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Abstract

Despite the ongoing progress in electrification driven by the indispensable substitution
of fossil fuels with renewable energy sources, the thermochemical conversion of chemical
energy carriers is expected to continue playing an important role in the energy transi-
tion. This underlines the necessity for continual development of low-emission combustion
technologies, grounded in a comprehensive understanding of the underlying physical pro-
cesses through ongoing fundamental research efforts. Within this cumulative dissertation,
the complex phenomenon of flame-wall interaction (FWI), which is an essential aspect of
practical combustion systems, is investigated experimentally using advanced laser diag-
nostics. FWI involves the mutual interaction between chemical reaction, solid surface and
fluid flow and is associated with undesired effects, such as reduced efficiency and increased
pollutant emissions. The main objective of this thesis, which includes three peer-reviewed
publications, is the investigation of fundamental aspects of FWI at elevated pressures and
increased Reynolds numbers, mimicking operating conditions of practical combustion sys-
tems.

Experiments are carried out within a novel, enclosed test rig — the pressurized side-wall
quenching (SWQ) burner — which provides a reproducible, generic configuration of a
premixed flame interacting with a cold, solid wall. This test rig was designed, built and
commissioned within the scope of this thesis and is presented in detail. The process under
investigation is examined at operating pressures ranging between atmospheric and 5 bar
absolute and Reynolds numbers up to 20,000 using various laser diagnostics. Limitations
of such measurement techniques resulting from the complex test rig design and process-
inherent challenges arising with increasing pressure are reported.

First, a characterization of the turbulent flow field and the combustion dynamics is con-
ducted using velocity data and spatial fields of the instantaneous flame front positions,
provided by high-speed and low-speed particle image velocimetry measurements and pla-
nar, laser-induced fluorescence of the hydroxyl radical (OH-PLIF). This involves the in-
spection of the inflow and the near-wall flow field under non-reacting and reacting con-
ditions, as well as the examination of the transient flame front motion. Building on this,
turbulent flame propagation close to the wall is further analyzed in terms of the flame
surface density (FSD), a central quantity in numerical combustion modeling, which is de-
rived from measured flame front positions (OH-PLIF) following two common approaches.
Furthermore, the near-wall thermochemistry of the turbulent flame quenching process is
explored through simultaneous measurements of the gas-phase temperature and mole frac-
tions of COy and CO by means of dual-pump coherent anti-Stokes Raman spectroscopy
and laser-induced fluorescence of CO. These measurements represent the first reported
attempt to investigate the thermochemistry of FWI at pressures above atmospheric by
means of multi-parameter laser diagnostics.

This cumulative dissertation presents novel insights into the impact of elevated pressure
and increased Reynolds numbers on turbulent FWI and provides experimental data for
model validation. It furthermore, contributes to the FWI research community by ex-
ploring the limits of state-of-the-art laser diagnostics for measurements in pressurized,
near-wall reactive flows.



Kurzfassung

Trotz der fortschreitenden Elektrifizierung, angetrieben durch die unverzichtbare Sub-
stitution fossiler Brennstoffe durch erneuerbare Energiequellen, wird der thermochemis-
chen Umwandlung chemischer Energietrager weiterhin eine wichtige Rolle innerhalb
der Energiewende zugeschrieben. Dies unterstreicht die Notwendigkeit einer kon-
tinuierlichen Entwicklung emissionsarmer Verbrennungstechnologien auf der Grundlage
eines umfassenden Verstandnisses der zugrundeliegenden physikalischen Prozesse durch
fortwahrende Grundlagenforschung. Im Rahmen dieser kumulativen Dissertation wird das
komplexe Phédnomen der Flammen-Wand-Interaktion (FWTI), welches ein wesentlicher As-
pekt praktischer Verbrennungssysteme ist, experimentell mit Hilfe moderner Laserdiag-
nostik untersucht. Bei der FWI handelt es sich um die gegenseitige Wechselwirkung
zwischen chemischer Reaktion, Festkorperoberfliche und Gasstromung, die mit unerwiin-
schten Effekten, wie vermindertem Wirkungsgrad und erhohten Schadstoffemissionen, ein-
hergeht. Das Hauptziel dieser Arbeit, die drei begutachtete Veroffentlichungen umfasst,
ist die Untersuchung grundlegender Aspekte von FWI bei praxisrelevanteren Bedingun-
gen, wie erhohten Driicken und erhéhten Reynoldszahlen.

Die Experimente wurden in einem neuartigen, geschlossenen Priifstand - dem pressurized
side-wall quenching (SWQ) burner - durchgefiihrt, der eine reproduzierbare, generische
Konfiguration einer vorgemischten Flamme in Wechselwirkung mit einer kalten, festen
Wand bietet. Dieser Priifstand wurde im Rahmen dieser Arbeit entworfen, gebaut und
in Betrieb genommen und wird im Detail vorgestellt. Der Flammenloschprozess wird
bei Betriebsdriicken zwischen atmospharisch und 5 bar absolut und Reynoldszahlen bis
zu 20.000 mit verschiedenen Laserdiagnoseverfahren untersucht. Die Grenzen solcher
Messtechniken fiir die Untersuchung dieses Prozesses, welche sich aus dem komplexen
Aufbau des Priifstandes und aus prozessimmanenten Herausforderungen bei steigendem
Druck ergeben, sind in dieser Arbeit dokumentiert.

Zunéachst erfolgt eine Charakterisierung des turbulenten Stromungsfeldes und der Ver-
brennungsdynamik anhand von Geschwindigkeitsdaten und raumlichen Feldern der in-
stantanen Flammenfrontpositionen, die durch Particle Image Velocimetry-Messungen und
planare, laserinduzierte Fluoreszenz des Hydroxylradikals (OH-PLIF) bereitgestellt wer-
den. Dies beinhaltet die Untersuchung der Einstromung und des wandnahen Stromungs-
feldes unter nicht-reagierenden und reagierenden Bedingungen sowie die Untersuchung
der transienten Flammenfrontbewegung. Darauf aufbauend wird die turbulente Flamme-
nausbreitung in Wandnédhe anhand der Flammenflachendichte, einer zentralen Gréfle in
der numerischen Verbrennungsmodellierung, weiter analysiert, die aus gemessenen Flam-
menfrontpositionen (OH-PLIF) nach zwei gingigen Anséitzen abgeleitet wird. Dariiber
hinaus wird die wandnahe Thermochemie des turbulenten Flammenloschprozesses durch
gleichzeitige Messungen der Gasphasentemperatur und der Molenbriiche von COs und
CO mit Hilfe der dual-pump kohérenten Anti-Stokes Raman-Spektroskopie und der
laserinduzierten Fluoreszenz von CO untersucht. Diese Messungen stellen die erste doku-
mentierte Bestrebung dar, die Thermochemie von FWI bei erhéhten Driicken mit Hilfe
von Multi-Parameter-Laserdiagnostiken zu untersuchen.



Diese kumulative Dissertation prasentiert neue Erkenntnisse tiber die Auswirkungen von
erh6htem Druck und erhéhten Reynoldszahlen auf turbulente FWI und liefert experi-
mentelle Daten zur Modellvalidierung. Dariiber hinaus leistet sie einen Beitrag zur FWI-
Forschung, indem sie die Grenzen moderner Laserdiagnostik fiir wandnahe Messungen in
reaktiven Stromungen bei erhohten Driicken auslotet.
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Chapter 1

Introduction

1.1 Motivation

Anthropogenic climate change, induced by an increasing abundance of greenhouse gases
(GHG) in the Earth’s atmosphere [1, p. 8], poses a significant challenge to society and
industry worldwide. Severe impacts on ecosystems, human life and infrastructure due to
more frequent and intense weather extremes and other phenomenons are already observed
and can be attributed to climate change with increasing confidence [2, p. 44]. Therefore,
in order to limit human-induced global warming and related consequences, in December
2015, 195 countries defined the common objective of limiting the mean global temperature
increase to well below 2°C and preferably to 1.5°C by reaching net zero GHG emissions
until the middle of the 21st century, as stated in the Paris Agreement. To achieve this
goal, a substantial reduction in the use of fossil fuels is inevitable. According to the In-
ternational Energy Agency’s (IEA) World Energy Outlook, proposing a pathway to such
a Net Zero Emissions (NZE) scenario, there is a projected decline in the share of fossil
fuels in the total global energy supply from 80 % in 2021 to about one third in 2030, and
less than 20 % by 2050 [3, p. 133]. This decline, however, is closely linked to a consis-
tent increase in the adoption of so-called low-emission fuels, such as bioenergy, hydrogren
and hydrogen-based fuels, which are crucial for reducing carbon emissions of energy sys-
tems where electrification is not feasible. In particular, these chemical energy carriers
are predicted to play a vital role for long-distance transportation, such as aviation and
shipping, and high-temperature industrial processes [3, p. 135]. Furthermore, with the
rapidly increasing share of volatile renewable energy sources, which reinforces the need for
flexible power generation, these low-emission fuels are assigned an essential contribution
to electricity security through their use in thermal power plants [3, p. 140 |. Against
this background, it is therefore expected that chemical energy carriers and their thermo-
chemical conversion in combustion systems will continue to play a significant role in the
energy sector in the medium and long term. The development of efficient combustion
systems featuring low-emission characteristics is thus considered an important aspect of
the transition of the energy sector imposing the need for fundamental research to deepen
the understanding of the underlying combustion processes.

An essential aspect of practical combustion systems, often relying on enclosed combustion,
such as gas turbines and internal combustion engines, is the phenomenon of flame-wall
interaction (FWI) which involves the complex mutual interaction of chemical reaction,
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(turbulent) flow and solid surface. As the chemical reaction takes place in a confined space,
these processes are often unavoidable and occur as the propagating flame approaches
the wall. Due to the significant difference between adiabatic flame temperature and
wall surface temperature, FWI is characterized by high near-wall temperature gradients
leading to undesired heat losses which, in turn, reduce durability, diminish thermodynamic
efficiency and cause quenching of chemical reactions near the wall [4, p. 349]. This
can result in an increased emission of pollutants such as unburned hydrocarbons and
carbon monoxide. Thus, a thorough comprehension of these processes is considered crucial
for designing more sustainable combustion systems, necessitating fundamental research
into the governing phenomena. Considering typical operating conditions in practical
combustion systems, fundamental research on FWI at increased turbulence and elevated
pressure is of particular interest.

1.2 State of Research on Flame-Wall Interaction

The phenomenon of FWI may involve both, non-premixed as well as premixed flames.
Since the latter is of primary interest within the context of this thesis, the literature
review given in this section is limited to studies dealing with premixed FWI only. Fun-
damental research on FWI of premixed flames is commonly carried out using two generic
flame quenching configurations (see also section 2.3) which are characterized by a flame
that propagates either towards (head-on quenching, HOQ) or alongside (side-wall quench-
ing, SWQ) a solid wall. As recently reviewed by Dreizler and Bohm [5], studies related
to FWI cover various aspects, such as thermal properties, like quenching distances and
heat fluxes, flame-flow interactions, flame front characteristics and thermochemistry. The
literature review given in this section is intended to provide a summary of the current
state of research on FWI of premixed flames focusing on experimental studies and with
an emphasis on publications considering effects of elevated pressure.

Thermal properties of FWI were investigated experimentally in the past in a number of
studies considering effects of equivalence ratio, wall properties and fuels [5]. Quench-
ing distances at atmospheric pressure were measured in tubes and parallel plates with
varying diameter/plate distance [6, 7]. More recently, the quenching distance was de-
rived for HOQ and SWQ configurations at laminar and turbulent flow conditions using
planar laser-induced fluorescence of the OH radical (OH-PLIF) [8, 9] and based on near-
wall average temperature profiles obtained from coherent anti-Stokes Raman spectroscopy
(CARS) measurements [9-11]. In the latter three studies, the data obtained was further
used to determine wall heat fluxes based on measured near-wall temperature gradients,
assuming one-dimensional heat conduction. Transient wall heat fluxes at pressures near
atmospheric were also derived from time-resolved measurements of the instantaneous wall
temperatures, using resistance type thermometers and thermocouples, which were subse-
quently provided to an unsteady heat conduction model, e.g. [12, 13]. Effects of pressure
on these thermal properties were investigated by Bellenoue at al. [14], Sotton et al. [15]
and Boust et al. [16] for HOQ and SWQ configurations in a constant-volume chamber
based on direct measurements of the quenching distance at pressures up to 3.5 bar us-
ing chemiluminescence-based flame front imaging. These studies, which applied further
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parameter variations, showed a decreasing quenching distance at increasing pressure in
accordance to previous studies on flame quenching between parallel plates and in internal
combustion engines, e.g. [17, 18]. By simultaneous measurements of the wall heat flux for
pressures up to 17 bar using a heat flux gauge, which revealed a disproportional increase
in this pressure range reaching values up to 2 MW /m?, Sotton et al. and Boust et al. were
able to review existing relations for prediction of the quenching distance [15] and derive a
analytical model for thermal flame quenching [16]. To overcome limitations of the optical
diagnostics used for quenching distance measurements, further experiments were carried
out by this group using an electrical ionization current probe, as reported by Karrer et
al. [19], for measurements of the quenching distance at pressures up to 16 bar, carried
out by Labuda et al. [20]. Further studies on wall heat fluxes in an SWQ configuration
were carried out by Escofet-Martin et al. [21] and Ojo et al. [22] using a fixed-volume
chamber using advanced laser diagnostics. They applied hybrid fs/ps rotational coherent
anti-Stokes Raman spectroscopy (HRCARS) and Phosphor thermometry, yielding wall-
normal temperature profiles and wall temperatures, to examine wall heat losses that occur
as the flame propagates through a quiescent gas mixture that is compressed to 2 bar due
to the heat release.

Flame-flow interactions close to a solid wall were investigated at atmospheric pressure
focusing on the evolution of the stretch rate [23] and the effect of local stretch on flame
speed [24] both in a head-on quenching flame in an atmospheric pressure vessel using
high-speed and time-resolved particle image velocimetry (PIV). Further studies were
carried out in a similar atmospheric HOQ burner, to investigate flame propagation and
flame displacement speeds [8] and in a atmospheric SWQ burner focusing on the inter-
action of the flame with the turbulent boundary layer [9]. The same SWQ configuration
was used in a subsequent study to examine the impact of the reaction on the near-wall
flow with special attention to the inner layer of the turbulent boundary layer. The PIV
setup applied in this study allowed for resolving the turbulent boundary layer down to
the viscous sublayer, which remained unaffected from the chemical reactions [25]. The
impact of the wall on flame front characteristics, such as the flame brush and the flame
surface density, was moreover examined at atmospheric pressure in the same SWQ burner
using OH-PLIF imaging [26] and in a similar SW(Q configuration using laser tomography
of the flame [27]. In all of these three studies, an increase of the flame surface density
close to the wall was observed. Regarding experiments at elevated pressure, Boust et al.
[28] carried out high-speed PIV measurements of a spark-ignited, tumbling methane-air
mixture in constant-volume vessel at 2bar pressure before ignition. They observed
decreasing turbulence intensities close to the wall as the flame front propagated through
the region-of-interest. Based on simultaneous heat flux measurements, they further
concluded that the wall heat losses are influenced by the large-scale velocity magnitude.
Influences of turbulence intensity could not be determined. In a more recent study of
the same group based on high-speed PIV measurements in the unburned gas mixture
in a constant-volume chamber at pressures up to 58 bar, Padhiary et al. [29] showed
that turbulent flow motion causes increased wall heat fluxes and they moreover observed
that, with rising pressure, wall heat fluxes of turbulent FWI even more exceed those at
laminar conditions.
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The first experiments on thermochemistry during FWI were carried out in a SWQ config-
uration comprised of an isothermal cold plate positioned in the laminar exhaust gas flow
of a McKenna-type burner based on Raman-scattering measurements yielding local gas-
phase temperatures and relative hydrocarbon number densities [30, 31]. More recently,
multi-line NO laser-induced fluorescence (LIF) thermometry as well as single-photon and
two-photon LIF of OH, CH,O and CO was used in a similar configuration to assess the
laminar boundary layer [32]. Experiments on HOQ were also conducted in the past by ap-
plying spark-induced fluorescence (SIF) yielding temperature profiles across the laminar
flame propagating within a combustion chamber at pressures between 0.5 bar and atmo-
spheric [33]. Additional studies on atmospheric, laminar FWI were performed in a HOQ
and an SWQ burner using two-photon CO-LIF as well as CARS and dual-pump CARS,
respectively, for a simultaneous quantification of gas-phase temperature, mole fractions
of CO [9-11] and mole fractions of CO, [34]. Furthermore, in another study on a simi-
lar SWQ configuration, one-dimensional imaging of temperature and major species was
achieved by application of ultrabroadband CARS [35]. While some of the most recent
investigations mentioned above covered the thermochemistry of turbulent FWI to some
extent [10, 11], there is only one study known to the author focusing on the assessment
of turbulence-chemistry interaction [36]. The experimental investigation of thermochem-
ical states during turbulent FWI at elevated pressure, however, is an entirely unexplored
domain, to the author’s best knowledge.

The state of research of numerical simulations, which is summarized only briefly here,
is similar to that of experimental studies with respect to the investigation of FWI at
turbulent flow conditions and elevated pressure. Various aspects of FWI at laminar flow
conditions and atmospheric pressure in HOQ and SW(Q configurations were investigated
in a larger number of studies in the past using on-step chemistry approaches [37-39],
tabulated reaction manifolds [40-45] and detailed chemistry [46-49] to describe the reac-
tion chemistry. The number of studies that cover FWI at turbulent flow conditions (and
atmospheric pressure), in contrast, seems to be smaller, but has also increased over the
last years: Quenching distances, wall heat fluxes, flame surface density, turbulent fluxes
and further fluid mechanical aspects of turbulent FWI in HOQ and SWQ configurations
were investigated using large-eddy simulations (LES) implementing tabulated chemistry
manifolds [50, 51] and direct numerical simulations (DNS) based on one-step chemistry
approaches [52-57] and a detailed chemistry mechanism [58]. Furthermore, thermochem-
ical properties of turbulent FWI have been examined more recently in a few studies using
DNS (detailed chemistry) [59] and LES (tabulated reaction manifolds) [60, 61]. Regarding
the effect of elevated pressure, however, numerical studies are scarce and mostly limited
to atmospheric flow conditions. Westbrook et al. [62], for example, investigated quench-
ing of laminar methane and methanol flames in a HOQ configuration at pressures up to
40 atm based on a one-dimensional DNS using detailed chemistry to study the effect of
pressure, and other parameters, on the quenching distance to derive flame speed correla-
tions for this quantity. More recently, head-on quenching of a more complex fuel, namely
iso-octane, at pressures up to 20atm, was examined by Hasse et al. [63], also based
on a one-dimensional detailed chemistry DNS which revealed, amongst other findings, a
slower oxidation of fuel and intermediate hydrocarbons for increased pressure. Further
DNS studies (one-dimensional, detailed chemistry) on laminar flame quenching (HOQ) at
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elevated pressures up to 2 bar and up to 20 bar, respectively, were conducted by Owston
et al. [64] for Hy/O9 and Yenerdag et al. [65] for methane flames. The only numerical
study known to the author that treats turbulent FWI at elevated pressure was carried
out by Niemietz et al. [66] and is related to gas turbine combustion. Within this study,
a lean methane/air flame at 4 bar interacting with isothermal walls, similar to an SWQ
configuration, is examined based on a DNS using a finite rate chemistry approach to
identify the main influences on carbon monoxide emissions.

1.3 Aim and Structure of this Work

1.3.1 Aim

This thesis aims to expand experimental research on fundamental aspects of premixed
Flame-Wall Interaction towards more realistic operating conditions, such as elevated pres-
sures and increased Reynolds numbers. For this purpose, the following specific objectives
were pursued during this work.

Development and characterization of a novel, enclosed test rig

Fundamental research on pressurized FWI requires a reproducible flame quenching con-
figuration at well-defined boundary conditions in an enclosed environment. To achieve
this, a customized test rig is required that additionally meets further demands in terms of
applicability of measurement techniques — more specifically, optical diagnostics, which are
the method of choice for such investigations — and suitability for numerical simulations.
Therefore, within the scope of this thesis, a novel enclosed test rig was designed, incorpo-
rating experiences gained in past experimental and numerical studies conducted by the
group. After commissioning of the test rig, the flow field and combustion characteristics
were characterized for three operating cases.

Identification of laser diagnostic limitations

The application of optical diagnostics to investigate near-wall combustion phenomena
is complicated, but offers the exceptional possibility of in-situ, non-invasive and highly-
resolved measurements of varying parameters. With increasing operating pressure, how-
ever, further difficulties arise from more complex test rig designs and process-inherent
challenges. Therefore, the experiments carried out within this thesis also serve to evalu-
ate the feasibility of optical diagnostics for the investigation of pressurized FWI and to
identify associated limitations.

Assessment of turbulent, pressurized FWI

Increased turbulence and elevated pressure induce enhanced wrinkling of the flame front
affecting the interaction of fluid mechanical and chemical processes which in turn has an
impact on near-wall thermochemical states. At the core of this work is the process-oriented
research on turbulent FWI at elevated pressure which aims at acquiring novel insights into
the coupled processes at conditions closer to reality. For this purpose, the flow field, the
flame front geometry and thermochemical states are measured experimentally using a set
of laser diagnostics.
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Providing experimental data for model validation

Despite their importance for model validation in numerical combustion simulation, ex-
perimental data of FWI are only available to a limited extent. The experimental studies
conducted within this work aim to help address this lack of experimental FWI data.
Therefore, the acquired data is shared publically on the institutional repository of Tech-
nical University of Darmstadt T'Udatalib [67-69).

1.3.2 Structure

This cumulative dissertation is based on three peer-reviewed publications, as summarized
in the List of Publications.

The structure of this thesis mirrors the fundamental stages of the research project on
pressurized FWI conducted within this work at the Institute for Reactive Flows and
Diagnostics (RSM) at TU Darmstadt. These stages can be associated with the specific
objectives defined above. After a brief introduction into the theoretical background, in-
cluding fundamentals on near-wall flows, premixed combustion and laser diagnostics, this
thesis is divided into four main chapters covering the introduction of the newly developed
test rig (chapter 3), a summary of the experimental methodology applied for near-wall
measurements (chapter 4), the characterization of the flow field and combustion char-
acteristics (chapter 5) and process-oriented investigations on pressurized FWI (chapter 6).

Chapter 3 and 4 present the experimental methodology applied within this work, starting
with a comprehensive description of the novel pressurized side-wall quenching (SWQ)
burner test rig which provides the basis for the subsequent experimental research. This
test rig was designed, built and commissioned within the scope of this thesis and was
firstly introduced in Paper 1. In Chapter 4, the laser diagnostic setups of two different
experiments for (high-speed) velocimetry and flame front visualization (Paper I) and
multi-parameter thermochemistry measurements (Paper III) are outlined. Subsequently,
limitations of these diagnostics in the context of near-wall measurements in reactive flows
at elevated pressure are reported and discussed.

Chapter 5, based on results of Paper I, provides a characterization of the non-reactive
and reactive flow field yielding inflow boundary conditions and properties of the near-
wall flow. Furthermore, the combustion process is characterized in terms of flame front
dynamics, statistics and topologies.

In chapter 6, the pressurized FWI process under investigation is examined in terms of
two different aspects of (turbulent) premixed combustion. First, the flame surface density
and further flame front characteristics are analyzed focusing on influences of the wall and
increasing operating pressure (up to 5 bar absolute), based on results first published in
Paper II and the evaluation of unpublished data. Then, the near-wall thermochemistry is
investigated, based on results of Paper III, and effects of elevated pressure are discussed.

This thesis finally concludes with a summary of the results and an outlook for future
work.



Chapter 2

Theoretical Background

The purpose of this chapter is to provide an introduction into the theoretical background
of this thesis. Fundamental aspects of near-wall turbulent flows, premixed combustion
and laser diagnostics relevant to this work are presented. For further information on these
topics the reader is referred to the literature cited in this chapter.

2.1 Near-Wall Turbulent Flows

Fluid flows bounded by one or more solid surfaces arise in a large variety of technical
applications and therefore play an important role within fluid dynamics. This may
involve external flows, such as the flow around airfoils, road vehicles or buildings, as well
as internal flows within pipes, ducts and nozzles [72, p. 264] [73, p. 1], but also within
combustion devices, such as gas turbines or internal combustion engines. Fundamental
characteristics of near-wall flows are elucidated in the following based on comprehensive
descriptions in the textbooks by Spurk and Aksel [71], Schlichting and Gersten [70] and
Pope [72].
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Figure 2.1: Illustration of near-wall turbulent flow characteristics: (a) schematic of the boundary layer
over a flat plate transitioning from laminar to turbulent flow conditions and (b) Normalized velocity
profiles in the semi-logarithmic u™ /y™-space for a visualization of the universal law of the wall [70, p.
420][71, p. 239].
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The fluid flow in all of the above-mentioned examples is characterized by fluid motion
in the vicinity of a solid wall, to some extent, comparable to the non-reacting flow over
a flat plate as, depicted in Fig. 2.1. This generic flow configuration is of fundamental
importance within the theory of near-wall flows and is particularly well suited to elucidate
basic properties and characteristics. As depicted in Fig. 2.1, the (mean) flow is (nearly)
aligned parallel to the surface of the plate and oriented mainly in x-direction. The motion
of the fluid is described by the velocities u,, u, and u. in the three coordinate directions
x, y and z, respectively, and the density is denoted by p. Far off the wall, the (mean)
velocity is constant and equivalent to the so-called free-stream wvelocity u,o. The flow
is treated as incompressible, which is a valid assumption for many flow configurations
under technically relevant conditions, provided that the ratio of the flow velocity and the
sound velocity of the medium, i.e. the Mach number Ma, is well below 0.2 [74, p. 392].
Furthermore, the flow is assumed to be isothermal and incompressible with a constant
density p and shall exhibit Newtonian behavior with a constant dynamic viscosity 1. The
incompressible, isothermal flow of a Newtonian fluid over a flat plate is thus governed by
the parameters u, o, p and 7. Using a characteristic length scale, i.e. the length of the flat
plate [, these parameters may be combined to the dimensionless Reynolds number Re,
which is given in Eq. 2.1 for the specific flow configuration described above [70, p. 31].

Re — UoP! (2.1)
n

This dimensionless quantity is of central importance within fluid dynamics and can be
derived for any flow configuration using a characteristic length and velocity of the flow and
the fluid’s density and viscosity. In general, it serves as indicator for the dominating forces
in the fluid flow as it gives the ratio of inertial and viscous forces. Correspondingly, at low
Re, viscous forces dominate while at high Re the fluid motion is predominantly governed
by inertial forces [70, p. 7]. In the case of a near-wall flow, like the flow over a flat plate,
however, in a region close to the wall viscous forces play an important role. Due to the
viscous behavior of the fluid, the velocity of the flow is zero right at the surface of the wall,
generally referred to as no slip-condition, and increases with the distance from the wall
approaching the free-stream velocity, as depicted in Fig. 2.1. This region of monotonically
increasing velocity is called boundary layer and separates the surface of the wall from the
outer flow. The spatial dimensions of the boundary layer are frequently described by
either the geometric boundary layer thickness d, or the displacement thickness ¢4, as
given in Eq. 2.2 and 2.3, respectively. While d, is defined by the distance from the wall at
which the mean velocity is equal to some percentage, e.g. 99%, of the free-stream velocity
Uz 0, 0g may be interpreted as measure for the displacement of the streamlines of the outer
flow due to the boundary layer [72, p. 299].

(59199% = y(u = 099 . nyo) (22)

5y = /0°° (1 - u“g) dy (2.3)




2.1 Near-Wall Turbulent Flows

Regardless of the definition used, the thickness of the boundary layer significantly
depends on the flow condition which can be laminar or turbulent and increases with
the distance from the leading edge of the plate. For the flow configuration depicted in
Fig. 2.1, the flow within the boundary layer is initially laminar and hence exhibits a
layered structure of fluid motion without any convective transport of mass or momentum
perpendicular to the flow direction. Within this region, the laminar boundary layer
exhibits a characteristic wall-normal velocity (streamwise component) profile, commonly
referred to as Blasius profile [70, p. 31]. At some position along the plate, however,
small instabilities in the flow develop and initiate the transition into a fully turbulent
flow which is characterized by irregular velocity fluctuations superimposed on the mean
flow motion. This fully turbulent boundary layer flow can be observed downstream
of a certain position x..;, which can be estimated from the critical Reynolds number
Reeit = (UpopTerit)/n. For the flow over a flat plate, Re.; commonly takes values
between 3 - 10° and 3 - 10%, depending on the pressure distribution and the turbulence
intensity in the outer flow and the roughness of the wall [70, p. 33].

With the flow turning turbulent, the thickness of the boundary layer considerably in-
creases and the wall-normal mean velocity profile of a fully turbulent boundary layer
develops. Due to the turbulent fluctuations resulting in an increased momentum transfer,
the turbulent velocity profile shows a more homogeneous shape compared to the lami-
nar Blasius profile [73, p. 165]. Correspondingly, close to the wall surface, wall-normal
gradients of the mean streamwise velocity are increased in the turbulent flow resulting in
higher wall shear stresses and friction drag [75, p. 192]. Within a certain distance from
the wall, inside the boundary layer, the turbulent flow exhibits a velocity distribution
which is characteristic for many turbulent wall-bounded flows, therefore referred to as
universal law of the wall. Tt is defined as u™ = f(y™) based on a dimensionless velocity
u' and wall distance y*, which are derived as given in in the following

_:c ©Ur d_x
Uy 0, v dy |
y=0

where u, is the mean velocity in streamwise direction, u, is the wall friction velocity,
and v is the fluids kinematic viscosity. The universal law of the wall thus basically
states that the mean velocity profile solely depends on wu, and J, which are suitable
velocity scales and lengthscales of the region close to the wall [72, p. 272]. Depending
on y*, the function f, can be expressed in different forms and the near-wall flow may
be subdivided correspondingly into separate regions. While within the viscous sublayer,
generally associated with y™ < 5, the velocity profile can be described by a linear relation,
farther away from the wall, the so-called log law holds:

1
yt <5 ut(yt) =y" y">30: ut(y")=-lny" + B (2.5)
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According to Pope [72, p. 274], the von Kérman constant x and the constant B in the log
law generally take values within 5% of k = 0.41 and constant B = 5.2. At dimensionless
wall distances 5 < y* < 30 a transition between both aforementioned regions takes
place within a buffer layer [72, p. 275]. The resulting characteristic structure of the ve-
locity distribution ™ (y 1) is illustrated in Fig. 2.1 using a semi-logarithmic representation.

As the flow in the boundary layer turns turbulent, it shows characteristics of turbulent
motion which involves velocity fluctuations on a wide range of length scales. In order to
quantify the characteristic size of the larger flow structures within the turbulent flow the
integral length scale L can be derived from two-point correlations. According to Pope
[72, p. 196], the longitudinal two-point correlation of the x-component of the velocity in
x-direction R,, can be calculated as in Eq. 2.6

Ry = v (z + 1y,2,t) - u(x,y,2,t) (2.6)
L, = /Oo Ry, /u, - uldr (2.7)
0

where u), = u, — u, denotes the velocity fluctuation in the sense of the Reynolds decom-
position [72, p. 83|. The longitudinal length scale L, can subsequently derived according
to Eq. 2.7 by integration of the normalized two-point correlation function.

2.2 Premixed Combustion

Premixed combustion refers to the self-sustaining process of thermochemical energy con-
version governed by exothermic chemical reactions between a fuel and an oxidizer in a
homogeneous mixture of both. Fundamental aspects of this process relevant to this thesis
are presented in this section following outlines in the textbooks by Warnatz et al. [76],
Turns [77] and Peters [78].

2.2.1 Combustion Chemistry

The overall oxidative conversion of methane into major product species during combustion
in air is specified by the global reaction defined as follows.

This reaction equation indicates the ratio between the amounts of fuel (CH,) and oxidizer
(O4 or air), commonly quantified in terms of mole fractions X or mass fractions w, required
to achieve a complete conversion of both reactants. Using this stoichiometric ratio, a given
fuel-oxidizer mixture is characterized based on the equivalence ratio

10
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(wfuel/wai’/‘) (29>

(wfuel /wa”)stoichiometric
as lean (¢ < 1), stoichiometric (¢ = 1) or rich (¢ > 1) mixture [77, p. 19].

The global reaction defined in Eq. 2.8, however, represents a significant simplifica-
tion of the combustion chemistry, as it actually results from a set of elementary reactions
taking place during the combustion process and involving many intermediate species. In
the case of methane, complex reaction mechanisms including 325 elementary reactions
and 53 species (e.g. GRI-Mech 3.0 mechanism [79]) are available.

2.2.2 Structure of Laminar, Premixed Flames

A premixed flame is characterized by the localized combustion of a homogeneous
fuel/oxidizer mixture within a distinct region of chemical reaction. Inside the flame,
heat is released during the thermochemical conversion of the unburned reactants causing
spatial changes of temperature and involved species mole fractions [77, p. 254 ff.].
The resulting flame structure is illustrated exemplarily by spatial profiles of these
state variables in a stationary, freely-propagating, laminar, lean premixed (¢ = 0.8)
methane/air flame, depicted in Fig. 2.2 for atmospheric and 3 bar pressure. As the flame
is assumed to be one-dimensional, temperature and species mole fraction profiles only
depend on the spatial coordinate z which is oriented perpendicular to the planar flame
front. The unburned gas mixture moves in z-direction approaching the flame at laminar
flame speed uj — which is equivalent to the velocity of a flame propagating through a
quiescent gas mixture — causing the flame front to remain spatially stationary [77, p.
254 ff.]. In general, the laminar flame speed depends on the temperature and mixture
composition of the unburned gas and, for any hydrocarbon fuel [80, p. 6], exhibits a
non-linear, negative dependence on pressure [77, p. 277].
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Figure 2.2: Spatial profiles of temperature and mole fractions of CH4, CO and COs in a stationary,
freely-propagating, laminar, lean premixed (¢ = 0.8) methane/air flame at (a) atmospheric and (b) 3 bar
pressure, derived from CANTERA simulations. The evolution of §r with pressure according to Eq. 2.10
is shown in (c).
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Commonly, the flame region, as depicted in Fig. 2.2, is divided into three different zones.
Moving in positive z-direction, the unburned gas mixture first passes a preheat zone char-
acterized by only little heat release. Within this region, the temperature increases due
to diffusive transport of heat from the subsequent reaction zone, where the major part of
chemical energy is converted into heat. The reaction zone is dominated by fast-chemistry
reactions involving fuel depletion and formation of major combustion products as well as
intermediate species, such as CO. Within the recombination zone or post-flame zone the
final burnout of CO to CO, takes place and equilibrium state is reached [77, p. 255 ff.]
81, p. 152].

The thickness of this flame structure, i.e. the laminar flame thickness dr, can serve as a
characteristic length scale of the flame and may be determined from Eq. 2.10 based on the
maximum spatial temperature gradient max (07'/0x) in the flame and the temperature
difference between the burned and unburned gas mixture 7}, — 7T, [63].

. T,-T,
Or = max (07'/0x) (2.10)

For the flames depicted in Fig. 2.2, this equation yields a reduction of the laminar flame
thickness from about 0.55 mm to 0.27 mm with the pressure in the unburned gas mixture
being increased from 1 to 3bar, as shown in Fig. 2.2(c). Correspondingly, Fig. 2.2(a)
and (b) show a considerably narrower structure for the flame at higher pressure featuring
increased spatial gradients. This behavior of reducing flame thicknesses is an important
aspect complicating experimental measurements in a pressurized flame.

2.2.3 Turbulent Combustion Regimes and Flame Properties

The combustion process in a premixed, turbulent reacting flow can show varying charac-
teristics resulting from the complex interaction of the turbulent flow field and the chemical
reaction. A classification can be made by means of regime diagrams which are commonly
based on the comparison of characteristic length and velocity scales of the propagating
flame and the turbulent flow. For the regime diagram shown in Fig. 2.3, first introduced
by Borghi [82, p. 122] and later on modified by Peters [83], the turbulence intensity «’,
the laminar flame speed uy, a macroscopic turbulent length scale, e.g. the integral length
scale of turbulence L, and the laminar flame thickness 0z are used. Based on (1) a turbu-
lent Reynolds number Re;, derived according to Eq. 2.1 using v’ as characteristic velocity
and L as characteristic length, (2) a turbulent Damkoéhler number

ULL
Da = 2.11
¢ UI(SF ( )
and (3) a turbulent Karlovitz number
2
Ka= 5% (2.12)
lk

which is derived using the Kolmogorov length scale [, different regimes of combustion
are defined in a double logarithmic coordinate space of the ratios (v'/ur) and (L/dp).
The dimensionless quantities Re;, Da and Ka can be expressed as functions of these
ratios such that the relations Re; = 1, Da = 1 and Ka = 1, which define the boundaries
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2.2 Premixed Combustion

of these regimes, are represented by lines within the diagram.

Based on Re;, a fundamental distinction between the regime of laminar flames (Re; < 1)
and the domain of turbulent combustion (Re; > 1) is made. The latter is further
subdivided into the following regimes associated with varying combustion characteristics:

o Within the flamelet regime (Re; > 1, Da > 1, Ka < 1), the turbulent flow field
causes a large-scale wrinkling of the flame front, but does not affect the structure
of the reactive-diffusive flame layer as, following the definition of Ka in Eq. 2.12,
the size of even the smallest turbulent eddies is larger than the thickness of the
laminar flame. The reaction zone may, therefore, be understood as a locally laminar
premixed flame, a flamelet. With regard to numerical simulation, these properties
allow the application of the flamelet-concept, a widely used modeling approach.
This regime can be further subdivided based on the ratio v’ /uy.

— For «//uy, < 1, within the regime of wrinkled flamelets, only weak flame front
wrinkling is observed, since the laminar flame propagation with u; outweighs
turbulent fluctuations characterized by u'.

— Within the regime of corrugated flamelets (u'/u;, > 1), however, larger tur-
bulent structures can substantially affect the flame propagation resulting in
higher level of flame front wrinkling.

o The regime of distributed reaction zones (Re; > 1, Da > 1, Ka > 1) is separated
from the flamelet regime by the line Ka = 1. Correspondingly, as the size of the
smallest turbulent structures falls below 0z, they may advance into the reactive-
diffusive flame layer resulting in a broadening of the flame front and local flame
extinction.

o Within the well-stirred reactor regime (Re; > 1, Da < 1, Ka > 1), turbulent mixing
is faster than the chemical reaction, as Da < 1, leading to an even broader reaction
zone as turbulent structures substantially influence the flame structure.

102 F T T T
. Da=1
:;Zlclt' gzlrred distributed Ka=1
reaction zones

101 F 3
Re=1 ]
:»q flamelet ]
>~ regime 1

S corrugated flamelets

100
| laminar flames wrinkled flamelets
10.1 N | PR N | P | s P
107 10° 10" 102 103 104

lo/dF

Figure 2.3: Regime diagram of premixed combustion by Borghi in a modified version by Peters [83].
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2 Theoretical Background

Within the context of this work, besides the regime of laminar flames, only the flamelet
regime is of relevance. As described above, the turbulent flame associated with the flamelet
regime, features a thin reaction zone, which exhibits a convoluted shape due the inter-
action with the turbulent flow field. In contrary to a stationary, laminar flame, rapid
fluctuations of the turbulent flame front location are observed within a certain spatial
area which is often referred to as flame brush. Furthermore, the wrinkled flame front
shape, results in a substantially increased surface area which allows for higher fuel con-
sumption rates. Assuming that the flame front locally propagates with the laminar flame
speed, neglecting effects of curvature and other influences on ug, a turbulent flame speed
u7r may be defined as

ur = uUup— (213)

based on the overall area of the turbulent flame front Az and the area of the time-averaged
flame front A [76, p. 233].

2.3 Flame-Wall Interaction

The mutual interaction between a flame, the laminar or turbulent flow and a nearby solid
surface is generally referred to as flame-wall interaction (FWI). This interaction process
occurs in a variety of practical combustion systems and is of particular importance
for devices that incorporate combustion within an enclosed chamber. Due to large
temperature gradients at locations where the flame approaches the cold surface of the
wall, heat is removed from the combustion process and transferred to the wall resulting
in large wall heat fluxes and local quenching of the chemical reaction. This may give rise
to undesirable effects such as decreased efficiency, promotion of pollutant formation and
reduced durability [84, p. 327].

Research on various aspects of FWI is typically carried out using generic experimental
configurations which can be classified into the extreme cases of head-on quenching (HOQ)
and side-wall quenching (SWQ), depending on the orientation of the flame front and
the direction of its propagation with respect to the wall. The geometrical configuration
of both of these cases of FWI are schematically illustrated in Fig. 2.4. In the case of
HOQ), the flame front is oriented parallel to the wall and approaches it as it propagates

(a) head-on quenching (HOQ) (b) side-wall quenching (SWQ)
flame front burnt flame front
S~ —
burnt unburnt
unburnt
wall wall

SSSSSSS S S

Figure 2.4: Generic configurations of flame-wall interaction: (a) HOQ, (b) SWQ.
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2.4 Laser Diagnostics

perpendicular to the wall’s surface. This is always a transient event, as, after ignition,
the flame propagates through a premixed mixture until it is thermally quenched close
to the surface of the wall when heat losses exceed heat release rates of the chemical
reaction. The SWQ configuration, in contrast, is characterized by a flame front which
is oriented perpendicular to the wall and propagates parallel to its surface. Within
most experimental SWQ burner devices, however, the angle between flame front and
wall surface at the position of FWI can also take values smaller than 90°, especially for
turbulent flow conditions [5].

An inherent characteristic and also prerequisite of FWI is the close proximity of the flame
to the wall which is quantified by means of the minimum distance between the reaction
zone and the wall’s surface, commonly denoted as quenching distance dg. This quantity
depends on parameters of the surface, like wall temperature and wall material, as well as
on properties of the combustible medium, such as initial temperature and equivalence
ratio, and generally decreases with increasing pressure [5, 14]. Boust et al. [28], for
example, report a reduction of g for both configurations of FWI from about 0.6 mm to
0.2mm (HOQ) and from 0.85mm to 0.25 mm (SWQ) for a laminar methane/air flame
with equivalence ratio of 0.7, when pressure is increased from slightly below 0.1 MPa to
about 0.3 MPa.

Beyond these geometrical characteristics, the research area of FWI moreover involves fur-
ther aspects on thermal, fluid-mechanical and thermochemical properties, as summarized
in section 1.2.

2.4 Laser Diagnostics

The purpose of this section is to provide a brief introduction into the laser diagnostics
techniques applied within this work focusing on basic aspects most relevant to the exper-
imental implementation of those. For further information on these diagnostics the reader
is referred to the textbooks cited in this section and the relevant literature.

2.4.1 Particle Image Velocimetry

This section gives a short overview of Particle Image Velocimetry (PIV) following the
outlines in the textbook by Raffel et al.[85]. As illustrated in Fig. 2.5, which presents
a typical planar PIV setup, the principle of flow velocity measurements with PIV relies
on the imaging of tracer particles, which are present within the flow under investigation
and illuminated with a suitable light source. The light that is scattered off the particles,
which are moving with the fluid flow, is captured on at least two frames (i.e. PIV images)
separated in time by a short, well-defined time interval A¢. From these PIV images,
the spatially resolved particle displacement, resulting from the particle motion during
the time interval At, is then derived by cross-correlation of both frames within so-called
interrogation windows (IW) and subsequent identification of the correlation peak for each
IW. Finally, the flow velocity field is computed from the particle displacement and At
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PIV image

Cross-
correlation

flow <

ﬂ T~

peak search to + At

velocity tracer
vector camera particles

Figure 2.5: Schematic of the principle of PIV including an illustration of a common planar PIV setup
and basic steps of the evaluation procedure [85, p. §].

yielding one velocity vector for each TW.

To obtain meaningful velocity data, the diagnostic setup as well as parameters of the
image acquisition sequence need to be adapted to the individual flow configuration under
investigation. Amongst others, this involves the following aspects [85, p. 9 fI.]:

« Suitable tracer particles that show a high ability to follow the fluid motion need
to be carefully selected. In the case of solid, chemically inert particles, that are
commonly used in gaseous reacting flows, this can often only be achieved by using
particles of small size (diameter typically in the order of 1 um) [85, p. 11], which,
however, also results in reduced amount of scattered light, as predicted by Mie’s
theory [85, p. 43].

o High power light sources, such as lasers, are therefore needed for illumination of
small tracer particles. A common approach is to use dual-cavity lasers providing
one short laser pulse for each PIV image separated in time by At. In this case,
both laser pulses, which are formed into light sheets, must exhibit similar beam
characteristics and need to be spatially overlapped within the field-of-view.

o The time separation At needs to be adjusted to achieve a sufficient particle displace-
ment while minimizing the number of particles leaving the illuminated area during
the time interval At due to out-of-plane motion.

o Parameters of the evaluation algorithm, such as the size and the number of IWs,
need to be optimized to obtain the desired accuracy.

2.4.2 Laser-Induced Fluorescence

In this section a brief description of the laser-induced fluorescence (LIF) technique is given
following the outlines of Hanson et al. [87] and Eckbreth [88]. The underlying process of
LIF involves the resonant absorption of a photon by a molecule, leading to the transition
from its ground state Sy into a higher, electronically excited, energy state S, and the
subsequent spontaneous emission of light, i.e. fluorescence, when the molecule relaxes
into its ground state again. This process is outlined in Fig. 2.6 using an energy scheme
that illustrates the difference in energy E between distinct electronic, vibrational, and
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Figure 2.6: Illustration of the LIF process and the involved radiative and non-radiative energy transfer
between rotation, vibrational and electronic energy states [86].

rotational energy states of the molecule. Excitation of the molecule is typically achieved
using a narrowband laser tuned to certain frequency vg to match the photon energy hrg
(h: Planck’s constant) to the energy difference of the targeted transition, which allows for
selective probing of specific molecules. Besides relaxation due to spontaneous emission of
a photon with energy hvp, de-excitation of the molecule can involve further non-radiative
relaxation processes. These are rotational and vibrational energy transfer (RET and
VET), i.e. the spontaneous relaxation to lower vibrational and rotational energy states
of the electronically excited state and energy transfer to a colliding molecule, denoted
as collisional quenching. Moreover, in some cases, molecules in the excited state may
undergo photoionization or dissociation. All these processes are summarized in the fluo-
rescence quantum yield ¢ which basically gives the ratio of the number of photons that are
emitted by fluorescence to the number of photons which are absorbed [86]. Typically, the
spontaneous fluorescence emission occurs in combination with RET and VET resulting
in a red-shift of the emitted fluorescence v compared to the excitation frequency vg.
As can be seen from Eq. 2.14, the intensity of the emitted fluorescence signal F' is propor-
tional to the fluorescence quantum yield ¢ and the state population of the ground state N;
prior to laser excitation, which depends on temperature via the Boltzmann distribution
[88, p. 391].

F x Ny(T) - $(T.p,X;) (2.14)

This allows for both, species concentration and temperature measurements using LIF.
Such quantitative measurements are, however, challenging due to the dependency of ¢ on
temperature, pressure and composition of the gas mixture. While these quantities could
be measured by applying further diagnostic techniques, other approaches exist, such as
predissociative LIF, which avoid effects of quenching [88, p. 391].

Within this work, two-photon LIF is applied for quantitative measurements of carbon
monoxide mole fractions (CO-LIF). The calibration procedure used for quantification of
the fluorescence signal is outlined in section 4.2. Furthermore, LIF is used for flame front
visualization based on qualitative planar imaging of the hydroxyl radical (OH-PLIF).
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2.4.3 Coherent anti-Stokes Raman Spectroscopy

This section briefly summarizes the basic aspects of coherent anti-Stokes Raman Spec-
troscopy (CARS) based on descriptions by Hanson et al. [87] and Eckbreth [88]. The
basic principle of CARS involves the nonlinear interaction of three laser beams at fre-
quencies wy, wy and ws with the medium, i.e. an ensemble of molecules, resulting in the
generation of a forth electromagnetic wave at frequency w, due to an oscillating polariza-
tion. As illustrated in the energy scheme in Fig. 2.7(a), this process can be pictured as
the excitation of a molecule by the laser with frequency w;, denoted as pump laser, to a
virtual state followed by the transition to an excited ro-vibrational state by stimulated
emission with the so-called Stokes beam with frequency wy. The molecule is then again
excited to a virtual state by the laser with frequency ws, denoted as probe beam, which
subsequently results in the emission of the CARS signal at wy, satisfying the conservation
of energy in Eq. 2.15 [88, p. 282], as the molecules de-excites back to the ground state.

W4 = W) — Wy + W3 (215)

Ak =k —ko+ks—Fky=0 (2.16)

In order to probe specific Raman resonances, the frequency difference w; — wo further-
more needs to be adjusted to match with rotational and/or vibrational transitions of
the molecule. Using a broadband Stokes laser, multiple transitions can be accessed
simultaneously enabling single-pulse measurements.

Besides energy, also momentum is conserved during the CARS process which is expressed
by Eq. 2.16 [88, p. 311] yielding a relation between the wave vectors k; of the four waves
participating in the process. This leads to a geometric constraint, commonly referred
to as phase-matching condition, which requires the beams to overlap at a specific angle
in the measurement volume, as illustrated in Fig. 2.7(b), to achieve efficient signal
generation. Geometrical arrangements which are commonly applied to achieve this
condition are coliniear CARS (o = f = v = § = 0) and BOXCARS, the latter being
illustrated in Fig. 2.7(b).

(a) energy scheme (b) phase-matching in a BOXCARS
. arrangement
virtual state

virtual state

3
4

Kl
=R\ SV
) 2
Q) Y

excited state

ground state

Figure 2.7: Tllustration of the CARS process: (a) energy scheme and (b) phase-matching in a BOXCARS
arrangement [88, p. 285].
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Dependencies of the CARS signal intensity I, from parameters of the process are expressed
in Eq. 2.17 [88, p. 290]. While I, increases with laser intensities I; of the pump, Stokes
and probe beam and the interaction length [ squared, it decrease in case of deviations
from the phase-matching condition which are associated with Ak > 0.

(2.17)

. 2
I o LIyl <smAk‘l/2>

AKL/2

The fundamental CARS process described above can be further enhanced to the dual-
pump CARS process allowing to probe ro-vibrational transitions of two molecules at the
same time. This is possible by a suitable selection of the laser frequencies w; and ws
ensuring that also the frequency difference w; — w3 matches to ro-vibrational transitions
of a second molecule. In this scenario, the two lasers with frequencies w; and w3 switch
roles between both interaction processes with the two different molecules. The Stokes
laser with frequency w, maintains the same role for both processes [88, p. 356].

In a typical diagnostic setup for (dual-pump) CARS measurements based on a BOXCARS
arrangement, phase-matching of the laser beams within the measurement volume is com-
monly achieved by aligning the beams parallel and guiding them through a common lens.
The generated CARS signal, which carries information about the Boltzmann distribution
from the initial state and exhibits laser-like characteristics, is guided into a spectrome-
ter to be spectrally resolved. Evaluation of the CARS signal is typically achieved using
spectral fitting codes, such as CARSFT [89] and the algorithms by Cutler et al. [90]
and Greifenstein and Dreizler [91]. These algorithms rely on matching synthetic spectra,
calculated from a physical model, to the experimental data through residual minimization
by optimization of certain degrees of freedom. This finally yields information on temper-
ature and/or species concentration. Within the scope of this work, a dual-pump CARS
approach is applied to probe Ny and CO, for simultaneous measurement of gas-phase
temperature and mole fraction of COs.
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Chapter 3

Pressurized Side-Wall Quenching
Burner

In this chapter, the pressurized side-wall quenching (SWQ) burner test rig, which was used
for experimental investigations on FWI at elevated pressure within this cumulative disser-
tation, is presented in detail. This test rig was developed, constructed and commissioned
within the scope of this thesis and was firstly introduced in Paper 1.

3.1 Test Rig

Fig. 3.1(a) shows an overview of the pressurized side-wall quenching burner. The test rig
can be subdivided into the test rig enclosure, shown in dark gray, and the SW(Q burner
unit, colored in light gray.

(a) Pressurized side-wall quenching burner test rig

L

)

z

(1) | SWQ burner unit (2.1) | Pressure vessel
(1.1) | Morel-type nozzle  (2.2) | Pressure valve (2.3)
(1.2) | Pressure flange (2.3) | Jacket-cooled pipe
(1.3) | Flame tube
2.1) (1.4) | Ignition lance

2.2)
(b) SWQ burner unit
— ?ooling air
| Air co-flow
R (14) (13)
. /"

Main flow

A
(1.1)

Water (wall cooling)

Figure 3.1: Pressurized SWQ burner test rig: (a) overview and (b) detailed view of SWQ burner unit.
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3.1 Test Rig

The test rig enclosure is composed of a pressure vessel, which is equipped with three
removable quartz glass windows (one on either side and one at the top; Heraeus, SQ1),
and a pneumatic pressure valve (Samson AG, Bauart 250) both connected via a jacket-
cooled pipe. This fraction of the test rig was previously part of the single sector model
gas turbine test stand which was constructed by J. Hermann during his PhD studies [92]
and used for investigations on flame-cooling air interaction by him and M. Greifenstein
[91]. These components and parts of the infrastructure were reused within the design of
the pressurized side-wall quenching burner rig presented within this work.

A detail view of the SWQ burner unit, which was designed and constructed! within the
scope of this thesis, is shown in Fig. 3.1(b). Its design is inspired by the proven concept
of the unconfined, atmospheric side-wall quenching burner that was extensively used at
RSM for investigations of FWI under atmospheric conditions within the dissertations of
Jainski [93], Kosaka [11] and Zentgraf [34]. As shown in Fig. 3.1(b), the burner unit is
composed of a Morel-type nozzle and a flow channel, in the following referred to as flame
tube, both connected to a stainless-steel pressure flange. In the assembled state, the right
part of the SWQ burner unit is enclosed by the pressure vessel and fixed to it by screw
connections at the pressure flange. All gas and liquid flows entering the test rig during
operation are summarized in Fig. 3.1.

During operation, the main flow composed of air mixed with methane is guided into the
SWQ burner unit through four inlet ports (two on each side). Cooling air is fed into the
test rig via two ports at the top and four further ports, two on each side of the SWQ
burner unit. A co-flow air mass flow is guided into the test rig through five inlet ports.
Domestic water for wall cooling drawn from laboratory’s water supply is de-ionized and
filtered before entering the test rig.

The inner structure of the the test rig is illustrated by sectional views in Fig. 3.2. After
entering the inlet plenum of the SWQ burner unit, the premixed air/methane main flow is
guided through a fine square mesh (mesh size: ~ 0.5 mm) placed between two hexagonal
grids (width of one hexagon: ~ 3mm), a honeycomb structure (width of one hexagon: ~
3mm) and a second similar grid/mesh/grid combination to achieve flow homogenization.
The flow is then accelerated within the Morel-type nozzle as the flow cross-sectional area
reduces from 120 x 135 mm? to approximately 30 x 60 mm? (corner radius in both upper
corners: 5mm, see Fig. 3.2(c)) at the nozzle outlet, corresponding to a contraction ratio
of 9. This nozzle design ensures an almost top-hat velocity profile at the nozzle outlet,
where the premixed main flow enters into the flame tube. By inserting a removable
turbulence-generating grid (TG; perforated plate with 3.8 mm bore diameter and 51%
solidity) into the flow path of the main flow, increased turbulence intensities can be
achieved especially within the boundary layer (see section 5). Quartz glass windows
(Sico Technology GmbH, SQ1) on both sides and at the top of the flame tube enable
optical access into it. At the bottom side of the flame tube, the flow is bounded by
the the stainless-steel quenching wall which features a flat surface smoothly merging
with the surface of the Morel-type nozzle yielding a continuous flow boundary between
flow homogenization and quenching wall without prominent edges that might evoke flow

!The SWQ burner unit was manufactured by the RSM’s workshop led by R. Berntheisel and D.
Feldmann. Their contribution to this work is thankfully acknowledged here.
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Figure 3.2: Sketch of pressurized SWQ burner: (a) sectional side view, (b) sectional front view, (c)
detailed sectional front view of flame tube, (d) elements for flow homogenization. Dimensions are given
in millimeters.

disturbances. Downstream of the nozzle outlet, the flat surface of the quenching wall
smoothly converts into a convex surface which is cylindrically curved in the y-z-plane
(300 mm radius) allowing for enhanced optical access to the near-wall FWI process. The
resulting shape of the flow cross-section within the flame tube is illustrated by the hatched
area in the front sectional view in Fig. 3.2(b). An enlarged view of the flame tube cross-
section is additionally depicted in Fig. 3.2(c). As shown in this illustration, the premixed
main flow is surrounded on three sides by the air co-flow which enters the flame tube
through an inverted U-shaped, flat, sintered bronze structure for homogenization (see also
Fig. 3.2(a)). This co-flow serves the purposes of (1) minimizing shear effects and reducing
recirculation zones at the nozzle outlet and (2) shielding the quartz glass windows from
the reacting main flow. In this way, thermal load on the windows is reduced and, during
particle-based measurements, such as PIV, seeding particle deposition on the windows’
surfaces is slowed down. The inverted U-shaped area surrounding the co-flow cross-section
in Fig. 3.2(c) represents an inner surface of the flame tube. This surface exhibits two bore
holes, one for injection of a hydrogen pilot flame using the ignition lance (see Fig. 3.1(b)
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and Fig. 3.2(a)) and one for measurements of the internal, static pressure. After ignition of
the premixed main flow, a V-shaped flame is stabilized on a ceramic rod of 1 mm diameter
positioned 9.8 mm above the surface of the quenching wall and 36 mm downstream of the
nozzle outlet. Moving in downstream direction, the lower branch of this flame gradually
approaches the quenching wall and extinguishes locally in the vicinity of the solid surface
resulting in a side-wall quenching process. As depicted in Fig. 3.2(a—c), the quenching
wall features a cooling duct which is continuously flushed with ambient-temperature water
(provided by the wall cooling water flow) for temperature stabilization. The cooling duct
is inclined by 3° with respect to the direction of gravity (i.e. negative y-direction) to ensure
that air bubbles, if any are present, are transported with the cooling water flow to the
outlet of the cooling duct, preventing their accumulation at axial positions where flame
quenching takes place. Instead, air bubbles would accumulate at the highest position of
the wall cooling system located close to the outlet of the cooling duct and be removed
with the coolant flow. Using a type-K sheath thermocouple positioned at the cooling
duct outlet, air accumulations at this position can be detected if temperatures exceed the
boiling point of water. Local wall temperatures are monitored using five additional sheath
thermocouples (type K, 1.5mm diameter) mounted in bores about 0.4 mm beneath the
surface of the quenching wall. Farther downstream, the hot exhaust gases resulting from
the combustion process exit the flame tube through an exhaust gas nozzle (rectangular
cross-section reduced from 60 x 94 mm? to 26 x 38 mm?; contraction ratio of 5.7) used to
accelerate the gaseous flow into the exhaust gas plenum. Internal cooling channels within
the exhaust gas nozzle can be flushed with deionized water for cooling purposes, which
was not necessary for the operating conditions relevant to this thesis (see section 3.3) due
to low thermal loads. Cooling of the pressure vessel and the flame tube is ensured by the
cooling air flow entering the test rig through the pressure flange of the SWQ burner unit
(see Fig. 3.1). This cooling air flow is guided alongside the windows of the flame tube
into the exhaust gas plenum. There, it is mixed with the hot combustion products issuing
from the flame tube to lower the temperature of the gaseous mixture, which then exits
the test rig through the exhaust pipe and the pressure valve.

Calibrated thermal mass flow controllers (MFC, Bronckhorst) are used to control the mass
flows of the air/methane main flow and the air co-flow. The cooling air flow is determined
based on a differential pressure measurement at an orifice plate and regulated using a
pneumatic valve. Measurement of the static pressure inside the flame tube is carried out
by means of a pressure transducer (PSI Pressure Systems, Model 9116) connected via a
pressure measurement hose to the 1-mm bore in the flame tube, shown in Fig. 3.2(c).

3.2 Calibration Burner

For calibration and validation of the optical diagnostics, a calibration burner providing
a stable, laminar flame even at elevated pressure was used since laminar flame operation
could not be achieved with the enclosed test rig. This burner was designed and used by
M. Greifenstein before for a similar purpose [91]. The burner consisted of two co-axial
pipes carrying Ny in the outer and a premixed methane/air mixture in the inner pipe
(8mm inner diameter). At the outlet of the inner pipe, a V-flame was stabilized on
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a 1-mm steel-rod. The burner was positioned inside the flame tube of the pressurized
SWQ burner by inserting it through a bore in the base plate of the inlet plenum (see
Fig. 3.2) after removing the honeycomb, grids and meshes for flow homogenization, the
turbulence-generating grid and the ceramic rod. The V-flame of the calibration burner
was positioned far off the quenching wall of the flame tube to ensure adiabatic conditions.
A sketch of the calibration burner can be found in [91].

3.3 Operating Conditions

In this section the operating conditions of the pressurized SWQ burner for the experiments
carried out within the scope of this thesis are defined. The strategy for the selection of
operating cases involving operating pressures varying between p = 1bar and p = 5bar
absolute is outlined in Fig. 3.3. This graphic shows the relation between key parameters
of the SWQ process and operating pressure. In Fig. 3.3(a), the ratio of bulk velocity
up of the premixed methane/air main flow (quotient of volume flow rate and flow cross-
sectional area at the flame tube’s inlet) and laminar flame speed wu; obtained from the
adiabatic simulation (see section 4.2) is plotted as a function of p for three different
constant Reynolds numbers Re. The latter is defined according to Eq. 2.1 with the
hydraulic diameter of the nozzle outlet dg = 40.7mm as characteristic length and ug
as characteristic velocity using fluid properties of the premixed methane/air mixture at
20°C. Since growing p leads to an increase of the density of the gaseous medium, upg
decreases if Re is kept constant. As the reduction of u; with increasing pressure (see
section 2.2.2) is less pronounced, this results in a decrease of ug/uy. This ratio, in turn,
affects the average axial position zg where flame quenching occurs and the average angle o
between flame front and surface of the quenching wall (see schematic in Fig. 3.3(b)). The
impact of varying pressure on these geometric quantities, derived from simple geometric
considerations, is illustrated in Fig. 3.3(c).

From these illustrations on pressure dependencies, it is evident that at high Re, low
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Figure 3.3: Selection of operating conditions: (a) ratio of bulk velocity up and laminar flame speed up,
and (c) axial position of flame quenching z¢ (solid lines) and angle « between flame front and wall surface
(dashed lines) as functions of pressure. A schematic of the geometrical flame quenching configuration is
shown in (b). Functional relations are shown for three Re.
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3.3 Operating Conditions

Table 3.1: Operating conditions.

P TG up ur, UB,CF ¢ Re Twan
bar - m/s m/s m/s - - K
1 yes 3.8 0.27 3.8 0.8 8,200 319
yes 2.3 0.17 2.3 0.8 15,000 359

yes 1.8 0.13 1.8 0.8 20,000 370

operating pressures p result in high ug/u; which leads to a shallow angle o between
flame front and quenching wall at axial positions ¢ outside the optically accessible area
or even blowoff of the flame. For low Re, in contrast, upg/uy takes significantly smaller
values which results in flashbacks of the flame at high operating pressures. Due to these
constraints, operation at constant Re, which is a common approach for the design of
flow experiments, can not be achieved for the relevant pressure range. Instead, operating
cases are defined by keeping the ratio up/u;, constant, aiming at consistency in g and «a
which are considered important parameters of the FWI process. These operating cases are
visualized in Fig. 3.3(a) and (c) by black crosses. A summary of the operating conditions
for these operating cases is given in Tab. 3.1. Similar to up, the flow rate of the air co-flow
is defined by its bulk velocity up cr. In all operating cases, the burner was operated with
turbulence-generating grid (TG) and the equivalence ratio ¢ was kept constant at 0.8.
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Chapter 4

Experimental Methodology

Two different experiments were carried out for this cumulative dissertation to investigate
turbulent FWT at elevated pressure by means of (1) velocimetry measurements and flame
front visualization and (2) multi-parameter thermochemistry measurements. Major as-
pects of both experiments are summarized in section 4.1 and 4.2 and further details can
be found in Paper I and Paper III, respectively. Limitations of the diagnostic setups
with regard to its <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>