
 

ABSTRACT 
 
 

XIAO, JIDONG.  Effect of Flow Unsteadiness on Soot Morphology.  (Under the direction 
of Dr. William L. Roberts) 
 

The morphology of combustion-generated soot is of fundamental interest, but is 

difficult to measure.  A new planar diagnostic technique was developed for morphology 

measurements in simple laminar flames.  Additionally, Polycyclic Aromatic Hydrocarbons, 

(PAH) the precursors to soot formation, were measured non-intrusively in an unsteady 

laminar flame to determine the characteristic time scales of their formation. 

An existing point-wise laser scattering technique to determine soot morphology was 

extended to a planar technique and applied to a laminar ethylene air co-flow flame.  An 

Nd:YAG laser (532 nm) was used to illuminate the soot particles and the resulting scattered 

light was collected over a wide range of angles.  A low power laser was used to eliminate 

fluorescence and incandescence interferences.  Simultaneous laser induced incandescence 

measurements were used to determine the soot volume fraction.  Six morphological 

parameters, including primary spherule size and mass fractal dimension, were derived using 

this new planar measurement technique based on RDG/PFA theory.  The results clearly 

show the soot formation processes, including inception, agglomeration, and oxidization.  A 

two-angle approximate method was also demonstrated and shown to be applicable for 

instantaneous measurements in unsteady flames.  The approximate method can provide 

limited soot morphology information including primary particle size and number of primary 

particles per aggregate, when the fractal dimension and distribution are assumed.  The 

approximate method was not suitable over the entire region of this flame because the fractal 



 

dimension varies significantly from the assumed value of 1.8, particularly in the soot 

inception zone. 

Three different size classes of PAH were measured qualitatively via laser induced 

fluorescence by detecting fluorescence in different spectral regions.  The relative 

concentrations of these PAH were measured in counterflow diffusion flames subjected to 

both steady and oscillating strain.  With increasing strain rate, the PAH concentration was 

observed to decrease dramatically, though unequally, among the three size classes 

measured. With an unsteady strain rate, the PAH concentration oscillates in phase for 

frequencies below 50 Hz.  At frequencies above 100 Hz, the PAH zone no longer responds 

to the imposed oscillations.  Smaller PAH continue to respond to the instantaneous strain 

rate at a higher frequency than larger PAH. 
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Chapter 1     Introduction 

Objectives 

• Study soot morphology in more realistic combustion environment.  

• Use unsteady CFDF (Counter Flow Diffusion Flames) to simulate transient 

flamelets.  

• One objective is to study the effects of instantaneous strain rate on the formation of 

PAH.  

• A second objective is to study the soot morphology of an ethylene-air coflow flame. 

• A third objective is to determine the suitability of a new planar morphology 

technique  

 

Due to the resulting reduction of efficiency, providing an IR source for tracking and 

targeting, and its harmful effects on human health, soot emission from diesel engines 

continues to be of interest to the US Army.  There is also an increasing interest in reducing 

soot emissions from combustors because environmental regulations requiring dramatic 

reductions in particulate emissions are forthcoming.  Both the IR signal and harmful human 

health effect are related to the soot’s morphology.  There is a strong need for a fundamental 

understanding of the soot formation process in combustors.  

Most practical, large scale combustion processes rely on turbulent diffusion flames, 

due to their much higher heat release rate when compared to laminar diffusion flames.  This 

research involved a series of experiments designed to investigate effects of an unsteady 
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flowfield on the formation of soot, i.e. the focus of this dissertation was to better understand 

the soot formation processes occurring in turbulent flames though experimentation in 

simple flames. 

Turbulent flame are difficult to study because the complexity of both turbulence and 

combustion.  Turbulence models are used to model turbulent engineering problems.  These 

models use systematic mathematical derivations based on the Navier-Stokes equations up to 

a certain point, but then they introduce a closure hypothesis which relies on dimensional 

arguments, which in term, require empirical input.  A variety of combustion models are 

being used by different groups in the combustion community. For infinitely fast chemistry, 

the Brey-Moss-Libby Model and Coherent Flame Model are for premixed combustion, and 

the Conserved Scalar Equilibrium Model for nonpremixed combustion.  For finite rate 

chemistry, the PDF Transport Equation Model and the Linear Eddy Model can be applied 

to premixed as well as to nonpremixed combustion.  The Flamlet Model based on the G-

Equation can be used only for premixed combustion, and the Flamelet Model based on 

Mixture Fraction and Conditional Moment Closure can be used for nonpremixed 

combustion (Peters, N. 2000). Among the combustion models currently available, the 

laminar flame model, the probability density function (PDF)/Monte Carlo method, and the 

conditional moment closure are the most successful ones (Coelho et al., 2001).  

Flamelet Theory 

Turbulent flamelet theory has been developed to find solutions in realistic 

combustion problems within engineering accuracy by studying simple laminar diffusion 
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flames (Bilger, R. W., 1976; Peters, N., 1984).  The turbulent diffusion flame is model as an 

ensemble of strained, laminar, one dimensional flamelets as illustrated in Figure 1-1.  

Fuel

Oxidizer

Z=Zst

Z

Flamelet

 
Figure 1-1   Sketch of a turbulent diffusion flame which illustrates a diffusion flamelet 

These flamelets must be thin relative to the smallest turbulence scales (Kolmogorov 

scale) so the laminar substructure of the flamelet is retained.  For diffusion flames, when Da 

>> 1 (Da: Damköhler number, Da= reaction time/flow time), i.e. the chemical time is much 

shorter than all relevant transport processes, Flamelet theory has been successfully applied 

to these cases.  

Burke and Schumann (1928) used the mixture fraction Z to describe a diffusion 

flame.  They assumed Da =∞, Le = 1(Le=thermal diffusivity/mass diffusivity), and single 

step chemistry.  The mixture fraction Z is called a conserved scalar because it is neither 

created nor destroyed in the combustion process.  One definition of mixture fraction Z is 

given below.  
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Z is a function of the fuel and oxidizer mass fraction and is bounded between zero 

for pure air and unity for pure fuel.  For infinite fast chemistry, flamelet theory can be used 

to fully describe the flowfield by a single conserved scalar.  Their analysis using mixture 

fraction Z predicts flame shape and height reasonably well.  Additionally, all species and 

temperature profiles are linear in mixture fraction space with the above assumptions and the 

solution is shown in Fig 1-2. Although the equivalence ratio varies continuously throughout 

the flow field in diffusion flames, the flame exists only at the stoichiometric mixture 

fraction contour for fast chemistry.  The stoichiometric mixture fraction is calculated from 

Equation1-2. 
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Figure 1-2. The Burke-Schumann solution as a function of mixture fraction. 
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Using this conserved scalar formalism, the solution to the governing convective-

diffusive equation leads to a universal description of the structure of these flamelets.   

Because of the assumption of infinitely fast chemistry, Da = ∞, the flame is infinitely thin. 

This, of course, is not true in real combustion systems. In order to predict soot formation, 

Nox formation, flame quenching, liftoff and blowoff and so on, the non-equilibrium effects 

of finite-rate chemistry must be included in the analysis. Finite-rate chemistry means the 

flame is of finite thickness and is modeled as a diffusive-reactive zone.  A second variable, 

χ, the instantaneous scalar dissipation rate, accounts for non-equilibrium effects. 

22 ZD∇≡χ                                                                                                          (1-3) 

The scalar dissipation rate is inversely proportional to the characteristic diffusion 

time and also it varies inversely with Damköhler number, i.e. high strain rates lead to 

dissipation rate increases.  Substituting Zst into Equation 1-3 gives the stoichiometric scalar 

dissipation rate.  The scalar dissipation rate is also related to the heat conduction from both 

sides of the diffusive-reactive zone.  If χ is increased past a critical value, χq, the flame 

quenches because the amount of heat conducted away from the reaction zone exceeds the 

amount of heat released from the chemical reaction. 

The steady, laminar, counterflow diffusion flame (CFDF) has a scalar structure very 

similar to that of an unsteady distorted mixing layer in a turbulent flow field (Peters, N., 

1984).  The CFDF has been used to model flamelets by many researchers.  Its experimental 

realization is a counterflow diffusion flame burner, which is illustrated in Fig 1-3.   
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Figure 1-3.  Schematic of counterflow diffusion flame burners 

Various combinations of fuel (diluted and not diluted) and oxidizer were used to 

construct the counterflow flame.  These flames have been used to study the flame structure, 

reaction rates, reaction mechanisms of laminar diffusion flames and so on (Law et al., 1994; 

Seshadri & Trevino, 1989; Zhang, et al., 1992).  In this research we used a burner that could 

generate an unsteady flow field (DeCroix, 1998). 

Usually the fuel and oxidizer are momentum-matched.  When the outlets are not 

infinitely far apart, the axial velocity gradient (or strain rate) is K = UG/(L/2), where L is the 

separation distance of the reactant tubes.  This value of strain rate is an exact potential flow 

solution to the isothermal stagnation point flow field.  Peters et al. (2000) has derived the 

scalar dissipation rate along the stoichiometric mixture fraction contour for stagnation point 

flow, which is a function of the axial strain rate K, as 

( ) [ ]( )[ ]21 22exp2
stst ZerfKZ ⋅⋅−⋅

⋅
= −

π
χ                                                                (1-4) 
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The scalar dissipation rate for this flame geometry is a function of an easily measured 

parameter, K. 

When the Stationary Laminar Flamelet Model, which uses the steady state version 

of the flamelet equations, is applied in engineering calculations, a library of steady state 

flamelet profiles can be generated for arbitrary complex chemistry.  The library is typically 

parameterized in terms of values of the stoichiometric scalar dissipation rate stχ . The 

underlying assumption is that the scalar dissipation rate varies slowly enough because the 

time-dependent term has been omitted. If the scalar dissipation rate changes rapidly, the 

unsteady term in the flamelet equations must be considered to obtain the slow relaxation of 

the profiles.  Without considering the unsteady term, this Stationary Laminar Flamelet 

Model has some limitations: it has difficulty modeling unsteadiness, curvature, and 

quenching of flamelets. 

When flamlets are subjected to unsteady strain rates, flamelet theory may need 

another variable to account for the temporal dependence of χ.   Mauss et al. (1990) firstly 

introduced unsteady flamelets to simulate flamelet extinction and reignition in a steady 

turbulent jet diffusion flame.  A Langrangian time has successfully been used to account for 

the history effects in the flamelet structure.  Darabiha (1992) found by analyzing strain rate 

variations of laminar hydrogen-air counterflow flames, that for high frequencies the strain 

rate may exceed the steady quenching limit without completely extinguishing the flame.  

Pitsch et al. (1999) discussed the importance of transient effects by using an unsteady 

flamelet model with a langrangian time to account for rapid changes in flow direction. They 

defined a diffusion time that helps to quantify the effects of the flow field’s rapid changes 

on the steady nature of the flamelet response as shown in equation 1-5: 
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( )
st

Zt
χχ ~

2Δ
=                                                                                                             (1-5) 

This is the time that is needed to exchange mass and energy over a distance ΔZ, which is 

typically the flame thickness FZ )(Δ  in mixture fraction space. If this time is small relative 

to the Lagrangian time, the flamelet is able to follow changes in the scalar dissipation rate. 

Otherwise, more unsteady terms in the computations must be retained to properly describe 

the flamelet response. This is very important for predicting the soot and NOx formation 

processes because the main combustion reactions are already very close to the chemical 

equilibrium state (Pitch et al., 2000). 

The topic of quasi-steady response of flamelets and the effects on the soot formation 

is of primary interest in this research.  

Types of Soot  

Soot, a product of incomplete combustion, sometimes termed carbon particles or 

black carbon, is usually composed of 97-99% carbon by weight and 1-3% hydrogen in 

elemental composition.  The carbon in soot particles is basically crystalline with a graphitic 

structure in which the graphitic sheets are stacked turbostratically (Huang et al., 1995).  

Soot particles usually have a diameter in the submicrometer range and are clustered 

together in chains or fractal like agglomerates. For very incomplete combustion, the black 

smoke signifies the production of soot whereas for relatively clean combustion, the 

yellowish luminosity from the flame signifies the soot formation because soot at 

combustion temperatures radiate strongly in the yellow region of the electromagnetic 

spectrum.  Generally the sooting tendency of fuels is in the increasing order of 
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alkanes<alkenes<alkynes<aromatics, and premixed flames produce less soot than diffusion 

flames for the same fuel (Huang et al., 1995).  The half-life for soot burnout is ~7X10-3 

seconds, thus soot burnout us usually diffusion-controlled (Huang et al., 1995). 

There is a wide range of combustion processes and also a wide range of soot 

morphology.  Clague et al. (1999) found that there is no difference between soot and carbon 

black from the point of view of morphology and internal structure in their study where they 

compared the highly conducting furnace black Vulcan XC72 to the TEM of an exhaust 

diesel soot. Fig 1-4 to Fig 1-5 are the images of soot (Clague et al., 1999) for these to cases. 

 
Figure 1-4 Transmission electron micrographs of an exhaust soot as removed from the tail pipe of an engine 
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Figure 1-5 Transmission electron micrographs of soot removed from used engine oils 

However, they observed significant differences in the chemical composition of exhaust and 

engine soots, particularly in their surface chemistry and in the presence of adsorbed 

lubricant components in the engine soot.  Adsorbed lubricant components also make them 

differ from carbon black–particularly their elemental composition and surface chemistry. 

Engine soot, which is found in used lubricants in its aggregated form, typically consists of 

about 90% carbon, 4% oxygen, 3% hydrogen; nitrogen, sulphur and traces of metal make 

up the remainder.  The oxygen and hydrogen tend to concentrate at the surface thus 

presenting a relatively polar character to the lubricant environment.  Exhaust soot removed 

from the tail pipe of an engine can consist of as low as 50% carbon and as high as 30% 
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oxygen content. There are also significant concentrations of sulphur, phosphorus, iron, 

calcium and zinc.  Because of the high oxygen content, exhaust soot has a highly oxidized 

surface (Clague et al., 1999).  

At the primary particle size scale, however, engine soot and exhaust soot have 

similar size and crystallinity to many commercial furnace and channel carbon blacks. 

Manzello et al. (2002) have found that the morphological properties of soot produced in 

microgravity droplet flames are significantly different than those measured in normal-

gravity experiments. Usually under micro gravity conditions, the primary particle size of 

soot is larger than the soot diameter in 1g environments because the residence times are 

approximately a factor of 20 longer (Ku et al., 1995). 

Although different in chemical composition and in morphology, soot is the result of 

incomplete combustion.  Soot emission is directly related to the efficiency of combustion; 

more soot emission, less efficiency. Besides lower efficiency, soot emission is a huge 

pollution source. The particles emitted from high-flying aircraft are important components 

in atmospheric chemistry and cloud–climate interactions (Petzold et al., 1998). Soot also 

plays a vital role in ozone destruction via the reduction of O3, HNO3 and NO2 on the 

particle surface (Bekki, 1997).  Estimated ozone changes in the lower stratosphere at 

northern middle latitudes are of the order of 0.3% per year (Bekki, 1997). 

Usually soot particles produced by aircraft gas turbines or furnaces have typical 

diameters smaller than 2.5 μm, which make them prone to be deposited deep into the lungs 

and thus, pose a serious health hazard.  The source of this kind of soot emission in urban 

areas is mainly from diesel-powered or gasoline-powered, light-duty vehicles.  Especially 

in Europe, the popularity of diesel-powered vehicles has been strongly increasing for the 
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last two decades due to lower fuel consumption and reduced unburned hydrocarbons and 

carbon monoxide (Lahaye et al., 1996).  The primary disadvantage of diesel engines is that 

they produce more soot than gasoline engines.  Due to the small size of the particulates, 

they can cause serious problems in human lungs.  The emission regulation for light duty 

diesel vehicles in Europe is set at 0.08 g/km.  The United States also has similar regulations 

and the regulations will become more strict in 2007.  On the other hand, a smaller particle 

size is desired in some military applications because its IR signal, which could be detected 

by enemies, lasts much longer for a soot-laden exhaust plume.  Also, the mechanism of soot 

formation plays an important role in the flame synthesis of different powders like ceramic 

powder (Pratsinis et al., 1996). 

In order to eliminate the emission of soot, different fuel additives were invented and 

blended into the diesel fuel.  Also there are a lot of commercial products available on the 

market.  Unfortunately Imschweiler et al. (2003) found that no single component in the 

organic fuel additives was exclusively responsible for the soot reductions.  The test was 

made in a high-pressure model gas turbine dump combustor and an atmospheric turbulent 

spray burner using a laser extinction technique. The results are not encouraging. The 

addition of fuel additives did not show evidence that they could reduce soot emission. 

After soot has been produced, the burn out time to oxidize soot into CO, CO2 and 

H2O depends on the concentration of oxygen and temperature and other factors.  Lahaye et  

al. (1996) found that the oxidation of soot occurs without any autoacceleration below 610ºC 

but above 610ºC an autoacceleration appears. Usually soot is isothermally oxidized at 

temperatures between 450 and 750ºC without a catalyst.  It takes time for soot to burn out 

(the soot half time is over 7ms).  
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Soot Formation Process 

Soot formation can be categorized into several specific steps: 

1. Formation of Precursors—the generation of radicals or ions that can be used to 

initiate the first stage of the production of soot nuclei, like acetylenes and PAH, which are 

called building blocks. 

2. Nucleation—the transformation from a molecular system to a particulate system, 

i.e., the molecules get larger and larger and begin to have the properties of a particle. 

3. Growth—the size of the incipient soot particles increases by the addition of the 

molecules on the surface of the particles. 

4. Coagulations—two particles of the same or different size combined into one 

single particle by collision and coalescence. 

5. Agglomeration—a process that several particles collide one at a time to form a 

chain of individual particles by adhering to each other. 

6. Oxidation—the reduction of particle size or the H/C ratio by oxidative reactions 

with the growing nuclei or particles. 

Soot formation can be simplified into four steps: soot nucleation, growth, 

agglomeration and oxidation.  Fig 1-6 shows TEM images of soot along the centerline of a 

propane-air diffusion flame (Onischuk et al., 2004).  The length of the visible part of the 

flame was 12–14 cm. 
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Figure 1-6  TEM micrographs of soot particles sampled from the flame axis at h=2(a), 4(b), 7(c), 11cm (d) 

Polycyclic aromatic hydrocarbons are the building blocks of soot, and as such 

dictate the amount of soot formed. Onischuk et al. (2004) confirmed that benzene and 

toluene are minor representatives of PAHs, while acetylene and PAHs played an important 

role in soot formation in his experiment.  Acetylene is a construction material for PAHs, 

and the nucleation process is believed to be controlled by the reactive coagulation of PAH 

molecules.  Those precursor particles are usually translucent (Köylü et al., 1997).  The 

earliest stage of soot generation is believed to be the formation of 5–10 nm particles due to 
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reactive coagulation of PAH molecules.  Also, both PAHs and acetylene are important soot 

surface growth agents. 

di Stasio et al. (2001) has performed light scattering experiments within an 

ethylene-air co-flow diffusion flame for different flowrates of the fuel gas.  They observed 

that soot agglomerates first grow as elongated chain-like structures at the early stages of the 

agglomeration process, and then form more compact morphologies with significantly 

smaller size at later stages.  Along the flame axis, soot first forms elongated branch 

aggregates which have a radius of gyration Rg=380 nm while the fractal dimension is 

practically constant Df=1.3 in the range of low heights-above-burner (HAB) less than one 

fourth of the total flame length.  The aggregates then self-reorganize in much shorter 

clusters (Rg=160 nm), with Df increasing up to 1.9 at larger HABs. 

Soot Properties   

Soot morphology is particularly important as it influences optical properties, 

coagulation processes, and removal of particles. 

Colbeck et al. (1997) have studied the optical properties of soot from the 

combustion of petrol, diesel, fuel oil, paraffin, butane and wood and has given a detailed 

literature review. They found that the specific extinction coefficients for the fuels are in the 

range of 9.1-11.6 m2g-1, while that for the wood is 7.8 m2g-1.  They also found that wood 

smoke is more compact in shape and smaller in size than smoke from the hydrocarbons. 

Soot generated in various combustion process usually have different refractive 

indexes, however, the value of 1.57- 0.56i is often used (Imschweiler et al., 2003; Flower, 

1983; Shaddix et al., 1996). 
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di Stasio et al. (1997) found that the dissymmetry ratios (i.e., the ratio of scattered 

light at two different angles) show very low (<1%) sensitiveness to the soot refractive index 

(m = n + ik: n, k varying between 1.0-2.0 and 0.35-1.0, respectively, at visible wavelength) 

uncertainties as well as to the self-interaction effect, and vice versa, a pronounced 

dependence on aggregate morphology and monomer diameter.  

Soot morphology  

A satisfactory description of agglomerates requires the knowledge of several 

parameters, namely soot volume fraction fv, fractal dimension Df, primary particle diameter 

dp, particle number density np, the mean number of primary particles per agglomerates, the 

radius of gyration Rg and aggregate size distribution pdf(N). 

The basic assumption is that the agglomerates are self-similar, i.e.  
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where a is the primary particle mean radius (assumed constant), kf is the fractal prefactor, 

Df is the fractal dimension, N is the number of primary particles in the aggregate, and Rg is 

the radius of gyration. 

In order to have a correct assessment of the fractal dimension, the ratio between the 

radius of gyration and the primary radius need to be larger than about 10, that is to say, the 

fractal analysis is justified only for scattering from larger aggregates on scales which 

considerably exceed the size of the primary particles (di Stasio et al., 2002).  Smaller soot 

agglomerates do not strictly respect the self-similarity requirement, but they obey a relation 

of the type 
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agglomerates). Thus, the parameter Df can be determined for agglomerates composed of 

some tens of particles.  

Primary particle diameters dp have been reported in the literature, with typical values 

between 10 to 50 nm.  Wey et al. (1984) reported 14-20 nm in a Gaydon and Wolfhard 

propane diffusion flame, Megaridis et al. (1990) reported a primary particle diameter 

between 12 and 35 nm for laminar, coannular diffusion flames, Samson et al. (1987) 

reported 20 to 30 nm in a coannular diffusion acetylene flame and Koylu et al. (1992) 

reported 30 to 50 nm in their overfire soot measurements.  

The fractal dimension Df has also been reported in the literature, with 1.8 being the 

most recommended value. A picture of soot with Df =1.8 is shown in Fig 1-7 (Neimark et 

al., 1996).  Fang et al. (1998) found that the fractal dimension for the soot population at all 

five axial locations in a liquid-fueled, swirl-stabilized combustor to be approximately 1.8. 

However, other researchers have reported different values; Onischuk et al. (2004) found 

that the fractal dimension Df depends on the height h in a propane–air flame.  At h = 2 cm 

the fractal dimension is about 2.5 and at h = 11 cm, Df decreases to 1.7.  The reason for the 

large values of the fractal dimension at low heights in the flame probably lies in a high 

contribution of the surface reactions of acetylene addition via HACA mechanism and PAH 

addition to the growth of soot aggregates (Onischuk et al., 2004).  The low fractal 

dimension Df =1.7 at h = 11 cm is explained by the fact that the gaseous intermediates are 

depleted at this height. They speculate that the soot growth is governed by a diffusion-

limited cluster–cluster aggregation mechanism at this stage. Other authors like Neimark et 

al. (1996) do not agree with this speculation.  When Onischuk et al. (2004) determine Df  at 

h < 4 cm only aggregates were taken into consideration, single particles were omitted. This 
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also introduced some errors if single particles were considered.   Skillas et al. (1997) have 

measured soot fractal dimension in different types of engines under different loads; one is a 

diesel electrical power generator from Yamaha (Model EDA3000, manufactured in 1987), 

the other is a spark-ignition engine power generator from Yamaha (Model EF600, 

manufactured in 1985).  They found that the fractal-like dimension is close to 3 for low 

engine loads and decreases with increasing load. 

  
Figure 1-7 TEM photograph of a typical combustion-generated carbonaceous soot aggregate 

thermophoretically sampled from a turbulent acetylene/ air diffusion flame. 

Although Df is a very important parameter to describe the soot morphology, 

sometimes, however, it is not sufficient, as showed in Fig 1-8, where different fractals can 
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be constructed that have the same dimension but that look widely different (Neimark et al., 

1996). 

 
Figure 1-8 Different structure with same fractal dimension. 

In Fig 1-8, a family of fractals were constructed that share the same Df but differ sharply. 

They are a stack of Cantor sets made up by a generator of k2  intervals and a reduction 

factor k4
1 . They all have a same fractal dimension of 0.5. 
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Starting from the upper middle set, the index k varies from 1 to 6 when moving up 

and 1 to 5 when moving down. Below the middle, the 2k segments are uniformly 

distributed; above, they are closely packed at the ends of the set.  Some of them do not look 

like fractals, only the central Cantor set looks like a true fractal.  So they introduced another 

parameter, the Lacunarity, as a counterpart to the fractal dimension to help describe the 

texture of a fractal.  It is related to the size distribution of the holes, i.e.  if a fractal has large 
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gaps or holes, it has high lacunarity; on the other hand, if a fractal is almost translationally 

invariant, it has low lacunarity.  Erik Rauch introduced the affinity exponent, H, which is 

determined by using the geometrical mean of the longitudinal and transverse sizes as the 

characteristic length, and two complementary fractal dimensions, one longitudinal, DL = 

[(1+H)/2]Df , and one transverse, DW = [(1 +H)/2H]Df  in addition to the conventional 

fractal dimension, Df  to describe soot morphology. In this dissertation, we will only 

consider Df. 

Method to Measure the Soot  

Numerical Simulation 

Combustion engineers are faced with a pressing need to design systems in which the 

amount of soot is controlled.  Especially diesel engine designers, they face a problem which 

is perhaps the most difficult of any combustion based industry.  They are confronted with a 

severe regulatory limit on emissions of particulates from diesel engines.  At the same time, 

they must also meet stringent limits on the emission of the oxides of nitrogen. 

Soot formation and elimination is a difficult problem for combustion system 

designers and operators of combustion systems. In many situations, experimental study is 

expensive, very difficult, and possibly not even feasible. Numerical simulation is 

introduced to give some insight on soot formation and oxidation.  Although progress has 

been achieved in understanding the essential chemistry and physics, many questions persist 

and some debate continues with regard to the details of soot formation, growth and 

oxidation.  The emission of soot from a combustor or from a flame is determined by the 



21 
 
 

competition between soot formation and oxidation.  A comprehensive model of the soot 

process must include both phenomena. 

The production of soot particles in a flame is inherently a chemically-controlled, 

kinetically limited process.  Low molecular weight (gaseous) hydrocarbons are converted to 

essentially solid carbon in just a few milliseconds.  As hydrocarbon fuels pyrolyze, they 

produce primarily smaller hydrocarbons, and of particular importance, acetylene.  The 

initial step in the production of soot is the formation of the first aromatic species from these 

aliphatic hydrocarbons.  Aromatic species grow by adding other aromatic species and form 

larger polyaromatic hydrocarbons (PAH).  Continued growth of the PAH leads eventually 

to the smallest identifiable soot particles with diameters of the order of 1 nm.  Then these 

small particles will increase in diameter and agglomerate together to form fractal like 

agglomerates. 

Soot formation in diffusion flames usually occurs low in the flame and is followed 

by oxidation as soot is convected up through the tip of the flame.  Soot production is also 

inextricably linked to the flame structure through its impact on flame temperatures via 

radiative heat loss.  Oxidation occurs primarily as a result of attack by molecular oxygen, 

O2, and the OH radical.  Other oxygenated species may include O atoms, H2O and CO2. 

The models of soot formation could be grouped into three categories. (i) purely 

empirical models which use correlations of experimental data to predict trends in soot 

loadings, (ii) semi-empirical approaches that solve rate equations for soot formation with 

some input from experimental data and (iii) detailed models that seek to predict the 

concentrations of all the important species in a flame, from fuel to PAH to soot (Kennedy, 

1997).  
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Purely empirical models: 

Most of the empirical modeling of soot formation and emissions can be found in 

literature that is related to diesel and gas turbine engines.  Both types of engines can suffer 

from unacceptable emissions of smoke under certain conditions.  Due to complexity of the 

combustion processes in engines, it is hard to use detailed modeling of the basic soot 

formation mechanisms.  Empirical models of soot formation have therefore been widely 

used in these communities. 

Based on the assumption that the diameters of soot particles from engines are 

independent of the speed and load and the rate of soot formation is controlled entirely by 

the formation of soot particles, i.e. by the soot inception rate, Khan et al. (1971) proposed 

the following model for soot emissions from diesel engines: 
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where Cs is the soot mass loading in (kg m-3), c is a modeling parameter, Vu is the volume 

of the soot formation zone in (m3), VNTP is the volume of the cylinder contents at normal 

temperature and pressure in (m3), Pu is the partial pressure of unburned fuel in (Pa), χ is the 

local unburned equivalence ratio, E is the activation energy and Tu is the local temperature. 

The modeling parameters c, n and E were determined by comparing the output of the model 

with experiments on a direct injection diesel engine with a displacement of 966 cm3 and 

compression ratio of 16:1.  

In this model, the rate of particle formation was assumed to be a function of the 

pressure, the equivalence ratio of unburned gases and the temperature.  Mehta et al. (1992) 

reviewed earlier models and concluded that those models neglected the impact of fuel 
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injection and the in-cylinder air motion on soot processes.  They proposed a seven 

parameter correlation that accounted for the spray mixing rate and the swirl mixing rate, 

and other general operating parameters such as the fueling rate, the compression ratio, the 

temperature at injection and the engine speed.  The results were calibrated using a six 

cylinder and a single cylinder diesel engine. 

The gas turbine community has been interested in soot emissions and radiant heat 

transfer from soot for many years.  Edelman et al. (1978) adopted a description of soot 

formation which included a separate first order dependence on unburned molar fuel 

concentration (kmol m-3), Cf, and oxygen, CO. The general global equation for soot 

formation was given as 
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where for kerosene combustion the model had the following specific form for soot 

formation 

( ) ( )TCTCdt
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where the second  term accounts for soot oxidation. 

It is important to be able to estimate the sooting tendency of fuels and mixtures of 

fuels that may be encountered in practice.  Usually, a critical or threshold equivalence ratio 

χc was used to define soot formation starting point in a premixed flame.  Sooting height, 

which is the flame height at which soot is emitted, was used to describe the onset of soot 

emissions in diffusion flames.  Calcote et al. (1983) proposed the use of a threshold sooting 

index (TSI) as a way of removing any system or burner dependence from measures of the 

sooting tendency of fuels.  The TSI was defined as 
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TSI = a - b χc                                                                                                       (1-11) 

where a is the apparatus dependent constant and b is determined by calibration.  The TSI 

approach was able to account for the variation in measured smoke point heights from 

different apparatus and hence provided a useful means for assessing the sooting tendencies 

of fuels and mixtures. 

Although those models tended to underpredict soot emissions, the agreement was 

surprisingly good because the modeling constants were adjusted to given experimental data.  

However, this makes them difficult to provide general validity for other designs.  

Semi-empirical models: 

Semi-empirical models attempt to incorporate some aspects of the physics and 

chemistry of the phenomenon, as opposed to a correlation of experimental data.  This 

usually leads to the development of rate equations for reactions of soot percursors and soot 

particles with a simple description of the chemistry. 

Tesner et al. (1971) presented a model of soot formation that has been widely used. 

They interpreted their measurements of soot particle formation in an acetylene-hydrogen 

flame in terms of a simple kinetic model.  They proposed a two step mechanism that 

described the formation rate of soot nuclei n: 

Nngngfn
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where n0  is a temperature dependent rate of spontaneous generation of nuclei 

            f and g are branching and termination coefficients 

g0 is the rate of loss of nuclei due to collisions with soot particles 

N is the number density of soot particles 

and the particle number density N as 
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Some researchers developed more sophisticated models based on this model and use 

multiple steps for the production of carbon black and include the oxidation process. 

Kouremenos et al. (1990) developed a model to predict NO emissions and soot emissions 

from a single cylinder swirl prechamber Ricardo engine with displacement volume of 536 

cm3.  This engine is an indirect injection diesel which introduces complications due to the 

exchange of mass and energy between the prechamber and the main combustion chamber. 

They used a two zone model in both chambers to describe burned and unburned gases. 

They used a soot model which described combustion chemistry by equilibrium between 11 

chemical species.  The net rate of soot mass formation was found as the difference between 

the rates of formation and oxidation. 
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where Arrhenius expressions were used for the rates of soot formation and oxidation 
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The activation energies were Ef = 8 x 104 kJ kmo1-1 and Eo = 12 x 104 kJ kmol- l.  The 

values of the model parameters were chosen to match the results at one experimental 

condition. 

Delichatsios (1994) formulated a theoretical model on the evolution of soot along 

the axis of a laminar diffusion flame.  The model relies on the assumption that soot mass 
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growth is controlled solely by the availability of a gaseous species such as acetylene. They 

did not account for the aerosol properties, including surface area and number density of 

particles.  The soot volume mass fraction was written as 
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where the reaction rate sw
•

 was a function of the mixture fraction, χ , temperature and the 

fuel mass fraction at the nozzle exit 
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for mixture fractions χ  > χ * where χ * was the smallest mixture fraction at which soot 

formed.  It cannot be expected on fundamental grounds that soot will be well correlated 

with mixture fraction because soot does not diffuse at the same rate as the molecular 

species and soot is the product of a relatively slow reaction and is not in equilibrium. 

Moss et al. (1988) proposed a flamelet approach to modeling soot formation in 

diffusion flames. The usual flow field equations were solved.  The balance equations were 

solved for the number density of soot particles, n, and for the soot volume fraction, fv, in the 

following form 
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( ) ( )χδχγρ += n
dt
dfv

s                                                                                         (1-19) 

where No is Avagadro's number 

( )χα  accounts for the increase in soot particle number due to particle inception. 
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nχβ  accounts for the loss of particles as a result of coagulation  

( )nχγ  accounts for the increase in soot volume as a result of surface growth  

( )χδ  accounts for the increase in soot volume due to nucleation of new particles  

The source terms above were written as functions of the mixture fraction and the 

temperature T as 
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where the constants were determined with the activation temperatures T from 

measurements in laminar flames.  

Kennedy et al. (1996) used a more detailed model to model a sooting and a non-

sooting flame for the conditions of Santoro's (1983) experiments.  The energy equation was 

written in terms of temperature with the radiation represented by the assumption of an 

optically thin flame without gas phase radiation, only soot radiation. 

N-1 species mass fractions equations were given by:  
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and one for the soot mass fraction Ys: 
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In this equation, the thermophoretic velocity is given by 
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The source included the contributions of soot nucleation; soot surface growth and soot 

oxidation (include O2 and OH)  

( ) ognucls wwwfTYS
•••

−+=,,                                                                                (1-24) 

Semi-empirical models were more powerful than empirical models and extend to much 

wider application.  

Detailed models: 

Semi-empirical models and empirical models are limited inherently to specific 

conditions because they rely on empirical inputs for soot nucleation, growth and oxidation 

rates.  They cannot be applied to conditions far from the experimental situation under which 

the rates were measured.  So they cannot be extended easily to different fuels or different 

pressures.  That’s why detailed models of the kinetics of PAH and soot growth are needed 

for generality. 

The discussion below will cite the website; please check the website and the 

references therein. 

Frenklach and co-workers at University of California Berkeley Combustion 

Modeling Lab have worked on the development of detailed soot models over the last 

decade or so.  Their model has reached the greatest level of sophistication considering soot 

mechanism from the initial pyrolysis of fuel to the nucleation of soot particles, their growth 

and coagulation and their ultimate oxidation. They provide some versions of the codes 

which are based on the Appel-Bockhorn-Frenklach gas-phase combustion mechanism. 

Howard from Department of Chemical Engineering Massachusetts Institute of 

Technology  provides some kinetics models for laminar premixed low-pressure 

combustion. They have been applied to rich acetylene, ethylene and benzene flames, a lean 
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ethylene flame and a stoichiometric methane flame.  The reaction mechanism and sets of 

thermodynamic property and transport data are available at the following website:  

Reaction mechanism in Chemkin format  

Thermodynamic properties in Chemkin format  

Transport data in Chemkin format . 

They also provided a detailed kinetic model describing the formation of soot particles with 

diameters of up to .70 nm which was tested for premixed benzene, acetylene and ethylene 

flames. The reaction mechanism is provided below for low-pressure and atmospheric 

pressure conditions. 

Atmospheric pressure soot model  

Low pressure soot model  

Thermodynamic data  

Transport data 

FACSIMILE is another program provided by AEA Technology. FACSIMILE is 

particularly suited to modelling the kinetics of complex systems where chemical reactions 

are coupled with advection and diffusion. A soot model has been developed based on 

acetylene as the soot precursor using fundamental chemistry to describe the soot formation. 

(From http://www.aeat.co.uk/mcpa/areas/software/facsimil/facsapps/app10.htm) 

The model consists of four parts: 

• In the first a chemical reaction scheme, consisting of 300 reactions and 70 species, 
is modelled to describe the pyrolysis of acetylene and the formation of small 
aromatic species up to coronene. Reaction rate constants and thermodynamic data 
have been obtained from the open literature or estimated based on a sound 
chemical knowledge of the species and reactions.  

• The second stage of the model is the formation of polyaromatics as a result of 
successive acetylene addition to the initial smaller aromatics. The technique of 
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chemical lumping is used here to minimise the number of equations required. This 
part of the model gives aromatic species containing hundreds of C-atoms.  

• The third part of the model assumes that polyaromatic species above a certain 
artificial mass can be considered as particles and can be described by equations 
used to model particle dynamics. The method of moments is used to solve these 
equations which instead of giving detailed information about the size and number of 
particles describes their average properties, mean number of particles and the 
standard deviations from these means.  

• The fourth part of the model describes the surface growth and oxidation of these 
particles.  

Experimental Methods  

Sampling Method  

Most sampling of soot or intermediates for microscopy is accomplished by using 

mesh-screens, carbon grids, SiC filaments, quartz needles, or thermophoretic methods.  SiC 

fibers have been characterized by its excellent spatial resolution and temporal response, 

because of its sufficient temperature resistance, low thermal conductivity (11.6 J/m s K), 

and their surfaces do not catalyze any combustion reactions (Shim et al., 2002).  In the 

process of sampling soot for observation, it is important that the sampler not disturb the 

flame. However, it is not possible to completely avoid disturbing the flame and flow field 

when sampling with a physical probe. 

Scanning electron microscopy (SEM) (di Stasio, 2001), transmission electron 

microscopy (TEM) (Filippov et al., 2000) and X-ray photoelectric spectroscopy, also called 

electron spectroscopy for chemical analysis (ESCA), and laser-desorption time-of-flight 

mass spectrometry (LDMS) were applied to the analysis of various samples of soot 

collected from flames (Majidi et al., 1999). 

SEM works best at spatial resolutions on the order of 10 μm to 100 nm, while TEM 

resolves roughly 100 nm to 1 nm, depending on the specific instrument.  SEM penetrates 
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only about 5 nm below the sample surface.  LDMS will penetrate deeper because of high 

power laser (Majidi et al., 1999). 

Intrusive sampling techniques have been recently revitalized due to their capability 

to provide particulate morphological data in classical flames and high-temperature aerosols. 

Now the main sampling method is based on thermophoretic sampling because the 

underlying mechanism of thermophoretic transport is independent of particle size and 

morphology for aerosols in the free-molecular and transition regimes, and it is especially 

attractive for soot morphology studies (Köylü et al., 1997).  Thermophoretic sampling has 

an advantage over these more traditional techniques in that flame-borne particles are 

directly deposited on a substrate surface that is subsequently analyzed by TEM without any 

further specimen preparation. 

Based on thermophoretic sampling, a number of methods have been developed to 

measure soot morphology.  A brief review is given below. 

TEM method. A standard TEM specimen grid coated with an elemental carbon 

substrate (200 Å nominal thickness) was used by Fang et al. (1998) to provide the cold 

surface needed for thermophoretic deposition of soot.  The sampling is accomplished by 

quickly inserting and retracting the probe with a specimen grid.  The time that the probe 

pauses inside the reactor (fully extended position) is the sampling time ts, which can be 

varied using the electronic controller (ts = 60 ms was used by Fang et al.). Then TEM was 

used to examine the collected soot.  Magnifications of 50,000X and 115,000X were used 

during soot observations. They also use 133,000X magnification for aggregate information 

extraction and 307,000X magnification for primary particle sizes (high-resolution capability 

to 0.5 nm). The quantitative analysis of the TEM electron micrographs was accomplished 



32 
 
 

with the aid of a computer image analysis package.  Since the maximum projected length 

Lmx of each aggregate was determined by the image analysis automatically, they used this 

quantitiy to determine Df.  In principle, the fractal dimension can be determined graphically 

for two or more aggregates by defining the slope of a ln n vs ln (Lmx/dp) plot.  Onischuk et 

al. (2004) analyzed soot aggregate size and morphology in a propane-air diffusion flame by 

a transmission electron microscope.  The average radius of aggregates was determined as R 

= 0.5sqrt(LW), where L and W are the dimensions of the rectangle enclosing the image of 

single particles or aggregate. 

TSPD method.  Köylü et al. (1997) have developed a new particle volume fraction 

measurement technique Thermophoretic Sampling Particle Diagnostic (TSPD) method uses 

electron microscope analysis of thermoretically sampled particles/aggregates based on a 

theoretical treatment of particle deposition to a cold surface immersed in a flame. TSPD can 

yield all particle parameters of principle interest (particle volume fraction, particle and 

aggregate sizes, and fractal properties) without requiring knowledge of particle bulk density 

and refractive index.  Moreover, it can also separately measure the properties of each type 

of morphology as soot evolves from translucent precursor particles to mature carbonaceous 

aggregates in flames.  

TPD method.  McEnally et al. (1997) used a new method Thermocouple Particle 

Densitometry (TPD) to measure absolute soot volume fraction in several laminar 

nonpremixed flames.  This diagnostic method relies on measuring the junction temperature 

history of a thermocouple rapidly inserted into a soot-containing flame region, then 

optimizing the fit between this history and one calculated from a principle of 

thermophoretic mass transfer.  When a thermocouple is inserted into a soot-containing 
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flame region, the response of the junction temperature of the thermocouple will go through 

three sequential stages: first the junction temperature increases rapidly as the junction 

approaches thermal equilibrium with the surrounding gas, then decreases rapidly as soot 

deposition covers the metal surface (emissivity approximate 0.2) with a layer of soot 

(emissivity approximate 0.95), and decreases more slowly as further deposition increases 

the total (metal + soot ) junction diameter.  The disadvantage of this method is that it can 

not measure soot volume fractions when gas temperature measurements are not affected by 

soot deposition-induced changes in thermocouple emissivity and diameter because the OH 

radical concentration surfices to rapidly oxidize any soot particles that deposit in some 

locations like the upper portion of both co-flowing flames. 

LMMS method.  The Laser microprobe mass spectrometry microprobe collects 

samples on a TEM grid, pneumatically exposed to the flame for a short duration (50 ms) to 

effect thermophoretic sampling that collects individual particles on the substrate.  The 

LMMS uses ultraviolet (266nm) laser and LMMS has been used mainly to study soot 

precursors and polycyclic aromatic hydrocarbons (PAHs). 

LDMS method.  Laser-desorption time-of-flight mass spectrometry probe is a small, 

thin, stainless steel plate placed in the flame for a sufficient time to collect many layers of 

deposits, so that it is the interaction of the depositing material with itself rather than with 

the substrate.  LDMS uses 532nm laser light and the laser energy density of LDMS is only 

one tenth of LMMS or less.  LDMS has been used mainly to study “mature” soot (Majidi et 

al., 1999).  
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Non-Intrusive Laser Diagnostic Techniques for Soot Morphology Measurements 

Although sophisticated sampling methods have been developed recently, they still 

induce some disturbance on the flow field and combustion zone.  The spatial resolution is 

also limited by the probe size.  Intrusive sampling has two main disadvantages: first, the 

particles must be sampled and second, the particles are collected at other conditions than 

the sampling conditions.  For these reasons, laser based optical techniques are widely used 

to measure soot volume fraction and there is a growing capability to measure soot 

morphology. 

Laser Induced Incandescence (LII) method is an optical diagnostics technique to get 

the soot volume fraction using the thermal radiation from soot particles.  Time resolved LII 

has been shown to yield some information on primary particle size (Axelsson et al., 2001).  

The growth of soot particles in rich premixed flames was measured using the 

diffusion-broading particle-sizing technique by Flower in 1983.  The technique is based on 

the fact that Doppler shifts in monochromatic laser light scattered from soot particles 

undergoing Brownian motion result in spectral broadening of the scattered light.  The 

broadened line width characterizes the motion of the scattering particles, which is directly 

related to the size of the particles.  The diffusion-broadening technique relies on 

measurements of this spectral broadening to determine the size of the scattering particles. 

Laser scattering measurements can yield information on soot morphology.  In this 

dissertation, several laser techniques are used to study the soot formation processes.  

The following sections describe the three non-intrusive laser techniques used to 

measure soot morphology in the counterflow and coflow diffusion flames.   Planar laser 

induced fluorescence was used to study the formation process of PAH (soot precursors). 
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The laser induced incandescence technique was used to study the soot volume fraction. 

Because LII can only provide very little information about the primary soot particle size, 

laser scattering techniques were used in combination with LII to obtain the soot 

morphology information. 

Laser Induced Fluorescence (LIF) 

Laser Induced Fluorescence (LIF) spectroscopy possesses the capability to detect 

flame radical and pollutant species at the ppm or even sub-ppm level and has therefore 

received considerable attention (Kohse-Höinghaus, 1994).  Fluorescence is the spontaneous 

emission of radiation from an upper energy level which has been excited in any of a variety 

of ways, e.g., collisions with photons, electrons or molecules (chemically or thermally). A 

laser source is the most convenient manner to provide excitation.  LIF is best viewed as an 

absorption, followed after some finite period of time, by a spontaneous emission from the 

excited state.  

Usually the fluorescence wavelength is at longer wavelengths than the incident 

excitation wavelength, and termed Stokes shifted.  The emission involves other energy 

levels that are not involved in the absorption process.  LIF is a resonant process and 

provides a strong signal, making it suitable for minor species detection and measurement. 

There are two basic types of spectra; one is called the fluorescence spectrum, where 

the laser is tuned to a specific wavelength for a specific absorption and a spectrometer is 

used to scan the whole spectrum and record the various emission transitions.  The other 

spectrum is called an excitation spectrum, where the laser is tuned across the various 

absorption transitions and the resulted total fluorescence is collected with broad spectral 
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detection (Eckbreth, 1996).  Below a two level model is showed to help illustrate single-

photo LIF species detection. 

 
Figure 1-9  Two level model of LIF 

In this model, b12 is the stimulated absorption rate constant, b21 is the stimulated emission 

rate constant, A21 is the spontaneous emission rate constant, W2i is the photoionization rate 

constant, P is the predissociation rate constant and Q21 is the collisional rate constant.   

The stimulated rate constitutes b12 and b21 can be related to the Einstein coefficients 

for stimulated emission or absorption as below:  

c
IBb ν⋅=                                                                                                             (1-25) 

In this equation, B is the Einstein coefficient for stimulated absorption or emission, Iv is the 

incident laser irradiance per unit frequency interval and c is the speed of light.  So the rate 

constants can be used to express the rate of population changes for the two levels (Eckbreth, 

1996): 
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Assuming a steady state population has been achieved in the two energy levels and ignoring 

predissociation and photoionization rates, the rate equations can be solved by using N1 +N2 

= constant =N1
0 (the initial undisturbed ground state population) for the populations in the 

two states.  

An expression for the molecules present in the elevated state (N2) is derived, 

because the molecules in the elevated state will be directly related to the fluorescence event, 

and can be expressed as a function of the initially undisturbed ground state population.   
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where v
IsatI  is the saturation spectral irradiance and is defined in equation below: 
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So, the fluorescence collected can be expected to scale with the population of the 

excited state and the rate of spontaneous emission ( 212 ANF ⋅∝ ), and it can be expressed  

LAANvhF ⋅⋅
Ω

⋅⋅⋅⋅=
π4212                                                                                (1-30) 

In this equation, h·ν is the specific quanta of energy necessary to elevate the 

molecule to the excited state, Ω is the collection solid angle, L is the axial extent along the 

beam from which the fluorescence is observed, and A is the focal area of the laser beam.  

Substituting N2 into this equation, the fluorescence signal could be expressed as: 



38 
 
 

v

v
sat

I
I

A
BB

BNLAvhF
+

⋅
+

⋅⋅⋅⋅
Ω

⋅⋅=
14

21

2112

120
1π

                                                        (1-31) 

If at low laser irradiances, i.e., v
Isatv II 〈〈 , the upper equation could be described as: 
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Now the fluorescence can be classified as being in linear regimes, i.e. the 

fluorescence signal is linearly related to the laser irradiance.  This is usually an unfavorable 

condition because it requires the quantification of the quenching rate Q12 and the species 

detectivity can be low.   

In order to get higher species detectivity and avoid quenching corrections, also 

thanks to the increasing availability and high reliability of higher pulse energy lasers, 

researchers are more likely working within the saturation regime.  i.e., v
Isatv II 〉〉  and now the 

fluorescence is no longer coupled to the laser irradiance, as shown mathematically below: 
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But because laser pulse usually has a Gaussian spatial energy distribution, the complete 

saturation of a transition is difficult to achieve at the wings of the beam.  

Because PAH is a combination of all kinds complicated molecules, working in the 

linear regime is not suitable. Quenching processes are not easy to evaluate.  In order to 

maximize detection sensitivity, it is desirable to work in the saturation regime, and thus 

requires a sufficiently energetic laser pulse to saturate the absorbing transition.  The 4th 

harmonic of the Nd:YAG laser was shaped into a sheet (width 500 μm, height 11 mm) and 

focused in the center of the counterflow burner.  10 mJ of 266 nm radiation, corresponding 
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to a power density of 20 MW/cm2, was used to excite the PAH with sufficient laser fluency 

to saturate the transitions under our experimental conditions.  

Polycyclic aromatic hydrocarbons (PAH) are formed by the combustion of 

carbonaceous material regardless of all the differences between flames.  Usually, the fuel 

undergoes pyrolysis as it diffuses into the high temperature region of the flame because of 

the oxygen deficient conditions.  The large hydrocarbon molecules thermally decompose to 

form smaller hydrocarbon compounds and radicals, which are then available for precursor 

formation.  PAH, which have a benzene ring structure, are usually considered as the 

building blocks of soot particles.  The total amount of soot formed is a function of the 

concentration of precursors formed in a flame.  The highest concentrations of PAHs are 

usually not in the same region as the maximum soot production; instead, they are further 

away from the primary reaction zone.  In this region, temperature is lower but still high 

enough that pyrolysis occurs.  

PAH that contain four benzene rings or less are primarily partitioned in the gas 

phase under atmospheric conditions.  The emitted PAH (especially the five- to seven-ring 

PAH) are readily adsorbed onto the surfaces of ultra fine particles and can also be 

converted into more dangerous pollutants, such as nitrogenated PAH, which are sufficiently 

stable to be transported and deposited far away from their sources (Zimmerman et al., 1998; 

Olten and Senkan, 2000).  Due to the strong molecular interaction, soot-related PAH also 

exhibit different behavior after deposition, thus greatly increasing the health risks (Lewitzka 

and Niessner, 1995; Panne et al., 2000).   

The application of fluorescence as an analytical tool for pure PAH aerosols was 

introduced by Allegrini and Omenetto (1979).  Zimmermann et al. (1998) found a new 
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method to realize a real time on-line analysis of PAH in waste incineration flue gases, 

which is the combination of laser induced Resonance-Enhanced Multi-Photon Ionization 

and Time-Of Flight Mass Spectrometry (REMPI-TOFMS). 

PLIF of OH has been used to measure the temperature field in this unsteady 

counterflow diffusion flame (Welle et al., 2003).  Numerous atomic and diatomic species 

have been detected in flames with a variety of single-photon and multi-photon fluorescence 

approaches.  However, species-specific data has been obtained for only a handful of 

polyatomic molecules due to their spectral complexity.  Since PAH can be very large and 

complex polyatomic molecules, there is very little species-specific spectral data on these 

molecules, and it is not anticipated that there ever will be. 

PAH PLIF 

Different laser sources have been used to excite the PAH.  Beretta et al. (1982) have 

used a c.w. argon ion laser to measure the fluorescence emissions of a spray flame of light 

oil.  They measured a fluorescence signal with a broad peak between 450 to 630 nm.  A 

pulsed nitrogen laser (λ= 337 nm) also has been used to excite PAH fluorescence (Lewitzka 

and Niessner, 1995; Panne et al., 2000; Rudnick and Chen, 1998).  But the most widely 

used laser source has been a Nd:YAG laser, including the 3rd (McEnally and Pfefferle, 

2000; Ciajolo et al., 2001b) and 4th harmonic wavelengths (Zizak et al., 1996; Ciajolo et 

al., 2001b; Bunting and Karlitschek, 1998; Ciajolo et al., 2001a; Ciajolo et al., 2001c). For 

excitation with the 355 nm beam, the fluorescence was measured at 450 nm (McEnally and 

Pfefferle, 2000).  For excitation with the 266 nm beam, the pulse duration usually is 8 ns 

FWHM, and the fluorescence signal was detected at two selected wavelengths (310 nm and 

410 nm) (Ciajolo et al., 2001b). 
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By evaluating the single contribution of PAH to the total fluorescence, Berlman 

(1971) found that the emission in the UV region is typically due to lightweight, mainly two-

ring PAH.  According to Ciajolo et al. (2001b), two- and three-ring PAH do not 

significantly fluoresce in the 355 nm region.  The fluorescence intensity measured by 

excitation at 355 nm is much lower than that measured by excitation at 266 nm, even 

though the intensity of the excitation wavelength was quite constant.  As the excitation 

wavelength shifts towards the visible, the contribution of the PAH to the fluorescence 

becomes practically negligible (Ciajolo et al., 2001b).  In order to discern PAH formation 

rates, and hence soot inception information, information about the one- to two-ring PAH 

was deemed most important, so the 4th harmonic of a Nd:YAG laser was used in this work. 

Identification and quantification of PAH in flames require accurate fluorescence 

emission intensity measurements, as well as the availability of a large spectral data file for 

comparing the unknown species spectrum against PAH standards.  As stated above, there is 

not enough species-specific data to allow this discrimination.  Fortunately, the majority of 

PAH commonly encountered in flames contain several isomeric pairs or structurally similar 

aromatic compounds, which emit in approximately the same spectral regions. 

Considering the photophysical properties of PAH, many researchers have suggested 

that the fluorescence emission at different wavelengths could be attributable to specific 

aromatic structures, i.e., the fluorescence wavelength distribution is dependent on the size 

of the PAH (Ciajolo et al., 2001b; Vander Wal et al., 1997b).  This means that with 

appropriate spectral filtering, different-sized PAH may be selectively detected.  Sgro et al. 

(2001) found that the broad band UV fluorescence centered on 320 nm is from 

carbonaceous material comprised of two-ring aromatics.  Berlman (1971) attributes the 
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fluorescence spectra peaking in the UV at 300 nm to mono-ring aromatics (benzene and 

derivatives), and spectra peaking in the UV at about 350 nm to two-ring PAH.  Vander Wal 

et al. (1997b) found that the fluorescence centered near 400 nm is primarily from small 

PAH composed of only two to three aromatic rings and fluorescence at 500 or 600 nm 

arising from larger PAH of typically five rings or more. 

This fact is visually described in Figure 1-10 (graciously provided by Zizak et al., 

1996) where the spectral location of the maximum fluorescence bandwidth tends to fall at 

longer wavelengths for compounds with higher molecular weight.  They found that mono-

aromatics usually peak at 290 nm, di-aromatics and biphenyl structures usually peak at 330 

nm. They also found that five-ring PAH with a molecular weight higher than 200 u exhibit 

a pretty broad spectrum which covers from 420nm to 600nm, and PAH with a number of 

rings over 6 usually have a spectrum in the region of 430nm to 550nm. Therefore, for this 

research a 340 nm bandpass filter (center wavelength: 342.70 nm, 50% bandwidth: 10.66 

nm) was chosen to detect one- and two-ring PAH, a 400 nm bandpass filter (center 

wavelength: 401.94 nm, 50% bandwidth: 9.14 nm) was chosen to detect three- and four-

ring PAH, and 500 nm bandpass filter (center wavelength: 502.49 nm, 50% bandwidth: 

10.89 nm) was chosen to detect PAH with five rings or more. 
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Figure 1-10 Position of the fluorescence band against the molecular weight of PAH. 

Laser Induced Incandescence (LII) 

Laser Induced Incandescence (LII) is an optical diagnostic technique to obtain the 

soot volume fraction by measuring the thermal radiation from soot particles.   The thermal 

radiation, i.e. incandescence, is a result of the soot particles being heated to a temperature 

significantly greater than the ambient flame temperature by absorbing incident laser energy.  

LII signal once was considered a large source of noise for optical diagnostic 

techniques until Eckbreth (1977) attempted to estimate this noise for his Raman scattering 

experiments. He found a relationship between the input laser flux, the particle diameter, and 

the particle surface temperature by setting the energy absorbed by a particle equal to the 

energy required for vaporization of the carbon. He also found that LII signal increases 

sharply with the increase of laser fluence and become insensitive when the laser fluence 

increases above some point.  
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Melton (1984) added an internal energy term and a heat transfer with the 

environment term to Eckbreth’s energy balance relationship, which is shown in Equation 1-

34. Also he included a continuity requirement for the vaporization process, which is shown 

in Equation 1-35, where the subscripts s and v denote properties for the solid and vapor 

phases of carbon respectively.   
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In Equation 1-34, the first term is the rate of laser energy absorbed by the particle, 

where q is the laser power density.  The absorption efficiency, Kabs, is a linear function of 

particle radius, r, when r < δ and is constant for r > δ.  The absorption length parameter, δ, 

is a function of the index of refraction, and is ~ 100 nm for the visible probe wavelengths 

used.  The second term is the conduction heat transfer from the particle to the environment, 

which is assumed to be air at the flame temperature, T0.  Ka is the thermal conductivity and 

Gλ is a correction factor required to account for non-continuum heat transfer effects.  The 

last three terms in Equation 1-34 are the energy required for vaporization of carbon, 

radiation of the particle to the environment, and rate of internal energy increase.   

From the energy balance equation, if the particle is heated to the vaporization 

temperature (~ 4000 K) with high enough laser fluence, the main heat loss of the particle is 

the phase change, which also limits the temperature at carbon vaporization temperature.  In 

this situation, Equation 1-34 reduces to Equation 1-36. 
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If the particle size is limited to small particles, r < δ, and the soot field is heated to 

the vaporization temperature by laser radiation, the incandescent signal, J, can be expressed 

using Equation 1-37, where N is the total number density and p(r) is the normalized 

probability density for particles of radius r: 
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By Wein’s law, the wavelength of peak intensity, λem, is inversely proportional to 

the temperature.  If the particle is heated to the vaporization temperature, i.e. around 4000 

K, λem is around 0.75 μm, Thus x, the exponent of r, is equal to 3.21.  That is to say, the 

incandescence signal approximately scales with soot particle diameter cubed when 

detection is in the visible or infrared.  Therefore, the laser induced incandescence signal is 

approximately proportional to the soot volume fraction in the practical application.  In the 

experiment, in order to maintain this proportionality to soot volume fraction, the pumping 

laser source and signal detection method should be chosen carefully. 

From the analysis above, LII signal is a function of several parameters: particle size, 

temperature, time, laser fluence, detection wavelength and bandwidth.  Therefore, the 

choices of experimental parameters should be made to match the assumptions made in 

Melton’s analysis.  

The probe wavelength. The probe wavelength determines the absorption length 

parameter, δ, which defines the upper limit of small particle sizes, r < δ.  Longer probe 
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wavelengths allow larger particles to satisfy the criteria, thereby, increasing the particle size 

range of the LII measurement.  However, probe wavelength at the lower end of the visible 

spectrum cause both PAHs and C2 to fluoresce in many spectral bands within the range of 

detection wavelengths. This makes it difficult to tell which part of the signal is from LII 

signal and which part is from LIF. In order to avoid the excitation of the fluorescence of 

either PAHs or C2, infrared probe beams were chosen in this work because they will not 

cause a lot fluorescence noise and thus make the detection of LII signal pretty easy. 

The threshold fluence. The threshold fluence is the laser irradiance at which the LII 

signal becomes insensitive to changes in laser irradiance. It is usually determined by 

experiment because different soot load may lead to a huge difference in the threshold 

fluence. The diagram of the incandescent signal from a sooting flame versus laser fluences 

usually was used to determine the threshold fluorescence.  The curve rises rapidly until 

reaching the threshold fluence where the slope of the signal line adopts a value with a small 

positive slope.  This signal response is valid for a Gaussian beam profile (Tait et al., 1993; 

Shaddix et al., 1996).  Although the threshold fluorescence could be chose by experiment, 

the real laser fluence used to derive the soot volume fraction should be chose carefully. 

Vander Wal et al. (1995) has found that excessive laser heating could change the soot 

particle composition and soot volume fraction because of the mass loss by excessive 

vaporization. On the other hand, Quay et al. (1994) found that significant beam attenuation 

in flames with a high concentration of soot made the threshold laser fluence insufficient for 

heating all particles in the probe volume to the vaporization temperature. A laser fluence of 

0.5 J/cm2 was used in this work and was determined by the experimental method described 

above.  
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Detection wavelength and gate width. The LII signal has a broadband spectral shape 

which peaks in the visible spectrum and is bounded by the near UV and near IR regions.  

Also the LII signal can be seen for hundreds of nanoseconds after the laser pulse as the 

particle cools (Bryce et al. 2000).   If only the high laser fluence situation considered, when 

all particles reach the vaporization temperature, their emission is spectrally the same.  

Therefore, the choice of detection wavelength is not related to particle size and should be 

based on such issues as detector quantum efficiency. The long duration of the LII signal 

raises the issue of gate width and temporal position of the gate relative to the laser pulse, 

because it is easy to bias the measurements to large particle sizes.   A long gate width or 

delaying the gate significantly after the laser pulse biases the LII measurements to large 

particles because the small particles cool very fast due to their higher surface to volume 

ratio.  Short gates do not bias the data but sacrifice the signal-to-noise ratio.  A medium 

width gate of 40 ns was used in this investigation with the gate opening just prior to the 

laser pulse.  According to the research of Shaddix and Smyth (1996), this gate width should 

have no significant bias towards large particles. 

Without calibration, LII can provide qualitative information about the soot field 

(Cignoli et al., 1992; Tait et al., 1993; Greenhalgh, 1994).  In order to quantitatively 

measure soot volume fraction, calibration becomes a must. Gravimetric sampling (Vander 

Wal et al. 1996) was used to calibrate the LII system. Since sampling is not suitable for 

most flames, many researchers have chosen to calibrate their system in a coflow ethylene-

air diffusion flame at the location of maximum soot volume fraction. This method was used 

in this research and laser extinction data was used to calibrate the LII system. 
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Laser extinction is the attenuation of a laser beam incident on a particle field due to 

scattering by and absorption in the particles.  From laser extinction data, the integrated soot 

volume fraction could be derived.  In this investigation, laser extinction will provid the 

calibration data to quantify LII measurements.  From Beer’s law, the irradiance is 

exponentially attenuated over the pathlength of particles field (Pinson et al., 1993). 

dskextei
i ∫=

−

0
                                                                                                     (1-38) 

Assuming spherical particles in the Rayleigh limit, d << λ, and the same particle 

size distribution used in the description of LII.  A relationship can be obtained between 

laser light extinction measurements and integrated soot volume fraction. 
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The laser intensity is measured with and without the presence of a flame to 

determine i and i0 respectively.  The ratio i/i0 is the transmission.  S, is the pathlength of 

absorbing particles, m~  , is the index of refraction of soot. 

The calibration method is same as used by DeCroix and Roberts (2000). As we 

know, the LII signal must be calibrated to a known soot volume fraction before it yields 

quantitative soot volume fraction information. Usually the simplest way to accomplish this 

is to equate the averaged soot volume fraction calculated from a laser extinction 

measurement to the average value of Ip at the same spatial location in the flame.  However, 

this approach does not account for attenuation of the laser sheet or signal trapping. These 

reductions in LII signal become significant for soot concentrations greater than 1 ppm 
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(Shaddix et al., 1996). In this research, the calibration factor relates the soot concentration 

to a corrected (unattenuated) LII signal, I, instead of to the projected (attenuated) signal, Ip.  

The assumption can be stated as follows: if the correct LII distribution is used, then the 

attenuation calculated from that LII distribution will equal the attenuation measured with 

laser extinction.  The soot volume fraction and extinction ratio are given below:  
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The axisymmetric flame was decomposed into J concentric rings as shown below: 

 
Figure 1-11 LII calibration scheme 
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The projected signal at pixel j, Ip(j), traversed a soot filled chordlength to arrive at 

the camera.  Each piece of this chordlength, YCHORD(j,j), was equal to the pathlength 

associated with the soot volume fraction fsv(j) and was calculated from trigonometry.  The 

corrected intensity at pixel j on the centerline was then related to the projected intensity by 

the extinction relationship given below. 
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Firstly, the calibration factor is guessed and a corrected soot volume fraction profile 

is calculated. Then the soot volume fraction is integrated to get the extinction ratio:  
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A new guess for the calibration factor is determined from the difference between the 

predicted transmission and the measured transmission with laser light extinction. 

Iteratively, the corrected soot volume distribution is achieved. 

Because of the simplicity and the spatial and temporal resolution of the LII 

technique, it has been used by several researchers to quantitatively measure soot volume 

fraction in steady flat and coflow diffusion flames (Appel et al., 1996; Will et al., 1996; 

Quay et al., 1994).  Vander Wal has used LII combined with laser induced fluorescence to 

investigate soot particle inception (Vander Wal, 1996; Vander Wal et al., 1997).  Shaddix et 

al. (1996) measured soot volume fraction in an unsteady coflow diffusion flame using LII. 

As we know, LII signal decay is a function of particle size and persists at a 

detectible level for hundreds of nanoseconds. Therefore, many investigators are interested 

in using LII signal to infer information about particle size distributions (Mewes et al., 
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1997).  Axelsson et al. (2000) have investigated the use of LII as a tool for soot particle 

sizing by analyzing the temporal decay of the incandescence signal after laser heating. The 

particle sizes were evaluated by a comparison of the experimental signal decay with that 

from a heat balance model of a laser-heated particle. The technique that Will et al. (1998) 

used relies on the measurement of the signal ratio at two detection times of the enhanced 

thermal radiation after an intense laser pulse.   Axelsson et al. (2001) developed a novel 

technique to simultaneously measure soot volume fraction and soot particle size by LII and 

extinction. From the information above, LII can only give very little information about soot 

morphology.  

Laser Scattering 

In-situ light scattering and extinction measurements have usually been employed in 

order to obtain critical soot data in flames.  Unfortunately, almost all of the early literature 

inferred soot particle size and number densities using Mie or Rayleigh theories using a 

volume-equivalent diameter.  However, since soot is not a sphere, these spherical particle 

optical theories are unsuitable scattering models for aggregates.  The important effect of 

aggregation on soot optical diagnostics was recognized by the pioneering angular light 

scattering experiments conducted in the early 70’s in laminar and turbulent flames.  The 

main difficulty in the interpretation of these optical measurements was a scattering theory 

that relates optical cross section to aggregate morphology and size.  This obstacle has been 

overcome by recent developments in fractal concepts.  Consequently, several investigators 

have applied various analysis schemes for obtaining soot aggregate parameters from 

angularly resolved light scattering and extinction measurements. 
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In spite of these efforts, however, size and morphology information inferred from 

in-situ measurements have been limited compared to ex-situ thermophoretic sampling (TS) 

followed by visual transmission electron microscope (TEM) analysis. In general, these 

recent studies involved uncertainties in their scattering theories since the effect of particle 

interactions (multiple scattering) on optical cross sections of aggregates was not known 

because of limited evaluations. Additionally, there were uncertainties about the soot 

refractive index, m, at visible wavelengths, and the fractal prefactor, kf, which relates the 

number of primary particles in an aggregate, N, to its radius of gyration, Rg, both of which 

are needed for an accurate inversion.  More importantly, these previous studies were 

usually limited in their general applicability to any aggregating system since they all had 

various shortcomings in the interpretation of in-situ optical measurements. 

Uncertainties in optical theory, refractive index, and fractal prefactor propagate to 

become uncertainties in the inferred parameters when using optical particulate diagnostics. 

Consequently, these three ingredients have been studied extensively in the past few years, 

with the ultimate goal of developing an accurate non-intrusive soot diagnostic method.  The 

Rayleigh-Debye-Gans / polydisperse fractal aggregate (RDG/PFA) theory was found to be 

a reliable approximation to evaluate the measured optical cross sections of soot aggregates, 

based on extensive experimental and computational evaluations. RDG/PFA provides a 

general approach that yields Ng (geometric mean of number of primary particles per 

aggregate) and σg (for a log-normal distribution), and mass fractal dimension, Df. This 

theory also allows determination of the probability density function of N as well as the 

primary particle diameter, which are the most crucial parameters in particle growth and 

aggregation studies.  Additionally, this aggregate scattering theory, which directly relates 
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aggregate morphology to the various optical cross sections, was assessed for the correct 

aggregate polydispersity considerations. 

The scattering regime could be categorized as three regimes: 
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where a is the particle radius, mλ  is the laser wavelength. 

As we stated before, the primary particle size is usually less than 50 nm, well within 

Rayleigh scattering (Details can be found in Miles et al. (2001)) regime for visible light, 

however, as the formation of soot progresses, the primary soot spheruls agglomerate to 

become random clusters that may have a fractal like or chain-like morphology owing to 

electrical charging and random collision.  The agglomerated particles are much larger in 

size, well within the Mie scattering regime.  Therefore, the light scattering pattern from soot 

will have properties of both Rayleigh scattering and Mie scattering.  Rayleigh-Debye-Gans 

/ Polydisperse Fractal Aggregate Theory (RDG/PFA) was developed to predict the angular 

and polarization dependence of scattered coherent light from polydisperse fractal 

aggregates.  This technique has been used to successfully measure morphology in simple 

laminar and turbulent axisymmetric diffusion flames by Koylu (1996).  

The RDG-PFA scattering theory described above could be used to quantitively yield 

all aggregate parameters (particle volume fraction, fv, fractal dimension, Df, primary 

particle diameter, dp, particle number density, np, and aggregate size distribution, pdf(N)) 
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without any prior knowledge about the particle-laden environment.  This method allows for 

the presence of the power-law regime when finding total scattering cross sections, because 

this regime is important for large aggregates.  The major assumptions of this approach with 

respect to soot aggregate physical properties are as follows: spherical primary particles, 

primary particles have uniform refractive indices, primary particles just touch one another, 

the aggregates are mass-fractal objects, and multiple scattering is neglected.  

There is a relationship between the number of primary particles in an aggregate, N, 

and the radius of gyration of the aggregate, Rg for mass fractal like agglomerates: 
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where dp is the diameter of a soot primary particle. The fractal dimension, Df , and the pre-

factor, kg, appear to be relatively universal properties of soot aggregates, as described in 

Koylu et al. (1996b). 

Because the single particle is well within Rayleigh regime, the absorption, P
aC  and 

scattering, P
sC ,cross sections of individual primary particles could be expressed as: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

=
2
1Im

4
2

2

2

3

m
m

k
x

C pP
a

π
                                                                                     (1-45) 

2

2

2

2

6

2
1

3
8

+
−

=
m
m

k
x

C pP
s

π
                                                                                          (1-46) 

where iknm += is the complex refractive index of soot, k is the wave number and Im 

denotes the imaginary party of a complex number. According to the RDG approximation, 

differential scattering cross sections for aggregates of a given size satisfy the following 

formulas: 



55 
 
 

( ) ( ) ( ) ( ) ( )g
p

VV
a
HH

a
VV qRfCNCC θθθθ 22cos/ ==                                                   (1-47) 

where Ca and Cp denote cross sections of an agglomerate and a primary particle, 

respectively, the double subscripts identify the direction of polarization of the incident and 

scattered light (vv: vertical–vertical; hh: horizontal–horizontal), respectively, θ is the 

scattering angle and q is the modulus of the scattering vector.  The form factor ( )gqRf  is 

expressed in the Guinier and power-law regimes as follows (Xing et al., 1999): 
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the boundary of Guinier regime and power-law regime is fg DRq 5.122 = . 

Also, some researchers like Filippov et al. (2000) express a slightly different 

criteria: 
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The behavior of the structure factor depended on the value of the product of gqR  for the so-

called Guinier and power-law regimes, respectively. 

The extinction cross section is the sum of the absorption and scattering cross 

sections by definition, 

a
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Df can be obtained from the slope of relative scattering signal vs modulus of the 

scattering vector, q, in the power-law regime of a log-log plot. 
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In order to determine the set of morphological parameters from this RDG/PFA 

theory, scattered light must be collected from a large number of angles in the plane of the 

laser beam.  This is called the multi-angle method, and is both tedious and impractical for 

spatially or temporally resolved measurements.  Although multi-angle scattering is a more 

precise and comprehensive approach, due to its time consuming nature, it may not be 

suitable to unsteady flames.  In this dissertation, a simplified theory is used, requiring much 

fewer measurements. 

Koylu et al. (1993) found that in the overfire region of turbulent flames at long 

residence times where soot structure is independent of position and residence time, the 

primary particle diameters are nearly monodisperse and are less than 51 nm, and the mass 

fractal dimensions are generally in the range of 1.7-1.8.  Other researchers have also 

reported that mass fractal dimension of soot is not very sensitive to flame conditions and 

fuel type (Koylu, 1996; Puri et al., 1993; Shaddix et al., 1994).  Multi-angle scattering is 

required to determine mass fractal dimension and geometric standard deviation of number 

of primary particles per aggregate.  If the mass fractal dimension and geometric standard 

deviation of number of primary particles per aggregate can be assumed to be known, then 

the number of measurements can be reduced to three, an extinction measurement or LII 

measurement and scattering measurements at two different angles. di Stasio et al. (1996a, 

1996b, 1997) found that the dissymmetry ratios (i.e., the ratios of scattered light at two 

different angles) show very low (<1%) sensitiveness to the soot refractive index 

uncertainties (soot refractive index m=n+ik: n, k varying in 1.0-2.0 and 0.35-1.0, 

respectively, at visible wavelength) as well as to the self-interaction effect, and vice versa, a 

pronounced dependence on aggregate morphology and monomer diameter. This method is 
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intrinsically attractive because of the following points: (a) the dissymmetry ratios do not 

require determining the absolute scattering cross sections; (b) the dissymmetry ratios are 

poorly sensitive to the large uncertainty of the soot complex refractive index. (c) the 

dissymmetry ratios are depending, if properly selected, both on the prevailing morphology 

of the aggregates and on the aggregate properties (primary particle  diameters dp and mean 

number Np of particles per aggregate). 

 This approximate approach has achieved some success, as presented by Koylu 

(1999) and De Luliis (1998).  The data presented is very limited, however. 
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Chapter 2     Experimental Apparatus 

Two types of diffusion flame burners, a coflow and a counterflow burner, were used 

in this work.   The coflow burner was used for calibration, while the main work was done in 

the counterflow burner with both steady and unsteady strain rates.   A description of the two 

burners is given below.  Also, several experimental procedures used to measure PAH LIF, 

laser extinction, laser induced incandescence and laser scattering are given below. 

Calibration Burner 

The co-annular laminar diffusion flame burner shown in Figure 2-1 was developed 

at Pennsylvania State University by R. Santoro (Santoro et al., 1983).  Many researchers 

have used this basic burner design to extensively study soot formation.  Thus, there is a 

significant amount of published data with which to make comparisons.  The amount of 

available data makes this burner a good choice for the calibration burner. 

In the design, fuel flows through the central brass tube of i.d. 11.1 mm, while air 

flows through the outer annulus, 101.6 mm i.d.   Glass beads and mesh screens are used in 

both the tube and annulus in order to provide a more uniform velocity profile at the exits.   

The air portion of the burner has an additional ceramic honeycomb section in order to 

further even the air flow profile.   The exit of the fuel tube sits 7 mm above the honeycomb.  

An O-ring was placed around the inner tube in order to create a stable symmetric flame.   
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Figure 2-1 Schematic of laminar coflow diffusion flame burner 

 
The volumetric flow rate of the fuel was measured using a Hastings HFM-201 

(Range: 0~1000 sccm) mass flow meter.   The volumetric flow rate of the air was measured 

using a Hastings HFM-200 (Range: 0~50 slpm) mass flow meter.   The burner was operated 

at atmospheric pressure.   Propane and ethylene were used in this work. 

Counterflow Diffusion Flame Burner 

In this research, the burner of interest is the counterflow diffusion flame (CFDF) 

burner shown in Figure 2-2.   The burner was made of stainless steel except for the plenums 

which were constructed of aluminum.  The burner was setup on a lab jack to allow the 

burner to be easily raised or lowered by slight amounts to ensure a better view of the flame 

by the camera.  The oxidizer side of the burner was supported above the fuel side by four 
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threaded rods.  For scattering measurement, two of the threaded rods were replaced by an 

upward support in order to clear the view.  While the distance between the two sides was 

held constant during this research, the threaded rods could be used to change this distance.  

They also were used to level the top half of the burner. 

 

 
Figure 2-2 Counter-flow flame burner 

The reactant tubes are 2.54 cm in diameter and deliver the reactants from the center 

of the top (oxidizer side) and bottom (fuel side) of the burner.  A 0.6 cm thick annulus for 

nitrogen co-flow surrounds the oxidizer tube.   This prevents the preheating of the oxidizer 

and entrainment of ambient air into the reaction zone.  In order to prevent the fuel from 

becoming preheated the fuel tube is surrounded by an inner water jacket.   Another water 

jacket forms the outside wall of the suction annulus in order to provide cooling of the 
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combustion gases.  The suction was provided by a standard shop-vac attached to the burner 

with a vacuum hose.  The pressure in the vacuum was monitored with a manometer 

attached to the vacuum line.   For these experiments, the suction was maintained at 2 inches 

of water.  A nitrogen line was plumbed into the fuel line.  It is used to purge the fuel 

plenum both before and after shutting off the fuel. 

As with the calibration burner, care must be taken in order to stabilize the flame and 

make the velocity profiles uniform.   Since there are flow fields coming from two directions 

and colliding, slight variations in either flow profile can lead to large instabilities in the 

flame.   In this research a 25-mesh screen was placed across the entrance to the exhaust 

annulus for stabilization.   Since the flame attaches itself to the screen, there is some heat 

transfer and soot deposition.  However, previous studies have shown that the screen does 

not affect the extinction values and thus there are no negative consequences associated with 

its use.  To further flatten the velocity profiles, five one-inch, 80-mesh, stainless steel 

screens were press fit into both tubes.  Each screen was separated by 3 mm spacer rings and 

the first screen was 6 mm from the exit.  It was imperative that the screens be very flat, 

especially the last one, as any curvature in the screen will lead to non-uniform velocity 

profiles.  It was found that rotating each screen by 45 degrees in relation to the screen 

below it helped to further even the flow fields.  

Two aluminum plenums that were 20 cm outer diameter and 5 cm in length were 

placed on the fuel and oxidizer sides and capped by 20 cm Kicker C8a subwoofer 

loudspeakers.  The speakers had a frequency response range of 30 to 600 Hz and were 

wired in parallel for an impedance of 2 Ω. 
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Unsteady flow-field studied here was created by applying a sine wave to the 

speakers with specific frequency and amplitude.  The sine wave was generated by an SRS 

Model DS335 signal generator and amplified 2:1 by a McIntosh amplifier.  Due to the 

slight frequency dependence of the amplifier, the system was calibrated for a 2:1 

amplification at a forcing frequency of 10 Hz and forcing amplitude of 1 Vp-p.  The 

speaker signal was monitored on an oscilloscope, as shown in fig. 2-3.  Each dot on the 

curve represents a measurement point. 

 
Fig 2-3 Unsteady measurement point  

Optical and Circuit Layouts 

Planar Laser Induced Florescence 

Planar Laser Induced Florescence (PLIF) is used in the measurement of Polycyclic 

Aromatic Hydrocarbons (PAH).   In order to excite the PAH molecules and cause them to 

fluoresce, the 4th harmonic of a Nd:Yag Laser (266nm) is used.   The setup can be found in 

Figure 2-4.   A doubling crystal is used to create the proper wavelength.   The 4th harmonic 

of the Nd:Yag laser was shaped as a thin sheet by using a cylindrical focusing lens.  The 

laser sheet (width 500 μm, height 11 mm) was focused in the center of the burner.  10 mJ of 

energy was used in order to saturate the PAH fluorescence signal under our experimental 

conditions.  An ICCD camera was used to collect the fluorescence signal and was placed 

perpendicular to the laser sheet.   
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Figure 2-4 PLIF Setup 

In order to eliminate the background signals from the flame due to the high detector 

gain, each measurement was repeated with the laser absent and then the laser-absent data 

was subtracted from the laser-present data to obtain the final PAH LIF profiles.  For each 

test run, 100 images were collected at the same experimental conditions and averaged in 

order to smooth out laser pulse energy fluctuations as well as to increase the signal to noise 

ratio of the measured signal. 

It has been shown that different size PAH fluoresces at different wavelengths.  

Therefore, for this research a 340 nm bandpass filter (center wavelength: 342.70 nm, 50% 

bandwidth: 10.66 nm) was chosen to detect one- and two-ring PAH, a 400 nm bandpass 

filter (center wavelength: 401.94 nm, 50% bandwidth: 9.14 nm) was chosen to detect three- 

and four-ring PAH, and 500 nm bandpass filter (center wavelength: 502.49 nm, 50% 

bandwidth: 10.89 nm) was chosen to detect five or more ring PAH. 
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The quantum efficiency of the ICCD camera is a function of wavelength and the 

three filters all have different transmittance and line widths.  Therefore the intensities 

measured by the camera needed to be corrected in order to compare the data at various 

wavelengths.  To do this a coefficiency ratio was experimentally found for the camera and 

filters together.  Using the ICCD camera and the same filters, images were taken of a 2 

Amp, 75-Watt arc lamp (Oriel model number 6251, see Fig 2-5), which has emission 

spectra known.  A pinhole was placed between the camera and the light source in order to 

reduce the amount of reflection between the camera and the light.   As with the PAH data 

both light-present and light-absent data were collected and the difference was analyzed. 

Also only the intensity of the portion that contained an image of the light was analyzed. 

Then using the relation below, the efficiency ratios could be found. 

Intensity of stream emission from bulb * QE, λ = Image intensity from camera * 

constants 

Where QE, λ = quantum efficiency at the wavelength λ.  The coefficiency is merely 

the inverse of the quantum efficiency ratios and was found to be approximately 

C340nm:C400nm:C500nm = 5.36:1.70:1.  The PAH images are then multiplied by these numbers. 

With this done, the images can be compared not only at a certain wavelength, but between 

two different wavelengths as well. 
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 Fig 2-5.   The emission spectra of Oriel model number 6251 arc lamp 

PAH measurements were made for both steady and unsteady flames.  Figure 2-6 

shows the wiring and timing setup for the steady flames.  A PG-10 Pulse Generator was to 

gate the ICCD and was triggered by the flashlamp SYC OUT from the laser, by adjusting 

the Delay and Pulse Width.  The timing of the camera was set at the time that laser pulse 

pass through the counterflow flame.  An ST-130 detector controller was used to control 

ICCD and read the array.  The controller, pulse generator and camera were all products of 

Princeton Instruments, Inc.  An HP5411D digitizing oscilloscope was used to match the 

camera gate width and the laser pulse. 
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Figure 2-6 Steady PLIF wiring diagram 

For the unsteady PLIF measurements, the speakers attached to the plenums of the 

burners were used to create the oscillation.  Figure 2-7 is the wiring diagram for the 

unsteady case.  For this setup, a SRS DG535 digital delay/pulse generator was used to 

externally trigger the laser instead of the laser being the trigger as in the steady case.  Once 

again, a PG-10 Pulse Generator and ST 130 Detector Controller was used with the ICCD.  

The pulse generator was attached to an Agilent infiniium oscilloscope (500 MHz 2Gsa/S).  

The oscilloscope was also attached to the speakers so that through adjustment of 

synthesized function generator (SRS DS335) the measurements could be made at 10 

temporal locations in the sine wave being sent to the speakers.  The sine wave in the 

speakers was created by a 3.1 MHz synthesized function generator (SRS DS335).  In order 
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for the amplitude of the signal to be large enough, it was sent through a Mcintosh model 

MC50 audio amplifier (50 Watt). 

 
Figure 2-7 Unsteady PLIF wiring diagram 

Laser Induced Incandescence 

Laser Induced Incandescence (LII) is used to provide a quantitative spatial 

representation of soot volume fraction.  In order to get the quantitative values, the LII 

measurements must first be made qualitatively and then extinction measurements was used 

to calibrate the values.   
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The extinction of a laser beam passing through a field containing soot can be related 

to the volume fraction of the particles.  So laser light extinction measurements were made 

in the coflow diffusion flame burner to provide an independent measure of soot volume 

fraction.  The soot volume fraction obtained from extinction measurements was then used 

to calibrate the LII signal.  A He-Ne laser operating at 632.8 nm was used to take the 

extinction measurement.  An optical chopper was used to modulate the continuous laser as 

a pulsed laser at 400 Hz.  A photodiode detector with a glass diffuser and 632.8 nm filter 

was used to measure attenuated and unattenuated beam intensities, I and I0
 respectively.  

From the ratio of these numbers, soot volume fraction was derived. 

The LII experiment was performed using the first harmonic (1064 nm) of a 

Continuum Surelite III Nd:YAG laser.  The choice of 1064 nm was made to avoid the 

excitation of polycyclic aromatic hydrocarbons (PAH).  If they were excited their resulting 

fluorescence signal could be much greater than the soot incandescence signal and also 

coincide spatially.  Thus the excitation of PAH would cause considerable error in the 

measurements.  The specific layouts and usage can be found in more detail in next section. 

The final beam shaping optic was an f = 1.0 m cylindrical focusing lens.  This long focal 

length lens helped to minimize beam size changes through the flame region.  This optical 

system resulted in a beam approximately ~210 μm thick.  The energy density used for 

measurements was ~ 0.49 J/cm2.  This energy density was chosen to reduce significant 

amounts of vaporization of smaller soot particles. 

A Princeton Instruments ICCD camera (576x384 pixels, ~19 px/mm) was used to 

measure the incandescence signal from the heated soot particles.  Coupled to the ICCD 

camera was a UV grade 105 mm/f4.5 lens fitted with a Melles Griot filter to 
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discriminatorily collect the incandescence signal.  The Melles Griot filter was centered at 

400 nm with a band pass of 10 nm.   

SRS DG535 served as the master clock and all events were referenced to it.  The 

initial trigger for the LII measurements was the AB positive signal from DG535.  At the 

same time, the AB negative was used to trigger the flash lamp of the Nd:YAG laser.  The 

gate width of the camera was set to 210 ns, 170 ns ahead of laser pulse.  Also, laser-absent 

images were taken and subtracted from the laser-present images.  That means the duration 

of LII signal was 40 ns for all planar LII measurements in this research. 

Before acquiring LII images, the energy distribution across the laser sheet was 

measured. Then the normalized laser sheet profile image was divided into the image to 

correct for vertical energy fluctuations of the beam. 

At each temporal location, 100 images were collected and averaged.  Thanks to the 

stability of the laser system, laser intensity correction for each image is not necessary. 

Scattering 

Soot is aggregate in nature, and thus neither Mie nor Rayleigh scattering theories are 

suitable.  Therefore a relatively new laser light scattering measurement technique is used in 

this research.  This technique relies upon Rayleigh-Debye-Gans / polydisperse fractal 

aggregate (RDG/PFA) theory to relate optical cross sections, measured at various angles, to 

the soot’s morphology.  When compared with intrusive sampling techniques (TS/TEM) in 

laminar jet diffusion flames, the results were in agreement. 

Generally the method of measurement for RDG/PFA involves measuring a single 

point with a pmt and a photodiode to measure the extinction values.  This setup is shown in 
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Figure 2-8.  This technique was modified in order to measure all the necessary information 

to study the soot morphology.  For this research, instead of a single point measurement, a 

laser sheet and an ICCD camera were used.  The data can then be taken at various angles to 

the plane of the laser sheet.  Figure 2-9 shows two angle point scattering and the multiangle 

measurement setup is in Figure 2-10. 

 

 
Figure 2-8 Traditional RDG/PFA measurement setup 
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Figure 2-9 Two Angle Scattering Measurement Setup 
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Figure 2-10 Multiangle Scattering Measurement Setup 

As can be seen in the figures, while one ICCD camera is measuring the scattering 

data, another is being used to measure LII data.  The scattering images were taken when a 

532nm long pulse laser was used.  At long pulse mode, LIF and LII interference could be 

avoid.  A 1064 nm laser was not selected because the quantum efficiency of ICCD camera 

is low at this wavelength. A 1064 nm laser was used to excite the LII signal.  Both laser 
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beams were enlarged in diameter by a telescope. After expanding the laser beam diameter, a 

cylindrical lens (focal length of 1 meter) was used to form a laser sheet.  

For the multiangle measurements, the ICCD camera was attached to a turntable 

centered table around the burner axis.  This allowed the camera to easily rotate around the 

burner.  It also allowed the measurements to be made without having to extinguish the 

flame and move the camera and reignite it.  Also with the angle measurement directly 

labeled on the turntable it is easier to measure the angle more accurately. 

Since there are two cameras setup, one to measure LII and one to measure the laser 

light scattering data, there are two wiring diagrams to go with the multiangle RDG/PFA 

measurements.  Figure 2-11 is the diagram for the LII while Figure 2-12 is the wiring 

diagram for the scattering data. 
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Figure 2-11 Scattering LII wiring diagram 
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Figure 2-12 Laser Light Scattering Wiring Diagram 

Both of the wiring setups are very similar to the steady PLIF wiring.  The main 

difference is that for the LII an external trigger is used instead of the laser trigger.  The 

external trigger comes through a four channel digital delay/ pulse generator (SRS DG535). 

Figure 2-13 is the wiring diagram for the two-angle unsteady measurements.  The 

diagram is basically a combination of the PAH unsteady wiring diagram and the LII 

scattering diagram. 



 76

 
Figure 2-13 Two Angle Scattering Wiring Diagram 
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Experimental Conditions 

Strain rate as the defining parameter in counter-flow diffusion flames is defined as 

the velocity gradient in the axial direction of the flame and was calculated by using the 

equation below (Seshadri and Puri, 1986). 

K = (2Vo/L){1+(Vf/Vo)(Pf/Po)0.5}, [s-1]                                                              (2-1) 

Where Vo, Vf, Pf, Po and L are the oxidizer outlet velocity, fuel outlet velocity, fuel 

density, oxidizer density and burner separation distance, respectively.  Although it is known 

that the local strain rate in the flame is different from this definition above based on global 

properties, it was used in order to make comparisons between the flames studied.  For 

simplicity, the equation L
V2K Air⋅

=
 was used to quantify the unforced global strain rates 

(GSR).  Here K is the strain rate, VAir is the air velocity at the exit of the upper reactant tube 

of the counterflow diffusion flame burner and L is the separation distance between the 

reactant tubes. The strain rate was used to mimic the conditions in an unsteady reacting 

flow field. The fuel and the air gas streams were momentum matched and for an isothermal 

flow, the stagnation plane would be in the center of the gap between the two reactant tubes.  

The frequencies and amplitudes that were studied in this investigation are reported 

in Table 2-1.  The idea of this investigation was to simulate the characteristic times scales 

by varying the flow-field frequency.  The length scale is set by the reactant tube exit 

diameters and the different amplitudes represent different turbulence intensities.   
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Table 2-1 Peak-to-Peak voltage set on the signal generator for each unsteady case 

 Forcing Amplitude (Vp-p on signal generator) 

Freq 
(Hz) 

SSR 30 s-1 SSR 60 s-1 SSR 90 s-1 

30 0.15 0.15 0.28 

50 0.15 0.15 0.35 

100 0.15 0.15 0.50 

200 0.15 0.15 0.28 
 

In Table 2-2, the strength of these amplitude oscillations is described in terms of 

their strength relative to flow reversal and extinction as previously determined (DeCroix, 

1998). 

Table 2-2 Forcing amplitude denoted as A as a fraction of the flow reversal and extinction voltages and the 
resulting amplitude of the velocity fluctuation 

 Forcing Amplitude A 

Freq GSR 30 s-1 GSR 60 s-1 GSR 90 s-1 

(Hz) 
revV

V

 extV
V

 steadyU
U max

 revV
V

 extV
V

 steadyU
U max

 revV
V

 extV
V

 steadyU
U max

 
25 1.0 0.25 1.7 0.50 0.13 0.7 0.50 0.17 0.6 

50 1.0 0.15 0.9 0.50 0.08 0.4 0.50 0.17 0.8 

100 1.0 0.05 0.8 0.50 0.05 0.3 0.50 0.14 0.6 

200 1.0 0.05 1.0 0.50 0.05 0.4 0.50 0.10 0.5 

 



 79

Chapter 3     Relative PAH Concentrations in Unsteady Counterflow 

Diffusion Flames 

Abstract 

This paper presents qualitative measurements of PAH concentrations made in 

counterflow diffusion flames subjected to both steady and oscillating strain rates.  PLIF was 

used to make spatially and temporally resolved measurements of the relative concentrations 

of PAH.  The measurements for each PAH size class were made as a function of strain rate, 

forcing frequency and fuel type.  The peak laser induced fluorescent spectra from PAH is 

known to be a function of the number of benzene rings that make up the particular PAH.  It 

was found that with increasing strain rate, the intensity of PAH fluorescence decreases 

dramatically, though unequally, among the three size classes measured.  With an unsteady 

strain rate, the PAH intensity oscillates in phase for frequencies below 50 Hz.  When non-

dimensionalized relative concentration is plotted, it is shown that the smaller PAH continue 

to respond to the instantaneous strain rate at a higher frequency than larger PAH.  

Keywords: PAH, Unsteady Diffusion Flames, PLIF 

Introduction 

Most practical combustion processes rely on turbulent diffusion flames due to their 

higher heat release rates, higher fuel economy, and elimination of the need to premix fuel 

and air.  The higher heat release rates occur because of the increased mixing that results 

from the flame’s interaction with the turbulent flow field.  Unfortunately, turbulent 



 80

diffusion flames are difficult to study due to the complex interaction between the fluid 

mechanics and the chemical kinetics.  This is especially true for non-equilibrium processes 

such as soot formation.  Most of the calculations using complex chemistry in turbulent 

combustion are based on laminar steady and unsteady flamelet models (Peters, 1984; Bray, 

1994; Coelho et al., 2001, Pitsch et al., 2003), the probability density function (PDF)/Monte 

Carlo method (Dopazo, 1994) and the conditional moment closure (Bilger, 1993). The 

objective of this paper is to investigate how well the mechanisms governing the formation 

of Polycyclic Aromatic Hydrocarbons (PAH), and hence soot, correlate with a time varying 

strain rate as a function of the strain rate oscillating frequency.  

PAH are formed by the combustion of carbonaceous material.  Usually, the fuel 

undergoes pyrolysis as it diffuses into the high temperature region of the flame.  The large 

hydrocarbon molecules thermally decompose to form smaller hydrocarbon compounds and 

radicals, which are then available for precursor formation.  PAH with four or more rings are 

large enough to allow particle inception (Schuetz et al., 2002).  The concentration of 

precursors formed controls the total amount of soot formed in a flame. 

PAH are one of the most important environmental pollutants.  Many of them are 

identified as suspected carcinogens and/or mutagens.  PAH that contain four benzene rings 

or less are primarily partitioned in the gas phase under atmospheric conditions.  The emitted 

PAH (especially the five- to seven-ring PAH) are readily adsorbed onto the surfaces of ultra 

fine particles and can also be converted into more dangerous pollutants, such as 

nitrogenated PAH, which are sufficiently stable to be transported and deposited far away 

from their sources (Zimmerman et al., 1998; Olten and Senkan, 2000).  Due to the strong 

molecular interaction, soot-related PAH also exhibit different behavior after deposition, 
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thus greatly increasing the health risks (Lewitzka and Niessner, 1995; Panne et al., 2000).  

The Environmental Protection Agency (EPA) determined in the 1980 document “Ambient 

Water Quality Criteria for Polynuclear Aromatic Hydrocarbons” that there was sufficient 

concern to promulgate a standard of 311ng/l for total PAH in surface water (Rudnick and 

Chen, 1998). 

Given the importance of PAH both as a harmful pollutant and as a precursor to soot 

formation and growth processes, the study of PAH generated in combustion processes is 

very important.  However, the study of PAH formation poses many difficulties both 

experimentally and computationally.  There are several methods available for the detection 

and measurement of PAH.  Conventional approaches to the analysis of PAH deposited on 

the surface of particles require filter sampling, sample extraction, and enrichment 

procedures.  This is typically followed by gas or liquid chromatographic separation and 

detection by either gas chromatography and mass spectrometry or fluorescence or 

absorption spectroscopy (Olten and Senkan, 2000; Zizak et al., 1996; Zaghini et al., 1972; 

Ciajolo et al., 2000).   

Direct sampling and subsequent chemical analysis procedures are of primary 

importance but have their limitations.  They are inflexible and costly in terms of time and 

labor.  The results are often inaccurate when the fluid dynamics are particularly complex.  

Due to the long time delay between sampling and analytical results, these techniques cannot 

be applied to process control or in a complex flow field and are certainly not applicable to 

the study of transient effects in flames.  Thus, a non-intrusive diagnostic technique is 

necessary. 
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Planar Laser-Induced Fluorescence (PLIF) has been shown to be a very versatile 

diagnostic technique, providing spatially and temporally resolved information in reacting 

environments.  PLIF of OH has been used to measure the temperature field in this unsteady 

counterflow diffusion flame (Welle et al., 2003).  Numerous atomic and diatomic species 

have been detected in flames with a variety of single-photon and multi-photon fluorescence 

approaches.  However, species-specific data has been obtained for only a handful of 

polyatomic molecules due to their spectral complexity.  Since PAH can be very large and 

complex polyatomic molecules, there is very little species-specific spectral data on these 

molecules, and it is not anticipated that there ever will be. 

PAH PLIF 

Different laser sources have been used to excite the PAH.  Beretta et al. (1982) have 

used a c.w. argon ion laser to measure the fluorescence emissions of a spray flame of light 

oil.  They measured a fluorescence signal with a broad peak between 450 to 630 nm.  A 

pulsed nitrogen laser (λ = 337 nm) also has been used to excite PAH fluorescence 

(Lewitzka and Niessner, 1995; Panne et al., 2000; Rudnick and Chen, 1998).  But the most 

widely used laser source has been a Nd:YAG laser, including the 3rd (McEnally and 

Pfefferle, 2000; Ciajolo et al., 2001b) and 4th harmonic wavelengths (Zizak et al., 1996; 

Ciajolo et al., 2001b; Bunting and Karlitschek, 1998; Ciajolo et al., 2001a; Ciajolo et al., 

2001c). 

By evaluating the single contribution of PAH to the total fluorescence, Berlman 

(1971) found that the emission in the UV region is typically due to lightweight, mainly two-

ring PAH.  According to Ciajolo et al. (2001b), two- and three-ring PAH do not 

significantly fluoresce in the 355 nm region.  The fluorescence intensity measured by 
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excitation at 355 nm is much lower than that measured by excitation at 266 nm, even 

though the intensity of the excitation wavelength was quite constant.  As the excitation 

wavelength shifts towards the visible, the contribution of the PAH to the fluorescence 

becomes practically negligible (Ciajolo et al., 2001b).  In order to discern PAH formation 

rates, and hence soot inception information, information about the one- to two-ring PAH 

was deemed most important, so the 4th harmonic of a Nd:YAG laser was used in this work. 

Identification and quantification of PAH in flames require accurate fluorescence 

emission intensity measurements, as well as the availability of a large spectral data file for 

comparing the unknown species spectrum against PAH standards.  As stated above, there is 

not enough species-specific data to allow this discrimination.  Fortunately, the majority of 

PAH commonly encountered in flames contain several isomeric pairs or structurally similar 

aromatic compounds, which emit in approximately the same spectral regions. 

Considering the photophysical properties of PAH, many researchers have suggested 

that the fluorescence emission at different wavelengths could be attributable to specific 

aromatic structures, i.e., the fluorescence wavelength distribution is dependent on the size 

of the PAH (Ciajolo et al., 2001b; Vander Wal et al., 1997).  This means that with 

appropriate spectral filtering, different-sized PAH may be selectively detected.  Sgro et al. 

(2001) found that the broad band UV fluorescence centered on 320 nm is from 

carbonaceous material comprised of two-ring aromatics.  Berlman (1971) attributes the 

fluorescence spectra peaking in the UV at 300 nm to mono-ring aromatics (benzene and 

derivatives), and spectra peaking in the UV at about 350 nm to two-ring PAH.  Vander Wal 

et al. (1997) found that the fluorescence centered near 400 nm is primarily from small PAH 
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composed of only two to three aromatic rings and fluorescence at 500 or 600 nm arising 

from larger PAH of typically five rings or more. 

This fact is visually described in Fig. 3-1 (graciously provided by Zizak et al., 1996) 

where the spectral location of the maximum fluorescence bandwidth tends to fall at longer 

wavelengths for compounds with higher molecular weight.  Therefore, for this research a 

340 nm bandpass filter (center wavelength: 342.70 nm, 50% bandwidth: 10.66 nm) was 

chosen to detect one- and two-ring PAH, a 400 nm bandpass filter (center wavelength: 

401.94 nm, 50% bandwidth: 9.14 nm) was chosen to detect three- and four-ring PAH, and 

500 nm bandpass filter (center wavelength: 502.49 nm, 50% bandwidth: 10.89 nm) was 

chosen to detect PAH with five rings or more. 

Experimental Apparatus 

Counterflow diffusion flames are a convenient framework to investigate combustion 

chemistry under conditions in which transport and reaction rates are coupled.  The 

counterflow diffusion flame burner used in this experiment is described in detail in DeCroix 

and Roberts (1999).  Briefly, the oxidizer and fuel tubes are 25.4 mm in diameter and have 

a 12.7 mm separation distance.  Plenums located on the fuel and oxidizer sides are capped 

with 20 cm loudspeakers, which impose the velocity fluctuations and are driven by an 

amplified signal generator. 

An unsteady flow-field was imposed on the counterflow diffusion flame by 

inputting a sinusoidal voltage signal to the speakers.  The PAH measurements were made as 

a function of the initial steady strain rate and forcing frequency of the imposed oscillation.  

These measurements were made at ten temporal locations within the sinusoidal voltage 
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oscillation applied to the speakers.  The forcing frequencies considered in this study were 

30, 50, 100 and 200 Hz.  According to Welle et al. (2000), the sinusoidal response of the 

velocity, strain rate, and width of the OH field correlated well with the speaker oscillations 

at the given frequency. 

The 4th harmonic of the Nd:YAG laser was shaped into a sheet (width 500 μm, 

height 11 mm) and focused in the center of the burner.  10 mJ of 266 nm radiation, 

corresponding to a power density of 20 MW/cm2, was used to excite the PAH with 

sufficient laser fluency to saturate the transitions under our experimental conditions.  An 

ICCD camera with the set of bandpass filters discussed above was used for LIF collection.  

In order to eliminate the background signals from the flame due to the high detector gain 

(which were appreciable at the low strain rates where considerable flame luminosity was 

present due to the soot), each measurement was repeated with the laser absent.  Then, the 

laser-absent data was subtracted from the laser-present data to obtain the final PAH LIF 

profiles.  For each test run, 100 images were collected at the same experimental conditions 

and averaged in order to increase the signal to noise ratio of the measured signal and to 

smooth laser pulse energy oscillations (minimal due to saturation). 

The quantum efficiency of the ICCD camera is a function of wavelength.  

Additionally, the three filters had different transmittances and line widths.  Therefore the 

PLIF intensities measured by the camera required correction in order to compare the data at 

the three different wavelengths.  A coefficiency ratio was experimentally found for the 

camera and filters together.  Using the same ICCD camera and filters that were used to 

collect data, images were taken of a 2 Amp, 75-Watt arc lamp (Oriel model number 6251), 

which has a known spectral intensity at the wavelengths used.  A pinhole was placed 
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between the camera and the light source in order to reduce the amount of reflection between 

the camera and the arc lamp.  Then using the relation below, the efficiency ratios were 

found. 

Intensity of stream emission from bulb * QEλ = Image intensity from camera * 

constant 

Where QEλ = quantum efficiency at the wavelength λ.  The coefficiency is merely 

the inverse of the quantum efficiency ratios and was found to be approximately 

C340nm:C400nm:C500nm = 5.36:1.70:1.  The PAH images were then multiplied by these 

constants.  This correction allowed the images to be compared not only at a given 

wavelength, but also between two different wavelengths.  

Results and Discussion 

Strain rate, the defining parameter in counter-flow diffusion flames, is defined as the 

axial velocity gradient on the air side just prior to the preheat zone.  There is a cold flow 

analytical expression for this strain rate in terms of the exit velocities and tube separation 

distance.  However, the heat release from the flame affects the strain rate, and this cold flow 

analytical expression should be viewed as an approximation.  In this burner, the true local 

strain rate has been measured using PIV (DeCroix and Roberts, 1999; Welle et al., 2000).  

All measurements are based on initial steady strain rates of 23 s-1, 44 s-1 or 74 s-1.  The 

results and discussions are separated into two parts, first the steady flame and then the 

unsteady flame. 

Steady flame results: 
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 Figure 3-2 shows typical PAH PLIF images in steady methane-air flames as a 

function of strain rate and PAH PLIF collection wavelength.  The top set of the images 

corresponds to a strain rate of 23 s-1,  the middle three to 44 s-1, and the bottom three to 74 

s-1.  These flames produce little soot at the lowest strain rate and virtually no soot at the 

higher strain rates.  At 74 s-1, the PLIF signal at 500 nm corresponding to 5- or more rings 

PAH is virtually indistinguishable from the background.  

Figure 3-3 shows the relative location of different size PAH for methane flames as a 

function of strain rate.  The profiles have been smoothed with 3 by 3 pixel averaging.  The 

solid curve on the right in all three plots corresponds to the 340 nm filter, i.e. one- to two-

ring PAH, the dotted curve in the middle corresponds to the 400 nm filter, i.e. three- to 

four-ring PAH, and the leftmost dot-dashed curve corresponds to the 500 nm filter, i.e. five- 

or more ring PAH.  They are normalized to the same fluorescence intensity.  From this 

figure, the spatial ordering from small PAH to larger PAH as one moves towards the 

reaction zone is obvious.  Also observed in this figure is a contribution to the measured 

signal at 500 nm due to Laser Induced Incandescence from mature soot. This contribution 

appears closer to the reaction zone than the five- or more ring PAH zone and results in 

asymmetry of the measured signal at 500 nm.  Figure 3-4 shows the width of the PAH zone 

plotted against the square root of the strain rate.  As expected, the dependence is nearly 

linear. 

Figure 3-5a shows the normalized PAH fluorescence intensity, averaged over a 

small region near the centerline, as a function of the strain rate in these methane flames.  

With increasing strain rate, the fluorescence intensity from all three classes of PAH 

decreased.  As is seen however, the gradient is different for each size class.  For one- and 
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two-ring PAH, the intensity decreases about 28 % when the strain rate is increased from 23 

s-1 to 74 s-1, but for three- to four-ring PAH the intensity decreases by 77% and for five- or 

more ring PAH the intensity decreases by 96%.  The fluorescence signal from the larger 

PAH is barely detectable at the higher strain rate, as seen in Fig. 3-2.  Increasing the strain 

rate results in a shorter residence time and a lower flame temperature, so it is not 

unexpected that the population of large PAH should decrease dramatically as the strain rate 

increases.  This shorter residence time and lower flame temperature does not affect the 

inception of one- to two-ring PAH nearly as much as the assembly of three-ring and larger 

PAH.  This is in agreement with Decroix’s (1998) LII results on soot volume fraction which 

show that as the strain rate was increased, decreasing the residence time, the maximum soot 

volume fraction along the centerline decreased dramatically from 0.16 ppm at a strain rate 

of 23 s-1 to 0.03 ppm at 44 s-1.  At a strain rate of 74 s-1, these methane-air flames are 

essentially non-sooting. 

 Figure 3-5b shows the contribution from different PAH class sizes to the total 

fluorescence intensity as a function of strain rate.  With increasing strain rate, the 

percentage of one- to two-ring PAH increases, but the percentage of three- or more ring 

PAH decreases.  This illustrates that small PAH do not have time to form larger PAH 

because of the shorter residence time and cooler flame temperature.  This is consistent with 

the observation that at a strain rate of 74 s-1, the methane-air counterflow flame is totally 

blue, and there is essentially no soot formation. 

Figure 3-6 shows the PAH fluorescence intensity for propane-air flames at the same 

three steady strain rates.  The arrangement is the same as in Fig. 3-2 for methane where the 

strain rate increases from top to bottom, and PLIF collection wavelength increases from left 
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to right.  For these propane-air flames, the trend is the same as for the methane flame except 

for the small PAH at a strain rate of 44 s-1, illustrated in Fig. 3-7a, where the normalized 

PLIF intensity for each collection wavelength is plotted against the strain rate.  Figure 3-7b 

shows the normalized distribution among the three size classes.  It is interesting to note that 

at the lowest strain rate the PLIF intensity (and therefore the population) is nearly evenly 

distributed between these sizes.  Also of note is the appreciable signal intensity from the 

500 nm class, even at 74 s-1 compared with a similar methane-air flame.  Of course, the 

absolute fluorescence intensity for these propane flames is almost an order of magnitude 

larger than for the methane flames at the same strain rate. 

The total PAH in each size class is approximated by the product of averaged 

intensity and PAH zone width (FWHM).  Figure 3-8 illustrates how the total PAH 

decreases with the increasing strain rate. Note that the relative peak in small PAH at 44 s-1 

seen in Figure 3-7a does not appear in Figure 3-8, when the average intensity is multiplied 

by the width of the PAH zone. It can be seen in this figure that the slope is different for 

each size class.  For one- and two-ring PAH, the intensity decreases over 40% when the 

strain rate is increased from 23 s-1 to 74 s-1, but for three- to four-ring PAH the intensity 

decreases by over 70% and for five- or more ring PAH the intensity decreases by 90%.  

This is also in agreement with Decroix’s (1998) LII results that the soot volume fraction 

decreased from 1.0 ppm at a strain rate of 23 s-1 to 0.20 ppm at 44 s-1, and to 0.03 ppm at 

strain rate of 74 s-1.  

Unsteady flame results: 

In the unsteady counterflow flames, PAH intensity measurements were made at one 

amplitude and four forcing frequencies: 30, 50, 100 and 200 Hz.  Three different initial 
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strain rates, 23, 44 and 74 s-1, were used for both methane and propane fuels.  The forcing 

amplitude is given in Table 1 for both methane and propane flame.  The steady outlet 

velocity is based on air outlet velocity.  The inlet temperature of air and fuel is 298 K.  A 

measured velocity profile for this burner can be found in DeCroix (1998).  Measured 

temperature distribution can be found in Welle (2002).  For methane-air flame, the global 

strain rate at extinction is 295 s-1.  For propane-air flame, the global strain rate at extinction 

is 360 s-1 (DeCroix, 1998).  It is clear from this table that these are only moderately strained 

flames and far from extinction.  While the flame is not translating up and down, as both the 

fuel and air flow rates are oscillating simultaneously, the flame is thinning and thickening 

as the strain rate first increases and then decreases from the oscillation.  This gives the 

appearance of the PAH zone oscillating up and down.  For the methane-air flames, the 

flame responds to the instantaneous strain rate very well at low oscillation frequencies.  

Sinusoidal variations in the PAH location continue to respond to the instantaneous strain 

rate except for the largest PAH size class at 200 Hz.  At this high oscillation frequency, the 

chemical mechanisms responsible for forming the largest PAH do not respond to the fast 

fluctuations in strain rate at all.  The PAH zone locations in the propane-air flames show a 

similar pattern but become unresponsive sooner (i.e., at lower frequency).  The maximum 

frequency the largest PAH is still responsive to strain rate oscillations at is 200 Hz for the 

initial strain rates of 23 s-1 and 44 s-1 but drops to 100 Hz when the initial strain rate is 

increased to 74  s-1.  

Perhaps a better measure of the response of the flame to the instantaneous strain rate 

is the relative concentration of the various size classes of PAH.  It is expected that each size 

class will have a different characteristic chemical time, and thus for a given oscillation 
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frequency, the resulting Damköhler number will be different.  Figure 3-9a shows the PAH 

fluorescence intensity of the three different size classes in the methane-air flame at an initial 

strain rate of 44 s-1 and a forcing frequency of 30 Hz.  As seen in this figure, all three 

classes are responding to the sinusoidal variation in strain rate.  With an initial strain rate of 

23 s-1, all three PAH sizes respond quasi-steadily to up to the maximum forcing frequency 

of 200 Hz.  However, when the initial strain rate is increased to 44 s-1, the PAH intensities 

only respond to a forcing frequency of up to 100 Hz.  At an initial stain rate of 74 s-1, the 

smallest PAH respond up to 100 Hz, the medium size PAH respond up to 50 Hz, and the 

largest PAH only respond up to a 30 Hz forcing frequency.  For the propane-air flame, the 

PAH respond quasi-steadily to a frequency of up to 100 Hz at an initial strain rate of 23 s-1  

for all three sizes.  When the strain rate is higher than 23 s-1, the PAH only respond up to a 

50 Hz forcing frequency.  These results are in agreement with Welle et al. (2003) 

measurements of the temperature at the flame front and the reaction-zone width using the 

OH PLIF technique.  Both measurements demonstrate the existence of a diffusion-limited 

frequency response of flames subjected to a time-varying flow field.  At the 30 Hz and 50 

Hz forcing frequencies, the maximum reaction-zone temperature, and the OH-field width 

were found to respond quasi-steadily.  At higher forcing frequencies of 100 and 200 Hz, 

however, transient behavior is evident from the phase relationship between the imposed 

sinusoidal strain and the resulting OH-field width and peak temperature.  Figure 3-9b shows 

the intensity of each size class by the steady state value.  This figure shows that the larger 

PAH respond more to the oscillation than the smaller PAH. 

To show the responsiveness of the PAH to the instantaneous strain rate, the data is 

plotted in a non-dimensional form and shown in Fig. 3-10a for the methane-air flame and 



 92

10b for the propane-air flame.  In this figure, the maximum difference in the instantaneous 

PAH fluorescence intensity throughout the oscillation is non-dimensionalized by the steady 

state fluorescence intensity.  The frequency is expressed in terms of a non-dimensional 

Stokes parameter.  This parameter Kη was used by Egolfopoulos and Campbell (1996) to 

correlate the variation in maximum flame temperature and was also used by Welle et al. 

(2003) to correlate the variation in the reaction-zone width.  The non-dimensional Stokes 

parameter is defined as 

2

1

⎟
⎠
⎞

⎜
⎝
⎛ ⋅

=
K

f
K

πη                                                                                                      (3-1) 

where f is forcing frequency and K is the cycle mean strain rate.  A similar 

correlation is used here to compare the variation in the different size PAH fluorescence 

intensities.  Although the scattering in the data is considerable in Fig. 3-10, the trends are 

clear: the response of the larger PAH to frequency changes is the most damped and the 

response of the smallest PAH is the least damped, i.e., the larger PAH damped to the steady 

state value much faster than small PAH.  This means the chemical mechanisms responsible 

for small PAH formation will continue to respond to the instantaneous strain rate in a quasi-

steady manner at higher frequencies than the larger PAH.  This is as expected, as the 

presence of small PAH is necessary for the formation of large PAH.   

Conclusion: 

PAH emissions are an important consideration not only because they are a precursor 

to soot but are also pollutants themselves.  In this research, PLIF was used to make spatially 
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and temporally resolved qualitative measurements of different size PAH in both steady and 

unsteady counterflow diffusion flames.  Specific conclusions from this effort include: 

1. PAH PLIF with 266 nm excitation and detection in different spectral regions 

proves to be useful in discriminating PAH class sizes. 

2. The intensity of propane PAH fluorescence is an order of magnitude larger than 

methane PAH fluorescence.  This corresponds to a difference of 6 times the soot 

volume fraction at a strain rate of 23 s-1. 

3. With increasing strain rate, the intensity of PAH fluorescence decreases 

dramatically. This decrease is much more pronounced for larger PAH.  The soot 

volume fraction for the propane-air flame decreases by 6.7 times or 85% when 

the strain rate changes from 23 s-1 to 74 s-1. 

4. For unsteady forcing, the PAH PLIF intensity usually oscillates with a forced 

oscillation below 50 Hz.  At frequencies above 100 Hz, the PAH zone no longer 

responds to the imposed oscillations.  This is true for both methane and propane. 

5. When non-dimensionalized PAH PLIF intensity is plotted versus a non-

dimensional Stokes parameter, it is clear that smaller PAH continue to respond 

in a quasi-steady manner to the instantaneous strain rate at a higher frequency 

than the larger PAH. 
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Table 3-1. Forcing amplitude for unsteady propane-air and methane-air flames. 

 
Forcing Amplitude 

 SSR 23 S-1 SSR 44 S-1 SSR 74 S-1 

STEADYU (cm/s) 19.05 38.10 57.15 

 
Frequencies (Hz) 

 STEADY

MAX

U
U

 
STEADY

MAX

U
U

 
STEADY

MAX

U
U

 

30 1.7 0.7 0.6 
50 0.9 0.4 0.8 
100 0.8 0.3 0.6 
200 1.0 0.4 0.5 
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Figure 3-1. Position of the fluorescence band against the molecular weight of PAH. 
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Figure 3-2. PAH fluorescence intensity from steady methane flames.  The strain rate increases from top to 

bottom and the spectral region increases from left to right. 
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Figure 3-3a. 340nm 400nm 500nm PAH PLIF intensity distribution along the centerline for a methane-air 
flame at a strain rate of 23 s-1.  
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Figure 3-3b. 340nm 400nm 500nm PAH PLIF intensity distribution along the centerline for a methane-air 
flame at a strain rate of 44 s-1. 
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Figure 3-3c. 340nm 400nm 500nm PAH PLIF intensity distribution along the centerline for a methane-air 
flame at a strain rate of 74 s-1.  
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Figure 3-4. PAH zone width plotted as a function of the square root of axial strain rate for the steady methane-

air flames. 
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Figure 3-5. PAH in a methane flame as a function of strain rate. (a) Normalized average (over FWHM) 
fluorescence intensity, (b) PAH contribution for each size class PAH.  
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Figure 3-6. PAH fluorescence intensity from steady propane flames.  The strain rate increases from top to 

bottom and the spectral region increases from left to right. 
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Figure 3-7. PAH in a propane flame as a function of strain rate. (a) Normalized average (over FWHM) 
fluorescence intensity, (b) PAH contribution for each size class PAH. 
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 Figure 3-8. Normalized total PAH (product of average intensity and FWHM) for a propane flame as a 

function of strain rate. 
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Figure 3-9. The PAH zone intensity of a methane flame at an initial strain rate of 44 s-1 and forcing frequency 

at 30 Hz. (a) Measured values, (b) Normalized based on steady state values. 
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Figure 3-10. Non-dimensional response of each PAH size class to non-dimensional forcing frequency. (a) in 

methane-air flame, (b) in propane-air flame. 
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Chapter 4     Morphology of Immature Soot in a Laminar Diffusion Flame 

Abstract 

Spatially resolved measurements of soot morphology in a laminar co-flow diffusion 

flame along the centerline, where the soot is expected to be immature, are reported.  This 

morphology includes volume fraction, average primary particle size, number of primary 

particles per agglomerate, and the mass fractal dimension.  The morphology, measured via 

the RDG/PFA optical scattering technique, is significantly different from that in the mature 

soot cone or overfire region; this difference in morphology significantly affects the validity 

of approximate scattering methods.  

 

Introduction 

Thermophoretic sampling has been used to examine the morphology of soot in 

laminar co-flow ethylene-air diffusion flames (Dobbins et al., 1987; Megaridis et al., 1988, 

1989, 1990).  Because this measurement technique is intrusive, there are a number of 

questions regarding what effect the probe has on the flowfield and kinetics, and hence the 

soot.  Furthermore, there is considerable difficulty in obtaining measurements of immature 

soot along the centerline in an axisymmetric configuration due to the deposition that occurs 

during insertion and retraction of the probe.  The ability to non-intrusively measure the 

morphology of soot in simple one dimensional or axisymmetric flames is especially 

important when the flames are unsteady, as the sampling technique also lacks temporal 

resolution.  Most non-intrusive techniques rely on laser scattering and extinction 
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measurements, laser induced incandescence, or a combination of both.  For mature soot, 

there exists a fairly comprehensive set of measurements of scattering and extinction in 

diffusion flames and in a variety of combustion systems (Puri et al., 1993; Santoro et al., 

1983; Shaddix et al., 1994; Koylu, 1994). 

Although the primary soot spherule is typically on the order of 30-50 nm, which is 

well within the Rayleigh regime for visible or IR light scattering, it has been observed that 

the scattering intensity is highly dependent on the scattering angle, thus rendering simple 

Rayleigh theory unusable.  Soot exists as agglomerated particles that may contain hundreds 

of primary spherules, and if these agglomerates were spherical, they would fit within the 

Mie scattering regime.  It is well known from SEM/TEM images of the soot agglomerates 

that they are far from spherical, looking more like a branching chain.  Rayleigh-Debye-

Gans / polydisperse fractal aggregate (RDG/PFA) theory has been shown to accurately 

predict the angular dependence of the laser scattering in soot as well as other fractal-like 

particles and aerosols (Faeth et al., 1995).  This technique has been used to successfully 

measure soot morphology in simple laminar and turbulent axisymmetric diffusion flames 

(Koylu, 1994). 

The soot morphology measured with this technique typically has been in regions of 

peak fsv in non-smoking diffusion flames, i.e., at 45% to 75% of the flame height and off 

the centerline.  At this location, very good agreement has been shown with the RDG/PFA 

technique and intrusive sampling and subsequent SEM/TEM imaging.  To determine all six 

morphological parameters, a large number of angular measurements must be taken.  The 

interpretation of the data is not necessarily straightforward as the data reduction process 

involves several hypotheses.  The validity of these hypotheses has a great influence on the 
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results, especially low in the flame, along the centerline, and at the top of the flame where 

the soot concentration is very low. 

Although multi-angle scattering is a more precise and comprehensive approach, due 

to its time consuming nature, it may not be suitable to unsteady flames.  One approach to 

overcome this limitation is to make a number of assumptions regarding the fractal nature of 

the soot and the distribution of spherules per agglomerate.  With these assumptions, the 

number of measurements can be reduced to three: an extinction measurement and scattering 

measurements at two different angles.  This approximate approach has achieved some 

success in axisymmetric flames (Koylu, 1999; De Iuliis et al., 1998).   

Experimental Apparatus and Procedure 

Results and Discussion: 

For these measurements, propane and ethylene were used as fuels in a well-

documented co-annular burner (Santoro et al., 1983). The experimental apparatus used for 

soot morphology measurements is relatively simple.  514 nm light from an argon ion laser 

is focused to a point inside the flame.  Extinction measurements are made using a 

photodiode, and scattering measurements are made by focusing the laser probe volume onto 

a spectral- and polarization-filtered PMT.  The PMT and optics/filters are mounted on a 

rotating plate with the flame located at the axis of rotation.  Scattering measurements were 

made at 5˚ increments between 20˚ and 155˚.  The scattering/extinction system was 

calibrated using Rayleigh scattering from nitrogen. 

fsv was measured as a function of height for both ethylene and propane air flames in 

the co-annular burner and compares well with previously published results obtained from 
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this burner.  fsv has a broad peak of 2.5 ppm at 65% of the visible flame height in propane; 

ethylene has a higher peak of 3.7 ppm located at a lower 53% of the flame height.  The 

broad, reasonably high fsv region, spanning approximately 45-75% of the flame height, is 

where the majority of reported experimental data has been acquired. 

Although there is considerable disagreement on the exact value of the fractal 

dimension for mature soot, the accepted range of Df in laminar diffusion flames is between 

1.6 and 1.8.  In Fig. 4-1, the measured Df is plotted as a function of flame height in these 

laminar co-flow flames along the centerline.  One of the key assumptions in the 

approximate (two angle) RDG/PFA technique is that the fractal dimension is known.  As 

seen in this figure, the measured Df agrees with the accepted mature soot values only over a 

very narrow range: near the 75% of flame height location for the ethylene-air flame.  There 

is considerable scatter in the data due to the very low fsv along the centerline, but the trend 

is unmistakable.  Low in the flame, in the inception zone, the early soot does not behave 

fractal-like at all, with a measured Df of less than unity.  As these particles are advected 

upstream and continue to grow and mature, they become more fractal-like.   

Conversely, the primary spherule diameter reaches a reasonable size fairly early in 

the flame, with diameters reaching approximately 10 nm at about 25% flame height in the 

ethylene flames and dropping to near 8 nm at 70% before increasing again.  The propane 

spherules in this region along the centerline tend to be larger, especially very low and 

higher in the flame.  The measured spherule diameters are considerably smaller than the 34 

nm measured in the overfire region of a turbulent ethylene-air flame (Faeth et al., 1995). 

The number of spherules per aggregate was observed to increase from approximately 50 at 

25% flame height to approximately 250 at 75% flame height.  This behavior is expected as 
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the aggregates grow in size through clustering, and the trend is in reasonable agreement 

with the 335 spherules/aggregate measured in the overfire region of smoking flames.  Thus, 

techniques and approximations which have been validated for mature soot are not 

necessarily valid for immature soot. 
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Figure 4-1  Mass fractal dimension, Df, of immature soot as a function of flame height along the centerline in 

an ethylene-air (squares) and propane-air (circles) laminar co-flow diffusion flame as measured via the 
RDG/PFA technique. 
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Chapter 5      Soot Morphology in a Laminar Ethylene-air Co-flow 

Diffusion Flame  

Abstract 

There continues to be great interest in soot both formation and destruction due to its 

harmful effects on human health.  Not only is the quantity of soot important, but also its 

morphology, as the morphology dictates both how long it remains airborne and how deeply 

into the lungs it is inhaled.  Many researchers have found that mature soot is fractal like, 

with a mass fractal dimension of around 1.8 for mature soot generated in diffusion flames.  

In this paper, a new technique, Planar RDG/PFA, both a full multi-angle and a two-angle 

approximate method, are used to decipher primary particle size and number of primary 

particles per agglomerate of soot generated in a laminar co-flow diffusion flame.  This 

technique provides spatially and temporally resolved morphology information.  One of the 

necessary assumptions for the two-angle approximate method is an priori knowledge of the 

mass fractal dimension, assumed to be 1.8, and geometric standard deviation of number of 

primary particles per aggregate, assumed to be 2.3 in this work.  Two-angle approximate 

method is shown to be unsuitable for many regimes in this flame. 

Introduction 

Thermophoretic sampling has been used to examine the morphology of soot in 

laminar co-flow ethylene-air diffusion flames (Dobbins et al., 1987; Megaridis et al., 1988, 

1989, 1990).  According to SEM/TEM images, the individual soot particles, called 
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spherules, formed in many flames are small compared with the wavelength of visible light 

and are nearly spherical in shape.  It is generally accepted that these spherules are between 

10 and 100 nm in diameter, well within Rayleigh scattering regime for visible light. As the 

formation of soot progresses, the primary soot spherules agglomerate to become random 

clusters that may have a fractal like or chain-like morphology owing to electrical charging 

and random collision.  The agglomerated particles are much larger in size, well within Mie 

scattering regime.  However, spherical scattering theories like Rayleigh and Mie theories 

are not suitable for most flame generated particulates that exist in the form of aggregates of 

many smaller spherules because the scattering pattern from soot will have properties of 

both Rayleigh scattering and Mie scattering. In such cases, a more-elaborate theory is 

necessary to account for the more-complex aggregate geometry. Therefore, Rayleigh-

Debye-Gans / Polydisperse Fractal Aggregate Theory (RDG/PFA) was developed to predict 

the angular and polarization dependence of scattered coherent light from polydisperse 

fractal aggregates.  This technique has been used to successfully measure morphology in 

simple laminar and turbulent axisymmetric diffusion flames by Koylu (1996).  This success 

is due mainly to the fact that multiple scattering is generally negligible for aggregates with 

Df < 2, including oxide particles such as alumina, silica, and titania. For example, 

Mulholland et al. (1994) showed that multiple scattering effects on the apparent radius of 

gyration are as small as 7% for clusters with as many as 52 Rayleigh-sized spherules. 

Previously, this technique has only been applied at a point, using a continuous laser light 

source and photomultiplier tubes.  In this paper, RDG/PFA theory is used to infer the soot 

morphology parameters using a planar scattering and collection technique. 
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In order to determine the set of morphological parameters from this RDG/PFA 

theory, scattered light must be collected from a large number of angles in the plane of the 

laser beam.  This is called the multi-angle method, and is both tedious and impractical for 

spatially or temporally resolved measurements.  Although multi-angle scattering is a more 

precise and comprehensive approach, due to its time consuming nature, it may not be 

suitable to unsteady flames.  A more simplified theory is required to decipher the soot 

morphology. 

Koylu (1993) found that in the overfire region of turbulent flames at long residence 

times where soot structure is independent of position and residence time, the primary 

particle diameters are nearly monodisperse and are less than 51 nm, and the mass fractal 

dimensions are generally in the range of 1.7-1.8.  Other researchers have also reported that 

mass fractal dimension of soot is not very sensitive to flame conditions and fuel type 

(Koylu, 1996; Puri et al., 1993; Santoro et al.,1983;. Shaddix et al., 1994).   

Multi-angle scattering is required to determine mass fractal dimension and 

geometric standard deviation of number of primary particles per aggregate.  If the mass 

fractal dimension and geometric standard deviation of number of primary particles per 

aggregate can be assumed to be known, then the number of measurements can be reduced 

to three, an LII measurement and scattering measurements at two different angles.  This 

approximate approach has achieved some success, as presented by Koylu (1999) and De 

Luliis et al. (1998).  The data presented is only a point measurement, however. 

The point RDG/PFA technique was used to study the soot morphology on a laminar 

co-flow flame in our lab previously.  However, even in the approximate method, acquiring 

morphological information throughout the region of interest requires a point-by-point 
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interrogation.  A planar technique not only offers tremendous savings in terms of time, it 

also allows the investigation of unsteady flames due to its ability to measure the entire soot 

field instantaneously. 

Experimental Apparatus and Procedures 

An ethylene-air co-flow diffusion flame (Figure 2-1) is used in this work.  The fuel 

tube is 10 mm in diameter and the air co-flow is 110 mm in diameter.  The fuel flow rate is 

140 sccm. The air flow rate is 40.5 slpm. 

Laser Induced Incandescence (LII) is used to provide a quantitative spatial 

representation of soot volume fraction.  In order to get the quantitative values, the LII 

measurements must first be made qualitatively and then calibrated by extinction 

measurements.  The LII experiment was performed using the fundamental (1064 nm) of a 

Continuum Surelite III Nd:YAG laser.  The choice of 1064 nm was made to avoid the 

excitation of polycyclic aromatic hydrocarbons (PAH).  If they were excited their 

fluorescence signal would be much greater than the incandescence signal and also coincide 

spatially.  Thus their excitation would cause considerable error in the measurements.  The 

experimental layouts is showed in Figure 5-1 combined with scattering experimental setup. 

The final beam shaping optics was an f = 1.0 m cylindrical focusing lens.  This long focal 

length lens helped to minimize beam size changes through the flame region.  This optical 

system resulted in a beam approximately ~210 μm thick.  The energy density used for 

measurements was ~ 0.49 J/cm2.  This energy density was chosen to reduce significant 

amounts of vaporization of smaller soot particles (McCrain, 2003). 
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A Princeton Instruments ICCD camera (576x384 pixels, ~19 px/mm) was used to 

measure the incandescence signal from the heated soot particles.  Coupled to the ICCD 

camera was a UV grade 105 mm/f4.5 lens fitted with a Melles Griot filter to 

discriminatorily collect the incandescence signal.  The Melles Griot filter was centered at 

400 nm with a band pass of 10 nm.  The gate width of the camera was set to 210 ns, 170 ns 

ahead of laser pulse. That means the duration of LII signal was 40 ns for all planar LII 

measurements in this research. 100 images were collected and averaged and laser-absent 

images were taken and subtracted from the laser-present images.   

As can be seen in Figure 5-1, while one ICCD camera is measuring LII data, 

another is being used to measure the scattering data.  Care must be taken in choosing the 

scattering light source.  Sufficient laser fluence is necessary to obtain reasonable signal to 

noise ratios, but too high a flux will lead to laser induced incandescence, which will be 

overlapped spectrally with the scattering signal.  To keep the laser power below the fluence 

threshold where incandescence is a problem, an Nd:YAG was run in long pulse (non-Q-

Switched) mode.  However, the quantum efficiency of ICCD cameras used at 1064 nm is 

extremely low, and thus the fundamental output could not be used.  Thus, the output was 

frequency doubled in a BBO crystal, at very low conversion efficiency due to the low 

power because the Nd:YAG laser was operated in long pulse mode.  The laser output is 

vertically polarized.  Concave lens and cylindrical lens were used to form a laser light 

sheet.  After expanding the laser diameters, a cylindrical lens (focus length is 1 meter) was 

used to form a laser sheet.  

For the multiangle measurements the ICCD camera was attached to a turntable 

centered around the burner.  This allows the camera to easily rotate around the burner axis.  
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It also allows the measurements to be made without having to extinguish the flame and 

move the camera and reignite it.  Also with the angle measurement directly labeled on the 

turntable it is easier to measure the angle more accurately. 

Figure 5-2 shows four scattering images taken at 90 degrees in the ethylene-air 

flame.  The first image was acquired with a vertical polarized filter.  This scattering image 

includes contributions from flame emission, laser induced incandescence, laser induced 

fluorescence, and vertical-vertical scattering. The second image was acquired with a 

horizontal polarized filter.  This scattering image also includes contributions from flame 

emission, laser induced incandescence, laser induced fluorescence, and vertical-horizontal 

scattering. Because the intensity of vertical-horizontal scattering is less than 1% of the 

intensity of vertical-vertical scattering, a pure scattering image was obtained by subtracting 

the second image from the first image.  The resulting image is shown in the third image. 

This was done to eliminate any possible fluorescence and incandescence interferences.  The 

fourth image is the scattering image calibrated by laser intensity distribution. 

Results and Discussion 

A satisfactory description of agglomerates requires the knowledge of several 

parameters, namely soot volume fraction fv, fractal dimension Df, primary particle diameter 

dp, particle number density np, the mean number of primary particles per agglomerates, the 

radius of gyration Rg and aggregate size distribution pdf(N). 

Figure 5-3 shows the soot volume fraction distribution.  Figure 5-4 shows the soot 

volume fraction along the center line.  The soot volume fraction is seen to increase sharply 

then decrease relatively slowly.  Although the laser intensity is kept just above the threshold 
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at where the signal strength did not increase with the increase of laser intensity, the soot 

near the inception zone would burn out because the maximum soot volume fraction is 

around 4 ppm that required much higher laser intensity than soot volume fraction under 0.5 

ppm, that means the soot volume fraction is underestimated at the inception zone.  

Comparing with the scattering image, there is still some scattering signal at the point that 

the soot volume fraction is zero according LII measurement.  Figure 5-4 shows the soot 

volume fraction at the flame height of 18 mm.  The soot volume fraction increases toward 

the reaction zone.   

The basic assumption for soot morphology is that the agglomerates are self-similary, 

i.e.  
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=                                                                                              (5-1) 

where a is the primary particle mean radius (assumed constant), kf is the fractal prefactor, 

Df is the fractal dimension, N is the number of primary particles in the aggregate, and Rg is 

the radius of gyration. According to RDG/PFA theory, the form factor ( )gqRf  is expressed 

in the Guinier and power-law regimes as follows (Xing et al., 1999): 
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( ) ( ) fD
gg qRqRf −=               Power-law regime (where fg DRq 5.122 > )               (5-3) 

the boundary of Guinier regime and power-law regime is fg DRq 5.122 = . 

Rg, radius of gyration of an aggregate is obtained in the Guiner regime from the 

slope of Kvv(0)/Kvv(θ) vs. the square of q.  In particular, the square root of 3 times the slope 
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yields Rg.  The fractal dimension is obtained from the negtive slope of  Kvv(θ)/Kabs vs. q in a 

log-log scale in power-law regime. 

Figure 5-6 shows the fractal dimension distribution in the flame.  Figure 5-7 shows 

the fractal dimension along the center line.  The fractal dimension increases from 0.8 to the 

maximum of 1.3. This is in agreement with di Stasio et al. (2001).  They observed that soot 

agglomerates first grow as elongated chain-like structures at the early stages of the 

agglomeration process, and then form more compact structures at later stages.  They found 

that the fractal dimension is practically constant Df = 1.3 in the range of low heights-above-

burner (HABs less than one fourth of the total flame length, the total flame height is around 

12 to 14 cm).  Onischuk et al. (2004) reported a Df of 2.3 at h = 2 cm flame height, but 

when they determined Df  at h < 4 cm, only aggregates were taken into consideration, single 

particles were omitted.  Figure 5-8 shows the fractal dimension at 18 mm flame height.  The 

maximum fractal dimension is around 1.75, in agreement with the results reported 

previously (Koylu, 1997). The other reports give out fractal dimension around 1.7 to 1.9 for 

fuel rich region of laminar Ethylene flame. 

Figure 5-9 shows the Rg distribution.  Figure 5-10 shows the Rg distribution along 

the flame center line.  di Stasio et al. (2001) reported that along the flame axis, soot first 

forms elongated branch aggregates which have a radius of gyration Rg=380 nm.  The 

aggregates then self-reorganize in much shorter clusters (Rg=160 nm), with Df increasing 

up to 1.9 at larger HABs. In this flame, the Rg is seen to decrease but not as signifiently as 

reported by di Stasio et al. (2001).  Like the fractal dimension, it increase to below 1.3 

instead 1.9 in the literature. Figure 5-11 shows the Rg distribution at the flame height of 18 

mm. 
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Figure 5-12 shows primary particle diameter distribution.  Figure 5-13 shows 

primary particle diameter distribution along the flame center line.  The higher diameter at 

the flame bottom suggests that the LII method is missing the soot inception region.  Along 

the center line, the diameter keeps decreasing to around 20 nm until complete oxidation.  

Figure 5-14 shows the primary particle diameter distribution at 18 mm flame height. The 

diameter of primary soot also oxidized to around 23 nm at the reaction zone. 

Figure 5-15, 16, 17 show the number density of primary particle distribution at 

centerline and 18 mm flame height. Koylu (1997) reports 4.8 x 1011 cm-3.  Our results were 

in agreement with that. 

Figure 5-18, 19, 20 show the number of primary particle in an aggregate distribution 

at centerline and 18 mm flame height.  The aggregate size distribution, signified with 

geometric mean of number of primary particles per aggregate and geometric standard 

deviation of number of primary particles per aggregate, is also obtained.   Geometric mean 

of number of primary particles per aggregate has a similar distribution as the number of 

primary particle in an aggregate distribution.  The geometric standard deviation of number 

of primary particles per aggregate is mainly between 1.7 and 3.2.  So the assumption of 2.3 

in two angle method is reasonable. 

The two-angle approximate method was attempted in this flame.  One of the 

necessary assumptions for the two-angle method is a priori knowledge of the mass fractal 

dimension, assumed to be 1.8, and geometric standard deviation of number of primary 

particles per aggregate, assumed to be 2.3 in this work.  Figure 5-21 shows the pure 

scattering image at 45 and 135 degrees.  It is obvious that the forward scattering is much 

stronger than backward scattering, but it is not as strong as the 88 mm ethylene air flame. 
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Soot parameters of fundamental importance were determined from the measurements of 

extinction coefficient, Kext, and scattering coefficients at two angles Kvv(θ1) and Kvv(θ2). 

Kext was determined by soot volume fraction coming from the LII measurement.  

Kext=6πE*fv/λ                                                                                                        (5-4) 

where E is refractive index function, m is the soot refractive index. 

E(m)=Im[(m2-1)/(m2+2)]                                                                                      (5-5) 

Scattering coefficients come from scattering images at 45 and 135 degrees. 

Primary particle size determined by: 
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Particle number density determined by: 
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Here xp=πdp/λ, k=2π/λ 

Radius of gyration of an aggregate Rg determined by numerically solve equation 

below (Yang et al., 2003) 
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Where q=2ksin(θ/2) 

Number of primary particles per agglomerate determined by: 



 124

fD

p

g
gg d

R
kN ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=                                                                                                    (5-9) 

When aggregates are either very small or very large, the formula above does not 

apply, i.e., only when
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, where r=sin(θ1/2)/sin(θ2/2), those 

formula are valid.  Otherwise Rayleigh scattering was applied.  Algorithms to extract soot 

morphology information from scattering images were developed.  Although the criteria is 

satisfied most part of the flame, the two-angle method is not suitable for many regimes in 

this flame.  The primary particle diameters were overestimated by 4-5 times because the 

fractal dimension assumption 1.8 is far away from the results derived from multi-angle 

method. 

Conclusion: 

1. Laser Scattering combined with LII was used to decipher soot morphology. 

2. Long pulse 532 nm laser source was used to eliminate LIF and LII interference. 

3. Planar scattering technique was used to study the soot morphology. 

4. Two angle scattering method could provide soot morphology information 

include primary particle size, number of primary particles per agglomerate, 

particle number density and radius of gyration of an aggregate if the assumption 

is satisfied. 

5. The two angle method was not suitable over the entire region of this flame 

because the fractal dimension is varies from the assumed value of 1.8, 

particularly in the soot inception zone. 
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Figure 5-1 LII and Scattering Measurement Setup 
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Figure 5-2. Scattering images acquired at 90 degrees in the ethylene-air flame. 

 
Figure 5-3 Soot volume fraction  
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Figure 5-4 Soot volume fraction along the center line 
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Figure 5-5 Soot volume fraction at 18 mm flame height 
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Figure 5-6 Fractal dimension of soot  
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Figure 5-7 The fractal dimension along the center line 
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Figure 5-8 The fractal dimension at 18mm flame height 

 
Figure 5-9 Radius of gyration of an aggregate distribution 
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Figure 5-10 Radius of gyration of an aggregate distribution along the flame center line 
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Figure 5-11 Radius of gyration of an aggregate distribution at 18 mm flame height 
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Figure 5-12 Primary particle diameter distribution 
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Figure 5-13 Primary particle diameter distribution along the flame center line 
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Figure 5-14 Primary particle diameter distribution at 18 mm flame height 

 
Figure 5-15 Number density of primary particle distribution 
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Figure 5-16 Number density of primary particle along the flame center line 
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Figure 5-17 Number density of primary particle at 18mm flame height 
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Figure 5-18 Number of primary particles in an aggregate distribution 
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Figure 5-19 Number of primary particles in an aggregate distribution along the flame center line 
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Figure 5-20 Number of primary particles in an aggregate at 18mm flame height 

 

 
Figure 5-21 Pure scattering image at 45 degree and 135 degree 
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Chapter 6     Conclusions and Future Work 

From this experimental investigation of soot morphology and PAH in laminar flames, the 

following conclusions can be drawn: 

1. A new planar laser scattering technique based on Rayleigh Debye Gans / Polydisperse 
Fractal Aggregate theory, when combined with simultaneous LII for soot volume 
fraction, was used to decipher six soot morphology parameters in a laminar jet diffusion 
flame. 

2. A low energy Nd:YAG (i.e., non-Q-switched resulting in a long pulse) at 532 nm was 
used as the laser source to eliminate Laser Induced Fluorescence and Laser Induced 
Incandescence interference. 

3. The measured soot morphology parameters clearly show the soot formation processes, 
including inception, agglomeration, and oxidization, in the laminar jet diffusion flame. 

4. The measured mass fractal dimension is approximately 1.8 at the maximum soot 
volume fraction location.  This value agrees well with published data based on 
TEM/SEM sampling measurements. 

5. An approximate, two-angle scattering method was shown provide soot morphology 
information including primary particle size, number of primary particles per 
agglomerate, particle number density and radius of gyration of an aggregate when the 
assumed values of fractal dimension and distribution are valid. 

6. The approximate two-angle scattering method was shown not to be suitable over the 
entire region of this flame because the fractal dimension varies significantly from the 
assumed value of 1.8, particularly in the soot inception zone. 

7. PAH class size discrimination (based on the number of benzene ring structures in the 
molecule) is possible with Planar Laser Induced Fluorescence when using 266 nm 
excitation and detecting at different spectral regions. 

8. The intensity of propane PAH fluorescence is an order of magnitude larger than 
methane PAH fluorescence in counterflow diffusion flames subjected to steady rates of 
strain. 

9. With increasing steady strain rate, the intensity of PAH fluorescence decreases 
dramatically for both fuels.  This decrease is much more pronounced for larger PAH.   
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10. The larger PAH zone (five or more benzene rings) is spatially closer to reaction zone 
than the smaller PAH zone (one or two benzene rings) in laminar diffusion flames. 

11. For unsteady strain rates in the unsteady counterflow diffusion flame, the PAH 
fluorescence intensity usually oscillates with the forced oscillation in strain rate at 
frequencies below 50 Hz.  At frequencies above 100 Hz, the PAH zone no longer 
responds to the imposed oscillations in strain rate.  This is true for both methane and 
propane fuels. 

12. When non-dimensionalized PAH fluorescence intensity is plotted versus a non-
dimensional Stokes parameter, it is clear that smaller PAH continue to respond in a 
quasi-steady manner to the instantaneous strain rate at a higher frequency than the 
larger PAH. 

 

 

The following future work is recommended to capitalize on the results of this work: 

1. Developing an approximate algorithm to extract soot morphology information from less 

scattering images. 

2. Make morphology measurements in unsteady flames as a function of strain rate and 

oscillation frequency. 
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