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Chapter 3 
Diagnostic methods & experimental setups 

 
 
This chapter gives an overview of the diagnostic methods that were used in this thesis to 
measure aggregate particle sizes, particle volume fractions and flame temperatures. 
Experimental setups are described in detail, as well as the measurement procedures.  
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Chapter 3. Diagnostic methods & experimental setups 

 

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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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 
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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. 
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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

𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔� .  (3.11) 

In the Rayleigh limit where 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ≫ 𝜎𝜎𝜎𝜎𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎 (a fair assumption for soot particles) the turbidity 
can be approximated as [11] 

𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 ≈ 𝑛𝑛𝑛𝑛𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚 = 𝑛𝑛𝑛𝑛𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝4𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎3𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚) ,  (3.12) 

where 𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚) is the optical absorption function 

𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚) = −Im�
𝑚𝑚𝑚𝑚2 − 1
𝑚𝑚𝑚𝑚2 + 2

� .  (3.13) 

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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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 
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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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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 
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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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clearly essential to have a good signal-to-noise ratio, the laser beam is modulated using a 
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Since 4𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎3/3 is the volume of a monomer, this allows us to express the particle volume 
fraction as 
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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 
(see, for example a recent comprehensive overview in [25]), but we will give a brief 
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detection gates that overlap with the laser pulse to minimize the effect of size bias, and use 
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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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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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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 
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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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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. 
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