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Abstract 

This thesis details the development of an optical diagnostic capable of making 

simultaneous, instantaneous measurements of the soot volume fraction, soot primary 

particle diameter, and soot mean aggregate radius of gyration in large, turbulent, non-

premixed flames.  A combination of auto-compensating laser induced incandescence and 

elastic light scattering was used to make the measurements.  The produced optical 

measurement system was validated by quantifying soot within a reference co-annular 

laminar diffusion flame.  Results agreed with the published data at the same flame 

conditions within precisely calculated measurement uncertainties obtained with Monte 

Carlo analysis.  This analysis revealed that with larger optical measurement volumes the 

overall uncertainties are dominated by uncertainties in the optical and fractal properties of 

soot which are common to all optical diagnostics.  The results also showed that if the 

optical and fractal properties are assumed to be constant, the relative uncertainties arising 

from measurement noise only are significantly lower.  Finally, experiments were 

completed to investigate the minimum achievable optical measurement volume, where 

small volumes resulted in overall uncertainties being dominated by measurement noise.  

The results demonstrate that the developed soot measurement system is ready to be used 

to make measurements on large turbulent flames. 
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Chapter 1  

Introduction 

1.1 Motivation 

Exposure to particulate matter (PM) emissions is well proven to be directly linked to 

various human health effects such as cardiovascular and lung diseases as well as 

mortality (U.S. EPA, 2010).  Combustion of fossil-fuels generates PM emission in the 

form of soot, which is comprised mostly of black carbon (Eklund et al., 2014).  A recent 

study has suggested that reductions of black carbon emissions are even more strongly 

correlated with increases in human life expectancy than reductions in PM emissions 

(Grahame et al., 2014).  In addition, black carbon is potentially second to only CO2 in 

terms of its climate forcing effects (Bond et al., 2013; Jacobson, 2010) and black carbon 

is one of the main sources of glacier melting in the Arctic (Ramanathan and Carmichael, 

2008).  

 Flaring, i.e. the combustion of unwanted gases in an open turbulent diffusion 

flame, is an important source of black carbon emissions (Conrad and Johnson, 2017).  

Flaring is  prevalent in the oil and gas industry, where it is estimated that approximately 

135 billion m
3
 of gas are flared globally each year (Elvidge et al., 2009).  

Stohl et al. (2013) have suggested that 42% of black carbon surface deposition in the 

Arctic is due to flaring activities.  However there is significant uncertainty on the 

amounts of black carbon emitted by flares and how this changes under different 
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conditions (McEwen and Johnson, 2012; U.S. EPA, 2012).  Accurately measuring soot 

within turbulent flames typical of flares is essential for being able to understand and 

model soot formation, to predict emissions under varying conditions, and to inform 

effective operating procedures and regulations to minimize emissions.    

1.2 Current Measurement Techniques 

Soot forms inside a flame as collections of small (generally 20 to 50 nm diameter) 

spherical particles that are often lumped together to form mass fractal aggregates.  Figure 

1.1 below shows a typical image of soot inside flames.  Soot formation inside flames 

begins as chemical reactions rapidly change fuel molecules into soot precursors such as 

acetylene, which further react to start forming benzene rings.  These benzene rings 

combine and evolve into soot nuclei which grow into the soot spherules that combine to 

form the soot aggregates (Santoro and Miller, 1987).   

 

Figure 1.1: Typical TEM image of soot (Coderre et al., 2011) 

Soot may be characterized in terms of the primary particle diameter of each spherule (dp) 

(circled in red on Figure 1.1), the radius of gyration of the aggregated spherules (Rg) 

which is a measure of the size of the aggregates (approximated by the green circle), and 
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the volume fraction (fv) of the spherules in the surrounding gas which is the ratio of the 

volume occupied by the spherules to the total volume. 

 When developing measurement techniques that will help enhance the 

understanding of soot formation, it is important to be able to make measurements that are 

accurate enough to be able to detect the changes of the soot properties in different regions 

of the flame.  Techniques such as line-of-sight attenuation (LOSA) have often been used 

to measure the soot volume fraction inside flames (Snelling et al., 1999; Arana et al., 

2004; Greenberg and Ku, 1997). However, measurements inside turbulent flames are 

problematic due to the dependence of the LOSA technique on symmetry (Thomson et al., 

2008).  Laser induced incandescence (LII) is arguably the benchmark approach for 

making spatially resolved soot volume fraction measurements within flames (Lee et al., 

2009; Qamar, 2009; Bladh et al., 2011).  However, LII alone cannot provide information 

on the aggregate properties of the soot inside the flame and often needs to be combined 

with other measurement techniques (Olofsson et al., 2013; Snelling et al., 2011; Reimann 

et al., 2009; Crosland, Thomson, et al., 2013).   

 A literature review of current techniques for making measurements of fv, dp and 

Rg within turbulent flames is summarized in Table 1.1.  Columns within the table detail 

the measured quantities in each study, the measurement technique(s) used, the type of 

flame considered, and comments on the suitability of the approach for simultaneous and 

instantaneous measurements of soot parameters within turbulent flames. 
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Table 1.1: Summary of the available relevant measurement techniques that look at soot properties in flames 

Author Flame Measurements Method Instantaneous/ 
time 

resolved/averaged 

Goals and results Relevant Comments 

Quay, Lee, Ni, & 
Santoro, 1994 

Laminar fv LII Time resolved Successfully obtained 
spatially resolved 
measurements using LII 

 Deduced that LII is suitable for 
instantaneous measurements. 

 Concluded that combined LII and 2 
angle ELS would be a good step, 
never went into depth 

De Iuliis et al., 
1998 

Laminar fv, dp and Rg Extinction and 
scattering 

Time averaged Introduced modified 
structure factor, 
compared well with 
previous literature 

 Found that multi angle  scattering 
gave good agreement with literature 

Hu, Yang, & 
Köylü, 2003 

Turbulent fv, dp and Rg Probe, TEM 
and extinction 

Time averaged Evolution of soot 
particles inisde the the 
flame length 

 0.5 mm spatial accuracy 

 Experiments are not simultaneous 
and intrusive. 

 Only obtains time averaged results 

Yang & Köylü, 
2005a 

Turbulent fv dp and Rg Scattering and 
extinction 

Time averaged Measured trends for all 
three quantities with 
40% uncertainty  

 Time averaged measurements only.  

 Measurements not simultaneous 

Yang & Köylü, 
2005b 

Turbulent fv, dp and Rg Scattering and 
extinction 

Time averaged Developed theory for 
combined measurement 
technique 

 Time averaged measurements only.  

 Measurements not simultaneous 

Xin & Gore, 2005 Turbulent fv LII Instantaneous 
and time averaged 

Instantaneous and time 
averaged results do not 
match 

 Demonstrated suitability of LII to do 
measurements in turbulent flames 

Teng & Köylü, 
2006 

N/A N/A Numerical 
simulation 

_ Suggest 30 and 150 
degrees 

 Important findings regarding the 
scattering theory 
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Table 1.1: Summary of the available relevant measurement techniques that look at soot properties in flames (continued) 

Author Flame Measurements Method Instantaneous/ time 
resolved/averaged 

Goals and results Relevant Comments 

Qamar, 2009 Turbulent fv LII Time averaged and 
instantaneous 

Soot intermittency 
typically exceeded 
97%. Studied the 
evolution of soot 
inside the flame 

 Demonstrated instantaneous LII 
measurements in flame.  

 Only fv measurements. 

Lee et al., 
2009 

Turbulent fv, OH and PAH LII and LIF Instantaneous 18% uncertainty for 
fv. Studied effects 
of position/velocity 
on fv.  

 No measurements for Rg or dp.  

 Study focuses on identifying different 
sooting regions in the flame.  

 Used ICCD camera, which are slow 

 high spatial resolution 

Reimann et 
al., 2009 

Laminar fv, dp and Rg LII/ELS Time Averaged Demonstrates 
suitability of 
method by 
comparison to TEM 
data. Recommends 
taking 
polydispersity into 
account 

 Approximated structural factor as 
monodisperse.  

 Measurements not taken simultaneously 

Narayanan 
& Trouvé, 
2009 

Turbulent fv LII Instantaneous Understand effect 
of turbulence on 
soot characteristics 

 Only measured fv through ICCD images 

Hergen 
Oltmann, 
Reimann, & 
Will, 2010 

Laminar Aggregates Wide angle 
scattering 

time averaged Demonstrated  ELS 
technique works 

 No quantitative data for fv or dp 

Markus 
Köhler et al., 
2011 

Turbulent fv, temperature 
and velocity 

PIV/LII Instantaneous and 
time averaged 

Recommends 
1064 nm laser to be 
used.  

 No Rg and dp measurements.  

 Methodology geared towards catering for 
CFD modellers 
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Table 1.1: Summary of the available relevant measurement techniques that look at soot properties in flames (continued) 

Author Flame Measurements Method Instantaneous/ 
time 
resolved/averaged 

Goals and results Relevant Comments 

Yon et al., 2011 Laminar Soot optical 
properties of 
soot for diesel 
engines 

LII and 
extinction 

Instantaneous No Quantitative 
measurements on soot 
formulation 

 Not presented as a measurement 
technique  

 Demonstrated feasibility of making 
instantaneous LII measurements 

Snelling et al., 
2011 

Laminar fv, dp and Rg LII/ELS Instantaneous Showed that LII+ELS is 
in agreement with 
previous results 

 Used 532 laser but concluded that 
1064 better avoids fluorescence  

 Needed an external input from 2 
angle scattering experiment to get 
aggregate size distribution.  

Köhler, Boxx, 
Geigle, & Meier, 
2011 

Turbulent Velocity and 
soot formation 

LII/PIV  Instantaneous Series of images that 
show soot propagation 
through turbulent flame 

 No quantitative results for fv, Rg or dp 

Bladh et al., 
2011 

Laminar dp and 
temperature 

LII Time resolved 
/time averaged 

Studied trends in soot 
particles and 
temperatures at 
different flame heights 

 Time resolved LII not suitable for 
turbulent flames 

H. Oltmann, 
Reimann, & Will, 
2012 

Laminar 
with 
application 
on 
turbulent 

Rg 
 

Wide angle 
scattering 

Instantaneous Demonstrated 
technique works for 
turbulent 

 No results for dp or fv however 
demonstrated that multi angle 
scattering is successful in making 
aggregate size measurements in 
turbulent flames 

Hadef, Geigle, 
Zerbs, Sawchuk, 
& Snelling, 2013 

Laminar  fv and dp LII Time resolved Underestimation 
compared to TEM 
results at 42 mm 

 Gulder flame comparison.  

 No Rg measurement.  

 Ignored aggregation.  

 Time resolved LII not suitable for 
turbulence because of difficulty to 
make temperature estimates 
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Table 1.1: Summary of the available relevant measurement techniques that look at soot properties in flames (continued) 

Author Flame Measurements Method Instantaneous/ 
time 
resolved/averaged 

Goals and results Relevant Comments 

Olofsson et al., 2013 laminar 
premixed 

fv LII Time resolved Sublimation takes 
place between 3500 k 
and 3700 k 

 Studied effect of sublimation on 
uncertainties in E(m) 

Crosland, Thomson, & 
Johnson, 2013 

Laminar fv, dp and Rg LII/ELS Instantaneous Performed 
instantaneous and 
simultaneous 
measurements of fv, 
dp and Rg. Provided a 
detailed uncertainty 
analysis 

 Basis of current work 

 Demonstrated technique works 
on small scale flames. 

 Need to build on technique and 
expand for large scare flares 

Ma & Long, 2014 Laminar Aggregate sizes  scattering 
plus 
extinction 

Time averaged Spectrally and 
spatially resolved 
measurements  

 Needed input from previous LII 
measurements of dp.  

 Experiments not done 
simultaneously.  

Cenker, Bruneaux, 
Dreier, & Schulz, 2014 

Turbulent fv LII Numerical Studied applicability 
of time resolved LII in 
turbulent flames 

 Uncertainties very high for small 
particle sizes.  

 Time resolved LII is only used for 
dp measurements.  

 Recommends using two color 
pyrometry. 

Mahmoud, Nathan, 
Medwell, Dally, & 
Alwahabi, 2015 

Turbulent fv LII+NTLAF Instantaneous Studied soot 
temperature 
interaction in 
turbulent flames 

 Used ICCD cameras and made 
measurements of fv only.  

 ICCD cameras are slow and hard 
to align from different angles 
making it not suitable for 
scattering 
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Table 1.1: Summary of the available relevant measurement techniques that look at soot properties in flames (continued) 

Author Flame Measurements Method Instantaneous/ 
time 
resolved/averaged 

Goals and results Relevant Comments 

Erik, Johan, 
Sandra, Bladh, & 
Erik, 2015 

Laminar E(m) and 
temperature 

LII/ELS Time averaged 0.14 J/cm2 as threshold 
for sublimation for 1064 
nm and 3400 k 

 Aimed at estimating the sublimation 
temperature and threshold fluence.  

 Successfully used one angle 
scattering.  

 Studied evolution of soot  

 Demonstrated suitability of LII+ELS 
to make measurements but no 
quantitative results. 

Crosland, 
Thomson, & 
Johnson, 2015 

Turbulent fv, dp and Rg LII/ELS Instantaneous Studied soot formation 
along the axis of 
turbulent  diffusion 
flames 

 Demonstrated the success of the 
proposed LII and ELS technique of 
measuring soot parameters inside 
turbulent diffusion flames 

Leschowski, 
Thomson, 
Snelling, Schulz, 
& Smallwood, 
2015 

Laminar fv LII and 
extinction 

Time resolved Study effect of soot 
precursors on fv 
measurements 

 Recommended that LII with high 
spatial resolution is necessary to 
adequately resolve the steep 
gradients in soot concentration in 
the non-premixed flame.  

 Time resolved LII not suitable for 
turbulent flames 

Kempema & 
Long, 2016 

Laminar Aggregates 2 angle ELS Time averaged Demonstrates suitability 
of multi angle scattering 
to perform 
instantaneous 
measurements 

 No measurement of fv and dp but 
shows feasibility of two angle 
scattering for LII measurements 

Huber, 
Altenhoff, & 
Will, 2016 

Soot 
generator 

fv, dp and Rg TiRe LII + 
Wide angle 
scattering 

Time resolved Showed suitability of 
combined ELS+LII for 
doing nanoparticle 
measurements 

 Used 532 nm.  

 Measurements not done 
simultaneously 



 

 

As can be gleaned from Table 1.1, LII has been extensively used in making in-flame 

measurements.  While LII is not capable of making measurements of aggregates, it has 

often been used to measure soot volume fraction and primary particle diameter.  Different 

variants of LII have been developed, the most common of which are Time-Resolved LII 

(TiRe-LII) and Auto Compensating LII (AC-LII).  In time-resolved LII measurements, 

soot particles are rapidly heated and the subsequent heat transfer from the particles to the 

surrounding region is studied by looking at the decay of the LII signal as a means to 

measuring primary particle diameter (Bladh et al., 2011; Huber et al., 2016; Hadef et al., 

2013).  To apply this method, the temperature of the surrounding regions inside the flame 

need to be known and the time decay of the LII signal needs to be measured to determine 

the cooling rate.  While this technique proves to be very effective in laminar flames,  it is 

not suitable for making instantaneous measurements in turbulent flames due to the 

intermittent nature of the flames which makes the determination of the cooling rate 

inaccurate (Charwath et al., 2011).  In AC-LII (or ‘two color LII), the LII signal is 

instantaneously sampled at two different wavelengths.  This gives the advantage of 

instantaneously calculating the heated soot temperature at the measurement volume 

through pyrometry which is then used to calculate the soot volume fraction. This LII 

variant could also be considered to be minimally intrusive (M. Köhler et al., 2011), as the 

heated soot temperature is below the sublimation limits.  While the effect of the soot 

heating might alter some of the properties of soot, staying below the sublimation limit 

preserves the mass of soot inside the flame (Snelling et al., 2005).  AC-LII has been used 

to make instantaneous soot volume fraction measurements inside turbulent flames since 

the cooling rate of the particles does not need to be known (Xin and Gore, 2005; Qamar 
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et al., 2009; Lee et al., 2009; Narayanan and Trouvé, 2009; M. Köhler et al., 2011; 

Markus Köhler et al., 2011; Mahmoud et al., 2015; Crosland et al., 2015).  Building 

directly on the work of Crosland et al. (2013; 2015), AC-LII will be used in the current 

work to make instantaneous soot volume fraction measurements. 

 Simultaneous measurements of dp and Rg with fv, require another technique in 

combination with AC-LII.  As shown in Table 1.1, other techniques such as transmission 

electron microscopy (TEM), extinction, and elastic light scattering (ELS) have frequently 

been employed (Hu et al., 2003; Yang and Köylü, 2005b; Yang and Köylü, 2005a; Ma 

and Long, 2014; Leschowski et al., 2015; Oltmann et al., 2010; Oltmann et al., 2012; 

Crosland et al., 2015; Crosland, Thomson, et al., 2013).  However, the intrusive nature of 

TEM is not favorable and extinction measurements are more suited for axisymmetric 

flames (i.e. laminar flames) due to the need to spatially resolve the absorption 

coefficients (De Iuliis et al., 1998; Sorensen et al., 1992; Dasch, 1992).  Yang & Köylü 

(2005a; 2005b) attempted to use extinction in turbulent flames by using a probe that was 

used to transmit the light into the measurement volume such that the extinction 

measurement was limited to within the length of the measurement probe.  While this was 

successful in providing measurements of fv, dp and Rg, the intrusive measurement 

technique meant that the measurements were time averaged and not synchronous.  

 Elastic scattering of incident light by the soot particles inside the flame can be 

used to make inferences about primary particle diameter and aggregate size.  Hergen 

Oltmann et al. (2010) demonstrated the use of wide angle scattering to make 

measurements of aggregates and were successful in producing time-averaged results.  



 

11 

 

 

More attempts have been made to use scattering and several research articles show the 

suitability of using multiple angle measurements to make instantaneous soot particle 

diameter and radius of gyration measurements inside turbulent flames (e.g. Oltmann et 

al., 2010; Kempema and Long, 2016).  In a numerical simulation, Teng & Köylü (2006) 

concluded that due to the scattering profile of soot particles, it is favorable to perform the 

multi-angle scattering measurements at 30 and 150 degrees relative to the direction of the 

incident light. Crosland et al. (2013; 2015) demonstrated the success of ELS in making 

instantaneous and simultaneous measurements of dp and Rg in both laminar and turbulent 

flames.  In their approach, a combination of LII and ELS was used to obtain simultaneous 

measurements of the primary particle diameter, mean aggregate radius of gyration, and 

the soot volume fraction. 

 Consistent with the work of Crosland et al. (2013; 2015), the preceding discussion 

suggests that using  AC-LII to measure the soot volume fraction combined with ELS to 

measure the particle diameter and the mean aggregate radius of gyration provides the best 

solution to making simultaneously measurements within turbulent non-premixed flames.  

In addition to Crosland’s work, a few articles have presented a combination of the 

aforementioned methods to perform in-flame measurements (Erik et al., 2015; Reimann 

et al., 2009; Snelling et al., 2011).  Reimann et al. (2009) studied the suitability of a 

combined LII/ELS method and demonstrated this by making comparisons with TEM 

data.  However, the measurements were not taken simultaneously.  Snelling et al. (2011) 

also demonstrated the promise of combined LII/ELS experiments but only made 

measurements at one scattering angle.  In their analysis, external input from another two 

angle scattering experiment was required to get the aggregate size distribution needed for 
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the calculations.  This means that this value was not obtained simultaneously, which is 

one of the main goals of the current research.  Erik et al. (2015) used the combined LII 

and ELS to obtain time-averaged results.  They presented important results regarding the 

limiting threshold for the fluence and temperature to avoid sublimation when using 

1064 nm laser that are useful to this research; however, they did not publish quantitative 

data detailing measurements of the soot volume fraction, primary particle diameter, or the 

mean aggregate radius of gyration which are a primary goal of this research. 

 To the knowledge of the author, only Crosland et al. (2013; 2015) have performed 

and published a technique for simultaneous and instantaneous measurements of soot 

volume fraction, primary particle diameter, and mean aggregate radius of gyration of soot 

that is applicable to turbulent flames. The work presented in this thesis is a continuation 

of Crosland’s research by adapting his technique to be applicable for large scale turbulent 

flames.  A new (larger) optical setup has been implemented and quantitatively 

investigated to fit the end goal of the research – making instantaneous measurements on a 

lab scale flare at the Carleton University flare facility.  

1.3 Thesis Objectives and Summary 

The objective of this thesis is to develop and validate a combined LII/ELS experiment 

capable of simultaneously measuring the volume fraction, primary particle diameter, and 

mean aggregate radius of gyration inside a large, turbulent non-premixed flame.  While 

other parameters such as the optical and morphological properties of soot as well as the 

soot composition are also important parameters to study, the choice of focusing on fv, dp, 
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and Rg stems from the fact that the combination of those three parameters allows for 

studying the soot formation and evolution as it happens inside flames.  

Building on  the work presented in Crosland et al. (2013), a single 1064 nm laser 

operated at 15 Hz was used to provide the scattering signal and induce incandescence.  

Key adaptations to their technique that were implemented include increasing the 

geometrical size of the apparatus to make it suitable for use with large-scale flames, the 

use of collection optics with larger solid angles in combination with better responsivity 

detectors to capture more signal, and configuring the optics to achieve a smaller 

measurement volume to improve the spatial resolution of the system. 

 The results obtained from test measurements show that the new system is capable 

of making instantaneous and simultaneous measurements of the soot volume fraction, 

primary particle diameter, and the mean aggregate radius of gyration that match 

published results within rigorously calculated measurement uncertainties.  A study of the 

effect of varying the measurement volume on the signal noise and by association the total 

uncertainties has also been conducted.  The results of this study highlight that while 

smaller measurement volumes are preferable in turbulent flames to reduce the effect of 

mixing and improve the spatial resolution, the uncertainties at smaller measurement 

volumes become dominated by the signal noise as opposed to the soot properties for the 

larger volumes.  The results of this section provide a guide for future research when 

making measurements in turbulent flames. 
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1.4 Thesis Outline 

Chapter 2 presents a discussion of the theory behind AC-LII and ELS and its application 

to making measurements of fv, dp, and Rg.  The equations used as well as the soot 

modelling parameters are shown.  Chapter 3 details the experimental setup of the 

apparatus and provides the procedure undertaken in the experiment.  Chapter 4 describes 

the calibration of the equipment.  A detailed discussion of the theory, procedure and the 

results of the calibration are provided.  In Chapter 5, the results of experiment are 

displayed.  Comparisons to published data are made as well as a detailed discussion of 

the uncertainty and errors is presented.  Chapter 6 summarizes the conclusions of the 

thesis and provides recommendations for future work. 

  



 

 

Chapter 2  

Theory 

2.1 Soot Volume Fraction via LII Experiment 

The theory presented for measuring soot volume fraction (fv) via the LII technique is 

based on that described in Snelling et al. (2005).  In accordance with Rayleigh-Debye-

Gans Fractal Aggregate Theory (RDG-FA) (Julien and Botet, 1987; Martin and Hurd, 1987; 

Dobbins and Megaridis, 1991), the soot volume fraction can be calculated using the 

following equation (Snelling et al., 2005) by measuring the light intensity that is emitted from 

a soot particle that undergoes heating:   

𝑓𝑣 =
𝑉1

𝜂1
12𝜋𝑐2ℎ

𝜆1
6 𝐸(𝑚𝜆1

)𝑤𝑒 [𝑒𝑥𝑝 (
ℎ𝑐

𝑘𝜆1𝑇𝑝𝑒
) − 1]

−1 

(2.1) 

where λ1 is the equivalent centre wavelength for the measurement channel.  This is 

defined as the wavelength value where ∫ 𝜏(𝜆)Θ(𝜆)𝑑(𝜆)
𝜆1

−∞ 
=  ∫ 𝜏(𝜆)Θ(𝜆)𝑑(𝜆)

∞

𝜆1
 holds 

true.  In this integral, 𝜏(𝜆) is the detector response while Θ(𝜆) is the product of the light 

transmission properties of the all the filters and optics placed in between the 

measurement volume and the detector (Snelling et al., 2005) (the specific apparatus used 

will be detailed in Chapter 3 of this paper).  E(mλ) is the soot refractive index light 

absorption function evaluated at λ1; V1 is the experimentally measured voltage for the 

channel; η1 is the calibration constant derived from the calibration procedure described 
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later in Chapter 4; c is the speed of light; h is the Planck constant; we is the equivalent 

laser sheet thickness which is described in more detail below; k is the Boltzmann 

constant; and Tpe is the equivalent heated particle temperature.  Tpe is referred to as the 

equivalent temperature because it is a single value defined so as to take into account the 

non-uniform distribution of temperature inside the measurement volume.  The mean 

value of  E(mλ ) is taken to be 0.348 at a λ1 of 447 nm (Crosland, Thomson, et al., 2013). 

This value was determined in Crosland, Thomson, et al., (2013) by taking the mean of 

values of E(mλ ) that are presented in the literature (Dobbins et al., 1994; Snelling et al., 

2004; Coderre et al., 2011; Köylü and Faeth, 1996; Krishnan et al., 2000; Schnaiter et al., 

2003; Bond et al., 2006).  E(mλ ) is assumed to vary in a linear fashion with wavelength 

such that the ratio of the refractive index of light at the lower and upper wavelengths 

(𝐸(𝑚𝜆1
) 𝐸(𝑚𝜆2

)⁄ ) is taken to be equal to 1.15 (Crosland, Thomson, et al., 2013), where 

λ2 = 775 nm. The application of Equation (2.1) is based on the absolute voltage output 

from a detector that is calibrated to measure the power emitted from an incandescing 

particle.   

 The value of Tpe used to calculate the soot volume fraction is determined from the 

incandescence signal when it is captured at the two different wavelengths used in the LII 

experiment by using the following equation (Snelling et al., 2005):   

𝑇𝑝𝑒 = −ℎ𝑐
(𝜆2 − 𝜆1)

ln (
𝑉1

𝑉2

𝜂2

𝜂1

𝜆1
6

𝜆2
6

𝐸(𝑚𝜆1
)

𝐸(𝑚𝜆2
)
) 𝑘𝜆1𝜆2

 

(2.2)  

The equivalent sheet thickness (we) was calculated numerically using an LII simulation 

code first presented in Snelling (1997), Smallwood et al. (2001) and Snelling et al. 
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(2000) and modified to produce output distributions for uncertainty analysis by Crosland 

et al. (2011) (Refer to Chapter 3 for details).   

 According to Snelling et al. (2005), the centre wavelength approximation as 

described in Equation (2.1) introduces a 1% error in the calculation of Tpe for typical in-

flame heated soot.  As described in Crosland, Thomson, et al. (2013), this is included in 

the uncertainty analysis (see Section 5.2) by introducing a multiplier on the Tpe value with 

a mean of 1 and a standard deviation of 0.5%. 

 Another error to be accounted for in the soot volume fraction measurement is that 

due to the absorption of the LII signal inside the flame.  For the flame conditions used in 

this experiment, this is approximated to introduce an error of around 5% in the soot 

volume fraction calculation (Liu and Snelling, 2008).  Therefore as described in 

Crosland, Thomson, et al. (2013), in the uncertainty analysis, an error multiplier with a 

standard deviation of 2.5% is added on the value of the soot volume fraction that is 

calculated from the LII signal in the experiment. 

2.2 Mean Aggregate Radius of Gyration via ELS 

The mean aggregate radius of gyration (Rgm1) is derived from the measured forward and 

backward scattering signals based on the mass fractal aggregate theory of a polydisperse 

distribution of aggregates.  Application of the theory to determine Rgm1 is described in 

detail in Crosland, Thomson, et al. (2013) and references therein, and is summarized 

again here for completeness.  The number of primary particles in an aggregate (N) is 

defined by Julien and Botet (1987) and Dobbins and Megaridis (1991) as follows:   
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𝑁 = 𝑘𝑓 (
2𝑅𝑔

𝑑𝑝
)

𝐷𝑓

 
(2.3) 

where kf is the fractal prefactor taken to be 1.7 (Köylü, Xing, et al., 1995), Df is the fractal 

dimension with a mean value of 1.7 (Sorensen, 2011), and Rg is the soot aggregate radius 

of gyration.  

 In polydisperse aggregates, the scattering is dependent on the scattering angle (𝜃) 

through the structure factor (𝑆) (Dobbins and Megaridis, 1991).  The structure factor 

employed in the current work is based on the analysis presented by Lin et al. (1990) and is 

given by: 

𝑆(𝒒𝑅𝑔) = (1 + ∑ 𝐶𝑠(𝒒𝑅𝑔)2𝑠

4

𝑠=1

)

−𝐷𝑓 8⁄

 
(2.4) 

where q is defined as the scattering wave vector and calculated as 𝒒 = sin (
𝜃

2
) 4𝜋/𝜆, 

C1 = 8/(3Df ), C2 = 2.5, C3 = -1.52 and C4 = 1.02.  A good review of different forms of 

structure factors is provided in Sorensen (2001). 

 A log normal probability density function was chosen to account for the 

polydispersity by modeling the number of primary particles.  The mathematical 

representation of the distribution of particle sizes is defined using the following equation:   

𝑝(𝑁, 𝑁𝑚, 𝜎) =

exp (−
1

2
(

ln 𝑁/𝑁𝑚

ln 𝜎𝑔
)

2

)

√2𝜋 𝑁 𝑙𝑛(𝜎𝑔)
 (2.5) 
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where Nm and σ are the geometric mean and the width used to describe the shape and size 

of the log normal distribution.  In addition, an effective polydisperse structure factor 

needs to be defined as follows:   

𝑆(𝒒𝑅𝑔) =
∫ 𝑁2𝑆(𝒒(𝜃)𝑅𝑔)𝑝(𝑁, 𝑁𝑚, 𝜎𝑔)𝑑𝑁 

∞

0

∫ 𝑁2𝑝(𝑁, 𝑁𝑚, 𝜎𝑔)𝑑𝑁
∞

0

 
(2.6) 

 The dissymmetry ratio (Rvv) which in the experiment would be the ratio of the 

forward to backward scattering signals can then be defined as the ratio of the effective 

structure factors at angles 𝜃 and 180 − 𝜃 (Snelling et al., 2011) (subscript vv denotes that 

the incident and scattered light are both vertically polarized):   

𝑅𝑣𝑣 =
∫ 𝑁2𝑆(𝒒(𝜃1)𝑅𝑔)𝑝(𝑁, 𝑁𝑚, 𝜎)𝑑𝑁 

∞

0

∫ 𝑁2𝑆(𝒒(𝜃2)𝑅𝑔)𝑝(𝑁, 𝑁𝑚, 𝜎)𝑑𝑁 
∞

0

 
(2.7) 

 Finally, Rgm1 (where the subscript 𝑚1 denotes the dependence on the first moment 

of the distribution) can be calculated based on the following formula given in De Iuliis et 

al. (1998):   

𝑅𝑔𝑚1 =
𝑑𝑝

2
(

𝑁

𝑘𝑓
)

1 𝐷𝑓⁄

 
(2.8) 

where 𝑁 is defined as the mean of the distribution N and is given by 𝑁 = 𝑁𝑚𝑒
ln(𝜎)2

2  for 

the log normal distribution described in Equation (2.6). 

 When performing the calculations, the width of the log normal distribution (𝜎𝑔), 

as well as kf and Df are known from the literature.  Hence, if the value of the primary 
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particle diameter is assumed, Equation (2.7) can be solved to form a lookup table for Rvv 

vs Nm.  A value for Nm can then be found when Rvv is measured from the experiment. The 

value of Nm is then used to calculate the mean aggregate radius of gyration using 

Equation (2.8).  It is important to note that while this procedure assumes a value of dp to 

create the lookup table, it can be shown that any value chosen for the particle diameter 

will not affect the result (Crosland, Thomson, et al., 2013).   

 Based on the discussion presented in Crosland, Johnson, et al. (2013) the choice 

of the form of the structure factor has an effect on the value of the radius of gyration that 

is calculated.  Crosland, Thomson, et al. (2013) analyzed six different structure factors 

for their effect on the value of the radius of gyration.  They found that the less-

computationally expensive structure factor proposed by Lin et al. (1990) (and employed 

in the current work) introduced an error of less than or equal to 6% for mean aggregate 

radius of gyration values of up to 300 nm when compared to a Gaussian cutoff structure 

factor.  Hence as described in Crosland, Johnson, et al. (2013) a multiplier in the 

uncertainty analysis with a standard deviation of 3% was employed.   

 In addition to the choice of the structure factor, the distribution of the structure 

factor also introduces some variance in the value of Rgm1.  The choice of a lognormal 

distribution over the preferred self-preserving distribution (Sorensen, 2001) adds a 2-4% 

difference in the soot mean aggregate radius of gyration (Snelling et al., 2011; Crosland, 

Johnson, et al., 2013).  Therefore, an error term with a 2% standard deviation is added to 

the uncertainty analysis for the Rgm1 calculations. 
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2.3 Primary Particle Diameter via ELS 

Once the mean aggregate radius of gyration is determined, the primary particle diameter 

can then be calculated using the following equation presented by De Iuliis et al. (1998) as 

follows:   

𝑑𝑝 = (
𝜆𝑠

3

𝜋3

4𝜋𝐸(𝑚𝜆𝑠
)𝐾𝑣𝑣(𝜃2)

𝐹(𝑚𝜆𝑠
)𝑓𝑛𝑆(𝑞 ∙ 𝑅𝑔)𝐾𝑎𝑏𝑠,𝜆𝑠

1

𝑘𝑓(2𝑅𝑔𝑚1)
𝐷𝑓

)

1

3−𝐷𝑓

 
(2.9) 

where λs is the wavelength of the incident scattering laser (1064 𝑛𝑚) and Kvv is the 

scattering coefficient for vertically polarized light at the backward scattering angle.  In 

the experiment this is defined as measured voltage divided by the calibration constant.  

𝐹(𝑚𝜆𝑠
)  is the scattering function of the soot refractive index (measured as 0.31 (Yon et 

al., 2011)).  fn is the ratio of the first two moments of the distribution of aggregate sizes 

and is given by: 

𝑓𝑛 =
∫ 𝑁2𝑝(𝑁)𝑑𝑁

∞

0

(∫ 𝑁𝑝(𝑁)𝑑𝑁
∞

0
)

2 
(2.10) 

 The absorption coefficient Kabs is dependent on the soot volume fraction obtained 

from the LII experiment as described earlier in Section 2.2 and is calculated as follows 

(Crosland, Thomson, et al., 2013):   

𝐾𝑎𝑏𝑠,𝜆𝑠
=

6𝜋𝐸(𝑚𝜆𝑠
)𝑓𝑣

𝜆𝑠
 

(2.11) 

 Similar to the modelling errors discussed for the radius of gyration, choices made 

in the calculation of the particle diameter also introduce uncertainties in the calculations 
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(Crosland, Thomson, et al., 2013).  Tian et al. (2004) demonstrated that the assumption of 

monodisperse primary particle diameter implied by Equation (2.9) coupled with the flame 

conditions in this work will overestimate the primary particle diameter by approximately 

20%.  Unfortunately, as discussed in Snelling et al. (2011), it is not appropriate to just 

apply a correction after dp has been calculated because the assumption that the particles 

are monodisperse factors into the historical measurements and calculations of the ratio 

E(m)/F(m).  Instead, the up to 20% overestimation is accounted for in the uncertainty 

analysis by introducing an error term with a standard deviation of 10% on the primary 

particle diameter calculations. 

 Based on the discussion presented in Sorensen (2001), intra-aggregate multiple 

scattering of soot particles should enhance the ELS signal by approximately 10% in all 

directions.  Therefore, an error term with a standard deviation of 5% is also included in 

the uncertainty analysis.  Finally, Crosland, Thomson, et al. (2013) suggested that the 

absorption of the ELS signal by soot in the specific flame being studied here will 

introduce around 6.6% uncertainty in the calculations of Kvv.  To account for this, an error 

term with a standard deviation of 3.3% is included in the uncertainty analysis for Kvv. 

  



 

23 

 

 

Chapter 3  

Experimental Setup and Procedure 

3.1 General Arrangement 

Due to the potential for significant radiation heat transfer from the target large flames to 

be measured, the laser head as well as all the optics were mounted on an invar hoop and 

could be shielded from the flame to reduce the exposure to heat.  A detailed, dimensioned 

engineering drawing is provided in Appendix A.  Invar is a nickel-iron alloy with a very 

low coefficient of thermal expansion of less than 1.3 × 10
-6

°C
-1

.  Hence, it would remain 

stable when exposed to the heat from the flame, preserving the alignment of the optics.  

The hoop was designed while taking into consideration the mechanical loads that were 

going to be applied on the hoop and the anticipated heating from the flame to ensure the 

bending and warping of the arms was minimized.  The design had to meet the ultimate 

goals of the project, which are to perform instantaneous measurements on large scale lab 

flares.  The Carleton flaring facility has the capability of burning up to 400 l/min of 

methane-based hydrocarbon fuel producing flames of up to 3 m in height.  Therefore, the 

hoop was designed to have a radius of 750 mm to accommodate measurements on these 

larger flares. Invar platforms were welded to the hoop to provide support for the optics.  

A photograph of the hoop is shown in Figure 3.1, whereas Figure 3.2 shows a schematic 

of the general layout of the apparatus. 
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Figure 3.1: A photograph of the invar hoop with the optics and the excitation laser mounted 

on it. The assembly is centered around the burner in the middle 

The general procedure followed in this experiment was to direct the 1064 nm Nd:YAG 

laser into the measurement volume after being formed into a sheet.  The laser induced 

scattering and incandescence as it illuminated soot particles present inside the flame.  

These signals were collected using the collection optics which were placed at a forward 

angle (θ1) of 30° and a backward angle (θ2) of 150°.  The optics were aligned so that the 

measurement volume of both sets of optics coincided inside the flame.  The signals were 

then spectrally filtered and directed onto detectors that sensed the scattering at 1064 nm, 

and incandescence signals at 775 nm and 447 nm.  The detector signals were then passed 

through gated integrators to be gated in time before being digitized and stored in the 

computer for processing and analysis.   

Beam 
dump 

Forward 
optics 

Laser 
head 

Invar 
hoop 

Burner 
mounted on 

traverse 

Backward 
optics 

Mirror Mirror 
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Figure 3.2: General layout of the shaping and detection optics mouinted on the invar hoop 

3.2 Excitation Laser 

A New Wave Research, SOLO 120 pulsed Nd:YAG laser operating at 1064 nm and 

15 Hz  was used to provide the scattering as well as induce the incandescence.  The laser 

pulse was triggered externally through a Berkeley Nucleonics BNC pulse generator to 

ensure that the laser was firing in sync with the rest of the apparatus.  The laser beam was 

first passed through a variable beam attenuator (Thorlabs VBA05-1064) to control the 

power of the laser and to ensure that the mean fluence of the laser sheet was high enough 

to maximize the LII signal but not too high to cause sublimation of the soot particles.   

 A set of cylindrical lenses (Thorlabs LK1336RM-C and LK1419RM-C) with 

focal lengths of -50 mm and 150 mm were used to expand the laser beam into a vertical 
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fan.  The laser beam was then passed into a 3×0.2 mm slit to produce a uniform laser 

sheet with a mean fluence of 1.0 mJ/mm
2
.  The laser profiles plotted in Figure 3.3 were 

measured with a Coherent LaserCam-HR camera by capturing images of the laser sheet 

as it passed through the measurement volume. The power was measured using an Ophir 

laser power meter.  The images were then processed, and when combined with the 

measurement of the laser power, the laser fluence was calculated. 

 

Figure 3.3: Laser fluence profiles at three different heights relative to the centre of the laser 

sheet taken inside the measurement volume. The mean fluence is approximately 1 mJ/mm
2 

As shown in Figure 3.3, regardless of the height inside the sheet the mean laser fluence is 

approximately 1.0 mJ/mm
2
.  The measured laser profiles served as inputs to the LII 

simulations that were used to calculate the equivalent sheet thickness (we).  Doing so 

allowed the shape of the laser profiles to be taken into account when making the 

calculations of we.  The parameters used as the input function for the simulation were the 
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soot index of refraction absorption function (0.21 <  𝐸(𝑚𝜆1
) < 0.41 and 

0.8 <  𝐸(𝑚𝜆1
)/ 𝐸(𝑚𝜆2

) < 1.2), the thermal accommodation coefficient (0.2 < α < 0.5), the 

initial gas temperature (1500 K < Tg < 2100 K), and the primary particle diameter (15 nm 

< dp< 60 nm) (Crosland, Thomson, et al., 2013).  The resulting distribution of equivalent 

sheet thicknesses exhibited a normal distribution with a mean of 0.17 mm and a standard 

deviation of 0.1 mm.  The calculations were repeated for multiple planes inside the 

measurement volume and the results showed that the resulting equivalent sheet thickness 

was independent of the location within the measurement volume.    

The laser sheet was then directed into the measurement volume using a pair of Thorlabs 

NK1K14 Nd:YAG laser mirrors.  A Thorlabs LB1475-C 400 mm lens with an N-BK7 

coating was used to project the image of the aperture into the measurement volume by 

refocusing the rays that have been diffracted after the laser passed through the slit 

aperture.  At the opposing end of the hoop, a beam dump was used to collect the 

remainder of excitation laser light that has passed through the flame without being 

absorbed or scattered.  Table 3.1 summarizes the optics that were used to produce the 

excitation laser sheet and direct it into the measurement volume.  A description of each 

part is given along with the corresponding part number and vendor. 
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Table 3.1: Summary of the parts used to form the excitation laser sheet and focus it into the 

measurement volume 

Part (symbol in 

Figure 3.2: General 
layout of the 
shaping and 

detection optics 
mouinted on the 

invar hoop 

Part Number Vendor Description 

Beam attenuator (A) VBA05-1064 Thorlabs 

A combination of a λ/2 
waveplate and thin-film 

polarizer used to adjust laser 
output 

-50 mm cylindrical 
lens (CL-) 

LK1336RM-C Thorlabs 
Expands the laser beam into a 

vertical fan 

150 mm cylindrical 
lens (CL-) 

LK1419RM-C Thorlabs 
Expands the laser beam into a 

vertical fan 

200 μm slit aperture 
(S) 

S200R Thorlabs 
Slit aperture used to form the 

laser sheet. 

Nd:YAG laser mirror 
(M) 

NK1-K14 Thorlabs 
Used to turn the beam toward 

the measurement volume 

Nd:YAG laser mirror 
(M) 

NK1-K14 Thorlabs 
Used to turn the beam toward 

the measurement volume.  

400 mm spherical 
focusing lens (FL) 

LB1475-C Thorlabs 

Used to project the image of the 
aperture into the measurement 

volume by re-focusing the 
diffracted rays 

Beam dump (D) ABD-0.75NP Kentek laser store 
Collects remainder of excitation 

beam for safety 

 

3.3 Collection and Detection Optics and Detectors 

Both the forward and backward optics (as defined in Figure 3.2) consisted of a set of 

collection optics and detection optics.  The collection optics were used to collect the 

scattering and LII signal from the measurement volume 750 mm away and focus it onto a 



 

29 

 

 

pinhole aperture.  The detection optics then filtered the signal spectrally and focused it 

onto the respective detectors.  The collection optics for the forward and backward 

directions were identical, while the detectors and associated optics were different. 

3.3.1 Collection Optics Common to Forward and Backward Directions 

Two 3 inch achromatic doublets (Newport PAC097 and PAC095) with focal lengths of 

750 mm and 250 mm were used to collect the signals from the measurement volume 

750 mm away and project it onto a pinhole aperture located 250 mm further away along 

the optical path.  The pinhole aperture was used to define the measurement volume. Table 

3.2 below presents the different dimensions for the pinholes used in the experiment along 

with the corresponding dimensions of the ellipses defining the measurement volume and 

the total volume. 

Table 3.2: Different pinhole sizes used and the corresponding measurement volume 

dimensions 

Pinhole Size 
[μm] 

Measurement Volume Dimensions 
[mm] 

Measurement Volume 
[mm3] 

500 μm 3×1.5×0.2 0.709 

300 μm 1.8×0.9×0.2 0.254 

200 μm 1.2×0.6×0.2 0.113 

𝟏50 μm 0.9×0.45×0.2 0.064 

 

A silver-coated Thorlabs PF10-03-P01 mirror was used to turn the signal 90° onto the 

axis of the detectors.  The signal was collimated using a 50 mm spherical lens (ThorLabs 

32-323)  
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 Due to the spatial variations of the soot inside the flame, it is important to ensure 

that the detection optics are aligned to the same point inside the flame.  A bias would be 

introduced if the forward and the backward collection optics do not sample the same 

measurement volume (Oltmann et al., 2012).  To avoid this, the backward and forward 

collection optics were aligned at 150° and 30° relative to the direction of laser sheet 

propagation, such that the measurement volume locations of both angles were coincident 

along the same optical axis and occurred at the common focal length of both sets of 

optics.  Since both the ELS and LII detectors were incorporated into the same setup, the 

measurement volume remained the same across all instantaneous measurements of the 

scattering signal (both forward and backward) as well as the LII signal at both the blue 

and red wavelengths.  Due to the differences in the arrangement of the filters on either 

side (to be discussed below), a different wavelength alignment laser was implemented on 

each side.  The alignment laser was shone back through the optical system to check the 

alignment of the pinhole and to make sure that the measurement volumes of both sets of 

optics coincided.  A 633 nm laser was used on the forward side, while a 532 nm laser was 

used for the backward side.  Table 3.3 summarizes the optics used for both the forward 

and backward angles. 
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Table 3.3: Summary of collection optics common to both sides 

Part Part Number Vendor Description 

3" diameter f=750mm 
achromatic doublet 

PAC097 Newport 
Used to collect light from measurement 

volume 750 mm away 

3" diameter f=250mm 
achromatic doublet 

PAC095 Newport 
Used to focus collected light onto 

aperture 250 mm away 

1" diameter silver coated 
mirror 

PF10-03-P01 Thorlabs Used to turn the signal 90° to save space 

500 μm precision pinhole P100S Thorlabs Defines the measurement volume 

1" diameter, f=50mm 
spherical lens 

32-323 
Edmund 
Optics 

Used to collimate the signal beam 

 

Figure 3.4 is a simplified ray trace diagram that illustrates the light travel through 

the collection optics 

 

Figure 3.4: Ray trace diagram for light travel through the collection optics 

3.3.2  Backward Angle Detectors and Optics 

The backward side detector setup is shown in Figure 3.5.  A combination of cage cube 

connectors with shortpass filters was used to spectrally filter the collimated signal. Three 

shortpass filters with wavelength upper limits of (i) 500 nm (ii) 600 nm and (iii) 850 nm 

Measurement 
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750 mm  
lens 

250 mm  
lens 

Pinhole 
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plane) 

Collimating 

lens 

Detector 
(Active 
diameter 
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were used to spectrally split the signal.  The signal line was then filtered at 447 nm and 

775 nm for the LII experiment and the remaining 1064 nm signal was used for the ELS 

experiment.  A Thorlabs DET-10C was used to detect the ELS signal while PMT tubes 

were used to measure the incandescence signal.  A Hamamtsu Multiakali PMT (H10721-

20) was used for the red signal while a Hamamatsu Biakali PMT (H1072-110) was used 

for the blue signal.  Neutral density filters were used in front of all the detectors and PMT 

tubes during calibration to avoid the detector saturation.   

 

Figure 3.5: Backward optics on the invar mount 

3.3.3 Forward Angle Detectors and Optics 

Figure 3.6 shows the forward detector setup that was used in the experiment.  Similar to 

the arrangement on the backward side, the signal on the forward side was also spectrally 
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filtered onto their respective detectors.  An identical Thorlabs DET-10C was used to 

measure the ELS signal, while Avalanche Si photodiodes (APD120A2) were used for the 

447 nm and 775 nm LII signals.  It is important to note that the different LII detectors on 

the front side were intended to capture any spikes in the LII signal that the PMT tubes 

were not capable of measuring.  However, since the current work only performed the 

measurements in a steady laminar flame, the signals from those detectors were not used.  

Nevertheless, they will be of use when measurements are performed on turbulent flames.   

 

Figure 3.6: Forward optics on the invar mount 

Table 3.4 shows the components used to filter and detect the signal on both the front and 

backward directions. The part numbers as well as a description of the parts are provided.  
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lens 
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Table 3.4: Summary of the detection optics used in the experiment 

 
Part Part Number Vendor Description 

D
e
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B

ac
kw

ar
d

 A
n

gl
e
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400 nm 
shortpass filter 

69-216 
Edmund 
Optics 

Allows LII-blue and 532nm alignment laser 
beams through, reflects all else 

500 nm 
shortpass filter 

69-214 
Edmund 
Optics 

Allows LII-blue beam through and reflects 
532nm alignment beam 

447/60 
bandpass filter 

FF01-447/60-
25 

Semrock Used to select wavelength for LII 

Bialkali PMT H1072-110 Hamamatsu Detects LII-Blue signal on BS side 

532 nm 
alignment laser 

CPS532 Thorlabs 
Used to send laser beam backward 

through optics to allow meas volume 
alignment 

850 nm 
shortpass filter 

69-221 
Edmund 
Optics 

Allows LII-Red beam through and reflects 
1064nm ELS beam 

785/62 
bandpass filter 

FF01-785/62-
25 

Semrock Used to select wavelength for LII 

Multialkali PMT H10721-20 Hamamatsu Detects LII-Red signal on BS side 

Biased Si 
photodiode 

DET10C Thorlabs Detects ELS 
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400-600nm 
shortpass filter 

69-216 
Edmund 
Optics 

Allows LII-blue and 532nm alignment laser 
beams through, reflects all else 

700nm 
shortpass filter 

69-218 
Edmund 
Optics 

Allows LII-blue beam through and reflects 
532nm alignment beam 

447/60 
bandpass filter 

FF01-447/60-
25 

Semrock Used to select wavelength for LII 

Avalanche Si 
photodiode 

APD120A2 Thorlabs Detects LII-Blue signal on FS side 

633 nm 
alignment laser 

CPS182 Thorlabs 
Used to send laser beam backward 

through optics to allow meas volume 
alignment 

850nm 
shortpass filter 

69-221 
Edmund 
Optics 

Allows LII-Red beam through and reflects 
1064nm ELS beam 

785/62 
bandpass filter 

FF01-785/62-
25 

Semrock Used to select wavelength for LII 

Avalanche Si 
photodiode 

APD120A2 Thorlabs Detects LII-Red signal on FS side 

Biased Si 
photodiode 

DET10C Thorlabs Detects ELS 
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3.4 Signal Treatment 

The signal from all the detectors and PMTs were carried via BNC cables to gated 

integrators (Stanford Research SR250) to be time-averaged during the period of the gate.  

A 10 ns averaging gate was initiated 30 ns after the onset of a PMT response for the LII 

signals while 30 ns gates were used for the scattering signals.  The gates were chosen in 

accordance with the work done by Crosland (2013) as an optimization between the signal 

strength and the uncertainties in the equivalent sheet thickness calculations.  The 

integrated signals were then passed through BNC cables to a National Instruments NI 

cDAQ-9188xt data acquisition system.  The signals were then digitized and stored for 

further processing.  A Labview software program was used to compute live results and 

control the different instruments.  The gated integrators and data acquisition system were 

both triggered externally at 15 Hz using the same pulse generator that was used to trigger 

the firing of the laser. 

3.5 Burner 

The burner used in the experiment was a standard co-annular, laminar diffusion flame 

burner (Gülder and Snelling, 1993).  Ethylene flowed through the 10.9 mm diameter, 

steel central fuel tube at a rate of 0.24 g/min (mean velocity of 0.034 m/s), while an air 

co-flow at 367 g/min (mean velocity of 0.695 m/s) flowed through the 90 mm diameter 

annulus.  These flow conditions result in a laminar flame with a fuel flow Reynolds 

number of approximately 50 and an air to ethylene velocity ratio of approximately 20.  

Comparing the gate widths of a few nanoseconds to the flow velocity of air confirms that 

the measurements are effectively the instantaneous relative to the flow.  All experiments 

were performed at laboratory conditions with nominal temperature of 21°C and pressure 
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of 1 atm.  This produced a steady, unbroken laminar flame with an approximate visible 

height of 65 mm.  This burner was chosen because of the well-studied soot formation 

properties of these standard flames at a flame height of 42 mm.  This allowed direct 

comparison to published results at this same flow condition for validation of the setup 

and evaluation of the uncertainties of the proposed measuring technique.  The burner was 

mounted on a Parker Automation traverse system to allow three degrees of freedom 

movement in the x, y and z directions.  This traverse system was used to provide the 

spatial accuracy needed when identifying the measurement location. 

 The burner was connected to two SLA 5800 series Brooks Mass flow controllers 

that controlled the flow rates of the ethylene and the co-flowing air.  A compressed 

cylinder provided the ethylene while the air was taken from the compressed air lines 

running through the building.  In each case the gasses were regulated down in pressure 

before the mass flow controller inlets.  The air mass flow controller was calibrated using 

a Siemens Coriolis flow meter.  A Sensidyne Gilibrator-2 was used to calibrate the 

ethylene mass flow controller.  The calibration of the mass flow controller was important 

as high accuracy on the flowrates was required to ensure that the Gülder conditions were 

replicated.   
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Chapter 4  

Calibration 

This chapter highlights the theory and procedures for calibrating the detectors used to 

measure scattering and LII signals.  The calibration of the detectors enables the 

conversion of the voltages registered by the detectors to light intensity measurements, 

which can then be used to make measurements of the incandescence and scattering of the 

soot particles.  Example calibration results with the 500 μm pinhole are presented in 

detail, while a summary of the calibration constants for all the pinholes used in the 

experiment is presented at the end of the chapter. 

4.1 Scattering Calibration 

The method for calibrating the elastic light scattering detectors was based on the diffuse-

surface method first proposed in Crosland et al. (2013).  The more common calibration 

method based on the Rayleigh scattering from pure gasses such as nitrogen or propane 

with known scattering cross-section (Sorensen, 2001) was rejected due to several inherent 

limitations.  These include: 1) Scattering from ambient sources adds background 

interference that is too significant to be ignored.  2) The scattering signal obtained from 

the small gas molecules is very weak compared to that from particles during the actual 

experiment, such that additional signal filtering or change of gain settings is generally 

required during the experiment to avoid detector saturation (which introduces a bias 

error).  3) The weak signal during calibration also means that the standard calibration 
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approach is not suitable for less sensitive detectors and photodiodes, and therefore 

stronger detectors such as PMTs have to be used and this brings along a deterioration of 

the signal to noise ratio and increases the photon shot noise.  4)  Uncertainties of the 

scattering cross section of the small molecules used in the calibration contribute directly 

to the uncertainty of the measurement. 

 Crosland, Johnson, et al. (2013) instead proposed the use of a Lambertian surface 

during the scattering calibration procedure, which produces calibration signals that are up 

to 7 orders of magnitude larger than that achievable from gas molecules.  This improves 

the accuracy by increasing the signal to noise ratio and decreasing the photon shot noise.  

This also allows for the use of less sensitive photodiodes that capture a larger number of 

photons before saturation and possess better performance characteristics at 1064 nm 

relative to the PMTs that are more commonly used.  Crosland et al. (2013) provided a 

comparison of both methods and showed that the Lambertian scattering method provided 

comparable scattering coefficients while reducing the uncertainties in the measurements. 

4.1.1 Theory 

Because the diffuse surface used for the absolute calibration of the detectors was opaque, 

it was only possible to do the calibration of one plane at a time.  Consistent with the 

method proposed by Crosland et al. (2013), the surface was traversed along the optical 

axis to capture the entire measurement volume.  The calibration was then expressed 

through the following integral:   
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∫ Δ𝜑𝑐𝑎𝑙(𝑧)𝑑𝑧

𝑧

= 𝜂 ∫ 𝐸 𝑑𝑧

𝑧

 
(4.1) 

where Δ𝜑𝑐𝑎𝑙 is the calibration signal obtained at each plane (measured in V) and η is the 

optical calibration constant [V/J].  E is the energy collected at each plane [J] and is 

calculated according to the following formula if the surface is considered to be 

Lambertian:   

𝐸𝐷 = 𝑅𝑖𝑟𝑠

(1 − 𝜌) cos[𝛽(𝑧)]

𝜋
𝛺𝑑𝑒𝑡(𝑧)𝐴(𝑧) 

(4.2) 

where Ri is the irradiance of the incident beam [J/m
2
], rs and ρ are the reflectivity and 

depolarization ratios of the surface used in calibration [-], β(z) is the angle [rad] between 

the surface and the location of the optics.  Ωdet  is the solid angle [sr] of detection and A(z) 

is the irradiated area [m
2
] on the detector surface.  The depolarization ratio in this 

instance is defined as the ratio of the depolarized scattered light to the total scattered light 

by the diffuse surface which is important as the experiment is set up for vertically 

polarized light. 

 Combining Equations (4.1) and (4.2) and isolating the terms which are common 

to both the calibration and actual experiment allows a relative calibration constant, CD, to 

be defined as a function of the known properties of the surface:   

𝜂𝐷𝑅𝑖𝛺𝑑𝑒𝑡𝑉𝑚𝑟 = 𝐶𝐷 =
∫ Δ𝜑meas(𝑧) 𝑑𝑧

𝑟𝑠
(1−𝜌) 𝑐𝑜𝑠 𝛽

𝜋

 
(4.3) 

where Vmr is the size of the measurement volume [m
3
]. 
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 The use of different neutral density filters that are either added or removed 

between the calibration procedure and the actual experiment to prevent detector 

saturation needs to be considered.  Hence, the scattering coefficient for vertically 

polarized light (which is used in this experiment), Kvv, can be defined as follows:   

𝐾𝑣𝑣(𝜃𝑒𝑥𝑝) =  
Δ𝜑𝑒𝑥𝑝

𝐷𝑓𝑖𝑙𝑡𝐶𝐷
 (4.4) 

where Δ𝜑𝑒𝑥𝑝 is the voltage signal that is measured during the scattering experiment and 

Dfilt is the product of all the filters that are added or removed in the experiment.   

 The method described above is only suitable for calibration of backward 

scattering optics as the scattering signal becomes weaker when the angle between the 

incident ray and the normal of the scattering surface increases.  To transfer the calibration 

to the forward scattering optics, an integrating sphere was used and the ratio of the 

measured signal from the output of the sphere detected at the forward and the backward 

angles provided the scattering coefficient for the forward angle.  Details of the procedure 

are provided below.   

4.1.2 Scattering Calibration Implementation 

Figure 4.1 shows a photo of the piece of 1.5-cm diameter spectralon puck placed within 

the measurement volume was used to scatter the light for calibration.  At 1064 nm, 

spectralon has a reflectivity, rs, of over 99% and a depolarization ratio, σ, of 0.48.  The 

spectralon disk was mounted on a Parker Automotive traverse and directed toward the 

backward scattering (θ = 150°) optics forming an angle β between the normal of the 

spectralon surface and the axis of detection (See Figure 4.2), where β was approximately 

0° during the calibration.   
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Figure 4.1: Spectralon puck used to calibrate the backwards optics mounted on a custom-

made mount 

 As illustrated in the schematic shown in Figure 4.2, the same Solo120 pulsed 

Nd:YAG laser that was used for the experiment was used to perform the scattering 

calibration.  The laser was formed into a 3 mm tall by 0.2 mm thick sheet and directed 

onto the spectralon puck.  The optics arrangement remained unchanged from the 

experiment as described in Section 3.3 with the exception of the neutral density filters 

that were added to ensure that the photodetectors were not saturated by the signal 

scattered from the puck.  The scattering signal was recorded at each location as the puck 

was traversed along the axis of the detection optics (refer to Figure 4.2 below) in 0.5 mm 

increments to capture the signal throughout the entire measurement volume.  The 

resulting signals were integrated in space according to Equation (4.3) to obtain the 

calibration constant.   
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Figure 4.2: Calibration of the backward scattering optics using a diffuse spectralon puck 

mounted on a traverse along the optical axis 

 To transfer the calibration from the backward scattering optics to the forward 

scattering optics (𝜃 = −30°), a Labsphere spectralon integrating sphere with a 2.5 in port 

was used.  As shown schematically in Figure 4.3, the laser was directed into the sphere 

while it faced the backward scattering optics to capture the output signal.  The sphere was 

then rotated so that an equivalent signal could be measured with the forward scattering 

optics.  The ratio between the two signals provided a means to transfer the calibration 

between the two sets of optics.  The signal registered by the detectors was insensitive to 

the angle of the sphere output. 
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Figure 4.3: Transfer of the calibration between (i) the backward scattering optics and (ii) 

the forward ones using an integrating sphere mounted inside the measurement volume by 

using the same pulsed Nd:YAG laser 

4.1.3 ELS Calibration Results with 500 μm pinhole 

4.1.3.1 Backward calibration results 

Based on the procedure described in Section 4.1.2, Figure 4.4 shows a plot of the 

measured voltage during the backward calibration versus the location within the 

measurement volume as the spectralon puck was being traversed. 
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Figure 4.4: Measured backward scattering calibration signal voltage versus location inside 

the measurement volume 

The captured signal was numerically integrated via Equation (4.3) using a trapezoidal 

integration.  As described above, in this calibration procedure, it was important to ensure 

that the detectors were not saturated and hence a number of Thorlabs filters were used.  

Table 4.1 shows the combination of the neutral density filters that were used in the 

calibration of the detectors with the 500 μm pinhole in place.  The calibrated 

transmissivities of each filter at 1064 nm are also provided.  The filters were calibrated by 

Maier Photonics to obtain accurate spectral transmissivities. 
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Table 4.1: Transmissivities of the filters used in the 500 μm calibration process 

Thorlabs  
Filter 

Transmissivity at 
1064 nm 

NENIR06 0.2074 

NENIR02 0.5272 

NRNIR02 0.5306 

NEN02B 0.4915 

NEN03B 0.3408 

NEN04B 0.3657 

NEN06B 0.1955 

 

 To obtain the absolute calibration constant, the transmissivities of the filters were 

divided out of the calibration constant and this gave a calibration constant of 0.42 Vm for 

the backward scattering channel when using the 500 μm pinhole.   

4.1.3.2 Forward calibration results 

The backward calibration constant obtained above was then transferred to the forward 

optics using the integrating sphere as described in Section 4.1.2.  Since the signal output 

when the sphere is used is weaker than when the laser light scattered from the spectralon 

puck, fewer neutral density filters were used.  Table 4.2 below provides the details of the 

calibration transfer results. 
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Table 4.2: Experimental data for the transfer of the calibration constant from the backward 

side to the forward side. 

Side 
Measured 
Voltage [V] 

Filters 
Transmissivity at 

1064 nm 

Ratio of forward calibration 
constant to backward 
calibration constant 

Backward 3.95 NENIR06 0.2074 

0.6 

Forward 1.25 
NENIR06 0.2704 

NENIR02 0.5272 

 

The ratio of the scattering signal that was registered from the sphere at both locations 

allowed for the forward absolute calibration constant to be measured as 0.25 Vm when 

using the 500 μm pinhole. 

4.1.3.3 Repeatability analysis (Shown using the 150 μm pinhole) 

To assess the repeatability of the calibration, the smallest pinhole size was used since this 

had the highest noise to signal ratio and thus provided the most conservative (highest) 

estimation of the repeatability uncertainty.  The full calibration procedure was repeated 

six times and the spread of the data was examined.  For each run, the backward 

calibration constant was obtained and a respective forward calibration constant was 

calculated. 

For the backward calibration runs, Figure 4.5 shows the measured signals obtained during 

the six repeated calibrations.   
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Figure 4.5: Measured voltage vs location inside the measurement volume for the 6 

calibration runs 

Figure 4.6 shows the spread of the backward calibration constants and their respective 

forward scattering calibration constants that were obtained from each of the runs.  The 

box and scatter plot represents the 25
th

, 50
th

 and 75
th

 percentiles.  The mean and the 95% 

confidence interval obtained through a t-statistic test are also plotted. 
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Figure 4.6: Box and whisker plot showing the spread of the calibration constant for 6 

different measurements. The mean and 95% confidence intervals obtained through a t-test 

are also plotted (blue dashed) 

These results show that the scattering procedure gives a calibration constant that is 

repeatable within a precision error of 3% at 95% confidence. 

4.2 LII Calibration 

4.2.1 Theory 

The calibration of the LII detectors was based on the procedure described in Snelling et 

al. (2005).  A 100 W Rhodium calibration light source of known radiance was used to 

provide the calibrating signal.  For a known radiance, 𝑅𝑠, the voltage registered on the 

detector can be calculated as:   
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Vcal = 𝐺𝑐𝑎𝑙𝑍𝑀2𝐴𝐴𝑃

𝐴𝐿

𝑢2
𝑅𝑠(𝜆𝑐)Ω(𝜆𝑐)Δ(𝜆𝑐)  

(4.5) 

where Gcal is the gain on the PMT detectors used in the calibration, Z is the impedance of 

the measuring device in Ω , M is the magnification of the optics, AAP is the area of the 

aperture in m
2
, AL is area of the lens in m

2
, u is the distance from the measurement 

location to the lens in m, Ω(λc) is the combined response of the PMT tubes along with the 

filter transmission in A/W and Δ(λc) is the width of the bandpass filter in m.   

 Similar to the scattering calibration, Equation (4.5) can be arranged to combine all 

the terms that are common between the calibration and the experiment to define a 

calibration constant, η, as follows:   

𝑍𝑀2𝐴𝐴𝑃

𝐴𝐿

𝑢2
Ω(𝜆𝑐)Δ(𝜆𝑐)   = 𝜂 =

Vcal

𝑅𝑠(𝜆𝑐)𝐺𝑐𝑎𝑙
 

(4.6) 

 

4.2.2 Implementation of the LII Calibration 

The 100 W calibrated Rhodium light source assembly with known spectral radiance 

properties attached to the same integrating sphere described in Section 4.1.2 was used to 

provide the constant light source for the calibration.  Figure 4.7 shows the light source 

and integrating sphere assembly used.  
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Figure 4.7: Integrating sphere assembly used in the LII calibration 

 The optics arrangement remained the same as described in Section 3.3.  The 

spectral radiance of the sphere at the center wavelengths of 447 nm and 775 nm was 

provided from the calibration curves.  It is important to note that during the calibration, it 

was critical to keep the PMT response within the specified range of 0.01 A to ensure 

linearity of the PMTs.  The voltages on all the LII channels were recorded and 

Equation (4.6) was used to obtain the calibration constants. 

4.2.3 LII Calibration Results with 500 μm pinhole 

The output of the integrating sphere was measured using the radiometer attached to one 

of the ports on the integrating sphere (refer to Figure 4.7).  The radiometer current output 

was measured to be 6.3 × 10−8 A.  Based on the calibration curves provided by the 

manufacturer, the sphere radiance at the wavelengths of 445 nm and 784 nm was thus 

40.3 mW/cm
2
-sr-μm and 2.45 mW/cm

2
-sr-μm respectively. 

 The voltages on the blue PMT channel and the red PMT channels were measured 

using a 50 kΩ terminating resistance and were found to be 4.2 V and 6.7 V respectively. 

Radiometer 

Rhodium 

Light 

Source 

Aperture 

Sphere 

Output Port 

Integrating 
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Based on this, the calibration constants were calculated to be 1.66 × 10−11 m
3
/A for the 

blue PMT channel and 1.09 × 10−12 m
3
/A for the red PMT channel.  The calibration 

procedure was also repeated five times to assess the precision error.  Due to the fact that 

the calibration was performed using a constant output filament lamp, the voltage drops 

registered on the PMT tubes were unaltered and the same calibration constants were 

obtained. 

4.3 Summary of the Calibration Results for all Pinhole Sizes 

Based on the work and results described in this chapter, all the measurement channels 

were calibrated and their respective calibration constants were obtained.  The voltages 

that were measured during the experiments were then divided by the absolute calibration 

constants before being implemented in the calculation of the soot volume fraction, 

primary particle diameter, and mean radius of gyration according to the equations and 

principles that are discussed in Chapter 2. Table 4.3 summarizes the calibration constants 

found for all the scattering and LII channels, for all of the pinholes used in the 

experiment.  

Table 4.3: Summary of all calibration constants obtained for the four scattering and LII 

measurement channels for all the pinhole sizes used in the experiment 

Channel 
Calibration 

constant with 
500 μm pinhole 

Calibration 
constant with 

300 μm pinhole 

Calibration 
constant with 

200 μm pinhole 

Calibration 
constant with 

150 μm pinhole 

Back 
Scattering 

0.42 Vm 0.1 Vm 0.03 Vm 0.018 Vm 

Front 
Scattering 

0.25 Vm 0.06 Vm 0.018 Vm 0.0094 Vm 

LII Blue 1.66 × 10−11 m3/A 9.7 × 10−12 m3/A 1.41 × 10−12 m3/A 2.43 × 10−12 m3/A 

LII Red 1.09 × 10−12 m3/A 3.7 × 10−13 m3/A 8.47 × 10−13 m3/A 2.48 × 10−13 m3/A 
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Chapter 5  

Results 

5.1 Soot Measurement Results using the 500 μm Pinhole 

The experiment was first run with the 500 μm pinhole installed.  This produced a 

measurement volume with the dimensions of a 3 mm by 1 mm vertical ellipse with a 

thickness of 0.2 mm and a total volume of 0.709 mm
3
.  The acquisition was done over a 

period of 2 minutes, obtaining a set of 1800 instantaneous measurements of fv, Rgm1, and 

dp in the reference co-annular diffusion flame.  The calculated mean values of the soot 

volume fraction, primary particle diameter, and mean aggregate radius of gyration for this 

data set were 5.01 ppm, 29.2 nm, and 76.9 nm respectively.  

Figure 5.1 plots the instantaneous measurements from this data set along with the 

mean values of all the instantaneous measurements within their 95% confidence interval 

bounds obtained from the uncertainty analysis (to be further discussed in Section 5.2).  

Data from (i) LII measurements by Snelling et al. (2005), (ii) transmission electron 

microscopy (TEM) measurements by Tian et al. (2004) and Snelling et al. (2011) as well 

as (iii) scattering measurement done by Snelling et al. (2011) and Link et al. (2011) are 

also plotted on the same graph for comparison.  
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Figure 5.1: (a) Scatter plot of instantaneous measurements of soot volume fraction and soot 

primary particle diameter with 95% confidence intervals as compared with data published 

for soot volume fraction by Snelling et al. (2005) and data published for primary particle 

diameter by Tian et al. (2004) and calculated from the results presented in Snelling et al. 

(2011) (Crosland, Thomson, et al., 2013).  (b) Scatter plot of instantaneous measurements of 

soot primary particle diameter and soot mean aggregate radius of gyration with 95% 

confidence intervals as compared with data published for radius of gyration by Snelling et 

al. (2011) using TEM and scattering measurements from Snelling et al. (2011) and Link et 

al. (2011) plotted against primary particle diameter data by Tian et al. (2004) and Snelling 

et al. (2011).  All measurements are taken at a height of 42 mm above the burner exit. 

The scatter plot shows that a relationship exists between the soot volume fraction 

measurement and the particle diameter.  This is important in the uncertainty analysis (to 

be discussed later) as it will be shown that uncertainties in the soot volume fraction 

calculations propagate through and affect the primary particle diameter measurements as 

well.  

The results also indicate that within the 95% confidence interval on each 

measurement, the measurements taken agree with the published data for all three 

measured quantities, i.e. the primary particle diameter, mean aggregate radius of gyration, 

and the soot volume fraction.  The mean measured soot volume fraction of 5.01 ppm 
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over-estimates the measured value published by Snelling et al. (2005) by 25% while the 

mean primary particle diameter of 29.2 nm is 4% higher than the TEM results published 

in Tian et al. (2004).  The published data for the aggregate radius of gyration 

measurements are based on calculations done by Crosland et al. (2013) by using the 

results reported in Snelling et al. (2011) and Link et al. (2011).  Snelling et al. (2011) 

provided the data determined by TEM as the geometric mean number of particles in the 

aggregate size distribution, which was converted into an aggregate radius of gyration of 

68.8 nm using Equation (2.8) by Crosland et al. (2013).  A primary particle diameter of 

28.3 nm (Tian et al., 2004) was used along with the soot optical properties that are 

consistent with the values used in the measurements obtained through this work.  The 

scattering radius of gyration data of 60.8 nm (Snelling et al., 2011) and 60.5 nm (Link et 

al., 2011) were calculated by Crosland et al. (2013) using Equations (2.7) and (2.8) based 

on the scattering coefficients reported in the respective papers.  The radius of gyration of 

76.9 nm measured in the current work is 11% higher than the TEM results from Snelling 

et al. (2011) and 26% higher than the scattering results from Snelling et al. (2011) and 

Link et al. (2011).  Given the unknown measurement uncertainties in the comparison 

data, and the inherent difficulty of making in-flame measurements of soot, the agreement 

shown in Figure 5.1 is very encouraging and demonstrates the success of the developed 

LII/ELS measurement system. 

The uncertainty analysis (as described in Section 5.2) provides the basis of 

comparison to the published data.  It is important to note that the LII excitation 

wavelenght and assumed soot optical properties used in Snelling et al. (2005) are 

different than the ones employed in this work.  Specifically,  (different a E(m) ratio of 1 
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at the LII wavelengths) and the experimental setup is different (different excitation laser 

wavelength of 532 nm).  Hence in the uncertainty analysis, none of the parameters are 

considered to be common and a comprehensive Monte Carlo simulation where all the 

parameters are allowed to vary was used. 

5.2 Uncertainty Analysis with 500 μm Pinhole 

To calculate the measurement uncertainties, a Monte Carlo simulation with 10000 draws 

was used to propagate the uncertainties of each element through the equations to obtain 

the total uncertainties in the soot volume fraction, primary particle diameter, and mean 

aggregate radius of gyration measurements.  A convergence test was performed to ensure 

the accuracy of the Monte Carlo analysis while maintaining reasonable processing times. 

Table 5.1 below presents all the input parameters to the Monte Carlo simulation 

along with a description of their distribution and the sources from which the distribution 

was derived.  The optical properties of soot such as E(m), σ, kf  and Df were all derived 

from the literature and the individual sources are presented in the table below.  Other 

input parameters that are measured or calculated are also included in the table.  Finally, 

the last column in the table shows the individual effect of each of those input parameters 

on the 2𝜎 (95% confidence interval) in the uncertainty of each of the soot volume 

fraction, primary particle diameter, and radius of gyration measurements that were taken.  

The individual effect of the parameters was determined by fixing all the other parameters 

in the study and allowing only the single input parameter that is being studied to be 

varied. 
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Table 5.1: Input parameters to the Monto Carlo Distribution and their relative contribution 

to the uncertainties on the measured quantities 

Input Distribution Source 
Cont. to 
𝟐𝝈 of 𝒇𝒗 

Cont. to 
𝟐𝝈 of 𝒅𝒑 

Cont. to 
𝟐𝝈 of 

𝑹𝒈 

LII 

Soot refractive index light 
absorption function at lower LII 

wavelength (𝑬(𝒎𝝀𝟏
)) 

Normal 
𝜇 = 0.348 
𝜎 = 0.045 

(Dobbins 
et al., 
1994; 

Snelling et 
al., 2004; 
Yon et al., 

2011; 
Köylü and 

Faeth, 
1996; 

Schnaiter 
et al., 
2003; 

Bond and 
Bergstrom, 

2006) 

+31/-
21% 

+8/-9% 0% 

Ratio of soot refractive index 
light absorption function at 

lower and upper LII 

wavelengths (
𝑬(𝒎𝝀𝟏

)

𝑬(𝒎𝝀𝟐
)
) 

Normal 
𝜇 = 1.15 
𝜎 = 0.11 

(Dobbins 
et al., 
1994; 

Snelling et 
al., 2004; 
Yon et al., 

2011; 
Coderre et 
al., 2011) 

+49/-
40% 

+18/-
13% 

0% 

Input 
Voltages 

LII at 𝝀𝒃𝒍𝒖𝒆 
Normal 

𝜇 = 9.62 𝑉 
𝜎 = 0.31 𝑉 

Measured +11/-9% +3/-4% 0% 

LII at 𝝀𝒓𝒆𝒅 
Normal 

𝜇 = 10.78 𝑉 
𝜎 = 0.22 𝑉 

Measured 
+13/-
11% 

+4/-4% 0% 

 



 

57 

 

 

Table 5.1: Input parameters to the Monto Carlo Distribution and their relative contribution 

to the uncertainties on the measured quantities (continued) 

Input Distribution Source 
Cont. to 
𝟐𝝈 of 𝒇𝒗 

Cont. to 
𝟐𝝈 of 𝒅𝒑 

Cont. to 
𝟐𝝈 of 

𝑹𝒈 

Calibration 

𝜼𝒃𝒍𝒖𝒆 

Normal 

𝜇 = 1.66 × 10−11
𝑚3

𝐴
 

 

𝜎 = 0.018 × 10−11
𝑚3

𝐴
 

Calculated +4/-3% +1/-1% 0% 

𝜼𝒓𝒆𝒅 

Normal 

𝜇 = 1.09 × 10−12
𝑚3

𝐴
 

 

𝜎 = 0.009 × 10−12
𝑚3

𝐴
 

Calculated +3/-3% +1/-1% 0% 

Equivalent Sheet thickness 
(𝒘𝒃) 

Normal 
𝜇 = 0.17 𝑚𝑚 
𝜎 = 0.1 𝑚𝑚 

Calculated 
based on 
numerical 
simulation

s as 
described 
in Section 

2.1 

+11/-
12% 

+6/-6% 0% 

Background 
noise 

Blue 
Normal 

𝜇 = −0.00028 𝑉 
𝜎 = 9.3 × 10−4 𝑉 

Measured <0.5% <0.5% 0% 

Red 
Normal 

𝜇 = 0.0083 𝑉 
𝜎 = 6.6 × 10−3 𝑉 

Measured <0.5% <0.5% 0% 

Modelling 
Errors 

Equivalent filter 
approximation 

Normal 
𝜇 = 1 

𝜎 = 0.005 

Applied to 
value of 

𝑇𝑝𝑒 

(Snelling et 
al., 2005) 

+10/-9% +3/-3% 0% 

LII signal 
trapping 

Normal 
𝜇 = 1 

𝜎 = 0.005 

Applied to 
𝑓𝑣 

(Liu and 
Snelling, 

2008) 

+5/-5% +2/-2% 0% 
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Table 5.1: Input parameters to the Monto Carlo Distribution and their relative contribution 

to the uncertainties on the measured quantities (continued) 

Input Distribution Source 
Cont. to 
𝟐𝝈 of 𝒇𝒗 

Cont. to 
𝟐𝝈 of 𝒅𝒑 

Cont. to 
𝟐𝝈 of 

𝑹𝒈 

ELS 

Soot refractive index light 
scattering function at 
scattering wavelength 

(𝑬(𝒎𝝀𝒔
)) 

Normal 
𝜇 = 0.31 𝑉 
𝜎 = 0.04 𝑉 

(Yon et al., 
2011) 

0% +9/-8% 0% 

Width of log-normal 
distribution (𝝈𝒈) 

Uniform 
Minimum = 1.7 
Maximum = 2.5 

(Link et al., 
2011; 

Sorensen 
et al., 
1995) 

0% +4/-4% 
+23/-
21% 

Fractal dimension (𝑫𝒇) 
Normal 
𝜇 = 1.7 

𝜎 = 0.15 

(Köylü, 
Faeth, et 
al., 1995) 

0% 
+19/-
15% 

+4/-3% 

Fractal prefactor (𝒌𝒇) 
Normal 
𝜇 = 1.7 
𝜎 = 0.5 

(Sorensen, 
2001) 

0% 
+34/-
16% 

0% 

Forward detection angle (𝜽𝟏) 
Uniform 

Minimum = 28° 
Maximum = 32° 

Measured 0% <0.5% <0.5% 

Backward detection angle (𝜽𝟐) 
Uniform 

Minimum = 148° 
Maximum = 152° 

Measured 0% +1/-1% <0.5% 

Input 
Voltages 

Scatt. at 𝜽𝟏 
Normal 

𝜇 = 11.06 𝑉 
𝜎 = 0.42 𝑉 

Measured 0% +6/-6% 
+12/-
11% 

Scatt. at 𝜽𝟐 
Normal 

𝜇 = 11.34 𝑉 
𝜎 = 0.56 𝑉 

Measured 0% +4/-3% 
+13/-
15% 

Calibration 

𝜼𝜽𝟏
 

Normal 
𝜇 = 0.415 𝑉𝑚 

𝜎 = 1.2 × 10−3 𝑉𝑚 
Measured 0% +1/-1% +1/-1% 

𝜼𝜽𝟐
 

Normal 
𝜇 = 0.25 𝑉𝑚 

𝜎 = 7.5 × 10−3 𝑉𝑚 
Measured 0% +1/-1% +3/-3% 

Background 
noise 

𝜽𝟏 
Normal 

𝜇 = 0.0126 𝑉 
𝜎 = 0.0041 𝑉 

Measured 0% <0.5% <0.5% 

𝜽𝟐 
Normal 

𝜇 = 0.0223 𝑉 
𝜎 = 0.0039 𝑉 

Measured 0% <0.5% <0.5% 
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Table 5.1: Input parameters to the Monto Carlo Distribution and their relative contribution 

to the uncertainties on the measured quantities (continued) 

Input Distribution Source 
Cont. to 
𝟐𝝈 of 𝒇𝒗 

Cont. to 
𝟐𝝈 of 𝒅𝒑 

Cont. to 
𝟐𝝈 of 

𝑹𝒈 

Modelling 
errors 

Monodispersity 
assumption 

Normal 
𝜇 = 1 

𝜎 = 0.1 

Calculated 
on 𝑑𝑝 

(Tian et al., 
2004) 

0% 
+20/-
20% 

0% 

ELS signal 
trapping 

Normal 
𝜇 = 1 

𝜎 = 0.033 

Calculated 
on 𝐾𝑣𝑣 

(Snelling et 
al., 2005) 

0% 
+1.3/-
1.3% 

+3/-3% 

Intra-aggregate 
scattering 

Normal 
𝜇 = 1 

𝜎 = 0.05 

Calculated 
on 𝐾𝑣𝑣 

 
0% +1/-1% 0% 

Choice of 
structure factor 

Normal 
𝜇 = 1 

𝜎 = 0.03 

Calculated 
on 𝑅𝑔𝑚1 

(Crosland 
et al., 
2015) 

0% +4/-3% +6/-6% 

Choice of 𝑹𝒈 

distribution 

Normal 
𝜇 = 1 

𝜎 = 0.02 

Calculated 
on  𝑅𝑔𝑚1 

(Crosland 
et al., 
2015) 

0% +2/-2% +4/-4% 

 

It is apparent from the data that is presented in the above table that the uncertainty 

in soot optical properties dominates the overall uncertainties in the measurements.  In the 

case of the LII measurements, the ratio of soot refractive index function (E(mλ1)/ E(mλ2)) 

is the main contributor to the uncertainties of the soot volume fraction (+31/-21%),  while 

in the ELS experiment, the width of the log normal distribution (σg) dominates the 

uncertainties of the radius of gyration measurements (+49/-40%); and the fractal 

dimension (Df) and the fractal prefactor (kf) contribute the most to the uncertainties of the 

primary particle diameter measurements (+19/-15% for Df  and +34/-16% for kf ).  

Based on the above conclusions, it was then important to evaluate the 

uncertainties coming from the measurement noise only.  Hence, the Monte Carlo 
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simulation was run again while keeping assumed soot optical and morphological 

properties constant and allowing only the measured voltages to vary based on their 

defined distributions.  Table 5.2 presents a comparison between the total uncertainties 

and the uncertainties from the measurement noise only. 

Table 5.2: Comparison of the total uncertainties and the measurement noise uncertainties 

only 

Measured Quantity Total Uncertainties Measurement Noise only 

Soot volume fraction, 𝒇𝒗 4.9 {
8.3
2.6

 𝑝𝑝𝑚 |
69%
46%

} 4.7 {
5.3
4.1

 𝑝𝑝𝑚 |
12%
13%

} 

Primary particle diameter, 𝒅𝒑 33 {
46
23

 𝑛𝑚 |
40%
29%

} 32 {
35
30

 𝑛𝑚 |
9%
7%

} 

Soot aggregate radius of 
gyration, 𝑹𝒈𝒎𝟏 

73 {
98
52

 𝑛𝑚 |
34%
29%

} 73 {
84
61

 𝑛𝑚 |
16%
16%

} 

 

While the total uncertainties of 69% might seem to be high, a closer look at the 

individual contributions show that it is in fact dominated by the uncertainties in the 

optical properties of soot which is a common factor in all optical soot measurement 

techniques albeit with different effects.  The results in Table 5.2 suggest that for the case 

of relative measurements within or among flames for which the optical and fractal 

properties could be assumed similar, the relative uncertainties that arise from the 

measurement noise are low.  This is an important achievement that demonstrates the 

utility of this system in the proposed target application of investigating soot formation 

processes within turbulent flames representative of industrial flares.  It is also worth 

noting that measurement uncertainties attributable to uncertainties in optical and 

morphological properties of soot might plague all optical measurement techniques and 

may often be considered as a common bias error. 
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5.3 Measurement Uncertainty with Varying the Pinhole Size 

Building on the results presented above, and working towards the future development of 

the combined LII/ELS techniques where application in turbulent flames is desirable, it 

was important to reduce the measurement volume inside the flame as much as possible.  

A smaller measurement volume permits a better spatial resolution which is highly 

advantageous in turbulent flames where mixing effects are prevalent.  The measurement 

volume should be smaller than the smallest turbulence scale that is found in the flame in 

order to overcome the effects of mixing.  Coppalle and Joyeux (1994) reported an 

integral turbulence length scale (ℓ0) of approximately 15 mm for a turbulent non-

premixed turbulent flame from a 9 mm diameter burner with a fuel exit velocity of 

6.3 m/s and Reynolds number of 5800.  Although Coppalle and Joyeux (1994) did not 

report r.m.s velocity fluctuations, a value of ~5% may be assumed from measurements by 

Crosland et al. (2015) on a turbulent flame with comparable Reynolds number of 4800 

that closely matches the target application.  Assuming a kinematic viscosity of 32x10
-

5
 m

2
/s

 
in the flame equivalent to that of air at 2000 K, a turbulence Reynolds number 

(𝑅𝑒ℓ0
) of 11 can be estimated.  Finally, a Kolmogorov turbulence length scale (ℓ𝐾) of 

~2.4 mm can then be approximated assuming ℓ0 ℓ𝐾⁄ = 𝑅𝑒ℓ0

3 4⁄
.   

 In the present system, the measurement volume is defined mainly by the image of 

the pinhole on the laser sheet.  Varying the size of the pinhole allowed varied the size of 

the measurement volume.  However, reducing the pinhole size also reduced the amount 

of light reaching the detectors, which could adversely affect measurement uncertainties.  

The measurement volumes of 0.709 to 0.064 mm
3
 (maximum dimensions of 3 to 0.9 mm, 
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see Section 3.3.1) studied in this research have dimensions that are smaller than the 

estimated Kolmogorov scale.  However based on (Hu et al., 2003), soot streaks of less 

than 1 mm may be expected in turbulent flames.  Thus, the measurement volumes studied 

in this experiment provide a range of options that that could be smaller than the estimated 

Kolmogorov scale, and either bigger of smaller than the smallest anticipated soot streaks.  

 For each tested pinhole size (i.e. base case of 500 μm, as well as 300 μm, 200 μm, 

and 150 μm), the entire optical system was realigned and new calibration constants were 

found.  A new set of measurements with each pinhole size was then taken and a detailed 

uncertainty study similar to the one presented above was conducted to evaluate the 

uncertainties associated with each pinhole size.  Figure 5.2 - Figure 5.4 show the plots 

obtained for the soot volume fraction, primary particle diameter, and mean aggregate 

radius of gyration obtained from each measurement along with the 95% confidence 

interval evaluated from the total uncertainties (dotted line) and evaluated from the 

measurement noise only (bold lines).  Published data (Snelling et al., 2005; Tian et al., 

2004; Snelling et al., 2011; Link et al., 2011) are also plotted for comparison. 
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Figure 5.2: Effect of varying the measurement volume on the uncertainty in the soot volume 

fraction measurement. 95% confidence intervals are plotted for both the total uncertainties 

(dotted lines) and measurement noise (bold lines) 

 

Figure 5.3: Effect of varying the measurement volume on the uncertainty in the primary 

particle diameter measurement. 95% confidence intervals are plotted for both the total 

uncertainties (dotted lines) and measurement noise (bold lines) 
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Figure 5.4: Effect of varying the measurement volume on the uncertainty in the mean 

aggregate radius of gyration measurement. 95% confidence intervals are plotted for both 

the total uncertainties (dotted lines) and measurement noise (bold lines) 

As demonstrated in the plots, the measured results across all sizes of the 

measurement volumes studied (i.e. pinhole sizes) agree with available published results 

in the literature.  As presented in the detailed uncertainty analysis for the 500 μm case, 

the uncertainties in the measurements are dominated by the soot optical properties and 

not the measurement noise.  However, as the pinhole size drops, the signal drops and 

hence the noise to signal ratio goes up and the uncertainties in the measurements become 

predominantly reliant on the measurement noise.  As the measurement volume goes 

down, the total uncertainties increase from 69% to 123% in the soot volume fraction 

measurement, from 40% to 66% on the particle diameter measurement, and from 34% to 

55% in the radius of gyration measurement.   
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As for when the soot properties are assumed to be constant and the uncertainties 

are evaluated only based on the noise in the signal, the uncertainties increase from 12% to 

101% in the soot volume fraction measurement, from 9% to 45% on the primary particle 

diameter measurement, and from 17% to 51% in the radius of gyration measurement.  It 

is interesting to note that the biggest jump in the uncertainties happens between the 

300 μm pinhole and the 200 μm pinhole, where the measurement noise uncertainties rise 

from 22% to 54% on the soot volume fraction measurement, from 12% to 42% on the 

particle diameter measurement, and from 23% to 40% on the radius of gyration 

measurement. 

This parametric study of the effect of decreasing the measurement volume on the 

uncertainties in the measurements provides an important guideline for further 

measurements and developments of the optical system that is presented here.  The future 

plan is to conduct tests in turbulent flames where the uncertainties are inherently higher 

but a finer spatial resolution would also be desirable.  It can be seen that there is a trade-

off between the uncertainties and the size of the measurement volume and a design 

decision would need to be made when using this apparatus for future measurements.  

5.4 Repeatability and Precision 

The experiment was repeated on two separate days providing 8 data sets to assess the 

precision and repeatability of the setup.  For this test, the case with the maximum 

uncertainties was chosen (150 μm).  Because the precision error scales with the 

measurement noise, the precision results for the smallest measurement volume would 

present the worst possible precision error for the setup.  At each measurement set, the 
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entire system was shut down and repowered again and the measurement channels were 

zeroed.  The flame was also turned off and on again before the data set was collected.  

Figure 5.5 shows the box and whisker plot of the mean measurements collected for each 

set. 

 

Figure 5.5: Box and whisker plot showing the spread of the means for 8 different sets of 

measurements. The mean and 95% confidence intervals obtined through a t-test are also 

plotted (blue dashed). 

The mean (and 95% confidence intervals) for the three sets of measurements were 

4.3 (0.3) ppm for the soot volume fraction, 84.2 (3.7) nm for the aggregate radius of 

gyration and 35.8 (1.8) nm for the primary particle diameter.  This shows that for the case 

with the highest uncertainties due to the low signal to noise ratio, the results are 

repeatable within 7% for the soot volume fraction measurement and within 5% for the 

radius of gyration and primary particle diameter measurements at 95% confidence.  
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Chapter 6  

Conclusion 

This thesis presented a detailed description and validation of an optical measurement 

technique capabale of making simultaneous, instantaneous measurements of the soot 

volume fraction, soot primary particle diameter and soot mean aggregate radius of 

gyration in large, turbulent non-premixed flames.  A combined laser induced 

incandescence and elastic light scattering technique was employed using a 1064 nm laser 

firing at a rate of 15 Hz.  The geometric dimensions of the apparatus allow for 

measurements on large-scale flares which will be particularly useful when making 

measurements on replicated industrial flares at the Carleton University flaring facility. 

The measurement technique was validated by making measurements inside a 

well-studied co-annular laminar diffusion flame and comparing the results to published 

data.  The system produced comparable results with total uncertainties of (+69/-46)% on 

the soot volume fraction measurement, (+40/-29)% on the primary particle diameter 

measurement and (+34/-29)% on the mean aggregate radius of gyration measurement 

with the largest optical probe volume of 0.71 mm
3
.  These uncertainties are dominated by 

uncertainties in the optical and fractal properties of soot, which are a common limit to 

most optical measurements with a varying degree depending on the technique.  For the 

case of relative measurements with a flame or similar flames (for which optical and 

fractal properties could be assumed to be similar), relative uncertainties arising from 

measurement noise only were much lower.  In this latter case, relative uncertainties of 
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(+12/-13)% on the soot volume fraction measurement, (+9/-7)% on the primary particle 

diameter measurement, and (+16/-16)% on the soot mean aggregate radius of gyration 

were possible.  Given the inherent difficulties in making measurements of soot within 

turbulent flames, these results are considered quite encouraging and bode well for 

planned future work applying this technique to the study of replicated industrial flares in 

controlled laboratory conditions. 

A study on the effect of varying the size of the measurement volume was also 

conducted.  It was found that at smaller measurement volumes the measurement noise 

starts to dominate the total uncertainties with the uncertainties growing exponentially to 

as much as 123% for the smallest tested measurement volume of 0.064 mm
3
.  The trends 

also suggest that a measurement volume of 0.254 mm
3
 provides a balance between the 

small measurement volume that is desirable for turbulent flames and the measurement 

noise that adversely affects the total uncertainties of the system, however this optimum 

might still be bigger than the 0.1 mm corresponding to the smallest anticipated soot 

streaks in the target flame.  Finally, the repeatability of the system was examined by 

repeating the measurement multiple times and assessing the spread of the results.  It was 

found that for the case with the worst uncertainties, the measurements were repeatable 

within 7% at a 95% confidence interval.  

The aforementioned results demonstrate that the developed measurement system 

is ready to be implemented in subsequent experiments.  The large scale of the apparatus 

provides an exploitable avenue into understanding the fundamental concepts of soot 

formation and residence times inside large turbulent flames.  This will add to the very 
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limited data available for modelling of soot formation within turbulent flames and will 

provide invaluable results which will be used to develop emissions models for flaring. 

6.1 Future Improvements 

Stemming directly from the presented results, this section considers potential 

enhancements to the measurement system and the predicted effect on the results.  

6.1.1 Varying the size of the measurement optics 

It is evident that the size of the measurement volume is the major hindrance when trying 

to achieve better spatial resolution.  This was because in the analysis that was conducted 

above, when the size of pinhole aperture was decreased the noise to signal ratio 

significantly increased.  However, if the measured signal could be better maximized, 

improved uncertainties could be obtained with a higher spatial resolution.  One way of 

achieving this is to increase the size of the collection optics. By doing so, the solid angle 

of the collection optics would increase and result in more signal being captured. This 

would happen while the size of the measurement volume remained unaltered. 

In the current setup the collection lenses had a diameter of 75 mm (3 in).  

Analysis of the size of the lens versus the solid angle that formed at the measurement 

volume shows that the solid angle increases with the square of the diameter of the 

collection lens.  The intensity of the measured detector signal varies linearly with the 

solid angle of the collection optics (Crosland et al., 2011) and hence the captured signal 

increases with the square of the diameter of the collection optics.  Quantitatively, this 

means that doubling the size of the collection optics will result in an increase in the signal 

to noise ratio by a factor of four, resulting in a notable decrease in the total uncertainties.  
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In practice, based on the results presented in Section 5.3, uncertainties comparable 

to the results obtained for the 300 μm pinhole should be achievable for the smaller 

measurement volumes by doubling the size of the collection optics while keeping the 

total magnification constant.  This could be an important consideration when attempting 

to obtain finely resolved data inside turbulent flames while maintaining reasonable 

accuracies. 

6.1.2 Choice of wavelength 

The choice of wavelength used to run the experiment also provides an important design 

decision.  Higher wavelengths are more favorable in the incandescence experiment as it 

minimizes the occurrence of florescence (Snelling et al., 2011).   However, the scattering 

signal at the higher wavelengths is weaker and hence, a smaller wavelength would be 

desirable for the scattering experiment.  This provides a design decision as the choice of 

wavelength would affect the signal strength and by association the measurement 

uncertainties.  In addition to this, the use of shorter wavelengths for scattering would 

decrease the measureable range of particle diameters.  The current setup allows for 

measuring aggregates with radii of gyration up to 300 nm while the use of a 532 nm laser 

would only allow for measurements of up to 200 nm (Crosland, Thomson, et al., 2013).  

This shows that within the scattering experiment there exists a tradeoff of signal strength 

versus detectable range based on the choice of wavelength.  

In the presented experiment, the same 1064 nm laser was used for both the 

scattering and the LII experiment.  This allowed for maintaining the same measurement 

volume across both measurements which is an important criterion for making 
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simultaneous measurements.  However, based on this discussion, it can be seen that the 

choice of a smaller wavelength might result in a reduction of uncertainties for the 

scattering measurements of Rgm1 and dp while decreasing the detection range of the 

particles.  Within the limits noted here, this might provide an exploitable method of 

reducing uncertainties on the scattering measurements. 
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Appendix A: INVAR Hoop Details 

 

Figure A.1: INVAR hoop engineering drawing  
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