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Abstract

Laser-induced fluorescence (LIF) is a widely used technique in combustion diagnostics
due to its high detection sensitivity and its potential for 2-D and even 3-D applications.
Commonly used diagnostic molecules are e.g. the OH radical for flame front detection
or the NO radical for concentration or temperature measurements. Their spectroscopic
properties and important collisional processes for quantitative LIF interpretation are well
investigated. Despite of its predissociative nature, which is beneficial for high-pressure
LIF as the signal is less affected by fluorescence quenching, the O, molecule is not often
used and collisional processes relevant in combustion environments are not investigated
to the same detail. One of the possible reasons is that a saturation effect of the LIF
signal was observed when employing high energy lasers, which is not quantitatively un-
derstood. This saturation is the result of the competition of laser excitation and ground
state rotational energy transfer (RET).

In this work, I introduce an experimental setup including a data acquisition routine
and propose a kinetic model to investigate the saturation of O, LIF. Concerning the
modeling, I show that a relatively simple three-level model provides the best agreement
with experimental data. A comparison of this model to others, including a more detailed
description of RET population exchange indicates why the three-level model better rep-
resents the experimental data. Quantitative analysis with the three-level model at dif-
ferent pressures and for different flame gas compositions indicates that the saturation
of the O, LIF signal decreases with increasing pressure, although the dependence is not
linear. In addition I found that the saturation depends on the flame gas composition,
but not on the ro-vibronic transition in the investigated range. I show that the common
O, simulation tools can be expanded to predict the saturation effect.

With respect to practical application of O, LIF, I propose the use of 2-D O, LIF to locate
flame fronts in rich flames. The accuracy of this method is experimentally compared to
traditionally used OH LIF and found to be identical. For quantitative spectral analysis
I show that a non-negative matrix factorization method can successfully decompose an
O5 spectrum into its different vibronic contributions. From this decomposition, I can
estimate an upper bound of the quenching cross section of excited B-state O and show

that quenching can be neglected for quantitative LIF investigations up to at least 10 bar.






Zusammenfassung

Die Laser-induzierte Fluoreszenz (LIF) ist eine weit verbreitete Diagnosetechnik in der
Verbrennungsforschung. Thre hohe Empfindlichkeit erlaubt bildgebende Verfahren bis hin
zur dreidimensionalen Erfassung von Konzentrationsfeldern. Haufig wird in der LIF Dia-
gnostik das OH-Radikal zur Visualisierung der Flammenfront angeregt. Das NO-Radikal
kann mit LIF direkt in der Entstehung dargestellt werden und eignet sich zum Erfassen
zweidimensionaler Temperaturfelder. Die spektroskopischen Eigenschaften beider Mole-
kiile und die fiir quantitative LIF Messungen relevanten Stossprozesse sind eingehend
untersucht und weitgehend bekannt. Obwohl das stark pradissoziierende O Molekiil sehr
gut flir quantitative LIF bei hohen Driicken geeignet ware, da das LIF Signal nur we-
nig von Stossloschung beeinflusst ist, wird es selten in der Flammendiagnostik genutzt.
Die unter Flammenbedingungen auftretenden Stossprozesse sind weit weniger gut unter-
sucht. Ein méglicher Grund hierfiir ist, dass ein Sdttigungsprozess bei der Anregung mit
starken Lasern beobachtet wurde, der bisher nur qualitativ beschrieben wurde. Diese
Sattigung ist das Ergebnis aus dem Zusammenspiel von Laseranregung und Rotations-
energie Transfer (RET) im Grundzustand.

In dieser Arbeit beschreibe ich sowohl einen Versuchstand mit der dazugehorigen Mess-
technik als auch ein kinetisches Modell um die Séttigung von O, LIF zu untersuchen.
Beziiglich der Modellierung zeige ich, dass ein recht einfaches drei-Niveau-Modell die bes-
te Ubereinstimmung mit experimentell gewonnenen Daten aufweist. Ein Vergleich mit
anderen Modellen, in denen auch der RET Populationsaustausch préziser beschrieben
ist, liefert Erklirungen warum das drei Level Model die beste Ubereinstimmung aufweist.
Die quantitative Datenauswertung mithilfe des drei-Niveau-Modells zeigt, dass die Sét-
tigung erwartungsgemséss mit steigendem Druck abnimmt. Unerwartet war, dass dieser
Zusammenhang nicht linear ist. Erweiterte Messungen zeigen, dass die Séttigung von
der Zusammensetzung des brennbaren Gasgemischs abhingt, aber innerhalb der unter-
suchten Bedingungen nicht von dem ro-vibronischen Ubergang. Diese Ergebnisse nutze
ich um ein gingiges Simulationsprogramm zu erweitern, das dann den Sattigungseffekt
korrekt abbildet.

In einer praktischen Anwendung beschreibe ich die Moglichkeit 2-D O, LIF zur Loka-

lisierung von Flammenfronten unter fetten Verbrennungsbedingungen zu nutzen. Die
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Zusammenfassung

Genauigkeit dieser Methode erweist sich in Experimenten als gleichwertig verglichen mit
traditioneller OH LIF.

Mithilfe einer nicht-negativen Matrix Faktorisierung zeige ich, dass ein O Spektrum
in seine vibratorischen Komponenten zerlegt werden kann. Diese Zerlegung ermdoglicht
es eine obere Grenze fiir den Querschnitt Stossléschung des angeregten O, Zustands
abzuschétzen. Es zeigt sich, dass Stossloschung fiir Driicke bis mindestens 10 bar ver-

nachléssigt werden kann.
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1. Introduction

According to the World Energy Resources Report 2013 by the World Energy Council [1],
in 2011 82 % of the world’s primary energy supply was based on fossil fuels. Although
this share is predicted to decrease in the future as renewable resources become more and
more available, the absolute amount of energy supplied by fossil fuel keeps increasing as
the total primary energy demand increases as well. The anthropogenic combustion of
fossil fuels changes the Earth’s energy budget and, according to the IPCC’s WP1 sum-
mary of the 5th assessment report [2], is a driver for climate change. Changes of energy
fluxes to the Earth’s energy budget are quantified by radiative forcing, where positive
forcing leads to surface warming. The largest contribution to the change of radiative
forcing is caused by the increase in the atmospheric concentration of CO; since 1750
[2]. Even though the long-term aim should be to supply the world entirely with renew-
able and thus sustainable energy, improving fossil fuel combustion is a powerful way to
reduce emissions of CO, and other pollutants in the meantime. As an example, a 1%
improvement in the efficiency of a conventional pulverized coal combustion plant results
in a 2-3% reduction in CO; emissions. Highly efficient modern coal plants emit almost
40% less CO2 than conventional plants [1]. Modern combustion research looks at new
technologies, such as pre- and post-combustion carbon storage that require combustion
of different fuels or fuel compositions, respectively and different ways of combustion, e.g.
partially catalytic supported combustion. This also includes challenges in combustion
of renewable energy carriers and the need of more flexible combustion systems.

To understand and improve combustion processes, laser diagnostics provide powerful
methods to yield information about the complex interaction between fluid mechanics
and chemical kinetics. They allow to measure in-situ and non intrusively important
characteristics such as flow field, temperature, species concentrations and reaction zone
location with high temporal and spatial resolution as well as high accuracy and precision.
Common laser optical techniques to measure flow fields include particle image velocime-
try (PIV) or laser Doppler anemometry (LDA), wheres laser-induced fluorescence (LIF)
coherent anti-Stokes Raman spectroscopy (CARS) and Raman spectroscopy are com-
mon laser spectroscopical techniques to conclude chemical properties e.g. temperature,

species concentrations or 2-D images of the flame front. In Figure 1.1, I show as an
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example LIF applied to a Bunsen flame. Different species act as indicators, CH,O can
be used as a precursor of the reaction zone in which the fuel is thermally decomposed.
CH can be used to visualize the rich premixed reaction zone whereas OH can be used to
visualize the diffusion flame front.

In this work, I am investigating LIF of the O, molecule. I will explore whether O,
LIF can extend diagnostic capabilities to new combustion systems in which traditional
methods cannot be applied anymore. Concerning quantitative LIF with the O, molecule
in high pressure flames, a better understanding of quenching and relaxation processes of
O5 is needed. This work strives to fill gaps in the knowledge of spectroscopic properties

of O, at technical combustion relevant conditions.

Figure 1.1.: LIF in a Bunsen flame, taken from Bombach and Képpeli [3]. Blue color
shows fluorescence of CH,O, green color of CH and red color of OH.



2. Background

The relevant theoretical and experimental background information is briefly given in
this chapter. Important spectral properties of the Oz molecule and their influence on
LIF are discussed as well as important collisional processes regarding LIF. A literature

overview concerning Os spectroscopy in flames is given at the end of the chapter.

2.1. Spectral Properties of the Oxygen Molecule

Oxygen is one of the most abundant and most important chemical elements for life on
Earth. Oxygen was discovered by C.W. Scheele, a Swedish pharmacist in 1771. Due
to its importance to many fields of science (e.g biology, medicine, chemistry, combus-
tion) it has been widely investigated. Oxygen (O2, in the entire work I will refer to O,
always as the molecule consisting of two 00 atoms) is spectroscopically well investi-
gated [4] and has a dominant UV absorption band around 200 nm which is named after
German physicist V. Schumann and German mathematician C.D. Runge. Schumann
[5] discovered this absorption band system in 1903 during his pioneering work in the
spectral region below 200 nm. Runge [6] found in 1921 excitation bands of atmospheric
O, at wavelenghts above 200 nm which were found to belong to the same system. Both
should have immediately observed ozone formation by its smell. This mechanism is also

responsible for ozone formation in the atmosphere. The reactions can be written as

0, 2 20 (2.1)
0, +0+M—035+M (2.2)

The physics behind reaction 2.1 can be explained with the spectral properties of the
Schumann-Runge system. The system denotes transitions between the electronic ground
state (X?X;) and an excited electronic state (B ), which have been subject to many
investigations during the last century e.g. by Curry and Herzberg [7], Creek and Nicholls
[8], Slanger and Cosby [9], Lewis et al. [10], Sick and Szabadi [11]. Figure 2.1 shows
for this work relevant potential energy functions of Oy electronic states. Two important

aspects can be seen from this figure: i) The equilibrium distance between O-atoms in the
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Figure 2.1.: Potential energy functions of O,, data compiled from Bytautas et al. [12]
and Decker [13].

excited (XgE;) state is about 0.4 A larger than in the ground state, resulting in a large
number of allowed vibrational transitions. This explains the wide absorption range and
the atmospheric opacity below 200 nm. ii) The repulsive states (*IL,,' II,, 232} 5 I1,,),
crossing the B3Y; state potential curve are responsible for the large predissociation
rates of excited Oy molecules. Franck Condon factors of the Schumann-Runge system
are shown in Figure A.1.

The molecular orbital scheme with the electron occupation of the O, ground state is
shown in Figure 2.2. This scheme can be used to describe O, and F», whereas for B,
Co or Na, 042p lies energetically higher than m,2p. The electron configuration of the O»

ground state is thus

(041)2(07315)? (025 (0325)(042p)? (mu2p)(32p)°
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2s 2s

Figure 2.2.: Molecular orbital scheme of O, with ground state electron occupation. The
molecular orbitals arising from the 1s atomic orbitals are not shown, as they
are almost completely localized on the atoms and lie significantly lower in
energy.

which would allow according to the Pauli principle the term symbols 329_, lAg and
12;. With Hund’s rule 32; can be identified as the ground state. The term symbol

for the excited state is 3.

The term symbols specify symmetry properties of the
electronic wave function Wy..: The 'g’ or "u’ subscripts imply symmetry or antisymmetry,
respectively, to inversion through the center of a diatomic molecule and the subscript
'+ or -’ relate to symmetry or antisymmetry with respect to reflection across a plane
containing the internuclear axis.

As 190 atoms have a nuclear spin of zero, their nuclei are bosons and thus the total
wave function of O, must be symmetric with respect to the permutation of the two 20
nuclei.

For O, the total wave function can be written as:

\Iltotal = \I/eleclpvibq/rotanucl- (23)
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The vibrational wave function ¥,;, depends only on the distance between the two nuclei
which is not affected by the permutation. Therefore W, is symmetric. The nuclear spin
wave function W, is symmetric for the nuclear spin of zero of 0. The rotational wave
function W, is symmetric for even rotational quantum numbers J and antisymmetric
for odd J. To determine the symmetry of the electronic wave function V.. with respect
to the permutation of two atoms, this permutation can be represented by a combination
of an inversion and a reflection. Thus, W for the X3Z; state is antisymmetric and is
symmetric for the B3X; state. Consequently, for the O, ground state only odd .J values
are allowed and for the excited state only even J values. Thus, Q-branch lines with
AJ = 0 are not visible in the ro-vibronic spectra of the Oz Schumann-Runge system.

The coupling of the angular momenta of the Oy can be described with Hund’s case b, as
for the 3 state of Oy the orbital angular momentum is zero. The coupling between the
rotation (quantum number J) and the spin (quantum number S) results in a splitting

of the rotational level into three components (Fy, Fy, F3).

2.2. Laser-Induced Fluorescence

Laser-induced fluorescene (LIF) is a widely used technique in combustion diagnostics.
The two main reasons for that are the high sensitivity of the technique which allows
for the detection of combustion radicals and its capability for 2-D imaging. LIF for
combustion species has been described in detail by Eckbreth [14] and Kohse-Hoinghaus
[15, 16]. T will briefly summarize the relevant information regarding this work using the
nomenclature of Eckbreth [14].

2.2.1. Molecules Used for LIF in Gas Combustion

The combustion of hydrocarbons can be described with a global reaction equation e.g.

for methane
CHs +20, = COs + 2H50. (2.4)

This global equation can not represent the complexity of interaction between the various
elementary reactions and intermediate species which occur during the oxidation reaction.
Figure 2.3 shows a simplified reaction path scheme for lean CH4 combustion as developed
by Frouzakis and Boulouchos [17].

A detailed reaction mechanism for modeling hydrocarbon combustion is the GRI 3.0
mechanism, developed at the UC Berkeley [18] (all chemical combustions simulations in
this work are calculated with the GRI 3.0 mechanism). This mechanism takes 53 species

and 325 elementary reactions into account. Some of these intermediate combustion
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Figure 2.3.: CH4 reaction path scheme, kindly provided by C. Frouzakis. The numbers
at the arrows indicate normalized reaction rates.

species like OH, CH, CH,O or NO can be used for LIF diagnostics. Figure 2.4 shows a
selection of combustion intermediates spatially resolved along the flame front of a lean
premixed CH4 flame as well as the corresponding temperature and heat release profiles.
A typical definition of the location of the flame front is the position with the highest
heat release (the minimum of the heat release curve). From Figure 2.4 it can be seen
that the concentration of CH peaks very close to the position of the flame front. CH
can therefore be used as an indicator of the flame front (e.g. in a Bunsen flame, see
Figure 1.1 or [20]). The concentration of CH;O peaks before the reaction zone caused
by the thermal decomposition of the fuel. CH>O can hence be used as a precursor for
the reaction (see also Figure 1.1 or [21]). The concentration of OH rises strongly within
the flame front. OH is thus also a possible indicator for the flame front.

From the major species of CHs combustion (CHg, Oz, CO2 and H20) only O, has been
shown to be useful for LIF diagnostics in flames with UV lasers [22, 23]. LIF in flames of
hot CO, was reported by Lee et al. [24] but they found a strong temperature dependence

of the LIF signal and mention the little fundamental knowledge about the interaction of
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Figure 2.4.: Selected minor species in lean premixed CH4 combustion with A = 1.67,
calculated with the GRI 3.0 mechanism [18] and the PREMIX code from
the CHEMKIN package [19]. The heat release is scaled to be able to plot it
on the same axis as the temperature.

hot CO; and UV light.
The other more stable molecules would need a higher photon energy to be excited (VUV

light), which is practically impossible to apply in technical combustion processes.

2.2.2. Two-Level LIF Model

The principles of LIF can be described, strongly simplified, with a two energy level
model as shown in Figure 2.5 in which the state E; is termed ground state and Fsy the
excited state. Introducing Ny and Ny as the number of molecules populating F; and

FE», respectively, the rate equations for the temporal derivatives of the state population
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Figure 2.5.: Two Energy Level LIF Model according to Eckbreth [14].

densities can be written as

dN-
—L — _Nibig + Na(by 4 As1 + Q1) (2.5)

dt
dNy

— +N1b12 — Na(ba1 + Aot + Q21 + P + Way;) (2.6)

with the rate constants b1y (excitation), be; (stimulated emission), As; (spontaneous
emission), Q91 (fluorescence quenching, a collisional deactivation explained in more detail
in section 2.3), P (predissociation) and W (photoionization) and the initial conditions
N1(0) = N and N2(0) = 0. The fluorescence signal power F is proportional to the

population of the excited state No and can be expressed as
F=C.D,A>1 N> (2.7)

in which C, and D, are constants denoting the collection efficiency (C.), comprising e.g.
the photon energy of the emitted fluorescence, the collection angle, the focal area of the
laser beam, and the detection efficiency D., accounting for light amplification and the
detection characteristics of the CCD camera.

When As; + Q21 + P >> bo; the system depicted in Figure 2.5 reaches a steady state
during the laser pulse [14]. In the important case of low excitation rate bj2, which means
it changes the population of Ny only negligibly, and photoionization W is negligible

LIF is termed to be in the linear regime and the fluorescence power can be expressed
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proportional to the initial population NY as:

A
— 2L N
Ag1 + Q21 + P
~— ——
©

F = C.D.bys (2.8)

In this equation, ¢ denotes the fluorescence quantum yield. In the case of predissociative
LIF in the linear regime, which means P >> )+ A, the quantum yield can be expressed
as g~ %. The LIF signal F is then

A
F = CeDebm%N?. (2.9)
For all the O, B-X transitions investigated in this work ¢ is dominated by P and in the

order of 107,

2.2.3. LIF Models with more than Two Levels

In practice, the 2-level model is not sufficient to describe LIF kinetics as often collision
induced rotational energy transfer (RET, see subsection 2.3.1) must be considered. To
account for RET, Berg and Shackleford [25] or Lucht et al. [26] proposed to extend the
two-level model into a four-level model as depicted in Figure 2.6, which they successfully
used to describe saturated OH LIF measured with Q-switched Nd:YAG lasers. In this
four-level model, the levels 3 and 4 are not single energetic states as levels 1 and 2,
they comprise as pool or bath states an ensemble of rotational states. The de- and
repopulation of levels 1 and 2 through the bath states 3 and 4 with the corresponding
rate constants represent effective processes which are the result of the interaction of many
state-to-state processes. A more detailed description of these state-to-state processes is
usually not possible in LIF experiments, as such processes can not be resolved. On
the other hand a four-level model allows a quick computation of model results which is

advantageous when fitting the models to a large number of experimental data points.

10
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bi,:  Excitation

b,,: Stimulated Emission
A,.: Spontaneous Emission
Q.. Quenching

R, Rotational Transfer
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Figure 2.6.: Four-level LIF model according to Berg and Shackleford [25] and Lucht et al.
[26].

The rate equations for the four-level system can be written as:

% = —Ni(bi2 + Ria) + No(ba1 + Ao1 + Q21) + N3(Asz1 + Q31) + NaRyy  (2.10)
% = +N1bia + N3R3z — No(b21 + A21 + Q21 + Azg + Q24 + Ra3) (2.11)
% = +N2Ro3 — N3(As1 + @31 + Azs + Qza + R3o) (2.12)
% = +N1Rys + No(Aoy + Qo4) + N3(Ass + Q34) — NyRyy (2.13)

The four-level model can be seen as the core description for LIF including RET, which
has been adapted for different molecular systems. In this scope, for time dependent
studies of OH LIF, Stepowski and Cottereau [27] have proposed a three-level model
which comprises levels 1,2 and 3 from Figure 2.6. They assume for weak pumping that
rotational energy transfer is fast enough to maintain the population Ny at its Boltzmann
fraction.

For planar LIF with NO Lee et al. [28] proposed a five-level model. In this model the
additional fifth level acts as a sink for quenching of the upper states. Nguyen and Paul
[29] showed that a five-level model for saturated O, LIF can be simplified to a three-level
model, which is what I will use as a starting point for modeling saturated O, LIF in this

work.

11
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2.3. Collisional Processes Relevant for LIF in Combustion

When molecules are colliding with other molecules or atoms, they may exchange en-
ergy. By either accepting or releasing a certain amount of energy, the energetic state
of the molecules changes. With the LIF technique, molecules are excited to a distinct
energetic state and the fluorescence from it is analyzed. Not considering collisionally
induced population changes of the LIF-involved energetic states may lead to an over-
or underestimation of the recorded LIF signal. As shown by e.g. Eckbreth [14], Rothe
et al. [30] or Decker [13] collisional processes may influence the LIF signal significantly
in combustion environments.

One way to categorize collisional processes is to discriminate by the amount of exchanged
energy (e.g. if the transferred energy is equal to the energetic separation of two rota-
tional or vibrational states). The efficiency of a collisional process in ideal gas can be
described by its effective collisional cross sections o, so that the rate constant of the

process can be calculated as:

Qcoll = NtotVrelO with (214)

8kpT
Vpel = B the relative mean velocity where p is the reduced mass (2.15)
'

Njot = the particle density from the ideal gas law with pressure p  (2.16)

_P_
kT
Especially for quantitative LIF analysis, it is important to know the rate constants for
such collisional processes. I present in the coming section the important processes which

are relevant for LIF applied to combustion problems.

2.3.1. Rotational Energy Transfer

The conversion from translational energy (momentum) to rotational energy (angular
momentum) or vice versa and the exchange of rotational energy as the result of inelastic
collisions between molecules is called Rotational Energy Transfer (RET). The theory of
rotational relaxation was reviewed e.g. in Secrest [31]. This energy exchange process
is of major importance to the present work, as Grinstead et al. [32] have shown that
compared to the pulse duration of a typical combustion diagnostics laser in the order of
3 —20ns RET of O, is a fast process. Thus concerning LIF measurements, RET will
change population densities of the ground state and the excited state during the laser
pulse and must be accounted for in quantitative LIF measurements. Nguyen and Paul

[29] have shown that the saturation effect of the LIF signal in predissociative O, LIF is

12
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the result of a competition between laser excitation out of the ground state and RET

repopulating the ground state.

Modeling RET

The population change of a rotational level IV, resulting from rotational energy transfer

can be written as:
dN Iy

dt

= (kj»s; Ny, — ky,-1.Ny,) (2.17)
iAf
If for example J,,.. = 100 rotational states are considered, RET rates between every
state are usually written in a state-to-state rate matrix (called relaxation matrix, in
this case a 100 x 100 matrix). A matrix element kj,—.g, describes the rate from the
initial rotational level J; to the final level J;. Following Brunner and Pritchard [33],
models describing RET can be divided into two classes: fitting laws and scaling laws.
The fitting laws are empirical functions which represent the state-to-state matrix with
only a few parameters. They are often determined and verified experimentally. The
scaling laws are based on a theoretical approach, they are derived from the formulation
of the quantum mechanical scattering problem by applying certain assumptions to the
Schrédinger equation. Due to the usually large number of free parameters, scaling laws
directly are not practical to fit experimental data. I will review in the upcoming sections

commonly used laws, following [33].

Scaling Laws

Under the assumption of sudden collisions, where the collision is fast compared to the
rotation of the molecule, the infinite-order sudden scaling law (IOS) can be derived
from the Schrodinger equation by applying certain dynamical approximations. The
relaxation matrix elements from the IOS scaling law, involving a sum of products of

angular momentum coupling coefficients can be written as:

ES — E" J; Jf l
k§ioig>Jf =(2Jp+1) exp (kaTJ>> > (20 + Dkiso (2.18)
10 0 O

In this equation .J- denotes the greater of J; and Jy. ki is a set of base rate constants.
The matrix in the sum is called Wigner or 3-j-symbol matrix and considers coupled an-
gular momenta in two quantum systems. The IOS scaling law is, due to the assumptions
made in its derivation, restricted to collisions where the duration of the collision is small

compared to the rotational period of the molecule. Good agreement between the 10S

13
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scaling law and experimental data has been observed in collisional systems of light atoms
with molecules.

A further generalization of the IOS scaling law allows to extend the scaling relationships
beyond the above mentioned restriction of sudden collisions. A factor Ay, termed adia-
batic factor is introduced resulting in the energy-corrected sudden approximation (ECS)

scaling law:

E" E§> Ji Jf l

KEOS, = (2J;+1) exp (‘]ka) 3 2+ D[A;]?kie (2.19)
l

0 0 0

Fitting Laws

The fitting laws are based on the assumption that the relaxation matrix elements k,_, Jy
depend on the energetic difference of initial and final state: kj,—., (AEjy, Jf). The oldest
and widely used fitting law is the exponential gap law (EGL), proposed by Polanyi [34].

k5SY, = B exp(—a|AE, ;) (2.20)

In this law, o and [ are the fitting parameters. Polanyi [34] has shown good agreement
of this law with light molecules, but it is not suitable for heavier molecules. Attempts
have been made to explain the EGL with suprisal theory (information theory), but none
of them should be thought of as proving the EGL.

Koszykowski et al. [35] proposed for their comparison to experimental data, adding
further parameters to the EGL yielding a so-called modified EGL (MEG).

EMEG _ (1 + aEJi/kBT5>2 (To
JZ'A)Jf -

N
- 1 —l—aEJi/kBT T) exp(_/BAEJiJf/kBT) (221)

They have found good agreement for Oz - Oz and Oy - N collisions.
Another empirical correlation is the statistically based power gap law (SPG), which can

be written as follows:

kiIlGJf - ﬁ ‘AEJiJ‘f/BTot‘ia (222)

where B,.,;+ denotes the rotational constant, and again, « and [ are the fitting parameters.
The SPG was successfully applied to experiments (see Brunner et al. [36]).

For N; - Ar collisions a combination of the SPG and EGL called the statistical exponential-

14
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power gap law (SEPG) has been successfully applied (see Brunner et al. [36]),
kiE—iDJCj =0 |AEJiJf/BTOt’_anp(_QQIAEJiJf D (2'23)

where «, as and § are the fitting parameters.

A possibility to apply the scaling laws to experimental data is to define the base rates
k1o of the IOS or ECS scaling laws (Equation 2.18, 2.19), as power law for the angular

momentum, similar to the SPG
kDo =all(l+1)]77 (2.24)

where a and «y are the fitting parameters. The fitting laws resulting from this combination
are termed IOS-P and ECS-P, respectively. When using a combination of power law and

exponential law to define the base rates k;_.q:
EP - =l +1)
kirso = all(l + 1) Texp | ——= (2.25)

with fitting parameters a, v and [*, consequently, the fitting laws are termed 10S-EP
and ECS-EP.

Knopp et al. [37] have introduced an angular momentum-based scaling (AECS) law, in
which the kj,—,j, scale with VAE instead of AE, as in the energy scaling laws.
Describing collisional processes, it is common to all the RET model approaches that
they scale linearly with the pressure. One important aspect to note is that there are
no clear rules and indications for which system which scaling or fitting law is preferred.
Steinfeld et al. [38] have shown for N, that ECS-EP represents their data better than
EGL, SEPG, I0S, IOS-EP or ECS-P. For a wide pressure range Koszykowski et al. [35]
and Seeger et al. [39] have found that MEG describes N2-N2 and N»-O collisions best.
Knopp et al. [37] have found for Ny collisions their AECS model superior compared to
ECS-EP and ECS-P. Regarding this work, the differences between the model approaches

can assumed to be negligible and therefore all model approaches are acceptable.

2.3.2. Vibrational Energy Transfer

The conversion from translational energy to vibrational energy or vice versa as well as
the exchange of vibrational energy as the result of inelastic collisions between molecules
is called Vibrational Energy Transfer (VET). The theory of vibrational relaxation was
reviewed e.g in Rapp and Kassal [40], Kneba and Wolfrum [41], Secrest [31], Lambert

15
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[42] and Capitelli et al. [43]. In their work, Capitelli et al. [43] point out that VET is
a slow process compared to RET (7yppr >> 7Trpr). For the scope of this work it is

important to know how the characteristic timescale of VET compares to the laser pulse

duration (Tv g1 VS Tigser)-
According to Capitelli et al. [43], three different mechanisms of VET need to be dis-

tinguished. The analysis is based on the harmonic oscillator model, which describes

vibrational relaxation well for low vibrationally excited levels.

16

e Vibrational to Translational (VT) energy transfer.

The population change of a vibrational level N, can be written as, similarly to
Equation 2.17 for RET

dNy,
dt

=2 Y (PnnNm — PumNn) (2.26)

m#n

where Z denotes a collision frequency and P the transition probability. The colli-

sion frequency Z is calculated as

2nkpgT
Z:2d2nmt\/ WMB (2.27)

where d is referred to the diameter of an atom or molecule, n4,; is the total number

of particles and p is the reduced mass of the collisional partners. This notation
with the collision frequency and probabilities is advantageous when probabilities
can be calculated and is linked to the notation in Equation 2.17 by the calculation
of the collision frequency Z in Equation 2.27 in which the collisional cross section
is set to oo = ”sz. Assuming a Maxwellian velocity distribution and considering

the principle of detailed balance, the probabilities are related as

En Em

P,ne *8T = P, e *BT. (2.28)

Typically, only single-quantum transitions need to be considered [43] with proba-
bilities

PnJrl,n = (TL + 1)P10 (229)
in which Py denotes the probability of the transition Ny — Ny. By defining a

total vibrational energy as F,;, = Y. nFE19N, and considering Equations 2.28 and
2.29, Equation 2.29 yields the energy relaxation equation with the VT relaxation
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time Ty

dt VT '

which was derived by Landau [44].

e Vibrational to Vibrational (VV) energy transfer between identical molecules.

Considering VV exchange, Equation 2.26 must be extended to

AN,
dt
7 ; N (2.31)
Z > (PanNm — PamNy) + SN > (Pg,NsNp — Pl NiNy,)
m#n m=0-"m m,s,l

in which P2, is the probability of VV exchange in a collision after which two
molecules in the initial states m and s transfer to the final states n and [. Again,
from the principle of detailed balance, the probabilities of VV exchange are related

through the expression

Ej+En Es+Em

Pl ¢” kpT = psl o7 kET (2.32)

According to Capitelli et al. [43] there are usually two different relaxation timescales
for which can be said:
1 1

T ~ <<
YV zpot ZPyo

~TyT. (233)

e Vibrational to Vibrational energy transfer between different types of molecules
(VV) .
In mixtures of diatomic gases energy exchange caused by collisions between molecules
of different types needs to be considered, which can assumed to be independent
from the above mentioned VT and VV exchange. The population change caused

by VV’ exchange can be written as

dANA ZAB ‘sl 1B ard " B4
it vv S NB > (PrnNS Ny — Pin NP NG (2.34)

in which Z4p is the mean number of collisions of a molecule A with molecules B.
The principle of detailed balance relates the probabilities of VV’ exchange as

BB+Efd eEB+Ea

Pls e TRpT = PlSleT TRET (2.35)

nm
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For a single-quantum VV’ exchange between two harmonic oscillators for which
Efy > ER;  EBfl <2EF (2.36)
the following inequality according to Capitelli et al. [43] can be assumed

A B A B A B
Tvv,TvVv << Tvv, Tyy! << v, TvT-: (237)

Concerning predissociative B-XO, LIF in flames, Sick et al. [45] have shown that neither
VV, VV’or VT exchange can be measured in the excited state. This is not unexpected as
the excited state is dominated by fast predissociation (7preq << Tvv, Ty, TyT) and thus
VET of the excited state can be neglected. Ground state VET of O, is important to the
process of ozone formation in the Earth’s atmosphere and has thus been investigated by
the atmospheric chemistry community e.g by Coletti and Billing [46]. Their theoretical
and experimental results show that O, VV and VT exchange is slow compared to the

laser pulse duration (7j4ser << TvV, TyT)-

VET in Collisions with Oxygen Atoms

In the present work Oz molecules are photo-dissociated caused by the laser excitation.

Collisions of molecular O, and O atoms of the form
OQ(V//) +0 — OQ(V/) +0 (2.38)

are known to be efficient in multi-quantum VT vibrational energy exchange, because a
stable intermediate complex O3 can be formed. Esposito and Capitelli [47] investigated
this relaxation process in detail. Their results show that the above mentioned collision
(Equation 2.38) can cause faster relaxation of O, compared to molecular collisions. With
respect to the present work, an upper bound of this vibrational relaxation process can
be estimated by assuming that all O, molecules of a lower state (e.g. v” = 6) are disso-
ciated into O atoms. Considering the rate constants of [47], the resulting VET rates are
due to the low concentration of O about four orders of magnitude smaller compared to
RET rates.

Considering these results and Equation 2.37, during a laser pulse all O VET can be

neglected in this work.
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2.3.3. Quenching

Fluorescence quenching describes the effect that the energy of an excited molecule is
quickly exchanged with other molecules via collisions and afterwards released into kinetic
or internal energy of the collisional partners instead of fluorescing. In contrast to RET
or VET which describe energy exchange within an electronic state, quenching relates to
an energy exchange in which the final state of the electronically excited molecule is the
electronic ground state. I will discuss two quenching models which have been reported

in combustion diagnostics literature and are experimentally supported.

Collisional-Complex Model

In this model, the collision is treated as a reaction of the excited molecule A* with a

collisional partner M which deactivates A* into the ground state [48] :
A"+ M — A+ M+ Epp, (2.39)

When A* and M approach each other attractive interactions between them result in the
formation of a complex or collision pair A*- - - M which either falls back to A* and M
or dissociates into A and M with increased kinetic energy. The reaction path can be

written as
A+ M — A M- A+ M (2.40)

The collisional complex model was successfully used by Fairchild et al. [48] to describe
fluorescence quenching of A2Y* OH radicals in measurements at elevated temperature

(1100 K) and by Holtermann [49] to describe quenching of single rotational levels of SO».

Harpooning Model

In this model, an excited molecule A* is assumed to form an intermediate ion pair with
the collisional partner M, AT + M~ by an electron transfer. The corresponding ion po-
tential function crosses the potential functions of the electronic ground state and excited
state (sometimes this model is also called "curve-crossing model" [50]). The potential
energy functions are schematically shown in Figure 2.7 When a collision happens, A*
can change to the ionic potential with a probability 1 — P, and subsequently change to
the ground state potential with the probability 1 — P, or stay on each potential with the
probabilities P, and P,, respectively. For a quenching process, the initial electron jump

occurs at the intersection point "x" in Figure 2.7 and a subsequent electron transfer at

intersection point "y". Therefore, "x" and "y" are called entrance and exit channels for
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Figure 2.7.: Schematic of the involved potential energy functions relevant for the har-
pooning quenching model after Decker [13].

electronic quenching. The probability of quenching Py can then be defined as [50]
Po= (1= P,)(1— P)/[L— P,(1+ P,) 2] (2.41)

With this model, Paul et al. [50] have found good agreement to measurements of NO
fluorescence and have determined quenching cross sections for collisions between NO and
05, CO,, Hy0, He, Ne, Ar, CH4, CF4, Hy and CyHg at various temperatures.

Their results point to an issue related to quantitative LIF applications in combustion.
Large problems in determining the quenching rate constants arise from the fact that these
rate constants depend on the pressure and the composition of the collisional partners.
This indicates that for an accurate quantitative interpretation of a LIF signal, the local
species composition and the pressure should be measured simultaneously with the LIF
signal. A possibility to avoid the exact determination of () is to use excited states which

are strongly predissociative, so that P >> @ and therefore quenching can be neglected
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[14]. This is usually assumed for the B-state of Oy (e.g. Andresen et al. [23]). Despite
that, Sick et al. [45] have reported quenching cross sections which are comparable to P

only slightly above atmospheric pressure. I will discuss this topic in chapter 6.

2.4. Saturation of LIF

Saturation of LIF occurs when the laser intensity is large enough, so that the LIF signal
becomes independent of the laser intensity. From the two-level model introduced in
section 2.2 a strategy to avoid quenching corrections can be derived which is linked to
saturation of LIF. In the case of saturation, the LIF signal is maximized and quenching
becomes unimportant compared to excitation and stimulated emission. This can be
derived as follows.
The LIF signal depends on the excitation rate bio which is proportional to the laser
intensity [
N1BqoI
hﬂﬂz——:—/ﬁ@—m%@—wﬂu (2.42)
The integral in this equation is the overlap integral between the absorption line g(v) and
the laser line h(v). The determination of this integral as well as the calculation of the
excitation rate are discussed in detail in subsection 4.3.3. For the two level LIF model
(subsection 2.2.2), a saturation intensity can be defined as [14]
(A21 + Qa1)c
Ty = —— 2.43
sat Bis + Boy (2.43)
When employing a laser intensity I >> I, 4, the fluorescence signal can be calculated

independent from the excitation rate as [14]

B
F=0C.D 12

— 2 Ay NY. 2.44
By + By 21 (244)

Saturated LIF measurements to determine concentrations in flames have been conducted
with Co [51, 52], CH [51, 53], CN [53], OH [54-57] as well as with MgO [58] and results
are reviewed by Schofield [59] and Crosley [60] . As mentioned by Altkorn and Zare [61],
despite the low dependence on fluorescence quenching and the maximized LIF signal
intensity, saturated LIF experiments have some other complications. In practice it is
challenging to achieve complete saturation, due to e.g. non-uniformities of the spatial
and temporal beam profile of the laser beam. When using extremely high laser intensi-
ties, the possibility of laser-induced chemistry [62, 63] or ionization must be considered

[61] and extrapolations to complete saturation must be carried out when it can not be
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achieved.

Especially in low-pressure flames [64] when VET and RET are negligible, saturated LIF
was successfully applied for concentration measurements. An alternative approach for
higher pressure flames and for time-varying applications is to measure LIF in the linear
regime and measure major quenching species to correct for quenching.

Another, rather practical aspect of saturations needs to be considered. It may be impos-
sible to lower the laser intensity so strong that the linear regime of LIF can be ensured.
This is related to the detection efficiency of the experimental setup. In this case partial
saturation is observed, which is a deviation of a linear LIF signal dependence on laser
intensity. In this case vibrational and especially rotational relaxation need to be consid-
ered as we will see later in this work. Depending on the properties of the molecule used
for LIF experiments, there are different mechanisms which can cause partial saturation
(this is the type of saturation that I will consider in the remainder of this work). E.g.
for the NO molecule, saturation arises when the population of the excited state is large,
so that excitation and stimulated emission are dominant for the population variation of
the ground and excited state. RET and quenching of the excited state are important
processes to depopulate the excited state and allow more molecules to be excited [28].
For the case of Oy LIF with transitions of the Schumann-Runge system, the excited
state will never be strongly populated due to the high predissociation rates. In this case,
the non-linear dependence arises from a different mechanism. When laser pumping is
strong, so that the ground state population differs strongly from its equilibrium value,
RET refills the ground state and RET is the limiting factor [65].
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2.5. Laser Diagnostics in Combustion

Since the introduction of laser systems, the research field of laser diagnostics in flames
has steadily grown. Eckbreth [14] gives an extensive survey of the topic, I will briefly
mention some important aspects. Optical laser techniques offer a number of significant
improvements compared to physical probing methods such as thermocouples [14, 66],
which have been traditionally employed in combustion research to investigate and char-
acterize flame phenomena. The intrusion of physical probes can severely alter the flame
behavior and thus change the properties they are supposed to measure. In many prac-
tical applications, the flames are stabilized by flow recirculation and the presence of
a probe will influence the flow field. Newly introduced recirculation areas may act as
flameholders itself. The issue of probe survival the high temperatures dictates the phys-
ical robustness of the probes which increases the chance of perturbation. Also physical
probes are generally limited in spatial and temporal resolution. Remote measurements
such as gas sampling can only measure chemical composition far away from the sampling
location and at very different conditions. Optical laser techniques circumvent disadvan-
tages of physical probes. They are almost always non-perturbing and allow for in-situ
measurements, which makes them ideally suited for measurements in recirculation zones,
boundary layers and confined locations as combustion chambers of internal combustion
engines or gas turbines. Species concentrations or temperatures are measured directly
without the need of uncertain conversion assumptions. Also, laser techniques provide a
high spatial and temporal resolution. Drawbacks of laser techniques include the require-
ment of optical access of the dedicated measurement volume which is not always given
and the fact that no single laser technique is capable of measuring all species and the
temperature simultaneously. Also, laser spectroscopic techniques are best applicable to
small molecules (with less than 6 atoms). For larger molecules spectroscopy is often very
complicated depending on the symmetry of the molecule and spectral signatures may
be very similar (e.g. in polycyclic aromatic hydrocarbons). Although the single compo-
nents required for laser based techniques are commercially available (lasers, detectors,
spectrographs, lenses, filters, etc.), setting up a dedicated laser diagnostic technique to

an experiment requires large efforts and a fairly high level of operator skill.

2.5.1. Typical Laser Diagnostic Methods in Combustion

In this section, I will briefly discuss some of the important laser diagnostic methods
besides LIF and their very basic working principles. Detailed information can be found
in books of Eckbreth [14] and Raffel et al. [67] as well as in the review of Abbiss et al.
[68]
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Laser Doppler Anemometry LDA

A point measurement of the flow velocity can be conducted with Laser Doppler Anemom-
etry (LDA) [68]. The method is based on the principle of Doppler shift. The frequency
of incident radiation, usually realized with a laser, scattered by an object moving relative
to the radiation source is shifted depending on the velocity and the scattering geometry.
The scattered frequency is recorded yielding the velocity information. A schematic of

an LDA setup is shown in Figure 2.8

Laser U S ———AV

Figure 2.8.: Basic Laser Doppler Anemometry Setup, after Abbiss et al. [68].

Particle Induced Velocimetry PIV

To measure flow field velocities in 2-D, especially turbulent flow fields, Particle Induced
Velocimetry (PIV) has proven to be a successful method since it was mentioned in
1994 by Pickering and Halliwell [69] and Adrian [70]. The method of PIV and modern
applications are reviewed in Raffel et al. [67]. For PIV measurements, usually tracer
particles are added to the flow. These particles are illuminated typically with a laser
sheet through the flow at least twice within a short time interval. The light scattered
by the particles is recorded by a CCD camera. A schematic of a PIV setup in shown
in Figure 2.9. With post processing algorithms, the displacement of the particles in
the images between the light pulses can be determined, resulting 2-D flow field maps as

shown in Figure 2.10.
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PIV measurement result taken at the swirl burner at PSI by A. Denisov.
Color code and arrow length indicate absolute gas velocity.
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Spontaneous Raman and Rayleigh Scattering

In gas phase and all other transparent phases, spontaneous Raman scattering is the re-
sult of inelastic collision processes between photons and molecules. Rayleigh scattering
is the analogous elastic process. A schematic of the involved energetic states for Raman

and Rayleigh scattering processes is depicted in Figure 2.11. In combustion diagnostics,
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Figure 2.11.: Schematic of the in Raman and Rayleigh scattering methods involved en-
ergetic states.

Raman scattering is used to measure concentrations of species, which was pioneered
by Lapp and Penney [72] and Lederman [73]. The scattering is a non-resonant process
and can thus be operated at any wavelength. Visible and UV wavelengths are favored,
because the strength of the scattering scales as the fourth power of the scattered fre-
quency. The inelastic collision causes a frequency shift of the incident radiation while
the corresponding energetic difference is either provided by the molecule (anti-Stokes)
or absorbed (Stokes). Thus, the frequency shift depends on the molecule and Raman
scattering techniques allow to detect many species simultaneously which is shown for
flames by e.g. Starner et al. [74], Masri [75] or Hassel et al. [76]. The intensity of the
scattered signal is dependent on the Raman cross section of the molecule but indepen-
dent is from the surrounding gas composition and unaffected by collisional quenching.
Absolute calibration can be achieved by a comparison of the scattered light signal from

the species of interest to the one of Ny as the cross sections for No and other combustion
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species are known. Cross sections of Raman scattering are usually very small, so that
high laser intensities are required.

Rayleigh scattering is significantly stronger and can in specialized situations allow mea-
surements beyond the capabilities of Raman scattering. But as an elastic process, the
wavelengths of the incident and scattered light are identical and hence, not specific to the
molecule causing the scattering. Thus, Rayleigh scattering can only be used to measure
total number densities. Complications in Rayleigh diagnostics arise from Mie scattering
and laser reflections, which allow its application only in particle free and reflection free

environments.

Coherent Anti-Stokes Raman Spectroscopy CARS

By searching for a combustion diagnostics method which provides stronger signals than
spontaneous Raman scattering Regnier [77] as well as Moya et al. [78] provided the im-
petus for Coherent Anti-Stokes Raman Spectroscopy (CARS). At atmospheric pressures
CARS signals are generally orders of magnitude larger compared to the ones of spon-
taneous Raman. Additionally, CARS radiation emerges as a coherent beam allowing to
easily capture the entire signal. In contrast to Raman or Rayleigh scattering techniques,
CARS is a non-linear process. A schematic of the CARS involved processes is shown in
Figure 2.12. Usually, laser beams with frequencies w; and wsy are geometrically mixed
with lenses to generate the phase-matched coherent CARS signal w3 = 2w; — ws. wy i8
called the pump laser and ws the Stokes laser, because it downshifts the frequency of the
molecule being probed. Recent developments are hybrid femtosecond /picosecond CARS
techniques for high-speed thermometry in unsteady high-temperature flames [79-81].

2.5.2. Typical LIF Applications in Flames
Flame front visualization

Planar LIF with the OH radical (e.g. [82-85]) or the CH,O molecule [21], both interme-
diate combustion species, has often been applied to identify the spatial position of the
flame front. Figure 2.13 shows a planar OH LIF image, taken by Y.-C. Lin at PSI. As
mentioned in subsection 2.2.1 the OH radical concentration has the steepest increase in
the flame front and peaks slightly after the flame front. The OH concentration gradually
decreases behind the flame front. Thus, with OH LIF a coarse definition of the flame
front can be made with the appearing signal. A more precise definition of the flame
front requires post-processing. Boxx et al. [86] calculate the spatial derivative of the LIF

signal and locate the steepest gradient to determine the flame front. Daniele et al. [83]
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Figure 2.12.: Schematic of CARS spectroscopy, after Eckbreth [14].
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use a laser intensity normalized threshold post processing algorithm for the flame front

definition.

Concentration Measurements

For LIF in the linear regime, the fluorescence signal can be calculated according to
Equation 2.8. Without strong pressure and concentration variations, the fluorescence

signal F oc NY as
Ao

Ao +Qau + P

constant

F = C.D.by» NY = CNY (2.45)

With a calibration measurement the proportionality constant C' can be determined (e.g
for major combustion species with Raman spectroscopy as shown by Nguyen et al. [87])

and F can be used to indicate the concentration of NY.
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Figure 2.13.: Flame front visualization with OH LIF in turbulent H, combustion, taken
by Y.-C. Lin at the turbulent premixed burner at PSI. The fuel /air mixture
flows from left to right.

A second approach to measure the concentration of a species is to use saturated LIF. As
shown in section 2.4 when I >> I4,; can be assumed for the entire dedicated measure-
ment region

Bia
F=C,D,—————
“7¢Bia + Bn

constant

Aoy NY = CNY. (2.46)

Figure 2.14 shows as an example 2-D measurements of relative OH concentration as
reported by Schifer et al. [54].

One-Line Thermometry

Seitzman et al. [88] have introduced a single-laser and single-camera technique to deter-
mine the temperature dependence of the LIF signal assuming the linear regime (I <<
Isqt, Equation 2.45). In their approach, they seed the flame with a tracer molecule. The
initial population NV of a rotational state of the trace molecule can be related to the
total number density N

N = F°U(T) N X seed (2.47)

in which f7°® denotes the rotational Boltzmann fraction and Yseq the mole fraction of
the seeded species. For a non-reacting seeding molecule, its mole fraction is constant

throughout the flame and by assuming that the quenching cross sections do not depend
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c

Figure 2.14.: Relative OH concentration in the flame of a laminar burner taken from
Schéfer et al. [54]. Plots a and b depict lean premixed flames with ¢ = 0.93
while plots ¢ and d depict rich premixed flames with ¢ = 1.63. The laser

energy [ is larger in plots b and d (200 mJ/pulse compared to 7 mJ/pulse
in plots a and ¢) and not affected by absoption.

on the temperature the fluorescence signal F' can be written as

rot T

Py
VT

With a known boundary condition, they could determine instantaneous absolute tem-

perature fields in a fuel-lean CHa/air flame with NO LIF as shown in Figure 2.15. NO

is strictly speaking not a non-reacting molecule as it reacts in the flame front. But in

(2.48)

lean flames, the Oy excess leads to a reappearence of NO in the hot exhaust.

Two-line thermometry

Another approach to conclude the temperature with LIF is to compare the fluorescence
from two different (e.g. two ro-vibronic) transitions of a species. When taking the ratio
of the fluorescence signals the constants cancel each other and it can be written as

F'Ul _ N191

F'U2 B N’l())Q

(7). (2.49)
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Figure 2.15.: 2-D Thermometry with NO LIF in a rod stabilized fuel-lean CHg4/air flame,
taken from Seitzman et al. [88]. Depicted are isotherms.

As for the one-line thermometry when assuming a Boltzmann distribution the initial
populations are only dependent on the temperature. The ratio of the fluorescence signal
can be directly related to an absolute temperature, there is no calibration measurement
or boundary condition needed. 2-D measurements of the temperature in a CHy/air flame
are shown in Figure 2.16.

A further development for thermometry is so-called multi line thermometry described
by Bessler and Schulz [90] and Denisov et al. [91]. Instead of using just two lines, the
emission of several lines (order of 10) can be used to increase the accuracy of the tem-
perature measurement. The method is based on spectral fitting which requires precise
spectral knowledge about the excited species. This is the case for the NO molecule [92].

Figure 2.17 shows temperature maps measured by A. Denisov at PSI.

2.6. O, Spectroscopy in Flames

Since the mid 1980s several groups worked on the application of Oy LIF in combustion

diagnostics.
Lee et al. [93] reported planar laser-induced fluorescence images of Oy in premixed

CHg4/air Meker burner flames. They used an ArF laser to excite transitions of the
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Figure 2.16.: Phase-locked 2-D thermometry with OH of a swirl flame in a turbine model
combustor at atmospheric pressure, taken from Giezendanner-Thoben et al.
[89]. Unusable measurement regions are marked in black.

Schumann-Runge system of Oy at 197 nm. They pointed out that the fluorescence yields
are large enough for unsteady combustion when strongly focussing the high energy beam
of the ArF laser. They also mentioned that the attenuation of the ArF laser in air must
be considered.

Goldsmith and Anderson [94] reported high-resolution excitation spectra of the Schumann-
Runge system, which they recorded with a 1-D diode array. They used a tunable dye
laser system to generate UV light around 200 nm. From their data it can be seen that
the low laser energy output of the dye laser system (200 pJ/pulse) compared to the ArF
laser of [93] (300 mJ/pulse) does not allow for single pulse measurements.

Lee et al. [95] introduced a method to measure the temperature of heated air flows by
exciting transitions of the Schumann-Runge system of O, with an ArF laser. They de-
termined the temperature by comparing the measured LIF signal strength to theoretical
calculations of the temperature-dependent rotational ground state population to which
the LIF signal is proportional. They list explicitly the main advantages of LIF with
O, compared to other species (e.g Na, NO, CH, CO) used for LIF: it is stable to high
temperatures and naturally abundant in many practical applications.

Andresen et al. [23] discussed that high-power excimer lasers are suitable for tempera-
ture measurements in combustion environments for LIF with O, OH and H»O. They

proposed a two-line thermometry method, in which the temperature can be concluded

32



Oy Spectroscopy in Flames
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Figure 2.17.: 2-D Thermometry with NO in pressurized flames, taken by A. Denisov.

from the ratio of fluorescence from two different excitation lines and the comparison to
calculations of the temperature-dependent ground state populations. In their publica-
tion it is especially stressed that the predissociative nature of O is beneficial for high
pressure investigations, as the LIF signal will not be affected by fluorescence quenching.
Grinstead et al. [22, 32] discussed one and two-line thermometry of Oy excited with a KrF
laser in more detail. They showed that it is a valid assumption to conclude the rotational
temperature even though the vibrational energy distribution is not equilibrated. They
proposed to use overlapping transitions of the (0-6) and (2-7) bands of the Schumann-
Runge system, for which the emission can be spectrally separated. They also found
a non-linear dependence of the fluorescence signal on the laser intensity, which they
claimed to be caused by ground state depletion. As a result, they defined an upper limit
of the laser power to be applied which ensures measurements in the linear regime.

Decker [13] applied a similar method of O, thermometry as Grinstead et al. [22] to a
Diesel engine, calibrated with a CARS measurement. He was the first to observe RET
and estimate cross sections for the excited state. In the followup work of Sick et al. [45]

also quenching cross sections derived from the measurements of Decker [13] are reported
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for the B-state of O, for the first time. For the Os blzj{ state, which is of importance
in the atmosphere, quenching rates were reported by Witt et al. [96] and Martin et al.
[97]

Rothe et al. [65] and Nguyen and Paul [29] investigated the excitation dynamics for
thermometry methods using predissociative OH or Oy LIF. They referred to the compe-
tition between laser pumping out of the lower state and RET into this state as ground
state depletion [65] or photobleaching [29], respectively. If the excitation rate reaches
comparable values to RET, the limiting effect is the refill of the lower state due to RET.
Both publications contain kinetic models (three- and five-state) and they provide results
of RET rates measured at atmospheric conditions. They conclude that the low laser
intensity needed to avoid saturation for 2-D two-line thermometry will not allow for
single pulse measurements.

After these two publications, no further work on quantitative O, LIF has been pub-
lished to my knowledge, with many questions remaining open, e.g. how pressure and
gas composition influence the LIF signal dependence on the laser intensity. It remains
also unclear how the ground state depletion affects the determination of the quenching
cross sections published by Decker [13] and Sick et al. [45].

Amongst others, the motivation of this work is based on these questions.
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3. Methods and Models

This chapter provides information about the method used to decompose O3 spectra into
its vibronic contributions and describes the models which are used to model, fit and

predict saturated O, LIF measurements.

3.1. Non-Negative Matrix Factorization

To decompose O, LIF spectra, I can consider the fact that the emission patterns of
ro-vibronic transitions can be different with respect to the involved vibrational states
but repeat for different rotational transitions. The non-negative matrix factorization
(NMF, see Berry et al. [98]) is a mathematical method to yield a low rank factorization
of a matrix of data, as schematically shown in Figure 3.1. It can be seen as a principal
component analysis method, the NMF allows to decompose the matrix A into the the
product of the base vectors (H) of the principal components of A and their contributions
(W) to A. The product WH is a low rank approximation, called NMF of A.

base vector

(H)
Matrix contribution kxn
(A) = (W) X
mxXn m X k

Figure 3.1.: Schematic decomposition with NMF.

Mathematically, the NMF problem can be formulated as (Berry et al. [98]): Given a
nonnegative matrix A € R™*™ and a positive integer k < min{m,n}, find nonnegative

matrices W € R™** and H € R**™ to minimize the functional

1
f(W,H)=§||A—WHII%- (3.1)
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The numerical implementation is realized as follows: The matrices W and H are ran-

domly initialized and afterwards the following equations are looped over 500 iterations.

H=H.x(W'A)./W'WH + ByyrH +1077) (3.2)
W =W.x (AH?).JWHHT + axyrW +107%) (3.3)

In this equations anyr and SByar are small regularization parameters that balance
the trade-off between the approximation error and the constraints. Im my calculation
they were set as ayyr = 1 and Syyr = 0 as proposed by Berry et al. [98]. NMF
decompositions have been successfully demonstrated in very different fields, such as text
mining for email surveillance or in spectroscopy for spectral unmixing for spatially non-
resolved space object characterization [98]. For the NMF decomposition, the number of
base vectors to be identified must be given as an input. There is no way to calculate
this number a-priori. It must be estimated first and empirically optimized for every
decomposition. The lower limit is the number of spectral signatures which shall be
identified. To the best of my knowledge, decompositions with NMF has not yet been
applied in LIF investigations.

3.2. Three-Level LIF Model

A common approach to model population exchange for LIF is to extend the simplest
two-level LIF model (see section 2.2) according to the processes that need to be consid-
ered (e.g. RET, @), resulting in three-, four- or more level models [99]. I.e. for NO, a
five-level model introduced by Lee et al. [28] successfully described saturated LIF signals.
For the predissociative Oy LIF, RET must be considered. Therefore, the two-level model
is extended with a third level to account for ground state RET. Concerning the excited
state predissociation will prevent a large population and RET will distribute the re-
maining excited state population. But I can not distinguish experimentally from which
rotational state the fluorescence was emitted. Therefore, the introduction of a fourth
state for excited state RET is unnecessary. A similar approach was chosen by Rothe
et al. [30] to model predissociative OH LIF. Figure 3.2 shows the three-Level model
schematically, the nomenclature is as introduced in Figure 2.5. The newly introduced
third level is denoted Ey and is a bath or pool state, summarizing all other rotational
states of the same vibrational energy. These rotational states are the source states for
RET. The schematic in Figure 3.2 is adapted to O, predissociative LIF including the
following assumptions: P >> Ao, therefore Ao is negligible as a loss term for the

population of F3. Only P and by; are considered depopulating Fo (it will turn out in
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chapter 7 that the depopulation of F5 is dominated by predissociation and thus by Ny

is small). The RET between states Ep and E; (=( 130% — N{)QrEer) is defined as a
0

net rate, meaning the difference of RET into the state that is depopulated by the laser
and out of it. At thermal equilibrium and without laser excitation, this rate is zero.

For the quantitative investigations the involved transitions are represented with the rate

b, : Excitation
P b,, : Stimulated Emission

P : Predissociation
Qret: RET
* b21 ? b12
QReT
< —

Figure 3.2.: Schematic of the three-level LIF model.

E,

equation system, an ordinary differential equation system, shown in Equation 3.4 - 3.6.

st S S S S S N S
L =05 N5 — b, N} + (Nlo% — N7)QRET (3.4)
dt NG
dNS S S S S S
dt2 = b12N1 - 21N2 - N2P (3-5)
G0 _ (N0 s . .
7 (N NO 1)QRET (3.6)

In this equations Ny 12 denote the populations of the corresponding states. The su-
perscript s = F'1, F2, F3 indicates the spin components in which the rotational level
are split up to. We will see in subsection 4.3.3 that due to the energetic separation
of the spin components, the excitation rates vary for the three of them. Superscript 0
denotes the initial population at ¢ = 0. The calculation of the excitation rate bjo and
the stimulated emission rate bo;, which both depend on laser properties, is explained
in subsection 4.3.3. As shown in section 2.2, the LIF signal F' is proportional to the
population of the excited state, which comprises the spin components (N2 = Y, N5). I

calculate it as the time averaged integral during the laser pulse length 7:
1 T
F=FC.- / Na(t)dt (3.7)
T Jo

In this equation, F'C' is the product of all constants in Equation 2.7. N(t) is solved for
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analytically in a Matlab code.

For the calculations, the populations N are normalized with the initial population
of the ground state. This results in the initial conditions N{ = 1 and N§° = 0.
Consequently, the initial population of the pool state N(()) can be estimated from the
thermal distribution.

Following the construction of the model, we assume that only rotational states of the
same vibrational energy are involved in the refill processes of the state which is excited
(E1). It is reasonable to assume that these rotational states are populated according to

the Boltzmann distribution. The size of the pool can be calculated as
Z];ﬁe gje_Ej/kBT

0 _

1,j=1,2,3,.. e: state to be excited (3.8)

On the other hand, when a comparable three-level model has been used by Rothe et al.
[30] to investigate predissociative OH LIF saturation, they assumed a pool of unlimited
size for their comparison of the model with measurements, this will be discussed in
chapter 7.

In the calculations above, I have not considered ) as a loss term for N35. The reason is
that @ is unknown. Andresen et al. [23] proposed that it is negligibly small, while Sick
et al. [45] indicate it is in the order of P above 1 bar. But I can use the comparison of
the model calculations to experiments to estimate quenching. By neglecting quenching
as a loss term to Ng, I overestimate Ns. It is important to point out that neglecting @
does not have an influence on the dynamics of the excitation but on the constant F'C
in a predictable way: When I investigate the same flame gas composition at different
pressures, () depends only on the pressure, not on the laser intensity. The constant
FC without considering quenching is by a factor (P + @)/P larger compared to the
case if ) was known and considered. When comparing measurements to the model
calculations, this results in an adaption of F'C|, which gets correspondingly smaller. From
the distribution of F'C versus the pressure, conclusions can be drawn about quenching.

This is discussed in detail in section 7.6.

3.3. Detailed RET Model with State-to-State Rate Constants

For a more detailed description of RET, I set up a LIF model that includes state-to-state
rate RET constants. As shown in subsection 2.3.1, there are several approaches to model

state-to-state rate constants. All of them would be appropriate for my investigations,
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I chose the MEG law from Koszykowski et al. [35], as they provide model constants
for Oy - Oz and Oz - Ny which are experimentally verified by Millot et al. [100] and
Seeger et al. [39]. The rate constants k.j,_, J; from initial state J; to the final state J;

are calculated as follows: For J-increasing transitions (J; < Jf)

1+ 1.5EJZ./I<:BT(5>2 (Tg

N
-0 _BAE; ;. JksT 3.9
1+ L5Ey, /kpT T) cxp(=BAE .1, /kpT) (3.9)

kJi—h]f = ap (

and determined by microscopic reversibility for J-decreasing transitions

2J5,+1
2J]f +1

The constants for the MEG law are listed in Table 3.1.

kjwg = kj—.g, exp(AEy,, /kBT) (3.10)

02-02 02-Ny Unit
a 16.70+£0.20 17.00+£0.40 10 3cm ‘atm™!
N 1.3240.01 1.3140.01 -
§ 1.32+0.03 1.30+0.05 -
f 1454003 1.41+0.05 -

Table 3.1.: MEG Constants taken from Millot et al. [100].

To model LIF, I am solving the system of linear differential equations for J;,q, = 100
rotational states each in the electronic ground state and the excited state for the three
spin components. For the ground state, the population densities can be written as:
ANy,
dt L= Z kJiJfoJf - Z kaJiiNfJi (311)
Jp,Jp£di JpJp£d;

For the excited state, the population densities can be written as:

dN3 ;.
dt

= ) kyig;Noy, — > kN5 — PjNs;, (3.12)
T T Ay

The rate constants for excitation and stimulated emission are added to the corresponding
states. The LIF signal F' during the laser pulse length 7 is calculated as the sum of the

fluorescence from all rotational levels:

F=FC-: % /OT D> Ns(t)dt. (3.13)
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As for the three-level model, for the comparison with the experiments I detect the
fluorescence from all rotational states, which is the reason for the summation over ¢ in
Equation 3.13

3.4. Simulation of Saturated O, Spectra

The only public available program known to simulate O, spectra is LIFSIM (developed
by Bessler et al. [92], www.lifsim.com). In LIFSIM, the fluorescence signal is calculated
based on a three-level model assuming the linear regime as well as a steady state with
rapid ground state RET. Thus, the LIF signal is calculated as described in Equation 2.8
and hence cannot account for saturation. To predict the saturation of O, transitions, I
have written a simulation code. This code is based on the three-level model described
in section 3.2 to calculate the LIF signal.

The spectral database is taken from LIFSIM [92] which includes and expands data from
Sick and Szabadi [11] and Lewis et al. [10]. This database lists the transition frequency,
the ground state energy, the Einstein A and B coefficients as well as the predissociation
linewidth for the Schumann-Runge B-X transitions of O (for v = 0 — 14,v' = 0 —
15,J" =1 —51,J" = 2 — 52) including the spin-rotational splitting. For the simulation
of a spectrum, I calculated at every laser position of interest for every transition (spin

component) the corresponding LIF signal by calculating

e the vibrational and rotational Boltzmann fractions f2, and f5, to yield N5°, the

relative ground state population.

e the sum of the Einstein A coefficients for transitions that fall into the given emission
bandpass to yield F'C?

e the excitation and stimulated emission rates b7, and b5, which are proportional
to the laser intensity. A detailed description how these rates are calculated and

adapted to the experiment is given in subsection 4.3.3.

e the resulting LIF signal for a given laser intensity and Qrpr (determined form

experiments) with the three-level model.

The sum of the LIF signals from each transition yields the final excitation spectrum.
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4. Experimental

4.1. High Pressure Burner

The main investigations of this work were conducted at the high-pressure burner test rig
(HPB). The HPB contains a McKenna-type burner in a steel casing originally designed
by ONERA (Office National d’Etudes et de Recherches Aéronautiques), Paris. In this
burner, schematically shown in Figure 4.1, the premixed flame is stabilized on a sintered
bronze plate with a diameter of 20 mm. The casing is constructed to allow a pressurized
flame up to 40 bar, for lean flames up to an air excess ratio of approximately A = 1.5 for
CHg4/air combustion. The flame is optically accessible through seven quartz windows.
The burner is designed to provide a highly stationary flame. Important flame conditions
(pressure, air excess ratio, inflow speed) can be easily varied with our newly developed

control software and the updated hardware. I also installed a vacuum pump at the

probe laser bearr

isintered bronze plate

fuel+air
mixture

flame-shielding air

Figure 4.1.: Schematic of the high pressure burner as drawn by Alexey Denisov.
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exhaust valve of the burner to enable measurements at sub-atmospheric pressures.

LIF Setup

The overall LIF setup, which I developed for measuring saturated O, LIF at the HPB is

shown schematically in Figure 4.2. I developed a data acquisition routine to synchronize

3 ¥ Attenuator @ 1
M2 M3
Laser —H ' AN
— |=— Aperture
E
? ? BS \v‘:l_ sph. F=-50mm
° o Beam proﬁle Etalon D=1mm
| ICCD H camera ]
Spectrograph Photodiode
Pyroelectric Photodiode

energy meter

Figure 4.2.: LIF setup at the high pressure burner test rig.

the measurement data of the various devices. These are the following:

e A tunable narrowband krypton fluoride (KrF) excimer laser "Lambda Physik Com-
pex 150T" for the excitation. This laser consists of two separate lasers, as schemat-
ically shown in Figure 4.3. The first laser is used as an oscillator, the light is
reflected between a tunable grating (600 grooves per millimeter) and a R = 95 %
output coupler. Afterwards the light is single pass amplified in the second laser.
With this setup, the laser can produce 200 mJ/pulse UV light with a FWHM of
about 0.6 cm ™! which is tunable in the range of approximately 248 nm — 249 nm.

The pulse length is about 20 ns.

e A "Chromex 250i" spectrograph to spectrally resolve the fluorescence. I used it
with a holographic 1200 grooves per millimeter grating to capture the emission

centered at A = 290 nm within a range of about 45 nm with a spectral resolution

of 0.6 nm.
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Grating
Oscillator
Achromatic prism Output
beam expander couug;r
248nm Amplifier

Figure 4.3.: Schematic of the KrF excimer laser.

A LaVision ICCD camera (customized "FlameStarIl") to record the spectrally
resolved fluorescence. For O, LIF, I collected and summarized the fluorescence of
24 laser pulses on the chip with a gain of 72 counts per photoevent at a quantum
yield of 12% - 13 % (software setting gain=90), gated +20ns around the laser

pulse.

e A Spiricon SP620U beam profile camera. I recorded the 2-D beam profile with a
beam splitter and an additional window at a position that resembles the middle
of the burner. The beam profile was recorded once per laser operation (which was
usually once per day). As long as the laser is not switched off, it will not change
for the KrF laser.

e A Gentec Solo PE pyroelectric energy meter (measurement head: QE25SP-H-MB-
DO) to monitor the laser energy on a shot-to-shot basis. Additionally, I measured
the laser energy with a photodiode (all PIN-photodiodes in the setup were Hama-
matsu S3279, operated at 12V reverse voltage), which was calibrated once every

laser operation.

e A beam attenuator which contains four swiveling quartz plates to vary the laser
intensity (as described in Bennett and Byer [101]). I installed a stepper motor to

it in order to synchronize the attenuator with the data acquisition routine.

For the saturation measurements I had to ensure that the laser tuning does not change
during the measurement. Therefore, I prepared the data acquisition routine to yield the

same settings before the beginning and after the end of a measurement. By comparing
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the averaged LIF signal of an emission line before and after the measurement I could

check whether the laser tuning changed.

4.2. Catalytic Burner

The catalytic burner test rig is an optically accessible channel flow-reactor, compris-
ing two horizontal platinum coated Si[SiC] ceramic plates (300 mm long (x-direction),
104 mm wide (z-direction), 9 mm thick, positioned 7 mm apart (y-direction)) and two
vertical quartz windows (see Figure 4.4, [82, 102]). The inner ceramic plate surfaces were
coated by plasma vapor deposition, with a 1.5 pm thick non-porous Al,O3 layer followed

by a 2.2 um thick Pt catalyst layer. Two 350 mm long, 50 mm high and 35 mm thick

(a) 2532

Nd-YLF x 3t _
. /oY High pres-
y t  sure tank
A=526.5nm Traversable
X 7 optical table

Figure 4.4.: Schematic of the catalytic burner test rig as drawn by M. Schultze, including
the installations for Raman measurements.

quartz windows at both sides of the tank provided optical access to the reactor. Two
additional quartz windows at the rear tank flange and the reactor exhaust, respectively,

facilitated streamwise optical accessibility for the LIF laser beams. Flame gas is supplied
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by pressurized bottles and premixed in two sequential static mixers.

LIF Setup

To measure Oy LIF at the catalytic burner test rig, we used a Nd:YAG laser (Quantel
YG781C) in combination with a dye laser (Quantel TDLI0) to produce light around
226 nm. A schematic of the laser is shown in Figure 4.5. The fluorescence is measured
with a LaVision ICCD camera as explained in the previous section. For one of the
Dichroic
mirror

1064 nm 1064 nm
Nd:YAG SHG

532 nm

570 nm 285 nm
Dye SHG \

~90% Rhodamine 6G
~ 10% Rhodamine B
L MAD
Dichroic 225 nm

mirror

~=

Figure 4.5.: Dye Laser setup for O, excitation.

experiments, we wanted to compare O, and OH measurements at a stationary operating
point in the catalytic burner. Therefore, we modified the dye laser in a way to easily
switch between the excitation of O, at 226 nm and the excitation of OH at 285 nm
(see Figure 4.6). The two different bandpass filters in front of the ICCD camera, a
combination of colored glass filters and dielectric reflection filters for Oy fluorescence
detection (260 nm-285 nm, rejecting a Hy Raman signal at 249 nm) and a combination
of colored glass and interference filters for the OH detection (300 nm-326 nm) could also
be switched easily. We measured the fluorescence from O, and OH sequentially. With a

second ICCD camera, the measurement could also be conducted simultaneously.
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Dichroic
mirror

1064 nm 1064 nm
Nd:YAG SHG

532 nm

\ 570 nm 285 nm
v Dye SHG

~90% Rhodamine 6G
~10% Rhodamine B
Dichroic

mirror

N

\285 nm

Dichroic
mirror

Figure 4.6.: Dye laser setup for combined O and OH LIF.

4.3. Data Processing

4.3.1. Image Processing

The quantitative data analysis is based on the pictures taken with the LaVision ICCD
camera at the exit of the spectrograph. The upper part of Figure 4.7 shows such a picture
taken for a distinct excitation wavelength, which captures four emission lines along the
slit height. For the further data treatment, I averaged the emission along the slit height,
as shown in the lower part of Figure 4.7. For the analysis in this work, the averaged
emission spectrum was used for two purposes. When scanning the laser, I took a picture
for every excitation wavelength (usually with a step-size of about 2pm). In a post-
processing step, I constructed a matrix in which the rows contain the averaged emission
spectra resulting in a so-called emission/excitation spectrum as shown in Figure 4.8A
for the entire excitation range of the KrF laser. At every excitation wavelength, thus for
every picture, I also recorded the laser energy, which varies with the wavelength as shown
in Figure 4.8B. In part C, I show the emission-integrated excitation spectrum, which I
also normalized with the laser power. From the energy-corrected excitation spectrum
it can be seen that the signal-to-noise ratio dramatically decreases near the spectral
bounds of reasonable light output of the laser. Therefore I only used the transitions in
the center part of the spectrum for the investigations in this work. The other purpose
is to extract the integrated fluorescence from the averaged emission spectrum. For this
calculation, I subtracted the background signal as shown in Figure 4.7B and integrated

the average emission over the entire emission range.
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Figure 4.7.: A) Picture taken with the LaVision ICCD camera and B) mean emission
spectrum of the spectrographs slit height.

4.3.2. Determination of the Laser Line Width

For the latter calculations, a precise knowledge about the line width of the KrF laser
is required. To ensure a high quality determination, the line width is derived in two
different ways from the experimental data. For this purpose, I recorded a double resolved
emission/excitation spectrum (see Figure 4.10) and simultaneously a Fabry-Perot etalon

interference pattern.

Calculation of the Laser Line Width with a Fabry-Perot Etalon

A part of the laser beam is guided through a spherical lens (f = —50 cm) and an etalon
allowing to observe an interference pattern on a screen (see Figure 4.2). Through a
pinhole, the intensity of the interference rings are measured using a photodiode, which
is shown in Figure 4.9.

With the properties of the Fabry-Perot etalon given in Table 4.1 and the equation for
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Figure 4.8.: A) Double resolved emission excitation spectrum, B) laser energy measure-
ment and C) emission integrated excitation spectrum for a CHy4/air flame.

the finesse F' of the Fabry-Perot etalon (taken from Hecht [103]), F' can be calculated

as:
o VR
1-R

— 37.667 (4.1)

The finesse is defined as the ratio between the distance of adjacent maxima (usually
termed free spectral range) and the full width at half maximum (FWHM) of the fringe

peak:
A
FP=—
Av
With Equation 4.2 and the measurement data from Figure 4.9, the FWHM of the etalon

can be calculated in grating steps as:

(4.2)

A\ 87.359

7 = W = 2.3192 Gratlng Steps (43)

AVetalon =

The measured and fitted curves in Figure 4.9 are a convolution of the etalon peak
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Figure 4.9.: Photodiode measurements of the Fabry-Perot etalon interference pattern
and corresponding Gaussian fit.

and the laser line peak which can, according to the measurement in Figure 4.9, be
assumed to have a Gaussian shape with a convoluted FWHM of 18.496 Grating Steps.
The convoluted FWHM can be calculated as:

AVeonw = \/Aufaser + Av?

etalon

_ 2
AVlaser = \/Aygonv - Ay

etalon

and therefore (4.4)

= /18.6412 — 2.3192 = 18.496 Grating Steps  (4.5)

The conversion from grating positions to wavenumber or wavelength was determined

Thickness | detqion | 1 mm

Reflectivity | Retaion | 0.9 (see Figure A.2)

Refractive Index | negqion | 1.50855 (Suprasil, see Figure A.3)

Table 4.1.: Properties of the Fabry-Perot etalon used in the experiment at 248 nm.
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with the help of the OH lines within the recorded spectrum (Figure 4.10). The OH lines
are sharply peaked and their positions are known from literature. Using LIFBASE [104],
the conversion factor is found to be 0.034311 cm™~!/Grating Step.

The FWHM of the laser line width, expressed in wavenumbers is consequently: Avrggser =
0.635 cm ™.

0, BX (2-7) P(9)

OH AX (3-0) P,(8)

Grating Position

0, BX (2-7) P(7)
OH AX (3-0) Q,(11)

275 280 285 290 295 300 305 310 315
Emission Wavelength [nm]

Figure 4.10.: Double resolved emission/excitation spectrum for line width determination.

Determination of the Laser Line Width with LIFSIM

Secondly, I used LIFSIM calculations (Bessler et al. [92]) to determine the laser line
width. For this purpose, the measured double resolved emission/excitation spectrum
(Figure 4.10) was integrated only at the emission ranging from 275 nm to 278 nm to
avoid OH fluorescence, and compared with LIFSIM calculations. Figure 4.11 shows the
LIFSIM fit to the measurement. The laser line width is determined to be Avigger =
0.630 cm~!, which is in very good agreement with the calculations from the Fabry-Perot

etalon. With regard to the results of this work presented in chapter 7, I emphasize here
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that this measurement was conducted at a low laser intensity to minimize the effects of
saturation.
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Figure 4.11.: Integrated emission from 275nm to 278 nm and corresponding fit using
LIFSIM [92].

4.3.3. Calculation of the Excitation Rate

The excitation rates of the transitions of interest are an important input to the model
calculations of this work. The excitation rates depend strongly on the experimental setup
(e.g the bandwidth of the exciting laser beam). Therefore, they need to be adapted to
the setup. As the calculation is not straightforward, I explain it here in more detail.

The quantum-mechanical process relevant for excitation is the induced absorption, which
is given by the Einstein B coefficient (in [Jm—;]) The B coefficients are defined in terms
of a broadband, isotropic radiation field and need therefore to be adjusted to almost

monochromatic and directed light ([105]). The excitation rate b2 is proportional to the
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overlap integral of the absorption line and the laser line and can be written as [14]

bra(v) = @ / 9(v — vo)h(v — 1)dv. (4.6)

In this equation /N7 is the number of molecules in the electronic state which is excited,

By is the Einstein B coefficient (in [Jm—zg]), I is the spectral irradiance ([%3]), and ¢

is the speed of light ([*]). g(v) and h(v) represent normalized line shape functions for
the absorption and irradiance ([*2° g(v)dv = [T2°h(v)dv = 1) relative to the center
position of the absorption line vy and the (variable) center position of the laser line v.
For the KrF laser h(v) can assumed to be Gaussian and its FWHM is determined in
the previous section. g(v) for the Oz lines in this work can be calculated as the con-
volution of line shapes caused by the predissociation lifetime (FWHM denoted with
Avpreq = 1/(27Tpred)), Doppler broadening (Avge, = +/(8In2)(kpT/mc?)vy, taken from

[106]), and collisional broadening (Av,). The natural linewidth can be neglected as

Tpred << Tspont- The predissociation lifetimes are known [10, 92| and Doppler broaden-
ing can be calculated but the pressure broadening is unknown. Therefore, I determined
it experimentally, by measuring a LIF scan of the O, P9(0-6) line at different pressures.
It must be considered that the line shape I can measure is a convolution of the O

absorption line and the laser line which can be expressed as:
L(V, AVL(ZSET) Al/precb AVdopa Ayp) :(g * h)(y)

o0 4.7
= /+ gW)h(v — (v — vy))dv. *1)

— 00

The energetic separation of the O, spin components is too small to excite them separately
with the KrF excimer laser (the predissociation line width is larger than the energetic
separation), so the measurement summarizes the convolution of the lines of the three

spin components with the laser line

Le(v, AVLasers AVpred, AVdop, Avp) = Z(gs x h)(v)

S
=3 [ Wkt = = w)av.
s —00
Figure 4.12 shows fits of L. to measurements of the P9(0-6) line of the O, B-X system, in
which the collisional broadening denoted with Av, was the fit parameter. The resulting
line broadening for different flames which is found to be 0.05 cm™'bar~! (with respect
to FHWM) is shown in Figure 4.13. Uncertainties in the relative positions of the spin

components and experimental uncertainties do not allow to determine the small effect
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Figure 4.12.: Line shape fits of the P9(0-6) line measured in CoHy4/air Flames.

of pressure broadening on the line width below 3 bar. The observed line broadening
coefficient agrees well with the findings of Sick et al. [45].

With the collisional broadening known, I can calculate the excitation rate for each com-
ponent according to Equation 4.6 as
Ny Byl

Cc

() = / ¢ — vo)h(v — m)dv. (4.9)

For all model calculations in this work, the LIF signal is calculated as the sum of the
LIF signals from the spin components. For the saturation measurements, I recorded
the LIF signal at the excitation wavelength which provided the peak emission intensity.
To identify this wavelength as precisely as possible, I calculated the Oz line shape built
up from the three components and matched its maximum. Therefore I can account for
the different sizes of the overlap integral for the three spin components and determine

bj, as precisely as possible. Stimulated emission b3; can be calculated according to

53



Experimental

Voight Line Width of the Spin Component F1 of the P9(0-6) Line
T T T T T T

° CH4/AiI’

" C2H4/Air

* C)2H4/O2
— Fit

+N2

0.05cm ™' /bar

—_
Y

o
©

Voight Line Width [em™"]

0.7

0.5 _

! ! ! ! ! !
0 2 4 6 8 10 12 14 16 18 20
Pressure [bar]

Figure 4.13.: Line broadening caused by collisions measured for the P9(0-6) line in dif-
ferent flames. The green curve depicts a weighted linear fit resulting the
collisional line broadening coefficient with respect to FWHM.

Equation 4.9, but the Einstein B coefficient must be adjusted with the degeneracy factors
g as

B, = B3, (4.10)
g2

4.3.4. Beam Profile Measurements

The 2-D beam profile is recorded with a CCD camera. As shown in section 4.1, I
measured the beam profile at a position that represents the center of the HPB. Therefore
a part of the beam was split off in front of the burner. To reproduce the beam path
as precisely as possible, I installed one of the optical windows in this beam path at the
corresponding HPB window position, and installed a fluorescence glass at the position
where the center of the HPB would be. The fluorescence glass converts UV to visible
light, which is then recorded with the beam profiling camera. Figure 4.14 shows a

measurement of a 2-D beam profile. For the calculation of the laser intensity, I averaged
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the intensity in the region marked in Figure 4.14 and assumed that the laser intensity

is zero outside the marked region (resembling a beam profile without wings).
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Figure 4.14.: Laser beam profile with measurement region, marked is the projected slit

of the spectrograph to record the emission.
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5. Flame Front Detection with Planar O,
LIF in Rich Flames

In this chapter, I present results of the application of 2-D O, LIF in a catalytic reactor
in order to visualize flame fronts in rich syngas combustion. I will show that with 2-D
O, LIF, the ignition location of a flame can be derived with similar precision as with
traditional OH LIF.

5.1. Reasons for the Use of O, LIF

In a joint project in our laboratory, the combustion of Hp-rich syngas was investigated
numerically and experimentally. The combustion of such fuels in gas turbines with
integrated solid-fuel gasification, combined with pre-combustion carbon capture is a
promising technology for reducing greenhouse gas emissions in power generation. In
that project the fuel is partly converted catalytically. In the Combustion Fundamentals
group, M. Schultze was concerned with the numerical simulations of the combustion
chemistry, while our group provided the laser diagnostics in order to verify these simu-
lations experimentally. Traditionally, we use 2D OH LIF to visualize flame fronts and
compare the measurements to the OH radical predictions of the simulations. For this
experiment, the rich combustible gas mixtures consist of Ny, Hy, CO and O,. We ob-
served that, when increasing the pressure in the reactor, the OH LIF signal decreased
rapidly and fell below the detection limits above 7 bar. In such flames, the mole fraction
of OH decreases with increasing pressure [107]. Therefore, the OH LIF signal decreases
as well, as the effects of increasing number density and increasing fluorescence quenching
on the LIF signal cancel each other. We tried also LIF with CH2O, which is another
key intermediate species in combustion [108], and has been used to visualize flame fronts
before [21]. But we were not able to see a sufficient LIF signal at any pressure.

Therefore, we decided to use Oy LIF. The Oy molecule is not commonly used in com-
bustion diagnostics due to several issues. In many of our applications the measured LIF
signal of excited Oy is lower e.g. lower compared to the one of OH fluorescence, even

though O, is much more abundant than OH. This is caused e.g. by the low fluorescence
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Flame Front Detection with Planar O, LIF in Rich Flames

quantum yield due to the predissociative nature of the excited Oy states (see section 2.1)
and by the strong temperature dependence of the O, ground state populations (the low-
est vibrational level which can be accessed with standard dye laser systems is v" = 4,
while v" = 0 for OH can be excited). Further complications arise from the fact that
many excitation lines of Oj overlap with excitation lines of NO. As their emission also
overlaps, we can not distinguish the emission from the two molecules. The diagnostics
idea of this project is that Oz in fuel-rich mixtures is only present before the reaction
zone. Within the reaction zone, all O, is converted into H,O and CO,. The outer
boundary of the fluorescence signal when performing spatial O LIF should report the

beginning of the reaction zone.

5.2. O, Excitation
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Figure 5.1.: Measured LIF excitation spectrum and LIFSIM [92] simulations of O, and
NO in the Bunsen flame, emission bandpass approx. 250 nm to 260 nm.
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Planar O, LIF

For exciting O we used a combination of a Nd:YAG laser and a Rhodamin 6G/B
dye laser to generate tunable UV light around 225 nm (see section 4.2 for details). In
this range, we can excite transitions of the (2-4) and (5-5) vibrational bands of the O,
Schumann-Runge system. As the populations of the vibrational states are Boltzmann-
distributed the LIF signal increases quickly with the temperature and we are able to
observe emission from the (2-4) bands above approximately 600 K at 1 bar. The Boltz-
mann fraction of v/ = 4 at expected temperatures of approximately 1000 K increases
roughly 300 times compared to room temperature, which provides sufficient LIF signal
for the measurements. When exciting a v” = 4 transition, a region before the flame
front can be made visible with LIF, in which the temperature is already elevated above
approximately 600 K. To ensure correct tuning of the laser to an O, absorption line
and to monitor whether the laser tuning changes during the measurement, we installed
a calibration C3Hg Bunsen flame to the setup at the exit of the laser. A photomultiplier
behind a mercury-line bandpass filter (approximately 250 nm to 260 nm) collected the
fluorescence. In this Bunsen flame, the LIF signal of NO was stronger compared to
the one of O,. Moreover, there are about four times more NO excitation lines than O,
lines within the tunable range of the laser. One of the challenges was to identify the O,
lines between the NO lines in the Bunsen spectrum. Measurements of a LIF excitation
spectrum in the Bunsen flame and LIFSIM [92] simulations of O, and NO are shown in
Figure 5.1. As can be seen from this plot, the Oy R19(2-4) line is well separated from
the neighboring NO lines and therefore well suitable for the investigations. Relevant

spectroscopic properties of the Oy R19(2-4) line are depicted in Table 5.1.

Excitation Energy Predissociation Line width v” v* J” J
fom™1] fom™1]

F1 44432.3789 0.308 4 2 19 20

F2 44432.4180 0.489 4 2 19 20

F3 44433.5430 0.835 4 2 19 20

Table 5.1.: Properties of the O R19(2-4), data is taken from [92].

5.3. Planar O, LIF

Figure 5.2 shows a LIF measurement of the Oy R19(2-4) line in the catalytic reactor at

3 bar. As can be seen from this plot, the Oy fluorescence has a well-defined shape. The
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right outer boundary marks the reaction zone in which all O, is consumed. The inner
boundary marks the preheated gas mixture which is hot enough that the vibrational

state v = 4 of O, is sufficiently populated that we can detect it.

O2 Fluorescence

g

2, 20
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£ 100
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Figure 5.2.: Oy fluorescence from the excitation of the O; R19(2-4) line within the cat-
alytic reactor at 3 bar with an emission bandpass of 260 nm to 285 nm. The
x-axis represents the channel length of the reactor and the y-axis the channel
height. The upper and lower limits of the fluorescence mark the catalytic
walls of the channel. For the image, the emission of 40 laser pulses was
integrated on the CCD chip and averaged over 120 pictures.

5.4. Temperature Estimation

To allow for a temperature comparison with the combustion chemistry simulation, I
estimated the temperature in the pre-reaction zone, marked with O, LIF. By scanning
the laser wavelength, we can measure a ro-vibronic LIF excitation spectrum within
the catalytic reactor when we average the fluorescence signal in the pre-reaction zone.
Figure 5.3 shows a LIF excitation spectrum taken in the pre-reaction zone within the
reactor (the exact location of the extraction is shown in Figure 5.4 C). In Figure 5.3, a
clear O3 spectrum can be seen compared to the Bunsen flame spectrum in Figure 5.1.
At this distinct combustion condition in the reactor, NO was not present or detectable.
The relative intensities of the (2-4) and (5-5) lines are proportional to their lower state
populations, which are Boltzmann distributed. The temperature can then be extracted
by matching simulations.

To ensure the accuracy of the temperature estimation, and in consideration of the results
in chapter 7, it has to be shown that the Oy LIF signal is not saturated by the laser
intensity used. Therefore, a measurement of the LIF intensity versus the excitation
intensity has been conducted, in which the beam energy was measured with a photodiode
and the LIF signal with a photomultiplier. The beam energy was varied with the help
of a beam attenuator. The results from this measurement are plotted in Figure 5.5.

From this plot, it can be seen that the O, LIF signal increases linearly with increasing
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Temperature Estimation

O2 B-X LIF Excitation Spectrum, 800 K, 5 bar, Emission bandpass 260-295 nm
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Figure 5.3.: O, LIF excitation spectrum measured within the catalytic reactor compared
to a LIFSIM [92] simulation at 800 K.

excitation intensity and is therefore not saturated. Assuming the O, LIF signal being
not saturated, the LIF excitation spectrum can be compared to LIFSIM calculations
[92] in order to derive the temperature. I found good agreement with the simulation at
approximately 800 K, as shown in Figure 5.3. As the (5-5) lines are barely visible, the
accuracy of this temperature estimation is low.

Interestingly, an unexpected signal can be seen next to the P17(2-4) line at 225.15 nm,
which does not match known LIF spectra in flames as reported in [109]. For this reason,
it is attributed to a species X for the time being. As shown in Figure 5.4 B, the LIF
signal from this species X is located towards the reaction zone, compared the the O, LIF
signal. We could measure peaks of this species at 225.15 nm and 226.02 nm which relates
to an energetic gap of 171 cm~!+2 cm™!. The large separation of the two lines indicates
it being an atom or a light molecule. We observed a decreasing LIF signal of species X
with decreasing CO concentration, which indicates it being a carbon-containing species.

A more detailed investigation of this species is proposed for the future (e.g. emission
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Figure 5.4.: Planar O, and species X fluorescence measured within the catalytic reactor
and marker of the extraction region for the excitation spectrum taken with
an emission bandpass of approx. 260 nm to 285 nm.

characteristics, further visibility) to identify the species and to know more about its

applicability in flame diagnostics.

5.5. Comparison between O, and OH planar LIF

To verify the spatial position of the flame front measured with O, LIF and to relate it
to our knowledge about OH LIF, we conducted a combined measurement of O, and OH
LIF. A stationary operating point of the reactor at 3 bar was chosen which still allowed
to detect OH LIF. We measured the fluorescence from Oy and OH sequentially, which is
shown in Figure 5.6. Comparing plots (a) and (b), it can be seen that the definition of
the onset of the flame can be extracted from both LIF measurements. The combination
of both LIF signals into one plot (c) clearly shows the production of OH downstream
the consumption of Oz. To compare the results of the combustion chemistry model of
Schultze et al. [110] with the measurements, we calculated the Boltzmann fraction of Oj
molecules in v” = 4 from its 2-D O, mole fraction and temperature predictions. Plot

(d) of Figure 5.6 shows this Oy fraction in combination with the predictions of the OH
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Figure 5.5.: Oy LIF signal measured in a bunsen flame with a photomultiplier with an
emission bandpass of approx. 250 nm to 260 nm versus the laser energy
measured with a photodiode.

concentrations. The agreement between simulations and experiment is excellent. This
result indicates the validity of the gas phase reaction mechanisms employed in the model
by Schultze et al. [110].

5.6. Flame Front Definition with O, LIF in Rich Flames

Figure 5.7 shows the definition of the flame front with O LIF in the catalytic reactor
at different combustion conditions. It can be seen from this figure that with increasing
pressure, the Oy LIF shape gets more diffuse but we are still able to locate the flame
front position with an uncertainty of less than +5 mm. Although the O, LIF signal
increases with the pressure we still have to integrate and average the LIF signal over
many laser pulses (at a laser pulse frequncy of 20 Hz, the integration of the LIF signal
from 40 pulses and taking the average over 120 pictures the measurement time is roughly
4 min). When only changing the pressure, the O, LIF signal increases linearly with the
pressure. But as we need to vary the flow rate of N, to stabilize the flame, we dilute the
fuel mixture and the increase of the O LIF signal is not as large as expected.

With increasing pressure, the absolute flow rate through the burner is also increased and
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Figure 5.6.: Spatial comparison of planar O and OH LIF within the catalytic reactor
(Hp : CO =5:1, ¢ =3, p = 3bar) and additional comparison of the
combined LIF to the combustion chemistry simulations [110], color codes
indicate species mole fraction in ppm.

the flame starts moving slightly back and forth. From parts 6,7 and 8 in Figure 5.7 it
can be seen that the flame stability depends not only on the pressure, but also on the

fuel composition.

5.7. Discussion

I have shown that 2-D Oy LIF can be used to define the ignition position of a flame with
equal precision as with OH LIF for the investigated rich syngas flames. Defining the
flame front through the vanishing LIF signal restricts this method to rich combustion.
In lean flames, the O, LIF signal will persist in the reaction zone and within the exhaust.
A definition of the beginning of the reaction zone in lean flames with O, LIF would be
challenging if not impossible, as the competing effects of a decreasing LIF signal due to
O, consumption and an increasing signal due to the elevated temperature need to be
disentangled.

One of the advantages of the flame front detection with O, 2D-LIF compared to the
standard method of OH LIF is that, due to the predissociative nature of Oj, the LIF
signal has a low sensitivity towards fluorescence quenching. Therefore we observe an
increasing LIF signal with increasing pressure. On the other hand, the low fluorescence

quantum yield of O, caused by predissociation, the additional frequency conversion
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Figure 5.7.: Flame front detection with O LIF in the catalytic reactor for different ratios
H, : CO, different equivalence ratios ¢ and different pressures p. Color codes
indicate O mole fraction in ppm.
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stage of the laser which reduces the laser power significantly, and the excitation of
v” = 4 resulted in a, for our detection system, rather low LIF signal. While the signal
strength of OH LIF allows for single pulse flame front detection, for O, LIF the emission
from several laser pulses must be summed on the ICCD chip, limiting the application in

unsteady combustion.

T=300K | T=500K|T=1000K | T=1500K | T = 2000 K
v =4|38-10713 | 3.1-10°8 1.6-1074 2.4-1073 8.8-1073
"' =5|24-10716 | 42.10710 | 1.8.107° 5.7-1074 3.0-1073
v =6 18-100 | 56-10712 | 2.1-107° 1.4-1074 1.0-1073
V"' =7113-100%2 | 75-107 | 2.4.1077 3.2-107° 3.4-1074

Table 5.2.: Boltzmann fractions for O vibrational ground state level for different tem-
peratures.

This drawback of O, LIF cannot be easily circumvented. To allow for single pulse O,
LIF comparable to OH LIF, the LIF signal intensity of O must be increased by roughly
a factor of 1000. By changing the dye laser to a KrF excimer laser, the laser intensity
can be increased roughly by a factor of 100. But with the KrF laser, only v = 6 and
v” =7 can be excited. At the measured temperatures of about 1000 K, the Boltzmann
fraction of v” = 6 is roughly 100 times smaller compared to v” = 4 (see Table 5.2) and
thus we would not observe an increased LIF signal. With increasing temperature , the
number density of O, decreases as T~ but the Boltzmann fraction increases quickly
(see Table 5.2). As a result, at 2000 K the signal for v = 4 increases 30 times and the
one for v" = 6 increases 200 times. The KrF excimer laser would be beneficial at higher
temperatures: starting from 1500 K, the Boltzmann fraction of v” = 6 is comparable to
the one of v = 4 at 1000 K. The maximum signal we can expect with our setup would
be at a flame temperature of 2000 K, considering the Boltzmann fraction of v” = 6 and
the KrF excimer laser. In this case, the Op LIF signal intensity could be increased by
But

missing just a factor of 10 at these conditions is at least close to realizability. A detailed

about a factor of 100, which is still not enough for single pulse measurements.

optimization of every individual component of the laser and the detection setup might
allow improvements in this order. For the catalytic burner, these are hypothetic thoughts
as it resists temperatures only up to 1300 K.

The overlap of the excitation and the emission of O, and NO requires an additional iden-

tification procedure to ensure the correct tuning of the laser to a spectrally separated O,
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excitation line. To optimize the Oy LIF detection, we had to collect the light of several
emission lines. Such a broad emission bandpass can not be realized with a combination

of colored glass filters, we realized it instead with a setup of several reflection filters.

Summarizing, I can conclude that the definition of the flame front with O, LIF works well
and precisely in the case of rich syngas combustion presented in this work. This method
extends our capabilities for flame front detection to fuel compositions and combustion
conditions where traditional LIF techniques as OH can not be applied anymore. However,
when OH LIF is possible, I would recommend to use it instead of O, LIF, as OH LIF
has a simpler setup, allows for single pulse measurements and can be applied in both

fuel-lean and fuel-rich combustion.
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6. Decomposition of O, Spectra by
Non-Negative Matrix Factorization

In this section, I present results of the decomposition of an Os excitation spectrum
into the contributions of its different vibronic transitions using a non-negative matrix

factorization (NMF) algorithm and discuss the applicability for quantitative analysis.

6.1. Spectral Considerations

6.1.1. Excitation

For the following investigations, I used a tunable narrowband KrF excimer laser to excite
O3. Unless otherwise stated, the spectra are measured in a CHg/air flame with A\ = 1.2.
The KrF excimer laser can directly produce UV light in the range of approximately
248 nm —249 nm. In this excitation range O, transitions belonging to the (v = 0 < v” =
6) and the (2 < 7) bands of the Oy B-X transition are dominant. Weaker O transition
from the (1 —6) and (4 — 7) can also be observed as well as OH A-X (3 —0) transitions.
Figure 6.1 shows a double-resolved emission/excitation LIF spectrum (as described in
subsection 4.3.1) of the transitions which can be excited with the KrF laser. Compared
to the 225 nm excitation with the YAG-Dye laser combination from the previous section,
which provides about 2 mJ/pulse, the KrF laser provides up to 200 mJ /pulse. The higher
laser energy allows for a wider adjustment of the laser intensity, which is important for

the saturation investigation shown in chapter 7.

6.1.2. Emission

We can observe the emission from the above mentioned O transitions in the range of
approximately 220 nm - 330 nm. For the following measurements I used a spectrograph
to resolve the emission. The grating I used with 1200 grooves per millimeter allowed to
cover a range of about 45 nm. I chose to record the emission between 270 nm - 315 nm.
For both excited states (v' = 0,2) the emission to four ground state vibrational levels
is captured (for v' = 0 — v” = 9,10,11,12 and for ' = 2 — v” = 10,11,12,13) in this
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Figure 6.1.: Double-resolved emission/excitation spectrum and emission integrated exci-
tation spectrum, measured with a KrF laser in the hot exhaust of a CHy/air
flame, emission bandpass approx. 270nm — 315 nm. Asterisks mark OH
transitions belonging to the A-X (3 —0) band.

range, which is shown in Figure 6.2. The emission of the v/ = 2 — v” = 12 transition
is three orders of magnitude weaker than the emissions of v" = 2 — v” = 10,11, or 13
due to the lower Franck-Condon factor (see Figure A.1). This characteristic is helpful

to identify and separate the emission from the two different excited vibrational states.

6.2. Reasons for the Decomposition

In one of the sparse literature results concerning pressure dependent O, LIF, Sick et al.
[45] proposed a method how O, LIF spectra taken at different pressures can be used to
investigate quantitatively fluorescence quenching of different vibrational levels of the pre-
dissociative B*Y;, state of Oz. The idea is to excite two ro-vibronic transitions leading
to states with different predissociation rates. The excited state with the lower predis-

sociation rate has the longer lifetime and is stronger affected by fluorescence quenching.
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Figure 6.2.: Comparison of emission spectra for different ro-vibronic O, excitations, mea-
sured with a KrF laser in the hot exhaust of a CHs/air flame.

The difference in predissociation rates is used as an internal clock to estimate quenching
rates. Transitions of the (0-6) and (2-7) bands of the O B-X Schumann Runge bands
can be used for this investigation, as the predissociation rate of v = 0 is three times
smaller than the one of v/ = 2 (the data are taken from Bessler et al. [92]). Therefore, as
fluorescence quenching increases with pressure, the relative intensity of the (0-6) band
should decrease.

The important part of this investigation is to extract the fluorescence contribution of
the different transitions from the spectrum. One way would be to always extract the
peak LIF intensities of the transitions, providing the line widths are known. This can
only be done for non-overlapping lines, which decreases the amount of comparable lines
significantly. The peak intensity is very sensitive to the laser tuning, experimentally it is
very difficult to ensure the tuning for all lines to their exact maximum. The consequent
extraction of the intensity slightly off the peak can result in large errors. Another way
would be to compare the measured spectra to model calculations with LIFSIM [92].

For every excitation line a fit to the measurements would be required, which allows to
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extract the integrated fluorescence. Being able to compare the integrated fluorescence
instead of the peak intensity would be an improvement as the integrated fluorescence is
less sensitive to laser tuning, and overlapped transitions can be disentangled. On the
other hand, this method requires knowledge of the wavelength-dependent transmission
characteristics of the emission detection setup to be able to compare the results of the fits.
I propose another method, in which the spectrum can be decomposed with a non-negative
matrix factorization algorithm (NMF, described in section 3.1). This method has been
successfully applied in very different tasks, e.g. text mining for email surveillance or in
spectroscopy for so-called spectral unmixing problems [98] e.g. for spatially non-resolved
space object characterization or particle identification in atmospheric chemistry. To the
best of my knowledge, this method has not yet been applied in LIF investigations. The
advantage of this method is that no spectral knowledge or experimental transmission
properties need to be known.

The aim of this investigation is to see, whether the NMF decomposition can provide
equally accurate results of the LIF intensity ratios compared to e.g. the measurements
in Sick et al. [45]. They calculated the fluorescence by integrating the emission spectra

at the peak intensity of a transition.

6.3. NMF of Synthetic Spectra

To estimate the quality of the decomposition with the NMF method, I created double
resolved emission/excitation spectra built up from the measured (0-6) and (2-7) emission
spectra shown in Figure 6.2 and synthetic excitation spectra as shown in Figure 6.3 A.
The synthetic excitation consists of eight Gaussian peaks which I used for the (0-6)
transitions and ten Gaussian peaks for the (2-7) transition. I varied the overlap of the
peaks from complete overlap (pair 1 in Figure 6.3 A) over partial overlap (pairs 2-7) to
no overlap (pair 8). For simulating the experimentally expected unequal peak intensities,
the integral of the peaks for the (2-7) transitions is twice as large as the ones for the
(0-6) transitions. To resemble measurement conditions I added a randomized noise of
3 % proportional to the signal and a background signal of 2 % of the maximum signal
value to the excitation spectra.

For the verification of the convergence of the NMF, I created a constant emission spec-
trum (shown in Figure 6.3 B) that contains the two emissions of (0-6) and (2-7). I used
the NMF to identify two different emission spectra (k = 2 in Figure 3.1, called spec-
tral signatures in Berry et al. [98]). I could assign the identified spectral signatures to
(0-6) or (2-7) by the position of their highest emission peak. Afterwards I fitted Gaus-

sian functions to the identified spectral contributions for the different vibronic emission.
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Figure 6.3.: Artificially generated spectra to test the decomposition of O, spectra with
the NMF method.

Then I calculated the ratios of the integral intensities for the peak pairs as annotated in
Figure 6.3 A. The deviation from the given ratio of two relates to the accuracy of the
NMF (the introduced random noise has an influence of less than 0.5 % and can therefore
be neglected). For this spectrum, the NMF identifies the spectral signatures with almost
no variation to the given emissions. The graphical results are shown in Figure A.5. The
statistical analysis of 100 decompositions of the spectrum is shown in Table 6.1.

The decomposition works best for separated lines (pairs 2,5,7 and 8). The largest de-
viation of 11 % is found for the completely overlapped lines of pair 1. The very low
values of the standard deviation indicate that for the chosen synthetic spectrum, the
NMF converges always to very similar results.

To achieve a more realistic spectrum, in which the emission is shifted in wavelength for
the P- and R-branches and due to different rotational quantum numbers, I created a
spectrum in which the given emission spectra are also shifted, as shown in Figure 6.3 C.

For the statistical analysis I also recreated the random noise and background signal for
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Pair 1 2 3 4

Peak Ratio 1.81 + 0.006 1.96 £ 0.004 1.93 £ 0.004 1.88 £ 0.006
Relative Error | 9.5+0.3% 1.8+02% 3.7+ 02% 6.2+ 0.3%

Pair 5 6 7 8

Peak Ratio 2.01 £ 0.004 1.80 £ 0.006 1.99 £+ 0.004 1.98 £ 0.004
Relative Error | 0.5+£02% 10.1+£03% 05+£0.2% 1.0+0.2%

Table 6.1.: Extracted peak pair ratios + the standard deviation resulting from the de-
composition of the artificial spectrum shown in Figure 6.3 B with the NMF
method (the peak pairs from which the ratios are built are depicted in Fig-
ure 6.3 A). The relative error is based on the given peak ratio of 2.

each of the 100 decompositions. I used the NMF to identify six spectral signatures,
which I assigned to (0-6) and (2-7) by their highest peak location. For this spectrum,
the NMF normally identified two (0-6) and four (2-7) spectral signatures. The analysis
of the 100 decompositions is shown in Table 6.2.

For this case including shifted emission, it can be seen that the decomposition devi-
ates up to 70 % from the given value, which is too high to be able to draw meaningful
conclusions from the decomposition. The standard deviation is also strongly increased.
A detailed analysis of the single decompositions showed that the NMF converges not
always to spectrally meaningful signatures. Also spectral signatures are identified which
are a mixture of the two given signatures and which can therefore not clearly be at-
tributed to one of them. By a comparison of the relative peak intensities of the spectral
signatures with the given emission spectra I defined a criterium to judge whether the
identified signatures are physical: for this synthetic spectrum I compared the emission
of the first peaks around 278 nm for the identified (0-6) spectral signatures. I considered
as unphysical if the intensity of these peaks varied more than 25 %. Checking the NMF
results with this criterium showed that for the present spectrum, about 40 out of 100
NMF decompositions provided physically correct decompositions. It needs to be men-
tioned that the number of decompositions that provide correct results also depends on
the number of spectral signatures the NMF is given to identify. I found that for four
or six signatures the NMF provided physical results most often. For a chosen higher
number of signatures the NMF' identified physically correct signatures significantly less
often.

In the lower part of Table 6.2, I show NMF results for 100 decompositions that passed

the above mentioned criterium.
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Pair 1 2 3 4

Peak Ratio 2.26 £2.18 3.00£0.14 230 +1.08 2.62 + 0.18
Relative Error | 13+ 109 % 50+ 7% 15+ 54 % 31+9%

Pair 5 6 7 8

Peak Ratio 2.69 £ 0.20 2.26 £ 2.18 2.20 £ 1.10 2.20 £ 1.06
Relative Error | 34+10% 13+109% 10+55% 10 £ 53 %

Unphysical decompositions sorted out

Pair 1 2 3 4

Peak Ratio 2.0 £ 0.16 2.72 +£0.06 2.17 4+ 0.14 2.33 £ 0.06
Relative Error | 2.54+£82% 36+3.1% 87+£68% 16+3.0%

Pair 5 6 7 8

Peak Ratio 2.36 £ 0.06 2.05+0.16 2.11 &£0.12 2.12 £ 0.12
Relative Error | 18+3.0% 26+81% 57+62% 6.0+6.0%

Table 6.2.: Extracted peak pair ratios + the standard deviation resulting from the de-
composition of the artificial spectrum shown in Figure 6.3 C with the NMF
method (the peak pairs from which the ratios are built are depicted in Fig-
ure 6.3 A). The relative error is based on the given peak ratio of 2. Decom-
positions which yield unphysical spectral signatures were not considered in
the results shown in the lower table.

It can be seen that such a selection improves the NMF method significantly. Even the
completely overlapped lines can be well decomposed with an uncertainty of about 15 %.
The highest deviation is found for pair 2 of about 35 %. The graphical decomposition
shown in Figure A.6 indicates that for pair 2 the decomposition cannot be clearly at-
tributed to one of the spectral signatures. This pair indicates a limitation of the NMF
capabilities with respect to the decomposition. But for the present synthetic spectrum
and the experimental spectra discussed in the following sections, a graphical comparison
with the initial data allows to identify such incorrectly decomposed pairs (see Figure A.6
D and F). For the quantitative analysis those pairs must not be considered. The stan-
dard deviation decreased to less than 10 % for all decomposed pairs.

Summarizing I can state that, when the decomposition using the NMF converges to phys-
ical results, well separated lines can be reproducibly decomposed with an uncertainty in

the order of 5 — 15 %. Even totally overlapped lines can be meaningfully decomposed.
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The challenge is to identify a physically meaningful decomposition with an appropriate

criterium using the experimental data.

6.4. Decomposition of Measured O, Spectra

For the following decomposition, I used a part of the spectrum shown in Figure 6.1 from
248.0 nm - 248.9 nm with the largest transition intensities. Concerning the decomposi-
tion, several observations can be made from Figure 6.1. Different emission spectra (or
spectral signatures Berry et al. [98]) of the Oy (0-6) and (2-7) transitions can be rec-
ognized. The emission of OH shows a different spectral signature compared to the O,
transitions. This is beneficial for the NMF method, as the more different the spectral
signatures are the better they can be distinguished. It can also be seen that some of the
spectral signatures are very close to each other, partially they even overlap in the 2-D
spectrum. In the emission integrated spectrum this overlap is even more pronounced.
For the spectral decomposition in this study, I want to differentiate between three contri-
butions to the spectrum: O; emission from v = 0, v’ = 2 and OH emission. Empirically,
I found that the identification of six spectral signatures produced the best decomposi-
tion, with two signatures converging to each emission spectrum of Oy (0-6), (2-7) and
OH.

Choosing a higher number of spectral signatures to be identified caused the problem that
the decomposition converged to spectral signatures, which I could not clearly attribute
to one of the emission spectra of a present transition.

Figure 6.4 shows the six spectral signatures identified with the NMF method, grouped
by a comparison with the emission spectra in Figure 6.2 and their contributions to the
emission-integrated excitation spectrum. The contributions from weaker transitions,
as well as the background contributions are distributed over the spectral signatures of
the dominant transitions. To estimate the quality of the decomposition, I compare in
Figure 6.5 the contributions of the decomposed species against the excitation spectrum.
From this plot, it can be seen that the NMF separates the spectrum well, even partly
overlapping emissions as e.g. the P11(2-7)/P15(0-6) lines or the P7(2-7) /R9(2-7)/R15(0-
6)/OH lines and the completely overlapping R11(2-7)/P13(0-6) transitions. The P9(2-7)
line can be used to estimate whether the identified spectral signatures are mixed (which
means unphysical decomposition) or correctly separated. On the other hand, it can be
seen that for all OH peaks, a small contribution is attributed by the decomposition to
randomly one of the Oj transitions. Also, e.g. the weak P37(1-6) transition is in parts

attributed to all base vectors.
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Figure 6.4.: NMF decomposition into six spectral signatures qualitatively grouped
according to Figure 6.2 and the corresponding spectral contribution.
Lorentzian fits to the spectral contributions are shown in magenta.

6.5. Separation of Species Spectra with NMF

One of the possible applications of the NMF decomposition is to extract the spectrum
of a single species. In Figure 6.6 I show the extracted Oy spectrum and compare it to
the measurement. It can be seen that besides the OH contribution, also parts of the
background and the weak (1-6) transitions are subtracted. As mentioned above, these
contributions are spread over all the spectral signatures, but in the present case the
OH contribution includes the largest share for the background signal. The overall line
intensities as well as the peak intensities of the NMF extracted Oy spectrum are almost

not affected by the decomposition, which enables a precise quantitative analysis.
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Figure 6.5.: Comparison of the NMF decomposed spectral contribution with the emis-
sion integrated excitation spectrum from the measurement in which the
transitions are identified with LIFSIM calculations [92].

6.6. Comparison of the Fluorescence from Two O, Emission
Bands

To compare results of the NMF decomposition with the findings from Sick et al. [45],
I recorded a series of double-resolved emission/excitation spectra at different pressures.
All the spectra were decomposed to extract the contribution of the two different O,
bands. Then I fitted a Lorentzian function (see Figure 6.4) to each excitation line in order
to integrate the fluorescence. The ratios of the fluorescence from different ro-vibronic
transitions are shown in Figure 6.7, for two series of measurements with different laser
intensities. To minimize the influence of the rotational state on the observed quenching
rates, I compared the same rotational transitions from different vibronic bands (P9, P11,
R11, R13. Their relevant spectroscopic properties are listed in Table A.2). As the same

rotational transitions for v = 0 and v” = 2 are are observed at very different excitation
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Figure 6.6.: NMF decomposed spectrum without the contribution of OH (*) compared
to the emission integrated excitation spectrum with transitions referenced.

positions (see Figure 6.4, towards the lower and upper boundaries of the excitation
range), I need to account for the frequency-dependent transmission characteristics of
the experimental setup. Therefore, the ratios in this plot have been normalized with the
mean value of the corresponding ratio of the lower laser intensity measurement. From
Figure 6.7, it can be seen that ratios measured with a higher laser intensity decrease
with increasing pressure, whereas the ratios measured with the lower laser intensity do

not exhibit a clear trend.

6.7. Discussion

I have shown that the qualitative decomposition with the NMF method of the flame
spectrum into the different contributions of O, and OH provided good results. For this
investigation, the emission spectra were already known for O, transitions [92], which
allowed to group the spectral signatures accordingly and on the other hand to confirm
that the identified spectral signatures have a physical justification. The OH emission
spectra, which are clearly different from the O, emission spectra were also identified.
Thus, I can assume that a decomposition with the NMF method can be used also to
determine different spectral signatures even when they are unknown.

The fluorescence ratios shown in Figure 6.7 can be used to estimate the accuracy of
the NMF for quantitative analysis. From a theoretical point of view, the fluorescence

ratios taken for ro-vibronic transitions of the (0-6) and (2-7) bands are independent
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Figure 6.7.: Comparison of the ratios of integrated fluorescence calculated with the NMF
method for different laser intensities. The ratios are taken for (0-6) and (2-7)
transitions with same J and compared to the results from Sick et al. [45].

from J at the same pressure, as the ratios of the LIF relevant physical quantities (e.g
Einstein A and B coefficients, predissociation lifetime) are the same. Therefore, the
variation of the ratios of the different ro-vibronic transitions at the same pressure can
be related to the accuracy of the NMF method. A contribution to the variation is the
above mentioned random attribution of the background and the minor transitions to the
dominant spectral signatures. Thus, I can estimate the accuracy to be 6 %.

Sick et al. [45] proposed to use the fluorescence ratios shown in Figure 6.7 to obtain
the pressure dependent quenching rate constant (). The idea is, to use the difference
in predissociation lifetime of v = 2 and v’ = 0, which is about a factor of three, as
internal clock. The ratio of the fluorescence from v = 2 and v’ = 0 described by
the quantum yield ¢ = A/(A + P + Q) would be independent from the pressure for
quenching rates much smaller than the predissociation rates P (P >> @), as A and

P are pressure-independent molecular constants [10, 45]. If @ is in the order of P,
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the ratios of quantum yields would exhibit a pressure dependence. The reason why
I investigated the fluorescence ratios at two different laser intensities, as depicted in
Figure 6.7, arises from the fact that Nguyen and Paul [29] have shown that depletion
of the ground state population can have an influence on the quantitative analysis of
predissociative Oy LIF with high energy lasers, such as the KrF laser. The depletion
of the ground state, which causes the saturation of the LIF signal depends on the laser
intensity and on the pressure. From Figure 6.7 it can be seen that the fluorescence ratios
measured with the higher laser intensity (0.64 mJ/mm? or 3- 10 W/m?) decrease with
increasing pressure, but the decrease is not nearly as strong as Sick et al. [45] have
reported who used a higher laser intensity of 10 mJ/mm? or 50-10'© W/m?2. For the
lower laser intensity (0.13 mJ/mm? or 0.6-10'° W/m?) the decrease of the fluorescence
ratios with increasing pressure almost vanishes. This observation indicates that the
decrease of the fluorescence ratios p(v' = 0)/p(v' = 2) is related to saturation and not
to quenching. Following the approach of Sick et al. [45], I added to Figure 6.7 calculations
of the fluorescence quantum yield ratios to match the measurements with the lower laser
intensity, which are the least influenced by saturation. This allows me to derive an upper
bound for the quenching rate, assuming that the decrease of the fluorescence ratios is
solely due to quenching. I found good agreement for Q = 5-10% s 'bar™!, assuming
that the quenching cross section is equal for both excited vibrational states. This can be
translated according to Equation 2.14 to an upper limit of the quenching cross section
at 10 A°.

This result differs strongly from the values found by Sick et al. [45] who report og(v' =
0) ~ 100 A” and og(v' = 2) = 30 A% and 1 explain this discrepancy with the fact that

they did not consider saturation in their work.

Summarizing the results above I can conclude that the NMF allows well for a quali-
tative decomposition of the measured excitation/emission spectrum into contributions
of different O, vibronic bands and OH. The NMF is also well suited for quantitative
analysis. The disagreement of the results with the work of Sick et al. [45] lead to a
detailed study of the laser intensity caused saturation effect of O, LIF presented in the

following sections.
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7. Quantitative Analysis of Saturated O,
LIF

In this section, I introduce a modeling scheme for the saturation of O, LIF. A three-level
model is proposed for the analysis and its validity and applicability are discussed. A
quantitative analysis of RET resulting from the comparison between measurements and

model calculations is reported and discussed.

7.1. Spectral Considerations

7.1.1. Selection of Transitions

For an accurate measurement of the LIF saturation of a certain Oy transition, the laser
has to be tuned to the position, where the emission intensity peaks. To avoid the
excitation and therefore an influence of the transitions in the vicinity, transitions with a
clear separation from neighboring lines are preferably used for the measurements. From
the spectrum in Figure 6.1 can be seen that the P9(2-7) line and the P9(0-6) line are
well suitable for measurements due to the good separation from neighboring lines. This
pair of lines allows to compare the identical rotational transition of different vibronic
bands. To compare different rotational transitions of the same vibronic band, I chose for
the same reasons additionally the P15(0-6) line. The relevant spectroscopic properties

of these transitions are listed in Table A.1.

7.1.2. Laser Intensity

When investigating the LIF saturation effect of an O, transition, the laser intensity
(in [W/m?]) is the parameter to be varied The upper limit is a combination of the
maximum laser energy and tight focusing. The KrF laser provided about 200 mJ/pulse
maximum output energy. To increase the intensity the beam was focussed. For the
calculation of the laser intensity, I assume the same intensity for the whole observed
area. The more strongly the beam is focused, the more Gaussian-shaped the beam

profile becomes, which means the larger the so-called wings of the beam [14] become, in
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which the laser intensity will partially not be sufficient to saturate. Two aspects of this
effect need to be considered. If focusing is too strong, a large part of the fluorescence
comes from the non-uniform wings and only a small part from the region of the beam
which is able to saturate. The other aspect relates to strong saturation. When the laser
intensity is much stronger than the saturation intensity as defined by Eckbreth [14], the
LIF signal should be independent of the laser intensity. But even if the wings are very
small, the LIF signal will change when varying the laser intensity, which does in this case
not allow to quantify the saturation correctly. Therefore, the maximum laser intensity
is a compromise between focussing strong enough to observe saturation and ensuring
that the wings of the beam profile have a minimal effect on the measurement. The lower
limit of the laser intensity is defined by the dynamic range of the attenuator to about

10 % of its maximum value.

7.1.3. Characteristics of the Saturation

For measuring the saturation of Oy LIF, I recorded the Oy fluorescence integrated be-
tween 270 nm-315 nm while varying the laser power with a beam attenuator (see sec-
tion 4.1). Figure 7.1 shows saturated O LIF measured at different pressures and for
different ro-vibronic transitions. Several important characteristics of the saturation can
be seen in this plot. With increasing pressure, the saturation of the P9(2-7) transi-
tion decreases. As shown by Rothe et al. [30] for OH, the saturation is a consequence
of ground state RET, and RET increases with pressure (see subsection 2.3.1). There-
fore, the saturation decreases with pressure. Another important characteristic is that
the saturation effect is differently pronounced for the (0-6) and (2-7) transitions. The
Franck-Condon factor and therefore the excitation rate for the (0-6) band is roughly 30
times smaller compared to the (2-7) band. As a consequence, at 1.5 bar, saturation is
weak for the the (0-6) transitions compared to the (2-7) transitions. Therefore, I had to

measure the saturation of the (0-6) transitions at sub-atmospheric pressures.

7.2. Evaluation of a Kinetic Model for Saturated O, LIF

In this section, I discuss which kinetic model for the population exchange of Oy LIF and
which boundary conditions are suitable to represent the saturation curves. Model fits to
measurements are presented and compared for a three-level kinetic model and a more

detailed RET model based on rotational state-to-state rates.
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7.1.: Comparison of O, LIF signals vs. laser intensity for a (2-7) and a (0-6)
transition at different rressures, same pressure values are shown with same
colors.

Comparison between Measurements and Models

7.2 shows exemplarily a model fit to a saturated O, LIF measurement of the

P9(2-7) line. The model calculation is the result of a least-squares fit of the three-

level model with unlimited-pool approximation to the measurements with as the fitting

parameters Qrprr and the fluorescence constant F'C' (see section 3.2). As a comparison,

the red-dashed line shows the hypothetic unsaturated case under these conditions.

7.2.2. Three-Level Model with Limited-Pool State

As shown in section 3.2, the O LIF can be described by a three-level model.

The

determination of the pool state size for the limited-pool assumption is based on the

knowledge of the Boltzmann distribution of the rotational states (Equation 3.8). For

the Oz molecule, the rotational states are split up into three components, caused by the
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Figure 7.2.: Comparison of a three-Level model calculation with unlimited pool state fit
to a saturated LIF measurement of the P9(2-7) Line at 2 bar and to the
hypothetic unsaturated LIF signal.

spin-rotation coupling (components are denoted with superscript s, s = F1, F2, F3).
Figure 7.3 shows the Boltzmann fractions of one spin component of the rotational states
of O, molecules for the vibrational state v” = 7 at 2000 K and as a reference, the fractions
at room temperature. For the P9(2-7) transition at 2000 K, the population of the J* =9
state Njozg = 1/30 of the total population, therefore the pool can be estimated to be
approximately 29N jgg.

Figure 7.4 shows results of three-level model fits with a limited pool to measurements at
different pressures. It can be seen that model is able to fit data at 1.5 bar and 3 bar well.
For pressures above 3 bar the model over-predicts the LIF signal for lower laser energy
densities and under-predicts it for higher laser energy densities. With increasing pressure,
the discrepancy between model and measurements gets larger. Interpretatively spoken,
it can be seen that especially for higher laser intensities more fluorescing molecules are

measured than can be predicted by the model.
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Figure 7.3.: Rotational Boltzmann distribution of Oy, v = 7 for T'= 2000 K, neglecting
the spin components.

In Figure 7.4, I used the RET value found by Nguyen and Paul [29] which is Qrpr =
6-10? s~!'bar~!, as the model predictions do not change significantly if the Qrpr con-
stant is taken ten times larger or smaller (see Figure A.7).

A reason for the unsatisfactory fit results could be the simplification of defining a single
refill rate constant QQrpr in combination with a single pool state that neglects different
state-to-state RET rates, resulting in a too quick depletion of the ground state as a
whole. To investigate this, a model that resolves RET in more detail is proposed in the

next section.

7.2.3. Detailed RET Model

A more detailed description of RET can be achieved by considering rotational state-
to-state energy exchange processes. As described in subsection 2.3.1 there are several
model approaches to describe RET. For this study, I modeled the state-to-state RET
rates with a modified exponential gap (MEG) law as proposed by Koszykowski et al.
[35] (Equations 3.9 and 3.10). The model with parameters from Millot et al. [100] (see
Table 3.1) has shown good agreement with Raman and CARS [39] measurements for

N»-O5 and 05-0, collisions. With air as an oxidant, collisions with N, happen the most
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Figure 7.4.: Comparison of three-level model fits with limited pool and unlimited-pool
assumptions to saturated O, LIF measurements of the P9(2-7) line for dif-
ferent pressures and to the hypothetic unsaturated LIF.

frequently, so the constants can be used for the present study.

Judging from the rotational Boltzmann distribution of the ground state (see Figure 7.3),
the inclusion of 50 rotational states each for the ground state and the excited state is
sufficient. When comparing the detailed RET model to the measurements, only the
fluorescence constant F'C' is a fit parameter. Figure 7.5 shows model fits to the same
measurements as in subsection 7.2.2 and compares them to the limited-pool three-level
model fits discussed above. For a better comparison, I calculated the detailed RET
model with a fluorescence constant so that both model calculations coincide for the
It can be seen from this plot that the fits from the detailed
RET model match the measurements even worse than the results from the limited-pool
three-level model. The constants for the MEG law were determined by Millot et al.

[100] and used by Seeger et al. [39] quite precisely and experimentally validated for a

lower energy densities.

maximum temperature of 1000 K. To account for uncertainties of the extrapolation to
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Figure 7.5.: Comparison of the detailed RET model fits and three-level model limited-
pool fits to saturated O LIF measurements of the P9(2-7) line for different
pressures.

my conditions of about 2000 K, I tested state-to-state rates ten times larger and smaller
than proposed by Millot et al. [100]. The results with these state-to-state rates did not
change the fits notably, the comparison is shown in Figure A.8.

This observation is known from the three-level model. Also the detailed RET model can
not provide enough fluorescing molecules and the RET is not the limiting factor. The
description of RET with a more detailed state-to-state rate RET model cannot improve

the agreement between calculations and measurements.

7.2.4. Unlimited-Pool State Size

Rothe et al. [30] observed for their three-level model investigations of the OH radical LIF
saturation that an unlimited-pool state fits their measurements better. For an unlimited-
pool state the solution of the three level model (Equations 3.4 - 3.6) gets quasi-stationary

for the investigated experimental conditions of fast excitation and fast Qrgr compared
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to the laser pulse lenght (7eze = é << 20ns and 7T = @ << 20ns) Thus, the

calculation of the LIF signal F' reduces to:

r_po. L beQrer

7.1
T b2 + QRET (7.1)

I also observed a much better agreement of results of the three level model with the mea-
surements, when using a very large pool size, see Figure 7.4. The three-level model with
unlimited-pool approximation provides well-defined () g1 values, which are discussed in
section 7.3. Thus the three-level model is the only model that can represent the measure-
ments in a meaningful way. A physical rationale for an unlimited-pool approximation

yet remains unclear and will be discussed in the next section.

7.2.5. Discussion

So far I have shown three approaches to model saturated O, LIF with different results. A
surprising finding was that the detailed RET model, which is supposed to describe RET
better, provides less good results than the three-level model with limited pool, although
the pool size is the same. To understand the different results, I want to compare the
refill process of the state which is excited, as described with the two models. Since the
models use different parameters, I introduce for the direct comparison of the models the
effective refill rate QQgefi, defined as the total amount of molecules supplied by RET
divided by the laser pulse length. As an example, I show the temporal evolution of the
refill rate, extracted from the detailed RET model during a laser pulse in Figure 7.6.
The integral time average QQgreyfin I use for the comparison is marked as the red-dotted
line in Figure 7.6. In Figure 7.8, I show how Qpreyiy for different models changes with
the pressure. For the three-level model with limited pool assumption I show the possible
span of Qge iy, I investigated based on the results of Nguyen and Paul [29], as discussed
above. It can be seen from this plot that even though the state-to-state RET rates and
QreT for the three-level model with limited-pool increase linearly with pressure, Qre i
quickly levels off due to the limitation of available molecules. The models with lim-
ited pool have in common that independently from the value of the RET rates, Qreriu
has an upper bound, determined by the total amount of available molecules, which is
shown as the red line in Figure 7.8. Thus, the model fits of the detailed RET model
do not depend on the choice of the MEG model, all other state-to-state approaches, as
explained in section 3.3, would be identically limited. To better understand the curves
from Figure 7.8, I calculated the depletion of the rotational populations of the ground
state with the detailed RET model. Figure 7.9 shows the initial and final ground state
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populations of a laser pulse for different pressures. From this plot it can be seen that the
upper limit of Q resiy is arises from a maximal number of of accessible molecules, which
is defined by the combination of laser excitation and thermal equilibration. At 0.5 bar
about half of the population gets depleted during the laser excitation. At 5 bar, the
depletion increases to about 70 % of the initial total population and does not increase
much further at 25 bar. The effect of the depletion of the ground state molecules on
the LIF signal can be seen from the population of the excited state. In Figure 7.7 the
temporal population evolution of the excited state during the laser pulse is shown. In
agreement with the ground state refill (Figure 7.6) the population of the excited state
firstly rises quickly and then decreases with increasing pulse duration. Figure 7.10 shows
the resulting rotational populations of the excited state at the end of the laser pulse.
From this plot it can be seen that RET distributes the molecules in the excited state
significantly at higher pressures. We observe such a distribution for higher pressures in
the measurements (see subsection 4.3.1) which can be seen as an independent confirma-
tion that we investigate RET rates in a reasonable order of magnitude.

I have added in Figure 7.8 Qpgefiy of the three-level model with unlimited-pool assump-
tion as the solid green line with the fit results of QQgp7. It can be seen from this plot that
Q Refin for this model increases more strongly with the pressure and exceeds the values
of the other (limited-pool) models ultimately approaching the excitation rate. There-

fore, only the model with unlimited pool can represent the observation that saturation
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Figure 7.8.: QQgeyfin compared for different models, calculated with a laser excitation rate
of 2.5-10%s71 (3.1-10'° W/m? for the P9(2-7) transition). For the detailed
model, state-to-state rates are calculated with the constants of [100], the
limited three-level model is calculated with Qg%?m = 6-107s7! [29] and
the unlimited three level model with the fit results.

decreases with increasing pressure. The limited pool models exhibit the same saturation
trends at higher pressures.

One of the possible explanations why a model with an unlimited pool fits the measured
data better, is that the rotational pool is filled quickly through another process. Vibra-
tional Energy Transfer (VET, see subsection 2.3.2) can be considered as a refill process.
But for the excited state Sick et al. [45] have not observed VET and also theoretical
and experimental data from Coletti and Billing [46], Esposito and Capitelli [47] and
Huestis [111] indicate that the fastest rates for Oz - Oz, Oz - O and H,0 - Oy VET are
about two to three orders of magnitude smaller than RET rates. Even considering larger
populations of the neighboring vibrational levels, VET is too small to fill the rotational

pool.
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Figure 7.9.: Ground state populations before and after the laser pulse for different pres-
sures, calculated with the detailed RET model for a laser excitation rate of
2.5-10%s7! (3.1-101° W/m? for the P9(2-7) transition).

Recombination of O atoms (which result from the photodissociation) could also be con-
sidered. As mentioned by Rothe et al. [30] for OH, several consequent collisions are
needed for the recombination. Besides that, the recombined O, molecule will probably
end up in a different vibrational state. Therefore, refill from the recombination of O
atoms can also not be large.

Other processes (e.g. resonance-enhanced Raman scattering or electronic energy trans-
fer) have to the best of my knowledge not been reported to be able to account for such
a refill.

Summarizing the discussion above, I can say the following: the three-level model with
unlimited-pool describes the measured data well, and significantly better than limited
pool models and therefore I will use it for the further investigation. The reason, why an
unlimited pool should be justified remains unclear. In the three level model there are

only two variable parameters in the three-level model, which have an influence on the
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Figure 7.10.: Excited state populations after the laser pulse compared for 0.5 bar and
25 bar, calculated with the detailed RET model for a laser excitation rate
of 2.5-10%s71 (3.1-10'Y W/m? for the P9(2-7) transition).

result, the excitation rate and the size of the pool state. Should the excitation rate be
significantly smaller or the pool larger the measurements could also be described by a
limited pool model. The calculation of the excitation rate is explained in subsection 4.3.3
and is comparable to values reported by Nguyen and Paul [29] or Rothe et al. [30]. To
determine the rotational pool from the Boltzmann distribution of the populations is also
often reported and applied, e.g Rothe et al. [65]. A fast enough refill process can not
be identified and systematic experimental errors are not seen to introduce the observed

trends.

7.3. Quantitative Analysis of QgreT

Following the results of the previous section, the quantitative analysis of the O, satu-

ration is based on the comparison between the three-level model with unlimited-pool
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Figure 7.11.: Qrpr Fitted with the three-level model with unlimited pool to saturated
LIF measurements in a CHz/air Flame with A = 1.2 for different pressures
and excitation lines. Error Bars indicate the 95 % confidence intervals of
the fit.

assumption and measurements. As [ have to assume a RET pool which is much larger
than it should be according to the Boltzmann distribution, the parameter Q) rpr does not
necessarily include just RET. Therefore I will call Q zpr the effective RET rate constant
for the remainder of this work. Figure 7.11 shows the resulting Qrrr for model fits to
measurements at different pressures and for different excitation lines. I fitted QQrgr for
the P9(2-7) line in the range of 1.5 bar - 25 bar and for the (0-6) band transitions below
1 bar.

From this double logarithmic plot can be seen that the dependence of Qrgr on the
pressure follows a power law according to Equation 7.2. With the P9(0-6) and the P9(2-
7) line, I investigated the same rotational transitions in two vibronic bands, while with
the P9(0-6) and the P15(0-6) lines, I could investigate two identical vibronic transitions
with different rotational levels. Within the accuracy of the measurements, Qrgr for the
three different rotational and vibrational transitions can be described with the same set
of parameters a and b (given in Table 7.2).

A surprising result of this investigation is that the effective RET rate Qrpr does not
depend linearly on the pressure as it is expected for the RET process. This will be
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discussed in detail in section 7.4.
P b
QRrer = a- () with pg = 1 bar (7.2)
Pbo

Variation of the Flame Gas

RET and other collisional processes depend on the gas composition. To study how the
observed (Qrpr depends on the gas composition, I investigated different flames in which
the ratio of CO2/H20 in the exhaust was varied by changing the fuel and Ny in air was
substituted by Ar. N, is the main collisional partner with air as an oxidant, and I expect
to estimate its influence on Qrpr if I replace it by Ar. COs and H2O are both efficient
RET partners, so I chose fuels with different C to H ratios to estimate their influence on
Qrer. To exclude the temperature dependence, I calculated the compositions with the
GRI 3.0 mechanism [18] and an equilibrium code of the CHEMKIN II package [19] to
give the same adiabatic flame temperature. The results of the calculations are shown in
Figure 7.12. It can be seen that the largest theoretical variation of the temperature is
roughly 6 K which can be regarded to be negligible with respect to the adiabatic flame

temperature of about 2000 K. The lower heat capacity of Ar compared to Ny causes

Name Fuel | Dt' | X | x(CO2) | x(H20) | x(Dt1) | x(O2) | Tua(1bar)
CH4 /air CHs | Np | 1.2 8.0% 161% | 72.7% | 32% 2042 K
CH4/O2+Ar CHs | Ar | 1.2 5.6 % 11.2% | 81.0% | 2.2% 2044 K
CoHa/02+Ny | CoHg | N2 | 1.2 9.7% 97% | 77.8% | 29% 2045 K
CoHg/air CoHg | N2 | 137 | 9.7% 9.7% | 75.2% | 54% | 2046 K
CoHa/O2+Ar | CoHa | Ar | 1.2 | 6.6% 6.6% | 84.8% | 20% | 2043K

Table 7.1.: Exhaust gas composition and mole fraction of major species of the investi-
gated flames.

a higher mole fraction of Ar for a flame with the same adiabatic flame temperature.
Thus, it is not possible to completely separate the effects of collision partners. Table 7.1
shows an overview of the exhaust gas composition, where LIF is measured. Figure 7.13
shows the pressure dependence of Qg for the flames described in Table 7.1, measured
for the P9(2-7) line. The parameters a and b to describe the power law dependence of
QRrer on the pressure for the different flames are listed in Table 7.2. It can be seen

from Figure 7.13 that for different flame gas compositions the power-law dependence

'Diluent
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Adiabatic Flame Temperatures for Different Gas Compositions
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Figure 7.12.: Adiabatic flame temperatures calculated with the GRI 3.0 mechanism [18]

and an equilibrium code of the CHEMKIN II package for different flame

gas compositions.

of effective RET rate QQrgpr on the pressure changes. The differences relate to both

parameters of the power law.

7.4. Discussion of Qret Rate Results

Other authors have reported RET rates measured in CHg4/air flames at atmospheric
pressure. Rothe et al. [30] have found a RET rate for OH to be 1.8-10°s~!, which
agrees well with my measurements. Nguyen and Paul [29] have found RET for O, for
an atmospheric CHy /air with an equivalence ratio of ¢ = 0.7 to be (6 & 2)10? s~1. This
value is considerably larger compared to my findings of Qrpr = 1-10°s™! at 1 bar and

needs therefore to be discussed in more detail. They investigated two different strengths

of laser intensity at 1 bar and compared them to a five-level model with limited-pool.

I have shown in Figure 7.4 that at atmospheric conditions, a limited-pool model can
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Figure 7.13.: Qrpr fitted with the three-level model with unlimited pool to saturated
LIF measurements of the P9(2-7) line for different pressures and flame gas
compositions (listed in Table 7.1). Error bars indicate the 95 % confidence
interval of the fit.

provide reasonable fits with their value of Qrrr. On the other hand, I have also shown
in section 7.2 that increasing their value of Qrpr by a factor of ten does not change the
fit result. (At 1 bar the three-level model with limited pool can be fitted to the measure-
ments within a wide range of Qgpr.) Decker [13] has found Qrpr ~ (2.4 +1)-10%s7!
but he used Qrpr to depend linearly on the pressure and overestimated RET compared
to his measurements above 10 bar.

One of the surprising findings of this work is that the effective RET rate Qrgr does not
depend linearly on the pressure. Collision rates are proportional to the pressure, as the
gas density increases. State-to-state RET rates are reported e.g in Seeger et al. [39] to

be proportional to the pressure over a large pressure range up to 100 bar. Compared to
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Flame a[10% s71] b

CHg4/air 0.97 £0.04 | 0.72 £0.03
CH4/024+Ar | 0.91 +0.02 | 0.61 £0.01
CaHs/O2+N3 | 0.90 +£0.03 | 0.62 £0.02
CoHgy/air 0.93 £0.02 | 0.61 £0.02
CoHa/O2+Ar | 0.81 £0.03 | 0.56 £0.02

Table 7.2.: Power law parameters a and b for Qrpr(p), a and b are the result of a
least-squares fit procedure weighted with the error bars of Qrgr.

them, the experimental conditions are different in my investigations, as the strong exci-
tation depletes the state which is excited significantly. I have shown in section 7.2 that
even though the underlying state-to-state RET rates increase proportional to the pres-
sure, the measurements cannot be matched with limited-pool models. The consequent
introduction of an unlimited pool results in the above mentioned power-law dependence
of QrEer on the pressure. This implies that the typically used formalism of collisional
cross sections cannot be used to describe Qrpr. This also implies that a linear analysis
of the major exhaust gas species and their contribution to Qg7 is not possible due to
the non-linearity of the Qrpr.

What can be seen, however, from the comparison of the pairs of flame conditions CHy /air
and CoHg/air as well as CHyq/O2+Ar and CoHg/O2+4Ar is that the fraction of HyO goes
down, whereas the other major exhaust gas species fractions stay constant or increase.
In both cases Qrpr decreases significantly, which indicates that HoO is very efficient
concerning the Qg process.

Qrer for the flames CoHg/O2 and Ny and CyHg/air is within the accuracy of the mea-
surement identical. This is expected as the exhaust gas composition is nearly identical,
but it shows that the results are reproducible.

I investigated Qrpr at 2000 K. In technical applications, CH4/air combustion with
different fuel to air ratios can span a temperature range of =~ 1500 K — 2200 K. Concern-
ing applications like two-line O; thermometry it is important to know the temperature
dependence of Qrpr. From the state-to-state rate model, I know that the single state-
to-state rate depends on the temperature as (7//295 K)V, with N = 1.31 for O - O, and
05 - N5 collisions. On the other hand I have shown that the increase of the state-to-state
rates with the pressure does not affect (Qrpr in the same way. This could be translated
to the dependence of Qrpr on the temperature indicating that Qrgr will not change

significantly with the temperature.
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7.5. Prediction of O, Spectra

The result from the previous section, that Qrpr is the same for the investigated ro-
vibronic transitions P15(0-6), P9(0-6) and P9(2-7) can be generalized, assuming that
Qrer is the same for all transitions within the KrF excitation range. This allows to
predict the effect of Qrp7 on the LIF signal of these transitions and hence, predictions for
saturated Oy spectra are possible. For this purpose, I have developed a simulation code
to model the O, LIF signal using the three-level model with unlimited-pool assumption

(see section 3.4). To validate the predictions of the code developed here, I simulated an
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Figure 7.14.: Simulation of an unsaturated O, spectrum with the developed code com-
pared to a LIFSIM calculation [92], simulation parameters are listed in
Table 7.3.

Oy LIF spectrum for a low laser intensity, when saturation does not occur. Figure 7.14
compares this simulation to a LIFSIM spectrum with identical input parameters (which
are listed in Table 7.3). For the comparison, the LIF signal was normalized with the
maximum signal in each spectrum. From this plot it can be seen that the two spectra are

nearly identical, indicating the validity of the code developed. One possible explanation
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for the slight differences can be found in the calculation of the excitation rate described
in subsection 4.3.3. I use experimental data for the collisional broadening factor while

Bessler et al. [92] do not explain how they account for pressure broadening.

1.8 I \ \ \
—— Measurement R(11) 2-7
-~ ~LIFSIM P(13) 0-6
mySim i
16 i 1
I
I
I
145 g -
R(17) 0-6 : “
Tter i 1
© I
c P(15) 0-6 ‘
& a9 R(13) 2-7
1 [ I —
3 |
c I
Q
[&] *
4
S 08 P(11) 2-7| ‘ 1 B
o | I
- " |
£ ! |
o U] | 2 |
Z o6k o] | P(9) 2-7 ‘ i
‘\ \‘ | | B “
L “ | ! ‘\ |
0.4F Co |
0.2~
o—=" | ’ ! S D
40210 40215 40'220 40’225 40'230 40’235 40'240 40'245

Excitation Energy [cm‘1]

Figure 7.15.: Simulation of a saturated Oy spectrum with the developed code compared
to a measurement and a LIFSIM calculation [92], experimental conditions
and simulation parameters are listed in Table 7.3.

After showing that my code is validated, the next step is to compare my simulations to
measurements of saturated Op LIF and see, whether my code can provide better results
as LIFSIM. In Figure 7.15 I show a comparison of Oy LIF spectra between my simu-
lation and a measurement with a high laser intensity so that the (2-7) transitions are
saturated. The conditions of the measurement and the parameters of the simulation are
given in Table 7.3. A LIFSIM calculation, which does not take saturation into account
is also added in this plot. For the comparison, I normalized the LIF signals with the
fluorescence of the P15(0-6) transition. From Figure 7.15 can be seen that the calcu-
lation including the saturation mechanism can represent the measurement significantly
better than LIFSIM. Compared to the unsaturated case, represented by LIFSIM, the

relative intensity of the (2-7) lines is decreased, which is correctly reproduced with my
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code. The combined R11(2-7)/P13(0-6) line, which is useful for two line thermometry
is also correctly represented by my simulation. In the plot, I marked two peaks of the
measurement with an asterisk (*). These are OH transitions belonging to the A-X(3-0)
band. Both simulation codes do not take care of other species than O, therefore these
peaks are not included in the simulation. There is disagreement for the P37(1-6) line
for both simulations with the measurement. The original source of the line position and
transition parameters [10, 11] indicate larger uncertainties for these data for rotational
quantum numbers J > 30. Therefore the small error in the position and the intensity of
the P37(1-6) line is not unexpected.

Summarizing the results above, I can conclude that my simulation of O spectra with
a three-level model, including the results from the previous section concerning satura-
tion of Oy LIF, can improve the prediction of Oy spectra significantly. These results
can be helpful when it comes to measurements, where the different LIF intensities are

used to conclude physical properties e.g. like concentration measurements or two-line

thermometry.
Flame CHg4/air, A =1.2
Emission Bandwidth 285 nm — 290 nm
Laser FWHM 0.6 cm™!
Temperatur 2000 K
Pressure 1 bar
Laser Intensity 1.0-10" W/m?  1.3-10'° W/m?
unsaturated saturated
QRrET 0.97-10% s~ 1

Table 7.3.: Simulation parameters for unsaturated and saturated O, Spectra.
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7.6. Quenching Analysis with the Three-Level Model

In chapter 6 I have estimated an upper limit for the quenching cross section of the
excited v' = 0,2 B-states of O, from a comparison of measurements of the fluorescence
from different ro-vibronic transitions with the same J. The results of the quantitative
saturation analysis in the previous section show that the measurements in chapter 6 with
the lower laser intensity (about 0.6 -10'° W/m?), were slightly saturated at least for the
(2-7) band transitions at 1.5 bar and 3 bar. Therefore the decrease of the fluorescence
ratios with the pressure depends even less on quenching and the upper limit of the
quenching cross section is even lower than the estimated value of og ~ 10 A’ (see
chapter 6).

The investigations with the three-level model allow for an independent analysis of the
quenching cross section. As explained in section 3.2, in the construction of the three-
level model, T did not consider quenching as a loss term. If quenching occurs, it will
only depend on the pressure and not on the laser intensity. Therefore, the fit parameter
called the fluorescence constant F'C will adjust accordingly and include the effects of
quenching. In the ideal case, if no quenching is present, F'C should grow linearly with
the pressure as the gas density increases. A deviation from the linear dependence may
indicate quenching. Figure 7.16 shows the extraction of the fluorescence constant for the
different flame gas compositions investigated in section 7.3. In these measurements the
P9(2-7) transition was investigated at different pressures. Several observations can be
made in this figure: F'C' does not linearly depend on the pressure, I can represent this
dependence with a power law according to Equation 7.2. The constants resulting from
a least-squares fit are listed in Table 7.4. The curves vary especially in the b parameter.
The error bars, indicating the 95 % confidence interval are smaller, compared to the ones
of the Qrgr fits.

7.6.1. Discussion

The deviation from a linear dependence of F'C' on the pressure can be calculated for the

CHg4/air flame at p = 10 bar as AFC = ((%)1—(%)0'68)/(%)1 ~ 50 % (with pg = 1 bar).
Assuming that the entire loss of signal can be accounted to quenching, I can calculate
an upper bound of the quenching cross section by comparing the fluorescence quantum
yield (defined as A/(A + P + Q)) with Q(p) = Q-p at both pressures. The problem

is then solved for the quenching rate constant @ that provides half the signal at 10 bar
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CH 4/Air
+ CH 4/02+Ar
o CzH 4/02+N2
> CzH 4/A|r

C,H,/O,+Ar

Fluorescence Constant [arb. unit]

10 10
Pressure [bar]

Figure 7.16.: Fluorescence constants of the corresponding Qrpr fits from Figure 7.13.

compared to 1 bar as shown in Equation 7.3.

e(l0bar) ~_  A(A+ P+ Q(1bar))
¢(1bar) 05= A(A+ P+ Q(10 bar)) (7.3)

This equation results in an upper bound for the quenching rate constant Q(1 bar) =
1/8P, and yields a quenching cross section of og < 180 A®. This value is considerably
larger than the value found from the NMF investigation (og < 10 AQ). Thus, the
assumption that the entire deviation from the linear case can be used to conclude an
upper bound for quenching is not practical. There are other reasons for a weaker signal,
e.g absorption of the emitted light which increases with increasing pressure can also
account for a loss in signal.

Concerning the shape of the curves, I cannot explain, why F'C(p) should follow a power
law. What can be seen from the CoH4 curves is a correlation of the O, mole fraction in

the exhaust and b, which results that for the CoHa/air curve b is considerably larger than
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for the other CoHy4 flames. When comparing the two F'C' curves of the CHy4 flames, it is
reasonable that F'C is larger for the Ar flame, as Ar is supposed to be a bad quenching
partner. But why the curves approach each other around 25 bar remains unclear. This
can be seen as another reason, why the quenching cannot account for the differences of
the curves.

Summarizing, I can conclude that an upper bound of the quenching cross section of
og < 180 A? can be estimated with the three-level model fit approach, but the approach
with the NMF method is more appropriate.

Flame a[10° arb. unit] b

CHa /air 0.21 £0.02 | 0.68 £0.02
CH4/0n+Ar 0.36 £0.02 | 0.52 +0.01
CoHa/Op+Ny | 0.34 £0.03 | 0.60 +0.02
CoHy /air 0.20 £0.03 | 0.83 £0.02
CoHa/Oo+Ar | 0.31 £0.02 | 0.59 £0.02

Table 7.4.: Power law parameters for the pressure dependence of F'C.
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8.1. Conclusion

In this work, I have addressed and investigated several issues concerning O, LIF in

combustion-related environments.

Planar Oy LIF in Rich Flames

I have shown that planar O LIF can be used to locate flame fronts in rich syngas combus-
tion. The accuracy is experimentally found to be comparable with traditionally applied
OH LIF. This method extends the capabilities of flame front detection in combustion
environments where traditional methods as OH or CH,O LIF fail. The investigated fuel
compositions are chosen to resemble the result of pre-combustion carbon capture tech-
niques and are thus expected to become more and more important in the future. Results
gained with planar O, LIF flame front detection have been used to verify combustion
chemistry mechanisms of Schultze et al. [110].

Due to the low fluorescence signal from the excited O, which arises from the combi-
nation of a low fluorescence quantum yield of the predissociative Oy excited states, the
rather low UV laser energy and the strong temperature dependence of the O, LIF signal,
this method is restricted to stationary flames. By the definition of the flame front with

vanishing of the O, LIF signal, this method is also restricted to fuel-rich combustion.

Quenching Analysis of Excited O, with Non-Negative Matrix Factorization

In this work, I have successfully applied non-negative matrix factorization to decompose
double-resolved emission/excitation spectra. I showed that this decomposition can be
used to disentangle the contribution of different species of the spectra, O and OH in this
case. I also showed that with respect to O, contributions to the spectra, different ro-
vibronic transitions could be separated. From this decomposition, I was able to conclude
an upper bound for the O, B3Y,, state quenching cross section at 10 A%, This result

is significantly lower than previously reported values. I could show that the previously
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reported analysis of the quenching cross section was affected by the saturation of O,
LIF.

Saturation of O, LIF

I have quantitatively addressed the pressure dependence of saturation of O, LIF in
flames, when using high-power excimer lasers. For this purpose, I have prepared an
experimental setup and a corresponding data acquisition routine that allow for accurate
measurements of saturated O, LIF. The key point of these measurements is to pre-
cisely measure and vary the laser intensity simultaneously to recording the LIF signal. I
showed that the saturation of Os LIF can be represented with a relatively simple three-
level model and discuss its validity and applicability by a comparison to other models.
I could show that the saturation arises from the competition of the depletion of the
ground state by laser excitation and an effective Qrpr refilling it. With the model 1
could show that within the precision of the measurements, Qrrr does not depend on
the vibrational or rotational state but varies with the pressure and for different flame
gas compositions. The dependence of QQrpr on the pressure is not linear, as one could
expect from a collisional process, but can be described with a power law.

To integrate all these results, I have developed a simulation code, with which the satura-
tion of Oy LIF can be predicted, based on the known spectral properties of the O, B-X
transitions and additionally the knowledge of the laser intensity and Qrgr. The code
is validated by a comparison of non-saturated spectra with state-of-the-art LIFSIM [92]
simulations (which can not represent saturation). The comparison of my simulations to
measurements including saturation exhibit a significant improvement over LIFSIM [92]

simulations of O».

Quenching Analysis of Excited O; with the three-level model

I also used a fit parameter of the three-level model to estimate an upper bound of fluores-
cence quenching cross section of excited Oz. With this approach I was able to estimate an
upper bound at 180 A” which is much larger than the one from the NMF analysis. But
the assumptions made for this approach are more affected by experimental variations

and thus the NMF approach is the more appropriate way to estimate quenching.
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8.2. Outlook

The present work has led to new questions which should be addressed in the future.

Planar Oy LIF in Rich Flames

The detection of flame fronts with O, LIF works well in stationary rich flames. A
detailed analysis and optimization of the individual LIF setup components might reduce
the number of laser pulses the LIF signal needs to be integrated. It might also be
interesting to know, whether and under which combustion conditions in the catalytic
burner a high power KrF excimer laser would be useful, which allows to excite the
ground-state vibrational levels v/ = 6 and v" = 7.

The unidentified species, which was observed in the catalytic reactor can be investigated
in more detail especially with regard to its emission spectrum, to eventually identify
it. It would be worth investigating whether the species can have a useful application in

combustion diagnostics.

Non-Negative Matrix Factorization

For the non-negative matrix factorization a method of automated identification of the
spectral signature recognition would be helpful. This would allow on the one hand side
to better find the optimal number of base vectors in which the spectrum should be
decomposed. On the other hand it would allow to improve the NMF results as the
decomposition could be executed multiple times to allow for statistics and also to filter

out adequately spurious spectral signatures.

Saturated O; LIF

I showed that the three-level model with unlimited pool describes saturated O, LIF
best. A physical justification of the unlimited pool remains still open. To improve the
fundamental understanding of the involved processes, this issue should be investigated in
more detail. That would probably require different experimental setups and investigation
methods as well as sophisticated modeling ideas. In hand with this, a more detailed
investigation on the non-linear dependence of QQrpr on the pressure is suggested.

For the more practical aspects with respect to application, the temperature dependence
of QrEr should be investigated to extend the capabilities of the simulation code also to
this parameter. With this dependence known, the accuracy of saturated O, predictions
with respect to two-line thermometry purposes should be investigated. It would be also

helpful to investigate further fuels, to have a table of commonly used fuels and their
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corresponding effective Qrpr values.

Quenching Rate Analysis

I have shown that the different characteristics of the saturation of the ro-vibronic tran-
sitions have an influence on the quenching analysis where the predissociation times are
used as an internal clock. As the laser intensity needed to avoid saturation is too low
to yield a sufficient signal especially at pressures below 5 bar, the simulation code (pre-
suming the above mentioned improvements) can be used to simulate these spectra and
the NMF method can be used to investigate the integrated fluorescence with regard to

quenching.

112



A. Appendix

A.1. Spectroscopic Data

Excitation Energy Predissociation Line width v” v* J” J
fem™1] fom™1]

F1 40241.4766 0.4255 7 2 9 8

P9(2-7) F2 40241.1641 0.4635 7T 2 9 8
F3 40241.9609 0.6488 7T 2 9 8

F1 40306.8125 0.1113 6 0 9 8

P9(0-6) F2 40306.6719 0.1756 6 0 9 8
F3 40307.2773 0.1578 6 0 9 8

F1 40217.3281 0.1049 6 0 15 14

P15(0-6) F2 40217.3281 0.1871 6 0 15 14
F3 40218.0781 0.1743 6 0 15 14

Table A.1.: Properties of the O, transitions relevant for the analysis in chapter 7, data

is taken from LIFSIM [92].
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Excitation Energy Predissociation Line width v’ v* J” J
[em™] [em™]

F1 40241.4766 0.4255 T 2 9 8

P9(2-7) F2 40241.1641 0.4635 7T 2 9 8
F3 40241.9609 0.6488 7T 2 9 8

F1 40306.8125 0.1113 6 0 9 8

P9(0-6) F2 40306.6719 0.1756 6 0 9 8
F3 40307.2773 0.1578 6 0 9 8

F1 40215.4805 0.4 7T 2 11 10

P11(2-7) F2 40215.2188 0.467 7T 2 11 10
F3 40216.0664 0.681 7T 2 11 10

F1 40281.2266 0.109 6 0 11 10

P11(0-6) F2 40281.1328 0.179 6 0 11 10
F3 40281.7852 0.163 6 0 11 10

F1 40251.4922 0.377 7T o2 11 12
R11(2-7) F2 40251.3008 0.4704 7T 2 11 12
F3 40252.2266 0.7126 7T 2 11 12

F1 40318.5313 0.1068 6 0 11 12
R11(0-6) F2 40318.5078 0.1828 6 0 11 12
F3 40319.2266 0.1685 6 0 11 12

F1 40227.3906 0.3564 7T 2 13 14
R13(2-7) F2 40227.2539 0.474 7T 2 13 14
F3 40228.2305 0.7437 7T 2 13 14

F1 40295.1797 0.1049 6 0 13 14
R13(0-6) F2 40295.1992 0.1871 6 0 13 14
F3 40295.9688 0.1743 6 0 13 14

Table A.2.: Properties of the O, transitions relevant for the analysis in chapter 6 data
is taken from LIFSIM [92].
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[wu] yrbusjanepy uiblLio pueg

oege o1€ 06¢ 0Lc 0S¢ oge 01¢ 06T 0T
L L L L L L L @OIMOO.H
T=A
ET=A pA=FA
c¢T=N =\
=A== o 1= - G0-300'T
0T=A 0O
6=/ ©
8=N—— G=A
/= N—
9=A—— r ¥0-300°T
G=.\—e—
=\ —¥— OT=N
=N
=N .
r €0-300°T
T=.\—8—
0=N—o—
r ¢0-300°T
r T0-300°T
0=A =N
00+300°T

1010e4 Uopuo) Moueld

Figure A.1.: Selected Franck Condon Factors of the Schumann-Runge system, data taken

from Albritton et al. [112].
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A.2. Experimental Data

Etalon Reflectivity (1-T)
measured with Cary 500 UV-VIS-NIR
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Figure A.2.: Fabry-Perot Etalon Reflectivity measured with a Cary 500 UV-VIS-NIR.
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Fluorescence Signal [arb. unit]

Fluorescence Signal [arb. unit]

n, 1.45637 at 656.3 nm
Ny 1.45846 at 587.6 nm
ng = 1.46313 at 486.1 nm
n

[¢]
n

1.46669 at 435.8 nm
= 1.50855 at 248 nm

At 20°C, 1 bar atmosspheric pressure
Accuracy: £3°+10

Figure A.3.: Suprasil refractive index from Heraeus fact sheet.
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Figure A.4.: Lineshape fits of the P9(0-6) line measured in CH,4/air Flames.
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A.3. Decomposition with NMF
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Figure A.5.: Decomposition with NMF of an artificial spectrum with fixed emission lo-
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A.4. MEG comparison
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Figure A.7.: Three-level model fits compared for different Qrpr.
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