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Now don’t try to kid me, mancub
I made a deal with you
What I desire is man’s red fire
To make my dream come true
Give me the secret, mancub
Clue me what to do
Give me the power of man’s red flower
So I can be like you
I Wanna Be Like You (The Monkey Song), 1967






Popular Summary

There is a natural tendency to take advantage of the most convenient energy
source available. In this usage, convenient may mean most abundant, easiest to
harvest or simplest to handle. Convenient will also correspond to cheapest in
many instances. However, some consider it a responsibility to think of the long
term costs of the energy we use. No form of energy is free from environmental
impact. The question is, are we getting enough value from the energy we use
and are we properly evaluating the secondary penalties we pay for that energy?

Combustion is universally linked to human cultural development. For the last
one hundred and fifty years coal, natural gas and liquid petroleum products-
the big three fossil fuels, have been the power behind progress. These fuels are
burned for heating, transportation and to generate electricity; they function
quite well in the intended role. But not all energy sources are equal. For
instance, coal which is cheap and abundant, is considerably dirtier when burnt
than natural gas.

Together with the ideal combustion products which are water, CO5 and energy,
combustion produces unintended pollutants. Some of these are resultant from a
presence in the fuel, such as heavy metals or sulphur compounds in coal and oil.
Other pollutants are formed by the process of high temperature combustion,
specifically nitrogen oxides (NOy), or by incomplete combustion such as carbon
monoxide and soot. Research into reduction of these pollutants has progressed
for several decades. Attention is increasingly directed to the importance of the
combustion product COs, as there is concern that elevating COs levels in the
atmosphere will affect the environment adversely. In response, there is a drive
to find reduced impact and COs neutral alternatives to the energy sources that
permit the current standard of living.

It would be impossible to completely replace combustion based energy conver-
sion in the short term, and so efforts are underway to create cleaner, more
efficient combustion systems. A good example is the area of gas turbine engines
for electrical generation. Companies like Siemens, General Electric, Alstom and
others have met the increasingly strict regulation of pollutive emissions. New
design strategies that ensure better blending of fuel and air, and operation at
lower combustion temperatures are developing. Simultaneously, there is interest
in learning to operate these cleaner burning engines on fuels other than natural
gas, e.g, carbon neutral fuels synthesized from biomass, coal gasification and
low energy content gases.

How are laser diagnostics involved in this development cycle? New ideas in



burner designs are being combined with alternative fuels that may not burn in
the exactly the same way as natural gas. To understand how these interact it is
useful to measure various aspects of the flame. Some laser-based measurements
are aimed at recording a value, such as an amount of soot, the concentration
of a certain chemical at a point in the flame, or a temperature. Laser-based
techniques can measure these values without interfering with the local flame
conditions as could a conventional probe. As a result, the measured value
should be more representative of the true conditions. Laser-based techniques
also enable measurements in harsh environments that are incompatible with
direct sampling. One of the more useful applications of lasers in combustion
research is for taking images.

Combustion in an engine is turbulent featuring a constant fluctuation of the
flame edge. An image from a traditional camera will show the edge of the flame
blurred by the amount of time that the camera was collecting emission, and
the range of depths in the flame. If a two dimensional sheet of laser light of a
selected wavelength passes through the flame, chemicals in the flame can give
off photons, known as fluorescence. The image of this laser-induced fluorescence
shows a slice through the flame frozen in time with no blurring. Depending on
how these images are formed, certain qualities of the flame may be found: where
the combustion reaction occurs, how quickly the flame edge fluctuates, how well
the fuel mixes with the air before burning and so on.

The greater strength of laser-induced fluorescence imaging is realized when it
is combined with computer modeling of the combustion process. By comparing
the real images of the combustion region with the computer model predictions,
the quality of the model can be verified and improved as needed. These more
accurate models may then influence the design of next generation combustion
machinery. It is for this reason that the thesis work was undertaken: to gener-
ate a set of data for a prototype burner operating at defined conditions while
burning several fuels that typify renewable or reduced carbon deficit fuels. The
burner was operated at several pressures from atmospheric pressure up to nine
atmospheres. The result is a wealth of data describing the flame shape as char-
acterized by laser-induced fluorescence, information regarding fuel combustion
properties, burner temperatures and emissions data for documented operating
conditions.
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Abstract

The matured laser-diagnostic techniques of planar laser-induced fluorescence
(PLIF) and particle image velocimetry (PIV) were applied to a prototype gas
turbine burner operating on various fuels. The work was performed to provide
verification of computational fluid dynamic (CFD) models of the combustion
of atypical fuels in a gas turbine combustor. The burner was operated using
methane and three synthesized fuels of interest- one with hydrogen as the prin-
ciple component and two with a low heating value (15 MJ/m3). Experiments
were performed at pressures from 1 to 9 bar, with the fuel/air mixture at both
ambient (~ 300 K) and elevated temperature.

The burner, which was supplied by Siemens Industrial Turbomachinery, is a
down-scaled prototype of that used in the SGT-750 gas turbine. It is composed
of three individual sectors that are arranged concentrically, a centermost pilot
sector, intermediate sector and main sector. Each sector contributes a premixed
fuel/air flow, while swirl elements in each sector promote flame stabilization and
recirculation in the combustion region. There are dedicated fuel feeds allowing
for localized setting of fuel/air mixture at each of the sectors. The central
pilot sector of the burner was separable from the full burner assembly and was
examined in detail.

Information was generated regarding the use of syngas to fuel the burner. This
information is intended to be used for the validation of CFD models of the
experiments, including optimization of reduced chemical kinetic mechanisms
for the specific fuels. Laminar flame speed measurements were made for several
syngas fuel candidates from which the high-hydrogen syngas fuel was selected.
Burner performance at the lean stability limit was examined using the fuels of
interest. It was found that increasing the fuel/air ratio in the central pilot sector
improved the lean limit onset of flame extinction up to the point that the central
pilot extinguished. Optimization of the burner nitrogen oxides (NOy) emission
by fuel partitioning among the three sectors was performed. The response in
emission level with fuel/air ratio was not universal among the fuels tested.

The largest portion of work in this thesis is the visualization of the burner
combustion field by laser diagnostic methods. The flame shape was imaged by
the PLIF OH radical distribution. PLIF imaging of the central pilot sector
was recorded for atmospheric and elevated pressure for iterations of inlet air
temperature, fuel type and equivalence ratio. When comparing the OH-LIF
distribution for various fuels and pressures it was found that equivalence ratio
had the greatest effect on the distribution of OH signal from the exit of the

iii



central pilot sector. Lean equivalence ratios showed a diffuse signal typical of
the post combustion region. Near stoichiometric equivalence ratios yielded a
distribution having a clearly defined inner edge indicating combustion occuring
outside of the pilot sector. At rich equivalence ratios the OH signal was lifted
away from the pilot burner exit. Comparison of OH-PLIF and chemilumines-
cence signal for methane combustion supported the characterization that the
pilot sector efflux varied from post combustion to attached and then lifted flame
in conjunction with the increase in equivalence ratio from lean to rich. OH-PLIF
imaging was collected for staging of fuel to all three sectors of the burner at
atmospheric pressure. The flow field in the combustion region produced by the
full burner was visualized using PIV for each of fuels of interest, illustrating the
recirculation zone. Finally the OH-LIF distribution was imaged for the com-
bustion region of the entire burner at elevated pressure during operation at a
single equivalence ratio with various dilutions of natural gas. There was little
discernible change in flame shape as the pressure was changed from 3, 4.5 and 6
bar and energy content was changed from 30, 40 and 45 MJ/m? Wobbe index.

iv



List of Papers

I Whiddon, R., Sigfrid, I. R., Collin, R. and Klingmann, J. "Investigation
of a Premixed Gas Turbine Central Body Burner using OH Planar Laser
Induced Fluorescence at Elevated Pressures",

In Proceedings of the ASME Turbo Expo 2013, Vol. 1A: Combustion, Fuels
and Emissions, Parts A and B GT2013-94443

IT Sigfrid, I. R., Whiddon, R., Aldén, M. and Klingmann, J. "Experimen-
tal Investigation of Lean Stability of a Prototype Syngas Burner for Low
Calorific Value Gases",

In Proceedings of the ASME Turbo Expo 2011, Vol. 2: Combustion, Fuels
and Emissions, Parts A and B GT2011-45694

IIT Sigfrid, I. R., Whiddon, R., Aldén, M. and Klingmann, J. "Parametric
Study of Emissions from Low Calorific Syngas Combustion, with Variation
of Fuel Distribution, in a Prototype Three Sector Burner",

In Proceedings of the ASME Turbo Expo 2011, Vol. 2: Combustion, Fuels
and Emissions, Parts A and B GT2011-45689

IV Sigfrid, I. R., Whiddon, R., Collin, R., Klingmann, J. "Experimental Inves-
tigation of Laminar Flame Speeds for Medium Calorific Gas with Various
amounts of Hydrogen and Carbon Monoxide Content at Gas Turbine Tem-
peratures",

In Proceedings of the ASME Turbo Expo 2010, Vol. 2: Combustion, Fuels
and Emissions, Parts A and B GT2010-22275

V Whiddon, R., Zhou, B. Borggren, J. and Li, Z. S. "Trimethylindium as an
Indium Source for Combustion Experiments"
manuscript in preparation

VI Whiddon, R., Kundu, A., Subash, A. A., Collin, R., Aldén, M. and Kling-
mann, J. "Laser-induced Fluorescence Imaging of Gas Turbine Pilot Burner
Combustion with Variation of Equivalence Ratio, Residence Time and
Cooling Flow Temperature."
manuscript in preparation

Other Publications

A Sigfrid, 1. R., Whiddon, R., Abou-Taouk, A., Collin, R. and Klingmann, J.
"Experimental Investigation of an Industrial Lean Premixed Gas Turbine



Combustor with High Swirling Flow."
In Proceedings ASME Gas Turbine India Conference GTINDIA2012-9681

Abou-Taouk, A., Sigfrid, I., Whiddon, R., Eriksson, L-E. "Four-step Global
Reaction Mechanism for CFD Simulations of Flexi-fuel Burner for Gas Tur-
bines"

In Proceedings of The International Symposium on Turbulence, Heat and
Mass Transfer 2012 , Vol. 7

Sigfrid, I. R., Whiddon, R., Collin, R. and Klingmann, J. "Experimental and
Reactor Network Study of Nitrogen Dilution Effects on NOx Formation for
Natural Gas and Syngas at Elevated Pressures"

In Proceedings of the ASME Turbo Ezpo 2013, Vol. 1A, Combustion, Fuels
and Emissions GT2013-94355

Sigfrid, I. R., Whiddon, R., Collin, R., Klingmann, J. "Influence of Reac-
tive Species on the Lean Blowout Limit of an Industrial DLE Gas Turbine
Burner"

2013 Combustion and Flame 161 (5), 1365-1373

He, Y., Wang, Z., Yang, L., Whiddon, R. Li, Z. S., Zhou, J. and Cen,
K. "Investigation of Laminar Flame Speeds of Typical Syngas using Laser
Bunsen Method and Kinetic Simulation"

2012, Fuel 95, 206-213

Wang, Z., Chen, Y., Zhou, C., Whiddon, R., Zhang, Y., Zhou, J. and Cen,
K. "Decomposition of Hydrogen Iodide via Wood-based Activated Carbon
Catalysts for Hydrogen Production" 2011 Int. J. of Hydrogen Energy. 36(1)
216-223

vi



Nomenclature

€ <40 >>% o

3

>
9]

=S

DLE
LIF
PLIF

photon energy

frequency

Plank constant

wavelength

vacuum velocity of light
vibrational level

equilibrium oscillator frequency
anharmonicity constant
rotational constant

rotational sub-level

excitation efficiency

number density of a state
stimulated excitation coefficient
excitation intensity

absorption profile

instrument collection efficiency
laser probe volume
spontaneous emission coefficient
non-emission relaxation coefficient
fluorescence intensity
dissociation coefficient
transition energy

Boltzmann constant

scattering coefficient

detected signal

analytical signal

background signal

dark signal

Wobbe index

equivalence ratio

Abbreviations

Dry Low Emission
Laser Induced Fluorescence
Planar LIF

vii



RET
VET
IR
[OAY
CFD
PIV
CARS
KDP
CCD
CMOS
MCP
LBO
ICCD

Rotational Energy Transfer

Vibrational Energy Transfer

Infrared

Ultraviolet

Computational Fluid Dynamics

Particle Image Velocimetry

Coherent Anti-Stokes Raman Scattering
potassium dihydrogen phosphate
Charge-Coupled Device

Complementary Metal-Oxide Semiconductor
Multi-Channel Plate

Lean Blowout

Intensified CCD

viii



Contents

Introduction 1
1.1 Thesis Organization . . . . . .. ... .. ... ... ..... 2
Light and Matter 3
21 Light . . o o oo 3
2.2 Atomic Spectroscopy . . . .. ... 3
2.3 Molecular Spectroscopy . . . . . ... o 4
2.4 Laser Physics . . . . . . . . .. 7
Diagnostics 9
3.1 Emission Measurements . . . . . .. ... ... ... .. ... 9
3.2 Optical Diagnostics . . . . . .. ... oL oL 9
3.2.1 Chemiluminescence . . . . . . ... ... ... 9
3.2.2  Particle Imaging Velocimetry . . . .. .. ... ... ... 10
3.2.3 Fluorescence . . . . .. .. .. ... ... .. ... 10
3.2.4 Laser Induced Fluorescence . . . . ... ... ... .... 11
3.3 Imstruments . . . . . .. ..o 16
3.3.1 Laser Systems . . . . ... .. ... ... ... ... 16
3.3.2 Camera Systems . . . . . ... 18
3.3.3 Image Correction . . . . . . . . . . ... ... ... ..., 19
Gas Turbine Combustion 23
4.1 The Gas Turbine Combustor . . . . ... ... ... ... .... 23
4.2 Gas Turbine Emissions Considerations . . . . . .. .. ... ... 24
4.3 Syngas Fuel . . . . ... .. o o 25
4.4 Prototype DLE Burner . . . . . . . ... ... ... ... 26
Atmospheric Pressure Combustion 29
5.1 Atmospheric Pressure Facility . . . . . ... ... ... ...... 29
5.2 Burner Lean Blowout Limit . . . . . .. ... .. ... ...... 32
5.3 Burner NOy Emission with Fuel Staging . . . . . ... ... ... 32
5.4 Laser-based Imaging . . . . . . ... ... ... ... ... 34
5.4.1 Pilot Sector Imaging . . . . . ... ... ... ... 34
5.4.2 Pilot and Intermediate Imaging . . . . . . ... ... ... 34
5.4.3 Confinement Geometry . . . ... ... ... ... .... 36
5.4.4 Full Burner Imaging . . . . . . ... ... ... ...... 38
Elevated Pressure Combustion 41

ix



CONTENTS

6.1 Elevated Pressure Facility . . . . ... .. ... .. ...... .. 41
6.2 Laser Diagnostics at Elevated Pressure . . . . . . . ... ... .. 41
6.2.1 Pilot Sector Operation on Syngas Fuels . . ... ... .. 41

6.2.2  Full Burner Operation with Nitrogen Diluted Natural Gas 44

7 Summary 47
7.1 Future Considerations . . . . . .. . ... ... ... .. ..... 48

8 Acknowledgments 49
9 Summary of Publications 51
10 Appendix 1 55



List of Figures

2.1 Atomic energy levels and transitions . . . . . ... .. ... ... 6
2.2 Molecular energy levels and transitions . . . . . . ... ... ... 6
2.3 Ruby and Nd:YAG lasing schemes . . . . .. .. ... ... ... 8
3.1 OH molecular energy diagram . . . . . . . .. ... ... ..... 12
3.2 PIV method illustration . . . . . . ... ... ... ... ..... 12
3.3 Rhodamine 6G excitation and emission spectrum . . . . . . . . . 17
4.1 Gas turbine combustor . . . . . . ... ..o 24
4.2 Siemens prototype burner . . . .. ... Lo 27
4.3 Pilot sector mounting . . . .. ... oL oL 28
5.1 Atmospheric setup diagram . . . . ... ..o 30
5.2 Quarl design selection . . . . ... ... 31
5.3 Atmospheric combustion chambers . . . . .. ... 000 31
5.4 Pilot sector NOy emissions . . . . . . . . . . . .. ... .. ... 33
5.5 Pilot sector OH-LIF images . . . . . .. ... ... ... ..... 35
5.6 Pilot + Intermed. setor OH-LIF images . . . ... ... .. ... 37
5.7 Combustion chamber OH-LIF comparison . . . . . .. ... ... 38
5.8 PIV and OH-LIF full burner . . . .. .. ... ... ... .... 40
6.1 Elevated pressure combustion chamber . . . . . . . ... ... .. 42
6.2 Pilot sector OH-LIF at pressure . . . . . . . . ... ... ..... 43
6.3 Full burner OH-LIF at pressure . . . . . . .. ... ... ..... 45
10.1 Atmospheric Burner Control Program, setup panel. . . . . . . .. 57
10.2 Atmospheric Burner Control Program, main panel. . . . . . . . . 58

xi






CHAPTER 1

INTRODUCTION

"[Clulture develops when the amount of energy harnessed by man per capita per
year is increased; or as the efficiency of the technological means of putting this
energy to work is increased; or, as both factors are simultaneously increased."
Leslie White,
Energy and the Evolution of Culture [1]

There is little doubt that combustion has had, and will continue to have, a great
influence in the development of human culture. Combustion is involved in more
or less every aspect of life: heating, transportation, electricity generation and
other applications. As of 2010, 88.8% of the global energy consumption centers
around combustion, 80.6% of which is from fossil fuels [2].

Yet combustion is not without negative aspects as well. The polluting byprod-
ucts of combustion: soot, NO, SOy, metals, and other components may rep-
resent immediate risks to human health and the environment. Naturally oc-
curring financial incentives and strict regulation may provide the impetus for
reduction of combustion byproducts; but, it is through better understanding of
combustion, especially in practical applications, that solutions to the problems
of combustion are developed.

Lately, the perceived climactic impact of elevated atmospheric COs levels is
leading to the restriction of production [3,4]. Since combustion is a component
of the human generated COs, its application will likely see controls as well.
There is currently no comprehensive replacement for combustion based energy,
but reducing some of the possible environmental impact of combustion systems
can be accomplished by using COs neutral fuels. This is also wise in light of the
finite nature of fossil fuels and the possibility that substitute fuels may already
be in abundance.

In this thesis, laser based diagnostics are used to aide research into the oper-
ation of a modern dry low emission (DLE) gas turbine burner on fossil fuel
alternatives. The burner is a prototype that was designed for low NO, emission
while operating with approved fuels. The burner creates a premixed flame at
lean equivalence ratio in order to reduce flame temperatures and the associated
thermally generated NOy. As premixed flames are sensitive to combustion in-
stabilities [5] trying to operate the burner on a different fuel than designated
fuel, e.g., natural gas, has the potential to induce instabilities.

In the experiments which form the basis of this thesis, the burner was operated
on fuels that had various component blends and heating values. The burner per-
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formance was evaluated for the fuels by establishing the lean stability limits and
emission levels of CO and NOy for a variety of operating conditions. Then the
combustion region was imaged using planar laser induced fluorescence (PLIF)
for a number of configurations of the burner, equivalence ratios, pressures and
fuels. The data generated from these experiments is useful for the validation
of computation fluid dynamics models of the burner operation on these syngas

fuels.

1.1 Thesis Organization

The thesis
Chapter 1
Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

is organized into chapters in the following manner:
Introduction.

A review of light and matter interactions that make possible species
specific optical diagnostics.

Survey of diagnostic techniques central to the authors publications.
This will include the basis of techniques, relevant instrumentation
and data processing considerations.

Mechanical description of a prototype industrial gas turbine burner
and the fuels on which it was operated.

Description of the atmospheric pressure test setup and findings from
the experiments that were performed.

Description of the elevated pressure test rig and the experiments
that were performed.

Summary of the work done and suggestions for future investigation.



CHAPTER 2

LIGHT AND MATTER

Spectroscopy is equally a function of the nature of light and of the construc-
tion of matter; these two subjects often overlap in content. In this chapter an
overview of the electronic structure of atoms and molecules is presented as it is
this nature that results in the processes of absorption and emission that make
possible, various laser diagnostic techniques. More specific treatment of laser
induced fluorescence (LIF), the dominant laser based diagnostic tool employed
in this work, will be presented in chapter 3. If greater depth is desired, var-
ious textbooks can be referred to: for emphasis on the nature of light, Light
by Ditchburn [6] and Optical Physics by Garbuny [7]; for the discussion of the
foundations of atomic and molecular spectroscopy refer to Svanberg, Banwell
and McCash, and Ekberth, [8-10].

2.1 Light

Light is collection of individual energy quanta- photons which are a force existing
as an electromagnetic wave. The energy (E) of a photon is equated to the wave
frequency (v) times the Plank energy constant (h).

E = hv (2.1)

Calculation of the wavelength()) is the division of the velocity of light in vacuum
(¢) by the frequency of fluctuation of the electromagnetic field.

A=c/v (2.2)

Note that the photon wavelength is dependent on the speed of light which is in
turn dependent on the medium through which the photon travels. Consequently,
the wavelength is not consistent, making it an ambiguous measurement of energy
without also specifying the medium in which the light is found. As a general
rule, wavelength is used when spatial phenomena such as grating orders are
considered; frequency is used for applications where amount of energy is key,
e.g., photofragmentation.

2.2 Atomic Spectroscopy

Atoms contain energy. A portion of this energy is contained as translational
motion, a portion is held by the electrons which orbit the nucleus and a portion
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is bound in the nucleus itself. The total energy of an atom can be increased by
adding energy from an external source; depending on the amount of energy, dif-
ferent components of the atom are affected. Thermal energy addition increases
the translational motion of the atom. Higher energy levels, including fast col-
lisions or photons of visible and ultraviolet wavelength, deposit energy in the
valence electrons, moving them to higher energy orbits or ionizing the atom.

Energy exchanges which involve electrons are analytically useful because only
discrete energy values can be added to the electron, and these energy quanta
are specific to the type of matter, due to the quantized nature of the electronic
orbits. A quanta of energy exactly equal to the difference in the initial and final
state electronic energy level can trigger an electron to change orbit. This energy
gap is largely determined by the nucleus of the atom, so that even isotopes of
the same atom show slightly shifted energy for the electronic orbitals. If a
spectrum is made for the energy, i.e, photon frequencies, that are absorbed by a
sample, it can be used to determine what elements are contained in that sample
and in what concentration. Energy can also be released, allowing an electron
that is excited to fall to a lower energy state. This is done through emission or
collisional de-excitation.

Several electronic energy levels of an atom are shown in the left portion of
figure 2.1. In the right portion of the figure, a general excitation and relaxation
sequence is shown. First, energy equal to the difference between the third
excited state and ground electronic states can be absorbed by the atom, a
process called stimulated absorption. If a photon of equivalent energy to the gap
between the upper and lower electronic levels interacts with an excited atom, it
can induce relaxation of the excited electron to the lower level in a process that
emits a photon- termed stimulated emission. There is also a likelihood that an
electron occupying an upper energy level can fall back down to a lower energy
level without external stimulation, this process labelled spontaneous emission.
Each of the three transitions has an associated Einstein transition coefficient
that describes the likelihood that an electron will undergo a transition. For the
two stimulated processes the Einstein transition coefficient is the probability
that an electron will successfully undergo a transition in the presence of an
appropriate photon, while for spontaneous emission, it is the lifetime of the
electron in the higher energy state. Additionally, the atom may collide with a
second body resulting in energy being transferred to the colliding body, relaxing
the excited electron to a lower energy state. This process is called collisional
energy transfer.

2.3 Molecular Spectroscopy

The electronic energy levels of molecules are complicated by the presence of
vibrational and rotational energy sub-levels associated with the electronic levels.
This is shown in the energy diagram of a typical diatomic molecule, figure 2.2

The distance between the nuclei are not fixed but physically vibrate along the
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axis defined by neighboring nuclei. This vibration affects the electronic orbits
and consequently the energy level of those orbits. Possible vibrational energies
are limited to discrete energy levels for a given electronic orbital. These energy
intervals are described by the equation:

€vibration = (ZJ@(V + 1/2) + Xe * a)e(v + 1/2)2 (23)

Where v is the vibrational level which has a positive integer value; all other
constants are specific to the molecule: @, the equilibrium oscillator frequency
and Y. the anharmonicity constant. The energy difference between vibrational
levels is about three orders smaller than that between electronic energy levels.

Rotational energy sub-levels arise from the tendency of a molecule to rotate in
space. This movement will effect the electronic orbit and thus the energy level
that is sustained by that orbit. As in the electronic and vibrational levels, there
are specific discrete rotational energy levels that are described by the equation:

€Erotation — BJ(J + 1) (24)

Where B is the rotational constant and J is the rotation sub-level which has a
value greater than zero. The difference in energy between the rotational levels
are approximately six orders of magnitude smaller than that between electronic
states.

As both the vibrational and rotational distortions of the electronic energy level
are present, the value of a specific electronic state for a molecule is the sum of
the three discrete values. According to the Born-Oppenheimer approximation,
each of these energy levels can be treated as independent contributions to the
total energy level:

Etotal - Eelectronic + Evibration + Erotation (25)

The presence of the multitudinous energy sub-levels in the electron orbits creates
some difference in the spectroscopic features of a molecule versus an atom. The
abundance of closely coordinated energy levels increases the number of ways
that energy can be collisionally redistributed. There are many more close lying
energy levels that are absent from the atomic system whereby an electron can
fall back to a lower energy state upon collision, either by the process of rotational
energy transfer (RET) or vibrational energy transfer (VET). The frequency of
energy loss via these pathways changes with the temperature and pressure of
the local environment and the presence or suitable energy levels in the colliding
body. Because of the ease of transition between energy levels, the spectrum
of a molecule is more highly structured than that of an atom. In addition to
being a signal loss pathway that quenches fluorescent signal, collisional energy
transfer populates numerous excited states that have potential for fluorescence
emission through spontaneous relaxation. This produces the clusters of closely
spaced transitions of the molecular spectrum rather than sparsely distributed
transitions seen in atomic spectra.
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Figure 2.1: Energy level diagram for helium showing the relative energy level
of the specific electronic states, adapted from Herzberg [11]. At left, selected
allowed transitions shown in gray, forbidden transition in turquoise. At right
suggested pathway for excitation and relaxation in an atom.
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Figure 2.2: General molecular energy diagram illustrating excitation pathways.
Solid blue line is stimulated absorption, dashed blue line stimulated emission,
purple arrows indicate broadband spontaneous emission. Collisional energy
transfers are shown in red for rotational energy transfer, brown for vibrational
energy transfers and green for electronic relaxations. Grey line indicates a
predissociative state.
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Other molecular transitions that can occur are ionization, where the electron
is freed from the nucleus and predissociation, where the excitation cause desta-
bilization of the molecule which subsequently breaks into smaller constituents.
These are single-ended electronic transitions as they deplete the population of
the target molecule.

2.4 Laser Physics

LASER is the acronym for Light Amplification by Stimulated Emission of Ra-
diation. The laser was developed from the principles found with the MASER
which operates at microwave wavelengths [12]; lasers operate in the wavelength
region from infrared(IR) to the ultraviolet (UV). A simple laser is composed of
a cavity defined by two reflecting surfaces, a lasing gain medium, and an energy
pumping system for the gain medium. The gain medium can be a semicon-
ductor, crystalline solid, gas or liquid. Energy is applied to the gain medium
by electron bombardment, electron hole recombination, flash lamps or diode
arrays. Multiple stages of pumped gain media can be linked serially to the first
stage(oscillator) to amplify the laser power. Lasing wavelength is determined
by the gain medium, then by the cavity dimensions and may be refined by the
inclusion of gratings or etalons in the oscillator to favor a wavelength. Some
pulsed lasers may include an optical obstruction in the oscillator which alters
the quality of the cavity. This allows the build up of energy in the gain medium
during the pumping stage and a sudden release of stimulated emission over a
short time period.

The physical processes which result in lasing can be realized from the discus-
sion of molecular energy levels in section 2.3, as it derives from the stimulated
relaxation from an excited energy state. Recall that stimulated relaxation will
generate an additional photon for a single stimulating photon. This photon is a
copy of the photon that induced the emission. In order to achieve amplification,
the number of electrons in the upper level must be greater than those in the
lower energy level, a condition called population inversion. Without population
inversion, stimulated absorption events would outweigh stimulated transmission
events. Thus, a laser gain medium needs three or more electronic levels. The
energy diagrams for a three level Ruby laser, which was the first functioning
laser, and the four level Nd:YAG laser are shown in 2.3 [13,14].

The lasing process begins with the application of energy to the gain medium
in order to excite electrons to a non equilibrium state. Then, the electron
is moved to a different energy level which has a weak spontaneous transition
probability to the lower state, called the meta-stable state. In the three level
system, the population of this upper state builds until it is greater than the
ground energy level, at which point a photon at the energy of the meta-stable
to ground transition triggers a stimulated transition between these levels. There
is a resulting cascade of photons as stimulated emission is triggered from many
emitting species in the gain medium. Four level systems have the benefit of not
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needing to establish a population inversion between the meta-stable and ground
electronic levels. Rather, the population inversion is set up between the meta-
stable and a lower lying short lived energy level. Due to the exact replication
of the stimulating photon, a laser beam consists of photon energy limited to a
narrow distribution of wavelengths.
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Figure 2.3: Energy level diagrams for Ruby (left) and Nd:YAG (right) lasers,
demonstrating three and four level laser systems.



CHAPTER 3

DIAGNOSTICS

"T suppose it is tempting, if the only tool you have is a hammer, to treat
everything as if it were a nail." Abraham Maslow
The Psychology of Science, 1966 [15]

The field of laser-based diagnostics covers a number of different strategies for
the measurement of species concentration, species distribution, temperature
and fluid motion, which may be useful in gaining insight to various aspects of
combustion [16]. The choice of technique is directed by the suitability for the
measurement environment and the desired type of information: quantitative
or qualitative, spatial extent, time resolution, etc. As the purpose of this work
was the validation of CFD models, two dimensional measurements would be the
most appropriate, thus LIF and PIV were used. Certain traditional combustion
diagnostics were also used.

3.1 Emission Measurements

In the experiments that were the basis of papers IT and I11, no optical diagnostics
were applied, rather the product emissions from combustion were measured at
various burner operating conditions. Samples were collected using a sample
probe placed downstream of the combustion region for both the atmospheric
and elevated pressure combustion chambers.

In early experiments, namely those in papers II and III, the detectors were
an FEco Physics model 700 EL-ht nitric oxide detector, Rosemount Analytical
Oxynos 100 detector for oxygen and Rosemount Analytical Binos 100 detector
for CO and COs. The later experiments, which are used in papers I and C [17],
used an Eco Physics model CLD-822Mhr nitric oxide detector, MBE PAROX
1200 oxygen detector, Fuji ZKJ CO and COs detector, and a JUM 3-300 A
un-burnt hydrocarbon detector.

3.2 Optical Diagnostics

3.2.1 Chemiluminescence

Chemiluminescence is the emission of radiation from atoms and molecules in
which electrons were first raised to an excited state via chemical reactions. In
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a flame, there are several species that are noted chemiluminescent molecules,
most apparent are CH and C, which give a flame the blue-green coloring. If
a UV sensitive imaging device is used there will also be signal from the OH
radical.

As chemiluminescence occurs in the reactive regions of the flame it is a suitable
indicator of flame position. However, being a line of site technique, images that
are collected are averaged along the perspective line of the camera lens. There
have been developments in the analytical application of flame chemilumines-
cence [18,19]; but, it was used with this work to visualize the flame at high
speed to observe temporal fluctuations in the flame.

3.2.2 Particle Imaging Velocimetry

In turbulent premixed combustion the fluid motion is as important to the sta-
bilization and propagation of the flame as the chemical reaction process [20]. A
complete picture of combustion should include flow fields in addition to chem-
ical markers. Particle image velocimetry is a means of visualizing the flow by
finding the displacement of small particles that have been seeded into the flow.
The measurement process is illustrated in figure 3.2. A region of interest is
illuminated by sequential laser pulses. A camera, which is triggered by the laser
pulses, records Mie scattering from the particles. The distance that the particles
travel between the two shots divided by the time separation gives the velocity
of the particles.

PIV does not track individual particle motions, but rather is an averaged ve-
locity for particles in a spatial subset of regions of the image. An image set is
divided into regions which are then compared between the image pair to find the
greatest agreement between displacements. The resulting velocity field yields
one velocity vector per region. A detailed discussion of the PIV measurement
technique is found in [21].

3.2.3 Fluorescence

Fluorescence is the spontaneous emission of a photon upon relaxation of an elec-
tron from an excited state to a lower energy level, the electron having been first
excited by absorption of a photon. The observation of fluorescence in combus-
tion was first reported by Nichols and Howes in 1923 for emissions from calcium
and strontium in a hydrogen flame [22,23]. Winefordner and Vickers introduce
the usefulness of fluorescence as a diagnostic technique from the improvement
in sensitivity of over chemical and thermal excitation in atomic spectrometry
as the ground state population is detected, meaning the signal is less dependent
on flame reactions or temperature [24]. Alkemade gave a radiometric analy-
sis of atomic fluorescence efficiency, considering fluorescence excitation by both
continuum sources and narrow line sources 25|, which suggest performance im-
provements for limited spectral range of excitation.

10
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Fluorescence Targets in Combustion

Fluorescence targets in the combustion environment may be naturally occur-
ring or seeded into the combustion system. Fluorescence measurements may be
used to indicate the location of flame structures, e.g., the flame front, burnt and
un-burnt fraction; or, when quantitative measurements are made, can indicate
chemical production rates or local temperature. Examples of naturally occur-
ring species are the hydroxyl radical (OH), nitric oxide, carbon monoxide, the
methyl radical and formaldehyde. Commonly seeded fluorescence targets are
acetone, toluene, nitric oxide, indium, thallium lead, etc [26—29].

The OH radical is an oft-used fluorescence target for LIF diagnostics in combus-
tion. OH signal appears just after the highly reactive flame front and extends
into the post combustion regions of the flame. Fluorescence originates from an
electron excited from the v"=0 vibrational level of the ground electronic state to
the v’=1 first vibrational level of the first excited state. The transition is shown
in figure 3.1. Fluorescence signal is filtered to remove the scatter from the ex-
citation beam. The measured signal is primarily from the numerous rotational
transitions of the lowest vibrational level upper electronic state to the lowest
vibrational level of the ground electronic state a wavelength region around 308
nm. The OH radical was the primary target of LIF measurements that were
used in producing the papers associated with this work.

Acetone (C3HgO) is a fluorescing hydrocarbon which can be added to the fuel
or air for laser induced fluorescence imaging of the pre-combustion region. It
is often used to determine the degree of mixing and equivalence ratios of the
combustion mixture [30,31]. Acetone fluorescence may be excited by the same
wavelength as the OH molecule, and, as it is consumed with the fuel at the
flame front, it can be used when measured simultaneously with OH to image
the burnt and un-burnt regions of the combustion volume [32]. The primary
use of acetone in the works associated with this thesis was in imaging the laser
power distribution directly in the measurement volume for correction of laser
energy distribution.

Indium is one of several atoms that are seeded into a flame for the purpose of
temperature measurements [26,27]. Temperature of the combustion region is
determined by measuring the populations of indium in ground state (52P; /2)
and slightly elevated energy state state (52P3 /2) which are separated by ~ 0.275
eV [33]. The energy separation makes indium a good temperature marker for
combustion in the temperature region of 700-3000 K [29,34]. While it was
not used in connection to this work for determination of temperature, paper
V features the development of an improved seeding system with application to
temperature measurement of the combustion gases.

3.2.4 Laser Induced Fluorescence

The application of laser-based diagnostics to combustion is thoroughly docu-
mented by Kohse-Hoinghaus [35], and particular application of LIF in combus-

11
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Figure 3.1: Selected potential energy curves for the OH molecule showing elec-
tronic and vibrational energy levels. Stable electronic levels are solid black
lines, pre-dissociative levels in dashed gray. Transition pathways in red show
stimulated pathways while green are spontaneous pathways.
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Figure 3.2: Diagram of two shot PIV sequence. Left- time delayed images
are differentiated by particle color. Middle- images are split into interrogation
windows and correlated to find likely displacement, particles that leave the
imaging field are circled in red. Right- resulting velocity vector field.
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tion diagnostics may be found in Daily or Stepowski [36,37|. A strong moti-
vation for the use of laser diagnostics is the quality of the detection methods
due to high energy deposition and selectivity from spectral overlap of the source
frequency range and target transition wavelength range.

The excitation efficiency (b) of an fluorescence excitation source is given by the
ground state population (N7) multiplied by the stimulated excitation coefficient
(B) and the intensity of the excitation source (I) over the absorption profile (g).

o = 222 / I()g(v)(dv) (3.1)

In the simplest approximation, with constant overlap of excitation wavelength
and the absorption line profile, fluorescence intensity would be directly propor-
tional to the excitation intensity multiplied by the number density as calculated
using equation 3.2.

Agy

A1 +Q

With C being the instrument collection efficiency, V; the probe volume, A the
Einstein transition coefficients for spontaneous emission. The Stern-Volmer
fraction, Agy/(A21 + Q), expresses the fluorescence quantum yield. All non-
emissive relaxation, which includes stimulated emission (for orthogonal image
collection), collisional quenching, dissociation and any other loss mechanisms,
are included in Q.

F=CV, Ny b (32)

It should be noted that this equation infers that only the fluorescence from
one excited state is observed. In fact, collisional energy transfer will populate
other fluorescing states, a mechanism that allows the exclusion of the excitation
wavelength with optical filters. With this approach, equation 3.2 would need to
be adjusted to reflect a global fluorescence quantum yield.

Quenching Independent LIF

Quenching is an unwelcome complication of quantitative LIF measurements as
it may be non-uniform due to variation in the measurement environment, e.g.,
temperature or chemical composition. However, by changing aspects of the
excitation process quenching can be exploited so that a single loss mechanism
is dominant. This simplifies the calculation of the fluorescence quantum yield
to solvable values.

In the LIF saturation regime, the frequency of stimulated processes is greater
than spontaneous processes, effectively removing the contribution of quenching
from the fluorescence signal [38]. Onset of saturation (Isaturation) is thus defined
by equation 3.3.

(A21 4+ Q21)c

Isa uration — T . N\ 3.3
furat (B12 + Ba1) (8:3)
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The fluorescence quantum yield is no longer determined by quenching but rather
the ratio of stimulated excitation to stimulated emission.

Bio Aoy
Fsa uration — CVIN :
t t l 1B12B21 1 N M

(3.4)

An additional benefit of operation in the saturated regime is that the fluores-
cence signal shows very little influence of the laser intensity provided it remains
above the saturation threshold. It should be noted that, even when the to-
tal pulse energy is sufficient for saturation, low fluence at the beam edges and
at the start and end of the pulse will contribute LIF signal at non-saturated
conditions.

Some transitions in molecules will excite the molecule such that it is in an
unstable electronic configuration that causes the cleavage of a bond. This "pre-
dissociated" state has a probability of fluorescing to a lower energy state but
the only likely loss factor is dissociation, as these states are short lived. In this
strategy the fluorescence quantum yield is the ratio of spontaneous emission to
dissociation, Asy /P providing As; << P. The downside of using this strategy
is that LIF signal levels may be low because of the short lifetime of the pre-
dissociated state, this may be a problem in low signal-to-noise measurements.

Fluorescence Based Flame Temperature

Temperature is one of the most desired environmental variables in combustion
modeling, but the gas turbine combustion environment is not amenable to this
measurement due to wide temperature ranges and a highly turbulent flow [39].
While thermocouples have been used to measure flame temperatures, the phys-
ical intrusion into the measurement volume introduces error by disrupting the
naturally occurring flow structures. This is especially problematic when mea-
surements are made in the turbulent combustion environment of gas turbine
which uses recirculating fluid motion to stabilize combustion in the primary
combustion zone. Optical measurements do not adversely effect the fluid mo-
tion, and while the adaptation of combustion systems to permit optical access
will alter environmental parameters, e.g, heat loss or geometric configuration,
the measurement environment should not change with the presence or absence
of the probe.

Coherent anti-stokes Raman spectroscopy (CARS) and Rayleigh scattering are
the laser-based techniques most often associated with thermometry in 1 and
2 dimensions, respectively, however it is also possible to compute temperature
from fluorescence measurements. The population of an energy state in an atom
or molecule is not restricted to a single energy level; but rather, is distributed
over all possible energy levels following the Boltzmann distribution. The ratio
of populations (N) between any two states is given by difference in energy (e)
of the two states: N

= expl—(e; — ¢)) /kT] (3.5)

N;
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and the absolute number density of a specific energy state can be determined
by:
exp[—de; /kT]

Ni=N- >_exp[—de; /KT

(3.6)

Practically, only energy separations that are less than several kT above ground
state are considerably populated. Fluorescence thermometry techniques are
based on measuring the population of energy levels by equating the laser induced
fluorescence intensity to the number density of the specific energy level probed.

There are two fluorescence thermometry techniques with sufficiently high time
resolution for instantaneous temperature measurement in turbulent combustion
applications. The most well know is the two line fluorescence method. The
ratio of broadband fluorescence signals, F; and F5, resulting from exciting the
ground state and excited state corresponds to the respective number densities
of the two initial states and their transition coefficients. Assuming that both
excitations elevate the fluorescence target to the same upper state, the intensity
ratio using equation 3.2 is:

Fy I3 baz N

2 _ 28 28 T2 3.7
Fy Ly bz M 3.7)
By inclusion of equation 3.5, temperature can be calculated thus:
Fy Iz bos
f2_ 128 T, — kT 3.8
F =T bis explez — €1)/kT] (3.8)

The application of this temperature measurement technique to the combustion
environment has been progressing since initial discussion by Omenetto [40].
Catollica presented the use of flame generated OH as a thermometric target,
mentioning the suitability for single shot, turbulent combustion measurements
[41]. Demonstrations of two line fluore