53.54897 104.94871 1.88022 3.06042 0.11559 
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Flame F HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.84966 46.18365 2.16123 2.52765 0.23077 
 12 21.41959 57.0237 1.74682 2.61019 0.15995 
 14 24.98952 65.2813 2.14646 2.78389 0.21336 
 16 28.55945 74.54936 2.1156 2.83353 0.19167 
 18 32.12938 81.16454 1.87357 2.84736 0.15625 
 20 35.69931 89.29651 3.11715 2.93489 0.22165 
 22 39.26924 93.65502 2.34639 2.98321 0.17 
 25 44.62414 104.57712 2.83951 3.03072 0.17789 
 30 53.54897 114.70202 1.88894 3.17242 0.12001 
       

Flame G HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 14.27972 37.80473 4.0139 2.89342 0.63235 
 10 17.84966 52.99553 4.43397 2.86115 0.51965 
 12 21.41959 65.53649 4.07258 2.95248 0.40525 
 14 24.98952 72.5143 1.40609 3.23857 0.22222 
 16 28.55945 82.37924 3.03521 3.19695 0.3018 
 18 32.12938 88.83717 2.81035 3.31472 0.28758 
 20 35.69931 95.14584 2.62729 3.38937 0.26163 
 22 39.26924 102.55214 3.53738 3.45054 0.27782 
 25 44.62414 110.97428 3.22566 3.56424 0.25384 
 30 53.54897 122.41631 2.84472 3.68084 0.23139 
       

Flame H HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 19.91679 45.668 2.0522 2.6631 0.21538 
 14 23.23626 54.43564 1.60595 2.76704 0.17457 
 16 26.55572 62.7022 2.08825 2.80513 0.18779 
 18 29.87519 69.78908 2.11348 2.92045 0.1782 
 20 33.19465 77.748 3.06535 2.91928 0.22472 
 22 36.51412 84.00382 2.46576 2.95485 0.16982 
 25 41.49331 91.98128 2.2759 3.01147 0.1506 
 30 49.79198 102.13854 1.73185 3.06252 0.11746 

76 

Appendix 5.A 

 

Flame I HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 18.75659 45.48629 1.72158 2.70836 0.22827 
 14 21.88269 54.81129 3.08213 2.8035 0.34338 
 16 25.00879 62.78731 2.5361 2.86374 0.24394 
 18 28.13488 71.75205 4.21827 2.86715 0.3582 
 20 31.26098 78.10309 3.62925 2.91337 0.28167 
 22 34.38708 86.52478 3.54785 2.88942 0.24765 
 25 39.07623 92.77751 2.80586 2.98455 0.20273 
 30 46.89147 103.85834 2.04571 3.03187 0.14248 
       

Flame J HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 17.07826 45.33163 1.60763 3.16972 0.26343 
 14 19.92464 58.38944 2.39419 3.07365 0.30337 
 16 22.77101 66.84288 3.10865 3.08324 0.32285 
 18 25.61739 76.11492 2.25421 3.14464 0.23144 
 20 28.46377 83.3778 2.39579 3.17893 0.2432 
 22 31.31015 89.83334 2.65354 3.19375 0.28031 
 25 35.57971 98.32436 3.05225 3.23921 0.27397 
 30 42.69565 111.22416 3.72237 3.3179 0.27944 
       

Flame K HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 
     

 14 25.0789 39.92188 2.80791 2.39821 0.3118 
 16 28.6616 47.57843 3.0518 2.46414 0.28795 
 18 32.2443 53.66579 2.13822 2.59838 0.18769 
 20 35.827 59.48496 1.76119 2.62388 0.16235 
 22 39.4097 63.92012 2.05839 2.75259 0.16425 
 25 44.78375 71.11585 1.4763 2.78585 0.11593 
 30 53.74049 79.88594 1.40368 2.93295 0.1037 
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Flame F HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.84966 46.18365 2.16123 2.52765 0.23077 
 12 21.41959 57.0237 1.74682 2.61019 0.15995 
 14 24.98952 65.2813 2.14646 2.78389 0.21336 
 16 28.55945 74.54936 2.1156 2.83353 0.19167 
 18 32.12938 81.16454 1.87357 2.84736 0.15625 
 20 35.69931 89.29651 3.11715 2.93489 0.22165 
 22 39.26924 93.65502 2.34639 2.98321 0.17 
 25 44.62414 104.57712 2.83951 3.03072 0.17789 
 30 53.54897 114.70202 1.88894 3.17242 0.12001 
       

Flame G HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 14.27972 37.80473 4.0139 2.89342 0.63235 
 10 17.84966 52.99553 4.43397 2.86115 0.51965 
 12 21.41959 65.53649 4.07258 2.95248 0.40525 
 14 24.98952 72.5143 1.40609 3.23857 0.22222 
 16 28.55945 82.37924 3.03521 3.19695 0.3018 
 18 32.12938 88.83717 2.81035 3.31472 0.28758 
 20 35.69931 95.14584 2.62729 3.38937 0.26163 
 22 39.26924 102.55214 3.53738 3.45054 0.27782 
 25 44.62414 110.97428 3.22566 3.56424 0.25384 
 30 53.54897 122.41631 2.84472 3.68084 0.23139 
       

Flame H HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 19.91679 45.668 2.0522 2.6631 0.21538 
 14 23.23626 54.43564 1.60595 2.76704 0.17457 
 16 26.55572 62.7022 2.08825 2.80513 0.18779 
 18 29.87519 69.78908 2.11348 2.92045 0.1782 
 20 33.19465 77.748 3.06535 2.91928 0.22472 
 22 36.51412 84.00382 2.46576 2.95485 0.16982 
 25 41.49331 91.98128 2.2759 3.01147 0.1506 
 30 49.79198 102.13854 1.73185 3.06252 0.11746 
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Flame I HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 18.75659 45.48629 1.72158 2.70836 0.22827 
 14 21.88269 54.81129 3.08213 2.8035 0.34338 
 16 25.00879 62.78731 2.5361 2.86374 0.24394 
 18 28.13488 71.75205 4.21827 2.86715 0.3582 
 20 31.26098 78.10309 3.62925 2.91337 0.28167 
 22 34.38708 86.52478 3.54785 2.88942 0.24765 
 25 39.07623 92.77751 2.80586 2.98455 0.20273 
 30 46.89147 103.85834 2.04571 3.03187 0.14248 
       

Flame J HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 17.07826 45.33163 1.60763 3.16972 0.26343 
 14 19.92464 58.38944 2.39419 3.07365 0.30337 
 16 22.77101 66.84288 3.10865 3.08324 0.32285 
 18 25.61739 76.11492 2.25421 3.14464 0.23144 
 20 28.46377 83.3778 2.39579 3.17893 0.2432 
 22 31.31015 89.83334 2.65354 3.19375 0.28031 
 25 35.57971 98.32436 3.05225 3.23921 0.27397 
 30 42.69565 111.22416 3.72237 3.3179 0.27944 
       

Flame K HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 
     

 14 25.0789 39.92188 2.80791 2.39821 0.3118 
 16 28.6616 47.57843 3.0518 2.46414 0.28795 
 18 32.2443 53.66579 2.13822 2.59838 0.18769 
 20 35.827 59.48496 1.76119 2.62388 0.16235 
 22 39.4097 63.92012 2.05839 2.75259 0.16425 
 25 44.78375 71.11585 1.4763 2.78585 0.11593 
 30 53.74049 79.88594 1.40368 2.93295 0.1037 

77 



Chapter 5. Effects of hydrogen addition on silica aggregate growth 

 

Flame L HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 
     

 12 
     

 14 27.33318 41.42417 2.50164 2.48595 0.27758 
 16 31.23792 49.19795 2.34099 2.51754 0.21969 
 18 35.14266 55.42994 1.77105 2.62579 0.16131 
 20 39.0474 60.60927 1.84213 2.70502 0.16549 
 22 42.95214 66.13593 2.01504 2.75951 0.15997 
 25 48.80925 72.96299 1.24888 2.8372 0.10821 
 30 58.5711 81.38734 1.34675 2.94476 0.09885 
       

Flame M HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 14.83776 49.73579 1.89706 2.35806 0.15661 
 12 17.80531 58.94946 2.8999 2.56816 0.22227 
 14 20.77286 67.7403 1.40308 2.6679 0.11505 
 16 23.74041 78.96087 5.04317 2.79971 0.40549 
 18 26.70796 86.27259 5.05074 2.88791 0.35436 
 20 29.67551 92.98558 4.16829 2.95623 0.27443 
 22 32.64306 103.01727 5.48271 2.97306 0.30407 
 25 37.09439 112.35233 4.68615 3.05853 0.25324 
 30 44.51327 124.1513 2.51888 3.09202 0.18534 
       

Flame N HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 

 8 
     

 10 17.4652 54.61107 2.99792 2.6993 0.2855 
 12 20.95824 66.5668 2.88219 2.86701 0.27994 
 14 24.45128 76.62341 2.07007 2.95082 0.18754 
 16 27.94432 88.88964 4.38433 2.94706 0.28707 
 18 31.43736 95.53097 3.84377 2.97384 0.23503 
 20 34.9304 103.81306 3.6666 3.04129 0.20914 
 22 38.42344 112.62705 4.49263 3.05859 0.23671 
 25 43.663 119.4571 2.5568 3.13082 0.15526 
 30 52.3956 130.65569 3.64461 3.29157 0.17519 
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Flame L HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 
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Flame M HAB (mm) 𝒕𝒕𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 (ms) 𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈 (nm) 𝝈𝝈𝝈𝝈𝑹𝑹𝑹𝑹𝒈𝒈𝒈𝒈  (nm) 𝒂𝒂𝒂𝒂 (nm) 𝝈𝝈𝝈𝝈𝒂𝒂𝒂𝒂 (nm) 
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Chapter 6 
Soot aggregate growth in 1-D ethylene/air flames 

 
 
The growth of soot volume fraction and aggregate size was studied in burner-stabilized 
premixed C2H4/air flames with equivalence ratios between 2.0 and 2.35 as function of height 
above the burner using laser induced incandescence (LII) to measure soot volume fractions, 
and angle-dependent light scattering (ADLS) to measure corresponding aggregate sizes. 
Flame temperatures were varied at fixed equivalence ratio by changing the exit velocity of 
the unburned gas mixture. Temperatures were measured using spontaneous Raman 
scattering in flames with equivalence ratios up to 𝜙𝜙𝜙𝜙 = 2.1, with results showing good 
correspondence (within 50 K) with temperatures calculated using the San Diego 
mechanism. Both the soot volume fraction and radius of gyration strongly increase in richer 
flames. Furthermore, both show a non-monotonic dependence on flame temperature, with 
a maximum occurring at ∼1675 K for the volume fraction and ∼1700 K for the radius of 
gyration. 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.   

This chapter is based on the work presented in: Langenkamp PN, van Oijen JA, Levinsky HB, Mokhov AV. Growth of 
Soot Volume Fraction and Aggregate Size in 1D Premixed C2H4/Air Flames Studied by Laser-Induced Incandescence 
and Angle-Dependent Light Scattering. J Combust 2018;2018:1–13. 
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6.1. Introduction 

As was stated in Section 1.3.1, modeling and predicting soot formation and growth in 
flames remains challenging, despite extensive research into the topic [1]. Experimental 
studies of the formation and growth of soot remain an indispensable part in adding to our 
understanding of relevant processes and for improving models of soot formation. To 
acquire in-situ information about soot, the LII technique discussed in Section 3.4 is often 
used to measure soot volume fractions and sizes of primary particles. And usually other 
techniques are used in conjunction to get more information on particle structure, such as 
particle morphology. 

As established in 0, burner-stabilized premixed 1-D flames are particularly suited 
for testing models of soot formation because they offer well-defined conditions that are 
readily amenable to analysis. Their properties are completely determined by the 
composition and velocity of the unburned fuel/oxidizer mixture, while spatial profiles can 
be easily remapped to residence times, allowing the study of the dependence of soot 
formation on temperature and equivalence ratio. Ethylene (C2H4) is often used as fuel for 
these studies because 1-D ethylene/air flames can be obtained at high 𝜙𝜙𝜙𝜙, where considerable 
amounts of soot are formed. Soot inception, volume fraction, surface growth and particle 
size distribution in ethylene flames have been studied extensively using both in- and ex-situ 
methods [2–12]. However, since the measured soot volume fractions for premixed flames 
with identical equivalence ratios show significant variation, even when the measurement 
techniques are similar [13], it is hard to compare measurements from different studies 
quantitatively. 

The majority of the aforementioned studies did not investigate the effect of flame 
temperature independently from equivalence ratio; a change in 𝜙𝜙𝜙𝜙 is usually accompanied by 
a change in flame temperature. Notable exceptions are the studies of Ciajolo et al. [3] and 
Gu et al. [7] who studied the influence of temperature at fixed 𝜙𝜙𝜙𝜙 on soot volume fraction 
and particle size distribution, respectively, using physical sampling techniques. To our 
knowledge, only Böhm et al. [10], Bönig et al. [11] and Chambrion et al. [12] have 
investigated the influence of flame temperature on soot formation in premixed C2H4/air 
flames at constant 𝜙𝜙𝜙𝜙 using non-invasive optical methods. Böhm et al. [10] and Bönig et al. 
[11] measured the soot volume fraction and particle number density by absorption and 
scattering techniques. While these parameters determine the total amount of soot in the 
combustion products, no information on the size and the structure of aggregates, such as 
the gyration radius and fractal dimension, which are essential for testing models of soot 
formation, was obtained in these studies. Furthermore, these authors only reported final 
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soot volume fractions, with no information about the time dependence of soot formation in 
the post-flame zone. In addition, to our knowledge, their experimental results have not 
been compared with model predictions. Meanwhile, Chambrion et al. [12] present only the 
influence of temperature on the critical C/O ratio at which soot inception starts and on the 
coagulation rate constant. 

In this chapter, we extend the study of Böhm et al. [10] to include the information 
on the time-dependent soot particle growth and agglomeration by measuring axial profiles 
of the soot volume fraction, 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, and radius of gyration, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, and also by comparing them with 
the results of numerical simulations. Towards this end, we performed measurements for a 
range of flame conditions using an experimental setup in which flame temperature and 
equivalence ratio 𝜙𝜙𝜙𝜙 were controlled independently of each other. The experiments were 
performed in premixed C2H4/air flames at equivalence ratios 𝜙𝜙𝜙𝜙 in the range of 2.0 – 2.35, 
substantially above the sooting limit of 𝜙𝜙𝜙𝜙 ≈ 1.8 [14] and exit velocities ranging from v = 5.3 
to 13.6 cm/s, resulting in temperature variations between 1600 – 1850 K. Here, LII is used 
to measure soot volume fractions, while angle-dependent light scattering (ADLS) is used as 
a less-invasive alternative to ex-situ methods such as TEM to measure the aggregates’ radii 
of gyration. The experimental results are compared with numerical simulations using semi-
empirical two-equation models of soot formation by Leung et al. [15] and by Liu et al. [16]. 
Although more detailed models exist, these two-equation models are widely applied in 
numerical studies on soot formation because of their relatively low computational cost and 
reasonable accuracy for the flame conditions for which they have been derived [17–20]. 

6.2. Experimental 

6.2.1. Burner system and gas supply 

Soot aggregates were produced in flat, premixed ethylene/air flames at atmospheric 
pressure. The flames were stabilized above the 60-mm diameter water-cooled McKenna 
burner described in Section 2.4.1, and nitrogen was passed through the outer shroud ring to 
suppress flame instabilities and prevent mixing with ambient air. Note that no stabilization 
plate or chimney was used in these experiments to limit the number of control parameters 
compared to other studies [21], using only the nitrogen shroud to stabilize the flame as 
suggested by Gothaniya et al. [13]. Flame stability was judged both by eye, and based on the 
stability of the LII and light scattering signal, measurements were only performed for 
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conditions when there was no obvious wavering or flickering of the flame and if the signal 
was stable without periodic fluctuations. The axial distance between the measuring volume 
and the vertically mounted burner surface (HAB) was varied by moving the burner axially 
in 1 or 2 mm increments. Flames with the desired fuel equivalence ratio and temperature 
were obtained by setting appropriate ethylene and air flow rates using the gas flow control 
and measurement system described Section 2.5, again relying on changing the mass flux of 
the fuel/air mixture through the burner to control the flame temperature at fixed 𝜙𝜙𝜙𝜙 as 
explained in Section 2.2. 

6.2.2. Raman temperature measurements 

Flame temperatures were measured by spontaneous Raman spectroscopy as described in 
Section 3.5. For the experiments described here, deriving temperatures by fitting the 
acquired Raman spectra is complicated in progressively richer flames because it becomes 
increasingly difficult to distinguish the weak spontaneous Raman signal from the 
background signals from of soot radiation and Rayleigh scattering, which is not completely 
eliminated by the filter/spectrometer combination. Raman thermometry could be used to 
determine temperatures of flames with equivalence ratios up to about 𝜙𝜙𝜙𝜙 = 2.1, depending 
on the exit velocity of the ethylene/air mixture. Since the measurements with different 
polarizations of the incident laser beam are not performed simultaneously, the background 
subtraction procedure described in Section 3.5.2 does not eliminate noise. For this reason, 
excessive levels of noise at high soot concentration limit the range of flame conditions 
where temperatures can be measured. Additionally, the increase in background necessitated 
shorter acquisition times before reading out the signal to avoid overexposure of the CCD 
sensor. Hence a larger number of accumulations was required to obtain the same total 
exposure time as that for measurements in non-sooting flames, increasing the total 
measurement time substantially. A typical Raman spectrum measured at HAB 5 mm in a 
sooting flame with 𝜙𝜙𝜙𝜙 = 2.1 and exit velocity 10 cm/s is shown in Figure 6.1, before and after 
subtracting the background. The background under these conditions is roughly ten times 
higher than the Raman signal, but can be eliminated quite effectively by the subtraction 
procedure. The fit for the resulting spectrum gives a temperature of 1775 K for this flame. 
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Figure 6.1. Spontaneous Raman spectrum of nitrogen in a rich (𝜙𝜙𝜙𝜙 = 2.1) ethylene flame before (left) and after 
subtracting background (right) at HAB 5 mm for an exit velocity of 10 cm/s. Fitting yields a temperature of 1775 K. 

6.2.3. Soot measurements 

The measurements of particle size in the post-flame zone were again performed by laser 
light scattering, as described in Section 3.2, using the Viasho 1 W laser. The limited 
sensitivity of the method resulted in a minimum measurement height of ∼6 mm above the 
burner, depending on the equivalence ratio and exit velocity of the unburned gas mixture. 

But while the silica volume fractions in the previous chapters were calculated based 
on the amount of siloxane precursor, the soot volume fractions in this chapter were 
measured using LII. In Section 3.4, where this technique was detailed, we explained the 
need for calibration to perform quantitative measurements. Here, the LII measurements 
were calibrated by LLE (Section 3.3) in a 𝜙𝜙𝜙𝜙 = 2.2 ethylene flame with exit velocity of 
8.8 cm/s at HAB 10 mm. by measuring extinction (see Figure 6.2) of a 532 nm cw laser 
beam (Coherent Sapphire 100 mW laser). Under these conditions, we measured a decrease 
in laser power of ∼4% after passing the burner, which gives 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 = 0.074 ppm, assuming a 
value of 1.57-0.56i for the refractive index of soot [22]. Additional measurements in other 
flames at various heights above the burner confirmed linear dependence of the LII signal on 
soot volume fraction in the range where light extinction measurements could be trusted to 
yield accurate results. The optical setups for LII and LLE are presented alongside the one for 
ADLS in Figure 6.2. 
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was stable without periodic fluctuations. The axial distance between the measuring volume 
and the vertically mounted burner surface (HAB) was varied by moving the burner axially 
in 1 or 2 mm increments. Flames with the desired fuel equivalence ratio and temperature 
were obtained by setting appropriate ethylene and air flow rates using the gas flow control 
and measurement system described Section 2.5, again relying on changing the mass flux of 
the fuel/air mixture through the burner to control the flame temperature at fixed 𝜙𝜙𝜙𝜙 as 
explained in Section 2.2. 

6.2.2. Raman temperature measurements 

Flame temperatures were measured by spontaneous Raman spectroscopy as described in 
Section 3.5. For the experiments described here, deriving temperatures by fitting the 
acquired Raman spectra is complicated in progressively richer flames because it becomes 
increasingly difficult to distinguish the weak spontaneous Raman signal from the 
background signals from of soot radiation and Rayleigh scattering, which is not completely 
eliminated by the filter/spectrometer combination. Raman thermometry could be used to 
determine temperatures of flames with equivalence ratios up to about 𝜙𝜙𝜙𝜙 = 2.1, depending 
on the exit velocity of the ethylene/air mixture. Since the measurements with different 
polarizations of the incident laser beam are not performed simultaneously, the background 
subtraction procedure described in Section 3.5.2 does not eliminate noise. For this reason, 
excessive levels of noise at high soot concentration limit the range of flame conditions 
where temperatures can be measured. Additionally, the increase in background necessitated 
shorter acquisition times before reading out the signal to avoid overexposure of the CCD 
sensor. Hence a larger number of accumulations was required to obtain the same total 
exposure time as that for measurements in non-sooting flames, increasing the total 
measurement time substantially. A typical Raman spectrum measured at HAB 5 mm in a 
sooting flame with 𝜙𝜙𝜙𝜙 = 2.1 and exit velocity 10 cm/s is shown in Figure 6.1, before and after 
subtracting the background. The background under these conditions is roughly ten times 
higher than the Raman signal, but can be eliminated quite effectively by the subtraction 
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Figure 6.1. Spontaneous Raman spectrum of nitrogen in a rich (𝜙𝜙𝜙𝜙 = 2.1) ethylene flame before (left) and after 
subtracting background (right) at HAB 5 mm for an exit velocity of 10 cm/s. Fitting yields a temperature of 1775 K. 
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Figure 6.2. Schematic for the LII, extinction and ADLS experimental setup. The LII signal is collected by 
photomultiplier PMT5. Angular orientations of the collection systems PMT1 – PMT4 for ADLS measurements are 
denoted with respect to the forward direction of the laser beam. 

6.3. Flame modeling 

The numerical model used here is described in detail by Zimmer et al. [23], who assessed its 
accuracy for counterflow ethylene flames. The model consists of a set of one-dimensional 
conservation equations of mass, species mass, momentum and energy. Diffusion is modeled 
using the Hirschfelder-Curtiss approximation [24] and the gas-phase reaction kinetics are 
modeled using the San Diego mechanism [25]. Soot formation and growth are based on the 
models by Leung et al. [15] and by Liu et al. [16], which are semi-empirical acetylene based 
models that describe soot particle nucleation, surface growth, coagulation and oxidation. 
Assuming a monodisperse soot particle distribution, the set of conservation equations is 
augmented by two conservation equations for soot mass fraction 𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠 and number density 𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠 
(in particles per kg of mixture), respectively. The mass and energy coupling of soot and gas-
phase species as described in [23] is neglected because the soot mass fractions are 
sufficiently low in the present flames. The soot model of Liu et al. is a modified version of 
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Leung et al., adding soot oxidation by OH and O (in addition to oxidation by O2), but 
neglecting soot particle coagulation [16]. 

Premixed burner-stabilized flames are simulated by prescribing a mass flux and a 
fixed inlet temperature (𝑘𝑘𝑘𝑘 = 300 K), solving the energy equation in the rest of the domain. 
Gas and soot radiation are modeled using an optically thin grey-gas model with Planck 
mean absorption coefficients [23]. Since self-absorption of radiation is neglected, the heat 
loss can be overestimated. For the present flames, with a path length of about 5 cm, the 
radiative heat loss is 70% of the optically thin limit [26]. The soot volume fraction is 
calculated from the computed soot mass fraction as 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 = 𝜌𝜌𝜌𝜌𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠/𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠, where 𝜌𝜌𝜌𝜌 is the density of 
the combustion products and 𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠 is the density of soot (taken to be 2.0 g/cm3 and 1.9 g/cm3 
in the models by Leung et al. and Liu et al. respectively [15,23]). 

6.4. Results and discussion 

6.4.1. Temperature measurements 

Measured temperatures for 𝜙𝜙𝜙𝜙 = 1.8 and 2.0, and 𝑣𝑣𝑣𝑣 = 8.8 cm/s are shown as function of HAB 
in Figure 6.3, and compared to calculations including and excluding radiative heat losses 
from the hot gases and soot. The maximum equivalence ratio for which such a vertical 
profile could be measured was 𝜙𝜙𝜙𝜙 = 2.0. We note that the computations show a decrease in 
flame temperature, after reaching a maximum at a height of ∼5 mm, even when radiative 
losses are not taken into account. This is attributed to the ‘superadiabatic’ temperatures 
close to the burner surface that have been reported previously in rich hydrocarbon flames 
[27]. As can be seen, the measured flame temperature decreases with increasing axial 
distance (hence, increasing residence time), although not quite as strongly as predicted by 
the models. Given the impact of radiative losses on the temperature profiles illustrated by 
the computations, soot formation under these conditions is not an isothermal process, and 
caution should be exercised when characterizing the influence of temperature on soot 
formation in 1-D flames. However, for the flames investigated here, the flame temperatures 
at HAB = 5 mm are within 30 K of those calculated without radiative losses; this is not 
unreasonable since at this distance heat release is essentially complete and the radiative 
losses are not yet substantial. As a result, we characterize the temperature variation at fixed 
𝜙𝜙𝜙𝜙 by the temperature at HAB = 5 mm. We note that despite the increased radiative heat 
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transfer from soot at 𝜙𝜙𝜙𝜙 = 2.0, there is little difference between the measured temperatures at 
the two equivalence ratios in Figure 6.3. 

  
Figure 6.3. Comparison of flame temperatures for 𝜙𝜙𝜙𝜙 = 1.8 (left) and 2.0 (right) at exit velocity 𝑣𝑣𝑣𝑣 = 8.8 cm/s. 

A comparison between measured and calculated flame temperatures for 𝜙𝜙𝜙𝜙 = 2.0 
and 𝜙𝜙𝜙𝜙 = 2.1 at low HAB (5 mm) as a function of exit velocity, presented in Figure 6.4, shows 
that the computations continue to predict the temperature at this HAB well. Despite the 
scatter in the measurements in these sooting flames, the results suggest that the model may 
slightly overpredict the impact of radiative losses at 5 mm axial distance. Changing the exit 
velocity of the unburned fuel-air mixture from 5 to 14 cm/s results in a temperature 
variation in the range from roughly 1630 to 1850 K for 𝜙𝜙𝜙𝜙 = 2.1. As indicated above, the 
presence of a substantial density of soot precluded measurement in richer flames or at 
higher HAB where the impact of radiative heat losses are expected to be more significant. 
However, given the faithful reproduction of the measured temperatures as a function of 

Figure 6.4. Comparison of calculated (with and without radiative heat losses) and measured flame temperatures for 
𝜙𝜙𝜙𝜙 = 2.0 (left) and 𝜙𝜙𝜙𝜙 = 2.1 (right) as a function of exit velocity at HAB = 5 mm. 
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equivalence ratio and mass flux, we will use the computed temperatures at HAB = 5 mm for 
all the flames studied to characterize the temperature variation in the analysis below. This 
temperature is representative for especially the early stages of soot growth, but even for the 
richest flames in this work, heat losses will not affect the flame temperature too much until 
considerably higher HAB. 

6.4.2. Soot volume fraction measurements 

Axial profiles of measured and calculated soot volume fractions at 𝜙𝜙𝜙𝜙 = 2.0, 2.1, 2.2 and 2.35 
are presented in Figure 6.5 for representative exit velocities 𝑣𝑣𝑣𝑣 = 5.9, 7.1, 8.8 and 11 cm/s 
(We remark that the flame at 11 cm/s and 𝜙𝜙𝜙𝜙 = 2.35 was too unstable for reliable 
measurement). The error bars are based on the day-to-day reproducibility, which was 

(a) (b) 

(c) (d) 

Figure 6.5. Comparison of 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 results for three different exit velocities (symbols), and calculations using the models by 
Leung et al. [15] (dashed lines) and Liu et al. [16] (solid lines) at equivalence ratios (a) 𝜙𝜙𝜙𝜙 = 2.0, (b) 𝜙𝜙𝜙𝜙 = 2.1, (c) 
𝜙𝜙𝜙𝜙 = 2.2, and (d) 𝜙𝜙𝜙𝜙 = 2.35. 
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within 10%. As can be seen, the soot volume fraction increases in all flames with the 
distance above the burner. At fixed distance, the soot volume fraction increases with 
increasing equivalence ratio.  

In Figure 6.6 we compare 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for 𝜙𝜙𝜙𝜙 = 2.2 at HAB = 30 mm as function of 
temperature (calculated at 5 mm) to final soot volume fractions 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣∞ measured in a similar 
flame (𝜙𝜙𝜙𝜙 = 2.16) by Böhm et al. [10]. These results show excellent correspondence between 
the soot volume fractions obtained here using calibrated LII and those from extinction 
measurements in [10]. The agreement in the location of the maximum volume fraction as a 
function of temperature (see below) is also excellent. This agreement gives us additional 
confidence in the veracity of the measurements reported here. 

 
Figure 6.6. 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for 𝜙𝜙𝜙𝜙 = 2.2 at HAB 30 mm as function of temperature (calculated at HAB 5 mm) to final soot volume 
fractions 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣∞ measured in a similar flame (𝜙𝜙𝜙𝜙 = 2.16) by Böhm et al. [10]. 

Returning to Figure 6.5, we observe that the numerical calculations using both 
mechanisms of soot formation overpredict the measured volume fractions substantially. For 
example, measured maximum soot concentrations in flames with 𝜙𝜙𝜙𝜙 = 2.0, 2.1, 2.2 and 2.35 
are 0.04, 0.1, 0.25 and 0.45 ppm respectively, while the values calculated using the 
mechanism of Liu et al. [16] are 0.3, 0.4, 0.60 and 0.8 ppm for the same flame conditions. 
Liu’s model, which as described above has slightly more chemical detail, has somewhat 
better agreement with the measurements. The earlier onset of soot formation in the models 
compared to the measurements is probably because the soot models assume C2H2 as a direct 
soot precursor. Polycyclic aromatic hydrocarbons (PAHs), which have been observed to 
appear downstream of the acetylene peak but upstream of the rise in soot volume fraction 
[3], were found to play a more important role in soot growth in premixed C2H4/air flames 
[28]. We expect a more detailed treatment of soot formation to improve this shortcoming. 
Lastly, we comment that the improved agreement between model predictions and 

92 

6.4. Results and discussion 

 
measurements with increasing equivalence ratio is rather to be expected, since the models 
were optimized for non-premixed counterflow flames in which much higher soot fractions 
were observed. The semi-empirical models used here lack the physical basis to be applied 
generally without parameter tuning.  

To facilitate the further analysis, a comprehensive overview of the measurements 
and calculations of soot volume fraction is shown as contour plots in Figure 6.7. In the 
contour plots, vertical cross sections show axial profiles at fixed exit velocity, while 
horizontal cross sections represent the dependence of 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 upon exit velocity at fixed HAB. 
Only contour plots of the calculations using the model of Liu et al. [16] model are shown, 
because of their slightly better agreement with the measurements. 

We first remark that the calculations using the Liu model yielded maximum soot 
volume fractions at lower exit velocities than the minimum exit velocity studied in the 
experiments. Given the absence of soot oxidation paths in these very fuel-rich flames, we 
observe a steady increase in 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 with increasing HAB, for all equivalence ratios and exit 
velocities, as illustrated in Figure 6.5, above. Also, referring to the legend accompanying the 
color scale, 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 is seen to increase strongly with equivalence ratio, by roughly a factor of four 
when increasing 𝜙𝜙𝜙𝜙 from 2.1 to 2.35. More interesting is the non-monotonic dependence of 
𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 on exit velocity, and thus on temperature, at fixed height above the burner, initially 
increasing with exit velocity but decreasing at higher velocities. This behavior has been 
observed previously [3,10], and was ascribed [3] to the temperature-dependent changes in 
PAH formation resulting in more or less soot inception, with lower temperatures (at low 
velocities) preventing PAHs from reacting to soot and higher temperatures (high velocities) 
oxidizing these species before they can contibute to soot formation. The observed trend of 
decreasing soot volume fraction at fixed HAB for high exit velocities is amplified by the 
decrease in residence time with exit velocity for any given HAB. It should be pointed out 
that the residence time is approximately inversely proportional to both the height above the 
burner and to the exit velocity. A change in either is accompanied by a change in flame 
temperature, but not to the degree that this has a strong bearing on the residence time. As 
can be seen in Figure 6.7 (and Figure 6.5), the maximum in the measured soot volume 
fraction occurs at temperatures around 1675 K for all equivalence ratios studied in this 
work, as observed in the other studies [3,10]. The shift of the maximum in 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 at fixed height 
above the burner to higher exit velocities in progressively richer flames is mostly due to the 
fact that in richer flames higher exit velocities are required to attain the same flame 
temperature.  
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appear downstream of the acetylene peak but upstream of the rise in soot volume fraction 
[3], were found to play a more important role in soot growth in premixed C2H4/air flames 
[28]. We expect a more detailed treatment of soot formation to improve this shortcoming. 
Lastly, we comment that the improved agreement between model predictions and 
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measurements with increasing equivalence ratio is rather to be expected, since the models 
were optimized for non-premixed counterflow flames in which much higher soot fractions 
were observed. The semi-empirical models used here lack the physical basis to be applied 
generally without parameter tuning.  
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Figure 6.7. Contour plots of the measured (left) and calculated—using the Liu model—(right) soot volume fraction 
(ppm) as function of HAB and exit velocity v for equivalence ratios (a) 𝜙𝜙𝜙𝜙 = 2.0, (b) 𝜙𝜙𝜙𝜙 = 2.1, (c) 𝜙𝜙𝜙𝜙 = 2.2, and (d) 
𝜙𝜙𝜙𝜙 = 2.35. Note that 𝑣𝑣𝑣𝑣 does not begin at 0 cm/s. 
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(c) 

(d) 
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6.4.3. Aggregate size measurements 

With the current experimental setup as described in Section 3.2, reliable ADLS 
measurements for a range of exit velocities could only be performed for flames with 𝜙𝜙𝜙𝜙 ≥ 2.1. 
At lower 𝜙𝜙𝜙𝜙, due to the small aggregate size, the signal differences between even the 
outermost PMTs are too small to detect them reliably. While the numerical models do not 
attempt to calculate the aggregate gyration radius, it is instructive to derive 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 based on the 

simple consideration of spherical particles, calculating 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as �3/5 𝑅𝑅𝑅𝑅 with 𝑅𝑅𝑅𝑅 the radius of a 

soot particle, which is computed as 𝑅𝑅𝑅𝑅 = � 3𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠
4𝜋𝜋𝜋𝜋𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠

�
1/3

. The radius of gyration derived thusly 

serves as a lower limit, since in actuality the aggregates are known to be less compact, with 
the typical fractal dimension of soot being ∼1.8 [29]. This underprediction will grow with 
HAB as it results in a lower collision frequency than that of the real aggregates. Axial 
profiles of measured and calculated 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of HAB for a number of exit velocities 

(a) (b) 

(c) 

Figure 6.8. Measured (symbols) and computed (Leung et al. [15], dashed lines) axial profiles of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for three different 
exit velocities at equivalence ratios (a) 𝜙𝜙𝜙𝜙 = 2.1, (b) 𝜙𝜙𝜙𝜙 = 2.2, and (c) 𝜙𝜙𝜙𝜙 = 2.35. 
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Figure 6.8. Measured (symbols) and computed (Leung et al. [15], dashed lines) axial profiles of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for three different 
exit velocities at equivalence ratios (a) 𝜙𝜙𝜙𝜙 = 2.1, (b) 𝜙𝜙𝜙𝜙 = 2.2, and (c) 𝜙𝜙𝜙𝜙 = 2.35. 
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are shown in Figure 6.8. The error bars are based on the quality of the least square fit used 
to derive 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, with a minimum of at least the day-to-day reproducibility (always within 
10%). 

As observed for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, the measured soot radius of gyration increases with increasing 
HAB for all equivalence ratios and exit velocities. As expected,  𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is substantially larger in 
richer flames: in the flames at 𝜙𝜙𝜙𝜙 = 2.35 flames 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is roughly twice that for flames at 𝜙𝜙𝜙𝜙 = 2.1. 
We note that early scattering measurements [30] for a flame within the range of 
temperature and equivalence ratio to those reported here (𝜙𝜙𝜙𝜙 = 2.28, flame temperature 
1740 K) ultimately yielded averaged particle diameters of ∼40 nm, whereas the particle 
diameters based on 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 obtained using ADLS are estimated to be roughly 60 nm. We also 
observe that although the measured profiles of 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for the richer flames (Figure 6.5, c and d) 
tend to flatten at higher HAB, the measured 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is still increasing, suggesting agglomeration 
as the dominant process at larger axial distances.  

While the model of Liu et al. [16] showed somewhat better agreement for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 (see 
Figure 6.5, above) it lacks any physical basis for calculating 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 because this model does not 
take account for coagulation of particles. Consequently, we only consider the model of 
Leung, et al. [15]. From Figure 6.8, we observe that the numerical calculations using the 
model from Leung, et al. [15] to predict the radii of gyration appear in reasonable 
agreement with the experimental results at higher equivalence ratio, despite the poorer 
prediction of soot volume fraction. However, as mentioned before, the calculated 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is 
based on the consideration of coagulation to spherical particles rather than agglomerates, 
which at best provides a lower estimate of particle size. Assuming that the model predicts 
the correct amount of mass in an aggregate, the radius of gyration needs to be increased by 

a factor of �𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔/𝑎𝑎𝑎𝑎�3/𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓−1. So, based on a typical fractal dimension of ∼1.8 [29] and a 
monomer size of 10 nm [31] we can conclude that for the maximum height at 𝜙𝜙𝜙𝜙 = 2.35 we 
underestimate the actual 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of an aggregate structure of equal mass by over a factor of 
three. This means that the calculated 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 should have been much smaller for the model to be 
in reasonable agreement with the measurements. 

The contour plots summarizing all the 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 data are shown in Figure 6.9. The figures 
giving the experimental data show, to our knowledge, a hitherto unreported non-
monotonic dependence of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 on exit velocity/flame temperature as is observed for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, 
above. 
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Here too, we observe the shift of the maximum to higher exit velocities with 
increasing equivalence ratio. However, analogous to the volume fraction, the maximum 
radius of gyration also occurs at constant temperature, independent of equivalence ratio. 
The maximum 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 occurs at higher exit velocities than 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, corresponding to a flame 
temperature of roughly 1700 K. As is the case for the soot formation, the decrease in 
residence time for a given HAB with increasing exit velocity amplifies the observed trend of 
decreasing aggregate size at fixed HAB for high exit velocities. Similar to the behavior 

(a) 

(b) 

(c) 

Figure 6.9. Contour plots of the measured (left) and calculated (right) radius of gyration (nm) as function of HAB 
and exit velocity v for equivalence ratios (a) 𝜙𝜙𝜙𝜙 = 2.1, (b) 𝜙𝜙𝜙𝜙 = 2.2, and (c) 𝜙𝜙𝜙𝜙 = 2.35. Only the computations using the 
model of Leung et al. [15] are shown (see text). 
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are shown in Figure 6.8. The error bars are based on the quality of the least square fit used 
to derive 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, with a minimum of at least the day-to-day reproducibility (always within 
10%). 

As observed for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, the measured soot radius of gyration increases with increasing 
HAB for all equivalence ratios and exit velocities. As expected,  𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is substantially larger in 
richer flames: in the flames at 𝜙𝜙𝜙𝜙 = 2.35 flames 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is roughly twice that for flames at 𝜙𝜙𝜙𝜙 = 2.1. 
We note that early scattering measurements [30] for a flame within the range of 
temperature and equivalence ratio to those reported here (𝜙𝜙𝜙𝜙 = 2.28, flame temperature 
1740 K) ultimately yielded averaged particle diameters of ∼40 nm, whereas the particle 
diameters based on 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 obtained using ADLS are estimated to be roughly 60 nm. We also 
observe that although the measured profiles of 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for the richer flames (Figure 6.5, c and d) 
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take account for coagulation of particles. Consequently, we only consider the model of 
Leung, et al. [15]. From Figure 6.8, we observe that the numerical calculations using the 
model from Leung, et al. [15] to predict the radii of gyration appear in reasonable 
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Figure 6.9. Contour plots of the measured (left) and calculated (right) radius of gyration (nm) as function of HAB 
and exit velocity v for equivalence ratios (a) 𝜙𝜙𝜙𝜙 = 2.1, (b) 𝜙𝜙𝜙𝜙 = 2.2, and (c) 𝜙𝜙𝜙𝜙 = 2.35. Only the computations using the 
model of Leung et al. [15] are shown (see text). 
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observed for the soot volume fraction, the computations show the peak 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 at lower exit 
velocities than the experimental results. 

6.5. Conclusions 

The growth of soot volume and aggregate size was studied in 1-D premixed fuel-rich 
ethylene/air flames for various equivalence ratios and a range of temperatures using laser-
induced incandescence and angle-dependent light scattering to measure the soot volume 
fraction and radius of gyration, respectively. Flame temperatures derived from spontaneous 
Raman scattering in flames with equivalence ratios up to 𝜙𝜙𝜙𝜙 = 2.1 showed good 
correspondence to temperatures calculated using the San Diego mechanism. 

Similar to previous studies [13], the LII measurements showed a substantial impact 
of the fuel equivalence ratio on the soot volume fraction, with 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 at 𝜙𝜙𝜙𝜙 = 2.35 being over ten 
times as big as that at 𝜙𝜙𝜙𝜙 = 2.0. Furthermore, we observe a non-monotonic dependence of 
the measured 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 on the exit velocity of the fuel-air mixture, with an initial increase and later 
decrease for higher velocities. The maximum 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 shifts to higher exit velocities in 
progressively richer flames. However, the maximum 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 occurs at a flame temperature of 
around 1675 K, regardless of equivalence ratio. 

We also observed a strong impact of 𝜙𝜙𝜙𝜙 on the radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of the 
generated soot particles, with particles formed at 𝜙𝜙𝜙𝜙 = 2.35 having a radius roughly twice as 
big as those formed at 𝜙𝜙𝜙𝜙 = 2.1. Furthermore, we observe a similar dependence on the fuel-
air exit velocity as 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, with the maximum at somewhat higher velocities, i.e. at a slightly 
higher flame temperature of around 1700 K. The use of a laser with shorter wavelength 
should enable extension of these measurements to lower equivalence ratios in the future. 

The measurement results were compared with calculations using semi-empirical 
two-equation models of soot formation by Leung et al. [15] and by Liu et al. [16]. The 
models do relatively well predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 in richer flames, Liu et al. yielding slightly better 
agreement for all conditions, but calculations using both mechanisms substantially 
overpredict the measured volume fractions. For predicting 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, Liu’s model is inherently 
unsuitable because it does not take coagulation into account. Leung’s model does consider 
coagulation, but is limited as it only assumes spherical particles, rather than more detailed 
(and more correct) particle morphology. Like for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, the agreement between the 
experimental results and predictions of the numerical simulations using Leung’s model is 
better in richer flames, but based on simple consideration of typical fractal dimension and 

98 

6.5. Conclusions 

 
monomer size the simulations still overpredict the measured radii of gyration substantially. 
The results reported here can be compared with a more detailed model in future research.
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models do relatively well predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 in richer flames, Liu et al. yielding slightly better 
agreement for all conditions, but calculations using both mechanisms substantially 
overpredict the measured volume fractions. For predicting 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, Liu’s model is inherently 
unsuitable because it does not take coagulation into account. Leung’s model does consider 
coagulation, but is limited as it only assumes spherical particles, rather than more detailed 
(and more correct) particle morphology. Like for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, the agreement between the 
experimental results and predictions of the numerical simulations using Leung’s model is 
better in richer flames, but based on simple consideration of typical fractal dimension and 
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monomer size the simulations still overpredict the measured radii of gyration substantially. 
The results reported here can be compared with a more detailed model in future research.
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Chapter 7 
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The effect of hydrogen addition on soot aggregate growth in burner-stabilized ethylene/air 
flames is reported. Profiles of the aggregate’s radius of gyration 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, volume fraction 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 and 
monomer radius 𝑎𝑎𝑎𝑎 versus residence time were measured by laser light scattering and laser-
induced incandescence. Experiments were performed at equivalence ratios 2.3 and 2.35, 
with mole fractions of 0 – 0.4 of hydrogen in the fuel. Keeping the flame temperature and 
equivalence ratio constant upon hydrogen addition resulted in a decrease in 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎, 
with the first two parameters decreasing faster than linearly in hydrogen fraction 𝛾𝛾𝛾𝛾. 
Furthermore, the effect observed here is stronger than that at constant C/O and exit 
velocity. The measurement results were compared with calculations using two different 
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 chapter is based on the work presented in: Langenkamp PN, Levinsky HB, Mokhov AV., van Oijen JA. The 
Effects of Hydrogen Addition on Soot Aggregate Growth in Atmospheric-Pressure, 1-D Ethylene/Air Flames. Int J 
Hydrogen Energy 2018:Submitted for publication. 
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7.1. Introduction 

Hydrogen is an attractive potential alternative for hydrocarbon fuels, as combusting it does 
not produce soot and carbon dioxide. However, its low volumetric energy density and high 
flammability can pose problems in practical applications. Hydrogen-hydrocarbon hybrid 
fuels are interesting because they promise to improve combustion performance compared 
to pure hydrogen, while also reducing pollutant emission as compared to hydrocarbons. 
But due to the nonlinear and generally complex nature of the microscopic processes 
involved in different aspects of combustion, predicting the combustion properties 
quantitatively, and even qualitatively, for blended fuels based on those of the individual 
components or on simple parameters like the C/H ratio (see, for example [1]) is 
problematical. For this reason, many detailed studies of hydrogen/hydrocarbon mixtures 
have been performed with regards to the individual combustion properties such as burning 
velocity [2–4], ignition properties [5–7] and flame stability [8,9], as well as NO and soot-
precursor formation [10–12]. 

Predicting the formation and growth of soot in flames is challenging, even in 
relatively simple systems. And addition of hydrogen significantly complicates processes of 
soot formation both chemically and due to its high diffusivity, which is particularly 
manifest in multidimensional diffusion flames. Thus, detailed experiments are necessary to 
improve our understanding of the processes involved and to benchmark model 
development. As we established in previous chapters, premixed 1-D flames with ethylene as 
fuel are convenient (and often used) for testing models of soot formation because they offer 
well-defined conditions that are amenable to analysis and can be stabilized at high 
equivalence ratio, where considerable amounts of soot are formed. For this reason, 
hydrogen/ethylene flames are an obvious choice for testing the effects of hydrogen addition 
on soot formation both numerically and experimentally. Notable previous studies include 
work by Gülder et al. [13] and Zhao et al. [14], who studied the influence of the addition of 
hydrogen to ethylene diffusion flames on soot volume fraction experimentally. Their results 
showed that hydrogen addition reduces the soot fraction due to both dilution and chemical 
effects, a finding that is also confirmed by the numerical study by Guo et al. [15]. In 
premixed ethylene flames, Haynes et al. [16] observed that addition of hydrogen to the 
unburned gases reduced the critical C/O ratio of soot inception, but for up to 3% hydrogen 
in the unburned gases did not see an impact on the yield of soot beyond the critical C/O 
ratio. At considerably higher concentrations of hydrogen (20% and 40%), using laser light 
scattering, extinction and TEM measurements, Iuliis et al. [17] found that hydrogen 
addition results in a reduction in soot concentration, radius of gyration and monomer size. 
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7.2. Experimental 

 
In their study, they held the exit velocity and C/O ratio of the fuel-air mixture constant, 
while varying the hydrogen fraction in the fuel. Fixing the exit velocity and C/O ratio when 
adding 40% hydrogen in this study resulted in increasing the equivalence ratio from 2.3 to 
2.7, while the flame temperature decreased from 1736 to 1680 K arising from changes in 
equivalence ratio and flame stabilization. In contrast, maintaining a constant flame 
temperature can be useful to assess the effect of hydrogen addition more accurately, since 
soot inception in premixed ethylene flames is strongly dependent upon flame temperature: 
a change of 50 K in flame temperature can result in a difference of a factor of 2 in soot 
volume fraction [18–20]. Constant flame temperature at constant equivalence ratio while 
adding hydrogen can be achieved by (slight) adjustment of the exit velocity to alter the 
degree of stabilization. To our knowledge, no studies on the impact of hydrogen addition 
on soot formation exist where parameters were varied in such a way.  

The aim of this chapter is to expand on the study of Iuliis et al. [17] of the effect of 
hydrogen addition to ethylene fuel on the formation and growth of soot particles, by 
comparing flames at equal temperature and equivalence ratio. Here, aggregate growth in 
premixed, burner-stabilized ethylene/hydrogen/air flames was studied as a function of 
height above the burner for flame temperatures of approximately 1740 K and 1710 K at 
equivalence ratios 𝜙𝜙𝜙𝜙 of 2.3 and 2.35 respectively. These conditions were chosen because 
they provide strongly sooting, but also stable, burner-stabilized flames. Also, in pure 
ethylene/air flames the measured radii of gyration of soot aggregates attained a maximum 
around these temperatures upon varying the exit velocity at fixed equivalence ratio, as 
shown in 0. Here, we present soot volume fractions measured using laser-induced 
incandescence (LII) and soot aggregates’ radii of gyration by means of laser light scattering. 
Additionally, we derive the radii of the primary particles (monomers) comprising the 
aggregates from the experimental results. Like in previous chapter, the results are compared 
with numerical simulations using the semi-empirical models of soot formation by Leung et 
al. [21] and by Liu et al. [22]. 

7.2. Experimental 

Soot aggregates were produced in atmospheric-pressure, flat, premixed 
ethylene/hydrogen/air flames stabilized above the McKenna burner with nitrogen shroud. 
The mass fluxes of ethylene, hydrogen and air were controlled independently using the flow 
control and measurement system described in Section 2.5 to obtain flames with the desired 
equivalence ratio, 𝜙𝜙𝜙𝜙, and hydrogen fraction, 𝛾𝛾𝛾𝛾, in the fuel. 
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The LII and light scattering measurements in the post-flame zone were performed 

as described before, using the same setup that was used in the previous chapter (Figure 6.2) 
and again relying on the LLE measurement for calibration. Additionally, the monomer radii 
𝑎𝑎𝑎𝑎 were calculated from the absolute scattering signal using the measured 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 as 
described in Section 3.2.1. 

The flames in this chapter were modeled with the same numerical model that was 
used in our previous study on soot in pure ethylene/air flames (0), where a set of one-
dimensional conservation equations of mass, gas phase species and energy was solved with 
the chemical-kinetic San Diego mechanism [23]. In these calculations, we neglect heat loss 
due to soot radiation, which is minor at small axial distance (Section 6.4.1). The 
uncertainties of the 1-D flame temperature calculations were assessed in the previous 
chapter for pure ethylene/air flames. While the temperature measurements were frustrated 
in progressively richer flames due to the increased interference from soot radiation, it was 
possible to implement the Raman thermometry in ethylene flames with equivalence ratios 
up to 𝜙𝜙𝜙𝜙 = 2.1 with results showing good correspondence to temperatures calculated using 
the San Diego mechanism (Raman temperatures are within 50 K of calculations). Even 
though the soot volume fraction is higher by nearly a factor of 4 at 𝜙𝜙𝜙𝜙 = 2.35 compared to 
𝜙𝜙𝜙𝜙 = 2.1, the impact of radiative heat losses on flame temperature at low HAB is still 
expected to be minor and we will again use the computed temperatures at HAB = 5 mm to 
characterize the flames. 
  Like in the previous chapter, the set of conservation equations used for the 
numerical calculations is augmented by conservation equations for soot mass fraction 𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠 
and number density 𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠 (in particles per kg of mixture), using the semi-empirical, acetylene-
based models by Leung et al. [21] and by Liu et al. [22] to describe soot formation and 
growth as described in Section 6.3. 

7.3. Results and discussion 

Ethylene/hydrogen/air mixtures with varying fractions of H2 (𝛾𝛾𝛾𝛾 = 0, 0.2, 0.3 and 0.4) have 
been studied in this chapter, for both equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 and 2.35. The compositions 
of these mixtures can be formally presented as 

𝜙𝜙𝜙𝜙 ∙ (1 − 𝛾𝛾𝛾𝛾)𝐶𝐶𝐶𝐶2𝐻𝐻𝐻𝐻4 + 𝜙𝜙𝜙𝜙 ∙ 𝛾𝛾𝛾𝛾 ∙ 𝐻𝐻𝐻𝐻2 + �3 −
5
2
𝛾𝛾𝛾𝛾�𝑂𝑂𝑂𝑂2 + 3.77 ∙ �3 −

5
2
𝛾𝛾𝛾𝛾�𝑁𝑁𝑁𝑁2 .  (7.1) 
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The exit velocities 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 of the unburned ethylene/hydrogen/air mixtures were adjusted 
such that the calculated temperatures for all flames with equal 𝜙𝜙𝜙𝜙 were similar (1740 K for 
𝜙𝜙𝜙𝜙 = 2.3 and 1710 K for 𝜙𝜙𝜙𝜙 = 2.35; conditions where the models by Leung et al. and Liu et al. 
perform relatively well in predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for 𝛾𝛾𝛾𝛾 = 0, as we saw in 0). Here, we once more 
exploit the fact that the exit velocity of the fuel/air mixture determines the degree of flame 
stabilization and consequently the amount of heat transfer to the burner. An overview of 
the exit velocities at 300 K derived from the measured mass flows of gases, used to attain the 
specified flame conditions is given in Table 7.1. Gas flows are measured with an accuracy of 
2%, resulting in a variation of less than 5 K in the calculated flame temperatures. We should 
note that the paucity of reliable burning velocity data at 𝜙𝜙𝜙𝜙 > 2.1 means that the accuracy of 
the San Diego Mechanism for the equivalence ratios used here cannot be easily verified. 
However, we deem this uncertainty not to have a substantial impact on the conclusions 
drawn here, since the flame temperatures for different hydrogen fractions are expected to 
vary only modestly. Furthermore, if future studies provide a more reliable oxidation 
mechanism for ethylene at very fuel-rich conditions, the absolute flame temperatures in this 
work can easily be reevaluated from the specified exit velocities. We note that, while the 
equivalence ratios chosen differ only by 0.05, the flame at 𝜙𝜙𝜙𝜙 = 2.35 has significantly more 
soot than at 2.3, and thus provides additional information on the trends observed, as will be 
seen below. Varying 𝜙𝜙𝜙𝜙 over a larger range was not possible as the particles become 
prohibitively small to accurately measure 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 for high 𝛾𝛾𝛾𝛾 in leaner flames, while instabilities 
due to low exit velocities that develop in flames at higher equivalence ratios, preclude 
widening the range of experiments towards these fuel mixtures. 
 

Table 7.1. Flame conditions used in this work, with the exit velocities at 300 K derived from the measured mass flows 
of gases. 

𝜸𝜸𝜸𝜸 𝝓𝝓𝝓𝝓 = 2.3, 𝑻𝑻𝑻𝑻 = 1740 K 
𝒗𝒗𝒗𝒗𝒓𝒓𝒓𝒓𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒕𝒕𝒕𝒕 (𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩/𝐬𝐬𝐬𝐬) 

𝝓𝝓𝝓𝝓 = 2.35, 𝑻𝑻𝑻𝑻 = 1710 K 
𝒗𝒗𝒗𝒗𝒓𝒓𝒓𝒓𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒕𝒕𝒕𝒕 (𝐜𝐜𝐜𝐜𝐩𝐩𝐩𝐩/𝐬𝐬𝐬𝐬) 

0  9.00 8.00 
0.2 9.26 8.25 

0.3 9.47 8.42 
0.4 9.70 8.65 
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7.3.1. Soot volume fraction measurements 

The measured and calculated soot volume fractions, 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, as function of height above the 
burner HAB are shown in Figure 7.1, for 𝛾𝛾𝛾𝛾 = 0, 0.2, 0.3 and 0.4. The error bars are based on 
the day-to-day reproducibility, which was within 10%. As expected, we observe an increase 
in measured 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 with increasing HAB, for both equivalence ratios and all hydrogen fractions. 
We note that 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 in the pure ethylene flame at 𝜙𝜙𝜙𝜙 = 2.3 is close to what was measured by Iuliis 
et al. [17]. Also, as mentioned above, despite the limited variation in equivalence ratio and 
temperature, the measured values for equal 𝛾𝛾𝛾𝛾 as measured at HAB = 30 mm are roughly 
40% higher in the richer flames. Further, the measured 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 is seen to decrease significantly 
with increasing fraction of hydrogen in the fuel, as the soot volume fraction at 30 mm for 
𝛾𝛾𝛾𝛾 = 0.4 is roughly a quarter of that in the pure ethylene flame. The dependence on 𝛾𝛾𝛾𝛾 (at 
constant 𝜙𝜙𝜙𝜙 and 𝑘𝑘𝑘𝑘) is stronger than observed by Iuliis et al. [17] in their measurements with 
constant exit velocity and C/O ratio. At 𝛾𝛾𝛾𝛾 = 0.4, the soot volume fraction 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 at the highest 
measured HAB of 14 mm in the measurements of Iuliis et al. is approximately a third of the 
fraction in the pure ethylene flame, while at this height we observe a decrease by roughly a 
factor of nine in the current results. The substantial increase in 𝜙𝜙𝜙𝜙 upon hydrogen addition 
in the experiments by Iuliis et al., which itself will increase 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 (also seen in Figure 7.1), is a 
plausible explanation of the differences observed in this trend. 

   
Figure 7.1. Comparison of 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2, 0.3 and 0.4 (closed symbols), and calculations 
using the models by Liu et al. [22] (solid lines) and Leung et al. [21] (dashed lines) at equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 (left) 
and 𝜙𝜙𝜙𝜙 = 2.35 (right). The open symbols in the left figure represent measurements from Iuliis et al. [17] conducted at 
𝜙𝜙𝜙𝜙 = 2.3 for 𝛾𝛾𝛾𝛾 = 0 and constant exit velocity and C/O for 𝛾𝛾𝛾𝛾 = 0.2 and 0.4. 

As was previously observed in 0 with pure ethylene/air flames, the comparison of 
the current measurements with the results of the numerical calculations shows both models 
generally overpredict 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, with Liu’s model giving somewhat better agreement. In fact, for 
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𝛾𝛾𝛾𝛾 = 0 Liu’s model does quite well up to a height of ∼18 mm. However, it does not reflect the 
slower increase in volume fraction at higher HAB that we see in our measurements and 
Leung’s model, despite the inclusion of oxidation by OH and O in Liu’s model which we 
would expect to temper the increase in soot volume fraction. Calculations using both 
models also reflect the increase in 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 in the 𝜙𝜙𝜙𝜙 = 2.35 flame over that at 𝜙𝜙𝜙𝜙 = 2.3. Finally, 
while both models show a pronounced decrease in soot volume fraction due to hydrogen 
addition, they underestimate the impact compared to our measurements by over a factor of 
two. 

7.3.2. Aggregate size measurements 

Plots of measured gyration radii 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 as function of HAB are shown in Figure 7.2. The error 
bars are based on the quality of the least square fit used to derive 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, with the minimum 
based on the day-to-day reproducibility (always within 10%). Like 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, the radius of gyration 
increases with increasing HAB for both equivalence ratios and all hydrogen fractions. Here 
too, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 in the pure ethylene flame at 𝜙𝜙𝜙𝜙 = 2.3 matches well with the measurements by Iuliis 
et al. [17]. While the measured radii are larger at 𝜙𝜙𝜙𝜙 = 2.35 compared to 𝜙𝜙𝜙𝜙 = 2.3, the 
difference is less pronounced than for 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣; this is to be expected, since the mass in the 
aggregates is related to 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 through the fractal dimension. Furthermore, we see a similarly 
strong decrease in aggregate size with increasing fraction of hydrogen in the fuel; the 
gyration radius 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 at 30 mm for 𝛾𝛾𝛾𝛾 = 0.4 is roughly a third of that in a pure ethylene flame. 
The dependence on hydrogen fraction is again stronger than that observed by Iuliis et al. at 
constant exit velocity and C/O ratio: in their study, the addition of 40% hydrogen results 
only in a decrease of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 by a factor of two at the maximum height of 14 mm [17]. This is 
comparable to what we observe for 𝛾𝛾𝛾𝛾 = 0.3 (we were unable to perform reliable 
measurements at this height for 𝛾𝛾𝛾𝛾 = 0.4). The increase in aggregate size at 𝜙𝜙𝜙𝜙 = 2.35 
compared to 𝜙𝜙𝜙𝜙 = 2.3 is small, and mostly within the uncertainty of the measurements. 

As discussed in Section 6.4.3, the numerical models used do not calculate the 
aggregate gyration radius, but it is instructive to derive it based on the simple consideration 

of spherical particles, i.e., 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 = �3
5
 � 3𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠

4𝜋𝜋𝜋𝜋𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠
�
1/3

, where the factor �3/5  accounts for 

calculating the sphere’s moment of inertia. We note again that the radius of gyration 
derived in this manner serves as a lower limit, since the aggregates are known to be less 
compact; this underprediction will grow with HAB as it also results in an underestimation 
of the collision frequency. We remind the rider that we only consider the model of Leung et 
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of spherical particles, i.e., 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 = �3
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, where the factor �3/5  accounts for 

calculating the sphere’s moment of inertia. We note again that the radius of gyration 
derived in this manner serves as a lower limit, since the aggregates are known to be less 
compact; this underprediction will grow with HAB as it also results in an underestimation 
of the collision frequency. We remind the rider that we only consider the model of Leung et 
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al. [21], as the omission of coagulation in the model of Liu et al. [22] deprives it of a physical 
basis for calculating the aggregates’ 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔. The calculated gyration radii are shown in Figure 
7.2. As can be seen, the numerical calculations show only a very modest dependence of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
on 𝛾𝛾𝛾𝛾 (maximum decrease in 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 of less than 20%), thus severely underpredicting the impact 
of hydrogen addition compared to the measurements. Furthermore, as pointed out in 
Section 6.4.3, the seemingly good agreement between calculations and measurements is 
coincidental. If we once more assume that the model predicts the correct amount of mass in 

an aggregate, the radius of gyration again needs to be increased by a factor of �𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔/𝑎𝑎𝑎𝑎�3/𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓−1. 
Thus, based on the typical fractal dimension of 1.8 and monomer size of less than 8 nm (see 
below) we can conclude that for HAB = 30 mm the calculated 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 should have been smaller 
by over a factor of four for the model to be in reasonable agreement with the measurements. 

   
Figure 7.2. Comparison of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 results for hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.2, 0.3 and 0.4 (closed symbols), and 
calculations using the model by Leung et al. [21] (solid lines) at equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 (left) and 𝜙𝜙𝜙𝜙 = 2.35 (right). 
The open symbols in the left figure represent measurements from Iuliis et al. [17] conducted at 𝜙𝜙𝜙𝜙 = 2.3 for 𝛾𝛾𝛾𝛾 = 0 and 
constant exit velocity and C/O for 𝛾𝛾𝛾𝛾 = 0.2 and 0.4. The measurements for flames with added hydrogen have a slight 
horizontal offset to avoid overlap of the error bars. 

7.3.3. Monomer size 

The measured primary particle radii 𝑎𝑎𝑎𝑎 are shown in Figure 7.3 as function of HAB. For the 
flames with 𝜙𝜙𝜙𝜙 = 2.3, the monomer radius behaves similarly to the soot volume fraction and 
gyration radius: it increases with HAB and the addition of hydrogen is clearly seen to 
reduce the monomer size. For the flames with 𝜙𝜙𝜙𝜙 = 2.35, the picture is less clear. The effect 
of hydrogen addition is less distinct, and while the profiles of monomer radius follow the 
trend observed at 𝜙𝜙𝜙𝜙 = 2.3 for 𝛾𝛾𝛾𝛾 = 0 and 0.3, at 𝛾𝛾𝛾𝛾 = 0.4 the measured monomer radius 
appears to decrease with HAB, although within the uncertainty of the measurements 
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(resulting from noise in the absolute scattering signal, 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣). We note that in our 
analysis, 𝑎𝑎𝑎𝑎 is smaller by a factor of 2 compared to the results reported by Iuliis et al. [17]. 
This may be attributed in part to our use of the fractal dimension 1.8 in calculating the 
monomer radii, compared to the value of 1.64 used by Iuliis et al. for their optical 
measurements (based on their TEM measurements). The measurement uncertainty 
precludes us from further comparison of the relative effect of hydrogen addition at constant 
temperature and equivalence ratio compared to that of Iuliis et al. at constant exit velocity 
and C/O. 

Whereas the model of Leung et al. considers coalescence of particles as an 
infinitely fast process, the model of Liu et al. completely neglects collisions between 
particles. Therefore the particles in Liu’s model are essentially monomers, and their radius 
can be compared to the measured monomer size. Assuming spherical particles as before, 
the monomer radius is simply derived from the calculated number density and mass 

fraction as 𝑎𝑎𝑎𝑎 = � 3𝑌𝑌𝑌𝑌𝑠𝑠𝑠𝑠
4𝜋𝜋𝜋𝜋𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠
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. The radii calculated in this manner compare well to the 

measurements in pure ethylene flames, but, as was the case for the calculated soot volume 
fraction, underestimate the impact of hydrogen addition. 

   
Figure 7.3. Comparison of monomer radius 𝑎𝑎𝑎𝑎 results for hydrogen fuel fractions 𝛾𝛾𝛾𝛾 = 0, 0.3 and 0.4 (symbols), and 
calculations using the model by Liu et al. [22] (solid lines) at equivalence ratios 𝜙𝜙𝜙𝜙 = 2.3 (left) and 𝜙𝜙𝜙𝜙 = 2.35 (right). 
The data points for flames with added hydrogen have a slight horizontal off-set to avoid overlap of the error bars. 

7.4. Conclusions 

A combination of laser light scattering measurement and laser-induced incandescence was 
used to measure the radius of gyration, volume fraction and monomer radius of soot 
particles formed in 1-D premixed rich ethylene/hydrogen/air flames for various fractions of 
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hydrogen in the fuel mixture. 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. The 
effect at constant equivalence ratio and temperature observed here is stronger than that 
observed in a previous study by Iuliis et al. [17] at constant C/O and exit velocity. A 
plausible explanation for this is the substantial increase in 𝜙𝜙𝜙𝜙 upon hydrogen addition under 
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; however, the large 
measurement uncertainty precludes a decisive conclusion about the dependence on 
hydrogen fraction. In future research, improvements can be made to the light scattering 
setup to enable measurements at closer proximity to the burner surface, allowing for 
measurements of 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 and 𝑎𝑎𝑎𝑎 at earlier stages of aggregate growth. 

The measurement results were compared with calculations using the semi-
empirical two-equation models of soot formation by Leung et al. [21] and by Liu et al. [22]. 
In accordance to our observations in 0, the model by Liu et al. in particular does quite well 
predicting 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 for the experimental conditions at 𝛾𝛾𝛾𝛾 = 0, although it does not reflect the 
relatively slow increase in volume fraction at HAB above ∼18 mm. However, while both 
models show a pronounced decrease in soot volume fraction due to hydrogen addition, 
they underestimate the impact of 𝛾𝛾𝛾𝛾 by over a factor of two. We note once more that, for 
predicting 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔, Liu’s model lacks the physical basis, while Leung’s model severely 
underpredicts the impact of hydrogen addition. Considering the infinitely fast coalescence 
in the latter model, calculated 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 should actually have been significantly smaller, despite the 
seemingly good correspondence for 𝛾𝛾𝛾𝛾 = 0. Monomer radii derived from the measurement 
results were compared to calculations based on the model of Liu et al., with the calculated 
radii comparing well in pure ethylene flames, but underestimating the impact of hydrogen. 
Future research can compare the results reported here with a more detailed model.
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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. 

For high quality reproducible experiments, a well-controlled combustion 
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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 
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the case for soot, it is expected that all silica is formed in the very first stages of the process 
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𝑑𝑑𝑑𝑑 = 0 as a result of collisional growth and sintering was frustrated by the lack of an accurate 
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aggregate growth adequately, but requires input of initial conditions derived from the 
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ethylene/air flames at various equivalence ratios and for a range of temperatures. These 
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with temperatures calculated using the San Diego mechanism. In accordance with 
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fraction, with over ten times as much soot being formed at 𝜙𝜙𝜙𝜙 = 2.35 compared to 2.0. In 
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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 
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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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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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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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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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bijvoorbeeld een warmtewisselaar, in vergelijking met een compactere laag silica met 
dezelfde massa. Het is daarom belangrijk om een betrouwbaar model te hebben dat de groei 
en eigenschappen van de aggregaten beschrijft. Het verbeteren van dit soort modellen 
vereist een goed begrip van wat er op het niveau van de aggregaten precies gebeurt. 
 Een goed-gecontroleerde verbrandingsomgeving is noodzakelijk om goede en 
reproduceerbare experimenten uit te kunnen voeren; bij voorkeur een omgeving die goed 
toegankelijk is voor diagnostische hulpmiddelen. Vlakke laminaire voorgemengde 
vlammen zijn bijzonder geschikt voor experimenten vanwege hun 1-D karakteristieken, 
waardoor de omstandigheden slechts langs één as van de vlam veranderen. In dit type 
vlammen kunnen processen eenvoudig worden bestudeerd als functie van tijd, door op 
verschillende afstanden van de brander metingen te verrichten. De branders en het 
gasregelingssysteem die werden gebruikt om, onder verschillende omstandigheden, 
aggregaten in dit type vlammen te produceren staan beschreven in Hoofdstuk 2. Een 
belangrijk concept in dit werk is dat van branderstabilisatie, omdat dit ons in staat stelt om 
de vlamtemperatuur en brandstof-equivalentieverhouding onafhankelijk van elkaar te 
kunnen regelen, zonder dat het voorgemengde gas-lucht-mengsel verdund hoeft te worden 
met een inert gas. 
 Dit proefschrift richt zich op de experimentele studie van de vorming en groei van 
bij verbranding gegenereerde roet- en silicadeeltjes. Door gebruik te maken van 
laserdiagnostiek wordt een aantal problemen omzeild die inherent zijn aan het nemen van 
de monsters die nodig zijn voor andere methoden. De belangrijkste technieken voor dit 
onderzoek zijn: ‘angle-dependent light scattering’ (ADLS), om de grootte van deeltjes te 
meten; ‘laser light exctinction’ (LLE) en ‘laser-induced incandescence’ (LII), voor metingen 
van de volumefractie van roet; en Raman spectroscopie, voor bepaling van de 
vlamtemperatuur. In Hoofdstuk 3 wordt een overzicht van deze diagnostische methoden 
gegeven, alsook een gedetailleerde beschrijving van de experimentele opstellingen en 
meetprocedures. 
 Het resterende deel van dit proefschrift draait om de studie van de groei van roet 
en silica, met een initiële focus op silica vanwege de relatieve eenvoud daarvan (anders dan 
voor roet, is de aanname dat alle silica gevormd wordt gedurende de allereerste momenten 
van het proces, en dat de volumefractie vervolgens onveranderlijk is). Hoofdstuk 4 
behandelt de experimentele studie van de groei van silica-aggregaten in methaan-L2-lucht-
vlammen (L2 is een afkorting van hexamethyldisiloxaan, C2H18Si2O). De straal van 
gegenereerde silicadeeltjes is gemeten voor verschillende vlamtemperaturen en 
concentraties van toegevoegde L2. De resultaten van deze metingen laten zien dat 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 
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sublineair afhankelijk is van de verblijfstijd, en een niet-monotoon afhankelijk van de 
vlamtemperatuur met een maximum rond de 2000 K. Verder lijken brandstofarme 
omstandigheden de groei van aggregaten te bevorderen, in vergelijking met rijke en 
stoichiometrische vlammen waarin de groei zeer vergelijkbaar is. Dit impliceert dat de 
aggregaatvorming een overwachte afhankelijkheid heeft van de fractie zuurstof. Het gebruik 
van een eenvoudig model om de evolutie van deeltjes vanaf 𝑑𝑑𝑑𝑑 = 0 te beschrijven als het 
resultaat van groei door botsingen en sinteren was niet mogelijk door het ontbreken van 
een nauwkeurige uitdrukking voor de sintertijd. Voor tijden groter dan ∼10 ms beschrijft 
het model de groei van de aggregaten redelijk goed, maar dit vereist wel het invoeren van de 
initiële condities die vastgesteld werden op basis van de experimentele data en het fitten van 
de straal van de monomeren. 
 Hoofdstuk 5 is een aanvulling op Hoofdstuk 4, waarin de gevolgen van de 
toevoeging van waterstof aan de brandstof op de groei van silica-aggregaten worden 
onderzocht. Bij gelijke massaflux en silica-concentratie in de verbrandingsproducten blijkt 
toevoeging van waterstof te resulteren in een vermindering van zowel de aggregaat- als 
monomeergrootte van de silica. Verder onderzoek laat echter zien dat de waargenomen 
effecten van waterstoftoevoeging volledig toegeschreven kunnen worden aan de daarbij 
behorende afname van de vlamtemperatuur als gevolg van toegenomen branderstabilisatie 
en dus niet het gevolg zijn van een verandering in de chemische omgeving. 
 In Hoofdstuk 6 verleggen we onze aandacht van silica naar roet. Voor 
verschillende equivalentieverhoudingen en temperaturen wordt de groei van roet 
onderzocht in ethyleen-lucht-vlammen. Deze metingen omvatten niet alleen de grootte van 
de roetdeeltjes, maar ook de volumefractie, 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣. Daarnaast laten metingen van de 
vlamtemperatuur voor equivalentieverhoudingen tot aan 𝜙𝜙𝜙𝜙 = 2.1 een goede overeenkomst 
zien met de temperaturen die berekend zijn door gebruik te maken van het San Diego 
mechanisme. In overeenstemming met de literatuur zien we dat de equivalentieverhouding 
een aanzienlijke invloed heeft op de volumefractie; deze fractie is meer dan tien keer hoger 
voor 𝜙𝜙𝜙𝜙 = 2.35 dan voor 𝜙𝜙𝜙𝜙 = 2.0. Daarbij nemen we ook waar dat de gemeten 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 niet-
monotoon afhankelijk is van de uitstroomsnelheid van het brandstof-lucht-mengsel, 
waarbij het maximum onafhankelijk van de equivalentieverhouding ligt bij de snelheid die 
resulteert in een temperatuur van ∼1675 K. De invloed van 𝜙𝜙𝜙𝜙 op 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 is vergelijkbaar met de 
invloed op 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣, maar 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 heeft het maximum in vergelijking met 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 bij iets hogere 
uitstroomsnelheden, corresponderend met een temperatuur van ∼1700 K. De 
meetresultaten werden vergeleken met berekeningen gebaseerd op twee semi-empirische 
twee-vergelijkingenmodellen van roetvorming. Numerieke berekeningen met beide 
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mechanismen overschatten de gemeten volumefracties van roet aanzienlijk, hoewel de 
modellen beter presteren in rijkere vlammen. Het model waarin rekening gehouden wordt 
met coagulatie overschat de gemeten gyrostraal aanzienlijk voor alle 
equivalentieverhoudingen, hoewel de berekende waarden beter worden voor 𝜙𝜙𝜙𝜙 = 2.35. 
 Tot slot biedt Hoofdstuk 7 een aanvulling op Hoofdstuk 6, waarin wordt 
onderzocht wat de effecten zijn van waterstoftoevoeging aan de ethyleen-lucht-vlammen op 
de groei van roet. In dit hoofdstuk worden de gyrostraal, de volume-fractie en de 
monomeerstraal van roetdeeltjes gemeten voor meerdere fracties van waterstof in het 
brandstofmengsel. Anders dan ten aanzien van de impact op silica, resulteert de toevoeging 
van waterstof hier ook in een vermindering van de aggregaatgrootte van roet wanneer 
vergeleken wordt bij dezelfde vlamtemperatuur. Zelfs de toevoeging van relatief kleine 
hoeveelheden H2 heeft een aanzienlijke afname van de volumefractie en aggregaatgrootte 
van roet tot gevolg. Bij gelijke equivalentieverhouding en vlamtemperatuur is deze afname 
sterker dan lineair afhankelijk van de waterstoffractie in de brandstof, 𝛾𝛾𝛾𝛾. Het effect dat hier 
wordt waargenomen is sterker dan in literatuur wordt beschreven bij constante C/O en 
uitstroomsnelheid. Een waarschijnlijke verklaring hiervoor is de aanzienlijke toename van 
𝜙𝜙𝜙𝜙 als gevolg van het toevoegen van de waterstof onder de laatstgenoemde condities, 
aangezien een toename van de equivalentieverhouding op zichzelf resulteert in een toename 
van de volumefractie. Verder lijkt toevoeging van waterstof ook te resulteren in een afname 
van de monomeergrootte. De meetresultaten werden weer vergeleken met berekeningen 
gebaseerd op de semi-empirische twee-vergelijkingenmodellen van roetvorming. 
Numerieke berekeningen gebaseerd op het mechanisme met de gedetailleerdere oxidatie 
van roet voorspellen 𝑑𝑑𝑑𝑑𝑣𝑣𝑣𝑣 en 𝑎𝑎𝑎𝑎 vrij goed voor 𝛾𝛾𝛾𝛾 = 0, maar onderschatten de invloed van 
additie van waterstof (met meer dan een factor twee voor de volumefractie). Het model 
waarin rekening wordt gehouden met coagulatie onderschat de invloed van 
waterstoftoevoeging op 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔 aanzienlijk, terwijl het de grootte van de aggregaten voor alle 
omstandigheden sterk overschat. Dit kan in toekomstige studies worden aangepakt door de 
meetresultaten te vergelijken met gedetailleerdere modellen. 
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