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Summary

This thesis investigates nitric oxide formation in the combustion of fuel
compositions representative of those produced by the power generator
gas turbines. As power generation gas turbine manufacturers and
operators strive for improvements in thermal efficiency while abiding by
the emissions regulation put into place, more detailed understanding of
formation of different emissions is required to accurately simulate
combustion of increasingly volatile gaseous fuel supplies. Detailed
modelling of an industrial scale high-pressure generic swirl burner has
been carried out to predict the formation of oxides of nitrogen at
exhaust. Three new models are proposed based on the models available
in the literature and simulation results are compared against each other
as well as with the experimental data. The predictions from the selected
model at different conditions has been appraised against the
experimental results using several chemical kinetics mechanisms from

the literature to validate the proposed chemical reactor model.

Nitric oxide formation analysis is also carried out by taking in-flame non-
intrusive laser induced fluorescence measurements for the first time on
industrial swirl flames with a range of gaseous fuel. These experimental
nitric oxide formation distributions are supported through the use of
experimentally derived heat release intensities and numerical
calculations. Changes in NO formations at different physical conditions
with methane and methane-hydrogen fuel blends are discussed. Two
calibration techniques are discussed and performed at the latter part of
the thesis for quantification of the qualitative nitric oxide distribution
data from this study in future. Data generated from this investigation
provide opportunities for future validation work of chemical kinetics
modelling and computational fluid dynamics analysis. In addition to that,
results from this thesis will also inform gas turbine manufacturers on
potential burner design modifications for better management of oxides
of nitrogen emissions. Based on this work, future investigations may
focus on quantitative nitric oxide formation analysis in alternative fuels

like ammonia-methane-hydrogen blends.
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Nomenclature

B quench - Total Quenching

r - Overlap Fraction

14 - Cumulative Correction Factor

2Y4 - Broadening Coefficient

) - Shift Coefficient

ép - Diffusion (reaction) Thickness (mm)
Ofiame - Flame Brush Thickness

o¢ - Gradient Thickness

o, - Reaction Zone Thickness

- Thermal Conductivity
u - Dynamic Viscosity (kgm™s™)
7 - Mean Equivalence Ratio

- Wavenumber (cm™)

p - Density (kgm™)

o - Effective Rotational Cross Section (cm?)
g, - Standard Deviation

D - Equivalence Ratio

Dry - Fluorescence Yield

o) - Lineshape Function

0 - Solid Angle of Collection

A - Total Fluorescence Rate (s%)

A2 - Spontaneous Emission Rate (s?)

Anoz - Burner Exit Nozzle Area (mm?)

Atan - Tangential Inlet Area (mm?)
AvgInteny, - Average NO PLIF Intensity

Avgintengy - Average OH* chemiluminescence Intensity
Bz - Einstein Coefficient (m®/J.s?)

B21 - Einstein Coefficient (m3/J.s?)

Cr - Calibration Factor

Ce - Specific Heat Capacity at Constant Pressure
c - Speed of Light (ms™)

fs - Boltzmann Fraction

01 - Degeneracy of State 1

02 - Degeneracy of State 2

h - Plank Constant

lic - Intersystem Crossing Rate (s?)

iv



= - LIF Intensity

- Spectral Irradiance (W/cm?.s™?)

Lcomb - Length of Quartz Confinement Tube (mm)
Lturb - Turbulent Length Scale

Le - Lewis Number

m - Mass (g)

n - Number of Moles

No - Population Number Density

P2 - Combustor Entry Pressure

Pro - Predissociation Rate (s™)

Q’ - Volumetric Heat Release Rate (W/cm?®)
Q21 - Rate of Quenching (s™)

Qrer - Rate of Rotational Energy Transfer (s*)
Quer - Rate of Vibrational Energy Transfer (s™)
Qtan - Tangential Flow Rate (s™)

Qtot - Total Flow Rate (s)

Moz - Burner Exit Nozzle Radius (mm)

Itan - Effective Radius of the Tangential Inlet (mm)
P - Rotational Temperature

Re - Reynolds Number

S - Unmixedness Parameter

Sk - Fluorescence Signal

Sy - Swirl Number

S - Laminar Flame speed (ms™)

St - Turbulent Flame Speed (ms™)

T2 - Combustor Entry Temperature

Tu - Unburned Temperature

u’ - Turbulent Velocity Flactuation

Wiz - Absorption Rate (s™)

Wa1 - Stimulated Emission Rate (s™)

XcH - CH Molar Concentration

Xeh2 - CH2 Molar Concentration

Xh20 - H2O Molar Concentration

XoH - OH Molar Concentration



Abbreviation List

AFT - Adiabatic Flame Temperature

BO - Blowoff

BPV - Backpressure Valve

CCcC - Committee on Climate Change (UK)

CCD - Charge-Coupled Device

CCGT - Combined Cycle Gas Turbine

CCS - Carbon Capture and Storage

CFD - Computational Fluid Dynamics

CMF - Coriolis Mass Flowmeter

CRz - Central Recirculation Zone

DUKES - Digest of United Kingdom Energy Statistics

EASEE - European Association for the Streamlining of Energy
Exchange

ERZ - Edge Recirculation Zone

EU - European Union

FC - Fully Closed

FCV - Flow Control Valve

FO - Fully Open

Fz - Flame Zone

GA - Gas Analysis

GT - Gas Turbine

GTRC - Gas Turbine Research Center

HPCR - High Pressure Combustion Rig

HPSGB-2 - High Pressure Generic Swirl Burner (Mk. II)

HPOC - High Pressure Optical Chamber

ICCD - Intensified Charge-Coupled Device

ID - inner Diameter

LBO - Lean Blowoff

LIF - Laser induced Fluorescence

LNG - Liquefied Natural Gas

MFC - Mass Flow Controller

MZ - Mixing Zone

NOx - Oxides of Nitrogen

oD - Outer Diameter

PC - Partially Closed

PFZ - Post Flame Zone
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PIV
PLIF
PVC
P2G
SNR
SOx
TBC
UK
UKCS
uv
VSD

Particle Imaging Velocimetry
Planar Laser Induced Fluorescence
Precessing Vortex Core
Power-to-Gas

Signal to Noise Ratio

Oxides of Sulphur

Thermal Barrier Coating

United Kingdom

United Kingdom Continental Shelf
Ultraviolet

Variable Speed Drive
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NO Formation Analysis using Chemical Reactor Modelling and LIF Measurements on Industrial Swirl Flames

1. Introduction

Energy is essential to the prosperity of human civilization. The demand
for energy has been growing rapidly since the industrial revolution
mainly due to the development of industry and the increase in
population. The major source of energy comes from fossil fuels, and
about 70% of the world’s electricity production is from carbon-intensive
fuels like coal, petroleum, natural gas, etc. [1], [2]. Gas turbines (GT)
are globally used by the original equipment manufacturers (OEM) and
operators for power generation to meet the increasing demand of
energy, while operating with increased fuel flexibility to reduce the

pressure on fossil fuel reserve as well as environmental impacts [3].

Gas turbines faces considerable challenges to meet the goal of pollutant-
free combustion. The Earth’s climate is warming, creating several
potential threats to the natural environmental ecosystem. Natural
greenhouse gases such as N2O, Oz, CO2, and CH4 are responsible for the
warming of Earth’s atmosphere by absorbing and emitting infrared
radiation. The concentrations of the latter two examples have increased
significantly over the last 250 years [4], and are still rising. Concerns
about the possibility of global ecological disasters have led to a number
of important studies aimed at heightening public understanding and

influencing national and international debate and policy [5]-[9].

As far back as 1972, Meadows et al [10] and recent studies [11]-[14],
showed that during the twenty-first century, a very wide range of
scenario assumptions always led to the conclusion that ecological
disasters would lead to massive population reductions, unless an
appropriate pollution limitation strategy was adopted by about the turn
of century. In response to these warnings, various measures were taken
to reduce emissions from gas turbines but still not nearly enough to

compensate the damage already done.
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1.1. Natural Gas in the UK

Natural gas has been the most important source of the UK power
generation sector for the past three decades. The UK currently produces
enough gas to meet almost half of its needs (44%) from the North Sea
and the East Irish Sea, while 47% of the gas is imported from Europe and
Norway via pipelines and remaining 9% comes to the UK by tankers in the
form of liquefied natural gas (LNG) [15]. UK natural gas production
peaked in 2000 [16], but since then it has been declining and from 2010
to 2011 faced its largest annual decline in over 40 years [17]. As a
consequence, UK turn into a net importer of natural gas, as shown in
Figure 1-1, which provides changes in UK gas production and demand
between 1998 - 2018. UK’s natural gas import dependency are predicted
to increase up to 94% by 2050, with LNG being predicted to meet most of
the demand even in scenarios where UK domestic shale gas production is

exploited to its full potential [18] (refer to Figure 1-2).

Since 2000:

Demand
down 22 per
cant

Terawatt Hours

Production
O down B4 per
cent

Figure 1-1: Changes in UK gas production and demand, 1998 - 2018. Reproduced
from [19]

80% of the UK’s 25 million homes are powered by gas currently, and
around a quarter of the country’s electricity is generated by gas-fired
power stations [15]. Since, the first combined-cycle GT (CCGT) power
station in the UK was opened in 1992, CCGT represented 46% of all
power generated in the UK by 2008, compared with only 5.5%

renewables [17]. Modern low emissions GTs are sensitive to variations in
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natural gas composition. The focus on varying natural gas compositions is
shown to be driven by an increase in the diversity of UK gas supply over
the last decade due to substantial rise in LNG imports [17] and hydrogen
is projected to play a more critical role in the future [20]. GT operators
are already reporting several issues while operating with varying natural
gas compositions [21], leading GT OEMs and researchers to increasingly
address the issues with the wide variety of natural gas blends to be used
in GT combustion [22]-[27].

1.1.1. LNG and Natural Gas - Hydrogen Blends

LNG has very different compositions and combustion properties than a
typical natural gas. The UK has been importing LNG in regular basis since
the opening of the LNG terminal at the Isle of Grain in 2015 [16], [17],
[19], as shown in Figure 1-2. The potential sources of LNG into the UK
have since expanded significantly, particularly with the construction of
additional LNG export terminals worldwide and the opening of UK import
terminals at Teesside, South Hook, and Dragon [19]. The share of LNG
import in the UK has increased from 25% in 2009 to 35% in 2010 to 47% in
2011 but has declined in recent years due to the increased demand for

LNG in Asia and increased coal usage [17], [19].
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Figure 1-2: Major sources of UK gas supply and import dependency over the years.
Reproduced from [28].
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In addition to the 2008 United Kingdom Climate Change Act and 2011 UK

Carbon Plan, the 2019 Net Zero Emissions law put into place the legal
framework addressing climate change and greenhouse gas emissions in
the UK, targeting to bring all greenhouse gas emissions to net zero by
2050 [29], [30]. These legislations will require renewable energy sources
such as wind and solar power to contribute increasingly to electricity
generation in the UK for the foreseeable future and technologies such as
power-to-gas (P2G) being developed and implemented as a means of
energy storage during times of peak renewable production coupled with
reduced demand [31], [32]. P2G essentially converts the excess
electricity into hydrogen (H2) gas through an electrolysis process for
storage in existing natural gas infrastructure [32]-[34]. GTs use the
robust and flexible natural gas infrastructure to source fuel. With little
to no modifications a blend of H> with natural gas can be transported
within the existing infrastructure, which makes the entire system
reusable without major expenditure. As a matter of fact, Netherlands
has already injected up to 20% H. into their natural gas grid in a pilot
project on the Island of Ameland some years ago [35]. However, further
development effort is required to derive technical solutions with respect

to the following challenges associated with high H> contents in the fuel:

e Autoignition: Higher autoignition risk due to lower ignition delay
time;

e Flashback: Higher flashback risk due to higher flame speed or
lower ignition delay time;

¢ Modified thermo-acoustic amplitude level and frequencies;

e Increased NOx emissions;

e Higher pressure drop due to lower Wobbe Index (WI) (refer to
Equation [ 3-5]);

e Reduced lifetime / need for more cooling of hot gas path

components due to increased heat transfer.
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1.2. Source of Emissions

World energy demand is set to grow over the next 20 years at broadly
1.4 percent per annum, leading to a total estimated of 18 billion toe by

2040, as shown in Figure 1-3 [36]. It should be noted that much of the

growth is anticipated in the developing world.

Primary energy demand
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Figure 1-3: World energy demand in terms of end-use sector, region and fuel.
Reproduced from [36].

Gas turbines emit quite a few pollutants to the atmosphere which
includes Carbon Dioxide (CO2), Oxides of Sulphur (SO2), Carbon Monoxide
(CO), Unburnt Hydrocarbons (UHC), Smoke Soot (C) and Oxides of
Nitrogen (NOx). Table 1-1 illustrates the effect and limitation strategy of

these pollutants.

Carbon Dioxide is the consequence of complete and successful
combustion of a fuel containing carbon. As such the limitation strategy is
to improve thermal efficiency of the gas turbines, thus decreasing fuel
use. Any sulphur present in the fuel may eventually result in oxides of
sulphur. The level of sulphur permissible in fuel has already been
progressively reduced over the years with some application and regions
requiring sulphur content to be limited as low as 0.2% [37]. Smoke or
soot is formed in local fuel-rich regions within the combustor. The
tendency to produce soot increases markedly with pressure, making the
high-pressure ratio gas turbines particularly susceptible to produce soot
[38]. The design of the fuel injector and the mixing of air with the fuel

have a very large impact on whether or not a particular combustor
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produces substantial amount of soot as this design can exterminate the

local fuel-rich regions within the combustor.

Table 1-1: GT pollutants and their effects with limitation strategy

POLLUTANT EFFECT LIMITATION STRATEGY
Carbon  Dioxide | Global warming Increase system thermodynamic
(COy) efficiency
Oxides of Sulphur | Toxic, Corrosive Removal of Sulphur from fuel
(802)

Carbon Monoxide | Toxic Increase  residence time and
(CO) combustion temperature
Unburnt Toxic Same as above
Hydrocarbons
(UHC)
Smoke Soot (C) Visible Removal of local fuel rich zone
Oxides of | Toxic, Depletion of Ozone | Reduction of residence time and
Nitrogen (NOy) within Stratosphere combustion temperature

Ozone increase at ground

level

Carbon monoxide and unburnt hydrocarbons are both the products of
partial combustion and are formed in quantity in circumstances where
the combustion zone temperature is low and/or the time available for
combustion is insufficient. However, NOx is the result of high combustion
temperature which is high enough to dissociate molecular oxygen to
atomic oxygen which in turn react with N2 to produce NO and N. At lower

temperature NO react with oxygen molecule to produce NO2 [39].

For most stationary gas turbine applications, carbon monoxide and
unburnt hydrocarbons are only a concern at low engine power. As engine
power is increased, high pressures and temperatures reduce these
partial products of combustion to acceptable levels. These pollutants are
therefore usually only of consequence during the relatively short period

associated with engine start-up and shutdown. Figure 1-4 illustrates the
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production of different pollutants at different levels of engine power

settings.
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mission
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Figure 1-4: Different GT pollutants with respect to equivalence ratio and power
setting. Reproduced from [40].

Oxides of nitrogen, however, increase with the engine power and are at
the highest level when the machine is producing its design/rated power.
New legislation has come into effect to reduce NOx from 200 ppm to as
low as 25 ppm and 9 ppm [38]. In addition to the legislation limiting NOx,

there is often requirement to use BACT (Best Available Control

Technology) [41] or LAER (Lowest Available Emission Rate) [42]. These
legislations pushed the combustor designers to move from conventional
single stage combustor to three stage combustors where in the first
stage we have low combustion temperatures because of the very large
excess of fuel relative to the stoichiometric proportion. The design
intention is that the second stage would rapidly mix the rich first stage
exhaust with a fresh intake of air and fuel, and the third stage of the
combustor would operate lean and with a low flame temperature [38].
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1.3. Impact of Fuel Quality Variation on NOx Formation

NOx and CO emissions depend on factors including operating load,
ambient conditions and fuel composition. NOx tends to increase with
increasing WI, as can be seen in Figure 1-5 which shows base-load NOx
emissions over a three month period for four GTs at E.ON [21]. These
units are reported to be nominally identical, but differences in build,
ageing and tuning result in different emission characteristics. It must be

noted that this study was conducted in full-load scenarios.

100

90 1

80

70
60

50 1

NO, emissions (% of target maximum)

46.5 47 47.5 48 48.5 49 49.5 50 50.5
Wobbe Index (Gross, MJ/m®)

Figure 1-5: Impact of fuel composition on NOy emissions for four similar GTs.
Reproduced from [21].

An upward trend in NOx is visible for units A and C, although there is
significant scatter in the graph due to changes in atmospheric
conditions. However, the trends for units B and D are not as significant
as the others, showing a clear impact of fuel composition on NOx
emissions. Based on similar studies of GTs in the UK [43], estimates have
been made of the increase in NOx that would occur if GTs tuned on a gas
with WI in the middle of the allowable range (refer to Figure 1-6) were
supplied with gas at the top end of the acceptable range. For properly
configured and tuned power generation GTs, increases of approximately
10% of target emissions were typical, with the range being 5 to 20% [21].
Thus a significant margin has to be allowed for fuel composition changes
when tuning a GT, which is a balance between optimising emissions,
dynamics and integrity. The additional margin needed to guarantee
meeting emissions targets may compromise dynamics and load

limitation.
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Figure 1-6: Typical variations in European Gas Specifications and Normal
Compositions. Reproduced from [44].

1.4. Measurements of Emissions

Different types of gas analysers (chemiluminescence, FTIR, cascade etc.
based) are used by research groups [45]-[47] to measure emissions at the
exhaust but these instruments cannot measure emissions in the flames,
which is vital to understand the formation of different species and thus
limit the production of these species by proposing different strategies.
Non-intrusive laser diagnostics techniques open the door to measure
different species in the flame without affecting the flame shape and
stability. This technique, incorporation with the gas analysers can

provide effective solutions to reduce different types of emissions.

Since laser (Light Amplification by Stimulated Emission of Radiation) was
first introduced by Theodore H. Maiman in 1960 [48], laser spectroscopy
has developed into an effective tool over the years for fundamental
research and applied diagnostics in nearly every major field of science
and engineering. Laser-based diagnostic methods have contributed
greatly to the development of practical combustion systems and
fundamental combustion chemistry research [49], [50]. Laser has unique
properties which enable selective and quantitative analyses of chemical
(species concentration, reaction kinetics, etc.) and physical
(temperature, flow-structure, gas velocity etc.) parameters with high
temporal and spatial resolution. Compared to probe-based techniques

[51], laser spectroscopy provides non-intrusive yet direct interrogation of
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the combustion process without disturbing the flow-field. As a result,
many laser-based optical methods are available currently for routine
combustion diagnostics and studies are underway to optimize and refine

their application range [49].

It is generally recognized that there is no single laser diagnostics
strategy which is suited for all combustion conditions, and different
strategies offer varying levels of accuracy, complexity and qualitative
nature (single point, line or 2-D imaging) of obtainable data. Practical
combustion systems constitute harsh, high-temperature and high-
pressure environment with time-varying turbulent flow fields, multi-
phase flows and generation of particulate matter. Therefore, for a given
diagnostic method, practical combustion environments inherently offer
unique challenges which complicate the application of the measurement
method. The main spectroscopic method investigated in this study is
laser induced fluorescence (LIF), which is a versatile and powerful tool
for selective probing of chemical species and capable of providing single

point, 1-D spectrally resolved, and 2-D spatially resolved information.
1.5. Scope of Research

GT power generation will continue to be a major contributor to the UK
power generation system through 2050 and beyond, increasingly fuelled
by H. enriched natural gas to meet peak demand, coupled with CCS
applications. Environmental policies and regulations will keep GT
operations in check within the restricted limits of various emissions,
while maintaining high efficiency and reliability. Hence, this provides

the motivation for this experimental and numerical combustion study.

EPSRC funded the £2M ‘Flex-E-Plant’ grant [52] to investigate four key
issues: Plant Efficiency, Plant Flexibility, Fuel Flexibility, and
Sustainability. These four intersecting themes have a considerable
impact upon plant operation and design, combustion processes in general
and the structural integrity of typical and advanced materials utilised in

conventional power plants.

This study sets out to apply the advanced measurement techniques to
measure NO emissions in an industry scaled swirl burner for the first
10
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time from different fuel combinations to enable correlations to be
proposed between different types of fuel, pollutant emissions and
combustion stability using the combustion test rigs facilities available at
Gas Turbine Research Centre (GTRC), Cardiff University. This particular
research will set its focus on understanding and developing a novel laser
diagnostics method to measure NO formation in the flame. In that
pursuit, the LIF technique has been investigated in depth to measure NO,

progressing towards future measurement of CO.
1.6. Aims and Objectives

The aim of this thesis was to aid GT OEMs and Utilities with NOx
emissions management during operation by developing a chemical
reactor model of an industry-scale swirl burner for NOx predictions and
providing NO formation analysis by LIF measurements on industrial swirl

flames.
To meet this aim, this study has the following primary objectives:

e Design, manufacture, and commission an experimental facility for
detailed NO-LIF investigation.

e Develop a methodology for NO-LIF experiments at Cardiff
University.

e Develop Chemical Reactor Network (CRN) models to simulate
experimental conditions in industry scale swirl burners.

e Evaluation of the qualitative NO-LIF data with experimental heat
release data and chemical kinetics calculations.

e Evaluate the effects of hydrogen addition in CHs flames in terms
of flame stability and NO formation.

e Evaluate the effects of confinement on flame shapes, stability,
and NO formation.

e Perform NO-LIF calibration experiments to quantify future NO-LIF

measurements.

11
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1.7. Outline of this Thesis
The structure of this thesis is summarised below chapter-by-chapter:

e Chapter 1 provides background and motivation of the work
presented herein. Source of fuels for GT power generation
sectors in the UK are described briefly, as well as the possible
emissions from GT operations and the effect of fuel variation on
NOx emissions. Impact of laser in science and technology is also
described here, mainly prioritising combustion laser diagnostics.

e Chapter 2 discusses all the possible NO formation mechanisms
from the literature. It also includes elaborative discussions on
theoretical background and physics associated with LIF
technique. Finally, the dedicated webpage, LIFSim for NO
spectroscopy and recent works in this field are briefly mentioned
here.

e Chapter 3 provides details of experimental facilities and
methodologies employed in this study, with a focus on non-
intrusive combustion diagnostics. As the development of non-
intrusive NO formation diagnostics in the flame for the first time
in the UK has been a key outcome of this work. The detailed data
processing methods are also described in this chapter.

e Chapter 4 has been dedicated specifically to model GTRC’s High
Pressure Optical Chamber (HPOC) in CHEMKIN environment to
predict NOx productions at the exhaust. Two chemical reactor
models from literature are first discussed and evaluated by using
seven different chemical mechanisms from literature and
compared with the experimental data from a previous study at
Cardiff University. By analysing these results, three new chemical
reactor models are proposed and compared with each other.
Finally, using the selected proposed model, NOx productions are
predicted and compared with experimental data at different
temperature and pressure conditions.

e Chapter 5 explains and analyses the NO LIF measurements taken
in open environments using two different burners. OH

chemiluminescence measurements were taken as well to
12
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understand the flame structure and heat release. These two
different experimental datasets, together with chemical kinetics
calculations are used to validate NO LIF measurements as
experimental and flow conditions changes.

e After explaining and validating NO LIF measurements in open
environments, Chapter 6 proceeds towards more conventional
flow conditions for power generation GT operations. This chapter
also analyse the effect of 15% H. addition on flame structure,
heat release and NO formation. Furthermore, effects of
confinement at the same flow conditions on flame shape and NO
formation, in terms of change in centre recirculation zone (CRZ)
shape and location are described here. Finally, comparisons are
made between NO-LIF signals taken at two different NO
excitation wavelengths, as well as between preheated and non-
preheated flow conditions at 226.03 nm excitation wavelength.

e Chapter 7 details the NO calibration method by doping known
amount of NO in a lean CHs/air Bunsen burner flame and
conducting LIF measurements above the flame, utilising two
different excitation wavelengths above the flame. Hence, NO
calibration curves are obtained for future quantitative NO
analysis with alternative fuels.

e Chapter 8 concludes the thesis by stating the main outcomes of
this study with recommendations for future work.

e Appendices are provided which detail the numerical coding
scripts employed, photographs of key equipment, and modified

chemical mechanisms utilised in this study.
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2.LIF Theory and Literature Review

This Chapter outlines the background research performed as a
foundation for the study presented in this thesis. NOx formation
pathways are described in detail at first to identify the source of NOx in
the flame chemistry. Basic theory behind LIF spectroscopy is discussed
afterwards and functionality of a computational simulation code for just
NO and O spectroscopy is analysed. Finally, a historical breakdown on
NO-LIF experiments are provided, with discussions about different NO

excitation strategies.
2.1. Formation and Reburn of Oxides of Nitrogen in Combustion

Formation mechanisms of NO have been extensively studied for more
than 50 years. Oxides of nitrogen present significant risk to both health
and the environment. NOx reacts with ammonia, moisture and other
compounds to form small particles which if inhaled into sensitive lung
tissues and those with asthma can aggravate lung diseases [53]. The
formation of tropospheric ozone and acid rain through reaction in the
atmosphere [54] raises environmental concerns over NOx formation. NOx
formation and reburn reactions are counteracting, and their balance

ultimately determines the final NOx productions.

While approximately 10% of the atmospheric NOx are produced naturally
by lightning strikes, the vast majority is due to combustion sources [54].
Key reactions involved in these combustion processes are summarized
here and mainly based on the published work of Miller and Bowman [55],
[56] and textbooks of Glassman [57] and Warnatz [58]. These pathways

can broadly be grouped into the following four primary mechanisms:

e Thermal Mechanism: This is the oldest NOx sub-mechanism,
controlled primarily by the elevated temperatures in the flame.

e Prompt(Fenimore) Mechanism: This pathway is regulated by
interaction between nitrogen and hydrocarbon radicals.

e Fuel Mechanism: This sub-mechanism is similar to the prompt,
limited to the fuels with nitrogen present and can be significant in

relatively unclean fuel.

14
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e Minor Mechanisms: Collection of several newly discovered NOx
mechanisms, these pathways can be of varying importance

depending on conditions.

These mechanisms will be summarised in more detail in the following
sections to discuss the important contributions to the understanding of

each of these mechanisms.
2.1.1. Thermal Mechanism

This mechanism was first described by Yakov Borisovich Zel’dovich in
1947 [39]. Simple group of three reactions comprise the thermal NO

formation mechanism:

O+N, 2NO+N [2-1]
N+0, 2NO+0 [2-2]
N+OH =2 NO+H [2-3]

Reaction [ 2-3 ] is the rate-limiting step in this mechanism with a
relatively low reaction rate, owing to its high endothermicity and
associated high activation energy of the nitrogen triple bond. Hence,
high temperatures (above 1800K) are required in order to increase the
reaction rate significantly [59]. Using a steady-state approximation of N-
atom and assuming that the O-atom concentration may be calculated
from equilibrium considerations, the maximum NO formation rate can be

expressed as,

dINO 69750 2-4
% = 170 x 107. T2 T [0,]72, [N,].q L

As can be seen from Equation [ 2-4 ], thermal NO is strongly dependent
on temperature; it is generally the dominant source of NO production in

high-temperature flames. In addition, it was seen that the thermal NO

production in terms of mole fraction increases with pressure (~Vp) [60].

Rates for reactions [ 2-1 ] to [ 2-3 ] are typically taken from a relatively
limited data set, mainly with rates complied by Baulch et al. [61].

However, there is some indication that these rates may be too high,
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over-predicting rates of Thermal NOx production and additional effort

may be warranted to improve measurements of these rates [62].
2.1.2. Prompt Mechanism

The prompt mechanism is the most investigated and probably the most
complex mechanism described in the literature due to the considerable
coupling of the mechanism with the fuel oxidation. Fenimore [63], [64]
identified the mechanism in the 1970’s. NO forms rapidly in the flame
zone of premixed flames in this mechanism, at much faster rate than the

slow thermal mechanism.
2.1.2.1. Prompt NO Mechanism: HCN Mechanism

The formation of prompt NO is considered to be initiated through a rapid
sequence of reactions resulting in fixation of nitrogen by hydrocarbon
radicals. In 1970’s and 1980’s, many investigations proposed CH, CH, C»,
CoH and C, among others as the potentially contributing species [55-59].
Ultimately, Blauwens et al [66] has shown that CH and CH> are the
primary initiating species. Until 2000, the principle prompt reactions

were considered to be:

CH+N, = HCN+N [2-5]
CH, + N, = HCN + NH [2-6]
CH, +N, = H,CN + N [2-7]

C+N, = CN+N [2-8]

Among these reactions, reaction [ 2-5 ] was considered to be the most
important with reactions [ 2-6 ] to [ 2-8 ] considered to provide lesser
contributions to prompt NO [68]. However, from early on it has been
recognized that reaction [ 2-5 ] is spin forbidden [69], requiring that the
reaction cross potential energy surfaces from a doublet to a quartet
surface, a relatively slow process [67]. Instead, Moskaleva and Lin
showed [70] that a better prompt initiating reaction, that conserves

spin, is the reaction:

CH+ N, = NCN +H [2-9]
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The resultant NCN then directly forms NO through the following paths
[71]:

NCN + 0 = CN + NO [2-10]
NCN + OH = HCN + NO [2-11]
NCN + H = HCN + NO [2-12]
NCN + 0, = NCO + NO [2-13]

The products of NCN, particularly HCN, behave as previously understood
and proceed to form NO in their own path [72], [73].

o Dean (1991)
e Lindackers (1991)
a Becker (1992)
. - . + Vasudevan (2007) [
Blauwens (1977) f
Matsui (1978)
o Miller (1989)
—~ Tle13 El bakali (2006) -
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O - i Moskaleva (2000)
=
o
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o C
=
(28]
E
=
=~ 1e-15 ¢
le-16 oo 0 L o L
0.2 0.4 0.6 0.8 1 1.2

1000 / T(K)

Figure 2-1: Experimental and theoretical rates for CH + N, — NCN + H. The black
symbols denote experimental measurements and the coloured lines denote
modelling results. Solid and dashed black lines indicate theoretical predictions.
Adapted from Harding et al [74].

Smith et al [75] demonstrated the presence of NCN in the low-pressure
methane flames using LIF detection. Initially Moskaleva and Lin [70]

predicted the rate constant for reaction [ 2-9 ] theoretically and it has
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been continually improving ever since through experimental
measurements [74], [76], [77] (refer to Figure 2-1).

2.1.2.2. Prompt NO Mechanism: N2O Mechanism

NO can be produced during reaction sequences when N20 is formed and
removed in the combustion gases by a third body recombination reaction

(M = collision partner),

O+N,+M 2 N,0+M [ 2-14]
N,0+0 = NO +NO [ 2-15]

NO formation by the NoO mechanism increases as combustion goes leaner
or as the burned gas temperature decreases. NO formation increases
with increasing pressure due to the increase in the rate of third body
collisions. However, the N.O lifetime at combustion temperatures
(>1500K) is less than 10ms, thus reaction [ 2-15 ] is not a significant
production channel for NO, especially for most practical premixed

flames at low pressures.
2.1.2.3. Prompt NO Mechanism: NNH Mechanism

NO can be produced during the formation and removal of NNH radicals.

The key reactions involved in this process are as follows:

H+ N, 2 NNH [ 2-16 ]

NNH + 0 = NO + NH [ 2-17 ]

While the NNH mechanism can be a dominant source of NO production in
low-pressure Hx/Air flames, its contribution is mostly negligible in high-
pressure flames where the concentration of H radicals in the flame front

is less.
2.1.3. Fuel Mechanism

A principle source of NOx emission in fossil fuel combustion comes from
nitrogen that is chemically bound in the fuel itself. This can be
especially true for coal and ammonia combustion, where the coal may
contain as much as 2% nitrogen by weight [65] and ammonia contains 82%
nitrogen by weight. By the incorporation of nitrogen into the fuel

molecule, the nitrogen - fixation reactions required for the prompt sub-
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mechanism are effectively subverted, and the formation of NO through
this fuel-bound nitrogen is considered largely independent of the initial
fuel but rather more dependent on the combustion environment. The
stable nitrogen-containing products formed as a result of the pyrolysis of
the fuel are mainly HCN and NHa, i.e. HCN is the principle pathway when
the nitrogen is in an aromatic ring and NHs is the principle pathway when
the nitrogen is in the form of an amine [63], [78]. Fuel-bound nitrogen is
of significance mostly in combustion of coals or other heavy fuels.
However, it should be noted that both pathways to fuel NOx formation,
either through HCN or NH3z, are members of the other NOx mechanisms

included in this analysis.
2.1.4. Minor Mechanisms

As the name suggests, these mechanisms may or may not have significant
contributions to NOx formation. Generally, these mechanisms can be
significant, or even dominant, under certain combustion conditions and
negligible at others. Four important minor mechanisms will be discussed

in the following section.
2.1.4.1. NO-HCN Reburn

This mechanism was originally investigated as a NOx reduction strategy
through staged combustion, though it occurs naturally under many flame
conditions. NO is recycled back to HCN through reactions with HC
radicals to convert to either N> or back to NO. Determination of the
specific HC radicals involved in the formation of HCN from NO has been
studied by different groups [64], [71-74], and the following reactions

have been identified as being the most important:

HCCO + NO = HCNO + CO [2-18 ]
HCCO + NO = HCN + CO, [2-19 ]
CH; + NO = HCN + H,0 [2-20]
CHs; + NO = H,CN + OH [2-21]
CH+ NO = HCN + 0 [2-22]
C+ NO = CN+0 [2-23]
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NO is more likely to be removed by the smaller radicals such as CH and C
under radical rich conditions while HCCO and CHs can be more prominent
under less radical rich conditions [82], [83]. As described in the Prompt
sub-mechanism, HCN is controlled through O atom [84], and the

conversion back to N» as follows:

HCN+ 0 = NCO+H [2-24]
HCN + 0 = NH + CO [2-25]
NCO+ H = NH + CO [2-26]
NH+ H = N+ H, [2-27]
N+ NO = N, +0 [2-28]

2.1.4.2. Minor mechanisms: NO>

The other primary component of NOx, NO2 has been observed to be
present in significant quantities in the flame front [77-79]. The
formation of NO2 is driven by the presence of hydroperoxyl radical in the

flame front through the following reaction:

NO + HO, = NO, + OH [ 2-29]
The NO involved in the above equation is usually formed via other
mechanisms in higher temperature regions of the flame and transported
to the cooler regions of the flame with significant HO2 concentrations.
NO: is then rapidly converted back to NO through following pathways as
it transits through the high temperature regions of the flame:

NO,+ H = NO + OH [ 2-30]
NO,+ 0 = NO + 0, [2-31]

2.1.4.3. Minor mechanisms: N2O

When the formation of Prompt NO is low due to low availability of CH
under lean conditions and the thermal contribution is low due to lower
flame temperatures, the N2O mechanism become one of the remaining
primary NO pathways [58], [65]. This mechanism is initiated by the
formation of nitrous oxide (N20O) through the third body reaction [ 2-32 ]

and subsequent reaction to form NO in reaction [ 2-33 ].
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N,+0+M = N,0O+ M [2-32]

N,0 +0 = 2NO [ 2-33]

Additionally, reaction [ 2-32 ] is enhanced at elevated pressure, and as a
result, this mechanism can be significant at the lean premixed

temperatures and pressures of gas turbine [88].
2.1.4.4. Minor mechanisms: NNH

Miller et al. [89] first proposed the role of NNH as a participant in the
Thermal DeNOx process for NO removal via non-catalytic reduction of NO
by NHs [59], [82-85]. Though this mechanism is not a particular focus of
this study, the Thermal DeNOx process is an interesting application in
which ammonia is injected under very specific temperature and oxygen
conditions resulting in a self-sustaining reaction leading to the removal
of NO through reaction with NH> radical as shown in reactions [ 2-34 ]
and [ 2-35].

NH, + NO 2 N, + H,0 [ 2-34]

NH, + NO = NNH + OH [ 2-35]
Later, Bozzelli and Dean [94] proposed an additional NO formation
pathway through reaction of NNH with O atom (reaction [ 2-41 ]) as
additional evidence for NO formation linked with NNH provided by
Harrington et al. [95].

NNH + 0 = NH +NO [ 2-36 ]
Additionally, another potential product of the NNH + O reaction is N2O.
Combined with the N.O mechanism above and the paired oxidation
through amine radicals, the contribution of this mechanism can be
significant under right conditions, particularly at temperatures below the
Thermal mechanism limit. A more recent study of Klippenstein et al. [96]

provides a detailed summary of the H/N/O reactions subset.
2.2. Chemiluminescence

Chemiluminescence is the most naturally emitted ultraviolet and visible

radiation of flames, resulting from short lived electronically excited

intermediate species such as OH*, CH*, C>* and broadband CO.*, formed

during chemical process within a flame [97]. Since Broida and Gaydon
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[98] required exposure times of up to 30 minutes to detect OH* and CH*
radicals in 1950, the technique has developed significantly, with studies
being carried out both experimentally and numerically by utilising
advanced chemical kinetic models [99], [100]. Chemiluminescence
measurements are not only limited to laboratory flames, with
measurements conducted on industrial GT combustors from Siemens
SGT-700/800 [101] and Alstom EV-10 [102]. Figure 2-2 shows
aforementioned species in their respective electronically excited (A)
states of OH* (310 nm), CH* (388, 431 nm), C>* (473 nm) and broadband
CO2*, reproduced from [103].
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Figure 2-2: Typical chemiluminescence spectra of atmospheric natural gas-air
flames at varying ®. Reproduced from [103].

OH* chemiluminescence emission measurements are of particular
interest for this study as this measurement shows fundamental measure
of heat release [104], [105], and flame structure [106], [107]. The OH*
chemiluminescence peak near 310 nm corresponds to the A%YX — XZ2II
electronically excited to ground state energy level transition [103]. The
dominant chemical production reactions for the formations of OH* are
H+O+M <> OH*+M [100] and CH+O2 <> OH*+CO [103], [108]. OH* radical
destructs by spontaneous emission (refer to Section 2.3.2) of a photon or
by returning to the ground state through collisional quenching. By
22
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filtering out the broadband light emission, the intensity of emitted light

from the spontaneous emission can be detected by the CCD camera.
2.3. Laser Induced Fluorescence (LIF) Spectroscopy

Not only combustion science but also many other scientific disciplines
use Laser Induced Fluorescence (LIF) techniques for detection of
chemical species. LIF technology is very effective in modern science as it
is both quantum state and species selective, hence in theory permitting
measurements of temperature, pressure, velocity, concentrations,
reaction chemistry and density. In the field of combustion research, LIF
has become probably the most popular method used for attempting
measurement of minor species in flames and reacting flow. The basic LIF
principle is to excite the targeted species to a higher level from ground
level, then capturing the fluorescence signal when they return again to
ground state. Planar Laser Induced Fluorescence (PLIF) imaging was
developed to enable flow visualization and imaging of 2-D concentrations

of chemical species and temperatures [43], [101-103].
2.3.1. LIF Modelling: Quasi - Two - Level System

Quasi - Two - Level dictates a two-step process where at first, the target
molecules are excited to higher energy states by absorption of resonant
photons of the laser and then eventually, excited molecules in the upper
state relax back to the ground state by both radiative and non - radiative
pathways to reach the steady - state and in the process, excess energy is
released in terms of fluorescence signal. Non-radiative relaxation
pathways can greatly reduce the LIF signal, and their magnitude and
impact are of great importance when interpreting the signal
quantitatively. Figure 2-3 illustrates a simple schematic of a quasi - two
- level model for LIF [112], [113] of a typical diatomic molecule with

electronic energy transitions between two levels.
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Figure 2-3: Simple Schematic of a Quasi-Two-Level System. Reproduced from [112].

In Figure 2-3, A state represents the 1%t excited upper electronic state
where X state is the ground electronic state. The parallel horizontal lines
within the A and X states represents the vibrational levels and the
rotational manifold attached to relevant v’ = 1 vibrational state are
magnified in the right inset. The narrow spectral width feature in
modern lasers allows selective probing of the required individual
rotational energy levels within the molecule. Once the molecule is
excited to a specific rovibrational energy level to move to the upper
electronic state, it can then move to other energy levels or return to the
steady-state at the ground level via several energy transfer pathways.
The relevant energy transfer mechanisms and dynamics of these
mechanisms are discussed in detail in the following sections in this

Chapter.

2.3.2.  Absorption (W12), Stimulated (W21), and Spontaneous

(A21) Emission

These represents the excitation and de-excitation mechanisms directly
coupled with the laser/molecule interaction. The laser excites the
ground level population to an upper state through absorption of incident
photons and stimulated emission by the laser induces a reverse, de-

activation process simultaneously, causing the excited population in the
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upper state to fall back to ground state. The absorption rate Wiz (s2) is

linearly dependent on the Einstein Bi, coefficient (m3/J.s?):

_ Byl [ 2-37]

12 —

lv represents the laser irradiance per unit frequency interval (spectral
irradiance in units of W/cm?2.s!) and c is the speed of light. Similarly,
the stimulated emission rate W»1(s?) is given in terms of the Einstein Ba:

coefficient (m3/J.s?):

Byq1, [ 2-38]

Both absorption and stimulated emission are governed by Einstein B

coefficients, which are related to each other as,

91B12 = 92B21 [2-39]

where g1 and g2 are the degeneracies of states 1 and 2, respectively.
‘Degeneracy’ here just means that there are more than one quantum
states with the same sharply defined energy. In quantum mechanics, an
energy level is said to be degenerate if it corresponds to two or more
different measurable states of a quantum system. Conversely, two or
more different states of a quantum mechanical system are said to be
‘Degenerate’ if they give the same value of energy upon measurement.
For example, there can be a state where an electron is rotating one way
around the nucleus and another state of the same energy where it
rotates the opposite way. Incident laser irradiance, Iy can also be
described as a product of a normalized spectral irradiance, 19 and a
dimensionless overlap fraction, I' [114] (rate of actual photon absorption
rate to the monochromatic limit) in systems, where transition and laser

line shapes are spectrally broadened.

Spontaneous emission is very important for LIF signal production as this
relative decay process constitutes the main mechanism for desired
fluorescence signal. The molecule is spontaneously relaxed from an
excited upper state to other states i in the lower electronic state by

emitting fluorescence. The fluorescence rate is given by the Einstein Ax;
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coefficient (s1), and the total fluorescence rate A is the sum of the

fluorescence rates over all individual transitions.
i

Einstein coefficients govern spontaneous and stimulated emission by:

An [ 2-41]

where h is the Planck constant and v is the wavenumber of the
individual transition. In the physical sciences, the wavenumber is the
spatial frequency of a wave. In multidimensional systems, the
wavenumber is the magnitude of the wave vector. Multiplied by Planck’s

constant, it is the momentum of a wave.

2.3.3. Rotational and vibrational energy transfer (Qrer and

QveT)

Collisions with other molecules enables molecules in specific
rovibrational levels in the excited upper state to migrate to neighbouring
rotational or vibrational states by internal energy transfer process. As
Rotational energy transfer (RET) occurs around a vibrational level, RET is
typically very fast and particularly important in LIF dynamics of short
pulse nanosecond lasers. Thermal equilibrium gets perturbed as the laser
excites population to upper electronic state from ground state. RET
comes into action to re-establish the thermal equilibrium by refilling or
depleting the relevant energy levels. The rate of RET, Qger(s™) induced

by collisions with all other species j in the system is given by,

P 2-42
Q = 7 2, 3w A
J

where x and v are the mole fraction of speciesj and relative velocity of
the colliding particles (v = ,/8kT/mu where u is reduced mass, u =
my;m,/(m; + m,)), respectively. The parameter a(cm?) is the effective
rotational cross section for collisions with species j. Vibrational energy
transfer (VET) is conceptually identical to RET and energy transfer

occurs to neighbouring vibrational levels. VET is not of that much
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importance for NO LIF as VET rates are much slower than other form of
energy transfer mechanisms and the molecules will go to ground

electronic state before VET can occur.
2.3.4. Quenching energy transfer (Q21)

Collisions with other molecules can cause molecules in the excited
electronic state to relax down to a lower electronic energy state. The
overall rate of quenching Qzi(s?) induced by collisions with all the other

species j in the system is usually given in the same way as RET,

P
Q= ﬁz XjVj0q,j
j

The term o is the quenching cross sections upon collision with the

[2-43]

species j. Quenching is the main difficulty to get proper LIF signal as it
forces the excited molecules to return back to ground electronic state
while RET and VET maintain the molecule in the upper electronic state
with a possibility of good LIF signal. Equation [ 2-43 ] demonstrates that
guenching is linearly dependent on pressure, indicating considerable

impact on high pressure systems.

Other mechanisms like photoionization/photodissociation,
predissociation, intersystem crossing can also have significant impact on
the LIF signal alongside the above discussed mechanisms [50], [112],
[113], [115]. Absorption of additional photons for molecules in the
excited upper state causes the photodissociation or photoionization of
the molecule. Predissociation occurs when molecules are excited into a
rovibrational level of bonding state beyond the dissociation energy or

onto a potential surface crossing to an anti-bonding state.
2.3.5. LIF Equation: Two-Level Derivation

The LIF equation is very important to understand and analyse LIF signals

as it provides vital information about the key physics involved in the LIF

process. Two-level model is analysed non-transiently to derive the LIF

equation as the two-level model gives the easy understanding of

excitation and de-excitation process involved in LIF. More accurate

description of the actual physics and distribution of energy levels of real
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diatomic molecules by quantum-mechanical density-matrix approach can
be found in the literature e.g. [112], [116].

Stimulated
Emission Quenching LIF

Absorption

Figure 2-4: Two-level LIF model and relevant energy transfer processes

However, a two-level non-transient rate-analysis with simple
mathematics is capable of describing most of the basic concepts.
Theoretically, this type of approach is appropriate for atomic species
and molecular systems in fully equilibrium or fully frozen rotational level
manifolds. These models can be used as a first approximation in actual
LIF experiments. Figure 2-4 shows the basic transitions involved in the
two-level model. n; and n2 represent the population number density of

states 1 and 2, respectively with the total number of density, n®=ni+n..

In a non-transient approach, a constant laser intensity 12 is assumed and
therefore constant Wiz (equation [ 2-37 ]) and W1 (equation [ 2-38 ]).
Rate analysis can be performed to determine the rate of change of the

population of molecules in level 2 as per equation [ 2-44 ].

in, 2-44
o 2= nWiy — np(Waq + Q21 + Az1) [ ]

At steady state, n, = 0 and the population density of state 2 can be

represented as per equation [ 2-45 ].

n —n le [ 2'45 ]
2,steady—state — '*1 (W + Q + A )
21 21 21

The steady state analysis above gives ideas of two limits of laser
operation. When laser energies are higher than threshold of saturation,
absorption and stimulated emission balance and the population of the

two energy states are determined by the ratio of the degeneracies in a
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two-level model. In this limit, the fluorescence signal is independent of
laser intensity. The other limit of operation is known as ‘weak
excitation” where the laser intensity is well below saturation threshold,
permitting the fluorescence signal to be linearly proportional to laser
intensity. Usually, weak excitation is preferred since laser non-
uniformities and attenuation effects pose practical problems in applying
LIF in the saturated regime. When the stimulated emission from level 2
iIs much weaker than the sum of collisional and simultaneous decay

process,

B,41 -
Wy = 2117<<1‘121‘|‘Qz1- [2-46]

c

Then n, < ny, and nd ~ n;. The population fraction in level 2 can be
shown as,
w. 2-47
n, =nd ——=2— [ ]
Az1 + 021
It can be verified experimentally that the fluorescence signal is
proportional to the population of level 2, the rate of spontaneous

emission Az and the solid angle of collection Q. The following expression
indicates the fluorescence signal, Sr.

Sp=1n, XV X Ay X f—n(photons/s). [2-48]

In practice, LIF intensity, Iur quantifies the fluorescence signal and
according to equation [ 2-47 ], the population density of level 2 can be
replaced by a function of the initial ground state population, n?. For
more accurate modelling, we diverge from the strict concept of a two-
level model and assume that the lower energy level has a manifold of
rotational levels in thermal equilibrium. Boltzmann distribution can
explain the population distribution of these lower energy levels [117]
and the population of a specific rotational level can be written as n? x
fg, where fg represents the Boltzmann fraction of the individual energy
level. In light of above discussions and by using equations [ 2-38 ], [ 2-47
] and [ 2-48 ], the LIF intensity can be written as,

0 A [ 2-49 ]
Lir=cXIOXNO X fa X By XV XT X — X —22
LiF = C X1y Xny X fp 21 41" Ay + Qa1
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where I is the spectral intensity of the probing laser, ' is the
dimensionless overlap function, V is the volume of excited molecules and
c is the optical collection efficiency of the experimental set-up [114].
Equation [ 2-49 ] is known as the LIF equation and is the fundamental
equation for interpretation of LIF signals in practical experimentation
and non-transient computational simulations. Fluorescence yield (®) is

the ratio of the spontaneous emission rate (LIF) to all excited state de-

excitation rates and is represented by the term A+1Q in equation [ 2-49
21 21

]. Fluorescence yield directly represents the fluorescence percentage of
the excited population. Values of A for nitric oxide A*Y* (v'=0) state
are ~4.6 x 10° s'1, quenching rates (Q21) values are on the order of ~10'%"
1, giving a fluorescence yield of the order of ~10*“. For other molecules
where predissociation and intersystem crossing are large, the
fluorescence yield can be written as,

Azq [ 2-50 ]

[0)) =
FL Ay + Qa1 + Pop + I

where Py, is the rate of predissociation and I, is the rate of intersystem
crossing. Depending on the relative magnitudes of Q21, Prp and lic, one
term can be dominant in the denominator of the fluorescence yield and

significantly impact the dynamics of LIF.
2.3.6. Broadening and Shifting of Spectral Lines

This section reports the mechanisms for broadening and shifting in
lineshape functions. These effects are particularly important in high
pressure applications. Theoretically, dipole transition is defined by the
energy difference between two quantum states but actual transitions are
not monochromatic and exhibit a certain spectral width and shape.
These lineshape features depend on pressure, temperature,
concentration and range of collision partners involved, and therefore

play an important role in the interpretation of optical spectra [112].

Lineshape functions ¢(v) reflect the relative variation in the spectral
absorption coefficient with frequency and have been defined so that its

integral over frequency is unity,
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j+°(<p(v)dv =1 [2-51]

The width of the lineshape is due to spectral broadening caused by
phenomena in the medium that perturb the transition’s energy levels or
the way in which individual atoms and molecules interact with light.
Natural broadening, Doppler broadening and Collisional broadening are
the three forms of broadening mechanisms that contribute to the

observed line width.

Natural broadening: When the spectral width is caused by the molecule

in the absence of interactions with other atoms, it is known as natural
broadening. Heisenberg Uncertainty Principle governs this phenomenon
which states that it is impossible to measure energy and time

simultaneously.

g7~ u (upper level)

1
hv A=
G IF T.I‘d'
"““‘“’*""“ - [ (lower level)
Decay rate

Figure 2-5: Uncertainty in the energy level. Reproduced from [116].

If we consider the energy levels in Figure 2-5, the uncertainty in the

energy of u to go to the lower level is limited by,

h [2-52]
AE, =
T 2mAty,

where At, = 7, is the uncertainty in time of occupation of u. The
lifetimes of upper states, 7, can be combined to give the total
uncertainty of a transition. In units of frequency, this uncertainty is

given by,

1 1
Avy = Av, + Avy; = —<T—+ T—) =
u l

1 [ 2-53]
27Ty,




LIF Theory and Literature Review

The resulting lineshape function can be mathematically modelled by
‘Lorentzian Distribution’. Natural broadening is categorised as
homogenous since the uncertainty principle applies to all atom in the
same way. Natural broadening is typically much smaller than Doppler
and Collisional broadening. Usually, in the case of NO, natural
broadening is negligible for most conditions. Table 2-1 illustrates the

typical values for natural line broadening.

Table 2-1: Typical values for natural line broadening

Ty Avy Awy
Electronic 108 s 1.6 X 107 s1 5X10%cm?
transitions
Vib-rot 102s 16 s1 5X 1019 cm1?
transitions

Collisional Broadening: This type of broadening is caused by the

interactions of atoms and molecules in a gas. Energy level’s lifetime is
shortened due to perturbations that occur during the collision. This is
also lifetime limited - time set by collision time interval. Let’s consider
the following collision between B molecule with A molecules in Figure
2-6.

Optical cross-/7///)
section &

Figure 2-6: Collisional Broadening

The total collisional frequency of molecule B with all other collisional

partners can be written as,

o [2-54]

7 =PZX I o/ ———
B 4 A-MOis - | kT

Where P is pressure, X, is the mole fraction of species A, g,z is the

optical collision diameter between species A and B, and pu,p is the
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reduced mass (uyp = mymg/(my + mg)). By using equation [ 2-54 ] with

1= Ti = Zjg, the spectral width of collisional broadening is given by,
l

Tu
1 1 1 VA 2-55
21 Tcoll,upper Tcoll,lower

Molecular interactions are quite complex in the quantum level, which
makes it difficult to derive analytical expressions for the collisional
widths in practice. As an alternative, empirical expressions with
adjustable parameters are utilised [118], [119]. Assuming that the
interactions of different colliders A are independent, the collisional
broadening is modelled as a product of the system pressure and sum of
the mole fraction for each perturbing species A multiplied with its

process-dependent collisional halfwidth 2y, as,

AUC S PZXAZ)/A [ 2-56 ]
A

As a crude approximation, the broadening coefficient 2y, varies with

temperature according to the following expression,

2y(T) = c2y(To) (%)n [2-57]
T, denotes the reference temperature at 296K or 300K, n is the
temperature coefficient with a typical value of 0.5 for hard sphere and ¢
is an empirical scaling factor. Chang, Dirosa and Hanson determined the
values for 2y, ¢ and n for the A —X(0,0) transitions in shock tube
experiments [110-112] while Vyrodov et al. [121] derived the values for
collisional partners Ar, He, N2, H.0O, O2 and NO. Lorentizian function can
be used to describe the lineshape due to collisional broadening:

1 Av, /2 [2-58]
Yot = o =g + Buc/27

Doppler Broadening: ‘Doppler Shift’ causes Doppler broadening which

occurs when a molecule has a velocity component in the same direction
as the propagation of the laser beam. The velocity is directly dependent

on temperature as the thermal motion of the molecules causes it.
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Mathematically, the Doppler lineshape can be represented by a Gaussian

function as,

2VIn2 VInZ ; [2-59]
Neycd RSl Gt

dp)p =

The Maxwellian velocity distribution function describes the random
velocity distribution of molecules. The Maxwellian velocity distribution
tells us what fraction of the molecules is in each velocity class, each
with its own Doppler shift. By calculating the shift for each velocity
component and averaging over the distribution, we can determine the

FWHM of a Doppler-broadened line,

2kT In2 [2-60]

Qv (FWHM) = 2 .
mc

Vo

Where v, (cm™) is the center wavelength of the line, m the molecular
mass, k the Boltzmann constant and c is the speed of light. Since the
velocity of each individual molecule is different, Doppler broadening is
also different for each molecule and is called inhomogeneous broadening

with an inhomogeneous linewidth.

Voigt Profile: Sometimes Collisional broadening and Doppler broadening

occurs simultaneously - resulting in the convolution of two lineshape
profiles, one with a Gaussian and the other a Lorentzian function. In
cases where neither effect is negligible, Voigt profiles [122] are used to
combine the effects of the two profiles, and are generally used to
describe absorption lineshapes for diatomic molecules including NO. For
high-pressure applications the dominant effect which influences the
lineshape width is pressure broadening. Collisional broadening leads to a
decrease in the peak intensity of the absorption features as well as a
blending effect of neighbouring transition lines. If we consider the
following lineshapes with the convolution of Gaussian and Lorentzian
with same area of unity as shown in Figure 2-7, at peak heights,

2Vin2 [ 2-61]

d(Vo)popp = N7 0.94/4vp,
D
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21 2-62
Bo)con = =3, = 0.637/dve 262

which demonstrates that the Gaussian is higher near peak while the

Lorentzian is higher in the ‘wings’. For i}i =1,
D

¢(VO)Dopp = 1.48¢ (Vo) cou [ 2-63]

Half-power linewidths
(FWHM) Av, or Av,

— (Gaussian
== = |orentzian

1
:

o
o
|
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|
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Figure 2-7: Voigt Profile. Reproduced from [112].

The physical argument employed in establishing the Voigt profile is that
the effects of Doppler and collision broadening are decoupled. Thus, it is
argued that every point on a collision-broadened lineshape is further

broadened by Doppler effects.

Line Shifting Mechanisms: Variation in temperature and pressure also

induce shifting of the position of the line centre. Interaction between
two collision partners can have a perturbing effect on the intermolecular
potential of the molecules. Changes in the potential energy surface lead
to differences in the energy level spacing, resulting in a shift of the
centre wavelength of the absorption lineshape which is known as
pressure shifting or collisional shifting [122]. The empirical treatment of
collisional shifting is analogous to that of collisional broadening and

collisional shifting halfwidth can be described as,

AUS S PZXA5A [ 2-64]
A
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where P is pressure, X, is mole fraction of species A and &, is the shift
coefficient of species A with all other colliding species. The shift

coefficient varies with temperature as,
8,(T) = C5A(To)(T0/T)M [2-65]

where T, is the reference temperature, M is the temperature coefficient
and c is an empirical scaling factor. Empirical parameters §,c and M
were measured in the literature [110-113] for nitric oxide for variety of
colliders for the A — X(0,0) transition.

2.3.7. Saturation and Population Recycling

Saturation: Saturation occurs in a simple two-level model when the
induced emission is much larger than the collisional and spontaneous

emissions,

[ 2-66 ]

Byq1
Wy = - = > Az + Q21

where the fluorescence signal is independent of both the laser irradiance
and the quenching rate [50], [123]. In the saturation regime, the rates of
laser absorption and stimulated emission become so large that they
dominate the state to state energy transfer into and out of the directly
pumped levels. From the perspective of not affecting the fluorescence
intensity, LIF in the saturation regime can potentially be less
complicated with the added benefit of maximizing the fluorescence yield
and therefore increasing detection sensitivity. However, complete
saturation is required to realise the benefits mentioned above but
complete saturation is difficult to achieve due to the specific wavelength
region of absorption or the magnitude of the saturation intensity.
Furthermore, the decrease of energy in the outer edges of the laser
beam and the temporal deviation of pulse to pulse fluctuations introduce
more complications. Due to all these reasons, though operating in the
saturation regime has added benefits, application of LIF techniques in
the linear regime using laser energy below the saturation is generally
recommended. If the two-level diagram of Figure 2-4 is considered
again, the following equation for saturation spectral irradiance can be

derived,
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59t = (A21 + Qz1)c [ 2-67 ]
BlZ + BZl

where c is the speed of light. For most diatomic molecules, saturation
spectral irradiance can be attained by the use of high-power pulsed
lasers with typical pulse durations less than 10ns. In the case of NO, a
1mJ powered laser with a wavelength of 226.03nm and duration of 7ns
pulse focused into a 1 mm diameter will start to show slight deviation
from the linear regime. For actual molecules with multiple energy
levels, more complex dynamics regarding saturation should be

considered.

Population Recycling: Saturation effects can occur by both an overfilling

of the upper excited state or by depleting the lower ground state and at
the same time, population can either be removed or added to the laser
couple states through rotational energy transfer (RET), which is on the
same timescale as LIF. In the case of NO-LIF, the linear regime can be
greatly extended at high pressure conditions as the rapid increase in the
rotational energy transfer refills the depleted ground state while

removing excess population in the upper excited state.

Population Recycling

Figure 2-8: Population Recycling. Reproduced from [110].

This phenomenon is known as Population Recycling (refer to Figure 2-8)
where fast energy transfer and fluorescence mechanism can allow
excitation of the same molecule to occur multiple times with the same
laser pulse. A de-excited population from the upper state is re-excited
within the same laser pulse and is cycled back to the upper excited

energy level. Knowledge of transient treatment with multiple energy
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levels and accurate relevant RET rates are required to model population

recycling and saturation effects in detail [124], [125].
2.3.8. LIF Temperature Dependence

As shown in equation [ 2-49 ], the temperature dependence of the LIF
signal occurs as a result of the spectral overlap between the laser-
spectral profile and the absorption spectrum of the molecule, the
temperature variation of the laser-excited ground state population and
the fluorescence yield. Two practical implications can arise from this
temperature dependence. First, knowledge of the local temperature is
required to correct for the signal variation while analysing using LIF
guantitatively. Second, temperature can be detected in the probe
volume by using the LIF signal. Several techniques have been developed
previously implementing both one-line and two-line wavelength methods
to isolate the temperature sensitivity of the signal for thermometry
[126].

Two-line thermometry techniques offer the most versatility for the PLIF
experimental effort and are dominantly used. Temperature is obtained
by using the ratio of fluorescence signals obtained from excitation of two
different ground states where the absorbing state populations are
assumed to follow Boltzmann statistics and therefore a function of
temperature. Rotational temperature for NO are typically obtained by
selecting transitions that originate from different rotational states within

the same vibrational level of the electronic ground state,

Iy X fp(T) X By x [1(T) x ¢1(T) [ 2-68 ]

2 = O 0 S e (1) X B X (1) % (1)

where subscripts 1 and 2 refer to transition 1 and 2, respectively. C;, is
the experimental constant for differences in optical efficiency. The main
benefit of two-line thermometry is that by taking the ratio of
fluorescence signals, the dependencies on the number density, mole
fraction, overlap integral, partition function and collisional quenching
may be minimized. In practice, the fluorescence ratio can be written as

an explicit function of temperature as,
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Ang] [ 2-69 ]

Ri; = Cizexp [_ kT

where Ag,, is the energy difference (cm) between the initial absorbing
states. C;, can be calibrated from signal ratios using computational
simulations or from a well characterized calibration source or region
where temperature is accurately known. Temperature sensitivity is a
parameter of major concern when wusing LIF for detection of

temperature.
2.4. Computational Simulation of NO-LIF

There are some pre-requisites which must be satisfied and known to
perform quantitative LIF measurements for a given molecule. First, an
understanding of the absorption spectrum along with practical
accessibility with a tunable laser is required. Second, the emission
spectrum of the molecule should be well known. Third, the rate of
radiative decay of the excited state should be known, due to the fact
that fluorescence power is proportional to this rate. Fourth, an
understanding of non-radiative pathways including quenching,

photoionization and/or predissociation should be known.
2.4.1.  Other NO-LIF Modelling Simulations

Several simulation programmes have been proposed over the years to
simulate NO, each with a varying degree of complexity in the description
of the LIF dynamics. Luque and Crosley [127] proposed LIFBASE which is
the most general and widely distributed program with spectroscopy of
several diatomics including OH, OD, NO, CH, CN, N2, SiH and CH. Though
LIFBASE has a broad application base, spectroscopic details are
incomplete for many of the molecules including NO as well as incomplete

guenching model.

NO and OH spectroscopic models and fitting functions were implemented
in a simulation program by Vyrodov and Heinze [121]. This model also
lacked a detailed quenching model. Initial application of multi-line
thermometry in high pressure flames was demonstrated by this model

with successful temperature detection for flames under 20 bar.
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DiRosa et al. [128] developed an advanced simulation program in
FORTRAN for NO and Oz which was widely used for pioneering work in
NO-LIF. Details of spectroscopic parameters implemented in the
modelling were similar to LIFSim [129], [130]. The ability to model O>
simultaneously provided the ability to optimize excitation lines for UV

NO-LIF in the presence of interference from Oz LIF.

All these models consider steady-state LIF models with the population of
laser-coupled ground state in equilibrium and rapid RET is assumed. This
kind OF steady state model can satisfy most of the requirements of NO-
LIF experiments. For transient modelling of NO excitation dynamics, a
time-resolved simulation model has been implemented by Daily
(University of Colorado) [124]. This model can clearly illustrate
population recycling effects by showing the effects of fast RET and
negligible VET.

2.4.2. LIFSim: Functionality

LIFSim enables computational simulations of excitation and emission
process in LIF (NO and O) to assist in the quantitative analysis of species
concentration in practical experiments. Functionalities of LIFSim are

briefly described in this section.

Calculation of absorption spectra: Temperature, pressure, excitation

wavelength range, spectral resolution, species concentration, laser
parameters and the molecular spectroscopy parameters are required for
calculation. The laser is tuned over a certain wavelength range and the

absorption spectra are recorded.

Calculation of LIF excitation spectra: The laser is tuned over a certain

wavelength range and the LIF signal is recorded at each spectral
position. Parameters for calculation are temperature, pressure,
excitation wavelength range and spectral resolution. The detection

bandpass can be set arbitrarily.

Calculation of LIF fluorescence emission spectra: The laser is set to a

fixed excitation wavelength and spectrally resolved LIF emission spectra

are recorded. Parameters for calculation are temperature, pressure,
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excitation wavelength, wavelength range and resolution for the
fluorescence spectrum and simulated monochromatic function (slit

function) with Gaussian and Lorentzian contribution.

Pressure and Temperature dependence of LIF signals: The LIF signal is

calculated for a range of pressures and temperatures. Parameters for
calculation are temperature range and resolution, pressure range and
resolution and excitation wavelength. Calculations can be performed on

a per molecule or per-volume basis.

Fit of simulated LIF excitation spectra to experimental data:

Experimental LIF excitation can be fit using simulation by varying input
parameters. The fitting is done via nonlinear-least-square-fitting
(Levenberg-Marquadt) [131].

2.4.3.  LIFSim: LIF Model

A simple non-transient three-level LIF model consists of lower ground
level, upper excited level and a rotational manifold attached to the
ground level is used for the calculation of LIF signals in LIFSim as

illustrated in Figure 2-9.

Energy

Figure 2-9: Three-level LIF model in LIFSim. Reproduced from [129].

The simplicity of the model enables rapid calculations of the LIF signals
while the three-level concept is sufficient to capture most of the
relevant physics required for analysis of experimental data. The models
makes assumptions of an equilibrium population of the laser coupled

ground state (i.e. rapid ground state RET is assumed) and a single laser-
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coupled upper state is used with no excited-state energy transfer.
Fluorescence emission is calculated from a single upper state within the
allowed branches to all possible rotational and vibrational levels of the
electronic ground state, with quenching and predissociation (P) as the
only non-radiative depopulation mechanism of the excited upper state.
The steady-state rate equation approach in the linear regime for a
three-level model collapses to a form identical to the LIF equation [ 2-49

] which forms the backbone of the simulation calculations.
2.5. NO-LIF in the Literature

Extensive works has been done on NO-LIF for both laboratory and
practical combustor applications. Grieser and Barnes [132] reported one
of the first use of single point NO fluorescence measurements. Later,
McKenzie and Gross [133] suggested the use of two-photon LIF of NO for
single-point thermometry. Kychakoff et al. [134] reported the first 2-D
imaging of NO fluorescence with seeded NO in CHs/air flames. The first
instantaneous 2-D PLIF temperature imaging was reported by Seitzman
et al. [135], utilizing a one-line technique to measure the rotational
temperature of NO seeded in fuel lean methane-air flames. Paul et al.

[136] first reported two-line PLIF temperature imaging measurements.

Laser probing for NO measurements have mostly used the A-X system
with transitions in the (0,0), (0,1) and the (0,2) bands at 226.03, 235 and
248 nm respectively and fluorescence signal detected at 232-252 nm
((0,1)+(0,2) detection), 217-232 nm ((0,0) detection) and 220-240 nm
((0,0)+(0,1) detection) respectively [129-132]. Additionally, some
measurements have been taken in the D-X (0,1) band at 193 nm [141]
but this band often experiences transmission problems in hot combustion
environment. Lee et al. [142] evaluated all the strategies for
quantitative NO measurements in high-pressure flames. To quantify NO
concentrations in the flame from the LIF measurement, the temperature
distribution in the flame needs to be accounted for as NO is highly
temperature dependant. Comparison of NO LIF using A-X and D-X

strategies are summarised in the following sections.
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2.5.1. A-X(0,0) Excitation Overview

The A-X (0,0) transitions at 224 - 227 nm are the transitions most
frequently used in the past. This has evolved into the standard technique
for NO detection in flames and is the only technique sensitive to cold NO
for flow field diagnostics [143], [144]. It has also been used extensively
in high-pressure applications, such as small-scale laboratory flames,
gasoline and diesel internal combustion engines. Laurendeau and co-
workers have studied NO formations extensively in premixed, partially
premixed and diffusion flames. They have reported quantitative single-
point NO measurement in CHs/air flames up to 15 bar [145], C:He/air
flames up to 15 bar [146]-[149], CoHa/air flames up to 12 bar [150], C7H1s
spray flames up to 5 bar [151]-[153], and CO/H2/CHa/air flames up to 12
bar [154]. Most of the experiments were carried out using a frequency-
doubled dye laser system tuned to the Q. (26.5) transition at 225.58 nm
to minimize temperature dependence of the ground state population. O>
LIF interference was quantified using spectroscopic measurements in the
1 - 12 bar range [114], [155], and subsequently influence of pressure on
NO calibration was investigated [156]. Vyrodov and co-workers first
reported NO measurements in high-pressure steady-state laminar flame
burner up to 60 bar [157], and also the first to apply a multi-line fitting
thermometry technique using a detailed spectral simulation model. They
have also contributed to the database of collisional broadening
coefficients of NO with N> and Ar as colliders in high-pressure
environments [121]. DiRosa and co-workers have reported high-pressure
NO-LIF spectroscopy in flames up to 10 bar [128], and presented a
numerical simulation model for both NO and O LIF. In addition, DiRosa
et al. [118], [119] reported collisional broadening and shifting
parameters for NO in high-pressure combustion environments. Schulz et
al. [158], [159] reported NO LIF strategies, possible O interferences and
laser/signal attenuation by hot CO> and H2O in detail using A-X (0,0)
excitation up to 60 bar. Bockle et al. [160] reported the only NO-LIF
study in atmospheric swirl flame using natural gas at ® = 0.83, utilizing
R1 (21.5) transition at 225.25 nm excitation. Sahu and Ravikrishna [161]

recently conducted quantitative LIF and kinetic assessment of NO
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formation in Hx/CO syngas-air counterflow diffusion flames, utilizing
226.03 nm excitation. NO formation in stagnation flames using the jet-
wall experimental configuration, with C; - C4 alkanes and alcohols was
recently investigated utilizing 226.03 nm excitation by Watson et al.
[162]-[164].

Alatas et al. [165] first performed practical NO-PLIF measurements in-
cylinder. However, no details regarding specific excitation and detection
bandpass was given. Braumer et al. [166] reported quantitative in-
cylinder NO number density measurements in a spark-ignition engine
fuelled with propane, utilizing R1+Q2:1 (21.5) transition at 225.25 nm. Dec
and Canaan [137] performed semi-quantitative in-cylinder NO
concentration measurements in a direct-injection diesel engine
throughout the combustion cycle with pressures up to 65 bar. A
frequency-doubled optical parametric oscillator (OPO) system was used
to excite the P; (23.5), Qi+P21 (14.5), Q2+R12 (20.5) transition at 226.03
nm, proposed by Battles and Hanson [167] based on detailed
spectroscopic investigations in flames up to 10 bar by DiRosa et al. [128].
226.26 nm excitation in diesel spray flames in a modified single-cylinder
engine was reported by Nakagawa et al. [168].

2.5.2. A-X(0,1) Excitation Overview

NO A-X (0,1) excitation in the 233-237 nm wavelength range reduces
laser beam attenuation while providing sufficiently strong signals. This
excitation have been reported in low pressure LIF measurements [169]
and cavity ring-down investigations [170]. Jamette et al. [138] reported
first application of NO A-X (0,1) LIF in high pressure combustion in a
direct-injection spark-ignition gasoline engine, utilizing R1+Q21 (22.5),
Q1tP21 (8.5), Q2+R12 (17.5) feature at 236.22 nm based on simulations of
LIF excitation spectra of NO and O in order to maximise the NO/O: LIF
ratio. Chou et al. [171] showed application of A-X (0,1) excitation in an
atmospheric NH3/0, flame to avoid quasi-continuum NH3 absorption near
226 nm.
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2.5.3. A-X(0,2) Excitation Overview

This strategy was first introduced by Schulz et al. [172], has the benefit
of enabling use of KrF excimer laser to excite the Oi» bandhead at
247.94 nm, which provides high-power accessibility with low populations
in the v’ = 2 vibrational level. Compared to A-X (0,0) and D-X (0,1)
excitation, this strategy has less laser and signal attenuation by hot CO-
and H20. In terms of interference, Schulz et al. concluded that at 247.94
nm, NO bandhead coincides with a local minimum in the Oz B-X band.
Furthermore, (0,2) excitation provides an important advantage by the
possibility of blue-shifted detection of the (0,0) and (0,1) emission, thus
eliminating the detection of CO> and polycyclic aromatic hydrocarbon
(PAH) LIF. This strategy was also utilized for NO detection in sooting
high-pressure ethylene/air flames [173], where strong PAH fluorescence
was observed red-shifted to the excitation wavelength, but the blue-
shifted NO detection minimized this interference. Schulz and co-workers
applied this strategy for quantitative NO concentration imaging in a
spark-ignition engine fuelled with propane [174], spark-ignition engine
running under premixed [175] and non-premixed conditions [176], [177],
and in direct-injected diesel engines fuelled with commercial diesel fuel
[178], [179]. Andersen and co-workers have investigated qualitative NO-
LIF distribution using NO A-X (0,2) strategy in a spark-ignition engine
fuelled with iso-octane [180], [181], and quantitative 1-D measurements
were shown in a spark-ignition engine fuelled with iso-octane and regular
gasoline [182]. Recently, Akihama et al. [183] performed qualitative in-
cylinder measurements using this strategy in a port-fuel injected spark-
ignition engine fuelled with iso-octane at pressures up to 15 bar and,
Bessler et al. [184] measured NO concentration in a direct-stratified-

injection gasoline engine.
2.5.4. D-X(0,1) Excitation Overview

The D-X (0,1) strategy has a range of 192 - 195 nm and can be probed
with the excitation of the R: (26.5) + Q1 (32.5) at 193 nm radiation from
an ArF excimer laser [185], [186] and has minimized interference from

O2 at 193.38 nm wavelength [187]. However, this transition suffers from
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severe attenuation of the short-wavelength laser beam and signal in the
high-pressure combustion environment, leading to complete signal loss
at portions of the engine cycle, making quantitative NO measurements
impossible. Previous attempts to quantify LIF signals [188]-[190] at this
transition relied on unverified assumptions regarding the dependence of

fluorescence quantum yield on pressure and temperature.

Andresen et al. [141] and Tanaka et al. [191] reported qualitative NO-LIF
imaging using this transition in a spark-ignition gasoline engine with iso-
octane. Meulen et al. performed NO imaging in a pre-chamber-injected
diesel engine with n-C7His and diesel fuel [189], [192], and in a direct-
injection diesel engine with maximum pressures of 75 bar [188], [190].
Arnold et al. [193] also carried out NO measurements in a direct-

injection diesel engine fuelled with n-C7Hse, utilizing this strategy.
2.6. Fundamentals of Flame Properties

There is a continuing demand for increased energy efficiency of gas
turbines and reciprocating engines, with ever growing concerns related
to the environment, energy and hazards. All these have, during the past
few decades, stimulated a tremendous burst of interest and research
activities in the field of combustion. The simultaneous occurrence of
chemical reaction and transport of mass, momentum, and energy makes
analyses of these problems extremely complex. Moreover, practical
flames are nearly all turbulent because of the requirement to produce
high volumetric rates of energy production for efficiency and
compactness. This further complicates combustion research even if one
addresses the problem at a fundamental level in which practical
difficulties might be neglected. Fundamental flame properties that has

been used in this study are discussed in this section.
2.6.1. Laminar Burning Velocity

The laminar burning velocity (also known as the laminar burning rate, or

laminar flame speed) is a fundamental physiochemical property of a

premixed combustible mixture, resulting from the collective effect of

thermal and mass diffusion of the reactants and mixture exothermicity

[194]. Due to the finite flame thickness, in a non-planar flame, the mass
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rate of entrainment of unburned gas into the flame front, dmu/dt is in
general not the same as the rate of formation of the burned product,
dmy/dt. Hence Bradley et al. [195] suggested two definitions of laminar
burning velocity from the literature. The first definition is based on the
‘entrainment velocity’ of unburnt mixture into the flame which was
defined by Rallis and Garforth [196] as:

Lo L dm, [2-70]
" Ap, dt

where, A is the flame front area. The spatial velocity of the flame front,
also known as the flame speed, S, is readily measurable by observing
the flame’s temporal development. However, flame speed is not a
unique property of a combustible mixture but the sum of u, and the gas

expansion velocity, ug, immediately adjacent to the flame front:

Sp=up+ uy [2-71]
Ug is generally larger than u, and is a function of the densities of burnt
and unburned gas at any instant, as well as of the presence or absence

of any constraining boundary.

The other definition of laminar burning velocity, u.- was proposed by
Bradley at al. [195], based on the appearance of burned products, has
been computed for atmospheric methane-air mixtures as:

", = AL dmy, [2-72]

pu dt

This method of burning velocity is calculated from measurements of
pressure rise in closed vessels, as in experiments in the literature [197]-
[201]. Abdel-Gayed et al. [202] observed that under turbulent
conditions, laminar burning velocity is analogous to the mass burning

velocity, Utr.
2.6.2.  Turbulent Burning Velocity

Turbulent flames are found in practical devices over a wide spectrum of
phenomena which depend on the intensity of the turbulence, the
temperature and pressure of the reactants, the reactant fuel-air ratio

and the fuel itself [203]. Dimensional analysis in these turbulent flames
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revealed a range of premixed combustion modes: progressing from
wrinkling laminar flamelets to well-stirred reactors. These modes
corresponds to different regimes of combustions and require different
approaches for understanding and modelling [204]. Classical premixed
combustion diagrams [194], [205]-[207] assume that a reacting flow may

be characterised in terms of two non-dimensional numbers:

1. The ratio of the turbulence integral length scale to the laminar
flame thickness.
2. The ratio of the root-mean-square velocity fluctuation to the

unstretched laminar burning velocity.

A turbulent flame has a propagation velocity that depends on the flow
field parameters, as well as on the properties of the mixture and the
initial condition. According to Turns [208], turbulent burning velocity, u:
is defined as the velocity at which unburned mixture enters the flame
zone in a direction normal to the flame. In this definition, the flame
surface is represented as some time-mean quantity, recognising that the
instantaneous position of the high-temperature reaction zone may
fluctuate widely. Experimentally, the value of u: is usually measured
from two-dimensional photographs of an essentially the three
dimensional phenomenon. Traditionally, turbulent burning velocity has
been related to the r.m.s. turbulent velocity and both of these

quantities have been normalised by the laminar burning velocity.

Turbulent burning velocity (ut) can be defined as the flame propagation
due to the turbulence in the flame. ur is considerably higher than w

[194]. u:is often described as per Equation [ 2-73 ]:

% = f, Leurp, P) [2-73]
l

where u’ is the turbulent velocity fluctuation and Lwrb is the turbulent
length scale. Turbulent flame speeds in GTs are about 10-20 m/s [24].
The enhance factor due to turbulence is also dependent on the fuel and
stoichiometry. Lewis number, Le (thermal diffusivity/mass diffusivity) is
often used to explain the impact of fuel by explaining the impact of
thermal and molecular fuel diffusivity on the evolution of corrugated

flamelets.
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2.6.3. Equivalence ratio (®):

The equivalence ratio (@) of a system is defined as the ratio of the fuel-
to-oxidiser ratio to the stoichiometric fuel-to-oxidiser ratio as per
Equation [ 2-74 ]:

b = Myyet/Mox _ Nryer/Mox [ 2-74]
(mfuel/mox)st (nfuel/nox)st

where, m represents the mass, n represents number of moles and suffix

st stands for stoichiometric conditions. Stoichiometric condition is
defined as when there is just enough oxidiser in the system to burn all
the fuel content. When ® = 1, the combustion is stoichiometric, if ® < 1,
the combustion is lean with excess air and if ® > 1, the combustion is

said to be rich with incomplete combustion.
2.6.4. Adiabatic Flame Temperature (AFT)

The adiabatic flame temperature occurs when the combustion chamber
is well insulated with no heat losses (adiabatic conditions). The peak AFT
occurs at just over stoichiometry (® = 1.0). As the flame goes lean (® <
1) and percentage of combustion air increases, some of the heat
generated is used to heat up the excess air, resulting drop in the flame
temperature. By the same token, flame temperature also drops at the
rich conditions (® > 1), as some of the heat is used to heat up the

excess fuel content.
2.6.5. Swirl Characteristics

GT swirl combustors rely on the interaction between a turbulent flow
field and complex chemical reactions within the primary, intermediate,
and dilution zones to generate the required turbine inlet temperature
for the given load condition while reducing greenhouse gas (GHG)
emissions, pressure loss, and instabilities. The design of the generic swirl
burners utilized in this study is intended to replicate this flow-through,
single can-type combustor operated in a fully premixed configuration.
This geometry derives its flame stabilization mechanism mostly through

the vortex breakdown structures resulting from the tangential velocity
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imparted on the flow through the swirler in combination with the sudden

expansion into the combustor primary zone.

The degree of swirl number, S, is a non-dimensional number that defines
the axial flux of swirl momentum divided by the axial flux of axial

momentum. S is defined as follows:

o _Go [2-75]
" G,d/2
e 2-7
Gg = j (puw + pu'w")ridr [2-76 ]
0
[2-77]

Gy = f (U2 + pu + (p — poor?))dr
0

where u is the axial velocity (m/s), u' is the fluctuating axial velocity
(m/s), w is the tangential velocity (m/s), p is the fluid density (kg/m3 ),

and r is the radius (m).

However, the above equations require knowledge of all the velocity and
pressure profiles for all conditions at different swirl numbers at each
point of the flow regime. This lead to a very complex calculation. Syred
and Beer [209] proposed that this expression could be simplified for
constant density environments, i.e. isothermal conditions, to a simple
function of geometry [210], [211].

S TheTefr [ 2-78]
g,iso At

where r.zf is the effective radius at the centre of the inlet pipe, r, is the
exit radius , and A; is the total area of the tangential inlet. The
geometrical swirl number, S;, uses inlet conditions and ignores pressure
variation effects across the flow for isothermal conditions. The density is
assumed to be constant and the axial velocity can be obtained from the
flow rate, Q, divided by the exit area, A,. The angular velocity w is
taken as the inlet velocity multiplied by an effective radius r,¢r. The
geometrical swirl number is related to the inlet and outlet flow rates
[210].
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Under combustion conditions the geometrical swirl number is directly
related to the inlet and outlet flow rates. The process is under constant
pressure, so S changes according to the ratio of degrees of absolute
temperature. The size of the exit volume and the axial velocity at the
exit also increase with temperature [209], [210]. This causes a reduction
in the ratio of angular momentum to axial momentum. Thus the
geometrical swirl number is reduced as a consequence of the average

inlet and outlet temperatures as follows:

Tinlet ] [ 2-79 ]

Sg,comb = Sg,iso [T
outlet

Another important dimensionless number is the Strouhal number [210] is
useful for analysing oscillating unsteady flows:
_fL [2-80]

U
where f is the oscillation frequency (1/s), L is the characteristic length

Sr

(m), and U is the mean flow velocity (m/s). Strouhal number, S,
represents a measure of the ratio of inertial forces due to the instability
of the flow or the local acceleration to inertial forces due to changes in
velocity from one point to another in the flow field. It represents the
instability of the flow. Thus, it is a weak function of the Re number
[210]. Thus, Swirl could be correlated to the frequency of the system

using the following function:

_ fDe [2-81]
- Q

where D, is the exhaust diameter and Q is the flow rate.

S,

2.6.6. Swirl Mechanism

Swirl is commonly used to: (i) stabilise high combustion intensity, (ii)
limit the lengths of combustion through the production of higher rates of
entrainment of ambient fluid, (iii) encourage fast mixing near the nozzle
exit and on the boundaries of recirculation zones, and (iv) to improve
flame stability as a result of the formation of the central recirculation
zone. The recirculation zones heat the active chemical species

distribution to the root of the flame, thus reducing the velocity
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requirements for achieving flame stabilisation, which is only formed
beyond a critical swirl number of 0.6. With sufficiently high Re (> 18000)
and with swirl number greater than 0.6, large recirculation zones are
produced, and high levels of turbulence are present in the system. The

recirculation zones occur close to the exit nozzle as shown in Figure 2-10

[209], [210].
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Figure 2-10: Recirculation in a swirling jet flow. Reproduced from [209].

2.7. Summary

In addition to the minor mechanisms, three most important NO
formation mechanisms, namely thermal, prompt and fuel mechanisms
were analysed. Knowledge about these NO formation pathways are vital
to explain the NO-LIF investigations conducted in this study. To
summarise in brief, thermal pathway become most important pathway at
high temperature combustion, prompt mechanism depends on
production of CH, CH> radicals, hence important at fuel-rich conditions,
fuel mechanism is limited to the fuels with nitrogen present and can be

significant in relatively unclean fuel. Among the minor mechanisms
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discussed here, N.O pathway has the sizable contributions at lean

combustion.

The process of chemiluminescence measurement was described briefly,
with more attention towards OH* chemiluminescence. Further discussion
on the development and use of this measurement in this study are

provided in subsequent Chapters.

LIF spectroscopy was described as a quasi-two-level system, underlying
the importance and dynamics of the relevant energy transfer
mechanisms (W12, W21, A21, Qrer, Qver, Q21). The derivation of LIF
equation from non-transient two-level model was shown by considering
population density, stimulated emission, quenching, fluorescence signal
and Boltzmann distribution. Mechanisms for broadening and shifting of
spectral lines were also discussed in terms of natural broadening,
collisional broadening, Doppler broadening and voigt profile when
collisional and Doppler broadening occurs simultaneously. The
importance of laser energy saturation and population recycling was
discussed and the impact of saturation on LIF signal linearity with laser
energy was analysed. This section was concluded by examining LIF
temperature dependence and giving an introduction on two-line

thermometry technique for future work.

Historical developments on computational simulation codes for NO
spectroscopy was discussed, showing LIFSim as the final outcome. The
functionality of LIFSim was detailed in terms of absorption, excitation
and emission spectra as well as pressure and temperature dependence of
LIF signals. Finally, the non-transient three-level LIF model in the LIFSim

was discussed briefly.

An overview of the past and ongoing works on NO-LIF measurements in
laboratory and practical engine flames was given thereafter. Different
strategies to excite NO molecules were discussed in terms of suitability
of fuel compositions and experimental challenges. Finally, the Chapter
was concluded by defining a few fundamental flame properties which

has been used in the later part of this thesis.
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3. Experimental Set-up, Methodologies and Data

Processing

In this chapter, details regarding the experimental facility as well as a
schematic of the computational framework for data acquisition and
processing are discussed. The experimental work included in this thesis
was performed at the Gas Turbine Research Centre (GTRC) at Cardiff
University. Bunsen burners were used for qualitative analysis and
calibration purposes. A high-pressure combustion diagnostics lab with
optical accesses was assembled in the GTRC to facilitate laser
diagnostics research in practical high-pressure combustion environments
and served as the one of the primary locations for the experimental work
presented in this thesis. The Bunsen burners were used to conduct the
experiments in a steady, laminar flames at first, before transiting into
more industry relevant turbulent flames in High Pressure Optical
Chamber (HPOC) with three-way optical access, providing well-
characterized flames in atmospheric pressure and wide range of
equivalence ratios. Investigation of two laser excitation/detection
strategies were enabled by additionally employing high-power lasers,

optics, intensified cameras and data acquisition systems.
3.1. Bunsen Type Burners

A Bunsen burner is a device for combining a flammable gas with
controlled amounts of air before ignition. It produces a hotter flame
than would be possible using the ambient air and gas alone. Robert
Bunsen, the German Chemist introduced it in 1855, from a design by
Peter Desdega, who likely modified an earlier design by Michael Faraday
[212].

For this study, two 25 mm and 15 mm Bunsen type burners (refer to
Figure 3-1) were used for qualitative analysis and NO calibration by
doping, respectively. Laminar, premixed methane/air flames with lean
equivalence ratios (O = 0.68 to ® = 0.87) and rich equivalence ratios (O
= 1.28 to ® = 1.4) were stabilized in 15 mm and 25 mm Bunsen burners,
respectively, at atmospheric temperature and pressure. Dopant NO
diluted in nitrogen (1% NO) was blended as a premixed reactant to yield
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inlet NO concentrations up to 1300 ppm. Constant gas flows were
provided by low-flow Coriolis mass-flow controllers (MFC). Air flows were
controlled by a Bronkhorst M14V10I-RGD-22-K-S Coriolis MFC (£0.5%
accuracy and *0.05% repeatability) and CHs and NO/N. flows were
controlled by two separate M13V10I-RGD-22-K-S Coriolis MFCs (+0.5%
accuracy and +0.05% repeatability). Both these MFCs use the Coriolis
principle of operation [213], [214]. When viewed from a rotating frame
of reference, the deflection of objects moving in a straight path can be
described by Coriolis effect. The gasses and air flow through a tube
which is vibrating and thus generating changes in amplitude, frequency
or phase shift, depending on the mass flow through the tube. In contrast
with the other flow meter principles which rely on the measurement of
the volume, velocity or differential pressure, Coriolis MFC gives the fluid
density as a secondary output, allowing precise mass flow rate
measurement [215]. The MFCs were connected to a computer via RS232
port and controlled via FlowView application in the computer. All the

MFCs were zero calibrated prior to use.

| Burner
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Figure 3-1: (a) 25 mm Bunsen burner for qualitative NO-LIF; (b) 15 mm Bunsen
burner for NO calibration experiment.

3.2. High Pressure Combustion Rig (HPCR)

The HPCR is capable to operate at temperatures up to 900K and
pressures up to 1.6 MPa with air mass flow rates up to 5kg/s. The

detailed design and capabilities of the HPCR test facility can be found in
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previous studies [216]-[220]. The critical components that make up the
HPCR, namely the fuel and air delivery systems, the HPOC which
provides the visual access for combustion diagnostics, the generic swirl
burners and all the associated rig instrumentation for experimental
condition monitoring are described in detail here [221]. A quick overview

of these components is given in the following sections.
3.2.1. High Pressure Optical Chamber (HPOC)

In the current set-up, the HPOC has three operational windows to allow
both axial and radial visual access to the burners and operational flames
within it, as shown in Figure 3-2. Designed to allow the full pressure and
temperature capabilities of HPCR, the HPOC is 0.716 m in length with an
inside diameter (ID) of 0.315 m. A thermal barrier coating (TBC) has
been installed along the entire ID of the HPOC to protect the stainless
steel casing from excessive temperatures during the combustion
experiments. External water-cooled copper coils wrapped around the
HPOC OD near the exit flange takes care of the excessive heat during

high thermal power experiments.

(a) (b) (©) @ @& (

Figure 3-2: Photographs of HPOC during maintenance (left) and installed in the
HPCR (right) with (a) laser beam/sheet entrance, (b) stainless steel casing, (c) air
and fuel delivery lines, (d) fluorescence capture window, (e) flame observation
window and (f) combustion exhaust.

3.2.2.  High Pressure Generic Swirl Burner (Mk. 1)
The HPGSB-2 differs from the 1%t generation HPSGB [47], [222]-[226] in
that the combustor expansion ratio has been reduced from 3.5 to 2.5,

achieved by a reduction from 140 mm to 100 mm of the cylindrical

quartz burner confinement tube ID while maintaining the burner exit
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nozzle diameter of 40 mm, in order to simulate a GT combustion
chamber and to establish flow structures that would normally be found
in a confined swirl burner. The use of confinement also restricts ingress
of surrounding oxygen into the flame while directing the reactants into
the exhaust. Figure 3-3 shows the schematic of the HPGSB-2 with open
and convergent confinement configurations. All the experiments in this
study were conducted in the open confinement configuration. However,
chemical reactor modelling in Chapter 4 was carried out in the
convergent confinement configuration as the experimental data for
modelling is taken from a previous study [221]. The HPGSB-2 provides
optical access to the flame while achieving representative parameters of
inlet pressure, temperature, and turbulence scales typical of a can-type

industrial GT combustor.

————— - 3
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Figure 3-3: Schematic of HPGSB-2 with open confinement (left) and convergent
confinement (right), showing (a) pilot lance, (b) inlet plenum, (c) HPOC connecting
flange, (d) mixing chamber, (e) burner exit nozzle and (f) quartz confinement.
Dimensions in meters. Reproduced from [227].

The HPGSB-2 is modular in its operation and geometry, both of which
can be easily manipulated for parametric study of flow and flame
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phenomena, including both piloted and non-piloted liquid and gaseous
fuel operation, varying levels of fuel/air premixing, variable geometric
swirl number combustor confinement length, and combustor outlet
geometry. The radial-tangential swirler insert is modular on the HPGSB-
2. The burner exit nozzle diameter is fixed at 40 mm for all swirler
inserts while the width of the 9 radial-tangential swirl inlets varies
between inserts. This yields a possible geometric swirl number (refer to
Chapter 2.6.5) varying from S, = 0.5 to S, = 2.0. In this study, the burner
was operated fully premixed, non-piloted, and with a geometric swirl

number of S, = 0.8, Figure 3-4.

Figure 3-4: Radial-tangential swirler geometries with Sy = 0.8. Tangential inlet
width dimension in meters. Reproduced from [221].

Figure 3-5 shows the sectioned detail view of the HPGSB-2/HPOC
assembly. The fuel flow was split and blended as a jet in crossflow into
two inlet air flows approximately 0.3 m before entering diametrically-
opposed connections to the burner inlet plenum, while operating in fully
premixed combustion. All reactants then travel along the flow path of
the premixed chamber prior to entering the slot type radial-tangential
swirler and then out from the exit nozzle into the quartz confinement
tube where the swirl flame is stabilized. The quartz confinement tube is
5.5-6 mm thick and of length L.,,,, = 407 mm, which directs the exhaust
into water-cooled exhaust piping towards the backpressure valve (BPV).
All these flow paths yield a total premixing length of approximately 0.7
m and residence time over 20 ms at a flow velocity of 30 m/s [221]. The

face of the swirler within the combustor is covered by a 3 mm thick

58



NO Formation Analysis using Chemical Reactor Modelling and LIF Measurements on Industrial Swirl Flames

ceramic coating for thermal protection. The HPSGB-2 is fitted with an 18
mm outer diameter (OD) instrumentation and pilot lance inserted down
the burner centreline. It contains seven 5 mm OD tubes, with one central
tube intended for pilot fuel injection and the remaining six available for
instrumentation. The open end of the lance protrudes 8.5 mm into the
exit nozzle. Thus, if the exit nozzle was removed from the swirler, the
open end of the lance would be in the same axial plane as the burner
dump plane and ceramic burner face. This lance provides a bluff-body
stabilization location within the burner exit nozzle while also allowing
for temperature, static pressure, and dynamic pressure measurements to

be made at this critical location.
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Figure 3-5: Sectioned detail view of the HPSGB-2/HPOC assembly with (a)
instrumentation and pilot lance, (b) inlet plenum, (c) mixing chamber, (d) radial-
tangential swirler, (e) burner exit nozzle, (f) quartz window, (g) quartz burner
confinement tube, and (h) HPOC casing.

3.2.3.  Fuel and Air Delivery System

The HPCR has been reconfigured for high repeatability and precise
control over fuel and air flows through the use of dedicated flow control
valves (FCV) and Coriolis mass flowmeters (CMF) on a total of 5 delivery
lines. 2 of the 5 lines are used for air delivery, with the use of Emerson
CMF025M mass flow meters capable of measurement up to 945 g/s
(accuracy: £0.1%). Emerson CMFO10M mass flow meter is used for the
fuel delivery measurement up to 22.7 g/s (accuracy: +0.1%) in another 2
lines. The fuel and air mass flow rates are controlled in a remote

location via a PLC system which is operated by inputting the desired FCV
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position and monitoring the CMF output. For all experiments with the
HPGSB-2, the air flow to the HPCR was provided by an Atlas Copco GA 45
variable speed drive (VSD) air compressor coupled with a Beko Drypoint
DPRA960 air dryer to lower the combustion air dew point prior to
metering and entering the burner. This VSD compressor can deliver up to
150 g/s air flow at 1.3 MPa. In fully premixed mode, the fuel is delivered
from multi-cylinder packs stored in a remote onsite location and split
after metering and introduced into the air stream prior to entering the

burner.
3.3. Selection of NO Excitation Wavelengths

The four different transition strategies to excite NO has been discussed
in detail in Chapter 2.5. The advantages and drawbacks of using each
transition was also analysed from previous works done on NO-LIF.
Considering those discussions and reviewing past studies [130], [139],
[140], [142], 226.03 nm excitation wavelength was chosen at first for the
experiments for this study, utilising A-X (0,0) transition. However, to
achieve this wavelength from Quantel TDL-90 dye laser (refer to Section
3.4) the doubled dye beam has to be mixed with residual 1064 nm beam
from the Nd:YAG laser. Due to the very sensitive controls of the “mixing
after doubling’ unit, on average only about 0.1 mJ energy could be
extracted from the UV beam at 226.03 nm, which is much lower than the
prescribed energy (2-4 mJ) from previous studies [142], [161]. When the
beam was converted to a sheet, through the use of sheet-optics, the
energy density was even lower. The other excitation strategies were also
investigated for suitability with TDL-90, in terms of laser energy. The A-X
(0,1) and A-X (0,2) transitions at around 236 nm and 248 nm,
respectively, also require ‘mixing after doubling’ strategy in TDL-90 dye
laser, while minimum UV wavelength capability of the laser is 200 nm,
making the D-X (0,1) strategy obsolete (refer to Chapter 2.5.4). Table

3-1 summarises the process specifications for Quantel TDL-90 dye laser.
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Table 3-1: Process specifications for Quantel TDL-90 [228]

Wavelength Range (nm) Process
200 - 217 Tripling
217 - 277 Mixing after doubling
277 - 360 Doubling
360 - 420 Mixing

As the TDL-90 dye laser was operated successfully at GTRC for previous
studies [47], [223], [225] utilizing the ‘doubling’ process, investigations
were conducted to find NO peaks at the ‘doubling’ range of wavelengths
for TDL-90 (refer to Table 3-1). LIFSim [129], [130] web package was
used to simulate NO and O spectra for different flame temperatures at
atmospheric pressure. The detailed NO and O2 spectra in the ‘doubling’
range are given in Appendix A. Figure 3-6 shows NO and O excitation
spectra at region of interest for this study. There are quite a few
wavelengths which has high NO excitation signal with very low O
interference. Among those wavelengths, 285.16 nm was chosen at Q2
(12.5) transition for this study as O interference is negligible at this

wavelength, yielding high signal-to-noise (SNR) ratio.
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Figure 3-6: NO and O, excitation spectra. Chosen NO excitation wavelength
highlighted.
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NO filter from Dantec Dynamics (refer to section 3.5) was used to
capture the NO fluorescence signal at 285.16 nm excitation wavelength.
This filter has 40% transmissivity at 244 - 274 nm range. Figure 3-7 shows
the emission spectra for NO and O at 285.16 nm excitation for the range
of the filter. Three peaks of NO signal are visible at (0,5) Q2 (12.5), (0,5)
R12 (12.5) and (0,5) R2 (8.5) lines with relative signals of 72.7%, 15.2%
and 12.1%, respectively. However, there are no O interference in the
filter’s transmission region. As a consequence, offline signals to account
for Oz interference are unnecessary. No offline points were taken for NO-
LIF experiments at 285.16 nm excitation. However, for the NO-LIF
experiments conducted at 226.03 nm excitation, offline points were
taken at 225.94 nm to account for O interference. The choice of these
wavelengths had been studied in the literature comprehensively [161].
The pump beam energy was maintained such that NO fluorescence signal
is in the linear fluorescence regime, as discussed in Chapter 2.3.7.
Figure 3-8 shows the variation of fluorescence intensity in a NO doped
CHa/air flame with laser beam energy, and thus, confirms the use of the
linear LIF regime for the NO measurements at 285.16 nm excitation
wavelength. The arrow indicates the average laser beam energy where

the experiments were conducted for this study.
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Figure 3-7: Emission spectra for NO and O, at 285.16 nm excitation
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Figure 3-8: LIF characterization in NO doped CH,/air flame at 285.16 nm. Arrow
indicates the average laser energy for the experiments.

3.4. Laser System

In this study, light amplification by stimulated emission of radiation
(LASER) is used as the primary source for perturbing specific energy
states of target molecules. Short pulse laser used in this study enable
short excitation (<10ns) and detection times (<1ps) to minimize
interference of continuous signals such as chemiluminescence and
ambient room light. Furthermore, short-pulse lasers are capable of
generating intense concentration of laser energy over a very short
duration, enabling two dimensional measurements to be made over

extended volumes.

Lasers technology and understanding has greatly evolved over the last
few decades and many different lasers are available commercially for
practical use [229]-[231]. All lasers to date operate under the same
principle of generating a population inversion between two energy states
and then inducing fluorescence via stimulated emission of photons.
Depending on the laser system, the pump-source can be a light source,
electric discharge, or an alternative means of energy exchange. The
primary laser system used in this study is a two state dye laser pumped
by a neodymium-doped yttrium-aluminum-garnet (Nd:YAG) laser. Table

3-2 summarizes the specifications of the laser used in this study.
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Detailed descriptions can be found in textbooks of Siegman [229] and
Demtroder [112].

Primary transitions used in the study are A-X(0,0) and (0,5) excitation of
the NO molecule at 226.03 nm and 285.16 nm, respectively. These two
transitions are generated by using three different dyes: combination of
Rhodamine 590 (80%) and 610 (20%) for 226.03 nm and Pyrromethene 597
for 285.16 nm. General specifications on these dyes and applied
concentrations are listed in Table 3-3. The output of the dye laser is
then doubled using a doubling unit to the desired wavelength of 285.16
nm in the UV and the doubled output then mixed with the 1064 nm
residual from the Nd:YAG laser using a mixing unit to the desired
wavelength of 226.03 nm in the UV. The doubling and mixing unit
consists of a nonlinear crystal (Potassium dihydrogen phosphate - KH2PO4
or KDP), compensator and a Pellin-Broka prism for isolation of the UV
light.

Table 3-2: Specification of the laser system

Nd: YAG Laser Dye Laser
Manufacture and model Spectra Physics GCR 170-10 Quantel TDL-90-NBP2-UVM3
Laser medium ND?®* - doped Yttrium- Fluorescent dye solution in
aluminium-garnet (Y3Als012) organic solvent
crystal
Pumping source Flash lamp Nd:YAG
Repetition rate 10 Hz -
Laser transition ND3* 4F3/2 — 41112 Dye S1 - So
Laser wavelength 1064 nm, frequency doubled to 570 - 580 nm, frequency
532 nm doubled to 285.16 nm and

mixing to 1064 nm after
doubling to 226.03.03 nm

Pulse energy 450 mJ/pulse @ 532 nm 0.7~ 1.2 mJ/pulse @ 285.16

nm

0.07~0.14 mJ/pulse @ 226.03

nm

Pulse length 7-10 ns 7-10ns
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Table 3-3: Specifications of the dyes used

Rhodamine 590

Rhodamine 610

Pyrromethene 597

Transition in study

2 2
NO A" Z-X 11 (0,0)

2 2
NO A" 3-X 11 (0,0)

2 2
NO A Z-X 11 (0,5)

Chemical Comp. C28H31CIN203 C28H31N203.Cl C3oHa9N2BF>
Solvent Ethanol Ethanol Ethanol
Max emission (nm) 566 580 582

Concentration used

(9/L)

Oscillator - 0.05

Amplifier - 0.02

Oscillator - 0.07

Amplifier - 0.02

Oscillator - 0.15

Amplifier - 0.04

Modern dye lasers usually use multi-stage amplification (typically two),
employing two cells which sequentially amplify the final output. The
first cell is coupled with a prism or a diffraction grating for simultaneous
amplification and selective tuning of a specific wavelength. It is often
referred to as the preamplifier. The following cells act purely to boost
the narrowband beam through stimulated amplification. Laser alignment
and power optimization was carried out using a Gentec SOLO power
meter. One drawback of a dye laser system is that organic dyes lose

their strength over time and require changing.
3.5. Detection System and Optical Setup

Two main experimental setups were used in this study: 2-D LIF-imaging
and PLIF-imaging in the Bunsen burners and the HPOC. Schematics for
PLIF imaging configurations in Bunsen burner and HPOC are shown in
Figure 3-9 and 3-10, respectively. For LIF imaging, the sheet optics were
taken off from the setup, keeping everything else same as the PLIF-
imaging setup. And for the chemiluminescence measurements, laser

system was not used.
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The dye laser output beam was directed through a set of sheet-forming
optics to provide a laser sheet approximately 25 mm in width and 2-3
mm thick. A 30R/70T UV plate beam splitter was placed between the
dye laser output beam and the sheet-forming optics to reflect 30% of the
beam to a Gentec QE12LP-S-MB energy detector to monitor and record
shot-to-shot energy variation. The laser sheet entered the flame volume
through a side window of the HPOC with the capture camera focused
through the top window of the HPOC, 90° relative to the laser sheet and
axial fluid flow. The laser sheet elevation was fixed in the same plane as
the burner exit nozzle centreline. Both for the chemiluminescence and
LIF measurements, the resulting signal was captured through the use of a
CCD camera (Dantec HiSense Mk Il, 1.3 megapixel resolution) coupled
with an image intensifier (Hamamatsu C9546-C03L), 78 mm focal length
UV lens (Pentax C91698, f/3.8), and narrow bandpass filter set. A 248
nm bandpass filter with FWHM of 40 nm from Dantec Dynamics,
combined with a UG-5 bandpass filter from Edmund Optics (combined
transmissivity of 40%) were used for 285.16 nm NO excitation and a
custom-made high transmission 254 nm bandpass filter with FWHM of 10
nm from Asahi-Spectra, combined with the UG-5 bandpass filter from
Edmund Optics (combined transmissivity of 68%) were used for 226.03
nm NO excitation. The UG-5 bandpass filter was used to suppress the
noise from visible light wavelengths. Each image is 1024 x 1344 pixels in
the axial (y) and radial (r) directions, respectively, with a resolution of
13.6 pixels/mm (0.0054 mm?/pix) vyielding a field of view of
approximately 75 mm x 100 mm. This results in the ability to image from
the burner exit nozzle to 75 mm downstream and from the burner exit
nozzle centreline to 50 mm in either radial direction. Thus, in all
proceeding images, r=0 mm represents the burner exit nozzle centreline

and y = 0 mm represents the edge of the burner exit nozzle.

The Nd:YAG laser produced pulse energies of 450 mJ/pulse at 532 nm to
pump the dye laser at a repetition rate of 10 Hz. The shot-to-shot
stability of the Nd:YAG laser energy was 1.5%. The dye laser produced
pulse energies of 0.07-0.14 mJ/pulse at 226.03 nm and 0.7-1.2 mJ/pulse

at 285.16 nm but lost further energy when the beam was deflected to
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the energy monitor. Spectrosil® 2000 material was used for the quartz
windows, which allows above 90% transmissivity in the desired

wavelengths [232].
3.6. Data Acquisition and Image Processing

The system used for data acquisition and processing is discussed in this
section. The experimental setup for data acquisition involves
synchronization of laser pulses with the camera exposure and intensifier,
readout of the camera system, simultaneous monitoring of the laser
energy and implementation of proprietary acquisition routines.
Additional computational routines and data file were accessed via
Dynamic Studio and Matlab routines. An overview of the data acquisition

and processing involved in this study are shown in Figure 3-11.

C/C++ based LIFSIM codes, Matlab routines

|

Energy
Monitor
ICCD Camera _
Nd:YAG Laser Main Control Station & Dynamic
Studio

Figure 3-11: Data acquisition and processing overview.

Dye Laser

Matlab Codes

3.6.1. Data Acquisition

DynamicStudio is a CCD image acquisition and processing program
developed by Dantec Systems. The synchronization of the camera
shutter, image intensifier gate, Nd:YAG flashlamp, and Nd:YAG Q-swich
is controlled by DynamicStudio software and a Berkeley Nucleonics BNC
575-8C pulse generator to ensure that signal capture was appropriately
timed with the dye laser excitation light pulse. Image intensifier gate
was opened for 100 ns for LIF measurements and at 400 ps for OH

chemiluminescence measurements. Image intensifier gain was kept
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constant at 999 for all LIF measurements and at 800 for all
chemiluminescence measurements. The acquisition period of the ICCD
was synchronized with the fluorescence event by providing an
appropriate delay with respect to the start of trigger to the Q-switch of
the Nd:YAG laser. A parametric study on the effects of the gate timing
(tgate) ON measured intensity values was conducted and presented in a
previous study [221]. The LIF system at the GTRC can be fully operated
from a remote data capture and timing control computer system outside

of the experimental area.

NO LIF has interference from O LIF, as discussed earlier in Section 3.3.
So offline signals had to be taken to measure these interferences and
subtract them out from the main signal. For 285.16 nm NO excitation, no
offline data was taken (refer to Figure 3-7), and for 226.03 nm NO
excitation, offline data was taken at 225.94 nm. As the spectral intensity
of the CCD camera changes over the experimental campaign, baseline
signals were also taken at every point by turning the laser off. 500
images were taken for every online points while 200 images were taken
for every offline points, baseline signals and chemiluminescence

measurements.
3.6.2. Image Processing

From the literature discussed in Chapter 2.2 indicates that there are not
only multiple approaches to the measurement of OH'
chemiluminescence, but also numerous methods utilized for the
processing and presentation of chemiluminescence measurements, with
the reporting of time-averaged intensity values [106], [233] common
along with both background correction and the use of a variety of
deconvolution algorithms, including the Abel transformation [101], [234],
[235]. The general method applied here involves noise filtering using a
3x3 pixel median filter, background removal, temporal averaging, and
the use of an Abel inversion for deconvolution of the OH" CL signals.
While images are captured via DynamicStudio software, image processing

for OH* chemiluminescence was conducted using MATLAB codes from a
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previous study at Cardiff University [221], which can be found in
Appendix B.8 and B.9.

Whereas chemiluminescence is a line-of-sight integrated imaging
technique, the benefit of LIF measurements is that the light intensity
that is captured by each CCD pixel is the result of a response to an
excitation light source and therefore yields a real-time representation of
the excited species concentration at the location of the line-of-sight
laser light or light sheet. Therefore, no deconvolution methods need to
be utilized. The most often utilized method of LIF image processing and
analysis applied here, are described below, involves baseline correction,
laser energy correction, correction for laser sheet intensity distribution,
offline noise correction from O LIF and finally for quantitative NO-LIF,
convert the LIF intensity values to NO concentration using NO calibration
data from Chapter 7. While images are captured using DynamicStudio
software, all image processing is conducted using MATLAB codes, which

can be found in Appendix B.1 - B.6.

Baseline removal from each instantaneous image was conducted at first
for both online and offline images, prior to be corrected by normalized
laser energy pulses (refer to Figure 3-13(a),(b) and Figure 3-14(a),(b)).
As mentioned before, laser pulse energies were recorded for respective
images and normalized by the maximum pulse of the test campaign to
ensure comparative data across all the experimental points. Baseline
images (refer to Figure 3-13(b) and Figure 3-14(b)) were captured at the
field of view without the laser firing, but with a flame present in the
burner. Corrected offline images then averaged and subtracted from
each corrected online image, as illustrated in Figure 3-14(c), (d). Finally,
time averaged offline image was subtracted from each online image and

then time averaged (refer to Figure 3-14(c), (d)).

LIF images were also corrected for variation in the laser intensity
distribution along the planar light sheet (for PLIF images) and UV beam
(for 1D LIF images). This was required because the laser light intensity
across the light sheet and UV beam does not follow a top-hat distribution
and are instead more Gaussian, with higher intensities towards the

middle and lower intensity towards the edge. As LIF intensity is a
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function of the input laser energy (refer to Equation [ 2-49 ]), it is
therefore necessary to correct the measured intensity values for this
energy distribution. This was accomplished first by measuring the laser
sheet profile and UV beam profile, fitting a Gaussian distribution to the
measured intensity distribution, and then systematically correcting the
measured intensity values using the distribution. The Gaussian fit was
utilized because it provides a statistically symmetric representation of
averaged sheet intensity with a significant fluctuating component due to
the shot-to-shot variation in the dye laser energy (25%) which also
influences the laser sheet profile shape. The normalized profiles were
calculated using the average of 500 images. Gaussian fits for laser sheet
(R-square = 0.9931) and beam profile (R-square = 0.773) are illustrated
in Figure 3-12 (a) and (b), respectively. After implementing laser
intensity distribution correction, images were also corrected for the
temperature dependence of the NO-LIF signal by using calculated

adiabatic flame temperature (AFT) for each condition.

(a)

Figure 3-12: Gaussian fit for (a) laser sheet profile and (b) laser beam profile
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Figure 3-13: Image processing for NO-PLIF at 285.16 nm excitation
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Figure 3-14: Image processing for NO-LIF at 226.03 nm excitation
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Hot combustion products like CO> and H.O have long been ignored as
potential absorbers in laser-based combustion diagnostics work.
However, at wavelengths shorter than 250 nm for CO. and shorter than
230 nm for H20 their influence becomes important and increases towards
shorter wavelengths [159]. This causes attenuation of the laser as well as
the fluorescence light. The transmission depends not only on the
wavelength, but also on the path length and therefore on flame
geometry and experimental configuration. This produces nearly opposite
effects: with (0,0) excitation and red-shifted detection, strong laser
attenuation but weak signal attenuation occurs; with (0,5) excitation
and Dblue-shifted detection, laser attenuation is weak, but signal

attenuation is stronger.

Therefore, the images need to be corrected for attenuation of the
excitation laser light and the fluorescence signal, which is dominated by
absorption from hot CO. with a small contribution from hot H.O; note
that absorption contributions from NO and O> are negligible in the flames
studied here. Attenuation of the laser light and fluorescence signal need
to be corrected on a pixel-by-pixel basis using Beer-Lambert’s Law and
absorption coefficients known from shock tube measurements [158] and
simple consideration of the geometry. These corrections require
knowledge of the local temperature distribution because the CO> and
H.O absorptions are temperature dependent and the CO and H20
number densities can be obtained using an assumption of thermal
equilibrium in the post-flame gas. However, local temperature
distribution could not be extracted for this study due to testing time
allocation and complexity of the laser requirements. As a consequence,

this correction could be implemented in the future.

Finally, to convert the NO data from qualitative to quantitative,
calibration experiments were done by seeding varying amount of NO in
the flame and capture the corresponding images. This process is
described in detail in Chapter 7. The calibration factor (Cr) was obtained
from this experiment and used to convert the qualitative data to NO
concentration. The NO concentration in ppm relative to the calibration

flame temperature can be expressed as,
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Nppm,RT = Cr.SF [3-1]

where Sy is the digital fluorescence signal. The [NO] in absolute ppm can

then be expressed as,

TN (ve\ (1o [3-2]
Nppmabs = <FC> . (7) : (m) - Nppm,gr

where, T is the local flame temperature, y is the cumulative correction
factor for effects of collisional quenching, Boltzmann fraction
distribution and laser line/absorption line overlap fraction and I, is the
laser irradiance. The subscript ‘C’ refers to the quantities in the
calibration flame. The cumulative correction factor can be obtained
using the LIFSIM tool [129], where temperature, pressure, major species
concentrations, excitation wavelengths etc. are provided as input. A
similar approach has been widely implemented by Laurendeau and group
[236]-[241]. As previously mentioned, temperature distributions were
not obtained for this study. Conversion of qualitative data to

guantitative data could potentially be undertaken as future work.
3.7. Emissions Gas Analysis

Exhaust gas sampling and gas analysis (GA) was conducted via an industry
standard system from Signal Gas Analysers Ltd, which has been used in
multiple experimental combustion campaigns with the HPSGB [47],
[222], [223], [225], [226], [242] and HPGSB-2 [243]-[245]. Figure 3-15
displays an image of the gas analyser, clearly showing the analysis units,
alarm sensors and calibration gas supply. At the end of the open-ended
cylindrical quartz confinement, an equal area (7 holes) exhaust sample
probe was placed at the immediate exit and for the Bunsen burner
setup, sample prob was placed above the flame. The exhaust gas sample
line, filter and distribution manifolds were maintained at 433 K, while a
heated pump was used to deliver sample into the analyser setup. Total
NOx concentrations were measured hot and wet (NOx meas) by using a
heated vacuum chemiluminescence analyser (Signal Instruments 4000VM)
to avoid any losses associated with dropout in condensed exhaust H-O,
with data corrected to the equivalent dry conditions (NOx dry) using a

calculated equilibrium water molar fraction, X120, and then normalized
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(NOx dry, 15% O) to a reference value of 15% O. (Oz,ref) cOncentration
per Equations [ 3-3 ] and [ 3-4 ], respectively. Exhaust O, measurements
(O2,meas) used in Equation [ 3-4 ] were made using a paramagnetic
analyser (Signal Instruments 9000MGA). This was calibrated in the range
0-22.52% vol 0.

NOy meas [3-3]
N = —_——
Ox,dry (1 _ XHZO)
209 - 0 3.4
NOx,dry, 15% 0, = NOx,dry % ( 2,ref ) [ ]

20.9 — 03 meas

Individual NO and NO, measurements were also taken as well as total
NOx measurement, calibrated for 0-37.1 ppmV NO and 0-1.9 ppmV NO:.
For NO calibration experiments detailed in Chapter 7, the gas analyser
was calibrated for 1000 ppmV NO. Both measurements were taken

hot/wet and corrected similarly as described above.

\ Analysis Units

Alarm Ko : \

F.I'H'ﬂ'lhl'lﬂl‘lll-ﬂ'l LN VLIV EVATY LAV
Sensors

ARRRRY. B
"™ lcalibration / Fuel Gas Supply: = %

Figure 3-15: Gas analyser at GTRC
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3.8. Fuel Selection

This Section reports three different fuel blend selections for chemical
reactor modelling, experimental work to validate NO-LIF experiments
and for future work with NO-LIF.

3.8.1.  Fuel Matrix for Chemical Reactor Modelling

This fuel matrix was taken from a previous study [221], for which NOx
values were available at the exhaust, measured using the gas analyser
mentioned earlier in Section 3.7. All these experiments were carried out
at the same experimental set-up discussed earlier in Section 3.2.
Methods for different chemical reactor modelling for the HPGSB-2 burner
are described in detail in Chapter 4. NOx predictions from the model are
compared and analysed with the measured values in Chapter 4, 5 and 6.
These fuel blends were chosen to maintain similar WI (refer to Equation [
3-5 ]) while changing the molar H:C ratio. The fuel blends utilised were
also selected to be industrially relevant, focusing on small changes in
natural gas composition that may influence GT manufacturers and
operators currently and in the near future. Table 3-4 displays the fuel

blends used for validating chemical reactor model.

Wi = Calorific Value (volumetric) [3-5]

Jrelative density

Table 3-4: Fuel matrix for CHEMKIN model validation

Fuel Blend Components (mol%)

Fuel CHa C2He CsHs H2 N2 WI (MJ/m?3) Molar H:C
Designation Ratio

BASE 100 0 0 0 0 50.72 4.000

MIDNG 90 6 4 0 0 52.91 3.754

FARNG 85 15 0 0 0 53.09 3.739

EMIX1 85 0 12.61 0 2.39 53.09 3.589

FARH2 85 0 0 15 0 48.86 4.353
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3.8.2. Fuel Matrix for this Study

CH4 is the primary constituent of natural gas, which is widely used to
produce electricity by industrial GTs. Among fossil fuels, CHs will be
exploited more and more in the near future due to its relative
abundance and ‘cleanliness’. Among other hydrocarbons and fossil fuels,
CHs4 releases least amount of carbon and produces more heat and light
energy by mass. As such, this comes with no surprise that CHs is also the
most commonly used fuel in laboratory experiments [145], [169], [225],
[236].

According to the study by Altfeld and Pinchbeck [246], future and
upgraded industrial GTs are forecasted to run with 15% H, by volume fuel
blends, prompting P2G applications having H> fractions in CH4 to be fixed
at 15% vol. However, current limit for H> fraction in the UK natural gas
grid is limited to only 0.1% vol [247]. Thus, the fuel blend with H> was
kept to 15% vol for this study, as 15% volumetric limit is acknowledged to
be sufficient for future potential application in power generation as well
as P2G applications. Fuel blends for NO-LIF experiments are shown in
Table 3-5.

Table 3-5: Fuel matrix for NO-LIF experiment

Fuel Blend Components (mol%)
Fuel CHa CzHe CsHs H2 N2 WI (MJ/m?3) Molar H:C
Designation Ratio
BASE 100 0 0 0 0 50.72 4.000
FARH; 85 0 0 15 0 48.86 4.353

3.8.3. Fuel Matrix for Future Work

Industrial low emission GTs are sensitive to the variations in natural gas
compositions. The increasing dependence on natural gas imports in the
UK has led to increased gas composition variation within the distribution
system. As discussed in Chapter 1.3, several studies [44], [248]-[250] has
been done on the impact of natural gas composition variations on the
operation of GTs for power generation. Figure 1-5 illustrated the impact

on NOx emission due to the natural gas composition variation. These
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changes can result in forced reductions in power generation. Studies
from the industry [21], [44], [248] also concluded that rapid changes in
compositions resulted in emergency shutdowns due to control issues,
resulting in adverse impact on revenues and component life. These
issues warrant further investigation on NOx formation with typical
changes in natural gas supply. In that pursuit, fuel blends in Table 3-6
are proposed to investigate the issues with natural gas variations and its
impact on NOx formation. The molar percentage of CHs is kept constant
to 80%, while the percentages of the other fuel components is altered to
keep the WI in the borderline of the acceptable range in the gas
interchangeability diagram (refer to Figure 3-16).

Table 3-6: Fuel matrix for future study

Fuel Blend Components (mol%)
Fuel CHa4 C2He CsHs CsaHio | CsHiz | CeHisa | CrHis Hz N2 CO2 WI (MJ/m3)
Designation
EMIX2 80 9 2 1.5 1 0 0 3.5 3 0 51.71
EMIX3 80 8 3 3 0 0 0 0 0 6 49.39
EMIX4 80 7.75 2.5 2.45 0.95 0.2 0.15 0 6 0 50.99
55
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Figure 3-16: Dutton diagram with GS(M)R limits. Reproduced from [251]. Numbers
(2,3 and 4) represent the positions of the proposed fuel blends in the gas
interchangeability diagram.
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3.9. Numerical Calculations

Numerical investigations in terms of chemical kinetics modelling were
carried out in this study to provide fundamental support to observed
changes in flame shape, stability, and emissions during the experimental

measurements.

Chemical reactor modelling was also performed to model the HPGSB-2 in
CHEMKIN-PRO [252] platform to predict NOx emissions with various fuel

combinations at atmospheric as well as elevated conditions.
3.9.1. Chemical Kinetics Modelling

The various theoretical flame properties described in Chapter 2.6
require the calculation of several flame parameters; the laminar flame
speed, AFT and flame thickness. In order to so a chemical kinetic
modelling software was used. The CHEMKIN-PRO software package,
developed by Sandia National laboratories, was chosen. This software
facilitates the formulation, interpretation and solution of different
problems involving elementary gas-phase chemical Kkinetics into
simulations of fluid dynamics. The software offers modelling and
simulation of freely propagating, adiabatic, one dimensional planar
flame to obtain the laminar burning velocity. This permits comparison
between experimental and computational simulation of flame speeds for
the fuel and air blends investigated in this study. This software is heavily
relied on in analogous fields of research, examples of which can be
found in [45], [245], [253], [254], as well as in optimization of various
combustion and chemical processing systems. The operational algorithm
of the CHEMKIN PREMIX code is represented in a flow-chart format in

Figure 3-17.
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Figure 3-17: Operational Algorithm of the CHEMKIN PREMIX program

To stimulate a premixed freely-propagating, adiabatic, one-dimensional
planar flame the PREMIX program of the CHEMKIN-PRO software is used.
The PREMIX program models spatial profiles of temperature and
chemical species throughout a steady-state laminar flame front. For the
purpose of this work a simulation domain of length 10cm is considered,
with a total maximum number of a 1000 grid points allowed to resolve
the computational domain.

The equations governing steady, isobaric, one-dimensional flame

propagation modelling are summarised below [252], [255]:

M=puA [3-6]
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.dT 1 d/_dT [3-7]
Ma_ C_pa( ) ZkaVk pk Za)kthk—O
o [3-8]
W [3-9]
P=RT

Equations [ 3-6 ], [ 3-7 ], [ 3-8 ] and [ 3-9 ] shows equation of continuity,
energy, species and state, respectively. In the above equations, the mass
flow rate (M) is introduced in the continuity equation, with p and u the
density and velocity of the fluid mixture, respectively. The cross-
sectional area of the stream encompassing the flame is represented by
A, which by default is taken to equal unity and to be constant. The
flame configuration is adiabatic, whereby definition there is no heat
loss. In this case, temperatures are computed from the energy equation,
which also introduces the spatial co-ordinate of the flame and
thermodynamic properties including; the constant-pressure heat
capacity (Cp), thermal conductivity (A) and the specific enthalpy (h).
Other properties including mass fraction (Yx) and diffusion velocity (V)
are defined in relation to specific chemical species (k=1,..,K). The
molecular weight is defined for individual components and the mixture
average (W). The net chemical production rate of each species (@),
results from competition among all the chemical reaction involving that
species. Each reaction is assumed to follow the law of mass action and
the forward rate co-efficients are obtained from the ensuing Arrhenius
form [252]:

kf = ATﬁexp(_%Ta) [3-10]

where, (A) is the pre-exponential and B the temperature factors with
respect to each chemical reaction, (R) the universal gas constant and

(Ea) the activation energy.
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Other than the chemical reaction rates, the transport properties for
example diffusion co-efficients are also of concern. Two models are
available when evaluating transport properties, one based on mixing-
average formulas and the other using a multi-component diffusion
model. The multi-component model was used to evaluate transport
properties for the purpose of this work, as it is the most accurate
approach but often more computationally intensive. A brief description
is provided below, with full details available in the CHEMKIN transport
manual [256].

A system of equations involving species mole fractions, binary diffusion
co-efficients and molecular and thermodynamic properties of the species
are computed to evaluate the multi-component diffusion coefficient,
thermal conductivities and thermal diffusion co-efficients. The method
by Dixon-Lewis [257] is followed by the program. The diffusion velocity

(Vk), is assumed to be composed of two parts:

Vk=Vk+Wk [3'11]
where (Vy) is the ordinary diffusion velocity and (W,) the thermal

diffusion velocity. The ordinary velocity diffusion term is defined as:

1 < [ 3-12]
Vk = )(k_VT/ Z VV]Dde]
where (Xk), is the mole fraction, (W), the mean molecular weight of the

mixture, (Wj), is the molar mass of species j, and (Dg,j) is the binary

diffusion co-efficient of species k into j. The term d; is defined as:

1 3-13
The thermal diffusion velocity (W),) is defined as:
W — DkT1VT [3-14 ]
koY, T

where (D, T), is the thermal diffusion co-efficient for species k.

All the experimental conditions in this study were simulated in CHEMKIN-
PRO [252] environment using two separate modules. Equilibrium program
[258] was used to calculate AFT and the PREMIX program [259] was
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utilised to calculate laminar flame speed (S.) and molar concentrations
of CH (Xcn), CH2 (Xcr2), OH (Xow) and H20 (Xw20). Solutions in this program
were based on an adaptive grid of 1000 points, with mixture-averaged
transport properties and trace series approximation. GRI-Mech 3.0
mechanism [260] was utilised for these calculations as this mechanism is
optimised for use with CHs and natural gas compositions. Furthermore,
Halter et al. [261] reported good agreements between GRI-Mech 3.0
mechanism and experimental CHs-H2 laminar flame measurements at
pressure up to 5.5 bara and H> mole fraction up to 0.2. Hence, GRI-Mech
3.0 mechanism was used for CHs-Hz blend in this study, as Hz was kept to

15% volumetrically.
3.9.2. Chemical Reactor Modelling

HPGSB-2 was modelled in CHEMKIN-PRO environment to predict NOx
emission at exhaust. Few modelling approaches were considered for this
investigation with seven different chemical kinetics mechanisms which
are detailed in Chapter 4. The main two types of chemical reactors are

detailed herein:

Perfectly Stirred Reactor (PSR): A PSR is also commonly referred to as a

continuously stirred tank reactor (CSTR) in chemical engineering
literature. This is a zero-dimensional ideal reactor in which perfect
mixing occurs. in the PSR, combustion takes place uniformly in the
control volume without any spatial or temporal variation of parameters.
Residence time in the PSR in the dominant parameter, which define the
available time the reactants have in reactor. A PSR may be used in the
regions in combustor where the turbulence intensity or mixing degree is
high due to circulation, i.e. mixing, flame, central recirculation, and

edge recirculation zones.

In addition to fast mixing, the modelling of PSRs requires several
assumptions. First, mass transport to the reactor walls is assumed to be
infinitely fast. Therefore, the relative importance of surface reactions to
gas-phase reactions is determined only by the surface-to-volume ratios
of each material and the relative reaction rates (rather than by transport

constraints). Second, the flow through the reactor must be characterized
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by a nominal residence time, which can be deduced from the flow rate

and the reactor volume.
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Figure 3-18: Schematic representation of a PSR module

Figure 3-18 illustrates the conceptual representation of a generic reactor
chamber. A steady flow of reactants is introduced through the inlet with
a given species composition and temperature. For transient systems,
there may be no flow, such that the system is closed with respect to
mass transfer other than surface losses or gains. In some cases, the sum
of the mass flow rates into the reactor, Y, m;" , may not be equal to the
mass flow rate out of the reactor, m , due to deposition on or etching of
surface materials. For open systems, the reactor pressure is specified, so
that the conservation equations determine the volume outflow. Although
Figure 3-18 depicts a single surface in the reactor, an actual reactor may
contain many different material surfaces, such as reactor walls, silicon
wafer, substrate holder, etc. Each of these materials may have a
different set of reaction kinetics associated with it. For this reason, the
system has the capability of defining multiple surface materials that
represent different fractions of the total surface area, with
corresponding surface chemistry mechanisms. In addition to modelling a

single well mixed reactor, CHEMKIN-PRO allows the user to build a
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reactor “cluster” composed of many reactor modules connected in
series, with the possibility of “recycling” streams feeding back to
upstream reactors or being directed forward to downstream reactors.

Further details on PSR reactors can be found here [256].

Plug Flow Reactor (PFR): PFR has no temporal variation like PSR but is a

one-dimensional reactor, which means the flow properties are changing
in the axial direction while they remain uniform in radial direction.
However, no mixing takes place in the axial direction. Regions of the
combustor where flow is one-dimensional, and turbulence is low, i.e.

post-flame zone can be modelled by a PFR.

Tubular flow reactors have long been used throughout the chemical
process industries. The tube flow configuration is a natural choice for
processes that are carried out in a continuous fashion. For this reason,
such reactors are usually operated at steady state. Traditional
applications have included both homogeneous reactions (carried out in
an empty tube) and fluid-solid heterogeneous reactions in packed beds.
More recently, tubular reactors have been used extensively to deposit
thin solid films via chemical vapor deposition (CVD). While this is
technically a batch process with regard to the solid deposit, the reactor
still operates essentially at steady state for extended periods of time.
The PFR models describe the steady-state, tube flow reactor that can be

used for process design, optimization, and control.

Because the general equations for chemically reacting flow involve
transport phenomena in addition to kinetics and thermodynamics,
rigorous reactor models are by necessity multidimensional. However,
there are often practical as well as mathematical reasons for considering
idealized models of reduced dimensionality. In the case of tube flow, the
accepted ideal is the plug-flow reactor, in which it is assumed that there
IS no mixing in the axial (flow) direction but perfect mixing in the
direction(s) transverse to this. It can be shown [262] that the absence of
axial mixing allows the achievable reactant conversion to be maximized.
Likewise, the lack of transverse gradients implies that mass-transfer

limitations are absent, once again enhancing the reactor performance.
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Along with these practical advantages, the plug flow reactor is
computationally efficient since it is modelled using first-order ordinary
differential equations (ODE’s), and no transport properties are needed.

Further details on PFR reactors can be found here [256].

3.10. Chemical Kinetics Modelling and Flame Thickness

Calculations

Table 3-7 provides the full range of experimental conditions evaluated in
this study. Note that all values are calculated based on the full premixed
reactant flows, in particular the Reynolds number, which accounts for

changes in premixed dynamic viscosity using Equation [ 3-15],

17'Dnozppremix [ 3-15 ]

;upremix

Re =
where u is the mean burner exit nozzle velocity, D,,, is the nozzle
diameter, p,remix IS the total premixed reactant density and pyremix 1S
the total premixed dynamic viscosity calculated through use of the

Colorado State University online transport properties calculator [263].

Two different burners with CHs were used to conduct the open flame
NO-PLIF combustion experiments presented in this Chapter. The 25mm
Bunsen burner for ® = 1.28 - 1.4 and HPGSB-2 without confinement for ®
=0.81-1.1.

Table 3-7: Operating ranges for NO PLIF experiments

Fuel 0] T2 (x5 K) Ptherm Burner G (m/s) Re (x10%) AFT (K) St (m/s) NO excitation
(kw) wavelength
(nm)
CHa 1.28-1.4 298 2.5-2.7 Bunsen 0.5-0.5 0.85-0.86 1970 - 2059 0.14-0.25 285.16
CHa 0.81-1.1 298 26 HPGSB - 2 6-8 16.5-21.8 2013 - 2205 0.28-0.38 285.16
(Quartz off)
CHq 0.81-1.1 298 26 HPGSB - 2 6-8 16.5-21.8 2013 - 2205 0.28-0.38 285.16

CHa

0.55-0.65

573

42

HPGSB -

2

31-35

27.6-31.3

1788 -

1962

0.50 - 0.68

285.16

CHa/H2

0.55-0.65

573

42

HPGSB -

2

30-35

26.6-31.1

1793 -

1966

0.45-0.75

285.16

CHa

0.81-1.1

298

42

HPGSB -

10-13

26.7-35.6

2013 -

2205

0.28-0.38

226.03

CHa

0.75-0.85

573

42

HPGSB -

24 -27

65.4-73.6

2115 -

2244

0.89-1.07

226.03
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Chemical kinetics modelling of the experimental conditions was
conducted using two separate modules within CHEMKIN-PRO [252]. First,
the equilibrium program was used to model AFT. Second, the PREMIX
program was used to model S, which is based upon modelling of 1-D
adiabatic planar freely propagating flame. Moreover, equilibrium
exhaust H.O concentrations, Xw2o, for use in the correction of wet
exhaust gas emissions measurements (Equations [ 3-3 ]), and OH (Xon)
and CH (Xch) radical 1-D profiles to identify the heat release and
reaction zones, respectively. Solutions in this model are based on an
adaptive grid of 1000 points, with mixture-averaged transport properties
and trace series approximation. Both the equilibrium and the PREMIX
[259] models employed the GRI-Mech 3.0 reaction mechanism [260]
which is optimized for use with methane and natural gas compositions
and comprises 53 chemical species and 325 reactions. This mechanism
has also been shown to have good agreement with experimental CHs-H>
laminar flame speed measurements at pressures up to 5.5 bara and mole
fractions up to 0.2 [261]. Thus, GRI-Mech 3.0 has also been used in the
evaluation of H, flames in this study, as the volume fraction is limited to

15% and the experiments were atmospheric pressure conditions.
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Figure 3-19: Modelled S, of all experimental conditions as a function of AFT
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The influence of AFT, ®, and fuel composition on S. and burner
operability was evaluated for all experimental conditions, with kinetic
modelling results presented in Figure 3-19 and 3-20. Modelled laminar
flame speed, S, is plotted as a function of AFT and ® in Figure 3-19 and
3-20, respectively. As expected, an increase in AFT increases S., thus
reactivity, of all fuels, with quasi-linear relationships for lean conditions
(® < 1) at fixed pressure conditions. However, as seen in Figure 3-20, at
the rich conditions considered here, S. decreases as @ increases.
Differences in S. can be seen in the same ® but different entry
temperature (T2). Higher T, results in higher S. in the same fuel at same
@. Addition of H. in the fuel increases S. further compared to the CH4

flames (without Hy).

The characteristic rich shifting of the maximum adiabatic flame
temperature from the stoichiometric value for mixtures of hydrocarbon
and air is caused by product dissociation and hence reduced amount of
heat release. Since the extent of dissociation is greater on the lean side
as a result of the stoichiometry of dissociated products, AFT peaks on
the rich side [264]. Figure 3-21 plots AFT as a function of ® for all the
fuel conditions considered here. It must be noted that AFT peaks here at
stoichiometry as there was no conditions considered here between
stoichiometry and ® = 1.1, where AFT usually peaks as seen in literature
[264]. As expected, higher T> corresponds to higher AFT, irrespective of
®. A gentler slope of the curve is seen on the rich side as compared to
those on the lean side, as shown in Figure 3-21. This asymmetry is
caused by the asymmetrical nature of the definition of ® in that ® spans

between 0 and 1 for lean mixtures but is spread out from 1 to < for rich

mixtures.
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Figure 3-20: Modelled S, of all experimental conditions as a function of ®
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Figure 3-21: AFT plotted as a function of ® for all experimental conditions,
demonstrating the gentler slopes on the rich side due to the asymmetrical nature of
the definition of ®

3.10.1. Flame Reaction Zone Thickness Calculations

Utilizing non-intrusive measurements and numerical chemical kinetic
modelling, a series of evaluations of the influence of fuel composition on
fundamental characteristics such as the localized heat release and

reaction zone thickness has been conducted. The methods of calculating
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flame and reaction zone thickness calculations both numerically and

experimentally is described in this section.
3.10.1.1.Numerical Methods

Two definitions of laminar flame thickness have been proposed in
literature [194]. The first commonly referred to as the diffusion
(reaction) thickness &p, is given by

A [ 3-16 ]
6D =
puCpSL

Where A is the thermal conductivity, p, is the mixture unburned density,
Cypis the mixture heat capacity at constant pressure and S, is the laminar
flame speed. 4, p, and C,was obtained through use of the Colorado State
University online transport properties calculator [263] and S;was

obtained from chemical kinetics simulation as described earlier.

However, due to the ambiguous definition of these properties (i.e. the
temperature at which the A/C, ratio is assessed), Jomaas et al. [265]
recommended the following equation, termed the gradient thickness
(6;) for different unburned temperatures (T,),

_AFT - T, [3-17]

.

This expression relies on the extraction of the gradient of the
temperature profile from the PREMIX CHEMKIN [259] calculations. From a
previous study at Cardiff University, Runyon [221] proposed a new
definition for reaction zone thickness (6,) as the one dimensional axial
distance between the preheat zone (represented by peak CH molar

concentration) and the reaction zone (represented by peak OH molar

concentration).
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Figure 3-22 represents the modeled conditions for CHs-air flame in TP 4
of Table 5-1.
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Figure 3-22: Reaction zone thickness, &;, based on maximum CH and OH mole
fraction location in one-dimensional flame model from CHEMKIN PREMIX code

3.10.1.2.Flame Thickness Measurements from Non-intrusive
Method

A bespoke image processing technique for the extraction of key flame
features was developed for use with the temporally averaged images in a
previous study at Cardiff University [221]. This technique binarizes the
OH* chemiluminescence image by identifying the location of the
maximum OH chemiluminescence intensity in each row of the image and
then locating the maximum gradient of OH* chemiluminescence intensity
on either side of that maximum location. This yields a flame brush
thickness, &f14me, for each row which is then averaged over all rows
where the maximum OH chemiluminescence intensity level is at least
50% of the overall image maximum OH chemiluminescence intensity. This
code development and functionality is described in detail here [221].
The modified MATLAB code is given in Appendix B.9.
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3.10.1.3.Numerical and Experimental Measurements Comparison

Flame thickness calculated from above numerical methods and
experimentally for the conditions in Table 3-7 are discussed and
compared in this section. Figure 3-23 plots flame thickness as a function
of ®. It must be noted that flame thickness calculated from numerical
methods (6p,8; and 6;) are plotted in the primary axis and
experimentally measured flame brush thickness (6¢4me) is plotted on the

secondary axis.
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Figure 3-23: Numerical and experimental flame thickness as a function of ®
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Gradient thickness decreases with ® for the lean conditions and then
increases as the flame gets richer. This is due to the trend of AFT with ©
as shown in Figure 3-21. It is unsurprising that the gradient thickness
trend is analogous to the inverse of the AFT trend, due to the method of
calculation of gradient thickness. The relationship between gradient
thickness and AFT is even clearer in Figure 3-24 where flame thickness is
plotted against AFT. Gradient flame thickness decreases until about
2150K and then increases with AFT. The slop of the polynomial fit is
much more prominent at AFT < 2150K and © > 1.05.

The diffusion (reaction) thickness follows similar trend as gradient
thickness. This is due to the fact that 1/(C,S,) ratio increases for the
lean side (®<1) and decreases at the rich flames (®>1). However, as per
Law [194], diffusion (reaction) thickness is about 10 times smaller than

gradient thickness.

The flame brush thickness (6f,4me), calculated using the processed image
of OH chemiluminescence measurement, follows the same trend as the
gradient and diffusion (reaction) thickness. However, as CH
chemiluminescence measurement was not considered to measure &sqme,

the results are about 10 times higher than gradient thickness.

Reaction zone thickness (§;) follows the same trend as others for the
lean conditions but is opposite to the trend for rich flames. §; decreases
as O increases on the rich side. Figure 3-25 and Figure 3-26 shows the
peak CH and OH molar fraction locations, respectively from 1-D CHEMKIN
calculations. OH peak locations are very close to each other as ®
changes, moving slightly to the left as ® increases from 0.81 to 1.1 and
then moving slowly to the right as flame gets richer. However, the
changes in CH peak locations are more noticeable, moving to left as fuel
goes towards stoichiometry from lean conditions and then moves to the
right as the stoichiometry gets richer. As the OH peak locations do not
change as much as CH peak locations in the rich conditions, opposing

trend can be seen in rich flame thickness.
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Figure 3-25: Peak CH molar fraction locations from 1-D CHEMKIN calculations. Solid
lines for HPOC conditions and dashed line for Bunsen burner conditions.
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Figure 3-26: Peak OH molar fraction locations from 1-D CHEMKIN calculations. Solid
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3.11. Summary

The Chapter started with discussing the operation for both the Bunsen
burners, in terms of operability, gas mixing system and mass flow
controllers. HPCR test facility at GTRC was described briefly with the
HPOC set-up, before introducing the high-pressure generic swirl burner -
2 (HPGSB-2) where main experiments for this study were carried out -
fully premixed, non-piloted, and with a geometric swirl number of 0.8.
The Section was concluded by detailing the five lines fuel and air

delivery system in the HPCR.

Difficulties with the laser system to attain substantial laser beam energy
at 226.03 nm UV output was considered hereafter. NO and O2 excitation
and emission spectra was investigated in the ‘doubling’ range of the dye
laser to attain required laser beam energy level. By considering
sustainable NO excitation and minimum O interference, 285.16 nm was

chosen as the primary NO excitation wavelength for this study.

The laser system at GTRC was discussed next by specifying the
operations of the Nd:YAG pump laser and the dye laser. The
fundamental A=1064 nm was doubled by passing through SHG optics, to
pump the dye laser at A=532 nm. Pyromethene 597 dye was used to get
the desired UV output of 285.16 nm by utilising a doubling unit, while
80/20 combination of Rh 590 and 610 dyes were used to get UV output of
226.03 nm by utilising ‘mixing after doubling” technique.

Experimental setups were discussed for both the Bunsen burners and
HPOC experiments by examining the schematics for both the burners.
Data acquisition system from the experiments and the procedures for
image processing were discussed in detail with aids of step-by-step

figures for both 226.03 and 285.16 nm NO excitation experiments.

The operation of the exhaust gas analyser which was used to measure
NOx and O2 concentrations for the experiments in this study was
examined as well. Next, the reasonings behind three different fuel
selections for chemical reactor modelling, NO-LIF experiments for this

study and potential future work were explained.
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The Chapter was concluded by describing the theories behind numerical
calculations by Chemkin-PRO. Flame thickness were calculated using
four different methods. Gradient (6;), diffusion (6,) and flame brush
thickness (8f14me) decreased with ® for the lean conditions and then
increased as the flame got richer. Reaction zone thickness (6;) followed
the same trend as others for the lean conditions but opposed the trend

for rich flames.
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4. Reactor Network Modelling Analyses

In this chapter, a physics-based model of the combustion chamber is
developed for predicting NOx emissions. The objective of the model is to
predict the emissions of current and future industrial gas turbine engines
across different conditions. The approach taken is to capture the
physical relationships among operating conditions, combustor design
parameters, and pollutant emissions. The model is developed using only
high-level combustor design parameters and ideal reactors in CHEMKIN®
environment. Seven different mechanisms were used in the final model
to quantify and analyse the difference between the predictions and

experimental data.

The goal of this chapter is to develop an emissions prediction procedure
for use in the conceptual design phase. The approach is to use simplified
physics-based models to bridge the gap between the empirical and high-
fidelity approaches. Different models that were considered, and NOx
predictions from the selected model with different mechanisms are
analysed and compared with experimental results in detail in this

chapter.
4.1. Chemical Kinetics Model

Seven different fuel-oxidant reaction chemical kinetics mechanisms were
selected to examine the dependence of NOx emissions predictions on the
fuel-oxidant mechanism. These mechanisms were selected based on

their applicability with different hydrocarbons and H> fuel blends.

The first mechanism is GRI-MECH 3.0, which is used as a baseline case,
because it is widely used in many combustion simulation environments.
The second mechanism is Aramco 1.3, which is a newly developed
chemical kinetic mechanism of C1-C4 based hydrocarbon and oxygenated
fuels over a wide range of experimental conditions. C1-C3 mechanism
from the CRECK Modelling Group is used as the third mechanism for
comparison. To examine the performance of NOx predictions with a
relative low-cost mechanism, the University of California San Diego
Mechanism is also employed as the fourth mechanism. The fifth

mechanism is USC Mech Version 2 is treated as an extended version of
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GRI-Mech 3.0 to enhance its ability to predict propane flames. Ranzi-
Paolo mechanism from University of Illinois is used as the sixth
mechanism for this comparative study. Pentane Isomers mechanism from
NUI Galway is employed as the final mechanism, which gives extended

number of species and reactions.
GRI-Mech 3.0

GRI-Mech 3.0 [260] is the most widely used and validated mechanism for
modelling natural gas combustion. It includes the reactions for hydrogen,
carbon monoxide, methane, ethylene and propane combustion.
However, the scope of the propane chemistry is minimized. It is
competent for modelling fuel combustion, which includes propane as a
minor constituent. Thus, this mechanism can be treated as a ‘perfect’
Cl mechanism, but a ‘pseudo’ C1-C3 mechanism. This mechanism
includes NO formation and reburn chemistry for predicting NOx
emissions. The GRI-Mech 3.0 contains 325 reactions and 56 species, and
all the reactions and the corresponding thermochemical data as well as

transport coefficients can be found on its website.
Aramco 1.3

The development of Aramco 1.3 [266] was approached in a hierarchical
fashion ‘from the bottom up’, starting with a C1 sub-mechanism and
grown by the inclusion of larger carbon species such as ethane, ethylene,
acetylene, higher C3-C4 and oxygenated species. It is a detailed
chemical kinetic mechanism that has been developed to describe the
oxidation of small hydrocarbon and oxygenated hydrocarbon species. The
mechanism has 253 species and 1542 reactions. NOx pathways were

added as a part of this study and listed in Appendix E.1.
CRECK

The CRECK mechanism [267] is a general and detailed chemical kinetic
model that has been developed and tested to investigate the interaction
between NO and hydrocarbons during the oxidation of a hydrocarbon at
low temperatures. The model describes the influence of NO and was

validated through comparison with several different experimental data
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sets for various temperatures, stoichiometries and hydrocarbon fuels. It

has 115 species and 2141 chemical reactions.
University of California San Diego Mechanism (SanDiego)

SanDiego mechanism (2014 Version) [268] is another widely used
mechanism for hydrogen, carbon monoxide and C1-C3 hydrocarbons
combustion. The philosophy of the development of this mechanism is to
minimize the required species and reactions for describing the
calibration target. Thus, the computational cost and uncertainty are

limited. 50 species and 247 reactions are included in this mechanism.
USC Mech Version 2 (USII)

USC Mech Version 2 [269] is a recent mechanism for modelling high
temperature oxidation of hydrogen, carbon monoxide and C1-C4
hydrocarbons. The C1 and C2 reactions are based on GRI-Mech 1.2, 3.0
and an ethylene and acetylene reaction model. It also includes reactions
for benzene and toluene oxidation. Therefore, this reaction includes 111
species and 784 reactions, which is relatively complex. This mechanism
does not include NOx reactions. NOx pathways were added to this

mechanism and given in Appendix E.2.
Ranzi-Paolo Mechanism

The Ranzi-Paolo Mechanism [270] includes hydrocarbons up to C7 and
aromatic species (benzene and toulene). The mechanism includes the
chemistry of NOx and PAH formation. The reaction mechanism was
synergistically improved using pathway analysis and measured benzene
profiles and then used to characterize the effects of partial premixing
and strain rate on the flame structure and the production of NOx and
soot precursors. This mechanism consists of about 170 species and 5000

reactions.
NUI Galway Mechanism

The NUI Galway Mechanism [271] includes three pentane isomers: n-

pentane, iso-pentane and neo-pentane. This mechanism was chosen on
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the basis of future heavy hydrocarbons experiments at GTRC. NOx

pathways were added to this mechanism and included in Appendix E.3.
4.2. Reactor Network Models

The emissions predictions approach is a modelling process consisting of
two main elements: (1) object-oriented one-dimensional (1-D) flow
model to provide a simple, common procedure for modelling different
types of combustors, (2) chemical reactor network (CRN) model
representative of the combustor flow field. In that pursuit, two chemical
reactor models from literature is considered first, followed by three new

proposed models based on the models from literature.
4.2.1. Models from Literature

Two models from previous studies, namely Rizk model and Valeria model
are considered here. Though Rizk model is based on liquid fuel, it is

considered here to alter the model for gaseous fuel.
Rizk Model

The first model that was considered was based on the work of Rizk et al.
[272] because it has several attractive features. The flame zone model
accounts for fuel atomization and incompletely vaporized fuel droplets,
and unmixedness was modelled by dividing the flame zone into five
Perfectly Stirred Reactor (PSR) with different equivalence ratios,
determined by the ‘unmixedness’ parameter, s [273].

s [4-1]

He

Where g, is the standard deviation and u, is the mean equivalence
ratio. Fuel and air flows among five groups in the flame zone were
distributed using normal distribution. Each group in the flame zone (FZ)
had a stoichiometric reactor, followed by a normal reactor and a mixer
which was used for the air flow. All the flows were calculated based on
the geometric consideration of the chamber and distributed among the

five groups using normal distribution.
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Residence time in stoichiometric reactor is strongly dependent on air

inlet pressure (P,) and temperature (T,):

Tt = B. ¢in—0.3_ exp (A- Qoin7'2) [ 4-2 ]

Where,
A =0.244 — 0.000277.P, [ 4-3 ]
[4-4]

TZ 8 8 —-2.35
= 0. ()" . X . ’
B = 0.245. (7555)°- exp (0.135 x 10°%.7,7>%)

For T; greater than 811K, the expression for the parameter B is given by,

B = 0.00089.T, — 0.394 [4-5]

The units of P, and T, are in kPa and K respectively.

B—C—
@\x

. o

@\.
&

Flame Zone Post-flame Zone

Figure 4-1: Rizk model
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Post-flame zone (PFZ) was modelled by two Plug Flow Reactors (PFR). 15t
PFR was used to model the cylindrical post-flame zone and the 2" PFR
was used to model the convergent end zone. Figure 4-1 and Appendix E.4
represents the chemical reactor network and required inputs for the

model respectively.
Valera Model

The Valera model, Figure 4-2, was used in a different project to model
the HPSGB at GTRC [274]. This model takes into account of the
recirculation zone of the swirl flame. Three PSRs were used to model the
mixing zone, flame zone and recirculation zone (RZ). In the model, 80%
of the flow goes into the post-flame zone and 20% goes into the
recirculation zone from the flame zone. Similarly, 80% of the flow goes
into the flame zone and 20% goes into the mixing zone from the central
recirculation zone. Recirculation was approximated to 20% from previous
experimental results obtained using the same device [210]. Post-flame
zone was modelled as discussed before for the previous models.

Appendix E.5 shows the inputs required for the Valera reactor model.

Mixing Zone Flame Zone

B— > B B—a |
—7 Post-flame Zone
&

Acirculatinn Zone

Figure 4-2: Valera model

4.2.2. Proposed Models

Three new models are proposed in this Section which are mainly based
on the models from previous studies. The operations and build-ups of

these new models are discussed herein.
Modified Rizk Model

This model, Figure 4-3, is necessarily a variation of the Rizk model,
where only one group was used to model the flame zone, instead of
using five groups via normal distribution, thus reducing the effects of

unmixedness parameter and droplet atomization. Post-flame zone was
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kept exactly like the Rizk model. Appendix E.6 shows the inputs required

for this reactor model.

Stoichiometric

[ ——
@\@

E_"IZ_:I Main

Flame Zone Post-Flame
. ... Zone
Figure 4-3: Modified Rizk model

Modified Valera Model

This model is a variation of the Valera model to further improve the
emissions prediction, by implementing CFD results from a parallel study
[275] (refer to Appendix C.2) to predict the volume of the central
recirculation zone (CRZ) and edge recirculation zone (ERZ). A mixer was
used between the mixing zone and flame zone reactors, as it seemed
impractical that the flow from CRZ and ERZ will go into the mixing zone.
According to the CFD prediction, recirculation from CRZ was set to 70%
into the flame zone reactor and from the flame zone, the flow was split
three ways: 75%, 20% and 5% into post-flame zone, CRZ and ERZ
respectively. Volume for the mixing zone PSR was calculated from the
geometry shown in Appendix C.1. Figure 4-4 and Appendix E.7 represents
the chemical reactor network and required inputs for the model
respectively. It must be noted that additional inputs (heat loss rate and
residence time) are required for this model to make it more robust and

improve the emissions predictions.

~
ERZ s

~
Flame Zone Post-flame Zone
{

CRZ B

Fuel Flow

Figure 4-4: Modified Valera model
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Simplified Model

This model, Figure 4-5 is the simplest and low cost among all of them,
with a PSR used for mixing zone (MZ) and another PSR for flame zone,
while keeping post-flame zone same. Mixing zone was modelled using the
geometric configuration of the HPGSB - 2, prior to entering the
combustion chamber. Appendix C.1 shows the mixing chamber which was
used to model the PSR for mixing zone. Appendix E.8 shows the inputs

required for the third reactor model.

Mixing Zone Flame Zone Post-flame Zone

Figure 4-5: Simplified model

4.3. Comparison of Reactor Models

NOx predictions form the five reactor models are compared with
experimental data in this section. GRI-MECH 3.0 mechanism was used to
run the models for this comparison. All the five fuel mixes (Base, EMIX1,
FARNG, MIDNG, FARH2) described in Chapter 3.8.1 at three different
pressure ratios (1.1, 2.2 and 3.3 bara) are used in the models for
predictions comparisons. All the NOx values are corrected to the
equivalent dry conditions and then normalized to a reference value of
15% O concentrations as per Equations [ 3-3 ] and [ 3-4 ]. NOx values in
ppm are plotted against the AFT in Figure 4-6, Figure 4-7 and Figure 4-8.
Table 4-1 shows the percentages differences in decimal by the models

compared to the experimentally derived data.

Figure 4-6 plots the models’ predictions and experimental data at 1.1
bara pressure ratio. The Rizk model overpredicts the NOx values by a
factor of ~ five on average for all the fuel blends as the model takes into
consideration of the unmixedness of fuel and air. This model also divides
the flame zone into five sections using normal distribution. In reality
though, the combustion chamber is fully premixed. For the modified Rizk
model, where only one zone was used to model the flame zone, still with

the unmixedness parameter in the flame zone, NOx predictions comes
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down considerably in Base, EMIX1, FARNG and MIDNG fuels but
overpredicts emissions for FARH, blend by a factor of ~ 3.5 due to the
presence of H. in the fuel mix. The simplified model was the low cost
among all the models and underpredicts NOx across all fuel mixes at 1.1
bara. The Valera and the modified Valera models, where recirculation
was taken into consideration, predict NOx closest to the experimental

value.

Figure 4-7 illustrates the models’ predictions and experimental data at
2.2 bara pressure ratio. Once again, the Rizk model overpredicts NOy
values by a long margin (by a factor of ~ 4) but predictions from the
modified Rizk model is lot closer to the experimental values compared to
the 1.1 bara predictions at low AFTs but overpredicts at higher AFTs.
The simplified model underpredicts NOx value across all fuel blends as
before. The modified Valera model gives the best predictions (within ~
10%) across all fuel blends at 2.2 bara, while the Valera model

overpredicts NOx values by around 55% for all fuel blends.

Figure 4-8 depicts the models’ predictions and experimental data at 3.3
bara pressure ratio. The Rizk and the modified Rizk model overpredict
considerably compared to the experimental data and the overprediction
increases as the AFT increases. The recirculation model from Valera give
better predictions at 3.3 bara with the modified Valera model’s

prediction are closest to the experimental values.

It can be concluded from the above discussions and the figures that the
recirculation models are the better predictors of the NOx values. In
particular, the modified Valera model gives very close prediction at
higher pressures. The simplified model underpredicts across all the fuel
blends and pressure conditions. But the simplicity and low time
consumption of the model makes it a potential model to be considered
for further development in the future. The Rizk and modified Rizk
models are not suitable for the combustion chamber under scrutiny,
mainly due to the unmixedness parameter included in those models, and

the chamber being fully premixed.
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Table 4-1: Differences in predictions by the models compared to the experimental results

Percentage (%) Change — in decimal
Eqg. Ratio Mod. Rizk Mod. Valera Simplified

Test Point (D) PR AFT (K) Rizk Model Valera Model Model Model Model
BASE-CQ-8-8 0.6 1.1 1869.7 4.14 0.72 2.09 -0.52 -0.69
BASE-CQ-8-9 0.55 1.1 1785.5 5.15 0.70 1.59 -0.50 -0.76
BASE-CQ-8-11 0.5 1.1 17324 5.47 0.73 1.16 -0.46 -0.81
BASE-CQ-8-12 0.6 2.2 1873.7 4.02 0.76 1.86 -0.07 -0.37
BASE-CQ-8-13 0.55 2.2 1782.6 4.28 0.91 1.80 -0.11 -0.69
BASE-CQ-8-14 0.531 2.2 1749.3 3.32 0.54 0.44 -0.14 -0.70
BASE-CQ-8-17 0.6 3.3 1875.9 3.82 0.79 2.21 0.21 -0.40
BASE-CQ-8-18 0.55 3.3 1794.2 4.73 1.30 1.23 0.11 -0.52
BASE-CQ-8-19 0.533 3.3 1753.5 3.96 0.36 1.02 -0.01 -0.63
EMIX1-CQ-8-1 0.65 1.1 1980 0.89 -0.10 0.46 -0.59 -0.77
EMIX1-CQ-8-2 0.6 1.1 1888.7 1.29 0.25 0.76 -0.57 -0.78
EMIX1-CQ-8-3 0.55 1.1 1808.4 1.38 0.23 0.85 -0.58 -0.80
EMIX1-CQ-8-5 0.653 2.2 1981.5 1.54 041 0.55 -0.08 -0.64
EMIX1-CQ-8-6 0.6 2.2 18994 2.49 0.43 0.53 -0.13 -0.65
EMIX1-CQ-8-7 0.55 2.2 1813.1 3.71 0.66 1.02 -0.20 -0.75
EMIX1-CQ-8-9 0.65 3.3 1973.1 1.53 0.47 0.57 0.27 -0.44
EMIX1-CQ-8-10 0.6 3.3 1888 2.66 0.53 1.54 0.20 -0.49
EMIX1-CQ-8-11 0.55 3.3 1793 4.60 1.10 3.13 0.15 -0.38
EMIX1-CQ-8-12 0.525 3.3 1748.2 5.18 0.63 2.47 0.15 -0.62
FARNG-CQ-8-1 0.6 1.1 1877.1 1.38 0.62 0.58 -0.55 -0.73
FARNG-CQ-8-2 0.55 1.1 1799.7 1.59 1.01 1.27 -0.50 -0.66
FARNG-CQ-8-3 0.527 1.1 1754.2 1.34 0.27 0.95 -0.50 -0.77
FARNG-CQ-8-5 0.6 2.2 1889 4.18 0.56 2.44 -0.05 -0.52
FARNG-CQ-8-6 0.55 2.2 1794.5 4.17 0.65 1.30 -0.04 -0.47
FARNG-CQ-8-7 0.532 2.2 1763.2 2.73 0.06 0.36 -0.06 -0.77
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FARNG-CQ-8-9 0.6 3.3 1876.2 2.95 0.56 1.51 0.21 -0.51
FARNG-CQ-8-11 0.55 3.3 1792.7 3.90 0.99 2.17 0.12 -0.46
FARNG-CQ-8-13 0.531 3.3 1758.9 3.58 1.03 2.33 0.37 -0.53
MIDNG-CQ-8-1 0.642 1.1 1955.33 1.20 0.19 0.41 -0.58 -0.75
MIDNG-CQ-8-2 0.6 1.1 1881.84 2.07 0.16 0.68 -0.57 -0.79
MIDNG-CQ-8-3 0.55 1.1 1790.65 2.49 0.65 1.22 -0.54 -0.73
MIDNG-CQ-8-5 0.646 2.2 1962.09 1.86 0.39 0.65 -0.11 -0.51
MIDNG-CQ-8-6 0.6 2.2 1881.95 2.04 0.40 1.24 -0.11 -0.50
MIDNG-CQ-8-7 0.55 2.2 1791.18 1.69 0.63 2.23 -0.15 -0.66
MIDNG-CQ-8-8 0.53 2.2 1756.71 1.26 0.52 1.90 -0.16 -0.68
MIDNG-CQ-8-10 0.65 3.3 1966.96 0.82 0.59 0.30 0.32 -0.37
MIDNG-CQ-8-11 0.6 3.3 1874.55 2.35 0.92 1.23 0.24 -0.42
MIDNG-CQ-8-12 0.55 3.3 1790.82 2.41 1.42 1.79 0.16 -0.44
MIDNG-CQ-8-13 0.529 3.3 1753.93 2.04 0.81 1.66 0.13 -0.62
FARH2-CQ-8-1 0.6 1.1 1875.7 1.30 0.31 0.94 -0.57 -0.82
FARH2-CQ-8-2 0.55 1.1 1785.2 1.25 0.68 1.73 -0.53 -0.78
FARH2-CQ-8-3 0.5 1.1 1726.5 1.23 0.18 1.60 -0.57 -0.83
FARH2-CQ-8-6 0.6 2.2 1874.9 4.00 0.41 1.74 -0.15 -0.65
FARH2-CQ-8-7 0.55 2.2 1792.6 3.07 0.65 1.44 -0.15 -0.73
FARH2-CQ-8-8 0.5 2.2 1732.8 3.14 0.61 0.88 -0.17 -0.94
FARH2-CQ-8-10 0.6 3.3 1872.8 3.78 0.56 1.79 0.31 -0.35
FARH2-CQ-8-11 0.55 3.3 1785.6 3.74 0.81 3.01 0.30 -0.36
FARH2-CQ-8-12 0.5 3.3 1705.6 3.00 0.78 1.86 0.27 -0.86
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4.4. Comparison of Mechanisms

The modified Valera model is used to compare the seven mechanisms
mentioned in Section 4.1 (GRI-Mech 3.0, Aramco 1.3, CRECK, SanDiego,
USII, Ranzi-Paolo, NUIGalway) with the fuel blends mentioned in Chapter
3.8.1 (Base, EMIX1, FARNG, MIDNG, FARH2) for this study. This section
will analyse NOx predictions from all these mechanisms in the five
different fuel blends (preheated to 573K) at three different pressure
conditions (1.1, 2.2 and 3.3 bara). As discussed in Chapter 2.1, NOx
formations are dependent on pressure conditions. Hence, pressure is
selected as an independent variable for NOx predictions comparison in
this study. The experimental results are then compared to model
predictions. All the NOx values are corrected to the equivalent dry
conditions and then normalized to a reference value of 15% O

concentrations as per Equations [ 3-3 ] and [ 3-4 ].

Table 4-2: Heat loss rates for different zones

Zone Heat loss rate (J/sec)
Mixing 100
Flame 6850

CRz 1370

ERZ 342

As discussed in Chapter 2.1, NOx formation by any pathways are
dependent on flame temperature. Hence, the importance of the heat
loss rate to the surroundings through the quartz confinement is
paramount as this could reduce the flame temperature significantly.
However, it was not possible to quantify the heat loss rates in the
experiments. As a consequence, heat loss rates were set to match the
experimental NOx emissions at one condition and presumed to be
constant for all the other simulations. Heat loss rate for all four PSRs
(Premixed, Flame, CRZ and ERZ) in the model were set according to
Table 4-2 to match the experimental NOx value of Base (100% CHs) at 3.3

bara, ® = 0.5 using GRI-Mech 3.0. For the purpose of the following
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analysis, these values were assumed to be constant for all other

investigated conditions with different mechanisms.

NOx predictions from all the mechanisms are compared and analysed
against the experimental concentrations in the following sub-sections.
Table 4-3 shows the percentages differences in decimal by the

mechanisms compared to the experimentally derived data.
4.4.1. 1.1 bara conditions

Figure 4-9 plots NOx predictions and experimental results against AFT for
all the fuel blends at 1.1 bara. The following results can be seen from

Figure 4-9:

e NOx predictions from each mechanism shows upward trends with
increasing AFT due to increasing thermal NO production. GRI-Mech
3.0 underpredicts NOx for all the fuel blends at 1.1 bara by about
50-55%. Aramco 1.3 predictions were very close to the
experimental values at 1.1 bara across all fuel blends. It
underpredicts Base and FARH2 NOx concentrations by 8-22%, while
predictions for all the other higher hydrocarbon blends are very
close to the experimental NOx values. This agrees with the fact
that Aramco 1.3 mechanism was based on higher hydrocarbons.
CRECK underpredicts NOx values for Base by a factor eight (87%).
However, NOx values for all the other fuel blends are
underpredicted by about 20-30%. SanDiego, being a low-cost
mechanism, predicts the NOx concentrations quite well across the
fuel blends (underpredicts by 9% for FARNG and about 15-20% for
all the other blends). USII, by far gives the best NOx predictions
among all the other mechanisms at 1.1 bara. NOx values for every
point at 1.1 bara with USII are within 4-8% of the experimental
results. The Ranzi-Paolo mechanism gives good predictions for
FARH2 and MIDNG blends among other blends, overpredicting NOx
values by 10-20% and 20-30% respectively. It underpredicts NOx
value for Base by nearly 80%, while overpredicts EMIX1 and FARNG
NOx concentrations by 20-30% and 40-60% respectively. The final

mechanism, NUIGalway exhibits lowest NOx values predictions
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amongst all the other mechanisms across all the fuel blends

except Base at 1.1 bara.

e Changing the fuel blend from Base to EMIX1, for equivalence
ratios of 0.6 and 0.55, experimental NOx values increases by about
17% and 22%, respectively. Aramco 1.3, SanDiego, USII and
NUIGalway mechanisms predict similar increase in NOx
concentrations. The predicted increase for GRI-Mech 3.0 and
CRECK mechanisms for both these cases are approximately by
factors of one and seven, respectively. The Ranzi-Paolo
mechanism shows increase by factors of 1.45 and 8.89 for

equivalence ratios of 0.6 and 0.55, respectively.

e The predicted increase from Base to FARH2 fuel blend by the
CRECK mechanism by factors of six for equivalence ratio of 0.65.
This is much higher than experimental increase by factor of one.
However, NOx predictions by CRECK mechanism is much closer to
the experimental concentrations for FARH2 blend than it is for
Base fuel blend. The percentage increase predicted by Aramco
1.3, SanDiego, USII and NUIGalway mechanisms agree closely to

the experimental increase of 12%.

e The experimental increase of NOx concentrations from Base to
MIDNG and FARNG are approximately 10% and 4%, respectively for
equivalence ratio of 0.6. The percentage increase predictions
from Aramco 1.3, SanDiego, USIl and NUIGalway mechanisms
matches quite closely to the experimental increase from Base to
MIDNG.
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Figure 4-9: Comparison of NOy predictions at 1.1 bara
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Table 4-3: Differences in predictions by the mechanisms compared to the experimental results

Percentage (%) Change — in decimal
Eq. Ratio GRI-MECH
Test Point (D) PR AFT (K) 3.0 Aramco 1.3 CRECK SanDiego usli Ranzi-Paolo | NUIGalway

BASE-CQ-8-8 0.6 1.1 1869.7 -0.52 -0.08 -0.87 -0.16 0.01 0.05 -0.80

BASE-CQ-8-9 0.55 1.1 1785.5 -0.50 -0.12 -0.88 -0.20 -0.04 -0.82 -0.79
BASE-CQ-8-11 0.5 1.1 17324 -0.46 -0.17 -0.87 -0.23 -0.12 -0.83 -0.78
BASE-CQ-8-12 0.6 2.2 1873.7 -0.07 0.08 0.26 0.74 0.80 -0.60 -0.65
BASE-CQ-8-13 0.55 2.2 1782.6 -0.11 0.82 -0.78 0.67 0.75 -0.70 -0.69
BASE-CQ-8-14 0.531 2.2 1749.3 -0.14 0.65 -0.80 0.51 0.69 -0.74 -0.71
BASE-CQ-8-17 0.6 3.3 1875.9 0.21 0.67 -0.56 0.99 1.10 -0.45 -0.52
BASE-CQ-8-18 0.55 3.3 1794.2 0.11 1.40 0.42 0.99 1.09 -0.59 -0.59
BASE-CQ-8-19 0.533 3.3 1753.5 -0.01 -0.53 -0.73 0.81 0.93 0.14 -0.65
EMIX1-CQ-8-1 0.65 1.1 1980 -0.59 -0.10 -0.21 -0.18 0.00 0.16 -0.81
EMIX1-CQ-8-2 0.6 1.1 1888.7 -0.57 -0.07 -0.24 -0.16 0.01 0.31 -0.80
EMIX1-CQ-8-3 0.55 1.1 1808.4 -0.58 -0.11 -0.29 -0.20 -0.05 0.31 -0.80
EMIX1-CQ-8-5 0.653 2.2 1981.5 -0.08 0.95 -0.60 0.70 0.91 0.76 0.85
EMIX1-CQ-8-6 0.6 2.2 18994 -0.13 0.85 -0.73 0.62 0.77 -0.61 -0.66
EMIX1-CQ-8-7 0.55 2.2 1813.1 -0.20 0.69 -0.80 0.50 0.65 0.54 0.58
EMIX1-CQ-8-9 0.65 3.3 1973.1 0.27 1.54 -0.31 1.20 1.45 1.67 -0.36
EMIX1-CQ-8-10 0.6 3.3 1888 0.20 1.54 -0.54 1.18 1.32 -0.43 1.32
EMIX1-CQ-8-11 0.55 3.3 1793 0.15 1.44 -0.68 1.14 1.27 -0.60 -0.60
EMIX1-CQ-8-12 0.525 3.3 1748.2 0.15 1.40 0.66 1.14 1.33 -0.64 -0.62
FARNG-CQ-8-1 0.6 1.1 1877.1 -0.55 0.01 -0.18 -0.09 0.08 0.40 -0.79
FARNG-CQ-8-2 0.55 1.1 1799.7 -0.50 0.08 -0.13 -0.02 0.14 0.60 -0.76
FARNG-CQ-8-3 0.527 1.1 1754.2 -0.50 0.01 -0.20 -0.09 0.06 0.51 -0.77
FARNG-CQ-8-5 0.6 2.2 1889 -0.05 1.07 0.68 0.83 0.95 -0.59 0.89
FARNG-CQ-8-6 0.55 2.2 1794.5 -0.04 1.05 0.50 0.83 0.99 -0.68 0.84
FARNG-CQ-8-7 0.532 2.2 1763.2 -0.06 0.99 -0.79 0.79 0.98 -0.71 0.79
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FARNG-CQ-8-9 0.6 3.3 1876.2 0.21 1.60 -0.56 1.27 1.30 1.04 1.33
FARNG-CQ-8-11 0.55 3.3 1792.7 0.12 1.42 -0.70 1.14 1.19 -0.62 -0.62
FARNG-CQ-8-13 0.531 3.3 1758.9 0.37 1.88 -0.67 1.58 1.68 -0.59 -0.57
MIDNG-CQ-8-1 0.642 1.1 1955.33 -0.58 -0.08 -0.23 -0.16 0.02 0.14 -0.81
MIDNG-CQ-8-2 0.6 1.1 1881.84 -0.57 -0.05 -0.24 -0.14 0.03 0.27 -0.80
MIDNG-CQ-8-3 0.55 1.1 1790.65 -0.54 -0.03 -0.24 -0.12 0.04 0.38 -0.78
MIDNG-CQ-8-5 0.646 2.2 1962.09 -0.11 0.91 -0.63 0.67 0.85 0.61 -0.61
MIDNG-CQ-8-6 0.6 2.2 1881.95 -0.11 0.91 -0.73 0.68 0.82 -0.61 -0.66
MIDNG-CQ-8-7 0.55 2.2 1791.18 -0.15 0.78 -0.79 0.59 0.75 -0.71 -0.71
MIDNG-CQ-8-8 0.53 2.2 1756.71 -0.16 0.74 -0.80 0.57 0.76 -0.74 -0.71
MIDNG-CQ-8-10 0.65 3.3 1966.96 0.32 1.62 -0.28 1.27 1.48 1.57 1.46
MIDNG-CQ-8-11 0.6 3.3 1874.55 0.24 1.63 -0.54 1.28 1.36 -0.42 1.18
MIDNG-CQ-8-12 0.55 3.3 1790.82 0.16 1.46 -0.68 1.18 1.26 -0.59 -0.59
MIDNG-CQ-8-13 0.529 3.3 1753.93 0.13 1.37 -0.71 1.13 1.26 -0.64 -0.62
FARH2-CQ-8-1 0.6 1.1 1875.7 -0.57 -1.00 -0.31 -0.15 0.03 0.11 -0.80
FARH2-CQ-8-2 0.55 1.1 1785.2 -0.53 -0.05 -0.29 -0.12 0.04 0.22 -0.79
FARH2-CQ-8-3 0.5 1.1 1726.5 -0.57 -0.22 -0.43 -0.29 -0.18 -0.03 -0.80
FARH2-CQ-8-5 0.55 1.1 1791.4 -0.52 0.13 -0.27 -0.10 0.07 0.25 -0.78
FARH2-CQ-8-6 0.6 2.2 1874.9 -0.15 0.80 -0.73 0.59 0.73 -0.62 -0.67
FARH2-CQ-8-7 0.55 2.2 1792.6 -0.15 0.77 -0.79 0.59 0.74 -0.70 0.73
FARH2-CQ-8-8 0.5 2.2 1732.8 -0.17 0.69 -0.81 0.54 0.74 0.29 0.65
FARH2-CQ-8-10 0.6 3.3 1872.8 0.31 0.05 -0.48 1.35 1.47 0.88 -0.44
FARH2-CQ-8-11 0.55 3.3 1785.6 0.30 1.74 -0.62 141 1.52 -0.52 -0.53
FARH2-CQ-8-12 0.5 3.3 1705.6 0.27 1.53 0.59 1.35 1.57 -0.63 -0.59
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4.4.2. 2.2 bara conditions

This sub-section will analyse NOx concentration predictions from seven
mechanisms with experimental values. As shown in Figure 4-10, the fifth
model with the various mechanisms provides the following results at 2.2

bara:

e The GRI-Mech 3.0 mechanism predicts NOx concentrations very
closely to the experimental values across all the fuel blends at 2.2
bara. Overall, this mechanism underpredicts the experimental
concentrations only by 5-10% for all the fuel blends except FARHZ2,
which is underpredicted by 15%.

e All the C1-C4 hydrocarbons mechanisms, namely, Aramco 1.3,
SanDiego and USII depict similar upward trend for NOx
concentrations as the AFT increases for all the fuel blends. Their
predicted NOx values are in very close range to each other (within
+/- 5-8%) for all the fuel blends except for Base at the highest
AFT, where the Aramco 1.3 mechanism NOx deviate from the
other two mechanisms by 18%, getting very closer to the
experimental NOx concentration of 5.59 ppm at 0.6 equivalence
ratio. However, all these mechanisms overpredict the NOx

concentrations by a factor of two.

e For FARNG fuel blend, the CRECK mechanism underpredicts NOx
concentration by 80% at equivalence ratio of 0.5. However, as the
AFT increases, the mechanism exhibits overprediction tendency
for FARNG blend by 50% and 59% for equivalence ratios of 0.55
and 0.6, respectively. For all the other fuel blends, this
mechanism consistently exhibits lowest NOx concentrations

compared to the other mechanisms.
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118

—3X— Ranzi-Paolo —t: = NUIGalway

1940

1960 1980

1950

2000

2000



NO Formation Analysis using Chemical Reactor Modelling and LIF Measurements on Industrial Swirl Flames

e The higher hydrocarbons (more than C4) mechanisms, Ranzi-Paolo
and NUIGalway exhibits similar predictions for EMIX1 fuel blend,
overpredicting NOx concentrations by about 80% and 55% for
equivalence ratios of 0.65 and 0.55, while underpredicting by 62%
for 0.6 equivalence ratio. These two mechanisms also
underpredict NOx values for Base and MIDNG fuel blends by factor
of three. The Ranzi-Paolo mechanism underpredicts NOx values by
factor of about three for FARNG blend, while the NUIGalway
mechanism overpredicts by factor of two. Interestingly, these two
mechanisms show opposite trends for FARH2 fuel blend. As the
AFT changes from 1733K to 1793K, Ranzi-Paolo mechanism NOx
prediction decreases while NUIGalway shows increased prediction.
However, when AFT increases from 1793K to 1875K, both the

mechanisms show opposite predictions.
4.4.3. 3.3 bara conditions

Figure 4-11 illustrates NOx predictions against increasing AFT for all the
fuel blends at 3.3 bara and 573K inlet conditions. The results are

compared against each other and the experimental data here:

e For the Base fuel blend at 3.3 bara, the GRI-Mech 3.0, USII,
SanDiego and NUIGalway mechanisms predict similar trends for
NOx concentrations as the increasing experimental values with
AFT. The GRI-Mech 3.0 predictions are closest to the experimental
values among other mechanisms. The SanDiego and USII
mechanisms overpredict by a factor of two, while the NUIGalway
mechanism underpredicts by factor of about two-three. The
CRECK mechanism predictions are similar to the predictions by
NUIGalway mechanism at 0.6 and 0.5 equivalence ratios. Same
can be said for the Ranzi-Paolo mechanism at equivalence ratios
of 0.6 and 0.55.

e Changing the fuel from Base to EMIX1 blend sees the percentage
increase of experimental NOx values by 12% and 7% for the

equivalence ratios of 0.6 and 0.55, respectively. Similar
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percentage increase is predicted by the GRI-Mech 3.0 and Ranzi-
Paolo mechanisms. The GRI-Mech 3.0, Aramco 1.3, SanDiego, USII
and CRECK mechanisms shows similar increasing NOx prediction
trend with increasing AFT as the experimental concentrations.
The GRI-Mech 3.0 predictions agree closely to the experimental
values. The Aramco 1.3, USII and SanDiego mechanisms
overpredict NOx values by factors of overall between two and

three.

NOx predictions from the GRI-Mech 3.0, SanDiego, USII and
NUIGalway mechanisms follows the same trend as experimental
results for FARH2 fuel blend. The GRI-Mech 3.0 mechanism
predicts NOx concentrations very closely to the experimental
values, overpredicting by 27-30% overall. The SanDiego and USII
mechanisms overpredict NOx concentrations by a factor two to
three. Compared to Base fuel blend, NOx concentrations goes
down by 10-12% for FARH2 blend.

Changing fuel from Base to FARNG and MIDNG, experimental NOx
concentration goes down very slightly (between 1-5%) for
equivalence ratios of 0.6 and 0.5 but goes up by 3-8% for 0.55
equivalence ratio. The Aramco 1.3, SanDiego, USII, GRI-Mech 3.0
and CRECK mechanisms predict similar trend as experimental NOx
results. C1-C4 mechanisms, namely Aramco 1.3, SanDiego and USII
predictions for both FARNG and MIDNG fuel blends are within 2-5%
of each other. The GRI-Mech 3.0 predictions are again the closest

to the experimental data for these two fuel blends.
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4.5. Summary

Various mechanisms and reactor network models are compared to
analyse the prediction results with experimental data. Modelling of the
HPGSB-2 with the recirculation models provide simple and quick
information on the overall behaviour of fuel oxidation and pollutant
formation. At the same time, chemical reactor modelling provides many
challenges. In particular, accuracies in the kinetic rate constants for
both fuel oxidation and pollutant formation must be further improved.
The choice and selection of reactor network arrangement may also be
significantly enhanced with the aid of more complex computational fluid
dynamic models if the combustor to be modelled is not truly perfectly
stirred reactor. Nevertheless, chemical reactor modelling provides great
insight to the various NOx formation pathways. Valuable information on
the behavioural trends of the various fuels tested can also be obtained.

The following summarizes the results from this chapter:

e The chemical reactor models with ‘unmixedness’ parameter
overpredict NOx concentrations by a significant margin across all
the fuel blends and at all conditions. Even after converging the
flame zone into a single zone from five zones overpredicts
compared to experimental data. The simplest model (third model)
follows the same trends as the experimental data but

underpredicts NOx concentrations.

e Results from the recirculation models are much closer to the
experimental data. Specially, the modified Valera model where
data from CFD analysis are included to enhance the prediction

capability, gives close results to experimental data.

e The C1-C4 mechanisms (Aramco 1.3, SanDiego and USII) gives good
predictions across all fuel blends at 1.1 bara. At 1.1 bara, all the
mechanisms predict similar increasing trend for NOx as the
experimental results. However, as the pressure increases,

deviation from the experimental trend is seen for some
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mechanisms, specially the high hydrocarbon mechanisms (Ranzi-

Paolo and NUIGalway).

e The GRI-Mech 3.0 mechanism gives overall good predictions at 2.2
and 3.3 bara, with the C1-C4 mechanisms giving overall higher
predictions and high hydrocarbon mechanisms underpredicting

NOx concentrations compared to the experimental data.
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5. Planar NO-LIF in Unconfined Flames

The objective of this Chapter is to probe NO-PLIF measurements and
compare how the PLIF measurements compare with the NO formation
theories. Intrusive techniques for NO concentration measurements, such
as probed or extractive gas sampling, are not well suited to
measurements in regions of flames with fine structures such as flame
front. Rather, in-situ laser diagnostics offer robust techniques for
measuring certain species through LIF with minimal disturbance to the
flame. This Chapter discusses NO PLIF measurements to the flame front
regions of the 25 mm Bunsen burner and HPGSB-2 burner without
confinement. Between these two burner configurations, NO formations
in lean and rich conditions are considered. This allows for the
consideration of both thermal and non-thermal contributions.
Additionally, the non-intrusive nature of this technique allows for a
better measurement of the relatively rapid formation of NO in the flame
front as a distinct contribution from the thermal mechanism. Chemical
kinetics modelling is performed to calculate AFT, laminar flame speed,
flame thickness, OH and CH production. These results are used to
validate NO formation and heat release within the PLIF images and OH*
chemiluminescence images, respectively. Finally, NO formation is
predicted and compared with the measured values at the exhaust using
the modified Valera model with some changes to accommodate open

flame HPOC configuration.
5.1. Bunsen burner NO-PLIF measurements

A 25mm Bunsen burner was used in horizontal and vertical orientations
to take NO-PLIF measurements qualitatively. This burner was described
in Chapter 3.1. The results from these experiments will be analyzed in
this section. It must be noted that no gas analyzer was used for the
experiments at 25mm Bunsen burner as the goal here was to commission
the NO-PLIF set-up at GTRC.

5.1.1. Horizontal Orientation

Qualitative NO PLIF measurements were first made with a 25 mm
diameter Bunsen burner placed horizontally in the Gas Turbine Research
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Centre’s High Pressure Optical Chamber (HPOC) (refer to Chapter 3.2.1)
as shown in Figure 5-1. The flame was asymmetric in this orientation and
buoyancy effects were apparent in the flame. However, good evidence
of NO production in the flame can be seen in Figure 5-2. The laser sheet
was traversed along the flame, cutting the flame in the center line of
nozzle and NO fluorescence was averaged over 500 shots for this image.
As expected, there is limited NO production in the central cold zone,
with NO mainly produced in the surrounding hot flame zone due to

thermal and prompt NO.

(@) (b)

Figure 5-1: 25 mm Bunsen burner horizontal set-up, as installed (a) and with CHy-air
flame (b)
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Figure 5-2: In-flame NO-LIF signal without NO seeding (ER - 0.88; 2.28 kW). Flow is
from left to right.
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5.1.2. Vertical Orientation

The burner was then installed vertically outside the HPOC and operated
between equivalence ratios of 1.4 and 1.28 with CHs/air flame. These
rich conditions were chosen as theoretically they produce more NO,
hence strong LIF signal. This change in equivalence ratio from ® = 1.4 to
® = 1.28 was achieved by decreasing air flow at constant air flow. Thus,
as equivalence ratio is decreased, the flame burning velocity increases
and gas velocity decreases. Table 5-1 shows the details of flow
conditions for this investigation. Heat release level and NO formation at
each test point were measured experimentally by OH*
chemiluminescence and NO-PLIF, respectively. These results will be
discussed in detail in this section. Table 5-1 shows the flow conditions

with laminar flame speed values from simulation for this investigation.

Table 5-1: Flow conditions for 25mm Bunsen burner

Test CH4 Air T, | Equivalence | AFT CH4 Air Total | Laminar
point | mass | mass | (K) ratio (D) (K) | speed | speed | flow Flame
flow | flow (m/s) | (m/s) | speed | speed
(9/s) (9/s) (m/s) (m/s)
1 0.0538 | 0.66 | 298 1.40 1970 | 0.065 | 0.441 | 0.506 0.135
2 0.0519 | 0.66 | 298 1.35 2005 | 0.062 | 0.441 | 0.503 0.175
3 0.05 0.66 | 298 1.30 2044 | 0.060 | 0.441 | 0.501 0.229
4 0.0493 | 0.66 | 298 1.28 2059 | 0.059 | 0.441 0.5 0.252

5.1.2.1. OH* Chemiluminescence Comparison

Experimental evaluation has been made for CHs/air flames at 25mm
Bunsen burner in fuel rich conditions. Flame stabilization and overall
heat release are evaluated based on Abel-transformed OH*
chemiluminescence measurements in Figure 5-3 and Figure 5-4. Figure
5-3 and Figure 5-4 shows the Abel-transformed OH* chemiluminescence
measurements at varying thermal power and equivalence ratios,
indicating the conical flame shape expected in a Bunsen burner such as

this. The images were normalized by their respective maximum intensity
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value in Figure 5-3 and by the highest measured intensity value across

the range in Figure 5-4.

As the flame stabilizes closer to the nozzle and heat release intensity
increases between 10 - 20 mm from burner exit as evident by the OH*
chemiluminescence in Figure 5-3. There are clear increases in heat
release intensity as ® decreases, which corelates with the maximum OH
mole fractions calculated from CHEMKIN simulations in Figure 5-5. The
relative increase in O. concentration had a significant effect on flame
position, causing OH* emission to increase, allowing the flame to attach
in the shear zone, correlating with laminar flame velocity presented in
Table 5-1. Heat release level is stronger near the nozzle exit for ® = 1.4,
as the equivalence ratio decreases, heat release level gets stronger and
form an inverse U shape at ® = 1.28. This corresponds to the balance
between turbulent flame speed and gas speed. As the turbulent flame
velocity increases and gas velocity decreases at ® = 1.28, the flame

stabilizes closer to the burner nozzle.
@
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Figure 5-3: Abel-transformed OH* chemiluminescence images (colormap
normalised to maximum OH* intensity at each ®) at varying ® and fuel input
thermal power
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Figure 5-4: Abel-transformed OH* chemiluminescence images (colormap
normalised to maximum OH* intensity relative to 2.47 kW thermal power at ® =
1.28) at varying ER and fuel input thermal power
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Figure 5-5: CHEMKIN results showing (a) volumetric heat release rate and, (b) OH

mole fraction as a function of 1-D spatial concentrations profiles for ® = 1.28 - 1.4

The relative OH* chemiluminescence intensity from Figure 5-4 shows the
increase in intensity as the fuel flow decreases. This is further validated
from the CHEMKIN numerical simulation in Figure 5-5, volumetric heat

release rate (a) and OH mole fraction (b) increases with relative
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increased level of O2. The location of maximum volumetric heat release
rate and OH mole fraction moves further away as ® increases, which is

also evident from the experimental data in Figure 5-3 and Figure 5-4.

The structure of the heat release zones influences the thermoacoustic
stability of the flame as the local speed of sound is influenced and the
exhaust gas composition, in particular NOx emissions in which
temperature and residence time in areas of highest heat release are of

critical considerations.
5.1.2.2. NO PLIF Comparison

The NO PLIF results for the flow conditions in Table 5-1 are presented in
Figure 5-6. Each image presented has been normalized against its own
image maximum and then fit to the same false colormap to illustrate the
location of NO formation clearly. NO formation across the range seems
quite similar, with increasing NO formation in the center of the burner
as O decreases. All the images show strong LIF signal at the center of the
flames at the either sides of the centerline. NO LIF signal fades away

from the center of the flame due to reduced heat release level.

Figure 5-7 shows the relationship between ® with average NO PLIF
intensity and AFT. Average NO PLIF intensity (Avginteny,) is calculated
by summing all the pixel values (Iyo) in the image and dividing by the

product of number of rows and columns, as per Equation [ 5-1 ].

Zi=m j=n1
i=1 j=1 NOi’j

[5-1]

Avginteny, = »
mxn

Avglnteny, increases with AFT and decreases with rich ®. This agrees
with the Zel’dovich Mechanism described in Chapter 2.1.1. As @
increases, availability of O, decreases, which restricts the rate-limiting
step in the NO formation process in Equation [ 2-1 ]. The rate-limiting
step requires the breaking of the tight N2 bond and as such is favoured to
form in high-temperature gases. As a rough guideline, thermal NO
formation is usually considered to be unimportant at temperatures below
1800K (refer to Chapter 2.1.1). So, it comes with no surprise that
Avginteny, is lowest at AFT = 1970K.
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Figure 5-6: NO PLIF images (normalised to maximum intensity at each ®) at
varying ® and fuel input thermal power
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The prompt NO mechanism was proposed when it was observed that
there is substantial NO formation in the upstream, colder part of
premixed hydrocarbon flames, where the O atom concentration is
relatively low, and the Zel’dovich mechanism cannot fully explain the
NO production. It was also observed that the flame front NO formation
tends to increase as the unburned mixture becomes fuel rich. This
mechanism was described in detail in Chapter 2.1.2. Figure 5-8 plots
Avginteny, against maximum CH mole fraction and volumetric heat
release rate derived from CHEMKIN calculations. As expected,
Avginteny, values increase with both maximum CH mole fraction and

volumetric heat release level.
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Figure 5-8: Relationship between average NO PLIF intensity with maximum CH mole
fraction and volumetric heat release level

It should be noted that maximum CH mole fraction values are decreasing
with increasing @ in Figure 5-8. To examine this further, both maximum
CH and CH2 mole fractions are plotted against ® in Figure 5-9. Figure
3-21 shows that AFT decreases with increasing ®. However, activation
energy (Ea) increases with ® beyond stoichiometry. Figure 5-10 shows
the relationship between ® and E,, this data is taken from a parallel
study at Cardiff University [276]. This justifies the decreasing CH and

CH2 molar fraction trend with increasing ®, even though there is more
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fuel in the mixture, low AFT restricts CH and CH2 production, due to

higher temperature needed to reach the required Ea. In the preheated

mixture cases, the temperature will be high enough to achieve the

required activation energy.
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Figure 5-9: Maximum CH and CH, mole fraction plotted as a function of ®
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Figure 5-10: Activation energy for CH, plotted against ®. Reproduced from [276].

Avginteny, is plotted against flame thickness in Figure 5-11. It must be

noted that flame thickness calculated from numerical

methods

(6p,6; and 6;) are plotted in the primary axis and experimentally
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measured flame brush thickness (8;4me) is plotted on the secondary axis.
0p, 6 and &514me decreases quasi-linearly with increasing Avginteny, but

6; increases proportionally with increasing Avglnteny,. The reasons

behind this trend was analysed earlier in Chapter 3.10.1.3.
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Figure 5-11: Average NO PLIF intensity plotted as a function of flame thickness

Figure 5-12 and 5-13 shows the OH* chemiluminescence and NO PLIF
images side by side for respective conditions with colormap normalized
to maximum ® and to maximum intensity relative to 2.47 kW fuel input
thermal power at @ = 1.28, respectively. Laser sheet path is indicated on
the first images (refer to Figure 5-12 (a) and Figure 5-13 (a)) of each
figure. Both horizontal and vertical axes limits are identical for OH*
chemiluminescence and NO PLIF images to compare the relationship

between NO formation and heat release.
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When analyzing the images in Figure 5-12 and Figure 5-13, It can be seen
that there is no NO formation on the top part of the images (between 20
- 25 mm from burner exit), even though heat releases is evident from
OH* chemiluminescence images. This is due to the fact that laser sheet
path does not cover the top 5 mm of the images, so NO was not excited

at this area, hence lack of NO formation in the images.

As mentioned earlier, air flow was kept constant with fuel flow
decreasing as ® decreased from 1.4 to 1.28. This is evident from the OH*
chemiluminescence images, as the flame stabilizes closer to the nozzle
exit, with increasing heat release level as ® decreases. NO formation
intensity also shows upwards trends with increasing heat release level,
specially between ® = 1.3 and 1.28, clear NO formation can be seen in

the middle, near the surrounding area of burner center.

In Figure 5-13, where colormaps for both OH* chemiluminescence and NO
PLIF are normalized to the maximum intensity at ® = 1.28, clear
differences in heat release level are evident as the fuel flow decreases.
Increase in NO PLIF intensity level can be observed as heat release level
escalates. However, the gradient between the NO PLIF images is much
smaller than the gradient between the heat release level as ©
decreases. This corresponds to the decreasing AFT as ® increases in the
rich flames as shown in Figure 3-21. AFT values in TP 1 - 4 (refer to
Table 5-1) are within 90 K of each other, with little increase with
decreasing @. Thus, thermal NO production does not vary significantly
between those points. Prompt NO formations depends on the availability
of CH, CH2 and CHs radicals, generated at various activation energies. As
shown in Figure 5-9, CH and CH> mole fractions are declining with
increasing ®. Potentially, this behavior is due to the global activation
energy (refer to Figure 5-10) increasing coupled with a declining AFT.
Note that the total activation energy calculated assumes a one-step
global reaction [194]. However due to the difficulty of precisely
experimentally measuring such quantities, it was deemed satisfactory for
this work to try and relate this theoretical activation energy to CH
radical production. Consequently, differences in NO formations are not

as evident as heat release level in these non-preheated rich conditions.
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Figure 5-14 plots average OH chemiluminescence intensity (on primary
axis) and maximum OH mole fraction (on secondary axis) against average
NO PLIF intensity. Average OH chemiluminescence intensity
(Avginten,y) is calculated by summing all the pixel values (Ipy) in the
image and dividing by the product of number of rows and columns, as

per Equation [ 5-2 ].

Zi:m j=n

i=1 &j=1 IOHL'_]' [ 5-2 ]

Avglntengy = ———

Avginteny, increases quasi-linearly with increasing Avginten,y and
maximum OH mole fraction. Between ® = 1.4 and ® = 1.35,
Avgintenygincreases most, even though Avginten,y and maximum OH
mole fraction increases slightly. Thereafter, the increase in NO intensity
is almost linear with OH intensity and mole fraction. This may be
explained from OH chemiluminescence images in Figure 5-13 (a) and (b),
where flame was stabilized beyond laser sheet path for ® = 1.4 but

flame was stabilized inside the laser sheet path for ® = 1.35 and

thereafter.
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Figure 5-14: Average OH intensity and maximum OH mole fraction plotted as a
function of average NO intensity
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5.2. NO PLIF in HPGSB-2 without Quartz

The 2" generation HPGSB-2 was commissioned in 2015 and many
experimental combustion studies has been undertaken at the GTRC with
this burner since then (refer to Chapter 3.2.2). This burner was used for
all the experiments described and analyzed in this section and the
following chapters. For the NO formation investigation in this section the
quartz was taken off, allowing for open flame investigation in the swirl
burner, only confined by the HPOC. Heat release levels will be analyzed
in terms of OH* chemiluminescence intensity and NO formation in the
flame in terms of PLIF data. These two sets of data will be compared
side by side to corelate thermal NO production with heat release level.
Table 5-2 presents the flow conditions for this investigation. Five test
points considered for this section, covering from lean conditions (® =
0.81) to rich flames (® = 1.1). Fuel flows were kept constant, while
changing air flows, thus keeping constant thermal power, to attain
required equivalence ratios for all the experiments in HPGSB-2. All the
test points in this section was conducted in atmospheric conditions (298K
and 1.1 bara), with a constant thermal power of 26 kW. The gas analyser

(refer to Chapter 3.7) was used for the test conditions in Table 5-2.

Table 5-2: Flow conditions for HPOC swirl burner

Test CHa Air Entry Equivalence AFT (K) CHa Air Total Laminar
point mass mass Temperature, ratio (®) speed speed flow Flame
flow flow T2 (K) (m/s) (m/s) speed speed
(9/s) (9/s) (m/s) (m/s)
5 0.52 11.2 298 0.81 2013 0.62 7.36 7.98 0.2821
6 0.52 10.2 298 0.87 2097 0.62 6.85 7.47 0.3226
7 0.52 9.5 298 0.94 2180 0.62 6.34 6.96 0.3610
8 0.52 8.9 298 1.0 2225 0.62 5.96 6.58 0.3817
9 0.52 8.2 298 1.1 2205 0.62 5.42 6.04 0.3840
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5.2.1. OH* Chemiluminescence Comparison

OH* chemiluminescence images represent the flame stabilization and
indicates the heat release levels and locations in the flame. Comparison
IS made in the CHs/air flames as the flame goes from lean to rich
conditions. The Abel-transformed OH* chemiluminescence results for
CHs/air flames with varying ® conditions are presented in Figure 5-16.
Each image presented has been normalized against its own image
maximum and then fit to the same false colormap. There seems to be a
line 40mm from the burner exit in all the Abel-transformed images in
Figure 5-16, this is due to the fact that there was a dot built up on the
HPOC window. When the images were Abel-transformed, the dot
transformed to a line. The window was replaced for all the subsequent
experiments. All the flames are observed to stabilize along the outward
expanding shear layer between the CRZ and ERZ, yielding conical, V-
shaped flames which expand radially outward from 10mm either side of

the burner exit nozzle centerline (r = £ 10mm).

Figure 5-15: Abel-transformed OH* chemiluminescence image at ® = 0.55 with
CHy/air flame. Reproduced from [221].

Figure 5-15 shows an Abel-transformed OH* chemiluminescence image
for CHs/air flame at ® = 0.55 from a previous study at Cardiff University
[221]. Instantly we can see significant differences in the flame shape
compared with the richer flames in Figure 5-16. Near the lean blow off
(LBO) limit, as shown in Figure 5-15, flame stabilizes near the center of
the nozzle exit, but as the flame gets richer, it seems to stabilize further

away from the center of the nozzle exit.
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Figure 5-16: Abel-transformed OH* chemiluminescence images (colormap
normalised to maximum OH* intensity at each ®) at varying ®. Flow direction from
bottom to top. The black oval shape in (a) indicates the line from dot built up on
quartz window.
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141



Planar NO-LIF in Unconfined Flames

From Figure 5-16, the flame reaction zone retracts axially upstream and
radially outward as ® increases. As the @ increases and air flow
decreases, the flame gets wider, as the CRZ gets stronger due to more
relative fuel content in the flow. This is clearly evident in the images in
Figure 5-16, the intensity of the images in the centerline gets stronger as
air flow decreases. The flames also get shorter with decreasing air flow.
With decreasing gas flow velocity and increasing burning velocity, the

flame stabilizes closer to the burner nozzle exit.

Figure 5-17 represents Abel-transformed OH* chemiluminescence images,
colormap corrected to maximum OH* intensity across the range. Changes
in heat release intensity are quite evident as ® changes from 0.81 to
0.94, minimal differences in intensity thereafter up to ® = 1.1. This
agrees with Figure 5-18, where OH mole fraction calculated from
CHEMKIN is plotted against 1-D spatial concentration profile. Calculated
maximum OH mole fraction and maximum OH* chemiluminescence
intensity follow the same trend as shown in Figure 5-19, when plotted
against @. Both increases until stoichiometry, then drops as the gas

mixture gets rich.
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Figure 5-18: CHEMKIN results showing OH mole fraction as a function of 1-D spatial
concentrations profiles for ® =0.81-1.1
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Figure 5-19: Maximum OH* intensity and maximum OH mole fraction as a function
of ®

5.2.2. NO PLIF Comparison

Qualitative NO PLIF results in HPOC without confinement are discussed
and analyzed here. From combustion theory, NO formation gets stronger
as premixed gas moves towards stoichiometry and then gets weaker in
rich conditions due to the balance in availability of excess O, and flame
temperature [38]. This is evident from Figure 5-20, where NO PLIF
images at ® = 0.81 - 1.1 are presented. Each image is normalized to its
maximum intensity pixel value to clearly identify NO formation at each
point. NO PLIF intensity increases as ® increases up to 0.94 and declines
thereafter as flame gets richer. Interestingly, NO formations are visible
in the center of every images in Figure 5-20, which is quite opposite to
the NO-PLIF images in the Bunsen burner (refer to Figure 5-6), where
barely any NO formations were seen at the burner centerline. In swirling
flames, hot combustion gases are recycled at the centerline of the
burner, creating CRZ, which helps stabilizing the flame [210]. This is the
reason behind NO formation at the centerline near the burner exit as

seen in Figure 5-20.
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Figure 5-20: NO PLIF images (normalised to maximum intensity at each ®) from
lean to rich flames
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Avglinteny, and AFT are plotted as a function of ® in Figure 5-21.
Avglnteny, value peaks at ® = 0.94 while AFT peaks at ® = 1.0 and then
both the values decline as flame gets richer. This can be explained as a
balance between flame temperature and O availability. Abundance O is
available in any lean conditions for the rate-limiting step (refer to
Equation [ 2-1 ]) in the Zel’dovich mechanism to initiate. However,
thermal NO formation rate is highly dependent on temperature as
described in Equation [ 2-4 ]. In the experimental conditions considered
here, TP7 (® = 0.94) has abundance O. and highest AFT among the lean
conditions. As a result, Avginteny, peaks at ® = 0.94 for lean conditions
and this is also confirmed by Figure 5-22, where NO measured by gas
analyser and Avglinteny, is plotted as a function of ®. As premixed gas
moves to stoichiometry, there is no excess Oz but highest AFT for the
test points in this Section. As a result, thermal NO production drops at
stoichiometry and drops even further at ® = 1.1, where both O
concentration and AFT declines. However, prompt NO becomes
important in the downstream at stoichiometry and rich flames, where CH
radicals become more available due to increasing hydrocarbon presence

in the unburned gas.
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Figure 5-21: Average NO PLIF intensity and AFT as a function of ®
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Maximum CH mole fraction and volumetric heat release level calculated
by CHEMKIN increases with ®, as can be seen in Figure 5-23. Presence of
CH radicals are expected to get stronger as fuel gets richer, simply due
to more hydrocarbons present in the unburned mixture. NO PLIF
measurements were taken at the flame zone in this study, where mainly
thermal NO forms. Prompt NO formation mainly occurs in hot combustion
gas in the downstream, as described by Fenimore et al. [64]. This is the
reason why in Figure 5-22, Avglnteny, peaks at ® = 0.94, whereas NO
measured by gas analyser peaks at stoichiometry. Gas analyser measure
the total NO produced in the flame but NO PLIF measurement looks
mainly at thermal NO formation at the flame front. Prompt NO
mechanism is of great importance in the pre-heated and pressurized
conditions as the reaction rates of Equation [ 2-5 ] and [ 2-6 ] are
dependent on pressure and temperature and increase exponentially with
temperature. So, it can be safely assumed that prompt NO pathways are

not as vital as thermal NO pathways for the flow conditions of this study.
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Figure 5-24: Numerical and experimental flame thickness as a function of ®. NO
PLIF intensity is shown for every TPs in the graph.

Figure 5-24 plots flame thickness as a function of ®. It must be noted
that flame thickness calculated from numerical methods (6p, d; and 6;)
are plotted on the primary axis and experimentally measured flame

brush thickness (6rame) is plotted on the secondary axis. Avglnteny,
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also shown in the graph as ® changes. §; and 6, values show decreasing
trend with increasing ®. As per the Equation [ 3-17 ] to calculate 6,
numerator of the equation is a sole function of AFT as inlet temperature
is fixed to 298 K and denominator value increases with ®. So, it is logical
that 6, is showing decreasing trend with ®. §; behaviour with ® was
explained in detail in section 3.10.1.3. Up to ® = 0.94, all the methods
to calculate flame thickness shows decreasing trend but Avglnteny,
values show opposite trend. Detailed premixed flame structure from Law
[194] is reproduced in Figure 5-25, clearly indicating §; and 65, with Y,
being the concentration of the fresh mixture and Y, = 0 indicating its
complete combustion upon crossing the flame. §; covers both the
preheat and reaction region, while &, indicates the reaction region. As ®
increases, both §; and §, decreases but the (5;/6p) ratio increases,
which is indicative to the total NO formation. Figure 5-25 shows very
good agreement in the trend between measured NO values and (8;/6p)

ratio with increasing O.
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- v | transport region | |Tad
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T, | equilibrium region

|/l 7 (+)
Yb — O

-
(&%)
(o)
(@)
S
4
Y v
Y

Figure 5-25: Schematic showing the detailed premixed flame structure including the
reaction zones. Reproduced from Law [194].
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Figure 5-26: Measured NO and (64;/6p) as a function of ®

Figure 5-27 and Figure 5-28 shows the OH* chemiluminescence and NO
PLIF images side by side for respective conditions in HPOC with colormap
normalized to maximum @ and to maximum intensity across the images,
respectively. Laser sheet path is indicated on the first images (refer to
Figure 5-27 (a) and Figure 5-28 (a)) of each figure. Both horizontal and
vertical axes are kept to same limits for OH* chemiluminescence and NO
PLIF images to compare the relationship between NO formation and heat
release better. Flows are from bottom to top in these images. NO
formations shown only in the path of laser sheet, as NO cannot be
excited without laser energy for the PLIF images, whereas OH*
chemiluminescence images shows the heat release in whole flame as

laser energy is not required for chemiluminescence measurements.
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Figure 5-27: Abel - transformed OH* chemiluminescence and NO PLIF images
side by side. Colormap normalised to maximum intensity across the images.
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Figure 5-28: Abel - transformed OH* chemiluminescence and NO PLIF images side
by side. Colormap normalised to maximum intensity at each ®.

151



Planar NO-LIF in Unconfined Flames

From Figure 5-27 NO PLIF images, there are differences in the intensity
level between the left and the right side of each images. The area of NO
formation and intensity level in the left side is higher than right side. As
discussed in Chapter 3.6.2, when laser sheet passes the flame from left
to right side, laser energy gets attenuated by UV from major product
species like CO2 and H20. So, as the laser sheet goes from left to right,
CO2 and H20 absorb laser energy in the flame. As a result, variations in
PLIF images can be seen at the either side of the burner exit.
Attenuation of laser light and the fluorescence signal can be corrected
on a pixel-by-pixel basis using Beer-Lambert’s Law [277] and absorption
coefficients known from shock tube measurements [158] and simple
consideration of geometry. Local flame temperature distribution is
needed for this correction because the CO, and H2O absorption
coefficients are temperature dependent and the CO, and H20 number
densities can be obtained using an assumption of thermal equilibrium in

the post-flame gas.

In Figure 5-28, where colormaps for both OH* chemiluminescence and NO
PLIF images are normalised to the maximum intensity across images,
clear differences in heat release level are apparent as the air flow
decreases. NO PLIF intensity increases with increasing heat release level
up to ® = 0.94, then NO PLIF intensity declines as ® moves towards
stoichiometry and beyond (refer to Figure 5-28 (d) and (e)), even with
apparent increasing heat release levels from respective OH*
chemiluminescence images. As discussed earlier, this is related to the

trade-off between availability of excess O, and flame temperature.

Figure 5-29 depicts the relationships between Avginteny,, Avginten,y,
maximum OH mole fraction from CHEMKIN calculations and .
Avglnten,y increases with increasing ® while maximum OH mole
fraction peaks at stoichiometry and then decreases at ® = 1.1 as
expected. The apparent opposite trend in Avgintenyy from
stoichiometry to rich condition can be attributed to the fact that OH*
chemiluminescence image for ® = 1.1 was taken in a different day than
the other points. Avginteny,values rise with increasing Avgintenyyand
maximum OH mole fraction values up to ® = 0.94, then
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Avgintenyovalues declines as there are no more excess Oz in the

mixture.
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Figure 5-29: Average NO PLIF intensity and maximum OH mole fraction from
CHEMKIN as a function of average OH* chemiluminescence intensity. @ is shown in
the graph for each point in increasing order.

5.3. CHEMKIN Simulation for NO prediction

It is of upmost importance of this study to have a verified model of
HPGSB-2 combustion rig. In that pursuit, the modified Valera model,
described in Chapter 4.2 is used to predict NO emissions and compare
the predictions with measured data by gas analyser at the exhaust of
HPOC. The model was modified to match the geometrical changes of the
open flame in HPOC. One PFR was used to model the post-flame zone,
changing from two PFRs in the original model. the second PFR was used
in the original model to simulate the converge geometry of the quartz at
the end. As the quartz was taken off to investigate open flame at HPOC,
second PFR was no longer necessary. ERZ was also taken off as the flame
was unconfined (refer to Chapter 6.1.3). Recirculation from CRZ was
kept to 70% into the flame zone reactor and from the flame zone, the
flow was split two ways: 80% and 20% into post-flame zone and CRZ
respectively. Figure 5-30 and Appendix E.9 represents the chemical

reactor network and required inputs for the model respectively.
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Figure 5-30: Model for open flame in HPOC

5.3.1. Benchmarking Modified Valera Model

Modified Valera model has been re-benchmarked due to the open flame
conditions in the HPOC and changes in the flow conditions mentioned in
Table 5-2. Heat loss rate for all four PSRs (Premixed, Flame, CRZ and
ERZ) in the model were set according to Table 5-3 to match the
experimental NO value of TP 8 at 1.1 bara, ® = 1.0 using GRI-Mech 3.0.
For the purpose of the following analysis, these values were assumed to

be constant for all other investigated conditions with different

mechanisms.
Table 5-3: Heat loss rates for different zones
Zone Heat loss rate (J/sec)
Mixing 0
Flame 7953
CRZ 1590

The volume of the mixing, flame zone, CRZ and ERZ kept similar to the
modified Valera’s model. NO predictions from all the mechanisms are
compared and analysed against the experimental concentrations in the

following sub-sections.
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5.3.2.  Comparison of Predictions with Measured NO Values

This model is used to compare the seven mechanisms mentioned in
Chapter 4.1 (GRI-Mech 3.0, Aramco 1.3, CRECK, SanDiego, USII, Ranzi-
Paolo, NUIGalway) with the flow conditions mentioned in Table 5-2.
Figure 5-31 compares the changes in measured and predicted NO as ®
changes. Table 5-4 shows the percentages differences in decimal by the
mechanisms compared to the experimentally derived data at the
unconfined HPGSB-2. NO predictions from each mechanism shows
upward trends up to stoichiometry, as thermal NO formation increases
with increasing AFT and then all the mechanisms predict low NO at ® =

1.1, as seen in measured NO.
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Figure 5-31: Experimentally measured and predicted NO as a function of ®

Following points can be made by analysing the graph carefully:

e GRI-Mech 3.0 mechanism underpredicts NO production at exhaust
for all the flow conditions, underpredicting NO formation in a
decreasing order (88%, 83% and 65% as ® increases up to 0.94 and
then underpredicts NO values by nearly 78% for ® = 1.1.

e Aramco 1.3 and NUIGalway mechanisms predictions trends closely
matches to the experimental trend than the other mechanisms, as
can be seen in Figure 5-31. On average, Aramco 1.3 underpredicts
NO production by 60%, while NUIGalway predictions are closer to

the measured values (48% underprediction on average).
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Table 5-4: Differences in predictions by the mechanisms compared to the experimental results (unconfined HPGSB-2)

Percentage (%) Change - in decimal

Eq. Ratio | PR AFT GRI- Aramco | NUIGalw | SanDiego | Ranzi- uslI CRECK
(D) (K) | Mech 3.0 1.3 ay Paolo
0.81 1.1 | 2013 -0.88 -0.55 -0.43 -0.55 -0.37 -0.34 -0.63
0.87 1.1 | 2097 -0.54 -0.63 -0.49 -0.58 -0.43 -0.35 -0.63
0.94 1.1 | 2180 0.54 -0.57 -0.38 -0.42 -0.26 -0.06 -0.40

1 1.1 | 2225 4.11 -0.50 -0.26 -0.09 0.16 0.46 0.38

1.1 1.1 | 2205 0.08 -0.78 -0.84 -0.65 -0.58 -0.60 -0.40
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e Ranzi-Paolo, USII and CRECK mechanisms overpredict NO
formation by factor of around one and a half. USIl mechanism
predictions are closest to the actual values for the lean
conditions, specially underpredicting NO production just by 6% at
® =0.9%4.

e SanDiego mechanism predicts NO production most accurately at
stoichiometry and its predictions at lean conditions are very
similar to CRECK mechanism predictions. Every mechanism
underpredict NO values at the only rich condition (® = 1.1)

considered here.

Overall, the model predicts the trends with increasing ® successfully
with all the mechanisms considered here. The predictions can be
improved substantially with volumetric inputs for the PSRs from CFD in

the open flame conditions.
5.3.3.  Sensitivity Analyses

Numerical simulation results provided theoretical details of the
important species obtained from the combustion process of the
conditions considered in this study in a swirl burner type combustion
system. Results show some discrepancies between the Kkinetic
mechanisms, a known fact among different mechanisms that is under
research. Interestingly, the temperatures predictions are considerably
homogeneous between the mechanisms. However, temperature
predictions from GRI-Mech 3.0 [260] are consistently lower than the
other mechanisms, which translate into similar trend for OH mole
fraction predictions in the flame zone and post flame zone reactors. NO
predictions do not coincide between reaction mechanisms as well, and
perhaps the highest discrepancies among other species of interest. This
Is a consequence of variation in sensitivity of a few reactions which are

analysed later in this Section.

From Figure 5-31, the predictions from the mechanisms starts to deviate
from the experimentally obtained NO emissions at ® = 0.94 by more than
30% and deviation is maximum at the stoichiometry and rich conditions

considered in this study. USII mechanism overpredicts NO emissions by
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some margin at stoichiometry while Aramco 1.3 and SanDiego
underpredicts NO emissions for all conditions with a smaller margin for
SanDiego. GRI-Mech 3.0 matches the experimental result at
stoichiometry but underpredicts NO emissions for all the other
conditions. Bearing this in mind, sensitivity analyses of the species of
interest have been carried out with mechanisms GRI-Mech 3.0, Aamco
1.3 and SanDiego at ® = 0.94 - 1.1.

5.3.3.1. [OH] Sensitivity Analysis

The OH radicals are found at large concentrations in the reaction zones
of hydrogen based fuels as they play an important role to oxidise the fuel
and reduce the ignition delay time [58]. The net reaction rate sensitivity
analyses of [OH] in the flames considered here have been carried out, to
identify the key reactions involved in the production and consumption of
OH radical in the reaction zone, Figure 5-32. The key elementary

reactions influencing [OH] identified from the analyses are as follows:

H+ 04> O+ OH (R1)
H+OH+M ¢ H,0+ M (R2)
OH + CO <> H + CO; (R3)
HCO+M ¢>H+CO + M (R4)
HCO + OH <> CO + H,0 (R5)
OH + HO; ¢> 07 + H,0 (R6)
H + Oz + H20 <> HO; + H,0 (R7)

The chain branching reaction H + Oz <> O + OH (R1) is one of the most
important elementary reactions in combustion that provides the
necessary OH radicals in any hydrogen based flame. The Hx/0:
dissociation/recombination reaction H + OH + M < H.O + M (R2) found
to play important role on laminar flame speed but no effect on ignition
delay time [278]. Carbon monoxide is a major intermediate species and
its oxidation to CO. through the reaction OH + CO < H + CO2 (R3) is

responsible for a significant fraction of the exothermicity accompanying
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hydrocarbon oxidation [279]. Nearly all carbon atoms in the hydrocarbon
fuels are converted to CO through formaldehyde (CH.0) and/or formyl
radicals (HCO) [57], [280]. HCO converts to CO during the high-
temperature combustion of hydrocarbons through the reactions HCO + M
< H+ CO+ M (R4) and HCO + OH ¢« CO + H20 (R5). The reaction OH +
HO2 <> 02 + H20 (R6) is an efficient removal mechanism for HOx radicals
(OH and HO2) and produce oxygen molecule and water in the process.
The elementary reaction H + O2 + H20 <> HO2 + H20 (R7) is exclusively
present in M1 and plays an important role in [OH] consumption in the
mechanism. Since R7 does not feature in the other mechanisms, it has
been excluded from comparative sensitivity analyses between the

mechanisms.

Figure 5-32 compares normalized sensitivity coefficients computed
utilizing mechanisms M1 - M3 at ® = 0.94 - 1.1. Reactions R1 and R2
perform key roles in the net OH radical concentration for all three
conditions considered here with all three mechanisms. However, R1
displays positive sensitivity whereas R2 shows negative sensitivity for
[OH], indicating both the reactions occurring at forward direction.
Interestingly, M1 shows highest sensitivity for R1 and least sensitivity for
R2 among other mechanisms. Sensitivity from M3 and M4 for these two
reactions are quite consistent with each other. The discrepancies in the
sensitivity coefficients among the mechanisms can be attributed to the
different rate constant (k) values for these reactions. k values for M3 and
M4 are very close to each other. Sensitivity coefficients for these two
reactions increases as flame moves towards rich condition, more than
double at ® = 1.1, compared to ® = 0.94. From this observation, it can
be inferred that hydrogen atom plays more crucial role at R1, as
availability of O2 is reducing at richer conditions. Reaction R2 is
dependent on R1, as R1 produces OH radicals and R2 consumes OH

radicals.
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Figure 5-32: Computed normalized sensitivity coefficients of [OH] on net reaction
rates at the flame zone reactor for (a) ® = 0.94, (b) ® = 1.0, (c) ® = 1.1. Units [-]

Reaction R3 shows positive sensitivity at the lean condition and
stoichiometry but displays negative sensitivity at the rich condition for
all three mechanisms. It must be noted that positive sensitivity for R3 is
reduced at stoichiometry compared to the lean condition. This trend in
sensitivity for R3 can be attributed to the production of CO2 and CO. CO2
production is highest at the lean condition, lower at stoichiometry and
lowest at the rich condition, where CO production takes over due to
reduction in excess O.. Hence, R3 operates backwards for the lean
condition and stoichiometry, producing OH radicals but the reaction
operates at forward direction at ® = 1.1 by consuming OH radicals.
Formyl radical reactions R4 and R5 have positive and negative
sensitivity, respectively for all the conditions and mechanisms.
Sensitivity coefficients for R4 and R5 almost similar for ® = 0.94 and 1.0
but almost doubles for ® = 1.1. This can be attributed to the highest
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HCO formation at rich condition due to the increased hydrocarbon
content. Reaction R6 has negligible effect on overall OH production for

all the conditions.
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Figure 5-33: Quantitative reaction path diagram showing NO formation/consumption
pathways predicted by GRI-Mech 3.0 mechanism at flame zone reactor for CH,/air
flames at (a) ® = 0.94, (b) ® = 1.0, and (c) ® = 1.1. Units [moles/cm3.s]

5.3.3.2. [NOQO] Sensitivity Analysis

[NO] Sensitivity analyses is carried out in this Section with the aids of NO
formation pathways and absolute rate of production (ROP) for NO to
identify and analyse various paths of NO formation and consumption for
premixed CHgs/air flames in industry scale swirl burner at lean to rich
conditions. Figure 5-33, Figure 5-34 and Figure 5-35 show NO formation
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pathways at the flame zone reactor predicted by GRI-Mech 3.0, Aramco
1.3 and SanDiego mechanisms, respectively at the flame zone reactor for
®©=0.94-1.1.

GRI-Mech 3.0 mechanism predicts NO formation (Figure 5-33) mainly by
prompt mechanism at the flame zone reactor and NO production
increases as ® increases, due to increasing availability of hydrocarbon
radicals. Molecular N2 converts to atomic nitrogen and HCN by reacting
with CH radical at the lean condition. However, as the ® increases,
flame temperature increases, resulting in introduction of thermal
pathway to convert N2 to N, in addition to the prompt pathway. Nitrogen
atom converts to NO by reacting with OH and Oz, while some of the NO
converts back to N through the reactions C + NO <> CO + N and CH + NO
<> N + HCO. HCN converts to NCO by reacting with atomic oxygen, and
NCO subsequently reacts with atomic hydrogen to produce NH radical.
Interestingly, some of the NCO react with O and OH radicals to produce
NO at the lean condition but these reactions have very minimal effect at
the higher ® considered here due to reduction in the production of the
radicals. NH converts to NO following two different pathways: small
amount directly converting to NO by reacting with O radical and mainly
through NH => HNO => NO route. Substantial amount of NH convert to
atomic nitrogen through the reactions NH + H <> N + H> and NH + OH <
N + H20, which in turn produce further NO.

NO is recycled back to HCN through reactions with HC radicals and
produce O and OH radicals in the process. NO also reacts with CH:
radicals to produce HNCO and H, and these two products react with each
other to produce NH radical and CO. NH; radicals react with H and OH
radicals to produce NH, and with atomic oxygen to convert to HNO.
Some of the NO molecules convert to CN at the rich condition by

reacting with C.

162



(b)

NO Formation Analysis using Chemical Reactor Modelling and LIF Measurements on Industrial Swirl Flames

1.

()

0.91E-8

1.06E-8

~
2.455—&1 \1-0458

@ 2.05E-8 @

.65E-8
2.45E"‘Sl 0.68E-8

Xw = wﬂ
3.51E-8

——
— 1.66E-8 0.85E-8 ~

0.80E-8 L
3.45E-8
YS&E-&

2768

FE 4.39E-8 JS.BEE-S
2.94E-8 ! 1.49E-8 @ "
0.94E-8
0.56E-8 @ @
| 7.28E-8 I

2.78E-8

4.18E-8

0.96E-8

Figure 5-34: Quantitative reaction path diagram showing NO formation/consumption
pathways at flame zone reactor predicted by Aramco 1.3 mechanism for CH,/air
flames at (a) ® = 0.94, (b) ® = 1.0, and (c) ® = 1.1. Units [moles/cm3.s]

Figure 5-34 illustrates NO formation pathways at the flame zone reactor
predicted by Aramco 1.3 mechanism at (a) ® = 0.94, (b) ® = 1.0 and (c)
® = 1.1. Interestingly, despite employing the same nitrogen chemistry as
M1 mechanism, there are significant differences in the pathway
predictions between these two mechanisms. Aramco 1.3 predicts NO
formation mainly through NNH pathway at the lean condition and prompt
pathway becomes more important with increasing ® due to increase in
hydrocarbon radical’s availability. Molecular N2> converts to NNH through
the reactions N2 + H <> NNH and N2 + H + M <> NNH + M, and some of
the NNH converts back to N> through the reaction NNH + H <> H> + No.
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The latter reaction becomes more prominent at the rich condition,
resulting in decrease in NNH production from N2. NNH converts to NH and

NO by reacting with O radicals.

@ @
N () ——

()

3 7.54E-8
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1.376-8
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23.3E-8

Figure 5-35: Quantitative reaction path diagram showing NO formation/consumption
pathways predicted by SanDiego mechanism at flame zone reactor for CH,/air
flames at (a) ® = 0.94, (b) ® = 1.0, and (c) ® = 1.1. Units [moles/cm?3.s]

N20 intermediate pathway also contributes to NO production (Figure 5-34
(a)) through the reactions N2O + H <> NH + NO and N20 + O <> 2NO at ®
= 0.94. However, this pathway does not contribute at higher equivalence

ratios due to decrease in O radicals’ production and available third body,
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as N2 converts to N2O through the third body reaction N2 + O(+M) <>
N2O(+M).

NO pathways at the flame zone reactor predicted by SanDiego
mechanism are shown in Figure 5-35 for (a) ® =0.94, (b) ® = 1.0 and (c)
® = 1.1. Interestingly, predictions from SanDiego mechanism includes
both prompt and NNH pathways at ® = 0.94, with a small contribution
from thermal pathway. However, NNH pathway becomes negligible,
compared to the more prominent prompt pathway at higher ®
conditions. This behaviour can be attributed to the balance between
NNH and N2 conversions and increased availability of HC radicals. The
reaction N + NO <> Nz + O operates in the forward direction at the rich
condition from M3 mechanism prediction, due to increase in NO
production and decreased O radical availability, resulting in negligible

contribution from thermal pathway, Figure 5-35 (c).

From the simulation results, NO production in the post flame zone
reactor is almost doubled for ® = 0.94 and 1.0 by the Aramco 1.3
mechanism prediction, whereas the increase in NO production in the PFZ
reactor is minimal by the GRI-Mech 3.0 mechanism prediction and small
increase from the prediction by the SanDiego mechanism. Hence, NO
formation pathways in the post flame zone reactor is analysed in Figure
5-36 for (a) ® = 0.94, (b) ® = 1.0 and (c) ® = 1.1. It must be noted that

Figure 5-36 displays NO formation pathways 25 cm from the burner exit.

Thermal pathway is the most prominent NO formation mechanism in the
post flame zone reactor, as can be seen in Figure 5-36 due to increased
temperature in the zone and O radical availability. NO formation
decreases significantly at the rich condition due to reduction in O and
OH radical production. NNH and N20 intermediate pathways are also
predicted to have small contributions towards NO production at the post
flame zone. Interestingly, prompt pathway does not play any role in the
post flame zone NO formation. This can be attributed to HC radicals

already being burnt out in the flame zone.
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Figure 5-36: Quantitative reaction path diagram showing NO formation pathways
predicted by M2 mechanism at post flame zone reactor (25 cm from burner exit) for
CH,/air flames at (a) ® = 0.94, (b) ® = 1.0, and (c) ® = 1.1. Units [moles/cm?3.s]
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Important reactions affecting NO production are identified next by
conducting [NO] sensitivity analyses at the flame zone, predicted by M1,
M2 and M3 mechanisms in the CHs/air flame at ® = 0.94 - 1.1. From the
NO formation analyses earlier, the key elementary reactions influencing

the NO formation are as follows:

CH+N2¢> HCN +N (R8)
CH+02¢> 0+HCO (R9)
CH + H,0 <> H + CH,0 (R10)
0 + CH3 <> H + CH,0 (R11)
NNH + O ¢> NH + NO (R12)
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CH; + OH ¢> CH + H,0 (R13)
N+NO <> Ny+0 (R14)
NH + NO ¢> N,0 +H (R15)
N,O + H <> N, + OH (R16)
N2 + O(+M) & N2O(+M) (R17)
H + O2(+M) ¢ HO2(+M) (R18)

The reaction CH + N> <> HCN + N (R8) is the most important initiating
reaction of the prompt pathway NO formation implemented in all the
three mechanisms considered here. The next two reactions CH + Oz <> O
+ HCO (R9) and CH + HO ¢ H + CH2O (R10) prevent molecular N2 to
convert to atomic N through prompt pathway by CH radical reacting
otherwise. The reaction O + CHz <> H + CH20 (R11) avert CHs radicals to
convert to the important CH radicals, hence reducing NO production
from the prompt pathway. The reaction NNH + O <> NH + NO (R12) is the
key chain termination reaction for NO formation through NNH pathway.
The reaction CH2 + OH «<> CH + H>O (R13) converts CH> radicals to CH
radicals, thus improving NO formation through prompt pathway. The
next reaction N + NO <> N> + O (R14) is the well-known key step for NO
production in the thermal pathway. The next three reactions NH + NO
&> N20 + H (R15), N20 + H <> N + OH (R16) and Nz + O(+M) <> N2O(+M)
(R17) are representing the N2O intermediate pathway. The
recombination reaction H + O2(+M) <> HO2(+M) (R18) consumes
molecular oxygen and thus restricts the process of NO formation.
Reactions R17 and R18 along with R2 only feature in post flame zone

[NO] sensitivity analyses.

Figure 5-37 shows the normalised sensitivity coefficients of NO
production at the flame zone reactor for GRI-Mech 3.0, Aramco 1.3 and
SanDiego mechanisms at (a) ® = 0.94, (b) ® = 1.0 and (¢c) ® = 1.1.
Reaction R8 displays highest positive sensitivity for GRI-Mech 3.0 and
SanDiego mechanisms. Sensitivity for R8 increases with increasing ® due
to increasing fuel content in the mixture. Conversely, reactions R9, R10

and R11 have high negative sensitivity coefficients as these reactions
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restrict HC radicals to react with molecular nitrogen. Impact of R9

reaction on [NO] decreases with increasing ® due to reduction in O

availability, while sensitivity of reaction R10 increases as @ rises due to

increasing production of H20. Interestingly, sensitivity for reaction R11

stays nearly constant for all three conditions by SanDiego but increases

for Aramco 1.3 mechanism and decreases for GRI-Mech 3.0 mechanism as

® increases. The differences in this behaviour can be attributed to the

pre-exponential factor (A) values for this reaction. The A values for
reaction R11 are given as 5.060E+13, 5.540E+13 and 8.430E+13 for GRI-

Mech 3.0, Aramco 1.3 and SanDiego mechanisms, respectively.

@
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Figure 5-37: Computed normalized sensitivity coefficients of [NO] on net reaction
rates at the flame zone reactor for (a) ® =0.94, (b) ® = 1.0, (c) ® = 1.1. Units [-]

The contributions from NNH pathway (reaction R12) has the highest

impact on Aramco 1.3 mechanism as it was seen earlier in NO formation
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pathway analysis. Sensitivity coefficients for reaction R12 decreases with
increasing @, as O radical production reduces. Reaction R13 is a key
reaction to produce CH radicals which in turn initiate NO formation
through prompt pathway. Like reaction R11, reaction R13 displays
discrepancies in terms of trend in sensitivity coefficients values for the
three mechanisms compared here. Sensitivity coefficients value for
reaction R13 has decreasing and increasing trend for GRI-Mech 3.0 and
Aramco 1.3 mechanisms, respectively, while the value increases for
SanDiego mechanism at first and then decreases as @ increases.
However, this reaction has the same A value of 1.130E+07 for all three
mechanisms. This behaviour can be attributed to the differences in CH>
and OH species productions predicted by the three mechanisms, Figure
5-38.
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Figure 5-38: Variation of CH, and OH mole fraction at the flame zone reactor as a

function of ®.

NO formation through thermal pathway (R14) and N2O intermediate
pathway (R15 and R16) have very small impact compared to prompt and
NNH pathways for all three mechanisms under investigation in the flame
zone reactor. Aramco 1.3 has the highest sensitivity coefficients value
for reactions R14, R15 and R16. Sensitivity for reaction R14 decreases as

® increases due to decrease in O radical production. Moreover, at higher
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@, mechanisms GRI-Mech 1.3 and SanDiego predict the reaction R14 to

operate in the opposite direction to facilitate NO consumption.
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Figure 5-39: Computed normalized sensitivity coefficients of [NO] on net reaction
rates at the post flame zone reactor (25 cm from burner exit) for (a) ® = 0.94, (b)
®=1.0, (c) ®=1.1. Units [-]

Next, [NO] sensitivity analysis at the post flame zone reactor are carried
out to identify the key reactions and NO formation pathways. Figure 5-39
compares the normalised sensitivity coefficients at 25 cm from the
burner exit in the post flame zone reactor by the mechanisms at (a) ® =
0.94, (b) ® = 1.0 and (c) ® = 1.1. Contrary to the flame zone, prompt
pathway (reaction R8) has very minimal contributions towards NO
production at the post flame zone. Thermal pathway (reaction R14)
followed by NNH pathway (reaction R12) and N2O intermediate pathway
(reactions R15-R17) become the main contributors of NO formation at ©

= 0.94 and 1.0. However, at the rich condition, NO production reduces
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drastically due to reduction in oxygen and temperature. Reactions R2
and R18 display negative sensitivities for all three conditions and by all
three mechanisms as they consume OH radical and molecular oxygen

which are crucial for NO formation.
5.4. Summary

The objective of this chapter was to validate NO PLIF measurements by
examining the formation of NO through the flame front of CHs/air flames
in Bunsen burner and HPOC in unconfined configuration and comparing
the results with theoretical calculations from CHEMKIN. This was
achieved through a qualitative NO PLIF experimental campaign,
incorporating careful control of the experimental boundary conditions
and CHEMKIN analysis. The Following observations can be made from this

chapter:

e For the 25 mm Bunsen burner, the flame stabilized closer to the
nozzle and heat release intensity increases between 10 - 20 mm
from burner exit as ® decreased, resulting in higher NO
formation. Avglinteny, increases with AFT and decreases with rich
® as per Zel’dovich mechanism. Decreasing trend of maximum CH
and CH2 mole fraction calculated from CHEMKIN with increasing ®
was correlated with decreasing AFT and increasing activation

energy requirements.

e For the open flame at HPOC, the flame reaction zone retracted
axially downstream and radially outward as ® increased. As @
increased and air flow decreased, the flame got wider, as the CRZ
got stronger due to more relative fuel content in the flow. With
decreasing gas flow velocity and increasing turbulent flame
velocity, the flame stabilized closer to the burner nozzle exit.
PLIF images indicated NO formation got stronger as premixed gas
moved towards stoichiometry and then got weaker in rich
conditions. Prompt NO pathways found responsible for differences
in peaks for AvgInteny,(® = 0.94) and measured NO (® = 1.0) by

gas analyser. Laser energy attenuation by UV absorption from CO;
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and H20 was identified as the reason behind the asymmetry in the
NO PLIF images.

Simple changes were made to the modified Valera model to model
the open flame at HPOC. All seven mechanisms considered here
exhibited same trend with increasing ® as the measured NO
trend, which again validated the model at atmospheric conditions.
It can be concluded from the results, the model prediction may
improve if the recirculation values and volume values for flame

zone, CRZ and ERZ is derived from CFD for open flame conditions.

Chemical reactor modelling of the unconfined HPGSB - 2 was
undertaken to locate the source of NO formation observed in the
experimental data. Discrepancies were found between the
chemical kinetic mechanisms’ predictions on NO formation
pathways. Quantitative reaction path diagrams showed the
prompt pathway to be the dominant source of NO formation at
the flame zone with very low contribution from thermal pathway
at the stoichiometry and rich conditions. However, significant
contributions from the NNH pathway at the flame zone were
predicted by Aramco 1.3 mechanism with increasing contributions
from prompt pathway as @ increases. SanDiego mechanism
predicted NO formation mainly from prompt pathway with small
contributions from NNH pathway at ® = 0.94, and thermal
pathway contributed by a small margin at the lean and
stoichiometry condition. Sensitivity analyses at the post flame
zone indicated NO formation contributions mainly from thermal
pathway due to high temperature, followed by the NNH and N2O

intermediate pathways.
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6. Planar NO-LIF in Confined Flame

In the previous chapter, NO formation in the open flames were discussed

and analysed through non-intrusive LIF and chemiluminescence
measurements. In this chapter, NO formation is investigated in confined
flames using two different excitation wavelengths (285.16 and 226.03
nm) as discussed in Chapter 3.3, and compared with comparative data
from CHEMKIN calculations. 285.16 nm NO excitation wavelength is used
to analyse NO formation at typical gas turbine running conditions in the
industry. Effects of adding H> in CHs flames on flame shapes and NO
formation are also considered here. Results from these different
excitation wavelengths are compared and verified against the measured
data by gas analyser. Effect of confinement on the flame shape and NO
formation are also discussed here. Finally, all the investigated conditions
are simulated using the modified Valeria model (refer to Chapter 4.2.2)
with some changes to accommodate open confinement HPOC
configuration. NO predictions from the mechanisms detailed in Chapter

4.1 are compared with the measured values at exhaust.
6.1. 285.16 nm Excitation

285.16 nm excitation wavelength was used to conduct qualitative NO-
PLIF measurements in the HPOC, using HPGSB-2 with CHs and CH4/H>
fuels at various ® and experimental data is validated by comparing with
the data from numerical analysis in CHEMKIN platform, using GRI-Mech
3.0 mechanism [260]. Numerical analysis in CHEMKIN was completed

using the same methodology described in Chapter 3.10.
6.1.1. Base (® =0.55-0.65)

NO PLIF investigations were conducted for Base fuel at a range of O in
the operating region of power generation [3], [281]. This lean range of ©
was chosen for low AFT and corresponding effects on emissions and
combustion stability. Many previous investigations were conducted by
researchers to understand the flame shape, stability and exhaust
emissions in these ranges of ® [282]-[288]. To the author’s knowledge,
investigations were done herein for the first time to understand the

changes in NO formations as ® varies in an industry scale swirl burner
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with gaseous fuels by conducting NO PLIF experiments. The purpose of
this investigation was to monitor the changes in NO formation and
correlate this with flame shape, heat release intensity and also evaluate
the relationships between these characteristics, which are vital for safe
operation in these ranges. OH* chemiluminescence data were taken at
each point to understand the flame shape and correlate NO formation
with heat release. Table 6-1 displays the flow conditions for this

investigation.

Table 6-1: Flow conditions of Base fuel in HPGSB-2

Test CHa Air Entry Equivalence AFT (K) CHa Air Total Laminar
point mass mass Temperature, ratio (®) speed speed flow Flame
flow flow T2 (K) (m/s) (m/s) speed speed

(a/s) (9/s) (m/s) (m/s)

10

0.835

26.11

573

0.55

1788

1.93

33.47

35.4

0.499

11

0.835

23.93

573

0.6

1878

1.93

30.68

32.61

0.577

12

0.835

22.09

573

0.65

1962

1.93

28.32

30.25

0.682

6.1.1.1. OH* Chemiluminescence Comparison

Changes in heat release intensity and flame stabilization locations as ®
varies at Base fuel are presented in terms of Abel-transformed OH*
chemiluminescence images in Figure 6-1. Colormaps are normalized to
the maximum intensity at each image and across the column for left-side
and right-side images, respectively in Figure 6-1. Left-side images show
the locations of heat release and flame stabilization points, whereas

right-side images display the changes in heat release level as @ varies.

From Figure 6-1, the heat release zone gets shorter and stabilizes closer
to the burner exit as ® increases. This corresponds to the flow
conditions illustrated in Table 6-1, where total flow speed decreases but
SL increases with increasing ®. And as the turbulent flame speed is
intricately related to S. for CH4, turbulent flame speed matches the flow
speed closer to the burner exit at ® = 0.65, creating a CRZ closer to the
burner exit, compared to the leaner conditions. But as the flow gets
leaner, flow speed increases, forcing to form CRZ further away from the

burner exit, hence flame stabilizes further away.
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When the Abel-transformed OH* chemiluminescence images are
normalized to the maximum intensity across the images (refer to Figure
6-1 right-side images), an observable increase in heat release is evident
as @ increases. Heat release intensity and flame temperature increase
can be attributed to the increased fuel contents in the unburned
mixture. This is further validated from CHEMKIN simulation results shown
in Figure 6-2, where (a) volumetric heat release and (b) maximum OH
mole fraction is plotted as a function of 1-D spatial concentration
profile. Maximum OH mole fraction and volumetric heat release rate
increases with @ as it is apparent in Figure 6-1. This is further validated
in Figure 6-3, where maximum OH* intensity and maximum OH mole
fraction calculated from CHEMKIN at each point are plotted as a function

of ®. Both increases as ® increases as expected.
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Figure 6-1: Abel-transformed OH* chemiluminescence images at varying O®.
Colormap normalised to maximum OH* intensity at each ® and across column on
the left side and right side, respectively. Flow direction is from bottom to top.
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Figure 6-2: CHEMKIN results showing (a) volumetric heat release rate and, (b) OH
mole fraction as a function of 1-D spatial concentrations profiles for ® = 0.55 - 0.65
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6.1.1.2. NO PLIF Comparison

Qualitative NO PLIF experiments were conducted at the flow conditions
described in Table 6-1 to analyse the changes in intensities and locations
of NO formation as @ varies. As ® increases, flame temperature
increases, contributing increased NO formation in the flame from
Zel’dovich pathway (refer to Chapter 2.1.1). This is evident from the
experimental results presented in Figure 6-4, where colormaps are
normalized to the maximum intensity at each image and across the
column for left-side and right-side images, respectively. Left-side images

show the locations of NO formations near the burner exit, whereas right-
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side images display the changes in NO formation intensity level as ©®
varies. This increased trend in NO formation is further validated in
Figure 6-5, where Avginteny, and AFT are plotted as a function of ®.
With increasing ®, availability of excess Oz in the flame decreases but
still enough to burn the increasing fuel contents completely, resulting in
increased flame temperature, contributing to increasing NO intensity

trend.
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Figure 6-4: NO PLIF images at varying ®. Colormap normalised to maximum
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respectively. Flow direction is from bottom to top.
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NO was measured at exhaust by the gas analyser at each point and is
plotted with Avginteny, against ® in Figure 6-6. Both measured NO at
exhaust and Avginteny,from NO PLIF data show the same increasing
trend as @ increases. It must be noted that measured NO at exhaust
accounts for both thermal and prompt NO. As NO PLIF measurements
were taken at burner exit, it can be safely assumed that NO formations
captured were mainly from thermal pathway. As measured NO by gas
analyser follows the same trend as Avginteny, from NO PLIF
experiments, it can be concluded that NO formed from prompt pathway
downstream follows the same increasing trend as ® increases. This
conclusion agrees with Figure 6-7, where Avglinteny, and Q’ are plotted
against maximum CH mole fraction calculated from CHEMKIN for each
points under investigation. Respective ® for each point is also shown on
the graph. Maximum CH mole fraction increases with ®, contributing to
increasing NO formations downstream from prompt pathway. Volumetric
heat release calculated from CHEMKIN also increases as ® increases. This
behaviour is consistent with the experimental data from OH*

chemiluminescence and NO PLIF.
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Figure 6-8 plots flame thickness as a function of ®. Flame thickness is
calculated in four different ways both numerically and experimentally as
mentioned earlier in Chapter 3.10.1.2. It must be noted that flame
thickness calculated from numerical methods (6p, d; and 6;) are plotted
on the primary axis and experimentally measured flame brush thickness
(6f1ame) is plotted on the secondary axis. Avginteny, also shown in the
graph as ® changes. &, and 6¢qme Show the same increasing trend as
Avglnteny, with increasing ®. As mentioned earlier in Chapter 3.10.1.1,
6:is the difference between maximum OH and CH mole fraction location
calculated from CHEMKIN at each point. Location of the maximum CH
mole fraction shifts to the right quicker than the maximum OH mole
fraction as ® increases (refer to Figure 6-10), resulting in larger §; with
increasing ®. &f4me is calculated from the experimental flame shape
from OH* chemiluminescence images (refer to Chapter 3.10.1.2), which
contributes to the linearity between 65,4, and NO formation. 6, and &,
represent the flame reaction thickness and whole flame thickness
including preheat zone, respectively. They both show decreasing trend
with increasing ® but rate of decrease for 6, is slower than §; as ©
increases, resulting in relatively larger flame reaction thickness. This

relatively larger flame reaction thickness allows more reactions to take
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place as residence time increases, hence Avginteny, value increases.
Figure 6-9 shows very good agreement in the trend between measured
NO values and (6;/6p) ratio with increasing ®. (6;/6p) ratio represents

the relative change in flame thickness as ® varies.
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Figure 6-11 and Figure 6-12 shows the OH* chemiluminescence and NO
PLIF images side by side for the flow conditions mentioned in Table 6-1
with colormap normalized to maximum ® and to maximum intensity
across the images, respectively. The laser sheet path is indicated by the
red dashed line on the first images (refer to Figure 6-11 (a) and Figure
6-12 (a)) of each figure. Both horizontal and vertical axes are kept to the
same limits for OH* chemiluminescence and NO PLIF images to compare
the relationship between NO formation and heat release more
effectively. Flows are from bottom to top in these images. NO
formations shown only in the path of laser sheet, as NO cannot be
excited without laser energy for the PLIF images, whereas OH*
chemiluminescence images shows the heat release in whole flame as

laser energy is not required for chemiluminescence measurements.
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Figure 6-11: Abel - transformed OH* chemiluminescence and NO PLIF images
side by side. Colormap normalised to maximum intensity at each O.
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From Figure 6-11, the flame is lifted from burner exit as ® decreases. As
mentioned earlier, NO PLIF measurements were taken at the burner exit.
These two effects, combined with increase in flame thickness, flame
temperature result in increasing NO formation at the burner exit with
increasing ®. Figure 6-12 demonstrates the increase in heat release level
intensity and consequent increase in NO formation intensity as @

increases.
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Figure 6-12: Abel - transformed OH* chemiluminescence and NO PLIF images
side by side. Colormap normalised to maximum intensity across the images.

183



Planar NO-LIF in Confined Flame

Relationships between Avginteny,, Avginten,y, maximum OH mole
fraction from CHEMKIN calculations and ® are shown in Figure 6-13 for
the flow conditions under investigation here. Avginteny, shows linear
increasing trend with increasing Avginteny,y and maximum OH mole

fraction as expected.
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6.1.2. Effects of Hydrogen Addition

A variety of low carbon intensity hydrogen production methods are
currently being explored to enable the use of hydrogen as an energy
vector within existing natural gas infrastructure [32], [289]-[292].
Extensive studies regarding the changes in combustion characteristics
witnessed upon H> addition to CHs/air flames measured using various
laboratory apparatus have been conducted, summarised in [293]-[296].
The changes in the locations and intensities of NO formation at the
burner exit with Hy addition has not been investigated so far to the
author’s best knowledge. Consequently, NO PLIF experiments were
conducted in preheated FARH, fuels (85% CH4/15% H.) at atmospheric
pressure. OH* chemiluminescence data were taken at each point to

understand the flame shape and correlate NO formation with heat
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release level. Table 6-2 displays the flow conditions for this

investigation.

Table 6-2: Flow conditions of FARH, fuel in HPGSB-2

Test CHa Hz Air Entry Equivalence AFT (K) Total Laminar
point mass mass mass Temperature, ratio (®) flow Flame
flow flow flow T2 (K) speed speed

(9/s) (9/s) | (9/9) (m/s) (m/s)

13 0.806 0.018 26.32 573 0.55 1793 37.12 0.502

14 0.811 0.018 24.06 573 0.6 1882 34.23 0.653

15 0.801 0.018 22.17 573 0.65 1966 32.84 0.752

6.1.2.1. Changes in Flame Stabilization & Heat Release Levels

To isolate the influence of hydrogen addition on premixed CHs flame
stabilization mechanisms, experiments were conducted at the same O
with a fixed HPGSB-2 burner geometry and nominally similar flow and
turbulence conditions (refer to Table 3-7). Substantial changes in flame
shapes and stabilization locations are observed from the Abel-
transformed OH* chemiluminescence images in Figure 6-14 and Figure
6-15, when 15% H. was added with CHs4. Figure 6-14 and Figure 6-15 show
the OH* chemiluminescence images for BASE and FARH: fuels side by side
at the same ®. Images are normalised to maximum intensity at each ©
for Figure 6-14 to illustrate the changes in flame shapes and stabilization
points with H. addition, whereas at Figure 6-15, colormap is normalised
to the maximum intensity across images to display the changes in heat

release level as ® changes and H,; added to CHa.

From Figure 6-14, both BASE and FARH. flames are observed to stabilize
along the outward expanding shear layer between the CRZ and ERZ,
yielding conical, V-shaped flames which expand radially outward from
the burner exit centreline (r = 0 mm). However, the influence of
hydrogen addition is immediately apparent, as the flames are observed
to transition upstream towards the burner exit nozzle at each O,
compacting the heat release zones. In addition to that, CRZ appears to
envelop larger area with H, addition. This is the result of the

compounding effect of the thermo-diffusive behaviour of CHs-H, blends
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with increased turbulence and chemical reactivity as the hydrogen
encourages chain-branching reactions, thus the heat release proceeds on
a reduced chemical time scale while the flow time scale has been held
nominally constant. According to Runyon et al. [223], turbulent burning
velocity influences the flame structure and stabilization under elevated
conditions, and this will be further influenced by the fuel compositions
in the reacting swirl flow. To that end, a study by Kido et al. [297]
investigated turbulent flame velocity of CHs-H> fuel blend, which is of
significant interest to understand the flame shapes and stabilization
points of FARH blends. Results from this study are given in Figure 6-16,
where turbulent flame velocity is plotted as a function of increased
turbulence intensity at ® = 0.8 and atmospheric conditions. It can be
observed that turbulent flame velocity increases with increasing
turbulent intensity, although it is not apparent if the trend is
nonmonotonic or saturates. What is perhaps most interesting in this data
is the influence of H> addition assuming a fixed turbulence intensity.
With the addition of H,, the turbulent burning velocity increases
compared to pure CHs at an assumed constant turbulence intensity.
While this data was captured at atmospheric temperature and pressure
conditions, it is indicative of a difference in behaviour between these
two fuels which, in other fundamental measures such as S. and AFT,

have been observed to increase reactivity.

As a comparison between the varying fuel compositions and the
distribution of heat release areas and flame shape, Table 6-3 displays
the changes in flame angle (a) with change in fuel composition and
equivalence ratio. The derived flame angle for CHs/air flame at ® = 0.65
is shown in Figure 6-14 (c) for reference. This provides a quantitative
measure of the mean heat release distribution within the field of view
and highlights the influence of variable fuel composition, pressure, and
turbulence on observed flame stabilisation locations. Further information
on this methodology can be found in the work by Han and Hochgreb
[298]. With addition of hydrogen, flame angle decreases due to high
diffusivity of H.. Interestingly, flame angle also decreases with

increasing ®. This can be attributed to methane’s thermo-diffusive
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response under lean conditions as with increasing ®, Re decreases for

the conditions considered here.
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Figure 6-14: Effects on flame shapes with 15% H, additions. BASE fuel on left
side and FARH, on right side. Colormap normalised to maximum intensity at each
®. The black and red circles indicate the changes in flame attachment and CRZ
envelope, respectively with H, addition.

Table 6-3: Changes in flame angle (a) with fuel and equivalence ratio (®)

Flame angle (a)
Equivalence Ratio (®) CHg-air CHas-Hz-air
0.55 56.47° 53.92°
0.6 55.95° 51.77°
0.65 52.18° 48.41°
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A relatively small amount of H> is seen to augment the burning intensity
of CHs. Relative increase in S, Q” and maximum mole fraction of H, O
and OH radicals were calculated from CHEMKIN simulations using GRI-
Mech 3.0 mechanism [260] and plotted against ® in Figure 6-17Figure
6-18 and Figure 6-19, respectively. As shown in Figure 6-18, the burning
intensity of CHs is significantly enhanced, consequence of the facilitated
diffusion and reactivity of Ho. This enhanced heat release augments as ®
decreases, with a relative increases in volumetric heat release rate of =
12% at ® = 0.55, analogous to relative increases witnessed in S (refer to
Figure 6-17). Recently, Nilsson et al. [299] experimentally and
numerically studied the chemical kinetic effects of H> enrichment (up to
50% volumetric) on the S. of natural gas blends containing various
amount of higher hydrocarbons. Their modelling indicates that H:
addition to CHs affects the overall oxidation mechanism to a greater
extent than for C>+ alkanes. The production of important active radicals
(H*, O*, OH*) is sharply increased, resulting in enhanced reactivity, and
by extension faster S.. Of particular significance with respect to the
topic of this study, Nilsson et al. [299] concluded that at lean conditions,
the combustion enhancement can be attributed to the increased
concentration of H* radical. In order to give better perception of the
differences witnessed, Figure 6-19 plots the increase in H*, O* and OH*
radical concentrations for the CHs/H> experiments conducted. When no
other fuel is present, CHs oxidation is initiated by its reaction with O
and by thermal dissociation. In the CHs/H. blends, H> reacts first,
leading to the formation of radicals (H, O, OH) which enhances the
oxidation mechanics of CHs, leading to increased burning intensity and

reactivity, reflected in augmented flame speeds [300].
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Increases in heat release levels as H> was added with CHs for the same ©®
are shown in Figure 6-15. In each FARH: case, the flame stabilizes closer
to the burner exit and displays more heat release level compared to the
100% CHs flames. This is further confirmed by Figure 6-20, where
maximum OH intensity from experiment and maximum OH mole fraction
calculated from CHEMKIN for both BASE and FARH, fuels are plotted
against @. As expected, FARH: displays higher OH intensity and OH mole
fractions than BASE fuel at respective ® due to the higher reactivity of
H.. The area of highest heat release increases for every FARH, flames,
compared to the respective BASE flames. The structure of the heat
release zones will influence NOx emissions in which temperature and

residence time play key formation roles.
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6.1.2.2. Changes in NO Formations

Changes in NO formations as H> is added to CH4, evident from NO PLIF
experiment results are discussed and analysed here. As mentioned
before, NO PLIF data were taken at the burner exit for every point
considered here. Clear changes in NO formations can be seen from the
NO PLIF images in Figure 6-21 and Figure 6-22, when 15% H, was added

with CHs. Figure 6-21 and Figure 6-22 show the NO PLIF images for BASE
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and FARH: fuels side by side at same ®@. Images are normalised to
maximum intensity at each ® for Figure 6-21 to illustrate the changes in
NO formation with H addition, whereas at Figure 6-22, colormap is
normalised to the maximum intensity across images to display the
changes in NO intensity level as ® changes and H; added to CHa.
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Figure 6-21: Effects on NO formations with 15% H, additions. BASE fuel on left
side and FARH, on right side. Colormap normalised to maximum intensity at each
®. Flow direction is from bottom to top.

Clear differences in captured NO formation can be seen from Figure
6-21, when H is added to CH4. As the production of OH* radical
intensifies in FARH: fuels (refer to Figure 6-15), which can be attributed
to higher flame temperature, hence production of thermal NO increases.
Figure 6-19 shows the relative increase of radicals (H*, O* and OH*) when
H. is added to CHs and thus increase the reaction rate through the
reactions (1) H+ 02 ¢<> O+ OH, (2) O+ H2 ¢> H + OH, and (3) OH + H; <
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H + H.O [301]. Figure 6-22 shows the increase in NO intensity for the

same @, as H: is added to CHs. The formation of NO has a direct

correlation to the OH availability as shown in Figure 6-23, where

experimentally obtained Avginteny, and Avglnten,y is plotted against

maximum OH mole fraction calculated from CHEMKIN. Respective O for

each point is also shown on the graph. Substantial increases in

Avginteny, and Avglnten,y can be observed for FARH, fuel compared

to BASE fuel as expected.
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Figure 6-22: Effects on NO formations with 15% H, additions. BASE fuel on left
side and FARH; on right side. Colormap normalised to maximum intensity across
the images. Flow direction is from bottom to top.
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Figure 6-23: Effects of H, addition to the experimental NO and OH intensity with
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Avginteny, and AFT are plotted as a function of ® in Figure 6-24,
whereas Figure 6-25 shows the effect of Hy addition on flame brush
thickness. Experimentally derived 654, from OH* chemiluminescence
images for FARH fuel show a similar trend as the one displayed by the
BASE fuel; albeit with minimally thinner flame thicknesses.
Theoretically, the reaction zone thickness decreases with flame brush
thickness, resulting in shorter residence time. However, this loss of
residence time is compensated by the much higher mass diffusivity
exhibited by H> with respect to CHs [194]. Furthermore, since the
activation energy of Hz is much lower than that of CHs (Ea = 25 [302] and
45 [303] kJ/mol, respectively), lower temperatures are needed to trigger
the combustion phenomena. This enhanced reactivity, leads to greater
burning intensity, a by-product of the augmented production of radical
concentrations (in particular H, OH, O), which promote the oxidation
mechanisms of CH4; consequently, partially explaining the increased

measured thermal NO.
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6.1.3. Effects of Confinement on Flame Shape and NO

formation

Flow conditions for this investigation were presented in Table 5-2. These
conditions were investigated again using the HPGSB-2 with quartz
confinement fitted, making it a confined flame investigation. OH*
chemiluminescence and NO PLIF data were taken at each condition to
corelate thermal NO formation with heat release level. Fuel flows were
kept constant as before, while changing air flows, thus keeping thermal
power constant, to attain required equivalence ratios (0.8 - 1.1) for this
investigation. All the test points in this section were conducted in
atmospheric conditions (298K and 1.1 bara), with a constant thermal
power of 26 kW and emissions data were taken at the exhaust by using
industry standard system from Signal Gas Analyser Ltd (refer to Chapter
3.7). At the end of this section, OH* chemiluminescence and NO PLIF
images between open and confined environments are compared and

analysed.
6.1.3.1. OH* Chemiluminescence Comparison

The Abel-transformed OH* chemiluminescence (refer to Chapter 3.6.2)
results for CHs/air flames with varying ® conditions are presented in
Figure 6-26. Each image presented has been normalized against its own
image maximum and then fit to the same false colormap to better
understand the heat release locations and flame stabilization at each
point. Overall, the flame retracts axially upstream and radially inward as
® increases. The area of heat release increases with increasing Si,
especially in the lean conditions, causing the flames to stabilize nearer

to the burner exit with increasing O.
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Figure 6-26: Abel-transformed OH* chemiluminescence images (colormap
normalised to maximum OH* intensity at each ®) at varying ®
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Figure 6-28 represents Abel-transformed OH* chemiluminescence images,
colormap corrected to maximum OH* intensity across range. Heat
release intensity increases as ® changes from 0.81 to stoichiometry, and
then decreases at ® = 1.1. This agrees with Figure 5-18, where OH mole
fraction calculated from CHEMKIN is plotted against 1-D spatial
concentration profile. Calculated maximum OH mole fraction and
maximum OH* chemiluminescence intensity follow the same trend as
shown in Figure 6-27, when plotted against ®. Both increases until
stoichiometry, then drops as the gas mixture gets rich. These heat
release behaviors also agree with the correlation between ® and AFT,

shown in Figure 3-21.
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Figure 6-28: Abel-transformed OH* chemiluminescence images (colormap
normalised to maximum OH* intensity across range) at varying ®
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6.1.3.2. NO PLIF Comparison

Figure 6-29 and Figure 6-30 shows the OH* chemiluminescence and NO
PLIF images side by side for respective conditions in HPOC with colormap
normalized to maximum @ and to maximum intensity across the images,
respectively. Laser sheet path is indicated on the first images (refer to
Figure 6-29 (a) and Figure 6-30 (a)) of each figure. Both horizontal and
vertical axes are kept to same limits for OH* chemiluminescence and NO
PLIF images to compare the relationship between NO formation and heat
release better. Flows are from bottom to top in these images. NO
formations shown only in the path of laser sheet, as NO cannot be
excited without laser energy for the PLIF images, whereas OH*
chemiluminescence images shows the heat release in whole flame as

laser energy is not required for chemiluminescence measurements.

Similar trends can be seen here as the flames in the unconfined flames,
described in detail in Chapter 5.2.2. In Figure 6-30, where colormaps for
both OH* chemiluminescence and NO PLIF images are normalised to the
maximum intensity across images, clear differences in heat release level
are apparent as the air flow decreases. NO PLIF intensity increases with
increasing heat release level up to ® = 0.94, then NO PLIF intensity
declines as ® moves towards stoichiometry and beyond (refer to Figure
6-30 (d) and (e)), even with apparent increasing heat release levels from
respective OH* chemiluminescence images. As discussed earlier, this is
related to the trade-off between availability of excess O, and flame
temperature. Flame temperature has the maximum value just after
stoichiometry due to product dissociation. Since the extent of
dissociation is greater on the lean side as a result of the stoichiometry of
dissociated products, peaking occurs on the rich side. However, for the
conditions considered here, availability of excess Oz ends at @ = 0.94.
From the Zel’dovich pathway described in Chapter 2.1.1, both the
availability of excess O, and high flame temperatures are pre-requisites
for thermal NO formation. Hence, NO PLIF intensity peaks at ® = 0.94,
whereas OH* chemiluminescence intensity has maximum value at

stoichiometry.
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Figure 6-29: Abel - transformed OH* chemiluminescence and NO PLIF images
side by side. Colormap normalised to maximum intensity at each ®.
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Figure 6-30: Abel - transformed OH* chemiluminescence and NO PLIF images
side by side. Colormap normalised to maximum intensity across the images.
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Figure 6-31: Average NO PLIF intensity and maximum OH mole fraction from
CHEMKIN as a function of average OH* chemiluminescence intensity. @ is shown in
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Avginteny, and maximum OH mole fraction from CHEMKIN calculations
are plotted against Avginten,y in Figure 6-31, where O is also shown for
respective points. Avginten,y and maximum OH mole fraction increases
up to stoichiometry and falls at ® = 1.1, thus validating OH*
chemiluminescence experiments. However, as mentioned earlier,
Avgintenyovalues rise with increasing Avgintenpyand maximum OH
mole fraction values up to ® = 0.94, then Avginteny,values declines as
there are no more excess Oz in the mixture. Compared to Figure 5-29,
where similar properties were compared for unconfined flames, opposite
trend seen in Avginten,y from stoichiometry to rich condition are not

replicated here as all the confined points were taken on the same day.
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6.1.3.3. Comparison between Unconfined and Confined Flames

In this section, flame shape and NO formation are compared in terms of
OH* chemiluminescence and NO PLIF data, respectively between
unconfined and confined flames. The shape of CRZ changes between the
unconfined and confined flame, thus changing the flame shape
significantly. The CRZ recirculates heat and active chemical species to
the root of the flame, allowing flame stabilisation and flame
establishment to occur in regions of relative low velocity where flow and
turbulent flame velocity can be matched, aided by the recirculation of

heat and active chemical species [209], [304].

According to the findings by Syred and Dahmen [305], Syred and Beer
[209], Gupta et al. [304], the size and shape of the CRZ and ERZ can be
dramatically altered as the swirl burner flow expands into a combustion
vessel. It can also induce weak regions of forward axial flow on the
central axis inside the CRZ [209], [306]. Confinement ratio, defined as
diameter of confinement vessel (Do) / exhaust diameter of swirl burner
(De), is the dominant factor, the smaller this ratio the larger is the effect
[210]. This ratio is much smaller in the confined cases investigated here,
than the unconfined points. As discussed by Gupta et al. [304], the CRZ
formed by an unconfined swirl burner arises because of the sudden
expansion and associated entrainment effects on the edge of the swirling
flow. This causes decay in swirl velocity profile, which in turn generates
strong radial and axial pressure gradients, creating the CRZ. This process
is affected in the presence of confinement, altering the size and shape
of the CRZ, whilst also causing an ERZ to form as the flow sticks to the

external wall.
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Figure 6-32: Isothermal air flow PIV velocity vector maps with axial velocity
contours for the unconfined HPGSB-2. Reproduced from [221].
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Figure 6-33: Isothermal air flow PIV velocity vector maps with axial velocity
contours for the confined HPGSB-2. Reproduced from [221].
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Particle imaging velocimetry (PIV) measurements were taken in HPGSB -2
for isothermal conditions with and without confinement in a previous
study [221] at Cardiff University. The resultant velocity vector maps for
unconfined and confined conditions (equivalent to ® = 0.55) are
presented in Figure 6-32 and 6-33, respectively. Each vector map is then
overlaid with coloured contours of mean axial velocity. Significant
changes in CRZ shape is evident between confined and unconfined
flames from the figures. In unconfined flame, CRZ shaped into a
rectangular form due to the sudden expansion on the edge of the
swirling flow, causing decay in swirl velocity profile. However, the
presence of confinement significantly alters the shape of CRZ as flame
stays attached to the confinement due to Coanda effect [307]. From
Figure 6-33, a number of coherent flow structures are visible, including a
CRZ along the burner central axis (with upstream flow velocities up to -
17 m/s) and two radially symmetric ERZs near the flow expansion from
the burner exit nozzle at r = £40 mm, y = 25 mm. A vortex breakdown
structure along the central axis is also can be seen. Separating these two
coherent structures, an outward-expanding shear layer of zero axial
velocity is also present, and it is this highly turbulent, low velocity area

where the swirl flame stabilizes, as discussed earlier.

Differences in flame structures between unconfined and confined flames
at same ® can be seen in Figure 6-34, where OH* chemiluminescence
images are illustrated side by side for unconfined and confined flames,
unconfined images on the left side and confined images on the right
side. Colormaps for both unconfined and confined images are corrected
to their respective maximum intensity at stoichiometry. As expected, in
both cases heat release level increases from lean mixture to
stoichiometry and then decreases at the rich side. Flame also expands
radially outwards for both the cases as ® increases. Flame attaches
closer to the nozzle exit as ® increases up to stoichiometry and then lifts
slightly at ® = 1.1. As the fuel flow kept constant for this investigation,
total flow velocity decreases with increasing ® and as shown in Figure
3-20, SL increases linearly as ® increases up to stoichiometry and nearly

stays same at ® = 1.1. As turbulent flame velocity is intricately linked
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with SL, up to stoichiometry, total flow velocity decreases and turbulent

flame velocity increases as the CRZ stabilizes the flame closer to the
burner exit while the flame lifts by little at ® = 1.1.

>>>SFLOW>>>

(a) ®=0.81

CHA/AIr (® = 0.51) CHA/Ar (® = 0.81)

n
L]
£ T
£ £a
E 3
i o
2 2
§w
3 [
i ézu
a
10
0
30 20 0 10 20 0 30 20 10 o 10 20 k]
Radial distance (mm) (b) q) _ 0 87 Radial distance (mm)

e from bumer axit (mm)

CHAAIr (@ = 0.87)

CHAAIr (@ = 0.67)

[
30 20 40 10

(c) ®=0.94

E M
H
€
[
30 20 v [} 10 0 0

!
Radial distance (mm)
CHA/AIf (@ = 1.0)

| M
0
0 20 40 1 20

Radial d|i:!N:l (mm) =
(e)d =1

m
]
5

s

4
3
]
0

&
-

Distance from burner exit {mm)
; !
H

10
]
Radial distance (mm)

]
Radial distance (mm)

CHA/Alr (@ = 0.94)

&
1
E

Distance from burner exit {mm}
o = 1 g s 2 2

‘ !

H

Radial distance (mm)

CHA/AIr (© = 1.0}

6

0
0
)
fo
5
0
¥
0

7
s
3
2

Distance from burner exit (mm)

g2
E]

3

10
]
Radial distance (mm)

CHA/AI (@ = 1.1) CHAIAIr (@ =1.1)

stance from burmer exit (mm)

Distance from burner exit (mm)
.
—

a0 20 0

0 10 ) n a0 E) 40 0 10 0 30
Radial distance (mm) Radial distanca (mm)

OH* Intensity

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 6-34: Changes in flame shape and heat release locations between
unconfined and confined flames. Colormap corrected to the maximum OH*
intensity across column. Unconfined images in the left column and
confined images in the right column.
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The changes in CRZ shapes between unconfined and confined flames are
also evident from Figure 6-34. The isothermal PIV images correlates to
the flame shapes extracted experimentally. CRZ shapes similar to the
Figure 6-33 can be depicted from the confined convex flame shapes,
whereas the flame shapes at unconfined images correlates to the
rectangular shaped CRZ shown in Figure 6-32. It can also be concluded
that size of CRZ increases as flow velocity decreases and turbulent flame

velocity increases.

Table 6-4: Changes in flame angle (a) between unconfined and confined flames

Flame angle (a)
Equivalence Ratio (®) Unconfined Confined
0.81 47.03° 50.23°
0.87 44 .35° 45.05°
0.94 42.45° 44.50°
1.0 39.96° 43.73°
1.1 40.66° 45.53°

Table 6-4 displays the changes in flame angle (a) between the
unconfined and confined flames at the conditions considered here. The
methodology of deriving these flame angles was detailed earlier in
Section 6.1.2. Confined conditions display higher a for the same ®. This
can be attributed to the Coanda effect and lower confined ratio for the
confined conditions as discussed earlier. Interestingly, flame angle
decreases with increasing ® until stoichiometry but increases for the rich
condition considered here. This can be attributed to the drop in flame

speed at the rich condition, Chapter 3.10.
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Figure 6-35 illustrates the changes in NO formations between unconfined
and confined flames. Colormaps are normalized to the maximum NO
intensity across columns to show the changes in intensity as ® changes.
NO formation is stretched in the confined flames as the CRZ is ball
shaped, compared to the rectangular shaped CRZ in unconfined flames.
Location of NO formation is closer to the nozzle exit for confined flames
as flames are attached closer to the nozzle exit as can be seen from
Figure 6-34. NO PLIF intensities in the confined flames stronger visually
than the confined flames due to higher momentum of the flow (refer to
Figure 6-32 and Figure 6-33), apart for ® = 0.81. This is also confirmed
from Figure 6-36, where maximum NO (primary vertical axis) and OH*
intensity (secondary vertical axis) for confined and unconfined flames
are plotted against ®. For the purpose of comparison between confined
and unconfined flames, maximum NO and OH* intensity values for
unconfined flames are corrected for the absence of confinement. This
increase in intensities can also be attributed to the shape of CRZ, as it
can be seen from Figure 6-32 and 6-33, that both the area and maximum
velocities of confined CRZ is greater than unconfined CRZ. Due to the
increased presence of hot combustion gases in the confined CRZ, more
thermal NO forms, resulting in higher maximum NO intensity. The low
NO PLIF intensity in the lean (® = 0.81) confined flame may be the result
of laser wavelength shifting during the experiment, a common problem
of dye lasers [308]. Clear correlation can be seen between heat release
intensity and NO formation from Figure 6-36, as ® increases, with the
exception at stoichiometry due to the balance between availability of

excess Oz and flame temperature (refer to Chapter 5.2.2).
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Figure 6-35: Changes in NO formation and intensity between unconfined and
confined flames. Colormap corrected to the maximum NO PLIF intensity across
column. Unconfined images in the left column and confined images in the right

column.
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unconfined flames

6.2. 226.03 nm Excitation

226.03 nm excitation wavelength has been widely used for qualitative
and quantitative NO LIF analysis (refer to Chapter 2.5.1). A few points
were taken at this wavelength for this investigation due to the functional
instabilities of the laser systems. Sheet optics were taken off from the
laser systems and laser beam was used instead of laser sheet due to the
energy deficiency at 226.03 nm. Five points were investigated at
atmospheric temperature and pressure conditions and three points were
investigated at preheated temperature and atmospheric pressure. All the
experiments investigated in this section were conducted in the HPGSB-2
burner with open confinement at GTRC and NO LIF images were taken at
burner exit. The findings from 226.03 nm will be compared and analysed

with the data from 285.16 nm at same O and fuel types in this section.
6.2.1. Non-preheated Conditions

In this section, experimental points at atmospheric temperature and
pressure conditions are analysed, discussed and compared with the
similar points at 285.16 nm wavelength excitation. In that pursuit,

equivalence ratios were kept similar to the flow conditions described in
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Chapter 5.2. Gas Analyzer measurements were taken at these points to
compare with NO LIF intensity measured at burner exit. Flow conditions

for this investigation are presented in Table 6-5.

Table 6-5: Flow conditions for non-preheated experiments at 226.03 nm

Test CHas Air Entry Equivalence AFT (K) CH4 Air Total Laminar
point mass mass Temperature, ratio (®) speed speed flow Flame
flow flow T2 (K) (m/s) (m/s) speed speed
(9/s) (9/s) (m/s) (m/s)
16 0.835 17.729 298 0.81 2013 1.00 11.82 12.82 0.2821
17 0.835 16.506 298 0.87 2097 1.00 11.01 12.01 0.3226.03
18 0.835 15.277 298 0.94 2180 1.00 10.19 11.19 0.3610
19 0.835 14.361 298 1.0 2225 1.00 9.57 10.57 0.3817
20 0.835 13.055 298 1.1 2205 1.00 8.70 9.70 0.3840

NO LIF images for this investigation are illustrated in Figure 6-37 and
Figure 6-38. Colormaps are normalised to the maximum intensity at each
® to display changes in NO formation in Figure 6-37 and to the maximum
intensity across images in Figure 6-38 to illustrate the change in NO
intensities as the flame becomes richer. It must be noted that NO LIF
images here only covers = 12 mm downstream, compared to = 25 mm
from the burner exit for NO PLIF images as diameter of the laser beam is

much smaller than laser sheet width.

NO LIF images show similar trends with increasing ®, as was shown by
NO PLIF images excited by 285.16 nm wavelength, reaffirming the choice
of the alternate excitation wavelength to accommodate stable laser
energy requirements in the laser systems at GTRC. From Figure 6-37, NO
formation at the burner exit is lowest at ® = 0.81, NO formation gets
stronger as flame gets richer up to ® = 0.94 and then falls as flame goes
through stoichiometry to rich condition (® = 1.1). This trend was
explained using Zel’dovich mechanism and balance between the
availability of excess O> and flame temperature earlier in Chapter 5.2.2.
Figure 6-38 illustrates the changes in NO LIF intensity as ® changes,

stark differences can be seen in the intensity as the flame gets richer.
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Figure 6-37: NO LIF images excited by 226.03 nm wavelength from lean to
rich flames. Colormap normalised to maximum intensity at each ®. Flame
direction is from bottom to top. Laser beam covering = 12 mm from burner
exit.
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Figure 6-38: NO LIF images excited by 226.03 nm wavelength from lean to rich
flames. Colormap normalised to maximum intensity across images. Flame
direction is from bottom to top. Laser beam covering = 12 mm from burner exit.
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Figure 6-39: Comparison between NO LIF and PLIF data taken by 226.03 nm and
285.16 nm excitation wavelength, respectively.

Comparative analysis between data collected by 226.03 nm and 285.16
nm excitation wavelength are shown in Figure 6-39, where Avginteny,
and NO measured by gas analyser are plotted as a function of @®. It must
be noted that even though the experiments for NO LIF and PLIF have
same O, they differ in thermal power (42 and 26 kW, respectively),
hence NO measured at exhaust by the gas analyser differs in the graph.
From Figure 6-39, NO LIF intensity at 226.03 nm is much higher than
when exited by 285.16 nm, even though the laser energy was much
lower at 226.03 nm and according to gas analyser measurements, less NO
was produced at 42 kW conditions where 226.03 nm measurements were
taken. Reasons for this higher intensity at 226.03 nm wavelength
excitation was described in detail in Chapter 3.3. At stoichiometry, both
NO LIF and PLIF intensity drops but NO measured at the exhaust peaks at
stoichiometry. This can be attributed to the NO formation pathways.
Both NO LIF and PLIF measurements were taken at burner exit, hence
only captured thermal NO as prompt NO usually forms downstream in the
post-flame zone, whereas NO measured at exhaust were formed from
both thermal and prompt pathways. Thermal NO production declines at

stoichiometry due to unavailability of excess O-.
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6.2.2. Pre-heated Conditions

Three experimental points were taken at 226.03 nm wavelength
excitation for this investigation. Premixed gases were preheated to 573K
to compare and analyse the difference in NO formation compared to
non-pre-heated conditions. Flow conditions for this investigation are
given in Table 6-6. The gas analyser (refer to Chapter 3.7) was used to

capture NO emissions at exhaust.

Table 6-6: Flow conditions for preheated experiments at 226.03 nm

Test CHa Air Entry Equivalence AFT (K) CHa Air Total Laminar

point mass mass Temperature, ratio (®) speed speed flow Flame
flow flow T2 (K) (m/s) (m/s) speed speed
(9/s) (9/s) (m/s) (m/s)

21

0.835

19.148

573

0.75

2115

1.93

24.55

26.48

0.8676

22

0.835

17.729

573

0.81

2183

1.93

22.73

24.66

0.9586

23

0.835

16.506

573

0.87

2244

1.93

21.16

23.09

1.0635

The experimental results are presented in Figure 6-41, where colormaps
are normalized to the maximum intensity at each image and across the
column for left-side and right-side images, respectively. Left-side images
show the locations of NO formations near the burner exit, whereas right-
side images display the changes in NO formation intensity level as ©®
varies. Thermal NO formation increases as @ increases in lean conditions
due to increase in flame temperature. This is also evident in Figure 6-40,

where Avginteny, and NO measured at exhaust are plotted against @.
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Figure 6-40: AvgInteny, and measured NO at exhaust as a function of ®
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Figure 6-41: NO LIF images at varying ®. Colormap normalised to maximum
intensity at each ® and across column on the left side and right side,
respectively. Flame direction is from bottom to top. Laser beam covering = 12
mm from burner exit.
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6.2.3.  Effect of Pre-heating on NO Formation

As described in Chapter 2.1.1, temperature plays an important role in
NO formation in thermal pathway. In fact, according to [309], thermal
NOx production rate doubles for every 90 K temperature increase beyond
2200 K. Two experimental points at ® = 0.81 and 0.87 are considered
here to analyse the changes in NO formations between non-preheated
and preheated conditions at atmospheric pressure. Figure 6-42 and
Figure 6-43 depict NO formations and changes in intensity, respectively
as the entry temperature for premixed gases changes. Colormaps are
normalised to maximum intensity at each point and across the images in
Figure 6-42 and Figure 6-43, respectively. Non-preheated NO-LIF data
are shown in left side and preheated images in right side. Laser beam
pathways are also shown in each image of Figure 6-42 by dashed red

line. The shift of laser beam downstream by = 2 mm is clearly visible in

the non-preheated flame at ® = 0.87.
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Figure 6-42: Effect of pre-heating on NO formation. Non-preheated conditions on
the left side and preheated conditions on the right side. Colormap normalized to
maximum intensity at each O.
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Clear difference in NO formation and intensities between non-preheated
and preheated gases are visible for ® = 0.81 in Figure 6-42 (a), (b) and
Figure 6-43 (a), (b). AvgInteny, increases by a factor of more than two
as can be seen in Figure 6-44, where Avginteny, and NO measured at
exhaust by the gas analyser are plotted against ®. However, the
difference in Avginteny, for ® = 0.87 is not as high as expected, even
though the difference in measured NO at exhaust is higher in ® = 0.87
than ® = 0.81. The shift of the laser beam downstream at non-preheated
flame by a small margin can be attributed to the lower increase in
Avginteny, as the flame expands radially outwards, making a conical V
shape. Further investigations with quantitative analysis are necessary

here, while making sure the laser beam path remains constant.
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Figure 6-43: Effect of pre-heating on NO formation. Non-preheated conditions on
the left side and preheated conditions on the right side. Colormap normalized to
maximum intensity across images.
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Figure 6-44: Effects of preheated premixed gases on NO formation

6.3. CHEMKIN Simulation for NO prediction

All the experimental points discussed and analysed in this Chapter are
simulated using the modified Valera model described in Chapter 4.2 to
predict NO emissions and compare with the measured NO by the gas
analyser at the exhaust of HPOC. A slight change to the model is made
by reducing the number of PFRs to model the post-flame zone from two
to one as open confinement was used for the investigations in this
Chapter. Recirculation from the CRZ was kept to 70% into the flame zone
reactor and from the flame zone, the flow was split three ways: 75%,
20% and 5% into post-flame zone, CRZ and ERZ respectively as before.
The modified model and the inputs required for the model are

represented in Figure 6-45 and Appendix E.10.

Fuel Flow i \\'\
Flame Zone Post Flame Zone
- {
B
=

Figure 6-45: CHEMKIN model for flames with open confinement in HPOC
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6.3.1. Model Benchmarking

For the preheated experimental points investigated here, heat loss rate
kept to the same values as illustrated in Table 4-2. For the non-
preheated points, heat loss rates are modified according to Table 6-7, to
match NO emissions at ® = 0.81 (refer to TP 16 at Table 6-5) using GRI-
Mech 3.0 mechanism [260] and assumed constant for all the other non-
preheated experimental conditions investigated here. The volume of the
mixing, flame zone, CRZ and ERZ kept similar to the modified Valera’s

model.

Table 6-7: Heat loss rates for non-preheated conditions

Zone Heat loss rate (J/sec)
Mixing 0
Flame 8400

CRZ 1600

ERZ 400

6.3.2. Comparison Between Predicted and Measured NO

The model is used to simulate the flow conditions depicted in Table 6-1,
Table 6-2, Table 6-5 and Table 6-6 with the seven mechanisms described
in Chapter 4.1. The NO predictions from all these mechanisms for the
respective experimental points are analysed and compared with

measured NO at exhaust using the gas analyser.
6.3.2.1. CH4/Air (® = 0.55-0.65) - Preheated

Predicted and measured NO for the flow conditions in Table 6-1 are
shown as a function of @ in Figure 6-46. The following results can be

seen from Figure 6-46 and Table 6-8:

e All mechanisms except SanDiego and CRECK follows the same
increasing trend as the measured NO with increasing ®. NO
predictions from SanDiego mechanism rises with ® at first and
then falls, while CRECK mechanism predicts lower NO formation

at ® = 0.6 then increases by a factor of = 2.
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Table 6-8: Differences in predictions by the mechanisms compared to the confined HPGSB-2 experimental results (Preheated CH,/Air (® = 0.55 - 0.65))

Percentage (%) Change - in decimal
GRI- Aramco | NUIGalw Ranzi-

) PR AFT(K) | Mech 3.0 1.3 ay SanDiego | Paolo usllI CRECK
0.55 1.1 1788 -0.18 0.82 -0.61 0.65 -0.63 0.99 0.59
0.6 1.1 1878 0.00 1.20 -0.54 0.99 1.49 1.42 -0.72
0.65 1.1 1962 -0.07 1.04 -0.59 -0.89 1.13 1.30 -0.72

Table 6-9: Differences in predictions by the mechanisms compared to the confined HPGSB-2 experimental results (Preheated CH,/H,/Air (® = 0.55 - 0.65))

Percentage (%) Change - in decimal

GRI- Aramco | NUIGalw Ranzi-

) PR AFT(K) | Mech 3.0 1.3 ay SanDiego | Paolo usll CRECK
0.55 1.1 1793 -0.30 0.54 -0.69 0.38 0.94 0.66 0.13
0.6 1.1 1882 0.00 1.21 -0.56 0.98 1.56 1.41 0.61
0.65 1.1 1966 -0.06 1.07 -0.60 0.86 1.21 1.30 0.53

Table 6-10: Differences in predictions by the mechanisms compared to the confined HPGSB-2 experimental results (Preheated CH,/H,/Air (® = 0.75 - 0.87))

Percentage (%) Change - in decimal

GRI- Aramco | NUIGalw Ranzi-

) PR AFT(K) | Mech 3.0 1.3 ay SanDiego | Paolo UslI CRECK
0.75 1.1 2115 0.12 1.28 -0.48 1.18 1.31 1.89 0.16
0.81 1.1 2183 0.11 1.24 -0.43 1.11 1.27 1.85 0.14
0.87 1.1 2243 0.10 1.07 -0.37 1.01 1.26 1.74 0.75
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Table 6-11: Differences in predictions by the mechanisms compared to the confined HPGSB-2 experimental results (Non-Preheated CH,/Air (® = 0.81 - 1.1))

Percentage (%) Change - in decimal
GRI- Aramco | NUIGalw Ranzi-

) PR AFT(K) | Mech 3.0 1.3 ay SanDiego | Paolo usllI CRECK
0.81 1.1 2013 0.02 -0.38 -0.82 -0.81 -0.72 0.65 -0.06
0.87 1.1 2097 0.25 -0.44 -0.84 0.15 0.30 0.81 0.07
0.94 1.1 2180 0.52 -0.51 -0.85 0.17 -0.66 0.86 0.26

1 1.1 2225 1.04 -0.25 -0.88 0.33 -0.65 1.01 0.75
1.1 1.1 2205 -0.88 -0.92 -0.95 -0.97 -0.77 -0.93 -0.94
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e Predictions from GRI-Mech 3.0 mechanism follows measured NO
values near perfectly for the test points investigated here. USII
and Aramco 1.3 mechanisms overpredict NO productions for each
®, while the rate of overprediction increases with increasing ©.

¢ NUIGalway mechanism underpredicts NO values by an overall 55 -
60%. Ranzi-Paolo mechanism underpredicts NO productions by 63%

at ® = 0.55 but overpredicts by a factor of two for ® = 0.6 and
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Figure 6-46: Experimentally measured and predicted NO as a function of ® for
preheated CH,/air (® = 0.55 - 0.65)

6.3.2.2. CHa/H2/Air (® = 0.55 - 0.65) - Preheated

Figure 6-47 represents NO values from the gas analyser measurements
and CHEMKIN model predictions as a function of ® for the flow
conditions in Table 6-2. Table 6-9 shows the percentages differences in
decimal by the mechanisms compared to the experimentally derived
data. Following conclusions can be made by comparing the predictions

with the measured data:

e The proportional relationship between NO formation and @ are
predicted correctly by every mechanism for this fuel blend.

GRI-Mech 3.0 mechanism predictions are again closely matched
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by experimental results, underpredicting NO values at ® = 0.55
by 30% but near perfect predictions at ®= 0.6 and 0.65.

o All the other mechanisms except NUIGalway overpredict NO
formations for every point considered here, which again
laments the importance of the heat loss assumptions in the
PSRs in the model.

¢ NUIGalway mechanism predictions show lowest NO formation
values among other mechanisms yet again, warranting needs

for further improvements of the mechanism.

CH,/H,/Air (® = 0.55- 0.65) - 573K
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Figure 6-47: Experimentally measured and predicted NO as a function of ® for
preheated CH4/Hy/air (® = 0.55 - 0.65)

6.3.2.3. CHa4/Air (® = 0.75-0.87) - Preheated

Figure 6-48 compares NO predictions with measured NO values for the
flow conditions showed in Table 6-6. Table 6-10 shows the percentages
differences in decimal by the mechanisms compared to the

experimentally derived data. The predictions are analysed here:

e Predictions from all the mechanisms considered here follow
the same expected trend as the measured NO by the gas
analyser. GRI-Mech 3.0 again predicts NO production better

than all the other mechanisms, making the mechanism
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favourable for preheated CHs and CHs/H. flames. The CRECK

mechanism also gave good prediction for ® = 0.75 and 0.81 but
overpredicting by 60% at ® = 0.87.

e NO overprediction was shown by all the other mechanisms
except NUIGalway. USII mechanism predicts the highest NO for
all the ® and predictions by Ranzi-Paolo, SanDiego and Aramco

1.3 mechanisms are very similar, overpredicting by a factor of

around two.
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Figure 6-48: Experimentally measured and predicted NO as a function of ® for
preheated CH,/air (® = 0.75 - 0.87)

6.3.2.4. CHa/Air (® =0.81-1.1) - non-preheated

Figure 6-49 compares the changes in measured and predicted NO for the
flow conditions in Table 6-5 as ® changes. Table 6-11 shows the
percentages differences in decimal by the mechanisms compared to the
experimentally derived data. NO predictions from each mechanism
except Ranzi-Paolo demonstrate upward trends up to stoichiometry, as
thermal NO formation increases with increasing flame temperature and
then all the mechanisms predict low NO at ® = 1.1, as seen in measured
NO.
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Figure 6-49: Experimentally measured and predicted NO as a function of ® for non-

preheated CH,/air (® = 0.81-1.1)

Following points can be made by analysing the graph carefully:

Other than Ranzi-Paolo mechanism predictions, every other
mechanism predict NO formation as expected from lean to rich
flames. SanDiego mechanism predictions are closest to the
measured NO at exhaust until stoichiometry. As was seen for
the flames in HPOC without confinement in Chapter 5.3.2, NO
formations are underpredicted at ® = 1.1 by all the
mechanisms in HPOC with open confinement. Possible
explanation for this phenomenon could be high lance tip
temperature at ® = 1.1, as this point was taken at the end and
lance tip was already heated up from the previous
experiments, which could affect the flame temperature.
Further investigations are needed to understand the NO

predictions at rich conditions.

At ® = 0.87, NO predictions from all the mechanisms are very
close to the measured value but the predictions drift further
away from the measured values as the flame moves towards
stoichiometry. Aramco 1.3 and NUIGalway mechanisms

underpredict NO formation for all the points investigated here.
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Summary

This Chapter built up on the qualitative NO-PLIF findings in the

unconfined flames. NO formation investigation was carried out using the
selected excitation wavelengths for BASE and FARH» fuels in HPGSB-2.

The experimental results were validated using theoretical calculations

from CHEMKIN and heat release intensities from the flames. The Chapter

summarised with the following observations:

NO formation analysis was performed for BASE fuel in the
operating region (® = 0.55-0.65) of industrial GTs. Comparisons
were made between NO PLIF results, heat release intensities
and CHEMKIN simulation results. The flame stretched radially,
contributing to larger CRZ envelope and stabilized closer to
the burner exit as ® increased. As a consequence, NO
formation was stretching out radially with more NO formations

due to increased heat release intensity, with increasing ©.

Effects of 15% volumetric H> addition on the flame shapes and
NO formation with nominally similar flows and turbulent
conditions was analysed afterwards. Addition of H> augmented
the burning intensity of CHs, consequently higher volumetric
heat release results from CHEMKIN calculations. Flame
stabilized closer to the burner exit as a result, compared to
the BASE fuel at same ®. Due to the above changes in the
flame shape and heat release intensity, NO formation intensity

increased with radial stretch for FARH; fuel.

Confinement shown to have significant effects on CRZ area in
the flame and consequently NO formation. Formation of NO
was stretched in the confined flames as the CRZ was ball
shaped, compared to the rectangular shaped CRZ in the
unconfined flames. Heat release intensity increased for the
confined flames due to higher momentum of flow as shown in

the PIV images, resulting in higher NO formation.
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NO LIF images were taken utilising 226.03 nm excitation
wavelength at the same equivalence ratios as 285.15 nm
excitation wavelength. Hence, Avginteny, values from both
the excitation wavelengths were compared, both following the
same trend, thus validating the choice of 285.15 nm excitation

wavelength.

Finally, all the test points considered in this Chapter were
simulated to predict NO production at exhaust, using slightly
changed modified Valera model to accommodate for open
confinement in place of convergent confinement. The
predictions from the model were analysed and compared with

the measured NO values at exhaust by the gas analyser.
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7.NO Calibration towards Quantitative Analysis

Precise concentration measurement of NO in premixed flames is one of
the crucial parts of NO formation investigation as it quantifies NO
concentration, which is vital for validating CFD and chemical kinetics
models and for locating areas of above-average NO production. In this
pursuit, a LIF technique is applied to measure NO concentration within
the flame. The unique excitation properties of laser light allow selective
and quantitative probing of many chemical species with high temporal
and spatial resolution in combustion environments [50], [310]. As
discussed earlier in Chapter 2, NO formation mechanisms have already
been extensively studied and well documented in literature [56], [58] as
well as UV LIF of NO, including single point, 1-D line imaging and 2-D
planar imaging for understanding NO formation in laboratory flames and
practical combustion systems [142], [155], [161], [172].

For LIF diagnostics, calibrating semiquantitative data by using a known
concentration of the molecule under study is advantageous as all effects
of detection efficiency (e.g. filter transmission) and collisional
guenching are accounted for. However, a source of hot NO must be
provided for calibration when NO is excited from the second vibrational
level [311]. NO calibration technique by doping NO in lean Bunsen flame
and excited by 285.16 and 226.03nm wavelength is described and
analyzed in detail in this Chapter. This Chapter aims to describe NO
calibration method in unconfined Bunsen burner flame with varying NO
doping level up to 1300 ppm and addresses the difficulties encountered

along the way.

Doping NO in the premixed reactants calibration requires consideration
of the interaction between dopant and flame chemistry. Several
experiments have investigated the interactions between NO and
different flame types [150], [174], [312]. According to Cattolica et al.
[312], linear correlation between NO LIF signal and NO concentration
remained valid, even after converting 40% NO in flame while doping very
high level of NO (4000-8000 ppm) in lean hydrogen/air flames. Reisel and
Laurendeau [150] predicted 5% NO concentration reductions in

ethene/air lean flames (® = 0.9) in simulation calculations. Flame
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development and temperatures can also be affected if NO dopant levels
are too high Schulz et al. [174] reported that, in a spark-ignition engine
fueled with propane/air, only 10% NO was converted in a lean flame (O =
0.9) compared to 40% reduction of NO in fuel-rich conditions (® = 1.25)
at dopant levels of 1000 ppm. In the same experiment no changes in

engine performance were found at NO dopant levels of up to 1500 ppm.
7.1. Quenching and Calibration

Correlation of the NO LIF signal to a local NO concentration requires
consideration for a number of factors. When operating in the linear
fluorescence regime, the fluorescent signal can be shown to be linearly
responsive to the number density of the probed species, however species
temperature and collisional quenching effects must be considered
carefully. Equation [ 7-1 ] describes the relationship between measured

LIF signal and NO number density.

Sno ~ optTABlzlLfbrd)n;VO [7-1]
Where Sy, is the LIF signal, C,,. is the collection and calibration
constant, 7, is the transmissivity of the collection optics, B;, is the
Einstein coefficient for absorption, I, is the laser irradiance, f, is the
Boltzmann population fraction in the ground state, T is the laser line
overlap integral, ¢ is the fluorescent yield, and ny, is the NO number

density.

The optical collection constant and transmissivity, C,,. and t,;, can be
grouped into a single term that is determined empirically and will be
discussed shortly. The absorption coefficient, B;, is a constant for a
given species and transition. The laser irradiance, [, is monitored for
shot-to-shot fluctuations and therefore this value is determined
experimentally. The Boltzmann fraction, f, in the ground state is
temperature dependent but can be calculated using Boltzmann
statistics. The overlap integral, T' is primarily influenced through the
spectral width of the laser, which remains nearly constant. The
fluorescent vyield, ¢ is temperature and composition dependent.
Estimates for the quenching rate can be made following the work of

Settersten [313]. Finally, the number density, ny, can be relative to the
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concentration through the ideal gas law to be temperature and pressure

dependent.

Table 7-1: NO LIF quenching and calibration parameters. Reproduced from [313]

Term Units Function Constants
C1 C2 Cs Cs
Bi, m2/(J.s) 2.38x10°
fv - c1e%/T + cge=¢/T | -0.2822 | -1799 | 0.2183 | 408.4
Ayq 1/s 5.72x10°
Ok
NO A c,e/T 4+ cze=Ca/T 37.3 11.7 60 0.011
H20 A ¢;(300/T)e /T 121.2 | 0.676 | 100 0.010
+ cze /T
CO; A c,e/T + cze/T 38.0 173 46 0.0022
0, R c,e/T 4 cye=calT 22.0 59.1 4.3 |0.00195
CO A c,e/T + cze/T 4.23 128 17.5 0.00198
N2 A c,e/T + czec/T 1.88 -2130 84 0.0121

Table 7-1 illustrates the quenching and calibration terms of interest. The
total quenching rate can be estimated through the mole fraction
weighted sum of the collisional quenching for each species. Equation [

7-2 ] shows the relation for individual quenching rates from bath gas

species k.
N [skgT [7-2]
Qr = Uk(V) -
_ MyMyo [ 7-3]
He = 37— 77
M, + Mpyo

The relation for the total quenching rate for all major bath gas

guenching species is shown in equation [ 7-4 ].
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0= ) X [7-4]

This relation allows for the correction of the NO LIF signal due to
variations in the temperature and species composition through the
flame. The quenching rate is introduced into equation [ 7-1 ] through the

fluorescent yield via equation [ 7-5 ].

Az [7-5]
A21 + QZl
The next step is to determine the calibration factor for optics and

¢=

transmissivity, C,,.. The standard procedure for doing this calibration
process is to seed known concentrations of NO into the unburned gas
mixture of lean flames. The resultant change in NO LIF signal with doped
NO concentration is linear, with the slope of the fit equal to the NO LIF
signal response per ppm concentration. This calibration procedure has
been utilized by several different studies [314]-[316], with the primary
assumption rooted in the need for only minor consumption of NO through
the flame front, which is a reasonable approximation under lean
conditions [139]. Details of steps taken to achieve the NO calibration
curve for 285.16 and 226.03 nm excitation wavelength is described in the
following sections.

7.2. NO LIF in Bunsen flames

As discussed in Chapter 3.1, NO LIF in a 15 mm Bunsen burner flame is
examined in this section. After applying the correction scheme for
background, dark current, Oz LIF, shot-to-shot fluctuations in total
energy and energy distribution, pixel linearity, and spatial calibration,
images such as those in Figure 7-7 are produced. Following certain

qualitative trends can be observed:

e Specifying the exit velocity as a constant factor of the laminar
burning velocity gives an acceptable performance of stabilizing
and controlling the height of the flame, allowing the flame to stay

within frame under considerably different exit velocities.
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e Absorption of the excitation beam through the flame results in the
slight attenuation of the fluorescence signal when comparing the
left- and right-hand sides of the image.

e NO LIF fluorescence increases from lean to rich.

e The flame front is a relatively straight region once sufficiently far
from the base of the flame or from the tip of the flame.

e The region of interest, the area within the first 25 to 35 mm
normal to the flame front, is the targeted region for observing the
NO doped in the flame.

e NO LIF fluorescence in the region of interest for lean flames shows
a relatively slow increase in signal normal to the flame, whereas
the stoichiometric flames show a more rapid rise, while the rich

flames show the highest gradient in NO LIF signal.
7.2.1. NO PLIF Calibration at 285.16nm

For the NO calibration experiment at 285.16nm, a 15 mm diameter
Bunsen burner (refer to Chapter 3.1) was used, and lean methane/air
flame was stabilized on the burner nozzle by maintaining approximately
equal burning and flow velocities as the NO dopant level changes from 0
- 1300 ppm. Table 7-2 shows the experimental mass flow rates at
different dopant level of NO. Temperature and NO concentration were
recorded in the post-flame zone (25 mm above the burner exit) with a K-
type thermocouple and a Signal Instruments 4000VM NOx analyzer (refer
to Chapter 3.7). Measurements taken by the NOx analyzer were hot/wet
and not corrected for exhaust oxygen concentration. As seen in Table
7-2, up to 25.5% of the doped NO was lost in the flame at 400 ppm
seeding. With the NO seeding at 1300 ppm, the NO loss in the flame was
the lowest observed in the dataset at 9.2%. While some NO loss through
the flame was expected, additional losses can be attributed to
atmospheric diffusion as the burner was operated unconfined. The
burner was operated leaner as the NO seeding levels were being reduced
to stabilize the flame. Figure 7-1 illustrates the location of the data
point taken at 1300 ppm seeding for the calibration curve in terms of (a)

OH* chemiluminescence measurements and (b) NO LIF measurements.
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Table 7-2: Premixed reactant flow rates, exhaust temperatures, and NO readings
for NO dopant level of 0 - 1300 ppm

Seeded CH, Air mass | Equivalence | NO-N, | Temperature NO NO
NO mass | flow(g/s) ratio (®) mass (K) reading | lost
(ppm) flow flow (ppm) in

(9/s) (9/s) flame

(%)
1300 | 0.0079 0.15 0.91 0.0237 1059 1180 | 9.23%
1000 | 0.0079 0.15 0.91 0.0177 1062 836 16.4%
800 0.0079 0.15 0.91 0.0138 1067 653 18.4%
700 0.0078 0.15 0.89 0.0120 1033 588 16.0%
600 0.0078 0.15 0.89 0.0101 1051 507 15.5%
500 0.0069 0.15 0.79 0.0083 1013 404 19.2%
400 0.0065 0.15 0.75 0.0065 1025 298 25.5%
300 0.0063 0.16 0.68 0.0051 999 231 23.0%
200 0.0063 0.16 0.68 0.0034 979 166 17.0%
100 0.0063 0.16 0.68 0.0017 1015 81 19.0%
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Figure 7-1: Location of the data points for the calibration curves in terms of (a) OH*
chemiluminescence and (b) NO-LIF measurement.

235




NO Calibration towards Quantitative Analysis

A calibration constant was determined for methane-air flame as shown in
Figure 7-2, seeding ten doped concentrations of NO into lean premixed
stream from a 1% NO in N2 gas standard. The LIF fluorescence at 25 mm
normal to the nozzle exit then corrected for all the temperature and
compositionally dependent factors, including collisional quenching using
the relation in equation [ 7-4 ], the Boltzmann fraction
f», and correction of number density to mole fraction. These terms were

collectively named B,y encn for convenience. The remaining constant

terms in equation [ 7-1 ] were then grouped into the calibration term.
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Figure 7-2: Linear response of the quenching corrected LIF signal to increasing
doping of NO in lean methane/air flame

The final step is to apply corrections for all the temperature and
compositionally dependent quenching rates to the flame. Figure 7-3
shows an example of the temperature dependence of the LIF correction
terms, normalized by the correction at 300K. The dark blue line
indicates the Boltzmann fraction up to 2200K as calculated using the
relation in Table 7-1. A peak in population fraction can be seen around
800K, with a nearly linear decay with increasing temperature.
Meanwhile, the lighter blue curve shows the correction due to collisional
quenching. For this figure, the composition is based on the equilibrium
combustion products of stoichiometric methane. The dashed red line
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indicates the total quenching fgyencn, including the Boltzmann fraction,
guenching rate, and conversion from number density to mole fraction,
defined as:

:Bquench = fv ﬁ% [7-6]
Finally, the LIF signal can be correlated to the molar concentration of
NO as:

Snvo = CearBquencn (T, Xi)Xno [7-7]
which accounts for variations in the collisional quenching, Boltzmann
population fraction, local temperature and composition, and ICCD sensor
response to LIF emission. This correction can then be applied to all the

NO LIF profiles measured.

— Boltzman Fraction
- Sl —— Quenching Rate
-~ — — Total Correction

o
in
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400 600 800 1000 1200 1400 1800 1800 2000 2200
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Figure 7-3: Example of nhormalized temperature and composition dependent
corrections to the NO LIF signal. Values are normalized by the correction term at
300K. Reproduced from [317].

7.2.1.1. Numerical Simulation

As can be seen in Table 7-2, NO measured by the gas analyzer was
always below the actual seeded NO level. Chemical reactor modelling is
utilized here to correlate NO concentration level with heat loss to the

surrounding.

237



NO Calibration towards Quantitative Analysis

The 15 mm Bunsen burner was modelled in CHEMKIN environment as per
Figure 7-4, Perfectly Stirred Reactors (PSR) were used to model the
mixing zone and flame zone and a Plug Flow Reactor (PFR) was used to
model the post-flame zone. Two different studies were conducted using
GRI-MECH 3.0 mechanism [260] with this model to predict the NO in

post-flame zone.

B = - e

Premixing zone Flame zone Post-flame zone

Figure 7-4: Simple chemical reactor network model of the 15 mm Bunsen burner in
CHEMKIN

In the first study (refer to Figure 7-5), the burner was simulated using
the maximum heat loss at each condition. As mentioned before, all the
NO measurements were taken at 25 mm above the burner exit, however,
as NO seeding was reduced from 1300 ppm to 100 ppm, the flame height
was reduced as the flame could only be stabilized with the reduced NO
flow by reducing the fuel flow. Thus, more heat loss is expected at the
reference height as the NO seeding was reduced. Thus, the model
predicts lower NO reading at high seeding levels as at these points, the
reference height was not sufficient for maximum heat loss to occur.
Similarly, as NO seeding concentrations decreased, the model better

predicts the measurements.
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Figure 7-5: Comparison of predicted NO with maximum heat loss with actual NO
reading.
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At 600 ppm, the model predicts the NO reading correctly. However,
below 600 ppm, the simulation slightly overpredicts the actual reading.
As the flame was getting leaner due to the reduction of fuel with
decreased NO seeding, the flame stabilized nearer the burner exit.
Thus, the areas of maximum heat release zone were compacted, forming
thermal NO in the flame, causing the model to slightly over-predict than

the gas analyzer reading.

For the second study (refer to Figure 7-6), the modelled heat loss was
modified for the 1300 ppm case to match the actual NO reading and the
heat loss was then modified as a function of adiabatic flame
temperature for the subsequent points. Good agreements were found

between the actual and predicted reading in this study.
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Figure 7-6: Comparison of predicted NO with calibrated heat loss with actual NO
reading

7.2.2. NO LIF Calibration at 226.03nm

For this calibration work, laser beam at 226.03nm wavelength was
pointed 30 mm normal to the burner nozzle. The laser sheet was not
used for this calibration experiment. The same 15 mm Bunsen burner as
before was used to conduct this calibration. Temperature was recorded
in the post-flame zone with a K-type thermocouple, but NOx analyzer
was not used to measure the NO concentration. This experiment was
conducted in lean operation conditions (® = 0.79 to 0.9) for the reasons

discussed earlier in Section 7.2.1. The burner was operated leaner as the
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NO doping levels were being reduced to stabilize the flame. Figure 7-7
shows the corrected NO LIF images from Oppm to 1000ppm NO seeding

levels.
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Figure 7-7: Corrected NO LIF images for calibration at 226.03 nm

It is clear from the NO LIF images in Figure 7-7 that the resolution of the
images improves with increasing NO doping level. This is because pixel
intensities have more contrast with increasing NO level at the beam path
compared to the background. It also must be noted that each image
shown in Figure 7-7 has different scale on their right. As expected, NO
LIF intensity goes up as NO doping increases. Figure 7-8 illustrates the
NO-LIF images with colormaps normalized to maximum intensity across

all images. Increase in LIF intensity is visible with increasing NO doping
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level, as expected. Table 7-3 shows the premixed reactant flow rates

and exhaust temperatures for NO dopant level of 0 - 1000 ppm.
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Figure 7-8: Corrected NO LIF images for calibration at 226.03 nm. Colormaps
normalised to maximum intensity across all images.
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Table 7-3: Premixed reactant flow rates and exhaust temperatures for NO dopant

level of O - 1000 ppm

Seeded NO | CH4 mass | Air mass Equivalence NO-N, mass | Temperature
(ppm) flow (g/s) | flow(g/s) ratio (®) flow (g/s) (K)
1000 0.0061 0.117 0.9 0.0138 945
800 0.0061 0.121 0.87 0.0111 899
550 0.0061 0.124 0.85 0.0076 898
300 0.0059 0.124 0.82 0.004 918
100 0.0059 0.128 0.79 0.0014 908
0 0.0059 0.128 0.79 0 923
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Figure 7-9: NO LIF calibration curve (A = 226.03 nm) for 15 mm Bunsen burner with
CH4-air at atmospheric temperature and pressure
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Thomsen et al. [155] proposed a calibration technique to transfer
calibration data from atmospheric conditions to high pressure conditions.
This technique assumes that the broadband interferences from 0., CO:
and H.O are relatively constant in value over a range of excitation

wavelengths.

Figure 7-9 represents the calibration curves obtained by varying the
amount of NO doped into a reference flame. As both the curves meet at
the y axis at 0 ppm seeding, the same background signals (B,) occurs at
both excitation wavelengths. Then, the online (S) and offline (S’) LIF

intensities at any point in the doping curve can be written as,

S=BC+SN0 [7'8]
S, = BC + SNO’ [7‘9]

Similarly, the slopes of the two calibration curves m and m’,

SNO :m[NO] [7'10]
SN0, =m,[N0] [7'11]
where [NO] is the total NO concentration, doped plus undoped, in the

flame. A factor g can be derived such that,

Sy’ m’ [7-12]
9= Sno T om
From Equation [ 7-8 ] and [ 7-9 ] , the LIF signal for the undoped

condition in generic flames can be derived as,
SNOu = Su - S‘l,l + SNOu, [ 7'13]

where S, and S, are signal of online and offline in undoped condition

respectively. Now, using the definition of g,
Sno, = Su— Su+t gSno, [7-14]

Finally, solving for Sy, and B. in terms of g,

Sy = (Su — S) [7-15]
" 1-9)

B - (Su'— gSu) [7-16]
¢ (1-9)
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According to Ravikrishna et al. [318], the NO concentration in ppm

relative to the calibration flame temperature can be expressed as,
Nppm,RT = CbSNOu [7-17]

where €, is the gradient of the calibration curve. The [NO] in absolute

ppm can then be expressed as,

TN (ve\ (Pc\ ([ Ly [ 7-18 ]
Nppmabs = <T_c> (7) <F> <m> Nppm,rr

where T is the local flame temperature, P is the local flame pressure, y
is the cumulative correction factor for the effects of collisional
quenching, Boltzmann fraction distribution and laser line/absorption line
overlap fraction and I, is the laser irradiance. The subscript ‘C’ refers to
the quantities in the calibration flame. The cumulative correction factor
is obtained using LIFSim tool [129], where temperature, pressure, major
species concentrations, excitation wavelengths amongst others are

provided as input.

As discussed earlier in Chapter 3.6.2, all the raw images are corrected
for any non-uniform energy distribution of the laser sheet by using an
averaged LIF image of the burner seeded with NO. The images are then
corrected for attenuation of the excitation laser light and fluorescence
signal, which is dominated by absorption from hot CO. with a small
contribution from hot H>O. Attenuation of the laser light and
fluorescence signal are corrected on a pixel-by-pixel basis using Beer-
Lambert’s Law [277] and absorption coefficients known from shock tube
measurements [159] and simple consideration of the geometry. These
corrections require some knowledge of the local temperature because
the CO. and H0 absorption coefficients are temperature dependent and
the CO. and H2O number densities are obtained using an assumption of
thermal equilibrium in the post-flame gas. Temperature information is
also needed to correct for the temperature variation of the NO-LIF signal
via the temperature dependence of the laser-excited ground state
population, the spectral overlap between the laser-spectral profile and

NO absorption spectrum and the fluorescence yield. Thus, NO LIF multi-
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line thermometry is to be considered in future work for in-flame

temperature measurement.
7.3. Summary

The objective of this chapter was to describe the NO-LIF calibration
process in detail. Two different processes were followed to determine
the calibration factor at 285.16 and 226.03 nm excitation wavelengths.
Online and offline signals were considered separately to determine the
calibration factor at 226.03 nm, following the proposal of Thomsen et al.
[155]. More widespread and common method from previous studies
[314]-[316] was used to determine the calibration factor at 285.16 nm.
In this case, the NO LIF images were corrected for background, shot-to-
shot laser energy and laser beam energy distribution. Results from this
chapter will be used to convert the qualitative data to quantitative NO
distribution for future work at GTRC in HPGSB-2.
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8. Conclusions

This thesis focused on the development and assessment of chemical
reactor models for NOx predictions, and development and commissioning
of optical diagnostics system, namely laser induced fluorescence (LIF) for
qualitative NO formation analysis on industrial swirl flames. This study
first discussed the source of fuels for GT power generation sectors in the
UK and possible emissions from GT operations, focusing on NOx emissions
and subsequently NOx formation mechanisms were investigated. LIF
theory was detailed hereafter, prior to discussing the experimental set-
up with different burners for NO-LIF investigations with different
excitation wavelengths. The second part of the thesis focused on the
development of a chemical reactor model for HPGSB-2 at GTRC to
predict exhaust NOx emissions. The third part of the present research
focused on the development and application of 2-D spatially resolved
non-intrusive measurement of NO in a Bunsen burner and HPGSB-2
flames. The thesis was concluded by describing NO calibration
experiments to quantify qualitative NO distribution data in future. The

main findings are summarised below.

8.1. Experimental Set-up and Methodology for NO-LIF
e A methodology was developed for NO-LIF experiments at
Cardiff University. Due to the constraints of the laser system,
two different NO excitation strategy was employed in this

study.

e Experimental facility at GTRC was designed and commissioned

to conduct NO-LIF experiments.
8.2. Chemical Reactor Modelling

e Three chemical reactor networks were developed from two
existing models in the literature and predictions from these

models were compared with experimentally derived data.

e The predictions from the recirculation models matched the

experimental values closely compared to the other models.
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8.3.

The simplified model underpredicted NOx emissions at all
conditions considered for validation. However, this model was
recommended for further development in the future for its
simplicity and low computational cost. The Rizk models were
deemed unsuitable for HPGSB-2, mainly due to the
‘unmixedness’ parameter of these models, and the HPGSB-2

being operated fully premixed.

The Modified Valera model was selected for NOx predictions
analysis with different fuel-oxidant chemical kinetics
mechanisms. The predictions from C1-C4 mechanisms (Aramco
1.3, SanDiego and USIl) at 1.1 bara were close to the
experimental values across all fuel blends, while GRI-MECH 3.0
mechanism predictions were better matched to the
experimental data by the gas analyser at 2.2 and 3.3 bara. The
predictions from higher hydrocarbon mechanisms (Ranzi-Paolo
and NUIGalway) deviated from the experimental trend at high
pressure conditions. This could be due to the smaller presence
of higher hydrocarbons in the fuel blends considered for this

analysis.

Qualitative NO Formation Analysis in Unconfined and

Confined Flames

Rich CHs flames (® = 1.28 - 1.4) were investigated with the
unconfined 25 mm Bunsen burner. The flame stabilised closer
to the burner exit nozzle with decreasing @, as flame speed
increased with decreasing premixed gas speed, resulting in
higher NO PLIF intensity. Maximum CH and CH, mole fraction
obtained from numerical calculations were shown to have
decreasing trend with increasing ® and was attributed to
decreasing AFT and increasing activation energy requirements.
Thus, low NO formation from prompt pathway at high ® was

suggested.

247



Conclusions

NO formations in lean to rich conditions (® = 0.87 - 1.1) in
unconfined HPGSB-2 was investigated thereafter. With
increasing ®, the flame reaction zone retracted axially
upstream and radially outward, as the CRZ enveloped more
volume due to increased relative fuel content in the flow. NO
formation from the PLIF images peaked at ® = 0.94, whereas
NO measured by the gas analyser had the highest value at
stoichiometry. This difference in NO formation was attributed
to the NO formed downstream from prompt and N>O pathways.
Asymmetry in NO-PLIF images was attributed to the laser
energy and fluorescence signal attenuation by UV absorption

from CO. and H2O produced in the flame.

The effect of H> addition in the confined HPGSB-2 was
analysed and compared with 100% CHs flames for same
equivalence ratios (0.55 - 0.65). The burning intensity of CHa
was enhanced by H> addition, resulting higher volumetric heat
releases from numerical calculations. This increased heat
release resulted in higher thermal NO formations visible from
NO-PLIF images. This augmented burning intensity also
resulted in the flame being stabilised closer to the burner exit
nozzle and radial stretch in the heat release, visible from OH*
chemiluminescence images and consequently, elongated NO

formation.

The effect of confinement on flame shape and NO formation
was also investigated. Flame was attached to the confinement
due to Coanda effect, transforming CRZ from rectangular to
circular shape. This change in CRZ shape can also be attributed
to the decreasing confinement ratio. Heat release intensity
increased in the confined flames due to reduced heat loss
compared to the unconfined flames, as was visible in the OH*
chemiluminescence images, resulting in elongated and higher

NO formation.
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8.4.

NO-LIF images were also taken utilising widely used 226.03 nm
excitation wavelength to validate the choice of 285.16 nm
excitation wavelength. Images from both excitation
wavelengths followed the same trends as the flame moved
from lean to rich, thus the choice of 285.16 nm excitation
wavelength was validated, incorporation with the extensive
analysis given on the reasoning behind choosing 285.16 nm NO

excitation wavelength in Chapter 3.3.
NO Calibration towards Quantitative Analysis

Two calibration curves were obtained at 285.16 and 226.03 nm
excitation wavelengths by doping known concentrations of NO
in lean CHs/air flame using 15 mm Bunsen burner. These
calibration data would quantify qualitative NO distribution in

the flames investigated here.

Both offline and online points were considered to obtain the
calibration curve at 226.03 nm excitation wavelength, as

226.03 nm suffers from O interference.
Only online signals were taken into account for 285.16 nm

excitation wavelength as O: interference is negligible at this

wavelength.
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Recommendations for further Work

Several recommendations for further investigation can be made as a

result of the work presented in this thesis:

Further improvements could be made to strengthen the modelling of the
modified Valera model. Volume and residence time for CRZ, ERZ and
flame zone could be imported from PIV measurements at each point,
which will make the model more robust. The simplified model also
warrants further investigations due to its low-cost characteristics.
Sensitivity analysis for the NOx formation pathways will make the

chemical kinetics mechanisms investigated herein more vigorous.

The work presented here highlighted the importance of the knowledge
for in-flame temperature distribution for various corrections in NO-PLIF
measurements. Various in-flame temperature measurements techniques
like Rayleigh/Raman scattering, two-photon NO-LIF temperature
measurement could be investigated along with CFD modelling. By
utilising the NO calibration curves discussed in the final chapter of the
thesis, incorporation with in-flame temperature distribution, providing
opportunities to quantify qualitative NO distribution results presented

here.

The NO-PLIF setup commissioned in this study will facilitate further
performance of tests at higher values of initial ambient pressure to
understand NO formation on industrial scale swirl burner at elevated
pressure conditions, such as those experienced in GT combustors. This
would also allow for further development and validation of chemical

reaction mechanisms.

To address the issues with the increasing variation of natural gas
composition at the supply line and its impact on NOx formation in GTs,
further tests could be carried out with the fuel blends (E-mix# 2-4)
proposed in this study. Finally, NOx formations in alternative fuels such
as ammonia/hydrogen/methane combinations could be investigated with

OH, NHs and NH: LIF in the future with the current experimental set-up.
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Appendix A.1 - NO Excitation Spectra - 1780 K
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Figure A-0-1: NO Excitation Spectra at minimum AFT
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Appendix A.2 - Oz Excitation Spectra - 1780 K

02 Excitation Spectra (1780 K)

4.5

3.5

it
wn

N

Excitation Spectra (a.u.)

I
wn

0.5

270 280 290 300 310 320 330 340 350 360 370
Wavelength (nm)

Figure A-0-2: O, Excitation Spectra at minimum AFT
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Appendix A.3 - NO Excitation Spectra - 2210 K
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Figure A-0-3: NO Excitation Spectra at maximum AFT
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Appendix A.4 - Oz Excitation Spectra - 2210 K
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Figure A-0-4: O, Excitation Spectra at maximum AFT
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Appendix A.5 - NO and O Excitation Spectra (285.1 - 285.2 nm) - 1780 K
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Figure A-0-5: NO and O, excitation spectra (285.1 - 285.2 nm) at minimum AFT
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Appendix A.6 - NO and Oz Excitation Spectra (285.1 - 285.2 nm) - 2210 K
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Appendix B.1 - MATLAB code for normalising shot-to-shot laser energy

to the maximum laser energy

This code calls for the .CSV file where laser energy is saved and
normalises the laser energies to the maximum laser energy of the test

campaign for data comparison between different experimental results.

%Open dialogue box for user to select recorded shot-to-shot laser
energy fTile

[NistOfFiles, folder] = uigetfile ("*.csv", "Select acoustic
data®);

fullFileName = fullfile(folder, listOfFiles);

%Reads the .CSV file from B9 to B999000

A = xlIsread(fullFileName, 1, "B9:B999000%);

%Normalises the laser energy to the maximum energy

Anorm = (A/7.30e-4);

%Opens the intended directory

cd "C:\NO PLIF\NO PLIF - Quartz Off";

%Creates a new text file

filename=sprintf("TP4 _Offline.txt");

%Saves the normalised laser energies in a text file with the given
name and

%to the given directory

dimwrite(filename,Anorm);
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Appendix B.2 - MATLAB code for temporally averaging baseline images

the ‘BL_AVG.m’ function calculates temporal average of 200
instantaneous baseline images. Baseline images were taken at every

experimental point without laser firing at the flame.

function [BL_AVGout, BL_AVGout_zero, BL_cmap, Img_IntenINSTAN,
Img_IntenAVG] = BL_AVG(Numlmages)

%0pen dialogue box for user to select .TIF image files
[NistOfFiles, folder] = uigetfile ("*.tif", "Select your
image", "MultiSelect®, "on");

fullFileName = fullfile(folder, listOfFiles{1});

[1 cmap] = imread(fullFileName);

[rows columns] = size(l);

%initialize output matrix and vector variables

BL_AVGout_zero = zeros(rows,columns);

Img_IntenINSTAN = zeros(l, Numlmages);

MaxValue = zeros(l, Numlmages);

%Check number of images selected matches number input by user
if Numlmages ~= length(listOfFiles)

msg = “Error Occured - Image Number Mismatch®;
error(msg);
else

for j=1:length(listOfFiles)
fullFileName = fullfile(folder, listOfFiles{j});
12 = imread(fullFileName);
%Convert _TIF image to double precision
12_double = double(12);
%Filter the image with a 3x3 median filter
12_double_filt = medfilt2(12_double, “symmetric®);
%Add each iImage to the proceeding image
BL_AVGout_zero = BL_AVGout_zero + 12 _double filt;
%Calculate and store the instantaneous image integral intensity
Img_IntenINSTAN(1,j) = sum(12_double_ Ffilt(:));
MaxValue(l,j) = max(max(12_double Filt(:)));
end
end
%Calculate the temporal average image
BL_AVGout = BL_AVGout_zero ./ Numlmages;
BL_cmap = cmap;
%Calculate the integral intensity of the temporal average image
%after correction
Img_IntenAVG = sum(BL_AVGout(:));
%Opens the intended directory
cd "F:\NO PLIF data\20 Feb 2018 - Qualitative comparison-;
%Saves the time averaged file
saveastiff(BL_AVGout, "Target.tif");
%Calculate the integral intensity of the temporal average image
%after correction
Img_IntenAVG = sum(BL_AVGout(:))/(rows*columns);
%Chirping sound notification upon completion
load chirp;
sound(y,Fs);
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Appendix B.3: MATLAB code for correcting online and offline images

for baseline and normalised shot-to-shot laser energy variation

The ‘Laser_Energy Correction.m’ code corrects raw online and offline
images for respective baseline and normalised laser energy. The code

outputs the corrected images in a directory defined by the user.

function LASER_ENERGY_CORRECTION(NumImages, BASELINE)
%Open dialogue box for user to select .TIF image files
[listOfFiles, folder] = uigetfile ("*.tif", "Select your image-,
"MultiSelect™, "on");
fullFileName = fullfile(folder, listOfFiles{1});
[1,cmap] = imread(fullFileName);
[rows, columns] = size(l);
%Converts BASELINE image into double precision
BASELINE_double = double(BASELINE);
%Defines rows, columns and number of images in a 3D space
image3d = zeros(rows, columns, Numlmages);
%Check number of images selected matches number input by user
if Numlmages ~= length(listOfFiles)
msg = “Error Occured - Image Number Mismatch®;
error(msg);
else
%Reads raw images before converting them to double precision and
subtract
%BASELINE image
for k = 1 : length(listOfFiles)
fullFileName = fullfile(folder, listOfFiles{k});
12 = imread(fullFileName);
12_double = double(12);
12_NO_BG = 12_double - BASELINE_double;
image3d(:,:,k) = 12 _NO BG;
end
%Loads the intended directory
cd "C:\NO PLIF\NO PLIF - Quartz Off";
%loads and reads the .txt file containing normalised laser energy
load "TP5 Online.txt";
A=textread("TP5 Online.txt");
%Loads the intended directory for saving corrected images
cd "C:\NO PLIF\NO PLIF - Quartz Off\Corrected\TP5\Online";
%Corrects images with the corresponding normalised laser energy
and saves the corrected images
for k=1:length(listOfFiles)
filename=sprintf("image%d.tif",k);
filenamel=image3d(:, :,k)./ZA(K);
saveastiff(filenamel, filename);
end
end
%Chirping sound notification upon completion
load chirp;
sound(y,Fs);
end
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Appendix B.4: MATLAB code for time averaging NO-PLIF images at

285.16 nm excitation and laser sheet distribution correction

The ‘PLIF_AVG_SHEETNORM.m’ code temporally average the online
images at first and then applies the precalculated gaussian distribution
of the laser sheet. The code also calculate average and maximum
intensity of PLIF image as well as pixel location of the maximum

intensity.

function [m, Z, row, col, PLIF_AVGout, PLIF_cmap, Img_IntenAVG] =
PLIF_AVG_SHEETNORM(NumlImages)

% Open dialog box to prompt for .TIF NO PLIF file selection
[NistOfFiles, folder] = uigetfile ("*.tif", "Select your image-”,
"MultiSelect™, "on");

fullFileName = fullfile(folder, listOfFiles{1});

[1 cmap] = imread(fullFileName);

[rows columns] = size(l);

PLIF_AVGout _zero = zeros(rows,columns);

PLIF_Sheet_Norm_zero = zeros(rows,columns);

%Error check if the number of selected images is equal Numlmages
if Numlmages ~= length(listOfFiles)

msg = “Error Occured - Image Number Mismatch®;
error(msg);
else

for j=1:length(listOfFiles)

fullFileName = fullfile(folder, listOfFiles{j});

% Read in First instantaneous NO PLIF image

12 = imread(fullFileName);

% Convert the image to double precision

12_double = im2double(12);

% Apply 3x3 pixel median filter to reduce noise
12_double_filt = medfilt2(12_double, “symmetric®);

% Apply laser sheet intensity distribution correction
for i = 1:rows

% Find the maximum NO PLIF intensity value in each row
[RowMax Loc] = max(12_double_filt(i,:));

% Convert the row pixel location to "mm" distance
LocMM = Loc/16.9;

LocNorm = LocMM /(LocMM /1.0407e+5);

Gausslinten = (0.8416*exp(-((LocNorm-116900)/34270)"2)) +
(0.5878*exp(-((LocNorm-(61230))/38900)"2));

% Normalize the maximum NO PLIF intensity value
IntenNorm = RowMax/Gausslinten;
PLIF_Sheet_Norm_zero(i,:) = 12_double NoBG(i,:);
PLIF_Sheet_Norm_zero(i, Loc) = IntenNorm;

% Apply the Gaussian normalization in upstream direction from
% the maximum NO PLIF intensity location

for 1 = 1:187

if (Loc - I) ==

break

end

LocNormL = 1.0407e+5-((Loc-(Loc-1))*(7486.865/16.9));
GausslintenL = (0.8416*exp(-((LocNormL-116900)/34270)"2)) +
(0.5878*exp(-((LocNormL-(61230))/38900)"2));
IntenNormL = 12_double_NoBG(i, (Loc-1))/GaussintenL;
PLIF_Sheet_Norm_zero(i, (Loc-1)) = IntenNormL;

end
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% Apply the Gaussian normalization in the downstream % direction
from the maximum NO PLIF intensity location

for k = 1:111

if (Loc + k) > 1344

break

end

LocNormK = 1.0407e+5+(((Loc+k)-Loc)*(-9828.59/16.9));
GaussintenK = (0.8416*exp(-((LocNormK-116900)/34270)"2)) +
(0.5878*exp(-((LocNormK-(61230))/38900)"2));

IntenNormK = 12_double_NoBG(i, (Loc+k))/GaussintenK;
PLIF_Sheet_Norm_zero(i, (Loctk)) = IntenNormK;

end

end

PLIF_AVGout zero = PLIF_AVGout zero + PLIF_Sheet Norm_zero;
end

end

%Calculate the temporal average NO PLIF image
PLIF_AVGout = PLIF_AVGout _zero ./ Numlmages;

%Output the .TIF file colormap for easier image plotting
PLIF_cmap = cmap;

%Crops the ouput image into area of interest
Z=imcrop(PLIF_AVGout, [1 1 650 1023]);

[rowz columnz] = size(2);

%Calculates average intensity

Img_IntenAVG = sum(Z(:))/(rowz*columnz);

%Finds maximum intensity

m=max(max(Z2));

%Loads the intended directory

cd "C:\NO PLIF\NO PLIF - Quartz Off\Corrected\TP5";
%Saves the image
saveastiff(PLIF_AVGout, "TP5 Online6.tif");

%Finds the location of maximum intensity

[row, col] = find(ismember(Z, max(Z(:z))));

%Chirping sound notification upon completion

load chirp;

sound(y,1/2*Fs);

end
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Appendix B.5: MATLAB code for time-averaging offline images

This code was used to time-average offline images prior to beam

intensity correction at 225.94 nm excitation wavelength.

function [m, Z, row, col, LIF_AVGout, LIF _cmap, Img_IntenAVG] =
LIF_AVG_BEAMNORM_OFFLINE(NumlImages)

% Open dialog box to prompt for .TIF LIF file selection
[listOfFiles, folder] = uigetfile ("*.tif", "Select your image-,
"MultiSelect™, "on");

fullFileName = fullfile(folder, listOfFiles{1});

[1 cmap] = imread(fullFileName);

[rows columns] = size(l);

LIF_AVGout_zero = zeros(rows,columns);

LIF_Beam Norm_zero = zeros(rows,columns);

%Error check if the number of selected images is equal Numlmages
if Numlmages ~= length(listOfFiles)

msg = "Error Occured - Image Number Mismatch®;
error(msg);
else

for j=1l:length(listOfFiles)

fullFileName = fullfile(folder, listOfFiles{j});

% Read in First instantaneous LIF image

12 = imread(fullFileName);

% Convert the image to double precision

12_double = im2double(12);

% Apply 3x3 pixel median filter to reduce noise
12_double_filt = medfilt2(12_double, “symmetric®);

% Apply laser sheet intensity distribution correction
for 1 = 1:rows

% Find the maximum NO LIF intensity value in each row
[RowMax Loc] = max(12_double_filt(i,:));

% Convert the row pixel location to "mm" distance
LocMM = Loc/17.7;

LocNorm = LocMM /(LocMM /1.215e+5);

GausslInten = 0.7802*exp(-((LocNorm-1.215e+5)/1.564e+5)"2);
% Normalize the maximum LIF intensity value

IntenNorm = RowMax/Gausslinten;
LIF_Beam_Norm_zero(i,:) = 12_double Ffilt(i,:);
LIF_Beam Norm_zero(i, Loc) = IntenNorm;

% Apply the Gaussian normalization iIn upstream direction from
% the maximum LIF intensity location

for 1 = 1:44

if (Loc - I) ==
break

end

LocNormL = 1.215e+5-((Loc-(Loc-1))*(1/17.7));

GaussintenL = 0.7802*exp(-((LocNormL-1.215e+5)/1.564e+5)"2);
IntenNormL = 12_double_filt(i, (Loc-1))/GaussintenL;

LIF_Beam Norm_zero(i, (Loc-1)) = IntenNormL;

end

% Apply the Gaussian normalization in the downstream % direction
from the maximum LIF intensity location

for k = 1:44

if (Loc + k) > 1024
break

end

LocNormK = 1.215e+5+(((Loc+k)-Loc)*(1/17.7));

GausslIntenK = 0.7802*exp(-((LocNormK-1.215e+5)/1.564e+5)"2);
IntenNormK = 12_double_filt((Loc+k), i1)/GaussintenK;
LIF_Beam Norm_zero((Loc+k), i) = IntenNormK;

end
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end

LIF_AVGout_zero = LIF_AVGout_zero + LIF_Beam_Norm_zero;
end

end

%Callculate the temporal average LIF image

LIF_AVGout = LIF_AVGout _zero ./ Numlmages;

%Output the _TIF file colormap for easier image plotting
LIF_cmap = cmap;

%Crops the ouput image into area of interest
Z=imcrop(LIF_AVGout, [318 199 702 301]);

[rowz columnz] = size(2);

%Calculates average intensity

Img_IntenAVG = sum(Z(:))/(rowz*columnz);

%Finds maximum intensity

m=max(max(2));

%Loads the intended directory

cd "C:\NO PLIF\Calibration - NO LIF\Corrected\1000ppm";
%Saves the image

saveastiff(LIF_AVGout, "1000ppm_Offline.tif");

%Finds the location of maximum intensity

[row, col] = find(ismember(Z, max(Z(:))));

%Chirping sound notification upon completion

load chirp;

sound(y,1/2*Fs);

end
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Appendix B.6: MATLAB code for time averaging offline corrected NO-
LIF images at 226.03 nm excitation and laser beam distribution

correction

The ‘LIF_AVG_BEAMNORM.m’ code subtracts the temporally-averaged
offline image from online images and then average the online images.
Laser beam distribution then applied from the maximum pixel to the

either sides of image.

function [m, Z, row, col, LIF_AVGout, LIF_cmap, Img_IntenAVG] =
LIF_AVG_BEAMNORM(Numlmages, LIF_OFFLINE)

% Open dialog box to prompt for .TIF NO LIF file selection
[NistOfFiles, folder] = uigetfile ("*.tif", "Select your image-”,
"MultiSelect™, "on");

fullFileName = fullfile(folder, listOfFiles{1});

[1 cmap] = imread(fullFileName);

[rows columns] = size(l);

LIF_AVGout zero = zeros(rows,columns);

LIF_Beam Norm_zero = zeros(rows,columns);

LIF_BG_double = im2double(L1F_OFFLINE);

%Error check if the number of selected images is equal Numlmages
if Numlmages ~= length(listOfFiles)

msg = “Error Occured - Image Number Mismatch®;
error(msg);
else

for j=1:length(listOfFiles)

fullFileName = fullfile(folder, listOfFiles{j});

% Read in First instantaneous NO LIF image

12 = imread(fullFileName);

% Convert the image to double precision

12_double = im2double(12);

% Apply 3x3 pixel median filter to reduce noise
12_double_filt = medfilt2(12_double, “symmetric®);

% Correct the instaneous NO LIF image for the input background
% image

12 _double NoBG = 12 _double Ffilt - LIF_BG double;

% Apply laser beam intensity distribution correction

for 1 = 1:rows

% Find the maximum NO LIF intensity value in each row
[RowMax Loc] = max(12_double_NoBG(i,:));

% Convert the row pixel location to "mm" distance

LocMM = Loc/16.9;

LocNorm = LocMM /(LocMM /1.215e+5);

Gausslinten = 0.7802*exp(-((LocNorm-1.215e+5)/1.564e+5)"2);
% Normalizes the maximum NO LIF intensity value

IntenNorm = RowMax/Gausslinten;

LIF_Beam Norm_zero(i,:) = 12 _double NoBG(i,:);

LIF_Beam Norm_zero(i, Loc) = IntenNorm;

% Apply the Gaussian normalization in upstream direction from
% the maximum NO LIF intensity location

for 1 = 1:187

if (Loc - I) ==

break

end

LocNormL = 1.215e+5-((Loc-(Loc-1))*(1/16.9));

GaussintenL = 0.7802*exp(-((LocNormL-1.215e+5)/1.564e+5)"2);
IntenNormL = 12_double_NoBG(i, (Loc-1))/GausslintenL;
LIF_Beam Norm_zero(i, (Loc-1)) = IntenNormL;
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end

% Apply the Gaussian normalization in the downstream % direction
from the maximum NO LIF intensity location

for k = 1:111

if (Loc + k) > 1344

break

end

LocNormK = 1.215e+5+(((Loc+k)-Loc)*(1/16.9));
GausslIntenK = 0.7802*exp(-((LocNormK-1.215e+5)/1.564e+5)"2);
IntenNormK = 12_double_NoBG(i, (Loc+k))/GaussintenK;
LIF_Beam_Norm_zero(i, (Loc+k)) = IntenNormK;

end

end

LIF_AVGout_zero = LIF_AVGout_zero + LIF_Beam Norm_zero;
end

end

%Calculate the temporal average NO LIF image
LIF_AVGout = LIF_AVGout zero ./ Numlmages;

%Output the .TIF File colormap for easier image plotting
LIF_cmap = cmap;

%Crops the ouput image into area of interest
Z=imcrop(LIF_AVGout, [1 1 220 1023]);

[rowz columnz] = size(2);

%Callculates average intensity

Img_IntenAVG = sum(Z(:))/(rowz*columnz);

%Finds maximum intensity

m=max(max(Z2));

%Loads the intended directory

cd "C:\NO PLIF\Calibration - NO LIF\Corrected\Oppm*®;
%Saves the image
saveastiff(LIF_AVGout, "Oppm _Online_beam.tif");

%Finds the location of maximum intensity

[row, col] = find(ismember(Z, max(Z(:z))));

%Chirping sound notification upon completion

load chirp;

sound(y,1/2*Fs);

end
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Appendix B.7: MATLAB code for temporally averaging OH*

chemiluminescence images

This code was adapted from a previous study at Cardiff University [221].

The code temporally averages the raw chemiluminescence images.

function [CHEMI_AVGout, CHEMI cmap, Img_IntenINSTAN, Img_IntenAVG]
= CHEMI_AVG(Numlmages)

%0pen dialogue box for user to select .TIF image files
[listOfFiles, folder] = uigetfile ("*.tif", "Select your image-”,
"MultiSelect™, "on");

fullFileName = fullfile(folder, listOfFiles{1});

[1 cmap] = imread(fullFileName);

[rows columns] = size(l);

%Initialize output matrix and vector variables
CHEMI_AVGout_zero = zeros(rows,columns);

Img_IntenINSTAN = zeros(l, Numlmages);

%Check number of images selected matches number input by user

ifT Numlmages ~= length(listOfFiles)

msg = “Error Occured - Image Number Mismatch®;
error(msg);
else

for j=1l:length(listOfFiles)

fullFileName = fullfile(folder, listOfFiles{j});

12 = imread(fullFileName);

%Convert .TIF image to double precision

12_double = im2double(12);

%Filter the image with a 3x3 median fTilter

12_double_filt = medfilt2(12_double, “symmetric®);

%Add each image to the proceeding image

CHEMI_AVGout_zero = CHEMI_AVGout_zero + 12_double_filt;
%Calculate and store the instantaneous image integral intensity
Img_IntenINSTAN(L,j) = sum(12_double Filt(:));

end

end

%Calculate the temporal average image

CHEMI_AVG_1 = CHEMI_AVGout_zero ./ Numlmages;

CHEMI_AVG_mode = mode(CHEMI_AVG_1(:));

%Background correction using the statistical mode of the temporal
average

CHEMI_AVGout = CHEMI_AVG_1 - CHEMI_AVG_mode;

%Minimum value correction

CHEMI_AVGout = CHEMI_AVGout - min(CHEMI_AVGout(:));

CHEMI_cmap = cmap;

%Calculate the integral intensity of the temporal average image
after

%correction

Img_IntenAVG = sum(CHEMI_AVGout(:));

289



APPENDIX B - MATLAB Routines

Appendix B.8: MATLAB code for Abel Conversion of time-averaged

OH* chemiluminescence image

This code was also adapted from the same previous study. This code
works in conjunction with ‘abel_inversion.m’, ‘compute_expansion.m’
and ‘solve_isq.m’ codes from literature. The code requires the user to
define central pixel column location as well as the half of the image to

be processed.

function [ImAbel] = HalfAbel(lmage, R, CentXPix, WhichWay)
[T J] = size (Image);

n=09/2) + 1;

if WhichWay ==

NewEdge = (2*(-CentXPix));

%Initialize output image matrix

ImAbel = zeros(i, NewEdge);

k = (NewEkdge/2) - 1;

%For loop cycles through each row of the input image

for z = 1:i

%Extract single image row

A = Image(z, CentXPix:=j);

%Convert image row to double precision

A2 = im2double(A, "indexed®);

%Callls the Abel inversion function one row at a time with an
%input of 5 cosinus expansions in the Fourier-series-like
%expansion

[f rec , X] = abel_inversion(A2,R,5);

%Add the Abel deconvoluted row to the output matrix
ImAbel (z, (NewEdge/2):NewEdge) = F_rec(:,1);

%Rotate the Abel deconvoluted row about the central axis
f rec = flipud(f_rec);

ImAbel (z, 1:k) = f_rec(2:(NewEdge/2),1);

end

end

if Whichway == 2

NewEdge = (2*CentXPix);

ImAbel = zeros(i, NewEdge);

k = (NewEkdges/2) - 1;

%For loop cycles through each row in the input image

for z = 1:i

%Extract single image row

A = Image(z, 1:(CentXPix+1));

A = fliplr(A);

%Convert image row to double precision

A2 = im2double(A, "indexed®);

%Calls the Abel inversion function one row at a time with an input
%of 5 cosinus expansions in the Fourier-series-like expansion
[f_rec , X] = abel_inversion(A2,R,5);

%Add the Abel deconvoluted row to the output matrix
ImAbel (z, (NewEdge/2):NewkEdge) = F _rec(:,1);

%Rotate the Abel deconvulted row about the central axis

f rec = flipud(f_rec);

ImAbel (z, 1:k) = F_rec(2:(NewEdge/2),1);

end

end

end

290



NO Formation Analysis using Chemical Reactor Modelling and LIF Measurements on Industrial Swirl Flames

Appendix B.9: MATLAB code for calculating flame thickness from Abel

Deconvoluted OH* chemiluminescence image

This code was also adapted from a previous study with minor changes to
work with Abel Deconvoluted OH* chemiluminescence image rather than
OH PLIF image.

function [FlameMax, FlameSurf, FlameThk, FlameArea,
I_CHEMI_MAX LOCS, LFT_EDGE_LOCS, RHT_EDGE_LOCS, ROW_FLM_THK] =
CHEMI_FLAME_MAX(CHEMI_AVG, CenterLinePixel, PixScale, ProgVvar)
[rows columns] = size(CHEMI_AVG);

X = 1:CenterLinePixel;

X = X.";

% Select half of the average OH chemi image to evaluate
CHEMI_AVG_Half = imcrop(CHEMI_AVG, [O O CenterLinePixel rows]);
% Find the maximum OH chemi intensity value in the selected half
image

I_CHEMI_MAX_Crop = max(CHEMI_AVG_Half(:));

FlameMax = zeros(rows, CenterLinePixel);

FlameSurf = zeros(rows, CenterLinePixel);

I_CHEMI_MAX_LOCS = zeros(rows,1);

LFT_EDGE_LOCS = zeros(rows,1);

RHT_EDGE_LOCS = zeros(rows,1);

ROW_FLM_THK = zeros(rows,1);

% Callculate the pixel area (mm”™2) from the input pixel scale
(pix/mm)

PixelArea = (1/PixScale)”"2;

for k = 1:rows

% Find the maximum OH chemi intensity value in each row
[1_CHEMI_MAX 1_CHEMI_MAX_LOC] = max(CHEMI_AVG_Half(k,:));

% IT the maximum value is less that 50% of the overall image
% maximum chemi intensity, move to the next row

it I_CHEMI_MAX/I1_CHEMI_MAX Crop < 0.5

continue

end

FlameMax(k, 1_CHEMI_MAX_LOC) = 1;

I_CHEMI_MAX_LOCS(k) = ((CenterLinePixel/PixScale)-
(1_CHEMI_MAX_LOC/PixScale));

% Extract the entire row distribution of OH chemi intensity values
I_CHEMI_ROW = CHEMI_AVG_Half(k,:);

I_CHEMI_ROW = 1_CHEMI_ROW.";

% Fit a 9th order polynomial to the row OH chemi intensity

% distribution

[P,~,MU] = polyFfit(X,I_CHEMI_ROW, 9);

F = polyval(P,X,[],MU);

% Callculate the 1st derivative of the row OH chemi intensity
distribution

Fx = gradient(F);

% Extract OH chemi intensity values from the left edge of the row
% to the maximum location

Fx_LR = Flipud(Fx(1:1_CHEMI_MAX_LOC-1));

% Error checking

FX_LR_EMPCHK = isempty(Fx_LR);

if FX_LR_EMPCHK == 1 || numel(Fx_LR) < 3

continue

end

% Find the locations of the peaks in the 1lst derivative

% distribution from the left edge to the maximum location
[Fx LR _PK, Fx_ LR _LOC] = findpeaks(Fx_LR);

% If no peaks are found, take 2nd derivative and find
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%Locations closest to O

if numel(Fx_LR_LOC)==

Fx2 = gradient(Fx);

[P2,~,MU2] = polyfit(X,Fx2, 9);

F2 = polyval(P2,X,[]1,MU2);

Fx2_LR = Flipud(Fx2(1:1_CHEMI_MAX_LOC-1));

Fx_LR_LOC = find(abs(Fx2_LR-0)==min(abs(Fx2_LR-0)));

end

% Callculate the left edge location

LFT_EDGE_LOC = (I1_CHEMI_MAX_LOC - ceil(2*ProgVar*Fx_LR_LOC(1)));
if LFT_EDGE_LOC < O

continue

end

% Convert the left edge location to mm

LFT_EDGE_LOCS(k) = ((CenterLinePixel/PixScale)-
(LFT_EDGE_LOC/PixScale));

% Extract OH chemi intensity values from the maximum location to
% the right edge of the row

Fx RL = Fx((I_CHEMI_MAX LOC+1):CenterLinePixel);

% Error checking

FX_RL_EMPCHK = isempty(Fx_RL);

if FX_ RL_EMPCHK == 1 || numel(Fx_RL) < 3

continue

end

% Find the locations of the peaks in the 1lst derivative

% distribution from the maximum location to the right edge
[Fx RL_PK, Fx_RL_LOC] = findpeaks(-Fx_RL);

% If no peaks are found, take 2nd derivative and find

% Location closest to O

if numel(Fx_RL_LOC)==

Fx3 = gradient(Fx);

[P3,~,MU3] = polyfit(X,Fx3, 9);

F3 = polyval (P3,X,[],MU3);

Fx3_RL = Fx3((1_CHEMI_MAX LOC+1):CenterLinePixel);

Fx RL_LOC = find(abs(Fx3_RL-0)==min(abs(Fx3_RL-0)));

end

% Callculate the right edge location

RHT_EDGE_LOC = (1_CHEMI_MAX_LOC + ceil(2*ProgVar*Fx_RL_LOC(1)));
if RHT_EDGE_LOC > CenterLinePixel

continue

end

% Convert the right edge location to mm

RHT_EDGE_LOCS(k) = ((CenterLinePixel/PixScale)-
(RHT_EDGE_LOC/PixScale));

% Binarizing the flame surface from left to right in the row
FlameSurf(k,LFT_EDGE_LOC:RHT_EDGE_LOC) = 1;

% Calculating the individual row flame thickness (mm)
ROW_FLM_THK(k) = 0.5*(LFT_EDGE_LOCS(k)-RHT_EDGE_LOCS(k));
end

% Callculate the mean flame thickness (mm)from the row thicknesses
FlameThk = mean(nonzeros(ROW_FLM_THK));

% Calculate the mean flame area (mm”™2) from the binary flame
surface

FlameArea = (bwarea(FlameSurf))/PixelArea;

end
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APPENDIX C - Geometry of Mixing Chamber, CRZ,

ERZ and Flame Zone for CHEMKIN Reactor Models
Appendix C.1 - Geometry of Mixing Chamber
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Figure C-0-1: HPGSB-2 Mixing Chamber

293



APPENDIX C - Geometry of Mixing Chamber, CRZ, ERZ and
Flame Zone for CHEMKIN Reactor Models

Appendix C.2: CFD Result used for CRZ, ERZ and Flame Zone Volume

Calculation

Contours of X Velocity (m/s)

Figure C-0-2: CFD result used for CRZ, ERZ and flame zone volume calculation.
Reproduced from [275].
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APPENDIX D - Photographs of HPOC and Bunsen

Burner Setup
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Figure D-0-1: Photograph of HPCR setup with HPGSB-2
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Figure D-0-2: Photograph of Bunsen burner setup
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APPENDIX E - Updated Chemical Kinetics

Mechanisms with NOx Formation Pathways and

Required Inputs for the Models

Appendix E.1 - NOx pathways for Aramco 1.3 Mechanism

Gas-phase kinetics for NOx pathways

N+NO<=>N2+0O 2.700E+13 .000 355.00

N+02<=>NO+0 9.000E+09 1.000 6500.00

N+OH<=>NO+H 3.360E+13 .000 385.00

N20+0<=>N2+02 1.400E+12  .000 10810.00
N20+0<=>2NO 2.900E+13  .000 23150.00

N20+H<=>N2+OH 3.870E+14 .000 18880.00
N20+OH<=>N2+HO2 2.000E+12 .000 21060.00
N20(+M)<=>N2+O(+M) 7.910E+10 .000 56020.00

LOW 7/ 6.370E+14 .000 56640.00/

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .625/

HO2+NO<=>NO2+0OH 2.110E+12  .000 -480.00

NO+O+M<=>NO2+M 1.060E+20 -1.410 .00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

NO2+0<=>NO+02 3.900E+12  .000 -240.00

NO2+H<=>NO+OH 1.320E+14 .000 360.00

NH+0<=>NO+H 4.000E+13  .000 .00

NH+H<=>N+H2 3.200E+13  .000  330.00

NH+OH<=>HNO+H 2.000E+13  .000 .00

NH+OH<=>N+H20 2.000E+09 1.200 .00
NH+02<=>HNO+O 4.610E+05 2.000 6500.00
NH+02<=>NO+OH 1.280E+06 1.500 100.00

NH+N<=>N2+H 1.500E+13  .000 .00

NH+H20<=>HNO+H2 2.000E+13  .000 13850.00
NH+NO<=>N2+OH 2.160E+13 -.230 .00
NH+NO<=>N20+H 3.650E+14 -.450 .00
NH2+0<=>0H+NH 3.000E+12  .000 .00
NH2+0<=>H+HNO 3.900E+13  .000 .00
NH2+H<=>NH+H2 4.000E+13 .000 3650.00
NH2+OH<=>NH+H20 9.000E+07 1.500 -460.00

NNH<=>N2+H 3.300E+08  .000 .00

NNH+M<=>N2+H+M 1.300E+14 -.110 4980.00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/
NNH+02<=>HO2+N2 5.000E+12  .000 .00

NNH+0<=>0H+N2 2.500E+13  .000 .00
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NNH+0<=>NH+NO 7.000E+13  .000 .00
NNH+H<=>H2+N2 5.000E+13  .000 .00
NNH+OH<=>H20+N2 2.000E+13  .000 .00
NNH+CH3<=>CH4+N2 2.500E+13  .000 .00
H+NO+M<=>HNO+M 4.480E+19 -1.320 740.00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

HNO+0<=>NO+OH 2.500E+13  .000 .00
HNO+H<=>H2+NO 9.000E+11 .720 660.00
HNO+OH<=>NO+H20 1.300E+07 1.900 -950.00
HNO+02<=>H02+NO 1.000E+13 .000 13000.00
CN+0<=>CO+N 7.700E+13  .000 .00
CN+OH<=>NCO+H 4.000E+13  .000 .00
CN+H20<=>HCN+OH 8.000E+12  .000 7460.00
CN+02<=>NCO+0 6.140E+12  .000 -440.00
CN+H2<=>HCN+H 2.950E+05 2.450 2240.00
NCO+0<=>NO+CO 2.350E+13  .000 .00
NCO+H<=>NH+CO 5.400E+13  .000 .00
NCO+OH<=>NO+H+CO 0.250E+13  .000 .00
NCO+N<=>N2+CO 2.000E+13  .000 .00
NCO+02<=>NO+CO2 2.000E+12  .000 20000.00
NCO+M<=>N+CO+M 3.100E+14  .000 54050.00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

NCO+NO<=>N20+CO 1.900E+17 -1.520 740.00
NCO+NO<=>N2+C02 3.800E+18 -2.000 800.00
HCN+M<=>H+CN+M 1.040E+29 -3.300 126600.00

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

HCN+0<=>NCO+H 2.030E+04 2.640 4980.00
HCN+0<=>NH+CO 5.070E+03 2.640 4980.00
HCN+0<=>CN+OH 3.910E+09 1.580 26600.00
HCN+OH<=>HOCN+H 1.100E+06 2.030 13370.00
HCN+OH<=>HNCO+H 4.400E+03 2.260 6400.00
HCN+OH<=>NH2+CO 1.600E+02 2.560 9000.00
H+HCN(+M)<=>H2CN(+M) 3.300E#13 .000 .00

LOW / 1.400E+26 -3.400 1900.00/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C0O2/2.00/ C2H6/3.00/ AR/ .70/

H2CN+N<=>N2+CH2 6.000E+13  .000 400.00
C+N2<=>CN+N 6.300E+13  .000 46020.00
CH+N2<=>HCN+N 3.120E+09 0.880 20130.00
CH+N2(+M)<=>HCNN(+M) 3.100E+12  .150 .00

LOW / 1.300E+25 -3.160 740.00/
TROE/ .6670 235.00 2117.00 4536.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C0O2/2.00/ C2H6/3.00/ AR/ 1.0/
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CH2+N2<=>HCN+NH
CH2(S)+N2<=>NH+HCN
C+NO<=>CN+O
C+NO<=>CO+N
CH+NO<=>HCN+O
CH+NO<=>H+NCO
CH+NO<=>N+HCO
CH2+NO<=>H+HNCO
CH2+NO<=>0H+HCN
CH2+NO<=>H+HCNO
CH2(S)+NO<=>H+HNCO
CH2(S)+NO<=>0OH+HCN
CH2(S)+NO<=>H+HCNO
CH3+NO<=>HCN+H20
CH3+NO<=>H2CN+OH
HCNN+O<=>CO+H+N2
HCNN+O<=>HCN+NO
HCNN+02<=>0+HCO+N2
HCNN+OH<=>H+HCO+N2
HCNN+H<=>CH2+N2
HNCO+0<=>NH+CO2
HNCO+0<=>HNO+CO
HNCO+0<=>NCO+OH
HNCO+H<=>NH2+CO
HNCO+H<=>H2+NCO
HNCO+0OH<=>NCO+H20
HNCO+OH<=>NH2+CO2

HNCO+M<=>NH+CO+M

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

HCNO+H<=>H+HNCO
HCNO+H<=>0OH+HCN
HCNO+H<=>NH2+CO
HOCN+H<=>H+HNCO
HCCO+NO<=>HCNO+CO
CH3+N<=>H2CN+H
CH3+N<=>HCN+H2
NH3+H<=>NH2+H2
NH3+OH<=>NH2+H20
NH3+0<=>NH2+0H
NH+C02<=>HNO+CO
CN+NO2<=>NCO+NO

NCO+NO2<=>N20+C02

1.000E+13  .000 74000.00

1.000E+11 .000 65000.00

1.900E+13  .000 .00

2.900E+13  .000 .00

4.100E+13  .000 .00
1.620E+13  .000 .00
2.460E+13  .000 .00

3.100E+17 -1.380 1270.00
2.900E+14 -.690 760.00
3.800E+13 -.360 580.00
3.100E+17 -1.380 1270.00
2.900E+14 -.690 760.00
3.800E+13 -.360 580.00
9.600E+13  .000 28800.00
1.000E+12  .000 21750.00
2.200E+13  .000 .00
2.000E+12  .000 .00
1.200E+13  .000 .00
1.200E+13  .000 .00
1.000E+14  .000 .00
9.800E+07 1.410 8500.00
1.500E+08 1.570 44000.00
2.200E+06 2.110 11400.00
2.250E+07 1.700 3800.00
1.050E+05 2.500 13300.00
3.300E+07 1.500 3600.00
3.300E+06 1.500 3600.00

1.180E+16  .000 84720.00

2.100E+15 -.690 2850.00
2.700E+11 .180 2120.00
1.700E+14 -.750 2890.00
2.000E+07 2.000 2000.00
0.900E+13  .000 .00
6.100E+14 -.310 290.00
3.700E+12 .150 -90.00
5.400E+05 2.400 9915.00
5.000E+07 1.600 955.00
9.400E+06 1.940 6460.00
1.000E+13  .000 14350.00
6.160E+15 -0.752  345.00

3.250E+12  .000 -705.00
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N+CO2<=>NO+CO 3.000E+12 .000 11300.00
0+CH3=>H+H2+CO 3.370E+13 .000 .00
CH+H2(+M)<=>CH3(+M) 1.970E+12  .430 -370.00

LOW/ 4.820E+25 -2.80 590.0 /
TROE/ .578 122.0 2535.0 9365.0 /
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ C2H6/3.00/ AR/ .70/

END

Thermodynamics data for NOx pathway

THERMO

N2 G8/02N 2 0 0 O0G 200.000 6000.00 1000.00 1
2.95257637E+00 1.39690040E-03-4.92631603E-07 7.86010195E-11-4.60755204E-15 2
-9.23948688E+02 5.87188762E+00 3.53100528E+00-1.23660988E-04-5.02999433E-07 3
2.43530612E-09-1.40881235E-12-1.04697628E+03 2.96747038E+00 0.00000000E+00 4
HCN L7/88H 1C 1IN 1 0G 200.000 6000.000 1000. 1
0.38022392E+01 0.31464227E-02-0.10632185E-05 0.16619757E-09-0.97997567E-14 2
0.14910512E+05 0.15754601E+01 0.22589885E+01 0.10051170E-01-0.13351763E-04 3
0.10092349E-07-0.30089029E-11 0.15215853E+05 0.89164418E+01 0.16236675E+05 4
N 120186N 1 G 0300.00 5000.00 1000.00 1

0.02450268E+02 0.10661458E-03-0.07465337E-06 0.01879652E-09-0.10259839E-14 2
0.05611604E+06 0.04448758E+02 0.02503071E+02-0.02180018E-03 0.05420529E-06 3
-0.05647560E-09 0.02099904E-12 0.05609890E+06 0.04167566E+02 4

NNH TO7/93N 2H 1 G 200.000 6000.000 1000.000 1
0.37667544E+01 0.28915082E-02-0.10416620E-05 0.16842594E-09-0.10091896E-13 2
0.28650697E+05 0.44705067E+01 0.43446927E+01-0.48497072E-02 0.20059459E-04 3
-0.21726464E-07 0.79469539E-11 0.28791973E+05 0.29779410E+01 4

NCO EA93N 1C 10 1 G 200.000 6000.000 1000.000 1
0.51521845E+01 0.23051761E-02-0.88033153E-06 0.14789098E-09-0.90977996E-14 2
0.14004123E+05-0.25442660E+01 0.28269308E+01 0.88051688E-02-0.83866134E-05 3
0.48016964E-08-0.13313595E-11 0.14682477E+05 0.95504646E+01 4

HNCO T6/94H 1IN 1C 10 1G 200.000 6000.000 1000. 1
0.52936894E+01 0.40307770E-02-0.14130589E-05 0.22445562E-09-0.13287683E-13 2
-0.15973489E+05-0.30864710E+01 0.22432188E+01 0.14491349E-01-0.15236174E-04 3
0.83345851E-08-0.17104033E-11-0.15233708E+05 0.12157321E+02-0.14039745E+05 4
NH L11/89N 1H 1 0 0G 200.000 6000.000 1000. 1
0.27836929E+01 0.13298429E-02-0.42478047E-06 0.78348504E-10-0.55044470E-14 2
0.42134514E+05 0.57407798E+01 0.34929084E+01 0.31179197E-03-0.14890484E-05 3

0.24816442E-08-0.10356967E-11 0.41894294E+05 0.18483277E+01 0.42940822E+05 4
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NH2 L12/89N 1H 2 0 0G 200.000 6000.000 1000. 1
0.28476611E+01 0.31428453E-02-0.89866557E-06 0.13032357E-09-0.74885356E-14 2
0.21823916E+05 0.64718133E+01 0.42055601E+01-0.21355282E-02 0.72682021E-05 3
-0.59302799E-08 0.18067218E-11 0.21535223E+05-0.14663231E+00 0.22747541E+05 4
CN T6/94C 1IN 1 0 0G 200.000 6000.000 1000. 1
0.37459804E+01 0.43450773E-04 0.29705984E-06-0.68651804E-10 0.44134174E-14 2
0.52353188E+05 0.27867600E+01 0.36129350E+01-0.95551327E-03 0.21442976E-05 3
-0.31516324E-09-0.46430356E-12 0.52525340E+05 0.39804995E+01 0.52571034E+05 4
HCN L7/88H 1C IN 1 0G 200.000 6000.000 1000. 1
0.38022392E+01 0.31464227E-02-0.10632185E-05 0.16619757E-09-0.97997567E-14 2
0.14910512E+05 0.15754601E+01 0.22589885E+01 0.10051170E-01-0.13351763E-04 3
0.10092349E-07-0.30089029E-11 0.15215853E+05 0.89164418E+01 0.16236675E+05 4
HCNN SRI/94C IN 2H 1 G 300.000 5000.000 1000.000 1
0.58946362E+01 0.39895959E-02-0.15982380E-05 0.29249395E-09-0.20094686E-13 2
0.53452941E+05-0.51030502E+01 0.25243194E+01 0.15960619E-01-0.18816354E-04 3
0.12125540E-07-0.32357378E-11 0.54261984E+05 0.11675870E+02 4

H2CN 41687H 2C 1IN 1 G 300.00 4000.000 1000.000 1
0.52097030E+01 0.29692911E-02-0.28555891E-06-0.16355500E-09 0.30432589E-13 2
0.27677109E+05-0.44444780E+01 0.28516610E+01 0.56952331E-02 0.10711400E-05 3
-0.16226120E-08-0.23511081E-12 0.28637820E+05 0.89927511E+01 4

N20 L7/88N 20 1 0 0G 200.000 6000.000 1000. 1
0.48230729E+01 0.26270251E-02-0.95850872E-06 0.16000712E-09-0.97752302E-14 2
0.80734047E+04-0.22017208E+01 0.22571502E+01 0.11304728E-01-0.13671319E-04 3
0.96819803E-08-0.29307182E-11 0.87417746E+04 0.10757992E+02 0.98141682E+04 4
HNO L12/89H 1IN 10 1 0G 200.000 3500.000 1000. 1
0.31655229E+01 0.30000862E-02-0.39436619E-06-0.38575815E-10 0.70807189E-14 2
0.11194426E+05 0.76477833E+01 0.45352475E+01-0.56853972E-02 0.18519850E-04 3
-0.17188273E-07 0.55583207E-11 0.11039881E+05 0.17431919E+01 0.12271645E+05 4
NH3 AMONIA RUS8ON 1H 3 0 0G 200.000 6000.000 1000. 1
2.71709692E+00 5.56856338E-03-1.76886396E-06 2.67417260E-10-1.52731419E-14 2
-6.58451989E+03 6.09289837E+00 4.30177808E+00-4.77127330E-03 2.19341619E-05 3
-2.29856489E-08 8.28992268E-12-6.74806394E+03-6.90644393E-01-5.52528050E+03 4
NO2 L7/88N 10 2 0 0G 200.000 6000.000 1000. 1
0.48847540E+01 0.21723955E-02-0.82806909E-06 0.15747510E-09-0.10510895E-13 2
0.23164982E+04-0.11741695E+00 0.39440312E+01-0.15854290E-02 0.16657812E-04 3
-0.20475426E-07 0.78350564E-11 0.28966180E+04 0.63119919E+01 0.41124701E+04 4
N2H TO7/93N 2H 1 0 0G 200.000 6000.000 1000. 1
0.37667545E+01 0.28915081E-02-0.10416620E-05 0.16842594E-09-0.10091896E-13 2
0.28650697E+05 0.44705068E+01 0.43446927E+01-0.48497072E-02 0.20059459E-04 3

-0.21726464E-07 0.79469538E-11 0.28791973E+05 0.29779411E+01 0.30009829E+05 4
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NO RUS89N 10 1 0 0G 200.000 6000.000 1000. 1
3.26071234E+00 1.19101135E-03-4.29122646E-07 6.94481463E-11-4.03295681E-15 2
9.92143132E+03 6.36900518E+00 4.21859896E+00-4.63988124E-03 1.10443049E-05 3
-9.34055507E-09 2.80554874E-12 9.84509964E+03 2.28061001E+00 1.09770882E+04 4
HCNO BDEA94H 1N 1C 10 1G 300.000 5000.000 1382.000 1
6.59860456E+00 3.02778626E-03-1.07704346E-06 1.71666528E-10-1.01439391E-14 2
1.79661339E+04-1.03306599E+01 2.64727989E+00 1.27505342E-02-1.04794236E-05 3
4.41432836E-09-7.57521466E-13 1.92990252E+04 1.07332972E+01 4
HOCN BDEA94H 1IN 1C 10 1G 300.000 5000.000 1368.000 1
5.89784885E+00 3.16789393E-03-1.11801064E-06 1.77243144E-10-1.04339177E-14 2
-3.70653331E+03-6.18167825E+00 3.78604952E+00 6.88667922E-03-3.21487864E-06 3

5.17195767E-10 1.19360788E-14-2.82698400E+03 5.63292162E+00 4
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Appendix E.2 - NOx pathways for USII Mechanism

Gas-phase kinetics for NOx pathway

NH3+M=NH2+H+M .2200E+17 .000 93470.0
NH2+H=NH+H2 4000E+14 .000 3650.0
NH2+0=HNO+H .6600E+15 -.500 .0
NH2+O=NH+OH .6800E+13 .000 .0
NH2+0=NO+H2 .1300E+09 1.025 -627.0
NH2+02=HNO+OH .4500E+13 .000 25000.0
NH2+OH=NH+H20 .4000E+07 2.000 1000.0
NH2+HO2=H2NO+OH .5000E+14 .000 .0
H2NO+0=NH2+02 .2000E+15 .000 .0
NH2+N=N2+H+H .7000E+14 .000 .0
NH2+NH=N2H2+H 5000E+14 .000 .0
NH2+NH2=N2H2+H2 .8500E+12 .000 .0
NH2+NH2=NH3+NH .5000E+14 .000 10000.0
NH2+NH2(+M)=N2H4(+M) .1500E+14 .000 .0

LOW/ .1000E+19 .000 .0/

N2/ 2.50/H20/ 5.00/NH3/ 10.00/

NH2+NO=NNH+OH .8900E+13 -.350 .0
NH2+NO=N2+H20 .1720E+20 -2.294 1058.0
NH2+NO2=N20+H20 .3200E+19 -2.200 .0
NH2+NO2=H2NO+NO .3500E+13 .000 .0
NH+H=N+H2 .3000E+14 .000 .0
NH+O=NO+H .9200E+14 .000 .0
NH+OH=HNO+H .2000E+14 .000 .0
NH+OH=N+H20 .5000E+12 .500 2000.0
NH+OH=NO+H2 .2000E+14 .000 .0
NH+02=HNO+O .4600E+06 2.000 6500.0
NH+02=NO+OH .1300E+07 1.500 100.0
NH+NH=N2+H+H .2500E+14 .000 .0
NH+N=N2+H .3000E+14 .000 .0
NH+NO=N2+OH .2200E+14 -.230 .0
NH+NO2=N20+0OH .1000E+14 .000 .0
N+OH=NO+H .3800E+14 .000 .0
N+02=NO+0O .6400E+10 1.000 6280.0
N+NO=0+N2 .3300E+13 .300 .0
N2H4+H=N2H3+H2 .1300E+14 .000 2500.0
N2H4+0=N2H2+H20 .8500E+14 .000 1200.0
N2H4+OH=N2H3+H20 .4000E+14 .000 .0
N2H4+NH2=N2H3+NH3 .3900E+13 .000 1500.0
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N2H3+M=N2H2+H+M .3500E+17 .000 46000.0
N2H3+H=NH2+NH2 1600E+13 .000 .0
N2H3+0=N2H2+OH .5000E+13 .000 5000.0
N2H3+0=NH2+HNO .1000E+14 .000 .0
N2H3+OH=N2H2+H20 .1000E+14 .000 1000.0
N2H3+OH=NH3+HNO .1000E+13 .000 15000.0
N2H3+NH=N2H2+NH2 .2000E+14 .000 .0
N2H2+M=NNH+H+M .5000E+17 .000 50000.0
N2/ 2.00/H2/ 2.00/02/ 2.00/H20/ 15.00/

N2H2+H=NNH+H2 .5000E+14 .000 1000.0
N2H2+0=NH2+NO .1000E+14 .000 1000.0
N2H2+O=NNH+OH .2000E+14 .000 1000.0
N2H2+OH=NNH+H20 .1000E+14 .000 1000.0
N2H2+NO=N20+NH2 4000E+13 .000 11922.0
N2H2+NH=NNH+NH2 .1000E+14 .000 1000.0
N2H2+NH2=NNH+NH3 .1000E+14 .000 1000.0
NNH=N2+H .1000E+08 .000 .0
NNH+H=N2+H2 .1000E+15 .000 .0
NNH+0=N20+H .1000E+15 .000 .0
NNH+O=NH+NO 5000E+14 .000 .0
NNH+OH=N2+H20 .5000E+14 .000 .0
NNH+02=N2+H02 6670E+14 .000 .0
NNH+02=N2+H+02 .5000E+14 .000 .0
NNH-+NH=N2+NH2 .5000E+14 .000 .0
NNH+NH2=N2+NH3 5000E+14 .000 .0
NNH+NO=N2+HNO .5000E+14 .000 .0
HNNO+M=N20+H+M .2200E+16 .000 21600.0
HNNO+M=N2+OH+M .1000E+16 .000 25600.0
HNNO+H=N20+H2 .2000E+14 .000 .0
HNNO+H=NNH+OH .1000E+14 .000 .0
HNNO+0=N20+OH .2000E+14 .000 .0
HNNO+O=NNH+02 .1000E+14 .000 .0
HNNO+OH=N20+H20 .2000E+14 .000 .0
HNNO+OH=NNH+HO2 .1000E+14 .000 .0
HNNO+NO=N20+HNO .1000E+13 .000 .0
HNNO+NO=NNH+NO2 .3200E+13 .000 270.0
HNNO+NO2=NNH+NO3 .1000E+14 .000 .0
HNNO+NO2=N20+HONO .1000E+13 .000 .0
NO+HO02=N02+OH .2100E+13 .000 -480.0
NO+0+M=NO2+M .7500E+20 -1.410 .0
N2/ 1.70/02/ 1.50/H20/ 10.00/

NO+OH(+M)=HONO(+M) .2000E+14 .000 .0
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LOW/ .2330E+24 -2.400
HCO+NO=CO+HNO

H+NO+M=HNO+M

N2/ 1.00/H20/ 4.10/H2/ 1.25/

HNO+H=NO+H2
HNO+0O=NO+OH
HNO+OH=NO+H20
HNO+02=NO+HO2
HNO+NH2=NO+NH3
HNO+NO=N20+0OH
HNO+NO2=HONO+NO
HNO+HNO=N20+H20
NO2+H2=HONO+H
HONO+0=NO2+0OH
HONO+OH=NO2+H20
HONO+NH=NH2+NO2
HONO+NH2=NH3+NO2
HONO+HONO=NO+NO2+H20
H2NO+M=HNO+H+M
H2NO+H=HNO+H2
H2NO+H=NH2+0OH
H2NO+0O=HNO+OH
H2NO+OH=HNO+H20
H2NO+NO=HNO+HNO
H2NO+NH2=HNO+NH3
H2NO+NO2=HONO+HNO
NO3+H=NO2+0OH
NO3+0=N02+02
NO3+OH=NO2+HO2
NO3+H02=N02+02+0H
NO3+NO2=NO+N0O2+02
NO3=NO+02
NO3+NO3=N0O2+N0O2+02
HCO+NO2=H+CO2+NO
NO2+H=NO+OH
NO2+0=NO+02
NO2+0+M=NO3+M
NO2+HO2=HONO+02
NO2+NO2=NO+NO+02
NO2+NO2=NO3+NO
DUPLICATE

NO2+NO2=NO3+NO

.7200E+13 .000 .0

.4000E+21 -1.750 .0

.4400E+12 .720 650.0
.1000E+14 .000 .0
.3600E+14 .000 .0
.1000E+14 .000 25000.0
.2000E+14 .000 1000.0
.2000E+13 .000 26000.0
.6000E+12 .000 2000.0
.9000E+09 .000 3100.0
.3000E+14 .000 29000.0
.1200E+14 .000 6000.0
.4000E+13 .000 .0
.1000E+14 .000 .0
.5000E+13 .000 .0
.1020E+14 .000 8540.0
.1000E+17 .000 50000.0
.3000E+08 2.000 2000.0
.5000E+14 .000 .0
.3000E+08 2.000 2000.0
.2000E+08 2.000 1000.0
.2000E+05 2.000 13000.0
.3000E+13 .000 1000.0
.6000E+12 .000 2000.0
.6000E+14 .000 .0
.1000E+14 .000 .0
.1400E+14 .000 .0
.1500E+13 .000 .0

.5000E+11 .000 2940.0

.2500E+07 .000 12000.0

.5100E+12 .000 6750.0
.8400E+16 -.750 1930.0
.1320E+15 .000 360.0
.3900E+13 .000 -238.0
.2940E+22 -2.000 .0
.6310E+09 1.250 5000.0
.1600E+13 .000 26123.0

.9600E+10 .730 20923.0

.1600E+13 .000 26123.0
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DUPLICATE
CO+N0O2=C0O2+NO
HCO+NO2=CO+HONO
CN+H2=HCN+H
HCN+O=NCO+H
HCN+O=NH+CO
HCN+O=CN+OH
HCN+OH=CN+H20
HCN+OH=HOCN+H
HCN+OH=HNCO+H
HCN+OH=NH2+CO
CN+O=CO+N
CN+OH=NCO+H
CN+02=NCO+0
NCO+M=N+CO+M
N2/ 1.50/
NCO+H=NH+CO
NCO+0=NO+CO
NCO+N=N2+CO
N20+CO=N2+C0O2
NCO+02=N0O+CO2
NCO+OH=HCO+NO
NCO+HCO=HNCO+CO
NCO+CH20=HNCO+HCO
NCO+NO2=CO+NO+NO
NCO+NO2=C0O2+N20
NCO+HNO=HNCO+NO
NCO+HONO=HNCO+NO2
NCO+NCO=CO+CO+N2
HCNO+H=HCN+OH
HOCN+H=HNCO+H
HOCN+OH=NCO+H20
HOCN+0O=NCO+OH
HCNO+0=HCO+NO
HCNO+0=NCO+OH
HCNO+OH=CH20+NO
HCNO+OH=NO+CO+H2
HCNO+OH=NCO+H+OH
HCNO+OH=NCO+H20
HCNO+OH=HCO+HNO
HNCO+M=CO+NH+M
N2/ 1.50/

.9040E+14 .000 33800.0
.1200E+24 -3.290 2355.0
.3000E+06 2.450 2245.0
.1400E+05 2.640 4980.0
.3500E+04 2.640 4980.0
.2700E+10 1.580 29200.0
.3900E+07 1.830 10300.0
.5900E+05 2.400 12500.0
.2000E-02 4.000 1000.0

.7800E-03 4.000 4000.0

.7700E+14 .000 .0

.4000E+14 .000 .0
.7500E+13 .000 -389.0

.3100E+17 -.500 48000.0

.5000E+14 .000 .0
.4700E+14 .000 .0
.2000E+14 .000 .0
.2700E+12 .000 20237.0
.2000E+13 .000 20000.0
.5000E+13 .000 15000.0
.3600E+14 .000 .0
.6000E+13 .000 .0
.1300E+14 .000 .0
.5400E+13 .000 .0
.1800E+14 .000 .0
.3600E+13 .000 .0
.1800E+14 .000 .0
.1100E+14 .000 .0
.2000E+08 2.000 2000.0
.6400E+06 2.000 2560.0
.1500E+05 2.640 4000.0
.6300E+14 .000 .0
.7000E+13 .000 .0
.1000E+13 .000 .0
.6500E+13 .000 .0
.4500E+13 .000 .0
.3500E+13 .000 .0
.3500E+13 .000 .0

.1100E+17 .000 86000.0
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HNCO+H=NH2+CO
HNCO+0O=NCO+OH
HNCO+0=NH+CO2
HNCO+0O=HNO+CO
HNCO+HO2=NCO+H202
HNCO+02=HNO+CO2
HNCO+NH2=NH3+NCO
HNCO+NH=NH2+NCO
HNCO+NO2=HNNO+CO2
HNCO+CN=NCO+HCN
NCO+H2=HNCO+H
HNCO+OH=NCO+H20
NCO+NO=N2+CO2
NCO+NO=N20+CO
H2CN+M=HCN+H+M
CO2+N=NO+CO
CO2+CN=NCO+CO
CH3+N=H2CN+H
CH3+NO=HCN+H20
CH3+NO=H2CN+OH
CH2+N=HCN+H
CH2+N2=HCN+NH
CH+N=CN+H
CH+N2=HCN+N
CH+N20=HCN+NO
C+N2=CN+N
C+NO=CN+O
C+NO=N+CO
CH+NO=HCN+O
CH+NO=H+NCO
CH+NO=N+HCO
CH2+NO=NCO+H2
CH2*+NO=NCO+H2
CH2+NO=HCN+OH
CH2*+NO=HCN+OH
CH2+NO=H+HNCO
CH2*+NO=H+HNCO
CH2+NO=HCNO+H
CH2*+NO=H+HCNO
HCNO+H=H+HNCO
C2H6+CN=C2H5+HCN

C2H6+NCO=C2H5+HNCO

.2250E+08 1.700 3800.0
.2200E+07 2.110 11430.0
.9600E+08 1.410 8520.0
.1500E+09 1.570 44012.0
.3000E+12 .000 22000.0
.1000E+13 .000 35000.0
.5000E+13 .000 6200.0
.3000E+14 .000 23700.0
.2500E+13 .000 26200.0
.1500E+14 .000 .0
.7600E+03 3.000 4000.0
.6400E+06 2.000 2560.0
.7800E+18 -1.730 763.0
.6200E+18 -1.730 763.0
.3000E+15 .000 21860.0
.1900E+12 .000 3400.0
.3670E+07 2.160 26887.0
.7100E+14 .000 .0
.1500E+00 3.523 3950.0
.1500E+00 3.523 3950.0
.5000E+14 .000 .0

.1000E+14 .000 73520.0

.1300E+14 .000 .0

.4000E+13 .000 21900.0

.9600E+13 .000 -993.0

.6300E+14 .000 46000.0
.1900E+14 .000 .0

.2900E+14 .000 .0

.1100E+15 .000 .0
.2000E+14 .000 .0
.3000E+14 .000 .0
.3500E+13 .000 -378.0
.3500E+13 .000 -378.0
.3900E+12 .000 -378.0
.2000E+14 .000 .0
.1300E+13 .000 -378.0
.3100E+18 -1.380 1270.0
.3100E+13 .000 -378.0
.3800E+14 -.360 580.0
.5000E+11 .000 .0
.1200E+06 2.770 -1790.0

.1500E-08 6.890 -2910.0
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C2H4+CN=C2H3+HCN
C2H3+NO=C2H2+HNO
C2H2+NCO=HCCO+HCN
CH2CO+CN=HCCO+HCN
CH4+CN=HCN+CH3
CH2CN+0=CH20+CN
CH20H+CN=CH2CN+OH
CH3+CN=CH2CN+H
C2H3+N=HCN+CH2
HCCO+N=HCN+CO
HCCO+NO2=HCNO+C02
HCCO+NO=HCNO+CO
HCCO+NO=HCN+C02
C2H+NO=HCN+CO
C3H3+N=HCN+C2H2

N20+M=N2+0+M

.5900E+15 -.240 .0
.1000E+13 .000 1000.0
.1400E+13 .000 1815.0
.2000E+14 .000 .0
.6200E+05 2.640 -437.0
.1000E+15 .000 .0
.5000E+14 .000 .0
.1000E+15 .000 .0
.2000E+14 .000 .0
.5000E+14 .000 .0
.1600E+14 .000 .0
.5500E+14 .000 436.0
.1400E+14 .000 1674.0
.2100E+14 .000 .0
.1000E+15 .000 .0

.4000E+15 .000 56100.0

N2/ 1.70/02/ 1.40/H20/ 12.00/CO/ 1.50/C0O2/ 3.00/

N20+H=N2+0OH
DUPLICATE
N20+H=N2+0OH
DUPLICATE
NH+NO=N20+H
N20+0=NO+NO
N20+0=N2+02
N20+0OH=N2+HO2
HCN+02=CN+HO2

CH3+NO2=CH30+NO

C2H5+N0O2=>CH3+CH20+NO

NO+CH4=HNO+CH3

NO+C2H6=HNO+C2H5

CH3NO2(+M)=CH3+NO2(+M)

.3300E+11 .000 4729.0

.4400E+15 .000 19254.0

.3190E+15 -.455 .0

.2900E+14 .000 23150.0

.1400E+13 .000 10800.0

.2000E+13 .000 40000.0
.5000E+13 .000 72500.0
.1500E+14 .000 .0
.1000E+14 .000 .0
.5000E+12 .000 50000.0
.7000E+12 .000 48000.0

.1780E+17 .000 58500.0

LOW/ .1260E+18 .000 42000.0/

TROE/  .1830 .1000E-29

HNO2+H=NO2+H2
HNO2+0=NO2+0OH
HNO2+OH=NO2+H20
HNO2+CH3=NO2+CH4
HNO2=HONO

HONO+CH3=NO2+CH4

OH+NO2(+M)=HONO2(+M)

.1000E+31 /

.2400E+09 1.500 5087.0
.1700E+09 1.500 3020.0
.1200E+07 2.000 -596.0

.8100E+06 1.870 4838.0

.1300E+30 -5.470 52814.0

.8100E+06 1.870 5504.0

.2400E+14 .000 .0

LOW/ .6420E+33 -5.490 2351.0/

TROE/  .5250 .1000E-14

.1000E-14 .1000E+16/
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H20/ 5.00/
HONO2+0H=NO3+H20 .1030E+11 .000 -1240.0
CH30+NO(+M)=CH30NO(+M) 1210E+14 .000 -322.0

LOW/ .2700E+25 -3.500 .0/

CH30+NO=CH20+HNO .6000E+14 -.600 .0
CH3+NO(+M)=CH3NO(+M) .2170E+12 .600 .0
LOW/ .2060E+28 -3.500 .0/
CH30+NO2(+M)=CH30NO2(+M) .1200E+14 .000 .0
LOW/ .1400E+31 -4.500 .0/

CH30+NO2=CH20+HONO 4000E+13 .000 2285.0
NO2 +CH2CO=>HONO +HCCO .2562E+07 2.0 19137.67
NH2 +CH2CO=>NH3 +HCCO .3377E+052.0 -218.01
NH2  +H2=>NH3 +H .1576E+06 2.0 3954.86

NH2 +CH4=>NH3 +CH3 .7880E+052.0 6420.66

NO2 +C2H2=>HONO +C2H .1708E+07 2.0 30041.75

NH2  +C2H2=>NH3 +C2H .2251E+052.0 7178.43

CN  +C2H2=>HCN  +C2H .6799E+07 2.0 1228.43

NO2 +C2H4=>HONO +C2H3 .6831E+07 2.0 30041.75

NH2  +C2H4=>NH3  +C2H3 .9005E+05 2.0 6668.39

NH2 +C2H6=>NH3 +C2H5 .1013E+06 2.0 3863.80

NO2 +C3H8=>HONO +NC3H7 .6831E+07 2.0 24525.57
NH2  +C3H8=>NH3  +NC3H7 .9005E+052.0 3603.31

CN  +C3H8=>HCN  +NC3H7 .2720E+08 2.0 -1307.69

I ABSTRACTION REACTION N. 10

I R+C3H8>RH+IC3H7

I NUMBER OF H ABSTRACTED: 2.0

| TYPE OF H ABSTRACTED: 1

NO2 +C3HB8=>HONO +IC3H7 .1708E+07 2.0 20933.63
NH2 +C3H8=>NH3  +IC3H7 .2251E+052.0 1777.23

CN  +C3H8=>HCN  +IC3H7 .6799E+07 2.0 -2457.22

I ABSTRACTION REACTION N. 11

I R+C4H4>RH+C4H3

I NUMBER OF H ABSTRACTED: 8.0

I TYPE OF H ABSTRACTED: 4

02  +C4H4=>HO2 +C4H3 .2385E+08 2.0 51172.82

NO2 +C4H4=>HONO +C4H3 .1195E+08 2.0 29656.90

NH2 +CAH4=>NH3  +C4H3 .1576E+06 2.0 6553.39

CN  +CAH4=>HCN +CAH3 .4759E+08 2.0 675.88

I ABSTRACTION REACTION N. 12

I R+C4HE>RH+C4H5

I NUMBER OF H ABSTRACTED: 12.0

! TYPE OF H ABSTRACTED: 7
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02  +C4H6=>HO2 +C4H5 .4089E+08 2.0 51633.86
NO2  +C4H6=>HONO +C4H5 .2049E+08 2.0 30041.75
NH2  +C4H6=>NH3  +C4H5 .2702E+06 2.0 6586.90

CN +C4H6=>HCN  +C4H5 .8159E+08 2.0 636.90

! ABSTRACTION REACTION N. 14

I R+NC4H8>RH+CH2C3H5

I NUMBER OF H ABSTRACTED: 3.0

I TYPE OF H ABSTRACTED: 0

02 +NC4H8=>HO2 +CH2C3H5 .5111E+07 2.0 45025.57
NO2  +NC4H8=>HONO +CH2C3H5 .2562E+07 2.0 24525.57
NH2  +NC4H8=>NH3  +CH2C3H5 .3377E+052.0 3627.57
CN  +NC4H8=>HCN +CH2C3H5 .1020E+08 2.0 -1283.43
I ABSTRACTION REACTION N. 15

I R+iC4H8>RH+iC4H7

! NUMBER OF H ABSTRACTED: 6.0

! TYPE OF H ABSTRACTED: 1

NO2  +iC4H8=>HONO +iC4H7 .5123E+07 2.0 20933.63
NH2  +iC4H8=>NH3  +iC4H7 .6754E+052.0 3143.17

CN +iC4H8=>HCN  +iC4H7 .2040E+08 2.0 -1091.27
NH2  +H20=>NH3 +OH .1126E+06 2.0 8169.13

I ABSTRACTION REACTION N. 17

I R+H202>RH+HO2

I NUMBER OF H ABSTRACTED: 2.0

I TYPE OF H ABSTRACTED: 6

NO2  +H202=>HONO +HO2 .6831E+06 2.0 14711.89
NH2  +H202=>NH3  +HO2 .9005E+04 2.0 -1507.20

CN +H202=>HCN  +HO2 .2720E+07 2.0 -4569.75

I ABSTRACTION REACTION N. 18

I R+CH30H>RH+CH30

I NUMBER OF H ABSTRACTED: 1.0

! TYPE OF H ABSTRACTED: 9

NO2 +CH30H=>HONO +CH30 .4270E+06 2.0 23242.74
NH2  +CH30H=>NH3 +CH30 .5628E+04 2.0 1198.83
CN +CH30H=>HCN  +CH30 .1700E+07 2.0 -3470.54

I ABSTRACTION REACTION N. 19

! R+CH30H>RH+CH20H

I NUMBER OF H ABSTRACTED: 3.0

I TYPE OF H ABSTRACTED: 0

NO2  +CH30H=>HONO +CH20H .2562E+07 2.0 24525.57
NH2  +CH30H=>NH3  +CH20H .3377E+05 2.0 4513.05
CN  +CH30H=>HCN +CH20H .1020E+08 2.0 -397.95

I ABSTRACTION REACTION N. 20
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! R+CH20>RH+HCO

I NUMBER OF H ABSTRACTED: 2.0

I TYPE OF H ABSTRACTED: 8

NO2 +CH20=>HONO +HCO .6831E+07 2.0 18752.82
NH2  +CH20=>NH3 +HCO .9005E+05 2.0 1189.51

CN +CH20=>HCN  +HCO .2720E+08 2.0 -2634.16

! ABSTRACTION REACTION N. 21

I R+CH3CHO>RH+CH3CO

I NUMBER OF H ABSTRACTED: 1.5

! TYPE OF H ABSTRACTED: 8

NO2 +CH3CHO=>HONO +CH3CO .5123E+07 2.0 18752.82
NH2  +CH3CHO=>NH3 +CH3CO .6754E+052.0 1520.39
CN  +CH3CHO=>HCN +CH3CO .2040E+08 2.0 -2303.28
I ABSTRACTION REACTION N. 22

I R+CH3CHO>RH+CH2CHO

I NUMBER OF H ABSTRACTED: 3.0

I TYPE OF H ABSTRACTED: 0

NO2  +CH3CHO=>HONO +CH2CHO .2562E+07 2.0 24525.57
NH2  +CH3CHO=>NH3  +CH2CHO .3377E+05 2.0 4712.83
CN  +CH3CHO=>HCN  +CH2CHO .1020E+08 2.0 -198.17
I ABSTRACTION REACTION N. 23

I R+PC3H4>RH+C3H3

I NUMBER OF H ABSTRACTED: 30.0

I TYPE OF H ABSTRACTED: 7

02  +PC3H4=>HO2 +C3H3 .1022E+09 2.0 51633.86
NO2  +PC3H4=>HONO +C3H3 .5123E+08 2.0 30041.75
NH2  +PC3H4=>NH3  +C3H3 .6754E+06 2.0 8910.90
CN  +PC3H4=>HCN  +C3H3 .2040E+09 2.0 2960.90

I ABSTRACTION REACTION N. 24

! R+AC3H4>RH+C3H3

I NUMBER OF H ABSTRACTED: 30.0

! TYPE OF H ABSTRACTED: 7

02  +AC3H4=>HO2 +C3H3 .1022E+09 2.0 51633.86
NO2  +AC3H4=>HONO +C3H3 .5123E+08 2.0 30041.75
NH2  +AC3H4=>NH3  +C3H3 .6754E+06 2.0 8910.90
CN  +AC3H4=>HCN  +C3H3 .2040E+09 2.0 2960.90

I ABSTRACTION REACTION N. 25

I R+CYC5H40>RH+C4H3+CO

I NUMBER OF H ABSTRACTED: 8.0

! TYPE OF H ABSTRACTED: 4

02  +MCPTD=>HO2 +C6H6+H .1704E+08 2.0 38570.96

NO2 +MCPTD=>HONO +C6H6+H .8539E+07 2.0 19137.67
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NH2  +MCPTD=>NH3  +C6H6+H .1126E+06 2.0 159.29
CN  +MCPTD=>HCN  +C6H6+H .3399E+08 2.0 -3736.87

! ABSTRACTION REACTION N. 28

I R+C6H6>RH+C6H5

! NUMBER OF H ABSTRACTED: 8.0

! TYPE OF H ABSTRACTED: 7

NO2 +C6H6=>HONO +C6H5 .1366E+08 2.0 30041.75

NH2  +C6H6=>NH3 +C6H5 .1801E+06 2.0 4857.23

CN  +C6H6=>HCN  +C6H5 .5439E+08 2.0 -1092.77

! ABSTRACTION REACTION N. 29

I R+CH300H>RH+CH300

! NUMBER OF H ABSTRACTED: 2.0

! TYPE OF H ABSTRACTED: 1

CN  +NH3=>HCN +NH2 .1020E+09 2.0 2733.92

1 ABSTRACTION REACTION N. 44

I R+HCN>RH+CN

I NUMBER OF H ABSTRACTED: .3

! TYPE OF H ABSTRACTED: 5

NO2 +HCN=>HONO +CN .1281E+07 2.0 37097.34

NH2  +HCN=>NH3 +CN .1689E+05 2.0 7644.92

I ABSTRACTION REACTION N. 45

I R+CH3NO2>RH+NO+CH20

I NUMBER OF H ABSTRACTED: 3.0

I TYPE OF H ABSTRACTED: 1

02  +CH3NO2=>HO2 +NO+CH20 .5111E+07 2.0 40722.49
NO2 +CH3NO2=>HONO +NO+CH20 .2562E+07 2.0 20933.63
NH2  +CH3NO2=>NH3  +NO+CH20 .3377E+052.0 1315.38
CN  +CH3NO2=>HCN  +NO+CH20 .1020E+08 2.0 -2919.06
END

Thermodynamics data for NOx pathway

THERMO

298.000 1000.000 5000.000
N2 121286N 2 G 0300.00 5000.00 1000.00 1
0.02926640E+02 0.14879768E-02-0.05684760E-05 0.10097038E-09-0.06753351E-13 2
-0.09227977E+04 0.05980528E+02 0.03298677E+02 0.14082404E-02-0.03963222E-04 3
0.05641515E-07-0.02444854E-10-0.10208999E+04 0.03950372E+02 4
CH3NO C 1H 30 1IN 1G 300.00 3500.00 860.00 1
1.73828229e+00 1.65479495e-02-8.69271695e-06 2.17002760e-09-2.08463444e-13 2
8.36473513e+03 1.74966005e+01 2.23451684e+00 1.42398818e-02-4.66701756e-06 3
-9.50669597e-10 6.98715974e-13 8.27938279e+03 1.51773992e+01 4

CH3NO2 C 1H 30 2N 1G 300.00 3500.001620.00 1
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5.94771391e+00 1.22319078e-02-4.98716389e-06 9.73177561e-10-7.54873508e-14 2
-1.14691242e+04-2.73415041e+00-2.05952276e-01 2.74261453e-02-1.90559023e-05 3
6.76278185e-09-9.68944802e-13-9.47533640e+03 2.99224212e+01 4
CH30NO C 1H 30 2N 1G 300.00 3500.001800.00 1
8.58034518e+00 8.90954082e-03-3.35922089e-06 6.18588139e-10-4.68096982e-14 2
-1.15569624e+04-1.97194056e+01 1.99249583e+00 2.35492060e-02-1.55589419e-05 3
5.13700333e-09-6.74367363e-13-9.18533663e+03 1.59354094e+01 4
CH30NO2 C 1H 30 3N 1G 300.00 3500.001800.00 1
1.07457798e+01 1.03362024e-02-4.39539782e-06 8.95959797e-10-7.26862027e-14 2
-1.81031090e+04-3.08875015e+01 1.35155390e+00 3.12122600e-02-2.17921125e-05 3
7.33918744e-09-9.67578931e-13-1.47211877e+04 1.99560088e+01 4

CN C IN 1 G 300.00 3500.00 810.00 1

2.73859606e+00 2.23580966e-03-1.33797023e-06 4.34996429e-10-5.05222621e-14 2
5.14568835e+04 8.20480076e+00 4.08532688e+00-4.41471288e-03 1.09778123e-05 3
-9.70145006e-09 3.07801060e-12 5.12387131e+04 1.99138758e+00 4

H2CN C 1H 2N 1 G 300.00 3500.001800.00 1
5.22111320e+00 3.42647499e-03-8.36137799e-07 4.74833030e-11 4.28153350e-15 2
2.75312364e+04-4.80262216e+00 1.81354567e+00 1.09988473e-02-7.14644805e-06 3
2.38463525e-09-3.20322903e-13 2.87579607e+04 1.36398442e+01 4

H2NO H 20 IN 1 G 300.00 3500.001200.00 1
1.43405821e+00 9.01333883e-03-3.38828321e-06 4.28655869e-10-2.36936075e-15 2
7.27341661e+03 1.79341864e+01 2.78935895e+00 4.49566971e-03 2.25880318e-06 3
-2.70861435e-09 6.51228601e-13 6.94814443e+03 1.11485432e+01 4

HCN C 1H IN 1 G 300.00 3500.00 850.00 1

3.48152100e+00 3.81748410e-03-1.53642929e-06 3.02291150e-10-2.35861473e-14 2
1.50427831e+04 3.30702298e+00 2.53139665e+00 8.28865751e-03-9.42673531e-06 3
6.49076646e-09-1.84372594e-12 1.52043042e+04 7.73641055e+00 4

HCNO C 1H 10 1IN 1G 300.00 3500.001350.00 1
7.12423974e+00 1.61853378e-03 2.31339437e-07-2.53211924e-10 3.63453797e-14 2
1.67567928e+04-1.48886865e+01 2.20954024e+00 1.61806064e-02-1.59487412e-05 3
7.73695136e-09-1.44331449e-12 1.80837616e+04 1.02968215e+01 4

HNCO C 1H 10 1IN 1G 300.00 3500.001660.00 1
7.29502452e+00 4.88032844e-04 8.74568316e-07-4.09105701e-10 5.01959355e-14 2
-1.52722297e+04-1.41696888e+01 2.99127956e+00 1.08585026e-02-8.49633812e-06 3
3.35431054e-09-5.16583618e-13-1.38433864e+04 8.77460657e+00 4

HNNO H 10 1IN 2 G 300.00 3500.001360.00 1
4.88500308e+00 5.60936901e-03-2.60717829e-06 5.93839036e-10-5.41495114e-14 2
2.58926738e+04 6.01980007e-01 2.29344827e+00 1.32315890e-02-1.10140386e-05 3
4.71484900e-09-8.11688108e-13 2.65975767e+04 1.39015974e+01 4

HNO H 10 1IN 1 G 300.00 3500.00 900.00 1

2.72673666e+00 5.06770488e-03-2.61122761e-06 6.38493559e-10-6.01581004e-14 2

1.09769405e+04 9.63912842e+00 3.40204752e+00 2.06632330e-03 2.39107502e-06 3
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-3.06691580e-09 9.69122277e-13 1.08553846e+04 6.45229501e+00 4

HNO2 H 10 2N 1 G 300.00 3500.001800.00 1
3.30359406e+00 7.74006618e-03-3.91474332e-06 9.47112178e-10-8.88494507e-14 2
-8.65702544e+03 7.10072496e+00 1.68890715e+00 1.13282593e-02-6.90490427e-06 3
2.05457920e-09-2.42664314e-13-8.07573815e+03 1.58397474e+01 4

HOCN C 1H 10 1IN 1G 300.00 3500.001760.00 1
6.92286755e+00 1.77083687e-04 1.06417841e-06-4.55819441e-10 5.43563991e-14 2
-3.77375638e+03-1.08544042e+01 3.05788784e+00 8.96112848e-03-6.42222341e-06 3
2.37993882e-09-3.48450172e-13-2.41328352e+03 9.97681509e+00 4
HONO H 10 2N 1 G 300.00 3500.00 1420.00 1
5.88742112e+00 3.49329101e-03-1.17730803e-06 1.65569378e-10-6.87715202e-15 2
-1.14386309e+04-5.23866548e+00 2.37883184e+00 1.33766411e-02-1.16174666e-05 3
5.06705227e-09-8.69814280e-13-1.04421916e+04 1.29185606e+01 4
HONO2 H 10 3N 1 G 300.00 3500.001310.00 1
5.20949091e+00 9.97123440e-03-5.50725421e-06 1.39250696e-09-1.33157469e-13 2
-1.74464288e+04-1.35430787e+00 8.85706040e-01 2.31736309e-02-2.06245022e-05 3
9.08576291e-09-1.60133609e-12-1.63135971e+04 2.06729940e+01 4

NH H IN 1 G 300.00 3500.001550.00 1

2.53691464e+00 1.74532708e-03-6.66818142e-07 1.34160653e-10-1.04190033e-14 2
4.21821879e+04 7.12732805e+00 3.75007687e+00-1.38541418e-03 2.36293147e-06 3
-1.16895746e-09 1.99761337e-13 4.18061076e+04 7.42847188e-01 4

NH2 H 2N 1 G 300.00 3500.001120.00 1

2.67687765e+00 3.48484078e-03-1.28570820e-06 2.72091630e-10-2.36034281e-14 2
2.20303372e+04 7.34730162e+00 4.18313061e+00-1.89463407e-03 5.91894562e-06 3
-4.01639279e-09 9.33647558e-13 2.16929365e+04-9.01998745e-02 4

NH3 H 3N 1 G 300.00 3500.001210.00 1

2.21117984e+00 6.52182453e-03-2.30931532e-06 3.98907128e-10-2.80385645e-14 2
-6.39009604e+03 8.86905603e+00 3.21689186e+00 3.19715670e-03 1.81217371e-06 3
-1.87188573e-09 4.41133513e-13-6.63347835e+03 3.82536772e+00 4

NNH H IN 2 G 300.00 3500.00 720.00 1

2.67540125e+00 5.35668680e-03-2.94990450e-06 7.78541240e-10-7.91413867e-14 2
2.84746064e+04 1.03028707e+01 3.96823590e+00-1.82572793e-03 1.20134595e-05 3
-1.30764254e-08 4.73161093e-12 2.82884383e+04 4.49039228e+00 4

NO O IN 1 G 300.00 3500.00 970.00 1

2.69775018e+00 2.39887133e-03-1.31644700e-06 3.38235813e-10-3.29394890e-14 2
9.99854348e+03 9.40230813e+00 3.91290193e+00-2.61206371e-03 6.43242163e-06 3
-4.98744709e-09 1.33965920e-12 9.76280404e+03 3.57691592e+00 4

NO2 O 2N 1 G 300.00 3500.00 1800.00 1

5.25673685e+00 1.64343307e-03-6.24197948e-07 1.07065150e-10-6.88584753e-15 2
1.95363563e+03-2.35827568e+00 2.61409592e+00 7.51596848e-03-5.51797745e-06 3
1.91957608e-09-2.58623476e-13 2.90498637e+03 1.19442483e+01 4

NO3 O 3N 1 G 300.00 3500.001330.00 1
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7.66391925€+00 2.28165967e-03-8.16241554e-07 1.11367864e-10-3.38429715e-15 2

5.62975022e+03-1.51899442e+01 4.06541943e-01 2.41083583e-02-2.54328190e-05 3
1.24505044e-08-2.32277087e-12 7.56021258e+03 2.18923574e+01 4

N20 O IN 2 G 300.00 3500.001650.00 1

5.52129143e+00 1.46645965e-03-3.04694075e-07-1.87106858e-11 8.50389041e-15 2
7.81312268e+03-6.17451657e+00 2.68521969e+00 8.34178508e-03-6.55498992e-06 3
2.50666137e-09-3.74128239-13 8.74902635e+03 8.92812480e+00 4

N2H2 H 2N 2 G 300.00 3500.00 930.00 1

1.94872574e+00 9.02206572e-03-4.48167913e-06 1.07159624e-09-9.96387287e-14 2
2.46850174e+04 1.27074554e+01 2.44745784e+00 6.87698140e-03-1.02186571e-06 3
-1.40855675e-09 5.67069064e-13 2.45922533e+04 1.03375547e+01 4

N2H3 H 3N 2 G 300.00 3500.001610.00 1

5.06961797e+00 6.18061831e-03-1.87909018e-06 2.33273638e-10-8.03110073e-15 2
1.63477734e+04-4.00218491e+00 1.71415249e+00 1.45171785e-02-9.64607174e-06 3
3.44941507e-09-5.07431944e-13 1.74282333e+04 1.37839838e+01 4

N2H4 H 4N 2 G 300.00 3500.001160.00 1

4.91914378e+00 9.71187969e-03-3.62925367e-06 6.36530934e-10-4.28508947e-14 2
9.36304606e+03-2.64395648e+00 3.60425651e-01 2.54315974e-02-2.39564748e-05 3
1.23188419e-08-2.56059034¢e-12 1.04206687e+04 2.00258283e+01 4

NCO C 10 IN 1 G 300.00 3500.001700.00 1
5.80612871e+00 1.29457396e-03-2.96387145e-07-4.45669057e-12 6.00806513e-15 2
1.70053704e+04-6.33800183e+00 2.87969597e+00 8.18029805e-03-6.37202605e-06 3
2.37814680e-09-3.44374801e-13 1.80003575e+04 9.33319238e+00 4
CH3ONO C 1H 30 2N 1G 300.00 3500.001800.00 1
8.58034518e+00 8.90954082e-03-3.35922089e-06 6.18588139e-10-4.68096982e-14 2
-1.15569624e+04-1.97194056e+01 1.99249583e+00 2.35492060e-02-1.55589419e-05 3
5.13700333e-09-6.74367363e-13-9.18533663e+03 1.59354094e+01 4
CH30NO2 C 1H 30 3N 1G 300.00 3500.001800.00 1
1.07457798e+01 1.03362024e-02-4.39539782e-06 8.95959797e-10-7.26862027e-14 2
-1.81031090e+04-3.08875015e+01 1.35155390e+00 3.12122600e-02-2.17921125e-05 3
7.33918744e-09-9.67578931e-13-1.47211877e+04 1.99560088e+01 4
CH2CN C 24 2N 1 G 300.00 3500.00 980.00 1
4.41880974e+00 9.83430327e-03-4.98991807e-06 1.22319871e-09-1.17396557e-13 2
2.92390343e+04 2.02769260e+00 2.71162977e+00 1.68023848e-02-1.56553489%¢e-05 3
8.47859386e-09-1.96826267e-12 2.95736416e+04 1.02293594e+01 4

ENDOFDATA
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Appendix E.3 - NOx pathways for NUIGalway Mechanism

Gas-phase kinetics for NOx pathway

N+NO<=>N2+0 2.700E+13 .000 355.00
N+02<=>N0+0 9.000E+09 1.000 6500.00
n+oh<=>no+h 3.360E+13 .000 385.00
N20+0<=>N2+02 1.400E+12  .000 10810.00
N20+0<=>2n0 2.900E+13 .000 23150.00
n2o0+h<=>n2+oh 3.870E+14 .000 18880.00
n20+0h<=>n2+ho2 2.000E+12 .000 21060.00
N20(+M)<=>n2+o(+M) 7.910E+10 .000 56020.00

Low / 6.370E+14  .000 56640.00/
h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ c02/2.00/ c2h6/3.00/ ar/ .625/
ho2+no<=>no2+oh 2.110E+12  .000 -480.00
no+o+M<=>no2+M 1.060E+20 -1.410 .00

h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ co2/2.00/ c2h6/3.00/ ar/ .70/

no2+0<=>no+02 3.900E+12 .000 -240.00
no2+h<=>no+oh 1.320E+14 .000 360.00
nh+o<=>no+h 4.000E+13  .000 .00
nh+h<=>n+h2 3.200E+13 .000 330.00
nh+oh<=>hno+h 2.000E+13  .000 .00
nh+oh<=>n+h20 2.000E+09 1.200 .00
nh+02<=>hno+o 4.610E+05 2.000 6500.00
nh+02<=>no+oh 1.280E+06 1.500 100.00
nh+n<=>n2+h 1.500E+13  .000 .00
nh+h20<=>hno+h2 2.000E+13  .000 13850.00
nh+no<=>n2+oh 2.160E+13 -.230 .00
nh+no<=>n20+h 3.650E+14 -.450 .00
nh2+o0<=>oh+nh 3.000E+12  .000 .00
nh2+o0<=>h+hno 3.900E+13  .000 .00
nh2+h<=>nh+h2 4.000E+13  .000 3650.00
nh2+oh<=>nh+h20 9.000E+07 1.500 -460.00
nnh<=>n2+h 3.300E+08  .000 .00
nnh+M<=>n2+h+M 1.300E+14 -.110 4980.00

h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ co2/2.00/ c2h6/3.00/ ar/ .70/

nnh+02<=>h02+n2 5.000E+12  .000 .00
nnh+o<=>0h+n2 2.500E+13  .000 .00
nnh+o<=>nh+no 7.000E+13  .000 .00
nnh+h<=>h2+n2 5.000E+13  .000 .00
nnh+oh<=>h20+n2 2.000E+13  .000 .00
nnh+ch3<=>ch4+n2 2.500E+13  .000 .00
h+no+M<=>hno+M 4.480E+19 -1.320 740.00
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h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ co2/2.00/ c2h6/3.00/ ar/ .70/

hno+o<=>no+oh 2.500E+13  .000 .00
hno+h<=>h2+no 9.000E+11 .720 660.00
hno+oh<=>no+h20 1.300E+07 1.900 -950.00
hno+o2<=>ho2+no 1.000E+13  .000 13000.00
cn+o<=>co+n 7.700E+13  .000 .00
cn+oh<=>nco+h 4.000E+13  .000 .00
cn+h20<=>hcn+oh 8.000E+12 .000 7460.00
cn+02<=>nco+o 6.140E+12  .000 -440.00
cn+h2<=>hcn+h 2.950E+05 2.450 2240.00
nco+o<=>no+co 2.350E+13  .000 .00
nco+h<=>nh+co 5.400E+13  .000 .00
nco+oh<=>no+h+co 0.250E+13  .000 .00
nco+n<=>n2+co 2.000E+13  .000 .00
Nnco+02<=>no+c02 2.000E+12 .000 20000.00
nco+M<=>n+co+M 3.100E+14  .000 54050.00

h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ co2/2.00/ c2h6/3.00/ ar/ .70/

nco+no<=>n20+co 1.900E+17 -1.520 740.00
Nnco+no<=>n2+co2 3.800E+18 -2.000 800.00
hcn+M<=>h+cn+M 1.040E+29 -3.300 126600.00

h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ co2/2.00/ c2h6/3.00/ ar/ .70/

hen+o<=>nco+h 2.030E+04 2.640 4980.00
hcn+o<=>nh+co 5.070E+03 2.640 4980.00
hen+o<=>cn+oh 3.910E+09 1.580 26600.00
hen+oh<=>hocn+h 1.100E+06 2.030 13370.00
hen+oh<=>hnco+h 4.400E+03 2.260 6400.00
hen+oh<=>nh2+co 1.600E+02 2.560 9000.00
h+hcn(+M)<=>h2cn(+M) 3.300E+13 .000 .00

Low / 1.400E+26 -3.400 1900.00/

h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ c02/2.00/ c2h6/3.00/ ar/ .70/

h2cn+n<=>n2+ch2 6.000E+13  .000 400.00
c+n2<=>cn+n 6.300E+13  .000 46020.00

ch+n2<=>hcn+n 3.120E+09 0.880 20130.00
ch+n2(+M)<=>hcnn(+M) 3.100E+12  .150 .00

Low 7/ 1.300E+25 -3.160 740.00/
TRoE/ .6670 235.00 2117.00 4536.00 /

h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ c02/2.00/ c2h6/3.00/ ar/ 1.0/

ch2+n2<=>hcn+nh 1.000E+13  .000 74000.00
ch2(s)+n2<=>nh+hcn 1.000E+11 .000 65000.00
c+no<=>cn+o 1.900E+13  .000 .00
c+no<=>co+n 2.900E+13  .000 .00
ch+no<=>hcn+o 4.100E+13  .000 .00
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ch+no<=>h+nco
ch+no<=>n+hco
ch2+no<=>h+hnco
ch2+no<=>oh+hcn
ch2+no<=>h+hcno
ch2(s)+no<=>h+hnco
ch2(s)+no<=>0h+hcn
ch2(s)+no<=>h+hcno
ch3+no<=>hcn+h20
ch3+no<=>h2cn+oh
hcnn+o<=>co+h+n2
hcnn+o<=>hcn+no
hcnn+o2<=>o0+hco+n2
hcnn+oh<=>h+hco+n2
henn+h<=>ch2+n2
hnco+o<=>nh+co2
hncoto<=>hno+co
hnco+o<=>nco+oh
hnco+h<=>nh2+co
hnco+h<=>h2+nco
hnco+oh<=>nco+h20
hnco+oh<=>nh2+co2

hnco+M<=>nh+co+M

h2/2.00/ h20/6.00/ ch4/2.00/ co/1.50/ co2/2.00/ c2h6/3.00/ ar/ .70/

hcno+h<=>h+hnco
hcno+h<=>oh+hcn
hcno+h<=>nh2+co
hocn+h<=>h+hnco
hcco+no<=>hcno+co
ch3+n<=>h2cn+h
ch3+n<=>hcn+h2
nh3+h<=>nh2+h2
nh3+oh<=>nh2+h20
nh3+o<=>nh2+oh
nh+co2<=>hno+co
cN+no2<=>nco+no
Nnco+no2<=>n20+co2
n+co2<=>no+co

end

1.620E+13  .000 .00
2.460E+13  .000 .00
3.100E+17 -1.380 1270.00
2.900E+14 -.690 760.00
3.800E+13 -.360 580.00
3.100E+17 -1.380 1270.00
2.900E+14 -.690 760.00
3.800E+13 -.360 580.00
9.600E+13  .000 28800.00
1.000E+12 .000 21750.00
2.200E+13  .000 .00
2.000E+12  .000 .00
1.200E+13  .000 .00
1.200E+13  .000 .00
1.000E+14  .000 .00
9.800E+07 1.410 8500.00
1.500E+08 1.570 44000.00
2.200E+06 2.110 11400.00
2.250E+07 1.700 3800.00
1.050E+05 2.500 13300.00
3.300E+07 1.500 3600.00
3.300E+06 1.500 3600.00

1.180E+16  .000 84720.00

2.100E+15 -.690 2850.00
2.700E+11 .180 2120.00
1.700E+14 -.750 2890.00
2.000E+07 2.000 2000.00
0.900E+13  .000 .00
6.100E+14 -.310 290.00
3.700E+12 .150 -90.00
5.400E+05 2.400 9915.00
5.000E+07 1.600  955.00
9.400E+06 1.940 6460.00
1.000E+13 .000 14350.00
6.160E+15 -0.752  345.00
3.250E+12  .000 -705.00

3.000E+12  .000 11300.00

317



APPENDIX E - Updated Chemical Kinetics Mechanisms with NOX
Formation Pathways and Required Inputs for the Models

Thermodynamics data for NOx pathway

thermo

300.000 1000.000 5000.000
h2cn 41687h 2c 1n 1 G 300.00 4000.000 1000.000 1
0.52097030E+01 0.29692911E-02-0.28555891E-06-0.16355500E-09 0.30432589E-13 2
0.27677109E+05-0.44444780E+01 0.28516610E+01 0.56952331E-02 0.10711400E-05 3
-0.16226120E-08-0.23511081E-12 0.28637820E+05 0.89927511E+01 4
hen GRI/98h 1c 1n 1 G 200.000 6000.000 1000.000 1
0.38022392E+01 0.31464228E-02-0.10632185E-05 0.16619757E-09-0.97997570E-14 2
0.14407292E+05 0.15754601E+01 0.22589886E+01 0.10051170E-01-0.13351763E-04 3
0.10092349E-07-0.30089028E-11 0.14712633E+05 0.89164419E+01 4
hno And93h 1n 1o 1 G 200.000 6000.000 1000.000 1
0.29792509E+01 0.34944059E-02-0.78549778E-06 0.57479594E-10-0.19335916E-15 2
0.11750582E+05 0.86063728E+01 0.45334916E+01-0.56696171E-02 0.18473207E-04 3
-0.17137094E-07 0.55454573E-11 0.11548297E+05 0.17498417E+01 4
n L6/88n 1 G 200.000 6000.000 1000.000 1
0.24159429E+01 0.17489065E-03-0.11902369E-06 0.30226245E-10-0.20360982E-14 2
0.56133773E+05 0.46496096E+01 0.25000000E+01 0.00000000E+00 0.00000000E+00 3
0.00000000E+00 0.00000000E+00 0.56104637E+05 0.41939087E+01 4
nnh T07/93n 2h 1 G 200.000 6000.000 1000.000 1
0.37667544E+01 0.28915082E-02-0.10416620E-05 0.16842594E-09-0.10091896E-13 2
0.28650697E+05 0.44705067E+01 0.43446927E+01-0.48497072E-02 0.20059459E-04 3
-0.21726464E-07 0.79469539E-11 0.28791973E+05 0.29779410E+01 4
n2o L7/88n 20 1 G 200.000 6000.000 1000.000 1
0.48230729E+01 0.26270251E-02-0.95850874E-06 0.16000712E-09-0.97752303E-14 2
0.80734048E+04-0.22017207E+01 0.22571502E+01 0.11304728E-01-0.13671319E-04 3
0.96819806E-08-0.29307182E-11 0.87417744E+04 0.10757992E+02 4
nh And94n 1h 1 G 200.000 6000.000 1000.000 1
0.27836928E+01 0.13298430E-02-0.42478047E-06 0.78348501E-10-0.55044470E-14 2
0.42120848E+05 0.57407799E+01 0.34929085E+01 0.31179198E-03-0.14890484E-05 3
0.24816442E-08-0.10356967E-11 0.41880629E+05 0.18483278E+01 4
nh2 And89n 1h 2 G 200.000 6000.000 1000.000 1
0.28347421E+01 0.32073082E-02-0.93390804E-06 0.13702953E-09-0.79206144E-14 2
0.22171957E+05 0.65204163E+01 0.42040029E+01-0.21061385E-02 0.71068348E-05 3
-0.56115197E-08 0.16440717E-11 0.21885910E+05-0.14184248E+00 4
nh3 J6/77n 1h 3 G 200.000 6000.000 1000.000 1
0.26344521E+01 0.56662560E-02-0.17278676E-05 0.23867161E-09-0.12578786E-13 2
-0.65446958E+04 0.65662928E+01 0.42860274E+01-0.46605230E-02 0.21718513E-04 3
-0.22808887E-07 0.82638046E-11-0.67417285E+04-0.62537277E+00 4
no RUS78n 1o 1 G 200.000 6000.000 1000.000 1

0.32606056E+01 0.11911043E-02-0.42917048E-06 0.69457669E-10-0.40336099E-14 2
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0.99209746E+04 0.63693027E+01 0.42184763E+01-0.46389760E-02 0.11041022E-04 3
-0.93361354E-08 0.28035770E-11 0.98446230E+04 0.22808464E+01 4
no2 L7/88n 1o 2 G 200.000 6000.000 1000.000 1
0.48847542E+01 0.21723956E-02-0.82806906E-06 0.15747510E-09-0.10510895E-13 2
0.23164983E+04-0.11741695E+00 0.39440312E+01-0.15854290E-02 0.16657812E-04 3
-0.20475426E-07 0.78350564E-11 0.28966179E+04 0.63119917E+01 4
hcno BDEA94h 1n 1c 1o 1G 300.000 5000.000 1382.000 1
6.59860456E+00 3.02778626E-03-1.07704346E-06 1.71666528E-10-1.01439391E-14 2
1.79661339E+04-1.03306599E+01 2.64727989E+00 1.27505342E-02-1.04794236E-05 3
4.41432836E-09-7.57521466E-13 1.92990252E+04 1.07332972E+01 4
hocn BDEA94h 1n 1c 1o 1G 300.000 5000.000 1368.000 1
5.89784885E+00 3.16789393E-03-1.11801064E-06 1.77243144E-10-1.04339177E-14 2
-3.70653331E+03-6.18167825E+00 3.78604952E+00 6.88667922E-03-3.21487864E-06 3
5.17195767E-10 1.19360788E-14-2.82698400E+03 5.63292162E+00 4
hnco BDEA94h 1n 1c 1o 1G 300.000 5000.000 1478.000 1
6.22395134E+00 3.17864004E-03-1.09378755E-06 1.70735163E-10-9.95021955E-15 2
-1.66599344E+04-8.38224741E+00 3.63096317E+00 7.30282357E-03-2.28050003E-06 3
-6.61271298E-10 3.62235752E-13-1.55873636E+04 6.19457727E+00 4
nco EA93n 1c 1o 1 G 200.000 6000.000 1000.000 1
0.51521845E+01 0.23051761E-02-0.88033153E-06 0.14789098E-09-0.90977996E-14 2
0.14004123E+05-0.25442660E+01 0.28269308E+01 0.88051688E-02-0.83866134E-05 3
0.48016964E-08-0.13313595E-11 0.14682477E+05 0.95504646E+01 4
cn hBh92 ¢ 1n 1 G 200.000 6000.000 1000.000 1
0.37459805E+01 0.43450775E-04 0.29705984E-06-0.68651806E-10 0.44134173E-14 2
0.51536188E+05 0.27867601E+01 0.36129351E+01-0.95551327E-03 0.21442977E-05 3
-0.31516323E-09-0.46430356E-12 0.51708340E+05 0.39804995E+01 4
henn SRI/94c 1n 2h 1 G 300.000 5000.000 1000.000 1
0.58946362E+01 0.39895959E-02-0.15982380E-05 0.29249395E-09-0.20094686E-13 2
0.53452941E+05-0.51030502E+01 0.25243194E+01 0.15960619E-01-0.18816354E-04 3
0.12125540E-07-0.32357378E-11 0.54261984E+05 0.11675870E+02 4
n2 121286n 2 G 300.000 5000.000 1000.000 1
0.02926640E+02 0.14879768E-02-0.05684760E-05 0.10097038E-09-0.06753351E-13 2
-0.09227977E+04 0.05980528E+02 0.03298677E+02 0.14082404E-02-0.03963222E-04 3
0.05641515E-07-0.02444854E-10-0.10208999E+04 0.03950372E+02 4

end
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Appendix E.4: Inputs required for the Rizk chemical reactor Network

Variable

Definition

FZ_ChemKinputs.Inlet_Phi (distribution)

Equivalence ratios for each FZ

reactor

FZ_ChemKinputs.Inlet_mdot (distribution)

Mass flow for each FZ reactor

FZ_ChemKinputs.Inlet_T (distribution)

Temperature for each FZ reactor

FZ_ChemKinputs.Inlet_Fuel (distribution)

Fuel flow for each FZ reactor

FZ_ChemKinputs.Mixer_P (distribution)

Pressure for each FZ mixer

FZ_ChemKinputs.Mixer_Vol (distribution)

Volume for each FZ mixer

FZ_ChemKinputs.Inlet_P (distribution)

Pressure for each FZ reactor

FZ_ChemKinputs.Inlet_Vol (distribution)

Volume for each FZ reactor

PFZ_Volume

Post-flame zone volume

PFZ_Total _Pressure

Post-flame zone pressure
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Appendix E.5: Inputs required for the Valera chemical reactor

network

Variable

Definition

MZ_ChemKinputs.Inlet_Phi

Equivalence ratios for mixing zone reactor

MZ_ChemKinputs.Inlet_mdot

Mass flow for mixing zone reactor

MZ_ChemKinputs.Inlet T

Temperature for mixing zone reactor

MZ_ChemKinputs.Inlet_Fuel

Fuel flow for mixing zone reactor

MZ_ChemKinputs.Inlet_P

Pressure for mixing zone reactor

MZ_ChemKinputs.Inlet_Vol

Volume for mixing zone reactor

FZ_Volume

Flame zone volume

FZ_Total_Pressure

Flame zone total pressure

RZ Volume

Recirculation zone volume

RZ Total Pressure

Recirculation zone total pressure

PFZ_Volume

Post-flame zone volume

PFZ_total_pressure

Post-flame zone pressure
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Appendix E.6: Inputs required for the modified Rizk chemical reactor

network

Variable Definition
FZ_ChemKinputs.Inlet_Phi Equivalence ratios for FZ reactor
FZ_ChemKinputs.Inlet_mdot Mass flow for FZ reactor
FZ _ChemKinputs.Inlet_ T Temperature for FZ reactor
FZ_ChemKinputs.Inlet_Fuel Fuel flow for FZ reactor
FZ_ChemKinputs.Mixer_P Pressure for FZ mixer
FZ_ChemKinputs.Mixer_Vol Volume for FZ mixer
FZ_ChemKinputs.Inlet_P Pressure for FZ reactor
FZ_ChemKinputs.Inlet_Vol Volume for FZ reactor
PFZ_Volume Post-flame zone volume
PFZ_Total _Pressure Post-flame zone pressure

322




NO Formation Analysis using Chemical Reactor Modelling and LIF Measurements on Industrial Swirl Flames

Appendix E.7: Inputs required for the modified Valera chemical

reactor network

Variable

Definition

MZ_ChemKinputs.Inlet_Air

Air flow for mixing zone reactor

MZ_ChemKinputs.Inlet_ T

Temperature for mixing zone reactor

MZ_ChemKinputs.Inlet_Fuel

Fuel flow for mixing zone reactor

MZ_ChemKinputs.Inlet_P

Pressure for mixing zone reactor

MZ_Volume

Volume for mixing zone reactor

MZ_ Heat_Loss_Rate

Heat loss rate for mixing zone reactor

MZ_Residence_Time

Residence time for mixing zone reactor

FZ_Volume

Flame zone volume

FZ Total Pressure

Flame zone total pressure

FZ Heat Loss Rate

Heat loss rate for flame zone reactor

FZ_Residence_Time

Residence time for flame zone reactor

CRZ_Volume

Central recirculation zone volume

CRZ_Total_Pressure

Central recirculation zone total pressure

CRZ_Heat_Loss Rate

Heat loss rate for central recirculation

zone reactor

CRZ_Residence_Time

Residence time for central recirculation

zone reactor

ERZ Volume

Edge recirculation zone volume

ERZ_Total_Pressure

Edge recirculation zone total pressure

ERZ_Heat_Loss_Rate

Heat loss rate for edge recirculation zone

reactor

ERZ_Residence_Time

Residence time for edge recirculation zone

reactor

PFZ_Volume

Post-flame zone volume

PFZ_total_pressure

Post-flame zone pressure

323




APPENDIX E - Updated Chemical Kinetics Mechanisms with NOX
Formation Pathways and Required Inputs for the Models

Appendix E.8: Inputs required for the simplified chemical reactor

network

Variable

Definition

MZ_ChemKinputs.Inlet_Phi

Equivalence ratios for mixing zone

reactor

MZ_ChemKinputs.Inlet_mdot

Mass flow for mixing zone reactor

MZ_ChemKinputs.Inlet T

Temperature for mixing zone reactor

MZ_ChemKinputs.Inlet_Fuel

Fuel flow for mixing zone reactor

MZ_ChemKinputs.Inlet_P

Pressure for mixing zone reactor

MZ_ChemKinputs.Inlet_Vol

Volume for mixing zone reactor

FZ Volume

Flame zone volume

FZ_Total Pressure

Flame zone pressure

PFZ_Volume

Post-flame zone volume

PFZ_ Total_Pressure

Post-flame zone pressure
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Appendix E.9: Inputs required for the unconfined HPGSB-2 chemical

reactor network

Variable

Definition

MZ_ChemKinputs.Inlet_Air

Air flow for mixing zone reactor

MZ_ChemKinputs.Inlet_T

Temperature for mixing zone reactor

MZ_ChemKinputs.Inlet_Fuel

Fuel flow for mixing zone reactor

MZ_ChemKinputs.Inlet_P

Pressure for mixing zone reactor

MZ_Volume

Volume for mixing zone reactor

MZ_Heat_Loss Rate

Heat loss rate for mixing zone reactor

MZ_Residence_Time

Residence time for mixing zone reactor

FZ Volume

Flame zone volume

FZ Total Pressure

Flame zone total pressure

FZ Heat_Loss_Rate

Heat loss rate for flame zone reactor

FZ Residence_Time

Residence time for flame zone reactor

CRZ_Volume

Central recirculation zone volume

CRZ_Total_Pressure

Central recirculation zone total pressure

CRZ_Heat_Loss_Rate

Heat loss rate for central recirculation zone reactor

CRZ_Residence_Time

Residence time for central recirculation zone

reactor

ERZ Volume

Edge recirculation zone volume

ERZ Total Pressure

Edge recirculation zone total pressure

ERZ_Heat Loss_Rate

Heat loss rate for edge recirculation zone reactor

ERZ Residence _Time

Residence time for edge recirculation zone reactor

PFZ_Volume

Post-flame zone volume

PFZ_total_pressure

Post-flame zone pressure
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APPENDIX E - Updated Chemical Kinetics Mechanisms with NOX
Formation Pathways and Required Inputs for the Models

Appendix E.10: Inputs required for the confined HPGSB-2 chemical

reactor network

Variable

Definition

MZ_ChemKinputs.Inlet_Air

Air flow for mixing zone reactor

MZ_ChemKinputs.Inlet T

Temperature for mixing zone reactor

MZ_ChemKinputs.Inlet_Fuel

Fuel flow for mixing zone reactor

MZ_ChemKinputs.Inlet_P

Pressure for mixing zone reactor

MZ_Volume

Volume for mixing zone reactor

MZ_Heat_Loss Rate

Heat loss rate for mixing zone reactor

MZ_Residence_Time

Residence time for mixing zone reactor

FZ_Volume

Flame zone volume

FZ Total Pressure

Flame zone total pressure

FZ Heat_Loss_Rate

Heat loss rate for flame zone reactor

FZ_Residence Time

Residence time for flame zone reactor

CRZ_Volume

Central recirculation zone volume

CRZ_Total_Pressure

Central recirculation zone total pressure

CRZ_Heat _Loss_Rate

Heat loss rate for central recirculation zone reactor

CRZ_Residence_Time

Residence time for central recirculation zone

reactor

ERZ_Volume

Edge recirculation zone volume

ERZ Total Pressure

Edge recirculation zone total pressure

ERZ_Heat Loss_Rate

Heat loss rate for edge recirculation zone reactor

ERZ Residence _Time

Residence time for edge recirculation zone reactor

PFZ_Volume

Post-flame zone volume

PFZ_total_pressure

Post-flame zone pressure
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