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Abstract 

Soot from combustion emissions has a negative impact on human health and the 

environment. Understanding and controlling soot formation is desirable to reduce this 

negative impact, especially as energy demands continue to increase. In this work, a range 

of fundamental combustion experiments are performed to better understand the soot 

formation process, and to develop diagnostics for measuring soot properties.  

First, studies on the effects of doping the flame with different polycyclic aromatic 

hydrocarbons (PAHs) was performed to investigate soot nucleation mechanisms. Soot 

formation was found to be most sensitive to phenylacetylene addition and nucleation 

through physical dimerization appears to be unlikely. Next, the effects of ammonia 

addition, a possible future fuel, on soot formation in laminar nonpremixed ethylene 

counterflow flames was performed. A reduction in soot volume fraction was observed 

and attributed to chemical effects of ammonia addition.  

Second, the investigation and development of several types of diagnostics was 

performed. Soot is typically reported to scale with pressure as Pn where P is pressure and 

n is a scaling factor. A wide range of scaling factors for ethylene coflow flames have 

been reported using different types of diagnostics. In this work, a comparison between a 

light extinction technique and PLII was performed and differences between reported 

values was explored. Next, the time resolved laser induced incandescence (TiRe-LII) 

diagnostic was advanced by exploring the effects of SVF on local gas heating. Errors 

introduced into this model by neglecting local gas heating are explored. Finally, a new 

diagnostic was developed for 3 dimensional measurements of SVF and velocity in 
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turbulent flames using a technique known as diffuse-backlight illumination extinction 

imaging. 

Third, the application of gated 2D TiRe-LII was assessed in pressurized environments on 

laminar coflow flames. Comparisons between TiRe-LII and thermophoretically captured 

soot imaged by transmission electron microscopy (TEM) was performed. TiRe-LII was 

found to have reasonable agreement with TEM measurements if the SNR was high, but 

due to the large disparity in primary particle size in pressurized environments errors in 

2D TiRe-LII can be significant. 
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Chapter 1 

 Introduction 

This chapter is focused on providing a broad introduction to challenges facing the 

combustion community regarding soot formation. The motivation for the work will focus 

on why soot formation is an important problem. The overview section will give a broad 

literature review of how the soot formation process works and what is being done to 

overcome challenges related to soot formation in the combustion community. Finally, the 

current knowledge gaps and objectives of this work will be discussed. Introductions 

relevant to the experimental work will be provided at the beginning of each chapter. 

1.1 Motivation 

Soot is a by-product of incomplete combustion of hydrocarbons. Anthropogenic soot 

comes from a variety of sources such as vehicle emissions, boilers, marine vessels, jet 

engines, heating fires, and home furnaces among others. While soot formation is 

beneficial for some applications, such as for heat transfer in boilers [1] or in the 

production of carbon black [2], there are many drawbacks as well, making the control and 

emissions of soot a topic of great interest.  

Drawbacks of soot formation are mainly due to the detrimental impacts of soot on human 

health and the environment. When soot is emitted into the environment, gaseous species 

such as NOx SOx, and polycyclic aromatic hydrocarbons (PAH) can be adsorbed to the 

surface of these particles [3]. The small size of soot particles allow them to be inhaled 

deeply into the respiratory tract [4], and once inside, particles can then cross the 
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blood/gas barrier [5]. The fractal like properties of soot aggregates have been shown to 

affect how deeply these aggregates are deposited in the lungs [6]. Once the aggregates 

have passed through the blood/gas barrier, they can then travel throughout the body 

causing a variety of health issues. Recent research has shown that these particles can even 

travel across the placenta lining and accumulate on the fetal side of the placenta [7]. Once 

these particles enter the body, they can cause a significant range of health effects 

including: decreased lung function and asthma, cardiovascular disease, birthing 

complications, and cancers among others [8,9]. Ultimately, exposure to these particulates 

leads to shorter life expectancies [10].  

The second major drawback of soot emissions is the impact of these particulates on the 

environment. The average atmospheric lifetime of soot particulates ranges anywhere 

from 4-12 days with a majority of particulates being removed through wet deposition 

[11]. The impact of soot on global climate is still a largely contested area due to the 

complex interactions of soot in the environment. For example, at higher atmospheric 

locations, soot absorbs light, and subsequently heats the atmosphere, but at lower 

locations, soot promotes the formation of rain clouds that can subsequently reflect light 

[12]. Studies on soot deposition have found that the deposition of soot on ice sheets can 

increase the albedo of the surface and promote higher solar absorbance, thus increasing 

the glacial melt [13]. As glaciers melt, enrichment of soot on surfaces may further 

increase glacier albedos and thus enhance melting rates [14]. Another study modelling 

climate suggests that soot is second to CO2 in net global forcing [15]. More recent studies 

suggest that due to the significant diversity in soot structures and coatings, the impact of 

soot on the climate have been exaggerated [16].  Thus, while the magnitude of soot on 
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global climate is still uncertain, the relatively short atmospheric lifetime and the 

detrimental effects of these particulates on human health make it a great candidate for 

control and/or elimination. 

1.2 Soot formation overview 

During combustion, there are several generally accepted processes that ultimately lead to 

soot formation. The following overview, while not comprehensive, presents the current 

state of the art understanding of the soot formation process. The sub-processes that 

ultimately lead to soot formation are: 

 Precursor formation and PAH growth 

 Particle inception 

 Particle growth by surface growth and coagulation 

 Particle aggregation 

 Oxidation 

During combustion, in the absence of aromatic fuels, the initial formation of benzene or 

phenyl radical formation is generally agreed to occur via the  of C3H3  + C3H3 [17] 

although other reaction pathways have been postulated as outlined in [18]. The growth of 

benzene into larger PAHs is largely accepted to occur via hydrogen abstraction carbon 

addition (HACA) mechanism [19]. Other competing mechanisms continue to be 

investigated to describe growth of large PAHs in the flame [20,21].  Following PAH 

growth, particle inception occurs. Several competing theories are observed in literature 

and fall into two main categories. These categories are: physical coalescence and 

chemical coalescence. 
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Physical coalescence postulates that particle inception occurs due to van der Waal forces 

causing PAHs to coalesce [22]. Since then, numerous studies have indicated that these 

interactions are weak at flame temperatures and thus particle inception is unlikely to 

occur [23]. More recently, a combination of physical coalescence and chemical 

coalescence was postulated where van der Waal forces promote initial interaction 

between an aromatic and radical aromatic. The resulting reaction is proposed to produce a  

stabilized adduct within the lifetime of the dimer [24].    

In chemical coalescence models, PAHs are postulated to grow through a series of 

reactions until they are of sufficient size to transition from the gas phase to the solid 

phase. High reaction rates resulting in increasingly stable PAHs are required for 

nucleation to occur via this route.  

Following particle inception, particle growth occurs. During this stage, incipient particles 

of ~ 1-4 nm in size grow through surface reactions and particle coagulation. Typical soot 

models show surface growth to occur via the HACA mechanism [22]. Evidences of 

particle coagulation are found from high resolution transmission electron microscopy 

where multiple disordered carbon clusters can be seen in a single soot particle [25]. 

Further evidence is found in particle size measurements presenting a bimodal 

distribution. The bimodal distributions typically have peaks at less than a few nm, 

followed by a peak at around 10 nm in size [26]. The dual contributions of surface 

growth and particle coagulation are thought to ultimately contribute to the spherical shape 

that is typical of soot particles [18].    
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 Soot agglomeration begins to occur when soot particles collide and stick. Following 

particle collisions, surface growth continues, causing particle necking, where the particles 

are no long connected by a single point, but appear to be highly overlapped aggregates 

[27]. Fractal dimensions of these aggregates typically range between 1.7 and 1.9 [28,29]. 

While aggregate shape is relatively similar between different combustion devices, the 

number of particles in each aggregate can vary significantly with values reported between 

several particles in an aggregate up to 108 particles in an aggregate [30][31]. Finally in 

the presence of oxidants, soot oxidation occurs, typically through oxidation by OH and 

O2 molecules [32]. Oxidation results in decreased soot volume fraction, particle size and 

decreased interlayer spacing of the carbon layers [27]. 

Ultimately, predicting soot formation in practical combustion systems is the reason 

significant effort has been expended in fundamental combustion experiments. To 

understand and model these complex processes requires a wide range of experimental and 

computational tools. 

1.3 Current knowledge gaps 

While significant effort has been made in understanding the soot formation process, 

several knowledge gaps remain due to the complexity of this problem. Filling in these 

knowledge gaps requires both fundamental experimental studies and diagnostic 

development. Ultimately, the goal of understanding the soot formation process is to 

predict soot formation in environments relevant to practical combustion devices. To that 

end, this dissertation undertakes a range of fundamental experiments and diagnostic 

development relevant to understanding the soot formation process.  
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 The largest gap in soot formation knowledge is related to soot nucleation. The process of 

soot nucleation describes how gas phase molecules transition into solid soot particles. 

Several theories have been proposed regarding the mechanisms or species whereby this 

transition occurs and a synopsis of this is given here. 

One of the more commonly used mechanisms was proposed in [33] whereby large PAHs 

in the gas phase form dimers via Van der Waal forces. In soot formation mechanisms, 

this is usually through A4 PAH species. One problem with this mechanism is that it has 

been shown that the lifetime of these dimers is too short for further surface growth due to 

the instability of the dimer species. This instability has been extensively investigated in 

[23,34,35] and it is generally agreed that the dimer lifetime is insufficient at flame 

temperatures for describing the soot nucleation process. Despite this, a majority of soot 

formation mechanisms continue to utilize a physical coalescence model in describing the 

soot formation process. A new theory that builds off of the existing physical coalescence 

model suggests that Van der Waal forces guide radical aromatics and PAH species into 

position where they react and form covalent bonds [24]. These bonds help stabilize the 

resulting species at flame temperatures. 

Another mechanism recently proposed in [36] is called clustering of hydrocarbons by 

radical-chain reactions (CHRCR). In this model, resonantly stabilized radicals react with 

surrounding hydrocarbon species forming hydrocarbon clusters of approximately 1-4 nm 

in size. Furthermore, reactions of these radically stabilized species with hydrocarbons 

result in further resonantly stabilized radicals thus propagating soot inception. Finally, 

these clusters provide edge sites favorable for hydrogen abstraction and further surface 

growth. Initiation of these radical reactions occurs via PAHs with 5 membered rings. 
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While the ideas described in these models are promising, there is limited theoretical work 

investigating this process. Thus, further theoretical and experimental investigations of the 

concentration of such resonantly stabilized radicals and the corresponding reaction rate 

coefficients are needed before application. 

The final mechanism is called pericondensed PAH radical substituents coalescence 

(PRSC) (manuscript in preparation Liu et. al). In this mechanism, phenylacetylene reacts 

with phenyl resulting in a resonantly stabilized dimer. This dimer then reacts with 

phenylacetylene creating a resonantly stabilized trimer. Ultimately this series of reactions 

leads to nucleated soot particles. 

The uncertainty in the soot nucleation mechanism results in challenges for predicting soot 

formation in more complex combustion environments. As stricter environmental 

regulations continue to be adopted, understanding and predicting soot emissions is 

becoming increasingly important. Furthermore, regulations on CO2 emissions are driving 

efforts to adopt more efficient, cleaner methods of combustion.  Ammonia combustion is 

one such strategy that has been proposed, and continues to be explored as a viable 

alternative to meet emission reduction goals. Interest in ammonia as an alternative fuel 

has fluctuated for several decades due to several competing favorable and unfavorable 

properties of ammonia as a fuel. Favorable characteristics include; a renewable synthetic 

energy, potential to reduce CO2 emissions, competitive energy density, and amenability 

to storage and transport  [37]. However, the application of ammonia in combustion has 

been limited due to the low laminar flame speed, narrow flammability limits, high NOx 

emissions, toxicity of ammonia, and high ignition temperatures as described in [38].   
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  Co-firing NH3 with other fuels is receiving growing interest as a feasible solution to 

improve its combustion and emission properties [39,40]. He et al. checked the auto-

ignition properties of NH3/O2 and NH3/H2/O2 mixtures in a rapid compression machine 

[41]. The experiment demonstrated that the reactivity of the mixture increased at higher 

H2 mole fractions. Han et al. studied the laminar burning velocities of stoichiometric 

NH3/CH4/air premixed flames [39]. They observed that the laminar burning velocity of 

the mixture has a nearly linear increase with the addition of CH4. Similar results were 

also observed in the experiments of Okafor et al [42,43]. Aaron et al. investigated the 

combustion and emission characteristics of dual-fuel (NH3 with diesel) in a compression 

ignition engine [44]. Their results indicated that NO emissions using dual-fuel were 

lower than those using pure diesel fuel when the doping ratio of NH3 was less than 40%. 

This is because thermal NO formation is suppressed due to the lower combustion 

temperature. Co-firing NH3 with conventional hydrocarbon fuels is beneficial for the 

energy transition from non-renewable energy utilization to renewable energy utilization 

especially in countries rich in coal, such as China. Some efforts have been made in this 

area. Ammonia co-fired pulverized coal combustion was investigated in a horizontal test 

furnace with a single burner [45], and the results revealed that NOx emissions did not 

increase when the ratio of NH3 was more than 20% of the total lower heating value of the 

fuel. Recently, ammonia-coal co-firing in a fuel mix composed of 20% ammonia was 

successfully applied in an industrial furnace [46]. The studies cited above have typically 

reported NOx emissions. However, studies of soot formation while co-firing NH3 with 

conventional hydrocarbon fuel have rarely been reported. The nonpremixed combustion 

mode in diesel engines, coal furnaces or gas turbines suggests that soot formation is 
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unavoidable even with NH3 addition. To the best of our knowledge, the only reference 

related to soot formation comes from Bockhorn et al [47], who observed that the addition 

of H2 and NH3 was able to decrease soot concentration in premixed propane-oxygen 

sooting flames. 

Another strategy being utilized to decrease CO2 emissions is to increase combustion 

efficiency through increasing the combustion pressure. Extending our understanding of 

the soot formation process with pressure is essential as many practical combustion 

devices operate at higher pressure for an increased thermodynamic efficiency. Due to 

experimental costs and complexity, there is limited fundamental experimental data 

related to soot formation at these high pressures. A majority of these studies have focused 

on soot volume fraction (SVF) and how SVF scales with pressure. A thorough review of 

previous studies focusing on SVF is given in [48].  

Since this review, there has been greater interest in predicting morphological changes of 

soot due to pressure. This is because of new environmental regulations regarding not only 

the amount of soot produced, but particle mass and number density as well. Pressurized 

experiments that have investigated these parameters in fundamental combustion 

environments using both optical and intrusive diagnostics can be found in [29,49–56]. In 

[29], primary particle diameter (dp), fractal prefactor (kf), and fractal dimension (Df) were 

measured in a nonpremixed counterflow flame at pressures up to 10 bar using 

thermophoretic sampling and transmission electron microscopy. In [49,51,56], 

measurements of dp, kf, and Df were made using fuels of methane and ethylene at 

pressures up to 20 bar using the same technique. In [54], measurements of effective 

particle diameter (dpeff) were made using time-resolved laser induced incandescence 
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(TiRe-LII) measurements in a nonpremixed methane/air flame at pressures up to 40 bar. 

While their measurements showed an increase in dpeff, they were unable to conclude if 

this was due to an actual increase in particle dp or to changes in other morphological 

properties. Similarly, in [53], measurements of an average weighted primary particle size 

were found  (D63) which were somewhere between the actual primary particle size and 

the aggregate sizes.      

One aspect contributing to the complexity of high-pressure diagnostics is the limited 

access to the combustion environment. Preventing disturbances to the flow, preserving 

the natural flame chemistry, and limited access to the combustion environment make 

non-intrusive diagnostics an attractive method to investigate flames, yet these diagnostics 

typically rely on a knowledge of soot optical properties. These properties have been 

measured at varying conditions [57,58], but concurrent changes in the primary particle 

size and the aggregate morphology make the optical properties at all locations in the 

flame difficult to determine. Uncertainty in SVF measurements can be significant due to 

uncertainty in the scattering to absorption ratio (𝜌𝑠𝑎) and the refractive index of the soot 

particles [28]. The uncertainty in SVF measurements has resulted in significant 

differences in reported soot scaling measurements with pressure. These pressure scaling 

values are typically reported as Pn with n being some scaling value typically between 1.7 

and 2.3 for ethylene flames [53,59]. These differences are likely due to differences in 

measurement technique and deserve further exploration. 

Another optical technique that has potential for pressurized environments is TiRe-LII. 

Measurements of Dp are typically performed at atmospheric pressure and there is limited 

knowledge on the effectiveness of TiRe-LII in pressurized environments. Due to the 
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higher soot loading in pressurized environments, errors in measured Dp may be 

significant as pressure increases due to the increase in local gas heating, but these errors 

have not been previously assessed. Furthermore, direct comparison with other methods of 

obtaining Dp are necessary to validate this optical technique in pressurized environments. 

Finally, as fundamental experiments on soot formation move towards more practical 

combustion environments, there is a further desire to understand the effects of turbulence 

on the soot formation process. Although a significant amount of work has focused on 1D 

and 2D measurements, there have been some efforts in diagnostic development to obtain 

3D velocity flow fields and 3D soot volume fraction (SVF) found in turbulent flows. The 

development of tomographic particle image velocimetry (PIV) as a mature technique for 

determining flame flow fields has resulted in 3D velocity measurements in several flame 

configurations. This method relies on imaging laser light scattered by tracer particles 

seeded into the flow field. Yet tomographic PIV suffers from several challenges such as 

choice of seeding material, challenges injecting particles into the flow field, non-uniform 

particle seeding, and image noise among others as detailed in [162]. 3D illumination of 

the seeded volume also inherently limits the dimensions of the measurement volume. 

This is because the required laser energy to illuminate the volume is inversely 

proportional to the volume thickness as discussed in [163].  Furthermore the presence of 

seeded particles is not ideal for pressurized environments due to particles damaging 

optical window surfaces, and difficulty in removing particles following experiments. 

Despite these challenges, tomographic PIV has been used extensively in combustion 

environments in an effort to better understand flow fields and mixing which are 

fundamental to any combustion simulation.    
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Previous 3D SVF studies have followed a similar approach to tomographic PIV using a 

volumetric laser to perform laser induced incandescence (LII) [164]. In [164], soot was 

heated volumetrically with a laser and images were taken at 8 angles using high speed 

CMOS cameras with intensifiers gated at 200 ns. Although useful, the authors 

acknowledged that quantitative data would likely underestimate SVF in some regions of 

the flow. This is because the laser fluence was below the plateau region typically used for 

SVF measurements, and thus laser attenuation, flame attenuation, or non-homogenous 

laser profiles may require significant corrections. Thus developing 3D techniques in 

turbulent flames is desirable as fundamental experiments seek to bridge the gap between 

canonical flames and practical combustion devices. 

 

1.4 Objectives 

The objectives of this work are: 

 Investigate soot nucleation pathways by doping nonpremixed counterflow flames 

with several types of PAH. 

 Investigate the effects of ammonia addition on soot formation in a nonpremixed 

counterflow flame configuration 

 Investigate differences of soot pressure scaling factors in pressurized 

environments 

 Investigate the effects of local gas heating on particle size measurements using 

TiRe-LII 

 Develop combustion diagnostics for 3D SVF measurements in turbulent flames 



36 

 

 Investigate the suitability of TiRe-LII in pressurized combustion environments 

and compare these measurements to thermophoretically sampled soot. 
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Chapter 2 

 Apparatus 

In this work, a variety of different flame configurations were utilized depending on the 

studies focus. In this section, each apparatus will be described, and the chapter that they 

were used in will be given.  

2.1 Coflow burner 

The coflow burner has two inlet ports. One inlet port is for the air coflow, and the other 

inlet port for fuel. To distribute the air in a uniform flow a plenum followed by a 5 mm 

Figure 1: CAD drawings of the fuel nozzle on the left and the coflow burner on the right. 
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RECEMAT nickel-chrome foam disc was placed shortly after the air inlet (both air inlets 

are at 90° to the fuel inlet). The disc was 5 mm thick and had 50 0.4 mm holes/inch. 

Above the disc was a layer approximately 55 mm deep of copper beads 2 mm in 

diameter. Finally, one more RECEMAT foam disc was placed near the top. The purpose 

of the plenum, foam discs, and copper beads was to ensure a uniform coflow. The fuel 

nozzle had a 4 mm ID and a 5.6 mm OD. CAD drawings of the coflow burner are shown 

in Figure 1.        

2.2 Counterflow burner 

The counterflow burner used in this study has been previously described in [29]. The 

burner, has two opposing straight ducts with an initial diameter of 8.1 mm. Glass beads of 

1 mm in diameter were placed inside the ducts to distribute the fuel and oxidizer flow. 

The ducts expanded to 8.5 mm at a location 16 mm prior to the burner tip. To maintain a 

top-hat velocity exit profile, a series of 3 wire meshes were installed and held in place 

Figure 2: CAD drawing of half of the counterflow burner. 
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using retaining rings of 0.25 mm thickness. A shroud flow around the fuel and oxidizing 

tube was used. The shroud flow exit was 28 mm in diameter. RECEMAT foam was 

placed near the shroud flow inlet and near the shroud flow exit with glass beads of 1 mm 

diameter in between to provide a uniform exit velocity of the shroud flow. A CAD 

drawing of one side of the counterflow burner is shown in Figure 2, and was taken from 

[60]. 

2.3 Pressure vessel 

The pressure vessel used in these experiments was originally designed by [61], with 

subsequent updates implemented by [62–64]. The pressure vessel was designed for 

pressures up to 40 bar and has 4 port flanges that could be used for optical viewing or 

flame access (Figure 3). The vessel was designed with a removable bottom flange that 

was mounted with x, y, and z axis stepper motors with the z axis motor controlled 

through a LabVIEW program. Gas exhaust was vented to a fume hood. The exhaust vent 

was split immediately following the pressure vessel allowing for a manual bypass exhaust 

and an electronically controlled exhaust system. Just prior to the split, a pressure relief 

valve set to 25 bar was installed to ensure that the pressure vessel did not become over-

pressurized. Pressure inside of the vessel was typically controlled using a back pressure 

regulator with an electronic pressure regulator that was also controlled through a 

LabVIEW program. Gas flow to the burners was metered using Brookes mass flow 

controllers with regulated upstream and downstream pressures. The downstream pressure 

was maintained at a value higher than upstream pressures to prevent changes in flow rate 

being caused by changes in pressure drops. 
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2.4 Thermophoretic sampling device 

The high-pressure sampling device was designed based on a system by [65] with some 

modifications, shown in Figure 4. The pneumatic piston was a Festo Standard cylinder 

model DSBC-63-300-F-PPVA-N3. A custom adaptor was designed to attach the 

Figure 3: Pressure vessel setup. 



41 

 

pneumatic piston to the sealing housing. The sealing housing contains a 3.5cm long 

Teflon tube with an ID of 23 mm. Vacuum grease was used at the entrance of the tubing 

to ensure sealing. The grid holding adaptor was manufactured in house, with reverse 

acting tweezers mounted inside of the adaptor (Figure 4(3a)). The sampling device was 

mounted to a flange that was secured to one of the vessels access ports. A quick release 

valve was used to secure the device to a ball valve. During sampling, vessel pressure 

could be maintained by opening or closing the ball valve while inserting or retrieving 

TEM grids from the tweezers. Once sampling had been completed and the sample 

retracted, excess pressure could be released from the Swagelok ball valve (Figure 4(6)) 

before the quick release was opened. 

  

Figure 4: (1) pneumatic piston. (2) Adaptor to attach (1) to (5). (3) Tweezer holder adaptor. (4) Teflon seal. (5) 

Sealing chamber. (6) Swagelok ball valve (7) Swagelok quick release (8) Ball valve. (9) Flange (Bottom Left Inset) 

(3a) Tweezer holder adaptor with reverse acting tweezers and TEM grid. (Figure adjusted from [177] with added 

Swagelok ball valve) 
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Chapter 3 

 Diagnostics 

This section will give an overview of the diagnostic used in this manuscript. 

Experimental setups for each diagnostic and how the diagnostic was applied will be 

shown in the applicable chapters. 

3.1 Gas chromatography/mass spectrometry/nitrogen detection 

Quantitative measurements of acetylene and benzene, and qualitative measurements of N 

species can be performed offline using gas chromatography-mass spectrometry (GC-MS). 

To perform offline analysis, the instrument is equipped with a 3-way splitter in order to 

split the column flow into MS, flame ionization detector (FID) and nitrogen-phosphorous 

detector (NPD), simultaneously. During sampling, gas was suctioned from a location in 

the flame. Samples were trapped in 1 mL loops using a multi-position valve (model 

EUTA, Valco Instruments Co., USA). The valve is then connected online to the GC-MS 

and each gaseous sample trapped in the loop is transferred into a heated split/split less 

inlet of the GC-MS using helium as a carrier gas. Calibration of the GC-MS system for 

acetylene and benzene quantification are made using calibration gas mixtures of different 

concentration levels and were analyzed using the same GC-MS conditions. The GC-MS 

parameters were as follows: the GC-MS capillary column used was a GasPro 30 m long 

column with a 320 µm internal diameter (cat # 113-4332GS, Agilent technologies, USA); 

helium was used as a carrier gas and the constant column flow was set to 3 mLmin-1; the 

heated split/split less inlet was kept at 250˚C with a split ratio of 15:1. The oven 
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temperature program was set at an initial temperature of 60˚C and was held for 6 min 

before the temperature was ramped up to 240˚C at a rate of 35˚Cmin-1; the final oven 

temperature was kept constant for 4 min. The FID detector was operated at 260˚C with 

hydrogen, air and make up gas (N2) flows at 35, 350, and 15 mLmin-1, respectively. The 

NPD detector was operated at 260˚C with hydrogen, air and make up gas (N2) flow at 3, 

60, and 5 mLmin-1, respectively. The mass spectrometer (MS) was operated using 

electron ionization (EI) source which was kept at 230˚C with electron energy of 70 eV 

and the temperature of the single quadruple mass analyzer was set at 150˚C. The MS 

instrument was tuned and calibrated prior to the analysis according to the manufacturer 

auto-tune specification.   

3.2 Planar laser induced fluorescence 

Qualitative measurements of polycyclic aromatic hydrocarbons (PAHs) can be made 

using planar laser induced fluorescence (PLIF). In this diagnostic, a laser is used to excite 

species to a higher energy level. Following excitation, spontaneous light emission from 

the species can be captured. For most experiments in this manuscript, unless otherwise 

noted, the fourth harmonic of a 10-Hz Nd:YAG laser (266 nm) was used to excite PAH. 

To avoid signal overlap of PLIF and laser induced incandescence (LII), the laser power 

must be adjusted to avoid heating soot particles and subsequent incandescence from those 

particles. Fluorescence from PAHs generally shifts to longer wavelengths as the number 

of rings increases [66–68] with caveats described in [68,69]. Fluorescence from 2-3 ring 

PAHs are typically found in the UV range at 350 nm [68] while 3-4 ring PAHs have been 

shown to fluoresce at 400 nm [69,70]. Larger PAHs are expected to fluoresce at the 450 

nm and 500 nm bandpass filters. It should be noted here that the LIF signals may also 
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arise due to condensed phase nanoparticles in the size range of the order of 1-5 nm [71], 

but such considerations are not addressed in this manuscript. 

3.3 Planar laser induced incandescence 

A powerful diagnostic commonly used to measure both soot volume fraction (SVF) and 

soot primary particle diameter is laser induced incandescence. In this method, soot is 

heated through pulsed laser absorption. Incandescence emissions from the heated soot are 

proportional to SVF with caveats described in [72,73]. LII is commonly performed using 

an Neodymium-doped Yttrium Aluminum Garnet (ND:YAG) laser at either 1064 nm or 

frequency doubled to 532 nm. To obtain measurements of SVF, soot is heated to the 

sublimation temperature using laser fluences between 300-400 mJcm-2 at 1064 nm. Peak 

LII signal is initially linear with laser fluence. The peak signal reaches a plateau region 

once the soot sublimation temperatures have been reached. SVF can then be determined 

using a calibration value to convert laser incandescence intensity emissions to SVF.    

Estimation of the soot primary particle diameter can be made by matching modeled 

cooling curves to experimental data [74,75]. Model development and refinement is 

necessary to accurately predict primary particle sizes using time resolved laser induced 

incandescence (TiRe-LII). A thorough review on TiRe-LII modeling is given in [76] with 

further updates given in [77]. This experimental diagnostic has been used in a range of 

combustion experiments at atmospheric pressure and in pressurized environments to 

measure primary particle size as discussed in [77–81]. 

Particle-size measurements with time-resolved LII are based on smaller particles cooling 

faster than larger particles following laser heating. This is due to their larger surface-to-
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volume ratio [82]. The LII model assumes individual particles are cooling, although 

shielding due to the aggregate structure has previously been explored in [83,84] and can 

be used in our LII model. The LII model used in this work is introduced in [85] and is 

largely based on the Michelsen model described in [76,86]. Briefly, this model tracks the 

internal energy (dUint) gained and lost through several mechanisms. Particle heating is 

predicted through absorption of laser light (Qabs) and oxidation (Qox). Particle cooling is 

predicted through conduction (Qcond) [87], sublimation (Qsub), radiation (Qrad) and 

thermionic emissions (Qtherm) (Equation 1). Thermal annealing is neglected in the LII 

model used in this work due to challenges in model accuracy that were previously 

discussed in [85].  

𝑑𝑈𝑖𝑛𝑡

𝑑𝑡
= 𝑄𝑎𝑏𝑠 + 𝑄𝑜𝑥 − 𝑄𝑐𝑜𝑛𝑑 − 𝑄𝑠𝑢𝑏 − 𝑄𝑟𝑎𝑑 − 𝑄𝑡ℎ𝑒𝑟𝑚               Equation 1  

Particle mass loss (dmp) is accounted for through sublimation (msub) and oxidation sub-

models (mox) (Equation 2). 

𝑑𝑚𝑝

𝑑𝑡
=  −𝑚𝑠𝑢𝑏 − 𝑚𝑜𝑥                                            Equation 2 

To simulate particle heating via energy absorption from the laser, the following 

expression from [76] is used:  

𝑄𝑎𝑏𝑠 =
𝜋3𝑑𝑝

3𝐸(𝑚)

𝜆𝑙

𝐹𝑞(𝑡)

𝑞1
                                           Equation 3 

In this equation, dp is the initial particle diameter, E(m) is the soot absorption function, λl 

is the wavelength of the laser, F is the laser fluence, and q(t) is the laser temporal profile 

normalized by q1. It should be noted that the concept of emissivity does not precisely 
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apply to soot, as emissivity is a bulk property. The emissivity here should be viewed as 

more of an efficiency of radiation and absorption that is dependent on E(m). 

To simulate energy additions via oxidation, the following expression from [86] is used:  

𝑄𝑜𝑥 =
−𝛥𝐻𝑜𝑥−2𝛼𝑇𝑐𝑝𝐶𝑂𝑇𝑔

𝑊1
(

𝑑𝑚𝑝

𝑑𝑡
)

𝑜𝑥
                                                          Equation 4 

In this equation ΔHox is the enthalpy of reaction, αT is the thermal accommodation 

coefficient, cpCO is the specific heat of CO, Tg is the gas temperature, and W1 is the 

molecular weight of carbon. This is multiplied by the mass loss due to oxidation shown in 

Equation 10. The specific heat utilized in the model is temperature-dependent and comes 

from [86]. 

The conduction equation plays the largest part in the particle cooling rate, especially once 

particle sublimation decreases. In TiRe-LII, there are several conduction models available 

as reviewed in [88]. In this work, the model first described in [87] and later described in 

[86] is used as shown below: 

𝑄𝑐𝑜𝑛𝑑 =
2𝜋𝑑𝑝

2𝑘𝑔

𝑑𝑝+ 𝜆𝑀𝐹𝑃𝐺
(𝑇𝑝 − 𝑇𝑔)                                              Equation 5 

In this equation kg is the gas thermal conductivity, λMFP is the gas mean free path, G is the 

geometry dependent heat transfer factor (wherein the thermal accommodation coefficient 

(TAC) is contained), and Tp is the particle temperature.  This is one of the more 

commonly utilized LII conduction models, yet has several drawbacks as described in 

[88]. 

For energy losses due to sublimation the following expression from [86] is used: 
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𝑄𝑠𝑢𝑏 = −
𝛥𝐻𝑣

𝑊𝑣
(

𝑑𝑚𝑝

𝑑𝑡
)

𝑠𝑢𝑏
                                                               Equation 6 

In this equation, -ΔHv is the enthalpy of formation of carbon clusters from C1 to C6 and 

Wv is the molecular weight of each respective cluster. This expression is multiplied by the 

mass loss due to sublimation shown in Equation 9. 

Radiation losses are found using Planck’s law as shown in Equation 7.  

𝑄𝑟𝑎𝑑 = 𝜋𝑑𝑝
2 ∫ 𝐸(𝑚, 𝜆)

2𝜋ℎ𝑐2

𝜆5[exp(
ℎ𝑐

𝜆𝑘𝑏𝑇𝑝
)−1]

𝑑𝜆
∞

0
                           Equation 7 

In this equation, E(m,λ) represents either a constant soot emissivity or wavelength 

dependent soot emissivity, h is Planck’s constant, c is the speed of light, λ is the 

wavelength of light, and kb is Boltzmann’s constant. 

The final heat transfer mechanism is due to thermionic emissions as described in [86].  

𝑄𝑡ℎ𝑒𝑟𝑚 =
4𝜙𝑚𝑒(𝜋𝑑𝑝𝑘𝑏𝑇𝑝)

2

ℎ3 exp (−
𝜙

𝑘𝑏𝑇𝑝
)                                            Equation 8 

In this equation, ϕ is the work function and me is the mass of an electron. This heat loss 

mechanism is due to electron emissions from the particle and are typically insignificant. 

Mass loss due to sublimation in the free molecular limit of mass transfer comes from [86] 

and is shown in Equation 9. 

𝑑𝑚𝑝

𝑑𝑡 𝑗
= −

𝜋𝑑𝑝
2𝑊𝑗𝑈𝑗𝛼𝑗𝐵𝑗

𝑅𝑝𝑇𝑝
                                    Equation 9 

In this equation, Wj is molecular weight of the carbon cluster, Uj is the velocity of the 

sublimed species from the surface, αj is the mass accommodation coefficient of the 



48 

 

respective carbon species, Bj is the convective and diffusive contribution to heat and mass 

transfer and Rp is the universal gas constant in effective mass units. 

The second mass loss equation is due to oxidation in the free molecular limit of mass 

transfer as shown in Equation 10 [86].  

𝑑𝑚𝑝

𝑑𝑡
= −

2𝜋𝑑𝑝
2𝑊1𝑘𝑜𝑥

𝑁𝑎
                        Equation 10 

In this model, kox is the rate constant for oxidation and Na is Avogadro’s constant. One 

should note that equations (9) and (10) describe mass transfer in the free molecular 

regime which does not apply – with excellent accuracy – to our experiments in the 

pressurized environment, i.e. 10 bar. A mass transfer model developed for transition 

regimes would yield better results. Significant uncertainty remains in this model due to 

underlying physical phenomena in soot formation. This includes the models dependence 

on thermal annealing, the concentration of reactive gas, etc. There is further uncertainty 

in this model because the rate constant depends on the particle maturity prior to lasing, 

and can change due to particle annealing. The effects due to annealing were not included 

in this work due to the low laser fluences used. 

3.4 Extinction imaging 

3.4.1 2D diffuse line of sight attenuation 

2D diffuse line of sight attenuation (2D LOSA) is a light extinction technique to 

retrieve information of the soot volume fraction in a flame. A complete description of this 

technique can be found in [89]. In this technique an LED is attached to an integrating sphere 

to create a Lambertian light profile. Two achromatic lenses with anti-reflective coating and 
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focal lengths of 100 mm and 300 mm are mounted to the integrating sphere to enlarge (3x) 

and image the light source to the burner. The burner is then imaged to the CCD camera 

through two coated achromatic lenses (f = 750 mm) with an aperture between the lenses of 

d = 10 mm. A bandpass filter centered at the desired measurement wavelength can then be 

mounted in front of the CCD camera. Path averaged extinction measurements (KL) are 

acquired by taking sequential images of the flame with back-illumination (I) and without 

back illumination (If), as well as images of the illuminated setup (I0) and non-illuminated 

setup with no flame (Ibg). The 2D KL maps were then derived by taking the negative log of 

the extinguished light divided by the transmitted light (Equation 11).                  

𝐾𝐿 =  − 𝑙𝑜𝑔10(
𝐼−𝐼𝑓

𝐼0−𝐼𝑏𝑔
)                              Equation 11 

Local extinction values can be found by taking a tomographic inversion such as the 3-

point Abel inversion [90] of the negative log of the ratio of extinguished to transmitted 

light. Finally SVF is found using Equation 12. 

𝑓𝑣 =
𝐾𝑒𝜆

6𝜋(1+𝜌𝑠𝑎)𝐸(𝑚)
            Equation 12   

In this equation, Ke is the local extinction coefficient, λ is the wavelength used for 

measurements, ρsa is the ratio of scattered to absorbed light, and E(m) is the soot 

refractive index. A discussion of measurement uncertainty using this technique was 

previously given in [91]. Measurements of E(m) have been typically done in atmospheric 

pressure flames with a large variance of values described in literature. In Migliorini et al. 

and Skeen et al., it was found that E(m) is dependent on both wavelength and height 

above the burner [92,93]. The dependence on wavelength was shown to decrease at 

locations higher in the burner. A summary of reported measurements from the literature 
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was given by Hadwin et al. where E(m) measurements are reported to vary between 0.18 

and 0.42 [94]. This variance indicates a measurement uncertainty in calculated SVF as 

high as 133%. 

3.4.2 Diffuse backlight extinction imaging 

DBIEI is an extinction technique for non-steady flows. In this technique, custom LEDs 

provide backlight illumination that is synchronized with a fast camera. The LEDs pulse 

on for a single frame and off for the second frame. The pulsing provides a measurement 

of the light extinction and of the flame background to determine the flames optical 

thickness. 

3.5 Multi-color pyrometry 

Measurements of soot temperature can be optically determined using a technique called 

multi-color pyrometry. This method measures the soot temperature by detecting the flame 

luminosity from at least two wavelengths. The intensity ratio between the different 

wavelengths can be converted to temperature by fitting the ratios to Planck’s law [95]. 

The multi-color LII measurement method has commonly been used in LII particle 

measurements [96–98] yet suffers from uncertainties related to detection setup as 

discussed in [99], and uncertainties in the soot absorption function as described in [100]. 

Further investigation of uncertainty was performed by [101] where they performed 

Monte Carlo simulations to quantify the uncertainties in a range of parameters relevant to 

the two-color pyrometry procedure. More recently, a series of papers by [94,102,103] 

take a Bayesian approach to quantifying the uncertainties that propagate through the 

pyrometry, including a thorough study of the effect of E(m). Even more recently in [73] it 



51 

 

is noted how temperature and apparent SVF are highly correlated, such that noise is 

significantly amplified.  

3.6 Thermophoretic sampling and transmission electron microscopy 

Thermophoretic sampling is a commonly used technique in soot diagnostics to study 

particle size and morphology. Typically, a transmission electron microscopy (TEM) grid 

is rapidly inserted into a flame and retracted. As the grid passes through the flame, hot 

soot particles stick to the cold grid surface due to thermophoretic forces. One of the 

drawbacks of rapid insertion thermophoresis is the intrusive effects of the probe causing 

hydrodynamic changes in the flame [104]. These hydrodynamic changes can result in 

changes in the captured particles temperature-time history. Furthermore, the probe can 

affect flame temperatures thus modifying chemical kinetics in the flame [105]. To 

minimize these effects, probes with low mass, and rapid insertion of the probe are 

required.  

In this work, a custom thermophoretic sampling device was constructed for retrieving 

soot from high pressure environments. The high pressure sampling device was designed 

based on [65] with some modifications (Figure 5). The pneumatic piston was a Festo 

Standard cylinder model DSBC-63-300-F-PPVA-N3. A custom adaptor was designed to 

attach the pneumatic piston to the sealing housing. The sealing housing contains a 3.5 cm 

long Teflon tube with an ID of 23 mm. Vacuum grease was used at the entrance of the 

tubing to ensure sealing. The grid holding adaptor was manufactured in house (Figure 5 

Bottom-left inset). Reverse acting tweezers were mounted inside of the adaptor.  The 

sampling device was mounted to a flange that was secured to one of the vessels access 
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ports. A quick release valve was used to secure the device to a ball valve. During 

sampling, vessel pressure could be maintained by opening or closing the ball valve while 

inserting or retrieving TEM grids from the tweezers. 

Once the grid is retrieved, TEM can be used to image soot particles to study particle size, 

and agglomerate morphology [106]. For particle sizing, there are several methods for 

measuring individual particles. These can be grouped into three main categories: 

manually, semi-automatically, and automatic particle sizing. A recent investigation 

focusing on the manual method and automatic methods found significant discrepancies 

between these methods [107] with the circular Hough transform method under-predicting 

particle sizes and Euclidian distance mapping over-predicting particle sizes. Furthermore, 

operator bias while imaging TEM grids, and during image analysis can be significant 

depending on operator experience with experienced operators showing discrepancies of 

±3.5% and inexperienced operators showing discrepancies of ±17% [108].   

Figure 5: Pneumatic sampling device constructed for high pressure sampling. The top portion shows the piston, the 

adaptor that connects to the piston, the ptfe tubing and sealing chamber and quick release valves to remove the 

grids. The bottom shows the adaptor holding the sampling tweezers and the TEM grid. 
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Chapter 4 

 Investigation of soot nucleation precursors 

4.1.1 Introduction 

In this work, the nucleation pathways of soot are experimentally investigated by seeding 

PAH into the flame and measuring soot volume fraction and PAH PLIF. PAH was seeded 

at 473 ppm while the carrier fuel (ethylene) flow rate was kept constant. This results in a 

nearly identical gas phase between each condition. Thus, any increase in SVF can be 

attributed to soot nucleation rather than surface growth.  Furthermore, we are able to 

investigate the fluorescence emissions of several PAH at flame temperatures. These 

measurements were done to increase understanding of PAH PLIF measurements in 

combustion environments and to improve understanding of the soot nucleation process. 

4.1.2 Burner set-up and measurements 

In these experiments, a soot formation flame in a counterflow burner at atmospheric 

pressure was used as described in [109]. Briefly, the counterflow burner consists of two 

opposed flow jets separated by a distance of 8 mm. The nozzles have a 10 mm ID and the 

fuel and oxidizer velocity were maintained at 20 cm/s. MFC’s were used to control gas 

flow and a liquid injection system that included a syringe pump, and a Bronkhorst liquid 

vaporization unit was used for vaporizing liquid fuels into the main fuel flow. The 

vaporization unit was set to 200 ˚C, and fuel lines were heated to 200 ˚C all the way to 

the burner outlet. The oxidizer side was also heated to 200 ˚C.  Liquid solutions 

containing pure benzene, benzene + naphthalene, benzene + 1-iodo-2-phenylacetylene 

(hereafter referred to as phenylacetylene), benzene + indene, and benzene + pyrene were 
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made by dissolving the PAH into the benzene with a PAH to benzene ratio of 1:21 by 

weight. The addition of naphthalene and pyrene are intended to test nucleation rates of 

the physical/chemical coalescence model. The addition of phenylacetylene is to test the 

PRSC nucleation model and the addition of indene was to test the CHRCR nucleation 

model. Fuel and oxidizer flow rates are shown below. The liquid solution was introduced 

into the fuel at 10,000 ppm for each case except for the pyrene case. The resulting PAH 

addition in the fuel stream would be 476 ppm for all cases except for pyrene addition 

where several tests indicated that not all pyrene was vaporized. For the pyrene case, the 

concentration of pyrene introduced through the fuel nozzle was unknown due to the high 

differences in vaporization temperature between the pyrene and the benzene.  

Table 1: Flame conditions used in experiments and PAHs added into the flame. The PAHs chosen are typical 

precursors in each of the nucleation mechanisms described in the knowledge gaps section. 

Dopant Structure Nucleation Initiator 

None (Reference flame pure 

ethylene) 

  

Benzene 
  

Naphthalene 
 

Physical/chemical coalescence mechanism 

1-iodo-2-phenylacetylene 
 

PRSC mechanism 

Indene 
 

CHRCR mechanism 
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Pyrene 
 

Physical/chemical coalescence mechanism 

 

Additionally, following pyrene injection, it would take several hours of gas flow rate to 

remove the pyrene from the fuel tube. The fuel stream was not heated further since 200 

˚C was at the upper heating limit.  

Oxidizer mL/min Fuel mL/min 

N2 O2 C2H2 Liquid 

660 283 942 0.94248 

  

PAH measurements and LII measurements were taken sequentially and captured at 90˚ 

relative to the laser sheet using an ICCD camera with the gain set to the maximum value 

as shown in Figure 6. PAHs were excited using the 4th harmonic of an ND:YAG laser at 

266 nm. The beam was initially cropped through a 2 mm aperture. Laser power was 

Figure 6: Experimental setup for measuring PAH PLIF and PLII. The beam path is shown to not overlap, but in the 

experiments, and an adjustable mirror was used to place the 1064 nm laser sheet in the same location as the PLIF shot. 
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monitored using a power meter and a beam sampler. The laser sheet was formed using a 

plano-concave cylindrical lens (f = -50 mm) and focused on the burner tip with a plano-

convex cylindrical lens (f = 400 mm). PAH fluorescence was detected using band pass 

filters centered at 320 nm ±10 nm, 350 nm ±10 nm, 400 nm ±10 nm, and 450 nm ±10 

nm. A camera gate width of 100 ns was used with the camera gate starting 20 ns prior to 

the laser shot. Five images were taken that each consisted of an accumulation of 25 shots. 

Another ND:YAG laser at the fundamental frequency of 1064 nm was used for LII. The 

laser sheet was generated by cropping the laser beam using a square aperture. The LII 

signal was detected at 435 nm ±25 nm with a gate width of 50 ns and a 0 ns delay 

following the laser. A set of 100 images were captured for each condition and ensemble 

averaged to account for shot to shot noise in the laser system and camera system. A laser 

power of 454 mJ/cm2 was found to be in the LII plateau region. The LII images were 

calibrated using a laser extinction with a HeNe laser centered at 632.8 nm. Extinction 

measurements were taken throughout the flame region and the calibration value was 

taken at the peak extinction location. 

4.1.3 Results and discussion 

4.1.3.1 PAH PLIF 

PAH PLIF was detected at several wavelengths. By seeding the fuel with PAH, 

visualization and tracking of the PAH up to the fuel plane was possible. The images on 

the left of Figure 7 show PAH PLIF measurements at each respective wavelength for the 

maximum pyrene injection rate. The maximum signal for pyrene was found at 400 nm. 

The peak signal was found by averaging a location between 0.25 and 0.75 mm from the 
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fuel tip and plotted versus the measurement wavelength in the right of Figure 7. These 

results do not take into account camera efficiencies or optical efficiencies at each 

respective wavelength, but are valuable for showing where PLIF signals from different 

sized PAHs can be expected. For benzene, phenylacetylene, indene, and naphthalene, the 

peak signal was found using the 320 nm bandpass filter. For the pyrene, the peak signal 

was at 400 nm. A discussion of expected fluorescence bands is given in section 3.2. The 

injected PAH followed expected trends with PAHs of smaller sizes fluorescing at the 

shorter wavelengths, and pyrene, the largest PAH injected, showing peak fluorescence at 

400 nm. 

Figure 7: Left- PAH PLIF with pyrene addition for each of the respective bandpass filters. Right- Normalized 

peak signal averaged between 0.5 and 1 mm from the fuel tip at each respective wavelength. The legend 

indicates which aromatic was doped in each condition.  
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In Figure 8, the experimental results for the reference case of pure ethylene and ethylene 

with benzene addition are shown on the left. For the 320 nm filter and 350 nm filter, the 

benzene addition showed higher fluorescence than the reference flame immediately 

following the fuel nozzle. This indicates that benzene was the species where fluorescence 

was detected. The fluorescence signal from the 320 nm filter begins to increase at around 

5 mm from the oxidizer tip with the peak fluorescence being slightly larger than the 

reference flame. The fluorescence intensity from this filter then disappears at around 4 

mm from the oxidizer tip and SVF begins to appear between 3-4 mm from the oxidizer 

tip. All of the other PLIF filters showed peak intensities that were higher with benzene 

addition as compared to the reference flame. Finally, SVF was higher for the benzene 

addition case.  

On the right side of Figure 8, PAH PLIF measurements and PLII measurements with 

naphthalene addition. Fluorescent signal was detected directly after the fuel nozzle with 

the 320 nm filter, 350 nm filter, and 400 nm filter. The naphthalene fluorescence intensity 

was significantly higher than when only benzene was added. This is because benzene has 

a peak fluorescence at around 300 nm and thus has weak fluorescence at 320 nm. The 

Figure 8: Left-PAH PLIF and PLII measurements for base fuel case and benzene addition. Right- PAH PLIF and 

PLII measurements with naphthalene addition. 
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320 nm filter and 350 nm filter can be mainly attributed to naphthalene since the 

naphthalene signal is significantly higher than when only benzene is added into the fuel 

stream. For the naphthalene addition, the signal at 320 nm and 350 nm filter steadily 

increases up to 5 mm from the oxidizer tip and then rapidly drops. This would indicate 

that the peak naphthalene/benzene concentration of the flame is lower than the doped 

naphthalene concentration of ~476 ppm. The signal from the 320 nm and 350 nm filters 

is mainly gone when SVF begins to form while the 400 nm filter peaks as the SVF begins 

to form.  

Figure 9 shows the PAH PLIF measurements and PLII measurements for 

phenylacetylene addition. Phenylacetylene PLIF was detected at 320 nm, 350 nm, and 

400 nm immediately following the fuel burner exit, but was significantly lower than the 

fluorescence intensity detected with naphthalene addition. While SVF begins to form in a 

similar location to the reference flame, the signal from the 320 nm and 350 nm bandpass 

filters had mostly disappeared by this time. This indicates a conversion of 

phenylacetylene to some other species at this point. The 400 nm and 450 nm BP filter 

Figure 9: PAH PLIF and LII measurements with 

phenylacetylene addition. 
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peaked at a location that was similar to the reference flame. The transition of phenyl-

acetylene into soot or some other species may also be delayed due to the temperature 

required to remove the iodine from the iodo-phenylacetylene.  

The left side of Figure 10 shows the measurements when indene was added to the fuel 

stream. Fluorescence from indene was detected at 320 nm immediately following the fuel 

nozzle with minor fluorescence for the 350 nm filter. Prior to the peak signal of indene, 

there is a drop in indene signal intensity for the 320 nm filter at ~5-5.5 mm from the 

oxidizer tip. This drop would indicate consumption of indene that is occurring without 

any appreciable increase in SVF. The signal then increases again until it peaks at ~4.5 

mm from the oxidizer side. Finally, the signal drops as SVF begins to form at ~4.5 mm 

from the oxidizer side. 

On the right side of Figure 10 are the PLIF and PLII measurements when pyrene was 

added. Fluorescence from pyrene was detected following the fuel nozzle with the 400 nm 

and 450 nm bandpass filters. There is a drop of signal from the 400 nm bandpass filter 

between 5 and 5.5 mm from the oxidizer side that then levels out between ~4.3 and 4.8 

Figure 10: Left-PAH PLIF and LII measurements with indene addition. Right- PAH PLIF and PLII measurements with 

pyrene addition. 
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mm before continuing to drop completely. Again, this drop in signal does not correspond 

to any appreciable increase in SVF. Later, there is significant overlap of fluorescence 

signal from the 400 nm filter with the SVF formation. This overlap is typical of the other 

conditions as well and corresponds to a rapid increase in SVF. One possible explanation 

for the increase in SVF at this stage and decrease in PLIF signal from the 400 nm filter 

may be that pyrene has some sort of surface growth mechanism that contributes to soot 

growth. The consumption indicated by the 400 nm filter decrease could also be explained 

through the physical coalescence + reaction model where the pyrene signal is decreasing 

due to the dimerization mechanism, and later growth results in soot.  

It is challenging to attribute soot nucleation to any specific PAH that was added into this 

flame based on PAH PLIF alone. This is due to the complex reactions taking place within 

the flame front. Another indication of an increased nucleation rate could be indicated by 

increased peak SVF. Since each of the PAHs is being doped at minor concentrations, they 

are expected to encounter nearly identical gas phase conditions. While the majority of 

soot volume fraction is due to surface reactions on nucleated species, an increase in 

nucleated species would result in a higher measured SVF. Figure 11 shows the peak PLII 

signal for each PAH addition except for pyrene addition. The error bars represent the 

standard deviation of the shot-to-shot signal. The highest peak signal intensity was found 

from the phenylacetylene addition followed by naphthalene, then indene, and finally 

benzene. Thus, of the shown soot measurements, phenylacetylene appears to be the best 

candidate as a soot nucleation molecule. The 5 membered ring indene does not appear to 

be favored for soot nucleation as hypothesized in [36] based on the low peak SVF. Due to 

challenges in seeding pyrene into the flow, a direct comparison with the other conditions 
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was not possible. The increase in SVF and the 450 nm signal at later stages with the 

corresponding decrease in signal at 400 nm indicates that pyrene may be a undergoing a 

conversion to larger PAHs which may be related to the physical coalescence and reaction 

mechanism described in [24]. Other methods of doping the flame may be required to 

investigate larger PAHs such as pyrene in the future. 

4.1.4 Conclusion 

In this chapter, measurements using PLIF and PLII were taken when doping a 

nonpremixed counterflow flame with several types of PAH. Several conclusions can be 

drawn from the experimental results. 

 Fluorescence from 1 ring and 2 ring PAH was highest at the detection 

wavelength of 320 nm and 350 nm. Fluorescence from the 4 ring PAH was 

highest at a detection wavelength of 400 nm and 450 nm. 

 The nucleation pathway hypothesized in [36] initialized by 5 membered rings 

does not seem to be a favorable pathway for soot nucleation. 

Figure 11: Peak PLII signal intensity for each PAH addition. 
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 Soot formation was most sensitive to phenylacetylene addition and further 

experimentation is required to investigate the role of phenylacetylene and pyrene 

in soot nucleation.  
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Chapter 5 

 Ammonia Combustion 

5.1 Soot formation in laminar flames of ethylene/ammonia (accepted to 

combustion and flame June 2020) 

5.1.1 Introduction 

In this study, the addition of NH3 on soot formation was investigated with C2H4 as a 

reference fuel in a nonpremixed counter-flow burner. Ammonia is currently being 

investigated as a “future fuel” especially in the marine industry where CO2 emission 

targets are expected to be half of the 2008 levels by 2050. Due to the difficulty in burning 

ammonia, dual firing ammonia with hydrocarbons has been proposed, but there is limited 

information on the effects of ammonia addition on soot formation when using this 

strategy. These experiments were performed to further understand how ammonia affects 

the soot formation process.    

The concentration of polycyclic aromatic hydrocarbon (PAH) and soot volume fraction 

(SVF) were monitored using planar laser induced fluorescence (PLIF) and planar laser 

induced incandescence (PLII) methods, respectively. Concentration measurements of 

acetylene, benzene, and nitrogen containing compounds were made using offline Gas 

chromatography/Mass spectrometry technique (GC-MS). Further, the chemical effects of 

NH3 additions were investigated by simulating the experiments using the counter-flow 

model in the Chemkin Pro package with a C2-NH3 mechanism.  
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5.1.2 Burner set-up and measurements 

The counterflow burner used in this study has been previously described in [29] and is 

shown in section 2.2.  The burner was placed in an airtight vessel to avoid personnel 

exposure to NH3 as shown in Figure 12. Fuel was supplied from the top side and oxygen 

enriched air was supplied from the bottom. A separation gap of 7.35 mm was used for all 

conditions. The gas exit velocity from the fuel and oxidizer side was kept constant as 

15.05 cm/s corresponding to a global strain rate of ranging between 79.2 and 81.2 s-1 for 

condition 4 and condition 1 respectively. The global train rate is defined as in [110,111]. 

𝑎𝑔 =
2𝑉𝑓

𝐿
(

1

𝑉𝑟
+

√𝛒f

√𝛒a
)        Equation 13 

For the oxidizer side, air was enriched to 24.95% O2 with the remainder N2 by mole. This 

was done to promote soot formation and thus improve signal to noise ratio during 

measurements. It is also noted that for the case studied here, the fuel content is fixed so 

that the nitrogen diluent is substituted with ammonia as shown in Table 1. All conditions 

given are soot formation (SF) flames with Zst < 0.5 according to the definition given in 

[112]. 



66 

 

 

Table 2: Experimental conditions showing volumetric flow percent for the fuels and 

diluents. 

Condition Ethylene 

ml/min 

Nitrogen 

ml/min 

Ammonia 

ml/min 

1 384.3 128.1 0 

2 384.3 97.4 30.7 

3 384.3 64.1 64.1 

4 384.3 0 128.1 

 

In this study, GC/MS/nitrogen detection, planar laser induced incandescence (PLII), and 

PAH planar laser induced fluorescence were utilized. A description of the GC-

MS/nitrogen detection is given in section 3.1. Samples were taken from the burner 

Figure 12: Experimental setup. Counterflow burner was setup inside a pressure vessel. PLII, PLIF, and gas sampling 

setup are shown in the figure but measurements were not performed simultaneously. 
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centerline using a 10 mm ceramic tube with a 1 mm OD. The ceramic tube was expanded 

into another ceramic tube of 3 mm OD. Each location was sampled for a minimum of 5 

minutes to ensure that the sample line was cleared of any gas residue from other sample 

locations. Sampling was repeated 3 times for condition 1 to ensure repeatability and GC-

MS measurements showed an error of less than 20% between measurements. 

PLII measurements were taken using a 5-Hz ND:YAG laser at the fundamental frequency 

of 1064 nm. The laser sheet was formed by first cropping the beam with a 1 mm slit. The 

beam was relay imaged to the burner with an f = 400 mm cylindrical lens placed between 

the burner and the slit at a 2f distance. The laser had an average shot to shot power 

deviation of 2.3% and an average laser fluence of 415 mJ/cm2. A knife edge was used to 

measure the beam profile in 1 mm increments and the cropped beam profile had a 

deviation of less than 20% thus maintaining the LII signal within the signal plateau 

region. Images were acquired at 90° to the laser sheet using an ICCD camera with a 435 

±20 nm bandpass filter. The camera had a gate width of 50 ns and began acquiring the LII 

signal 20 ns following laser heating. The spatial resolution of the camera was 0.027 

mm/pixel. Timing between the camera and laser system was achieved using a delay 

generator. A total of 100 shots at each condition were acquired and ensemble averaged to 

account for deviations in the laser system, camera system, and flame fluctuations. The 

flame background was removed by ensemble averaging 100 shots of the flame 

background and subtracting these from the LII images. A calibration value for the LII 

measurements was found using LII measurements from flame condition 1 and SVF 

measurements made using 2D diffuse line of sight attenuation (2D LOSA) at condition 1. 
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2D LOSA measurements were performed at 655±25 nm. Values for ρsa and the soot 

refractive index were chosen as 0 and m = 1.57 - 0.56i based on [113]. 

Measurements of polycyclic aromatic hydrocarbons (PAHs) were made using planar laser 

induced fluorescence (PLIF). The fourth harmonic of a 10-Hz Nd:YAG laser (266 nm) 

was used to excite PAH. The laser power was adjusted to avoid laser induced 

incandescence signal and had an average shot to shot power deviation of 6.4%. The laser 

sheet was formed by initially cropping the beam using a circular aperture with a diameter 

of 4 mm. The beam was then expanded with an f = -50 plano-concave cylindrical lens 

and focused to the burner with an f = 400 mm cylindrical lens. A laser sheet of 

approximately 400 µm was formed at the burner tip. An ICCD camera capturing 5 

images of a 50 shot accumulation was used to capture images at 90° relative to the laser 

sheet. The camera gate was set to 250 ns, and imaging began 50 ns prior to lasing. A 

delay generator was again used to synchronize the camera and laser system. Images were 

acquired using 4 bandpass filters at 350±10 nm, 400±10 nm, 450±25 nm, and 500±10 

nm. Background images without laser excitation were taken and subtracted from the 

PLIF images. 

5.1.3 Results and discussion 

5.1.3.1 Soot Volume Fraction 
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Profiles of soot volume fraction, SVF were extracted from the measured images by 

averaging a 0.16 mm wide area along the nozzle centerline as shown in the top plot of 

Figure 13. The mean values are represented by the curves while the shaded areas 

represent the standard deviations due to random experimental error that were calculated 

from the 100 LII images taken. Uncertainties due to the LII measurement technique or 

the calibration method are not included in this figure but are discussed in Section 2.2.1.  

The baseline case with 75% ethylene and 25% nitrogen had the highest SVF values. In 

this work, the addition of ammonia was found to be more effective than nitrogen addition 

for inhibiting soot formation. Similar experimental phenomenon has been previously 

Figure 13: Top- SVF profiles for conditions 1-4 as a 

function of distance from the fuel tip. Bottom- Peak SVF 

versus ammonia addition. 



70 

 

observed in a premixed sooting flame [47]. The bottom plot in Figure 13 shows peak soot 

formation values versus the percent addition of ammonia. The addition of ammonia at 

6%, 12.5%, and 25% each had significant reduction effects on soot volume fraction 

decreasing peak SVF by approximately 4-6% for each percent increase in ammonia.  

The impact of any additive/diluent on soot formation can be attributed to collision effects, 

thermal effects and chemical effects. In this study, the N2 on the fuel side is partially or 

totally replaced by NH3 for a total mixture of 75% ethylene and the remainder being N2, 

or NH3. This means the collision effect of N2 and NH3 on soot formation is expected to 

be the same. The thermal effect is negligible, which is evidenced by the simulated 

temperature profiles as shown in Figure 14. It should be noted that due to the lack of a 

soot model in our modelling work that heat losses due to soot radiation are not included 

in the temperature simulations but have been found to reduce temperature by less than 

2% for a counterflow flame with a peak SVF value of ~2.4 ppm [114]. Therefore, it is 

reasonable to deduce that differences in the soot volume fractions noted between the 

cases listed in Table 1 are due to the chemical effect of NH3 on soot mechanisms. 

Figure 14: Simulated centerline temperature profiles for each 

condition 
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5.1.3.2 PAH and GC-MS measurements 

PAH is regarded as the main soot precursor [17,23]. To investigate the potential reasons 

for decreasing SVF with ammonia addition, PAH PLIF was performed. Profiles from 

these measurements were made by averaging an area 0.55 mm wide along the burner 

centerline and are shown in Figure 15(a-d). The shaded area represents standard 

deviations from random experimental noise and were calculated from the 5 accumulated 

images. For the 350 nm BP filter, nominally corresponding to 2-3 ring PAH, the 

fluorescence counts are nearly the same for each of the conditions. This means the 

formation of 2-3 ring PAH is not affected by NH3 addition in the counterflow SF flame 

configuration. Interestingly, the signal trends for PLIF measurements of larger PAHs are 

different than that of the 2-3 ring PAH. The PLIF profiles using the 400 nm BP filter 

corresponding to 4 ring PAH begin to diverge. The reference flame (condition 1) has the 

highest peak fluorescence counts. The 6% ammonia (condition 2) and the 12.5% 

ammonia (condition 3) fall within the error bars of each other. Finally the addition of 

25% ammonia had the lowest fluorescence counts (condition 4).  The 450 nm BP filter 

showed a larger deviation between each condition as compared to the reference flame 

with the same trends as the 400 nm BP filter. Finally the 500 nm BP filter showed the 

highest divergence between the conditions with 0% ammonia addition having the highest 

fluorescence counts followed by the 6%, 12.5% and then 25% ammonia addition. Trends 

for the 400 nm images, 450 nm images, and 500 nm images of PAH PLIF were consistent 

with the measured soot volume fraction trends found using LII with condition 1 showing 

the highest fluorescence counts and conditions 4 showing the lowest fluorescence counts. 
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One of the advantages for investigating soot formation using a counterflow burner is that 

soot formation and soot oxidation are separated, and the growth of small PAH toward 

larger PAH and soot particles is spatially visible.  

In C2H4 flames, it is widely accepted that 2 ring PAH is dominantly formed via the 

hydrogen abstraction acetylene addition (HACA) route [19], where acetylene and 

benzene are the most important precursors. GC-MS measurement results revealed that the 

peak concentrations of acetylene was within a factor of 2 for flame conditions 1, 3 and 4 

(C2H4/N2/NH3 = 75%/25%/0%, 75%/12.5%/12.5%, 75%/0%/25%), as shown in Figure 

16 and nearly overlap for benzene concentration measurements. The uncertainty bars 

Figure 15: PAH PLIF profiles corresponding to (a) 350 nm BP filter, (b) 400 nm BP filter, (c) 450 nm BP 

filter, and (d) 500 nm BP filter. 
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included in Figure 16 represent the uncertainty due to the repeated measurements.  

Therefore, it is understandable that the detected 350 nm PAH PLIF signals also nearly 

overlap for each condition and that there are no apparent effects on benzene from the 

nitrogen chemistry early in the flame. Furthermore, repeated measurements showed that 

condition 4 (C2H4/N2/NH3 = 75%/0%/25%) had the highest measured acetylene 

concentration as compared to the other conditions. The higher acetylene concentrations 

would typically result in higher soot formation, yet the opposite trend was observed under 

these conditions.  

Figure 16: (Top) GC-MS profile measurements and 

simulated concentrations of acetylene. (Bottom) GC-MS 

measurements for benzene for conditions 1-4. 
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Simulations of C2H2 profiles are shown at the top of Figure 16. Simulations showed less 

than 4% difference between peak C2H2 concentrations of condition 1 and 4 with 

condition 1 having the higher peak concentration. While the uncertainty was significant 

for experimental measurements, peak concentration profiles were found to range between 

19% and 64% with condition 4 (25% NH3 in ethylene) having the highest peak 

concentration.   

5.1.3.3 Detection of nitrogen compounds 

Detection and qualitative measurements of nitrogen containing compounds were 

performed during the GC-MS measurements using a nitrogen detector. Nitrogen 

containing compounds were only detected for the fourth condition containing 25% 

ammonia dilution. Several nitrogen containing compounds including HCN, H3C2N, and 

H3C3N were detected and normalized signal intensities are shown in Figure 17. Many 

previous papers have explored HCN formation and destruction in premixed flames of 

gaseous fuels and during pyrolysis of solid fuels [115–119]. While there is relevant 

Figure 17: Nitrogen compounds detected from gas sampled at 

condition 4. 



75 

 

literature related to the oxidation of nitrogen species or pyrolysis of some nitrogen 

containing species, the effects of nitrogen containing species on PAH formation is 

unexplored.  

5.1.3.4 Numerical Results 

Simulations were run using the Chemkin Pro software. Current ammonia/carbon mixture 

modelling capabilities are limited. The model used from [120] focuses on combustion 

with carbon species of 1-2 carbons. Due to model limitations, predicting soot formation 

with current models is unavailable. While model development is outside the scope of this 

paper, the increased interest in ammonia combustion suggests further model development 

has the potential for significant impact in the combustion community. Despite these 

limitations, numerical simulations can provide some insight into the experimental results. 

Results from these simulations for temperature are shown in Figure 14.  
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To check if the soot reduction could be attributed to formation and oxidation by NOx, 

plots of C2H2 and NO were made and are shown in the top plot in Figure 18. NO2 plots 

were also made, but not included since the NO2 production occurred near the oxidizer 

nozzle and did not appear to overlap. Soot oxidation through NOx mechanisms has been 

extensively investigated in the past and is shown to be significant [121–124]. A plot of 

NO versus C2H2 showed significant overlap for each condition. However, while the 

addition of NH3 leads to a significant increase in the peak NO, the decrease in C2H2 does 

not correspond with this increase in the peak but rather seems to correlate with the NO in 

the region of overlap. C2H2 peaks closer the fuel end (~3mm) while both CO and NO 

Figure 18:  (Top) The left axis is the C2H2 mole fraction and the 

right axis is the NO mole fraction profiles for all conditions. 

(Bottom) The left axis is the HCN and CN mole fraction profiles 

for all conditions normalized to Condition 4 HCN and CN peak 

molar concentrations. The right axis is the temperature profile 

from Condition 4. 
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peak at outer locations (~4.0-4.5mm). It may be that NO, as well as CN are reducing the 

concentration of heavier PAH species that may peak at similar locations and this is 

consistent with the experimental results shown in Figure 15 and further discussed in the 

next section.  

Another potential theory for soot inhibition was found in [115] where it was shown that 

the addition of NH3 to a premixed fuel rich flame resulted in a linear conversion to HCN. 

The incoming NH3 is theorized to make the fuel leaner by one C atom for every N atom 

thus effectively inhibiting soot formation [125]. The bottom plot in Figure 19 shows 

delayed onset of CN growth compared to peak acetylene growth, a key precursor to PAH 

and a good indicator of the PAH zone. As acetylene is consumed in these simulations, 

CN begins to form at the higher temperature. The resulting CN has the potential to react 

with PAHs possibly inhibiting further growth or soot nucleation. Studies on PAH growth 

at low temperatures have shown the potential for CN to react with phenylacetylene, a 

soot precursor [126]. Other studies at low temperatures have found CN is reactive with 

benzene and toluene [127].  

Figure 19:  The reaction pathway analysis for condition 4 from Chemkin Pro is shown in the green box on the left. The unknown reaction 

pathway is shown on the right in the orange box. 
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The Chemkin Pro reaction pathway analysis for flame condition 4 (C2H4/N2/NH3 = 

75%/0%/25%) is shown in Figure 19 within the green box on the left. The right side 

shows unexplored areas of soot formation with nitrogen containing species and must be 

further explored. Furthermore, this area is of interest due to the heightened toxicity of 

nitrogen containing PAHs as compared to PAHs without nitrogen [128,129].    

5.1.3.5 Synthesis of results and further discussion 

In this section, experimental data obtained using optical diagnostics and gas sampling 

methods will be combined and analyzed together. Figure 13 and Figure 15 show 

experimental measurements obtained using non-intrusive laser diagnostics. Figure 16 and 

Figure 18 show experimental data obtained using gas sampling techniques. Uncertainties 

related to gas sampling are reviewed in [130]. In [131], OH PLIF is used to explore probe 

effects on gas sampling in a counterflow flame. They found that their probe with a 340 

µm OD induced a flow shift of 0.6 mm or less in the measurements. In the top plot of 

Figure 20, a combination of the non-intrusive data and intrusive data is shown for 

condition 1 (0% NH3 in ethylene). The intrusive data from gas sampling was shifted by 

0.07 mm to match peak C6H6 measurements to the peak 350 nm PLIF measurements. 

This shift is justified because PLIF at 350 nm is deemed to correlate with benzene. C2H2 

peaks just prior to the 350 nm PLIF measurement at ~2.1 mm after the fuel nozzle. 

Following this, the 450 nm PLIF measurement peaks at ~2.5 mm and peak SVF occurs at 

~2.69 mm from the fuel burner tip. 

To check if similar growth in PAH is expected in simulations, a more complex 

mechanism was used (KAUST mechanism 2.0) with PAHs up to Coronene for condition 
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1 [132]. Profiles of C2H2, A1, A4, and Coronene are shown in the center of Figure 20 

where each species is normalized by its peak concentration. Simulations showed that the 

stagnation plane was at ~3.3 mm while the peak temperature was at ~3.9 mm. Similar 

trends were found for initial growth of PAH, but peak locations of larger PAH were not 

necessarily closer to the oxidizer side. While differences in the experimental 

measurements and simulations exist, exploring these differences is outside the scope of 

this paper. Measurements in other SF flames have found similar PAH sequences [67,133–

135]. 

In the bottom plot of Figure 20, a combination of the non-intrusive data and intrusive data 

is shown for condition 4 (25% NH3 in ethylene). The intrusive data from gas sampling 

was shifted by 0.64 mm to match peak C6H6 measurements to the peak 350 nm PLIF 

measurements. The data was again normalized by peak signal intensities for each 

respective species. While H3C2N and H3C3N were found to form early in the flame, these 

did not seem to affect early PAH formation as previously discussed. Following the peak 
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PLIF signal from 350 nm BP filter at 1.85 mm, peak HCN occurs at 2.15 mm from the 

fuel nozzle. Peak 450 nm PLIF signal occurs shortly after at 2.34 mm followed by peak 

Figure 20:  (Top) Normalized intensity of experimental 

measurements from condition 1. (Center) Simulated normalized 

signal intensity of condition 1 using KM2 mechanism (Bottom) 

Normalized signal intensity of experimental measurements for 

condition 4.  
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SVF at 2.45 mm.  

The spatial separation in HCN formation as compared to C2H2 is confirmed in the 

simulation and is shown in Figure 18. Therefore, it is reasonable to link the soot 

reduction to the formation of N compounds with NH3 addition. It should be noted that 

reactions of N compounds with benzene and 2-3 ring PAHs are possible, but the reaction 

is likely to be significantly suppressed due to the spatial separation of reactive N 

compounds from benzene and 2-3 rings PAH in our case. Furthermore, the formation of 

H3C2N does not appear to affect PAH from the 350 nm BP filter as condition 1 and 

condition 4 have similar PAH intensities at this wavelength. Based on simulations and as 

shown in Figure 18, there is an expected separation of CN formation as compared to the 

HCN with the CN formation beginning near the HCN peak. Experimentally, HCN 

formation peaked nearer to the oxidizer side than the 350 nm PAH and thus it did not 

show any effect on these PAH. The HCN then peaks prior to the 450 nm PAH where CN 

would be expected to begin forming. The PAH fluorescence intensities of condition 4 at 

450 nm are then subsequently lower than condition 1 where these nitrogen species are not 

present and ultimately SVF is lower for condition 4 as compared to condition 1.  

5.1.4 Conclusion 

In conclusion, this paper explores the effects of ammonia addition on soot formation 

using a non-premixed counterflow flame configurations. Experiments measuring SVF, 

PAH PLIF and GC-MS measurements of acetylene and benzene were made. Nitrogen 

containing compounds such as HCN, H3C2N, and H3C3N were detected when ammonia 

was added into the combustion process. Based on experimental observations and 

simulation results the following conclusions can be made. 
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 The addition of ammonia was shown to have a chemical effect in reducing soot 

formation for the conditions investigated.  

 The chemical effect of ammonia addition on soot formation reduction was not 

apparent during initial PAH formation processes with PAHs of 2-3 rings not 

being affected as shown by PAH PLIF and GC-MS measurements but began to 

appear for PAHs larger than 2-3 rings.  

Future work will explore mechanisms for soot reduction from ammonia addition. 

Furthermore, the toxicity of soot produced in dual-fuel plants should be assessed and 

effective controls implemented to reduce the impact of this alternative fuel on the 

environment. 
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Chapter 6 

 Diagnostic Development 

6.1 Measurements of pressure effects on PAH distribution and 2D soot 

volume fraction diagnostics in a laminar nonpremixed coflow flame [91] 

6.1.1 Introduction 

Increasing combustion pressure results in higher combustion efficiency. The higher 

efficiency ultimately results in a reduced foot print for the combustion device, and a 

reduction in CO2 emissions. To study soot formation in high pressure, optical diagnostics 

have typically been employed. Preventing disturbances to the flow, preserving the natural 

flame chemistry, and limited access to the combustion environment make non-intrusive 

diagnostics an attractive method to investigate flames, yet these diagnostics typically rely 

on a knowledge of soot optical properties. These properties have been measured at 

varying conditions [57,58], but concurrent changes in the primary particle size and the 

aggregate morphology make the optical properties at all locations in the flame difficult to 

determine. Uncertainty in soot volume fraction (SVF) measurements can be significant 

due to uncertainty in the scattering to absorption ratio (ρsa) and the refractive index of the 

soot particles  [28]. 

Furthermore, as pressure increases, beam steering can affect experimental measurements 

due to a steepening of density gradients in a flame. Several techniques have been used to 

limit or eliminate effects from beam steering in an effort to effectively use non-intrusive 

diagnostics at high pressure [53,89,136]. One technique that has become increasingly 
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utilized in high pressure diagnostic is 2D diffuse line of sight attenuation (2D LOSA). 

The main advantage of this diagnostic is it is relatively immune to beam steering at high 

pressure.  Extinction diagnostic techniques continue to be advanced and applied to 

challenging combustion environments [136,137]. 

In this work, two commonly used techniques for measuring SVF at pressures were 

implemented and compared at pressures between 1 bar and 16 bar in a nonpremixed 

laminar coflow flame with nitrogen-diluted ethylene: 2D diffuse line-of-sight attenuation 

(2D LOSA), and planar laser-induced incandescence (PLII).. Differences between the 

two measurements are explored with simulations based on the Rayleigh-Debye-Gans 

approximation for polydisperse fractal aggregates (RDG-PFA). We perform planar laser-

induced fluorescence (PLIF) of the polycyclic aromatic hydrocarbons (PAH) to 

investigate the effects of absorption by PAH on the LOSA measurements and to 

investigate changes in the soot formation process with pressure. The effects of pressure 

on both PAH and SVF distributions are reported. Comparisons between different optical 

diagnostics are useful for investigating sources of measurement uncertainty especially in 

pressurized combustion environments and aid in developing applications for these 

diagnostics in practical combustion devices. 

6.1.2 Experimental setup and measurements 

In these experiments, the pressure vessel described in section 2.3 was used in 

combination with the burner described in section 2.1. The ethylene, nitrogen, and air 

coflow rates are presented in Table 3. The flames were approximately 2 cm tall and stable 

at all pressures. 
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Table 3: Experimental conditions for the fuel diluted with nitrogen and for the air coflow. 

Pressure 

(bar) 

Ethylene 

(mg/s) 

Nitrogen 

(mg/s) 

Air 

(g/s) 

2 0.85 4.27 0.84 

4 0.85 4.27 1.04 

6 0.85 4.27 1.24 

8 0.85 4.27 1.44 

12 0.85 4.27 1.84 

16 0.85 4.27 2.24 

 

Measurements of SVF were done using 2D diffuse line-of-sight attenuation as described 

in section 3.4. For these measurements, a broadband LED lamp with a color temperature 

of 6500 K was mounted on an integrating sphere for measurements using a 435 ± 20 nm 

FWHM filter.  An LED with a color temperature of 3000 K was used for measurements 

done with a 647 ± 10 nm FWHM filter.  

As a comparison measurement of SVF, PLII was performed. The laser sheet was formed 

by first reducing and re-collimating the initial beam using an anti-reflective coated plano-

convex lens (f = 250 mm) and a biconcave lens (f = -50 mm). The laser sheet was then 

generated using a concave cylindrical lens (f = -20 mm) and focused on the burner axis 

with a convex cylindrical lens (f = 300 mm). A sheet with a thickness of ~300 µm was 

measured at the burner nozzle region using burn paper. The vertical laser profile was 

measured using a power meter with a 1.1 mm slit covering the sensor. The profile was 

measured in 1 mm increments. The average calculated laser fluence over the vertical 

profile was 0.456 J/cm2 with a standard deviation of 0.03 J/cm2. Shot-to-shot noise was 
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calculated as ±7.7% over 300 shots. The LII signal was imaged with an ICCD camera 20 

ns after the laser pulse to avoid C2 swan band emissions [138], with a 10 ns camera gate 

duration at an angle of 90° to the laser sheet. The detection wavelength of 435 ± 20 nm 

was found to be a good compromise between collecting sufficient signal and 

distinguishing the LII signal from the natural soot luminosity in the imaging line of sight 

(the temperature of the soot in the flame is as high as 2000 K at atmospheric pressure). 

Qualitative PAH PLIF was performed as described in section 3.2 using an ND:YAG 

pumped rhodium dye laser at 282.85 nm. Bandpass filters (FWHM = 10 nm) at 350 nm, 

410 nm, 450 nm, and 510 nm were separately used in conjunction with 2 WG 305 long 

pass filters to eliminate elastically scattered light. A laser sheet of ~400 µm thickness was 

formed with a concave cylindrical lens (f = -50 mm) and focused on the burner with a 

plano-convex lens (f = 400 mm). The laser fluence was kept below 20 mJ/cm2 to avoid 

generation of an LII signal [74]. 

6.1.3 Results and Discussion 

6.1.3.1 SVF light extinction imaging 

The 2D LOSA images acquired with the 435 nm and 647 nm filter are shown in Figure 

21 with the 435 nm filter images on the top and the 647 nm filtered images on the 

bottom. Fifty images were captured and ensemble-averaged to account for shot-to-shot 

variation. Path averaged extinction was found using Equation 11. Tomographic inversion 

was performed separately on each half of the flame to find the local extinction 

coefficient. SVF was determined using Equation 12, assuming a constant 𝜌sa throughout 

the flame.  
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The flame halves are presented together where some dissymmetry is visible. Performing 

the abel-inversion on the images introduced significant noise in the image centerline. 

Furthermore some images are shown to have lower SVF values on the centerline with 

increasing SVF values at a position slightly radial to this. This is not a physical result, but 

rather a result from the inversion process. Shot-to-shot noise was negligible, with the 

largest sources of uncertainty coming from uncertainty in soot optical properties and from 

averaging the two flame halves.  

At 1 bar, orange soot luminosity is visible in the flame tip but soot loading is not 

detectable with extinction imaging, hence it is not shown in this work. Both imaging 

wavelengths showed similar trend. That is as pressure increased, soot began to form near 

the flame tip. As pressure further increased, the peak SVF location moved into the wings 

of the flame. These trends are consistent with flames under similar conditions where 2D 

Figure 21: 2D diffuse LOSA measurements (435 nm on top and 647 nm on bottom) of SVF from 2 to 16 bar. The 

false color scheme represents SVF in units of ppm. At 1 bar, soot was not detected. As pressure increases, the 

peak soot volume fraction shifts into the wings of the flame at both detection wavelengths. 
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SVF profiles were found by using point extinction measurements with a HeNe laser at 

632.8 nm [53]. 

There are two main differences between the 435 nm filter and the 647 nm filter. The first 

is the higher noise found at 2 bar in the 647 nm image as compared to the 435 nm image. 

Second, the 435 nm SVF values are consistently larger than the 647 nm filtered images at 

all pressures above 2 bar. This can be attributed to a number of factors. First, while 

previous studies such as [92] show a decrease in E(m) with increased wavelength, E(m) 

was held constant for both wavelengths due to high uncertainty in the value itself. This 

would result in larger SVF values with the 435 nm filter. Second, SVF may be larger with 

the 435 nm images due to absorption by PAH, thus affecting peak SVF values. The 

average difference between the peak values at the centerline is 19% and the average 

difference in the wings is 31% with maximum differences being found at 2 bar for the 

centerline and 4 bar for the wings. Both sets of images are included since numerous 

studies using 2D diffuse LOSA have been done in both wavelength ranges.  

SVF is generally reported to scale with pressure using an exponential Pn function. In [79], 

LII images were calibrated using laser extinction and peak SVF was found to scale as n = 

1.7 between 1 and 16 bar. In [139], they used 2D diffuse LOSA with a bandpass filter 

centered at 450 nm and measured n to be 1.98 for the local SVF between 1 and 8 bar in 

an undiluted ethylene/air nonpremixed coflow flame. In [53], LOSA was used with a 

laser wavelength of 632.8 nm and SVF was found to scale as n = 2.0 in the flame 

centerline and 2.3 in the flame wings between 4 and 16 bar in a nonpremixed ethylene 

diluted with nitrogen coflow flame. In the current 2D LOSA measurements peak SVF 

values were found at a location offset from the centerline from 0.1 to 0.28 mm to avoid 
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noise from the inversion process, and in the wings at all areas below 14 mm. At 435 nm, 

SVF scaled as n = 1.82 ± 0.06 and 2.37 ± 0.20 in the centerline and wings, respectively. 

For measurements taken with the 647 nm filter, SVF scaled as n = 1.70 ± 0.30 and 2.37 ± 

0.48 in the centerline and wings. Standard deviations were calculated from the 

differences between the left and right side of the images and were highest in the flame 

wings in both cases. The above reported 95% confidence intervals were much larger with 

the 647 nm filter due to two reasons. First, differences between the flame halves in the 

wings, were all less than 10% except at 4 bar and 8 bar where there were differences of 

29% and 33% respectively. Second, the centerline standard deviations were large due to 

slight dissymmetry in the two halves caused by a reflection from the light source imaging 

lens. A comparison of the scaling values at 435 nm show scaling values found in the 

flame wings are comparable to the work found in [53]. Scaling values in the centerline 

are between the values found in [79] and the work found in [53,139] at 435 nm. 

Measurements at 647 nm in the flame wings are closer to values found in [53], and 

similar to values found in [79] at the flame centerline.  

Scaling was also done for the peak carbon conversion efficiency (ηs) as described in 

[59,140]. The soot density (𝜌s) was assumed to be 1.9 g/cm3 and the flame acceleration 

constant (a) was assumed to be 32 m/s2 [53].  Peak ηs also follows a Pn function. Work in 

a nonpremixed laminar ethylene/nitrogen flame scaled peak ηs as n = 1.36 between 10 

and 35 bar using spectral soot emission [141] and n = 1.8 between 4 and 16 bar using 

LOSA with a HeNe laser at 632.8 nm [53]. In [139], n was found to be 1.62 between 1 

and 8 bar using 2D LOSA at 450 nm. In this work, peak ηs scaled as n = 1.31 ± 0.17 for 

435 nm and n = 1.47 ± 0.21 at 647 nm between 4 and 16 bar. The standard deviation of 
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both measurements falls within the range found in [141]. Scaling values may be slightly 

lower than values reported in [53] due to differences in diagnostics or differences in 

measurement resolution. 

The 435 nm and 647 nm LOSA show slight differences (within the standard deviation) of 

peak ηs scaling. Figure 22 also shows differences in peak carbon conversion location with 

435 nm having a peak conversion value at a location nearer to the burner, especially at 

pressures above 8 bar. Both measurement filters show peak conversion approaching the 

burner as pressure increases.  

6.1.3.2 PAH PLIF 

While both peak SVF scaling and carbon conversion for the 435 nm and 647 nm filters 

were found to fall within their respective confidence intervals, there were minor 

differences in peak SVF location between the 435 nm filter and 647 nm filter, as shown 

in Figure 23. One reason for this shift is likely due to absorption by PAH [142]. In [92] 

they use spectral resolved line of sight attenuation (Spec LOSA) at several heights in the 

flame and found that attenuation measurements are not affected by PAH in the upper 

visible and infrared region but may be affecting absorption measurements at lower 

wavelengths.  

Figure 22: Carbon conversion versus height above burner (HAB) with the 435 nm LOSA on the left and the 647 nm 

LOSA on the right. As pressure increases, peak carbon conversion moves toward the burner. Peak carbon conversion 

is located higher in the flame for the 647 nm LOSA compared to the 435 nm LOSA. 
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Fluorescence from PAH PLIF was captured at several wavelengths to view the overlap 

between regions of PAH and soot, and also to investigate how soot formation changes 

with pressure. Figure 23 (top) shows the peak PAH signal location and the upper and 

lower locations of 75% of the maximum PAH signal (from any radial location) where 

there was sufficient signal. The location of the peak SVF from the 435 nm and 647 nm 

LOSA with one sigma standard deviation are also shown. Similar to the soot 

measurements, sufficient PAH PLIF signal could not be acquired for any of the filters 

with the 75% threshold at 1 bar. At 2 and 4 bar, signals from 350 nm and 510 nm filters 

were nearly homogenous in the PAH region. Thresholding eliminated nearly all of the 

signal and thus the upper and lower locations were excluded at this pressure. As the 

pressure increased, the peak PAH location migrated toward the burner. At pressures 

below 8 bar, PAHs were located throughout the flame, and there was a clear overlap of 

peak soot locations and PAH. Above 8 bar, the location of the peak PAH shifted towards 

the burner tip. Figure 23 (bottom) shows this shift as pressure increases. The shifting 

rates of the peak PAH signal relative to the burner nozzle were calculated. The 350 nm 

peak signal location versus pressure fit a nearly linear trend from 2 to 16 bar 

(disregarding 6 bar) shifting to the burner at a rate of 0.13 mm/bar. The 400 nm filter 

peak signal location showed a sharp shift in peak signal location between 4 bar and 6 bar. 

Following this, the peak signal location shifted at a linear rate of 0.28 mm/bar. The 450 

nm filter peak signal location remained relatively constant from 2 to 4 bar then between 4 

and 6 bar the peak signal showed a large shift toward the burner with a relatively linear 

shift toward the burner after this of 0.33 mm/bar. The 510 nm peak signal location 
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showed a rapid shift toward the burner between 4 and 8 bar and then shifted at 0.24 

mm/bar toward the burner after 8 bar.  

PAH location shifting towards the burner was expected, as the rate of pyrolysis increases 

with increasing pressure [143]. Previous nonpremixed coflow experiments with an 

ethylene/nitrogen mixture running at similar dilutions reported that particle growth with 

pressure is highest between 4 and 8 bar and mostly ceases between 8 and 12 bar [53]. 

PLIF measurements show that this is likely due to limited PAHs at higher flame 

locations. Furthermore, numerical studies have demonstrated decreased HACA surface 

Figure 23: (Top) Peak PAH signal with the upper and lower location of 75% of the 

maximum PAH signal at each pressure (offset for clarity) and the peak SVF from LOSA. 

(Bottom) Binarized overlay of PAH and SVF at 8 bar and 16 bar with thresholds (TH) at 

10% and 75%. 



93 

 

growth as pressure increases due to decreased H and OH radical concentrations and 

increased PAH condensation rates as pressure increases [144]. Transmission electron 

microscopy (TEM) images of soot sampled thermophoretically at 5, 10, 15, and 20 bar 

show significant increases in primary particle diameter between 5 and 10 bar that levels 

off after these pressures [56].  This is likely due to high availability of PAHs throughout 

the flame at pressures below 8 bar and limited availability of PAHs above 8 bar thus 

inhibiting surface growth. 

Peak SVF locations of the 435 nm LOSA and the 647 nm LOSA show the 435 nm LOSA 

having a peak SVF location lower than the 647 nm LOSA at all pressures except for 6 

bar. The greatest difference between peak SVF locations is at 16 bar, but is less than 14% 

different. Peak SVF location differences between the 435 nm and 647 nm LOSA are 

highest at low pressures.  

For peak SVF values, there is no apparent trend of differences between the two filters in 

the center line, but differences in the wings generally decrease with increasing pressure. 

At 16 bar, the difference between the 435 nm LOSA and 647 nm LOSA are 22% in the 

centerline and 11% in the wings. The differences between the two wavelengths could be 

due to absorption by PAH, changes in the emissivity of soot with wavelength, or 

differences in 𝜌sa due to λ (and other parameters discussed later) at the two wavelengths.  

6.1.3.3 SVF imaging with LII 

Figure 24 shows the LII signal (captured using a 10 ns camera gate width) starting 20 ns 

following the initial laser prompt. The laser enters the flame from the left side of the 

image and shows some attenuation at pressures of 8 bar and above. Peak SVF values and 
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locations agree well between LII and LOSA images between 1 and 6 bar. At 8 bar, the 

peak SVF locations for the LII and 2D LOSA measurements begin to diverge and at 12 

and 16 bar, the LOSA images show the peak SVF location moving down into the wings 

(Figure 21) while in the LII images, peak SVF remains at a higher location (Figure 24). 

At 16 bar, the LOSA image shows a peak of 64 ppm at 435 nm and 58 ppm at 647 nm in 

the wings, while LII shows a peak value of 27 ppm in the wings. It should be noted that 

while the LII calibrations come from the 2D LOSA measurements, the differences of 

overall trends between LOSA and LII are significant rather than the calibrations 

themselves. For example, a calibration value for the LII measurements from the flame 

wings would result in a higher average SVF, but these values would be found throughout 

the flame rather than only the wings as is found in the 2D LOSA measurements.    

Scaling factors were found for LII measurements between 4 and 16 bar. Errors were 

determined from shot to shot noise differences as well as differences between the two 

sides of the flame. Peak SVF scaled as n = 1.71 ± 0.18 and n = 1.72 ± 0.24 in the 

centerline and wings, respectively. The centerline scaling factor was nearly the same as 

LOSA as would be expected from scaling the images at this location. Scaling values in 

Figure 24: SVF from LII at all experimental pressures. Images are an average of 50 shots and were calibrated at each 

pressure with 2D diffuse LOSA data at 15.5 mm HAB.  
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the wings of the LII measurements fell within the 95% confidence interval of LOSA 

measurements done at 647 nm but not within the standard deviation of LOSA done at 435 

nm. Peak carbon conversion scaled as 1.37 ± 0.43 also falling within the error of both 2D 

LOSA measurements.  

The camera gate time was increased to 500 ns and the LII signal was biased towards 

particles with a larger diameter or larger apparent diameter. This is because smaller 

particles produce a shorter LII signal lifetime due to their larger surface-to-volume ratio, 

hence faster cooling. The peak SVF scaling values for LII shifted to n = 1.70 ± 0.23 and n 

= 1.85 ± 0.42 in the centerline and in the wings respectively. The carbon conversion as a 

function of HAB is shown in Figure 25. Peak carbon conversion scaled as n = 1.48 ± 

0.56. By increasing the gate time from 10 ns (left side) to 500 ns (right side) the peak 

carbon conversion shifted nearer to the burner at pressures of 8 bar and above. Peak 

carbon conversion values also begin to deviate at 8 bar and above between the 10 ns 

gated LII and the 500 ns gated LII.  

In Figure 26, a comparison of the 16 bar case shows how better agreement of peak SVF 

(left) and peak location (right) can be found between LII and LOSA when the LII is 

weighted toward larger particles. The peak signal location shifts toward the burner by 

increasing the camera gate duration. Increasing the gate duration also results in higher 

Figure 25: Carbon conversion for LII with the 10 ns gate on the left and the 500 ns gate on the right. The 500 ns gate 

has a peak conversion location shifted nearer to the burner compared to the 10 ns gate LII. 
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SVF measurement in the wings of the flame.  This is because the particles in the wings 

have a larger diameter than the particles near the tip, thus the integrated signal is higher 

in these locations [53]. One should keep in mind that the LII signal lifetime at 16 bar is 

much shorter than the 500 ns gate (with our LII model, we calculated that the LII signal 

from a 30 nm particle decays within less than 150 ns after the laser. Thus, a 500 ns 

camera gate convolutes the entire LII signal.  

The above comparison shows significantly higher peak SVF values in the wings for the 

extinction measurements. Extinction measurements are one method typically used to 

calibrate PLII measurements. These calibrations assume an extinction coefficient or a 

value for 𝜌sa and the emissivity of soot. Values for these numbers are typically found 

from atmospheric flames due to limited data on high pressure flames.  Due to the 

increased particle diameter found in the flame wings, typical assumptions of the 

extinction coefficient or 𝜌sa would likely result in higher errors if the extinction 

Figure 26: A comparison of 2D LOSA at 435 nm, 647 nm, 

and LII with a 10 ns gate and a 500 ns gate at 16 bar. The 

color scale was set to 55 ppm for all four images. 
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measurements are performed at locations that are lower in the flame. One way to reduce 

these uncertainties would be choosing a calibration location for PLII at a higher flame 

locations. In [56], thermophoretic sampling of soot was performed at 3 locations in a 

flame between 5 and 20 bar. The lowest location showed a 40.9% difference between the 

mean value of primary particle sizes at 5 and 20 bar. The central location showed a 

difference of 27%, and the top location showed a difference of 5.7% between the 5 bar 

and 20 bar case.  

In Figure 27, a comparison between diagnostics of peak SVF location and peak carbon 

conversion location is shown for pressures between 4 and 16 bar. Measurement 

uncertainties for the LOSA measurements are based on differences between peak SVF 

and carbon conversion location between the flame halves as shot to shot noise was 

negligible. LII uncertainties are based on shot to shot variation within the flame. The 

peak SVF location for each measurement are within the 95% confidence interval at 4 bar 

and 6 bar. Above this pressure, there is a significant deviation between the LII with the 

10 ns gate and the 2D LOSA at both wavelengths. The peak SVF location for the LII with 

the 500 ns gate is found at a location between the 2D LOSA peak values and the peak 

Figure 27: A comparison of peak SVF location and peak carbon conversion location between 

2D LOSA at 435 nm and 647 nm and LII with a 10 ns gate and LII with a 500 ns gate. Peak SVF 

locations are within the LII 95% confidence intervals at 4 and 6 bar. At 8 bar and above, there 

is significant deviation between the measurements. For peak carbon conversion, peak locations 

maintain a similar relative distance at all pressure. 
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value of the 10 ns gated LII. The location of peak carbon conversion is consistently lower 

for the LOSA measurements at all pressures compared to the LII. Increasing the gate 

duration from 10 ns to 500 ns only slightly lowered the location of the peak carbon 

conversion. The lower peak SVF location of the 435 nm LOSA measurement as 

compared to the 647 nm LOSA measurement is likely due to higher absorption by PAH 

for the 435 nm LOSA. Although the peak SVF location is lower for the 435 nm LOSA 

measurements, SVF scaling is within measurement uncertainties for the two wavelengths.  

6.1.4  Discussion 

The comparison in Figure 26 suggests that the SVF distributions measured by the LOSA 

extinction images may be biased towards larger particles. Therefore, the scattering-to-

absorption ratio was calculated from RDG-PFA theory, following the procedure detailed 

in [28,145]. In Figure 28 (left image) 𝜌sa was calculated as a function of the particle 

diameter with fractal dimension Df = 1.74, fractal prefactor kf = 8.0, geometric standard 

deviation of aggregate size distribution σg = 2.3, and geometric mean of number of 

primary particles in an aggregate Ng = 31.4. Since numerous values for E(m) and F(m) 

have been reported in literature, lower and upper values reported in literature were used 

in Figure 28: E(m) = 0.37, and F(m) = 0.65, and E(m) = 0.2294 and F(m) = 0.1804 7, 

[146–148]. Values for Df, kf, and σg, were measured from thermophoretically sampled 

soot using TEM imaging in an atmospheric pressure nonpremixed ethylene/air Gülder 

burner in [149]. E(m) and F(m) were derived from extinction coefficients in an ethylene 

coflow flame from [57]. These flames are most similar to flames we used. A maximum 

particle diameter of 125 nm was chosen based on values measured from light scattering 

in a similar flame [53]. This value is much higher than the peak mean value reported in 
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39 of 48 nm at 15 and 20 bar found using thermophoretic sampling, but in their work, 

sampling was done by inserting the grids through the entire cross-section of the flame at 

different flame heights. The same work shows measured peak particle sizes of between 

95 nm and 100 nm at 15 and 20 bar. These values are well outside of the Rayleigh 

approximation of πdp /λ< 0.3 [147]. As particle size increases 𝜌sa also increases. 

Uncertainty in 𝜌sa also increases based on E(m) and F(m).    

A sensitivity analysis (Figure 28, right image) was performed on 𝜌sa again using RDG-

PFA theory, with initial parameters of Df = 1.5, kf =6, λ = 435 nm, Ng = 30, σg = 2.3, 

E(m) = 0.37, F(m) = 0.65, and dp= 20 nm. For the sensitivity analysis, we have chosen 

the Df and Kf values which lie within the range of commonly reported values for soot 

aggregates. Each parameter was doubled while all other parameters remained constant, 

and then the percent difference was found between the new and the original 𝜌sa.  Fractal 

dimension for a linearly chain aggregates is 1 whereas for a compact sphere it is 3. 

Doubling the Df =1.5 still results in a physically possible value. Doubling the Df value, 

used for scattering to absorption ratio, for sensitivity analysis will be physically 

unreasonable. As shown on the left image of Figure 28, the values chosen for E(m) and 

F(m) contribute to uncertainty in 𝜌sa but changing E(m) to 0.2294 and F(m) to 0.1804 had 

Figure 28: (Left) The scattering-to-absorption ratio as a function of the primary particle diameter at 435 nm and 647 

nm using RDG-PFA theory. (Right) A sensitivity analysis of 𝜌sa using RDG-PFA theory. 𝜌sa is shown to be most 

sensitive to the primary particle diameter. 
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a limited effect on results from the sensitivity analysis. The sensitivity analysis showed 

that 𝜌sa is most sensitive to the primary particle diameter.   

Previous work at atmospheric pressure suggests changes in 𝜌sa in the radial direction have 

limited effects on the results and add corrections for 𝜌sa only in the vertical direction of 

the flame [142,145]. Measurements done in [53] and in this work show significant 

variation in primary particle size between the centerline and wings of the flame. In this 

work, a comparison between measurements obtained using LOSA as compared to LII 

show that as pressure increases, the assumption that 𝜌sa changes only in the axial 

direction is no longer valid.  

6.1.5 Conclusions 

In this work 2D LOSA was performed at a shorter wavelength of 435 nm, similar to 

several previous studies [89,139,142], as well as at a higher wavelength (647 nm) to 

determine the significance of absorption by PAH. These measurements were compared 

with PLII performed at 2 different gate widths. By comparing the results from these two 

methods, sources of measurement uncertainties were determined and the following 

conclusions can be drawn.  

 Quantitative SVF data at conditions relevant to practical combustion devices are 

reported. Peak SVF for diffuse LOSA at 435 nm scaled as Pn with n = 1.82 ± 0.06 

and n = 2.37 ± 0.2 in the centerline and wings respectively. Peak SVF for diffuse 

LOSA at 647 nm scaled as n = 1.70 ± 0.3 and n = 2.37 ± 0.48 in the centerline and 

wings respectively. LII was found to scale as n = 1.71 ± 0.18 and n = 1.72 ± 0.24 

in the centerline and wings respectively. Centerline scaling is within the 
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uncertainty between the two LOSA measurements. Discrepancies in the wings 

between LII measurements and LOSA measurements are a result of assuming a 

constant scattering to absorption ratio and absorption by PAHs.  

 Carbon conversion efficiency scales as n = 1.31 ± 0.17 and n = 1.47 ± 0.21 for the 

435 nm and 647 nm LOSA measurements. It scales as 1.37 ± 0.43 for the 10 ns 

LII. Carbon conversion efficiency scaling shows better agreement between the 

measurements than peak SVF scaling. 

The following conclusions on the effects of pressure on PAH and soot formation are 

drawn based on 2D LOSA, PLII, and PAH PLIF measurements: 

 Qualitative PAH measurements are reported. PAH formed nearer to the burner as 

pressure increased. This results in limited soot surface growth caused by PAH 

addition as the pressure increases. 

 PAHs imaged with 350 nm, 400 nm, 450 nm, and 510 nm bandpass filters moved 

toward the burner at different rates with the highest changes occurring between 4 

and 6 bar for the 400 nm and 450 nm filters, and 4 and 8 bar for the 510 nm filter.   

 PAH absorption had a limited effect on the LOSA measurements. Absorption by 

PAH resulted in peak SVF locations for LOSA at 435 nm being located in a 

position lower than LOSA at 647 nm while peak SVF scaling at the two LOSA 

measurement wavelengths fell within measurement uncertainties.  

 Quantitative soot profiles measured with 2D diffuse LOSA at high pressures have 

high uncertainty due to significant changes in soot morphology and soot optical 

properties throughout the flame. Knowledge of these properties is necessary to 

provide adequate measurement corrections. Modelers should use caution in 
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making comparisons between simulations and experimental data obtained using 

extinction techniques. 

 Soot volume fraction imaging with PLII is sensitive to the camera gate width. 

Longer gating times bias the results towards larger particle-size classes. SVF 

measurements obtained with PLII with longer gating times show better agreement 

of spatial distribution between the diffuse LOSA and LII measurements indicating 

LOSA measurements are biased toward larger particles. 

 Uncertainty in 𝜌sa is highest in the flame wings where differences between the 

PLII measurements and LOSA measurements are highest. Calibration values for 

LII at high pressures should be determined at locations near the flame tip to 

decrease uncertainty in 𝜌sa. 

A greater understanding of how 𝜌sa changes in the radial and axial direction as well as 

with pressure is necessary to increase the reliability of extinction diagnostics.  

6.2 Effects of soot volume fraction on local-gas heating and particle 

sizing using laser induced incandescence [150] 

6.2.1 Introduction 

In an effort to extend TiRe-LII into relevant combustion conditions (such as pressurized 

environments), this paper focuses on model development, specifically, the effects of SVF 

on local gas heating. TiRe-LII provides a method of obtaining the soot primary particle 

size using non-intrusive optical methods. Thus, understanding laser induced 

incandescence in pressurized environments is desirable.  Previous investigations studying 

local gas heating using multi-color LII focused on discrepancies between their model 
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cooling rate and experimental cooling rate [151]. This study obtained temperature 

measurements at 1 µs following the laser prompt. The final local gas temperature was 

determined by extrapolating these measurements to a final local gas temperature using an 

asymptotic exponential fit. They found a linear trend in local gas heating with increased 

laser fluence. At the highest laser fluences of 0.169 J/cm2, local gas temperatures were 

found to be over 400 K higher than the initial flame temperature in flames with a soot 

volume fraction of 4 ppm. The experimentally measured local gas heat up temperatures 

were shown to have good agreement with calculated local gas heat up temperatures. 

Later, temperature measurements were done using a two-beam rotational coherent anti-

Stokes Raman spectroscopy (CARS) setup with LII [152] using the same flame 

conditions as in the previous study. They found local gas heating to be more limited, 

measuring a 100 K increase in local gas temperature at a laser fluence of 0.125 J/cm2 and 

soot volume fraction of 4 ppm, matching their theoretical predictions. There are 

significant discrepancies in the measured and calculated heat up temperatures between 

these studies. The calculated linear trend line from [151] predicts a heat up temperature 

of over 350 K using a laser fluence of 0.125 J/cm2, significantly higher than the 100 K 

measured.  More recently, in [153] they measured an increase in the local gas temperature 

using a high dynamic range LII measurement system. They demonstrated the use of a 

gated approach for measuring flame temperatures after the LII signal had disappeared 

using photo-multiplier tubes (PMT) on the same flame used in the aforementioned work 

(Gülder burner, 4 ppm at 42 mm HAB). They measured an 80 K increase of local gas 

temperature with a laser fluence of 0.15 J/cm2. 
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In this paper, we experimentally measure local gas heating over a wide range of SVF 

values using multi-color pyrometry at 5 µs following the laser heating. Our LII model 

was configured to include the effects of local gas heating. Simulations of local gas 

heating were shown to be in good agreement between the LII model and measurements.  

Simulations were then performed to determine the error introduced by neglecting the 

effect of local gas heating on particle size predictions. 

6.2.2 Experimental setup and diagnostics 

In this work, experiments were performed in the pressure vessel with a nonpremixed 

coflow flame described in section 2.3 and 2.1. The fuel was ethylene diluted with 

nitrogen. All experiments were run at 10 bar where a high dynamic range of soot volume 

fractions (SVF) could be found. For the air coflow, a flowrate of 37.6 SLPM was used for 

each experimental condition. Fuel and nitrogen dilution flow rates were varied to give a 

range of different SVF values with the goal of maintaining a relatively consistent flame 

height. Fuel and nitrogen flow rates are shown in Table 4.  

Table 4: Fuel and nitrogen dilution flow rates for each flame condition. 

Condition Ethylene (mg/s) Nitrogen (mg/s) % Nitrogen 

1 0.77 2.92 79.07% 

2 0.79 2.50 75.92% 

3 0.81 2.08 71.91% 

4 0.83 1.15 57.86% 
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SVF for each condition was found using 2D diffuse LOSA using an LED centered at 655 

nm. To measure the local gas heating, multi-color pyrometry was used at 5 µs following 

laser heating. Three bandpass filters were used and were centered at: 435 ± 20 nm, 539 ± 

15 nm and 655 ± 20 nm. Laser power was measured during each experiment using a 

beam sampler. The standard deviation of 300 consecutive pulse was less than 5.4% for all 

cases with an average standard deviation of 3.4%. A 1 mm slit was used to crop the beam 

horizontally at a 4f distance from the burner, and the beam was re-imaged to the burner 

with an anti-reflective coated f = 400 mm plano-convex lens located at a 2f distance from 

the burner. The laser sheet hit the flame with a horizontal orientation at a location 

between 9.08 mm and 10.21 mm height above the burner (HAB). Three laser fluences 

were used: 0.09 J/cm2, 0.07 J/cm2, and 0.05 J/cm2. 

6.2.3 Results and discussion 

6.2.3.1 SVF measurements 
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Results for the 2D diffuse LOSA measurements are shown in Figure 29. Flame heights 

were between 13.5 and 16.5 mm with each flame condition having a height deviation of 

less than 1.3% of the flame height between images. An image threshold was set at 0.2 

ppm and background values were set to NaN. Volume-averaged SVF was calculated 

between 9.5 mm and 9.95 mm HAB neglecting all NaN numbers. A large dynamic range 

of SVF values was found from varying the dilution level with an average SVF of 10 ppm 

for condition 1 up to 43 ppm for condition 4. Varying the dilution had several noticeable 

effects including changes in overall SVF and changes in peak SVF location. The peak 

SVF location changed from higher in the flame wings at high dilution rates down to the 

lower flame wings at lower dilutions. Previous experiments have shown that high peak 

SVF values in the flame wings are likely due to a larger values of the scattering to 

absorption ratio (ρsa) at these locations [53,91]. Uncertainty in the measurements is 

mainly due to uncertainty in E(m) and uncertainty in ρsa with camera shot to shot noise 

being negligible.  

Figure 29: SVF results measured from 2D diffuse LOSA. The highest N2 dilution level starts at 79% 

for condition 1 and goes down to 57.9% N2 on the right. The color bars indicate the SVF in ppm. 

Resulting average SVF values at 10.5 to 11.5 mm HAB range from 10 ppm to 43 ppm. 
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6.2.3.2 Multi-color pyrometry measurements 

Pyrometry measurements were taken sequentially 5 µs following laser heating at 3 laser 

fluences. This is well after the LII signal has disappeared at 10 bar and the soot 

temperature has reached a local equilibrium with the surrounding gas. Temperatures were 

found using a least squares fitting method of the three color ratios. Confidence intervals 

were generated using the Jacobian of the fitted data. Figure 30 shows the fitted flame 

temperature without LII heating in (a), and 5 µs following LII heating for fluences 0.09 

J/cm2, 0.07 J/cm2, and 0.05 J/cm2 in Figure 30(b-d) respectively. Local gas heat up 

temperatures were shown to depend on both SVF and laser fluence.  

Figure 31 shows the average increase in local gas temperature following LII heating. In 

these images, the non-laser heated flame temperature measurements were subtracted from 

the laser heated soot temperature. The area average temperature increase is shown below 

each flame. The entire flame background for the 43 ppm case was approximately 100 K 
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higher for the multi-color LII imaging than it was for the multi-color flame temperature 

measurements taken without LII. This may be due to the lower gate timing required for 

condition 4 that was required to prevent oversaturation of the camera. Linearity between 

the camera signal and gate were tested and had a linear response. At the low gate required 

to prevent saturation of the camera for condition 4, the non-heated zones had a signal to 

noise ratio (SNR) of less than 2. Thus the measured temperatures in these locations was 

unreliable.   

For each case, increasing either SVF or laser fluence resulted in higher local gas heating. 

To determine local gas heat up temperatures, an area average value was taken between 

9.35 mm and 9.95 mm HAB and 0.6 mm in width at the flame center (area shown in blue 

box of Figure 31). At condition 4 where average SVF is 43 ppm, a laser fluence of 0.09 

J/cm2 and a 5 µs delay results in the local gas being heated by 415 ± 40 K, while a laser 

Figure 30: a) Temperature measurement of flame without laser power with condition 1 on the left and condition 4 on 

the right. b) Temperature measurement 5 µs following laser heating at 0.09 J/cm2. c) Temperature measurement 5 µs 

following laser heating at 0.07 J/cm2. d) Temperature measurement 5 µs following laser heating at 0.05 J/cm2 
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fluence of 0.05 J/cm2 heats the local gas up by 282 ± 58 K. At condition 1, the average 

local SVF is 10 ppm and the local gas heats up by 48 ± 43 K for the laser fluence of 0.09 

J/cm2 and 23 ± 43 K for the laser fluence of 0.05 J/cm2.  

One other possibility that could describe these measurement results would be due to the 

effects of annealing on soot particles and by assuming an E(m) dependent on wavelength. 

To determine the possible effects of annealing, relative differences in emissivity found in 

[92] at 10 mm HAB were used to determine the flame temperature prior to LII heating 

using multi-color pyrometry. A constant soot emissivity was then used for the LII heated 

flames and assumed that annealing resulted in rapidly matured particles. Assuming an 

initial relative emissivity of 1.31, 1.18 and 1.05 for the 435 nm, 539 nm, and 655 nm BP 

filters resulted in a decrease in local gas heating for the 0.09 J/cm2 condition 4 case from 

415 K to 346 K while the condition 1 case results in a decrease of local gas temperature 

Figure 31: Temperature measurements taken without the laser were subtracted from temperature measurements 

taken following laser heating. The top set of flame images correspond to fluences of 0.09 J/cm2 and 0.07 J/cm2 on the 

left and right respectively and the bottom image corresponds to 0.05 J/cm2. 
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from 48 K to -32 K. While changes in emissivity could explain the measurement results 

for the lower SVF conditions, these changes are unable to explain the results at the higher 

SVF conditions. Furthermore the effects of thermal annealing on soot optical properties 

was shown to be insignificant at fluences below 0.17 J/cm2 [85]. The laser fluences used 

in these measurements are all below this threshold fluence further indicating that 

measurements were due to local gas heating and not to changes in soot optical properties.  

6.2.3.3 Modeling 

In the present work, the model is modified to simulate the change of local gas 

temperature. A theoretical model is implemented based on tracking of energy transferred 

from a single particle to the surrounding gas probe volume via conduction and 

sublimation (Qtran). LII models typically neglect local gas heating and assume that the 

local gas temperature remains constant following particle heating. While this simplifies 

the model, heat transfer from the particle via conduction depends on local gas 

temperatures. Neglecting changes in local gas temperatures would result in the LII signal 

dropping faster due to conduction losses. Thus, to compensate for the increased 

conduction losses while fitting experimental measurements to simulations, models would 

predict larger particle sizes.    

To simulate the local gas heating, the local gas heating is scaled by multiplying the total 

number of particles in the probe volume by the energy transferred via conduction and 

sublimation as shown in (Equation 14).  

𝑄𝑡𝑟𝑎𝑛 = 𝑓𝑣
4

3
𝜋(𝑟𝑝)

3 𝜌𝑠

𝑚𝑝
(𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑠𝑢𝑏)                                            Equation 14 
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In this equation fv is unitless SVF, rp is the probe volume, ρs is the soot density, and mp is 

the mass of a soot particle. The energy flow to outside of this probe volume via 

convection, conduction or radiation is neglected since previous measurements showed 

that the time scales are much larger for such heat dissipation outside of the heated zone 

compared to the LII signal lifetime [154]. The temperature increase due to the adiabatic 

mixing of evaporated soot particles with the local gas is also neglected in this model due 

to the low laser fluences used. 

Previous studies that investigated sublimed nanoclusters have shown gradients in 

temperature with higher temperatures at the particle surface [155]. Gradients such as 

these are neglected in this work and a uniform temperature distribution is assumed within 

the control volume in this work. The increase in local gas temperature (dTlg) is then 

predicted based on Equation 15.  

𝑑𝑇𝑙𝑔

𝑑𝑡
=

𝑄𝑡𝑟𝑎𝑛

𝑚𝑎𝑐𝑝𝑎
                        Equation 15 

In this equation, ma is the mass of air within the probe volume with the air density 

calculated from the ideal gas law, and cpa is the temperature dependent heat capacity of 

air found in (Michelsen, 2003). The size of the probe volume chosen in Equation 14 is 

inconsequential since the air mass is calculated based on this probe volume. The heat 

capacities of air and all other heat capacities described previously are temperature 

dependent as found in (Michelsen, 2003). 

6.2.3.4 Simulations 
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Simulations were run by numerically solving the energy and mass balance equations 

using a fourth-order Runge-Kutta algorithm and temperature was converted to LII signal 

using Planck’s law as discussed in [85]. Simulations were run with a constant soot 

absorption function of 0.4. A constant thermal accommodation coefficient (TAC) of 0.37 

and constant soot density of 1860 kg/m3 were used (Snelling, Liu, Smallwood, & Gülder, 

2004). Some disagreement exists in the LII community regarding the temperature 

dependence of TAC. A temperature dependent TAC based on (Michelsen, 2009) was 

tested but better agreement between experiments and simulations was found with a 

constant value. To simulate the effects of aggregation on laser absorption and conduction 

(particle shielding), models were taken from (Liu & Smallwood, 2011). Each aggregate 

had 50 primary particles (Np). 

The fractal prefactor and fractal dimension were set as 2.3 and 1.8 respectively. The 

average SVF and initial gas and particle temperature at the LII heated location were 

changed depending on the experimental condition.  

Simulations were initially tested by comparing local gas heating to results already 

presented in literature. Using the conditions described in [152], simulations showed local 

gas heating to be between 120 K for an initial particle temperature of 3560 and 134 K for 

an initial particle temperature of 3760 K. By reducing the SVF to 3.9 ppm which is 

within the reported uncertainty of SVF, the local gas heating value is 117 K for an initial 

particle temperature of 3560 K. This is close to being within the measurement uncertainty 

of the CARS temperature measurements showing local gas heating of 100 K with 10-

15% uncertainty. Using a laser fluence of 0.15 J/cm2 a soot absorption function of 0.37 

and an initial temperature of 1760 K found in [153] our simulations showed a heat up 
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temperature of 190 K. This is over 100 K higher than the temperature measurements 

given in [153] and among other reasons could be due to the choice of the soot absorption 

function. While our model over predicted the local gas heating values from [153] and 

[152], it severely underpredicted the local gas heating measurements found in (Snelling et 

al., 2009) of 411 K at 0.15 J/cm2. Discrepancies between the values found in [151] and 

those found in [153] and [152] are discussed in the introduction and a summary of these 

results is shown in Table 5. 

Table 5: Summary of previously reported local gas heating increases measured on a Gülder burner with an SVF of 4 

ppm. 

Laser fluence 

[J/cm2] 

Reported local gas 

temp increase [K] 

Predicted gas 

temp increase [K] 

Reference 

0.125 J/cm2 100 K 120 K [152] 

0.15 J/cm2 80 K 190 K [153] 

0.15 J/cm2 411 K 190 K [151]  

 

6.2.3.5 Experimental data simulations 

To simulate our experimental data, initial system conditions were set to a pressure of 10 

bar. The difference between the initial soot temperature and the LII heated flame 

temperatures versus the corresponding SVF are plotted in Figure 32 and compared with 

the simulated data and thermal equilibrium calculations. The line of sight method to 

retrieve temperature measurements causes bias toward hotter soot [159]. When using the 

calculated experimental laser fluence along with the area average SVF reported in Figure 
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31, the simulated local gas heating was significantly under-predicted. The higher SVF 

locations at the edge of the flame are expected to have higher local gas heating than the 

central portion of the flame where SVF is lower. This would result in significant bias in 

the pyrometry measurements towards the outer edges of the flame. To account for this 

bias all three laser fluences were multiplied by the same constant in the model to achieve 

a better model and experimental match. The y standard deviation was the standard 

deviation between the temperature measurements from the three bandpass filters. Upper 

and lower limits for ρsa were calculated using Rayleigh Debye Gans theory for poly 

fractal aggregates (RDG-PFA) as discussed in [28,91,145]. In [91], a sensitivity analysis 

performed using RDG-PFA theory found that ρsa is most sensitive to primary particle 

diameter. Simulations using RDG-PFA theory were done maintaining a constant fractal 

prefactor (kf) of 2.3 and fractal dimension (Df) of 1.8 based on [149]. An upper limit on 

primary particle size of 80 nm was chosen based on TEM measurements performed in a 

similar coflow flame at 10 bar in [56]. Since there is uncertainty in dp due to the changing 

carbon flux, values for ρsa were calculated between 15 nm and the upper limit of 80 nm. 

Measurements of E(m) have typically been done in atmospheric pressure flames with a 

large variance of values given in literature. In [92,93], it was found that E(m) is 

dependent on both wavelength and height above the burner. The dependence on 

wavelength was shown to decrease at locations higher in the burner. A summary of 

reported measurements from the literature was given in [94] where E(m) measurements 

are reported to vary between 0.18 and 0.42. In this work, uncertainties based on E(m) of 

0.35 ±0.03 are used based on [145]. The standard deviation in the x-axis was calculated 

using a Bayesian approach based on uncertainties in E(m) and ρsa are included in Figure 
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32. E(m) was assumed to have a normal distribution with a value of 0.35 ±0.03, while ρsa 

had no assumed distribution since values were unknown. Model inputs for each condition 

and fluence are shown in Table 6.  

Table 6: Model input parameters for each condition. 

Initial particle diameter [nm] 30 

SVF [ppm] (Condition 1, 2, 3, 4) 10, 15, 21, 43 

Initial Temp [K] 1880, 1844, 1806, 1713 

E(m) 0.4 

Pressure (bar) 10 

Soot density [ρs] (kg/m3) 1860 

TAC [αT], Np, kf, Df 0.37, 50, 2.3, 1.8 

Laser Fluence [J/cm2] (Fluence 1, 2, 3) 0.31, 0.22, 0.16 

 



116 

 

A comparison between the simulations and experiments show reasonable agreement 

between the LII simulations and the experimental values for each laser fluence, especially 

at the three lower SVF conditions. The largest discrepancies between the experiment and 

simulations were at the highest SVF condition. This could be due to several factors 

including bias in the experimental measurements towards locations of higher 

temperature, uncertainty in ρsa, the soot absorption function E(m), and signal trapping as 

discussed in [160]. Each of these parameters are likely changing due to changes in carbon 

flux between the different conditions. For condition 4 (SVF is 43 ppm), the carbon flow 

rate is highest and the dilution lowest. The soot formation begins nearer to the burner 

resulting in soot particles with different time temperature histories, thus affecting the soot 

absorption function and ρsa. 

Figure 32: Experimental local gas heat up temperature and simulated heat up temperature vs soot 

volume fraction for all three laser fluences. Fluence 1, 2 and 3 are 0.09 J/cm2, 0.07 J/cm2, and 0.05 

J/cm2, respectively. 
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The experimental data and simulations were replotted to look at the effects of laser 

fluence on local gas heating and shown in Figure 33. For condition 1 where SVF was 

lowest, experimental data and simulations showed a modest impact of laser fluence on 

local gas heating. For condition 4, the highest SVF case, the effect of laser fluence on 

local gas heating was significantly higher.  

 

To further test the simulated local gas heating, a simplified equilibrium energy balance 

was used to estimate the local gas increase and is shown in Equation 16. In this equation, 

it is assumed that the particle and local gas are in thermal equilibrium following laser 

heating and that there are no energy losses outside of the probe volume. Vs is the volume 

of soot within the control volume and Va is the volume of gas within the control volume. 

Soot density and gas density are constants represented by ρs and ρa respectively. The heat 

capacity of soot and gas is also constant and is represented by cps and cpa respectively. 

Figure 33: Increase in local gas heating vs. laser fluence for each soot loading condition. 



118 

 

The initial temperature of the particle and of the air is represented by Tip and Tia 

respectively. 

𝑇𝑒𝑞𝑢𝑖𝑙 =  
𝑉𝑠𝜌𝑠𝑐𝑝𝑠𝑇𝑖𝑝+𝑉𝑎𝜌𝑎𝑐𝑝𝑎𝑇𝑖𝑎

𝑉𝑠𝜌𝑠𝑐𝑝𝑠+𝑉𝑎𝜌𝑎𝑐𝑝𝑎
                                              Equation 16 

The increase in local gas heating was the difference between the initial gas temperature 

and the calculated equilibrium temperature. The initial particle temperature was set as 

4000 K and the initial air temperature used was 1800 K. Equilibrium calculations and 

simulations were performed for several SVF values at 10 bar and the error between the 

temperature found from the equilibrium energy balance and the temperature found from 

the simulated local gas heating at equilibrium were calculated and are shown in Figure 

34. 

Figure 34: A comparison between an energy balance (squares) and modelled (circles) increase in 

local gas heating. The error (triangles) between the two is shown on the right side axis. 
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Differences between the model and the equilibrium energy balance are larger at higher 

SVF values. This is similar to the larger differences between the experimental data and 

simulations at higher SVF values. These differences are attributed to the constant heat 

capacities used in the energy balance, the constant gas density used in the equilibrium 

energy balance, and the inclusion of the oxidation sub model used in the simulations. 

This sub model results in slightly higher soot temperatures and ultimately higher local 

gas heating. By setting the simulations to have constant soot and gas heat capacities and a 

constant gas density, the error between the equilibrium energy balance and the 

simulations was reduced to 0% for all SVF conditions. 

To quantify the error in particle size predictions introduced by excluding the local gas 

heating model, simulations were run with the local gas heating model included. Initial 

particle temperatures were set as 3000 K, 3500 K, and 4000 K, with the local gas 

temperature initially set to 1850 K for all cases. Other sub models used and relevant 

citations are given in section 3.3. The output of the simulations were used as inputs for 

particle sizing curve fits with the local gas heating model excluded. Simulations were run 

at 1 and 10 bar. The error in predicted primary particle diameter (dp) versus SVF was 

calculated and is shown in Figure 35. For low values of SVF, the error is significantly 

lower. As SVF increases, the error in dp can become more significant. SVFs where errors 

in dp become significant are not typically found in atmospheric pressure flames. 

Increasing pressure will typically result in higher SVF values, yet due to the increased 

gas density and the resulting higher heat capacity at higher pressure, the effects of local 

gas heating are somewhat mitigated. While some improvements on model accuracy can 
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be made by including local gas heating, the improvements are flame and condition 

dependent and are unlikely to be impactful in situations where LII is commonly used. 

A method of determining the order of magnitude of the error introduced by neglecting 

local gas heating is introduced here. First, peak particle temperature can be found using 

methods found in (Sipkens & Daun, 2017) and as shown in Equation 17 for low fluence 

LII. In this equation λl represents the laser wavelength, ρs is the density of soot, cps is the 

soot heat capacity, and F is the laser fluence. 

𝑇𝑝𝑒𝑎𝑘 = [
6𝜋𝐸(𝑚,𝜆)

𝜆𝑙𝜌𝑠𝑐𝑝𝑠
] 𝐹 + 𝑇𝑔𝑎𝑠                       Equation 17 

Next, estimates of the local gas heating can be found using Equation 16. Finally, an 

estimated error can be found using Equation 18 where a, b, and c were fitted parameters 

Figure 35: Calculated percentage error in dp by neglecting local gas heating in simulations. 



121 

 

to simulated data. Simulations and resultant errors were performed with an initial gas 

temperature of 1850 K, and a peak particle temperature of 3250 K, 3750 K, and 4250 K 

with SVF values of 1 ppm, 3 ppm, 5 ppm, 10 ppm, and 30 ppm. Values of 2.69e-6, 1.156 

and 1.021 were found for a, b, and c respectively. This resulted in an R-squared value 

between the simulated data and the fitting function of 0.96. 

𝐸𝑟𝑟𝑜𝑟(𝛥𝑇, 𝑓𝑣) = 𝑎𝑓𝑣𝑏𝛥𝑇𝑐              Equation 18 

One result that further reinforces the common recommendation of using low laser 

fluences for particle sizing is the larger particle prediction error when the initial particle 

temperature was higher. Simulations were run with local gas heating turned on and turned 

off with initial particle temperatures of 3000 K and 4000 K and an initial gas temperature 

of 1850 K. An SVF value of 100 ppm was used.  

Figure 36 shows the normalized LII signal from these simulations. For the lower initial 

temperature of 3000 K the deviation between the simulations with local gas heating 

turned on versus when it is turned off is smaller than the deviation for the 4000 K case. 

This deviation results in an over prediction of the particle size and the over prediction is 

lower for the lower temperature case.  
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6.2.3.6 Sensitivity Analysis 

To help the practitioner in understanding which parameters local gas heating is most 

sensitive to, a parametric sensitivity analysis was performed. The sensitivity analysis here 

in the work were limited to a small set of input parameters in the modeling. A sensitivity 

analysis with all the model parameters would lead to a more thorough understanding of 

the vulnerabilities of the complex LII model but involves a very high dimensional 

problem that is beyond the scope of this work. The parameters studied as well as the 

percent error in particle size prediction are shown in Table 7. To perform the study, the 

local gas heating model was included in the simulated data and excluded when fitting the 

Figure 36: Normalized LII signal with local gas heating turned on and off with an initial particle 

temperature of 3000 K and 4000 K. The right axis shows the percent error between the LII signal with local 

gas heating and without local gas heating. 
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model to the simulated data. Each parameter was doubled (in the case of temperature it 

was halved), and the percent error between the simulated particle and the predicted 

particle diameter was calculated and shown on the right side of Table 7.  

Table 7: Sensitivity analysis of the input parameters on local gas heating.  
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The sensitivity analysis showed that particle size predictions are most sensitive to SVF. 

Pressure then initial particle temperature had the second highest impact on the predicted 

percent error in particle size. For all cases, neglecting the local gas heating resulted in an 

over-prediction of primary particle size. Further analysis was performed to determine if 

local gas heating could be relevant in pressurized conditions. Analysis was performed 

assuming SVF follows a power law scaling of Pn with values of 1.7 and 2.3 found in [91]. 

Results of this analysis are shown in Table 8. It was found that the percent error increases 

at a higher rates than the assumed power law scaling value. Both scaling values suggest 

that local gas heating could be important at higher pressures where SVF is expected to be 

larger.  

Table 8: Percent error dependence on pressures for different power law scaling values. 

Pressure SVF (P1.7) Percent Error (P1.7) SVF (P2.3) Percent Error (P2.3) 

1 5 -7% 5 -7% 

2 16 -11% 24 -19% 

3 32 -14% 62 -36% 

4 52 -17% 121 -62% 

6.2.4 Conclusion 

The effects of SVF and laser fluence on local gas heating were investigated. Multi-color 

LII showed local gas temperatures remaining elevated for several µs after the laser pulse. 

The level of local gas heating was dependent on both SVF and laser fluence with an 

increase in either showing an increase in local gas temperatures. A simplified local gas 
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heating model was developed and compared to reported local gas heating found in the 

literature [152,153]. The comparison showed reasonable agreement to the local gas 

heating values reported there. There are several key conclusions that can be drawn from 

this investigation. 

The first conclusion is that experimental and analytical results showed reasonable 

agreement with simulations and local gas heating increased linearly with an increase in 

SVF or laser fluence. These conclusions were found using an analytical approach (see 

Equation 16) and were observed in simulations and experiments. A sensitivity analysis 

showed that the predicted particle size errors are dependent on several parameters but 

were found to be most sensitive to the SVF, the pressure, and the initial particle 

temperature with errors ranging between 3% up to 16%. Experimentally, local gas 

heating was found to linearly depend on SVF and laser fluence as well. Flames with a 

high dynamic range of SVF and relatively small changes in flame height were 

established. Average SVF values ranged between 10 ppm and 43 ppm and local gas 

heating was found to range between 48 ± 43 K and 415 ± 40 K for these SVF values with 

a laser fluence of 0.09 J/cm2 respectively.  

The second conclusion is that inclusion of local gas heating could be used to improve 

particle size predictions in highly sooting atmospheric flames, but it is unlikely that such 

highly sooting flames would be found at atmospheric pressures. SVF values at 

atmospheric pressure generally peak at values of less than 10 ppm which would 

correspond to an over-prediction of particle size by ~5-13% depending on the laser 

fluence used. SVF values of 1-3 ppm are more typical at atmospheric pressure which 

would correspond to an over prediction of ~1-4%.  Predicted errors are shown in Figure 
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35 where errors for atmospheric flames are compared with errors predicted for 

pressurized flames at different SVF values. With the same SVF value, pressure 

significantly limits the prediction error due to local gas heating. Further analysis was 

done scaling SVF with pressure using a power law of Pn where n was 1.7 and 2.3. 

Depending on the pressure scaling value, errors from local gas heating could be 

significant at pressure. 

Finally, it was found that the level of error in the prediction increases as heat up (peak) 

temperature increases. Lower heat up temperatures (and thus lower laser fluences) that 

are recommended for TiRe-LII showed smaller errors due to local gas heating than higher 

heat up temperatures. Furthermore, fluences that are too high may make differentiating 

between particle annealing and local gas heating challenging. Thus it is recommended 

that laser fluences are kept below 0.17 J/cm2 so as to limit or avoid changes in in-flame 

soot optical properties.   
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6.3 High speed 3D soot volume fraction and velocity fields in a turbulent 

flame 

6.3.1 Introduction 

Since most practical combustion devices operate in turbulent regimes, studying soot 

formation in these conditions provides higher fidelity data for combustion model 

validation. Unfortunately, most prior experimental data measuring soot in turbulent 

flames yield only 1D or 2D information via laser-based point measurements and planar 

diagnostics, even though such flames contain complex 3D flow structures. These 1D and 

2D data have been useful; however, significant information on flame flow fields and 

structure are missing in these data sets.    

In this chapter, a new method for simultaneously measuring 3D SVF and 3D velocity 

fields in a turbulent combustion environment is introduced. The purpose of developing 

this diagnostic is ultimately to capture 3D SVF and 3D velocity measurements in 

pressurized environments. It has previously been theorized that a significant amount of 

soot emissions are due to un-oxidized soot escaping the combustion environment in 

pockets of fuel rich locations in the flame [165]. Capturing 3D SVF and velocity fields 

can improve our understanding of the complex interactions between the flame flow fields 

and soot formation. 

To capture these measurements, high speed extinction imaging captured at multiple 

angles was performed using diffuse backlight illumination extinction imaging (DBIEI) as 

described in [137]. There are several advantages of the DBI technique over LII. First, 
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since DBIEI relies on pulsed LEDs for the backlighting, this technique does not suffer 

from limitations related to laser power density, thus allowing significantly larger 

measurement volumes than previously reported. The second is the diagnostics ability to 

measure SVF in flames that have greater optical thickness as compared to LII. 

6.3.2 Experimental setup and method 

In these experiments, extinction measurements were performed at 3 angles and a 

specialized tomographic reconstruction was performed to obtain local extinction values 

and velocity profiles. To verify the reconstruction method, simultaneous planar laser 

induced incandescence (PLII) was performed at 10 Hz giving a 2D qualitative snapshot 

of SVF. This experimental technique and reconstruction method provide a significant 

advantage over previous diagnostics which typically rely on expensive laser systems and 

intensified cameras to obtain these data. 

Experiments were done using a nonpremixed turbulent jet flame with ethylene fuel. The 

Reynolds number at the exit of the fuel tube was 10,400. To stabilize the flame, a coflow 

of O2 enriched air (40% O2, 60% N2) was used.  High speed imaging was done using 

three Photron SA-Z cameras (FASTCAMs, FCs) placed at angles of 0 degrees (FC-1), 45 

degrees (FC-2), and 90 degrees (FC-3) as shown in Figure 37. The high-speed cameras 

were equipped with Nikkor 50 mm f/1.2 lenses, a 500 diopter close up lens, a 400 ± 25 

nm bandpass filter, and a KG3 filter. The camera gate was set to 6.25 μs and the Nikkor 

lens aperture was set to f/2.8. Images had a resolution of 0.118 mm per pixel.  
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The diffuse backlight illumination directed at each camera was generated using 402 nm 

LEDs driven by custom electronic pulsers[166]. Two 150 mm focal length Fresnel lenses 

were placed in front of each LED with one at a distance of 6 mm from the LED and the 

other 156 mm from the LED. A 15 degree diffuser was placed in front of the final Fresnel 

lens to provide diffuse lighting (Figure 37). LEDs were driven at 24,000 pulses per 

second cycling on for 800 ns at the center of the camera gate. The high-speed cameras 

acquired images at 48,000 frames per second (fps) with alternating back-illuminated and 

non-illuminated frames providing an extinction image and a background image, 

respectively.  

Planar laser induced incandescence (PLII) was performed with a frequency doubled 

Quanta-Ray Pro-Series pulsed Nd:YAG laser at 10 Hz. A laser sheet of 14 cm was 

formed at the burner using an f = 1000 mm plano-convex cylindrical lens followed by an 

f  = -50 mm plano-concave cylindrical lens. The vertical laser sheet was   ~300 μm wide 

Figure 37: Extinction imaging and planar laser induced 

incandescence setup (PLII). The extinction setup consists of a 

pulsed LED going through 2 Fresnel lenses and a diffuser 

captured by an SA-Z fast camera. PLII was captured using an 

ICCD camera.  (FC-Photron SA-Z fast cameras, ICCD-

Princeton Pimax 4) 
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at the burner with an average laser fluence of 509 mJ/cm2. A Princeton PIMAX 4 ICCD 

camera captured images of the LII signal at 90° relative to the laser sheet. The LII 

camera was equipped with a 50 mm Nikon lens and two 450 nm low pass filters. The 

camera was placed at 117° relative to FC-1.  The camera was triggered 20 ns following 

the initial LII signal and had a gate duration of 100 ns. Background flame emissions were 

negligible.     

Timing between each of the systems was achieved using a signal generator and two delay 

generators. The FCs running at 48,000 frames per second were triggered using the 

“random reset” option with two frames to ensure consistent timing between FCs and the 

LEDs during image acquisition. An Agilent waveform generator (33500B Series) running 

at 10 Hz was used to trigger the laser as well as a Stanford DG535 delay generator box. 

The DG535 delay generator running at 10 Hz was used to trigger a second Stanford 

DG645 delay generator as well as the PIMAX 4 camera used to capture the LII signal. 

Finally, the DG645 delay generator ran in burst mode for 360 pulses at 24,000 pulses per 

second. The DG645 delay generator triggered the FCs and LEDs.   
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6.3.3 Results  

The simultaneous extinction measurements at 0°, 45°, and 90° as well as the normalized 

LII signal at 117° are shown in Figure 38. In the DBI images, image noise related to the 

optical setup can be found in the corners of the images. In Figure 38, the PLII image was 

normalized by its peak intensity. The color bar for the figure is unit less for both the KL 

values and PLII signal intensity but represents extinction in the KL cases and image 

intensity in the PLII case. 

For the reconstruction, we use a variant of space-time tomography recently proposed by 

Zang et al [167]. Briefly, this method uses all projection images as an input with each 

individual frame initialized by the simultaneous algebraic reconstruction technique 

(SART) algorithm [168]. The framework iterates between estimations of the frame to 

frame deformation field and refinement of the density reconstruction. The 4D 

tomography framework uses both spatial and temporal regularizers that are applied to the 

two alternating stages mentioned before. Finally, the deformation field for each pair of 

successive frames are given as an output. The reconstruction in this chapter used 360 

frames to determine the deformation field and refinement of the image reconstruction. 

Further verification of this reconstruction technique was performed on both experimental 

data and simulated data and can be viewed in [169].  

Figure 38: 2D extinction images (DBI) obtained at 0°, 45°, and 90° with the simultaneous LII 

image obtained at 117°. 
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Figure 39 shows the reconstruction results at different time steps. Figure 40 shows the 

final frame of the re-constructed volume (the same frame as shown in Figure 38). The 3D 

extinction image of the final frame and its front view slice are respectively shown in 

Figure 40(a) and Figure 40(c). Figure 40(b) presents the estimated velocity field between 

the last two frames using illuminated streamlines. The units of the velocity profile are 

shown in pixels/framerate. The velocity ranging from 0 to 2.5 voxels/frame can be 

observed.  In addition, the flow field at slice shown in Figure 40(c) is presented in Figure 

40(d). Image visualizations for the reconstruction in this paper were done using Avizo 

9.5.0 [170] and ParaView 5.4.1 [171]. In the reconstruction, local extinction (K) values 

are scaled up by a factor of 100 for an easy visualization. Following image 

reconstruction, image noise related to the noise found in the corners of Figure 38 was 

removed by thresholding data outliers found outside of the soot zone.  

 

Figure 39: 3D reconstruction results of soot at t = 015, 080, 145, 210, 275, 280 and 340 respectively. 
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Although the reconstruction method was already verified in [167,169], further 

reconstruction verification was performed by simultaneously imaging PLII with the final 

frame of the extinction measurements. The PLII image and the corresponding image slice 

from the reconstructed volume are shown in Figure 41 for qualitative comparison. The 

aspect ratio of the reconstructed image slice was adjusted to match the LII image. 

Qualitatively it can be seen that the reconstruction captures the flame shape although 

intensities are somewhat different, especially at 16 cm height above the burner (HAB) 

and below. There are a number of possible explanations for these differences. In the case 

of the PLII, the laser energy may have been below the plateau region at 16 cm HAB and 

below, thus giving a lower signal in those areas. Furthermore, as evidenced in [172], 

higher laser fluences are required at lower HAB locations to reach the signal plateau 

region due to nascent soot particles being more transparent to the laser.  Thus soot 

particles may give a lower signal at locations lower in the burner. For the reconstruction, 

Figure 40: (a) 3d reconstruction of the extinction images with K multiplied by 100. (b) Path line visualization of the 

flame using illuminated streamlines. The units are the norm of velocity (pixels/frame). (c) The middle slice of the front 

view of the volume shown in (a). (d) The flow field slice as shown in (c). 
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there are several possible reasons for signal differences between the reconstruction and 

the PLII shot. The first is the wavelength of light used for the extinction measurements.   

Polycyclic aromatic hydrocarbons (PAH) are soot precursors and are known to absorb 

light at 402 nm. Absorption of light by PAH may be causing greater extinction in areas 

lower in the burner where higher concentrations of PAH are located. Furthermore, studies 

have demonstrated changes in soot absorption as a function of HAB and of wavelength 

[92]. In this study, locations at lower HAB may have significantly higher absorption 

coefficients at shorter wavelengths of light. Another reason for differences in peak 

intensity locations between the LII image and the reconstruction may be due to the low 

number and non-optimal location of the projection angles.  Better reconstruction results 

can be obtained by either using more fast cameras uniformly spaced around the burner or 

placing the three fast cameras at angles of 0°, 60°, and 120°. Due to the additional PLII 

camera setup and space limitations, this was not possible in our setup. 

6.3.4 Conclusion 

In conclusion, this paper demonstrates a new method for obtaining high speed 3D SVF 

and velocity measurements in a highly turbulent flame. This method was verified on both 

Figure 41: (Left image) Normalized LII image taken at 117°. 
(Right image) Normalized tomographic reconstruction image 
slice at 117°. 
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simulated and experimental data. There are several advantages to this method over 

previous methods. 

 The  reconstruction  framework  provides  an  effective  method  of  tomographic  

reconstruction  with limited viewing angles. 

 Spatially  and  temporally  this  is  the  largest  and longest  3D  soot  volume  

fraction  reconstruction that the author is aware of. 

The 3D reconstruction provides a powerful technique to explore the relationship between 

flow fields and soot formation in turbulent flames. Future work is required to explore 

relationships between combustion flow fields and soot volume fraction in pressurized 

environments.  Furthermore, by increasing the number of viewing angles, this technique 

has the potential to provide high quality data to further understand soot formation in 

combustion processes. 
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Chapter 7 

 Thermophoretic sampling and time resolved laser induced 

incandescence of a pressurized nonpremixed ethylene/nitrogen 

laminar coflow flame 

7.1.1 Introduction 

Understanding the effects of pressure on soot formation is desirable. This is because most 

practical combustion systems operate at pressure. Measurements of soot morphology in 

pressurized flames is limited. Measurements using non-intrusive diagnostics can be found 

in [53,54,173]. Intrusive thermophoretic sampling methods have only recently been 

implemented in pressurized flames[29,52,56,65,174].  This is due to the challenge of 

accessing the high pressure combustion environment.  In this chapter, the thermophoretic 

device described in section 2.4 was used to sample soot from a nonpremixed coflow 

ethylene flame and analyzed using TEM. The data is then compared to measurements 

made using 2D TiRe-LII and differences between the measurements are analyzed and 

discussed. These measurements aid in improving our understanding of the effects of 

pressure on soot morphology.   

7.1.2 Experimental setup and measurements 

Experiments were performed in the pressure vessel described in section 2.3 using the 

coflow burner from section 2.1. The ethylene fuel/N2 flow rate and the air coflow rate are 

shown in Table 9. Thermophoretic sampling was performed using the sampling device 

described in section 3.6. Two high speed cameras were used to image the flame during 
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sampling to verify sampling location. Sampling was performed by sending horizontal 

lacy with thin film TEM grids through the flame once at 5 mm HAB, 10 mm HAB, and 

15 mm HAB. The flame was then moved using the horizontal translation stage, and the 

sample was retrieved. Images were taken using a TEM microscope and manual particle 

sizing was performed using ImageJ. Prior to sampling, TEM grids were marked at the 

edge. This edge corresponded to the flame edge. During image acquisition under the 

TEM microscope, the mark was found. The tem grid was moved orthogonally from the 

mark until soot could be imaged. Once soot could be imaged, images were acquired in 

location parallel to this mark at intervals of ~0.25 mm.  

Table 9: Ethylene, nitrogen, and air flow coflow rates at each pressure. 

Pressure 

(bar) 

Ethylene 

(mg/s) 

Nitrogen 

(mg/s) 

Air 

(g/s) 

2 0.85 4.27 0.84 

4 0.85 4.27 1.04 

6 0.85 4.27 1.24 

8 0.85 4.27 1.44 

12 0.85 4.27 1.84 

16 0.85 4.27 2.24 

 

Gated TiRe-LII were made using an ICCD camera [175]. Images were taken sequentially 

using bandpass filters centered at 655±25 nm and 435±20 nm. The gate was set as 20 ns 

for images acquired at 2 bar, 4 bar, 6 bar, and 8 bar. To avoid camera saturation, the gate 

was decreased to 10 ns for images acquired at 12 bar and 16 bar. LII images were 
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acquired following laser heating at 0 ns, 20 ns, 40 ns, 60 ns, and 80 ns. Background 

images were then acquired and subtracted from the LII images.  

7.1.3 Results and discussion 

7.1.3.1 Thermophoretic sampling 

Examples of primary particle images for each condition are shown in Figure 42. The 

white bar represents 100 nm. TEM image analysis was performed using imageJ. Primary 

particle diameters were measured manually using the oval brush selection and an average 

radius was taken using the oval area. Only primary particles with obvious boundaries 

were used for analysis.     
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Primary particle diameter histograms for particles sampled at 15 mm HAB are shown in 

Figure 43. Each histogram has several colors with the colors representing a row of 

images taken on the TEM grid. Row 1 corresponds to the imaging location of the grid 

where soot was first found. Row 2, to a location ~0.25 mm parallel to row 1. Sampling 

was performed in this way to attempt to get path averaged primary particle diameters 

rather than typical flame averaged data. For the 15 mm HAB location, images were 

acquired for pressures of 2, 4, 8, 12, and 16 bar. For the 15 mm HAB location, the two 

rows had nearly equal particle sizes. This is due to the lower gradients in primary particle 

size at this higher location in the flame. The average particle size measured at 2 bar was 

Figure 42: Examples of aggregates from each pressure and sampling height. The white bar represents 200 nm.  
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15.2 nm. As pressure increased, primary particle size increased from 15.2 nm at 2 bar, up 

to 38.4 nm at 16 bar. Primary particle measurements were fit to a log-normal size 

distribution as is commonly used for TEM measurements. The geometric width of the 

particle size distribution (σp,g) increased slightly as pressure increased, but was relatively 

small, with values less than 0.36 for all pressures at 15 mm HAB. 

Particles sampled at 10 mm HAB are shown in the top black box of Figure 44. At this 

pressure, there was insufficient soot collected at 2 bar, and thus this is not shown in the 

analysis. At 4 bar, the mean particle diameter was 21.4 nm at the flame edge as compared 

to 16.5 nm at the 15 mm HAB location. At 16 bar, the mean particle diameter on the 

flame edge was 75.3 nm. At the row 2 location, this decreased to 70.5 nm, then to 63.9 

nm at the row 3 location. There is a slight increase at the row 4 location. This is because 

the axial location sampled for row 4 was at a similar but opposite side of the flame. A 

similar decrease in particle size can be seen in the 12 bar and 8 bar sampling location. For 

all sampling pressures and locations σp,g remained less than 0.31 representing a nearly 

monodisperse primary particle size distribution without any obvious trends with pressure 

or axial sampling location.    
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Samples taken in the 5 mm HAB location are shown in Figure 44. Insufficient samples 

were collected at the 2 bar and 4 bar location. Similar trends to the 10 mm HAB samples 

can be found at this location. The peak particle size was found at 16 bar of 79.7 nm. 

Particle size distribution again did not follow any particular trends with pressure but 

remained nearly monodisperse for all conditions and locations.  

 

 

Figure 43: Histogram of measured particle sizes at 15 mm HAB and for pressures of 2, 4, 8, 12, and 16 bar. The 

histogram was fitted to lognormal size distribution. Row 1 corresponds to the outside of the flame, row 2, to a location 

~.25 mm inside the flame.  
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7.1.3.2 2D Time resolved laser induced incandescence 

Figure 44: Histogram of measured particle sizes at 10 mm HAB and for pressures of 4, 8, 12, and 16 bar shown in the 

top black box and histograms for the 5 mm HAB and pressures of 8, 12, and 16 bar shown in the bottom black box. The 

histogram was fitted to lognormal size distribution. Row 1 corresponds to the outside of the flame, row 2, to a location 

~.25 mm inside the flame, row 3 to a location ~.5 mm inside the flame, and row 4 to a location ~.75 mm inside the 

flame. 



143 

 

Gated time-resolved laser induced incandescence was performed with delays following 

the laser of 0 ns, 20 ns, 40 ns, 60 ns, and 80 ns. Images taken from the 2 bar case are 

shown in Figure 45.  

  

Figure 45: LII images taken at 2 bar at 0 ns, 20 ns, 40 ns, 60 ns, and 80 ns following laser heating.  
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To determine the particle size, libraries of LII simulations were ran using the McCoy and 

Cha conduction model and the Fuchs conduction model. The libraries also included the 

evaporation model, radiation model, and oxidation model that can be found in section 

3.3. Simulation outputs were integrated based on camera delays and gate durations to 

determine the corresponding particle ratio as shown in Figure 46. The left side of the 

figure show ratios found at 2 bar pressures for particles between 5 nm and 35 nm. The 

ratios shown are for the 20 ns delay divided by the 40 ns delay. Initial heat up 

temperatures of 3500 K and 4000 K are shown in the figure with comparison between 

different conduction models. With lower heat up values, the effects of the conduction 

model are not as important. The higher heat up temperature of 4000 K shows significant 

differences between the Fuchs conduction model and the McCoy and Cha model. As 

pressure increases, this difference would be greater. On the right side of Figure 46, a 

comparison of the 4000 K peak temperature Fuchs conduction model is shown for the 

different ratios at 2 bar. The longer delay ratios have smaller values than the shorter delay 

ratios.  

Figure 46: (Left)-Ratios from the 2 bar simulations for delays of 20 ns and 40 ns with a peak temperature of 3500 K 

and 4000 K and different conduction models. The McCoy and Cha conduction models are squares while the ratios for 

the Fuchs model are diamonds. (Right)-A comparison of the 20/40, 40/60 and 60/80 ratios for the 2 bar Fuchs model 

with a 4000 K heat up temperature. As the gate delay increases, the ratio value decreases.  
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Peak LII particle temperatures for the each pressure condition were found using two-

color pyrometry. Ratios were made using the 20 ns delay over the 40 ns delay, the 40 ns 

delay over the 60 ns delay, and the 60 ns delay over the 80 ns delay. A lookup table 

approach was used to match the initial temperatures to the correct library, and then the 

correct ratio to calculate the particle diameter. The calculated particle diameters for each 

pressure and ratio are shown in Figure 47. For the 2 bar case, the signal to noise ratio was 

low for later delays, and thus the calculated diameters at later delays are at the maximum 

diameter in the library. For each of the pressure conditions, the 20 ns/40 ns ratio case 

estimated particle sizes that were significantly lower than the other ratios.  
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7.1.3.3 LII versus TEM 

A comparison of the average LII measurements versus TEM measurements is shown in 

Figure 48 for the 40 ns/60 ns delay (except for 2 bar where 20 ns/40 ns was used) with 

the calculated particles from the Fuchs model in the top graph and the calculated particles 

from the McCoy and Cha conduction model on the bottom. Background values for LII 

were set to Nan and averages were taken from an area .25 tall mm at 5 mm HAB, 10 mm 

Figure 47: Measured particle sizes (in nm) for all pressures and different particle ratios.  
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HAB, and 15 mm HAB. For the Fuchs model, the average values for the 15 mm HAB 

showed the best agreement. This is likely due to the lower gradients in Dp in this higher 

height. The 10 mm height shows reasonable agreement at most pressures with the largest 

discrepancies at 4 bar and 8 bar. Comparisons between the TEM and LII at 5 mm HAB 

had good agreement at 16 bar, but the agreement at 12 bar was not as good. This could be 

due to differences in soot density early in the flame, or soot dependence on emissivity 

Figure 48: Average LII and TEM measurements for each pressure using the Fuchs model. 
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early in the flame as seen in [92]. The McCoy and Cha model showed worse agreement 

between the LII and TEM at nearly all points except for at the 16 bar 15 mm HAB case. 

For the 5 mm HAB cases and 10 mm HAB cases the LII calculations were lower than the 

TEM measurements while for the 15 mm HAB cases the LII was consistently higher than 

the TEM measurements. 

In Figure 49 a comparison between LII and TEM is shown for each of the delays. The 60/ 

80 ns ratio showed the lowest difference between the LII and TEM measurements at all 

pressures except for 2 bar. The 12 bar 5 mm HAB measurement had the largest difference 

between the LII and TEM measurements for the 40/60 ns ratio. The difference is reduced 

in the 60/80 ns ratio. For the 5 mm HAB measurements, average Dp increases linearly 

with pressures at a rate of 4.5 nm/bar for the TEM measurements, and 6.7 nm/bar for the 

LII measurements at the 60/80 ns delay. For the 10 mm HAB, TEM measurements show 

a leveling off of growth between 12 and 16 bar while for the LII measurements, particle 

growth begins to level off between 8 and 12 bar although it appears to increase again 

between 12 and 16 bar. This indicates that the average measurement for LII at 12 bar may 

have experimental error. For the 15 mm HAB location, TEM measurements showed a 

consistent linear growth for the LII measurements for all pressures up to 12 bar, then 

slightly decreases. A linear fit to the measured particle diameter showed particle growth 

of 1.6 nm/bar. For the LII measurements, the data was fitted the 60/80 ns delay for all 

pressures except for 2 bar where it was fitted to the 20/40 ns delay. The growth was again 

linear with a value of 2.5 nm/bar. 
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Figure 49: A comparison of average particle sizes (Dp) predicted for TiRe-LII vs TEM at each pressure. The 

20 ns/40 ns delay plot is shown on the top, the 40 ns/60 ns delay is in the center, and the 60 ns/80 ns plot is on 

the bottom. 
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To test if the TEM sampling method was able to capture the axial gradient of soot seen in 

the LII images, a comparison of axial TEM vs LII values was done and is shown in 

Figure 50. LII measurements from the 60/80 ns measurements were used for all pressures 

except for 2 bar where the 20/40 ns measurement ratio was used. In this figure, 0 mm 

axial location on the x-axis corresponds to the flame edge. Similar to the average values, 

comparisons of the LII versus TEM measurements of the axial locations at the 15 mm 

HAB showed LII measurements that were consistently higher than the TEM 

measurements for each pressure. The condition with the smallest difference at the flame 

edge between the LII and TEM was the 12 bar case while the condition with the largest 

difference was the 2 bar case. 

At 10 mm HAB, the LII is initially smaller than the TEM results at the flame edge. The 

LII Dp then becomes larger than the TEM results at the next LII location, and then rapidly 

decreases in particle diameter as particles are nearer to the flame center. This occurs for 

the 8 bar, 12 bar, and 16 bar cases. The slope of particle decrease is significantly higher 

for the 16 bar case then it is for the 12 bar case and 8 bar case. This would be expected 

due to the increased reaction rates at higher pressures.   

For the 5 mm HAB cases shown, the TEM measurements did a significantly better job at 

capturing the axial gradients in particle diameter than for the 10 mm HAB cases. This is 

likely due to the larger gradients in Dp that would be expected in this area. The LII 

measurements showed limited particles in this area, but this is due to thresholding applied  
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Figure 50: Axial position of LII compared to TEM measurements. The 0 mm axial location 

corresponds to the flame edge with increasing axial location indicating a direction toward the flame 

centerline. Measurements from the 15 mm HAB location are in the top plot, followed by 10 mm HAB 

plot, then 5 mm HAB plot.  
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during image processing.  

Both LII and TEM show significant primary particle diameter growth with pressure. 

Previous measurements in a similar flame configuration reported much smaller values of 

primary particle sizes with pressure [56] with a peak value of 48 nm reported at 15 bar 

and 20 bar at a location 8 mm HAB. This could be due to a number of factors including: a 

lower carbon mass flux, sampling method used, or analysis method of TEM images. 

Although the carbon mass flux is lower in [56], the dilution is significantly lower, with a 

75% N2 dilution in [56] compared to an 83% dilution in this study. Thus based on the 

dilution, it would be expected for primary particles to be larger in [56]. The sampling 

method in [56] uses a swiping motion, thus reporting a height average primary particle 

size. In this chapter, we use a single insertion method to attempt to report axial gradients 

in Dp. Finally, the analysis method used in this chapter was manual, compared to the 

circular Hough transform analysis used in [56]. This analysis method has been shown to 

under report primary particle sizes in [107], and furthermore is extremely sensitive to the 

input parameters as shown in [176]. 

Reasonable agreement between LII and TEM measurements is seen for most conditions. 

The maximum discrepancies at 15 mm HAB were 30% between LII and TEM. At 10 mm 

HAB, the discrepancy at 4 bar is significant of 117%. By taking the average value of the 

LII calculated Dp at a locations 1 mm higher in the flame at 4 bar, the discrepancy 

between the LII and TEM measurements is reduced to 32%. For the 5 mm HAB 

measurements, the error at 12 bar was 27%. Again, by moving the averaging location up 

by 1 mm the error for the 12 bar case was reduced to 0.7%. There are two possible 

reasons for the poor agreement being improved by taking the average at a location 
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slightly higher in the TiRe-LII images. The first is the possible shortening of the flame 

during sampling. When the probe is rapidly inserted into the pressurized environment, the 

pressure fluctuates and slightly increases. This causes the flame height to decrease as the 

fuel coming in is also slightly pressurized. To reduce the flame fluctuation, the sampling 

probe was introduced into the chamber using a low flow bypass valve into the pneumatic 

cylinder. Once the probe was in a location 1-2 cm away, the sampling valve was opened 

and disturbances to the flame due to the probe intrusion were minimized. The second 

possible reason for the improved agreement at a slightly higher location for the LII could 

be due to thresholding that was applied to the flame image. A 10% threshold compared to 

the peak signal was applied so that erroneous results from taking the flame ratio would 

not be obtained. 

It is important to note that the LII Dp values reported for the 20/40 ns delays at 4-16 bar 

cases were significantly lower than values reported at 40/60 ns and 60/80 ns while the 2 

bar case showed the best agreement with TEM for the 20/ 40 ns delay. The 2 bar case had 

a large discrepancy between TEM and LII due to the poor signal to noise ratio at later 

gate times. The 60/80 ns showed the best agreement for all pressures. This is expected as 

TiRe-LII measurements are typically recommended to be taken after the sublimation 

regime has passed. The challenge with the 2D TiRe-LII is the large difference in particle 

sizing. While the agreement was better at most locations in the flame for the 60/80 ns 

ratio, the 16 bar case at 15 mm HAB had worse agreement for this gate timing. This is 

possibly due to the lower SNR at this gate timing, as the 40/60 ns ratio 15 mm HAB 

location had better agreement with TEM measurements and the 20/40 ns ratio had the 

best agreement for the 16 bar case. The SNR ratio at 20 ns gate delay is 59, at 40 ns gate 
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delay it reduces to 37, at 60 ns gate delay it reduces to 23 and at 80 ns gate delay it 

reduces to 15.     

7.1.4 Conclusion 

In conclusion, a comparison of 2D TiRe-LII was performed at multiple pressures and 

compared to thermophoretically sampled soot at multiple locations in the flame. The 

following conclusions can be made from these experiments. 

 Reasonable agreement could be found between the TiRe-LII and the 

thermophoretically sampled soot when the SNR was high enough.  

 The large variation in particle sizes at increased pressure make 2D TiRe 

measurements challenging, especially using a lookup table approach that has been 

commonly implemented in the past. This is due to the large drop in SNR at higher 

locations in the flame where Dp is smaller than at lower locations. 

 Primary particle sizes were reported and found to increase with pressure as was 

previously reported [56]. Primary particle sizes reported in this chapter were 

significantly larger than those reported previously. Differences were attributed to 

differences in analysis methods. 

 TiRe-LII measurements showed significant gradients of Dp in the axial direction 

at high pressure that were difficult to capture using TEM. These gradients would 

have significant effects on SVF analysis using light extinction techniques.   
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Chapter 8 

 Conclusions and future work 

This work focused on several aspects of the soot formation process. In Chapters 1 and 2, 

gaps in knowledge are identified and several fundamental apparatus for investigating the 

soot formation process are described. In Chapter 3, the theories of several diagnostics 

utilized in studying soot formation are described. 

In Chapter 4, several types of PAH are doped into a nonpremixed counterflow flame. The 

fluorescence spectrum of several of these PAHs are identified with 1 and 2 ring PAHs 

being detected at 320 nm and 350 nm and 4 ring PAH being detected at 400 nm and 450 

nm. It was found that the nucleation pathway in [36] that is initialized by PAHs with 5 

membered rings is not a favorable pathway for soot nucleation. Finally, it was found that 

of the PAHs doped into the flame, SVF was most sensitive to phenylacetylene. Further 

investigations on the kinetics of the CHRCR pathway are required to model the soot 

nucleation pathway. Simulations comparing nucleation pathways are then required to 

develop a first principles understanding of the nucleation process. 

In Chapter 5, the effects of co-firing ammonia with ethylene on soot formation is 

investigated using several of these diagnostics. The addition of ammonia was shown to 

have a chemical effect in reducing soot formation. Furthermore, the addition of ammonia 

did not have an apparent effect on the initial PAH formation process but began to have an 

effect for larger PAHs. Future work should explore the chemical mechanism of soot 

reduction with ammonia addition. The reduction in PAHs of larger size could indicate a 

reduction in soot nucleation. Furthermore the soot formation process in dual-fueled 
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combustion environments should be explored through the addition of active nitrogenated 

species in a flow reactor to understand gas phase reactions. Finally, studies on the 

nitrogen content and toxicity of soot produced in dual fueled environments should be 

explored. 

In Chapter 6, several diagnostics for soot formation are investigated and further 

developed. In section 5.1 soot scaling values with pressure are investigated between 2 

and 16 bar using 2D LOSA and LII in a nonpremixed coflow flame. The scaling factors 

are found to depend on the diagnostic used, especially in the flame wings. This was found 

to be due to the increased diameter of particles in the flame wings scattering light. Due to 

increased uncertainty in the flame wings, it was recommended that calibration values for 

LII in coflow flames be taken at locations higher in the flame where particle sizes are 

more similar to decrease uncertainty. Measurements of PAH PLIF showed that as 

pressure increases, PAH forms nearer to the burner with the highest movement toward 

the burner between 4 and 8 bar. Future work should focus on understanding how ρsa 

changes in the axial direction of the flame as well as the radial direction to reduce 

uncertainty in light extinction techniques. 

In section 6.2, the effects of soot volume fraction on local gas heating using TiRe-LII are 

investigated. The first conclusion is that local gas heating increases linearly with SVF or 

laser fluence. Errors in predicted particle size from neglecting local gas heating are 

dependent on several parameters but were found to be most sensitive to SVF, pressure, 

and initial particle temperature. The second conclusion is that inclusion of local gas 

heating could be used to improve particle size predictions in highly sooting atmospheric 

flames, but it is unlikely that such highly sooting flames would be found at atmospheric 



157 

 

pressures. At high pressures, the effects of local gas heating could become relevant due to 

how SVF scales with pressure as a power law. The final conclusion was that the error 

from neglecting local gas heating increased as initial particle heat up temperatures 

decreased. If the fluence is too high, other effects such as particle annealing could affect 

TiRe-LII particle predictions. Thus, a fluence that reaches slightly below the sublimation 

temperatures is recommended for TiRe-LII is recommended. 

In section 6.3, a new diagnostic that uses DBIEI is developed to image high speed video 

of 3D SVF and velocity fields in a turbulent flame. The reconstruction framework 

provided an effective method for tomographic reconstruction with limited viewing angles 

and the diagnostic provided the largest spatially and longest temporally 3D SVF 

reconstruction that we are aware of. Future work should investigate the interactions 

between flow fields and SVF. Due to the significant amounts of data, methods of 

analyzing these interactions must be developed. Furthermore, implementation of this 

diagnostic in practical combustion devices would be useful for exploring turbulent 

smoking flames. 

In Chapter 7, an investigation of the implementation of TiRe-LII in pressurized 

environments is done and compared to thermophoretically sampled soot from the 

pressurized environment. It was found that reasonable agreement between the TiRe-LII 

and thermophoretically sampled soot could be achieved when the SNR was high enough. 

Due to the large variation in particle sizes at increased pressure, achieving good SNR at 

locations higher in the flame was challenging since particle at higher locations were 

smaller. The primary particle sizes measured were significantly larger than was reported 

by previous groups and was attributed to differences in analysis methods. Finally, TiRe-
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LII measurements showed significant gradients in Dp in the axial direction as pressure 

increased that highly affect light extinction techniques and should be accounted for in 

these measurements. Future work should investigate the effects of pressure on the fractal 

properties of soot using TEM. Furthermore, development of high dynamic range imaging 

for 2D TiRe-LII in pressurized environments could provide a useful method for obtaining 

better SNR throughout the flame. 

This work investigates many aspects of the soot formation process. Further work is 

required to unravel the mysteries of this complex phenomena. Experimental 

measurements, and development of diagnostics will continue to aid in elucidating 

mechanisms and development of high fidelity combustion models with better predictive 

capabilities for the soot formation process. 
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