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Abstract 

This thesis presents an experimental approach to investigate the growth of carbon particles 

and the mechanism of soot formation under pyrolysis conditions at atmospheric pressure by 

using a burner configuration of two co-annular flows called burnt-gas flow reactor (BGFR). 

In the present BGFR measurements, acetylene (C2H2) was used as a soot precursor. Mixtures 

of C2H2 diluted in nitrogen (N2) were fed through a 10 mm nozzle tube into hot post flame 

gases of fuel-rich ethylene (C2H4) /air flame, which provides the required heat for the pyrol-

ysis of the soot precursor. 

Two-color time-resolved laser-induced incandescence (TiRe-LII) was used as a non-intrusive 

measurement technique to monitor the formation of soot particles during the BGFR pyrolysis 

experiments. Using a Gülder burner, the LII setup was validated. The TiRe-LII technique was 

applied to investigate the increase of soot particle size (dp) and soot volume fractions (fV) 

quantitatively. Qualitative investigations also conducted using the LII-imaging technique on 

the effect of applying different inner and outer flow conditions on measured LII signal. Gas 

temperature was also measured using the generalized line - reverse method to characterize 

the pyrolysis gas flows. LII "benchmark" measurements with N2:C2H2 gas flows pave the way 

for testing the impacts of a fuel additive. The effect of H2 as a fuel additive was measured 

and the influence of CH4 as part of a binary fuel mixture on the growth of carbonaceous 

particles with the same burner configuration. Measured particle sizes from TiRe-LII measure-

ments were compared with particle sizes obtained from transmission electronic microscopy 

(TEM) images for further validation of LII measurement findings. Soot particles were col-

lected on TEM grids by thermophoresis.  

For gas-phase temperature measurements in the unburned zone of the BGFR, a nitrogen 

flow was seeded with toluene and the possibility of using toluene LIF for imaging thermom-

etry was tested. 

The experiments showed a soot-inhibiting impact of H2 and this finding agrees well with ob-

servations reported in previous flame and shock-tube experiments, which also addressed 

the influence of H2 on soot formation. Regarding CH4 addition, soot-promoting and soot-

inhibiting effects were observed. The BGFR measurements, in which CH4 to C2H2:N2 flows 
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were added, show a qualitative agreement with plug-flow reactor simulations, which were 

performed to get a better insight into chemical reaction pathways leading to soot particle 

formation under pyrolysis conditions. Also, the plug-flow reactor simulations suggest that 

CH4 can have both soot formation promoting and reducing influence, depending on the mix-

ing ratio between C2H2 and CH4. 
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Zusammenfassung 

In dieser Arbeit wird ein experimenteller Ansatz zur Untersuchung des Wachstums von Koh-

lenstoffpartikeln und des Mechanismus der Rußbildung unter Pyrolysebedingungen bei At-

mosphärendruck vorgestellt, wobei eine Brennerkonfiguration mit zwei gleichgerichteten 

Strömungen verwendet wird, die als „Burnt-gas flow reactor” (BGFR) bezeichnet wird. Bei 

den vorliegenden BGFR-Messungen wurde Acetylen als Rußvorläufer verwendet. Gasgemi-

sche aus C2H2, verdünnt in Stickstoff (N2), wurden in die heißen Flammengase ein brennstoff-

reiches Ethen/Luft-Flamme eingedüst, die die erforderliche Wärme für die Pyrolyse des Ruß-

vorläufers liefert. 

Zeitaufgelöste Messungen mit laserinduzierter-Inkandeszenz (TiRe-LII) wurde verwendet, 

um die Bildung von Rußpartikeln während der BGFR-Pyrolyse-Experimente zu messen. Unter 

Verwendung eines Gülder-Brenners wurde der LII-Aufbau validiert. Die TiRe-LII-Technik 

wurde eingesetzt, um die Zunahme der Rußpartikelgröße (dp) und der Rußvolumenbrüche 

(fV) quantitativ zu untersuchen. Qualitative Untersuchungen wurden auch mit der LII-Bildge-

bungstechnik durchgeführt, um die Auswirkung der Anwendung unterschiedlicher innerer 

und äußerer Strömungsbedingungen auf das gemessene LII-Signal zu untersuchen. Zur Cha-

rakterisierung der Pyrolysegasströme wurde auch die Gastemperatur mit einer Absorptions-

Emissions-Methode gemessen. LII-„Benchmark“-Messungen mit N2:C2H2-Gasströmen wur-

den als Basis für die Untersuchung des Einflusses eines Brennstoffadditivs herangezogen. 

Gemessen wurde der Einfluss von H2 als Brennstoffzusatz und der Einfluss von CH4 als Teil 

eines binären Brennstoffgemisches auf das Wachstum von kohlenstoffhaltigen Partikeln bei 

gleicher Brennerkonfiguration. Gemessene Partikelgrößen aus TiRe-LII-Messungen wurden 

mit Partikelgrößen verglichen, die aus Aufnahmen mittels Transmissionselektronenmikro-

skopie (TEM) gewonnen wurden, um die Ergebnisse der LII-Messungen zu bestätigen. Ruß 

wurden durch Thermophorese auf TEM-Gittern gesammelt.  

Für Gasphasen-Temperaturmessungen in der unverbrannten Zone des BGFR wurde ein Stick-

stoffstrom mit Toluol versetzt und die Möglichkeit der Verwendung von Toluol-LIF (Laserin-

duzierte Fluoreszenz) für die bildgebende Thermometrie getestet. 
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Die Experimente zeigen eine rußhemmende Wirkung von H2 und dieses Ergebnis stimmt gut 

mit Ergebnissen überein, die in früheren Studien mit Flammen und Stoßwellenrohren be-

richtet wurden, in denen ebenfalls der Einfluss von H2 auf die Rußbildung untersucht wurde. 

Hinsichtlich der CH4-Zugabe wurden sowohl rußfördernde als auch rußhemmende Effekte 

beobachtet. Die BGFR-Messungen, bei denen CH4 zu C2H2:N2-Strömen zugegeben wurde, 

zeigen eine qualitative Übereinstimmung mit Plug-Flow-Reaktor-Simulationen, die durchge-

führt wurden, um einen besseren Einblick in chemische Reaktionswege zu erhalten, die zur 

Rußpartikelbildung unter Pyrolysebedingungen führen. Außerdem deuten die Plug-Flow-Re-

aktor-Simulationen darauf hin, dass CH4 sowohl einen rußfördernden als auch einen rußre-

duzierenden Einfluss haben kann, abhängig vom Mischungsverhältnis zwischen C2H2 und 

CH4. 
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 Introduction 

Soot or carbon black is an ultrafine black material of inhomogeneously-shaped carbonaceous 

particles. By mass, carbon is the major component of soot.  Soot particles are produced 

mostly from the incomplete combustion of hydrocarbons [1]. Combustion-generated soot is 

environmentally harmful. The small aerodynamic diameters (Typical particle sizes range 

between a few nanometers and 1 µm), as well as the physical characteristics and chemical 

components of these particles, place them as one of the most important air pollutants [2, 3].  

Despite the harmful nature of its particles on humans and the environment, soot has 

practical significance in the manufacturing of technical carbon. It is an important product in 

many industries. Active filler in rubber products is the major use of soot. Also, it is used in 

active carbon manufacturing, in water and air filters, (a component of paints, paper, 

polymers), and in printing industries [4, 5].  

For decades, researchers have worked on solving the puzzle of how solid soot particles form 

at high temperatures from the gaseous polycyclic aromatic hydrocarbons (PAHs) when 

hydrocarbon fuels burn. Generally, soot particle formation passes through a sequence of 

four major processes: homogeneous gas-phase nucleation of soot particles, particle surface 

reactions, particle mass, and size growth through coagulation and particle agglomeration. 

The early stages of soot formation, are highly debated and vital to many ongoing studies in 

combustion research. Understanding initial steps of soot formation is based on the chemistry 

of the precursors and molecular reactions. These chemical reactions and physical processes 

responsible for the subsequence steps of (PAHs) and soot particle formation [2, 6].  

Developing clean engines with very low exhaust emissions requires detailed kinetics soot 

modeling. The best-known model is the (PAH) model, which was developed by Frenklach [7]. 

It describes the gas-phase chemical conversion from small hydrocarbon molecules like CH4, 

C2H4, and C2H2 leading to molecular soot precursors based on the HACA mechanism. PAH 

species were assumed to grow by a sequence of H-atom abstractions from aromatic rings 

followed by the addition of acetylene molecules to radical sites of these ring systems (HACA). 

The formation and the growth of soot precursors and soot particles depend on the reactions 
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of hydrogen chemically bound in the fuel (RH), free hydrogen (H) atoms, and H2 [7, 8]. 

Because of the reversibility of the RH + H ↔ R + H2 abstraction reaction in the HACA 

mechanism, both H and H2 are critical ingredients for the kinetics and thermodynamics of 

the overall growth of soot precursors [7]. Incipient soot particles have a carbon-to-hydrogen 

C/H composition and optical properties close to that of large PAHs. Later, the C/H ratio 

reduces during aging (i.e., graphitization) [9]. Typical “mature” soot particles emitted from 

combustion, however, still have high C/H ratios and the surfaces of the carbon nanoparticles 

contain significant amounts of bound hydrogen. The presence of variable hydrogen content 

during soot formation influences the reaction pathways and will provide carbon 

nanomaterial with variable C/H ratios [10].  

Recent studies [11] propose slightly different chemical pathways for the formation and 

growth of primary soot particles. The study from Johannsson et al. proposes that PAHs can 

evolve into soot via chain reactions of resonantly stabilized radicals (RSRs). The new mecha-

nism suggests RSRs propagate chain reactions, involving steps that form increasingly larger 

and more stable RSRs that move the reaction forward to form PAH fractal clusters via cova-

lent bonds. Subsequently, soot particle formation happens when large PAH radicals react 

with each other, forming large molecular clusters [11, 12]. 

Kinetics models describing soot formation are still not sufficiently developed to fully cover 

the mechanism of soot particle formation. Accordingly, it is vital to identify gaps in soot 

formation models and provide recommendations for strategies to decrease harmful soot 

emissions. These strategies will work collaboratively to manage the formation of soot 

qualitatively and quantitatively. Combustion science, test engines, flame, and shock-tube 

studies are conducted to study the impact of fuels and additives on carbon particle growth 

[13]. 

Because of its high-energy content and carbon-free nature, H2 as a fuel additive reduces soot 

particle formation and present a near-zero or very low carbon emissions. H2 addition is 

targeted to reduce gaseous and particulate emissions along with fuel consumption. [14-16]. 

Understanding the role of additives in the soot formation process needs a perception of the 
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combustion chemistry behind the conversion of hydrocarbon fuel molecules with few carbon 

atoms into soot. 

In this study, the process of soot formation and the impact of using H2 as an additive and the 

binary hydrocarbon mixture like C2H2 and CH4 are analyzed using a so-called burnt gas flow 

reactor (BGFR). The BGFR setup makes it possible to observe soot-particle-growth under 

pyrolytic conditions.  

In previous experimental studies, laser diagnostics were used in soot formation to measure 

temperatures and monitor the formation of PAH species by spectroscopic methods. UV-

absorption measurements were conducted to monitor the formation of PAH molecules in 

flames. NO-LIF measurements were also carried out to determine flame temperatures [17, 

18]. Using laser diagnostics methods offers a valuable non-intrusive technique for studying 

the soot formation and provides more insights into the soot formation mechanism inside the 

engines. Different methods are used in the context of this work. The Time-resolved laser 

induced incandescence (TiRe-LII) technique, which is widely used to investigate carbon 

primary particle size and soot volume fractions is used [19]. Also, the distribution of the soot 

region of the pyrolysis flame using the LII imaging technique was applied as well. The flame 

temperature is measured using the line-reversal method. Finally, the possibility of using 

toluene as a LIF tracer for flame temperature measurements is also tested. 

The main objective of this study is to investigate the impact of molecular hydrogen on 

polycyclic aromatic hydrocarbons (PAH) and the formation and growth of soot particles. 

Which is achieved using acetylene as a soot precursor under controlled reaction conditions. 

By monitoring particle growth under pyrolytic conditions, the soot particle formation is 

observed under conditions that are easier to model in terms of chemical kinetics reaction 

mechanisms compared to a typical flame. The project objectives were achieved through the 

following tasks:  

• Validation of a two-color TiRe-LII device for in situ measuring soot particle sizes 

• Characterization and optimization of the BGFR 

• Quantitative investigation of the growth of soot particles in different hydrocarbon 

mixtures under pyrolytic conditions 
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• Determination of the influence of fuel additives on soot formation concerning the 

hydrocarbon mixtures under the pyrolytic condition 

• Testing the impact of using binary hydrocarbon mixtures on soot particle growth 

• Measurement of the flow temperatures, which is necessary for soot modeling 

• Testing the possibility to use toluene as a precursor and a LIF tracer for measurements 

in the BGFR setup 
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 Background and literature review 

 Soot and soot morphology 

The term soot is commonly used to describe a product of incomplete combustion. 

Depending on the context, it is also referred to as black carbon, and carbon black [20, 21]. 

Soot is a nanostructured material, according to the new classification approved in 2015, 

which classifies soot particles (diameter less than 100 nm) [22], claiming that soot particles 

are far smaller than the regulated particle classes of PM10 and PM2.5. According to this 

classification, soot is denoted as one of the ultra-fine ambient airborne particulate matter 

(UFP) or (PM0.1) [3]. It mainly contains carbon and hydrogen. The term “soot particle” refers 

to the collected material when exhaust gases pass through a filter [23]. It is a solid material 

that can be separated into soluble and insoluble fractions by treating with various solvents.  

 

Figure 2.1: Three TEM bright-field images of typical carbonaceous particles from atmospheric aerosol 

samples. (a) Soot particle from the smoke of a savanna fire in Kruger National Park, South Africa. (b) 

Soot particle from the Central European troposphere. (c) Other types of carbonaceous particles from 

the Central European troposphere [24]. 

The variety of soot depends mainly on fuel type and combustion conditions [25, 26]. TEM 

bright-field images of three different soot samples were shown in Figure 2.1. Every soot type 
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is characterized by a specific aggregate morphology, particle size, and nanostructure. These 

features combine to present a fingerprint for every soot type [24]. The soot morphology 

provides an insight into the multiple processes involved in soot formation, growth of 

particles, and oxidation [27, 28]. Understanding the change of soot morphology is vital to 

understand the influence of aggregate morphology and internal mixing on soot toxicity, 

transport properties, optical properties, chemical composition, and oxidation behavior [29]. 

The most common soot emission morphological parameters are the diameter of primary 

particles (dp), soot particle number density (N), and volume fraction (fV). These parameters 

of aggregate particles are modified by engine types, fuel additives, and operating conditions 

[30, 31]. 

Freshly formed soot particles are categorized as nanostructure of soot (ns-soot) according 

to their fundamental optical, chemical, and thermal properties, regardless of their aggregate 

shapes and coatings [32]. Also, they are classified as primary particles or monomers, based 

on the aggregate of the particles with no indication of their chemical or structural 

characteristics [33]. These particles have a roughly spherical shape with dimensions between 

5 and 10 nm and look translucent under the electron beam transmission electron 

microscope (TEM) in comparison with the more mature soot particles [34]. 

Figure 2.2, shows TEM bright-field images with a different scale bar of a typical carbonaceous 

particulate matter ((a) An ns-soot particle from NIST Standard Reference Material (SRM) 

1650b (diesel particulate matter). Scale bar: 200 nm. The inset shows a schematic image of 

carbonaceous nanospheres aggregated to form ns-soot. (b) Enlarged scale of image (a) with 

scale bar of 20 nm. (c) High-resolution image of ns-soot particle from (b), the lattice fringes 

of the ns-soot are evident. (Scale bar: 5 nm) [32]. These images show transparent ns-soot 

precursor particles. Primary particles are covalently bound into aggregates of varying sizes 

ranging from tens to hundreds of nanometers. These soot particles tend to coagulate into 

fractal aggregates with a chain-like structure in the range of macroscopic density 1.7–

1.9 g/cm3 corresponding to the graphite density [35, 36]. 
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Figure 2.2: Images of Diesel exhaust particulate matter show three scales of soot particles:  

a) Scale bar: 200 nm b) Scale bar: 20 nm c) Scale bar: 5 nm [32].  

Subsequent stages of particle formation are characterized by coagulation, coalescence, and 

surface growth that lead to an increase in particle size. Simultaneously, an internal 

rearrangement of the precursor particles changes the structures to more condensed 

aromatic rings and a more compact shape called “soot nuclei” [37]. Additional condensation 

and coagulation cause the soot nuclei to grow to mature soot particle. The average diameter 

of primary mature soot particles is between 10 and 50 nm with a fine structure similar to 

polycrystalline graphite [38]. Primary particles have a soluble fraction made up mainly of 

PAHs, with low molar hydrogen/carbon ratios (H/C ≈ 0.1) in mature particle aggregates [39, 

40]. Some sources refer to mature soot as black carbon (in the context of atmospheric 

aspects) because of its strong absorption over a broad spectral range covering ultraviolet, 

visible, and infrared wavelengths [41]. 

Soot contains between 90 and 98 % carbon; it is a combination of graphite-like elementary 

carbon and light-absorbing organic matter [38]. Mature soot particles are typically 

composed of a stack of layers; each layer of them has a graphite-like hexagonal structure. 

They are with no identifiable long-range order like in graphite (maybe amorphous or have a 

core-shell structure). It is distributed as graphene layers parallel to the surface in the outer 

shell and disordered in the core [42, 43]. Most layers are arranged through the soot volume 

in a parallel fashion of a regular graphite structure. Mature soot particles are coated with 

sulfates and other remnants of other elements present in the original fuel [44]. The optical 

properties of soot depend strongly on its structure. Bond lengths, bond energies, and 

vibrational properties determine the specific radiation and absorption characteristics [45].  
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According to Vander Wal et al. [46], the reactivity of soot is correlated to its nanostructure. 

Thus, curvy and disordered structured soot is more reactive than soot that contains planar 

graphitic layers. Structural changes depend on fuel and synthesis conditions; a higher carbon 

to hydrogen (C/H) ratio produces more soot, for an amount of fuel, variable flow conditions 

produce soot more than a steady flow [28]. Also, some studies confirm that the soot struc-

ture depends on fuel additives and soot aging [47].  

2.1.1 Soot formation 

Soot formation is a complex process. The mechanism of this process is still not understood 

completely [48]. Over the last few decades, the formation of PAHs, soot, and burnout in 

combustion systems represents a focus topic for many research centers. Experimental, 

theoretical, and computational research was carried out to understand the phenomenology 

and mechanisms behind soot formation processes [49].   

At typical flame temperature, soot particles should appear in premixed air/fuel systems 

when the carbon-to-oxidizer (C/O) ratio exceeds unity; i.e., at a mixture of composition with 

composition ratio (ratio of carbon to oxygen atoms) C/O ≈ 1 [50]. But this is not always the 

case, early studies showed that soot formation begins at C/O ratios less than 1. For example, 

in a fuel-lean flame, the C/O ratio could reach as low as 0.5 before soot forms, depending on 

the type of fuel and temperature [51].  

The formation of condensed phase materials or ordered structures in high-temperature 

environments of flames is experimentally derived in two ways, either through a decrease in 

the enthalpy due to chemical bond formation or an increase in entropy because of the 

released gas-phase species during particle formation. Concerning soot formation, it is an 

entropy-driven process. The overall process is slightly endothermic; the process is kinetically 

controlled by a highly reversible kinetics process [52, 53]. The formation of high-weight 

carbon species from saturated alkanes under the endothermic chemical process releases H2, 

which eventually drives the soot particle formation according to an entropy increase [52].  

The thermodynamics of soot formation and the conditions of soot inception may be well 

understood, but the nature of soot itself is not entirely understood [54].  
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In parallel with the thermodynamics view, diverse explanations were presented over the last 

few decades to describe soot formation in the context of pyrolysis and combustion of 

hydrocarbons. Pure pyrolysis is the decomposition process of organic compounds such as 

fuels and altering their molecular structure in the presence of high temperatures without 

oxidation. Pyrolysis takes place also with the presence of some oxygen species; thus, it is 

denoted as oxidative pyrolysis. This is typically the case for fuel-rich premixed flames [55, 

56].  

Regardless of the source, soot particles are typically formed in the gas phase. The pyrolysis 

of the hydrocarbon precursor material occurs also in the gas phase; then, the nucleation 

process forms the transfer to the solid phase. Subsequently, the growth processes take place 

in the solid phase [5]. PAH molecules are regarded to be the precursors of soot. The general 

form of soot formation comprises two principal parts: Chemistry (elementary gas-phase 

reactions) and dynamics (subsequent formation of soot particles) [57]. Soot formation 

models include four chemical and physical steps, pursuing essential processes: Nucleation 

(homogeneous inception of particles from large molecular precursors). Subsequently, 

surface growth in the reactions with gas-phase active species. Then, coalescence and 

coagulation form larger particles. Finally, agglomeration of the primary particles to form 

chain-like aggregates [5]. 

Figure 2.3 shows the sequence of soot formation stages according to the aromatic model 

[58].In soot particle formation, nucleation or soot particle inception is the complex transfor-

mation process from the molecular to the particulate system [5]. The first particle in the 

flame is observed in the inception stage, the typical size of such soot particles is about 1.5 

nm [59]. It originates from various unsaturated hydrocarbons, such as acetylene and PAHs. 

Compared to other pyrolysis products, these hydrocarbons are kinetically stable. They are 

also the most probable precursors of soot [60]. 
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Figure 2.3: Illustration of soot formation steps. It adopted this figure from Schubinger et al. [58],  

who modified the well-known scheme from Bockhorn [61]. 

The formation of molecular precursors is the first important step of the reaction sequence 

to larger aromatics. Regardless of the initially involved fuel or temperature, the hydrocarbon 

fuel undergoes either pure pyrolysis or oxidative pyrolysis [62]. It is degrading into small 

hydrocarbon radicals (C2, C3, and C4 structures), which react to form smaller hydrocarbons, 

such as alkanes (e.g., methane CH4), alkenes (e.g., ethylene C2H4, propene C3H6), alkynes 

(e.g., acetylene C2H2) or poly-acetylenes ((C2H2)n) in case of pure pyrolysis. Additional 

products include CO2, H2O, and CO in case of oxidative pyrolysis [7, 49]. 

The formation of the first aromatic ring represents a bottleneck of the reaction sequence 

towards larger aromatics. Several possible pathways were suggested to introduce an 

acceptable description of this process. Most soot inception mechanisms are based on 

mechanistic descriptions from Frenklach and Wang [8]. According to their approach, C2H2 

takes the key role as growth species, through the HACA mechanism. This mechanism 

involves a repetitive reaction sequence of two steps; the earliest one is an abstraction of a 

hydrogen atom from a hydrocarbon molecule by reacting with gas-phase hydrogen atoms, 
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followed by the addition of an acetylene molecule to the radical site formed. This mechanism 

assumes that the C2H2 is responsible for an even-carbon-atom pathway towards benzene 

(C6H6) ring formation [8, 63]. The formation of C6H6 rings is a key step towards soot 

formation. This stage involves simultaneous chemical and physical growth. The formation of 

aromatic hydrocarbons occurs in higher temperature combustion conditions, where species 

with weaker bonding decompose to various chemical structures. At the same time, multiple 

PAH species stick together to form dimers, trimers, and larger clusters [64]. Finally, different 

PAH species interact with each other while individual PAHs continue to grow until the mass 

accumulated in PAH species exceeds a certain size, and the first soot particle forms [5, 11]. 

In the surface-growth stage, a large amount of solid material (particle nuclei) is generated, 

and also, while the surface of the particles is saturated with hydrogen. The mass and size of 

the particles increase at constant particle number density by surface growth reactions [59, 

62]. Surface growth is governed also by the HACA mechanism. According to this mechanism, 

C2H2 acts as one of the growth species. Other species such as aromatics have been proposed 

as the growth precursors of what is the so-called condensation process [59]. The residence 

time of this process has a significant influence on the total soot mass and soot volume 

fraction [55]. Through this process, gas-phase PAHs condense onto the soot particle surface, 

increasing particle size and mass. The growth of surface reactions declines with the extent 

of particle growth concerning surface aging and the reduction of the concentration of the 

remaining gas-phase hydrocarbons [7, 55]. 

In parallel to the surface growth, particles collide with each other to form larger particles 

through coagulation [7]. The coagulation rate mainly affects the total number density of the 

particles. Because of coagulation, the density of the solid material decreases, and the particle 

size increases [59, 62], through an irreversible process with primary particle sizes in the range 

of 20–70 nm [55]. The last process of soot formation includes coalescence and agglo-

meration. The former regime assumes that particles have a spherical shape because of the 

combined effect of surface growth and coagulation; they collide and coalesce completely to 

form new spherical particles [52]. Concerning the surface aging and viscosity increase, larger 

particles coagulate no more, in latter regime particles stick to each other to form a random 
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structure of sticking spherical particles called chain-like structure, i.e., fractal aggregates. 

Figure 2.4 shows soot particles with a complex chain-like structure [65]. At a later point in 

the flame, this regime takes place and classifies the soot particles as "mature soot" [35]. 

 

 

Figure 2.4: Illustration of the complex chain-like structure of soot particles. 

2.1.2 Soot formation and additives 

The soot formation process depends on the mixture composition, temperature, and 

pressure. The soot formation depends crucially on the C/O ratio. The required threshold of 

C/O value for soot generation is not constant and changes with temperature and pressure 

[62]. For premixed flames, a few studies are available on the influence of H2 addition on soot 

formation in the combustion of hydrocarbon fuels. No consistent picture could be obtained: 

The addition of H2 to benzene and kerosene flames caused a slight increase in the yellow 

luminosity, suggesting a positive impact of H2 on soot formation [66]. In contrast, Homann 

and Wagner observed a soot-inhibiting effect of H2 in low-pressure C2H2 premixed flames 

[67, 68]. Whereas Haynes et al. observed a reduced threshold of soot formation by the 

addition of H2 to a premixed C2H4/air flame, the actual soot yield is insignificantly affected 

by mixing up to 3 % of H2 to the unburned gas [69]. Eremin et al. and Aghsaee et al. referred 

to the effect of using hydrogen as a fuel additive to the C2H2/air premixed flames through a 

reduction of the gas-phase temperature [70, 71]. Pandey et al. [72] investigated the 

influence of H2 addition on soot formation and soot morphology in C2H2/air laminar diffusion 

flames using different flow arrangements. They reported an increase in the centerline flame 
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temperature by 50–100 K and a decrease in the soot volume fraction upon the addition of 

H2. 

The impact of hydrogen on soot formation was also examined by burning or pyrolyzing 

hydrocarbons with different C/H ratios. The group of Wagner [73] measured soot-volume 

fractions fV, particle diameters d, and particle number densities N. They found that both fV 

and d increase with increasing C/H ratio, whereas the rates of soot-mass growth and 

coagulation are within the error limits independent of the C/H ratios. For non-premixed 

flames, Schug et al. [74] suggested that not the C/H ratio, but the molecular structure of fuel, 

is a suitable parameter to determine the sooting characteristics. Using methane as an 

additive to the acetylene pyrolysis flame mixture caused a significant increase in the soot 

volume fraction and consequently larger soot particle formation. Eremin et al. showed an 

observable acceleration of soot formation and an increase in the number of soot precursors, 

also the additive of methane speeds up the first aromatic ring formation and growth of larger 

PAH molecules [75]. 

2.1.3 Toluene pyrolysis 

The pyrolysis of toluene and it is chemistry has been studied a long time ago [76]. The main 

reason for involving toluene in soot and soot formation studies is that toluene one of the 

smallest molecules which has a higher aromatic content and significantly lower hydrogen 

content than other petroleum-based fuels. These fuel characteristics will cause an increase 

in soot formation, flame radiation, and a tendency for deposit formation during the combus-

tion of synthetic fuels [77, 78]. 

Andrae et al. [79] and Zhang et al. [80] presented a toluene pyrolysis model. According to 

the mechanism which is used in these studies, toluene decomposes at a temperature higher 

than 950 K. These studies suggest that toluene pyrolysis occurs already at temperatures 

around 1000 K. Faust et al. [81] suggest that it affects spectra only above 1200 K. At lower 

temperatures, the concentration was assumed to be too low to detect fluorescence signals. 

At 1228 K, for reaction times of 3 and 1.5 s “normal” toluene emission is visible with a peak 

around 320 nm with some additional spectral features near 400 nm and longer wavelengths 

originating from decomposition products. At 6 s residence time, the toluene signature is 



25 
 

completely gone, and the spectrum only originates from these pyrolysis products, which 

amongst others might ascribe to benzyl radicals. For this long residence time enhanced laser 

stray light is visible, presumably due to soot particles. Two major initial pyrolysis products of 

toluene were presented in the literature. The first one is the decomposition of benzyl and 

hydrogen radicals, which were preferentially formed at low temperatures. Benzyl radicals 

show fluorescence and excitation in the visible range of light [82]. The second one is the 

decomposition of phenyl and methyl radicals, which were formed mostly in higher 

temperatures. Both benzyl and phenyl, however, show absorption at 266 nm [83, 84]. 
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 The theoretical background of optical diagnostics  

 Laser-induced incandescence (LII) 

Laser-induced incandescence (LII) is one of the few optical techniques suited for in situ 

investigations of soot [85]. It incorporates two-color pyrometry of laser-heated particles for 

spatial and temporal measurements of soot particle concentration, primary particle size, and 

volume fraction measurements in combustion, engines, particle synthesis, and 

environmental applications [86]. The wide dynamic range and the low detection limit of LII 

make it a preferred standard instrument for in situ soot measurements [87]. 

Laser-induced incandescence is generated by heating particles rapidly with a high-power 

laser. As particles interact with the laser and absorb light, their temperatures increase from 

the local ambient soot temperature to a temperature approximately equal to the soot 

vaporization temperature, leading to a strong non-linear increase in thermal radiation and 

subsequently, incandescence [88, 89]. The incandescence from the soot particles is 

measured using appropriate optics and photodetectors. Calibration and analysis of the 

incandescence signal, provide highly accurate information on the soot volume fraction and 

primary soot particle size. Laser energy absorption by the soot particles and the subsequent 

cooling processes involve a complex analysis of the nanoscale heat and mass transfer in time 

and space [85, 86]. 

According to Melton [90], the LII signal is proportional to the individual particle’s size 

according to dp
x. The value of x is approximated by: 

 

𝑥 = 3 +
0.154 µm

𝜆det  
 (1) 

 

Furthermore, Melton compared two values of x, which resulted from two different wave-

lengths. For a detection wavelength of 700 nm is x = 3.22, and for 400 nm is x = 3.38. Since 

the value of x correlates particle size and soot volume fractions, Melton showed that there 
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is a deviation from a linear relationship between LII signal and soot volume fraction in the 

case of particle diameter changes [90, 91]. 

During the LII process, the temperature history of the primary particle during and after 

interaction with a laser pulse is proportional to heat and mass transfer equations with 

different rates. All these physical terms apply to different influences to the primary particle 

diameter. Absorption of radiation and internal energy processes are all assumed particle 

volume related with the approximate relation (∝ dp
3), whereas heat conduction and 

sublimation are proportional to the particle surface area (∝ dp
2). Figure 3.1 shows the 

relationship between physical mechanisms during the LII process and the primary particle 

diameter (dp) [91]. Primary particle size determination using pulsed LII depends on the rate 

of decay of particle temperature after laser heating. A proportional decay in the LII signal 

resulted. The time-resolved detection technique (TiRe-LII) was used in this thesis to measure 

this signal decay [92, 93]. 

 

 Figure 3.1: Physical processes that occur during the LII process and their dependence on the pri-

mary particle diameter dp. 

The study of Melton was the first theoretical approach to use the LII method for volume-

fraction measurements using laser particle heating [90]. The first experimental study 

concerning the relationship between the LII signal and the soot volume fraction on premixed 

flat flames was introduced in 1994 by Vander Wal and Weiland [94]. According to this study, 
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in contrast to macroscopic objects, the energy was absorbed and emitted by sufficiently 

small particles depending on the volume [95]. This approximation supports the 

proportionality of the maximum LII signal to the soot volume fraction fV. Based on this 

assumption, soot primary particles are volume absorbers and emitters [89].   

In the first applications of LII, the focus was on soot volume fraction measurements. The 

relationship between the LII signal and soot volume fraction depends on many experimental 

and physical parameters [91]. The soot volume fraction fV is the concentration number of 

particles (N) multiplied by the volume of each particle. The soot volume fraction for spherical 

particles with a diameter (d) is expressed as [96]: 

𝑓𝑉 =
𝑁 π 𝑑3

6 
 (2) 

Subsequent LII volume fraction experiments showed a good correlation between the LII 

signal and soot volume fraction [97, 98]. Seitzman and co-workers compared there LII results 

with other results which is calculated from extinction measurements. Their theoretical 

findings showed that soot volume fraction was proportional to the changes in particle size 

under various experimental conditions [99]. Based on these results, they concluded that a 

short prompt detection gate and a long detection wavelength are preferable choices for 

obtaining a linear relationship between LII signal and soot volume fraction [100, 101]. 

Currently, the two-color TiRe-LII techniques apply a specific LII signal which is proportional 

to the soot volume fraction with no effect of the soot particle sizes on results uncertainties 

[102]. In this technique, the soot volume fraction is not proportional to the LII signal intensity 

only, it is also derived using the particle temperature history from time-resolved pyrometry 

[91, 102]. 

3.1.1 The theoretical concept of time-resolved (TiRe) LII 

TiRe-LII is based on particles absorbing pulsed laser light [96]. The absorption of short high-

power laser pulses leads to the rapid heating of particles, up to their sublimation 

temperature within a few nanoseconds. This causes an increase in internal energy and 

temperature as well as a strong non-linear increase in thermal radiation (incandescence) 

with temperature according to the Planck law. Then the subsequent detection and 
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evaluation of the enhanced thermal radiation are started [86, 103]. Concerning 

carbonaceous particles under a proper laser effect for a short exposer time (several 

nanoseconds), the maximum particle temperatures increase to reach 4000–4500 K [90]. 

Different mechanisms control the subsequent heat losses like sublimation and heat 

conduction. According to the basic principle of TiRe-LII, a large particle cools down slower 

than a small particle. Therefore, a slower decay of the temporal LII signal is expected for the 

large particles [104-106]. The particle size can be estimated in two ways: Either study the full 

decay curve or gated measurements. The signal decay rate depends on the specific surface 

area of the particles, it is also influenced by volume loss from sublimation at intermediate 

and high fluences [93]. 

Most LII models pose particle heating by laser absorption to temperatures in the range of 

2500–4000 K [89], at which incandescence is readily observable. Cooling happens through 

conduction to surrounding gases, sublimation of carbon clusters, and emission of thermal 

radiation [105]. Under these conditions, a great deal of work was focused on developing 

several processes and models which have a significant impact on the LII signal. To predict the 

temporal response of the particle to pulse of laser heating, most models solve the energy- 

and mass-balance equations. The best-known model from Melton [89, 90] was validated 

over a wide range of conditions and has been applied to either pulsed or continuous wave 

(CW) LII configurations. In this model, energy and mass-balance equations are solved as a set 

of coupled differential equations according to changes in particle temperature and size in 

response to pulsed laser heating [89]. Michelsen et al. described the general rate equation 

that expresses the energy balance for the interaction of a particle with light as [107], 

 

d𝑈internal

d𝑡
= �̇�abs– (�̇�ox  + �̇�ann  + �̇�con  + �̇�sub  + �̇�rad  + �̇�therm) (3) 

 where, 

Uint: The internal energy of the particle. 

 t: time 

�̇�abs : Absorptive heating rate for a single primary particle 
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�̇�ox  : Oxidative heating rate 

�̇�ann  : Heating rate from annealing 

�̇�con : Conductive cooling rate 

�̇�sub: Evaporative cooling rate 

�̇�rad: Radiative cooling rate 

�̇�therm : Thermionic cooling rate 

The rate of change of the internal energy of the particle is represented as, 

d𝑈int

d𝑡
= 𝜌s𝐶s

π𝑑𝑝
3

6

d𝑇

d𝑡
= 𝑀𝐶s

d𝑇

d𝑡
 (4) 

where, 

ρs: Soot density (kg/m3) 

Cs: Specific heat of the carbon particles 

T: Particle temperature 

M: Particle mass 

Equation 4 substitutes in Equation 3 and the equation is solved: 

d𝑇

d𝑡
=

1

𝑀𝐶s(𝑇)
(�̇�abs– (�̇�ox  + �̇�ann  + �̇�con  + �̇�sub  + �̇�𝑟𝑎𝑑  + �̇�therm)) (5) 

The mass loss can be obtained from, 

d𝑀

d𝑇
=  (

d𝑀

d𝑇
)

sub
+ (

d𝑀

d𝑇
)

ox
 (6) 

and it is related to the particle diameter via the density, 

𝑑p = (
6𝑀

π𝜌s
)

1
3
 (7) 

The signal is calculated by solving these differential equations to yield particle temperature, 

mass, and diameter. 
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The LII signal is produced by the radiative emission from a heated particle. Primary particle 

produced signal S is calculated using the Planck function modified by emissivity ϵλ to account 

for deviations from a perfect black body. Where, Ʃλ is function to account for the wavelength-

dependent efficiency of the detection system, and Ω is a factor which is account for the 

detected solid angle [89], i.e., 

𝑆 = Ω𝑑p
2π ∫

2π ℎ 𝑐2

𝜆5 [exp (
ℎ 𝑐

𝜆 𝑘B 𝑇) − 1]
∈𝜆 Ʃ𝜆𝑑𝜆 

𝜆

 (8) 

where, 

λ: Emission wavelength 

h: Planck constant 

c: Speed of light 

kB: Boltzmann constant 

The emissivity was given in the Rayleigh approximation, where dp << λ as, 

ϵλ =
4π𝑑p𝐸(𝑚)

𝜆
 (9) 

Where m is the complex index of refraction, and E(m) is the absorption function refractive 

index; it depends on the wavelength and describes the emission properties of a particle. The 

signal is usually calculated over some narrow or broad wavelength range in the ultraviolet, 

visible, or near-infrared spectral regions [90]. 

Laser absorption in the initial step leads to particle heating and then to the subsequent 

radiative emission by the heated particles. In the original work from Melton [90], the particle 

laser energy absorption rate was computed by using a code that solved the Mie equations 

for a spherical particle [108, 109]. This process can be computed as long as the absorption 

mechanism cross-section is known, assuming that absorption is in the linear range. The 

geometric cross-section is assumed to be absorption cross-section, i.e., the cross-sectional 

area, dp
2 in case of a spherical particle, multiplied by the absorption efficiency, which 

represents the ratio between true and geometric cross-section. The absorption cross-section 
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for a primary particle in the Rayleigh regime is small in comparison with the laser wavelength 

(dp << λL). The following equation gives the absorption cross-section [95]: 

𝜎abs  =
π2𝑑p

3 𝐸(𝑚)

𝜆L
 (10) 

Concerning measurements of soot volume fractions by LII, the cross-section will change if 

the particle size changes, which means the absorption cross-section scales are varied with 

the particle volume for small particles. In the other words, if the particle undergoes swelling 

with increasing temperature or decreasing density or if the particles sublime or shrink, the 

cross-section will change. The absorptive heating rate (in units of J/s) is calculated as: 

�̇�abs = 𝜎abs 𝐸e(𝑡)  (11) 

where Ee(t) is the time-dependent irradiance of the incident laser. 

The radiative cooling rate was calculated using the following equation:  

�̇�rad = − 
198.97 π3𝑑p

3(𝑘B 𝑇)5𝐸(𝑚)

ℎ(ℎ𝑐)3
 (12) 

The radiative-cooling rate is smaller than the conductive-cooling rate at atmospheric 

pressure and the evaporative cooling rate at higher laser fluence. This mechanism is, 

however, the dominant cooling mechanism under vacuum at low laser fluences [107, 110]. 

For pulsed LII at low fluences, the vital mechanism for heat loss by the particles is conduction 

to the surrounding medium, particularly at atmospheric pressure and above. To infer 

primary particle sizes from the pulsed LII decay rates, it is important to understand the heat 

transfer by conduction. In the free-molecular-flow-regime, the mean free path is much 

greater than the particle diameter. Accordingly, the conductive cooling rate equation 

becomes [89, 111], 

�̇�cond =
−π𝑑p

2 𝑝0 ⍺𝑇  

𝑅 𝑇0
√

𝑅𝑇0

2π 𝑊a
(𝐶𝑝 −

𝑅

2
) (𝑇 − 𝑇0) (13) 

where, 

p0: Ambient pressure 

T0: Ambient temperature 
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Wa: Molecular weight of the air 

R: Universal gas constant 

Cp: Heat capacity of air at constant pressure 

⍺T: Thermal accommodation coefficient 

The detailed equation of this expression is, 

�̇�cond    =  
−π𝑑p

2 𝑝0⍺𝑇  

𝑅𝑇0
√

𝑅𝑇0

2π𝑊𝑎
(∫ 𝐶𝑝 (𝑇 ´)d𝑇´

𝑇

𝑇0

−
𝑅

2
(𝑇 − 𝑇0))  (14) 

In the last equation, the temperature dependence of the heat capacity. For more accurate 

measurements, the additional R(T – T0) explains the work associated with the expansion of 

the heated gas molecules leaving the surface [112].  

Free-molecular-flow regime conduction models are acceptable for flames at atmospheric 

pressure and below. Transition and continuum-regime models are valid for high-pressure 

applications or room temperature. A transition regime between the free-molecular regime 

and the continuum regime was assumed by McCoy and Cha [112] in the equation below, 

�̇�cond =
2π 𝑑p

2𝜅a

𝑑p + 𝐺 𝐿
(𝑇 − 𝑇0) (15) 

Where, a is the thermal conductivity of the bath gas, and L is the mean free path and G is 

the function of heat capacity ratio γ = Cp ⁄CV given as follows, 

𝐺 =
2(9𝛾 − 5)

(𝛾 + 1)⍺𝑇
 (16) 

Evaporative heat loss is a significant cooling mechanism at higher fluences. Sublimation and 

other vaporization mechanisms cause mass loss during the laser pulse which leads to a rapid 

decay in the LII signal, its cooling rate is present high laser fluence. Sublimation and other 

vaporization mechanisms actuate fast decreases in LII signal because of the mass loss during 

the laser pulse. Most of  the LII models represent the evaporative-cooling rate as [113], 

�̇�sub =
∆𝐻v

𝑊v
(

d𝑀

d𝑡
)

sub
, (17) 
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where ∆Hv is the enthalpy of the sublimed carbon clusters formation. Wv is the average 

molecular weight of the sublimed carbon clusters. 

The mass-loss rate is attributed to the sublimation according to the equation, 

(
d𝑀

d𝑡
) sub = −

π𝑑p
2𝑊v⍺M𝑝v

𝑅𝑇
(

𝑅𝑇

2π𝑊𝑣
)

𝑘

, (18) 

where, 

⍺M: Mass-accommodation coefficient 

pv: Average saturation partial pressure of the sublimed carbon clusters 

k: Constant that is normally equal to 0.5 or 0.4 concerning the non-idealities of the bath gas 

and desorbed clusters [111, 114]. 

The oxidation process is capable of causing particle heating and mass loss. But it is too slow 

and less effective in comparison with laser heating or evaporative mass loss at high laser 

fluences. For pulsed LII at lower laser fluences, it slows signal decay rates [115]. Most LII heat 

transfer models neglect this mechanism [107, 111, 115]. However, neglecting oxidation can 

influence primary particle sizes at lower laser fluences. The equation which expresses 

oxidative heating [89], 

�̇�ox =  
(∆𝐻ox + ⍺𝑇C𝑝

CO𝑇)

𝑊1
(

d𝑀

d𝑡
)

ox
 (19) 

where, 

∆Hox: Enthalpy of reaction C + 0.5 O2 → CO at the reference temperature (Tref), which is 

equivalent to the enthalpy of CO formation 

⍺T: Thermal accommodation coefficient 

Cp
CO: Heat capacity of CO. 

W1: Molecular weight of carbon 

The rate of mass loss is represented as, 

(
d𝑀

d𝑡
)

ox
 =

−π𝑑p
2 2𝑘ox𝑊1

𝑁A
, (20) 
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where 

NA: Avogadro number (6.022 × 1023) 

kox: Rate constant for 2C + O2 → 2CO 

The fine structure of mature soot is quite similar to polycrystalline graphite, with graphite 

crystallites randomly ordered near the core and parallel aligned near the particle surface. 

These particles anneal when they are irradiated by an appropriate laser [116, 117].  Anneal-

ing was assumed to be exothermic and thus will heat the particle. It is applying a potential 

effect on all other processes because it changes the physical structure of fine particles [118]. 

The heating rate for this mechanism is given by the equation, 

�̇�ann =
−∆𝐻ann𝑘ann𝑁d

𝑁A
, (21) 

where 

∆Hann: Annealing enthalpy 

kann: Annealing rate constant 

Nd: Number of defect sites in the particle 

In LII models, the thermionic emission is usually neglected because of its relatively small 

influence on the cooling rate of the particle [115, 119]. But the laser heating charges the 

particle, besides its effect on the energy balance of the particle.  The thermionic expression 

is based on the Richardson-Dushman approximation is given by, 

�̇�therm  =
−4ɸ𝑚𝑒(π𝑑p 𝑘B 𝑇)2

ℎ3
exp (

−ɸ

𝑘B𝑇
), (22) 

where ɸ is a work function, and me is the electron mass. 

Successful application of LII to diverse combustion processes requires a proper choice of 

excitation and detection conditions. Quantitative determinations of particle volume fraction 

and particle size require proper experimental parameters and physical mechanisms that 

control the LII signal [120].  

Soot light absorption and resulting incandescence predominantly depend on the size of the 

primary particles. A high-energy pulsed laser beam is used to heat the soot particles rapidly 
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from the local ambient temperature to the carbon vaporization temperature (in case of so 

called high-fluence LII) and the intensity of the detected light is proportional to the soot vol-

ume fraction in the probe volume [117]. Accordingly, the heat transfer model is considered 

for isolated primary particles. The heat transfer equation of the energy balance for a transi-

ent heated (by 10 ns laser light pulse) soot particle is given as: 

𝐶𝑎�̇� −
2𝑘a(𝑇 − 𝑇0)π𝑑𝑝

3

(𝑑p + 𝐺𝜆l)
+

∆𝐻v (𝑇)

𝑀v(𝑇)

d𝑀

d𝑡
+ �̇�rad −

π𝑑p
3

6
𝜌𝑠𝐶s

d𝑇

d𝑡
= 0 (23) 

where, 𝑄 ̇ is the laser intensity in W/cm2
 
and Ca is the soot absorption cross-section.  

The first term in Equation 23 represents the absorbed laser light energy by the soot aggre-

gate, and the last term is the laser heating. In this analysis, the soot aggregates were taken 

as an agglomerate of primary spheres of nearly monodisperse diameter dp that agrees within 

the Rayleigh limit. Furthermore, the absorption coefficient Ca for the soot is expressed as 

follows, 

𝐶𝑎 =
π2𝑑p

3𝐸(𝑚)

𝜆 
  (24) 

the complex refractive index is represented by m = n + ik. 

𝐸(𝑚) = Im[(𝑚2 − 1) 𝑚2 + 2⁄ ]  (25) 

and thus 

𝐸(𝑚) =
6𝑛𝑘

(𝑛2 − 𝑘2 + 2)2 + 4𝑛2𝑘2 
 (26) 

According to Dalzell and Sarofim [121], the dispersion relationship, for a wavelength of 1064 

nm shows a refractive index m = 1.63 + 0.7i. Accordingly, it is given that E(m) = 0.30 at 532 

nm, m = 1.59 + 0.58i and E(m) = 0.26 [122].  

The second term in Eq. 23 describes the heat transfer to the surrounding medium, specified 

in terms of the primary particle aggregates. G represents a geometry dependent heat trans-

fer coefficient, 

𝐺 =
8𝑓

𝛼(𝛾 + 1) 
 (27) 

where, 
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f: Eucken factor [122] equals 5/2 for monoatomic species 

α: Accommodation coefficient 

Here, γ = 1.4, which is the ratio of specific heat capacities of air.  

It is important to mention some notes and clarifications concerning the previous equations:  

• The thermal accommodation coefficient (αT), is defined as a measure of the transferred 

energy between a gas molecule and a surface during molecule–surface interaction. The 

value of this parameter is varied between zero when gas-surface collisions are com-

pletely elastic and one when molecules interact with the surface for a sufficiently long 

time to become fully energetically equilibrated with the surface before leaving it. Be-

cause of a lack of information, many LII models use temperature-independent values for 

αT, neglecting that this parameter should be surface temperature and gas temperature 

dependent [113]. LII models used different αT values, 0.07 [123], 0.18 [124], 0.25 [125], 

0.37 [126], and 1.0 [127], which causes significant uncertainties beyond thermal accom-

modation coefficient values, and measurements conditions are difficult to control. 

These approaches were indirect and unreliable [128]. In 1997, Snelling et al. [128, 129] 

reported the work of Leroy et al. [127, 130] about the accommodation coefficient of 

nitrogen on solid graphite and gave a value of 0.26 in the temperature range of 300 to 

1000 K. Most of the current models use a value of 0.3 as a thermal accommodation 

coefficient based on the previous studies at gas temperatures near room temperature 

and surface temperatures in the range of 1.220–1.270 K [131].  

• Soot aggregates are smaller than the mean free path length, for example, the Knudsen 

number (Kn =  l/dp )  is much greater than 1 [132].  

The third term in Eq. 23 represents the particle heat loss according to the evaporation of 

carbon. In 1993 Hofeldt [132] assumed that the particle surface is essentially stationary and 

that the vapor is lost by diffusion [87]. Accordingly, the mass-loss rate is given by the equa-

tion: 

d𝑀

d𝑡
=

𝜌p

2
π𝑑p

2
d𝑑p

d𝑡
= −

π𝑑p
2

𝑁AV
= −

π𝑑p
2𝑁v𝑀v

𝑁AV
, (28) 
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where Nv is the molecular flux of evaporating carbon vapor (for the free molecular condition 

Kn >> 1) and Mv is the soot vapor molecular weight. 

The term �̇�rad in Eq. 23 describes the radiative heat loss by a primary particle, given as 

�̇�rad = 4π2𝜎SB𝑇4 {
𝐸(𝑚)

𝜆 
}. (29) 

The expression E(m)/(λ) is evaluated at the wavelength of interest. In comparison with other 

heat loss mechanisms, the heat loss due to radiation is insignificant.  

The last term in Eq. 23 describes particle heating; it is represented through 

π𝑑p
3

6
𝜌s𝐶s

d𝑇

d𝑡
. (30) 

As mentioned before, the earliest versions of LII systems measured the soot particle volume 

fraction relating the intensity of the LII signal to the known particulate volume fraction from 

extinction measurements as a calibration source. This method was replaced later with a 

novel self-calibrating LII technique to perform absolute light intensity measurements. Two-

color pyrometry principles were applied to measure the particulate surface temperature. It 

relates measured signals to the absolute sensitivity of the system as determined with a strip 

filament lamp [133]. When two or more independent wavelengths are recorded, an average 

soot particle surface temperature can be calculated across the laser sheet using the observed 

signals ratios and known soot particle absorption cross-sections. Calibration factors η(λ) are 

found using a single-point calibration with a known radiance source. These calibration fac-

tors are used to relate measured signals to the absolute spectral intensities of the source in 

W/(m³ sr). 

𝜂(𝜆) =
𝑉cal(𝜆)

𝑅s(𝜆, 𝑇)
 (31) 

where Vcal (λ) is the observed signal from the calibration lamp, and Rs (λ,T) is the spectral 

radiance of the lamp. η attributes the collection efficiency of the receiver and detector re-

sponse to the detection wavelength λ.  

According to the previous description of the heat transfer model, the power radiated by a 

single particle of diameter dp into 4 steradians is described as [134], 

https://www.merriam-webster.com/dictionary/attribute
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𝑃p (𝜆)  =  
8π³𝑐²ℎ

𝜆6
(exp (

ℎ𝑐

𝑘𝜆𝑇
) − 1)

−1

𝑑p
3𝐸(𝑚) (32) 

The spectral radiance of the soot is counted on a single particle radiated power, Pp(λ,T), and 

the number of particles in the probe volume Np is 

𝑁p = 𝑛p (𝑤b𝐴b),  (33) 

where 

np: Concentration of primary particles in the probe volume 

wb: Equivalent width of the laser sheet  

Ap: Cross-sectional area of the probe volume 

wb is measured experimentally. Its value assumed to be the same for the calibration and the 

particle measurement. An equivalent spectral radiance in particles probe volume (Rp) is ex-

pressed as 

𝑅p(𝜆) =
𝑃P(𝜆) 𝑛p 𝑤b

4π
. (34) 

Rp(λ) relates to the observed signal from the particles Vexp(λ), accordingly, η(λ) is expressed 

as 

𝜂(𝜆) =
4 𝜋 𝑉exp(λ)

𝑃p(λ)𝑛p𝑤𝑏
. (35) 

Using calibration factors and the observed signal ratio at two wavelengths VEXP(λ1)/VEXP(λ2)  

converts to relative particle radiance  

𝑃p (𝜆1)

𝑃p (𝜆2)
 =

𝑉EXP(𝜆1) 𝜂(𝜆2)

𝑉EXP(𝜆2) 𝜂(𝜆1)
. (36) 

At two different wavelengths, the ratio of radiated power by a single particle is represented 

as 

𝑃𝑝 (𝜆1)

𝑃𝑝 (𝜆2)
 =

𝜆2
6  (exp (

ℎ𝑐
𝑘𝜆2𝑇) − 1) 𝐸(𝑚𝜆1

)

𝜆1
6  (exp (

ℎ𝑐
𝑘𝜆1𝑇) − 1) 𝐸(𝑚𝜆2

)
. (37) 

All particles in the probe volume are assumed to be heated to the same temperature and 

the known values of refractive index dependent on the absorption function E(mλ). Equation 
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37 can be solved for temperature T, using the experimentally determined power ratio from 

Equation 36. Krishnan et al. [134] determine the values of E(mλ). Equation 38 gives the soot 

particle volume fraction value, 

𝑓𝑉 = 𝑛p 

π 𝑑p
3

6
 (38) 

Equation 38 shows that the volume fraction directly depends on the concentration of the 

primary particles in the probe volume and on the cube of the particle diameter.  

By expressing Equation 7 in terms of dp
3, Equation 33 in terms of np, and substituting both 

equations in Equation 38, the soot volume fraction is expressed as: 

𝑓𝑉  
=

𝑉exp(𝜆) 𝜆6 (exp (
ℎ𝑐

𝑘𝜆𝑇) − 1)

𝜂(𝜆)𝑤𝑏 12π 𝑐2 𝐸(𝑚) ℎ
 

(39) 

From Equation 39, the volume fraction directly depends on the observed signal. Also, it has 

an inverse dependence on the absolute magnitude of the particle absorption function, cali-

bration factors, and the equivalent width of the laser sheet. 

Soot concentration measurement results can be different between LII and other techniques 

due to the uncertainty of the LII technique and the uncertainty of other techniques. The 

principal reason for uncertainties in the absolute intensity approach to LII is the uncertainty 

in the soot refractive index at elevated temperatures. Solving this problem requires knowing 

the relative value of E(mλ) at the two wavelengths to determine the temperature correctly 

[135]. 

Based on the work by Krishnan et al. [134] in 2001, the relative value of E(mλ) at two wave-

lengths is increased by about 20 % with wavelength in the range of 400–800 nm [136]. Sen-

sitivity analysis shows that a change in the relative value of E(mλ) of this magnitude increases 

the soot volume fraction value by about 50 %. 

The E(m) value vital to estimate the concentration of soot, once the temperature is known. 

Snelling et al. [136] in 2002 was mentioned that the relative value of E(mλ) is constant over 

the visible to near-infrared. As far as the absolute value of E(mλ) is concerned, the sensitivity 

analysis shows a 1:1 correspondence. This means a 35 % uncertainty in the magnitude of 

E(mλ) leads to a 35 % uncertainty in the soot volume fraction.  
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Finally, as the soot is heated by the LII, the soot structure may be altered. This may change 

the value of E(mλ) with temperature. Minor uncertainty also affects accuracy with inaccuracy 

of less than 5 %. This inaccuracy has negligible effects on the results. 

When soot particles are heated by a laser pulse, these particles subsequently lose heat by 

different cooling mechanisms, but the dominant cooling mechanism among them is the con-

duction to the surrounding gas. Assuming monodisperse particles, the temperature as well 

as the resulting soot-particle thermal emission decays exponentially according to the equa-

tion 

∆𝑇 =  A e−
∆𝑡
𝜏 , (40) 

where A is a constant, represents a fit to the temperature data to determine the time con-

stant of the exponential decay . The above-mentioned method requires prior knowledge of 

the ambient gas temperature. The particle diameter can be determined by the following re-

lation, 

𝑑p  =
12 ⍺ 𝑘g  

𝐺 𝜏 𝑐𝑝 𝜆MFP  𝜌p
, (41) 

where 

kg: Thermal conductivity of the ambient gas 

G: Geometry-dependent heat transfer coefficient 

λMFP: Mean free path in the ambient gas 

From Equation 41 results: 

• The particle diameter is directly proportional to the accommodation coefficient and the 

thermal conductivity of ambient gas. 

• The particle's diameter is inversely proportional to the geometry-dependent heat trans-

fer coefficient and the mean free path in the ambient gas. 

• The particle size is determined from the cooling rate and proportional to the surface 

area per unit volume (specific surface area). 
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 Black-body generalized line-reversal thermometry 

Measuring the gas-phase temperature of the reacting mixture provides important input for 

analyzing particle formation [137]. The line-reversal technique is a nonintrusive optical tech-

nique, which is frequently used in flame temperature measurements [138, 139]. It is based 

on the Kirchhoff laws of thermal radiation, which was applied for the first time for flame 

temperature measurement in 1903 [140].  

The principle of generalized line-reversal thermometry is based on studying the line emission 

of thermally excited media with a spectrometer relative to known background emission. A 

bright emission line is observed in case the flame is hotter than the background in a wave-

length region including the line center of the emission line. In contrast, if the background is 

hotter, the line will appear as a dark absorption line. For a background of arbitrary emission 

characteristics, the emission line merges with the background (point of reversal) when the 

true temperature of the flame equals the brightness temperature of the background for the 

arbitrary emissivity of the flame [141]. 

The available information like the absorption coefficient of particles, the total optical density 

of the investigated volume, and measurement of the spectral distribution of intensity of ra-

diation, yields information about the particle temperature. However, measurements of tem-

perature based on simultaneous registration of the emission, and absorption characteristics 

of a medium are considered a reliable technique. It requires, besides radiation from the in-

vestigated medium, determination of the absorbing properties of the system in the same 

spectral range [142, 143]. These emission-absorption methods in the visible and ultraviolet 

(UV) spectral ranges are widely used at temperatures below 2000 K. However, the intensity 

of the emission signals in the visible and UV spectral ranges decreases strongly. Which 

means, the most important and informative measurements are in the infrared spectral range 

[144]. 

In the generalized line-reversal temperature measurement method, the radiation from the 

reference source passes through the observed flow and the spontaneous emission of flow 
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was detected at a specific wavelength λ as a function of height and radius of flow. The emis-

sion signal and the (emission + absorption) signal were detected independently when the 

signal from the reference source was modulated by a chopper [142, 145]. As a reference light 

source, an electrically heated tungsten tube was used. Internal reflection inside the tube 

ensured “near-black-body” conditions [146]. Light from the open end of the incandescent 

tube was collimated using a CaF2 lens and sent through the flow. The effective brightness 

temperature of the radiation from the reference lamp at chosen λ inside the flow was meas-

ured with a pyrometer and set to a specific temperature by adjusting the lamp current. The 

spatial resolution of the detection system is usually between one and two mm. The intensity 

of the light transmitted through an absorbing medium is determined by the Lambert-Beer 

law. The correlation between emissivity and absorbance at any wavelength is given by the 

Kirchhoff law for thermal radiation. By the combination of both relations and substitution in 

the relation  = hc/λ, the temperature of flow was obtained using the following expression 

[137], 

𝑇0 =
ℎ𝜈

𝑘
{ln [1 + (e

ℎ𝜈
𝑘𝑇0 − 1) (1 −

𝐼a − 𝐼0

𝐼e
)]}

−1

, (42) 

where 

T0: Brightness temperature of the radiation of the reference source 

I0: Initial intensity of radiation of the reference source 

Ie: Emission intensity 

Ia: Measured intensity (emission + absorption)  

In most cases, for a particle-loaded mixture, the temperature is determined by the absorp-

tion and emission of formed particles. The intensity of the signal from the reference source 

(e.g., a tungsten lamp) of a given wavelength by the detector is: 

𝐼0 =  𝑓i 𝑃(𝜆, 𝑇)  (43) 

Here, fi is the instrument factor, and P(λ,T) is the Planck function, 

𝑃(𝜆, 𝑇) =  
4 π2ℎ𝑐2

𝜆5
. (44) 
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The temperature of the reference source is usually selected close to the expected tempera-

ture in the flame. The radiation from the source is modulated by a chopper. Ie is the intensity 

of emitted light from the pyrolysis flow at temperature Tm and is given as, 

𝐼e = 𝑓i[1 − exp (𝜖𝜆𝐿)] 𝑃 (𝜆, 𝑇𝑚) (45) 

where ϵλ is the absorption coefficient and L is the length of the optical pass in the investing 

Ia is a sum of the mixture’s emission and the unabsorbed part of the radiation from the 

source and is given as 

𝐼a =  𝐼e +  𝐼0 exp(𝜖𝜆𝑙). (46) 

By solving the above Equations (42 and 46), a relationship between the reference source 

temperature T0 and the mixture temperature Tm can be obtained from 

𝑇𝑚(𝑡) =
ℎ𝜈

𝑘
{ln [1 + (e

ℎ𝜈
𝑘𝑇0 − 1) (1 −  

𝐼a(𝑡) − 𝐼0

𝐼e(𝑡)
)]}

−1

. (47) 

From the above equation, the temperature of the mixture Tm (t) depends on the measured 

intensities Ia(t) and Ie(t), not on the absorption coefficient and the optical thickness of the 

investigated mixture. If Ia = I0 (exact reversal), Tm is equal to T0. 

The change in the absorption signal in all measurements was from 2 to 10 % from the refer-

ence signal and the value of the emission signal varied from 3 to 8 % from I0. Since this 

method of measurement presents the integral values of temperature of the non-uniform 

flow, a series of measurements with fixed height and varied radius have been carried out to 

get the real radial distribution of temperature. These measurements allowed extracting val-

ues of the local temperature at a different radius of flow [137]. 

To get a symmetrical circular section of the flow at each measurement point. An integral 

transformation was used in the analysis of spherically symmetric or axially symmetric func-

tions called Abel transformation [147]. Then a system of linear algebraic equations (SLAE) is 

obtained stratified from the last experimental measurement for the edge of the stream and 

then layer by layer. The radial range rϵ(0;R) is approximated by rings with a uniform pitch 

along the radius ∆ = 1mm. 

https://en.wikipedia.org/wiki/Integral_transform
https://en.wikipedia.org/wiki/Integral_transform
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  Laser-induced fluorescence (LIF) 

Fluorescence is a form of luminescence [148]. It is the visible or invisible radiation emitted 

by certain substances (atoms or molecules) after light or another electromagnetic radiation 

was absorbed [148, 149] leading to the excitation of electronic states. Subsequently, the ex-

cited species relaxes by the spontaneous emission of a photon from a higher to a lower en-

ergy level. In most cases, the emitted light has a longer wavelength related to the absorbed 

light [150, 151]. If the exciting light comes from a laser, the process is called laser-induced 

fluorescence (LIF). 

After excitation, the laser-populated upper state may undergo several subsequent pro-

cesses. The molecule can return to the ground state by laser-induced, stimulated emission, 

or absorption of an additional photon can excite higher molecular states, including ionized 

levels [149]. There is another option when the internal energy of the system is altered via 

inelastic collisions with other molecules, producing rotational and vibrational energy trans-

fer, together with electronic energy transfer, it is called quenching. Interactions between the 

separate atoms of the molecule are denoted as “internal” or “half” collisions, producing in-

ternal energy transfer and dissociation of the molecule. When the dissociation is produced 

by the change between the stable and a repulsive electronic arrangement in the molecule, 

it is called pre-dissociation. Finally, the originally populated state, and nearby upper states, 

are indirectly populated through collisions and fluoresce, producing the LIF signal [149, 152].  

In LIF processes, the upper energy level S1 populates using laser excitation with a wavelength 

tuned to a resonance between the excited state S0 and a discrete lower state [153]. The 

photophysical properties of the S0–S1 transition in toluene vapor have been studied since 

early in the twentieth century [154]. LIF signals relate to specific properties (concentration 

and temperature) of the absorbing species through modeling of these state-to-state transfer 

processes. Typically, the lower state is in the ground electronic level, as the other electronic 

states are populate of negligibly at combustion temperatures [155]. 

LIF is a reliable detection method, which is used for concentration and temperature meas-

urements. The LIF signal is emitted from electronically excited levels that are populated by 

https://en.wikipedia.org/wiki/Luminescence
https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Wavelength
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the absorption of photons. Spontaneous emission (fluorescence) from the excited molecule 

occurs within 1–100 ns [156, 157].  

Typically, the LIF signal is emitted in the ultraviolet and visible spectral regions. The absorp-

tion wavelength increases with increasing size of the active part of the excited molecule that 

absorbs light [155]. Figure 3.2 shows the LIF signal emission. 

 

Figure 3.2: LIF-signal generation. 

Saturated hydrocarbons form a major part of combustion fuels. These species are transpar-

ent within the spectral range of interest and therefore do not give any LIF signal at all. Many 

commercial fuels contain unsaturated aliphatic and aromatic components. These species are 

strongly light-absorbing in the UV, which can lead to strong fluorescence [158]. In commer-

cial fuels, the fluorescence is obtained from the signal of numerous species, not from a single 

component. This signal can be used for qualitative imaging, e.g., for visualizing the distribu-

tion of fuel in an engine, but the quantitative interpretation of the signals is typically not 

acceptable. Each component exhibits a fluorescence signal that depends on the concentra-

tion of the fluorescing species. It also depends on temperature, pressure, and the local gas 

composition. The LIF imaging of commercial fuels does not effort desired quantitative scien-

tific results [155, 159]. Using a single species can attribute the fluorescence signal. Well-char-

acterized fluorescing tracer was used with non or weakly fluorescing fuels. The tracer signal 

intensity depends on the environment, which is adjusted for some specific quantitative con-

centration measurements. This feature can be used to gain further information about the 

system under study, like temperature.  
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There is no single tracer that covers all applications. The ideal tracer should behave exactly 

like the fuel. Ideally, the tracer should yield LIF signal intensities that are directly proportional 

to the desired quantity with no influence of ambient conditions [155, 160].  

Temperature measurements based on LIF require consideration of several factors including 

reduction of the fluorescence signal to a function of temperature only, a large variation of 

fluorescence yield with temperature, the capability of accurate prediction of the fluores-

cence signal, and high signal levels compatible with the dynamic range of the detection sys-

tem [161, 162].  

The tracer technique is based on LIF detection. Here, a small amount of fluorescing species 

(called a tracer) is mixed with a non-fluorescing gas, which enables a good visualization of 

the gas flow. Tracer-LIF is precise and accurate as a temperature measurement technique 

[155, 156]. 

Developments in the understanding of the temperature dependences of toluene LIF spectra 

support the quantitative temperature diagnostics using tracer-LIF temperature imaging 

[161]. Two-color tracer-LIF detection was used to provide images of gas-phase temperature 

even in environments where the local tracer concentration varies spatially and temporally 

[163]. This technique needs two cameras with appropriate filters and a single wavelength 

laser source. The toluene-LIF signal depends on both temperature and local tracer number 

density. The two-color tracer-LIF technique takes the benefit of the temperature-dependent 

redshift of the fluorescence spectrum to measure the temperature [164]. Figure 3.3 shows 

emission spectra of toluene vapor after excitation with a 266 nm laser at different tempera-

tures and transmission curves for BP 292/27 and BP 320/40 bandpass filters. 
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Figure 3.3: Emission spectra of toluene vapor after excitation with 266 nm laser at different tem-

peratures and transmission curves for BP 292/27 and BP 320/40 bandpass filters [165]. 

The integrated toluene LIF signal Sfl at each point is governed by the incident laser inten-

sity Ilaser, temperature-dependent absorption cross-section σabs(λ,T), and the fluorescence 

quantum yield fl(λ,T). Accordingly, LIF signals can be measured per-molecule (i.e., per unit 

number density) proportional to the product of number density ntracer of the fluorescing mol-

ecule and the absorption cross-section σ and the fluorescence quantum yield fl, 

                             𝑆fl (𝑇, 𝑥, 𝑦)~𝐼 laserη𝑛tracer(𝜆, 𝑇)  𝜎abs 
(𝑇) 𝜙fl(λ, 𝑇)             (48) 

where, T represents a temperature as a function of the spatial coordinates (x,y). 

In the two-color tracer-LIF detection technique, results are extracted from the ratio of two 

different wavelength regions after a single-laser excitation.  

𝑆fl
1(𝑥, 𝑦, 𝑇)

𝑆fl
2(𝑥, 𝑦, 𝑇)

=
𝜂1𝐸laser(𝑥, 𝑦)𝑛tol (𝑥, 𝑦)𝜎abs (𝑇(𝑥, 𝑦) 𝜙fl

1 (𝑇(𝑥, 𝑦)))

𝜂2𝐸laser(𝑥, 𝑦)𝑛tol (𝑥, 𝑦)𝜎abs (𝑇(𝑥, 𝑦) 𝜙fl
2(𝑇(𝑥, 𝑦)))

 (49) 

By evaluating the ratio between signals, number density and laser intensity will cancel each 

other at each point and the result depends mainly on the local temperature T(x,y), 

𝑆fl
1(𝑥, 𝑦, 𝑇)

𝑆fl
2(𝑥, 𝑦, 𝑇)

= 𝐶
𝜙fl

1 (𝑇(𝑥, 𝑦))

𝜙fl
2(𝑇(𝑥, 𝑦))

= 𝑓(𝑇(𝑥, 𝑦)) (50) 
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In this method, the temperature sensitivity depends on the chosen combination of filters 

and the bath gas. The redshift of the LIF emission for certain excitation wavelengths is af-

fected by increasing temperature. This red-shift can be sensed by measuring the ratio R of 

the short- and long-wavelength section of the fluorescence spectrum using two detectors 

equipped with either a “red” or a “blue” filter [166]. The ratio is independent of the incident 

laser intensity, the local tracer concentration, and the absorption cross-section. Accordingly, 

Equation (50) becomes, 

𝑆fl
1(𝑥, 𝑦, 𝑇)

𝑆fl
2(𝑥, 𝑦, 𝑇)

=
𝑆𝑟𝑒𝑑

𝑆𝑏𝑙𝑢𝑒
= R (51) 

By substituting equation (50) in equation (51), the temperature as a function of R can be 

estimated in equation (52). For toluene there 

𝑓(𝑇(𝑥, 𝑦)) = R (52) 

Figure 3.4 shows the temperature T(k) as a function of the ratio R of toluene LIF 

intensities measured in two color bands. 
 

 

Figure 3.4: Temperature T(k) as a function of the ratio R of toluene LIF intensities. 
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 Experiments 

In this chapter, the construction of the burnt-gas flow reactor, features, accessories, and 

operating conditions are discussed. Also, the investigation techniques for dp, fV, and temper-

ature will be described. 

 The burnt-gas flow reactor 

To study soot formation under well-controlled pyrolytic conditions, a burnt-gas-flow-reactor 

(BGFR) was used. It comprises an atmospheric premixed inner flame of hydrocarbon/N2 mix-

tures injected into a hot post-flame gas of a non-sooting “outer” flame fueled by C2H4 /air. 

The research group of Wagner and Jander from the University of Göttingen originally de-

signed this burner. Some improvements were added in the IVG concerning gas control and 

flame stabilization. 

 

Figure 4.1: Left: Technical drawing of the BGFR. Right: Two views of the BGFR. 
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The BGFR comprises two co-annular flows. The hydrocarbon precursor is fed through a 10 

mm diameter nozzle tube into a hot-post flame gas of a surrounding rich premixed non-

sooting hydrocarbon /air flame, supported by a 70 mm diameter sintered bronze matrix. The 

central nozzle tube ends with a 6 mm diameter jet orifice, the inner flow fed at 5 mm above 

the sinter matrix. The area of the sinter matrix ≈ 37.7 mm2. Figure 4.1 above shows a scheme 

of BGFR. 

Stabilizing the outer flame is an important issue for acceptable measurements. The BGFR 

was manufactured with a set of six brass tubes; all of them are equal in diameter (d = 50 mm) 

and different in height (h1 = 16 mm, h2 = 26 mm, h3 = 36 mm, h4 = 46 mm, h5 = 56 mm, and h6 

= 66 mm). Unfortunately, these brass tubes did not stabilize the flame well, and it was found 

that the flickering affects measurements significantly. To further decrease the flickering and 

stabilize the flame, the set of tubes was substituted with a set of four cones with different 

heights (h1 = 7 mm, h2 = 15 mm, h3 = 45 mm, and h4 = 75 mm). Other dimensions are upper 

diameter (d1 = 50 mm) and lower diameter (d2 = 82 mm). In this work, cones with heights h1 

and h3 are used. They stand directly on the rim around the sintered matrix. Also, for more 

flame stabilization, a metal tube with dimensions (d = 50 mm and h = 65 mm) was installed 

above the top of the cone at a lower rim 150 mm height above the burner (HAB) to surround 

the hot gas. Figure 4.2 shows a schematic of the BGFR gas exits with cone h3 (cone 45).  

 

Figure 4.2: Scheme of the cone 45 and gas exits of the BGFR. 
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The BGFR moves with two degrees of freedom (laterally and vertically) along the x and z 

directions (Figure 4.3), while there is no movement along the y-axis. The burner moves along 

the x-axis manually with the help of a small gearbox. An electronic micrometric ruler 

measures the distance. The burner moves automatically along the z-direction by using a step 

motor. Values of height are fed to the step motor manually. Every step is equal to 1 mm, 

between 0 and 160, and limited by using two alarms fixed in steps 7 and 154 to avoid any 

mechanical stuck problems. The zero point was experimentally located to be in step 15.5. 

This configuration limits the accessible range of axial flow positions between 20 and 150 mm 

HAB (height above the burner). Also, it ensures stability and reproducibility, with ability to 

investigate of the flame radially.  

 

Figure 4.3: Photograph of the BGFR clarifies the directions of movement concerning the LII. 

The inner flow is an atmospheric premixed gas mixture that consists mainly of C2H2 diluted 

by N2. H2 and CH4 were additives to the main mixture. In all measurements, the total inner 

flow of gas mixtures in the central gas supply contains N2 and C2H2 with and without H2 or 

CH4. It was 1.96 standard liter per minute (slm). The outer flame is a rich premixed non-

sooting hydrocarbon/air flame. It consists mainly of an ethylene C2H4 and air mixture. The 

mass flow of air and C2H4 are 53 and 4.55 slm, respectively. The gas velocity of the outer 

flame vout ≈ 25 (cm/s) with carbon to oxygen ratio (C/O ratio ≈ 0.409) at an equivalence ratio 

 ≈ 1.23. The outer flame provides the heat for the pyrolysis in the inner flow, it also prevents 

oxygen from reaching the inner zone, which provides an O2-free environment. 
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In the BGFR, the pyrolysis process occurs in the inner flow, and the soot forms in the contact 

zone between the two gas streams; the incandescence appears in the outer edges of the 

inner flame as a yellow color. Therefore, in this work, the focus of all measurements sets on 

this zone as a function of HAB. The main N2:C2H2 flow comprises four mixtures with different 

volumetric N2:C2H2 ratios. Also, there are three N2:C2H2:H2 mixtures used to investigate the 

effect of using H2 as an additive on soot particle growth. Since CH4 is also used in this work 

to investigate the binary fuel mixtures, four N2:CH4:C2H2 mixtures were studied in this work 

(Table 1). Figure 4.4 shows photos of the BGFR operated with three different gas mixtures. 

Table 1: Summary of reactive flow compositions investigated in this work. 

Reactive flows Volumetric mixture composition 

C2H2:N2 

0.91:0.09 

0.83:0.17 

0.77:0.23 

0.71:0.29 

C2H2:N2:H2 

0.77:0.16:0.07 

0.71:0.22:0.07 

0.66:0.27:0.07 

C2H2:N2:CH4 

0.50:0.41:0.09 

0.46:0.37:0.17 

0.42:0.35:0.23 

0.39:0.32:0.29 
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Figure 4.4: Photographs of the BGFR operated with three different gas mixtures: A) N2:C2H2. with 

ratios 0.77:0.23. B) N2:C2H2:H2 with ratios 0.71:0.22:0.07.  C) N2:CH4:C2H2 with ratios 0.42:0.35:0.23. 

 

 Optical diagnostics experiments 

4.2.1 Investigation of soot particle size and volume fraction  

A two-color time-resolved laser-induced incandescence device (TiRe-LII 200) from Artium 

Technologies Inc. was used in this project. It was developed mainly for real-time non-intru-

sive measurements of soot particulate concentration and primary particle size. The LII sys-

tem combines a two-color pyrometry technique for measurements of soot concentration. 

Characteristics of the LII signal decay were modeled to estimate the primary particle size. 

The TiRe-LII 200 has a self-calibrating feature supported by low laser fluences and a top-hat 

laser beam profile to improve the accuracy of the measurements [167]. This device maintains 

a set laser fluence over different environmental conditions automatically. Also, to cover a 

wide range of soot concentrations [168]. 

A schematic layout of the LII system used in this work is presented in Figure 4.5 [168]. This 

system comprises a pulsed Nd:YAG laser, operating with 60 mJ/pulse at a repetition rate of 

20 Hz and a wavelength of 1064 nm. To get vertically polarized laser light, the laser beam 
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was polarized and the plane of polarization was rotated using a half-wave plate in combina-

tion with a thin film polarizer as a first step (angle-tuned to transmit horizontally polarized 

radiation) which adjusts the laser energy as required. The second step was using half-wave 

plate to get a vertical plane of polarization. A true top-hat profile is applied for all measure-

ments to ensure that it heats soot particles to a uniform temperature throughout the sample 

volume [86]. A photodetector is used to measure the transmitted laser energy, and it auto-

matically adjusts the polarizer to maintain the desired fluence from pulse to pulse [168].  

 

Figure 4.5: Schematics of the TiRe-LII 200 device [168]. 

A Gülder burner [169] was used to validate the results of the TiRe-LII device. The validation 

is based on a comparison of obtained results with results already published in the literature 

[170]. A non-premixed laminar diffusion flame on a Gülder burner was used for the valida-

tion. The burner comprises two co-annular flows: A nozzle with a 10.7 mm inner diameter 

and 12.9 mm outer diameter, surrounded by an 88.6 mm diameter sinter matrix. The central 

tube is fed by ethylene (0.194 slm) surrounded by (284 slm) an air co-flow [86, 171]. The 

visible flame height is about 65 mm. Figure 4.6 shows the Gülder burner operation.  
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Figure 4.6: Validation measurements of the TiRe-LII 200 device using a Gülder burner. 

The TiRe-LII 200 device has two detectors with detection wavelengths which are 400 and 780 

nm. The LII excitation wavelength for all data was 1064 nm. Laser fluences 1.0–1.1 mJ/mm2 

were used for all experiments. To get analyzable LII raw signals, sufficiently high soot volume 

fractions are needed on the entire length of the flow. From the experiment, the strongest LII 

signals are obtained from the boundary between outer and inner flame (width of the inner 

flow approximately 120 mm) where the heat conduction and diffusion are in their optimum 

value. Therefore, all data were collected along this zone. The model implemented in the Ar-

tium software is called AIMS, which is described by Snelling et al. and Smallwood et al. [102] 

to evaluate raw data. LII raw signals of multiple laser shots were processed for each meas-

urement to yield a distribution of dp and fV [172].  

To get successful measurements and extracting precise results from the TiRe-LII analyzer, 

there are some recommendations from the TiRe-LII device developer concerning this type of 

measurements:  

• Deactivate the automatic filter option and choose a proper neutral filter (F1): 

Regarding this point, the collected LII signal is color separated and independently rec-

orded by two photomultipliers, equipped with narrowband interference filters centered 

at approximately 400 nm and 780 nm, respectively. This set of filters comprises six filters, 

from F1 = 0 (transmission: 0 %) to F1 = 100 (transmission: 100 %). When the automatic 
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filter is deactivated, every measurement is performed using one discrete filter to avoid 

the measurement deviation which happens because of automatic filters replacing during 

the experiment. The neutral filters control the transmitted signal of the light to protect 

the photomultipliers from damage in case of over-saturated signal. All measurements 

were started using F1 = 0.196 (transmission: 0.01 %) and increased according to the 

strength of the signal. 

• Deactivate the automatic gain option and use discrete gain1 and gain2 values:  

The modular LII sensor head contains two photodetectors to record LII signals. The gain 

value (voltage) for each photodetector extends between 0 and 1000 V. Setting the gain 

values too high causes an over-saturated signal and shifts the signal baselines above zero. 

On the other hand, setting the gain value to low amplitude results missing the lower 

concentrations. Figure 4.7 shows a typical TiRe-LII raw signal for a mixture of N2:C2H2:H2 

= 0.71:0.22:0.07; HAB = 90 mm.  F1 = 0.196, gain1: 675 V and gain2: 775 V. 

• Using specific processing parameters:  

Processing parameters control how the AIMS processes the LII signals after measure-

ments. Two important processing parameters affect the LII signal processing: The first 

one is the processing range type. The pulse duration must be set. In this work, most of 

the experiments were performed using 150 ns as a fixed start time, in some cases, 75 ns 

was used, and rarely, 50 ns was also used. The signal stop time was fixed at 400 ns. The 

gas temperature is the second parameter. For data evaluation by using the Artium LII 

software, the gas temperature was set as an input parameter to 1575 K, according to the 

temperature measurements using the line reversal method. Varying this value by ±100 K 

changes dp by approximately ±7 % and fV by < 1 %. 
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Figure 4.7: Single-pulse TiRe-LII raw signal for a mixture of N2:C2H2:H2 = 0.71:0.22:0.07; HAB = 

90 mm. 

 

Figure 4.8: Experimentally obtained scattering of (averaged) soot particle sizes and soot volume 

fractions for a sequence of LII measurements; LII-measurement of N2:C2H2 mixture: 0.77:0.23 at 

HAB = 90 mm. 



59 
 

 All data points represent an average from 3–4 individual measurements. Each measurement 

represents a signal from 500 laser shots in 50 s at a repetition rate of 10 Hz. By processing 

the raw signals of 500 laser shots, each measurement yields a distribution of dp and fV. 

For each data point, the LII signal was evaluated by the model which was implemented using 

AIMS software from Artium. The version that is used to evaluate data in this work was AIMS 

1.1. The number of counts and the distribution of the histogram determines the acceptance 

of measurements. The measurement is accepted if successful counts are between 496 and 

500. . Strong variations (i.e. a wide histogram of the results) can serve as an indicator for bad 

alignment of the LII setup or flow instabilities because of the flickering effect of the outer 

flame. Figure 4.8 shows a typical dp and fV histogram for N2:C2H2:H2 mixture with ratios 

0.71:0.22:0.07; HAB = 90 mm. 

4.2.2 Temperature measurements 

The temperature of the mixture is a determining factor that controls the process of particle 

formation. The experiments determining gas-phase temperature with the generalized line-

reversal technique were carried out in collaboration with Dr. Alexander Emelianov from the 

Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, Russia during 

his visit to Duisburg. Figure 4.9 shows a photograph of the generalized spectral line reversal 

set up at work for the N2:C2H2 mixture with flow ratio 0.77:0.23 under pyrolysis condition, 

supported by cone 7.  

 

Figure 4.9: Photograph of temperature measurements in the BGFR using the generalized line-rever-

sal approach. 
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In this experiment, the light source is an electrically heated tungsten tube (inner diameter 2 

mm, tube length 45 mm). Internal reflection inside the tube ensured “near-black-body” con-

ditions (emissivity  ≈ 0.95 at 2.0 µm). A CaF2 lens (f = 200 mm, d = 25 mm) collimated the 

light from the open end of the incandescent tube sent through the flow. There are three 

apertures with 3.5, 5, and 2 mm diameters. Another collimating CaF2 lens (f = 200 mm, d = 

25 mm) is mounted between the second and third aperture to collect the signal and to focus 

it in the center of the detector. A water-cooled metal plate with an adjustable aperture was 

placed in front of the detector to protect it from radiation from the outer flame. Between 

the cooling plate and the IR detector, an optical 1.88–2.25 µm bandpass filter was placed to 

discriminate against ambient. The light spatial resolution of the detection system was about 

1.5 mm and the spontaneous emission of the flow was detected at  = 2.1±0.2 µm using a 

(Thorlabs InGaAr) IR detector. Figure 4.10 shows the scheme of the generalized spectral line 

reversal setup with the BGFR at work.  

 

Figure 4.10: Schematics of the generalized line-reversal setup. 

The effective brightness temperature of the radiation source at  = 2.0 µm was measured 

with a pyrometer and set at a specific T0 (measured T0 = 1473 K) by adjusting the lamp cur-

rent. To calibrate the lamp, the operating current was modified using a controlling device. 

With the increase of current, the tungsten filament will glow more. At a specific temperature, 
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the tungsten filament emission reaches a steady state even if the current increases. At that 

point, the T0 value is obtained. Figure 4.11 shows two views of the Tungsten lamp calibration.  

 

Figure 4.11: Two views of the calibration of the Tungsten lamp. 

4.2.3 LII imaging  

The clear tendency of the incandescence zone to appear in the contact zone between the 

inner flow and outer flame presents a good chance to investigate the effect of using different 

inner and outer flow conditions on the incandescence zone distribution. Therefore, addi-

tional diagnostics are applied to get a better understanding of the particle formation zone 

and distribution. Qualitative LII imaging of the pyrolysis flow in the BGFR is used to investi-

gate the variation of internal and external flow conditions. Figure 4.12 shows a photograph 

of the setup for two-dimensional LII imaging with the BGFR operated with the N2:C2H2 = 

0.83:0.17 pyrolysis flow. 
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Figure 4.12: Photograph of the two-dimension LII imaging setup of the N2:C2H2 mixture.  

A 10-Hz Nd:YAG pulsed laser (BMI 5000) was used after adjusting it is pulse energy to 

285 mJ/pulse. The wavelength of the laser beam was 1064 nm with a 6 ns pulse. Its shaped 

into a laser sheet through a combination of a diverging cylindrical lens with a focal length of 

60 mm and a spherical focusing lens with a focal length of 1000 mm. The two lenses are 

placed behind the laser exit. The laser sheet thickness at the measurement point equals 0.75 

mm. Getting a good laser sheet required placement of the diverging cylindrical lens close to 

the laser exit. Also, the laser sheet is aligned to pass exactly through the center of the BGFR 

for optimum visualization. The produced laser sheet was shaped using a rectangular aper-

ture. Only the central part of the laser beam was used to ensure uniformity. The rectangular 

aperture was adjusted to get a 90 mm wide laser sheet above the center of the BGFR to 

cover the desired region. Using long focal length lens has the advantage of minimizing the 

variation of the thickness of the laser sheet across a flame, which is especially important 

when large-diameter flames are studied. LII images were taken perpendicular to the laser 

sheet by using a gateable intensified CCD camera (LaVision; Nanostar). The camera is 

equipped with a camera lens (Nikon; f = 40 mm, f/1.8). A broadband interference filter 

(450±25 nm) is set in front of the camera to minimize the interference from scattered and 

background light. Fig 4.13 shows the schematics of the two-dimensional LII imaging. 

 

Figure 4.13: Schematics of the two-dimensional LII imaging. 



63 
 

The camera was triggered with a delay time of 10 ns after the laser pulse to suppress the 

detection of scattered laser light. The camera intensifier was gated for 100 ns. Collected im-

ages were averaged, background corrected, and analyzed using DaVis 7.2 software.  

4.2.4 Tracer-LIF temperature measurements 

The LIF signal of toluene in the absence of oxygen is strongly temperature-dependent [163]. 

In this experiment, toluene LIF imaging was carried out in the BGFR where toluene acts as a 

soot precursor and a target for the LIF measurements alike. The total inner flow varied be-

tween 1 and 4 slm. The by-pass was seeded with toluene by N2 through a simple bubbling 

system to obtain fluorescence signals throughout the entire observed area. The jet flow and 

the seeding rates were varied by controlling the exit velocity of the bypass and the exit ve-

locity of the jet using manually controlled needle valves. The flow is measured using 5 slm 

acrylic flowmeters (rotameter, Cole-Parmer). Figure 4.14 shows the bubbler and one of the 

rotameters that was used. 

 

Figure 4.14: The bubbler and one of the 5 slm rotameters used for controlled addition of toluene 

to the gas flow of the BGFR. 

The laser sheet was generated and used before for two-dimensional LII imaging, readjusted, 

and used as an excitation source. For LIF, 266 nm laser beam from the BMI 5000 quadrupled 

Nd:YAG laser was used. The excitation pulse energy was adjusted to be around 42 mJ with 

an integrating area of about 2 mm2. The laser was operated in the linear LIF regime with 

fluence equals 0.051 J/cm2. Two intensified CCD cameras (LaVision; Imager intense) are 
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equipped with camera lenses (CERCO; UV lens, f = 100 mm, f/2.8) and used to detect the LIF 

signal in two wavelength bands selected by two bandpass filters. The angle between every 

camera and laser sheet is 90°. Every camera was tilted 12o to the x-axis to avoid detection 

from a reflection of the signal and laser light from the filters of the opposed camera. Both 

cameras were triggered with a delay of 10 ns after the laser pulses to suppress scattered 

laser light and gated for 100 ns. Figure 4.15 shows a photograph of the LIF imaging in the 

BGFR. was operated in the linear regime with 

 

Figure 4.15:Toluene-LIF imaging setup at the BGFR.  

The temperature sensitivity of toluene LIF depends on the chosen combination of filters and 

bath gas. The two filters were used in this experiment: BP320 interference band-pass filter 

detect peak fluorescence at 320±5 nm was fixed on the lens of the camera 1; and BP292 

interference band-pass filter detects peak fluorescence 292±5 nm was fixed on the objective 

of the camera 2. Figure 4.16 shows a schematic of the Imaging toluene pyrolysis in the BGFR 

using LIF.  
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Figure 4.16: Schematics of the toluene-LIF measurements in the BGFR. 

 ICCD cameras were supported by a third camera that acquired unfiltered chemilumines-

cence color images. For this purpose, a 5 MP RGB CMOS camera from Basler was used and 

fixed on camera 1. The additional camera (camera 3) is tilted 4° to the camera 1 level. The 

idea behind using the third camera is that images from this camera give qualitative support 

for the data analysis when used as a visual background for the derived images from the  

LaVision cameras. All three cameras were triggered together to get 50 images from every 

camera at the same time.  Figure 4.17 shows, A. Photograph of the camera 3. B. photograph 

of the 1.96 slm flow of N2/toluene as seen by camera 3. 

 

Figure 4.17: A) Photograph of the camera 3. B) BGFR operated with a 1.96 slm flow of N2/toluene as 

seen by camera 3. 
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 Results and discussion  

The gas-phase precursor chemistry and subsequent steps such as nucleation and soot parti-

cle growth define the final soot particle morphology. To study soot particle parameters dp 

and fV, as well as the flame temperature at onset of soot formation under atmospheric pres-

sure, the burnt-gas flow reactor was optimized and used. Besides, the influence of using ad-

ditives like H2 and CH4 on soot particle formation during C2H2 was also investigated. The pos-

sibility to use toluene as a precursor and a LIF tracer for measurements was also tested under 

pyrolysis conditions using the BGFR. 

 Validation measurements using the Gülder burner 

The Gülder burner was used to validate the TiRe-LII device quantitatively and qualitatively. 

The TiRe-LII analyzer is set and aligned to a height of h = 42 mm above the burner centerline. 

The visible flame height was 65 mm approximately. The experiment was achieved according 

to the following TiRe-LII analyzer processing parameters, F1 = 0.196, gain1: 418 V, gain2: 425 

V, and the processing range type (Fixed, 150–400 nm). 

The average particle diameter and volume fraction were measured (dp ≈ 30.9 ± 1.9 nm and 

fV ≈ 4.0 ± 0.1 ppm) respectively. Table 2 shows the comparison among the obtained results  

from the TiRe-LII experiment and different published results [173, 174], 

• Institute for Combustion and Gas Dynamics (IVG), UDE, Germany  

• National Research Council (NRC), Canada  

• Politecnico di Milano (CINI) 

Table 2: Validation of dp and fV 

 dp / nm fV / ppm 

 TiRe-LII experiment 30.9 4.0 ± 0.1 

IVG 32  

NRC 29 3.9 ± 0.1 
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CINI  4.5-5.0 

 

From the previous table, obtained dp and fV results lie exactly within the limits as published 

in the literature. In this way, it can be said that validating results did not fall out of the ac-

cepted range.  

Finding the best LII signal needs to locate the measuring position exactly. Positioning valida-

tion is transferred between using the Gülder burner and the BGFR. The first experiment was 

performed by using the ability of the Gülder burner to move along the y-axis. This feature is 

used to find the effect of the inner flow center deviation from the TiRe-LII lens focus on dp 

and fV values. The TiRe-LII is set and aligned with the burner centerline. Here, the experiment 

was carried out with the radial position (r) dimensions from the center of the flame to both 

extremes along the y-axis. The value of r = 0 refers to the center of the flame. In this way, 

the whole flame is scanned. Figure 5.1 shows the fluctuation of dp with the radial position 

along the y-axis. In the whole flame region, dp values remain in the acceptable range be-

tween 30 and 32 nm with only minor variations.  

 

Figure 5.1: fluctuation of dp to the radial position along the y-axis. These measurements were car-

ried out using the Gülder burner at h = 42 mm. 
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Figure 5.2 shows the values of fV along the radial position of the y-axis. Only in the range 

between – 0.56 to + 0.44 mm, the volume fractions are in the expected range. According to 

these results, it is observed that the soot volume fraction values are quite sensitive to the 

positioning, and the zero-point must be localized carefully and precisely. Accordingly, the 

existing adjustment technique is developed to be simple, more reliable, and highly accurate.  

 

Figure 5.2: Fluctuation of fV to the radial position along the y-axis. These measurements were car-

ried out using the Gülder burner at h = 42 mm. 

Another signal tracking test was achieved using the BGFR to investigate the best LII signal. In 

this experiment, dp and fV  values at r = 0, left and right edge extremes of the inner flow were 

measured. N2:CH4:C2H2 mixture with a mixing ratio 0.42:0.35:0.23 was tested at 90 mm HAB. 

Figure 5.3 shows the change of dp and fV  values with the change  of position along the x-axis.  
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Figure 5.3: Change of dp and fV values with position along the x-axis in the Gülder burner.  

The figure above shows the effect of  the position on the LII signal concerning the x-axis. The 

LII signal is quite weak in the center and extremely high in the contact zone between the 

inner and outer gas streams.  

The symmetry of the inner flow incandescence zone along the x-axis is also tested. These 

experiments were carried out using the BGFR through three discrete HAB of 70, 90, and 110 

mm. A mixture of N2:C2H2 with a mixing ratio of 0.77:0.23 was used. Figure 5.4 shows a com-

parison of dp and fV values of both extremes, the left edge (red arrows) and the right edge 

(blue arrows). 

 

Figure 5.4: A comparison of dp and fV values as a function of r of both extremes. At r = 0 mm, no LII 

signal could be detected. 

Concerning the value of dp, the variation in value between edges is not too high, and in the 

acceptable range. From the figure, at HAB = 90 and 110 mm, fV shows a noticeable difference 

in values between the left and the right edge of the flow. Especially for the HAB = 110 mm 

the difference was quite high. According to obtained results, all subsequent measurements 

are carried out along the extreme left edge. 

 LII data evaluation 

In the BGFR, all measurements were taken from the contact zone between the inner and 

outer gas streams as a function of height above the burner with a step of 20 mm. Because 
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of the successive heat-up of the central flow and buoyancy-induced acceleration of the gas 

flows; this zone is not located at a fixed radial position. Therefore, this zone was localized 

from the maximum in LII signal (and thus dp and fV) at each height. Namely, the sooting zone 

radial positions varied between 5 and 6 mm from the flow center. The outer flame is consid-

ered to have near-zero O2 concentration, which means all measurements are performed un-

der pyrolytic conditions.   

Data evaluation of the TiRe-LII analyzer is divided into two procedures. According to Equa-

tion 39, fV values directly depend on the observed signal from particles. Equation 41 supports 

that dp values were determined from the cooling rate. In the other words, signal height pro-

portional to fV values, and the temporal profile of particle cooling contains information about 

dp values. Figure 5.5 shows the data evaluation of the LII signal inside the TiRe-LII analyzer. 

 

Figure 5.5: Data evaluation of the TiRe-LII analyzer. 

By processing the raw signals of 500 laser shots, each measurement (with 500 laser shots) 

results in a scattering of measured mean dp and fV values. Figure 5.6 shows the scattering of 

mean soot particle sizes and soot volume fractions obtained during a LII measurement of the 

N2:C2H2:H2 mixture: 0.71:0.22:0.07 at HAB = 90 mm. The scattering is caused by fluctuations 

of the outer flame and inner flow. 
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Figure 5.6: Measured scattering of averaged soot particle sizes and soot volume fractions; LII-meas-

urement of N2:C2H2:H2 mixture = 0.71:0.22:0.07 at HAB = 90 mm. 

 Black-body line-reversal temperature data  

The application of the black-body line-reversal method for temperature measurements re-

quires the presence of absorbing species in the reactive gas flows. Concerning the BGFR, the 

absorbing species in the inner flow formed soot particles and probably also PAH species. CO 

molecules are the primarily absorbing species in the outer flame. In this experiment, the 

black-body line-reversal temperature measurements focused on the contact zone between 

the inner and outer gas streams as a function of HAB. For every flame mixture, at least two 

sets of measurements were also conducted radially for each selected HABs.  

Before starting the line-reversal measurements, the value of T0 must be measured. The 

measurement performed by variating the input current of the lamp 20 A to 60 A, and register 

the output temperature. Table 3 shows the calibration of the lamp: Lamp current versus 

lamp temperature. 

 

Table 3: Calibration of the lamp: Lamp current versus lamp temperature. 

Current / A Temperature / K 

20 1235 

25 1464 

30 1673 



72 
 

35 1877 

40 2034 

45 2223 

50 2332 

55 2463 

60 2643 

55 2503 

50 2388 

45 2203 

40 2055 

35 1203 

30 1675 

25 1482 

20 1198 

 

The current of the lamp used in this experiment was 25 A. For calculation, the value of T0 = 

1473 K was used as an input in flame temperature measurements. Figure 5.7 shows the val-

ues of lamp temperature versus the lamp current. 

 

 

Figure 5.7: Lamp temperature versus lamp current. 

To measure the flame temperature, three observables need to be measured: Ia, I0, and Ie, 

using the picoscope 6 software from Pico technology. Figure 5.8 shows a picoscope 6 front 

screen. This figure refers to the signal measurement for a mixture of N2:C2H2:H2 with a ratio 

of 0.71:0.22:0.07 at HAB = 90 mm. The blue line represents the full signal from the lamp. The 

red line represents the flame emission signal with a range of 10 to −10 mV. The green line 
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represents the (emission+ absorption) signal Ia. The measured Ia signal was multiplied by a 

factor of 50 to extract the values precisely  . Figure 5.8 shows the registered signal while the 

lamp was switched on and the flame off. The values of I0 are measured from the green line. 

All values were extracted from the small table which was surrounded by the red rectangle. 

 

 

Figure 5.8: Picoscope 6 screenshot for absorption measurements with a mixture of N2:C2H2:H2 with  

a ratio of 0.71:0.22:0.07 at HAB = 90 mm (lamp on and flame off). 

Figure 5.9 shows parts of the picoscope 6 screen, for the same mixture and height. The signal 

was registered while the lamp was switched on and the flame is also on. The red line value 

difference represents Ie. The green line value difference represents Ia. All previous extracted 

values, as well as T0, were applied in equation 47.  

By inserting all physical constants and the value of T0, equation 47 was simplified to the fol-

lowing expression: 

𝑇m(𝑡)  =
1473

1 + (0.214911) ln(1 − (𝐼a − 𝐼0)𝐼e)
 (53) 

For every measurement, the average of four successive readings was taken and values of Ia, 

I0, and Ie were applied in equation 53 to extract the Tm value. 
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Figure 5.9: parts of Picoscope 6 screen shows measurements of N2:C2H2:H2  mixture with a ratio of 

0.71:0.22:0.07 at HAB = 90 mm (lamp on and flame on). 

Figure 5.10 represents the measured radial temperature profiles for N2:C2H2 with a ratio of 

0.77:0.23. The edge of the inner flow was at radial positions of 5–6 mm from the center. 

Beyond 6 mm, the measured temperatures are those of the outer flame (1600–1650 K). In 

the radial zone where the LII signals were obtained, temperature values are around 1570–

1650 K (uncertainties of ±30 K). A plausible explanation was associated for measuring slightly 

higher temperatures on both sides of the boundary layer between the inner flow and the 

outer flame is with the overall exothermicity of soot formation. A global reaction can express 

this process, C2H2(g) → 2C(s) + H2. Based on the thermodynamics database of Burcat [175], 

at 1600 K, the reaction enthalpy is –222.2 kJ/mol. In pyrolysis, the temperature dependence 

of fV is described by a bell-shaped curve with a maximum for many hydrocarbon fuels, in-

cluding C2H2, at 1800–1900 K [176]. LII measurements was carried out on the inclining side 
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of the bell-shaped fV vs. T curve, i.e., in a temperature regime where radicals like C3H3 were 

formed and not rapidly decomposed. 

 

Figure 5.10: Radial temperature profiles for N2: C2H2 = 0.77:0.23 at HAB = 70 and 90 mm. 

 Results for N2:C2H2 flows 

After the successful validation of the detection measurements, the TiRe-LII device was used 

with the BGFR to find dp and fV values. For each measurement, the data acquisition software 

provides standard deviation σ. For all studied gas mixtures, σ increases with HAB, which is 

attributed to slight temporal fluctuations in the position of the luminous soot-containing 

zone. Besides, at heights above 120 mm, the flow shows some flickering. Thermal buoyancy 

might cause these instabilities. 

LII measurements for the N2:C2H2 mixture were carried out. Depending on the composition 

of N2:C2H2 flows, using different photomultiplier voltages (gain1 and gain2) and filter settings 

was necessary to improve signal-to-noise ratios. In this experiment, cone 45 was used. The 

TiRe-LII analyzer processing parameters for LII measurements on N2:C2H2 flows are pre-

sented in Table 4.  
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Table 4: TiRe-LII analyzer processing parameters for LII measurements on N2:C2H2 flows. 

N2:C2H2  

Mixture ratio 
Gain 1 / V Gain 2 / V F1 Processing range type 

0.91:0.09 550–700 675–800 57.545 Fixed (50–400 nm) 

0.83:0.17 460–700  450–700 2.851–13.7 Fixed (150–400 nm) 

0.77:0.23 550–700 600–700 0.196–2.851 Fixed (150–400 nm) 

0.71:0.29 475–500 525–550 0.196 Fixed (75–400 nm) 

 

Because of the low soot concentration, two data points were obtained from the N2:C2H2 = 

0.91:0.09 flow mixture. Only at HAB = 90 and 110 mm, reasonable LII raw signals were col-

lected. Below and above these heights, no analyzable LII signals were measured because of 

the low extent of soot particle formation and flow instabilities at HAB > 110 mm. For the 

other three N2:C2H2 mixtures, LII signals were obtained across the accessible range of HAB 

from 50 to 130 mm.  

 

Figure 5.11: Measured dp and fV as a function of HAB in mixtures with ratios N2:C2H2 from 0.91:0.09 

up to 0.71:0.29. The error bars are 1 σ. 

Results of LII measurements of these four N2:C2H2 flows, i.e., soot particle diameters and 

soot volume fractions are presented in Figure 5.11 above. As expected, with the increase of 

40 50 60 70 80 90 100 110 120 130 140
0

10

20

30

40

50

60

70

80

HAB/mm

 N2:C2H2 = 0.71:0.29

 N2:C2H2 = 0.77:0.23

 N2:C2H2 = 0.83:0.17

 N2:C2H2 =  0.91:0.09

d
p

 /
 n

m

40 60 80 100 120 140

0

100

200

300

400

500

600

700

f v
/p

p
m

 N2:C2H2 = 0.71:0.29

 N2:C2H2 = 0.77:0.23

 N2:C2H2 = 0.83:0.17

 N2:C2H2 = 0.91:0.09

HAB / mm



77 
 

C2H2 concentration, dp and fV increased. Soot samples are gained via thermophoresis on a 

TEM grid that is exposed to the soot zone for less than 1ms through a double-acting pneu-

matic device [176, 177]. TEM images show that besides primary soot particles, also sheets of 

graphene are presented. Figure 5.12 shows a TEM image obtained using a 1 µm scale. These 

images were taken from a sample of the N2:C2H2 mixture with composition 0.77:0.23 at HAB 

= 110mm. Primary soot particles and graphene-like structures are observed. 

 

Figure 5.12: TEM image of N2:C2H2 mixture with a ratio of 0.77:0.23 at HAB = 110 mm.  

Counting primary soot particles on TEM images of samples from the N2:C2H2 = 0.77:0.23 mix-

ture yielded average particle sizes of dp = 34±10 nm at HAB = 70 mm (190 particles counted) 

and dp = 52±18 nm at HAB = 110 mm (270 particles counted). Figure 5.13 shows the distri-

bution of soot particle sizes formed in the N2:C2H2 mixture with composition 0.77:0.23 at 

HAB =70 and 110 mm.   

 

Figure 5.13: Particle-size distributions from particle counts on TEM images. Distributions refer to 

samples on N2:C2H2 mixture with a composition of 0.77:0.23 taken at HAB = 70 and 110 mm. 
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Figure 5.14 shows a comparison of average particle diameters measured in nm between TEM 

image samples and TiRe-LII results for the N2:C2H2 mixture with a composition of 0.77:0.23.  

 

Figure 5.14: Comparison of average particle diameters measured in nm between TEM images sam-

ples and TiRe-LII results for N2:C2H2 mixture with a composition of 0.77:0.23.  

From the figure above, the TEM analysis shows good agreement with the corresponding LII 

data (dp = 23.0 ± 5.6 nm at HAB = 70 mm and dp = 49.4 ± 13.8 nm at HAB = 110 mm). 

 Results for N2:C2H2:H2 flows 

Studying the effect of H2 as an additive on soot formation is one of the major goals of this 

thesis work. H2 was regarded as an additive; its volumetric fraction in this work was set to 

7.3 % in all mixtures. H2-seeded flows exhibit larger instabilities with increasing height. 

Therefore, experimental uncertainties get larger with increasing heights. Also, for the same 

reason mentioned before, at heights above 120 mm, the flow shows some flickering. Be-

cause of the low soot concentration, no data is obtained from the N2:C2H2:H2 mixtures with 

low C2H2 concentration (less than 15 % C2H2). TiRe-LII analyzer processing parameters for LII 

measurements on N2:C2H2:H2 flows are presented in Table 5. 
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Table 5: TiRe-LII analyzer processing parameters for LII measurements on N2:C2H2:H2 flows. 

N2:C2H2:H2  

mixture ratio 
Gain1 / V Gain2 / V F1 Processing range type 

0.77:0.16:0.07 550–725 550–800 2.851–13.7 Fixed (150–400 nm) 

0.71:0.22:0.07 550–800 650–800 0.196–2.851 Fixed (150–400 nm) 

0.66:0.27:0.07 550–700 600–700 0.196–2.851 Fixed (75–400 nm) 

 

All LII measurements were carried out using the 45 mm cone for stabilization. Despite the 

low soot concentration, LII signals for the N2:C2H2:H2 = 0.77:0.16:0.07 mixture was obtained 

across an accessible range of HAB from 70 to 130 mm. For the other two N2:C2H2:H2 mixtures, 

it is possible to get analyzable LII signals from HAB = 50 to 130 mm. Figure 5.15 shows the 

impact of adding H2 on the soot particle growth and average soot volume fractions respec-

tively, using different N2:C2H2:H2 mixtures.  

 

Figure 5.15: Impact of adding H2 on the dp and fV using different N2:C2H2:H2 mixtures.  

As expected, the figure above shows an increase in soot particle diameters and soot volume 

fractions with increased C2H2 concentration. 
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Figure 5.16: TEM image obtained from a sample taken from an N2:C2H2:H2 = 0.71:0.22:0.07  

at HAB = 110 mm.  

Figure 5.17 shows a TEM of a soot sample gained via thermophoresis on a TEM grid. It is 

exposed to the soot zone for less than 1 ms through a double-acting pneumatic device [176]. 

The TEM image shows that besides primary soot particles (dp: 20–110 nm /dp average: 42±14 

nm), sheets of few-layer graphene are also produced (graphene-like: 20–780 nm flakes /av-

erage: 250 nm). Figure 5.18 shows the distribution of soot particle sizes for the N2:C2H2:H2 

mixture with a composition of 0.71:0.22:0.07 at HAB = 110 mm. 

 

Figure 5.17: Particle-size distributions obtained from particle counts on TEM images. Distributions 

refer to samples on N2:C2H2:H2 flows mixture with a composition of 0.71:0.22:0.07 taken at HAB = 

110 mm. 
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Figure 5.18 shows the average particle diameters compared between TEM images samples 

and TiRe-LII results for N2:C2H2:H2 flows with a composition of 0.71:0.22:0.07 at HAB = 

110 mm. The TEM analysis, dp = 41.9±13.6 nm shows an acceptable agreement correspond-

ing to LII data dp = 59.6±16.6 nm. 

 

Figure 5.18: HAB-dependence of soot particle sizes and comparison of average particle di-

ameters from TEM and TiRe-LII for N2:C2H2:H2 = 0.71:0.22:0.07, at HAB = 110 mm. 

Soot inhibiting effects of added H2 for two mixtures, N2:C2H2:H2 = 0.71:0.22:0.07 and N2:C2H2 

= 0.77:0.23 were particularly observed. Figure 5.19 shows the soot inhibiting effect of H2. 

The value of fV, and dp, decreased the more H2 added relative to the C2H2 at 110 mm HAB. 

 

Figure 5.19: Soot inhibiting effects of added H2 on dp and fV for mixtures N2:C2H2:H2 = 0.71:0.22:0.07 

and N2:C2H2 = 0.77:0.23 flows. 
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 Results for C2H2:N2:CH4 flows 

Results of binary fuel mixtures under pyrolysis are present of here. Four mixtures were used 

in this experiment with different volumetric ratios. All LII measurements were carried out 

using the cone with 45 mm. For all gas mixtures, standard deviation (σ) values get larger with 

the increase of HAB. Because of the low soot concentration, only two data points were ob-

tained from the N2:C2H2 0.91:0.09 flow mixture. Reasonable LII raw signals were collected at 

HAB = 90 and 110 mm only. Below and above these heights, no analyzable LII signals could 

be measured. 

For the mixture composition, N2:CH4:C2H2 = 0.50:0.41:0.09 LII measurements were obtained 

across a limited accessible range of HAB from 90 to 130 mm, despite the low soot concen-

tration. TiRe-LII analyzer processing parameters for LII measurements on N2:CH4:C2H2 flows 

are presented in Table 6. 

Table 6: TiRe-LII analyzer processing parameters for LII measurements on N2:CH4:C2H2 flows. 

N2:CH4:C2H2 

mixture ratio 
Gain1 / V Gain2 / V F1 Processing range type 

0.50:0.41:0.09 500–800 500–800 2.851 Fixed (150–400 nm) 

0.46:0.37:0.17 625–750 700–800 0.196–2.851 Fixed (150–400 nm) 

0.42:0.35:0.23 525–700 575–750 0.196–2.851 Fixed (150–400 nm) 

0.39:0.32:0.29 475–600  525–650 0.196 Fixed (75–400 nm) 

 

For the N2:C2H2:H2 = 0.46:0.37:0.17mixture, it was possible to get analyzable LII signals from 

HAB = 70 to 130 mm. For the last two N2:CH4:C2H2 mixtures, LII signals across an accessible 

range of HAB from 50 to 130 mm were obtained. 

Comparisons of the measured dp and fV values as a function of height in various N2:C2H2:CH4 

mixtures with ratios varying from 0.5:0.41:0.09 to 0.39:0.32:0.29 are shown in 5.20. Here, 

values of dp and fV are also increased with C2H2 concentration increase. This result was ex-

pected.  
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To get an idea about the influence of CH4 in these flows, the mixing parameter β is intro-

duced.    The parameter β is related to constant carbon content, and it represents the fraction 

of CH4 contained in these flows. It is defined as, 

β = 𝑥CH4
(𝑥CH4

+ 2𝑥C2H2
)⁄  (53) 

where xCH4 and xC2H2 are the initial mole fractions of methane and acetylene. 

 

 

Figure 5.20: Measured dp and fV as a function of HAB for N2:C2H2:CH4 mixtures with ratios varying 

from 0.5:0.41:0.09 to 0.39:0.32:0.29. The error bars are 1σ. 

Results shown in Fig. 5.20 become interesting if they are compared to those obtained from 

reactive N2:C2H2 and N2:C2H2:H2 flows.  

 

Figure 5.21: Comparison of measured fV values as a function of height above the burner for differ-

ent N2:C2H2, N2:C2H2:H2, and N2:C2H2:CH4 flows. 
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According to Figure 5.21, the pyrolysis of the N2:C2H2:CH4 flow with the largest C2H2 content 

leads to the largest soot volume fractions. To be sure that the observed changes in soot 

volume fractions are related to adding additional compounds like CH4 and H2 to the C2H2:N2 

gas mixtures; the measured soot volume fractions were normalized to the carbon densities 

(ρC) of these flows. 

 

Figure 5.22: Comparison of measured fV values that were normalized to the carbon densities  

of the corresponding mixtures.  

Figure 5.22 shows the normalized measured fV data. Even when comparing C-density nor-

malized soot volume fractions, in the case of the mixture with N2:CH4:C2H2=0.39:0.32:0.29 

(CH4 mixture fraction β = 0.36), fV increases strongly. It can be also seen that adding H2, gen-

erally leads to a decrease in fV. The C-density normalized soot volume fractions also show 

that in the case of mixtures with low C2H2 amount (N2:CH4:C2H2=0.46:0.37:0.17; CH4 mixture 

fraction β = 0.52), fV data slightly decreases compared to C2H2:N2 flows. These results suggest 

that CH4 depending on its mixture fraction can have both soot promoting and slightly soot 

inhibiting effects. Assuming a soot particle density of 1.9 g/cm3 [178], a maximum soot yield 

of ∼3.2 % was obtained for the mixture N2:CH4:C2H2 = 0.39:0.32:0.29 flow (Figure 5.22).  

When particle sizes are compared, the LII measurements suggest that CH4 addition has no 

or an even slightly inhibiting impact on dp, which is shown in Figure 5.23 by comparing the 

N2:C2H2 and N2:C2H2:H2 mixtures with the N2:C2H2:CH4 mixture. 
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Figure 5.23: Comparison of measured dp values for N2:C2H2 and N2:C2H2:H2 mixtures  

with results from the N2:C2H2:CH4 mixture. 

Plotting the particle number density N as a function of HAB, as presented in Figure 5.24 for 

the mixtures with the largest portion of C2H2, leads to a phenomenological explanation.  

 

Figure 5.24: Particle number density N as a function of HAB. 

N is obtained from fV = (4/3) Nr3, where r is the particle radius. According to Figure 5.24, 

the soot particles are formed during the pyrolysis of the N2:CH4:C2H2 = 0.39:0.32:0.29 mix-

ture does not decrease in number with flame height, as predicted by the Smoluchowski co-

agulation equation [179]. Along with the flow, the particle number remains almost constant 
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at about N particle ∼5×109 cm–3 indicating the absence of particle coagulation. Conse-

quently, the increase in fV is due to an increase in particle number density, contrarily to the 

mixtures with lower concentrations of C2H2 and CH4, where the increase in fV is related to 

increasing particle diameters. Jander et al. [180] observed a similar trend in sooting C2H4/air 

compared to the corresponding C2H4/O2 flames. There, an increasing carbon number density 

NC also leads to an increase in soot volume fractions, but smaller coagulation rates were 

found with progressive reaction time when NC > 1×1018 cm–3. Thus, a change of the soot 

growth process from a particle-size growth to a particle-number-density growth was con-

cluded. 

 Discussion: Particle size and volume fraction effects 

N2:C2H2:H2 mixtures 

For N2:C2H2:H2 flows, the present results agree well with the results of other investigations 

in various reaction systems, e.g., in their numerical studies on C2H4/air flames, Guo et al. 

[181, 182] discussed that adding H2 leads to a consumption of radicals, which is necessary 

for the build-up of soot. For H2 addition to a laminar C2H4/air diffusion flame, the influence 

of dilution was found to be of minor relevance compared to the chemistry effects. Therefore, 

the major reason for decreased soot production is ascribed to chemical-kinetics effects [169, 

177].  

In other studies, i.e., from Aghsaee et al. [71] and Eremin et al. [70], detailed shock-tube and 

modeling studies addressed the impact of H2 on soot formation during C2H2 pyrolysis in the 

pre-soot phase and the formation of first particles. Behind reflected shock waves, Eremin et 

al. have applied time-resolved LII for determining particle sizes and emission-absorption 

spectroscopy for temperature measurements. Aghsaee et al. used high repetition-rate time-

of-flight mass spectrometry behind reflected shock waves. In these studies, mixtures of 2–

5% C2H2 and 2–4% H2 in Ar and/or Ne have been used for pyrolysis experiments. In these 

experiments, the inhibiting effects of H2 addition on soot formation were observed. Eremin 

et al. noted that the blending of H2 resulted in a reduction of soot particle diameters and 

optical densities by ~20 and 60 %, respectively. Adding H2 did not influence the temperatures 
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behind the reflected shock waves. The observed impact has been also discussed in terms of 

chemical effects. In both studies, it was concluded that H2 addition inhibits the formation of 

polyacetylenes like C4H2 is one factor slowing down the growth of soot particle sizes.  

Polyaromatic hydrocarbons (PAH) and the corresponding radicals (PAH•) are also of large 

importance for soot formation due to the reaction pathway,  

(R1/ R−1) PAH• + C2H2 = PAHC2H + H  

The concentration of PAH radicals is strongly influenced by the reaction path, 

(R2/ R−2) PAH + H = PAH• + H2.  

R−1 and R−2 are the reverse reactions of R1 and R2. By adding H2, the reverse reaction is fa-

vored, which decreases the formation of PAH• and hence also, contributes to inhibition of 

soot formation [71].  

In this work, similar trends as in the case of shock tubes have been observed and one might 

expect that also in these flows the addition of H2 promotes reaction pathways that result in 

a decrease, soot particle growth. 

The addition of H2 to C2H2 pyrolysis reduces the concentration of PAH● radicals, which is 

essential for the formation of large polyaromatic structures leading to soot inception. The 

PAH● concentration is influenced by the [H]/[H2] ratio through reactions R2 and R−2.    

The addition of H2 decreases the [H]/[H2] ratio and thus favors the reverse reaction R–2 caus-

ing reduced PAH● concentrations. Consequently, hydrocarbon addition to these radicals, 

e.g., by C2H2 addition as in reactions R1 and R−1 is less efficient [183].  

N2:C2H2:CH4 mixtures 

Obtained results for N2:C2H2:CH4 mixtures, the 40 % C2H2/45 % CH4/15 % N2 mixture for ex-

ample (b = 0.36), exhibited much larger fV values, related to the carbon density of the mix-

ture, than the corresponding ones of the pure C2H2:N2 pyrolysis flows. However, the normal-

ized soot volume fractions fV of the 20 %C2H2/45 %CH4/15 %N2 mixture, (b = 0.52), remained 

nearly unchanged compared to ones measured in the pure 20 % C2H2 pyrolysis flame. The 

influence of adding CH4 to C2H2/N2 mixtures was discussed qualitatively in ref. [184, 185] 
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based on plug flow reactor simulations. These simulations were conducted to examine how 

chemical reaction pathways change when CH4 is added to a mixture of C2H2 and N2. 

A decreasing [H]/[H2] ratio with enhanced addition of CH4 to C2H2 was found. Similar to the 

addition of H2 to C2H2 /N2 flows, the rate of reaction R1 was diminished in favor of its reverse, 

R−1 in methane-acetylene pyrolysis causing reduced production of PAH radicals. Thus, con-

sidering only the latter effect, decreasing values of fV with enhanced methane to acetylene 

ratios in the pyrolysis flame should occur.  

The addition of CH4 leads to a strong increase in maximum concentrations of C3H3, which is 

regarded as an important intermediate species for benzene (C6H6) formation.  According to 

the simulation of Yoon et al. [186], the enhanced C3H3 concentrations were mainly due to 

the reactions:  

t-CH2 + C2H2 = C3H3 + H         (R3/R–3) 

C2H2 + CH3 = C3H4 + H         (R4/R–4) 

C3H4 + H = C3H3 + H2         (R5/R–5) 

In reactions R3/R−3, the species t-CH2 represents a triplet carbene. While the decreased 

[H]/[H2] ratio inhibited soot formation, it is assumed that the enhanced C3H3 concentration 

promotes an enhanced rate of benzene production. Hence, larger concentrations of PAH 

species suitable to build up the first soot particles were available. This conclusion is also sup-

ported by recent experimental results on CH4/C2H2 and CH4/C6H6 pyrolysis in a shock tube 

indicating a soot-promoting effect of CH4 addition to C2H2 pyrolysis and contrarily a soot-

inhibiting effect of CH4 addition to C6H6 [187]. 

 LII-imaging results 

Localizing the incandescence region is important to obtain accurate LII measurements. The 

validation of the TiRe-LII device using Gülder burner and BGFR (section 5.1) gives a prelimi-

nary indication about the predicted position of measurement. Accordingly, 2D LII imaging 

was applied to localize the soot-containing zone along with the flow and observe changes in 

the position of this zone and the relative variation in fV distribution concerning the difference 
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in the flow speed of gas mixtures between the inner flow and outer flame. This experiment 

was qualitative only to localize the targeted zone with no quantitative measurements. Every 

presented image represents an average of 50 images. 

Figure 5.25 shows the LII imaging in the N2:C2H2 flow with composition ratios of 0.77:0.23. 

The flow conditions of the inner flow were the standard condition 1.96 slm. For the outer 

flow the standard condition, 57.55 slm also used comprising 53 slm air and 4.55 slm C2H4. 

From the image, the incandescence zone is lined along with the inner flow as two parallel 

lines between the inner flow and outer flame. The zone with LII signal gets wider with the 

increase of HAB.  

 

Figure 5.25 : LII imaging of C2H2:N2 flow with composition ratios 0.77:0.23. Using standard condi-

tions  
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Figure 5.26 shows the results of the 0.77:0.23 N2:C2H2 mixture ratio. The total gas flow of the 

outer flow was increased to 86.3 slm by increasing the airflow to reach the value of 79.5 slm. 

Accordingly, the gas flow of C2H4 increased to reach about 6.8 slm. The inner flow was varied 

from 1.96 to 1 slm through five discreet steps. The overall flame stability becomes higher 

with decreasing the total inner flow. Also, the LII area increased and was uniformly distrib-

uted to cover most of the inner flow.   

  

Figure 5.26: LII-imaging results for N2:C2H2 = 0.77:0.23. 

 Toluene-LIF results 

Temperature measurements are important for characterizing a reactive flow. To model the 

soot formation of gas flow under pyrolytic conditions, temperatures are required for quan-

titative simulations, which requires proper temperature imaging technique. For this purpose, 

the tracer LIF technique was used to determine the temperatures of the pyrolysis flow. 
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LIF imaging was achieved using toluene as a target species in N2 bath gas at atmospheric 

pressure. Toluene was used as a soot precursor in the BGFR to measure the temperature in 

the pre-pyrolysis zone. LIF of toluene pyrolysis products using 266 nm laser for excitation 

and absorption spectra in the UV/Vis region were already known, these products can be used 

in LIF fluorescence. LIF spectra of the pyrolysis products were studied in shock-tube experi-

ments [188, 189]. The stability of toluene is an essential factor that determines the possibility 

of using it as a LIF tracer. The mean residence time of the gas mixture in the heated section 

of the BGFR was in the range of a few seconds. 

Toluene imaging achieved in BGFR using LIF according to a specific technical setup for 

gateable ICCD cameras. The used technical setup for both cameras is present in Table 6. 

Table 6: Settings of the gateable ICCD cameras. 

Camera Delay / ns Gate / ns Gain No. of images Recording exposure / µs 

1 95±16 100 78 50 1000 

2 05±10 100 78 50 1000 

 

All measurements were carried out using cone 45. Toluene imaging was achieved using 

standard inner and outer flows. As well as, four various inner flows with fixed outer flow 

value was tested. Images that have been gotten from all cameras were mapped, corrected, 

and analyzed using DaVis 7.2 software. The two-color-LIF temperature analysis was achieved 

using a MATLAB program. Target images were taken using all cameras. All Images were 

mapped to each other to get the same dimensions and views of images from all cameras. 

Figure 5.27 shows an image of the target using camera 3.  
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Figure 5.27: Imaging of the target using camera 3. 

Every set of images taken by the ICCD cameras was averaged and analyzed into two channels, 

red channel images, and blue channel images (see chapter 4.2.4). Figure 5.28 shows the red 

channel and blue channel images of the standard 1.96 slm flow.  

 

Figure 5.28: Red channel and blue channel toluene-LIF images for the 1.96 slm flow. 
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On the other hand, camera 3 images were exported to DaVis 7.2, averaged and analyzed into 

the main RGB channels, and recombined again (DaVis 7.2 could not map RGB images). Later, 

extracted images from cameras 1, 2, and 3 were mapped together. 

The mapped images processed using MATLAB. Intermediate processing steps of the mapped 

images using the MATLAB post-processing code for the standard toluene flow are shown in 

Figure 5.29 and 5.30, the image processing steps are: 

1. The region of interest (ROI) is selected manually by selecting the inner flow. Then a 

wider region is selected automatically to cover similar intensity levels. 

2. The mask is applied to process only the region under study. 

3. Subtracting the background to get a full-color pure flame image. 

 

Figure 5.29:  The intermediate image processing steps 1, 2, and 3 for 1.96 slm inner flow flame. The 

explanation of each step is explained in the section above. 

4. The function curve of temperature measurement from the ratio R (red/blue) was ap-

plied to obtain the temperature profile (see Figure 3.4).  
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5. Calling the RGB image.  

6. The final image of the observed temperature profile is positioned on the RGB back-

ground. The last three steps of toluene-LIF image analysis are presented in Figure 

5.30.  

 

Figure 5.30:  Examples for intermediate image processing steps 4, 5, and 6 for the example 

with 1.96 slm toluene flow. The explanation of each step is explained in the section above. 

The MATLAB code which is used to obtain the temperature profile of the toluene signal was 

developed in cooperation with Andreas Kopf as a part of the paper proceeding.  

Figure 5.31 shows preliminary results of LIF thermometry using toluene as a tracer species.  

Temperatures was measured at different HAB and radial positions.  
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Figure 5.31: LIF imaging of toluene flow temperature. Due to large uncertainties in the application 

of LIF thermometry to this experimental configuration, the temperatures presented should be con-

sidered only as preliminary results. 

From the previous Figure, LIF imaging of toluene flow was measured as a function of tem-

perature between 780 and 1200 K in N2 bath gas at atmospheric pressure. The measured 

temperature between 44 mm and 46 mm HAB is regarded as an artefact, because the flame 

temperature imaging at these heights was affected by fluorescence radiation reflected by 

particles on the cone. The cone itself had a height of 45 mm HAB. The general tendency 

which is predicted from the presented results is that the temperature of toluene flow in-

creases with the increase of HAB to a certain extent. Also, toluene shows a good sensitivity 

to temperature in the N2 bath; which is agreed with previous studies [163]. About 64 mm 

HAB, the toluene emissions completely disappeared. Later, the LIF signal of toluene pyrolysis 

products built up along the contact zone between the inner flow and outer flame as shown 

in Figure 5.29 (1 and 2). This region resulted from the built-up of new species initiated by 

toluene decomposition. These Species appear clearly in the red channel images and disap-
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pear in blue channel images (Figure 5.28). These species are most likely PAHs [190]. Produc-

ing these products can also reduce the flow temperature slightly. The toluene pyrolysis po-

tentially changes the toluene flow temperature. 

 Discussion: Light-sheet imaging measurements 

LII imaging shows a clear relationship between the flow and distribution of the soot-contain-

ing area. The gradual decrease in the inner flow of N2:C2H2 increases the incandescence area 

at fixed outer flow.  

LIF of toluene in the BGFR shows that toluene has fairly acceptable stability as a temperature 

tracer. The inner flow temperature reaches 1200 K at HAB 62 mm before toluene decom-

posing. Later, decomposed toluene produces secondary florescence products. These prod-

ucts built up fluorescence zones along the contact zone between the inner flow and outer 

flame. This region resulted from the build-up of new species initiated by toluene decompos-

ing. These products appear in red channel images only which indicates that they are PAHs. 

Since the pyrolysis of toluene is an exothermic process, producing these species slightly de-

creases the toluene flow temperature. 

Comparing the reaction time of the gases in the BGFR (about a few seconds) to those of a 

shock tube (typically ~1 ms) [191]. The high achievable temperatures in the present setup 

together with the comparably long residence time in the hot zone in the range of a few sec-

onds can cause significant tracer pyrolysis and thus LIF measurements on possibly formed 

intermediate species as secondary reaction products like, e.g., anthracene or fluorene (or a 

mixture of them) could also cause fluorescence. Thus, future work must verify which species 

produce the observed spectra. 

 BGFR: Outlook 

The BGFR is a reliable tool for the in-time study of the growth of carbon particles under py-

rolysis conditions at atmospheric pressure. The rigidity, smoothness, and freedom of move-
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ments along two axis and simple configuration, provide the flexibility to use different inves-

tigation tools and study all stages of carbon particle growth. Compared to shock tubes, the 

test time in the burnt-gas flow reactor for studying soot formation was extended by a large 

factor [191]. The particle formation zone for optical measurements can be very well resolved 

because the different phases of particle formation are spatially extended. Also, in the imag-

ing of toluene pyrolysis, the comparative slow reaction time gives the flow fair stability, and 

the N2 bath supports the signal strength and temperature sensitivity. 

BGFR developments which were achieved in the IVG institute increases the stabilization of 

the pyrolysis flow to a certain extent, but it is not enough. There is a need to find out the 

outer flame and inner flow gas speed and make an equilibrium between them, which will 

decrease the flickering without cones; as a result, this will provide a good opportunity to 

study the onset of particle formation of the small young soot particles, with more accurate 

optical extinction and laser scattering measurements.  

Gas temperatures must be better specified with more accurate methods. Toluene shows 

good temperature sensitivity for earlier stages of soot particle formation. But, it is not suita-

ble to use in the hot zone. Also, there is a need to apply (TiRe) LII and tracer LIF measure-

ments spontaneously. It opens the door for using the BGFR in more experiments using other 

mixtures like CH3CH2OCH3.   
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 Conclusions 

The influence of H2 and CH4 addition to C2H2 pyrolysis was examined at atmospheric pressure 

using a specific burner configuration called burnt-gas flow reactor in respect of the soot for-

mation process. The system is a combination of two flows: a rich premixed non-sooting 

“outer” flame and a sooting oxygen-free “inner” flow. Time-resolved LII measurements were 

carried out with different flow mixture compositions. Heights were varied between 50 and 

130 mm above the burner. It was observed that significant concentrations of soot particles 

were only detected at the boundaries between both flows. Also, a qualitative two-dimen-

sional LII soot imaging technique was used to show the major appearance of soot particles 

at the boundary layer between the inner and outer flow. The present findings confirm the 

results of previous studies which showed a soot-inhibiting effect by blending H2 to a sooting 

hydrocarbon fuel like C2H2. This inhibiting effect can be seen from decreased soot volume 

fractions and smaller mean diameters of the particles.  

In contrast, the effect of CH4 addition to C2H2 pyrolysis was ambivalent, depending on the 

composition of N2:C2H2:CH4. Within the fuels, CH4 and C2H2, the proportion of CH4 is indi-

cated by the mixing parameter b. For β smaller than 0.4, i.e., N2:CH4:C2H2 = 0.39:0.32:0.29, 

It is increased measured fV values while it is slightly decreased particle diameters. In these 

cases, a major increase in fV is related to an increase in particle numbers. According to plug-

flow reactor calculations [183] that were carried out for a qualitative examination on the 

influence of CH4 addition on key steps of soot formation, the soot-promoting effect is ex-

plained through an increased formation of C3H3 in combination with the presence of large 

C2H2 concentrations. According to the plug-flow reactor simulations [192], adding CH4 to a 

C2H2:N2 mixture can also decrease the [H]/[H2] ratio, which leads to a reduced soot for-

mation. These two competing effects on soot formation result in a peak value of fV, which 

depends on the CH4 /C2H2 mixing parameter. 

Under the conditions of the LII experiments, the gas temperature was measured by using 

the Black body generalized line-reversal technique. This technique emission and absorption 

characteristics of a reactive flow are registered simultaneously. Gas temperature values, 
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which were obtained by using this method, are around 1570–1650 K, with uncertainties of 

ca. ±30 K. However, for confirming these temperature data, it would be necessary to apply 

another method for measuring flame temperatures. 

LIF thermometry is used to measure gas-phase temperatures. To apply this method, a flow 

is seeded with “tracer” molecules that exhibit strong temperature-dependent fluorescence 

emission after excitation by suitable laser light. Toluene was used as a tracer molecule in this 

work. Previous studies showed large temperature sensitivity of gas flows seeded with tolu-

ene. Therefore, a two-color detection LIF thermometry method was used for measurements 

using toluene in N2 bath gas at atmospheric pressure; under typical experimental conditions 

of the BGFR. 

The maximum toluene flow temperature reaches 1200 K at HAB 62 mm. Later, toluene is 

decomposing to produces secondary florescence products. These products built up fluores-

cence zones along the contact zone between the inner flow and outer flame. 

To apply LIF thermometry in the BGFR some new strategies were implemented within this 

thesis. A new toluene seeding system was built and an RGB camera was integrated into the 

setup, providing images of the flame as background for a temperature measurement over-

lay.  

Due to the comparative slow reaction time, the toluene flow was fairly stable. Using toluene 

as a tracer for LIF thermometry in BGFR shows an acceptable result with respect to the earlier 

stages of soot particle formation. It looks promising for future work.  

The validation of the LII instrument and the plausible findings are indications that the BGFR 

setup is suitable for studying soot particle formation under pyrolytic conditions. However, 

the importance of the flame temperature in this burner configuration makes it necessary to 

be determined by more than one method. If gas temperatures can be better specified, the 

experimental data obtained from this burner configuration can be used for validating models 

describing soot formation processes.  
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