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Particulate matter (PM) and aerosol particles have become a top concern in both the 

realms of human health and the sustainability of the environment.  A significant source of 

particulate matter is due to combustion processes, specifically the burning of coal and 

hydrocarbon fuels.  As a result of these health concerns, there is a need to monitor and 

control the levels of these harmful particulate emissions.  This thesis project reports on 

the use of a potential monitoring technology, and hence is a first step in finding a solution 

to PM-related problems. 

Novel laser-based diagnostics have been developed in recent years to monitor and 

characterize particulate matter, including soot.  These laser-based techniques were 

applied to a laboratory diffusion burner, with the goal to ultimately apply them to a 

laboratory scale gas turbine engine where metallic based fuel additives will be used to 

control soot formation.  Laser elastic light scattering (LES) and laser-induced 

incandescence (LII) were the two techniques used to characterize the particulate soot.  

xi 



Laser elastic scattering is a technique that allows for the determination of particle size 

and number density by measuring the amount of laser light scattered by the soot particles.  

Laser-induced incandescence is a technique that uses a pulsed laser beam to heat soot 

particles up to levels far above the background, causing them to emit radiation as 

essentially blackbodies, which can then be related to the total soot volume using suitable 

calibration schemes.  However, the temperature reached by the laser-heated particles may 

cause the particles to begin to vaporize, thereby changing the parameter of interest, 

namely the total soot volume.  The primary goal of this thesis is to investigate the particle 

vaporization due to LII using time-resolved laser light scattering.  Based on the 

experimental measurements in a sooting propane diffusion flame, significant particle 

vaporization was found to occur on the time scale of the LII laser pulse.   

A model was developed to describe the particle temperature and volume as the 

particles are heated up and vaporized by the LII laser and as the particles subsequently 

cooled.  This heat transfer model uses a fundamental energy balance along with the 

Planck distribution to model the LII signal as a function of time, and was then used to 

estimate the influence of particle vaporization on the time-resolved LII signal.  
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

1.1  Introduction 

Particulate matter and aerosol particles have become a top concern in both the 

realms of human health and the sustainability of the environment.  According to a 1996 

study by the United States Environmental Protection Agency (U.S. EPA), particulate 

matter is a direct cause of increased morbidity and mortality in humans (U.S. EPA 1996).  

A significant source of particulate matter is due to combustion processes, specifically the 

burning of coal and hydrocarbon fuels.  In 1996, approximately 85% of the energy used 

in the United States came from combustion sources (U.S. DOE 1996).  Combustion 

products include soot, fine metallic species, and polyaromatic hydrocarbons (PAH’s) that 

can be inhaled and are harmful to humans.  Furthermore, harmful products of combustion 

such as oxides of nitrogen and sulfur (NOx and SOx) can have a negative impact on the 

environment.  NOx and SOx are key contributors to acid rain and also form particulates as 

nitrates and sulfates (Turns 2000). 

This thesis will focus on soot and on the use of laser-based diagnostics to monitor 

soot.  Soot in simply solid carbon formed when hydrocarbon fuels are burned.  Soot is 

formed through a four step process:  (1) formation of precursor species, (2) particle 

inception, (3) surface growth and particle agglomeration, and (4) particle oxidation.  

During the formation of precursor species, chemical kinetics plays an important role.  

Chemical kinetics is the study of elementary reactions and their rates.  Particle inception 

involves the formation of small particles of a critical size (3,000 – 10,000 atomic mass 

1 
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units) from growth by both chemical means and coagulation.  In this step, large 

molecules are transformed into particles.  When the small primary soot particles continue 

to be exposed to species of the pyrolizing flame, they experience surface growth and 

agglomeration.  If all of the soot particles are oxidized, the flame is termed nonsooting, 

while; conversely, incomplete oxidation yields a sooting flame (Turns 2000).  A 

conceptual schematic of this soot formation process is shown in Figure 1-1 below. 

 
 
Figure 1-1.  Soot formation schematic 
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1.2  Motivation 

Emissions from aircraft jet engines currently contain particulate matter and harmful 

aerosols.  The levels of these emissions must be monitored and controlled to ensure the 

public’s and the environment’s safety.  As an example, crew members aboard aircraft 

carriers are subjected to jet engine exhaust on a constant basis, which is very dangerous 

as the particulate matter in the exhaust can be very harmful.  The United States Navy 

currently is funding research efforts to decrease soot and particulate matter emissions 

from their engines.  This thesis project is the first step in one of these efforts.  The overall 

goal of such efforts is to decrease soot emissions from jet engines, including the use of 

fuel additives.   

Fuel additives have been used as soot suppressants for over 40 years, but the 

mechanism by which they actually suppress the soot is still a matter of debate.  There are 

several theories as to how fuel additives, both metallic and non-metallic based, suppress 

soot.  One theory focuses on the beginning stages of soot particle inception, and links the 

fuel-additive effects with changes on nucleation mechanisms of soot formation.  Another 

theory concentrates on the role of additives as an enhancement for soot oxidation and 

burnout mechanisms, as a result of increased production of hydroxyl radicals, which 

rapidly remove soot or gaseous soot precursors.  A third theory attributes the additive 

effects to the acceleration of the soot oxidation rate, possibly by occlusion in the soot 

phase.  Some examples of fuel additives are ferrocene [(C5H5)2Fe] and iron 

pentacarbonyl [Fe(CO)5] (Zhang and Megaridis 1996).   

Novel laser-based techniques are to be developed to monitor and characterize the 

soot and particulate matter.  These techniques will be applied first to a laboratory 

diffusion flame, and finally to a laboratory scale gas turbine engine.  The first phase of 

 



4 

the project is to model and characterize the laser-based diagnostics to be used to quantify 

the soot and particulate matter.  The tools to be used for characterization are laser-

induced incandescence (LII), laser elastic scattering (LES), and transmission electron 

microscopy (TEM).   

1.3  Background for Diagnostics 

1.3.1  Laser-Induced Incandescence 

Laser-induced incandescence (LII) is a well-researched technique for analyzing and 

characterizing sooting flames and combustion processes.  Several previous research 

efforts have shown that LII signals are roughly proportional to soot volume fraction, 

which is the ratio of the volume of soot particles to the volume of gas (Schraml et al2000, 

Axelsson et al 2001, Wainner and Seitzman 1999).  Schraml used LII to make two-

dimensionally resolved measurements of soot primary particle sizes from the ratio of LII 

signals from two delay times.  Schraml’s experiments were performed in a laminar ethene 

diffusion flame.  Axelsson also used a ratio of LII signals from two time gate positions to 

measure soot particle size.  Axelsson used a premixed flat ethane/air flame for LII 

experiments.  Wainner reports detection of soot at better than ~1 part per trillion by use 

of LII techniques.  Wainner chose to use a controllable soot-generating device that 

simulated a hot, low-soot-concentration environment similar to that of a jet engine. 

LII occurs when a high intensity laser beam encounters particulate matter like soot.  

A soot particle can absorb energy from the beam, which causes the particle’s temperature 

to increase.  Soot has a very high absorptivity for visible and infrared light.  At the same 

time, the soot can loose energy by heat transfer mechanisms to the surroundings.  With 

sufficiently high laser energies, numerical models of the heat transfer processes indicate 

that the soot particles reach temperatures of 4000-4500 K (Snelling et al 1997).  If the 
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energy absorption rate is sufficiently high, the temperature will rise to levels where 

significant incandescence (essentially blackbody radiation) and vaporization can occur.  

Thus, LII can be used to obtain information about some average property of all the soot 

particles within a measurement volume (AIAA.org).  A high-powered laser, typically a 

pulsed Nd:YAG (Neodimum: Yttrium-Aluminum-Garnett) laser operating at its 

fundamental wavelength of 1064 nm, is aimed through a control volume to interact with 

particles of unknown volume fraction.  The laser beam heats up the interacting soot 

particles and a photomultiplier tube (PMT) is used to collect the light emitted from the 

particles.  However, as the particles are being heated, they begin to transfer energy via 

conduction and radiation to their surroundings.  Once the particles reach their 

vaporization temperature, they begin to lose mass as well.  The three main energy loss 

mechanisms are blackbody radiation, conduction, and vaporization.  Blackbody radiation 

accounts for the smallest losses, approximately two orders of magnitude less than 

vaporization, the greatest loss mechanism.  Conduction losses are approximately one 

order of magnitude less than vaporization (Stephens et al 2003).   

By using basic thermodynamic principles, equations have been developed to 

describe the heat transfer processes that occur during LII.  A fundamental energy balance 

describing the heat transfer processes in the interaction of a laser beam and a soot particle 

is given by Equation 1.1 below.   

0
3
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The terms are, respectively, the rate of laser energy absorbed per second, the rate of 

heat transfer to the medium (taken to be air at temperature To), the energy expended in 
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vaporization of the carbon, the rate of energy loss by blackbody radiation, and the rate of 

internal energy rise (Melton 1984).   

From these basic equations, relationships have been developed to determine certain 

desired parameters of the system.  For instance, the particle temperature after the laser 

pulse can be found using Equation 1.2 below. 

)/exp()1(1
)( 0

τt
T
T

T
tT

g

p

g

p −−=−   Equation 1.2 

 In Equation 1.2 Tp is the particle temperature for any given time after the laser 

pulse, Tg is the gas temperature, more specifically the flame temperature, Tp
0 is the 

maximum particle temperature which is reached immediately after the laser pulse, t is 

time, and τ is a characteristic cooling time defined in Equation 1.3 below. 

gt

gppp

c
Tcd

ρ

ρ
τ

3
=   Equation 1.3 

 In Equation 1.3, dp is the particle diameter, cp is the particle specific heat, ρp is the 

particle density, ct is the average thermal velocity of gas molecules defined by Equation 

1.4 below, and ρg is the density of the ambient gas in the flame. 

g

g
t m

kT
c

π

8
=   Equation 1.4 

 In Equation 1.4, k is the Boltzmann constant and mg is the mass of the gas 

molecules.  The LII signal can be related to the particle temperature and size by use of the 

Planck distribution and is shown in Equation 1.5 found below (Roth and Filippov 1996). 

)],()0())(,()([* gPlanckvolPPlanckvolLII TFtPtTFtPNS λλη =−=   Equation 1.5 
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 In Equation 1.5, SLII is the LII signal, η is a constant parameter which represents 

the effect of the collection optics and the detector efficiency, N is the particle number 

density, Pvol is the particle volume, and FPlanck is a function of the Planck distribution 

which describes the radiation emitted by the particles.  FPlanck is defined below in 

Equation 1.6. 






 −
=

1)exp(5

1

kT
hc

C
F

o
Planck

λ
λ

  Equation 1.6 

 In Equation 1.6, h is the Planck constant, co is the speed of light, λ is the detection 

wavelength, and k is the Boltzmann constant, and C1 is the first radiation constant defined 

in Equation 1.7 below (Kock et al 2002).  These equations are discussed in detail in 

Chapter 4. 

2
1 2 ohcC π=   Equation 1.7 

LII can be detected in more than one way.  Prompt detection denotes setting the 

detector to begin looking at the signal at the moment of laser incidence, or even shortly 

before the laser pulse arrives.  Prompt detection is purported to reduce any effects 

resulting from size-dependent vaporization of the soot particles.  Delayed detection 

requires waiting until after the laser pulse to begin detecting the LII signal, typically ~30 

–40 ns after the laser pulse.  This will eliminate unwanted elastic-scattered light or laser-

induced fluorescence signals from polycyclic aromatic hydrocarbons or C2 fragments 

(Witze et al 2001).  Another variable in LII detection is the wavelength at which it is 

detected.  Line filters and/or bandpass filters can be added to the experimental setup to 

only allow the detector to see a particular spectral band or range of wavelengths.  This 

will eliminate broadband fluorescence from unwanted spectral bands.  Witze used a long 
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wave pass filter with a 570 nm cutoff (2001).  Wainner used glass filters to monitor the 

LII signal between 570 and 850 nm (Wainner and Seitzman 1999).  Van der Wal used an 

interference bandpass filter to monitor the LII signal between 400 and 450 nm (Van der 

Wal and Weiland 1994).  Axelsson monitored specific wavelengths of 300 nm and 600 

nm (Axelsson et al 2001).   

There are several conditions that need to be satisfied for the detected LII signal to 

be proportional to soot volume fraction:  (1) the probed soot consists of single or loosely 

aggregated primary particles that are small compared to the wavelengths of the laser 

excitation (such that Rayleigh-limit for light absorption and emission is valid); (2) the 

peak particle temperatures reached during the laser pulse are relatively insensitive to the 

particle diameter; (3) the soot particle mass vaporization is either negligible or largely 

independent of particle diameter; and (4) the detected LII signal is dominated by thermal 

emission occurring during laser excitation or shortly thereafter, such that size dependent 

conductance cooling does not influence the signal (Witze et al 2001).  The criteria for 

particles to be within the Rayleigh limit for detection is they must have a size parameter 

α and the quantity |mα| much less than one.  The size parameter α is defined in Equation 

1.7 below, while m is the complex refractive index of the soot particles. 

λ
π

α
a2

=   Equation 1.7 

In Equation 1.7, a is the particle radius and λ is the laser wavelength. 

One characteristic of LII that makes it particularly advantageous for soot volume 

fraction detection is the rapid rise in LII signal with increasing laser fluence until a nearly 

constant plateau signal strength is reached.  This is useful in strongly absorbing 

environments because it eliminates the need for corrections to the measured LII signal 
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that are due to laser beam absorption, as long as the initial laser fluence is suitably far 

into the plateau regime (Witze et al 2001). 

1.3.2  Laser Elastic Scattering 

Laser elastic scattering is a well-researched technique that can be used to determine 

particle size and concentration using laser-based diagnostics.  This technique has been 

used many times in the past for soot characterization (Hahn and Charalampopoulos 1992, 

Witze el al 2001, Dasch 1984).  Hahn used laser light scattering in an earlier metal 

additive study when looking at a premixed propane/oxygen flame and the influence of 

iron additives (1992).  Witze also used LES when performing LII experiments in flames.  

Witze’s study was focused on time-resolved LII measurements using a rectangular profile 

beam in a propane/air diffusion flame (2001).  Dasch used a continuous wavelength 

Argon ion probe beam for light scattering in an LII study of a methane/oxygen flame 

(1984).  Other earlier work that utilized laser scattering in flames was done by Menna 

(Menna and D’Alessio 1982), Erickson (Erickson et al 1964),and Prado (Prado et al 

1981).   

The scattering of electromagnetic (EM) waves is due to heterogeneities.  

Heterogeneities are disruptions in the field of the electromagnetic wave.  At some level, 

all matter presents heterogeneities to the EM waves.  These heterogeneities or obstacles 

can be atoms, molecules, or particles.  The EM wave will induce an oscillation within the 

electrons of the “obstacle,” called an oscillating dipole moment.  The charges on the 

molecules will oscillate at the same forcing frequency as that at which the EM wave is 

oscillating.  This oscillating molecule becomes a source of radiation, which occurs at the 

same frequency of the induced oscillation.  When scattered light is emitted at the same 
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frequency as the incident light, it is called elastic scattering.  There are two regimes in 

laser elastic scattering: Rayleigh and Mie scattering. 

  Lord Rayleigh (1871) published a solution for light scattering by small, 

dielectric, spherical particles.  Small particles are defines by dp<<λ, where dp is the 

particle diameter and λ is the wavelength of the laser light.  Dielectric particles are 

simply non-absorbing particles.  The Rayleigh solution states that the dipole moment 

radiates in all directions.  Furthermore, the electric field is proportional to the dipole 

moment, which is proportional to the volume of the scatterer.  Lastly, Rayleigh stated that 

light scattering has strong, inverse wavelength dependence.  Rayleigh developed several 

equations to describe the scattering of light.  Rayleigh scattering is defined by several 

differential scattering cross sections (area/steradian), which represent the amount of 

energy scattered into a given solid angle about a given direction.  The differential 

scattering coefficients for a spherical particle in the Rayleigh regime are given by the 

expressions 

2

2

2
6

2

2

2
1

4 +
−

=′
m
mCVV α

π
λ  Equation 1.8 

θ2cosVVHH CC ′=′   Equation 1.9 

The VV and HH subscripts on the above coefficients denote vertically or 

horizontally polarized light of the incident and scattered light, respectively.  If the light is 

vertically polarized incident to the scattering particle, then the light will still be vertically 

polarized when it is scattered.  The Rayleigh total scattering and absorption cross sections 

may be written, respectively, as 
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λ   Equation 1.10 
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The extinction cross section, Cext, represents the total energy removed by the 

scattering particle and is comprised of the sum of the scattering cross section and the 

absorption cross section.  Since α must be much less than one to be considered in the 

Rayleigh regime, the scattering cross section can be neglected since it is of the sixth order 

of α, while the absorption cross section is third order in α (Kerker 1969).   

 In 1908 Mie developed a generalized, exact solution for the scattering of light by 

a single, homogeneous sphere of arbitrary size, while Rayleigh’s solution is only valid for 

small α (Kerker 1969).  The differential scattering cross section according to Mie theory 

is given by  
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where the parameters π  and τ  are the angular dependent functions, n n
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π   Equation 1.12 
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of the associated Legendre polynomial  of argument cos .  Θ  is defined as 

the angle of observation and is measured from the forward direction to the scattering 

direction.  The parameters a

)(cos)1( ΘnP Θ

n and bn are defined as  
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The functions  and ξnΨ n are defined as 

)()
2

()( 2/1
2/1 zJzz nn +=Ψ

π   Equation 1.16 

)()()()
2

( )2(
2/1

2/1 zizzHz
nnnn χ

π
ξ Ψ== + + ,  Equation 1.17 

where  is given by )(znχ

)()
2

()( 2/1
2/1 zYzz nn +−=

π
χ .  Equation 1.18 

Here  and Y  are the half integral order Bessel functions of the first and 

second kind, or Bessel and Neumann functions, respectively, and  is the half 

integral order Hankel function of the second kind. 

)(2/1 zJ n+ )(2/1 zn+

)()2(
2/1 zH n+

Simply stated, LES involves sending a laser beam through a control volume 

containing particles of unknown size and concentration.  The laser light will be scattered 

off the particles in all directions, as prescribed by Rayleigh or Mie theory.  A detector or 

detectors are setup to collect the scattered light, with the signal received being 

proportional to both the size of the particles and the particle number density.  One 

downfall of LES is the need for very precise alignment to avoid stray light.  The optical 

layout must be arranged very carefully to ensure a quality signal by eliminating stray 

light and background noise, as described in Chapter 2.   
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1.3.3  Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a very well researched method for 

viewing microscopic particles.  A schematic of the inner workings of a transmission 

electron microscope is shown in Figure 1-2.  The "Virtual Source" at the top represents 

the electron gun, producing a stream of monochromatic electrons.  This stream is focused 

to a small, thin, coherent beam by the use of condenser lenses 1 and 2.  The first lens 

(usually controlled by the "spot size knob") largely determines the "spot size"; the general 

size range of the final spot that strikes the sample. 

 
 
Figure 1-2.  TEM schematic 

The second lens (usually controlled by the "intensity or brightness knob" actually 

changes the size of the spot on the sample; changing it from a wide dispersed spot to a 
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pinpoint beam.  The beam is restricted by the condenser aperture (usually user 

selectable), knocking out high angle electrons (those far from the optic axis, the dotted 

line down the center).  The beam strikes the specimen and parts of it are transmitted.  

This transmitted portion is focused by the objective lens into an image.  Optional 

Objective and Selected Area metal apertures can restrict the beam; the Objective aperture 

enhancing contrast by blocking out high-angle diffracted electrons, the Selected Area 

aperture enabling the user to examine the periodic diffraction of electrons by ordered 

arrangements of atoms in the sample.  The image is passed down the column through the 

intermediate and projector lenses, being enlarged all the way.  The image strikes the 

phosphor image screen and light is generated, allowing the user to see the image.  The 

darker areas of the image represent those areas of the sample that fewer electrons were 

transmitted through (they are thicker or denser).  The lighter areas of the image represent 

those areas of the sample that more electrons were transmitted through (they are thinner 

or less dense).  This technique has been widely used for soot analysis.  Zhang used 

thermophoretic sampling to acquire soot samples and used TEM to analyze the soot 

particles (Zhang and Megaridis 1996).  Fotou also used TEM for analysis of soot in a fuel 

additive study when using a diffusion flame (Fotou et al 1995).  Also, Dobbins used 

thermophoretic sampling to study the morphology of flame-generated soot (Dobbins and 

Megaridis 1987). 

1.4  Objectives 

The primary objective of this project is to characterize and model the LII signal 

from a propane/oxygen diffusion flame.  This model will then be used in future studies 

geared toward understanding the reduction of soot emissions using metal additives.  A 

novel technique was developed using a two-laser setup that enabled simultaneous LII 
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excitation and LES measurements of the heated soot particles.  This experimental design 

is helpful in reproduction and implementation for further work.  Below is a list of detailed 

objectives.   

1. Understand the role of laser-particle interactions with respect to quantitative LII 
measurements of soot volume. 

2. Quantify soot emissions with light scattering for correlation with LII data to 
optimize the accuracy of the LII method. 

3. Explore the temporal profile of soot particle vaporization with a goal of enhancing 
in situ Raman spectroscopy of metallic species by “peeling” away soot. 

 

 



CHAPTER 2 
EXPERIMENTAL METHODS 

2.1  Burner Design 

The burner used in this experiment was designed to provide a stable, optically 

accessible flame that is consistent with the combustor of a gas turbine engine.  A gas 

turbine combustor typically employs a fuel lean diffusion burner.  The laboratory 

diffusion burner used in this experiment was fabricated from stainless steel tubing and 

Swagelok fittings.  A top view schematic of the burner is shown in Figure 2-1, a side 

view schematic of the burner is shown in Figure 2-2, and a photograph of the burner 

setup with the propane diffusion flame running is shown in Figure 2-3.  The burner has 

three separate, controllable gas flows.  The innermost flow tube contains propane gas, 

controlled by a precision-drilled ruby orifice and a pressure regulator.  This Bird 

Precision 0.0040” orifice maintains the propane flow rate at 0.31 LPM while the line 

pressure is kept at 50 psi.  The annular flow surrounding the propane is oxygen.  The 

oxygen flow rate is maintained by an Alicat Scientific precision gas flow controller.  The 

oxygen volumetric flow rate was held constant at 1.82 LPM for all experiments.  The 

outermost gas flow is nitrogen.  The nitrogen flow rate was maintained by an Alicat 

Scientific precision gas flow controller.  The nitrogen volumetric flow rate was held 

constant at 1.05 LPM for all experiments.  A summary of the gas flow rates is given in 

Table 2-1.  The nitrogen shroud flow holds two purposes.  First, it shields the inner gases 

from the ambient air to allow precise control over the fuel stoichiometry.  Secondly, the 

shroud flow aids in flame stability.  It is very important to maintain a stable flame so the 

16 
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lasers will always strike the flame and strike it in the same location every laser pulse.  In 

addition to the shroud flow, a 0.1-inch stainless steel mesh flame holder was used for 

flame stability.  

 
 
Figure 2-1.  Top view schematic of diffusion burner 

 

Table 2-1.  Gas flow rates and diameters for diffusion burner 
 

Flow Tube Gas Diameter Flow Rate 

D1 Propane 1/16" 0.314 LPM 

D2 Oxygen 9/32" 1.815 LPM 

D3 Nitrogen 1" shroud 1.052 LPM 
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Figure 2-2.  Side view schematic of diffusion burner 

 

 
 
Figure 2-3.  Propane diffusion flame with flame holder 
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The flame holder was positioned 1.6” above the burner.  The flame holder  “grabs” 

the flame and maintains it in a steady position with respect to the horizontal and the 

vertical planes.  There are currently no fuel additive capabilities for this burner, but 

additional components can be added.  A plexiglass shield was placed around the entire 

flame setup to protect the flame from drafts.  Maintaining flame stability was a priority to 

ensure a repeatable laser/soot interaction.  The shield had two holes cut in it to allow the 

laser beams to enter and exit, and a third hole at 90o to allow the scattering and LII signal 

to reach the PMT.  The region around the shield that was at the same height as the laser 

beams was coated with a black fabric to eliminate reflections and to cut down on stray 

light.   

Gas turbine engines run their combustors on the fuel lean side of stoichiometric.  

The stoichiometric quantity of oxidizer is just that amount needed to completely burn a 

quantity of fuel (Turns 2000).  Fuel lean refers to having excess oxidizer or a shortage of 

fuel.  Gas turbines run fuel lean due to the large amount of available air flowing through 

the engine and the high cost of fuel and the cost of carrying large amounts of fuel.  Also, 

burning slightly fuel lean decreases the flame temperature, which decreases NOx and SOx 

formation.  For stability and to replicate the combustion in a gas turbine engine, the 

diffusion flame in these experiments was run on the fuel lean side of stoichiometric.   

The governing combustion reaction for stoichiometric propane combustion is given 

by Equation 2.1 below.   

OdHcCObOHaC 22283 +→+   Equation 2.1 

This basic reaction neglects secondary products of combustion, free radicals, and 

dissociation effects.  Nitrogen is not included in the reaction because the nitrogen shroud 
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is assumed to not mix significantly with the propane and oxygen flows and does not 

directly affect the flame stoichiometry.  The coefficients a, b, c, and d in Equation 2.1 are 

found based on the initial reactant parameters.  Two cases will be considered.  The first 

case is the stoichiometric case.  For stoichiometric combustion, one mole of fuel is 

reacted with b moles of oxidizer to create c and d moles of products.  A simple atom 

balance will result in a stoichiometric reaction shown in Equation 2.2 below, which 

yields an air to fuel ratio of 5 on a molar basis for propane. 

OHCOOHC 22283 435 +→+  Equation 2.2 

The second case is the experimental case.  In the diffusion flame, the volumetric 

flow rates of fuel and oxidizer were 0.314 LPM and 1.815 LPM, respectively.  For an 

ideal gas, the volumetric ratio is equal to the molar ratio.  Therefore, the experimental 

combustion reaction can be written as shown in Equation 2.3 below. 

222283 245.256.1942.0815.1314.0 OOHCOOHC ++→+  Equation 2.3 

The fuel equivalence ratio φ is the determining factor as to whether a flame is fuel 

rich or fuel lean.  The definition for fuel equivalence ratio is given in Equation 2.4 below.   

erimental

tricstoichiome

FA
FA

exp/
/

=φ  Equation 2.4 

A / F experimental is defined as the actual air to fuel ratio for the reactants.  The air to 

fuel ratio for the stoichiometric case and the experimental case can be found by using 

Equations 2.2 and 2.3.  These ratios are calculated in Equations 2.5 and 2.6 below. 

51/5/ ==tricstoichiomeFA   Equation 2.5 

78.5314.0/815.1/ exp ==erimentalFA  Equation 2.6 
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 The fuel equivalence ratio φ can now be found using Equation 2.4.  φ is calculated 

in Equation 2.7 below. 

87.078.5/5 ==φ  Equation 2.7 

With a fuel equivalence ratio less than one, the flame is running fuel lean.  This is 

the desired stoichiometry to match that of a gas turbine combustor.  Also of significance 

is that soot particles undergo significant oxidation (i.e. burnout) in actual combustors, 

hence the current fuel lean flame better emulates this condition.  Table 2-2 provides the 

manufacturer specifications for the compressed gases used in the experiments. 

Table 2-2.  Manufacturer specifications for compressed gases used in diffusion burner. 
 

Gas Supplier Description 
Nitrogen Praxair Industrial Grade, 99.7% N2 

H2O < 32 ppm 
O2 Balance (nominal) 

Oxygen Praxair Medical Grade, 99.5% O2  
H2O < 20 ppm  

Propane Praxair 99.5 wt% (liquid phase) 
H2O < 300 ppmw 
Ethane < 600 ppmw 
Propylene < 400 ppmw 
n-Butane < 20 ppmw 
Isobutane < 3000 ppmw 
Sulfer < 1 ppmw 

 
2.2  Laser System 

The diagnostics for these experiments were performed using a two-laser setup.  A 

Q-switched 1064 nm Nd:YAG laser was used for LII and soot vaporization.  A frequency 

doubled Q-switched 532 nm Nd:YAG laser was used for the laser light scattering portion 

of the experiments.  The 1064 nm laser light was focused using a lens with a 500 mm 

focal length.  The 532 nm laser light was focused using a lens with a 250 mm focal 

length.  A schematic showing the layout of the laser and optics system is shown in Figure 
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2-4.  The two lasers are both directed through the flame such that the paths cross when 

both beams are focused down to their minimum diameters and are on the central axis of 

the burner tube.  The 1064 nm beam is considerably larger in diameter when the beams 

cross paths, approximately four times the diameter of the 532 nm beam.  The 532 nm 

beam is centered in the middle of the 1064 nm beam.  This allows for a large volume of 

soot particles to be heated up, creating the incandescent signal while vaporizing the 

particles, and a much smaller volume of particles within the larger incandescent volume 

to be used for light scattering.  This technique ensures the scattering signal is only from 

particles that have been exposed to the high-powered 1064 nm beam.   

The laser light is collected using a photomultiplier tube (PMT) to create a signal for 

analysis.  The laser light that is collected is both scattered 532 nm light and the 

incandescent light created by the heating of particles by the 1064 nm laser.  The emitted 

light is collected at a 90-degree angle from the 1064 nm beam.  The light is directed 

through two very small apertures to reduce background noise and to ensure the light 

collected is only from the small scattering volume in the flame.  After the first aperture, 

the light is sent through a Newport bandpass filter centered at 532 nm.  This filter 

effectively removes all light that is not at the 532 nm wavelength.  This filter has a 10 nm 

full width half maximum (FWHM) and transmits approximately 55% of the light within 

the FWHM.  The transmission versus wavelength calibration plot for this filter is shown 

in Figure 2-5.  A summary of all equipment used is shown in Table 2-3.   
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Figure 2-4.  Schematic of experimental layout 
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Table 2-3.  Description of experimental setup components 
 

Device   Manufacturer Model   Description     

      Lasers and Electronics         
            
1064 nm Nd:YAG laser Big Sky Laser Ultra  Q-switched, 5 Hz, Variable Power 
       FWHM = 13 ns, 50 mJ max   
            
532 nm Nd:YAG laser Continuum Minilite ML-II Q-switched, 5 Hz, 2.4 mJ/pulse   
       FWHM = 5 ns, 20 mJ max   
            
Photomultiplier Tube Hamamatsu 1P28  PMT     
            
Ocsilloscope LeCroy  LT 372  500 MHz, 4 GS/s digital oscilloscope 
            
Delay Generator Stanford Research DG 535  Programmable Delay Generator   
   Instruments        
            
Voltage Supply Stanford Research PS325  Digital High Volage Power Supply 
   Instruments        
            
        Optics           
            
532 nm Lens Newport  KBX079AR.14 BBAR coated, 430-700 nm   
       25.4 mm diameter    
       250 mm focal length     
            
1064 nm Lens Newport  KBX082AR.18 BBAR coated, 1000-1550 nm   
       25.4 mm diameter    
       500 mm focal length    
            
1064 nm Mirror CVI Laser  Y1-2037-45UNP 45 degree, 1064 nm dielectric mirror 
            
532 Mirror  Spindler & Hoyer 34-0467-000 45 degree, 532 nm dielectric mirror 
            
Bandpass Filter Newport  10LF10-532 10nm FWHM, Transmission > 50% 
            25.4 mm diameter     
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Figure 2-5.  Transmission calibration plot for 532 nm bandpass filter 

2.3  Data Acquisition System 

The signal from the laser light was collected using a photomultiplier tube (PMT).  

A PMT converts photons to an electrical signal.  A PMT consists of a photocathode and a 

series of dynodes in an evacuated enclosure.  When a photon of sufficient energy strikes 

the photocathode, it ejects a photoelectron due to the photoelectric effect.  The 

photocathode material is usually a mixture of alkali metals, which make the PMT 

sensitive to photons throughout the visible region of the electromagnetic spectrum.  The 

photcathode is at a high negative voltage, typically –500 to –1500 volts.  The PMT was 

charged at –750 volts for all experiments in the present work.  The photoelectron is 

accelerated towards a series of additional electrodes called dynodes.  These electrodes are 
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each maintained at successively less negative potentials.  Additional electrons are 

generated at each dynode.  This cascading effect creates 105 to 107 electrons for each 

photoelectron that is ejected from the photocathode.  The amplification depends on the 

number of dynodes and the accelerating voltage.  This amplified electrical signal is 

collected at an anode at ground potential (Tissue 2000).  A Stanford Research Systems 

high voltage power supply was used to charge the PMT.   

Precise control of the laser flashlamps and Q-switches was required to eliminate 

jitter (i.e. variation between the LII laser and the LES laser).  Lasers have an internal 

timing system that signals the flashlamp to start and signals the Q-switch to open to 

release the laser pulse.  This timing is not always precise and the laser pulse can vary by 

up to 10 nanoseconds from shot to shot.  This variation of the laser pulse from shot to 

shot is called jitter.  For these experiments, in order to provide the desired temporal 

resolution it was necessary to completely remove the jitter by externally triggering the 

flashlamp and the Q-switch on both lasers.  This was done using 2 separate delay 

generators.  The first delay generator was internally triggered at a repetition rate of 5 Hz.  

This delay generator triggered the LII laser’s flashlamp and Q-switch.  The first delay 

generator was also used to trigger a second delay generator.  The second delay generator 

was used to trigger the 532 nm laser’s flashlamp and Q-switch.  The Q-switch signal of 

the second delay generator was also used to trigger the oscilloscope.  A schematic 

showing the timing details of the laser system is shown in Figure 2-6.  The signal out of 

the PMT was sent to a LeCroy digital oscilloscope.  The oscilloscope was triggered by 

the 532 nm laser Q-switch.   
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Figure 2-6.  Laser Q-switch and flashlamp trigger timing 
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2.4  Experimental Methods 

2.4.1  Signal Linearity 

Light scattering experiments can have signals that vary by more than an order of 

magnitude in a single measurement.  Signal linearity refers to a detector’s ability to 

accurately report signals over a wide dynamic range.  If a detector can accurately 

decipher signals at low levels, but gets saturated when the signal increases, the reported 

data will be invalid.  In these experiments, soot is being evaporated and the signals are 

decaying to levels up to 15 times less than the original signal.  It is very important that 

the detector, the PMT in this case, be able to interpret the signals accurately.  Signal 

linearity tests were performed before every set of data was recorded.  These tests were 

done by first taking an average scattering measurement for 500 laser shots.  A 50 % 

transmission neutral density filter of optical density equal to 0.3 was then placed inline 

with the PMT signal line of sight and another scattering measurement was recorded.  If 

the signal were truly linear, the ratio of the two measurements would be ½.  The PMT 

voltage was adjusted to achieve this ratio.  It is noted that PMT’s are generally 

characterized by excellent linearity, often over many decades.  However, with ~10 ns 

laser pulses, the intense burst of photons readily saturates PMT’s, hence linearity must be 

carefully checked. 

2.4.2  Light Scattering with LII 

The objective of the light scattering with LII experiments was to quantify the size 

of the soot particles as they are heated up and vaporized.  Three different 1064 nm laser 

powers were used.  The laser powers were 37.5, 29.0, and 20.0 mJ/pulse.  These powers 

correspond to laser fluences of 0.60, 0.46, and 0.32 J/cm2, respectively, based on a focal 

spot of 5.94 mm2.  The laser fluence is simply the laser energy in each pulse divided by 
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the beam area.  The beam area was found by ablating ink off of a slide and measuring the 

removed ink area.  The 1064 nm beam spot was not quite a perfect circle, but was more 

elliptical and had a major axis measuring 3.0 mm, and a minor axis measuring 2.67 mm.  

The power of the 532 nm laser was 2.4 mJ/pulse.  A summary of the laser beam power 

properties is given in Table 2-4.   

Table 2-4.  Summary of laser settings for light scattering measurements 
 

Laser Control Setting Power (mJ/pulse) Fluence 
(J/cm2) 

1064 10 37.5 0.60 

1064 8 29.0 0.46 

1064 6 20.0 0.32 

532 Constant 2.4 N/A 
 

According to previous research as described in Chapter 1, LII provides information 

that can be translated into soot volume-fraction data.  The precise time the LII signal is 

captured is a very important factor when considering these experimental results.  As the 

LII laser heats up the soot particles they begin to emit radiation, which is the LII signal, 

but they also begin to vaporize once their vaporization temperature is reached.  This 

vaporization may lead to skewed results if the particles being measured are being 

destroyed at the same time.  These current experiments track the size of the soot particles 

as they are heated up and vaporized such that the time scale of vaporization and the LII 

process is better understood, enabling a more thorough analysis of the LII process and 

hopefully to more accurate implementation.   

Monitoring the soot particle size while they are being vaporized was done by using 

a second laser for light scattering measurements.  For convienience, the 1064 nm laser 
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used for the laser heating will be refered to as the LII laser, while the 532 nm laser used 

for light scattering will be refered to as the LES laser.  The LII laser was held fixed in 

time by delay generator 1.  The LES laser was moved in time relative to the LII laser by 

use of delay generator 2.  The LES laser was fired 24 nanoseconds before the LII laser to 

begin the experiment.  This gave a measure of the size of the soot particles before any 

vaporization occurs.  The LES laser was then moved up in time in 2 nanosecond intervals 

until it reached 20 ns after the LII laser pulse.  The LES laser was then increased further 

in time by larger intervals until it eventually reached 132 ns beyond the LII laser pulse.  

From these measurements, the size history of the soot particles was tracked as they were 

heated up and vaporized by the LII laser with a temporal resolution of ~2 ns. 

2.4.3  Variable Spatial Resolution 

Once light scattering measurements were concluded, LII measurements were taken 

to quantify soot vaporization and the LII response for multiple scenarios.  A new aperture 

was added to the system to allow for a decrease in the beam diameter of the 1064 nm 

laser.  With the new aperture in place, the beam diameter at the point of focus in the 

flame was 1.55 mm.  To make a comparison to the laser fluences from the previous 

experiments, the laser power was adjusted for the new beam diameter to achieve similar 

fluences.  Two laser powers were used in the LII experiments, 11.5 and 8.8 mJ/pulse.  

These laser powers correspond to laser fluences of 0.61 and 0.47 J/cm2, respectively.  

These two laser fluences are very similar to the two highest laser fluences from the 

previous experiments.  Therefore, there are comparable laser fluences for both the large 

beam diameter and the smaller beam diameter.  A comparison showing the fluences and 

diameters is given in Table 2-5 below. 
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Table 2-5.  Comparison of 1064 nm laser beam diameters and fluences for LII 
experiments 

 

Beam 
Diameter (mm) Control Setting Power (mJ/pulse) Fluence 

(J/cm^2) 

        

2.75 10 37.5 0.60 

2.75 8 29.0 0.46 

        

1.55 6 11.5 0.61 

1.55 4.5 8.8 0.47 
 

 LII measurements were then taken for all four laser fluences.  Another variable 

added to the experiment was the size of the detector aperture.  This aperture controlled 

the amount of light allowed into the PMT to create the signal.  For a larger aperture, more 

light was allowed into the detector creating a larger signal.  Also, the scattering volume is 

larger for a larger aperture, thus that signal accounts for more soot particles.  The first 

aperture that decreased the beam diameter of the 1064 nm laser was placed before any 

optics and before the laser beam reached the flame, therefore it only controlled the laser 

fluence.  The second aperture was set at either 2.0 mm or 3.6 mm.  The second aperture 

must be opened from its original position of approximately 0.5 mm from the light 

scattering experiments to achieve a strong LII signal due to the markedly weaker LII 

signal as compared to the LES signal.   

 These LII experiments were done with the PMT charged with –850 V.  The flame 

was kept at the same fuel-lean condition.  Signal linearity measurements were taken 

before each set a data was recorded.  For each data set, 500 laser pulses were averaged to 

determine the LII signal.   
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2.5  TEM Methods 

Samples of the primary soot particles from the flame were taken using a small 

copper mesh grid with a plastic coating.  Several samples were taken by sweeping the 

grid through the flame allowing soot to deposit on the grid.  This is referred to as 

thermophoretic sampling, where the temperature gradient between the hot flame and the 

cold mesh drives the particles to the surface of the mesh where they are deposited.  The 

grids were attached to a grid holder and manually moved through the flame.  Each sample 

had a slightly different residence time in the flame, all less than ~1 second.  If the 

samples were kept in the flame too long, the plastic coating on the grid could be melted 

and destroy the sample.  If the samples were swept through too fast, there might not be 

enough time for soot particles to deposit on the grid.  The samples were taken at the same 

height above the burner that the laser beams cross through the flame.  This ensured the 

TEM samples were a representative cross-section of the particles analyzed by laser-based 

diagnostics.   

By use of a transmission electron microscope (TEM), digital photographs were 

taken of the soot samples so that measurements could be made to determine primary 

particle size.  Each photograph had a scale indicating length, and particle diameters could 

be simply measured from the pictures.  The major axis length, minor axis length, and an 

estimate of the average diameter were all recorded for 30 soot samples.  From these 

measurements, the statistical average and standard deviation for the soot primary particle 

size was determined.  Two representative sample TEM photos are shown in Figures 2-7 

and 2.8.  The soot particles in Figure 2-7 are single loose particles.  The soot in Figure 2-

8 is an agglomerated chain of soot particles. 
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Figure 2-7.  Three individual soot particles photographed by TEM 
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Figure 2-8.  Agglomerated chain of soot particles photographed by TEM 

 

 

 



CHAPTER 3 
RESULTS 

3.1  Temporal Alignment 

 The first task in setting up the experiments was getting precise temporal control 

between the two lasers.  In order to eliminate jitter, both lasers were controlled using 

separate digital delay generators.  The 532 nm (light scattering) laser was kept at a 

constant power of 2.4 mJ/pulse, but the 1064 nm laser power (LII laser) was varied 

between three different powers.  For each laser, the delay between the flashlamp and Q-

switch was optimized and remained constant.  The first delay generator was used to 

trigger the flashlamp and Q-switch of the LII laser.  This delay generator also triggered 

the second delay generator, which then was used to trigger the flashlamp and Q-switch of 

the 532 nm laser.  By varying the delay time between the triggering of the second delay 

generator and triggering of the flashlamp, the pulse separation between the two pulses 

was controlled with jitter between the two pulses of about 1 ns.  Because the LII laser 

pulse energy was controlled by adjusting the flashlamp voltage, the temporal pulse timing 

was slightly altered.  Therefore, for each pulse energy, the digital delay settings were 

determined for zero pulse separation.  These settings were stored, and recalled whenever 

the pulse energy was changed.  Note the pulse width of the 532 nm scattering laser (~5 

ns) is less than the pulse width of the LII laser (~13 ns).  Figures 3-1, 3-2, and 3-3 show 

the two laser pulses on top of each other for their respective delay times. 

35 



36 

-0.002

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0 20 40 60 80 100

532 nm
1064 nm

In
te

ns
ity

 (a
.u

.)

Time (ns)

 
Figure 3-1.  Simultaneous laser pulses for LII laser at 0.60 J/cm2 
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Figure 3-2.  Simultaneous laser pulses for LII laser at 0.46 J/cm2 
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Figure 3-3.  Simultaneous laser pulses for LII laser at 0.32 J/cm2 

 
 

 The light scattering experiments all began with the 532 nm laser fired 24 ns 

before the LII laser to get a baseline recording representing the soot before any 

vaporization or incandescence caused by the LII laser.  Figures 3-4, 3-5, and 3-6 show the 

difference between the two laser pulses when the 532 nm laser is set 24 ns ahead of the 

LII laser for the three LII laser fluences of 0.60, 0.46, and 0.32 J/cm2, respectively. 
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Figure 3-4.  Laser pulses delayed by 24 ns for LII laser at 0.60 J/cm2 

 

-0.002

0

0.002

0.004

0.006

0.008

0.01

0.012

0 20 40 60 80 100

In
te

ns
ity

 (a
.u

.)

Time (ns)

 
Figure 3-5.  Laser pulses delayed by 24 ns for LII laser at 0.46 J/cm2 
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Figure 3-6.  Laser pulses delayed by 24 ns for LII laser at 0.32 J/cm2 

 
3.2  Signal Linearity 

 Signal linearity measurements were taken to ensure the PMT was recording 

accurate data over a wide range of signals.  The light scattering signals fluctuated by 

more than an order of magnitude during measurements and this variation must be 

recorded on a linear scale by the PMT to be able to draw fair conclusions from the data.  

To test the signal linearity, an LII measurement was taken without the light scattering 

laser running, then a 50% transmission neutral density filter was added to the collection 

optics and another LII measurement was taken without the light scattering laser running.  

The ratio of the signals was calculated to determine if the detector was operating in a 

linear range.  This linearity test was performed before every set of experiments.  A 
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sample plot showing the signal with and without the filter is shown in Figure 3-7 below.  

The sample plot is taken from an LII experiment.   
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Figure 3-7.  Signal linearity verification plot 

 As shown in Figure 3-7, the ratio of the peaks of the signals is 0.53.  This ratio 

confirms that the recorded data is linear over a wide range of signals.  For all 

experiments, the average signal linearity ratio was 0.54, with a standard deviation of 

0.054. 

3.3  Simultaneous Light Scattering and LII Measurements 

 Light scattering measurements were taken for various LII laser powers to monitor 

the size of the soot particles, enabling determination if the soot particles were vaporized 

by the LII laser.  Data measurements were started when the 532 nm scattering laser was 

24 ns ahead of the LII laser in time.  This gave a signal that represented the soot before 

any vaporization occurred.  The 532 nm laser was moved forward in time (i.e. toward the 

LII laser pulse) in 2 ns increments until it reached 20 ns after the LII laser pulse.  The 
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time increments were then increased and measurements were taken until the 532 nm laser 

was 132 ns after the LII laser pulse.  Since a 532 nm bandpass filter was used in front of 

the PMT, the incandescent signal from the LII laser did not affect the much stronger 

scattering signal from the 532 nm laser.  This was verified by the absence of any signal 

for the LII laser alone.  Only if the apertures entering the PMT were opened and the 

voltage gain on the PMT was raised significantly was the LII laser pulse detectable.  

Hence for these measurements, the LII laser was used simply to vaporize the soot 

particles and contributed no spurious signal to the light scattering signal.   

 In order to eliminate any minimal contribution from the LII laser, mainly 

electromagnetic interference, baseline measurements were taken before and after the 

scattering measurements.  These two baseline measurements were averaged and 

subtracted from the scattering data during data analysis.  A sample averaged baseline 

measurement is shown in Figure 3-8.   
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Figure 3-8.  Sample average baseline measurement from scattering experiments 

 Once the baseline measurements were averaged, the baseline was subtracted from 

the scattering data to give a corrected value.  The integrated peak area was then 

calculated corresponding to a temporal width of about 13 data points or about 3.3 ns for 

the current digitization rate of 4 GS/s.  The integrated values were then plotted as a 

function of time to show the decay of the soot particles as they were vaporized by the LII 

laser.  Figure 3-9 shows a single set of light scattering measurements. 
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Figure 3-9.  Integrated light scattering measurement 

Figure 3-9 is a light scattering measurement from an experiment where the 

scattering laser was only increased in time until it reached 20 ns after the LII pulse.  This 

type of experiment was repeated eight times for each of the three LII powers to create a 

statistically accurate average and standard deviation for the scattering experiments.  It 

was determined that more data was required to follow the decay of the soot particles long 

after the LII laser pulse.  Therefore, another set of experiments was performed in which 

the initial scattering measurements were taken beginning when the scattering laser was 24 

ns ahead of the LII laser, then the scattering laser was moved in 2 ns increments until it 

reached 20 ns after the LII laser.  The scattering laser was then moved in 2 to 16 ns 

increments away from the LII pulse.  Measurements were continued to a delay of about 

132 ns, where there appeared to be no additional changes in the signal.  A sample plot of 

the extended data set is shown in Figure 3-10 below.   
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Figure 3-10.  Extended data set for light scattering measurements 

Because the two sets of scattering data were collected several months apart, four 

data points were selected to overlap between the two sets of scattering experiments.  

These overlapping points along with the initial data point (-24 ns) were used to match the 

2 data sets and merge them into one comprehensive data set.  The absolute difference in 

the common region between the two data sets was about a factor of 2.3.  This constant 

scale factor was then used to match the data.  The comprehensive data sets for the three 

LII laser powers are plotted in Figures 3-11, 3-12, and 3-13.  Note that the scattering data 

are normalized to an initial value of unity at the initial delay of –24 ns. 
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Figure 3-11.  Light scattering measurements for LII laser set to 0.60 J/cm2 

0

0.2

0.4

0.6

0.8

1

1.2

-50 0 50 100 150

In
te

ns
ity

 (a
.u

.)

Time  (532 nm laser pulse relative to 1064 nm laser pulse)

 
Figure 3-12.  Light scattering measurements for LII laser set to 0.46 J/cm2 
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Figure 3-13.  Light scattering measurements for LII laser set to 0.32 J/cm2 

3.4  Variable Spatial Resolution LII 

 As discussed above, the aperture to the PMT was closed to a minimum size (<1 

mm) to prevent any LII signal or stray light while the scattering was recorded.  Upon 

completion of the scattering measurements, LII data were recorded in the absence of the 

532 nm scattering laser.  The 532 nm line filter was retained, hence the LII signal 

corresponds to a bandwidth centered at 532 nm, as shown in Figure 2-5.  LII experiments 

were performed for various setups.  Two separate apertures were controlled to either alter 

the LII laser beam diameter or alter the amount of light that entered the PMT to provide a 

signal.  With the first aperture (laser aperture) closed down to shrink the LII laser beam 

diameter, the laser power was decreased to keep the laser fluence at a similar level to that 

of the nominal diameter LII laser beam.  The second aperture (PMT aperture) controlled 

the amount of light entering the PMT, therefore controlling the optical volume imaged 

onto the PMT detector.   
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For each LII response recorded, the offset (no laser) was subtracted from the signal 

to zero the baseline of the data.  Each experiment was repeated 12 to 15 times until a 

statistically accurate average and standard deviation was calculated for the experiments.  

This ensemble average of many experiments is the data reported below. 

The first set of experiments was run with the first aperture set to shrink the LII laser 

beam diameter to 1.6 mm.  Two laser powers were used to create two laser fluences of 

0.61 J/cm2 and 0.47 J/cm2.  These two laser fluences were run using two different PMT 

aperture sizes.  The first aperture diameter used was 2.0 mm, and the larger aperture 

diameter was 3.6 mm.  The LII response for these experiments is shown in Figures 3-14 

through 3-17 below. 
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Figure 3-14.  LII plot for 0.61 J/cm2 fluence and 2.0 mm PMT aperture 
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Figure 3-15.  LII plot for 0.61 J/cm2 fluence and 3.6 mm PMT aperture 

-0.002

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

-500 0 500 1000 1500 2000

In
te

ns
ity

 (a
.u

.)

Time (ns)

 
Figure 3-16.  LII plot for 0.47 J/cm2 fluence and 2.0 mm PMT aperture 
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Figure 3-17.  LII plot for 0.47 J/cm2 fluence and 3.6 mm PMT aperture 

 After this first set of LII experiments, the first aperture was opened back up to 

allow the LII beam to return to its original diameter of 2.75 mm.  The laser was then run 

using two different laser powers to create laser fluences of 0.596 J/cm2 and 0.461 J/cm2.  

These two fluences are within 2% of the fluences from the first LII experiments with the 

reduced beam diameter.  The same PMT aperture sizes were used as in the first set of LII 

experiments.  The LII response for these experiments is shown in Figures 3-18 through 3-

21 below. 
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Figure 3-18.  LII plot for 0.60 J/cm2 fluence and 2.0 mm PMT aperture 
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Figure 3-19.  LII plot for 0.60 J/cm2 fluence and 3.6 mm PMT aperture 
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Figure 3-20.  LII plot for 0.46 J/cm2 fluence and 2.0 mm PMT aperture 
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Figure 3-21.  LII plot for 0.46 J/cm2 fluence and 3.6 mm PMT aperture 

A summary of the peak intensities for each of the LII plots shown in Figures 3-14 

through 3-21 is shown in Table 3-1 below. 
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Table 3-1.  Summary of peak intensities for variable spatial resolution experiments 
 

Fluence 
(J/cm^2) 

LII Beam 
Diameter 

(mm) 

PMT 
Aperture Size 

(mm) 

Peak 
Intensity Figure # 

0.61 1.55 2.0 0.020 3.13 
0.61 1.55 3.6 0.082 3.14 
0.47 1.55 2.0 0.014 3.15 
0.47 1.55 3.6 0.064 3.16 
0.60 2.75 2.0 0.066 3.17 
0.60 2.75 3.6 0.190 3.18 
0.46 2.75 2.0 0.058 3.19 
0.46 2.75 3.6 0.170 3.20 

 
3.5  Transmission Electron Microscopy 

The transmission electron microscopy results gave data that could be used to 

determine the primary particle size.  35 individual digital photographs were taken using 

the TEM.  Each of these photographs contained an absolute scale indicating length.  

Using a ruler to measure the size of the particles, a list of the particle sizes was compiled.  

27 separate particle sizes were used to statistically determine the average and standard 

deviation of the primary particle size.  A zeroth-order logarithmic distribution (ZOLD) 

was used to analyze the TEM data.  The ZOLD function can be described as 
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In Equation 3.1, a is the particle diameter, am is the modal diameter, and σο  is a 

dimensionless measure of width used in the ZOLD analysis (Hahn et al 1995).  It was 

found from the TEM data that the mean particle diameter was 101 nm with a standard 

deviation of 48 nm.  Using the ZOLD analysis, the best fit was determined for a modal 
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particle diameter of 75 nm, with σο=0.45.  A plot of the probability of finding a particle 

of a given size is shown in Figure 3-22 below.  For the ZOLD function, the modal 

diameter and σο are related to the mean and true standard deviation through Equations 3.2 

and 3.3 shown below.  

)5.1exp( 2
0σmaa =   Equation 3.2 

[ 2/12
0

2
0 )3exp()4exp( σσσ −= ma ]   Equation 3.3 

Hence it is seen that the modal value of 75 nm and σο yield the mean of 101 nm 

and the standard deviation of 48 nm as given by the TEM data. 
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Figure 3-22.  Zeroth-order logarithmic distribution of modal diameter 

 
 

 

 



CHAPTER 4 
ANALYSIS, DISCUSSION, AND CONCLUSIONS 

4.1  Light Scattering 

Light scattering measurements reveal a decay in the soot particle scattering signal 

following the firing of the LII laser pulse.  The decrease in scattering signal is attributed 

to soot particle vaporization.  This decay in scattering signal can be correlated to a 

decrease in particle diameter using scattering theory.  To make this correlation, several 

steps must be taken to deduce the particle diameter from the data.  First, the TEM results 

must be used to determine the primary particle size before any laser interaction.  Then 

using this baseline diameter as a starting value for the scattering measurements, the signal 

is related to the differential scattering cross-section to correlate the light scattering signal 

to the particle diameter as a function of time.   

As given in Chapter 3, the modal diameter for the soot particles is 75 nm based on 

TEM analysis and the ZOLD fit.  This result came from the TEM analysis and the zeroth-

order logarithmic distribution fit.  The differential scattering cross-section may be 

calculated using Mie theory, and is a function of the modal diameter, complex refractive 

index, scattering wavelength, and scattering collection angle.  Using the TEM result for 

modal diameter of 75 nm, a complex refractive index of m = 1.6 – 0.6i (Smyth and 

Shaddix 1996), scattering wavelength of 532 nm, and scattering collection angle of 90o, 

the scattering cross-section can be calculated, which corresponds to the soot particles 

before the LII laser interaction.  The measured scattering signal is a function of the 

collection optics, solid angle, the detector efficiency, differential scattering cross-section, 

54 
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and particle number density.  The equation for the scattering signal is given by Equation 

4.1 below. 

NCS VVVV ** ′= β   Equation 4.1 

In equation 4.1,  is the signal, β is an efficiency associated with the collection 

optics, solid angle, and the detector efficiency,  is the differential scattering cross-

section (cm

VVS

VVC ′

2sr-1), and N is the number density (particles/cm3).  The VV subscript on the 

signal S and the differential scattering cross-section C  refer to the polarization state of 

the incident laser light and the scattered light, which are both vertically polarized with 

respect to the horizontal scattering plane.  Taking the ratio of the signal for any time 

versus the signal for t=0 (before any laser interaction with the soot particles) will result in 

Equation 4.2. 

VV′

)0(**)0(
)(**)(
=′==

′=
tCNtS
tCNtS

VVVV

VVVV

β
β

  Equation 4.2 

Since the collection optics do not change between experiments, β may be canceled 

out in Equation 4.2.  Also, since the diffusion time scale is long (on the order of 

microseconds) compared to the temporal range of scattering data (~150 ns), the particles 

can be considered “frozen” in time during the measurements, therefore the number 

density is constant and can be cancelled out in Equation 4.2.  The result after cancellation 

and rearrangement is shown in Equation 4.3 below.   

)(
)0(

)(
*)0()( tf

tS
tS

tCtC
VV

VV
VVVV =

=
=′=′   Equation 4.3 

Now the differential scattering cross-section of the particles is simply a function a 

time.  The differential scattering cross-section at time t=0 was found from the TEM 
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analysis, and the ratio of the signal at any time versus the signal at time t=0 can be easily 

found from the experimental data.  With the differential scattering cross-section known 

for all times, Mie theory can be used to correlate the differential cross-section to a modal 

diameter.  Using Mie theory with the given scattering wavelength, scattering collection 

angle, and complex refractive index, a calibration plot can be formed relating modal 

diameter and differential scattering cross-section for a constant value of σο = 0.45.  This 

calibration plot is shown below in Figure 4-1. 
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Figure 4-1.  Mie theory calibration plot 

Using a fourth order polynomial curve fit, an equation for the modal diameter as a 

function of differential scattering cross-section was calculated.  This curve fit is shown in 

Equation 4.4 below.   

432
mod *48083.1*365491.8*254993.2*131057.4017.34 VVVVVVVVal CECECECED ′−′+′−′+=

 Equation 4.4 

This curve fit equation yields a correlation coefficient of R=0.99968. 
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The particle modal diameter can now be found directly from the scattering signal as 

the particles decay due to the LII laser induced vaporization.  A plot of the particle 

diameter as a function of time for each of the three LII laser fluences is shown in Figures 

4-2 through 4-4 below. 
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Figure 4-2.  Modal diameter as particles decay for 0.60 J/cm2 LII laser fluence 
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Figure 4-3.  Modal diameter as particles decay for 0.46 J/cm2 LII laser fluence 
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Figure 4-4.  Modal diameter as particles decay for 0.32 J/cm2 LII laser fluence 

The nondimensional particle volume fraction, which represents the fraction of gas 

occupied by solid soot particles, can be found from Equation 4.5 below.   
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v daapaNf π    Equation 4.5 

Substituting in the zeroth-order logarithmic distribution (ZOLD) for p(a), 

integrating from a=0 to infinity, and dividing both sides of Equation 4.5 by N, the particle 

number density, the average particle volume can be found according to Equation 4.6. 

)3exp(
3
4 23

o
v

vol a
N
f

P σπ==   Equation 4.6 

In Equation 4.6, Pvol is the average particle volume, a  is the mean particle 

diameter, and σο is a dimensionless measure of width used in the ZOLD.  The mean 

diameter can be related to the modal diameter through Equation 4.7. 

)5.1exp( 2
omaa σ=   Equation 4.7 

Converting modal diameters to average particle volume yields the plots of average 

particle volume versus relative time as shown in Figures 4-5 through 4-7. 
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Figure 4-5.  Average particle volume as particles decay for 0.60 J/cm2 fluence 
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Figure 4-6.  Average particle volume as particles decay for 0.46 J/cm2 fluence 
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Figure 4-7.  Average particle volume as particles decay for 0.32 J/cm2 fluence 
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4.2  LII Analysis 

LII measurements were taken for various laser fluences and PMT aperture sizes.  

The results of these experiments were presented in Chapter 3.  One goal of this project 

was to be able to predict the LII signal and the influence of particle vaporization.  From 

heat transfer theory it has been shown in Chapter 1 that the LII signal can be described as 

a function of soot particle volume and particle temperature.  The equation describing the 

relationship between the LII signal and its dependent parameters is given by Equation 1.5 

shown below. 

)],()0())(,()([* gPlanckvolPPlanckvolLII TFtPtTFtPNS λλη =−=   Equation 1.5 

In Equation 1.5, SLII is the LII signal, η is a constant parameter which represents 

the effect of the collection optics, solid angle, and the detector efficiency, N is the particle 

number density, Pvol is the average particle volume, and FPlanck is a function of the Planck 

distribution which describes the radiation emitted by the particles.  FPlanck is defined 

below in Equation 1.6. 
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  Equation 1.6 

 In Equation 1.6, h is the Planck constant, co is the speed of light, λ is the detection 

wavelength, k is the Boltzmann constant, T is the temperature of the emitting particle, 

and C1 is the first radiation constant defined by Equation 1.7.   

2
1 2 ohcC π=   Equation 1.7 

Pvol(t) and FPlanck(λ,TP(t)) in Equation 1.5 are the time dependent particle volume 

and Planck function.  The Planck function is dependent on the detection wavelength and 

the temperature of the soot particles, which are treated as perfectly emitting blackbodies.  
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The time dependent Planck function in Equation 1.5 uses the decaying particle 

temperature to model the LII signal.  Pvol(t=0) and FPlanck(λ,Tg) are initial values and are 

constant in the model.  Pvol(t=0) is the initial particle volume found from light scattering 

measurements before any LII laser interaction (i.e. t = -24 ns).  FPlanck(λ,Tg) is found by 

using the initial soot particle temperature, which is assumed to equal the flame 

temperature.  Tg is assumed to be the constant-pressure adiabatic flame temperature for 

stoichiometric propane combustion, which is approximately 2260 K (Turns 2000).  The 

time resolved particle temperature TP(t) is found from Equation 1.1 shown below. 

)/exp()1(1
)( 0

τt
T
T

T
tT

g

p

g

p −−=−   Equation 1.2 

The maximum particle temperature, T , and the characteristic cooling time, 

τ, were varied to find an appropriate curve fit to model the LII signal.  It was determined 

through an iterative process that the best values to most accurately represent the LII 

signal were T = 4800 K, and τ = 900 ns.  This maximum particle temperature is close to 

values previously reported by Snelling (Snelling et al 1997).  Snelling showed through 

numerical models of the heat transfer process that the maximum particle temperature 

should be between 4000-4500 K.  Equation 1.2 was used only to describe temperature 

decay region of the LII signal.  The portion of the LII signal modeled by Equation 1.2 is 

labeled “Decay” in a sample LII response in Figure 4-8 below.   

0
p

0
p

The particle temperature rise from the gas temperature of 2260 K to the maximum 

particle temperature of 4800 K was modeled as a linear rise in temperature.  The rise in 

temperature is labeled in Figure 4-8 as rise.  This temperature rise occurs over a period of 

about 30 ns, compared to the exponential decay of temperature, which takes 
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approximately 1700 ns to return to the gas temperature from the maximum particle 

temperature.  The constant η*N used in Equation 1.5 was found to be 2550.  A plot of the 

particle temperature rise and decay for a laser fluence of 0.47 J/cm2 and a PMT aperture 

opening of 2.0 mm is shown in Figure 4-9 below. 
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Figure 4-8.  Sample LII response with rise and decay of particle temperature  
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Figure 4-9.  Particle temperature rise and decay model 

The particle volume was found from light scattering measurements at discrete 

points in time before, during, and after the LII laser pulse.  These points were then curve 

fit to be able to determine the particle volume continuously for the entire duration of the 

LII laser pulse, which was much longer than the initial light scattering measurements.  

The complex nature of the particle volume decay did not allow a simple exponential or 

polynomial curve fit.  Therefore, the particle volume plot was broken up and analyzed 

piecewise to find a set of equations to describe the decay of the particles.  All times used 

to describe the decay are relative times.  More specifically, the LII laser was held 

constant in time as the LES laser was precisely controlled relative to the LII laser.  From 

–10 ns to -2 ns, a third order polynomial curve fit was used to describe the particle 

volume.  From -2 ns to 10 ns, another third order polynomial curve fit was used to model 

the particle volume.  From 10 ns to 24 ns, a final third order polynomial curve fit was 

 



65 

used to model the particle volume.  From 24 ns to the end of the LII signal, 

approximately 1700 ns, a power law curve fit was used to model the very slight decay of 

the particle volume over this additional range.  After 24 ns, the data from the light 

scattering measurements mostly flattened out due to the absence of the LII laser pulse, 

which was the cause of the particle decay.  However, the particles are still hotter than the 

gas temperature and are most likely gradually decaying via vaporization, thus a perfectly 

constant approximation is considered insufficient to model the particle volume.  A plot of 

the modeled particle volume along with the light scattering data of the experimental 

particle volume is shown in Figure 4-10 below. 
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Figure 4-10.  Particle volume experimental data and curve fit prediction 

Using the above models and curve fits to describe the particle temperature and 

particle volume, they can be applied to Equation 1.5 to predict the LII signal.  A plot of 

the LII response for a laser fluence of 0.47 J/cm2 and a PMT aperture opening of 2 mm 

along with the predicted model plot is shown in Figure 4-11 below. 
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Figure 4-11.  LII signal with model prediction 

The model used for the prediction of the LII signal in Figure 4-11 uses the particle 

volume data obtained from light scattering measurements with an LII laser fluence of 

0.46 J/cm2, which is identical within experimental precision to the fluence used in the LII 

experiment.   

 The LII laser effectively evaporates the soot particles during the time course of 

the LII laser pulse.  The laser heats up the particles and they lose mass as they are heated 

past their vaporization temperature (~ 4000 K for carbon).  One interesting application of 

this predictive model is to see what would happen to the LII signal if the particle volume 

did not change due to the LII laser.  In this case, the term Pvol(t) in Equation 1.5 would be 

a constant equal to the initial particle volume as determined from light scattering 

measurements, instead of a time dependent quantity found from the light scattering 

measurements.  A plot showing this case for Pvol = 0.00777 µm3 is shown in Figure 4-12 

below.  Clearly, the effect of soot particle vaporization is significantly decreasing the LII 
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signal by about a factor of 4.  Because the vaporization time scale is on the order of the 

LII pulse, even prompt LII will not avoid vaporization effects. 
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Figure 4-12.  LII signal with 2 predictive models 

4.3  Conclusions 

In this study, a propane diffusion flame burner was constructed to develop laser-

based diagnostics to monitor soot emissions.  Time resolved laser light scattering (LES) 

and laser-induced incandescence (LII) were the two laser–based techniques, along with 

transmission electron microscopy (TEM), used to determine primary particle size and 

soot volume fraction.  From these emission parameters, a model was created to predict 
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the LII signal as a function of particle volume and particle temperature.  The following 

conclusions have been drawn from the results of this study: 

1. LII for the range of laser fluences used in these experiments results in the 
vaporization of soot particles.  The time scale of vaporization is on the order of the 
length of the laser pulse (~13 ns).  Whether prompt or delayed LII detection is 
used, the size of the soot particles will be affected by the LII laser, thereby 
changing the parameter of interest, namely the soot volume fraction. 

 
2. LII is a technique that has a strong dependence on laser fluence and particle size, 

thus careful calibration is required for quantitative analysis. 
 
3. Varying the spatial resolution of the LII laser and collection optics showed a nearly 

linear LII response.  This indicates the LII signal is a nearly linear function of solid 
collection angle.  Consequently, LII is a robust technique that can be utilized for 
various experimental conditions to measure soot volume fraction, notwithstanding 
the above comments. 

 
4. Modeling of the LII signal is a complicated process, but provides an accurate 

representation of the particle temperature and volume.  From these parameters, the 
soot volume fraction can be deduced. 

 
4.4  Future Work 

It would be useful to extend the work to other flames with different primary 

particle size, and different optical properties (i.e. absorption coefficients) to see the effect 

of these parameters on the degree of soot vaporization and the correlation with the LII 

signal.  In addition, it would be interesting to extend the present technique to a post-flame 

regime where the ambient gas temperatures are significantly lower.  It is expected that 

such lower initial temperatures may reduce the degree of vaporization.  

 

 

 



APPENDIX A 
ERROR ANALYSIS 

The modal diameters calculated in Chapter 4 were done so by equating voltage 

from the light scattering signal to a differential scattering cross section, which was then 

converted into a modal diameter via Mie theory.  These scattering signals were the 

average of eight separate trials taken over a period of two weeks.  From the collection of 

data, the average and standard deviation of the signal was calculated.  The percent error 

in the modal diameter can be calculated from using the standard deviations of the 

scattering signal.  The percent error must be calculated for one standard deviation above, 

and one standard deviation below the average.  The percent error is given by Equation 

A.1.   

% Error = %100*





 −

a
aa   Equation A.1 

 In Equation A.1, a  is the modal diameter found using the average scattering 

signal, and a is either the modal diameter found from using the average scattering signal 

plus the standard deviation or minus the standard deviation.  Thus, two percent errors 

were calculated and averaged to find the actual percent error.  Three tables displaying the 

percent errors for the three different LII laser fluences are shown in Tables A-1 through 

A-3. 
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Table A-1.  Percent error analysis for LII laser set to 0.60 J/cm2 
 

Relative 
Time (ns) Svv Standard 

Deviation 
Modal 

Diameter 
(nm) 

Percent 
Error 

-22 0.964121 0.028245 100.9539 0.74 
-20 1.009101 0.0648052 102.0167 1.26 
-18 0.998578 0.086225 101.7925 1.78 
-16 1.018703 0.0977756 102.2067 1.68 
-14 0.96774 0.120399 101.0488 2.87 
-12 0.93843 0.107887 100.2397 2.98 
-10 0.968945 0.0693905 101.0801 1.73 
-8 0.901033 0.0485525 99.09403 1.56 
-6 0.794376 0.1047874 95.40911 3.90 
-4 0.560083 0.1466562 86.94477 6.22 
-2 0.328735 0.153763 77.51989 10.83 
0 0.163637 0.0565334 66.33132 7.71 
2 0.093394 0.0327758 59.12107 6.49 
4 0.068699 0.0183006 56.10044 4.18 
6 0.057276 0.0126266 54.60639 3.09 
8 0.051171 0.0118403 53.78157 3.01 

10 0.049484 0.0111555 53.55033 2.86 
12 0.049203 0.0080787 53.51171 2.08 
14 0.048683 0.0106221 53.44009 2.74 
16 0.047629 0.0118138 53.29446 3.07 
18 0.046044 0.0105041 53.07439 2.76 
20 0.047447 0.0102373 53.26916 2.66 
24 0.048814 0.0043942 53.45813 1.13 
28 0.045849 0.0013186 53.04723 0.35 
32 0.044327 0.0025912 52.83455 0.69 
36 0.048723 0.0026363 53.44561 0.68 
44 0.046157 0.0037812 53.09003 0.99 
52 0.042222 0.0024192 52.53836 0.65 
60 0.047182 0.0043895 53.23249 1.14 
68 0.047508 0.0026639 53.2777 0.69 
84 0.043978 0.002237 52.78555 0.59 
100 0.047832 0.0030861 53.32248 0.80 
116 0.048285 0.0028879 53.3851 0.75 
132 0.048909 0.0020071 53.47117 0.52 
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Table A-2.  Percent error analysis for LII laser set to 0.46 J/cm2 
 

Relative 
Time (ns) Svv Standard 

Deviation 
Modal 

Diameter 
(nm) 

Percent 
Error 

-22 0.989674 0.0773909 101.5905 1.71 
-20 0.974015 0.0473466 101.2099 1.17 
-18 0.984151 0.0583743 101.4598 1.35 
-16 0.957297 0.0906289 100.7709 2.35 
-14 0.947542 0.0584807 100.5007 1.62 
-12 0.939889 0.0932681 100.2821 2.59 
-10 0.951412 0.0925583 100.6091 2.46 
-8 0.935118 0.0842756 100.143 2.40 
-6 0.891693 0.1230473 98.79191 3.87 
-4 0.820649 0.075761 96.35206 2.77 
-2 0.640676 0.0609746 89.82995 2.44 
0 0.415088 0.055366 81.46595 2.84 
2 0.253487 0.056232 73.19938 5.02 
4 0.158022 0.0320715 65.82219 4.48 
6 0.129522 0.032047 63.06621 5.19 
8 0.110267 0.0180694 61.03023 3.25 

10 0.10129 0.0203646 60.0295 3.85 
12 0.097852 0.0143981 59.6373 2.77 
14 0.093214 0.0163419 59.10008 3.23 
16 0.091265 0.0156811 58.8715 3.14 
18 0.087018 0.0097238 58.36762 1.99 
20 0.089179 0.0142775 58.62507 2.89 
24 0.088014 0.0074189 58.48657 1.51 
28 0.084588 0.0076578 58.07578 1.59 
32 0.087256 0.0053711 58.39606 1.10 
36 0.087551 0.0061878 58.43133 1.26 
44 0.086635 0.0075917 58.32184 1.56 
52 0.086225 0.0059996 58.27273 1.23 
60 0.090065 0.0087306 58.7299 1.76 
68 0.08585 0.0044483 58.22766 0.92 
84 0.086545 0.0062248 58.31106 1.28 
100 0.0861 0.0042985 58.25771 0.89 
116 0.086467 0.0056508 58.30166 1.16 
132 0.090958 0.0087678 58.83537 1.76 
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Table A-3.  Percent error analysis for LII laser set to 0.32 J/cm2 
 

Relative 
Time (ns) Svv Standard 

Deviation 
Modal 

Diameter 
(nm) 

Percent 
Error 

-22 0.977224 0.0875407 101.2904 2.06 
-20 1.049187 0.09297765 102.7076 1.10 
-18 0.967168 0.11762424 101.0339 2.82 
-16 1.085333 0.19473843 103.0692 4.39 
-14 1.066238 0.21627485 102.9123 4.99 
-12 0.930257 0.25733729 99.99912 5.64 
-10 0.922373 0.22749247 99.76153 5.58 
-8 0.970817 0.20496063 101.1284 4.03 
-6 0.933981 0.19739844 100.1095 4.88 
-4 0.88749 0.17978068 98.65418 5.41 
-2 0.771167 0.14911987 94.56743 5.57 
0 0.660326 0.09893379 90.53732 3.94 
2 0.53499 0.12982527 86.0416 5.61 
4 0.420302 0.0984546 81.68077 5.07 
6 0.329307 0.07984077 77.54906 5.34 
8 0.269421 0.06982805 74.20451 5.86 

10 0.241374 0.07191752 72.39756 6.81 
12 0.220468 0.0645295 70.93058 6.70 
14 0.204267 0.0486971 69.71562 5.43 
16 0.200596 0.05489329 69.43025 6.24 
18 0.193481 0.04204589 68.86605 4.93 
20 0.19106 0.04886439 68.67076 5.80 
24 0.188227 0.00910239 68.43994 1.09 
28 0.181295 0.00725069 67.86486 0.90 
32 0.184343 0.00564552 68.11951 0.69 
36 0.189649 0.00965329 68.55604 1.15 
44 0.17846 0.00451513 67.62534 0.57 
52 0.188507 0.00611587 68.46286 0.73 
60 0.183394 0.01010787 68.04056 1.24 
68 0.1872 0.01217863 68.35565 1.47 
84 0.19162 0.00750837 68.7161 0.88 
100 0.189216 0.01098262 68.52079 1.31 
116 0.182177 0.01012132 67.93879 1.25 
132 0.186291 0.01487665 68.28079 1.80 

 
 

 

 

 



APPENDIX B 
ZEROTH-ORDER LOGNORMAL DISTRIBUTION 

The zeroth-order lognormal distribution (ZOLD) is a skewed probability 

distribution.  The ZOLD is used for modeling the distribution of aerosols and soot 

particles due to those particles being skewed to larger sizes.  A given system of particles, 

each of diameter a, with true mean diameter and standard deviation, a  and σ , can be 

represented by the ZOLD using the parameters of the modal diameter and a 

dimensionless measure of width, am and σο, respectively.  The probability distribution is 

given by Equation B.1 below. 
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 The mean particle diameter is found from Equation B.2 and the standard deviation 

is found from Equations B.3 and B.4. 
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In the ZOLD, p(a) is normalized, shown mathematically by Equation B.5. 

∫
∞

=
0

1)( daap   Equation B.5 

A plot of the ZOLD for three different values of  σο is given in Figure B-1 below. 
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Figure B-1.  ZOLD distribution for three values of σο 
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	Particulate matter (PM) and aerosol particles have become a top concern in both the realms of human health and the sustainability of the environment.  A significant source of particulate matter is due to combustion processes, specifically the burning o
	Novel laser-based diagnostics have been developed in recent years to monitor and characterize particulate matter, including soot.  These laser-based techniques were applied to a laboratory diffusion burner, with the goal to ultimately apply them to a lab
	A model was developed to describe the particle temperature and volume as the particles are heated up and vaporized by the LII laser and as the particles subsequently cooled.  This heat transfer model uses a fundamental energy balance along with the Planc
	CHAPTER 1
	INTRODUCTION AND BACKGROUND
	1.1  Introduction

	Particulate matter and aerosol particles have become a top concern in both the realms of human health and the sustainability of the environment.  According to a 1996 study by the United States Environmental Protection Agency (U.S. EPA), particulate mat
	This thesis will focus on soot and on the use of laser-based diagnostics to monitor soot.  Soot in simply solid carbon formed when hydrocarbon fuels are burned.  Soot is formed through a four step process:  (1) formation of precursor species, (2) par
	�
	Figure 1-1.  Soot formation schematic
	1.2  Motivation

	Emissions from aircraft jet engines currently con
	Fuel additives have been used as soot suppressants for over 40 years, but the mechanism by which they actually suppress the soot is still a matter of debate.  There are several theories as to how fuel additives, both metallic and non-metallic based, supp
	Novel laser-based techniques are to be developed to monitor and characterize the soot and particulate matter.  These techniques will be applied first to a laboratory diffusion flame, and finally to a laboratory scale gas turbine engine.  The first phase
	1.3  Background for Diagnostics
	1.3.1  Laser-Induced Incandescence


	Laser-induced incandescence (LII) is a well-researched technique for analyzing and characterizing sooting flames and combustion processes.  Several previous research efforts have shown that LII signals are roughly proportional to soot volume fraction, 
	LII occurs when a high intensity laser beam encou
	By using basic thermodynamic principles, equations have been developed to describe the heat transfer processes that occur during LII.  A fundamental energy balance describing the heat transfer processes in the interaction of a laser beam and a soot parti
	Equation 1.1
	The terms are, respectively, the rate of laser energy absorbed per second, the rate of heat transfer to the medium (taken to be air at temperature To), the energy expended in vaporization of the carbon, the rate of energy loss by blackbody radiation, a
	From these basic equations, relationships have been developed to determine certain desired parameters of the system.  For instance, the particle temperature after the laser pulse can be found using Equation 1.2 below.
	Equation 1.2
	In Equation 1.2 Tp is the particle temperature for any given time after the laser pulse, Tg is the gas temperature, more specifically the flame temperature, Tp0 is the maximum particle temperature which is reached immediately after the laser pulse, t is
	Equation 1.3
	In Equation 1.3, dp is the particle diameter, cp is the particle specific heat, ?p is the particle density, ct is the average thermal velocity of gas molecules defined by Equation 1.4 below, and ?g is the density of the ambient gas in the flame.
	Equation 1.4
	In Equation 1.4, k is the Boltzmann constant and mg is the mass of the gas molecules.  The LII signal can be related to the particle temperature and size by use of the Planck distribution and is shown in Equation 1.5 found below (Roth and Filippov 1996
	Equation 1.5
	In Equation 1.5, SLII is the LII signal, ? is a constant parameter which represents the effect of the collection optics and the detector efficiency, N is the particle number density, Pvol is the particle volume, and FPlanck is a function of the Planck di
	Equation 1.6
	In Equation 1.6, h is the Planck constant, co is the speed of light, ? is the detection wavelength, and k is the Boltzmann constant, and C1 is the first radiation constant defined in Equation 1.7 below (Kock et al 2002).  These equations are discussed 
	Equation 1.7
	LII can be detected in more than one way.  Prompt detection denotes setting the detector to begin looking at the signal at the moment of laser incidence, or even shortly before the laser pulse arrives.  Prompt detection is purported to reduce any effects
	There are several conditions that need to be satisfied for the detected LII signal to be proportional to soot volume fraction:  (1) the probed soot consists of single or loosely aggregated primary particles that are small compared to the wavelengths of
	Equation 1.7
	In Equation 1.7, a is the particle radius and ? is the laser wavelength.
	One characteristic of LII that makes it particularly advantageous for soot volume fraction detection is the rapid rise in LII signal with increasing laser fluence until a nearly constant plateau signal strength is reached.  This is useful in strongly abs
	
	1.3.2  Laser Elastic Scattering


	Laser elastic scattering is a well-researched technique that can be used to determine particle size and concentration using laser-based diagnostics.  This technique has been used many times in the past for soot characterization (Hahn and Charalampopoulo
	The scattering of electromagnetic (EM) waves is due to heterogeneities.  Heterogeneities are disruptions in the field of the electromagnetic wave.  At some level, all matter presents heterogeneities to the EM waves.  These heterogeneities or obstacles 
	Lord Rayleigh (1871) published a solution for light scattering by small, dielectric, spherical particles.  Small particles are defines by dp<<(, where dp is the particle diameter and ( is the wavelength of the laser light.  Dielectric particles are s
	Equation 1.8
	Equation 1.9
	The VV and HH subscripts on the above coefficients denote vertically or horizontally polarized light of the incident and scattered light, respectively.  If the light is vertically polarized incident to the scattering particle, then the light will still b
	Equation 1.10
	Equation 1.10
	The extinction cross section, Cext, represents the total energy removed by the scattering particle and is comprised of the sum of the scattering cross section and the absorption cross section.  Since ? must be much less than one to be considered in the R
	In 1908 Mie developed a generalized, exact soluti
	Equation 1.11
	where the parameters � and � are the angular dependent functions,
	Equation 1.12
	Equation 1.13
	of the associated Legendre polynomial � of argument �.  � is defined as the angle of observation and is measured from the forward direction to the scattering direction.  The parameters an and bn are defined as
	Equation 1.14
	.Equation 1.15
	The functions � and �n are defined as
	Equation 1.16
	,Equation 1.17
	where � is given by
	.Equation 1.18
	Here � and � are the half integral order Bessel functions of the first and second kind, or Bessel and Neumann functions, respectively, and � is the half integral order Hankel function of the second kind.
	Simply stated, LES involves sending a laser beam through a control volume containing particles of unknown size and concentration.  The laser light will be scattered off the particles in all directions, as prescribed by Rayleigh or Mie theory.  A detector
	
	1.3.3  Transmission Electron Microscopy


	Transmission electron microscopy (TEM) is a very well researched method for viewing microscopic particles.  A schematic of the inner workings of a transmission electron microscope is shown in Figure 1-2.  The "Virtual Source" at the top represents the 
	�
	Figure 1-2.  TEM schematic
	The second lens (usually controlled by the "intensity or brightness knob" actually changes the size of the spot on the sample; changing it from a wide dispersed spot to a pinpoint beam.  The beam is restricted by the condenser aperture (usually user se
	1.4  Objectives

	The primary objective of this project is to characterize and model the LII signal from a propane/oxygen diffusion flame.  This model will then be used in future studies geared toward understanding the reduction of soot emissions using metal additives.  A
	Understand the role of laser-particle interactions with respect to quantitative LII measurements of soot volume.
	Quantify soot emissions with light scattering for correlation with LII data to optimize the accuracy of the LII method.
	Explore the temporal profile of soot particle vap
	CHAPTER 2
	EXPERIMENTAL METHODS
	2.1  Burner Design

	The burner used in this experiment was designed to provide a stable, optically accessible flame that is consistent with the combustor of a gas turbine engine.  A gas turbine combustor typically employs a fuel lean diffusion burner.  The laboratory diffus
	�
	Figure 2-1.  Top view schematic of diffusion burner
	Table 2-1.  Gas flow rates and diameters for diffusion burner
	Flow Tube
	Gas
	Diameter
	Flow Rate
	D1
	Propane
	1/16"
	0.314 LPM
	D2
	Oxygen
	9/32"
	1.815 LPM
	D3
	Nitrogen
	1" shroud
	1.052 LPM
	�
	Figure 2-2.  Side view schematic of diffusion burner
	�
	Figure 2-3.  Propane diffusion flame with flame holder
	The flame holder was positioned 1.6” above the bu
	Gas turbine engines run their combustors on the fuel lean side of stoichiometric.  The stoichiometric quantity of oxidizer is just that amount needed to completely burn a quantity of fuel (Turns 2000).  Fuel lean refers to having excess oxidizer or a s
	The governing combustion reaction for stoichiometric propane combustion is given by Equation 2.1 below.
	Equation 2.1
	This basic reaction neglects secondary products of combustion, free radicals, and dissociation effects.  Nitrogen is not included in the reaction because the nitrogen shroud is assumed to not mix significantly with the propane and oxygen flows and does n
	Equation 2.2
	The second case is the experimental case.  In the diffusion flame, the volumetric flow rates of fuel and oxidizer were 0.314 LPM and 1.815 LPM, respectively.  For an ideal gas, the volumetric ratio is equal to the molar ratio.  Therefore, the experimenta
	Equation 2.3
	The fuel equivalence ratio ( is the determining factor as to whether a flame is fuel rich or fuel lean.  The definition for fuel equivalence ratio is given in Equation 2.4 below.
	Equation 2.4
	A / F experimental is defined as the actual air to fuel ratio for the reactants.  The air to fuel ratio for the stoichiometric case and the experimental case can be found by using Equations 2.2 and 2.3.  These ratios are calculated in Equations 2.5 and 2
	Equation 2.5
	Equation 2.6
	The fuel equivalence ratio ( can now be found using Equation 2.4.  ( is calculated in Equation 2.7 below.
	Equation 2.7
	With a fuel equivalence ratio less than one, the flame is running fuel lean.  This is the desired stoichiometry to match that of a gas turbine combustor.  Also of significance is that soot particles undergo significant oxidation (i.e. burnout) in actua
	Table 2-2.  Manufacturer specifications for compressed gases used in diffusion burner.
	Gas
	Supplier
	Description
	Nitrogen
	Praxair
	Industrial Grade, 99.7% N2
	H2O < 32 ppm
	O2 Balance (nominal)
	Oxygen
	Praxair
	Medical Grade, 99.5% O2
	H2O < 20 ppm
	Propane
	Praxair
	99.5 wt% (liquid phase)
	H2O < 300 ppmw
	Ethane < 600 ppmw
	Propylene < 400 ppmw
	n-Butane < 20 ppmw
	Isobutane < 3000 ppmw
	Sulfer < 1 ppmw
	2.2  Laser System

	The diagnostics for these experiments were performed using a two-laser setup.  A Q-switched 1064 nm Nd:YAG laser was used for LII and soot vaporization.  A frequency doubled Q-switched 532 nm Nd:YAG laser was used for the laser light scattering portion o
	The laser light is collected using a photomultiplier tube (PMT) to create a signal for analysis.  The laser light that is collected is both scattered 532 nm light and the incandescent light created by the heating of particles by the 1064 nm laser.  The
	�
	Figure 2-4.  Schematic of experimental layout
	Table 2-3.  Description of experimental setup components
	Device
	 
	Manufacturer
	Model
	 
	Description
	 
	 
	 
	 
	 
	Lasers and Electronics
	 
	 
	 
	 
	 
	 
	1064 nm Nd:YAG laser
	Big Sky Laser
	Ultra
	Q-switched, 5 Hz, Variable Power
	 
	FWHM = 13 ns, 50 mJ max
	 
	 
	 
	532 nm Nd:YAG laser
	Continuum
	Minilite ML-II
	Q-switched, 5 Hz, 2.4 mJ/pulse
	 
	 
	FWHM = 5 ns, 20 mJ max
	 
	 
	 
	Photomultiplier Tube
	Hamamatsu
	1P28
	PMT
	 
	 
	 
	Ocsilloscope
	LeCroy
	LT 372
	500 MHz, 4 GS/s digital oscilloscope
	 
	 
	Delay Generator
	Stanford Research
	DG 535
	Programmable Delay Generator
	 
	 
	Instruments
	 
	 
	 
	Voltage Supply
	Stanford Research
	PS325
	Digital High Volage Power Supply
	 
	Instruments
	 
	 
	 
	 
	 
	 
	 
	Optics
	 
	 
	 
	 
	 
	 
	 
	532 nm Lens
	Newport
	KBX079AR.14
	BBAR coated, 430-700 nm
	 
	 
	25.4 mm diameter
	 
	 
	250 mm focal length
	 
	 
	 
	1064 nm Lens
	Newport
	KBX082AR.18
	BBAR coated, 1000-1550 nm
	 
	 
	25.4 mm diameter
	 
	 
	500 mm focal length
	 
	 
	 
	1064 nm Mirror
	CVI Laser
	Y1-2037-45UNP
	45 degree, 1064 nm dielectric mirror
	 
	 
	532 Mirror
	Spindler & Hoyer
	34-0467-000
	45 degree, 532 nm dielectric mirror
	 
	 
	Bandpass Filter
	Newport
	10LF10-532
	10nm FWHM, Transmission > 50%
	 
	 
	 
	 
	 
	 
	25.4 mm diameter
	 
	 
	�
	Figure 2-5.  Transmission calibration plot for 532 nm bandpass filter
	2.3  Data Acquisition System

	The signal from the laser light was collected using a photomultiplier tube (PMT).  A PMT converts photons to an electrical signal.  A PMT consists of a photocathode and a series of dynodes in an evacuated enclosure.  When a photon of sufficient energy 
	Precise control of the laser flashlamps and Q-switches was required to eliminate jitter (i.e. variation between the LII laser and the LES laser).  Lasers have an internal timing system that signals the flashlamp to start and signals the Q-switch to ope
	�
	Figure 2-6.  Laser Q-switch and flashlamp trigger timing
	2.4  Experimental Methods
	2.4.1  Signal Linearity


	Light scattering experiments can have signals tha
	
	2.4.2  Light Scattering with LII


	The objective of the light scattering with LII experiments was to quantify the size of the soot particles as they are heated up and vaporized.  Three different 1064 nm laser powers were used.  The laser powers were 37.5, 29.0, and 20.0 mJ/pulse.  These p
	Table 2-4.  Summary of laser settings for light scattering measurements
	Laser
	Control Setting
	Power (mJ/pulse)
	Fluence (J/cm2)
	1064
	10
	37.5
	0.60
	1064
	8
	29.0
	0.46
	1064
	6
	20.0
	0.32
	532
	Constant
	2.4
	N/A
	According to previous research as described in Chapter 1, LII provides information that can be translated into soot volume-fraction data.  The precise time the LII signal is captured is a very important factor when considering these experimental results.
	Monitoring the soot particle size while they are being vaporized was done by using a second laser for light scattering measurements.  For convienience, the 1064 nm laser used for the laser heating will be refered to as the LII laser, while the 532 nm las
	
	2.4.3  Variable Spatial Resolution


	Once light scattering measurements were concluded, LII measurements were taken to quantify soot vaporization and the LII response for multiple scenarios.  A new aperture was added to the system to allow for a decrease in the beam diameter of the 1064 nm
	Table 2-5.  Comparison of 1064 nm laser beam diameters and fluences for LII experiments
	Beam Diameter (mm)
	Control Setting
	Power (mJ/pulse)
	Fluence (J/cm^2)
	 
	 
	 
	 
	2.75
	10
	37.5
	0.60
	2.75
	8
	29.0
	0.46
	 
	 
	 
	 
	1.55
	6
	11.5
	0.61
	1.55
	4.5
	8.8
	0.47
	LII measurements were then taken for all four laser fluences.  Another variable added to the experiment was the size of the detector aperture.  This aperture controlled the amount of light allowed into the PMT to create the signal.  For a larger aperture
	These LII experiments were done with the PMT char
	2.5  TEM Methods

	Samples of the primary soot particles from the flame were taken using a small copper mesh grid with a plastic coating.  Several samples were taken by sweeping the grid through the flame allowing soot to deposit on the grid.  This is referred to as thermo
	By use of a transmission electron microscope (TEM), digital photographs were taken of the soot samples so that measurements could be made to determine primary particle size.  Each photograph had a scale indicating length, and particle diameters could b
	�
	Figure 2-7.  Three individual soot particles photographed by TEM
	�
	Figure 2-8.  Agglomerated chain of soot particles photographed by TEM
	CHAPTER 3
	RESULTS
	3.1  Temporal Alignment

	The first task in setting up the experiments was getting precise temporal control between the two lasers.  In order to eliminate jitter, both lasers were controlled using separate digital delay generators.  The 532 nm (light scattering) laser was kept 
	�
	Figure 3-1.  Simultaneous laser pulses for LII laser at 0.60 J/cm2
	�
	Figure 3-2.  Simultaneous laser pulses for LII laser at 0.46 J/cm2
	�
	Figure 3-3.  Simultaneous laser pulses for LII laser at 0.32 J/cm2
	The light scattering experiments all began with the 532 nm laser fired 24 ns before the LII laser to get a baseline recording representing the soot before any vaporization or incandescence caused by the LII laser.  Figures 3-4, 3-5, and 3-6 show the diff
	�
	Figure 3-4.  Laser pulses delayed by 24 ns for LII laser at 0.60 J/cm2
	�
	Figure 3-5.  Laser pulses delayed by 24 ns for LII laser at 0.46 J/cm2
	�
	Figure 3-6.  Laser pulses delayed by 24 ns for LII laser at 0.32 J/cm2
	3.2  Signal Linearity

	Signal linearity measurements were taken to ensure the PMT was recording accurate data over a wide range of signals.  The light scattering signals fluctuated by more than an order of magnitude during measurements and this variation must be recorded on a
	�
	Figure 3-7.  Signal linearity verification plot
	As shown in Figure 3-7, the ratio of the peaks of the signals is 0.53.  This ratio confirms that the recorded data is linear over a wide range of signals.  For all experiments, the average signal linearity ratio was 0.54, with a standard deviation of 0.0
	3.3  Simultaneous Light Scattering and LII Measurements

	Light scattering measurements were taken for various LII laser powers to monitor the size of the soot particles, enabling determination if the soot particles were vaporized by the LII laser.  Data measurements were started when the 532 nm scattering lase
	In order to eliminate any minimal contribution from the LII laser, mainly electromagnetic interference, baseline measurements were taken before and after the scattering measurements.  These two baseline measurements were averaged and subtracted from the
	�
	Figure 3-8.  Sample average baseline measurement from scattering experiments
	Once the baseline measurements were averaged, the baseline was subtracted from the scattering data to give a corrected value.  The integrated peak area was then calculated corresponding to a temporal width of about 13 data points or about 3.3 ns for the
	�
	Figure 3-9.  Integrated light scattering measurement
	Figure 3-9 is a light scattering measurement from an experiment where the scattering laser was only increased in time until it reached 20 ns after the LII pulse.  This type of experiment was repeated eight times for each of the three LII powers to create
	�
	Figure 3-10.  Extended data set for light scattering measurements
	Because the two sets of scattering data were collected several months apart, four data points were selected to overlap between the two sets of scattering experiments.  These overlapping points along with the initial data point (-24 ns) were used to mat
	�
	Figure 3-11.  Light scattering measurements for LII laser set to 0.60 J/cm2
	�
	Figure 3-12.  Light scattering measurements for LII laser set to 0.46 J/cm2
	�
	Figure 3-13.  Light scattering measurements for LII laser set to 0.32 J/cm2
	3.4  Variable Spatial Resolution LII

	As discussed above, the aperture to the PMT was closed to a minimum size (<1 mm) to prevent any LII signal or stray light while the scattering was recorded.  Upon completion of the scattering measurements, LII data were recorded in the absence of the 5
	For each LII response recorded, the offset (no laser) was subtracted from the signal to zero the baseline of the data.  Each experiment was repeated 12 to 15 times until a statistically accurate average and standard deviation was calculated for the exp
	The first set of experiments was run with the first aperture set to shrink the LII laser beam diameter to 1.6 mm.  Two laser powers were used to create two laser fluences of 0.61 J/cm2 and 0.47 J/cm2.  These two laser fluences were run using two differen
	�
	Figure 3-14.  LII plot for 0.61 J/cm2 fluence and 2.0 mm PMT aperture
	�
	Figure 3-15.  LII plot for 0.61 J/cm2 fluence and 3.6 mm PMT aperture
	�
	Figure 3-16.  LII plot for 0.47 J/cm2 fluence and 2.0 mm PMT aperture
	�
	Figure 3-17.  LII plot for 0.47 J/cm2 fluence and 3.6 mm PMT aperture
	After this first set of LII experiments, the first aperture was opened back up to allow the LII beam to return to its original diameter of 2.75 mm.  The laser was then run using two different laser powers to create laser fluences of 0.596 J/cm2 and 0.461
	�
	Figure 3-18.  LII plot for 0.60 J/cm2 fluence and 2.0 mm PMT aperture
	�
	Figure 3-19.  LII plot for 0.60 J/cm2 fluence and 3.6 mm PMT aperture
	�
	Figure 3-20.  LII plot for 0.46 J/cm2 fluence and 2.0 mm PMT aperture
	�
	Figure 3-21.  LII plot for 0.46 J/cm2 fluence and 3.6 mm PMT aperture
	A summary of the peak intensities for each of the LII plots shown in Figures 3-14 through 3-21 is shown in Table 3-1 below.
	Table 3-1.  Summary of peak intensities for variable spatial resolution experiments
	Fluence (J/cm^2)
	LII Beam Diameter (mm)
	PMT Aperture Size (mm)
	Peak Intensity
	Figure #
	0.61
	1.55
	2.0
	0.020
	3.13
	0.61
	1.55
	3.6
	0.082
	3.14
	0.47
	1.55
	2.0
	0.014
	3.15
	0.47
	1.55
	3.6
	0.064
	3.16
	0.60
	2.75
	2.0
	0.066
	3.17
	0.60
	2.75
	3.6
	0.190
	3.18
	0.46
	2.75
	2.0
	0.058
	3.19
	0.46
	2.75
	3.6
	0.170
	3.20
	3.5  Transmission Electron Microscopy

	The transmission electron microscopy results gave data that could be used to determine the primary particle size.  35 individual digital photographs were taken using the TEM.  Each of these photographs contained an absolute scale indicating length.  Usin
	Equation 3.1
	In Equation 3.1, a is the particle diameter, am is the modal diameter, and ??? is a dimensionless measure of width used in the ZOLD analysis (Hahn et al 1995).  It was found from the TEM data that the mean particle diameter was 101 nm with a standard d
	Equation 3.2
	Equation 3.3
	Hence it is seen that the modal value of 75 nm and ???yield the mean of 101 nm and the standard deviation of 48 nm as given by the TEM data.
	�
	Figure 3-22.  Zeroth-order logarithmic distribution of modal diameter
	CHAPTER 4
	ANALYSIS, DISCUSSION, AND CONCLUSIONS
	4.1  Light Scattering

	Light scattering measurements reveal a decay in the soot particle scattering signal following the firing of the LII laser pulse.  The decrease in scattering signal is attributed to soot particle vaporization.  This decay in scattering signal can be corre
	As given in Chapter 3, the modal diameter for the soot particles is 75 nm based on TEM analysis and the ZOLD fit.  This result came from the TEM analysis and the zeroth-order logarithmic distribution fit.  The differential scattering cross-section may be
	Equation 4.1
	In equation 4.1, � is the signal,???is an efficiency associated with the collection optics, solid angle, and the detector efficiency, � is the differential scattering cross-section (cm2sr-1), and N is the number density (particles/cm3).  The VV subsc
	Equation 4.2
	Since the collection optics do not change between experiments, ??may be canceled out in Equation 4.2.  Also, since the diffusion time scale is long (on the order of microseconds) compared to the temporal range of scattering data (~150 ns), the partic
	Equation 4.3
	Now the differential scattering cross-section of the particles is simply a function a time.  The differential scattering cross-section at time t=0 was found from the TEM analysis, and the ratio of the signal at any time versus the signal at time t=0 can
	�
	Figure 4-1.  Mie theory calibration plot
	Using a fourth order polynomial curve fit, an equation for the modal diameter as a function of differential scattering cross-section was calculated.  This curve fit is shown in Equation 4.4 below.
	Equation 4.4
	This curve fit equation yields a correlation coefficient of R=0.99968.
	The particle modal diameter can now be found directly from the scattering signal as the particles decay due to the LII laser induced vaporization.  A plot of the particle diameter as a function of time for each of the three LII laser fluences is shown in
	�
	Figure 4-2.  Modal diameter as particles decay for 0.60 J/cm2 LII laser fluence
	�
	Figure 4-3.  Modal diameter as particles decay for 0.46 J/cm2 LII laser fluence
	�
	Figure 4-4.  Modal diameter as particles decay for 0.32 J/cm2 LII laser fluence
	The nondimensional particle volume fraction, which represents the fraction of gas occupied by solid soot particles, can be found from Equation 4.5 below.
	Equation 4.5
	Substituting in the zeroth-order logarithmic distribution (ZOLD) for p(a), integrating from a=0 to infinity, and dividing both sides of Equation 4.5 by N, the particle number density, the average particle volume can be found according to Equation 4.6
	Equation 4.6
	In Equation 4.6, Pvol is the average particle volume, � is the mean particle diameter, and ???is a dimensionless measure of width used in the ZOLD.  The mean diameter can be related to the modal diameter through Equation 4.7.
	Equation 4.7
	Converting modal diameters to average particle volume yields the plots of average particle volume versus relative time as shown in Figures 4-5 through 4-7.
	�
	Figure 4-5.  Average particle volume as particles decay for 0.60 J/cm2 fluence
	�
	Figure 4-6.  Average particle volume as particles decay for 0.46 J/cm2 fluence
	�
	Figure 4-7.  Average particle volume as particles decay for 0.32 J/cm2 fluence
	4.2  LII Analysis

	LII measurements were taken for various laser fluences and PMT aperture sizes.  The results of these experiments were presented in Chapter 3.  One goal of this project was to be able to predict the LII signal and the influence of particle vaporization.
	Equation 1.5
	In Equation 1.5, SLII is the LII signal, ? is a constant parameter which represents the effect of the collection optics, solid angle, and the detector efficiency, N is the particle number density, Pvol is the average particle volume, and FPlanck is a fun
	Equation 1.6
	In Equation 1.6, h is the Planck constant, co is the speed of light, ? is the detection wavelength, k is the Boltzmann constant, T is the temperature of the emitting particle, and C1 is the first radiation constant defined by Equation 1.7.
	Equation 1.7
	Pvol(t) and FPlanck(?,TP(t)) in Equation 1.5 are the time dependent particle volume and Planck function.  The Planck function is dependent on the detection wavelength and the temperature of the soot particles, which are treated as perfectly emittin
	Equation 1.2
	The maximum particle temperature, �, and the characteristic cooling time, ???were varied to find an appropriate curve fit to model the LII signal.  It was determined through an iterative process that the best values to most accurately represent the LII s
	The particle temperature rise from the gas temperature of 2260 K to the maximum particle temperature of 4800 K was modeled as a linear rise in temperature.  The rise in temperature is labeled in Figure 4-8 as rise.  This temperature rise occurs over a pe
	�
	Figure 4-8.  Sample LII response with rise and decay of particle temperature
	�
	Figure 4-9.  Particle temperature rise and decay model
	The particle volume was found from light scattering measurements at discrete points in time before, during, and after the LII laser pulse.  These points were then curve fit to be able to determine the particle volume continuously for the entire duration
	�
	Figure 4-10.  Particle volume experimental data and curve fit prediction
	Using the above models and curve fits to describe the particle temperature and particle volume, they can be applied to Equation 1.5 to predict the LII signal.  A plot of the LII response for a laser fluence of 0.47 J/cm2 and a PMT aperture opening of 2 m
	�
	Figure 4-11.  LII signal with model prediction
	The model used for the prediction of the LII signal in Figure 4-11 uses the particle volume data obtained from light scattering measurements with an LII laser fluence of 0.46 J/cm2, which is identical within experimental precision to the fluence used in
	The LII laser effectively evaporates the soot particles during the time course of the LII laser pulse.  The laser heats up the particles and they lose mass as they are heated past their vaporization temperature (~ 4000 K for carbon).  One interesting a
	�
	Figure 4-12.  LII signal with 2 predictive models
	4.3  Conclusions

	In this study, a propane diffusion flame burner w
	LII for the range of laser fluences used in these experiments results in the vaporization of soot particles.  The time scale of vaporization is on the order of the length of the laser pulse (~13 ns).  Whether prompt or delayed LII detection is used, th
	LII is a technique that has a strong dependence on laser fluence and particle size, thus careful calibration is required for quantitative analysis.
	Varying the spatial resolution of the LII laser and collection optics showed a nearly linear LII response.  This indicates the LII signal is a nearly linear function of solid collection angle.  Consequently, LII is a robust technique that can be utilized
	Modeling of the LII signal is a complicated process, but provides an accurate representation of the particle temperature and volume.  From these parameters, the soot volume fraction can be deduced.
	4.4  Future Work

	It would be useful to extend the work to other flames with different primary particle size, and different optical properties (i.e. absorption coefficients) to see the effect of these parameters on the degree of soot vaporization and the correlation wit
	APPENDIX A
	ERROR ANALYSIS
	The modal diameters calculated in Chapter 4 were done so by equating voltage from the light scattering signal to a differential scattering cross section, which was then converted into a modal diameter via Mie theory.  These scattering signals were the av
	% Error = �Equation A.1
	In Equation A.1, � is the modal diameter found using the average scattering signal, and a is either the modal diameter found from using the average scattering signal plus the standard deviation or minus the standard deviation.  Thus, two percent errors w
	Table A-1.  Percent error analysis for LII laser set to 0.60 J/cm2
	Relative Time (ns)
	Svv
	Standard Deviation
	Modal Diameter (nm)
	Percent Error
	-22
	0.964121
	0.028245
	100.9539
	0.74
	-20
	1.009101
	0.0648052
	102.0167
	1.26
	-18
	0.998578
	0.086225
	101.7925
	1.78
	-16
	1.018703
	0.0977756
	102.2067
	1.68
	-14
	0.96774
	0.120399
	101.0488
	2.87
	-12
	0.93843
	0.107887
	100.2397
	2.98
	-10
	0.968945
	0.0693905
	101.0801
	1.73
	-8
	0.901033
	0.0485525
	99.09403
	1.56
	-6
	0.794376
	0.1047874
	95.40911
	3.90
	-4
	0.560083
	0.1466562
	86.94477
	6.22
	-2
	0.328735
	0.153763
	77.51989
	10.83
	0
	0.163637
	0.0565334
	66.33132
	7.71
	2
	0.093394
	0.0327758
	59.12107
	6.49
	4
	0.068699
	0.0183006
	56.10044
	4.18
	6
	0.057276
	0.0126266
	54.60639
	3.09
	8
	0.051171
	0.0118403
	53.78157
	3.01
	10
	0.049484
	0.0111555
	53.55033
	2.86
	12
	0.049203
	0.0080787
	53.51171
	2.08
	14
	0.048683
	0.0106221
	53.44009
	2.74
	16
	0.047629
	0.0118138
	53.29446
	3.07
	18
	0.046044
	0.0105041
	53.07439
	2.76
	20
	0.047447
	0.0102373
	53.26916
	2.66
	24
	0.048814
	0.0043942
	53.45813
	1.13
	28
	0.045849
	0.0013186
	53.04723
	0.35
	32
	0.044327
	0.0025912
	52.83455
	0.69
	36
	0.048723
	0.0026363
	53.44561
	0.68
	44
	0.046157
	0.0037812
	53.09003
	0.99
	52
	0.042222
	0.0024192
	52.53836
	0.65
	60
	0.047182
	0.0043895
	53.23249
	1.14
	68
	0.047508
	0.0026639
	53.2777
	0.69
	84
	0.043978
	0.002237
	52.78555
	0.59
	100
	0.047832
	0.0030861
	53.32248
	0.80
	116
	0.048285
	0.0028879
	53.3851
	0.75
	132
	0.048909
	0.0020071
	53.47117
	0.52
	Table A-2.  Percent error analysis for LII laser set to 0.46 J/cm2
	Relative Time (ns)
	Svv
	Standard Deviation
	Modal Diameter (nm)
	Percent Error
	-22
	0.989674
	0.0773909
	101.5905
	1.71
	-20
	0.974015
	0.0473466
	101.2099
	1.17
	-18
	0.984151
	0.0583743
	101.4598
	1.35
	-16
	0.957297
	0.0906289
	100.7709
	2.35
	-14
	0.947542
	0.0584807
	100.5007
	1.62
	-12
	0.939889
	0.0932681
	100.2821
	2.59
	-10
	0.951412
	0.0925583
	100.6091
	2.46
	-8
	0.935118
	0.0842756
	100.143
	2.40
	-6
	0.891693
	0.1230473
	98.79191
	3.87
	-4
	0.820649
	0.075761
	96.35206
	2.77
	-2
	0.640676
	0.0609746
	89.82995
	2.44
	0
	0.415088
	0.055366
	81.46595
	2.84
	2
	0.253487
	0.056232
	73.19938
	5.02
	4
	0.158022
	0.0320715
	65.82219
	4.48
	6
	0.129522
	0.032047
	63.06621
	5.19
	8
	0.110267
	0.0180694
	61.03023
	3.25
	10
	0.10129
	0.0203646
	60.0295
	3.85
	12
	0.097852
	0.0143981
	59.6373
	2.77
	14
	0.093214
	0.0163419
	59.10008
	3.23
	16
	0.091265
	0.0156811
	58.8715
	3.14
	18
	0.087018
	0.0097238
	58.36762
	1.99
	20
	0.089179
	0.0142775
	58.62507
	2.89
	24
	0.088014
	0.0074189
	58.48657
	1.51
	28
	0.084588
	0.0076578
	58.07578
	1.59
	32
	0.087256
	0.0053711
	58.39606
	1.10
	36
	0.087551
	0.0061878
	58.43133
	1.26
	44
	0.086635
	0.0075917
	58.32184
	1.56
	52
	0.086225
	0.0059996
	58.27273
	1.23
	60
	0.090065
	0.0087306
	58.7299
	1.76
	68
	0.08585
	0.0044483
	58.22766
	0.92
	84
	0.086545
	0.0062248
	58.31106
	1.28
	100
	0.0861
	0.0042985
	58.25771
	0.89
	116
	0.086467
	0.0056508
	58.30166
	1.16
	132
	0.090958
	0.0087678
	58.83537
	1.76
	Table A-3.  Percent error analysis for LII laser set to 0.32 J/cm2
	Relative Time (ns)
	Svv
	Standard Deviation
	Modal Diameter (nm)
	Percent Error
	-22
	0.977224
	0.0875407
	101.2904
	2.06
	-20
	1.049187
	0.09297765
	102.7076
	1.10
	-18
	0.967168
	0.11762424
	101.0339
	2.82
	-16
	1.085333
	0.19473843
	103.0692
	4.39
	-14
	1.066238
	0.21627485
	102.9123
	4.99
	-12
	0.930257
	0.25733729
	99.99912
	5.64
	-10
	0.922373
	0.22749247
	99.76153
	5.58
	-8
	0.970817
	0.20496063
	101.1284
	4.03
	-6
	0.933981
	0.19739844
	100.1095
	4.88
	-4
	0.88749
	0.17978068
	98.65418
	5.41
	-2
	0.771167
	0.14911987
	94.56743
	5.57
	0
	0.660326
	0.09893379
	90.53732
	3.94
	2
	0.53499
	0.12982527
	86.0416
	5.61
	4
	0.420302
	0.0984546
	81.68077
	5.07
	6
	0.329307
	0.07984077
	77.54906
	5.34
	8
	0.269421
	0.06982805
	74.20451
	5.86
	10
	0.241374
	0.07191752
	72.39756
	6.81
	12
	0.220468
	0.0645295
	70.93058
	6.70
	14
	0.204267
	0.0486971
	69.71562
	5.43
	16
	0.200596
	0.05489329
	69.43025
	6.24
	18
	0.193481
	0.04204589
	68.86605
	4.93
	20
	0.19106
	0.04886439
	68.67076
	5.80
	24
	0.188227
	0.00910239
	68.43994
	1.09
	28
	0.181295
	0.00725069
	67.86486
	0.90
	32
	0.184343
	0.00564552
	68.11951
	0.69
	36
	0.189649
	0.00965329
	68.55604
	1.15
	44
	0.17846
	0.00451513
	67.62534
	0.57
	52
	0.188507
	0.00611587
	68.46286
	0.73
	60
	0.183394
	0.01010787
	68.04056
	1.24
	68
	0.1872
	0.01217863
	68.35565
	1.47
	84
	0.19162
	0.00750837
	68.7161
	0.88
	100
	0.189216
	0.01098262
	68.52079
	1.31
	116
	0.182177
	0.01012132
	67.93879
	1.25
	132
	0.186291
	0.01487665
	68.28079
	1.80
	APPENDIX B
	ZEROTH-ORDER LOGNORMAL DISTRIBUTION
	The zeroth-order lognormal distribution (ZOLD) is a skewed probability distribution.  The ZOLD is used for modeling the distribution of aerosols and soot particles due to those particles being skewed to larger sizes.  A given system of particles, each 
	Equation B.1
	The mean particle diameter is found from Equation B.2 and the standard deviation is found from Equations B.3 and B.4.
	Equation B.2
	Equation B.3
	Equation B.4
	In the ZOLD, p(a) is normalized, shown mathematically by Equation B.5.
	Equation B.5
	A plot of the ZOLD for three different values of  ?? is given in Figure B-1 below.
	�
	Figure B-1.  ZOLD distribution for three values of ??
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