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ABSTRACT

In recent years, non-intrusive, laser-based combustion diagnostic techniques utilizing
ultrashort-pulse, femtosecond (fs) duration laser sources have evolved as promising tools for
time-resolved imaging of fast physical processes and complex chemical reactions. The high peak
power in fs-duration pulses is ideal for nonlinear spectroscopic techniques involving atoms and
molecules. Additionally, the broad spectral bandwidth and high repetition rate of fs sources are
advantageous over conventional nanosecond (ns) laser methods in detecting important
intermediate chemical species during combustion. However, fundamental laser-matter
interactions and signal generation processes during fs laser diagnostics at high-pressure practical
combustion conditions are still largely unknown. Hence, this research aims to develop the fs laser-
induced fluorescence (LIF) technique for practical gas turbine operating conditions, in particular
high pressures and temperatures, utilizing a home-built, high-efficient frequency conversion
system based on harmonic generation. This thesis consists of five research tasks highlighting the
importance of intermediate species detection using optical-based combustion diagnostics and
providing a basis for an environmentally sustainable and prosperous energy future.

In the first task, high-pressure combustion diagnostics is demonstrated by imaging highly
reactive intermediate species, atomic hydrogen (H), in methane-air hydrocarbon flames. A
comprehensive fs two-photon LIF (TPLIF) imaging study of H-atom was performed at elevated
pressures (1-10 bar) for a range of flame conditions.

In the second part of this research, the same fs-TPLIF scheme was extended for flame

thermometry up to 10 bar pressure using Krypton (Kr) as an inert gas tracer. Subsequently, both
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H & Kr were excited simultaneously at an intermediary wavelength of 204.6 nm using the
broadband, fs pulses having linewidths in excess of 400 cm™!,

In the next part, the progress on kHz-rate imaging of methylidyne (CH) radical in flames
using the fs planar LIF (PLIF) technique was studied for the first time. In the last task, a detailed
spectroscopic and imaging study was extended to a molecular species (i.e., molecular nitrogen,
Nb») to investigate the complex spectroscopy in N> excitation.

Overall, the above developments and the associated reacting flow diagnostics are
significant steps forward in utilizing the ultrashort, broadband, high-repetition-rate, fs-duration

laser pulses for practically relevant combustion diagnostics.
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1. INTRODUCTION

1.1 Background

Why do we study the combustion process, and how can laser diagnostics help? Combustion
contributes to more than 85% of the total energy consumption in the world [1]. Numerous
hydrocarbon-based compounds have been widely used as reliable fuel sources for internal
combustion engines, gas turbines, and industrial applications for over many decades. The
combustion phenomenon of these fuels and many other alternative sources is being explored for
practical applications spanning a range of operating conditions and combustor geometries. All
these processes are affected by the spatial and temporal distribution of the key intermediate species
and temperature gradients. A deeper understanding of the physical and chemical nature of the
combustion phenomena requires quantitative information of the important flame species, which
can then be used to resolve the issues related to the fuel economy, emissions, and optimize the
stable operational envelope of the practical combustors.

The combustion chemistry of hydrocarbon fuels is fundamentally dictated by the presence
of intermediate atomic species such as hydrogen (H), oxygen (O), and nitrogen (N), along with
molecular species or radicals such as hydroxyl (OH), methylidyne (CH) and carbon monoxide
(CO). These species are of significant interest as they play a pivotal role in chemical kinetics and
combustion chemistry. Generation and consumption rates of these species can be extremely fast
and depend on the thermophysical properties of the medium such as temperature, heat release, and
turbulent mixing. Hence, it becomes tremendously challenging to measure the absolute

concentration and spatio-temporal distribution of these species accurately using conventional



methods. Combustion diagnostics can be carried out using physical probes or optical and laser-
based methods. The laser-based optical diagnostics offer several advantages for studying
combustion processes. Depending upon the quantity of interest, which may be a combination of
species concentration, temperature, pressure, velocity, and flow structures, researchers can
implement various laser-based diagnostics techniques. Unlike the conventional methods that use
physical probes, laser-based measurements are non-intrusive as the photons, in principle, do not
interact with the flow field and combustion species. In addition, the laser photons undergo the
same type of damage, such as the melting of physical probes at high temperatures, thereby
increasing the applicability of laser diagnostics in extreme conditions. The laser beams are usually
focused on to a small probe volume providing fine spatial resolution and can often provide high
concentration measurement sensitivity in the order of parts-per-billion (ppb) levels. Several
commonly used laser diagnostics approaches include Raman scattering, Rayleigh scattering, laser-
induced fluorescence (LIF), tunable diode laser absorption spectroscopy (TDLAS), and coherent

anti-Stokes Raman scattering (CARS).

1.2 Significance of Thesis Research

The primary thrust of this thesis proposal is to enable the spatially and temporally resolved
imaging of several intermediate atomic and molecular species produced in the gas-turbine relevant
flame environment using a novel method of femtosecond (fs) two-photon LIF (TPLIF). Spatially
and temporally resolved imaging of these key species is of particular interest to developing highly
efficient engines with reduced emissions. The imaging diagnostics enable visualization of the flow
field and physical and chemical processes involved in complex mixing regions, which primarily

determine the combustor efficiency and harmful emissions.



Atomic hydrogen is a highly reactive intermediate species that plays a key role in several
chain-branching reactions that govern efficiency and pollutant formation in hydrocarbon
combustion [2]. Further, it plays a crucial part in flame ignition, propagation, and extinction.
Spatially resolved imaging of H helps in the understanding of light species transport and
preferential diffusion in reacting flow environments. Further, the substantial presence of the H-
atom directly impacts the chain-branching steps leading to ignition and results in an increase in
the flame speed, therefore the overall combustion process. Similarly, OH radical is another
important intermediate species during the combustion process. It is produced mostly in the high-
temperature zone, and its spectroscopy is well studied by many researchers [3-7]. In combination
with quantitative CO measurements, OH can be used to correctly predict the heat release rate in
hydrocarbon-air flames as the predominant reaction for the formation of CO> in hydrocarbon
combustion is CO + OH 2 CO.+ H [8-10]. Additionally, atomic oxygen is another reactive species
that plays a vital role in chain-branching reactions and pollution formation pathways during
hydrocarbon combustion [11, 12]. Atomic oxygen in reaction with molecular nitrogen (N2) and N
controls the reactions of nitric oxide (NO) formation through the Zeldovich mechanism and also
nitrous oxide (N20O) formation during the intermediate reactions [13].

Further, flame thermometry is an important technique to characterize combustion systems.
Several laser-based techniques offer the advantage of non-intrusive measurements with high
spatial and temporal resolution. The most widely used thermometry techniques are Rayleigh
scattering, CARS, LIF etc. Kr LIF is often introduced into the flow fields as an inert gas tracer for
2D temperature imaging [14-16], 1D velocity measurement and mixing process imaging [17-19].
The in-situ temperature measured from Kr LIF can further be applied for the calibration purpose

of intermediate species like H and N following the approach recommended by Lamoureux et al.



[20]. Establishing such a thermometry technique and incorporating it for quenching correction to
quantify the H atom is another major significance of this thesis. This simple and innovative
temperature measurement technique is now verified for a simple laminar flame case which in the
future can be applied for the SS temperature imaging in flames using an optimized fs harmonic
generation system.

This research further reports the progress in CH planar LIF (PLIF) diagnostics with a
significantly high signal-to-noise ratio (SNR) to investigate turbulent flame interaction. CH serves
as a better radical to locate the position of the flame front compared to OH radical even in complex
flows. An additional advantage over OH is that its distribution correlates with the region of peak
heat release rate [6, 21, 22] because of its rapid production and consumption on both sides of the
high-temperature reaction zone [23]. Additionally, its concentration and well-defined spatial
distribution indicated by CH PLIF visualizes turbulence chemistry interactions including flame
wrinkling, local extinction, and its stabilization [24]. CH has also been recognized as a key reactant
for prompt NO formation and its distribution is particularly needed to model pollutant formation
in turbulent non-premixed flames [25, 26].

This study further investigates the excitation/detection schemes of N2 molecule. N is the
principal constituent of the earth’s atmosphere that plays an important role in several theoretical
and experimental studies, where its electronic states are commonly used as probe species [27]. It
plays a significant role in the combustion process and atmospheric phenomena such as auroras,
and airglows [28, 29]. Nitrogen molecule plays a part in pollutant formation as high-temperature
combustion in its presence, such as in automobile engines, can generate NO and nitrogen dioxide
(NO2) [13]. N2 molecule is an attractive constituent for optical and non-invasive diagnostics of

such processes because it can be easily obtained in experiments. The investigation of its excited



states is important for photo-physics and atmospheric photochemistry [30], and the spectral
information associated with these states can be used to obtain local temperature and density inside
the atmospheric model [31, 32]. Although only the initial excitation/detection schemes are part of
this study to explore the ambiguity in N> excitation, this thesis highlights the importance of
thermometry techniques using spectrally resolved N» spectra.

Overall, intermediate species like H, O, OH, N, and CH fundamentally dictate the
chemistry of hydrocarbon combustion. So, understanding the destruction pathways of the reactant
mixture along with well-quantified intermediate species provides insights into the physical and
chemical nature along with facilitating the development of model-based prediction abilities.
Experimental datasets are needed to verify the computational models before endorsing them for
various applications eliminating the need for expensive experiments. An exhaustive qualitative
and quantitative measurement of key flame species is necessary due to the lack of accurate
measurements because of limited optical access in realistic harsh environments. Hence, similar
flame environments are often replicated on a small scale in laboratory burners, and essential
measurements are performed to predict the realistic combustion chemistry. A deeper
understanding of these laboratory-controlled measurements can lead to a more efficient design of
furnaces and engines, and improved fuel economy while simultaneously reducing emissions
injurious to health and the environment. Such investigations, in a broad sense, provide a basis for

an environmentally sustainable and prosperous energy future which is the main research mission.

1.3 Dissertation Outline
The current work focuses on advancing fs LIF diagnostics technique for practical gas

turbine operating conditions, in particular high pressures and temperatures, utilizing a home-built,



high-efficient frequency conversion system based on a harmonic generation system. The first
objective is to extend such ultrafast fs diagnostics approach for chemical species imaging for the
detailed understanding of highly dynamic and vastly changing combustion chemistry. The second
objective is to develop the fs diagnostics approach for flame thermometry studies via Kr TPLIF
measurement and utilize the broad bandwidth of fs laser pulses for simultaneous measurements to
obtain species concentration.

This thesis proposal is outlined as follows. Chapter 2 introduces an extensive literature
review on the theory of LIF, mode-locked fs pulse generation, laboratory-scaled burners for
combustion research and detection systems for fluorescence emission collection. Chapter 3
demonstrates the applicability of the home-built high-energy frequency conversion unit for fs-
TPLIF H-atom imaging in high-pressure flames for the first time. The development of the current
TPLIF scheme for a Kr-based flame thermometry technique followed by a simultaneous
investigation of two species (H & Kr) for quantitative measurements are discussed in Chapter 4
and Chapter 5 respectively. Chapter 6 reports the progress in SS CH PLIF measurements via an
optimized second harmonic generation (SHG) system reducing setup complexity. A detailed
spectroscopic investigation of the N» excitation/detection scheme for flame structure, mixing, and
a potential thermometry purpose are discussed in Chapter 7. A summary of the current work, along

with the limitations of the current work and future perspectives, are detailed in Chapter 8.



2. LITERATURE REVIEW*

2.1 Introduction to Laser-Induced Fluorescence

Fluorescence is simply defined as the spontaneous emission of radiation from an upper
energy level excited by absorption of radiation. LIF spectroscopy is a technique that possesses the
capability to detect flame and pollutant species at the ppm or even sub-ppm level and has received
considerable attention since the early 1980s [33-36]. More than thirty combustion intermediates
consisting of O, N, C, H atoms and their combinations have been detected by LIF [35]. During the
initial days of the laser development, its tunability was limited, and the frequency typically did not
coincide with the specific electronic transitions of atoms or molecules needed for the excitation
process. This situation limited the scope of detecting numerous intermediates; however, with the
development of dye lasers and optical parametric amplifier, the output radiation could be tuned
specifically to the required transitions, and LIF became one of the most used diagnostic approaches
for a large number of fields. The electronic absorptions of most of the species lie in the 200 to 600
nm range, a range which can be easily achieved using the tunable dye laser and fs laser system.

Figure 2.1 depicts two LIF approaches, fluorescence spectrum and excitation scan. In a
fluorescence spectrum, the laser is tuned to a specific excitation wavelength, and the spectrometer
is scanned to record the various emission transitions. In an excitation spectrum, the laser is tuned
across various absorption lines, and the broadband fluorescence spectrum is recorded. Generally,

the fluorescence wavelength occurs mainly at longer wavelengths.

*Part of this chapter is reprinted with permission from “Femtosecond two-photon LF imaging of
atomic hydrogen in high-pressure methane-air flames” by P. Parajuli, Y. Wang, M. Hay, V. R.
Katta, W.D. Kulatilaka, Proceedings of the Combustion Institute (2022 in press). Copyright [2022]
by The Combustion Institute. Published by Elsevier Inc.



It is termed as Stokes shifted as emission occurs from a new level different than the one involved
in the absorption process [37]. The spectrally shifted fluorescence is studied in combustion
diagnostics to avoid the interferences from scattered laser light or Mie scattering, which is strongly
wavelength independent. However, the absorption processes, being resonant, have much larger
cross-sections than the Raman effects, and hence, the fluorescence is many orders of magnitude
stronger than Raman scattering, which provides LIF with high detection sensitivities.

The quantitative measurement of the fluorescence signal is another intriguing topic for
combustion diagnosis. Several basic criteria and requirements needed for the quantitative
measurement are explained here. The atom or molecule under investigation must have a known
emission spectrum. Sometimes a molecule undergoes predissociation, dissociate prior to the
emission of a photon when excited to a certain energy level. In some cases, it may ionize via the
photoionization process, which changes the electronic configuration and causes to have a much
different spectroscopy than the neutral molecule. The molecule must have an absorption
wavelength that is accessible to a tunable laser source to park the laser at a specific wavelength for
excitation. Present-day laser systems have a spectral tuning range roughly from 200 nm to 1.5 pm.
The multi-photon excitation technique has made possible the detection of species with absorptions
even below 200 nm. Details will be explained later in this chapter. Further, the rate of radiative
decay of the excited state must be known as the fluorescence signal is proportional to that. Several
excited state loss mechanisms like collisional deactivation, photoionization, and predissociation
need to be accounted for. In the presence of molecules other than the one of interest, the total decay
rate is increased due to collisions, known as quenching. Hence, the fluorescence signal needs to
be corrected for collisional quenching to obtain species number densities. The quenching

correction requires the knowledge of partial pressures of all the species involved as well as the



rates for deactivation of the excited state and its temperature dependence. Further, depending on
the laser sources used during LIF, the possibility of laser-induced chemistry should be considered.
Such chemistry reduces or increases the radical pool locally and leads to measurement error if the
chemical reaction rate in the excited state is higher than the ground state, especially when high-

energy microsecond laser pulses are employed. Such behavior is avoided in modern experiments

using nanosecond (ns) or less pulse lengths.
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Figure 2.1 Schematic of potential energy curves for lower and upper electronic states
showing fluorescence spectrum (left panel) and an excitation spectrum (right panel)

reprinted from [37].

2.1.1 Advantages and Limitations of LIF

LIF is a long-established combustion diagnostics technique. It offers numerous advantages
over several other laser-based diagnostics including scattering or optical emission spectroscopy.
Key significance lies in its ability to detect species-selective during the excitation process. Usually,
the laser is tuned such that the bandwidth of the laser overlaps with a specific excitation of a single

transition that has a large absorption cross-section resulting in efficient excitation of that transition



and emission of a photon. Such fluorescence signals are spectrally or temporally filtered out from
other background signals which result in high signal-to-noise ratios (SNR) for most applications.
This technique allows very low detection limits from a few ppm to ppb level enabling diagnosis
of minor or trace species in many applications. LIF signals are produced from the volume of
illumination from the laser; hence they are spatially resolved, which is a marked strength over
absorption spectroscopy. The signals can be collected from a specific zone, and further allows the
advantages of imaging an area illuminated by a planar sheet, and the diagnostics method is known
as planar LIF (PLIF). Additionally, the LIF technique as a thermometry measurement is already
in practice. Typically, the laser is tuned to specific temperature-sensitive rotational lines and the
emissions collected can be used to calculate rotational temperatures with £25 K accuracy.

The use of LIF is complicated by the occurrence of non-radiative decay. Some of the
excited species, instead of emitting fluorescence signals, may undergo different decay processes
like stimulated emission, intersystem crossing, internal conversion, as shown in Figure 2.3.
Additionally, not all atomic or molecular species have electronic transitions at accessible
wavelengths. In some cases, processes like laser-induced chemistry, light trapping in molecules
complicate a fluorescence signal, although they can be avoided through a meticulous experimental

setup.

2.1.2 Comparison between Nanosecond and Femtosecond LIF

The applications for fs-duration laser pulses for LIF measurements carry significant
advantages over ns-duration laser pulses although the latter has been utilized widely, including
experiments in challenging diagnostic conditions. Some of the important advantages are listed

below:
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Short optical pulses:

In combustion diagnostics, most of the energy dissipation and the transfer processes occur
on a time scale larger than 100 fs. Fs laser pulses enable the species of interest to get excited
instantly, and the dynamics of the excited state can be monitored with higher temporal resolution

when compared to ns-duration laser pulses. The temporal resolution is as close as ~ 0.5 Tpyise =

12 — 50 fs for most commercial lasers.

High peak power of the light:

The laser power is given by [~ ; 1 = Power, J = pulse energy.

Tpulse
1 mJ pulse with 10 ns duration has peak power ~ 0.1 MW.
1 mJ pulse with 100 fs duration has peak power ~ 10 GW.
The high peak power of the fs pulses enables efficient fluorescence excitation, followed by higher

emission collection.

Laser bandwidth limits:
The fs-duration laser pulses are characterized by large spectral bandwidth, as shown in Figure 2.2.

The laser bandwidth is given by:

}\2

Ar & (cAt)

2.24

So, for 10 ns pulses with A = 800 nm, AA = 0.0002 nm.

So, for 100 fs pulses with A = 800 nm, AA = 21 nm.
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Figure 2.2 Large spectral bandwidth of a fs-laser pulse.

Although the large bandwidth limits the choice of the laser active medium, this property is
quite important in the simultaneous detection of multiple species using a single broadband fs laser
pulse. For example, simultaneous detection of CO and OH using 283-nm [38], H and OH using

307-nm [39], NO, O, and O; using 226-nm [40] laser pulse can be performed.

Reduced photo-dissociation:

One of the major limitations while using ns-duration pulses in combustion diagnostics is
the use of relatively large average laser energy to produce a moderate fluorescence signal. This
amount of energy can produce photo-dissociation which interferes with the quantification of the
species to detect. However, fs-laser pulses with comparable average laser energies show no effects
from photo-dissociation because of the lesser laser fluence for similar average energy incident. As
the photo-dissociation scales linearly with the incident laser energy, the lower fluence ensures

lower photo-dissociation interference and increases the accuracy of the fs-laser system.

2.1.3 Single-Photon Laser-Induced Fluorescence
Single-photon LIF is based on the absorption of a single photon and subsequent emission

of a photon. This is shown schematically by the Jablonski diagram in Figure 2.3. It provides a

12



representation of ground and excited electronic states along with processes like absorption and
emission (both radiative and nonradiative) energy. Initially, a molecule is at the ground state with
each molecular orbital containing two electrons having antiparallel spin according to Pauli’s
principle. The total spin in the ground state is zero and this energy state is known as the singlet
state, labeled as So. The electronic spin in the excited state occurred through the absorption of
radiation. Depending upon the spin, it could be a singlet (antiparallel) and triplet (parallel) state.
The absorption of a photon with an energy that matches the energy separation between the ground
and excited state causes the molecule to get excited to the excited states, and the process is
governed through the Franck-Condon principle. Such transition takes place so fast (~101° s). In
Figure 2.3, molecules are excited to two excited states S; and S», they are acquired depending on
the wavelength of the radiation absorbed. The molecule can’t stay in the excited state for long and
eventually relaxes to the ground state through several deactivation processes. Some molecules may
undergo vibrational relaxation to the lowest vibrational unit through which the molecule emits a
photon and return to the ground state, known as fluorescence (indicated by green arrow). This
procedure takes about 10 s. Sometimes the molecule in a singlet state crossed over to the triplet
state through the intersystem crossing. Several other energy transfer processes like stimulated
emission, collisional quenching, ionization, internal conversion can depopulate the excited state

and interfere with the fluorescence signal.
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Figure 2.3 A typical Jablonski diagram showing the possible radiative and non-radiative

processes.

Derivation of rate equations:

Consider a simple two-level energy diagram with ground state 1 and the excited state 2 for
the quantitative analysis of a single-photon LIF signal as shown in Figure 2.4. It shows the
excitation process, bi> leads to the stimulated emission, b1 and spontaneous emission or
fluorescence, Az;. The rate constants (b1 and boi) are related to the Einstein coefficient for
absorption or stimulated emission, B by the equation

p==2k Eq.2.25

C

Where, I, is the incident laser irradiance per unit frequency interval (W/cm?-sec™!) and c is the

speed of light.
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b21 along with collisional quenching, Q21 is expected to affect the excited state population. The

effect of ionization, W»;, and photo-dissociation, P, can be neglected for the sufficiently low

I/

incident laser fluence.

Figure 2.4 Energy level diagram showing different processes along with LIF.

The rate equations for temporal derivatives of the state population densities, N are

dN4

dt = —N;b;x + Nz(b21 + Ay + Q21) 2.26
N2 — Nyby, — Ny(byy + Ay + 2.27
ac VD12 2(byg 21+ Qaz1) .

At steady-state conditions, the relationship between populations in state 1 and state 2 becomes

dN; , dN,  d(N;+Ny)
—_— —_— — - — O' 2.2
dt dt dt ! 8

Hence, N; + N, = constant = NY

— N b12
L by +Az1+Q2s

N, 2.29

The fluorescence signal is proportional to N,A,;. Assuming the fluorescence is in linear regime,

the signal strength at low laser excitation irradiances is given by

_hv Q

A
F___ 21
C 4T

0
IANTB1,ly (A21+Q21)

2.30

Where,
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F = fluorescence signal power

h = Planck’s constant

v = frequency of emitted fluorescence

(1 = collection solid angle

| = axial extent along the beam from which fluorescence is observed
A = focal area of the laser beam

NY = total number of populations in the ground and the excited states

2.1.4 Two-photon Laser-Induced Fluorescence (TPLIF)

In modern days, laser equipment can generate tunable radiation in a continuous spectral
range down to about 200 nm. However, most atoms and molecules possess absorption wavelengths
well below 200 nm. Although laser radiation could be tuned in this region, it is difficult to conduct
the experiments due to experimental absorption caused by molecular oxygen and other gases as
we proceed deeper into the vacuum UV region. Hence, the electronic transitions in the vacuum
UV are accessed and excited via the simultaneous absorption of two or more photons, and the
phenomenon is called the multi-photon excitation scheme.

The two-photon excitation rate constant per molecule is written as [41, 42]

2
W12 = 2.31

Where, a,is the two-photon absorption cross section from state 1 to state 2. In the rate equations
discussed earlier, the one-photon pumping term N; b;,would now be replaced by N; W;,.

The multi-photon excitation scheme offers several significant advantages over the singe-
photon excitation scheme. The excitation wavelengths are red-shifted from the VUV region,

allowing laser beam propagation with minimal absorption in air. It will have significantly lower
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signal strength as compared to single-photon excitation because with the increase in the number
of photons required for excitation, the absorption cross-sections also decrease. Such multi-photon
transitions are difficult to saturate, and the fluorescence dependence on the laser irradiance shows
non-linear behavior, given by

Frulti-photon & I™
Where, I= laser intensity
n = number of photons involved in the transition from the ground electronic state to the excited

electronic state.

Table 2.1 Two-photon excitation wavelength for different atomic and molecular species

Atomic/ Molecular species Two-photon transition
H 205.10 nm
O 225.60 nm
Kr 204.10 nm
CcO 230.00 nm
NH3 305.00 nm
H>O 248.00 nm
N 206.65 nm
C 284.20 nm

Most of the applications of the multi-photon excitation scheme lies in laminar flame
investigations to validate various chemical kinetic flame models [43, 44]. The study focuses on

the absolute concentrations as well as the spatial profiles. Many commercial laser systems can
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produce laser radiation near 200 nm which is idle for species detection in many disciplines
including combustion, biomedical, and materials processing. Some of the atomic and molecular
species with single-photon transitions in vacuum UV that are measurable using two-photon

excitation are shown in Table 2.1.

2.1.5 Prior Research on Hydrogen Atom Detection

In flames, the excitation of H-atom is performed through two- or three-photon processes
[45, 46]. The first TPLIF of H in flames was reported by Lucht et al. in 1983 [43]. Conventionally,
ns lasers are employed for LIF measurements of H-atom [43, 45]. However, it requires high pulse
energy which is sufficient enough to photolyze precursors of H-atoms such as H,O, OH, CH3, and
C2H> [47], which then interfere with the LIF signal. In recent years, several researchers have shown
that such photolytic interferences can be suppressed by using picosecond (ps) [45, 47-49] and fs
[50-56] and pulsed lasers via efficient multi-photon excitation through high peak power, yet lower
total pulse energy. The most used excitation scheme lies near deep ultra-violet (DUV) wavelength
matching n =1 —-— n=3 transition at 205.1 nm and LIF detection from n =3 — n=2 decay at 656
nm [43, 45, 49-52, 57-59]. Also, three-photon excitation has been reported where red shifting the
laser to match the n =1 -—— n=4 transition at 292 nm followed by fluorescence detection from
the n =4 - n=2 decay at 486 nm [48, 59-61]. In addition, Jain et al. [56, 62] have successfully
demonstrated three-photon excitation at 307.7 nm using fs pulses and signal detection at 656 nm.

Most of these H-atom investigations were limited to sub-atmospheric conditions because
of higher mole fractions of intermediates, lower quenching rate, and higher spatial distribution of
the reaction zone because of slower reaction rate as compared to atmospheric and high-pressure

flames [58]. One additional reason for no prior demonstration of H-atom measurements in high-
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pressure flames is due to high absorption losses of excitation laser pulses while transmitting
through thick optical windows of high-pressure vessels. It was shown that the losses could be
minimized by red shifting the excitation wavelength to 307.7 nm instead of the commonly used
scheme at 205.1 nm [56, 62]. However, the investigation was challenging because of the
significantly weaker three-photon cross-section as compared to the already weak two-photon
cross-section. Hence, this research is an attempt to demonstrate of H-TPLIF imaging in high-
pressure flames using high-conversion efficiency direct-frequency-quadrupled fs laser pulses from
a frequency tunable amplified pump laser. In real life, propulsion and power generation engines,
gas turbines and several combustion devices operate at elevated pressure; hence, an in-depth
understanding of the combustion process at relevant operating pressure is always an intriguing
topic for researchers. In recent publications, Rahman et al. successfully demonstrated the high-
pressure demonstration of CO molecule [63] and O-atom [64] using fs, TPLIF technique. Recently,
we have shown the potential of broadband, fs-duration laser pulses for high-speed, single-shot OH-
PLIF imaging applications in high-pressure flames, same as the one used in the current study,
using a home-built, third-harmonic generation (THG) system pumped by a tunable fs laser pulse

[65].

2.1.6 Prior Research on Simultaneous Krypton Thermometry and Hydrogen Atom Imaging

Krypton is an inert gas tracer commonly introduced into flow fields for a detailed
understanding of the mixing process and subsequently to derive scalar dissipation rate through
PLIF technique [17-19]. The Kr TPLIF is widely used for aerodynamics ground testing
applications [14, 66], along with calibration proposed for H and N atoms in combustion diagnostics

approaches [67]. Miller focused on several possible excitation schemes of Kr at 212.6 nm, 214.7
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nm, and 216.6 nm and found that the emission signal at 212.6 nm was considerably weaker and
that at 214.7 nm was higher than that at 216.6 nm [68]. The excitation scheme at 214.7 nm is
popularly used for mixing studies in reacting [17, 19] and non-reacting flow fields [18] and flow
tagging velocimetry [14]. Further, the excitation at 204.1 nm is particularly advantageous as it is
easily accessible using a highly efficient, fs fourth harmonic generation scheme and has been used
to determine the neutral density profile of helicon plasma [69], for calibrations during H and N
LIF measurements [54, 67] and for mixture-fraction high-speed imaging in turbulent flows [70].
Further, Kr TPLIF has gained significant attention in 1D velocity measurement in hypersonic flow
fields [14, 15] and mean temperature fields in reacting flows [71]. In recent years, Narayanaswamy
et al. demonstrate a dual-wavelength excitation of Kr near 214 nm for 2D temperature imaging in

a laminar non-sooting diffusion flame [16].

2.1.7 Prior Research on CH PLIF investigation

CH radical is one of the target species to investigate turbulent flame reactions which serves
as a better species to locate the position of the flame front compared to OH radical even in complex
flows. Initially, combustion researchers employed the same CH A%A — X211 electronic bands near
431 nm for excitation and detection purposes [72, 73]. A major issue using this excitation scheme
is that the fluorescence signal is spectrally close to the laser wavelength used hence the laser
scattering must be suppressed effectively which could partially block the desired CH fluorescence;
thereby, limiting fluorescence collection efficiency. Alternatively, blue-shifting the excitation
wavelength to 390 nm as proposed by Carter et al. [74] facilitates the filtering of Mie and Rayleigh
scattering interference which is also the scheme utilized in this study. The CH PLIF imaging

measurements are performed by exciting B2 — X2IT and detecting fluorescence from the A—X

20



and B-X (0,1) bands in the 420—440 nm range. The excited A state, v'= 1 and 0 is populated via
fast electronic energy transfer from state B (v'= 0) [75]. The net fluorescence yield using B—X
transition is significantly higher than that obtained by pumping A—X transition [75], thus higher
signal level is observed in the B-X scheme. Most previous studies on CH B—X transition have
utilized a 10 ns Nd: YAG pumped dye laser system with a narrow bandwidth (~ 0.1-0.5 cm™').
Further progress has been made using this excitation-detection scheme to temporally resolve CH
PLIF measurements by employing a frequency-doubled multimode alexandrite laser (~ 8 cm™!
bandwidth) [76] or an optical parametric oscillator (OPO) pumped by a custom Nd: YAG burst

laser [24].

2.1.8 Prior Research on Molecular Nitrogen Detection

Figure 2.5 shows a schematic energy level diagram of the N> molecule along with some
levels of No+ion [77]. Nearly all the fluorescence emissions in air in the UV region originate from
transitions of the second positive (2P) and first negative (1N) systems of N2 or N>* ions. The
electron excitation of N2 molecules plays a significant role in laser physics [28]. The excited states
of N, are needed to be investigated and several kinds of literature are available that involved the
N> molecules involving electron and photon impact followed by fluorescence or photoelectron
detection [78-82]. Different laser diagnostics techniques such as Raman scattering and CARS are
applied for pure spectroscopic investigation of the N> [83]. Heard [84] first reported oscillation in
the ultraviolet wavelength at 337.1 nm, assigned to the 0—0 band of the Second Positive System
(SPS). Kaslin and Petrash [85] and Massone et al. [86] observed lasing in the 0—0 and 0—1 (357.7

nm) bands. Fukuchi et al. [§7] employed a nitrogen laser to excite N2 molecules from B3Hg state

to the C3I1, state and determined the C3I1,, state lifetime as well as transition probabilities of the
u u p

21



SPS. Zhang et al. [88] utilized the C3I1, — B31'[g transition of N> to measure the rotational and

vibrational temperatures in nitrogen or nitrogen-containing plasma. Such utilization of SPS to
study the gas temperatures is widely used [89-93].

Although the C3I1, - B31'[g transition has been studied extensively in the literature, the
mechanism responsible for exciting the ground state xlzg and populating the C3TI, state is,

however, not clear. Multiphoton excitation of molecules like N> molecule is a commonly used
technique to overcome the limitations where the energy levels can’t be probed by single-photon
transitions [81]. Veen et al. [94] first reported the ground state N> molecules by using two-photon
absorption by exciting a'll;(v" = 1) « X'2 (v" = 0) transition. Helvajian et al. [95] utilized the
same two-photon transition to measure rotational population distributions in a pulsed supersonic
expansion. Kaminski and Dreier [81] further investigated a—X (1,0) transition and observed a
significant increase in the signal intensity with pressure for pure nitrogen. They attributed such
behavior to the nonlinear susceptibility of the medium with photons resonantly absorbing excited
state N2 and ground state N»* created due to the high laser intensity required for the multiphoton
excitation scheme. Alden et al. [78] reported N> resonantly enhanced multiphoton ionization
(REMPI) experiment using (2+3) photons with the a' Il intermediate states, followed by emission
in the first negative system (FNS) of N> and possible N2 molecules fluorescence detection. Lykke
et al. [96] characterized the two-photon spectroscopy of N2> molecule via a"”*2f — X't transition
and reported the subsequent N2 SPS LIF emission arising from the two-photon absorption at ~202
nm. Further studies are needed to better elucidate the excitation/ionization process to populate
these excited states and detect the subsequent fluorescence emission which is the main idea behind

this research.
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Figure 2.5 Electronic band systems of molecular nitrogen reprinted from [77].

2.2 Amplified Femtosecond Laser Systems

The first working laser was demonstrated in 1960 utilizing a powerful energy source to
excite the atoms in a synthetic ruby [97]. Several genius minds prior and after to this date are often
credited for today’s laser and its wide range of applications. Prior to the 1960s’, the shortest time
duration measured was in the ns range. With the subsequent progress and constant advancement,
production of light pulses in picosecond regime and eventually to lesser than 10 fs were possible

after twenty odd years.
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The ultrashort laser pulses are made up of light which is a form of electromagnetic
radiation. All forms of electromagnetic radiation, including light is explained by a set of Maxwell’s
equations which is the relationship between the electric field E and magnetic field H [98]. The sets

of equations are:

V:-D=p 2.1
V-B=0 2.2
VxE= -2 23
at
aD
VXH=]+ - 2.4
The relations defining D and B are
D= ¢,E+P 2.5
B= po(H+M) 2.6

Considering no free charges nor free currents are present in the space, we would have
p=]J=M=0 2.7
Now, considering the electromagnetic wave propagation in linear, isotropic, source-free media

taking curl of Eq. (2.3) and insert Eq. (2.4) leading to the famous equation [99]:

0%E(zt) 1 0%E(zt) _ %P
972 2 gtz PO g2

2.8

Where, c is the velocity of light in free space. This equation is referred to as the Helmholtz equation
which represents the propagation of light through a medium. The induced dielectric polarization
P can be decomposed into linear and nonlinear part [99]:

P =P, + Py, 29

Where, P, = £,xVE, 2.10
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Py = goXPE? + g0 E3 +... 2.11

x® are tensors

Assuming that the pulse is not intense enough to generate nonlinear behaviors, Eq. (2.8) can be

approximated as [99]:

0%E(zt) 1 0%E(zt) _ %Py,
972 2 otz PO g2

2.12

The decomposition of polarization in Eq. (2.9) is intended to understand how a polarization that
varies linearly (Pp) differs from the one that varies nonlinearly (Py;) with the field. Ppis
responsible for ordinary optics such as dispersion, diffraction, refraction, linear losses, and linear
gain whereas Py is responsible for nonlinear optics that includes saturable absorption and gain,
Raman processes and harmonic generation [99-102]. The latter will be discussed later in detail in

the section 2.2.3.

Mode-locked condition:

For multimode laser with an active gain linewidth Awg and 2N-1 active mode separated by

Aw =21 E, we express [99] electric field as

E(D) = X, A, ei¢neion(tE) 2.13
Where, A, e!®n is the complex amplitude of the n mode. Changing the frame of reference, we get

E(t) = X, A elPnel@ottibont 2.14
Where, w, = wy + Aw, and w,is the central wavelength. Separating the slowly varying term,
A(t) = X, A elPnel@nt and a higher frequency term el®ot, the intensity can be written as [99]

I(t) « [A(D)[? = |5, Agei@ntiond|® 2.15
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If the mode phases, ¢, are random, the resulting intensity profile takes an appearance of random
spikes as shown in Figure 2.6 (left panel). Such behavior is called free-running mode with spikes
having intensity fluctuation periodic in nature and the time duration inversely proportional to the
total bandwidth of all the modes. However, if mode phases have a precise relation ¢4 — O, =
constant, then mode-locked condition is obtained, shown in Figure 2.6 (right panel). The time
duration, periodic nature and average intensities are like that of free-running mode, and the main
difference lies in the peak intensity of a mode-locked pulse which is enhanced by a factor N [98].
The advantages are that the possible instabilities are avoided, and the laser has the potential for

lower noise.

Intensity Intensity

A A

Y

Time Time

Figure 2.6 Laser output with randomly phased modes (left panel) and mode-locked phase

(right panel) reprinted from [98].

Several approaches are used to obtain a train of mode-locked pulses from the laser systems.
It includes active mode locking, passive mode locking, additive pulse mode locking and self-mode
locking. As compared to the active mode-locking technique, the passive mode-locking technique
generates much shorter pulses. It is accomplished by a saturable absorber (as indicated in Figure

2.7), driven by already short pulses, that responds to the instantaneous light intensity non-linearly.
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Provided that the absorber has a sufficiently short recovery time, it can modulate the resonator

losses comparatively much faster than an electronic modulator.

gain
medium
- | — —_—
® o} O
saturable
absorber

Figure 2.7 Schematic setup of a passively mode-locked laser reprinted from [103].

2.2.1 Construction Details

Pump Laser
(Empower)

Figure 2.8 Block diagram of the fs laser system assembly.

Most of the fs laser systems are based on Ti:Sapphire and can be usually tuned in a small
spectral range around 800 nm. Figure 2.8 shows the fs laser system assembly, capable of producing
high-power, ultrafast pulses less than 100 fs in duration at a wavelength between 750-nm and 850-
nm operating at a repetition rate of 1 kHz. The assembly consists of a Mai Tai seed laser, optical

pulse stretcher/ compressor systems, a regenerative amplifier and an Empower pump laser to
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energize the regenerative amplifier. The Empower pump laser is a Q-switched, frequency-doubled
diode pumped, neodymium-doped yttrium lithium fluoride (Nd: YLF) laser that produces a pulsed,
527-nm green output beam used to amplify the pulses. It can produce pulse energy of 28 mJ for an
average output of 28 Watts at 1 kHz. The Mai Tai comprises of two laser systems, continuous-
wave (CW) diode-pumped laser and mode-locked Ti:Sapphire pulsed laser. In Mai Tai,
neodymium-doped yttrium orthovanadate (Nd:YVOs) laser crystal is the driving engine which
absorbs the diode pump light and emits 1064 nm output beam, which resonates in the laser cavity
and gets amplified through stimulated emission. The resulting 1064-nm beam is frequency doubled
using a temperature-tuned lithium triborate (LBO) nonlinear crystal to obtain a 532-nm output
beam which is an ideal pump source for the Ti:Sapphire laser because of its broad absorption band
in the blue and green. The Mai Tai utilizes an acousto-optic modulator (AOM) to ensure reliable
mode-locked operation as the laser starts up and delivers continuously tunable output over a range
of near infrared (IR) wavelengths, from 750 to 850-nm operating at 80 MHz with pulse duration

less than 100 fs.
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2.2.2 Ultrashort Pulse Amplification

‘ / Pulse
} Compressor
.

] / Amplifier

/’:Ise stretcher

Figure 2.9 Principle of chirped pulse amplification.

The mode-locked laser generates a stable train of ultrashort fs pulses which has quite high
peak power because of the inverse relation of peak power with the time duration. The high peak
power of an ultrashort pulse causes nonlinearities to appear which can damage the gain material.
Hence, “Chirped Pulse Amplification (CPA)” technique, illustrated in Figure 2.9, is employed to
resolve this issue. This technique is completed in three steps — pulse stretching, regenerative
amplification and pulse compression. The Solstice pulse stretcher (Figure 2.9) use a simple but
elegant retroreflector mirror to direct the input beam onto a single diffraction grating, which causes
the different frequencies to disperse. The grating and the routing mirrors are configured in such a
way so that the bluer frequency components travel further than the redder components, and the
pulse is said to be positively chirped. This causes the latter to exit the stretcher first, and the pulse
is stretched by as much as 10*. Once the train of mode-locked seed pulses enters the regenerative

amplifier, a pulse is selected for the amplification process by a Pockels cell (Figure 2.9).
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Figure 2.10 Principle of a stretcher (top panel) and a compressor (bottom panel) reprinted

from [104].

I\
A’ (/_ & ) )
Ti:sapphire
\ crystal
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mirror  Pockel-cell polarizer mirror

Figure 2.11 Schematic principle of a regenerative amplifier reprinted from [104].

A Ti:Sapphire crystal inside the amplifier, before the selected pulse enter into it, is excited
to a condition of population inversion by a high energy pulse coming from the Empower pump
laser. The selected seed pulse passes through the crystal multiple times until the pulse energy level

is high enough to saturate the population inversion. A single Ti:Sapphire crystal amplifies an input
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pulse having only a few nanojoules energy to several millijoules. The overall amplification through
the regenerative amplifier is greater than 10° (solstice laser manual) at the output of the
compressor. The pulse compression is the reverse of the pulse stretching where the optics are
arranged such that the bluer frequencies take the shortest path and catch up with the redder
components, thus compressing the pulse almost to its original pulse width with amplified peak

power and it comes out of the laser box.

2.2.3 Frequency Conversion of fs Pulses

Once the chirped pulse amplification is completed, the high pulse energy supports non-
linear conversion which is used to tune the frequency of the pulses to a required wavelength. In
linear media, the polarization is proportional to the electrical field, whereas it is proportional to
the square of the field for nonlinear media. Such nonlinear response causes an exchange of energy
between several electromagnetic fields of different frequencies which can be applied for
1) Second harmonic generation: a part of the energy of an optical wave with frequency w

propagating through a crystal is converted to that of a wave at 2w,

i1) Optical parametric oscillation: a strong pump beam at w,causes a simultaneous generation of

two waves w, and w; such that w; = w, + ws.

Previously, we talked about the linear optics where properties of matter don’t depend on
the intensity of light. This usually occurs for low-intensity sources. For the peak power beyond the
linear regime, the optical parameters become functions of the light intensity and the nonlinear

polarization can’t be ignored. Thus, Eq. 2.8 becomes [105]

0%E(zt) 1 0%E(zt) _ 62PL+ 0%PnNL
972 2 oz Moge THO e

2.16
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Assuming a pulse electric field and Py as
E(z,t) = Re{A(z, t)e!(@ot=ko2)}] 2.17
Py (2, t) = Re{Py.(z, t)el(@ot=kp2)} 2.18
Now, solving Eq. (2.16) with the help of the Fourier transform assuming the Slowly Varying

Envelope/ Amplitude Approximation (SVEA) and neglecting the higher order terms, we reached

to [105]

i V—;Z—f—écvn‘%z iK% Py pgenioe 2.19
Where, é = % o = kg, Vg = i—‘: being the group velocity (velocity at which the envelope of
the packet travels through a medium). GVD = % o =k, Group Velocity Dispersion and

kostand for k with w = w,. Ak = k, — K.

Harmonic generation:

When an intense laser beam passes through a suitable crystal, the electrical field of the
beam interacts with the outer, loosely bound valence electrons of the crystal. This distorts the
electron cloud, thereby polarizing the atoms at a frequency as that of the original beam and at its
double frequency too (i.e., SHG), shown in Figure 2.12. The conservation of energy applies here
and any gain in the SHG beam caused the decrease in the power of the original beam. Some crystals
such as beta barium borate (BBO), LBO, potassium dihydrogen phosphate (KDP) allow almost
100% conversion of the original beam into SHG beam. The most common application of such
phenomenon is observed in Nd-based laser system where IR output at 1064-nm is converted into

green output at 532-nm, the most popular visible wavelength to pump Ti:Sapphire laser system.
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In nonlinear optics, the first second harmonic beam was generated using a ruby laser focusing on

a quartz crystal [106, 107].

x® 2w

Figure 2.12 Second harmonic generation (SHG).

The efficient generation of second harmonic can be achieved only under a “phase
matching” condition where Ak in Eq. (2.19) is equal to zero and constructive interference occurs
between the polarization and input wave. If Ak # 0, the light at the new frequency gets reconverted
to the original frequency and is not added in phase to create any sizable power. A suitable crystal
temperature and orientation is chosen to resolve this issue and create the so-called phase matching
condition where the phase velocities of the fundamental and second harmonic light are the same.
The SHG process can be extended to THG and fourth harmonic generation (FHG) for further
application. The THG is achieved by mixing an SHG beam with its fundamental beam to create
the wavelength at one-third the incoming wavelength. Similarly, the SHG beam can be frequency-
doubled to obtain FHG. Alternatively, mixing of THG beam with the residual pump beam on a
fourth harmonic crystal to generate FHG is in practice as shown in Figure 2.13. Details on the
construction and operation mechanism of alternate FHG scheme will be discussed in Chapter 3.
All these harmonic generation processes are the frequency-mixing processes, where two coherent
beams interact with each other to produce sum-frequency and difference-frequency generation

(SFG and DFG, respectively). The harmonic generation can be applied to pulsed or ultrafast lasers
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which have high peak power to achieve high conversion efficiency in a single pass through the

harmonic crystal.
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Figure 2.13 Schematic of the fs-FHG apparatus (left panel) with a typical UV beam profile
at 1 m from the FHG crystal shown in bottom, left-hand corner (right panel) reprinted

from [51].

Optical Parametric Generation:

In DFG, a single photon interacts with a suitable crystal and disappears, creating two
photons of different frequencies. If one of the beams is stronger than the other, the energy can be
utilized to amplify the less intense beam and hence, the process is called Optical Parametric
Amplification (OPA). The strong beam is called pump, the weak one is called signal and the
difference beam is called idler, as shown in Figure 2.14. This optical parametric generation process
is beneficial as it generates two new tunable wavelengths, bound by the conservation of momentum
and energy and by the refractive indices of the nonlinear crystal, n.

wp = Wg + w; 2.20

L -t 41 221

nplp ngds  mid;
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The phase matching for efficient OPA process occurs when the refractive indices of these three

wavelengths i.e., n,, ng, and n; satisfy the above momentum conservation equation in the crystal.

P
This can be accomplished by selecting a suitable temperature or angle of the crystal, or the pump

wavelength such that the phase matching takes place at the desired signal or idler wavelength.

x®

wp
—_—

Wg
—_—

Figure 2.14 Optical parametric amplification (Subscripts p, s and i represent pump, signal,

and idler respectively).

The optical parametric amplifier can emit coherent electromagnetic radiation in infrared
and ultraviolet spectral regions when pumped by high peak intensity fs pulses. Several nonlinear
crystals are used in the device for the generation of tunable pulses. The basic configuration of OPA
process comprises of several steps: pump beam delivery, white-light continuum generator (WLG),
a pre-amplifier, a signal beam expander-collimator, a power amplifier which are arranged in a
single compact unit. Figure 2.15 presents the full layout of the device. Briefly explaining its
operational procedure, a small fraction of the pump pulses at 800 nm is used to produce white-
light continuum (WLC) in a sapphire plate which is focused into the pre-amplifier crystal along
with another fraction of the pump beam. The parametric amplification taking place on these pulses
are timed and overlapped non-collinearly inside the nonlinear crystal (NC1). The non-collinear
geometry helps to block the residual pump beam and idler beams using a beam blocker after the

crystal. The signal beam is expanded and collimated using a lens telescope and is then used for
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power amplification stage which is pumped by the bulk of the input pump beam. The pump beam
size is reduced and kept collimated after the telescope and is overlapped collinearly in the second

nonlinear crystal (NC2) to generate well-collimated signal and idler beams.

Mi6 M17

M10

"56M14

M12(883)

9-M15 €

Figure 2.15 Full layout of optical parametric amplifier reprinted from [108].

The OPA process can produce tunable outputs anywhere from the mid-UV to the mid-IR
but with low conversion efficiency as compared to direct SHG, THG, and FHG process. We
reported approximately nine and four times higher third harmonic and fourth harmonic beam

energy respectively as compared to the similar wavelength beam produced by OPA process [109].

2.2.4 Ultrashort Pulse Measurement

The unknown ultra-short laser pulse width is characterized by using Delta Autocorrelators
which is based on SHG process. The delta single shot autocorrelator is constructed such that an
input fundamental beam is first separated into two beams using a beam splitter. The two separated

beams are reflected off two mirrors (M2 and M3) and then recombined at an equal cross angle in
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a SHG crystal to generate the SHG signal, as shown in Figure 2.16. The measurement of pulse
width requires two calibration processes: Calibration of the time and the Correction of the laser
beam shape.

To obtain the pulse width, autocorrelation signal is observed on the oscilloscope and the
time of the signal is calibrated. The time width of the signal, AS on the oscilloscope is measured.
The peak position of the autocorrelation signal is changed by moving a translation stage and the
change of time, AT is recorded. Then the pulse width of the laser beam, Ak is obtained using

At =(0.707-C- L)+ 2.22
where, the constant 0.707 is for the Gaussian nature of the pulse and C = 6 ps/mm is the time delay
constant of the delay line for each millimeter moving distance L.

Gaussian beam has intensity distribution spatially which is why the correction of beam
shape is required to obtain the real pulse width. The beam size correction is necessary if the peak
intensity of the autocorrelation signal changes beyond 5% while moving the translation stage. The

final pulse width after the correction is given by

AS,

Aty = AT ————
0 (ASZ-AS2)05

2.23

where, AS, is the time width between the two half peak intensity positions of the pulses on the

oscilloscope.
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Figure 2.16 Ray diagram for pulse width measurement using optical autocorrelator. WP =

waveplate, BS = beam splitter, M1, M2 and M3 are mirrors.

Spatial Mode:

Spatial intensity profile indicates the behavior of a laser beam in an application which is
crucial for researchers or system designers. A beam profiler is used for the characterization of a
laser beam that can measure the optical intensity distribution i.e., beam radius and the detailed
shape. It helps to know precisely how the beam is behaving at the point of work and if the optics
are having the desired effect. Knife edge scanners and camera-based systems are the most used
beam profiler technologies depending on the wavelength, beam size and laser energy and the
operating mode of laser (CW or pulsed). The knife-edge scanners are commonly used for CW
lasers, smaller beams with high laser power while camera-based systems work well with large

beams, and either pulsed or CW lasers.
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2.3 Detection Instruments

PLIF technique is a variant of basic LIF technique which confines the laser illumination to
a well-defined thin sheet within the flame region or plasma environment, thereby enabling the
acquisition of spatially resolved species concentration. Typically, the fluorescence signal is

recorded on an imaging sensor, as shown in Figure 2.17.

Experiment
(e.g., flame, fluid flow, plasma)

/

Laser

Excitation

Wavelength, 1 Laser dump

Detection

Q optics

Detector

Figure 2.17 Schematic of laser-induced fluorescence technique.

2.3.1 CCD and ICCD Cameras

CCD and ICCD cameras are widely used to map out the spatial distribution of fluorescence
emission from the species over time onto a 2D plane perpendicular to the laser sheet, shown
schematically in Figure 2.17. They offer accurate time gating and synchronization with the pulsed
excited laser source. Selected narrow bandpass filters are typically placed in the optical path of the
emissions to select those wavelengths detecting the species of interest while rejecting the laser
scattering and background due to fluorescence from other species.

CCDs are the imaging device that detects and counts the number of incoming photons and

convert them to photoelectrons. These photoelectrons are shifted along the sensor to readout
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registers where they can be amplified and digitized to display an image on the imaging software.
ICCD cameras make use of a CCD sensor along with an intensifier. The intensifier consists of the
electron multiplying component and the cameras can be used for low-light or single photon
applications. The intensifiers are comprised of three components: a photocathode, a microchannel
plate (MCP), and a phosphor screen. The photocathode detects the incoming photons generating
electrons. These electrons are then accelerated to the MCP which converts them into a cloud of
electrons which then travel to the phosphor screen into the fiber optic. These electrons are

converted into visible light and detected by the CCD sensor.

2.3.2 High-Speed CMOS Cameras and Image Intensifiers

For the imaging applications that requires higher frame rates, Complementary Metal Oxide
Semiconductor (CMOS) cameras are used instead of CCDs. Like CCDs, CMOS sensors are
semiconductor image sensors that convert light into electrical signals. Use of modern sensor
technology enables an ever-increasing image recording speed with maximum frame rates up to 22
kHz for full resolution or up to 600 kHz and more reduced resolution. For high-speed imaging
with highest sensitivity and maximum image quality, a high-speed intensified relay optics (HS-
IRO) is mounted in front of the CMOS high-speed camera. The working principle of the HS-IRO
is like CCDs. The intensifiers amplify weak light signal and the whole camera-intensifier system
is ideal for capturing highly turbulent flows in harsh combustion environments. The system can be

utilized to capture the shot-to-shot variations while detecting the radicals in hydrocarbon flames.
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2.3.3 Spectrometers

Spectrometer is another detection device which is trusted by researchers worldwide in
spectroscopy applications for highly sensitive, aberration corrected spectral information. The main
objective of any optical spectrometer is to measure the interaction (absorption, reflection,
scattering) of electromagnetic radiation with a sample or the fluorescence emissions of the
radiation from the sample. In principle, the spectrometer takes in light, break it down into its
spectral components, digitize the signal with respect to wavelength, read out and display through
software. At first, the fluorescence emission is directed through a fiber optic cable or optics
combination into the spectrometer through a narrow aperture known as an entrance slit. Inside the
spectrometer, the divergent light is then collimated by a concave mirror and directed onto a grating
which disperses the spectral components of the light at slightly varying angles. These components
are then focused by a second concave mirror and imaged onto the detector. In detection unit, the
photons are converted into electrons which are digitized and read out through software. The
emission signal is interpolated by the software based on the number of pixels and the linear
dispersion of the diffraction grating to create a calibration to plot the obtained data as a function
of wavelength over the given spectral range. The spectral information is used for numerous

spectroscopic applications.

2.4 Laboratory Scale Burners for Combustion Research
2.4.1 Hencken Burner

Hencken burner is one of the widely used, commercially available flat diffusion flame
burner. Typically, it is used as a calibration source for laser diagnostics measurements and has

been used in the past for the application of optical diagnostic methods [61, 110-114]. General
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construction of the burner shows that it consists of a square honeycomb-structured and uncooled
burner holder which is divided into a central flow and co-flow, as shown in Figure 2.18. Fuel and
oxidizer are injected into the alternating honeycomb channels within the central burner plate, as
shown in Figure 2.19 with photograph shown in Figure 2.19. The fuel and oxidant rapidly mix
with each other over the honeycomb and are burnt and hence the burner is considered as a semi-
premixed burner. A non-flammable gas/ shield gas (e.g., N) is introduced through the co-flow

section that surrounds the central core, shields, and stabilizes the flame.

Diffusion flame

Premixing region

Burner exit / f
N,

Oxidizer Fuel
inlet inlet

Figure 2.18 Schematic of Hencken burner.
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Figure 2.20 Photograph of the Hencken burner.

2.4.2 Modified McKenna Burner for Piloted Spray Flames

McKenna burners are widely used for combustion research to produce flat premixed flames
[115, 116]. These premixed flames are assumed to be one-dimensional and considered as
conventional and standard to perform optical diagnostics measurements. The premixed flames in

rich conditions are frequently studied to understand the soot formation pathways. The optical
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diagnostics measurements are performed along the flame axis assuming uniform distribution of
temperature and concentration along the flame radius. The burner is in use in many laboratories
around the world for the development and calibration of optical techniques [117-121]. The
modified McKenna burner consists of 60-mm diameter stainless steel porous plug with a central
tube allowing a passage for a central liquid fuel spray, thus supporting liquid-spray combustion
too, as shown in Figure 2.21. Shown in Figure 2.22 is the side and top view of the burner. The
liquid fuel is pumped into a glass nebulizer inserted into the tube and is atomized using high
velocity gas (e.g., N2). A premixed hydrocarbon/air flames is stabilized on the porous media to
maintain the stable combustion of the liquid-fuel spray. Further, depending upon the stability, a
guard flow is introduced through the sintered bronze annular region to reduce shear perturbations
and stabilize the pilot and liquid-spray flames. Cooling water is flowed in and out of the burner to

prevent the burner from overheating.

Co-flow

Fuel +
oxidizer
N, — == inlet

Liquid-spray

Figure 2.21 Schematic of McKenna burner.
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Figure 2.22 Photographs of the modified McKenna burner with a central nebulizer for

spray flame experiments.

2.4.3 Bunsen Jet Burner

The Bunsen jet burner is also used in combustion research to produce laminar premixed
conical flames. It consists of a single fuel tube of 4 mm inner diameter along with co-flow to shield
the flame, as shown schematically in Figure 2.23. Shown in Figure 2.24 is the side view of the
burner. A jet of fuel mixes with an oxidizer as it flows up through the tube. It can produce dual
flame; fuel-rich premixed inner flame surrounded by a diffusion flame. The diffusion flame is
resulted when carbon monoxide and hydrogen products from the inner conical region encounter
the ambient air. The shape of the flame obtained is dependent on the combined effects of the
velocity profile and heat losses to the tube wall. For the flame to remain stationary, the flame speed
must be equal to the speed of the normal component of unburnt gases at each location, given by

SL, = vysina 2.32

45



Outer

diffusion
flame .
Vu ! Inner flame
\
Inner Vog 1 T / cone
premixed — Ny
flame (P

7% ¢ &¢ I
Co-flow Co-flow Y

Fuel +
Oxidizer
inlet

Figure 2.23 Schematic of Bunsen jet burner (left panel) and laminar flame speed equals

normal component of unburned gas velocity (right panel).
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Figure 2.24 Photograph of the Bunsen jet burner for laminar flame experiments.
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2.4.4 High-Pressure Burner

To conduct high-pressure measurements of intermediate species, a laboratory-scale high-
pressure burner with an optical access is used, shown schematically in Figure 2.25 with
photographs shown in Figure 2.25. The burner consists of two porous bronze rings, which are fed
with a central premixed CHs-air mixture and an annular air co-flow, respectively. The premixed
flame is stabilized between the burner surface and a stainless-steel stagnation plate, maintaining a
combustion region of approximately 11-mm tall in the middle. The annular air co-flow shields the
central flame and further increases its stability. An additional N> co-flow was used to cool down
the burner optical windows and prevent the water droplets from being formed on the window

surface during the experiments.

® 25.4 mm
—>

Stabilizing
® 20 mm disk

Laser :Flame I11 mm
line e :

N, Air CHg-air Air N,
Co-flow Co-flow Co-flow Co-flow

Figure 2.25 Schematic illustration of the high-pressure burner used in this study reprinted

with permission from [123].
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Stabilizing disk

Figure 2.26 Photograph of assembled high-pressure burner along with enlarged view of

burner surface and the stabilizing disk.
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3. HIGH-PRESSURE HYDROGEN ATOM DETECTION*

3.1 Experimental Details and Procedure

3.1.1 High-Pressure Burner Configuration

The fs H-TPLIF measurements were performed inside an optically accessible laboratory-
scale high-pressure burner, shown schematically in Figure 2.25. The detailed design configuration,
operations, and flame characterization are explained elsewhere [122]. Briefly, the burner consists
of two porous bronze rings, which are fed with a central premixed CHy-air mixture and an annular
air co-flow, respectively. The premixed flame is stabilized between the burner surface and a
stainless-steel stagnation plate, maintaining a combustion region of approximately 11-mm tall in
the middle. The annular air co-flow shields the central flame and further increases its stability. An
additional N> co-flow was used to cool down the burner optical windows and prevent the water

droplets from being formed on the window surface during the experiments.

3.1.2 Laser System and Imaging Apparatus

The schematic for H-TPLIF high-pressure measurement with a home-built FHG system is
shown in Figure 3.1. The details of the FHG system, along with optics and crystals used to generate
UV radiation, have been described in detail elsewhere [51]. Briefly, a regeneratively amplified
Ti:Sapphire laser system (Spectra Physics, Model: Solstice Ace) generates fundamental output

between 770-830-nm range with approx.. 80-fs-duration laser pulses at 1-kHz-repetition rate.

*Part of this chapter is reprinted with permission from “Femtosecond two-photon LF imaging of
atomic hydrogen in high-pressure methane-air flames” by P. Parajuli, Y. Wang, M. Hay, V. R.
Katta, W.D. Kulatilaka, Proceedings of the Combustion Institute (2022 in press). Copyright [2022]
by The Combustion Institute. Published by Elsevier Inc.
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As shown in Figure 3.1, the 820-nm laser beam with input energy ~2 mJ/pulse pumps the
FHG system to generate UV radiation near 205-nm wavelength. The 10-mm diameter fundamental
beam was down collimated to a diameter of ~4.5 mm through a telescopic combination of +200-
mm/-90-mm lenses. This reduced diameter beam was guided to a 70/30 beam splitter, of which
30% is reflected off and sent through a delay line to be used later for the mixing stage. The
remaining 70% transmitted beam passed through a SHG BBO crystal, a calcite plate, and a THG
BBO crystal successively. The 3.3-mm thick calcite plate was angle tuned for fine-tuning of the
delays to optimize the THG efficiency. The third harmonic beam was then overlapped and mixed
with the other part of the fundamental beam at FHG BBO crystal in the final mixing stage to
produce a 205.1-nm UV beam. The generated 205.1-nm UV beam is separated from the main,
SHG, and THG beam after guiding through several dichroic laser mirrors. The output beam is
approximately 3 mm in diameter and is focused into the probe region using a +200-mm lens after
guiding through several 205-nm laser mirrors. The available UV beam energy was ~50 plJ/pulse
(for ~2 mJ/pulse pump beam), and the energy reaching the burner was adjusted by using a thin,
variable neutral density filter.

The H TPLIF signal was collected orthogonal to the direction of the propagation of the
laser beam and was imaged for (1) shot-averaged H-atom fluorescence signal in high-pressure
flames using an intensified charge-coupled device (ICCD) camera (Princeton instruments, PI-
MAX4); and (2) single shot H-atom measurements in atmospheric flame using high-speed CMOS
camera (Photron, SA-Z)/ Electron Magnifying CCD (EMCCD) camera coupled with a high-speed
intensified relay optics (HS-IRO) intensifier (LaVision, HS-IRO). Each detection systems were
fitted with a 50-mm focal length /1.2 Nikon visible camera lens along with a narrow bandpass

filter centered at 656-nm to block unwanted interferences and laser scattering. An additional +60-
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mm focal length plano-convex lens (P/N LA1401-A) was placed towards the detection side close

to the burner window to increase the collection solid angle and hence maximize the fluorescence

signal collection efficiency which is extremely important for high-pressure flames. The spatial

resolution was 55 um/pixel (ICCD), 25 pm/pixel (CMOS) and 45 pm/pixel (EMCCD) and was

found to be uniform in both horizontal and vertical directions.
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Figure 3.1 Schematic of the high-pressure H-TPLIF experimental apparatus reprinted with

permission from [123]. Li-Focusing lens, L;-Detection lens, SHG-second harmonic

generation, THG-third harmonic generation, FHG-fourth harmonic generation.
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3.2 Results and Discussion

3.2.1 Laser Transmission Characterization

As briefly discussed in the introduction section, one major difficulty with high-pressure H
measurements was absorption losses through thick optical windows. The maximum available pulse
energy at 205-nm from a commercial OPA system is ~10 pJ/pulse when using 6-mJ of pump beam
(~ 0.17% conversion efficiency at 205-nm). Most part of this energy gets absorbed while passing
through the 14-mm thick quartz entrance window of the pressure vessel, making the energy
available for high-pressure measurements insufficient. The home-built FHG system improved the
conversion efficiency (~2.5% at 205-nm), and the available pulse energy at the burner entrance
was ~50 pJ/pulse when pumped with only 2-mJ/pulse of the 820-nm fundamental. A detailed
energy absorption study was performed and is plotted in Figure 3.2 along with the calculated
transmission efficiency. The transmission efficiency decreased from ~80% to 20% when the pulse
energy was increased from 1-50 pJ/pulse due to energy-dependent nonlinear effects of the quartz
window material and MgF» focusing lens with centerline thickness of approx. 3 mm. A detailed
investigation on the laser energy attenuation was conducted and the results are presented in Figure
3.3. As seen from this study, the focusing lens and window have ~50% and ~40% transmission,
respectively, at the peak laser energy of 50 pJ/pulse, hence the resulting overall transmission is
~20%. It should be noted that the beam diameter was maintained close to 4.5 mm on the entrance
window by placing the focusing lens right against the window holder. As seen from Figure 3.2,
roughly ~12 pl/pulse is available inside the burner, which is sufficient for shot-averaged H

measurements at elevated pressures.
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Figure 3.2 Laser energy absorption effect due to the thick burner window in terms of

absolute power and transmission efficiency reprinted with permission from [123].
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3.2.2 Excitation-detection Signal Analysis

Shown in Figure 3.4 is the dependence of the H signal on the excitation wavelength,
recorded in an atmospheric-pressure CHa/air flames of ¢ =1.2. An intensifier gate width of 10 ns
and 100% gain were used. On-CCD accumulation of 1000 was used, and a set of 100 such images
were recorded at each wavelength. The excitation wavelength was measured using a fiber-coupled
spectrometer (Ocean Optics, Model: Flame S). The wavelength plotted is blue-shifted by +0.5-nm
based on the theoretical excitation wavelength of 205.1 nm to account for a device calibration
error. The laser convoluted excitation bandwidth is ~0.6 nm, full-width-at-half-maximum
(FWHM). Sample on-resonance (at 205.1 nm) and off-resonance (at 207.6 nm) images are shown
in the insets. A residual signal of less than 5.0% is present on both sides of the main peak, which
is expected to come from nonuniform wings of the laser spectrum (i.e., sidebands). Also shown by
the red curve is the on-resonance laser spectrum with a broad spectral bandwidth of ~1.5-nm
(FWHM).

H TPLIF emission signals were recorded for four different pressures for a range of laser
pulse energies at a height above the burner (HAB) of 3 mm, as shown in Figure 3.5. The pulse
energy values plotted are those reaching the probe volume. Ideally, a two-photon excitation
scheme should result in quadratic dependence of fluorescence yield on the laser pulse energy. The
high-energy UV laser, however, could photolytically generate additional H, leading to a higher
than quadratic energy dependence [45]. Figure 3.5 shows no apparent deviation from quadratic
dependence in all four pressures below ~11 pJ/pulse, suggesting no evidence of photolytically

created H.
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Figure 3.4 Fs H TPLIF signal dependent on the excitation wavelength, recorded in the ¢
=1.2 CH4/air flames at 1 bar reprinted with permission from [123]. Sample on- and off-
resonance images are shown in the inset along with on-resonance laser spectrum. The color
distribution is based on a rainbow color palette with red and purple being maximum and

minimum signals, respectively.

Therefore, the laser energy was held constant at 10 uJ/pulse for the remaining experiments,
except for the amplified spontaneous emission (ASE) detection studies. Partial saturation may be
evident beyond 11 pJ/pulse for 1, 2 & 5 bar cases but is absent in the 10-bar case, likely due to
increased laser beam attenuation at higher pressures. This data also showcases the H TPLIF signal
drop with increasing pressure. The symbols are experimental measurements, and the solid lines
are quadratic power-law fits. The error bars are 2-sigma standard deviations of 100-line images.
The observed quadratic dependence also suggests that the photoionization and ASE can be
negligible in the flames investigated. ASE would have resulted in sub-quadratic laser energy

dependence.
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Figure 3.5 Laser energy dependence of the fs-TPLIF signal of H, recorded in a ¢ =1.2
CHy/air flame at HAB = 3 mm at pressures of 1, 2, 5, and 10 bar reprinted with permission

from [123].

Generation of ASE was further investigated using a photodiode with a UV attenuation filter
placed along the laser beam path outside the burner exit window, and the results are shown in
Figure 3.6. As indicated by the flat red curve in the inset of Figure 3.6, we did not observe any
ASE in the fully assembled high-pressure burner for all pressures investigated; hence it can be
concluded that all high-pressure measurements reported here are ASE interference-free. However,
an ASE peak could be detected near 656-nm when the burner entrance window was removed, and
the flame was operated at 1 bar. No ASE was observed for lower pulse energies up to 4 pJ/pulse,
and a sharp onset of ASE generation was observed thereafter. Recall that Jain et al. [62] also
observed a similar ASE trend in atmospheric-pressure jet flames. This observation indicates the

excited state population loss through ASE at higher energies resulting in less intense fluorescence
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signals. However, with the addition of the window material, the laser pulse gets stretched in time

for the same pulse energy and is expected to eliminate ASE generation.
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Figure 3.6 Two-photon ASE recorded as a function of laser energy in ¢ =1.2 CHq4/air flames
at P =1 bar reprinted with permission from [123]. The ASE can be avoided with the

burner window on, as shown by the signals in the inset.

3.2.3 H-atom TPLIF Pressure Scaling: 1-10 bar

To investigate the applicability of the fs TPLIF scheme in flames at elevated pressures, the
H signal was recorded as a function of pressures up to 10 bar in premixed CHa/air flames at ¢ =
1.2. Ideally, the H TPLIF signal should scale linearly with the increasing H number density with
pressure in flames at equilibrium conditions. However, the H TPLIF signal decays rapidly with
the increasing pressure, as depicted by closed circles in Figure 3.7. The solid line is a curve simply

connecting the data points to guide the eye. It is observed that the signal reduced by approximately
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a factor of four when the pressure is increased from 1—4 bar and remained nearly constant thereafter
up to the pressure of 10 bar.

It was already confirmed that the signal losses due to photoionization and ASE are
insignificant for the current experimental conditions. Hence, the collisional quenching and
fluorescence signal trapping are the dominant loss mechanisms with increasing pressure.
Generally, the fluorescence signal scales approximately as the inverse of the quenching rate. We
estimate quenching rates in the current flames using the room-temperature rate coefficients for Na,
02, Hz, H,0, CO,, CO, CH4, and C;H> and assuming that the coefficients are temperature-
independent [124]. The mole fractions of these species and temperatures in the flames were
calculated using a well-documented, axisymmetric CFD code with detailed chemical kinetics
known as UNICORN (Unsteady, Ignition, and Combustion using Reactions) [125]. UNICORN is
a time-dependent, axisymmetric mathematical model that has been developed in conjunction with
the experiments for predicting ignition, extinction, stability limits, and the dynamic characteristics
of non-premixed and premixed flames. It solves for u- and v-momentum equations, and continuity,
and enthalpy- and species-conservation equations on a staggered-grid system. CFD calculations
for the flames in our high-pressure burner were performed using a 401x101 grid system. The code
predicts super equilibrium concentrations for radical species such as H and OH. Heat transfer
through the stabilizing disc is included but not the catalytic effects. Plots of streamlines suggest
that the flame is stabilized in the diverging flow field as expected for a stagnation flame. The
calculated quenching rates are then applied to the H TPLIF signals, and the resulting trend is
plotted in open circles in Figure 3.7. The dashed line is a curve simply connecting the data points
to guide the eye. As seen, collisional quenching accounts for a certain degree of the nonlinear

decay of the fluorescence signal with pressure. Hence, other processes such as laser beam
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attenuation and fluorescence signal trapping are assumed to account for the remaining signal
losses, which need to be accounted based on the particular burner geometry for accurate

quantitative TPLIF measurements.
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Figure 3.7 Pressure dependence of fs TPLIF signal of H, recorded in ¢ =1.2 CHy/air flames
reprinted with permission from [123]. Each data point corresponds to the spatially

averaged fluorescence signal over the entire line image across the flame at HAB= 3 mm.

Further, the fs H TPLIF scheme was applied to measure the experimental H-atom signals
as a function of ¢ in premixed flames at pressures of 2, 5, and 10 bars. The results are compared
with the equilibrium H number densities and local H concentrations calculated using the Cantera
[126] and UNICORN [125] codes respectively. The Cantera (0D calculation) and UNICORN
calculations use GRI-Mech 3.0 and USC Mech II kinetic mechanisms, respectively. The

corresponding results are shown in Figure 3.8. The model curves are adjusted appropriately to
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intersect the experimental H-atom signal with the Cantera profile at ¢ =1.2. At lower pressure of
1 and 2 bar, the signal count increases with increasing ¢. This trend is in good agreement with the
calculated profiles up to ¢ =1.2. However, a continuous increase in the experimental H signal
levels is observed on the rich end as opposed to decreasing predicted trend. A part of the increasing
experimental signal may be due to interference from soot incandescence [53], although super-
equilibrium H concentrations might also be possible in these flames. With the further increase in
¢, the flame tends to liftoff and flame structure changes, so the upper end of ¢ was limited to 1.3.
In future studies, better characterization of such soot interferences is recommended by subtracting
off a background signal recorded at the detuned laser wavelength but at the same flame condition.

The experimental H signal shows an opposite trend at higher pressures (5 bar and 10 bar)
as compared to the Cantera and UNICORN calculations. The experimental signals decrease as ¢
increases up to near stoichiometric conditions and remain nearly flat thereafter. It is worthwhile
noting that the experimental SNR is very low, near ~1.2 for higher-pressure fuel-lean cases,
although the observed 2-sigma uncertainty remains nearly the same throughout. An additional
challenge for such high-pressure cases arises from the increasingly luminous background at 5 and
10 bars arising from the stabilizing disk. Such increasing luminous background along with super-
equilibrium H concentrations could have contributed to the observed trends. These behaviors of

high-pressure H TPLIF signal with ¢ needs to be investigated further. It should also be noted that

laser beam absorption and fluorescence trapping could change as the ¢ is changes, even at a given
pressure. Such variations need to be accounted for during quantitative signal comparisons in future

studies.
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Figure 3.8 Fs H TPLIF signal as a function of ¢ in CHy/air flames at pressures of 1, 2, 5,
and 10 bar reprinted with permission from [123]. Dash lines and red markers represent the
calculated equilibrium H number density using Cantera and UNICORN code respectively.
Both measurements and UNICORN model prediction are the integrated signal obtained at

HAB of 3 mm.

3.2.4 Line and 2D Imaging Results
H TPLIF line images are radial profiles derived by vertically integrating across the line

images in ¢ =1.2 CHad/air flames at pressures of 2, 5, and 10 bar are shown in Figure 3.9. These
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images are corrected by subtracting the background recorded with the laser beam blocked. The
UV laser beam was propagated through the probe region from right to left of the image. The beam
waist is estimated to be ~0.300 mm from the recorded line images; hence, the fluence is ~0.014
J/em? for the 10 uJ pulse. All three plots indicate that the primary chemical reactions take place in
the middle region of the flames, where fuel-rich combustion occurs. Small peaks of H TPLIF
signals are observed near the periphery of the flame because of the extra supply of air through the
annular co-flow, which increases the flame temperature by generating near-stoichiometric flow
conditions.

The TPLIF signals are found to be in good agreement with the local H concentrations
obtained from the UNICORN model. The radial H TPLIF signals are nearly flat in the premixed
middle region at the P=2 bar case. The experimental signal in the middle region, however, shows
a minor decrease on the left side at 5 and 10-bar cases, suggesting increased UV laser attenuation
across the flame. It should also be noted that the flame structure tends to become non-uniform as
the pressure is increased, as evident by previous chemiluminescence and OH PLIF studies in the
same burner [122]. As compared to the model predictions, the experimental H-atom profiles get
marginally broader with increasing pressure, which can be due to increase in the buoyancy-driven
flame flickering. Such effect increases with the increase in fuel flow rates and operating pressure
condition [127].

Several line images were also recorded at P=2 bar ¢ =0.9 and 1.2 flames at different heights
by translating the burner vertically. The 2D H profiles shown in the right halves of Figure 3.10 are
assembled from 20 vertical line images, each separated ~0.35-mm while vertically translating the
burner. They are then compared with the UNICORN code predictions as shown by the left half of

the images. A satisfactory qualitative agreement is observed for both flames. The signal counts are
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multiplied by a factor of 6 for ¢ =0.9 flame for better visualization. The model overestimates the
flame edges due to nitrogen co-flow, whereas the experimental H signals are concentrated more
towards the center of the flame. The H TPLIF signals are stronger at the bottom of the flame and
become weaker with HAB, which is also predicted by the model. The reduced H signal close to
the SS disk could be due to strong flame-wall interactions and wall quenching effects. It should be
noted that the H measurements presented here are only semi-quantitative. In follow-on
applications, a detailed calibration scheme such as by seeding Krypton [20] can be used to convert
the experimental signals into the quantitative H number densities. Such process would require a
thorough understanding of the quenching rates, concentrations of major colliders, temperature
distributions, as well as knowledge of non-radiative decay processes, laser beam attenuation, and

fluorescence trapping.
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Figure 3.9 Fs H TPLIF radial profiles in ¢ =1.2 CHy4/air flames at pressures of 2, 5, and 10
bar reprinted with permission from [123]. Corresponding line images are shown on the top

of each frame.
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Figure 3.10 Stacked H TPLIF line images recorded in ¢ =1.2 (top) and ¢ =0.9 (bottom) in
CHy/air flames towards the right half compared with that corresponding H no. density

contour obtained from UNICORN towards left half reprinted with permission from [123].
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3.2.5 Progress Towards Single-shot H Imaging

Two detection systems: high-speed CMOS/IRO and EMCCD/IRO systems were used for
single-shot, kHz-rate H TPLIF imaging measurements in an atmospheric flame. Unfortunately, it
was not possible to demonstrate single-shot imaging at high-pressure with current laser and
imaging setup. In both systems, the IRO intensifier gain was set at 70%. The IRO gate width of
200 ns and 40 ns were used for CMOS and EMCCD setup respectively. For CMOS system,
reduction in intensifier gate didn’t improve the SNR significantly, hence it was set to 200 ns just
to ensure we are not losing laser pulses for excitation. For EMCCD camera, the Electron-
Multiplying (EM) gain, and gate were set to 1% and 150-ns respectively. The UV camera lens and
the spectral filter were the same as those used for the ICCD detection system.

Figure 3.11 & Figure 3.12 present 1-kHz H TPLIF sample images recorded for ¢ =1.2 and
0.9 CHys/air flames at an atmospheric pressure for CMOS and EMCCD setup respectively. It is
clearly indicated that the signal level is significantly weaker for the CMOS/IRO system as
compared to that for the EMCCD/IRO system. Towards the right, in both Figure 3.11 & Figure
3.12, are the fluctuations in signal level with respect to shot# and the percentage of signal variation
with the mean count is shown at the top panel. The signal level varies within £25% of the mean
value for rich flame as compared to -50% to +100% for lean case in case of CMOS/IRO system.
However, the signal level is much more consistent and varies within +12% of the mean value for
both flames while using EMCCD/IRO setup. This is due to extreme low sensitivity of the CMOS
camera which can capture the H-signal above certain threshold values only. Additionally, the SNR
of the single-shot LIF images was determined as the ratio of the signal and the background over a
10 mm x 0.3 mm region. On comparison, the peak and mean SNR were calculated to be ~17 and

~15 for ¢ =1.2 flame for EMCCD/ IRO system as compared to ~ 1.8 and ~ 1.6 only for CMOS/IRO
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system, possibly causing the signal level to have wide variations in latter case. It is evident that
the high-speed EMCCD/IRO detection system is comparatively effective for H TPLIF imaging
applications. As the EM gain was increased to 5%, the peak and mean SNR were calculated to be
~53 and ~49. Thus, we can claim that the SNR can be further improved by increasing the EM gain

of the EMCCD camera.
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Figure 3.11 Sample single-laser shot fs-TPLIF H images recorded using CMOS/IRO system
in ¢ =1.2 (top) and ¢ =0.9 (bottom) in CHy/air flames towards the left with integrated line

signal variation versus shot# towards the right reprinted with permission from [123].
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Figure 3.12 Sample single-laser shot fs-TPLIF H images recorded using EMCCD/IRO
system in ¢ =1.2 (top) and ¢ =0.9 (bottom) in CH4/air flames towards the left with

integrated line signal variation versus shot# towards the right reprinted with permission

from [123].

It is worthwhile to mention that these single-shot measurements were recorded with laser
input window off; hence, the power at the probe region was maintained at ~30 pJ/pulse resulting
in better SNR. Recall from Figure 3.2 that the power drops by 5% at the peak energy with the
introduction of the input window, resulting in a ~25x drop in signal (i.e., quadratic energy
dependence), and hence single-shot measurements were not feasible at high pressure under present
conditions. In the future, the UV laser energy available at the probe region can be increased by
using high-transmission ultrafast optical window materials such as MgF>. Additionally, the current
FHG setup was operated with only 2 mJ/pulse of pump energy, adding a buffer on the BBO crystal
damage threshold. The pump beam diameter can be increased on FHG optics to utilize the
maximum available pump energy of 6 mJ/pulse (or higher). It is estimated the fourth-harmonic
laser energy can be increased by 3x (or higher), and hence, 9% or more increase in the TPLIF signal

can be expected. The significant increase in the laser energy, however, can result in additional
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complications such as ionization and dielectric breakdown in the beam focus. These complications
can be minimized by allowing for laser pulse-stretching while transmitting through the window
and lens to increase the pulse duration and hence reduce the peak intensity. Such improvements
along with highly efficient transmissive optics (MgF2), and high-quantum efficiency EMCCD
cameras, although yet to be realized experimentally, could enable the kHz-rate single shot H TPLIF

imaging in high-pressure flames.

3.3 Summary and Recommendations

In this work, we have demonstrated TPLIF for H imaging in high-pressure flames up to 10
bar using a high-conversion-efficiency fs FHG laser system. Detailed investigations are performed
on the laser transmission losses through pressure vessel windows, followed by characterizations
of different measurement challenges such photoionization, photolytic interferences, and
background chemiluminescence. A quadratic dependence of the H TPLIF signal on the laser pulse
energy was confirmed up to pressures of 10 bar. Negligible SE interferences are reported,
potentially resulting from fs pulses being stretched by the burner window. The pressure-
dependence study showed a rapid decrease of the fs H TPLIF signal with increasing pressure as
opposed to the expected linear increase in the H number density. Quenching corrections and other
potential signal loss mechanisms are discussed. The measured H fluorescence signal variations as
a function of ¢ are well predicted by Cantera and UNICORN flame models at lower pressures (1
& 2 bar); however, significant discrepancies are observed at higher pressures. Potential
mechanisms for such deviations are outlined. TPLIF line images recorded at different flame
heights and generated 2D H maps are reasonably well predicted by the UNICORN flame model.

The present laser energy was insufficient for single-shot imaging at kHz rates; however, strategies
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for increased signal levels and detection sensitivity in future experiments are discussed. Overall,
the TPLIF technique, combined with efficient fs FHG laser system, is a promising diagnostic

approach to H atom imaging in high-pressure combustion environments.
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4. THERMOMETRY TECHNIQUE BASED ON KRYPTON TWO-PHOTON LASER-

INDUCED FLUORESCENCE*

4.1 Experimental Procedure

The experimental apparatus shown in Figure 4.1 includes a fs laser system, camera
configuration and the burner configuration. All the experimental runs were conducted in two types
of flame (i) an atmospheric-pressure Bunsen flame of CH4/O2/N; mixture established on a 13-mm
inner diameter stainless-steel tube (ii) a high-pressure flat flame of premixed CHs-air mixture and
air co-flow at pressures up to 10 bar. Around 5% Kr tracer gas was introduced to the mixture gas
line. The fs laser system consists of a frequency-tunable, regeneratively amplified 1-kHz
Ti:Sapphire laser (Spectra Physics, Solstice Ace). The ~80-fs-duration (FWHM) fundamental
output near 820 nm was used to pump a custom-built FHG unit to obtain deep ultraviolet (DUV)
radiation centered at 204.1 nm [16]. The DUV output beam was guided through several dielectric
laser mirrors and focused onto the probe region using a +500-nm focal length lens. Kr-TPLIF line
images were recorded orthogonal to the laser beam direction using an intensified charge-coupled
device (ICCD) camera (Princeton Instruments, PIMax IV). The ICCD camera was fitted with a
50-mm focal length {/1.2 Nikon visible camera lens and a bandpass filter (Semrock, FF01-832/37-
50). Kr emission spectrum was also monitored in the 750-840 nm range by using a
spectrometer/camera combination (Princeton Instruments Isoplane160/PIMax IV) to ensure the

signal collected through the filter bandwidth consisted of only Kr emission peaks [11].

*Part of this chapter is reprinted with permission from “Evaluation of LIF Thermometry technique
using Krypton as a tracer: Impact of laser lineshape and collisional bandwidth” by N. Lamoureux,
P. Parajuli, W.D. Kulatilaka, P. Desgroux, Proceedings of the Combustion Institute (2022 in press).
Copyright [2022] by The Combustion Institute. Published by Elsevier Inc.
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Interference due to the fundamental laser wavelength at 820 nm was removed during data
processing by subtracting a background image. The absence of ASE was checked, and

measurements were performed in the quadratic regime of LIF.
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Figure 4.1 Schematic of the Kr TPLIF experimental apparatus. Li-Focusing lens, L:-
Detection lens, SHG-second harmonic generation, THG-third harmonic generation, FHG-

fourth harmonic generation.

4.2 Theory Behind Kr Thermometry
Krypton is excited from the ground state 4p® 'Sy to the excited level 5p° 'D, at 97945.16
cm ! via a two-photon absorption at 204.13 nm. The TPLIF signals collected during the experiment

include 5p to 5s emission transitions at 811 and 826 nm [11]. According to Refs [18, 23][128], the
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time-integrated TPLIF signal of Kr, Sk, that is temperature-dependent, can be expressed as a

function of the Kr density [Kr] as follows:
Sir ¢ g(A47) 52— [Kr] (1) 4.1
Here g (Av) is the normalized line profile of the two-photon excitation, which is composed
of the convolution of the effective laser line profile and the atomic absorption line 43> is the
spontaneous emission rate along 3— 2, Aj is the total spontaneous emission rate of the n = 3
excited level, and Ok is the total quenching rate. A3+Qkx: is the total depopulation rate of the upper
level or the fluorescence decay rate. I, is the laser intensity at the wavenumber v. To extract the

temperature, we need to consider the temperature dependence of Ok, ¢ (AV) and [Kr]. In isobaric

flows, [Kr] scales as Xk/T, where Xk is the Kr mole fraction. Hence, Eq (4.1) becomes [128]:

Skr & g(AT) BT (1)? 42

As+Qxr
The conversion of the fs TPLIF signal into temperature profile requires only the knowledge
of the quenching rate along the radial axis. Since the bandwidth of the fs laser is so large, the
variation in g(Av) across the flame can easily be neglected. Hence, assuming a 7> dependence
of Okr and neglecting the variation of Xk, Eq. (4.2) simplifies to [128]:
Sir o (T)70°(1,)? 4.3
Hence, fs TPLIF returns an easy way to extract the temperature simply from the inverse
square of the fluorescence signal (provided the excitation laser intensity is held fixed). This method
has been applied to the Kr TPLIF line images recorded with the fs-laser for Bunsen flame. The
conversion to the absolute temperature was performed using a calibration point where the hot area
of the flame is assumed to be at the adiabatic temperature of 2200 K.
From a double iterative procedure including the corrections for 7 and g(Av), the

temperature profile was determined from the Kr TPLIF, calibrated using the hot temperature of
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2200K. Figure 4.2 (left side) shows the comparison between the experimental and the simulated

temperature profiles obtained in Bunsen burner using fs Kr-TPLIF and the corresponding profiles

from ns experiments are shown in the right side.
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Figure 4.2 Comparison between the simulated and experimental T profiles determined
from the Kr-LIF signal measured with a fs-laser at 5 mm (left) or with a ns-laser at 7 mm

(right) for one atmospheric flame reprinted with permission from [128].

4.3 Bunsen Flame Measurements
4.3.1 Excitation and Detection Signal Analysis

Shown in Figure 4.3 is the dependence of Kr-atom fluorescence emission on the excitation
wavelength at an atmospheric pressure recorded in a Bunsen flame. An intensifier gate width of
100 ns with 100% gain was used. Fifty shots are accumulated on the imaging system, and a set of

50 such images were recorded at each wavelength. The excitation wavelength reading was made
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using a fiber-coupled spectrometer (Ocean Optics, Model: Flame S). It shows on-resonance
wavelength near 204-nm, as expected, and has spectral bandwidth of ~0.5-nm. The corresponding
spectra recorded for the excitation wavelength used are shown in Figure 4.4 along with the filter
transmission curve indicated in blue. The significant Kr peaks are observed at 760.15, 785.48,

811.29, and 826.32-nm.

10x10PF T T T j
i Emission line = 760 nm 1

0.8} ]

06F ]

Signal (a.u.)

0.4F -

02F :

1

0.0k -
205.5

. L1
203.0

: 1 1
203.5

204.0 204.5
WL (nm)

N
205.0

Figure 4.3 Fs Kr TPLIF signal dependent on the excitation wavelength recorded in gas cell

at 1 bar.

Figure 4.5 shows no apparent deviation from quadratic dependence of the Kr fluorescence
signal with respect to the laser energy, which is expected for the two-photon process. The symbols
are experimental measurements, and the solid lines are quadratic power law fits. Each data point
is accumulation of 50 laser shots and an average of 50 camera frames. The observed quadratic
dependence also suggests that the photoionization and ASE are negligible in the investigated
flames, which would have resulted in sub-quadratic laser energy dependence. Therefore, the laser

energy was held constant at 3.5 pJ/pulse for the remainder of the experiment.
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Figure 4.4 Experimentally recorded fs-TPLIF emission spectra of Kr at 1 bar along with

filter transmission curve indicated in blue.
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Figure 4.5 Fs Kr TPLIF signal dependence as a function of laser pulse energy at 1 bar.
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4.3.2 Kr TPLIF Measurements

Similarly, Kr TPLIF measurements were performed along the radial axis at three HAB
locations using the fs-laser at TAMU. The raw fluorescence images recorded by seeding 5% Kr
into the Bunsen flame are shown in Figure 4.6. The typical width of the line filled about 8 pixels
in the camera plane, corresponding to a spatially calibrated beam waist of 0.220 mm. The typical
signal-to-background ratio in the inner premixed reactants zone is approx. 36, and that in the hot
flame zone is 18. Those values changed to 8 and 5, respectively, when the Kr seeding level was
changed to 1%. However, the general profile shapes remained unchanged. The signal-to-noise
ratio (SNR) values defined as the mean signal of background subtracted image divided by one
standard deviation of background noise are approximately 380 and 70 for 5% and 1% seeding

levels, respectively.
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Figure 4.6 Fs Kr TPLIF line images recorded at three different HAB locations as indicated

in CH4/O2/N2/Kr Bunsen flame at 1 bar reprinted with permission from [128].
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4.3.3 Temperature Extraction using Kr TPLIF

Figure 4.7 shows the corresponding LIF signals obtained by vertically integrating the line
images shown in Figure 4.6. Only the right half of the nearly-perfectly symmetric line profiles are
shown. The relative signals are normalized to the values of 5 mm <r <8 mm region. The fs TPLIF
returns an easy way to extract the temperature simply from the inverse square of the fluorescence
signal (provided the excitation laser intensity is held fixed). The conversion to the absolute
temperature was performed using a calibration point where the hot area of the flame is assumed to
be at the adiabatic temperature of 2200 K. Accordingly, the radial TPLIF signals profiles shown
in Figure 4.7 are converted to the corresponding 7 profiles using Eq. (4.3) and are shown in Figure
4.8. Again, for better clarity, only the right half of the nearly perfectly symmetric radial 7 profiles
are shown. Beyond r =8 mm, Sk, drops rapidly due to drop in flame 7 as well as Xk, (due to mixing

with outside air). Hence, 7 is difficult to quantify in that region.
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Figure 4.7 Normalized LIF signals along the radial axis measured at HAB =5, 7.5, and 10

mm with a fs-laser at 1 bar reprinted with permission from [128].
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Figure 4.8 Radial T profiles obtained using fs-TPLIF at HAB =5, 7.5, and 10 mm for 1 bar

using the calibration procedure outlined in Eq. (4.3) reprinted with permission from [128].

78



4.4 High-Pressure Flame Measurements

The temperature measurement technique was extended in premixed CHa/air flames
surrounded by air co-flow particularly in high-pressure conditions up to 10 bar. Approximately
5% Kr is introduced into both premixed and co-flow regions as a tracer species. Figure 4.9 shows
the high-pressure burner’s schematic and the field of view for the detection system used. The
details of burner construction and operation are explained in the previous Chapter. The flame has
two distinct temperature zones — hotter and cooler zone due to burnt gases and unburnt air co-flow
respectively. A home-built high-efficient FHG system was used to generate high-energy laser
pulses near 204 nm that can overcome the laser transmission losses via thick optical windows. The
absence of ASE was checked, and measurements were performed in the quadratic regime of LIF

at 40 nJ/pulse laser energy (measured before the focusing lens and vessel window).

\ Field of view

JU A.Jl.LJ,l'

Figure 4.9 Schematic of the high-pressure burner for high-pressure Kr thermometry.

4.4.1 Kr TPLIF Measurements: Pressure and Equivalence Ratio Scan
The applicability of the fs TPLIF scheme in flames at elevated pressure was investigated

via Kr TPLIF measurements as a function of pressure up to 10 bar in premixed CHa/air flames at
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¢ =0.9. The Kr TPLIF signal depicts a faster decay from P = 1 to P =2 bar and slower decay after
2 bar till 10 bar as depicted by the closed circles in Figure 4.10. The solid line simply connects the
data points at each pressure to guide the eye. The error bars are 2-sigma standard deviations of 50-
line images recorded. It is observed that the signal is reduced by approximately 60% when the
pressure is increased from 1 to 2 bar and then by only 30% when the pressure is increased from 2
bar to 10 bar. Such a slower decay of the Kr signal especially at a higher pressure and strong signal
at 10 bar pressure gives us a firm belief that this fs diagnostics scheme can be extended to even

higher pressure.
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Figure 4.10 Pressure dependence of fs TPLIF signal of Kr, recorded in ¢ = 0.9 CHy4/air
flames. Each data points corresponds to the spatially averaged Kr TPLIF signal integrated

over the entire line image across the flame at HAB = 6 mm.

The Kr TPLIF measurements were performed for a range of equivalence ratios up to 10

bar pressure. Figure 4.11 shows the raw fluorescence images recorded for the pressure of 2 bar

80



and 8 bar by seeding ~6% Kr into the flow region. The Kr fluorescence signal was measured along
the radial axis at the 6-mm height location of the high-pressure flame. Only the left half of the
nearly-perfectly symmetric line profiles are shown. It depicts a nearly flat low Kr signal within the
premixed region where high temperature burnt gases are present. In contrast, the Kr signal
increases towards the periphery of the flame and peaks when the room temperature is attained
because of the air co-flow. Similar strong temperature dependence was also observed in
atmospheric Bunsen flame. The typical FWHM of the Kr line is about 5 pixels in the camera plane,

corresponding to a spatially calibrated beam waist of 0.230 mm.
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Figure 4.11 Fs Kr TPLIF line images recorded in CH4/air flame at (a) 2 bar and (b) 8 bar.

Figure 4.12 shows the corresponding LIF signals obtained by vertically integrating the line
images shown in Figure 4.11. The radial profiles are normalized by the peak Kr fluorescence signal
obtained within the cool region outside the flame zone. In the case of ¢ =1.2 for both pressures,
the secondary combustion region occurs near the periphery due to the reaction of extra fuel with
the air co-flow. It is likely to cause a sharp rise in the Kr signal a little away from the flame axis
due to the larger combustion zone. In the case of 8 bar pressure, the flow velocities of air and

nitrogen co-flow are increased to stabilize the flame. Because of this increase in cold flow, the
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flame zone is concentrated more towards the center and a wider cold region is achieved as depicted
by the region of nearly flat high Kr signal from -0.9 cm to -1.2 cm. Importantly, Figure 4.12 depicts
that the constant ratio of the Kr signal between cold and hot regions (~2.5) is preserved for all the

cases irrespective of the flame and pressure condition. This ratio is converted to the T ratio using

Eq (4.3).
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Figure 4.12 Normalized Kr TPLIF signals along the radial axis measured at HAB = 6 mm

for pressure of 2 bar and 8 bar.

4.4.2 Temperature Extraction using Kr TPLIF

The fs TPLIF returns a simpler way to extract the temperature simply from the inverse
square of the fluorescence signal. The conversion to the absolute temperature was performed using
a calibration point where the cold region is assumed to be at the room temperature of 300 K.
Accordingly, the radial Kr TPLIF profiles in Figure 4.12 are converted to corresponding T profiles
and shown in Figure 4.13 and Figure 4.14 for pressure 2 bar and 8 bar respectively. It depicts that
the high-temperature zone is present in the premixed section and the temperature gradually
decreases to room temperature when the flow mixes with the air co-flow. The temperature in the
2 bar flames was also calculated using a well-documented, axisymmetric CFD code with detailed

chemical kinetics, UNICORN, and is shown by a solid green curve in Figure 4.13. The
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experimental T profile behavior is well predicted by the UNICORN model. The uncertainty of the
temperature estimation is approx. 7.5 % (for the hot region) and 4.5 % (for the cold region), given

by one standard deviation of the temperature values in the respective zone.

3000 T T T T T T T T T T T TR BT T T T T T T T T T T T T

2500 1F

Temperature (K)
o~ o
o (42 o
o o o
o o o
T

P=2bar,®=1.2

P=2bar, =09 e Exp
— UNICORN

P=2bar,®=1.0

e Exp e Exp ]
500 — UNICORN . — UNICORN . 7]
(1] ST TPT VIV PRI TRTTY PRV PRTYL IVTVETYTVE IVTTTTINY FYRTTTVIET [N SYTUIY PORTTTVITY FRVTTTEVTY FEVTUTIVTY FIVTETEVIY FAVTETIVIL FAVRTTIV.: [ STPPTTY RTVTTTTY RTVTTVITY IRIVETVIVY IVTVETVINY IVTTTTINY POPIT TN
12 -0 -08 -06 -04 -02 0.0 12 -0 -08 -06 -04 -02 0.0 12 -0 -08 -06 -04 -02 0.0
Radial Distance (cm) Radial Distance (cm) Radial Distance (cm)

Figure 4.13 Radial T profiles obtained using fs-TPLIF for ¢ =0.9, 1.0 and 1.2 at 2 bar. The

experimental T profiles are compared with the T obtained from the UNICORN model.
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Figure 4.14 Radial T profiles obtained using fs-TPLIF for ¢ =0.9, 1.0 and 1.2 at 8 bar.

4.5 Summary and Recommendations

In contrast, converting the fs TPLIF signal into a T profile requires only the knowledge of
the quenching rate, which can be approximated byT-*> dependence in our flames. Hence, fs TPLIF
provides a simpler way to extract the flame temperature, simply by taking the inverse square of

the fluorescence signal. Accordingly, fs-TPLIF line images were recorded at for atmospheric
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Bunsen flame and high-pressure flat flame and converted to radial T profiles. It was confirmed
these T profiles agree well with 1D flame model predictions and the 2D UNICORN model
predictions. Therefore, fs-TPLIF is a promising approach for thermometry in atmospheric and

higher-pressure flames.
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5. SIMULTANEOUS HYDROGEN ATOM IMAGING AND KRYPTON

THERMOMETRY

5.1 Experimental Procedure for Simultaneous Measurements

5.1.1 Experimental Apparatuses

All the experimental runs were conducted in CH4/O2/N2 Bunsen flame established on a 13-
mm inner diameter stainless-steel tube. Around 5% Kr tracer gas was introduced to the mixture
gas line. The gas mixtures were supplied with a volumetric flow rate of 0.775, 1.55, 5.3 & 0.358
slpm to maintain a cone height of nearly 17 mm. Bunsen flame was preferred because the conical
shape of the premixed Bunsen flame provides steep species and temperature gradients and the
temperature at the flame front and the reaction zone can be assumed adiabatic which is essential
for thermometry purposes.

Figure 5.1 depicts the schematic of the experimental apparatus consisting of a frequency-
tunable, regeneratively amplified Ti: Sapphire laser system generating fundamental output
between 770-830-nm range with approx. 80-fs-duration laser pulses at 1-kHz-repetition rate. The
800-nm laser beam with input energy ~6 mJ/pulse pumps the OPA system to generate UV radiation
at a 204.5-nm wavelength and is focused into the probe region using a +500-mm focal length lens
(L1). The H & Kr TPLIF signals were collected orthogonal to the direction of the propagation of
the laser beam for spectroscopic studies and imaging measurements using two different detection
systems.

The emission spectra were collected using a spectrometer (Princeton Instruments, Model:
Isoplane 160) fitted with an ICCD camera (Princeton Instruments, Model: PIMax4). The combined
spectrometer-camera system can provide a spectral resolution of approximately 0.20 nm/pixel for

300 lines/mm grating. The spectrometer-camera system was calibrated for wavelength using a dual
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Hg/Ne-Ar calibration lamp (Princeton Instruments, Model: IntelliCal). The spectrometer was
positioned such that the entrance slit, and the laser line were in the same horizontal plane. The
horizontal entrance slit was wide open ~400 pm to maximize the H & Kr fluorescence signal
collection efficiency. An additional +60-mm focal length plano-convex lens (L>) was added in

between the probe region and the detection system to optimize the signal collection solid angle
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and focus the flame emission into the entrance slit.
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Ti: Sapphire OPA 204.6 nm ‘lBunsen I Beam
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Laser Line Spectrometer
HAB § IccD
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Figure 5.1 Schematic of the simultaneous H & Kr TPLIF experimental apparatus. L;-

Focusing lens, L;-Detection lens, OPA-optical parametric amplifier.

5.1.2 Data Acquisition Settings

The fs H & Kr TPLIF imaging measurements were performed using the same ICCD camera
setup alone. The ICCD camera was fitted with a 50-mm focal length Nikon visible camera lens
(f/1.2) with an appropriate filter to isolate the desired fluorescence signals from unwanted
interference and laser scattering. A summary of the parameters for the optical setup to conduct H
& Kr imaging is listed in Table 5.1. The intensifier gate width was opened for 20 ns to suppress

the collection of background light. In a typical experiment, 400 laser shots were accumulated on
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the camera, and 50 such images were averaged and recorded at three different height locations.

The laser beam energy was kept constant at 3.5+0.05 pJ/pulse to avoid ionization and ASE.

Table 5.1 Parameters for the optical setup.

Species
Parameters Kr H
Excitation A (nm) 204.5
Emission A (nm) 826.5 656
Laser energy (uJ/ pulse) 3.5+0.05
Camera PI-Max4
Camera lens Nikon visible camera lens, /1.2 (focal length = 50 mm)
Pixel resolution 1024 x 1024
Spatial resolution 35 pixels/mm
Filter Semrock, Semrock,
Part no. #FF01-832/37-50 Part no. #FF01-650/60-50
Gate width (ns) 20
On-CCD accumulation 400
Exposure per frame 50
Gain 100%

In all measurements, a background image was captured separately with the laser beam blocked
and then subtracted from each signal image during data analysis. Each background-subtracted
image was corrected for variation in laser intensity along the laser line direction. The FWHM of
the line images recorded was about 8 pixels in the camera plane which corresponds to a spatially

calibrated beam waist of nearly 0.220 mm.
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5.2 Methodology

5.2.1 Process Flow Diagram for Simultaneous Measurements

In this section, we present the methodologies involved for fs-TPLIF H and Kr signal
acquisition and data processing. Figure 5.2 shows the flow chart of the procedure involved. In
direct imaging measurements, the laser beam profile was characterized first and profile correcting
map was obtained. The H and Kr signal images and background images were recorded
simultaneously at three different heights (HAB = 5.0, 7.5 & 10 mm) using appropriate filters. Each
experimental data points accumulated the fluorescence signal of 400 laser shots and 50 such frames
were averaged. The gain was set at 100% and the gate width was opened to 20 ns. The signal
images were corrected for chemiluminescence interference by subtracting off the background
images recorded with the laser beam blocked. After background subtraction, the raw image was

divided by the laser beam profile to obtain the required final image.
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Direct Imaging Measurements

1. Laser beam characterization
(burner moved horizontally)

. Signal image recording
burner moved vertically)
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Figure 5.2 Flow chart showing the methodologies used for data acquisition and processing.

5.2.1 Laser Beam Profile Characterization

The laser beam profile needs to be characterized, especially since the Kr TPLIF response
depends on the laser energy squared and as a result, spatial non-uniformity significantly influences
the fluorescence distribution. For the laser beam profile correction map, the Kr TPLIF signal was
recorded for the cold flow (a mixture of Oz, N2 and Kr) flowing through the burner tube. The
burner was moved along the laser path, around 1 mm in each step and around 60 TPLIF signal and
background images were captured. All these images were averaged together after background
subtraction to obtain the laser intensity correcting map, as shown in Figure 5.3. It shows that the
laser intensity is non-uniform and is focused slightly on the left side of the region of interest. This
correction map is important to obtain the symmetric H and Kr line profiles. A detailed description

of obtaining laser sheet profile is provided in Appendix 10.2.
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Figure 5.3 Laser beam profile correcting map.

5.3 Results and Discussion

5.3.1 Simultaneous Excitation Spectrum

Previous studies have shown Kr is excited from the 4p ground state to the 5p’ excited state
via two-photon absorption near 204-nm. Fluorescence signals are collected at 826.5-nm from the
5p’ to 58’ decay [67]. Similarly, the two-photon excitation of n = 1 —-— n = 3 transition of H-
atom occurs near 205 nm with subsequent fluorescence yield from n = 3 - n = 2 decay at 656
nm [43, 45]. Hence, both these species can be excited simultaneously at an intermediary
wavelength near 204.5 nm taking advantage of broadband fs pulses having linewidths in excess of
400 cm!. The on-resonance laser spectra for the two species used for this experiment show
significant overlap (as indicated in Figure 5.4) because of the broad full-width at half-maximum

(FWHM ~ 1.5 nm) indicating possible simultaneous excitation of both species.
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Figure 5.4 Spectral overlap of the laser spectra for the simultaneous excitation of two

species.

5.3.2 Simultaneous Spectroscopic Studies of Kr and H

Simultaneous H and Kr emission spectra were recorded at an intermediate wavelength of
204.5-nm. We verified the H and Kr emission line positions in the 640-840 nm range through a
spectrally resolved fluorescence signal in the flame using the combination of the spectrometer-
camera system. The spectra were recorded using a 300-lines/mm grating with a 300-nm-blaze
wavelength. The low-resolution grating yielded a wavelength bandwidth of approximately 200 nm
at one time; hence the central wavelength was set at 740-nm to capture both species at once. Figure
5.5 presents the simultaneous H & Kr fs-TPLIF spectra recorded for 13-mm CH4/O2/N2/Kr jet
flame in @ = 1.0 flame. The H-atom peak occurs at 656-nm, as indicated in Figure 5.5. The main
Kr emission lines are at 760, 785, 810, 811, and 826 nm, which were also confirmed using a cold

flow of Kr at 1 atm. Although the spectrometer can provide a spectral resolution of approximately
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0.20 nm/pixel, all H & Kr emission peaks obtained here are artificially broadened as the slit was

widely opened to increase the signal collection efficiency.
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Figure 5.5 Simultaneous Kr fs-TPLIF and H fs-TPLIF spectra recorded for CH4/O2/N2/Kr

jet flame at ®=1.0.

5.3.3 Combined H & Kr Imaging Measurements

The H & Kr fs-TPLIF imaging measurements were performed along the radial axis at three
HAB locations as shown by stacked TPLIF images in Figure 5.6, along with the flame image in
the center. Figure 5.6a depicts H TPLIF images where H-atom peaked sharply close to the flame
front and in the reaction zone where most of the combustion activities take place. The flat zero
signal indicating a non-reacting zone is followed by a sharp H peak at the cone edge which decays
gradually further away. The general profile trend remains similar for all three HAB locations. The
average SNR value is approximately 105 for the H TPLIF image. The white dotted white lines are

drawn to indicate the conical shape of the flame front, as evident by the very faint
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chemiluminescence signal in flame image. In contrast, Figure 5.6b depicts that Kr distribution
profiles appear comparatively different, which show strong temperature dependence. As Kr
species is excited to the upper excited level (5p’), additional transitions occur due to redistribution
from the excited level to the other levels depending on the temperature, colliders, and pressure
which causes the Kr emission to become maximum at the low-temperature zone. The signal decays
quickly near the flame front where a rapid increase in temperature takes place and remains constant
in the reaction zone due to the constant temperature zone. The average SNR values are
approximately 95 and 52 for the cold and hot regions of the Kr image, respectively. The
interference due to the fundamental laser wavelength at 820 nm was removed through the
background subtraction during data processing. Hence, we can claim that no other interferences
were present in the filtered range used. Thus, the Kr emission signal collected for the current setup
was primarily from the 826-nm emission line as there is a sharp cut-off of the filter transmission

efficiency curve beyond this wavelength range.
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Figure 5.6 a) H and b) Kr fs-TPLIF line images recorded for CH4/O2/N»/Kr jet flame at
®=1.0 at HAB=5 mm, 7.5 mm & 10 mm as indicated by white lines in the central flame

image.
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5.3.4 In-situ Temperature Measurements

The Kr line images in Figure 5.6b are vertically integrated and the corresponding LIF
signals are depicted by black dots in Figure 5.7. Due to the symmetric nature of the line profiles,
only the right half is shown here. In a recent publication, we demonstrated that the in-situ 1D
temperature profile could be extracted easily using the inverse square of the Kr fluorescence signal
provided the excitation laser intensity is held constant [128]. The adiabatic temperature of the hot
region was assumed to be 2135 K and the corresponding radial temperature profiles were generated
by using Eq. 4.3 in Chapter 4 and are shown by the red dots in Figure 5.7. Only 0.0 <r (mm) < 8.0
portion is shown here, beyond which temperature is expected to drop rapidly because of the
diminishing reaction zone and rapid mixing with outside cold air in the outer shear layer. The
uncertainty of the temperature estimation is approx. 5.0 % (for the hot region) and 3.5 % (for the
cold region), given by one standard deviation of the temperature values in the respective zone. The
region considered was 5.0 < r (mm) < 8.0 for the hot region and -1.5 <r (mm) < 1.5 for the cold
region. Similar calculations were performed for three different heights and were averaged to obtain

the overall uncertainty.
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Figure 5.7 Fs Kr TPLIF signals and corresponding temperature profiles along the radial

axis obtained at HAB=5, 7.5, and 10 mm.
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5.3.5 Spatially Resolved H-atom Distribution using Kr Calibration
5.3.5.1 Detailed Calibration Procedure

In addition to the in-situ temperature profiles measurement, the same Kr profile is used as
a calibration source for the spatially resolved H-atom concentration measurement which is the
main advantage of this study. The calibration procedure involves the comparison of the H TPLIF,
and Kr TPLIF signals recorded with a known mole fraction of Krypton (), ). Provided that the
quadratic regime of fluorescence holds, the H-atom number density can be calculated using the

following equation [20, 67, 129, 130].

2 = 2
Ckr 01((2 g(AVky) Asakr AzntQn fB(KTT) Sp Lk, (VH)Z 51
CH 01(12> 9(0Vy) Aszm Askr+Qr fB(HT) Skr 15, ‘

XH = Xkr

VKr

Considering i refers to a species, C; is the global efficiency of the LIF collection at a specific
wavelength (Camera efficiency, filter efficiency, lenses, solid angle, etc.). The determination of
the normalized line profile of the two-photon excitation, g(Av;) is generally imprecise [20]. In this
study, it is considered unity because of the considerably broad bandwidth of the fs laser pulses
used, although the linewidths of the two resonances are quite different. In some studies, the
fluorescence signal was spectrally integrated by scanning the laser wavelength over the resonance

of each species to account for the g(Av;) ratio. Table 5.2 lists the spectroscopic parameters like
line shape-independent two-photon absorption cross-section (ng)), spontaneous emission rate of
the excited level (A3 ;) and spontaneous emission rate along the detection transition (A3, ;) adopted

for the H and Kr during the present work. The Boltzmann function f5 of each species in a singlet

state S is independent of the temperature and is equal to 1. The fluorescence signal ratio (:—H)is
Kr

obtained during the experiment. The laser energy and the excitation wavelength are kept constant

during the experiment and hence I,,, and v; are unity.
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Table 5.2 Spectroscopic constants required for calibration procedure.

Species
Parameters H Kr
01(<2r) 0.62 + 50% [67]
a?
As, (108 s71) 57.8 [131] 34.16 [132]
A; (108 s71) 57.8 [131] 35.0[132]

The flame studied for this study and Ref [20] is same, so the spatially resolved quenching rate
profile of the Kr atom was taken from supplementary material of the literature [20]. Similarly, the
quenching rate of the H atom is calculated using

Qu = Ne Xixi ki 52
Where N, is the total number density, y; is the collider mole fraction and k;is the quenching rate
coefficients. The quenching coefficients of the main colliders of interest in the flames are provided
in the literature [124]. We calculated Qy in the current Bunsen flame using the rate coefficients
for CH4, O2, N2, H2O, CO», and CoH; at room temperature and assuming that the coefficients are
temperature independent [124]. The spatial distribution of the temperature profile was taken from
the current experiment and the spatial distribution of the mole fractions of these collider species

were obtained from simulation data.
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5.3.5.2 ANSYS Fluent modeling

The simulations were carried out in a commercial computational fluid dynamics (CFD)
solver: ANSYS Fluent. The solver used was a 2D axisymmetric solver allowing the simulations to
be conducted only in half of the domain to limit computational expense. The domain extended to
80 mm on the horizontal axis and to 500 mm on the vertical axis. The turbulence model used was
a k-epsilon standard model which is the most common model. The partially premixed combustion
model was selected, and GRI-Mech 2.11 mechanism with 49 species and 279 reactions was
imported to generate a premixed flamelet which is necessary to create a distinct conical feature in
jet flame combustion. The inlet mass flow rate (used in the experiments) and outlet pressure
boundary conditions were provided to the domain. In solution methods, a Semi-Implicit Method
for Pressure-Linked Equations (SIMPLE) scheme was used as a pressure-velocity coupling
scheme. Such a scheme is often preferred for steady-state problems as it results in faster
convergence. A second-order upwind spatial discretization was chosen for all solvers (momentum,
turbulence kinetic energy, progress variable, and energy) to increase the accuracy of the solution.
A convergence criterion of 1 X 10™* was set for each residual except for the continuity equation
(1 x 1077) and energy equation (1 X 10~8) for better convergence. The solution was initialized

using a hybrid initialization and 2 x 10* iterations were set for the residual to converge.

5.3.5.3 Quantitative Concentration of H-atom profiles

The 1D temperature distribution profiles and H fluorescence profiles are obtained along a
line at once. The spatially resolved 1D temperature distribution profile is of great interest for in-
situ quenching corrections of the H fluorescence signals. The simultaneous measurements of Kr

fluorescence, temperature and H fluorescence are especially helpful to conduct a detailed
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calibration scheme as done by Nathalie et al [20] for quantitative H atom measurements avoiding
the need of additional calibration experiments. In addition to these measurements, a thorough
understanding of the experimental quenching rates and concentrations of major colliders is
essential to obtain quantitative H number densities. While such an extensive experimental
investigation warrants a separate dedicated study, this manuscript presents a sample case for
quenching corrections based on model prediction of collider species spatial distribution.

Figure 5.8a depicts the corresponding LIF signals obtained via vertical integration of the
H line images in Figure 5.6a. Figure 5.8b shows a sample case for experimental H atom profile
(black dots) compared with H atom concentration (green dots) at HAB = 5.0 mm. The general
trend for H atom no. density profile is similar to the H TPLIF profile with approx. +15% residual
signal. The peak H-atom signal varies within +10% obtained from the repeated experiment. Only
0.0 <r (mm) < 8.0 portion is shown here where experimental temperature profile is valid. The

peak H no. density found during the experiment is on the order of 107 (#/cm3).
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Figure 5.8 a) Fs H TPLIF raw signals along the radial axis obtained at HAB =5, 7.5, and

10-mm. b) a sample case for quenching applied H atom profile at HAB = 5.0 mm.
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5.3.6 Signal Enhancement Strategies

It is worthwhile to mention that only 3.5 pJ/pulse of 204.5 nm laser radiation generated
from OPA is introduced into the probe region. In the future, a modified harmonic generation
system with increased pump beam spot size is needed to utilize the maximum available pump
energy of ~6 mJ/pulse. A simple power scaling suggests approximately ~20X the laser energy used
for the current experiment is achievable. Such improvements can result in a substantial increase in
the signal counts approx. ~400X (owing to two-photon excitation) for both the species, thereby
enabling kHz-rate and simultaneous single-shot H & Kr imaging in future applications. Such
simultaneous measurements and its application for H atom concentration measurements especially

in the elevated pressure condition will be the part of our future investigation.

5.4 Summary and Recommendations

In this study, the Kr TPLIF technique was applied to measure the in-situ temperature profile
in a CH4/O2/N> Bunsen flame and quantify H-atom fluorescence signal. The two species — H and
Kr were excited simultaneously at an intermediate wavelength near 204.5-nm taking an advantage
of broadband, fs pulses having linewidths in excess of 400 cm™!. The simultaneous excitation was
performed using two-photon absorption at 3.5 pJ/pulse laser energy where both the species show
quadratic laser energy dependence. Individual H and Kr TPLIF signals were collected at three
different height locations in the CH4/O2/N2/Kr Bunsen flame. Recently demonstrated Kr
thermometry technique was used to extract 1D temperature profiles from the Kr TPLIF images by
simply squaring the inverse of the signal counts and providing adiabatic temperature estimation.
Hence, the temperature distribution, H and Kr atom fluorescence profiles are acquired along a line

simultaneously using a single laser pulse. Thus, obtained in-situ 1D temperature profile was used
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to calculate the quenching rates which along with the Kr fluorescence signal were applied for the
calibration of H atom and the peak H no. density was found to be on the order of 107 (#/cm?).
Overall, the TPLIF technique using broadband fs pulse, combined with efficient harmonic
generation system has huge prospects for kHz-rate, simultaneous single-shot H and Kr imaging,

and subsequent quantitative H atom measurements in future applications.
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6. FEMTOSECOND CH PLANAR LASER-INDUCED FLUORESCENCE

DIAGNOSTICS

6.1 Experimental Details and Procedure

6.1.1 Burner Configuration and Flame Conditions

The fs CH PLIF measurements were performed in premixed laminar and non-premixed
turbulent flame at different conditions stabilized on the Bunsen burner with an inner diameter of
~4 mm as shown in Figure 6.1. The red dotted squares (~14 mm X 14 mm) represent the region
from where the CH PLIF signal was captured. For the stable laminar flame, CHs, O2, and N> were
set to produce a conical flame with cone height ~16 mm at ®=1.30 and the flow rates used were
0.50 slpm, 0.769 slpm, and 2.30 slpm respectively. In the case of non-premixed flame at low flow
velocity, diffusion flame appears laminar near the jet exit and becomes turbulent further
downstream [133]. As the flow velocity is increased, the flame becomes turbulent throughout and
is detached from the burner surface. It is important to add H> with the inlet mixture (C2Hs and N»
in this study) to prevent such lift-off. H> burns with a high burning velocity as compared to
hydrocarbon flame, so an appropriate amount of H> has a strong influence on the overall burning
velocity of the inlet mixture preventing it from lifting off. The flow rates used were 5 slpm, 21
slpm, and 8 slpm respectively for C2H4, N2, and H». All the experiments were conducted under

atmospheric pressure conditions.
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Figure 6.1 Photographs of the investigated flames (a) CH4/O2/N; premixed laminar flame

with no co-flow, and (b) C:H4/H2/N; non-premixed turbulent flame with air co-flow.

6.1.2 Fs Laser System for CH PLIF Measurements

The experimental apparatus consists of a fs laser system, burner configuration, and
detection system as shown schematically in Figure 6.2. A regeneratively amplified Ti: Sapphire
laser system (Spectra-Physics, Model: Solstice Ace) generates fundamental output between 770—
830 nm range with 6 mJ/pulse laser energy and approximately 80-fs-duration laser pulses at a 1-
kHz-repetition rate. As shown in Figure 6.2, the 780 nm laser beam with energy turned down to
~2 mJ/pulse pumps a high-conversion efficient SHG system to generate radiation near 390 nm for
CH B—X excitation. The 10 mm diameter fundamental beam was down collimated to ~7 mm using
a telescopic combination of +200 mm and -90 mm lens. This reduced diameter beam was guided
through several 780 nm mirrors and then into the SHG BBO crystal to produce a 390 nm beam.
The frequency-doubled beam was then focused onto the flame using a combination of plano-

convex lens and cylindrical lens to create a beam sheet of the height approximately ~14 mm.
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6.1.3 Imaging Apparatus for CH PLIF Measurements

The CH PLIF emission signal from the flame was collected orthogonal to the direction of
the propagation of the laser beam sheet using two camera configurations: (i) a shot-averaged signal
in the laminar flame using an ICCD camera and (ii) a single-laser-shot CH PLIF imaging in the
laminar and turbulent flame using a high-speed CMOS camera (Photron, SA-Z) coupled with a
high-speed intensified relay optics (HS-IRO) unit (LaVision, HS-IRO). Each detection system was
fitted with a 50 mm focal length visible camera lens (Nikon, f/1.2) with a narrow bandpass filter
centered at 434 nm (Semrock, FF01-434/17-50) to block unwanted interferences and laser

scattering.
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Figure 6.2 Schematic of the experimental apparatus showing laser and detection system
along with the flame setup in the inset; SHG = second harmonic generation; ICCD =

intensified charge-coupled device; L1 = plano-convex lens; L, = cylindrical lens.

103



6.2 Results and Discussions

6.2.1 Excitation Scan

Figure 6.3 shows a simulated high-resolution excitation spectrum of CH B—X transition
with Lorentzian lineshape, obtained using LIFBASE software (version 2.1.1) for a temperature of
2000 K. A broad Gaussian profile of the laser spectrum (black curve) with full-width-at-half-
maximum (FWHM) ~2.5 nm is also included for comparison. The maximum intensity of the
rotational excitation line under the laser curve is observed near 390 nm and considering the lines
with intensity above 10% of the maximum, altogether 39 different rotational lines are excited at
once by the broad fs laser pulse with approximately 160 cm™ bandwidths. Such simultaneous

excitation of the large no. of the transitions is important to generate CH PLIF with high SNR.
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Figure 6.3 High resolution scan of several rotational lines (red lines) of the B-X transition

excited by broad laser spectrum (black line) with FWHM ~2.5 nm.

The wavelength scan was conducted in CH4/O2/N> Bunsen flame at @ = 1.30 within 13 nm

range at low laser energy (~8 pJ/pulse) to avoid any possible saturation and dissociation of other

104



CH precursors such as CHz, CH4 etc. A detailed investigation of the saturation effect due to higher
laser energy was also performed and is presented in Section 3.3. Note that this scan was conducted
using a laser line with a beam waist of ~180 pum, obtained from FWHM of line images. The
experimental data points are the CH emission lines collected from the B-X (0,1), A—X (0,0), and
(1,1) bands near 431 nm and are represented by black dots in Figure 6.4. The experiment was
repeated multiple times near the peak wavelength region to confirm the repeatability of the
excitation trend obtained. Also included is the simulated low-resolution excitation spectrum of CH
B—X transition with Lorentzian lineshape, obtained using LIFBASE software. A good agreement
is observed between the experiment and simulation with a peak excitation wavelength of 390 nm
which was fixed for the rest of the experiment. Such a broad excitation spectrum of CH is
particularly advantageous to avoid a weak absorption band of formaldehyde (HCHO), discussed

further in Section 6.2.5.
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Figure 6.4 CH LIF signal response to the laser wavelength in CH4/O2/N; Bunsen flame at ®

= 1.30 fitted with a low resolution LIFBASE simulation.
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6.2.2 Emission Spectrum

The CH LIF emission spectrum was captured in CH4/O2/N2 Bunsen flame at ® = 1.30 to
check the possible interference from laser scattering and other species. The 390 nm laser beam
was focused into the probe region and the emission spectra were collected using a spectrometer
(Princeton Instruments, Model: Isoplane 160) fitted with an ICCD camera. The spectrometer-
camera system was calibrated for wavelength using a dual Hg/Ne-Ar calibration lamp (Princeton
Instruments, Model: IntelliCal). The spectrometer was positioned such that the horizontal entrance
slit, and the laser line lie in the same horizontal plane. The entrance slit was open to ~100 um. An
additional +60-mm focal length plano-convex lens was added in between the burner and the
detection system to optimize the signal collection solid angle and focus the flame emission into
the entrance slit.

Initially, the entire spectral range of interest was covered using 300 lines/mm grating and
300 nm Blaze wavelength with central wavelength kept constant at 400 nm. An average of 2500
laser shots was recorded for the spectrum and the elastic scattering from the excitation laser beam
was observed at 390 nm, as shown in Figure 6.5. It is likely that the laser line could be blended
with CH B-X (0,0) emission towards the right wings causing it to be little asymmetric. A weak
CH emission at 430 nm due to B-X (0,1), A—X (0,0), and (1,1) bands were also observed. A high-
resolution grating (1200 lines/mm) with 300 nm Blaze wavelength was used to record CH
fluorescence in the narrow 50 nm range near 430 nm. The experimental spectra recorded are shown
in the inset of Figure 6.5 and are denoted by black dots. It is clearly indicated that the location of
the CH fluorescence spectra matched well with the simulation (red curve) using the LIFBASE

package, although the intensity of the individual rotational lines varies likely due to temperature
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change under those conditions. Additionally, the transmission curve of the filter (Semrock, Part
No. FFO1 434/17-50) with a peak transmission efficiency of ~95% used for CH imaging
experiments is indicated by the blue curve. No fluorescence interferences from other combustion
species in the spectral range of interest are observed in the flame investigated during the fs CH
LIF scheme. Hence, by utilizing CH B—X excitation transition along with an appropriate filter, the
elastically scattered laser light is sufficiently blocked which is the main advantage of this scheme

as compared to CH A—X.
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Figure 6.5 Emission spectra showing laser scattering along with CH fluorescence emission
(black dots) fitted with LIFBASE simulation (red curve) in zoomed view. The blue curve

represents the transmission curve of the filter used.
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6.2.3 Laser Energy Dependence

The dependence of the CH fluorescence signal on the laser pulse energy was investigated
by varying the pulse energy using a circular, continuously variable, reflective neutral density filter
(Thorlabs, NDC-100C-4M) placed on the laser beam path. The laser was operated at the optimum
excitation wavelength of 390 nm to maximize the fluorescence signal obtained. The laser beam
was focused into a rich CH4/O»/N; flame at ® = 1.30 stabilized on the Bunsen burner, 5 mm above
the burner exit. The laser pulse energy was measured with a laser power meter placed right after a
500 mm MgF> plano-convex lens (Thorlabs, Part No.# LA6009). The fluorescence signal was
collected with an ICCD camera (PI-MAX4) coupled with a 50 mm visible lens (Nikon, f/1.2).

The laser energy dependence curve was obtained by plotting the averaged CH LIF signals
versus the corresponding pulse energies as shown in Figure 6.6. Each data point (black dots)
accumulates the fluorescence signal of 100 laser shots with 50 exposures per frame. The error bars
represent one standard deviation calculated from 50 individual frames recorded for each data
points. A function (black solid line) is fitted into these data points to obtain a simplified saturation

equation [37, 76] given by:

— 1. Iy
ICH =4 <IL+IL,5at) 6.1

Where, Iy is the CH LIF signal, A is a scaling factor, I} is the laser pulse energy and I ¢4, is the
pulse energy required to achieve saturation of the CH signal. It was deduced from the fit that
approximately 36 wJ/pulse is required to saturate the CH signal. Hence, high laser pulse energy
can be utilized easily for the simultaneous excitation of several rotational lines to bring these

transitions close to mild saturation resulting in high SNR for CH PLIF diagnosis.
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Figure 6.6 CH LIF signal as a function of laser pulse energy for CH4/O2/N2 Bunsen flame at
® = 1.30. A fit (solid black line) given by the saturation equation in the text is fitted to the

experimental data (black dots).

6.2.4 Laminar Flame Investigation

The hydrodynamic flame surface instability acting on the flame front due to the density
transition across the flame front is characterized by the flame thickness [134]. A decrease in the
flame front thickness indicates the increase of such kind of instability. Figure 6.7 presents the
experimental CH profile thickness (black dots) at different ®s’ as compared with the literature
[135, 136]. The experimental CH layer thickness is estimated as the full width of the layer where
the CH intensity is half of its maximum value. The error bar shows one standard deviation of the
flame thickness measured from 3 different experiments and the absolute values represent the mean
values. An excellent agreement is observed when compared with the flame thickness obtained
from Dimotakis et al. [135] CH PLIF measurements (red dots). However, both the measurements
appeared to be limited by the imaging resolution used and deviated from the absolute values

obtained from the kinetic predictions by Turner et al. [136] (red curve). The flame thickness in
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experiments is further assumed to be artificially broadened due to the number of the averages used
which combines the lateral flame fluctuations during the data acquisition. Overall, the trends
revealed by current and previous work are generally the same, depicting a range of lower flame
thickness near stoichiometry, indicating the higher instability in the flame. It is suggested to
increase the detection resolution and conduct single-laser-shot imaging to obtain true CH layer
thickness. This concern is further discussed in Section 6.2.6. Such true flame thickness can serve
as an input for the computational fluid dynamics (CFD) model and as benchmark data for kinetics

model validation.
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Figure 6.7 Experimental CH layer thickness as a function of ® compared with the

literature value.

The CH4/O2/N2 conical flame with low jet velocities stabilized in the 4 mm jet burner was
studied at a wide range of @ = 1.0-1.7 keeping the cone height constant at ~16 mm. Figure 6.8
depicts the dependence of average SNR recorded as a function of & for two different sets of

experiments. The SNR was calculated by taking a ratio of the average CH signal intensity of the
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background-subtracted image and the standard deviation of the background noise fluctuation. The
SNR slowly increases for slightly rich flames as compared to the stoichiometric case and peaks at
@ = 1.3 due to peak CH number density; however, a steep decrease in SNR can be observed after
that. Alden et al. [76] considered the peak CH signal intensity for SNR calculation and reported
similar observations for saturation measurements of 2D CH PLIF investigations. Please note that
the laser pulse energy, for this measurement, was maintained at 8 pJ/pulse which is well below the
saturation pulse energy. Further SNR investigation on the saturated measurement was also
performed by increasing the laser energy up to 62 pJ/pulse which lies above the saturation limit of
36 w/pulse. Figure 6.9 presents the plot showing the variation of average SNR as a function of the
laser energy in CH4/O2/N> jet flame at @ = 1.3. It shows a non-linear rise in average SNR values
with the increase in laser energy. An average SNR as high as ~70 and ~150 are obtained without
and with saturation respectively. Approximately twice the SNR of each of these measurements
(i.e. peak SNR obtained is close to 300) are obtained if SNR is to be calculated using peak CH

signal intensity like in a previous study [76].
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Figure 6.8 Average SNR from averaged CH images recorded with 8 pJ/pulse laser energy

for CH4/O2/N2 Bunsen flame as a function of ®.
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Figure 6.9 Average SNR from averaged CH images recorded for CH4+/O2/N; Bunsen flame

at ® = 1.30 as a function of laser energy used.

Two different laminar flames involving CH4 and CoH4 were investigated & shot-averaged
CH PLIF images were captured for same ® of 1.30 using a low-speed ICCD camera. These images
were captured using a laser beam sheet of the height of 14 mm at approximately 3 mm above the

burner exit. The beam sheet was cut-off from the top and bottom using a circular aperture and a
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nearly equal intensity sheet was used to excite the CH radical. The images were recorded with the
accumulation of 20 laser shots and an average of 50 camera frames. The intensifier gain was kept
constant at 100%. Both images show a well-defined CH layer as shown in Figure 6.10, observed
in the front region with different intensity levels. Due to the comparatively high number density
present in C,Hs flame, the CH signal intensity observed is also higher (approximately 2x) as
compared to CH4 flame and hence further investigation was focused in C2H4 flame. The CH layer
thickness (Ocp), defined as the FWHM of the layer normal to the flame front planar surface, is

measured to be similar (~ 0.28 um) for both flames.

10000
8000
6000
Scu e 4000
2000

Radlal Dlstance mm

mm

HAB
(‘'n'e) jeubis 411d HO

o

Figure 6.10 Averaged CH PLIF images for two different flames (a) C2H4/O2/Nz, and (b)

CH4/O32/N; at ® = 1.30.

The potential of the fs diagnostic technique was extended to high-speed CH PLIF single-
laser-shot imaging to visualize the flame ignition and the stabilization of C;H4/O2/N; conical flame
stabilized in the jet burner. The reactant mixture was fed through a central tube of 4 mm with an
equivalence ratio of ® = 1.30. A spark was created approximately 1 mm above the burner surface

towards one side without disturbing the conical surface. The CH PLIF images were captured by
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using a high-speed CMOS camera coupled with a HS-IRO unit. The intensifier gate and gain were
set at 40 ns and 75% respectively. Approximately 2000 single-laser-shot CH PLIF flames were
captured starting from t = 0 ms. Figure 6.11 shows the consecutive sequence of the first 7 ms
highlighting the incipient propagating flame created due to a point spark. It is observed that the
premixed combustion proceeds in transient processes in the form of combustion waves with thin
fronts propagating into the unburnt combustibles. Such self-acceleratory phenomena along with
combustion waves are the features of premixed combustion. This incipient flame shows a bulging
structure in the CH profile with relatively colder fluid existing inside these CH zones. It takes
approximately 4-5 ms (based on 5 repeated experiments) for the flame to be stabilized to form a
conical shape. The basic structure of the flame with a rather smooth and thin flame surface is
clearly captured by the instantaneous CH PLIF images. Similar characteristics and trends were

observed in CH4/O2/N; conical flame (not shown here) as well.
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Figure 6.11 Sequence of consecutive single-shot CH PLIF images in C:H4/O2/N: conical

flame at ® = 1.30 showing the flame ignition, propagation, and stabilization process.
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6.2.5 Turbulent Flame Investigation

The non-premixed turbulent flame of CoH4/H2/N2 mixtures with air co-flow was further
studied to demonstrate the potential of broadband fs excitation. Alden et al. [137] observed spectral
interferences from HCHO while conducting CH PLIF measurements with broadband excitation
pulse. Suppression of interferences is feasible by employing one of the following three approaches
— (1) Use of appropriate spectral filters [137], (ii) Use of appropriate excitation wavelength [137],
and (iii) High dilution of reactant mixture with N> (followed in this study). Both (i) and (ii)
approaches aren’t feasible for this study as the HCHO emission range lies within the filter
transmission range and the fs laser used is broadband with FWHM ~2.5 nm. Initially,
approximately 50% C>Ha and 25% N> were fed through the central tube to create a turbulent non-
premixed flame. Similar spectral interferences with spatially separated HCHO were observed just
inside the CH flame front (not shown here). These interferences can falsify the qualitative and
quantitative interpretation of CH signals. The N> dilution was increased to 62% (i.e., 14.5% C,Ha)
to obtain HCHO interference-free CH images in turbulent flame. Such a high dilution of N is also
needed to obtain a clear bluish region, especially near the burner exit which is free from polycyclic
aromatic hydrocarbons (PAHs) and soot [25].

In one set of experiments, we focused on the ignition of non-premixed turbulent
combustion. The high velocities jet mixture was ignited by a spark generator near the burner exit,
like the conical flame ignition. Figure 6.12 is the combination of 3 single-laser-shot frames
showing how ignited flame propagates into the unburnt mixture region. The HAB is plotted against
the time after ignition in milliseconds (ms) and only the right edge of the propagating flame is
presented here. A smooth thin flame surface is observed near the burner exit. It is seen that the CH

layer moves on the order of ~5.8 mm in 2 ms, corresponding to a convective velocity of
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approximately ~ 3 m/s. More accurate velocity can be obtained by using a larger beam sheet and

conducting CH imaging with high-repetition-rate (>1 kHz).

0 1 2 3 4
Time after ignition (ms)

Figure 6.12 Consecutive single-laser-shot CH PLIF images recorded in C2H4/O2/N2

turbulent flame at 1 kHz repetition rate during the flame ignition process.

Figure 6.13 shows a consecutive 7-frame single-laser-shot CH PLIF image sequence with
1 ms spacing between successive images, corresponding to a 1-kHz acquisition rate. These images
were captured using a laser beam sheet of a height of 14 mm at approximately 4 mm above the
burner exit. The field-of-view for each raw image captured is ~40 mm x 40 mm, with a camera
spatial resolution of ~40 um/pixel. Such high-speed CH PLIF images are useful for examining
local flame extinction, and the re-ignition process. Several interesting features like flame
wrinkling, flame curvatures, and response to unsteady fluid mechanics are highlighted by these
CH images. The visible region as shown in the first frame represents the region where the variation
in laser beam intensity was nearly constant (within 10%) in vertical direction. The third frame with

“(to+ 2) ms” time-stamped shows that narrow streams of inner cold fluid connect the inner fuel jet
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to the surrounding air through openings in the CH zone. The tips of the CH zones extending
radially outward provide evidence that the fluid originating from the inside of the flame is
responsible for the local extinction. The investigation of such locally extinguished combustion
process along with flow/flame interaction stabilizing the flame front is important in understanding
the flame stability in gas turbines, industrial oil furnaces, and burners. Further, the §cy observed
in these non-premixed turbulent flames does not vary significantly from the premixed laminar jet

flames.

(to+1) ms (t,+2) ms (t,+3) ms (t,+4) ms
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Figure 6.13 Sequence of consecutive single-shot CH PLIF images in C:H4/O2/N; turbulent

flame showing flame dynamics and transient phenomena like flame extinction.

6.2.6 Statistical Data Analysis

Further, a specific statistical trend in two flames CH4/O2/N> and C2H4/O2/N», both at ® =
1.30, are accessed from the consecutive 2000 single-laser-shot images captured after the 10 ms of
ignition. Figure 6.14 presents the probability density function (PDF) of the mean CH PLIF signal
using a kernel density estimation method [138, 139]. The histograms demonstrate that the PDF
curves show an excellent fit with the underlying data. The shape of the mean CH signal PDF in
both cases is approximately Gaussian (normal). The information on the arithmetic mean (p) and

standard deviation (o) are also provided in the respective PDF plots. The mean CH PLIF signal in
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the C2H4 is more than 2x higher than that in the CH4 flame. Similarly, the o is calculated to be
approximately 5.5% and 7.5% for CoHs and CH4 flames respectively, it is likely that some CH

signal in the latter flame may fall below certain threshold values of camera sensitivity causing the

discrepancy.
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Figure 6.14 Probability density function for CH4/O2/N; (left side) and C;H4/O2/N> flames

(right side) at ® = 1.30.

The statistical flame thickness trend was performed in C2H4/O2/N; at @ = 1.30 using 1000
consecutive single-laser-shot frames after the flame is fully stabilized. Figure 6.15 shows the
approximately Gaussian PDF for flame thickness measurement. The CH PLIF thickness was
measured normal to the flame front planar surface, as indicated in Figure 6.10, and was found to
be ~0.214 mm, a little less than the one observed in averaged CH images (~0.28 mm). It was
expected because averaged CH thickness tends to be artificially broadened due to slight lateral
flame fluctuation. All the stabilized SS frames were averaged to confirm the repeatability of the

flame thickness that was obtained with the ICCD camera.
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Figure 6.15 Probability density function for flame front thickness captured for C:H4/O2/N;

laminar flame at ® = 1.30.

6.3 Summary and Recommendations

Overall, the fs imaging diagnostics coupled with high-efficient home-built SHG system is
a simple and promising technique for CH PLIF imaging with high SNR. The current SHG setup
was operated with only 2 mJ/pulse of pump energy, adding a buffer on the BBO crystal damage
threshold. In future, the pump beam spot size can be increased on SHG optics such that full output
capacity of the fs laser system (i.e., 6 mJ/pulse) may be utilized. While an increase in laser energy
may result in additional complications such as ionization, dielectric breakdown, and further
saturation effect, mitigating strategies such as laser pulse stretching and increasing in laser beam
dimensionality can be explored. Such an improved CH PLIF imaging dimensionality can be a
significant step for real-time tracking of the primary reaction zones in highly turbulent combustion

measurement applications.
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7. MULTI-PHOTON EXCITATION OF NITROGEN SECOND POSITIVE SYSTEM

7.1 Experimental Procedure

The experimental apparatus consists of an fs laser system, fuel tube, and detection system.
The laser system consisting of a high conversion efficient direct frequency tripled system, along
with optics and nonlinear crystals to generate UV radiation, has been described in detail elsewhere
[109]. Briefly, a regeneratively amplified Ti: Sapphire laser system (Spectra-Physics, Model:
Solstice Ace) generates fundamental output between 750-850 nm range at a 1-kHz-repetition rate
with 6 mJ/pulse laser energy. In the present study, the pump beam tuned to 850 nm wavelength at
~2 mJ/pulse pumps a THG system to generate radiation near 283 nm. The 10 mm diameter
fundamental beam was down collimated to ~5 mm by passing through a telescopic combination
of +200 mm and -90 mm lens. This reduced-diameter beam was passed sequentially through two
BBO crystals. The first one is used to generate the SHG beam, and the output beam mixes with
the residual pump beam for the THG process. The near Gaussian 283 nm output beam was guided
through several dichroic mirrors and then focused onto the flame using a +500-mm MgF; lens. In
the case of LIF experiments, the fundamental beam at different wavelengths was directly focused
on the probe region without any frequency conversion.

In both cases, the N> emission signal was collected orthogonal to the direction of the
propagation of the laser beam sheet using two detection systems: (i) a spectroscopic study using a
spectrometer (Princeton Instruments, Model: Isoplane 160) fitted with an intensified charge-
coupled device (ICCD) camera (Princeton Instruments, PI-MAX4) and (ii) a shot-averaged
imaging study using the ICCD camera alone. The spectrometer-camera system was calibrated for
wavelength and intensity using a dual set of calibration lamps (Princeton Instruments, Model:

IntelliCal) consisting of Hg/Ne-Ar atomic emission and an LED-based light source. The horizontal
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entrance slit of the spectrometer was positioned such that it lies in the same horizontal plane as
that of the laser line. The entrance slit was open to approximately ~100 um. An additional +60-
mm focal length plano-convex lens was placed in between the probe region and the spectrometer
system to focus the flame emission into the entrance slit and optimize the signal collection

efficiency.

7.2 Results and Discussions

7.2.1 REMPI using a third harmonic beam

7.2.1.1 Excitation scan

25 x10°

20
15

10

Signal (a.u.)

0
278 279 280 281 282 283 284
Excitation wavelength (nm)

[ L L S B L L L L L D

Figure 7.1 N; fluorescence signal response to the excitation wavelength. Solid black lines

are drawn to guide the eye.

A 1:1 mixture of N> and Ar was fed through a tube of 4 mm ID and N> emission was
collected at a range of excitation wavelengths. The laser line was focused at ~5 mm above the tube
surface. Figure 7.1 shows the dependence on different wavelengths and is obtained by plotting the

averaged N> signal emitted near 337 nm versus the corresponding excitation wavelengths. Each
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data point (red dots) accumulates the fluorescence signal of 300 laser shots and an average of 30
camera frames. The intensifier gain and gate were set at 100% and 50 ns respectively. The error
bars represent one standard deviation calculated from 30 individual frames recorded for each data
point. The black solid line is drawn as a guide to the eyes.

Alden et al. [ 78] claimed that six complex molecular spectral structures are available within
the 279-286 nm range and observed two-photon resonance a'Illg(v' = 1) « X'} (v = 0) and
three-photon resonance b'IT, (v" = 6) « X'2f (v" = 0) near 283 and 285 nm respectively. The
latter excitation wavelength lies outside the third harmonic tuning range, in our case. However, we
observed another resonance-enhanced peak at 279 nm likely due to two-photon resonance
B'33f(v' = 4) « X'2f (v" = 0)transition in addition to widely known a — X transition. Tilford
et al. [140] claim that the B’ — X is somewhat weaker than the a — X transition which is what we
observed in this study as well. Quantitatively, a — X is almost 1.8 times stronger than B’ — X

excitation transition obtained from this study.

7.2.1.2 Laser Energy Dependence

The two-photon transition for these two-excitation wavelengths was verified via the energy
dependence of the signal intensity. To conduct the energy scan, a thin variable neutral density
beam attenuator was used which allows well-controlled measurements without altering the beam
path or its properties. As is observed in Figure 7.2, the energy dependencies for the two-photon

excitation in the al [T, and B’ 33} exhibited almost the quadratic power functions. The error bars

represent one standard deviation calculated from 30 individual frames recorded for each data point.
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Figure 7.2 N; fluorescence signal as a function of laser energy for an excitation wavelength
of (a) 279 nm and (b) 283 nm. A fit (solid black curve) is a quadratic fit to the experimental

data (black open circles).

7.2.1.3 Emission Spectral Study

Initially, the entire spectral range of interest from 300 — 800 nm was covered using 300
lines/mm grating and 300 nm Blaze wavelength by changing the central wavelength. Shown in
Figure 7.3a is the N, emission spectrum recorded at atmospheric pressure and room temperature.
The excitation wavelength was maintained at 283.3 nm with laser pulse energy of 30 pulJ/pulse
(approximately 9.50 x 10* uJ/cm?). The intensifier gain and gate width were kept constant at 100%
and 50 ns, respectively. The spectra recorded are an average of 30 frames with each frame
containing an on-chip accumulation of 300 laser shots. Table 7.1 summarizes the band heads and
origins of the C3I1, — B3l'Ig SPS of N> molecule observed in 300 — 400 nm region. Also observed
is the second-order SPS. Additionally, the transmission curve of the filter (Thorlabs, Part No.
FGS900S) with a peak transmission efficiency of ~80% used for N> molecule imaging experiments

is indicated by the dotted blue curve. No fluorescence interferences from other combustion species
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in the spectral range of interest are observed in the flame investigated during the fs N> molecule
imaging. The two of the strongest emission of SPS were captured using high-resolution grating
with 1200 lines/mm and a reduced spectrometer slit to improve the spectral resolution. Figure 7.3b
presents the corresponding second positive (0-0), (1-2), and (0-1) bands of N> near 337-, 353- and

357 nm respectively, obtained in a ~300 K 1:1 mixture of Na/Ar flow.
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Figure 7.3 (a) N2 C-B emission spectra showing SPS using 300 lines/mm grating. The
emission lines shown between 600 to 820 nm are the second order of N2 SPS. The dotted
blue curve represents the transmission curve of the filter used for the imaging experiments
in the subsequent study. (b) High-resolution spectrum of N> C-B (0-0), (1-2) and (0,1)

bands.
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Table 7.1 The band heads and origins of C-B SPS of N> molecule

Emission line Wavelength (nm) Intensity (a.u.) Transition

v =V

i 3159 400 1-0
i 337.1 4000 0-0
il 353.6 150 1-2
v 357.7 3200 0-1
v 375.5 120 1-3
vi 380.4 1500 0-2
vii 399.8 50 1-4
viii 405.9 600 0-3
ix 434.3 100 0-4

7.2.1.4 Single-Laser-Shot and Shot-Averaged Imaging Investigations

Shot-averaged N> fluorescence 1D measurements were performed along the radial axis
using an ICCD camera and a sample image is shown in Figure 7.4a. The image was captured with
the laser beam focused at 5 mm above the 4 mm ID tube with a 1:1 mixture of No/Ar fed at ~300
K. It should be noted that the image accumulates the fluorescence signal of 50 laser shots and an
average of 30 such camera frames with intensifier gain set to 100%. The typical width of the line
image recorded filled about 8 pixels in the camera plane which corresponds to a beam waist of
approx. 0.100 mm. The SNR was calculated by taking a ratio of the peak/ average N> signal
intensity of the background-subtracted image and the standard deviation of the background noise

fluctuation and termed as peak/average SNR. The peak and average SNR for the averaged N»
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molecule image is calculated to be 2530 & 1590 respectively. Similarly, the average SNR for the
SS image (not shown here) is calculated to be approx. 38. Figure 7.4b shows the corresponding

fluorescence signals obtained by vertically integrating the line image shown in Figure 7.4a.

Signal (a.u.)

-3 2 -1 0 1 2 3
Radial Distance (mm)

Figure 7.4 Sample (a) single-laser-shot image (b) averaged image of N> C-B emission lines
capturing all the SPS. The color distribution is based on a rainbow color palette with red
and purple being the maximum and minimum signals, respectively. The third harmonic

laser beam was focused at 5 mm above the 4 mm ID tube exit.

7.2.2 Laser-Induced Fluorescence using Fundamental Beam
7.2.2.1 Fs Laser Pulse Duration Measurement

The pulse duration measurement is essential for the investigation of fundamental
wavelength dependence on N> emission signals at near constant pulse width. Figure 7.5 presents
the minimum pulse duration recorded for each fundamental wavelength investigated. The
uncertainty in measurement is calculated to be ~ 4%, obtained from one standard deviation of three
different measurements. The pulse duration remains constant nearly up to 830 nm and starts
decreasing beyond it. It should be noted that the Ti: sapphire laser system is optimized for a

fundamental wavelength of 800 nm. Although the laser can be tuned between 750-850 nm, the
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laser spectrum becomes slightly asymmetric at the right end of the tuning range. It is primarily due
to the gain-pulling effect towards the Ti: sapphire gain peak on the blue side of the spectrum. As
a result, two lobe-like structures near the wings at the condition of minimum pulse duration

reducing the time width of the signal (i. e. AS) in Equation (1).
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Figure 7.5 Pulse duration as a response to the fundamental laser wavelength.

7.2.2.2 Spectroscopic Investigation

The multiphoton spectroscopy of N> molecule was further characterized via the a2} —
Xlzg transition using the fundamental wavelength of the Ti: sapphire laser system. A single-
photon transition between the a”lZlfgr - XlZ'g* states is dipole forbidden. Figure 7.6 displays an

eight-photon LIF excitation spectrum recorded using ICCD camera placed perpendicular to the
laser beam. The laser beam focused at 5 mm above the 4 mm ID tube with a 1:1 mixture of No/Ar
fed at ~300 K. The laser beam wavelength was varied from 800-850 nm. To the best of our

knowledge, this is the first systematic experimental investigation of the dependence of the N LIF
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signal on the fundamental beam wavelength especially at low energies. The black and red curves
show the excitation spectrum trends recorded for 0.5 mJ/pulse and 0.3 mJ/pulse laser beam energy.
The fluorescence signal for the laser energy of 0.3 mJ/pulse is multiplied by a factor of 20 for clear
visualization. It is observed that on-resonance wavelength at 810 nm excites the 2;1”12;,r — XlZg
transition via an eight-photon process. Approximately one-third of the peak N> LIF signal is
obtained at 800 nm which could be due to the partial overlap of the right wing of the spectral region
with the peak excitation wavelength of 808 nm. However, no such signals were observed for
wavelength range of 820-850 nm at 0.3 mJ/pulse laser energy as indicated by the flat blue curve.
The laser energy was raised to 0.5 mJ/pulse to observe the N> LIF signal dependence on the
excitation wavelength. Approximately 15% of the peak N> signal was observed even for the off-
resonance wavelength. The possible reasoning requires the investigation of the fluorescence
spectra.

The majority of the fluorescence signal observed due to the a”lZg — XlEg excitation
transition is the SPS from the C3I1, — B3l'Ig transition (as indicated in Figure 7.7) which is well-

known 337 nm band of nitrogen lasers. The C3II, excited state is populated via collisional
relaxation of the a”lZ;gr state [96]. In addition to the emission of SPS, as laser energy is increased
additional fluorescence emission was also observed at 391 nm, originating from B*Z — X?%}
transition in N>*. The No" B2Z] excited state is likely to be populated via optical excitation of
electronically excited neutral states of N> produced via collisional quenching of the a""*ZJ state

[96]. The N> ion is produced once the laser energy reached the threshold level which is more

evident in Fig. 8 as the energy is raised to 1 mJ/pulse. The third order of all'lg « XIZ;_,‘r REMPI

signal was not observed at 850 nm, which could be possibly due to following three reasons - weak
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REMPI emission signal [96], lower laser energy used during the experiment and tendency of laser

wavelength to get blue-shifted at the right end of the tuning range.
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Figure 7.6 Dependence of the N2 C-B emission signal on the fundamental beam wavelength
at two different laser energies. Each emission signal value at 0.3 mJ is multiplied by a

factor of 20 for better visualization of the laser energy effect.
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Figure 7.7 N2 C-B emission signal dependence on excitation fundamental wavelength for a
laser beam energy of (a) 0.5 mJ and (b) 1 mJ with a zoomed-in section showing the

appearance of N>* on the top.
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Further, a laser energy scan was performed for the excitation wavelength of 810 nm using
a laser beam attenuator without altering the beam path and its properties. Two strong emission
lines - N2 (0-0) and N2 (0-1) near 337 nm and 357 nm were integrated respectively, and the signal
response to the laser energy used is plotted in Figure 7.8. Both the emission signal shows a similar
trend. It is further likely that the N> emission reached the saturation level once the energy is above
the threshold of 0.5 mJ. The signal strength shows an increase by a factor of approx. 60 when the

energy is raised from 0.1 mJ to 0.5 mJ.
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Figure 7.8 N, C-B emission signal recorded as a function of laser energy for an excitation

wavelength of 810 nm. Blue upright triangles denote the N; (0-1) emission band whereas

the N2 (0-0) emission band is represented by black inverted triangles.

Figure 7.9 shows the fluorescence lifetimes observed in a mixture 1:1 of N2 and Ar as
indicated by black closed circle. A narrow time gate of 10 ns synchronized with the excitation
pulse is used to sweep the fluorescence profile. The observed emission signals for N> (C3I1,) state
(Figure 7.9a) and N>" (B2Z}) state (Figure 7.9b) are normalized by the individual peak signal

recorded at zero delay. The falling edge of each fluorescence curve is fitted with an exponential
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t/T where I, is fluorescence intensity immediately

decay function, given by equation I(t) = Iye~
after excitation, 7 is the fluorescence lifetime and I(t) is the fluorescence intensity at time t. The
mean lifetime of approx. 7.3 ns and 800 ps was recorded for SPS and FNS respectively which is
in accordance with literatures [141, 142]. The comparative faster decay of 391 nm is further
evident by the inset in Fig. 10b where 391 nm decays by almost 100% as compared to 394 nm line
(one of the emission lines of SPS) which decays only by ~40% for 1 ns raise in delay time. These
reported non-radiative lifetimes are expectedly much shorter than the spontaneous lifetime. It is

well known that the spontaneous emission lifetimes of N»" (B2L}) and N» (C3II,) are

approximately 60 ns [141, 143] and 40 ns [28, 30, 144-148] respectively.

10_| |||||| ||||||||||||||||||||||||||||||||||||_ 1.0_IIIII|IIII Illl]lllIlIIII]IIIIIIlII|IIIIIIIII]IIIIIIIII]IIII'_
— Tr b r :p F~ 1 T T 1 g
S L | i . : E
o 0.8 - 0.8 t —— Delay=tns El
= I ] r o ' —— Delay=(t+1)ns 3 ]
@ i i 2 g ]
57 06+ ° - 06 o ¢ -
22 1 I
° B i | ° ®
[0
N 04 e _ - 041 By RSN SN M ac: B
= i T=7.32ns 1 I 388 390 392 394
= L i L Wavelength (nm)
5 0.2 -4 0.2k 0.680 -
z r ] e T=0.80 ns ]
: @71 . (b)
O-OT..I....|...-.|-.....?...ﬁ...|=....|....?....F O'OTlllllllllllllllllll 11l lu.unlnn b b a1
0 100 200 300 400 -20 0 20 40 60 80 100
Delay (ns) Delay (ns)

Figure 7.9 Time-resolved fluorescence emission at (a) SPS (b) 391 nm. The inset in (b)
indicates the faster decay of the N, (B2Z;)) state as compared to one of the emission lines

of N, (C3I1,) state.
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7.2.2.3 Imaging Measurement Study

Figure 7.10a and 7.10b present the shot-averaged eight-photons N> LIF emission imaged
using an ICCD camera for laser beam energies of 0.3 mJ and 0.5 mJ. These images were captured
with the laser beam focused at 5 mm above the 4 mm ID tube with a 1:1 mixture of N2/Ar fed at
~300 K. It should be noted that the image for 0.5 mJ accumulates the fluorescence signal of only
one laser shots and an average of 30 camera frames with intensifier gain set to 30% only. The
signal count for 0.3 mJ laser energy is multiplied by a factor of 20 for better visualization. The
beam waist is estimated to be ~0.100 mm, obtained from the full-width-at-half-maximum
(FWHM) of the recorded line images. The peak and average SNR for the averaged N> LIF image

at 0.5 mJ laser pulse energy is calculated to be 1750 & 1100 respectively.
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Figure 7.10 Sample averaged image of N, C-B emission lines capturing all the SPS for laser
energies of (a) 0.3 mJ and (b) 0.5 mJ. The emission signal at 0.3 mJ is multiplied by a factor
of 20 for better visualization of the laser energy effect. The color distribution is based on a
rainbow color palette with red and purple being maximum and minimum signals,

respectively.
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Figure 7.11 presents the SS N, LIF image recorded for the laser beam energy of 0.5 mJ.
The intensifier gain was increased to 100% for better SNR. The peak and average SNR for the SS
N> molecule image is calculated to be 760 and 380 respectively. Even though this work is focused
on the excitation using multiple photons at 810 nm wavelength, the substantially strong SS signals
of N> fluorescence and high SNR are of great interest for diagnostics purposes, for instance, in

combustion studies and nonflammable flow fields.
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Figure 7.11 Sample SS image of N2 LIF C-B emission lines capturing all the SPS for laser
energies of 0.5 mJ at an excitation wavelength of 810 nm. The color distribution is based on
a rainbow color palette with red and purple being maximum and minimum signals,

respectively.

7.3 Summary and Recommendations

The shot-averaged and SS images of N2> SPS with an extremely high SNR were achieved
using ultrashort pulse, fs multi-photon excitation scheme. The promising results from the present
study give us a firm belief that fs multiphoton scheme (at 283 nm as well as 810 nm) has a great
potential for applications in harsh environments such as high temperature and pressure burners and
gas turbines. We plan to utilize the potential of such N» fluorescence signal levels for efficient
flow velocity measurements [82, 149, 150] and kHz-rate SS thermometry investigations in the near

future.
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8. CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK
This chapter summarizes the results from Chapter 3 through Chapter 7. The main purpose of

this thesis work is to develop novel approaches and improve existing laser diagnostics techniques
based on ultrafast laser pulse excitation laser pulses. The limitations of the current diagnostics
developed in this work are also discussed along with the recommendations for further work to
resolve some of these deficiencies.
8.1 Atmospheric and High-pressure Chemical Species Imaging

In this work, we have successfully implemented the ultrashort fs laser pulses for chemical
species imaging in atmospheric as well as elevated-pressure conditions. Ultrashort fs-pulse
excitation schemes are more attractive because of the efficient multi-photon excitation and
photolytic-interference-free kHz-rate imaging capability. The fundamental fs beam pumping a
home-built, high-conversion efficiency harmonic-generation scheme is utilized for atomic and
molecular species imaging in gas cells, atmospheric-pressure flames, and elevated-pressure
flames.

For the fs-TPLIF measurement studies of the H atom in high-pressure flames up to 10 bar,
a home-built, high-conversion efficient FHG scheme was used to overcome the transmission losses
via thick optical windows. The laser energy dependence of the H-TPLIF signal showed quadratic
behavior in higher pressures as well. ASE-interference-free H profiles were reported, possibly due
to the stretching of fs pulses by the burner window. The pressure-dependence study showed a
nonlinear decay of the fs H-TPLIF signal as opposed to the expected linear increase in the H
number density. The measured H fluorescence signal as a function of ¢ is well predicted by Cantera
and UNICORN code calculations. At lower-pressure flames (1 bar & 2 bar) reasonable agreements

were obtained between the measured signals and code calculations, however, significant
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discrepancies were observed on the lean side at higher pressures. Several line images were
recorded at different flame heights and the generated 2D H maps are well predicted by UNICORN
calculations.

Further, for CH-PLIF high-speed imaging measurements using the broadband pulses, an
ultrashort-pulse fs excitation scheme was developed for the first time. The complexity of the laser
and optics setup was minimized by simply employing a high-conversion efficiency direct
frequency-doubled SHG system to generate high-energy laser pulses near 390 nm. A detailed study
on the excitation/ emission, flame thickness, and saturation issues due to high-energy laser pulses
was conducted. A systematic study on the SNR dependence on ¢ and laser energy was conducted,
and the result showed an average SNR as high as ~70 and a peak SNR as high as ~150 is achievable
without saturation of the excitation transition. Kilohertz-rate imaging sequence of the first few CH
PLIF images in laminar flame showcased the flame ignition, propagation, and stabilization
process. Overall, the fs imaging diagnostics coupled with the SHG system is a simple and
promising technique for CH PLIF imaging with reasonably high SNR.

Subsequently, the fs fundamental beam and the third harmonic laser beam were utilized to
perform the fluorescence studies and investigate the possible multi-photon excitation scheme for
N2 molecules. The home-built, high-efficient third-harmonic fs beam near 283 nm exploited the
N2 REMPI technique via (2+3) photon excitation. Similarly, fs beam near 810-nm laser pulses

exploited a”lZg — XlZlfgr transition via an eight-photon process to populate the C3I1,, excited state
of N2 molecules via collisional relaxation of a”lZér state. Also, shot-averaged and SS images of

N2 SPS with a high SNR were achieved using the ultrashort pulse, fs multi-photon excitation

scheme.
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8.2 Multi-Species Imaging and Temperature Measurement

One-dimensional imaging of the temperature profile wwas been demonstrated in
CH4/O2/N2/Kr Bunsen flame via fs Kr TPLIF measurements. The Kr TPLIF line images were
recorded at several HAB locations and converted to radial temperature profiles. The fs TPLIF
provided an easy way to extract the flame temperature simply by taking the inverse square of the
fluorescence signal and approximating the quenching rate as T-°. These temperature profiles
agreed well with 1D flame model predictions. This fs-TPLIF is a promising approach and can be
extended for thermometry purposes for higher-pressure flames during future studies.

Further, the simultaneous Kr-based thermometry and H-atom imaging using a single fs
laser pulse have been demonstrated in a CH4/O2/N2/Kr Bunsen flame. The two species were
excited at an intermediate wavelength near 204.5 nm taking advantage of broadband fs pulses
having linewidths in excess of 400 cm™. The Kr fluorescence profiles and the resulting 1D
temperature profiles along with H atom fluorescence profiles were acquired along a line
simultaneously. Such 1D temperature profiles were applied for in-situ quenching corrections to
obtain quantitative H atom concentration. The technique has prospects for kHz-rate simultaneous

SS imaging in future applications through signal enhancement by optimizing the current apparatus.

8.3 Limitations and Future Recommendations

The fs laser diagnostics coupled with the harmonic generation system has taken a large
step forward in obtaining fluorescence measurements over a wider pressure range with increased
efficiency and accuracy. However, there are still some limitations within the system that can be
resolved during future work. Although the in-situ temperature is calculated from the experiment,

the branching ratio is obtained from the experiment only at the low-pressure condition and are
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extrapolated to the atmospheric and high-pressure condition. At high-pressure conditions, the
fluorescence decay becomes significantly faster which is difficult to measure experimentally.
However, in the future, such issues can be addressed by utilizing state-of-art streak cameras which
have a nominal response time of ~5 ps. Alternatively, the fs-TPLIF diagnostics developed here
can be coupled with a fast-response-time PMT to measure in-situ quenching rates even at high
pressures.

In addition, future work could be extended in the kHz-rate SS as well as planar
measurements. The maximum available pump energy is 6 ml/pulse at kHz repetition rates.
However, only one-third of pump energy was utilized to operate the current harmonic generation
setup considering potential BBO crystal damage threshold. In the future, the pump beam diameter
can be increased to utilize the full laser energy, and the signal can be enhanced by approximately
nine times, especially for species with two-photon processes such as H and Kr. Such optimization
can improve image dimensionality which can be a significant step forward in kHz-rate imaging in

fundamental flame studies as well as practical combustion diagnostics.

8.4 Overall Summary

As a combustion diagnostics community, we have always sought photolytic interference-
free imaging capabilities, efficient multi-photon excitation, and accurate measurements with the
inception of laser and optical-based diagnostics. The advancement of the ultrashort, broadband fs
laser pulses are the key enabler for non-linear diagnostics with significantly higher laser pulse
intensities compared to conventional pulses. They have shown encouraging outcomes in a number
of laser diagnostics for combustion applications along with multi-species imaging capabilities. The

present fs-TPLIF investigation provides the full 2D atomic and molecular species concentration
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maps much more effectively and efficiently compared to the conventional LIF techniques. The
demonstrated fs laser pumped harmonic generation technique further keeps the door ajar for a
fundamental study of atomic and molecular species as well as their applications in turbulent flame

dynamics and high-pressure combustion processes.
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APPENDIX

Appendix A Detection Instruments

Figure I, Figure II and Figure III shows the ICCD camera, high-speed camera and

spectrometer used for the experiment in this study, respectively.
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Figure I An ICCD camera (Princeton instruments, PIMAX 4).
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Figure II A high-speed CMOS camera (Photron, SA-Z) coupled with a HS-IRO intensifier

(LaVision, HS-IRO).
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IsoPlane 160
Detection | spectrometer
lens

Figure III A spectrometer (Princeton Instruments, IsoPlane 160) fitted with an ICCD

camera (Princeton Instruments, PIMAX 4).

159



Appendix B Laser Sheet Correction Profile

This section presents the approach/methodology to correct the species fluorescence signal
for laser non-uniformity. This approach was applied to O-atom fluorescence images in nanosecond
pin-to-pin plasma discharges. The correction is necessary as the spatial non-uniformity in laser
sheet profile significantly influences the fluorescence distribution. Figure indicates the original

location of the laser sheet and electrodes.
electrodes
Laser \
I sheet

Figure IV Original position of laser sheet and electrodes.
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propagating
direction

Position 1 s> -
Position 3 *

i

Position 1

Position 2

Position 3

"

Laser sheet propagating direction

Position N Position N

Electrodes movement direction

(@) (b)

Figure V Procedure to obtain laser sheet profile.
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For laser sheet profile correction map, the position of the laser sheet profile and the
detection system was kept fixed. The electrodes were translated in horizontal direction through the
entire width of the laser sheet in small steps (~0.215 mm in our case). At each position (Position
1, Position 2, ......, Position N), a signal and background images were recorded. During data
processing, a small rectangular section (indicted by red rectangles near the tip of the electrodes in
Figure b) with length 0.215 mm was selected for each position after background subtraction. The
length of the rectangular section should be same as the translation distance of the electrodes. If the
section considered is sufficiently small, the variation in O-atom signal in X-direction is negligible
and can be assumed uniform field. So, the only variable in each section is laser intensity. The
background-subtracted signal profile in each of these rectangular sections at different positions are
added together in X-direction to obtain spatial profile of laser intensity as indicated by red curve
in Figure a. Once the laser profile is obtained, each of the raw and background-subtracted
fluorescence profile/ image (a sample profile is shown by blue curve in Figure a is divided by the
laser profile to obtain final fluorescence profile. A sample laser beam profile corrected; final

fluorescence profile is shown by black curve in Figure b.

Raw Fluorescence

profile

Final fluorescence

rofile
p ~

Laser profile

N

(@)

(b)

Spatial location Spatial location

v

v

Figure VI Procedure to obtain laser profile corrected fluorescence profile.
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Appendix C Quantitative O-atom Concentration Measurement Approaches
This section presents the approach/methodology to quantify the species fluorescence
signal. This approach was applied to O-atom fluorescence images in nanosecond pin-to-pin plasma

discharges. The O atom mole fraction is calculated using

2 v 2
Cxe ‘7)((e> g(Avyxe) Azzxe Aot+Qo 1 So Iy, (Vo )2 .
Co o) 9(AV0) Azzo AxetQxe fB(Op=2T) Sxe I3,

Xo = Xxe

VXe
Where,

Xxe= mole fraction of Xenon

c .
% = Quantum efficiencies of detectors (e.g., lens, filter, camera)
(0]

(2)
G’(‘Z‘i = Ratio of the absorption cross-sections between Xe and O

%0

9(Avxe)
g(&vop)

= Ratio of the normalized line profile of the two-photon excitation
A,z ; = spontaneous emission rate along the detection transition (from level 2 to 3)
A;= radiative lifetime of the excited level

Q;= total quenching rate

fg= temperature dependent Boltzmann function of the probed sub-level of the ground state

s : .
+- = fluorescence signal ratio
Xe

I, = laser intensity

v;= laser frequency

Az3i
Ait+Q;

Using a; = = branching ratio of individual species (i), Eq. I can be reduced to
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(2) - 2
Cxe Oxe 9(AVxe) axe 1 So IVXe (VO )2

Xo = Xxec, o) gVo) a0 fB(Op=2T) Sxe 15, \vxe

The values of the parameters used are:

Table I Values for the parameters used

II

Xxe = 0-01;
Cxe _ 1,
Co

(2)
5 =19 £20% (151, 152];

(0]

9(Avxe)

o) 1; Because of the broad bandwidth of the femtosecond laser used as compared to the
o

laser linewidth.

— == 1.6667; The atomic oxygen in the ground state 3P is distributed into 3 sub-
fB(0p=2T) 0.6

levels (J” = 0,1,2). The Boltzmann function of the probed sub-level (J” = 2) is close to 0.6 at
temperatures higher than 1300 K [151, 152]. Xenon in the ground state lies in a singlet state

1S, and f3 is equal to 1, independent of the temperature.

2
I;:%ioe = 1; Laser energy was kept constant
2
(X2) = 0991
VXe
"~ = 40 ns; — = 35.4 ns; [151-153]
A2z xe Az3.0

Az3z xe CAzz0 _ 4.
A—Xe =(.733; _Ao =1;[151, 152]

Qo and Qx, need to be determined for branching ratio a, and ay,.

There are two approaches for branching ratio calculation:
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1. Approach one for branching ratio calculation
. . Az :
The branching ratio is a; = ﬁ. A,z and 4; are provided above.
i i

The collisional quenching rate Q is given by:
Qi =Xin ki i
Where, n; is the density of colliding species, k; is the quenching rate coefficients.

The values for k; can be obtained in literatures. The temperature was estimated to be 1400 K.

Table II Mole fractions and quenching rate coefficients used

k; (1019 cm¥/s)

Mole fraction Xe O
Xe 0.01 3.60 [151] -
O 0.2079 20.6 [67] 9.3 [67, 151, 154]
N2 0.7821 14.6 [67] 5.9 (67, 154]

For Qp, Oz and N> are considered as quenching colliders and mole fraction is 0.2079 (for O2) and
0.7821 (for N»). Similarly, for Qy,, the available rate coefficient for excited state Xe (6p’[3/2],)
is only that of Xe itself. So, values of the rate coefficient for quenching colliders O, and N; were

taken as that of the excited state Xe (7p[3/2],).

Once, Q, and Qy, are calculated, all the values of Table I are inserted in Eq I to obtain O-atom

mole fraction and convert it to num density. A sample image in shown in Figure VII.
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Figure VII O-TPLIF sample image at delay = 5000 ns using approach 1.

2. Approach two for branching ratio calculation

l - ! T T D
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S
Q o
+ 0.6 F . )
ol
B O
Q
5 0.4r |
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pressure (mbar)

Figure VIII Stern-Volmer plot showing a non-linear dependence of the collisional

quenching of Xe reprinted from [155].
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As shown in Figure VIII, van Gessel et al. [155] claims that the decay rate above 0.4 bar is
not linear with the pressure, which means that Eq. III is not valid for Xe at high pressures. The
additional quenching is most likely due to three-body collisions. Since at atmospheric pressure,
Qxe cannot be calculated using Eq. III, the quenching coefficients of the Xe states only give a
qualitative indication of the quenching rate at atmospheric pressure and cannot be used to calculate
branching ratio (a). The absolute value of a has to be determined experimentally. So, Xe TALIF
measurements are performed in a vacuum vessel at low pressure. The branching ratio of Xe at low
pressure (a;,,,) is calculated and converted to the branching ratio at atmospheric pressure (Qg¢m,)
using the following equation.

2
C n (E7,.) S
Agrm = Aow Clow low low atm 104

atm Matm (Egtm) Siow

Where, C; is the quantum efficiencies, n; is the number densities of species, E; is the laser energy

used, S; is the fluorescence signal.

For a;, A,5 are taken from the Table I. (4; + Q;) are the inverse of fluorescence decay (7). T was

measured from exponential fitting between 100% and 30% of the fluorescence signal (as done in

Ref [152]).
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Figure IX Fluorescence lifetime for O-TPLIF at 1 bar (left) and Xe-TPLIF at 0.2 bar

(right).

In our case, since the fluorescence lifetime for Xe is not measurable at 1 bar hence it was measured
at 0.2 bar. From Fig. 2, 1,@ 1 bar = 6.40 ns and 75,@ 0.2 bar = 8.30 ns. This allows us to

calculate a,;,, for Oxygen and q;,,, for Xe and a,;,, for Xe can be calculated using Eq. I'V.

The values of different parameters are:

Table III Values of parameters used for a_g,,, x. calculation

Clow _ 1
- )

Catm

Niow __ l
)

Natm 5

2
Eiow) _ 0822 = (0.6724

(EZtm)

Satm

—== obtained from the experiment

low
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Once, Agrm o and agqem xe are calculated, all the values of Table I are inserted in Eq. II to obtain

O-atom mole fraction and convert it to num density. A sample image is shown in Figure X.
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Figure X O-TPLIF sample image at delay = 5000 ns using approach 2.
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