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1.1 Abstract

The present thesis was focused on the characterization of carbon-neutral and carbon-
free fuels, such as NHs, DME, H, and metal fuels with laser-based techniques. This
involved quantitative studies of the flame temperature, major and minor (CH,O, NO
and N2O) species participating in the combustion process, as well as complimentary
studies of CH20 and H/anisole gas-phase mixtures.

The employed laser-based techniques were Spontaneous Raman, Absorption and
Polarization Spectroscopy, as well as Laser-Induced Fluorescence (LIF). The work
presented the first-ever, to the author’s knowledge, quantitative measurements of
CH:0 as a flame intermediate, as well as first-ever quantitative measurements of
NO and N:O in a pure NH; flame performed with enhanced Raman Spectroscopy,
further illustrating the capability of laser diagnostics for flame studies. Additionally,
the work also illustrates their potential for interdisciplinary research by applying the
Absorption Spectroscopy and the enhanced Raman setup for studies of the time- and
temperature-dependent evolution of an CH3;OH/H,O/CH,0 vapor system, and to
ascertain one of the methods for H, future studies by checking the anisole tracing
efficiency with combined Raman/LIF measurements.

While other studies such as N.O measurements in a NHs/Air flame with
Polarization Spectroscopy or AlO spectral modeling performed for temperature
evaluation of an Al-seeded H,/O, flame did not yield the desired results, they
provided a valuable experience, and the acquired unpublished data is also hereby
presented.



1.2 Abbreviations

LIF
IR
MFC
HAB
CW
SNR
AS
PS
DME
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Laser-induced fluorescence
Infra-red

Mass-flow controller
Height above burner
Continuous wave
Signal-to-noise

Absorption Spectroscopy
Polarization Spectroscopy
Dimethyl ether



1.3 Popular science summary

Combustion has played a significant role in human society for a long time and
continues to do so in the present day. It is present in a lot of processes of varying
scales, from the heating and electricity plants to transport engines, and to the ones
we often do not put a lot of emphasis on since they are so commonplace: candles
burning, fireworks, stoves, matches, or campfires.

Just as their scale exists in a wide range, the processes of combustion that are
similar in nature tend to vary a lot in terms of the complexity of chemistry and
physics involved, the ease of operation as well as the amount of research put into
them. For example, while anyone can take some matches and light a candle without
any requirements for ambient conditions in mind, the same cannot be said about the
ignition of fuel in an engine, even though, at their core, these two flames would rely
on the same underlying physical and chemical principles to function.

So, where do the differences come from, and how do they manifest in practice?

In applications, several important properties come up, such as the stability of the
combustion process, the ease of ignition, types of fuels used (liquid, solid, and gas
phase fuels all have their applications), cost of fuels, their storage, and
transportation.
Thus, to properly characterize any fuel, one needs to study it starting from the
fundamental levels, such as the chemical kinetics of its reactions, with the
measurements performed non-intrusively, so that they do not affect the chemistry,
in situ at high temperatures (2000-3000 K), often in confined spaces, at elevated
pressures (up to 35 times the atmospheric one), and at small (nano- to femtosecond)
time scales. One thing that has been discovered to be up to the task and has been
receiving more and more recognition recently is lasers, or, more precisely, laser-
based techniques.

Lasers also have a variety of applications, from low-power pointers used in class
to high-power ones for etching, meaning that there is a large room for adjustments
to fit one's needs, which is crucial for flame studies. Since light and matter interact
in many ways, directing a laser beam through a medium (a flame, in this case) can
generate various kinds of spectroscopic responses — meaning that the light will have
different properties before and after passing through the said medium. These
property changes can then be converted to important flame data, such as
temperature, burning velocity, or species concentrations, all of which are often
challenging to obtain with other methods, considering that the flame environment is
both hostile and very sensitive to any intrusions. Thus, in recent years, laser-based
diagnostics have become rather widespread for combustion studies.

In the present thesis, a variety of laser-based diagnostics is used to either study
the flames directly or perform reference measurements that would assist with the
characterization of flames or the techniques themselves. The target fuels were
chosen with the goal of reducing carbon emissions in mind and are either carbon-
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neutral, such as dimethyl ether (DME), or carbon-free, such as ammonia (NHs),
hydrogen (H) and aluminium powder (Al).

The most used diagnostic technique in the present thesis is Raman Spectroscopy.
While it has definite advantages that make it stand out, such as the possibility for
simultaneous measurements of temperature and multiple species, something that
most techniques are not capable of, it has a notable drawback of having lower signal
intensity than many other techniques, making it challenging to use for detection of
minor species (as in, species that are present at <1%). The first set of studies of the
DME flames employed a setup for enhanced Raman Spectroscopy, allowing the
technique to also detect minor species. This made detecting and quantifying the
flame-zone formaldehyde (CH.O) possible, which was the first, to the author's
knowledge, application of Raman spectroscopy for measurements of combustion
intermediates in that flame. However, the quantification of CH,O relied on
theoretical data for the Raman scattering cross-section. Thus, additional
measurements were performed to obtain its experimental value. These
measurements were done with both Raman and Absorption Spectroscopy over a
formalin vapor, which then led to a room- and elevated temperature study of the
liquid-vapor equilibrium of the CH,O/CH3;OH/H-0 system that has previously been
of interest for chemical modelling.

Then, the multipass setup was applied to study the minor species produced from
the combustion of NHs, a carbon-free fuel that has been gaining attention in recent
years both as a stand-alone fuel and also as an H; carrier. The primary concerns with
using NHjs are tied to the fact that some of its minor species, such as NO, N0, and
NO,, are pollutants, with N,O, in particular, being a much more potent greenhouse
gas than CO,. Thus, in order to use NHjs at industrial scales, the knowledge of the
exact amount of these species and the conditions for their formation is crucial. In
the present thesis, the enhanced Raman Spectroscopy allowed to detect and quantify
two of the three species (NO and N:O) in pure NHs flames, which was, to the
author's knowledge, the first time the laser-based quantitative data has been reported
for these species in a pure NHz flame. In addition, N2O in the NH3 flames has also
been studied with Polarization Spectroscopy, another laser-based technique.

Finally, studies involving H. and AlIO were performed. For H,, Laser-induced
fluorescence and Raman Spectroscopy were employed to investigate the spatial
distributions of H, and anisole (CH3OCsHs) in laminar and turbulent flows. Anisole
is often used as a tracer species for Hy; however, it is a much heavier molecule than
Hy, yet there is a lack of studies on how well it follows the H, in practice under
varying conditions, and the present work is aimed to fill that gap in knowledge. For
AlO, a promising metal fuel, a spectral model is developed by the author which then
is applied to estimate the flame temperatures in AlO-seeded H, flames.
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Summary: The multipass setup from paper | was applied to measure NO, a
pollutant minor species, in an NHs/Air flame, as well as acquire temperature and
major species profiles for the said flame. Similar to the CH,O measurements, this
was the first time NO was detected and quantified experimentally with Raman
spectroscopy in the said flame.

Acquired the data together with the second author, analyzed all of the data and
wrote the manuscript myself.
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Flame structure study of premixed NHs/O2/Ar flames using Raman

spectroscopy. Combustion and flame (under review).
Zubairova, A.; Chen, J.; Konnov, A.A.; Brackmann, C.

Summary: The multipass setup from paper | was re-aligned at 355 nm, where the
change in the excitation wavelength allowed significant suppression of flame-zone
fluorescence and enabled the acquisition of minor species data in the reaction
zone. This was then used to measure N.O, a minor species and a combustion
intermediate, in NHs/O2/Ar flames of three different equivalence ratios. Similar to
the CH,O and NO measurements, this was the first time the said minor species
was detected and quantified experimentally with Raman spectroscopy in a said
flame.

Aligned the multipass system at 355 nm, performed all of the data acquisition for
two different flames (the main NHs/O2/Ar one under three conditions and the
NoO/CH./Ar calibration flame), performed all of the experimental data analysis,
wrote the corresponding parts of the manuscript (everything outside of a part of
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Paper V
Investigating the Efficacy of Anisole as a Fuel Tracer for Hydrogen.

(Manuscript).
Sridhara A.; Zubairova, A.; Brackmann, C.; Richter, M.

Summary: Anisole is often used as a tracer species for Hz. However, there is a lack
of studies on how well it follows the H, under varying conditions. In this
subproject, the spatial distributions of hydrogen and anisole were investigated in
laminar and turbulent flows. Raman spectroscopy was used to monitor non-
fluorescent hydrogen, whereas the anisole was traced using laser-induced
fluorescence.

Assisted the first author with setting up the experiment, data acquisition, and
analysis, wrote some sections of the manuscript and proofread it.
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2 Introduction

2.1 Motivation

Recent predictions for the consequences of greenhouse gas emissions further
emphasize the need for alternative, carbon-free fuels, particularly for heating and
transport sectors that are the main sources of greenhouse gas emissions.

Search for substitute energy sources leads to tests of new types of fuels coupled
with looking for ways to increase the efficiency and minimize the harm of already
commonly employed ones. Ideally, all the relevant combustion processes should be
studied well enough to allow for the development of models that can predict the
output (e.g., flame temperature and species concentrations) among a wide range of
input conditions (e.g., mixture composition, pressure, temperature, burner or
combustion chamber configuration) without the need to carry out experiments for
each case. However, since the chemistry of the combustion process is highly
complex, with even the most straightforward cases involving hundreds of reactions
[1], a substantial amount of experimental data is required for model development
and validation. In addition, the flame itself presents an environment that is both
extremely hostile to most measurement techniques, and extremely sensitive to any
kind of intrusion, further complicating the studies. Thus, there is a need for the
development of measurement techniques that can consistently obtain reliable data
from a variety of flames.

Over recent years, laser diagnostic methods have been established as one of the
most optimal types of methods for flame characterization. They generally fit a lot
of the requirements: they are non-intrusive, so they do not affect the chemistry; they
can acquire the data in-situ with sufficient temporal and spatial resolution; a lot of
the setups and techniques can also find uses in other scientific fields, encouraging
cross-field research. However, their development is a constantly ongoing process,
and the technique’s suitability varies greatly depending on the measurement target.
Thus, the main goal of the present work is to ascertain the applicability and
limitations of some potential measurement techniques and employ them to provide
experimental data that can provide insights into the combustion chemistry that can
aid with the development of the kinetic models or assist further research in other
ways.

Since intensity of the detected signal scales with the amount of the target species
present in the measurement volume, acquisition of data from more abundant (major)
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species is more straightforward and can be done with a larger variety of methods.
Therefore, the focus of the present studies lands on minor species. They are further
relevant since a lot of these species are so-called combustion intermediates, meaning
that they exist only in the reaction zone, are directly involved in the main chemical
reactions, and, unlike products and reactants, cannot be estimated based on reliable
thermodynamic data.

Prior to the beginning of the thesis, a setup that would allow for minor species
detection was developed. The setup consists of an aligned multi-pass cavity that is
used to enhance the response from Raman spectroscopy signal, which is described
in further detail in Section 2.3.3. At the start of the thesis, the said setup was
employed for studies of a dimethyl ether (DME)/Air flame and resulted in the
successful quantification of formaldehyde (CH.O) — one of the important
combustion intermediate species that is involved in lower-temperature oxidation
processes [2, 3]. Then, CH;O was studied in a different environment as a part of a
reactive methanol (CH;OH)-water (H20)-CH0 vapor system. The abovementioned
method was paired with another technique (Absorption Spectroscopy) to cross-
check the results. The obtained data was used to aid with the quantification of the
prior flame studies.

The following work further employs the same multi-pass setup for studies of
ammonia combustion (NHs). This fuel has been of interest in recent years because
it can be used both as a carbon-free fuel and as a hydrogen (H.) carrier. This would
solve the main issues of working with hydrogen — high costs for its storage and
transportation as well as corresponding safety risks. However, while it does not
involve carbon, NHs combustion produces several other harmful species, mostly
nitrogen oxides referred to as NOx. One of them is nitrous oxide (N2O), which is a
greenhouse gas much more potent than CO.. Thus, before one could consider
employing NHsz on an industrial scale, a very thorough study of the flame
composition is required to find a way to minimize pollutant emissions.

In addition to the gas-phase fuels, solid-state fuels such as metals have also been
receiving attention as carbon-free alternatives. In this thesis, a molecular model of
aluminium monoxide (AlO) is developed to estimate the combustion temperatures
of H,/O, flames seeded with aluminium (Al) particles based on provided
experimental data.

Already mentioned above, H; is also one of the potential alternative fuels. The
final part of the thesis presents some preliminary studies performed to ascertain the
suitability of anisole as a possible H, tracer, which could aid in the H. turbulent
flame research. This is done by combined measurements employing Raman
spectroscopy as well as laser-induced fluorescence (LIF).
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2.2 Molecular physics and lasers background

2.2.1 Theory

Research performed in this thesis is primarily carried out with lasers and is based
on light-matter interaction, so the present section serves as a brief introduction to
the relevant physical processes. The theory is primarily based on the information
presented in [1, 4-7]. For more detailed descriptions of laser-based techniques,
combustion chemistry or molecular physics background, please refer to these
sources.

The section can be started with the introduction of the molecular structure. Each
molecule is represented as a combination of atoms, with each atom being a system
of a nucleus with electrons orbiting it. Taking a simple molecule like N2 or Hz as an
example, one can imagine the way it moves in space: since it has two atoms bound
to each other, it will have a vibrational type of motion, as if they were a pair of
spheres bound by a spring. In addition to translational motion, it will also rotate in
space around three different axes, possessing rotational motion. On top of that, each
of the atoms will also have the motion of its electronic cloud orbiting the nucleus.

What is of interest to the present thesis is the way this motion ties into molecular
energy. If one assumes that each of the types of motion happens independently of
the other two (so-called Born-Oppenheimer approximation), the total molecular
energy can be represented by a simple sum of the three parts: E,,,,; = Eg+Ey+ER.
What has been discovered from theory and confirmed experimentally, is that the
values of these energies are discreet and can be represented as levels, with each of
the levels having a certain population that reaches towards equilibrium and
generally remains constant at constant ambient conditions. A schematic of such a
system can be seen below (Figure 1, (a)). The frequency at which each of these
motions happens results in all of them existing at very different energy scales, with
rotation being around a thousand times slower than vibration and electronic motion
being about as much faster. Thus, the schematic only provides a qualitative
description of the system, with the distances between vibrational and rotational
levels being vastly underestimated.

Now, what happens when one introduces a light source? As it passes through the
medium, the light can get absorbed by the molecule, supplying it with additional
energy. This energy will then be used to rearrange the population of molecular
levels, which will result in the emission of light that can be detected, and the
properties of the detected light can serve as a source of important molecular
information. Considering how much the energy scales between the three kinds of
molecular motions differ, the methodology of choice is then determined by the type
of data one wants to acquire.
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Figure 1. @) An example energy-level diagram of an electronic state with vibrational and rotational levels
of a diatomic molecule. b) A diagram describing a three-level system used to acheive lasing.

While there are many various light sources available, lasers in particular stand
out due to their flexibility: they can provide both narrow- and broadband excitation
of a particular wavelength and also have a variety of other operation parameters
(described in Section 2.2.2) that can further adjust the features of the light to suit
one’s experimental goals, which often leads to lasers being the most optimal
excitation choice.

So, how exactly does a laser work? The process can be described as first pumping
the medium to create an inverse population (as in, a higher level having a larger
population than a lower one), which results in lasing, which then gets trapped in a
cavity that selects specific emission lines and further amplifies them. Following the
abovementioned energy level theory, a schematic of a system that can be used to
obtain lasing can be seen in Fig. 1, (b). Regarding the first step: molecules and atoms
can amplify light passing through a medium, but only under the condition of inverse
population, given that:

a(v) = [No — (go/91)N:1lo(v) €]

Where a(v) is the absorption coefficient, N, and N; are the populations of the
respective levels, g, and g, — their statistical weights and o (v) is the absorption
cross-section. In the case of N; > N,, @ becomes negative, meaning that the light
passing through the medium gets amplified instead of attenuated. However, the
natural population distribution is guided by the Boltzmann law (further discussed in
Section 2.3.3), by which inverse population does not occur naturally. Moreover, it
cannot be directly obtained between two levels through pumping either, since then
the stimulated emission rate will match the stimulated excitation rate, and the overall
population of the upper state will stay constant. Therefore, as illustrated in Fig. 1,
(b), at the minimum three energy levels are required to obtain inverse population,
which then happens as follows: the light gets excited first to an intermediate level
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(n=2) which has sufficiently high transition probability to the so-called metastable
level (n=1). Metastable levels are levels with longer than average lifetimes, meaning
that the molecule would spend longer time on the n=1 level than on the n=2,
resulting in the n=1 level having higher population than the n=2 and, consequently,
n=0. As a result, the population inversion and lasing are obtained between n=1 and
n=0 levels.

Finally, to achieve the desired levels of power and beam monochromacy, the
initial laser radiation is trapped inside a cavity. This is again connected to the
absorption coefficient: since, normally, light passing through a medium loses its
power with distance travelled through it, the reverse becomes true for the
amplification in the case of the negative absorption coefficient. However, travelling
a long distance through a cavity also introduces certain losses, e.g., from scattering
or cavity mirrors absorbing a part of the beam with each reflection to a point where
it eventually starts to offset the gain. This then introduces a limit to amplification
that can be achieved by a particular system.

2.2.2 Laser characteristics

Some of the relevant parameters for lasers are:

Emission wavelength — as will be further discussed in Section 2.3, the choice of
the wavelength one uses for excitation is important: depending on the technique
used, it can either strongly affect the signal strength (as for Raman Spectroscopy,
for example), or determine whether or not ones get any response from the species
of interest at all (Polarization and Absorption Spectroscopy, LIF).

Pulse energy — as illustrated on the left side of Fig. 1, there is a certain level of
energy that, if supplied to the molecule, would result in its disassociation. For a good
portion of laser-based methods, this is not desired, so there is a limit to how much
energy should be supplied per area and unit of time. However, at the same time, the
signal of most techniques’ scales positively with an increase in laser power, meaning
that disassociation can often cause trouble and limit what one can detect.

Repetition rate —for a pulsed laser, referring to the frequency of laser pulses. One
of the advantages of having a high repetition rate is the ability to reduce the pulse
energy while maintaining the same average power, which allows to enhance the
overall signal by effectively increasing the disassociation threshold since one would
be able to supply more average power without breaking down the medium.

Pulse length — the length of the laser excitation pulse. As mentioned above, since
different types of molecular motion exist on different energy scales and, for photons,
energy is directly proportional to the frequency of light, the time scales of the
processes one can study depend on the time scale the laser operates at. This means
that, for example, a nanosecond excitation can be insufficient for studies of
processes happening at picosecond scales and below, such as studies of LIF decay
times [8, 9] or non-linear spectroscopy of molecular rotational revival times [10]. In
addition, for a fixed pulse, increasing pulse length (also referred to as pulse
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stretching) would result in lower peak power, which then can be, similar to
increasing the repetition rate, used to avoid dissociation while still preserving the
same pulse energy for a stronger signal.

Polarization — laser light, like any light, can be polarized. This means that one of
the three vectors used to describe its propagation, the electric one, exhibits a specific
type of motion over time. The three types of motion of the polarized light are the
circular motion, the linear motion (that can be represented as the combination of the
two circular motions in opposite directions) and the elliptic motion (represented as
the combination of the linear and circular motion). The laser light is usually linearly
polarized and introducing changes to that polarization can be used as a basis for
measurement techniques (Section 2.3.2) or to assist with data analysis (Section
2.3.3).

Several types of lasers have been employed in the present work, such as:

o Nd:YAG. A common type of a solid-state laser where lasing is obtained by
pumping an Nd:YAG crystal with a flashlamp, with four possible output
wavelengths at 1064, 532, 355, and 266 nm, where three of the four have
been used for measurements done in the present thesis. The applications
also varied: for example, the 532 nm line was used directly for the
measurements with Raman Spectroscopy and LIF, while for Polarization
and Absorption Spectroscopy it was used for pumping a dye laser. The
repetition rates ranged from 5 Hz (LIF measurements) to 10 kHz (Raman
Spectroscopy measurements).

o Dye laser. The gain medium consists of an organic dye mixed in a liquid,
which relies on an outside light source for pumping, producing a broadband
output. Using a cavity to tune this broadband output to a particular
wavelength, one can produce any wavelength within the ~350-1100 nm
range, which can also be tuned throughout the measurement within a certain
range (typically around 20-90 nm), at the cost of having much lower power
as compared with, for example, an Nd:YAG. Introduction of an additional
mixing unit to perform frequency mixing in non-linear crystals allows to
reach the wavelengths within 200 nm — 5 um range. The present thesis, for
example, used two types of dyes —an LDS 867 centred at 860 nm to access
the lines for N,O at 4500 nm and an LDS 821 centred around 815 nm for
the CH,O measurements at 3450 nm, with each of them being tuneable over
around 50-100 nm in terms of the final wavelength.

e In comparison, the low-power CW HeNe laser used for alignment of the
mid-IR setups of the dye laser system serves as a good example of the
flexibility of the laser applications.
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2.3 Laser-based techniques

Depending on what is present to be measured in the measurement volume and what
type of laser is used for excitation, a variety of different physical interactions can
happen. The following chapter elaborates on the physics behind processes that form
the basis for the diagnostic methods employed in the current work.

2.3.1 Absorption Spectroscopy

2.3.1.1 Background

Absorption Spectroscopy (AS) is one of the oldest and most well-established optical
diagnostic techniques, which works as follows: similar to the way it was illustrated
in rigure 1, €ach material has its own energy-level structure with fixed discreet
transition lines, which leads to having wavelengths that it mostly absorbs and
wavelengths it mostly transmits. As a result, if one shines a laser of a particular
wavelength through an absorbing sample with the length | and then compares the
signal intensity after passing through the sample I¢ with the original intensity I, the
two will be related based on the Beer-Lambert law:

I
A= logl— = gcl (2)

o

Where ¢ is the absorption coefficient and c is the molar concentration of the
absorbing species. In other words, this technique has a straightforward
guantification routine that is guided by a single law directly connecting the
measured laser intensity to concentration. Another advantage comes from relatively
few requirements for the laser source: AS measurements can be performed with both
continuous and pulsed lasers, and the required power is very low compared to many
other techniques. The last advantage comes from the fact that the final signal is
coherent — meaning that it comes in as a part of the laser line that can be collected
by the detector with little losses, further increasing the detection limit. What limits
the technique application for signal detection is the requirement of suitable tunable
excitation wavelength, and what limits the technique application for quantification
is the necessary knowledge of the wavelength-dependent absorption coefficient of
the target species.

2.3.1.2 Experimental setup

As mentioned above, AS does not require strong laser power. However, it needs a
tuneable excitation wavelength, which also covers the range in which the molecule
of interest has absorption lines. Since CH,O and CH3OH, the target species of the
AS studies performed in this thesis, have strong absorption lines in the IR (around
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3450 nm), not a lot of systems can readily access them. Thus, the present work ended
up employing a more complex setup that is based on the one from [11], as illustrated
in Figure 2. Since the output IR beam was invisible, the system was aligned with
the assistance of a HeNe laser: shortly after the mixing crystal, the two beams were
overlapped, and the visible red HeNe light was then used for the initial setup.

620 mJ
Pulse power: 30 mlJ

[ Nd:YAG

r Mixing crystal -
1064 nm Measurement
Mirrq\r ILH|
Dye laser = l
\ | :

l
532 nm } Beamsplitter I Miruror

~815 nm
(tunable)

Figure 2. A schematic of the experimental setup employed for the Absorption Spectroscopy
measurements. The average power values correspond to the 532 nm Nd:YAG beam (620 mJ), 815 nm
dye laser output (30 mJ), and the final output after the mixing unit (0.3/4.5 mJ).

A 10 Hz Nd:YAG laser was used as the primary light source, with the main IR 1064
nm line as well as the green 532 nm frequency doubled second harmonic as an
output. The green light was then used to pump the dye laser, and the output of the
dye laser was then mixed with the original 1064 nm beam to produce emission in
the mid-IR 3450 nm range. As can be seen from Fig. 2, after going through the
mixing unit, the final output pulse energy is around 100 times lower than the original
532 nm one. However, this was more than sufficient for the present measurements;
in fact, this was already enough to saturate the detectors and needed to be further
attenuated. As will be seen with other techniques later, this much power being
sufficient is not always the case and can be considered one of the advantages of the
technique.

Another advantage is that there is a straightforward way of increasing the
detection limit, which is unrelated to the laser power. As can be seen from Eq. (2),
absorbance is linearly proportional to the length of the laser path through the target
medium. For the present measurements, the target was vapor contained in a
measurement cell (rigure 2), With optical windows allowing for the laser beam to pass
through. Initially, the beam was set to pass a single time through the cell, which was
sufficient for measuring high concentrations of absorbing species. However, for the
CH>0O measurements, the CH,O concentration in the cell was too low, so the
background fluctuations were strong enough to obscure the relatively weak
absorption signal. Thus, rigure 2 illustrates the final version of the setup, where a pair
of additional mirrors were set up in a way that would increase the path length
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through the medium. Since absorbance increases linearly with the length of the
medium, passing the beam through the volume five additional times allowed to
increase it five times compared with the single pass, which ended up being sufficient
for CH,O detection at room temperature and atmospheric pressure. One notable
drawback of AS is that the signal increase happens at the cost of spatial resolution,
meaning that it will not yield satisfactory results when used in turbulent systems,
where one often wants to study the species distribution spatially.

2.3.2 Polarization Spectroscopy

2.3.2.1 Background

Polarization Spectroscopy (PS) is a technique that has similarities with Absorption
Spectroscopy: it, too, is a resonant technique that requires a suitable excitation
wavelength, which must also be tuned over a certain wavelength range to acquire
the resulting spectra; the resulting signal is also coherent, and the required laser
power is relatively low. However, in contrast to AS, PS is a non-linear technique,
meaning that it scales non-linearly with incident laser power, which is a
consequence of it being a result of more complex physical processes compared to
AS.

The PS technique relies on probing the response introduced by optical anisotropy
induced in a sample when it interacts with a strong, polarized pump laser beam. This
is done as follows: the original laser beam is split in two, one weaker (probe) and
one stronger (pump), intersecting, as rigure 3, (b) illustrates. The pump and probe
beam wavelength must match one of the transition wavelengths of the target
molecule. The probe beam is linearly polarized, while the pump beam polarization
can be either circular or linear at a 45° angle to the probe beam polarization; in this
work, circular pump beam polarization is used.

As the pump beam has a different polarization than the probe beam, it interacts
with the absorbing medium in such a way that the volume it passes through starts to
exhibit properties of a birefringent material, introducing a variation of o (absorption
coefficients) and n (refractive indexes) in the medium for the probe beam. This
occurs since different polarizations of light drive transitions between different
magnetic sublevels in a molecule; a right-hand circularly polarized pump beam, for
example, will drive transitions that increase the magnetic sublevel qguantum number
by +1 (Figure 3, (a)). Since the number of magnetic sublevels is limited by the
rotational quantum number of the energy level as (-J, ..., J), a relatively high-level
intensity pump beam will generate a nonuniform population of the magnetic
sublevels of the molecule. This is equivalent to the angular momentum vector
having an anisotropic distribution, which introduces a birefringence in the medium
for the linearly polarized probe beam. When the probe beam passes through such a
medium, the absorption of the linearly polarized light will slightly change the
polarization of the probe beam. The PS technique relies on detecting these small
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polarization changes. To this end, the probe beam is aligned through a set of crossed
polarizers, which effectively block the probe beam as it passes through a non-
birefringent medium (Figure 3, (b)). Then, as the birefringence gets introduced by
absorption of the pump beam, the probe beam polarization changes and a small part
of it becomes able to pass through the second crossed polarizer and reach the
detector. This is what forms the signal beam.

The overall intensity dependence of the PS signal can be presented as follows, as
described in [12]:

(3)

B Bumpl?N§o?Sln 1
Ips = Iprobe $+ 1652 ' 1+ x2

Where & corresponds to the residual probe signal not fully blocked by the
polarizers, L is the length of the measurement volume, N, is the population of the
relevant rotational level, o is the absorption cross-section, S is the saturation
parameter as introduced in [13], ¢ ;;, is a parameter related to the polarization of the
pump beam, as described in [14] and x = 2(w — wy)/ys is the wavenumber value
w adjusted based on the position of the centre w, and the line width y, of the
absorption line.

Since the signal scales up with the length of the measurement volume (Eg. 3),
which is defined as the area where the two beams overlap (Fig. 3 (b)), maximizing
the overlap region of the pump and probe beams by reducing the crossing angle
between the beams would maximize the signal.

a) b) P(/)
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volume
/ / £
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Figure 3. a) A schematic representation of the energy level transitions involved in PS. b) A schematic of
the beam arrangement for the PS.

The signal intensity also varies with the degree of molecular transition saturation
introduced by the pump beam [15], and working with saturated transitions is
advantageous since the PS signal becomes less dependent on the pump laser energy
and collisional effects [16, 17]. The empirical signal dependence on saturation can
then be introduced as [15]:
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where A is a calibration parameter and N is the species number density. Since the
PS signal is quadratically dependent on the concentration of the absorbing species,
it can be used for guantitative concentration measurements, although in practice
calibration is usually required to achieve quantitative concentrations. Calibration
measurements are performed by seeding the known amount of the target species
directly through the measurement volume; using the obtained footprint signal from
a known amount of the particular species allows to estimate their concentration in
the target medium. One drawback of a non-linear technique such as PS when
employed for species concentration studies at flame temperatures is that the signal
decreases quadratically with temperature due to decreasing gas density, unlike some
other techniques, where the decrease is less severe. However, the decrease in
collisional quenching at flame temperatures compared to room temperature
mitigates some of the signal decrease due to decreasing gas density.

2.3.2.2 Experimental setup

The experimental setup (Figure 4) used was based on the same laser system as the
Absorption Spectroscopy setup. With an Nd:YAG as the primary light source, the
same outputs of 1064 nm and 532 nm were used. However, since the measurements
had a different target species (N2O instead of CH;0), the dye laser was filled with a
different laser dye (LDS867) so that the output after the pumping with the green
light was slightly different (centered around 860 nm instead of 815 nm as for the
absorption measurements). This, then, after being mixed with the same 1064 nm
line, also resulted in the final output with a different wavelength: centered around
4500 nm instead of 3450 nm as for absorption. Similar to the absorption
measurements, the target species had absorption lines in mid-IR, meaning that the
laser radiation was not visible to the human eye. To that end, a HeNe laser beam,
aligned to overlap with the mid-IR laser beam, was used for the initial alignment.
The alignment was later optimized by directly looking at the detected signal
intensity change and fine-tuning the alignment of the mid-IR pump and probe
beams.

The IR laser beam was split into a pump and probe beam by using an uncoated
CaF2 class window as a beam splitter, which reflected away ~10% of the laser beam
to form the probe beam, while the transmitted light formed the pump beam. The
probe beam was aligned through two high-quality Glan-laser YVO, (Yttrium
Vanadate) polarizers aligned to cross at 90° angle. The first polarizer, transmitting
vertically polarized light, was used to ensure the probe beam is entirely linearly
polarized as it passes through the measurement volume, while the second one,
aligned to transmit horizontally polarized light, was used to block the vertically

25



polarized probe beam. As the laser beam was naturally linearly polarized as the laser
output, the pump beam was sent through a broadband A/4 waveplate which changed
its polarization to circular.

660 mJ
] Pulse power: 65 mlJ
Nd:YAG
Mixing crystal
&2 Mirror
{, Burner
Dye laser ) PP

532 nm ]D BS\ IWP /'/ H
P2
~860 nm
(tunable) -

Figure 4. A schematic of the experimental setup that was used for measurements with polarization
spectroscopy. BS: beamsplitter, WP: waveplate, BD: beamdump, P1: first probe beam polarizer, P2:
second probe beam polarizer. The average power values correspond to the 532 nm Nd:YAG beam
(660 mJ), 860 nm dye laser output (65 mJ), and the final output after the mixing unit (0.55 mJ).

Then, instead of the sealed measurement cell filled with gas vapor, a burner with an
NHa/Air flame (either a McKenna one or a Bunsen one, described in more detail in
Section 2.4) was placed below the measurement volume, and the PS beam crossing
arrangement was set up to cross in the middle of the flame. The same IR detector
used for absorption measurements was then used to collect the PS probe beam
signal, which was then recorded by an oscilloscope, while the pump beam was
blocked in a beam dump. For some of the measurements, a power meter was added
to the setup instead of the beam dump to investigate the contributions of the shot-
to-shot fluctuations of the laser power to the final noise levels of the signal.

2.3.3 Raman Spectroscopy

2.3.3.1 Background

Raman Spectroscopy is another established technique, and since it is the technique
that was employed the most in the present work, the following theory section will
be slightly more elaborate. Unlike Absorption and Polarization Spectroscopy, it is
incoherent, meaning that the resulting signal is emitted in all directions instead of
along a single line. In practice, that means that with incoherent techniques, you
cannot collect all the signal, which can lead to higher requirements for the laser
power used for excitation. Furthermore, due to its nature, the Raman signal is also
much weaker, often requiring additional methods to increase the signal strength. As
for its advantages, while it requires strong laser power, it does not require a specific
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tuneable wavelength range, can detect multiple species at once, and allows
simultaneous extraction of the temperature data. The low signal strength of the
Spontaneous Raman process is a consequence of it being a result of inelastic
scattering: as the photons interact with the target medium, in most cases, the energy
they supply to the molecule is equal to the energy emitted by the molecule because
of this interaction. This is called elastic scattering. However, there is a much smaller
chance for the energy to get slightly altered in the process, resulting in the incident
and scattered light having different photon energies. Since the probability of the
underlying process is lower, the average response will also be lower, resulting in a
weaker signal as compared with elastic scattering when supplied with equal amount
of energy.

Unlike the other techniques discussed in this thesis that require laser excitation to
match transitions between existing molecular levels of the target molecule, the
Raman process deals with virtual levels that automatically match the excitation
wavelength and not the existing ones. In fact, since the Spontaneous Raman signal
is very weak and can easily be obscured by signals from other processes (for
example, LIF), avoiding strong existing transitions is preferred.

In theory, an excitation source of any wavelength provides a Raman signal.
However, since the intensity of that signal scales with excitation wavelength A as
~1/A%, this is not the case in practice. Using an example from the present thesis: a
shift from Nd:YAG third harmonic (355 nm) to its second harmonic (532 nm) would
result in around four times signal decrease, and going to even longer wavelengths
would eventually lead to a point where, while the signal still exists, it becomes too
weak to be detected even for major species.

Mathematically, the response of a molecule to incident light can be represented
as follows:

Q
ou
p =+ z (ﬁ) qno cos(wnt) + @;;(0)E, cos(wt) + (5)
n=1 n’o
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Where p is the dipole moment of the molecule, p, is the permanent dipole
moment, the second term is the IR resonant absorption, the third term is the elastic
Rayleigh scattering and the last term corresponds to Raman scattering with w,,
corresponding to the molecular motion frequency.
This equation can be used to highlight two important points. First, the da;;/q,
part of the Raman scattering term, where ;; represents polarizability and g, -

normal coordinates of nuclear displacement, defines the main condition for a
molecule being Raman active: its polarizability has to change with molecular
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motion; otherwise, the term would be zero. This applies to both rotational and
vibrational motion separately, meaning that it is possible for a molecule to be Raman
active vibrationally, but not rotationally, and vice versa. In addition, for the
vibrational Raman, it will be shown later that the dependence on polarizability and
dipole moment can be used to filter it out from the background, often being crucial
for the data analysis.

The second point is that one can directly see the difference between Rayleigh
(with the constant (wt) term) and Raman (with the (w + w,)t and (w — w,)t
terms) scattering. In fact, these two terms directly represent the two types of Raman
scattering: the anti-Stokes one, which describes the cases where the emitted light
has higher energy than the absorbed light, and the Stokes type, which describes the
opposite. Figure 5 provides a schematic illustration of the three processes in the
form of an energy level diagram.
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Figure 5. A schematic of the energy level guiding the Spontaneous Raman scattering.

Three features of the Raman Spectroscopy are then further discussed: the
temperature evaluation, the quantification routine, and the dependence of the
vibrational Raman signal on the polarization of the incident light.

As previously mentioned in Section 2.2.1, the population distribution of
molecular energy levels depends on the temperature, and this dependence can be
described by the Boltzmann distribution as follows:

& B g] e_Ej/(kT)

N Xgjeti/tD ©
Where N; and E; represent the population and energy of a particular level, g; - its
degeneracy (as in, if there is more than one level of the same energy), N is the total
population, k is the Boltzmann constant, and T is the temperature in Kelvin. Given
that this distribution change directly affects the shape of the Raman spectra, with
some additional calculations related to transition probabilities, it is possible to
model the spectra in a way where the temperature ends up being the primary factor
defining the spectral shape. Then, one can vary the temperature so that the simulated
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spectrum would match the shape of the experimental one, and the temperature at
which they overlap the best would then represent the experimental temperature.
Example fits performed on the same set of experimental data using vibrational N
models developed by different groups are presented in Figure 6. Both predictions
agree within 30 K, which corresponds to <2% uncertainty for flame temperature
predictions.

a) 1 ‘ Experimental data (Utsav) ‘ b) 1 Experimental data (Utsav)
= = = Simulated spectrum (Utsav, 1774 K) = = =Simulated spectrum (Present work, 1816 K)
08 5038
3 I
© ©
E 06 E 06
Q =)
= =
> >
G 0.4 G 0.4
= c
L &
£ £
0.2 0.2

0 - ‘ ‘ : : 0
2220 2240 2260 2280 2300 2320 234D 2220 2240 2260 2280 2300 2320 2340

1

Raman shift, cm” Raman shift, cm™’

Figure 6. Sample fits of the N, spectra for the temperature prediction using vibrational Raman
Spectroscopy data. a) Results and model reported by [18]. b) Authors’ model reported in [19] applied to
the same experimental data.

The species quantification routine of Raman data is as follows: Figure 7 illustrates
an example spectrum that has all the species of interest highlighted. If one uses
Raman Shift, which positions peaks relative to the laser excitation wavelength, as
an x-axis, then each species will have its own fixed position on the spectrum, which
could be used to identify it. Then, if one integrates the signal from each species, the
integral would be directly proportional to the species mole fraction, with the species’
cross-section as the proportionality factor. Thus, if one treats the entire range as a
total sum, each species' mole fraction can be evaluated directly. An example of such
a calculation performed for the spectrum from Figure 7 would be:

102 IN2 INH3 + IHZO

02 OnN2 OnH3 OH20

(7)

Miotal =

I;

my=—:"
0; Meotal

Where g; is the species Raman cross-section, I; is its integral in absolute units and
m; - its mole fraction. The y, is used to account for any species present in the
measurement volume that are not Raman active. In the case where there are no such
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species, this variable should be equal to 1, and if there are, it should be equal to the
total mole fraction of these species.

While the calculations themselves are straightforward, various issues can come
up in the process. For example, looking at NH3; and H,O signals from Fig. 7, one
can see that there is a certain overlap, and depending on how it is resolved, the total
integral of both species and, thus, their mole fractions would change. Some issues
also exist with cross-section evaluation. For example, while the cross-section for
each transition stays constant, as the temperature rises, more levels get populated
according to Eq. (6), which means that the final cross-section value ends up being
an average of the contributions from various transitions. Depending on the
molecule, these changes can be either negligible or significant and challenging to
estimate (an example of that can be seen in Section 3.2.1 with Raman Spectroscopy
measurements of N»O). Also, since experimentally, the cross-sections are
determined by seeding a known amount of the species of interest and then
comparing the signal strength to another species of also known cross-section and
concentration, acquisition of cross-sections of either reactive species (meaning that
their concentration is challenging to establish; such as CH,O, which is further
discussed in Section 3.1) or radicals (meaning that you cannot seed them in general,
since they are not stable under ambient conditions) can pose an issue.
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Figure 7. An example Spontaneous Raman spectrum from the reaction zone of an NH3/Air flame with
rough integration channels for the major species highlighted.

The last feature is that, since Raman scattering is connected to polarizability,
which is connected to the dipole moment, it is possible to change the polarization
of light to significantly suppress the vibrational Raman signal. Change of the
polarization is akin to a change in direction from which one perceives the molecular
motion and, since the molecular dipole radiation pattern has a donut-like shape,
when one looks at it along the direction of the electric field of the light source, a
hole it in will be visible. This corresponds to the molecule having no dipole moment
along that axis and, therefore, no vibrational Raman activity. In contrast to that,
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rotational motion does not have such a directional dependence on the dipole
moment, therefore it does not exhibit such a response to the change of the
polarization of the light.

In the cases where the desired Raman signal overlaps with some other essentially
polarization-independent light signals, such as LIF or rotational Raman lines, this
would allow for background subtraction to filter out the desired signal. An example
of such a thing can be seen in Figure 8, which shows Raman spectra of NO taken at
two different polarizations of the incident laser light. The left part of the signal at
around 1820 cm™ overlaps with a rotational Raman line of H,, which is an issue for
the quantification since, as described above, one would require an integral of pure
NO, and any outside signal being a part of it would lead to an overestimation of the
species mole fraction. Acquiring two spectra at two different polarizations (red and
yellow), then subtracting them, allowed to acquire the resulting spectrum (blue),

which is a pure vibrational Raman signal.
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Figure 8. Example spectra of NO from an NHs/Air post-flame zone taken at different polarizations of the
excitation laser. The subtracted signal shows the difference between the signals, which corresponds to
the pure vibrational Raman signal of NO.

2.3.3.2 Experimental setup

As mentioned, the Raman signal is on the weaker side, with the final signal also
having a strong dependence on temperature due to gas density. Therefore,
measuring low-concentration species in flames would require taking additional
steps to enhance the signal. Given that the technique is linear in laser power,
increasing this parameter should be one of the more straightforward ways. However,
the signal from low concentration species is so weak that, for most lasers, one would
start ionizing and disassociating the molecules before the signal approaches the
desired strength. With that in mind, there are several ways of handling that.
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From the laser side, since these processes happen when the molecule receives too
much energy in a very short period, there are ways of supplying more energy
without reaching the ionization limit; the most common ones are pulse stretching
and using a high-repetition rate laser. Pulse stretching means using an optical setup
that increases the pulse length (for example, from 10 ns to 150 ns or similar),
meaning that, instead of arriving at the same time, the same energy gets slightly
dispersed in time, allowing to avoid ionization while keeping the same energy per
pulse. Using a high repetition-rate laser approaches this from a different angle:
instead of making a long pulse of the same energy, it provides a much higher count
of pulses of lower energy, which also allows the energy received by the molecule to
be dispersed enough in time to avoid ionization.

From more of the technique or setup arrangement side, another way of increasing
the signal intensity is making use of the fact that, unlike some other techniques like
LIF, the Raman signal increases with pressure. However, naturally, this is not
applicable if one wants to study systems at ambient conditions. Finally, another way
of signal enhancement, the multipass arrangement, was employed in the current
work for the measurements of DME and NH; flames, as well as formalin room
temperature measurements.

A schematic of the setup can be seen in Fig. 9. As mentioned before, using a high
repetition-rate laser allows to supply high power without inducing optical
breakdown; thus, this setup employs a 10 kHz Nd:YAG as the light source, with an
average pulse length of around 9 ns and pulse strength of around 3 mJ. To put it into
perspective, a 10 Hz Nd:YAG with a similar focal spot size leads to breakdown at
around 75 mJ per pulse, corresponding to an average power of 0.75 W. Meanwhile,
the present setup supplies the measurement volume with 40 times the average power
without inducing optical breakdown.

However, this degree of signal increase is still not sufficient for the detection of
minor species at flame temperatures. Thus, an additional signal enhancement
technique was arranged as follows (Fig. 9, green line): a cavity was set up by placing
two plano-concave round mirrors around 60 cm apart from each other, with one of
the mirrors having a hole that would allow the laser beam to enter the cavity. Then,
with proper alignment, it would be possible to trap the beam inside for up to 30-40
passes, which would directly result in 30-40 times magnification of the signal. Then,
given that Raman Spectroscopy is an incoherent technique, an additional setup of
optics would be required to guide the signal into the spectrometer (Fig. 9, red lines).
Placing an extra mirror (SM) allows to collect the back-reflected part of the signal
to double it in strength.
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Figure 9. A schematic of a multi-pass combined Raman spectroscopy setup. M: mirror, SL: spherical
lens, WP: half-wave plate, SM: spherical mirror, BD: beam dump, AL: achromatic lens, BM: broadband
mirrors, F: notch filter, as presented in paper [19].

A more in-depth illustration of the beam arrangement can be found in Figure 10.
Various beam pattern arrangements are possible depending on the angle and
distance between the mirrors and the focal distance of the lens (Fig. 9, SL) placed
before it. In the present work, since the setup was created with the purpose of
studying a flat flame, the configuration that had two focal points located at the same
height was preferred (Fig. 10, (c)).
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Figure 10. Simulation results of beam paths in the multi-pass configurations. a) Top views of an
envelope (ring) mode on the upper panel and two-point mode at the bottom. b) Side views of the
reflection spots on the entrance mirror for each mode. c) Photo of the measurement volume from

above where the two-point mode is aligned, as presented in paper [19]
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2.3.4 Laser-induced fluorescence

2.3.4.1 Background

Laser-induced fluorescence (LIF) is another widespread optical diagnostic
technique. It is similar to Absorption and Polarization Spectroscopy in terms of
requiring a specific excitation wavelength that would match a particular transition
in the target molecule. However, unlike those two techniques, the laser wavelength
does not need to be tuneable after the initial setup, which simplifies its practical
applications. Even though, like Raman Spectroscopy, it is also incoherent, the fact
that it deals with transitions between real molecular levels with much higher
probabilities leads to a much stronger signal when excited with the same amount of
energy.

In theory, several emission processes can influence the resulting LIF signal. To
separate them and provide a level of understanding of their importance, the said
processes are outlined in Figure 11. Where in a system of two molecular or atomic
levels, the coefficients used to describe the processes are as follows:

e by — Stimulated absorption. Represents the overall power supplied
through the excitation of the target species at the transition wavelength.

e by — Stimulated emission. A process that is the direct response to the
stimulated absorption, with the emitted light aligned the same way as the
absorbed light. Depending on the excitation power, it can be both a
negligible and a dominant relaxation process.

e W, — Photoionization. When supplied with sufficient energy, electrons
will leave the atomic or molecular orbitals; the existence of ions might
affect the overall chemistry of the system and concentrations of the target
species. It should therefore be avoided.

e P —Pre-disassociation. Excitation to a state which leads to disassociation,
breaking up the target molecule into smaller components will also affect
the concentration of the species and is preferably avoided.

e Q2 — Quenching. Refers to non-radiative relaxation processes, which
usually happen due to collisions between molecules. The fact that LIF is
strongly affected by quenching is, for example, the reason it can become
weaker at higher pressures, where molecules collide much more often.

e Ay — Spontaneous emission is the origin of LIF. The target signal.
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Figure 11. A schematic of the energy-level structure of the LIF-adjacent excitation processes.

2.3.4.2 Experimental setup

A schematic of the experimental setup used to investigate the differential
diffusion of hydrogen and its tracer anisole in a turbulent flow field is presented in
Figure 12. The simultaneous planar LIF imaging and Raman Spectroscopy
measurements were performed over a McKenna burner consisting of a central
Hy/anisole jet surrounded by an N, co-flow through a porous plug and the flow rates
were controlled using MFCs (Bronkhorst, F-201CV-RAD).

Andor ICCD
(Raman signal
collection)

-~ McKenna burner
et | (HevAnisole flow) Andor sCMOS

(LIF signal
3 \ Lo
2 266 nm Nd:YAG

collection)
(LIF)

532 nm Nd:YAG
(Raman)

Figure 12. A schematic of the experimental setup employed for the simultaneous Raman/PLIF
measurements of anisole in H; flows.

An Nd:YAG (532 nm, 8 ns pulse duration) laser was employed for Raman
excitation of Hz and N2. The laser beam was focused to a 4 mm sheet and the Raman
signal was collected at 90° to the laser beam initially using a spectrometer (IsoPlane
SCT320) and a PI-MAX4 ICCD camera. While the detection sensitivity of this setup
was sufficient for laminar case measurements of N, and H., where averaging could
be performed, it suffered from poor signal to noise (SNR) ratio for the single shot
data from turbulent flows. Therefore, to improve the SNR, the collection setup was
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replaced with an Andor ICCD camera (Fig. 12) with a bandpass filter (656-686 nm),
which resulted in at least 5 times SNR increase.

Planar LIF measurements were conducted using another Nd:YAG laser (266 nm,
250 ps pulse duration) to excite the anisole. The laser beam was expanded to a 30
mm vertical sheet using a cylindrical lens and the LIF signal was collected using a
Andor sCMOS camera. A liquid filter (Dimethylformamide) was placed in front of
the detector to remove the Rayleigh signal from the laser beam at 266 nm. Five flow
conditions have been studied (Table 1, Section 3.2.2), with each condition recorded
at three different heights above the burner (HAB).

2.4 Combustion chemistry

Since all of the measurements performed in the present thesis either directly study
the flames or are made in order to assist with flame studies, the following section
presents a general introduction to the flame parameters and characterization.

So, what is a flame? On the most basic level, to produce a flame, you require an
oxidizer and a fuel. While the oxidizer is limited to either O, or O-containing
species, the choice of fuels is much broader. For example, biomass, conventional
species like CH4 or Hy, less conventional species like NHs, their mixtures of varying
fractions or even metals all can act as fuels. Furthermore, while oxidizing species is
usually involved as a gas, fuels can also exist in solid and liquid phases, all of which
have their own nuance for combustion. Since, outside of the metal fuels, all the fuels
studied in the present thesis are in the gas phase, the following section will focus on
that while describing the combustion details.

2.4.1 Flame characteristics

Outside of having an oxidizer and a fuel, there are other parameters to be
considered. There are two types of flames, depending on where fuel and oxidizer
meet. It is possible to make a flame where they are supplied separately and only
meet in the reaction zone, which is called a diffusion flame, with common examples
being candles and biomass combustion. It is also possible to mix the two before the
reaction zone, resulting in a so-called premixed flame. This work is primarily
focused on the latter due to flat premixed flames being more suitable for studies of
the chemical evolution of the system.

One of the major characteristics of a premixed flame is the equivalence ratio,
defined as:

36



Fuel/0 idizer

— xidiz

¢ = (Fuel/ L ) (®)
Oxidizer/gspic

Where the numerator refers to the mole ratio in the target flame, and the
denominator refers to the moles from the balanced chemical equation of the said
reaction. Using methane as an example, the reaction equation being CH; + 20, =
2H,0 + CO, means that the fuel/oxidizer ratio is 1:2 and having this exact ratio in
the target flame would correspond to ®=1, the stoichiometric condition. Then,
adding extra fuel would produce a ®>1 flame, which is called rich, and removing
fuel would result in an ®<1 flame, which is called lean. Depending on the goal,
either of the three flame conditions can be the preferred one.

Fig. 13 presents examples of the flame structure for two different types of
premixed flames based on the photos of the NHs/Air flames studied in the present
thesis. For both cases, the ignited flame burns in the direction opposite to the flow
of the fuel/oxidizer mixture, and matching the two allows to stabilize the flame front
position. For the Bunsen case (Fig. 13, (a)), the reactants, products and the flame
front itself coexist at a given height above the burner, however, for a flat flame (Fig.
13, (b)) these three zones exist at different heights. In practice, this means that if one
sends an excitation laser horizontally through the flame, the Bunsen case would
provide an averaged signal from all the three zones, while for the flat flame one
would only acquire the signal from one of the three zones, and acquisition of the
signal from the three zones would require doing several measurements at different
heights.

Figure 13. a) Example structure of a premixed Bunsen NHs/Air flame. b) Example structure of a
premixed flat NHz/Air flame.
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2.4.2 Experimental data assistance

Since chemical kinetic models that are used to predict the flame parameters are very
complex, with combustion of the fuels with even the simplest molecular
composition involving hundreds of reactions, they are mostly validated against the
experimental data based on their final predictions of the burning velocity,
temperature, and species concentrations, often presented as spatial distributions.
However, various techniques may excel or be worse at the experimental acquisition
of these parameters, depending on the exact conditions.

While starting and ending concentrations of the products and reactants can be
calculated through established thermodynamic data, for intermediate species that
only exist as a part of the flame-zone chemistry, the concentrations can only be
predicted by chemical kinetics. Raman Spectroscopy and AS probably have the
most straightforward quantification routines, unless one must deal with radicals
present at low concentrations and/or atomic species, in which case LIF could be
better suited.

Vibrational Raman can estimate higher temperatures with better accuracy
because that is where vibrational levels get populated. However, rotational Raman
works the other way around; thus, depending on the range of interest, either can be
the preferred choice. LIF thermometry might be less accurate overall since it often
relies on relative values of a few spectroscopic peaks instead of the entire spectral
shape, however, LIF also performs better at higher temperatures since more levels
get populated and can be used for comparison.

Raman Spectroscopy is the best method for simultaneous multispecies detection.
AS and PS, in principle, can detect more than one species with the same light source
if both target species have absorption lines in a similar spectral range. However, as
mentioned in Section 2.3.2, due to its beam arrangement, the PS signal scales worse
with temperature than the other techniques, leading to lower detection limits at the
flame temperatures.

Raman also scales the best with increased pressure, while for the other techniques,
an increase in pressure results in two opposing processes: the increase in density
leads to the signal increase; however, the resulting line broadening and, in the case
of LIF and PS, quenching decrease the signal instead.
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3 Results

3.1 Carbon-neutral systems

3.1.1 CH20 measurements in a DME flame

The following section describes DME flame measurements performed with
enhanced Spontaneous Raman Spectroscopy setup presented in Section 2.3.3, which
are further described in Paper I.

After the initial alignment of the setup, it was time to test it in an actual flame.
The aim was to detect combustion intermediate species, in the current case, CH,O.
A 16 I/min stoichiometric flat laminar premixed DME/Air/N; flame was set up with
a McKenna burner, which was placed on a lab jack to control the height. Then, by
adjusting the height, the reaction zone was scanned with a 0.14 mm step. During
that, two sets of data were taken: one was a scan of the entire spectral range to
evaluate the major species, and another set centred at 2700 cm™ at a higher gain to
guantify CH-O. For both ranges, to account for the background, two sets of data
have also been recorded: at vertical and horizontal polarizations, following the
vibrational Raman signal dependence on the polarization of the incident light, as
described in Section 2.3.3.

The obtained spectra were then quantified using the procedure explained in
Section 2.3.3 and plotted against height above the burner (HAB). Two chemical
models [20-22] were employed to predict species distribution against HAB. The
resulting plots for the major species compared with the kinetic models' predictions
can be seen in Figure 15.

Similarly, the CH,O spectra were quantified against N, and compared with the
kinetic mechanism predictions (Figure 14). One issue that was discovered was the
lack of experimental data on the CH,O Raman cross-section; as a result, it was
estimated theoretically through ab initio calculations based in the data provided in
[23, 24] and then compared with experimental data reported under vastly different
conditions [25].
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Figure 14. Mole fraction of CH20 in a stoichiometric DME/Air flame at various HAB compared with

simulation results of two kinetic models [20-22]. The error bars indicate the standard deviation at each
measurement point.
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Figure 15. Mole fractions of major species in a stoichiometric DME/Air flame compared with predictions
of two kinetic mechanisms [20-22] at various HAB. N, mole fractions are plotted on a separate right
axis. For formaldehyde, only simulation results are presented, and the mole fractions have been
multiplied with a factor of 20 for better display in the graphs, as reported in [19].

In addition, temperature data was derived through the fitting routine described in
2.3.3, with the experimental values showing a good agreement with the model
predictions (Figure 16).
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Figure 16. Temperature plot of a stoichiometric DME/Air flame at various HAB compared with
predictions of two kinetic mechanisms [20-22], as presented in [19].

In the end, the studies confirmed that the enhanced Raman setup enables sensitive
detection paired with shorter measurement times for investigations of stationary or
semi-stationary processes. However, while the setup allows for single-shot
measurements of major species in laminar flames, its application in turbulent
systems can be challenging due to beam steering.

3.1.2 Liquid-vapor equilibrium of formalin-based systems

The quantification of CH,O from measurements in the DME flames relied on
theoretical values of the Raman CH,O cross-section. Since no experimental values
were available in the literature, it was decided to perform additional studies of CH,O
to obtain experimental data on its Raman cross-section. However, this brought
attention to original issues with performing such measurements: CH,O is extremely
reactive even under ambient conditions; therefore, the only ways of getting it would
be either as a part of formalin (a CH.O/CH;OH/H;O liquid solution), which is
commonly used to store it, or by evaporating the paraformaldehyde powder. As the
latter required a more complex setup, it was decided to focus on studying formalin.
Since measurements required vapor-phase data, a system with a vapor-phase
formalin in chemical equilibrium was established as follows: a 180 ml steel cell with
optical windows that allow the laser beam to pass through was employed. A small
container of liquid formalin was placed inside, and then the windows were sealed
shut. Then, the formalin solvent would gradually evaporate and mix with the
surrounding air in the cell, and after around 40 minutes, the vapor-phase system
would reach the chemical equilibrium, allowing for estimation of the final
concentrations of its components: vapor-phase O, N, CH,O, CH30OH, and H;0.
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While the original goal was the acquisition of the CH,O cross-section, since the
formalin-containing vapor-phase system was reactive, it turned out that the final
species concentrations, which are required for the acquisition of the Raman cross-
section values, could not be estimated theoretically with conventional equilibrium
calculations that are based on the vapor pressure values of the components. Instead,
the prediction of the mole fractions would also require a study of the chemical
kinetics of the system and the development of an appropriate chemical model. As it
was discovered, the said CH,O/CH3;OH/H;0 system, while having different relative
ratios of the components as compared with formalin (28.6/9.4/62%
CH,0O/CH30H/H,0 liquid phase mole fractions), has already been of interest
previously in chemistry and had routines developed that had been tested with
experimental data. However, it was also discovered that some of the experimental
datasets had gaps that could be filled; in particular, no experimental values for the
common formalin solvent employed in the present studies have been previously
reported to the authors' knowledge. This then introduced the shift in the original
plans.

Instead of using one of the routines to predict the vapor-phase composition and
use that data to obtain Raman cross-section directly from Raman measurements, an
additional set of measurements was performed, with the entire routine set up as:

e First, Absorption Spectroscopy measurements would be performed to
obtain the CH>O concentration in the vapor-phase formalin inside the
cell.

e This data would then be used as a reference for the determination of
Raman cross-section values with Raman Spectroscopy measurements
performed over the same vapor-phase formalin composition.

e Then, different compositions of the CH,O/CH3OH/H,0 system would be
studied and quantified directly purely with experimental data obtained in
the first two steps.

e This would then allow the acquisition of new datasets for the previously
unstudied compositions of the ternary system.

e Lastly, predictions of one of the routines developed by another paper
[26], instead of being used as a reference for quantification, would be
compared with the new experimental data.

Absorption Spectroscopy results obtained from the first step can be seen in Figure
17. For the initial calibration of the absorption setup, a pure CHsOH liquid was
placed inside the cell, and the CH3;OH/O2/N. vapor phase concentrations were
studied. Since CH3;OH does not react with air, its vapor-phase concentration can be
estimated with phase equilibrium calculations and can be used to compare with the
experimental data. In the present work, the calculations predicted 12.8% CH3;OH,
while the experimental values fell within 13+0.5%. Then, the same cell was used to
measure formalin to obtain the CH,O fraction at the equilibrium position. This is
possible since, unlike the Raman cross-section, the CH,O absorption profile is well-
studied and can be obtained from molecular databases, e.g., HITRAN [27].
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Then, the same sets of species (formalin vapor and CH3;OH vapor) were measured
with Raman spectroscopy in the same cell, and additional measurements were
performed for H2O in the air to obtain the Raman cross-sections. The final values
for the numbers employed to quantify the three species are 1.05 (H.0), 1.3
(CH30H), and 5.2 (CH;0) - 1073% ¢cm? /s
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Figure 17. Example fits of absorption spectra recorded from pure CH;OH vapor (top) and CH,O vapor
from the formalin mixture (bottom) to modelling predictions, as well as the theoretical values for CH,O
and CH3;OH absorption cross-section from HITRAN for the relevant range that were used as the basis

for the model (middle).

Following that, a temperature study was performed as the cell was heated from
room temperature to around 90 °C with 10 °C steps. One of the mixture compositions
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(11/21/68% CH,0/CHsOH/H-0 liquid phase mole fractions, as reported in [26])
was copied and studied together with the formalin mixture. Figure 18 (a) presents
the experimental results of the copied composition compared with predictions of the
model developed in that paper. This data shows good agreement, further validating
the present methodology and the model performance for those types of mixtures.
However, predictions of the formalin mixture (Fig. 18, b) do not show good
agreement with the experimental data, with the supposed main reason for that being
an increased complexity in chemistry for solvents with higher CH,O concentrations
that the model does not account for. Various methods have been employed to adjust
the model to establish a way to still estimate this dependence to decrease this error,
but none led to satisfactory results.

a) —e—H,0 (experimental) - - ~H,O (simulated) b) —e—H,0 (experimental) - - ~H,0 (simulated)
—e—CH,OH - - ~CH,OH —o—CH,OH - - ~CH,OH
08 |—e—CH0 - - -CH,0 1r —o—CH,0 - - -CH,0

Mole fraction, %
Mole fraction, %

Temperature, °C Temperature, °C

Figure 18. Temperature-dependant composition changes of the two studied systems. Dotted lines
represent experimental data from the present study, while solid lines are predictions of a model
developed based on the data reported in [26].

Finally, two more sets of room-temperature studies were performed with two
fixed CH3OH fractions (10% and 20%) and varying degrees of CH,O dilution, and
compared with the predictions of that model, with the results presented in Figure
19. The observed dependencies further validate the assumption that the model does
not sufficiently cover the more complex reactions at higher CH,O fractions: while
acceptable agreement between present experimental data and the model can be seen
for the first two points, the last two points, representing the higher CH,O fraction,
do not match the model predictions at all.
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Figure 19. Experimental values for different CH,O dilution ratios of the formalin mixture, with 10%
CH3OH (a) and 20% CH3OH (b). Dotted lines represent experimental data from the present study,
while solid lines are predictions of a model developed based on the data reported in [26].

3.2 Carbon-free flames

3.2.1 Ammonia

3.2.1.1 NO measurements with Raman Spectroscopy

Following the success of previous measurements of CH,O in the preheat zone,
studies of other minor species have been conducted. For the target flame, NH; has
been chosen due to its potential as an alternative fuel as well as disagreements in
terms of predictions of its pollutant species. There are three species that are worth
studying: N2O, NO; and NO. The first two are combustion intermediates, existing
only in the reaction zone, while NO is a toxic species that remains in the product
zone of the NH; flames.

The initial measurements brought an experimental challenge to attention: flame
zone measurements in NH; flames involving the exact same setup as for CH-0O
proved to be difficult due to the extreme LIF background from NH; present in the
flame zone. While it would be possible to recover major species data, the signal
produced by minor species would be fully obscured by the background. Therefore,
between NO2, N.O, and NO, only NO, which existed outside the reaction zone,
ended up being accessible with that setup.

During these measurements, an additional check was performed: while LIF is
bound to 532 nm, Raman can work at other excitation wavelengths. With the
Nd:YAG having a 355 nm harmonic that, given the wavelength dependence of the
Spontaneous Raman, would also provide a stronger signal, it was discovered that
the 355 nm excitation substantially reduces the LIF background. While detection of
minor species would be initially impossible since it would require setting up the
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multipass at 355 nm, replacing all the custom optics, using a single pass at 355 hm
would allow for a much more straightforward quantification of major species.
Figure 20 illustrates the entire spectral range of a ®=0.9 premixed laminar NHa/Air
flame scanned with two excitation wavelengths: green for 532 nm and purple for
355 nm, with the latter exhibiting a significant reduction in the background.
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Figure 20. Comparison between two Spontaneous Raman spectra in a lean NHa/Air flame excited with
532 nm and 355 nm laser lines.

As a result, it was decided to use the 532 nm multipass system for NO detection in
the post-flame zone that was free from the LIF background interference, and the
single-pass 355 nm system for the major species detection for all HABs. Similar to
the CH20 measurements, temperature profiles for the flames were obtained, and
everything was compared with predictions of four kinetic mechanisms [28-31], as
presented in Figure 21.
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with predictions of a kinetic model [29]. Right: NO mole fractions from the NH3/Air flame plotted against
HAB and compared with predictions of four kinetic models [28-31].

Moreover, as discussed in Section 2.3.3, since the Spontaneous Raman cross-
section is temperature-dependent, additional high-temperature measurements of the
species are generally desired to either study the dependence or at least estimate the
error it might introduce. For the most common species, it is straightforward to
perform since you can obtain the mole fractions that are required to obtain the cross-
section. However, for combustion intermediates or minor species, the acquisition of
high-temperature cross-section data can be challenging [32].

In the present work, additional calibration flames have been studied to obtain NO
high-temperature cross-section. A lean (®=0.7) premixed CHJ/Air flame was
established since it normally produces very little (well below 50 ppm) NO [33], and
then various amounts of NO were seeded into the flame to study the dependence.
An example of the dependence is plotted in Fig. 22.
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Figure 22. Flame temperature NO cross-section values plotted against the NO dilution numbers from a
lean CH,/Air flame.

3.2.1.2 N0 measurements with Polarization Spectroscopy

Seeing that the reaction zone Raman measurements of NHs/Air flames suffered
from LIF interference, an alternative technique was tested for N.O detection in that
flame involving a Polarization Spectroscopy setup described in Section 2.3.2. Given
that the target species is a minor species, the initial measurements were performed
in order to estimate the detection limit at flame temperatures: a 5 L/min N, + 5
mL/min N2O flow was set through a heating tube and heated up to 570 K, with a
thermocouple being used to monitor the temperature. The resulting spectra can be
seen in Fig. 23, with one spectrum recorded at room temperature (296 K) and the
other in a heated gas flow at 570 K. As expected, the PS signal intensity decreases
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at higher temperatures, as the signal is proportional to N2 (Section 2.3.2, Eq. 4), and
the number density decreases at higher temperatures. While it was not possible to
heat the gas flow up to flame temperatures, the observed temperature-induced
intensity changes in these initial tests allowed to estimate that it should be possible
to detect NO in the flame given the expected N-O concentrations (as predicted by
four different kinetic models in Fig. 23 (a)) in lean NHs/Air flames.
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Figure 23. a) N,O mole fractions against HAB in a ® = 0.9 NH/Air flame as predicted by four kinetic
models [28-31]. b) A comparison of the measured signal intensity of an 1000 ppm N;O flow at two
different temperatures.

Since the signal from PS has a quadratic dependence on the length of the interaction
region (Section 2.3.2, Eq. 3), the PS experiment was re-aligned to maximize the
overlap between the probe and pump beams by decreasing the crossing angle
between the pump and probe beams to further improve the detection limit. Absolute
signal comparison before and after the realignment can be seen in Fig. 24, which
shows the room-temperature PS excitation scans for 250 and 500 ppm N2O flows
with the old alignment and with the new alignment with a smaller crossing angle.
As can be seen, the new alignment allowed for the ~5 times increase in detected PS
signal. After, the detection limit was estimated in more detail based on the signal-

to-noise ratio defined as SNR = %?Sael Assuming the detection limit is reached

when SNR=1, the observed intensity changes from Fig. 24 allow for the following
calculations: for a constant temperature and pressure, the signal is proportional to
the square of the concentration, Ips = A - ¢2 (simplified from the Eq. 4). Figure 24
(c) allows to obtain Ipg as the maximum peak value, and the corresponding noise
level. Known values of Ip¢ and ¢ (defined as the seeded N,O ppm value) allow to
acquire the A calibration parameter, the average value for which for the first case
before the alignment was 2.01. Then, using the same formula with known A and
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setting the Ip5 equal to the noise value for both 250 and 500 ppm cases leads to an
estimation of the average detection limit of 95 ppm.

Performing the same calculations for the spectra acquired after the re-alignment
(Fig. 24 (d)) results in an average value of A=12.9 and the corresponding detection
limit value of 37 ppm, meaning that the realignment resulted in ~2.6 times decrease
of the detection limit at room temperature.
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Figure 24. Signal strength comparison before and after the realignment for two N,O flow conditions (a,
b) and relative intensity comparison between these two conditions (c, d).

However, given that the PS signal is not only dependent on the number density,
extrapolating the detection limit up from 296/570 K to flame temperatures can be
challenging since, for example, levels of collisional quenching and the temperature
dependent absorption cross section of the absorption lines also play a role.

These contributions can partially be estimated through simulations. Simulations
of signal dependence on number density and simulated absorption cross section
show an expected decrease of signal intensity from 296 K to 1700 K by a factor of
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2050, however, the simulation also shows 6.7 times decrease going from 296 K to
570 K, while the decrease observed experimentally (Fig. 23) is around 1.8 times,
which is significantly lower. This is in line with previous experiments [34, 35], since
the collisional quenching that is not accounted for by the simulations, also decreases
as the number density decreases with increasing temperature, which leads to an
increase in PS signal. As a result, the actual signal decrease with decreasing density
is less than what is predicted by the simulations, and often the signal is one
magnitude higher at flame temperatures than what the simple simulations would
expect. Using the 9.34 experimental quenching correction factor for HCN data from
[34, 35] as a reference one could expect around a ~220 times lower signal at the
flame temperatures compared to the room temperatures. As the signal is
proportional to the concentration squared, a 220 time decrease in signal should

increase the detection limit by a factor V220 = 14.8, so the expected detection limit
in flame should be around 600 ppm. However, other factors that have not been
accounted for, such as line broadening, could lead to it being up to a factor of two
higher in practice.

At last, a @ = 0.9 NHs/Air laminar premixed flat flame was set up with a
McKenna burner with around 290 ppm of N,O seeded in it to assist in the initial
identification of the spectral footprint of the target species. As the flame temperature
was not recorded during these measurements, Figure 25 instead illustrates the
absolute detected signal change with height above the burner (HAB). The blue trace
was recorded very close (~0.1 mm) above the burner surface, where the temperature
was estimated to be close to room one as the burner was water-cooled at a set
temperature of 30 °C. The reaction zone was located ~6.3 mm above the burner,
meaning that the measurements taken at 5 mm HAB should present the signal from
below the reaction zone, the measurements taken at 6 mm should be close to the
reaction zone, while the ones taken at 7 mm should be slightly above it.
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Figure 26. Normalized N,O spectra from Figure 24 at different positions in the flame compared with the
simulation data at room and the expected flame temperatures.
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Figure 26 then further illustrates the normalized N,O spectra presented in Fig. 25
compared with simulation predictions. Despite the signal from the seeded 290 ppm
of N2O being visible in the preheat zone and the flame being expected to have ~2000
ppm of N-O (Fig. 23, a), none could be detected at the flame height, and there are
several factors that could have contributed to that.

One challenge with identifying N2O lines from the spectra presented in Fig. 26 is
that the “background noise” of the signal includes an oscillation, which is most
likely caused by periodic variations in the laser intensity due to etalon effects inside
the laser. Ideally, PS should be a background-free technique, with the polarizers
blocking the probe beam completely; however, in practice, there is a small residual
background signal (¢ in Eqg. 3) as the extinction ratio of the polarizers is not high
enough to completely block the probe beam. As a result, a small amount of laser
light can still pass through the second polarizer and introduce an oscillating
background to the resulting signal. This can be seen, for example, on the spectrum
recorded at 6 mm HAB (Fig. 26, yellow trace) with visible peaks of similar width
and intensity. Still, at 6 mm HAB and below, there is clearly a signal originating
from N2O as there are peaks that coincide with the simulation predictions of the N.O
lines, however, at 7 mm HAB the possible N2O signal gets fully drown out by the
noise.

Given these challenges, it also appears that the initial condition for the detection
limit defined as 1:1 SNR was not sufficient and in practice it should be perhaps a
couple times higher. It should also be mentioned that the detection limit simulated
before is merely an estimation, and based on a number of assumptions; for example,
the quenching dependence could be different in this case compared to the previous
references, which were measured in different species. Lastly, since the laser system
did not have an amplifier crystal, which led to a lower output power at these
wavelengths compared to the previous quantitative PS concentration measurements
[34, 35], it is possible that the saturation condition also was not fulfilled, which
means that there was a higher dependence on the collisional effects than originally
estimated.

Figure 27 shows a comparison of two scans over the absorption lines performed
at around 6.5 mm HAB. In the blue scan, the PS scan was performed normally,
while in the red scan, the PS pump beam was blocked. Ideally, since removing the
pump beam should remove the N,O Polarization Spectroscopy signal, comparison
between these two scans could be performed to ascertain if the desired signal is still
present, even if it is faint. In the present case, the comparison is somewhat
challenging to perform as the shot-to-shot intensity variations in the laser beam are
different in each scan, but there are no clear differences with consistent peaks
between the two scans that could match the N2O spectral footprint.
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Figure 27. Flame height N,O spectra taken with and without the pump beam.

Given that N2O is an intermediate species, one of the reasons for being unable to
detect it could have been missing the height at which it peaks. Therefore, for
additional tests, a Bunsen flame was set up, which should have the entire profile in
the horizontal direction so that one cannot miss the reaction zone. However, these
measurements also did not provide any desirable results, and no N,O could be
detected at flame heights. While the challenge with the flat flame was in finding the
reaction zone height, the problem with the Bunsen flame was that while we are
definitely probing the region where N2O is present, the said region is very thin
compared to the PS crossing volume. As the PS signal is proportional to the square
of the length of the crossing volume of pump and probe beams, N2O only being
present within a small fraction of it would lead to a dramatically higher detection
limit than previously estimated for the flat flame based on the data from the N.O
flow measurements.

In conclusion, it is very likely that N.O was present in the flame but the signal
was too low to detect it with PS. The estimations of the detection limit for the setup
show that it might be on the edge of what could be reasonably detected with PS, and
given that the estimation was performed based on a variety of assumptions, as well
as the fact that some of the experimental issues, such as low laser power in relation
to the saturation condition, have not been accounted for at all, it is completely within
the expectations for the resulting signal to be lower than the initial estimation. In
addition, the said signal then was further obscured by interference from the
background noise, and the unstable NHsz/Air flame made it difficult to target the
reaction zone, thus, a decision was made to discontinue the measurements.
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3.2.1.3 N0 measurements with Raman Spectroscopy

Lastly, as mentioned in the 3.2.1.1 Section, a multipass setup was developed for the
355 nm excitation wavelength, allowing for minor species measurements in the
reaction zone of NH3 flames. While it was ultimately possible to detect and quantify
N20O, NO, major species, and temperatures, the experiment ended up involving a fair
number of steps.

First, as mentioned before, high-temperature data on the cross-sections was
required. However, the acquisition of high-temperature N,O cross-section data was
a bit more difficult than NO. While NO could be seeded in a lean flame, N2O seeded
into a flame generally gets fully consumed in the flame zone anyway, acting like an
oxidizer. Thus, instead, a calibration flame with N2O acting as the primary oxidizer
was set up — a laminar premixed N2O/CHa4/Ar flame. While the original aim was to
employ the spectral data from the flame to develop a molecular model that would
be able to calculate the cross-section values, like those of O, and N, this turned out
to be not possible with the present setup. The key to these measurements should
have been the evaluation of the N,O temperature-dependant hot band intensities,
however, the hot bands could not be spectrally separated with the present
spectrometer. Therefore, instead, measurements were performed to identify the
error introduced by the temperature-dependent cross-section change to the resulting
species mole fractions predictions.

NH3/02/Ar

Figure 28. Photos of the two flames studied in the present experiment: the calibration CH4/N,O/Ar flame
and the main NHz/O2/Ar flame.
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predictions [29] and experimental data evaluated using a room-temperature N,O cross-section value.

The graph represents the temperature dependence of the N,O cross-section.

The data for these calibration measurements can be seen in Fig. 29. The N.O mole
fraction was estimated in two ways: first was based on predictions of the three
kinetic models (Fig. 29, (a)), and second was based on experimental data quantified
using the room-temperature Raman cross-section. Then, if one were to match the
two predictions against each other based on temperature (Fig. 29, (c)), the observed
difference would be equal to the temperature-dependent cross-section change. In the
present case, that turned out to be around 15-20% for the relevant temperatures.
Some other issues have also been encountered, such as the need for additional
resolution of the H,O/NHs or O»/LIF and N.O/LIF spectral overlaps, which are

described in further detail in Paper IV.
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For the main NHs/O2/Ar flames, three conditions have been studied: ®=0.8, 1.0,
and 1.2. For each of them, major species, NO and N>O mole fractions, and
temperature profiles have been quantified and plotted against HAB and then
compared with predictions of four kinetic models [30, 38-40]. These results are
presented in Figures 30-34.

In Figure 30, presenting temperature data, some disagreements with the kinetic
model predictions can be observed for the lower temperature data. This can be
explained by the fact that temperature predictions were performed by matching N
spectra to the simulation predictions, however, since higher vibrational levels only
start getting populated at temperatures above 500 K, very little change in shape is
observed at lower temperatures.
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Figures 31 and 32 present the major species mole fraction data. While overall
agreement is observed, especially when it comes to final mole fraction predictions,
some of the preheat zone points (e.g., the second point of O, and NH; for the lean
case) show notable deviations. One of the possible reasons for that could be
insufficient averaging: in the preheat zone, in particular, strong oscillations of the
multipass arrangement have been observed.
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Figures 33 and 34 present the NO and N,O mole fraction evaluation results. The
respective detection limits for NO and N,O have been estimated to be 500 and 600
ppm, respectively. Following that, mole fraction values that fall below these limits
have been presented as a part of the profile without the error bars.

For NO, the experimental data follows the expected behaviour, with higher values
being observed at lower equivalence ratios and the species being fully consumed
around the reaction zone for the rich case. Overall, NO mole fraction predictions
also exhibit acceptable agreement with all of the kinetic models, considering the
error bars.

For N2O, while the experimental data also follows the expected equivalence ratio
dependence, not all the models have been able to predict it with sufficient accuracy.
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Figure 33. NO mole fraction change with HAB. Experimental values (circles) compared with predictions
of the four kinetic models (lines).

In the end, the ~30 times signal enhancement provided by the multipass allowed to
reduce the accumulation times by the same amount, with the measurements at each
HAB taking around 5 minutes instead of 2.5 hours as a result, which made
performing them realistically feasible.

However, calibration measurements ascertained that a higher resolution
spectrometer would be necessary for improved N2O characterization, and for further
NH; flame studies with the 355 nm excitation one would have to identify the source
of fluorescence to learn its exact footprint.
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3.2.2 Hydrogen

2.2.1 Anisole as a tracer with Raman and LIF
Anisole (CH3z0C¢Hs) is a common LIF tracer for Hz, meaning that it gets seeded

to provide a signal that cannot be obtained from the H; itself. Naturally, it is assumed
that anisole follows H, sufficiently well in both laminar and turbulent flows.
However, that was not confirmed experimentally. Thus, the goal of the present
measurements was to acquire spatially resolved simultaneous signals from mixed
anisole/H; flows and compare the overlap. The LIF signal provides information on

anisole concentration, while the Raman signal captures distributions of Hy, anisole,
N2 and Oa.

(F
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Several flow conditions (Table 1) have been studied at four different heights
igure 35) in an H jet seeded with anisole.



Table 1. The experimental H,/anisole flow conditions for the Raman/LIF measurements.

Flow rate 0.25 0.5 2 6 8
Reynolds 31.75 63.5 253.98 2158.59 2878.52
number

18.75 mm Nov 29
10.2 mm Dec 03
4.5 mm Nov 16
Burner

Figure 35. LIF signal of a turbulent hydrogen jet, highlighting the burner location and measurement

heights for Raman spectroscopy concentration profiles.

Concentration profiles from LIF and Raman measurements were compared.
Initial results suggest that in laminar or low-turbulent regions, mixing is influenced
by diffusion since the LIF anisole profiles are narrower than the H, profiles
visualized with Raman (Figure 36). However, in turbulent regions, as increased
turbulence minimizes the effects of differential diffusion, the concentration profiles

become consistent (Figure 37, (2)). This initial study indicated that anisole has a
similar concentration distribution to H, under turbulent conditions.

Nov 16th Laminar data height = 4.5 mm

Nov 28th Laminar data

Dec D3rd Laminar data Height = 10.2 mm

(a) Height =4.5 mm

(b) Height = 10.2 mm

(c) Height = 18.75 mm

Figure 36. Comparison of concentration profiles of anisole and H; for laminar flows.
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Nov 16th Turbulent data Nov 29th Turbulent data Dec 03rd Turbulent Data

(a) Height = 4.5 mm (b) Height = 10.2 mm (c) Height = 18.75 mm

Figure 37. Comparison of concentration profiles of anisole and H, for turbulent flows.

Although the overall shape of the species profiles in turbulent cases is similar, the
noise levels for turbulent Raman data were too high, and the comparison is difficult
to perform. A way to improve the signal for Raman data has been tested by removing
the spectrometer and collecting the signal directly with a camera, as described in
Section 2.3.4, which resulted in at least 5 times SNR improvement and will be
further studied as the final part of the work.

3.2.3 Aluminium fuels

3.2.3.1 AlO modelling and flame temperature evaluation

Metals are also of interest as carbon-free fuels, with their main advantages being
high energy density, ease of storage and transportation and abundance (for example,
Aluminium, discussed in the present thesis, is the third most abundant species in the
earth’s crust) [41]. The combustion process of metals also exhibits interesting
features, such as their potential for recycling: the exhaust products substantially
consist of oxides of the metal species used as the fuel, and these oxides can later be
reduced back to the metals and burned once more. Another feature is the possibility
of steam combustion, where the principal chemical reaction can be approximated as
Al + H,0 = AlO + H,, meaning that one gets H; as the combustion product [41].
The possibility to produce H; on the spot is valuable, since that fuel presents
challenges regarding storage and transportation, both in terms of cost and safety
[42].

For these studies, using the same PGOPHER [43] program that was previously
employed for the simulation of Spontaneous Raman N/O- spectra for temperature
measurements, a routine for predicting the theoretical emission spectrum of an
aluminium monoxide (AlO) was developed. Similar to the No/O, Raman data, the
spectral shape of an emission signal is temperature-dependent, meaning that one can
obtain the experimental temperature values by matching the experimental data
against the temperature-dependent simulation. The modelling was performed for the
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Av = 0,41, +2 rovibrational transitions of the X2E* — B2E* band of AlO centred
around 486 nm, based on the molecular data from [44-46].

The particular AlO spectra have been recorded from an Al dust flame set up as
follows: a flat-flame McKenna burner was modified to have a central jet that could
carry a combustion mixture different from the main flat flame [47]. The
5.33/9.13/9.29 I/min H2/O/N; flat flame was used as the stabilizing pilot flame and
the flow of ~60 pm sized Al particles was supplied through the middle jet mixed in
the 0.4/0.2 I/min H2/O- flow, which then was burned as a high-temperature flame to
heat the Al particles to their ignition temperature at around 2330 K. The burnt gases
from the both flames formed the oxidizing environment of hot H,O/O2/N, where the
Al particles burned as a diffusion flame. Further details regarding the burner
configuration and flame conditions can be found in literature [48, 49].

At the start, as a reference, the temperature evolution was studied based on OH
chemiluminescence in a pure H, flame. Then, the same flame was seeded with Al
particles, and once again, the OH signal was compared with the simulations. This
analysis was performed with pre-existing spectral data from LIFBASE [50].

The normalized OH spectra from the two flames are presented in Figure 38, (a).
As can be seen, the addition of Al altered the relative intensities of the peaks. Given
that the peak intensities represent the temperature-dependent energy level
population of the target molecule, relative change in intensity should be the result
of a change in temperature. However, unlike the OH spectra from the pure H»
flames, the OH spectra from the Al-seeded flames could not be fitted to the
simulation predictions with satisfactory agreement. This meant that OH from the
Al-seeded flames was not in thermal equilibrium. Moreover, with the addition of Al
particles, the combustion medium was discovered to be optically dense enough to
exhibit self-absorption. In this case, higher rotational levels (J>12) would be
considered more reliable for temperature estimation [51]. However, these levels are
also the ones that get excessive population due to chemical reactions which shift the
system out of the thermal equilibrium, meaning that the overall temperature
estimation had to be performed while trying to balance out these two opposing
sources of error.

As a result, a part of the spectrum that both stayed constant with the addition of
Al particles (Fig. 38, (a), highlighted in blue) and exhibited straightforward
dependence on the temperature (Fig. 38, (b), highlighted in blue) was chosen as the
fitting target. The resulting temperatures for the two flames were then estimated to
~2800 K (pure H,) and ~3000 K (seeded with Al) and are presented in Table 2.
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Figure 38. a) Experimental data from the two flames with the area used to extract temperature data
highlighted in blue. b) OH simulation zoom-in for two different temperatures with the area used to
extract temperature data highlighted in blue.

For the AIO flame data, rotational lines were first compared with the model
predictions, with two bands chosen for comparison (Figure 39).

The first band chosen was Av = —1 (Figure 39, (b)) with the choice being based
on a theoretical estimation of the bands' sensitivity to temperature changes. This
band exhibited the strongest relative changes in shape in the range of 500-3000 K.
The second band chosen was Av = 0 (Figure 39, (a)), due to the fact that it is a
purely rotational band. This matters since vibrational transitions can take longer to
reach the thermal equilibrium than rotational ones, meaning that rovibrational
transitions are more likely to have their spectral shape distorted, leading to
inaccurate temperature predictions.

However, as highlighted in blue in Fig. 39 (a) and (b), experimental data for the
rotational spectra suffered from an interference from an unknown source that
distorted the spectral shape and made the fitting routine challenging to perform. In
addition, since the original spectra also required background subtraction of the
black-body signal (Figure 39, black line), the resulting spectral shape appeared too
distorted for higher resolution fitting, and the final temperatures could only be
estimated in a relatively broad range of 3100-3500 K.

64



o
w

0.8]

o
=2

0.6/ \
\
|

h 0l

WWMM"OW\’Q J‘W; N’IT

Intensity (normalized)
o
a

Imensity (normalized)

o
i

f
ol WM\. Lod

4845 485 4855 486 486.5 487 48?'\.5 488 4885 489 508 5085 509 8095 510 5105 511 5115
Wavelength, nm / Wavelength, nm

1l I ." I I / I .‘ ]

o e o
S o @

Intensity (normalized)

o
()

o

450 460 470 480 490 500 510 520 530 540 550
Wavelength, nm

Figure 39. a-b) Simulation predictions compared with experimental data for two rotational bands of AlO.
¢) Simulation predictions compared with experimental data for five vibrational bands of AIO.

Lastly, two other methods were employed to obtain additional reference values
for the temperature. First, vibrational spectra were fitted into the model. Comparing
them to the rotational values could give an idea of the degree to which the thermal
non-equilibrium can affect the temperature predictions (Figure 39, (c)). As can be
seen from the graph, a satisfactory overlap between modelled and experimental
spectra could not be achieved. Matching the spectra based in the left- or right-hand
side bands results in around 200 K difference for the final temperature predictions
with the final predictions being 3100-3300 K.

For the other method, the temperature was estimated based on the black-body
radiation theory using the signal detected from the Al particles (Figure 40). There,
the black line presents the wavelength-dependant experimental background which
was originally subtracted through a fitting routine to obtain the AlO spectra studied
above. Treating the particles as the graybody radiative heat sources means that one
can estimate their temperature based on the wavelength-dependent position of the
maximum, as the Wien’s displacement law suggests: 1,7 = 2.9 X 1073 m-K.
However, since the AlO particles are so-called grey bodies, and not perfect black
bodies, the actual energy they emit would be lower and for the proper estimation
one would also have to consider their emissivity. Different sources suggest different
values for it for aluminium flames, with the present study adopting two of them: the
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1/22 suggested by [52] and the 1/ suggested by [53]. This difference resulted
in around 200 K difference for the final temperature evaluation. For the reference,
performing the same fit without accounting for emissivity results in up to 1000 K
higher values for the estimated temperature (around 3500 K).
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Figure 40. Temperature predictions based on black-body radiation spectral shape for three different AIO
emissivity values.

The resulting temperature values from all the methods are presented in Table 2.

Table 2. Temperature predictions of the AlO flame components.

Signal source Temperature
OH in a pure H2/02 flame 2800450 K
OH in an Al-seeded H2/O2 flame 3000450 K
AlO rotational lines 3100-3500 K
AlO vibrational lines 3100-3300 K
Al blackbody 3500 K

Al graybody (¢ = 1/A14) 2750 K

Al graybody (e = 1/1%) 2550 K

Comparison with the Al particle temperature data presented by Wu et al [49] allows
to draw several conclusions. First, given that the said paper reports the temperature
data from the combusting particles, and present fits were performed for the
surrounding gas, the expected gas temperature should be slightly lower. Given that
the reported Al particle temperatures fall within 3400-3500 K, while the AlO values
in this work appear to be around ~3300 K, the obtained results agree with that
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expectation. However, a notable mismatch in predictions can be observed for the
direct fits based on the graybody radiation, where use of blackbody emissivity value
led to the most reasonable results, while the temperature fits performed using
wavelength-dependent emissivity values underestimated the temperature by at least
500-300 K.
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4 Conclusion

4.1 Concluding remarks

The following section contains final remarks on the experiments described in
Section 3, covering them in chronological order.

Initial measurements performed with a more established DME flame allowed to,
for the first time ever, quantify CH>O as a combustion intermediate with a detection
limit of around 300 ppm, as well as major species and temperature. This marked a
solid start for the new measurement technique involving a multi-pass cell. However,
some uncertainties regarding CH,O cross-section data called for additional
calibration measurements. These measurements have been complicated by the fact
that CH.O is highly reactive and does not exist as a stand-alone species under
ambient conditions. Therefore, it was decided that the vapor phase of formalin — a
H,O/CH3;OH/CH20 mixture that is commonly used to store CH,O — would be the
measurement target. Still, as vapor-phase formalin is also reactive and the final
species mole fractions cannot be estimated through routine equilibrium calculations,
an additional measurement was required before that system could be used to obtain
the desired CH>O cross-section. This led to the introduction of Absorption
Spectroscopy, which was used to obtain the exact species mole fractions. Finally,
with the acquired cross-section data, an additional study of temperature-dependent
formalin vapor composition was performed to aid with non-combustion chemistry
research. This part of the work highlights how laser techniques can be used
complementary to compensate for each other's weak points and illustrates that
setups developed for combustion studies can also be employed for other fields, such
as studies of time-evolution of reactive systems, such as formalin mixtures, at
varying temperatures and pressures.

Following that, the multi-pass setup was employed to obtain minor species data
from NH; flames that pose a bigger experimental challenge than DME. Initial
measurements allowed to obtain NO data from the post-flame zone. However,
strong LIF signal made it impossible to quantify anything in the reaction zone. Since
the LIF signal depends on the excitation wavelength in a way that differs from
Raman, the system was changed to operation at 355 nm from the initial 532 nm.
This significantly reduced the LIF response and allowed the acquisition of major
species data from the reaction zone. However, the conventional Raman setup is not
sensitive enough for the detection of minor species. Thus, the entire multi-pass

68



system had to also be re-aligned for the 355 nm. Finally, this allowed to detect and
guantify the reaction-zone N2O. Both NO and N.O mole fractions have been
obtained for the first time in a pure NHs flame, providing invaluable data for the
development of kinetic models.

The developed molecular model of aluminium monoxide (AlO) was applied to
estimate the combustion temperatures of H2/O- flames seeded with aluminium (Al)
particles based on provided experimental data. The resulting gas-phase temperatures
appeared to be in agreement with the surface particle temperatures obtained in other
experiments.

Lastly, the author assisted with the research of H,, another carbon-free fuel. This
study involved a different way of using Raman spectroscopy: instead of binning the
data to obtain spectral peaks, one can look at the whole camera range and use the
signal to keep track of the spatial distribution of the species. In the present
experiment, it was used to compare spatial distributions of N, and H. that were
flowing through a burner at ambient conditions. Then, it was cross-checked with
simultaneous LIF measurements of anisole to see if it follows the H. fuel and could
be used as a tracer species to aid with H; studies. This, once again, illustrated that
laser techniques are complementary and have a large variety of possible
applications.

4.2 Future outline

Overall, the obtained data on minor species is primarily meant to assist with the
development of fundamental chemical kinetic models. However, this is one of the
first steps in the overall studies of a fuel: after the acquisition of the chemical data
from the flat flames, increasingly complex systems are to be studied under non-
ambient pressures and elevated reactant temperatures, gradually approaching the
realistic operation conditions, for example, in the engines. For all these subsequent
studies, the diagnostic techniques employed in this work could be of further use.

During the experiments, another gap in knowledge became apparent: not only
chemical but also molecular constants data on flame radicals is extremely scarce
since reaction zone measurements are challenging, and these species do not exist
under ambient conditions. This significantly complicated some of the data analysis
steps that would normally be handled with assistance from molecular modelling.
The possibility of high-temperature measurements allows for validation of
molecular models across a wider range of input conditions, and high-resolution data
on temperature-induced changes to spectral shape can aid with the acquisition of
molecular constants, introducing one more field the present setup could be
employed in.
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