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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 CO2 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 Energieträger weiterhin eine wichtige Rolle innerhalb
der Energiewende zugeschrieben. Dies unterstreicht die Notwendigkeit einer kon-
tinuierlichen Entwicklung emissionsarmer Verbrennungstechnologien auf der Grundlage
eines umfassenden Verständnisses der zugrundeliegenden physikalischen Prozesse durch
fortwährende Grundlagenforschung. Im Rahmen dieser kumulativen Dissertation wird das
komplexe Phänomen der Flammen-Wand-Interaktion (FWI), 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, Festkörperoberfläche und Gasströmung, die mit unerwün-
schten Effekten, wie vermindertem Wirkungsgrad und erhöhten Schadstoffemissionen, ein-
hergeht. Das Hauptziel dieser Arbeit, die drei begutachtete Veröffentlichungen umfasst,
ist die Untersuchung grundlegender Aspekte von FWI bei praxisrelevanteren Bedingun-
gen, wie erhöhten Drücken und erhöhten Reynoldszahlen.

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

Zunächst erfolgt eine Charakterisierung des turbulenten Strömungsfeldes und der Ver-
brennungsdynamik anhand von Geschwindigkeitsdaten und räumlichen 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 Einströmung und des wandnahen Strömungs-
feldes unter nicht-reagierenden und reagierenden Bedingungen sowie die Untersuchung
der transienten Flammenfrontbewegung. Darauf aufbauend wird die turbulente Flamme-
nausbreitung in Wandnähe anhand der Flammenflächendichte, einer zentralen Größe in
der numerischen Verbrennungsmodellierung, weiter analysiert, die aus gemessenen Flam-
menfrontpositionen (OH-PLIF) nach zwei gängigen Ansätzen abgeleitet wird. Darüber
hinaus wird die wandnahe Thermochemie des turbulenten Flammenlöschprozesses durch
gleichzeitige Messungen der Gasphasentemperatur und der Molenbrüche von CO2 und
CO mit Hilfe der dual-pump kohärenten 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 erhöhten Drücken mit Hilfe
von Multi-Parameter-Laserdiagnostiken zu untersuchen.



Diese kumulative Dissertation präsentiert neue Erkenntnisse über die Auswirkungen von
erhöhtem Druck und erhöhten Reynoldszahlen auf turbulente FWI und liefert experi-
mentelle Daten zur Modellvalidierung. Darüber hinaus leistet sie einen Beitrag zur FWI-
Forschung, indem sie die Grenzen moderner Laserdiagnostik für wandnahe Messungen in
reaktiven Strömungen bei erhöhten Drücken auslotet.





Contents

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 State of Research on Flame-Wall Interaction . . . . . . . . . . . . . . . . . 2
1.3 Aim and Structure of this Work . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.2 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Theoretical Background 7
2.1 Near-Wall Turbulent Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Premixed Combustion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Combustion Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.2 Structure of Laminar, Premixed Flames . . . . . . . . . . . . . . . 11
2.2.3 Turbulent Combustion Regimes and Flame Properties . . . . . . . . 12

2.3 Flame-Wall Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Laser Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4.1 Particle Image Velocimetry . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.2 Laser-Induced Fluorescence . . . . . . . . . . . . . . . . . . . . . . 16
2.4.3 Coherent anti-Stokes Raman Spectroscopy . . . . . . . . . . . . . . 18

3 Pressurized Side-Wall Quenching Burner 20
3.1 Test Rig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Calibration Burner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Operating Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 Experimental Methodology 26
4.1 Velocimetry and Flame Front Visualization . . . . . . . . . . . . . . . . . . 26
4.2 Multi-Parameter Thermochemistry Measurements . . . . . . . . . . . . . . 28
4.3 Limitations of Optical Diagnostic Techniques . . . . . . . . . . . . . . . . . 30

5 Characterization of Flow Field and Combustion Dynamics 34
5.1 Non-Reacting Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.1.1 Inflow Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . 35
5.1.2 Near-Wall Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

i



5.2 Reacting Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.2.1 Near-Wall Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.2.2 Flame Front Statistics . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.2.3 Flame Front Topologies and Dynamics . . . . . . . . . . . . . . . . 42

6 Experimental Investigation of FWI at Elevated Pressure 43
6.1 Flame Surface Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.2 Near-Wall Thermochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . 50

7 Summary and Outlook 54
7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Bibliography 56

A Journal Publications 64
A.1 Paper I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
A.2 Paper II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
A.3 Paper III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

ii



List of Figures

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. . . . . . . 7

2.2 Spatial profiles of temperature and mole fractions of CH4, CO and CO2
in a stationary, freely-propagating, laminar, lean premixed (ϕ = 0.8)
methane/air flame at (a) atmospheric and (b) 3 bar pressure, derived from
CANTERA simulations. The evolution of δF with pressure according to
Eq. 2.10 is shown in (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Regime diagram of premixed combustion. . . . . . . . . . . . . . . . . . . . 13
2.4 Generic configurations of flame-wall interaction: (a) HOQ, (b) SWQ. . . . 14
2.5 Schematic of the principle of PIV including an illustration of a common

planar PIV setup and basic steps of the evaluation procedure. . . . . . . . 16
2.6 Illustration of the LIF process and the involved radiative and non-radiative

energy transfer between rotation, vibrational and electronic energy states. . 17
2.7 Illustration of the CARS process: (a) energy scheme and (b) phase-

matching in a BOXCARS arrangement. . . . . . . . . . . . . . . . . . . . . 18

3.1 Pressurized SWQ burner test rig: (a) overview and (b) detailed view of
SWQ burner unit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

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. . . . . . . . . . 22

3.3 Selection of operating conditions: (a) ratio of bulk velocity uB and laminar
flame speed uL and (c) axial position of flame quenching xQ (solid lines)
and angle α 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. . . . . . . . . 24

4.1 Schematics of both laser diagnostic setups: (a) front view and (b) side view
of velocimetry and flame front visualization setup. (c) front view and (d)
side view of setup for multi-parameter thermochemistry measurements. . . 27

4.2 Example particle raw images recorded at (a) 1 bar, (b) 3 bar and (c) 5 bar,
illustrating the increasing impact of beam steering at elevated pressure. . . 31

iii



4.3 Limitations of DP-CARS/CO-LIF setup: (a) distorted and undistorted
single-shot DP-CARS spectrum, (b–c) example CO-LIF raw images with
saturation and inhomogeneous fluorescence signal, (d) cumulative fre-
quency Fc for COV of CO-LIF raw signal, (e) 90%-quantiles of COV val-
ues and (f) frequency of temperatures measured close to the reaction zone.
Data in (e) and (f) derived in ∆T = 50 K wide bins. . . . . . . . . . . . . . 32

5.1 Inflow boundary conditions characterized by wall-normal profiles of
ensemble-averaged velocity (a,d) and RMS of velocity fluctuations (b,c,e,f)
at x = 30 mm. Velocity data is normalized with the bulk velocity uB and
the laminar flame speed uL of the corresponding operating case. . . . . . . 34

5.2 Non-reacting near-wall flow field: (a) iso-contours of the normalized mean
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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 Böhm [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/m2, 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 SWQ 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 2 bar 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, CH2O 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 CO2 [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 SWQ 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 20 atm, 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 H2/O2 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 TUdatalib [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 I. 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.
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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].

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 ux, uy and uz in the three coordinate directions
x, y and z, respectively, and the density is denoted by ρ. Far off the wall, the (mean)
velocity is constant and equivalent to the so-called free-stream velocity ux,0. 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 ρ and shall exhibit Newtonian behavior with a constant dynamic viscosity η. The
incompressible, isothermal flow of a Newtonian fluid over a flat plate is thus governed by
the parameters ux,0, ρ and η. Using a characteristic length scale, i.e. the length of the flat
plate l, 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 = ux,0ρl

η
(2.1)

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 δg or the displacement thickness δd, as
given in Eq. 2.2 and 2.3, respectively. While δg 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
ux,0, δd may be interpreted as measure for the displacement of the streamlines of the outer
flow due to the boundary layer [72, p. 299].

δg,99% = y(u = 0.99 · ux,0) (2.2)

δd =
∫ ∞

0

(
1 − u

ux,0

)
dy (2.3)
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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 xcrit, which can be estimated from the critical Reynolds number
Recrit = (ux,0ρxcrit)/η. For the flow over a flat plate, Recrit commonly takes values
between 3 · 105 and 3 · 106, 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. It is defined as u+ = fw(y+) based on a dimensionless velocity
u+ and wall distance y+, which are derived as given in in the following

u+ = ūx

uτ

y+ = y

δν

= y · uτ

ν
uτ =

√√√√ν
dūx

dy

∣∣∣∣∣
y=0

(2.4)

where ūx is the mean velocity in streamwise direction, uτ is the wall friction velocity,
and ν is the fluids kinematic viscosity. The universal law of the wall thus basically
states that the mean velocity profile solely depends on uτ and δν which are suitable
velocity scales and lengthscales of the region close to the wall [72, p. 272]. Depending
on y+, the function fw 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:

y+ < 5 : u+(y+) = y+ y+ > 30 : u+(y+) = 1
κ

lny+ + B (2.5)
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According to Pope [72, p. 274], the von Kármán constant κ and the constant B in the log
law generally take values within 5% of κ = 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 u+(y+) 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 Rxx can be calculated as in Eq. 2.6

Rxx = u′
x(x + r,y,z,t) · u′

x(x,y,z,t) (2.6)

Lxx =
∫ ∞

0
Rxx / u′

x · u′
xdr (2.7)

where u′
x = ux − ūx denotes the velocity fluctuation in the sense of the Reynolds decom-

position [72, p. 83]. The longitudinal length scale Lxx 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.

CH4 + 2O2 −→ CO2 + 2H2O (2.8)

This reaction equation indicates the ratio between the amounts of fuel (CH4) and oxidizer
(O2 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
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2.2 Premixed Combustion

ϕ = (wfuel/wair)
(wfuel/wair)stoichiometric

(2.9)

as lean (ϕ < 1), stoichiometric (ϕ = 1) or rich (ϕ > 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 (ϕ = 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 uL – 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].

Figure 2.2: Spatial profiles of temperature and mole fractions of CH4, CO and CO2 in a stationary,
freely-propagating, laminar, lean premixed (ϕ = 0.8) methane/air flame at (a) atmospheric and (b) 3 bar
pressure, derived from CANTERA simulations. The evolution of δF with pressure according to Eq. 2.10
is shown in (c).

11



2 Theoretical Background

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 CO2 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 δF , 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 (∂T/∂x) in the flame and the temperature
difference between the burned and unburned gas mixture Tb − Tu [63].

δF = Tb − Tu

max (∂T/∂x) (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 3 bar, 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 u′,
the laminar flame speed uL, a macroscopic turbulent length scale, e.g. the integral length
scale of turbulence L, and the laminar flame thickness δF are used. Based on (1) a turbu-
lent Reynolds number Ret, derived according to Eq. 2.1 using u′ as characteristic velocity
and L as characteristic length, (2) a turbulent Damköhler number

Da = uLL

u′δF

(2.11)

and (3) a turbulent Karlovitz number

Ka = δ2
F

l2
k

(2.12)

which is derived using the Kolmogorov length scale lk, different regimes of combustion
are defined in a double logarithmic coordinate space of the ratios (u′/uL) and (L/δF ).
The dimensionless quantities Ret, Da and Ka can be expressed as functions of these
ratios such that the relations Ret = 1, Da = 1 and Ka = 1, which define the boundaries
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of these regimes, are represented by lines within the diagram.
Based on Ret, a fundamental distinction between the regime of laminar flames (Ret < 1)
and the domain of turbulent combustion (Ret > 1) is made. The latter is further
subdivided into the following regimes associated with varying combustion characteristics:

• Within the flamelet regime (Ret > 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 u′/uL.

– For u′/uL < 1, within the regime of wrinkled flamelets, only weak flame front
wrinkling is observed, since the laminar flame propagation with uL outweighs
turbulent fluctuations characterized by u′.

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

• The regime of distributed reaction zones (Ret > 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 δF , they may advance into the reactive-
diffusive flame layer resulting in a broadening of the flame front and local flame
extinction.

• Within the well-stirred reactor regime (Ret > 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.

Figure 2.3: Regime diagram of premixed combustion by Borghi in a modified version by Peters [83].
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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 uF , a turbulent flame speed
uT may be defined as

uT = uF
AT

Ā
(2.13)

based on the overall area of the turbulent flame front AT and the area of the time-averaged
flame front Ā [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

Figure 2.4: Generic configurations of flame-wall interaction: (a) HOQ, (b) SWQ.
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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 δQ. 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 δQ for both configurations of FWI from about 0.6 mm to
0.2 mm (HOQ) and from 0.85 mm 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 ∆t. From these PIV images,
the spatially resolved particle displacement, resulting from the particle motion during
the time interval ∆t, 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 ∆t
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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. 8].

yielding one velocity vector for each IW.
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 ff.]:

• 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 µm) [85, p. 11], which,
however, also results in reduced amount of scattered light, as predicted by Mie’s
theory [85, p. 43].

• 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 ∆t. 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.

• The time separation ∆t 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 ∆t due to out-of-plane motion.

• 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 S0 into a higher, electronically excited, energy state S1, 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 νE to match the photon energy hνE

(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 hνF , 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 ϕ 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 νF compared to the excitation frequency νE.
As can be seen from Eq. 2.14, the intensity of the emitted fluorescence signal F is propor-
tional to the fluorescence quantum yield ϕ and the state population of the ground state N1
prior to laser excitation, which depends on temperature via the Boltzmann distribution
[88, p. 391].

F ∝ N1(T ) · ϕ(T,p,Xi) (2.14)

This allows for both, species concentration and temperature measurements using LIF.
Such quantitative measurements are, however, challenging due to the dependency of ϕ 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 ω1, ω2 and ω3 with the medium, i.e. an ensemble of molecules, resulting in the
generation of a forth electromagnetic wave at frequency ω4 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 ω1, 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 ω2. The molecule is then again
excited to a virtual state by the laser with frequency ω3, denoted as probe beam, which
subsequently results in the emission of the CARS signal at ω4, satisfying the conservation
of energy in Eq. 2.15 [88, p. 282], as the molecules de-excites back to the ground state.

ω4 = ω1 − ω2 + ω3 (2.15)
∆k⃗ = k⃗1 − k⃗2 + k⃗3 − k⃗4 = 0 (2.16)

In order to probe specific Raman resonances, the frequency difference ω1 − ω2 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 k⃗i 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 (α = β = γ = δ = 0) and BOXCARS, the latter being
illustrated in Fig. 2.7(b).

Figure 2.7: Illustration 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 I4 from parameters of the process are expressed
in Eq. 2.17 [88, p. 290]. While I4 increases with laser intensities Ii of the pump, Stokes
and probe beam and the interaction length l squared, it decrease in case of deviations
from the phase-matching condition which are associated with ∆k⃗ > 0.

I4 ∝ I1I2I3l
2
(

sin∆kl/2
∆kl/2

)2

(2.17)

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 ω1 and ω3
ensuring that also the frequency difference ω1 − ω3 matches to ro-vibrational transitions
of a second molecule. In this scenario, the two lasers with frequencies ω1 and ω3 switch
roles between both interaction processes with the two different molecules. The Stokes
laser with frequency ω2 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 N2 and CO2 for simultaneous measurement of gas-phase
temperature and mole fraction of CO2.
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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 I.

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 SWQ burner
unit, colored in light gray.

Figure 3.1: Pressurized SWQ burner test rig: (a) overview and (b) detailed view of SWQ burner unit.
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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 constructed1 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: ≈ 3 mm), a honeycomb structure (width of one hexagon: ≈
3 mm) 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 × 135 mm2 to approximately 30 × 60 mm2 (corner radius in both upper
corners: 5 mm, 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

1The 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.

21



3 Pressurized Side-Wall Quenching Burner

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, 1.5 mm 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 × 94 mm2 to 26 × 38 mm2; 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 N2 in the outer and a premixed methane/air mixture in the inner pipe
(8 mm 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 = 1 bar and p = 5 bar
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
uB 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 uL 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 dH = 40.7 mm as characteristic length and uB

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, uB

decreases if Re is kept constant. As the reduction of uL with increasing pressure (see
section 2.2.2) is less pronounced, this results in a decrease of uB/uL. This ratio, in turn,
affects the average axial position xQ where flame quenching occurs and the average angle α
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

Figure 3.3: Selection of operating conditions: (a) ratio of bulk velocity uB and laminar flame speed uL

and (c) axial position of flame quenching xQ (solid lines) and angle α 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 uB uL uB,CF ϕ Re Twall

bar - m/s m/s m/s - - K
1 yes 3.8 0.27 3.8 0.8 8,200 319
3 yes 2.3 0.17 2.3 0.8 15,000 359
5 yes 1.8 0.13 1.8 0.8 20,000 370

operating pressures p result in high uB/uL which leads to a shallow angle α between
flame front and quenching wall at axial positions xQ outside the optically accessible area
or even blowoff of the flame. For low Re, in contrast, uB/uL 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 uB/uL constant, aiming at consistency in xQ and α
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 uB, the flow rate of the air co-flow
is defined by its bulk velocity uB,CF . In all operating cases, the burner was operated with
turbulence-generating grid (TG) and the equivalence ratio ϕ 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 FWI 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 application to the SWQ process under investigation are summarized
and discussed in section 4.3.

4.1 Velocimetry and Flame Front Visualization
Particle image velocimetry (PIV) and planar laser-induced fluorescence of the hydroxyl
radical (OH-PLIF) were applied simultaneously for two-component, two-dimensional
velocity measurements of the reactive and non-reactive flow and flame front visualization.
The measurements were carried out at low-speed (LS, 50 Hz) and high-speed (HS, 5 kHz)
repetition rates and at two different axial positions in the central plane of the burner
(x/y-plane) – close to the ceramic rod and farther downstream, where FWI occurs. A
schematic of the optical setup is shown in Fig. 4.1(a–b). The test rig-fixed coordinate
system used to indicate measurement locations is shown in Fig. 4.1(b).

For PIV, a pair of laser sheets was introduced into the flame tube through the windows
on the upper side of the test rig to illuminate alumina tracer particles (Al2O3, d50 =
1−1.7 µm) seeded to the premixed main flow. Mie-scattering of the particles was recorded
through the windows on one side of the test rig using two different detection systems (high-
speed camera, distance rings, camera lens) to obtain both, images with a lower resolution
(LR) and a larger field-of-view (FOV) covering the full height of the Morel-type nozzle
and images with a higher resolution (HR) to resolve smaller structures in the flow field.
For these two optical setups, one camera pixel (LR: 20 µm, HR: 13.5 µm) corresponded
to ≈ 40 µm (LR) or ≈ 12 µm (HR), respectively, in the object plane of the FOV. Velocity
vector fields were derived from pre-processed (spatially calibrated and filtered) particle
images in a multi-pass processing procedure with decreasing interrogation window size
using the commercial software DaVis (LaVision GmbH). During post-processing, spurious
vectors were removed by outlier detection based on a median filtering operation.
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4.1 Velocimetry and Flame Front Visualization

Figure 4.1: Schematics of both laser diagnostic setups: (a) front view and (b) side view of velocimetry
and flame front visualization setup. (c) front view and (d) side view of setup for multi-parameter ther-
mochemistry measurements. Adapted from [94, 95].

For OH-PLIF, excitation of the Q1(6) transition of the hydroxyl radical was achieved by
guiding a UV (λ = 282.93 nm) laser light sheet from above into the test rig using a beam
combiner to overlap it with the light sheets for PIV. An intensified high-speed camera
equipped with an interference filter (305 − 340 nm transmission) was used to capture the
emitted fluorescence signal perpendicular to the light sheet through the windows on one
side of the test rig. The detection system provided images of the spatial OH distribution
in a FOV of 35 × 35 mm2 with one pixel (20 µm) corresponding to approximately 35 µm
in physical space. The spatial resolution was about 250 µm (25% MTF), estimated from
recordings of a siemens star target. Flame front detection was carried out using the
OH-PLIF images by identification of spatial gradients in the OH distribution, which are
assumed to indicate the location of the reaction zone. The processing procedure used for
this purpose was implemented in MATLAB (The MathWorks Inc.) and involved a block-
matching and 3D filtering algorithm [96] for spatial noise suppression with preservation of
spatial gradients and Canny-Edge (CE) filtering for edge (i.e. spatial gradient) detection.
The lower CE filter threshold was defined based on the frequency distribution of spatial
gradient magnitudes resulting from image noise.
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4 Experimental Methodology

The position of the wall within the obtained velocity fields was deduced from spatially
calibrated, averaged particle raw images exhibiting a small stripe of high intensity result-
ing from light scattered on the wall’s surface (see Fig. 4.2). Spatial mapping of velocity
fields and flame front locations was subsequently achieved using images of a calibration
target recorded with both systems.

4.2 Multi-Parameter Thermochemistry
Measurements

Ro-vibrational dual-pump coherent anti-Stokes Raman spectroscopy (DP-CARS) of N2
and CO2 and two-photon laser-induced fluorescence of carbon monoxide (CO-LIF) were
applied for quantitative, pointwise measurements of gas-phase temperature, CO2 and
CO mole fractions. Planar laser-induced fluorescence of the hydroxyl radical (OH-PLIF)
was performed for flame front visualization providing information on the location of the
DP-CARS/CO-LIF probe volume with respect to the position of the reaction zone. The
individual laser diagnostic techniques were temporally synchronized and measurements
were carried out at 10 Hz repetition rate. Measurements at varying (nominal) wall
distances (0.1 ≤ y ≤ 4 mm) could be realized by moving a major part of the optical
diagnostic setup using a traversing unit. A schematic of the optical setup is shown in
Fig. 4.1(c–d).

For DP-CARS, the three laser beams (pump/probe lasers: λ1 = 532 nm, λ2 = 560.7 nm;
Stokes laser: λ3 = 608 nm) were aligned parallel to each other, focused by a common
spherical, achromatic lens and introduced into the test rig through the windows on one
side to overlap in a planar BOXCARS arrangement oriented parallel to the surface of
the quenching wall. The size of the DP-CARS probe volume was about 50 µm in lateral
direction and approximately 0.9 mm in principal beam direction (i.e. interaction length
of the three laser beams). The coherent signal originating from the DP-CARS probe
volume was collected on the other side of the test rig and guided to the spectrometer
using a second achromatic lens and dichroic mirrors for separation from overlapping
excitation laser beams. A spherical lens was used to focus the signal beam through the
slit of a Czerny-Turner spectrometer equipped with a 2400 lines/mm 1st-order grating
and spectra (in a wavelength range of about 493 to 499 nm) were recorded with a
backside-illuminated, cooled CCD camera with one pixel corresponding to 0.19 cm−1 in
wavenumber domain. Pre-processing of single-shot spectra involved removal of flawed
spectra, mean background subtraction, normalization to an averaged non-resonant signal
(obtained from recordings in pure methane), square root extraction and a dispersion
calibration. Applying a spectral fitting algorithm [90] to the pre-processed single-shot
spectra subsequently yielded temperature and CO2 mole fraction values. Post-processing
included removal of unphysical samples based on a thresholding criterion applied to
the simulated spectra and additional calibration of CO2 mole fractions using a tem-
perature dependent calibration function derived from experimental data measured in
the laminar, unbounded flame of the calibration burner (section 3.2) and data provided
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4.2 Multi-Parameter Thermochemistry Measurements

by a CANTERA simulation [79]. This simulation of a one-dimensional, adiabatic,
freely-propagating, laminar flame was carried out using the GRI3.0 mechanism [97] and
is in the following referred to as adiabatic simulation.

Two-photon excitation in the Hopfield-Birge bands of CO for CO-LIF measurements was
achieved by focusing a narrow-band, wavelength-stabilized dye laser (λ = 230.09 nm)
through the windows on one side into the test rig to overlap it with the DP-CARS
probe volume. The spot size of the laser beam at this position was about 130 µm in
diameter. Fluorescence emission resulting from transition in the Ångström bands was
recorded through the upper windows of the test rig using an intensified CCD camera
equipped with an interference bandpass filter (480 − 500 nm transmission). Operating
the camera with 4 × 4 hardware binning resulted in one pixel corresponding to about
80 µm in physical space. Processing of the raw signal involved background and baseline
correction, integration of the two-dimensional signal in a region of 0.9 mm (corresponds to
interaction length of DP-CARS probe volume), correction for the local gas density (based
on the gas-phase temperature provided by the DP-CARS technique) and correction for
influences resulting from reflections of the fluorescence signal at the quenching wall.
Shot-to-shot laser energy correction was only applied to certain data sets due to an
undetected failure of the energy monitoring system. Validity of the calibration procedure
was still assumed, as discussed in Paper III and the corresponding supplementary
material. Conversion of the pre-processed LIF signal into quantitative CO mole frac-
tions was finally achieved using a temperature-dependent calibration function derived
from experimental data measured in the laminar, unbounded flame of the calibration
burner (section 3.2) and data provided by a CANTERA simulation (adiabatic simulation).

Planar OH-LIF measurements were carried out by excitation of the Q1(6) transition of
OH and recording of the subsequent fluorescence emission using an optical setup similar
to that described in section 4.1. Differences in the geometric arrangement (inclination of
UV laser light sheet and detection system) mainly resulted from additional space limi-
tations. Moreover, as the measurements were carried out at low- instead of high-speed
repetition rate, the optical setups comprised differing technical equipment. This resulted
in slightly changed imaging characteristics of the detection system (one 12.9 µm pixel cor-
responding to 54 µm in physical space). The processing procedure for detection of flame
front positions based on the OH-PLIF raw images followed the procedure described in
section 4.1. The obtained flame front positions were subsequently used to derive the min-
imum distance dF between probe volume location and the flame front, as shown in Fig. 6
in Paper III, for every individual sample. This quantity was defined to be negative, if
the probe volume was located in the unburned gas and positive, if it was located in the
burned gas region.

Spatial matching of the different techniques was achieved by guiding the laser beams
for DP-CARS and CO-LIF through a 100-µm pinhole positioned in the central plane of
the burner and subsequently taking images of the same pinhole with the CO-LIF and
OH-PLIF detection systems. The position of the wall’s surface with respect to the DP-
CARS/CO-LIF probe volume was subsequently identified by slowly moving the probe
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volume closer to the wall until abruptly breakdowns occurred. At elevated pressure,
however, this procedure could only be used under non-reacting conditions. In the reacting
flow, the laser beams are stochastically deflected due to increased beam steering, resulting
in a more continuous increase of breakdowns rather than an abrupt one. This results in
a reduced accuracy of the determination of the position of the wall’s surface, as thermal
expansion of the wall is not accounted for. Correspondingly, the distance of the probe
volume with respect to the wall given in this thesis are to be understood as nominal wall
distance.

4.3 Limitations of Optical Diagnostic Techniques
In this section limitations of the optical diagnostics applied for near-wall measurements
of flame-wall interaction at elevated pressure are briefly reported. As the interactions
between propagating flame and wall occur on small length and time scales, experimental
investigations of FWI are always difficult [5]. With increasing pressure, these scales tend
to further decrease (e.g., reduction of laminar flame thickness and quenching distance, see
section 2.2.2 and 2.3), further complicating the application of experimental techniques.
Furthermore, near-wall measurements are subject to beam steering effects, i.e. the unde-
sired refraction of light due to gradients of the refractive index normal to the direction
of propagation, which are known to be a major challenge of combustion research with
optical diagnostics, in general. While the influence of these effects on optical diagnostics,
such as CARS [98], laser-induced incandescence (LII) [99] and PIV [100, 101], i.a., have
been occasionally investigated, they still remain an open issue in combustion research.
With increasing pressure, beam steering effects further intensify, as can be deduced from
Eq. 4.1 which is adopted from [100] and derived using the Gladstone-Dale relation and
the equation of state of a perfect gas. Eq. 4.1 yields an approximation of the deflection
angle α of a light ray from its direction of propagation (z-direction) as it travels through
a reaction zone with a laminar flame thickness δF exhibiting gradient components of tem-
perature T in a direction x normal to z. This equation is used here for a rough estimation
of the influence of beam steering effects with rising pressure.

tan(α) ≈ K · p

R

[
1

T 2
∂T

∂x

]
max

· 3δF (4.1)

Using a Gladstone-Dale constant of K = 2.98 · 10−4 m3/kg, as in [100], the specific gas
constant of dry air R = 287 J/(kg · K) and values for [1/T 2 · ∂T/∂x]max and δF derived
from the adiabatic simulation (section 4.2) using Eq. 2.10, an almost linear increase of α
with p is estimated for the operating cases under investigation (α1 bar ≈ 0.06◦; α3 bar ≈
0.15◦; α5 bar ≈ 0.24◦). Correspondingly, a significant increase of beam steering with rising
pressure is expected which matches with the observations presented in the following.

Figure 4.2 illustrates the rising impact of beam steering effects in the reacting flow at
increasing operating pressure on the image quality of PIV raw images (HR setup). For
this purpose, one example PIV raw image is shown for each operating case with the
instantaneous flame front position visualized as red line. While at 1 bar the individual
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4.3 Limitations of Optical Diagnostic Techniques

Figure 4.2: Example particle raw images recorded at (a) 1 bar, (b) 3 bar and (c) 5 bar, illustrating the
increasing impact of beam steering at elevated pressure.

particles illuminated by the laser light sheet are sharply imaged, a significant blurring of
the particle images can be observed at 3 bar, which is further intensified at 5 bar because
of the increasing deflection of light (see Eq. 4.1). Due to this significant degradation
of image quality, particle raw images of the reacting flow in the 5 bar case were not
used for PIV post-processing. Close to the wall, at elevated operating pressure, these
effects cause the surface of the wall to be imaged as a blurred stripe of high intensity
rather than a sharp line, as it is observed for the 1 bar case, impairing the accuracy
of the determination of the wall surface position (see section 4.1 and Paper I). With
regard to the OH-PLIF measurements carried out within this work, increasing operating
pressure primarily resulted in a reduction of the fluorescence signal due to increased
electronic quenching and pressure broadening of the absorption lines [102]. Reduced
spatial gradients of the fluorescence signal, however, did not affect the determination of
the flame front position using the algorithm described in section 4.1. Considering the
decrease of quenching distances δQ with increasing pressure (section 2.3), an accurate
measurement of δQ was not possible with the optical setup used, although the detection
system was aligned to achieve the maximum possible magnification.

Limitations of the DP-CARS/CO-LIF setup with regard to its application for near-wall
measurements of turbulent FWI at elevated pressure are summarized in Fig. 4.3.
While measurements in the unbounded flame of the calibration burner, which is mostly
unaffected by beam steering effects, provided convincing results with regard to accuracy
and precision (presented in Paper III), rising beam steering effects at increasing pressure
again turned out to be a major challenge of near-wall measurements.

Regarding the DP-CARS technique, the favorable increase of signal intensity at higher
pressure (see supplementary material of Paper III for sample DP-CARS spectra) was
outweighed by increased beam steering resulting in distorted wavefronts and a changing
overlap of the laser beams within the probe volume. This in turn, negatively affected
the DP-CARS spectra and degraded the accuracy and precision of the system. In some
cases, this led to clearly distorted spectra (see example DP-CARS spectra in Fig. 4.3(a)),
which needed to be excluded from the post-processing procedure. Close to the wall,
beam steering, moreover, caused deflected laser beams to occasionally impinge on the
quenching wall. The emitted intense broadband radiation resulted in an increased
baseline of the corresponding DP-CARS spectrum and regions of saturated pixels in the
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Figure 4.3: Limitations of DP-CARS/CO-LIF setup: (a) distorted and undistorted single-shot DP-
CARS spectrum, (b–c) example CO-LIF raw images with saturation and inhomogeneous fluorescence
signal, (d) cumulative frequency Fc for COV of CO-LIF raw signal, (e) 90%-quantiles of COV values
and (f) frequency of temperatures measured close to the reaction zone. Data in (e) and (f) derived in
∆T = 50 K wide bins.

CO-LIF raw image, as shown in Fig. 4.3(a) and (b). Overall, the ratio of DP-CARS
samples that could not be evaluated during post-processing due to these effects was
≈ 28% at 1 bar and ≈ 42% at 3 bar. As described in section 4.2 and 6.2, beam steering
at small wall distances and 3 bar furthermore impeded the determination of the wall
position with respect to the DP-CARS/CO-LIF probe volume in the reacting flow and
prevented measurements at nominal wall distances y < 0.4 mm.

Besides beam steering, also the finite spatial resolution of the DP-CARS/CO-LIF setup
turned out to presumably have an increasing impact on the accuracy of the measure-
ments. This is illustrated in Fig. 4.3 based on an evaluation of the homogeneity of the
fluorescence signal in direction of beam propagation (z-direction) in CO-LIF raw images,
which is quantified by the coefficient of variance (COV). The COV was calculated from
the background-corrected fluorescence signal within the same region of ∆z = 0.9 mm
(visualized by white vertical lines in Fig. 4.3(b–c)), which was used within the CO-LIF
post-processing procedure. An example CO-LIF raw image with a COV value of ≈ 0.8
is shown in Fig. 4.3(c) and the cumulative frequency (Fc) distribution of the COV of all
samples is given in Fig. 4.3(d) for the 1 bar and the 3 bar case. Comparing both operating
cases, it is evident that in the 3 bar case the distribution is shifted towards larger COV,
which could be attributed to decreased length scales with respect to the size of the probe
volume. As large COV indicate an inhomogeneous gas mixture within the probe volume,
corresponding XCO values result from averaging of multiple thermochemical states. For
the DP-CARS measurement, an inhomogeneous mixture within the overlapped probe vol-
ume causes a significant decrease of the measured temperature as the signal depends on
the number density of participating molecules squared [103]. Correspondingly, individ-
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ual samples with high COV values are associated with low temperatures, as can be seen
from the evolution of 90%-quantiles COV0.9 with temperature, derived in ∆T = 50 K
wide bins and shown in Fig. 4.3(e). This, in turn, causes low temperatures to be over-
represented within the statistical ensemble of thermochemical states obtained from the
DP-CARS measurements. This is shown in Fig. 4.3(f) visualizing frequency distributions
of temperatures measured closed to the reaction zone (|dF | < 0.5 · δF ) and at wall dis-
tances y ≥ 0.9 to reduce the impact of wall heat losses on this analysis. Furthermore,
the CO-LIF technique tends to underestimate XCO as the instantaneous temperature
measured with DP-CARS is used for a density-correction of the fluorescence signal. Cor-
respondingly, thermochemical states with highest XCO in the turbulent flame would be
underrepresented within the statistical ensemble obtained from the measurement if it is
increasingly affected by inhomogeneous mixtures within the probe volume.
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Chapter 5

Characterization of Flow Field and
Combustion Dynamics

This chapter provides a characterization of the flow field and the combustion dynamics of
the novel pressurized SWQ burner based on a summary of the main results of Paper I
for the 1 bar and 3 bar case. These results are supplemented with unpublished data of
the 5 bar case. First, the non-reacting flow is characterized close to the outlet of the
Morel-type nozzle, yielding a specification of the inflow boundary conditions, and at axial
positions where FWI occurs focusing on the near-wall region. Next, characteristics of
the near-wall flow field under reacting conditions are presented followed by a statistical
evaluation of the turbulent flame front. Last, flame front dynamics are investigated and
characteristic near-wall flame front topologies are presented.

Figure 5.1: Inflow boundary conditions characterized by wall-normal profiles of ensemble-averaged ve-
locity (a,d) and RMS of velocity fluctuations (b,c,e,f) at x = 30 mm. Velocity data is normalized with
the bulk velocity uB and the laminar flame speed uL of the corresponding operating case.
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5.1 Non-Reacting Flow

5.1 Non-Reacting Flow

5.1.1 Inflow Boundary Conditions

A characterization of the non-reacting flow field close to the Morel-type nozzle outlet was
carried out based on low-speed (LS, 50 Hz repetition rate) and low-resolution velocity
data provided by PIV measurements (section 4.1). For each operating case, velocity data
within a region between x = 29 mm to x = 31 mm downstream of the ceramic rod was
extracted from 500 statistically independent PIV samples and averaged in x-direction to
obtain 500 individual wall-normal velocity profiles at x = 30 mm. This axial position
was selected as it is located downstream of the axial region where the surface of the
quenching wall transitions from a flat into a convex, cylindrically curved shape (see
section 3.1). A statistical evaluation of the data in terms of ensemble-averaged values ū
and root mean squares (RMS) of the instantaneous fluctuations (u′)RMS is presented for
both (streamwise and wall-normal) velocity components ux and uy in Fig. 5.1. Profiles
are shown for each operating case defined in Tab. 3.1. Additionally, a quasi-laminar
case, which corresponds to operation under the conditions of the 1 bar case just without
turbulence-generating grid (TG), is included in Fig. 5.1. Velocities are normalized with
the bulk velocity uB to enhance comparability and with the laminar flame speed uL (see
Tab. 3.1) for a rough classification into combustion regimes.

For the ensemble-averaged streamwise velocity ūx, normalization with uB causes the pro-
files of all operating cases in Fig. 5.1(a), except for the quasi-laminar operation, to almost
coincide in one line. Moving from large to small wall distances, ūx is almost constant
at y > 15 mm, resulting in a nearly top-hat profile, and then drops within the region
of the wake of the ceramic rod (8 mm < y < 15 mm). Closer to the wall, the effect of
the TG on the flow field becomes clearly visible. While the flow in the quasi-laminar
case features a nearly top-hat profile (4 mm < y < 8 mm), the flow field in the other
cases seems to be already influenced by the turbulent boundary layer induced by the TG.
Furthermore, in close vicinity of the wall (y < 4 mm), increased turbulence generated by
the TG causes appreciably steeper near-wall velocity gradients than in the quasi-laminar
case. Correspondingly, as depicted in Fig. 5.1(b), normalized velocity fluctuations within
the region of the turbulent boundary layer are significantly increased by a factor of about
2 (at y = 4 mm) up to about 4 (at y = 1 mm) for the operation cases with TG, which
again differ little from each other. Turbulence intensities (u′)RMS/ūx (shown in Paper I)
within the region 4 mm < y < 8 mm, where ūx is almost constant, are about 6% (with
TG) and 3% (quasi-laminar). As shown in Fig. 5.1(c), the ratio (u′)RMS/uL takes values
below and above 1 within this region, suggesting that, under reacting conditions, the pro-
cess could be associated with the transition between wrinkled and corrugated flamelets
in the Borghi-Peters regime diagram (section 2.2.3). Profiles of the wall-normal velocity
component are given in Fig. 5.1(d–f) for a complete characterization of the flow, but will
not be further discussed here.
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Figure 5.2: Non-reacting near-wall flow field: (a) iso-contours of the normalized mean streamwise ve-
locity for ūx/uB = [0.5; 0.65; 0.8]. Wall-normal profiles of (a) mean normalized streamwise velocity, (b)
RMS of velocity fluctuations and (c) longitudinal integral length scale at xc = 0.

5.1.2 Near-Wall Flow

The isothermal, non-reacting flow was further examined at axial positions where flame
quenching occurs during operation with combustion using velocity data provided by
PIV measurements at high resolution and low-speed repetition rate (see section 4.1). A
summary of characteristics of the turbulent boundary layer flow is given in Fig. 5.2 for
each operating case defined in Tab. 3.1.

In Fig. 5.2(a), iso-contours of the normalized, ensemble-averaged streamwise velocity com-
ponent are plotted for ūx/uB = [0.5; 0.65; 0.8]. The iso-contours of each operating case are
shown within different FOVs as, under reacting conditions, flame quenching occurred at
slightly varying axial position. Due to differing turbulent flame speeds caused by varying
levels of flame wrinkling (see section 5.2.3 and 6.1), the average axial position of flame
quenching was shifted in upstream direction by a few millimeter for increasing operat-
ing pressure, although uB/uL was kept constant for each operating case (section 3.3).
From the diagram shown in Fig. 5.2(a) it can be concluded that the growing (in stream-
wise direction) turbulent boundary layers exhibit decreasing boundary layer thicknesses
at increasing operating pressure, as iso-contours are shifted towards the wall. This is in
good accordance with fundamental theory on the turbulent boundary layer on a flat plate
(section 2.1) predicting a slow reduction of the boundary layer thickness δ at a given
position x from the leading edge of the plate with increasing Re following the relation
δ/x ∝ 1/lnRe [70, p. 34]. As iso-contours are closer to the wall, this is associated with
increased (normalized) near-wall velocity gradients at higher operating pressure, which
is also evident from wall-normal profiles of ūx/uB shown in Fig. 5.2(b). These profiles
are extracted from the two-dimensional velocity data at the streamwise position with the
highest probability to detect a flame front close to the wall (in the case of reacting con-
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ditions). This position represents the origin of a second streamwise coordinate xc, which
is introduced in Paper I (see also section 5.2.2) to allow for better comparison of the
individual operating cases. By transforming ūx and y into the dimensionless quantities
u+ and y+ following Eq. 2.4−2.5, the thickness of the viscous sublayer (y+ = 5) could
be identified for the 1 bar (about 450 µm) and the 3 bar case (about 300 µm). While
for these two operating cases the viscous sublayer could be resolved down to y+ = 2,
this was not possible for the 5 bar case as the viscous sublayer thickness was further re-
duced. Wall-normal profiles of normalized velocity fluctuations derived at the same axial
position xc are shown in Fig. 5.2(c). In all three operating cases, velocity fluctuations
increase towards the wall, but no clear trend with increasing pressure can be observed.
Longitudinal integral length scales Lxx derived according to Eq. 2.6 and 2.7 are presented
in Fig. 5.2(d). The shown profiles visualize Lxx as a function of y for the most upstream
position in the FOV of each operating case, to make use of the data in the whole FOV
for the two-point correlation. At wall distances y < 4 mm, a clear trend of decreasing Lxx

with increasing operation pressure can be seen. Correspondingly, the flow field at higher
operating pressures is characterized by a reduced size of the larger eddies.

5.2 Reacting Flow

5.2.1 Near-Wall Flow
Similar to the non-reacting flow, characteristics of the turbulent boundary layer under
reacting conditions were assessed based on velocity data provided by PIV measure-
ments with the high-resolution setup conducted at low-speed repetition rate (see
section 4.1). However, due to beam steering effects increasingly affecting the measure-

Figure 5.3: Reacting near-wall flow field: (a) iso-contours of the normalized mean streamwise velocity
for ūx/uB = [1.2; 1.6]. Wall-normal profiles of mean normalized (b) streamwise, (d) wall-normal velocity
component and RMS of fluctuations of (c) streamwise, (e) wall-normal velocity component.
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ments, as shown in section 4.3, velocity data of the 5 bar case were not considered for
analysis. A summary of the results for the 1 bar and the 3 bar case is presented in Fig. 5.3.

Due to the heat release of the chemical reaction accompanied with a significant increase
in temperature and a reduction of the gas density, ensemble-averaged streamwise veloc-
ities exceed the bulk velocity uB resulting in normalized velocities ūx/uB larger than 1.
Correspondingly, iso-contours of ūx/uB are shown in Fig. 5.3(a) for ūx/uB = [1.2; 1.6]
to match the increased velocities. The impact of the combustion on the near-wall flow
is clearly evident, as iso-contours are first compressed in streamwise direction and seem
to expand again further downstream. In the 3 bar case, both iso-contours are located
closer to the wall and to each other compared to corresponding iso-contours of the 1 bar
case. Correspondingly, wall-normal profiles of ūx/uB at xc = 0 presented in Fig. 5.3(b),
exhibit higher normalized velocities in the 3 bar case for a given wall distance. The same
holds true for the wall-normal component of the normalized velocity, shown in Fig. 5.3(d).
These observations imply an increased acceleration of the flow close to the wall due to
the heat release in the 3 bar case. Normalized velocity fluctuations, shown in Fig. 5.3(c)
and (e) for the streamwise and wall-normal direction, respectively, are also significantly
increased compared to the non-reacting flow (Fig. 5.2(c)), which could be attributed to
fluctuations of the flame front position and the increased velocity of the mean flow mo-
tion. Comparing both operating cases, normalized velocity fluctuations are higher in the
3 bar case. As corresponding profiles of the non-reacting flow were quite similar for all
operating cases, this could imply an increased impact of the flame on the flow field at
elevated pressure.

5.2.2 Flame Front Statistics
A statistical evaluation of the turbulent flame front close to the ceramic rod and in
the region of FWI was carried out based on flame front positions extracted from 1000
OH-PLIF images (for each FOV) acquired at low-speed repetition rate (50 Hz).

A summary of this analysis for the region close to the ceramic rod is outlined in Fig. 5.4.
Each column corresponds to one operating case (1 bar, 3 bar and 5 bar) with operating
pressure increasing from left to right. In the upper row, two-dimensional flame front
frequency distributions, in the following referred to as flame brushes, are shown. These
distributions were derived by averaging binary images of the instantaneous flame fronts,
indicating the flame front positions by 1’s in an array of 0’s, which yielded the frequency
of flame front occurrences within the statistical ensemble for every position in the
FOV. The y-coordinates with the highest frequency of a flame front occurrence for each
position in x-direction in the FOV, derived from the spatially smoothed flame brush, are
visualized by a red, dashed line. Another representation of the turbulent flame brush
is depicted in the middle row of Fig. 5.5 using iso-contour plots of the mean reaction
progress variable c̄. The spatial distribution of c̄ was derived by averaging binary images
of the instantaneous spatial reaction progress c indicating regions of unburned and
burned gas by c = 1 and c = 0, respectively. These two-dimensional fields of c̄ were

38



5.2 Reacting Flow

Figure 5.4: Turbulent flame brush close to the ceramic rod: (a–c) spatial distribution of flame front
frequency, (d–f) spatial distribution of mean reaction progress variable, (g–i) flame brush thickness and
local angle of c̄ = 0.1 iso-contour with respect to x-axis. Left column: 1 bar; middle: 3 bar; right: 5 bar.

used within the processing procedures for the derivation of the flame surface density,
presented in section 6.1.

From these c̄-iso-contour, the thicknesses δt of the turbulent flame brush were determined
using two commonly used definitions: δt,1 = 1/max[∂c̄/∂y] defined as the inverse of the
maximum wall normal gradient of c̄ [104] and δt,2, which quantifies the vertical distance
between c̄ = 0.9 and c̄ = 0.1 [105]. Both are plotted as a function of x in the lower
row in Fig. 5.5. As can be also observed from the flame brushes (upper row) and the
spatial distributions of c̄ (middle row), in each operating case, the flame brushes widen
in downstream direction due to the interaction with the turbulent flow field, resulting in
an increase of the turbulent flame brush thickness. Comparing δt of the different operat-
ing cases at a given axial position, this growth of flame brush thickness in downstream
direction seems to be fastest in the 5 bar case. Assuming that this corresponds in av-
erage to a larger overall area of the turbulent flame front, the ratio of turbulent flame
speed and laminar flame speed most likely increases with operating pressure (Eq. 2.13).
Correspondingly, the angle between the average flame front and the x-axis (visualized in
Fig. 5.4 by the local angle α of the c̄ = 0.1 iso-contours with respect to the x-axis) also
increases with operating pressure resulting in slightly different geometrical configurations
for the three operating cases.

Corresponding results of this analysis for the region of FWI were derived as described
above and are presented in a similar manner (left: 1 bar; middle: 3 bar; right: 5 bar) in
Fig. 5.5. Unlike Fig. 5.4, the conditioned x-coordinate xc, which was already mentioned
before, is used here. This coordinate was deduced from one-dimensional (in x-direction)
frequency distributions, derived from the flame brushes by summing up frequency values
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Figure 5.5: Near-wall turbulent flame brush: (a–c) spatial distribution of flame front frequency, (d–f)
spatial distribution of mean reaction progress variable, (g–i) flame brush thickness and local angle of
c̄ = 0.1 iso-contour with respect to x-axis, (j–l) quenching probability. Ratio of quenching scenarios in %
in the table at the bottom. Left column: 1 bar; middle: 3 bar; right: 5 bar.

within ∆x = 700 µm wide bins (see also Paper I). Defining xc = 0 mm at the x-position
of the maximum value in the one-dimensional frequency distribution, this conditioned
x-coordinate indicates the streamwise position with respect to the location of the highest
frequency of flame front occurrence. It is used throughout this cumulative thesis and the
included publications for a better comparison of the three operating cases. With increasing
operating pressure, this position is shifted in negative x-direction (1 bar: x = 75.1 mm;
3 bar: x = 58.6 mm; x = 50.7 mm). Correspondingly, the angle between wall and flame
front takes in average the largest value for the 5 bar case (see Fig. 5.4) and flame fronts
are observed with a higher probability at larger wall distances for a given streamwise
position xc < 0 (see red, dashed line). As evident from the flame brushes (upper row),
independent of operating case, maximum frequency values are observed at axial locations
around xc = 0 in a thin, elongated region close to the wall. Comparing the 1 bar case with
the operating cases at elevated pressure, this region is shifted towards the wall which is in
good accordance with experiments in the literature (see section 2.3) showing the reduction
of measured quenching distances at increasing pressure [28]. Within the two-dimensional
fields of c̄, these regions of high frequencies of flame front occurrences, observed at xc ≥ 0,
correspond to a reduced distance between adjacent iso-contours. Regarding the flame
brush thickness, similar trends can be observed for all operating cases: Far upstream the
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flame brush is wide exhibiting an almost constant thickness δt,2 ≈ 4 mm and narrows down
farther downstream. While in the 5 bar case also δt,1 remains constant before it starts to
decrease (at about xc > −7 mm), in the other operating cases δt,1 already monotonically
decreases upstream of this position. This could again be attributed to the slightly different
geometrical configurations characterized by larger (in average) angle between flame front
and wall at increasing pressure, causing δt,1 to be first impacted by the presence of the wall
at larger xc. As an instantaneous flame front is more often closer to the wall at increasing
xc, the probability of local flame quenching increases, as visualized in Fig. 5.5(j–l) by
the quenching probability QP. It quantifies the ratio of instantaneous OH-PLIF images
in which no flame front was detected by the algorithm (section 4.1) downstream of a
given streamwise position. The table at the bottom of Fig. 5.5 summarizes the ratio of
three different quenching scenarios, defined in the following section 5.2.3 based on certain
characteristics of the near-wall flame front topology.

Figure 5.6: Transient near-wall flame front motion illustrated by means of time series of OH-PLIF
images with the flame front highlighted as red line. Left column: 1 bar; middle: 3 bar; right: 5 bar.
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5.2.3 Flame Front Topologies and Dynamics
Figure 5.6 illustrates the transient motion of the near-wall flame front for each operating
case (left column: 1 bar; middle: 3 bar; right: 5 bar) by means of example sequences of
six consecutive OH-PLIF raw images provided by high-speed repetition rate (5 kHz) mea-
surements (section 4.1). Every seventh image of a 7 ms time sequence is shown resulting
in a time separation of 1.4 ms between two consecutive single-shot images. Flame front
positions detected by the post-processing algorithm are highlighted as red line.
Based on the topology of the flame front in close proximity to the surface of the wall, the
individual, instantaneous realizations of the side-wall quenching process were classified
into three quenching scenarios, similar to [34], which appear alternately over time:

• In the side-wall quenching (SWQ)-like scenario the interaction of flame front and
wall is limited to a small, almost point-like region (i.e. the quenching point), where
the reaction is quenched locally.

• The head-on (HOQ)-like scenario is characterized by one single, extended (in wall-
parallel direction) flame front segment which interacts with the wall.

• In the multi-zone quenching (MZQ) scenario the interaction of flame and wall occurs
in multiple regions which are spatially separated by pockets of unburned gas.

An automated classification of the individual FWI events was carried out applying the
criteria given in Fig. 5.6 based on the number nR and lengths LR of unconnected flame
front segments in a wall-parallel region close to the wall which was defined by the section
of the flame front positioned at minimum wall distance. This procedure is illustrated
by one magnified view of the near-wall flame front for each quenching scenario. The
quenching scenarios assigned to the individual events presented in Fig. 5.6 are indicated
by labels in each OH-PLIF image. As evident from the image sequences, the transient
evolution of the near-wall flame front topology is in general characterized by convective
transport of large-scale structures, i.e. convex and concave curved flame front segments,
in streamwise direction. These structures result from fluctuating turbulent motions in-
teracting with the flame front and are increasingly pronounced as operating pressure is
increased. Approaching the wall, the wrinkling of the flame front decreases as pockets of
unburned gas are consumed by the reaction resulting in HOQ-like or MZQ events. Due to
heat losses to the wall, the extended near-wall reaction zone extinguishes which initiates
the transition to a SWQ-like event.
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Chapter 6

Experimental Investigation of FWI
at Elevated Pressure

In this chapter, the main results of the process-related research on flame-wall interactions
at elevated pressure, carried out within the scope of this cumulative dissertation, are
summarized. In the first part of this chapter, an analysis of the flame surface density
(FSD), first published in Paper II for the 1 bar and 3 bar case, is presented. The results
are supplemented with unpublished data of the 5 bar case and the analysis is further
expanded by including a second approach for the determination of the FSD. In the second
part of this chapter, an analysis of thermochemical states during flame-wall interaction
at 1 bar and 3 bar operating pressure, first published in Paper III, is presented.

6.1 Flame Surface Density
In turbulent, premixed combustion modeling based on the flamelet concept, the flame
surface density (FSD) Σ, representing the flame surface area per unit volume, is commonly
used to model the mean reaction rate ¯̇ω as the product of Σ, the density of the unburnt
mixture ρu, the fuel mass fraction YF,u and the average consumption speed along the flame
front sc [4, p. 224][78, p. 51]:

¯̇ω = ρuYF,uscΣ (6.1)

As the FSD yields a measure for flame front wrinkling due to the turbulent flow field,
this approach provides the advantage of decoupling influences of turbulence-combustion
interactions, represented by Σ, from complex chemistry effects, included in sc, on ¯̇ω [4,
p. 224]. According to [78, p. 51], the FSD may either be modeled (1) by an algebraic
formulation based on a flame crossing frequency (see Eq. 6.3), which was initially used
within the Bray-Moss-Libby (BML) model for turbulent combustion [106], or (2) using
an unclosed transport equation (Σ-equation) stemming from Pope [107] and Candel and
Poinsot [108]. Several closures for this equation were proposed in the past [109] including
approaches that account for wall quenching by means of a sink term for the FSD [52, 54]
derived from DNS data showing the importance of quenching effects on Σ. Inaccuracies
of the standard closures for the Σ-equation when applied to FWI were more recently
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confirmed by further DNS studies (on a head-on quenching flame) and modifications
were proposed [110]. Model development and validation was supported in the past with
experimental investigations on FSD carried out mainly in unbounded flames, e.g. [111–
113] including experiments at elevated pressure [114, 115]. The impact of walls on the
FSD, in contrast, were examined by experiments only occasionally [26, 27] and studies
are limited to atmospheric pressure, to the author’s best knowledge. For the derivation
of the FSD from experimental data, different approaches can be found in the literature,
as summarized in [116]. Within the scope of this thesis, two of these approaches were
applied.

Figure 6.1 illustrates these two approaches used to derive the flame surface density (FSD)
and further flame front characteristics. For this purpose, instantaneous flame front posi-
tions and spatial distributions of the reaction progress c extracted from 1000 OH-PLIF
images (for each operating case) recorded at low-speed repetition rate (50 Hz, see sec-
tion 4.1) were used. The first approach, used before, for example, in [26, 117, 118],
is outlined on the left in Fig. 6.1. It is based on the determination of the flame front
perimeter P in so-called control areas (CA) of size ∆x2 to subsequently derive Σ accord-
ing to Eq. 6.2. For the following analysis, ∆x2 was set to 0.5 × 0.5 mm2 in accordance to
recommendations by Donbar et al. [118] as outlined in Paper II.

Σ = lim
∆x→0

P

∆x2 (6.2)

Figure 6.1: Illustration of CA-approach (left) and BML-approach (right). (a) Calculation of flame front
perimeter P in CAs to derive (b) spatial distribution of Σ. (c) Identification of intersections between
instantaneous flame front with c̄ iso-contour. (d-e) Calculation of auto-correlation R(∆s) from c(s).
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In order to derive P in each CA the flame front contour was first smoothed using a
savitzky-golay filtering algorithm yielding a steady flame front shape, as illustrated by the
red line in Fig. 6.1(a) and (c) for the selected sample. In a next step, intersections with
the boundaries (gray lines) of the individual CAs were identified to calculate the length
of the curve section (i.e. the flame front perimeter P ) between both intersections. Based
on this, an estimate of the curvature κ of the flame front within a CA was calculated
by dividing P by the shortest distance between both intersection points. The resulting
spatial distribution of P and Σ, comprising values greater than zero only in CAs that
contain a section of the flame front, is illustrated in Fig. 6.1(b). To account for quenching
of the flame at the wall, two definitions (Σ and ΣR) of the FSD were used, similar to [26].
These definitions only differ in regions where the flame is already quenched at the wall
(visualized by gray coloring in Fig. 6.1(a)), as Σ = NaN and ΣR = 0 at these positions.
Correspondingly, after ensemble-averaging all distributions of the instantaneous FSD Σ
and ΣR in a last step yielding the mean FSD Σ and ΣR, this causes ΣR to be either equal
to or smaller than Σ. This approach is in the following referred to as CA-approach.

The second approach applied to derive the FSD following descriptions in [119] is out-
lined on the right in Fig. 6.1 for the same pre-processed OH-PLIF image sample and
originates from the algebraic formulation initially used within the BML model. Within
this approach, the FSD is given as a function of the mean reaction progress variable
c̄ and defined as the quotient of (1) the mean number of crossings n̄s per unit length
of the instantaneous flame fronts with an iso-contour of c̄ and (2) an orientation factor
σs calculated as the mean cosine value cos θ of the angles θ between the normal to the
instantaneous flame front and the same c̄-iso-contour at the positions of intersection:

Σ = n̄s

σs

= gc̄(1 − c̄)
σsLs

(6.3)

This equation may be rewritten using the integral length scale of flame front wrinkling
Ls and a model constant g, which is in the order of unity [4, p. 227].

In a first step, the algorithm for the derivation of these quantities involved the deter-
mination of the number and positions of intersections of the instantaneous, smoothed
(savitzky-golay filtered) flame front with each c̄-iso-contour for c̄ ranging from 0.1 to 0.9
in steps of 0.1. These iso-contours were derived as described in section 5.2.2 and their
spatial distribution is illustrated in the middle row of Fig. 5.5 for each operating case. In
Fig. 6.1, crossings of the iso-contour for c̄ = 0.8 with the flame front of the selected sample
are highlighted as gray dots. By dividing the number of intersections by the length of the
instantaneous flame front, ns was subsequently deduced for the given sample. In a next
step, the normal to the flame front and the tangent to the c̄-iso-contour at all intersec-
tion points were estimated by fitting a linear polynomial through adjacent points on each
curve. From this, θ and cos θ were derived subsequently. Evaluating Eq. 6.3 using the
ensemble-averages n̄s and σs = cos θ then yielded the mean FSD Σ for each c̄. As stated
on the right hand side of Eq. 6.3, Σ is also related to the integral length scale of flame
front wrinkling Ls which was subsequently derived by further post-processing of the data
according to [119]. For this purpose, a two-dimensional interpolation was carried out on
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each instantaneous distribution of c at the positions along each c̄-iso-contour of length Lc

yielding 0-1 square wave functions c(s) as presented for the selected sample in Fig. 6.1(d).
The mean autocorrelation R*(∆s) was then derived as

R*(∆s) = 1
N

∑
N

fw(∆s)
Lc∑

s=0
c(s)c(s + ∆s) (6.4)

R(∆s) =R*(∆s) − c̄2

c̄(1 − c̄) (6.5)

Ls =
∫ ∆s0

0
R(∆s)d∆s (6.6)

by averaging the autocorrelation functions over N = 1000 samples using a weighting func-
tion fw(∆s) = 1/(Lc −∆s). Subsequently, R*(∆s) was normalized to R(∆s) according to
Eq. 6.5 (for more detailed information on fw and the normalization function the reader is
referred to [119]). In a last step, Ls was calculated using Eq. 6.6 by integration of R(∆s)
from ∆s = 0 to ∆s0.1, the smallest value of ∆s, where R(∆s) ≤ 0.1. This approach is in
the following referred to as BML-approach.

Results of the evaluation following both approaches carried out on the flame brush close
to the ceramic rod (see Fig. 5.4) are summarized in Fig. 6.2. As the impact of the wall on
flame propagation is assumed to be low at these streamwise positions, the results in this
figure are intended to provide the FSD of the undisturbed flame serving as a reference
for the analysis of the FSD of the flame interacting with the wall, presented later in
this section. For this purpose, profiles of Σ derived from the CA-approach (solid lines)
are presented as a function of y and c̄ at two different streamwise positions x = 20 mm
and x = 30 mm. The latter were derived by interpolating Σ(x,y) on an equally spaced
c̄(xc,y)-grid and subsequently averaging Σ(x,c̄) in streamwise direction within segments
of ∆xc = 2 mm length. Profiles of Σ(c̄) provided by the BML-approach are visualized as
dashed-dotted lines. Additionally, the integral length scale of flame front wrinkling Ls is
given for each operating case. In the spatial domain, the profiles of Σ are symmetric with
respect to the maximum exhibiting a narrow shape at x = 20 mm, which broadens farther
downstream at x = 30 mm, as the thickness of the flame brush increases (see Fig. 5.4).
These profiles are similar to those observed in an unbounded V-flame [113] and a side-
wall quenching V-flame at large wall distances [9]. With increasing operating pressure,
the peak location is shifted towards the wall since the flame brush is located closer to the
wall and the maximum value of Σ decreases as the flame brush thickness increases. In the

Figure 6.2: Profiles of mean FSD within the region close to the ceramic rod as a function of (a-b) y and
(c-d) c̄. Integral lengthscales of flame front wrinkling in (e).
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c̄-space, profiles of Σ take a nearly parabolic shape as predicted in the BML-formulation
in Eq. 6.3 and are comparable in shape to those previously found in unbounded V-flames
[27, 111, 117] and Bunsen flames [112, 120]. Comparing profiles of both approaches, Σ
values derived from the second approach are clearly reduced at x = 20 mm, but differences
almost vanish at x = 30 mm. Deviations between both approaches were also reported in
[116] for a freely-propagating flame and may result from a reduced accuracy of the BML-
approach in regions where the flame is only slightly wrinkled [116], i.e. close to the ceramic
rod. Integral length scales of flame front wrinkling Ls are almost independent of c̄ similar
to results from experiments on a Bunsen flame [119]. With increasing operating pressure,
Ls decreases and thus exhibits the same trend as the longitudinal integral length scale
Lxx (see Fig. 5.1).

Figure 6.3 summarizes the results obtained from analysis of the data in the region of
FWI following the CA-approach. Profiles of Σ and ΣR at five different streamwise
positions between xc = −10 and xc = 8 mm are presented for each operating case as a
function of y (upper row) and c̄ (middle row). Σ(c̄) and ΣR(c̄) were derived as describe
above. The impact of the wall on Σ and ΣR is clearly evident from the evolution of
corresponding profiles in downstream direction: At xc = −10 mm, where the frequency
of flame front occurrence close to the wall is not yet significantly increased (see flame
brush in Fig. 5.5), the profiles indicate a broad distribution of the FSD in the spatial
domain. As the quenching probability is close to zero (see Fig. 5.5), profiles of Σ and ΣR

are indistinguishable. For the 5 bar case, the distribution exhibits a nearly symmetric

Figure 6.3: Evolution of the FSD (derived following the CA-approach) in streamwise direction: profiles
of mean FSD Σ (solid) and ΣR (dashed) as functions of y (top row) and c̄ (middle row). Wall-normal
profiles of flame front-conditioned FSD Σ′ (lower row, only 5 bar case is shwown here). Boundaries of
colored areas indicate 0.25- and 0.75-quantiles of Σ′.
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shape as observed for an unbounded V-flame [113] and a side-wall quenching V-flame
at large wall distances [9]. The corresponding profile in the c̄-space shows a nearly
parabolic shape as it was observed closer to the ceramic rod in Fig. 6.2. Profiles of
the two other operating cases (1 bar and 3 bar) on the contrary deviate more clearly
from those of unbounded flames indicating a stronger influence of the wall on flame
propagation already at this streamwise position which also causes a stronger reduction
of the flame brush thickness δt,1 (see Fig. 5.5). Farther downstream, the profiles in the
spatial domain exhibit a clearly asymmetric shape with the maximum being shifted
towards the wall and increasing in downstream direction. As outlined in Paper II,
based on a flame front-conditioned evaluation of the FSD (for the 1 bar and 3 bar
case), this increase of Σ close to the wall is rather due to a decrease of the flame brush
thickness, corresponding to an increasing frequency of flame front occurrences close to
the wall (see Fig. 5.5), than due to increased flame front wrinkling. On the contrary,
an evaluation of κ for the flame front in the whole field yielded a 95%-quantile κ0.95 of
1.028 (1 bar), 1.066 (3 bar) and 1.086 (5 bar), respectively, suggesting that the influence
of local flame front curvature on Σ and ΣR might increase with operating pressure but
remains low for all operating cases. Comparing the estimates of the integral lengthscale
of flame front wrinkling Ls, presented below in Fig. 6.4, with the CA size ∆x, this is a
result one would expect. Based on the flame front-conditioned FSD Σ′ (CAs without
flame front are omitted within the ensemble-average) presented in Paper II for the
1 bar and 3 bar case, it was concluded that flame front wrinkling is rather reduced
close to the wall, as in most cases the flame front takes an elongated wall-parallel shape
(corresponding to P = ∆x and Σ = 1/∆x = 2 mm−1), similar to observations made in
an atmospheric, side-wall quenching V-flame [9]. Results of this flame front-conditioned
evaluation carried out on data of the 5 bar case are presented in the lower row of Fig. 6.3
showing similar trends as for the other operating cases since Σ′ approaches 1/∆x close to
the wall. At xc = 5 mm and xc = 8 mm, however, a higher variability of Σ′ is observed as
the interquartile range, visualized by the colored area, is increased and the 25%-quantile
is shifted to lower values. This corresponds to an increased number of instantaneous
flame fronts deviating from a wall-parallel shape at the given streamwise position close
to the wall including samples where the flame front passes the CA only partly resulting
in smaller values of P and Σ. Correspondingly, the maximum value of Σ (profiles in
upper row) in the 5 bar case is slightly reduced compared to the 3 bar case, due to (1) a
larger flame brush thickness δt,1 (see Fig. 5.5) and (2) a slightly reduced Σ′. The mean
FSD Σ(c̄) also exhibits a significant change with increasing xc as the maximum value
increases and profiles first become (more) asymmetric before taking a nearly symmetric
shape again (xc = 8 mm). Both observations, asymmetric [9] and symmetric shapes [27]
of Σ(c̄) in side-wall quenching V-flames were previously reported. In the latter case, the
profiles even retained a parabolic shape. This is obviously not the case for the profiles
presented in Fig. 6.3 which, however, could be due to high spatial gradients ∂c̄/∂y
and the limited resolution of the optical setup. As the probability of flame quenching
increases in downstream direction, Σ and ΣR start to deviate at xc ≥ 0 mm. Comparing
corresponding profiles at xc = 5 mm and xc = 8 mm, the difference between Σ and ΣR is
significantly more pronounced for both operating cases at pressures above atmospheric.
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Supplementing the results of the CA-approach, Fig. 6.4 summarizes outcomes of the anal-
ysis following the BML-approach including results on the FSD and further characteristics
of the flame front topology in the region of FWI. As described above, this analysis yields
the FSD and other quantities only as functions of c̄ which are derived for the whole FOV.
Thus, the impact of the wall on the flame propagation is reflected by (1) the evolution of
these quantities with decreasing c̄, which may be interpreted as a wall-normal coordinate,
and (2) differences compared to the results obtained from the analysis of the turbulent
flame front close to the ceramic rod (see Fig. 6.2). Comparing frequency distributions F (θ)
of the acute angle θ between flame front normal and c̄-isoline shown for c̄ = 0.8 (solid
lines) and c̄ = 0.2 (dashed-dotted lines), the growing number of wall-parallel flame fronts
close to the wall is evident: For c̄ = 0.2, the frequency distributions of θ are broad and
indicate a decreasing frequency for θ → 90◦, which corresponds to a flame front aligned
parallel to the c̄-isoline at the position of intersection. This, in turn, roughly corresponds
to a wall-parallel flame front, as the local angle between c̄-isolines and the wall surface
are small and further decrease in downstream direction (see Fig. 5.5). For c̄ = 0.8, in
contrast, the frequency of larger angles θ significantly increases as the distributions show
a distinct maximum for θ ≈ 75◦. This observation is in good accordance with the results
of the analysis of the flame-front conditioned FSD, shown in Fig. 6.3. From the ensemble
of θ values, 1/cosθ was derived in a next step. This quantity increases for c̄ → 0 as θ
in average takes larger values. Using 1/cosθ and the mean number of crossings per unit
length ns, Σ was subsequently derived and is presented in Fig. 6.4. In contrast to the
Σ(c̄)-profiles derived with the CA-approach in Fig. 6.3, Σ is not significantly increased
compared to the FSD closer to the ceramic rod (Fig. 6.2) and, hence, rather no impact
of the wall is observed here. This might be due to the fact that Σ is derived for the full
FOV which includes regions where the flame is still rather unaffected by the wall. Com-
paring profiles of Ls in Fig. 6.4 with corresponding profiles in Fig. 6.2, relaminarization
is observed as are Ls higher in the region of FWI.

Figure 6.4: FSD and geometric properties of the flame front deduced from the BML-approach: (a)
frequency distributions of θ calculated in bins of 10◦ width. Profiles of (b) 1/cosθ, (c) n̄s, (d) Σ and (e)
Ls as functions of c̄.
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6.2 Near-Wall Thermochemistry
During FWI, not only topological characteristics, such as the flame surface density,
are affected by the presence of the wall, but also the thermochemical structure of the
flame, as shown in section 2.2.2 for a laminar, freely-propagating flame, is modified.
Caused by the coupling of chemical reactions with convective heat and mass transport,
local thermochemical states in the vicinity of the wall are influenced [5]. While first
experimental investigations on the thermochemistry during FWI, showing the impact
of the wall on combustion, date back to the 1980s, the number of experimental studies
is still very limited, as reviewed in [5] and summarized in section 1.2. To the best of
the author’s knowledge, except for [36], all of the mentioned studies focused on FWI
at laminar flow conditions only or addressed the impact of turbulence only to some
extent [10, 11]. The only studies known to the author which include experiments on
FWI at elevated pressure are focused on turbulent boundary layer phenomena [21, 22].
The near-wall thermochemistry measurements presented in the following are therefore
assumed to be the first attempt to explore thermochemical states during FWI at elevated
pressure.

Results of the near-wall thermochemistry measurements (section 4.2) are presented in
Fig. 6.5 by means of scatter plots visualizing correlations of the gas-phase temperature
T and mole fractions XCO and XCO2 of carbon monoxide and carbon dioxide. The
individual single-shot samples are color-coded with the minimum distance dF between
the probe volume location and the flame front, indicating the local instantaneous reaction
progress through the sign (unburned: dF < 0; burned: dF > 0). Thermochemical states
of an adiabatic laminar flame derived from the adiabatic simulation (CANTERA, see
section 4.2) are visualized as red line and shown for reference. The measurements were
carried out at 1 bar and 3 bar operating pressure and results for both operating cases are
summarized in Fig. 6.5. Due to increasing beam steering effects impairing accuracy and
precision of the measurement techniques and impeding an accurate determination of the
probe volume position (see section 4.3), no measurements were performed for the 5 bar
operating case. Furthermore, beam steering results in an increasing number of deflected
laser beams impinging on the quenching wall and causing an intense broadband radiative
emission which could potentially damage the detection systems. For this reason, in the
3 bar case measurements were only carried out at nominal wall distances y ≥ 0.4 mm.
For the 1 bar case, scatter plots of thermochemical states are shown for nominal wall
distances down to y = 0.1 mm. Additional scatter plots showing thermochemical states
at wall distances y > 0.85 mm as well as correlations of XCO and XCO2 may be found in
Paper III.

Comparing both operating cases in Fig. 6.5, similar trends can be observed for (1) the
evolution of scatter plots with increasing wall distance y and (2) the distribution of
thermochemical states for increasing dF at a fixed wall distance. Regarding the latter, a
positive correlation between T and dF is observed for dF < 0 which in average can be
associated with a flame front approaching the wall and the probe volume, respectively.
Considering that the HOQ-like is the predominant quenching scenario (see Fig. 5.5 and
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description of quenching scenarios in section 5.2.3), the statistically independent scatter
might approximately recreate the thermochemistry of a transient head-on quenching
event, as it was investigated in [10]. In the 3 bar case, this correlation is less distinct,
most likely due to beam steering effects impairing the spatial matching of the DP-CARS
and OH-PLIF diagnostics and thus affecting correlations of T , XCO and XCO2 with dF .
For thermochemical states measured clearly in the burned gas (dF > 0) and close to the

Figure 6.5: Thermochemical states of FWI at atmospheric and elevated pressure (3 bar) under turbulent
flow conditions at varying wall distances visualized by means of correlations of XCO2/T and XCO/T .
Adapted from [95].
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wall, temperatures decrease again with increasing dF . These states are either related to
an SWQ-like event or to measurements downstream of an HOQ-like flame.
From thermochemical states measured at minimum nominal wall distance, the impact of
wall heat losses on thermochemistry is clearly evident, as most samples significantly devi-
ate from the trace of the adiabatic simulation and maximum temperature values clearly
fall below the adiabatic flame temperature. An interesting observation in that regard is
the existence of thermochemical states featuring high XCO2 at low temperatures, which
are observed for both operating cases almost exclusively in the unburned gas mixture and
in some cases far away from the flame front. This observation is in agreement with results
of thermochemistry measurements in a similar, unconfined SWQ flame [34]. In this study,
these thermochemical states could be attributed to a transport mechanism that involved
the transport of hot exhaust gases in upstream direction passing the gap between flame
tip and the wall. Considering the similarity of both SWQ configurations, similar transport
effects could be the reason for the existence of such thermochemical states in the SWQ
process under investigation in this thesis. Comparing both operating cases, the existence
of such thermochemical states of high XCO2 and low T seem to vanish in the 3 bar case
at larger wall distances than in the 1 bar case. This could imply increased convective
transport and enhanced turbulent mixing at higher pressure. Regarding correlations of
T and XCO, heat losses to the wall, moreover, result in maximum XCO values being
significantly reduced compared to the adiabatic simulation and cause CO production and
oxidation branches to almost coincide. Similar to observations made in previous studies
on atmospheric FWI (laminar & turbulent, SWQ & HOQ) [10, 11, 26, 36], the oxidation
branch is more strongly affected by heat losses due to larger chemical time scales of the
CO oxidation process compared to CO production [11]. The CO production branch,
however, is also slightly shifted towards lower temperatures, which matches with results
on an atmospheric SWQ flame [26, 34], but is different from results of the transient HOQ
flame [10] showing almost no influence of heat losses on the CO production. For the
3 bar case (at y = 0.4 mm), the impact of heat losses on the CO production branch seems
to be even more pronounced. With increasing wall distance, the influence of wall heat
losses decreases as measured thermochemical states approach the trace of the adiabatic
simulation. Since maximum XCO values of the adiabatic simulation are reached in the
1 bar case at y = 0.35 mm (and at larger wall distances), but not in the 3 bar case (for
y = 0.4 mm), a stronger influence of wall heat losses on the near-wall thermochemistry
could be assumed for the higher operating pressure. However, as the region in the
state space below the peak of the adiabatic simulation is still filled only very sparsely
with experimental scatter at y > 0.4 mm (where the impact of heat losses successively
diminishes), it needs to be considered, that also properties of the optical measurement
technique and the FWI process itself could cause these states to be probed less frequently:
As spatial locations of high XCO are associated with high spatial temperature gradients,
increased beam steering at higher pressure could result in a rising number of distorted
single-shot samples for these thermochemical states. Furthermore, increased flame front
wrinkling, which presumably is accompanied by a higher variation of the local 3D
flame front orientation, and a reduced thickness of the reaction zone, could result in an
inhomogeneous mixture within the CO-LIF probe volume for an increased number of
samples. A more comprehensive description of the limitations of the diagnostic technique
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with regard to the presented measurements may be found in section 4.3 and in Paper III.

For a specific analysis focusing on differences between both operating cases, the exper-
imental data was further examined using conditioned averages derived from the single-
shot scatter in the (XCO2/T )-state space. For this purpose, temperatures and CO2 mole
fractions were divided into bins of ∆XCO2 = 0.01 and subsequently averaged. Individ-
ual samples with an inhomogeneous signal within the DP-CARS/CO-LIF probe volume
(COV > 0.2) were excluded from the analysis. The effects, described in section 4.3, that
could cause a bias towards lower temperatures should therefore not affect the data used
in this analysis. Figure 6.6 shows the distribution of these conditioned averages in the
state space for nominal wall distances y ≤ 0.85 mm (left) and y ≥ 2 mm (right) for both
the 1 bar and the 3 bar operating case. Adiabatic simulations, which are quite similar for
both operating cases, are also shown. Comparing conditioned averages of both operating
cases for similar wall distances (same symbol for both cases), it is evident that at small
wall distances thermochemical states are shifted further towards lower temperatures at
3 bar and thus differ more clearly from the adiabatic simulation. This suggests that the
near-wall thermochemistry is more strongly affected by heat losses to the wall in the 3 bar
case. At larger wall distances, as the impact of heat losses diminishes and conditioned
averages approach the adiabatic simulation, differences between both operating cases are
less pronounced.

Figure 6.6: Comparison of conditional averaged (within bins of ∆XCO2 = 0.01) thermochemical states
of turbulent FWI at atmospheric and 3 bar pressure shown in the XCO2/T -state space for nominal wall
distances y ≤ 0.85 mm (left) and y ≥ 2 mm (right). Conditional averages are only plotted for bins
comprising at least 30 individual samples. Adapted from [95].
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Chapter 7

Summary and Outlook

7.1 Summary
This cumulative dissertation addresses the experimental investigation of turbulent flame-
wall interaction (FWI) at elevated pressures and increased Reynolds numbers using ad-
vanced laser diagnostics. Experiments were conducted in a novel enclosed test rig, the
pressurized side-wall quenching (SWQ) burner, which was designed, built and commis-
sioned within the scope of this thesis. To allow for investigations of effects of elevated
pressure on FWI, three different operating cases were defined, with the governing pa-
rameter being pressure, varied between atmospheric and 5 bar and the Reynolds number
ranging from 8,200 to 20,000. For the investigation of the side-wall quenching process,
two comprehensive experimental campaigns were carried out, which involved the appli-
cation of high- and low-speed particle image velocimetry (PIV) and planar laser-induced
fluorescence (LIF) of the hydroxyl radical (OH-PLIF) as well as low-speed LIF of car-
bon monoxide (CO-LIF) and dual-pump coherent anti-Stokes Raman spectroscopy (DP-
CARS). Based on these measurements, first, a characterization of the flow field and the
turbulent flame front was conducted based on velocity fields (PIV) and flame front posi-
tions (OH-PLIF). This involved the specification of the inflow and the near-wall flow field
under non-reacting conditions, which revealed a reduction of the turbulent boundary layer
thickness at increasing pressure and Reynolds number, as expected from theory. Under
reacting conditions, a compression of the turbulent boundary layer towards the wall due
to the impact of the flame was observed, which was more pronounced at elevated pres-
sure. From the instantaneous flame front positions, geometric properties of the turbulent
flame brush were examined and transient near-wall flame front motion, which involves the
transition between characteristic near-wall flame front topologies, was shown. The flame
front position data was subsequently further used for an analysis of the flame surface
density (FSD) based on two different approaches to derive this quantity. Results of both
approaches clearly showed a relaminarization of the turbulent flame front during FWI
which was associated with an increase of flame front segments aligned parallel to the wall
surface and the increase of the integral lengthscale of flame front wrinkling. Regarding
absolute values of the FSD, however, significant differences between the results of both
approaches were evident. While a clear increase in the FSD close to the wall was ob-
served from the first approach, especially for operations at pressures above atmospheric,
there was no evident impact of the wall on the FSD derived from the second approach.
Furthermore, the near-wall thermochemistry of the turbulent FWI process was explored
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based on simultaneous measurements of gas-phase temperature and mole fractions of CO2
(both obtained from DP-CARS) and CO (CO-LIF). To the author’s best knowledge these
measurements represent the first experimental implementation of multi-parameter laser
diagnostics to probe near-wall thermochemical states of FWI at elevated pressure. From
these measurements, the impact of wall heat losses on the flame’s thermochemistry at
atmospheric and elevated pressure was clearly evident. Close to the wall, temperatures
were shifted towards lower values and highest mole fractions of CO cleary fell below peak
concentrations of the adiabatic flame. Based on simultaneously measured flame front posi-
tions (OH-PLIF), thermochemical states of high CO2 mole fractions and low temperatures
could be identified in the unburned mixture, which supported the theory on near-wall ex-
haust gas recirculation (EGR), recently proclaimed in a study on an unconfined SWQ
burner. A comparison of conditional-averaged thermochemical states measured at atmo-
spharic and 3 bar pressure, finally suggested an increased impact of wall heat losses on
thermochemistry at elevated pressure, as temperatures were shifted towards lower values
at similar wall distances. Regarding the implementation of the mentioned laser tech-
niques, an important aspect of this work was furthermore the identification of limitations
of these diagnostics with respect to the investigation of FWI at elevated pressures. Influ-
ences of enhanced beam steering as well as finite resolution effects, which become more
pronounced as lengthscales are reduced, turned out to have an serious impact on these
diagnostic techniques. Thus, at least for the experimental setups used within this work,
limits of their feasibility became clear from the experiences gained within this work.

7.2 Outlook
The experiments and findings presented within this work revealed trends of increasing
pressure and Reynolds number on certain aspects of a turbulent side-wall quenching
flame. This involved analyses of the flame surface density, thermochemical states and
properties of the averaged, reacting turbulent flow field. Further research efforts could
include more detailed investigations on the interaction of the instantaneous turbulent flow
with the flame and the alteration of the inner layer of the turbulent boundary layer due
to the chemical reaction. Furthermore, regarding the exploration of the near-wall thermo-
chemistry, the implementation of laser diagnostic approaches that allow for quantitative
measurements of additional species would of course be desirable. However, as discussed
within this thesis, near-wall laser diagnostic measurements of such a flame quenching
processes become more and more challenging with increasing pressure, as lengthscales
are reduced and beam steering effects intensify. This affects accuracy and precision of
the applied techniques and complicates the interpretation of the data. Correspondingly,
in addition to its actual research focus on the FWI process itself, future work would also
need to address methodological aspects dealing with the aforementioned effects. This
could involve the optimization of the experimental setup allowing for a mitigation of their
influence on the measurement process as well as the estimation of associated uncertainties.
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A B S T R A C T   

A novel, pressurized side-wall quenching (SWQ) burner test rig enabling investigations on flame-wall in-
teractions (FWI) of a fully premixed V-shaped flame at conditions mimicking some characteristics of practical 
devices, e.g. increased pressures and Reynolds numbers, is introduced within this study. Two operating cases 
featuring turbulent flow conditions at atmospheric and 3 bar operating pressure are defined and characterized 
based on velocity fields and flame front positions provided by simultaneous high-speed particle image veloc-
imetry (PIV) and planar laser-induced fluorescence of the OH radical (OH-PLIF). For non-reacting conditions, 
profiles of mean velocities and mean velocity fluctuations are measured in addition to near-wall flow fields at 
locations where FWI occurs for chemically reacting conditions. For reacting conditions, near-wall flows are 
characterized in the vicinity of the quenching zone. Based on measured fluctuations of the streamwise velocity 
component, the turbulent flame is classified at the transition from the wrinkled to the corrugated flamelet 
regime. Using the derived flame front positions, the instantaneous flame-wall interaction is classified into SWQ- 
like, head-on quenching (HOQ)-like and multi-zone quenching events and the transition between these scenarios 
is identified by means of OH-PLIF image sequences. A statistical analysis of the flame front topology is performed 
based on the flame brush and deduced frequency distributions. Statistically significant differences between both 
operating cases are confirmed by chi-squared homogeneity tests.   

1. Introduction 

Chemical energy carriers synthesized from renewable energy are 
expected to have an increasing contribution to a CO2-neutral energy 
supply which is crucial to limit human-induced global warming (Drei-
zler et al., 2021). Due to high energy densities, chemical energy carriers 
have the potential to serve as long-term storage with high capacity and 
to compensate production fluctuations of renewable energy sources like 
wind and photovoltaics. Moreover, in some sectors, like base load 
electricity supply, shipping and air traffic as well as high-temperature 
industrial processes, the thermochemical conversion of chemical en-
ergy carriers is likely to remain a relevant technically feasible alterna-
tive. Consequently, the development of highly efficient combustion 
technology featuring low pollutant emissions is still of great importance. 
One key aspect of many applied combustion systems, such as internal 

combustion engines and gas turbines, is the quenching of premixed 
flames at cooled solid surfaces, denoted as flame-wall interaction (FWI). 
Due to the high near-wall temperature gradient causing undesirable wall 
heat losses, the thermodynamic efficiency is reduced and chemical re-
action processes are quenched close to the wall resulting in an increased 
emission of pollutants like unburned hydrocarbons and carbon monox-
ide (CO). A comprehensive understanding of these processes is therefore 
indispensable for the design of more sustainable combustion systems 
and fundamental research on the governing phenomena is required. In 
the past, various aspects of FWI have been investigated in atmospheric 
flames using generic experimental configurations (Dreizler and Böhm, 
2015). Depending on the flame propagating normal or parallel to the 
wall, these experiments are classified into head-on quenching (HOQ) 
and side-wall quenching (SWQ) configurations, respectively. Quenching 
distances and wall heat fluxes, for example, were investigated 
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thoroughly for HOQ and SWQ in a stagnant gas mixture (Sotton et al., 
2005) and in a gas flow (Boust et al., 2007b) using constant volume 
vessels. The effect of varying equivalence ratios on these FWI properties 
was subsequently examined in further studies using a similar experi-
mental setup (Boust et al., 2007a). More recently, FWI has been inves-
tigated for forced laminar flames to unravel the impact of flame 
dynamics on quenching distances and exhaust CO emissions (Rivera 
et al., 2019). Interactions of the flame with different wall coating ma-
terials with regard to quenching distances and flame structure were 
investigated in a premixed flame using a slit burner and surface analysis 
of the coatings were performed to examine chemical quenching mech-
anisms (Li et al., 2019). Further studies also focussing on the influence of 
wall chemical effects in hydrogen and DME weak flames were carried 
out using a micro flow reactor (Fan et al., 2021; Wan et al., 2019). In-
teractions of the near-wall flow field with the flame were investigated in 
an HOQ burner (Rißmann et al., 2017) and supplemented with mea-
surements of temperature profiles (Bohlin et al., 2015) as well as ther-
mochemical states (Mann et al., 2014). Comparable studies were 
recently carried out using an SWQ configuration (Bohlin et al., 2017; 
Jainski et al., 2017; Zentgraf et al., 2021b). 

Experimental investigations on FWI in a pressurized environment on 
the contrary are rare and limited only to some aspects of flame 
quenching. Boust et al. (2007a) and Karrer et al. (2010), for example, 
investigated the influence of increasing pressure (up to 6 bar) onto the 
quenching distance for an initially stagnant gas mixture in an HOQ and a 

SWQ configuration using a constant volume vessel. Temperature profile 
measurements in a laminar flame (HOQ) at variable pressure ranging 
from 0.5 to 1.0 bar were carried out by Saggau (1985) to evaluate heat 
transfer coefficients from the near-wall temperature gradient. Ojo et al. 
(2021) and Escofet-Martin et al. (2021) recently used a fixed-volume 
chamber to investigate thermal boundary layers and transient heat 
transfer processes in a methane/air flame propagating through the 
stagnant gas mixture (initially at 1 bar) which is compressed to 2 bar due 
to the heat release. Detailed assessments of thermochemical states and 
the near-wall flow field during FWI, however, do not exist to the best of 
the authors’ knowledge. Considering typical operating conditions of 
practical combustion devices, further investigations on FWI with regard 
to increased operating pressures are therefore of particular interest to 
extend our phenomenological understanding and to provide validation 
data for numerical simulations. For this reason, a novel, pressurized 
side-wall quenching burner enabling investigations on FWI at increased 
pressures (up to 5 bar) was designed and is introduced in this study. As a 
basis for future process-related studies, the novel burner is described in 
detail and characterized in terms of inflow boundary conditions, the 
near-wall flow field and combustion dynamics using data provided by 
simultaneous high-speed particle image velocimetry (PIV) and planar 
laser-induced fluorescence of the hydroxyl radical (OH-PLIF) 
measurements. 

To facilitate further investigations, underlying data of selected fig-
ures as well as computer-aided design (CAD) data of the 3D geometry of 

Fig. 1. Overall view of the novel SWQ test rig: (1) SWQ burner unit, (2) pressure vessel with exhaust gas pipe, (3) pressure valve.  

Fig. 2. Detailed sectional side view of the pressurized SWQ burner unit. Direction of gravity coincides with negative y-direction.  

P. Johe et al.                                                                                                                                                                                                                                     

A.1 Paper I

69



International Journal of Heat and Fluid Flow 94 (2022) 108921

3

the test rig (on request) are available on the institutional repository of 
Technical University of Darmstadt TUdatalib (https://tudatalib.ulb. 
tu-darmstadt.de/handle/tudatalib/3369). 

2. The novel pressurized side-wall quenching burner 

2.1. Test rig 

The design of the novel burner test rig introduced in this study is 
based on the combination of the proven concepts of two existing burner 
configurations, (1) the atmospheric SWQ burner and (2) the single sector 
model gas turbine combustor rig. Both burners were investigated 
extensively in past studies, e.g. Kosaka et al. (2020), Zentgraf et al. 
(2021a), Greifenstein et al. (2019), Greifenstein and Dreizler (2021), 
and gained experiences and know-how were incorporated in the design 
process of the new burner test rig. Furthermore, findings and experience 
from previous numerical works on the atmospheric SWQ configuration 
(Ganter et al., 2017; Heinrich et al., 2018) were taken into account 
during the design process to optimize the burner design in terms of its 
suitability for numerical investigations. 

Fig. 1 shows an overall view of the test rig which can be subdivided 
into its three main components: the newly developed SWQ burner unit 
(1) which was adapted to the already existing pressure vessel (2) and the 
pressure valve (3). Optical access to the SWQ burner unit is provided by 
three removable quartz glass windows, one on the top, and one on either 
side of the vessel allowing the application of laser-based diagnostics and 
imaging techniques. The pressure valve which is connected to the 
pressure vessel through an exhaust pipe is used to control the internal 
pressure. The thermal load of the valve is reduced by cooling down the 
exhaust gas using a glycol/water jacket cooling applied to the exhaust 
pipe. The overall horizontal length of the test rig is about 4.5 m. 

A sectional side view showing the SWQ burner unit in detail is 
depicted in Fig. 2. During reacting operation, a fully premixed fuel/ 
dried-air flow is supplied to the inlet plenum (1.1) of the SWQ burner 
unit and guided through honeycombs and a set of meshes of various grid 
spacing for flow homogenization (1.2). The gas flow then enters the 
flame tube through a converging Morel type nozzle (1.3) with a rect-
angular cross-section (approximately 30 × 60 mm2 at nozzle outlet) and 
a contraction ratio of 9. A stainless-steel quenching wall (1.4) whose 
upper surface smoothly merges with the surface of the Morel nozzle is 
positioned at the bottom of the flame tube (1.5) and quartz glass win-
dows (1.6) at three sides (top, left, right) of the flame tube allow for 

optical access. At the nozzle outlet the quenching wall presents a flat 
surface which transitions into a convex, cylindrically curved surface 
(300 mm radius in y-z-plane) further downstream ensuring improved 
optical access close to the wall, similar to the atmospheric SWQ burner 
(e.g. Zentgraf et al., 2021b; Kosaka et al., 2020). The resulting flow 
cross-section of the flame tube (60 × 100 mm2) is highlighted as red line 
in Fig. 3. A removable turbulence-generating grid (TG, 1.7) designed as a 
perforated plate (bore diameter 3.8 mm, solidity 51 %) is positioned in 
the main flow 90 mm upstream the nozzle exit to increase turbulence 
intensities. To minimize shear effects and recirculation zones at the 
nozzle exit a dried air co-flow is led through a flat sintered bronze 
structure (1.8) into the flame tube surrounding the central main flow. 
Shielding of the quartz glass windows from the reacting fuel/air main 
flow by the co-flow moreover aids to avoid damages to the windows by 
minimizing the thermal load. In addition, during particle-based mea-
surements, e.g. PIV, contamination of the windows is reduced, lowering 
the frequency of cleaning breaks and extending measurement intervals, 
respectively. 

The fully premixed fuel/air flow is ignited using a spark ignited 
hydrogen pilot flame which is extinguished after the ignition procedure. 
The V-shaped main flame is then stabilized on a ceramic rod (1.0 mm 
diameter, 1.9) placed 10 mm above the quenching wall and 36 mm 
downstream of the nozzle exit. The lower flame branch of the V-shaped 
flame impinges on the surface of the quenching wall resulting in a side- 
wall quenching process. The temperature of the quenching wall is sta-
bilized by circulating water through a cooling duct which is inclined by 
3◦ relative to the direction of gravity (negative y-direction) to avoid 
accumulations of air bubbles at axial positions where quenching occurs. 
In case air bubbles are formed they will accumulate at the highest po-
sition of the wall cooling system close to the outlet of the cooling duct 
and are removed with the coolant. A thermocouple positioned close to 
the outlet is used to check for air accumulations which are heated up 
significantly faster than the coolant due to a lower heat capacity. Five 
additional thermocouples (type K, 1.5 mm diameter) are mounted in 
bores about 0.4 mm beneath the wall surface to measure the local wall 
temperature values and their spatial homogeneity to finally control and 
well-reproduce the burner operation. 

An exhaust gas nozzle with internal cooling channels (rectangular 
cross-section, contraction ratio 6, 1.10) at the exit of the flame tube is 
used to accelerate the hot combustion products into the exhaust plenum 
(1.11). During operation with high thermal load, deionized ambient- 
temperature water can be fed into the internal cooling channels to 

Fig. 3. Detailed sectional front view of the pressurized SWQ burner unit with applied laser optical setup.  
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avoid overheating and damage to the nozzle. Cooling of the pressure 
vessel, the flame tube and the quartz glass windows is achieved by 
feeding a cooling air flow into the pressure vessel which is guided 
alongside the windows into the exhaust plenum. The exhaust gas/ 
cooling air gas mixture then enters the exhaust pipe and exits it through 
the pressure valve. 

Mass flows of main air, fuel and co-flow air are controlled using 
calibrated thermal mass flow controllers (MFC, Bronkhorst). A pneu-
matic valve operated in a feedback loop is used to control the cooling air 
flow rate which is determined by measuring the differential pressure 
across an orifice plate. The flame tube internal static pressure is 
measured by means of a pressure transmitter (PSI Pressure Systems, 
Model 9116) connected via a pressure measurement hose to a 1.0 mm 
diameter bore in the flame tube above the co-flow inlet. The test rig 
control software including a closed loop control algorithm to control the 
flame tube internal pressure is implemented in LabVIEW (National 
Instruments). 

2.2. Operating conditions 

The operating conditions of the burner test rig are summarized in 
Table 1. The governing parameter is the flame tube internal pressure p as 
its impact on FWI processes is in the focus of this and future in-
vestigations. The flow rate of the premixed fuel/air main flow and the 
air co-flow are defined in terms of their bulk velocities uB and uB,CF with 
regard to the corresponding flow cross-section at the inlet of the flame 
tube, i.e., the ratio of volume flow rate and area. By keeping the ratio of 
bulk velocity uB and laminar burning velocity sl constant (leading to a 
variation of the Reynolds number), the streamwise position (x-direction) 
where flame quenching occurs is nearly the same for all measured 
conditions. Operation at constant Reynolds numbers, as in previous 
parameter studies on FWI at atmospheric conditions, is not possible 
since varying pressures would result in changing uB/sl ratios as both 
quantities show different pressure dependencies (linear vs. power-law 
(Wu et al., 2016)). Considering the relevant pressure range, this would 
either result in flashback events at high pressures or the absence of SWQ 
events within the optically accessible region at low pressures. The latter 
results from increasing uB/sl ratios causing the flame to strike the wall at 
an increasingly shallow angle at further downstream positions close to 
the exhaust gas nozzle. To minimize shear effects uB/uB,CF is set to unity. 
The temperature of the quenching wall is stabilized at 353 K. 

In total, three operating cases are defined in Table 1 for this study, 
using methane as fuel. In the first two cases, the burner test rig is 
operated with turbulence grid to achieve increased turbulence in-
tensities. Moreover, the utilization of the turbulence grid is intended to 
provide a better comparability of both flows at different Reynolds 
numbers as the grid-generated turbulence should outweigh the turbu-
lence of the incident flow. The Reynolds numbers given in Table 1 are 
derived based on the hydraulic diameter of the nozzle exit, the bulk flow 
velocity uB and the kinematic viscosity at 25 ◦C. This study will focus on 
these first two operating cases, in the following to be referred as tur-
bulent cases, as (1) increased turbulence is an inherent property of the 
novel test rig at most operating conditions (particularly at higher pres-
sures and Reynolds numbers, respectively) and (2) conditions closer to 
real technical combustion systems are characterized by increased tur-
bulence. The third operating case serves as quasi-laminar reference case 

and will only be considered with regard to the inflow boundary condi-
tions (section 4.1) of the non-reacting flow to obtain a thorough char-
acterization of the burner. During this operating case the burner is 
operated without the turbulence grid. 

3. Experimental approach 

3.1. Laser diagnostics 

Two-component, two-dimensional velocimetry and flame front 
visualization measurements were applied simultaneously using particle 
image velocimetry (PIV) and planar laser-induced fluorescence of the 
hydroxyl radical (OH-PLIF). Both systems were operated at low-speed 
(50 Hz) and high-speed (5 kHz) repetition rates to acquire statistically 
independent data and to resolve transient phenomena, respectively. 
Synchronization of all components was ensured using a pulse generator 
(Quantum Composer Inc., 9529 Series) and a timing unit (LaVision 
GmbH, HSCv2). For the characterization of the inflow boundary con-
ditions, PIV images were acquired at low resolution (LR) and within a 
large field-of-view (FOV) covering the full height of the Morel nozzle 
outlet. Subsequently, the magnification of the PIV detection system was 
increased (high resolution, HR) to capture the flow field in the FWI with 
higher spatial resolution. Fig. 3. shows the main elements of the used 
laser optical setup. The test-rig-fixed coordinate system used in the PIV 
and OH-PLIF images is depicted in Fig. 2 and Fig. 3. The coordinate 
system is anchored at the surface of the quenching wall within the 
symmetry plane of the flame tube (z = 0 mm) with the y-axis oriented in 
wall-normal and the x-axis in wall-parallel, streamwise direction. The 
origin of the x-axis is defined by the position of the ceramic rod. All 
images were recorded at the symmetry plane (z = 0 mm) of the flame 
tube (x-y-plane). A traversing unit was used to move both, the PIV and 
the OH-PLIF detection system, as well as a part of the laser optics, 
enabling various FOV positions along the x-axis. 

For PIV, alumina particles (Al2O3, Martoxid MR52, d50 = [1,

1.7 μm]) were seeded to the premixed main flow using a customized 
fluidized bed seeder. They were illuminated by means of two individual 
diode-pumped solid state Nd:YAG lasers (Edgewave GmbH, Innoslab 
IS16II-E) formed into light sheets with a thickness of approximately 650 
μm (LR) and 300 µm (HR), respectively. Two cylindrical lenses (LR: f =

−100 mm & f = 750 mm; HR: f = −100 mm & f = 300 mm) were used 
to first expand the beams in x-direction and subsequently focus them in 
z-direction to achieve the desired sheet thickness. The laser pulse sep-
aration was varied between 30 and 55 μs. Mie-scattering of the particles 
was captured using a high-speed CMOS camera (LR: Vision Research, 
Phantom v711; HR: Vision Research, Phantom v2640) equipped with a 
180 mm macro lens (Sigma APO Macro EX DG IF HSM, f/8). With the 
low-resolution setup, one camera pixel (20 µm) corresponded to ≈ 40 
µm in physical space. For the high-resolution setup, the magnification 
was increased resulting in one camera pixel (13.5 µm) corresponding to 
≈ 12 µm in physical space. The optical axis of the objective lens was 
positioned slightly below the surface of the quenching wall to reduce the 
collection of stray light which is scattered at the cylindrical surface of 
the wall and reflected multiple times from the windows (sketched as thin 
green lines originating from the laser beam impinging on the surface of 
the quenching wall). By shifting the optical axis of the CMOS camera 
slightly further, below the axis of the objective lens, the desired FOV 
could still be achieved. This approach is widely used in professional 
photography (tilt-shift photography), but, to the authors’ best knowledge, 
has not yet been applied for stray light suppression in scientific imaging. 
Additionally, a bandpass filter (520–544 nm transmission) was mounted 
to the objective lens to supress flame luminosity and ambient light. 

Velocity vector fields were derived from the recorded particle raw 
images using the software DaVis 10.0.5 (LaVision GmbH). Mapping of 
the pixel scale to the test-rig-fixed coordinate system was achieved by 
calibration using recordings of a spatially defined calibration target 
plate (LaVision GmbH, 058–5). To improve the results of the PIV 

Table 1 
Operating conditions. Laminar flame speeds are received from CANTERA sim-
ulations, see section 4.1.  

p  TG  uB  sl  uB/uB,CF  ϕ  Re  

bar  − m/s  m/s  − − −

1 yes 3.8 0.2725 1 0.8 8,200 
3 yes 2.3 0.167 1 0.8 15,000 
1 no 3.8 0.2725 1 0.8 8,200  
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algorithm, a sliding average subtraction and a min/max filtering oper-
ation (24 pixel and 5 pixel filter length, respectively) were applied 
within an image pre-processing step to the calibrated particle images. 
The processing of the particle images recorded with the low-resolution 
setup was based on an interrogation window size (IRW) of 16 × 16 
pixel (≈ 640 µm IRW size, 160 µm vector spacing with 75 % overlap). 
For the processing of the higher resolved particle images, the IRW was 
increased to 24 × 24 pixel (≈288 µm IRW size, 72 µm vector spacing 
with 75 % overlap) to keep the number of particles within an IRW suf-
ficiently high for a robust vector field calculation. Spurious vectors were 
detected and removed using an 11 × 11 median filter. In the reacting 
flow, these vectors mainly resulted from low seeding densities in the 
post-flame region and defocused image regions caused by significant 
beam steering effects (especially in the 3 bar case) due to high density 
gradients caused by the flame. 

OH-PLIF measurements were carried out for a qualitative visualiza-
tion of the spatial hydroxyl radical distribution, yielding a measure for 
the reaction zone. The Q1(6) transition at 35334.38 cm−1 was excited 
using the emission of a frequency doubled dye laser (Sirah Laserstechnik 
GmbH, Allegro) operated with Rhodamine 6G dissolved in Ethanol 
which was optically pumped by a diode pumped solid state Nd:YAG 
laser (Edgewave GmbH, Innoslab IS 8II-E). The pulse energy of the 
resulting UV beam (~283 nm) was about 0.3 mJ/pulse (at 10 kHz) at the 
exit of the laser. Two spherical lenses (f = − 75 mm and f = 200 mm) 
forming a telescope were utilized to initially expand and collimate the 
UV beam. Subsequently, the beam was formed into a light sheet of 80 µm 
thickness by two cylindrical lenses (f = − 100 mm and f = 300 mm) 
used to expand it in x-direction and focus it in z-direction. The UV ra-
diation was guided into the test rig by means of high reflective dielectric 
mirrors and overlapped with the PIV light sheets using a beam combiner. 
Small fractions of the beams reflected at a quartz glass plate positioned 
after the beam combiner were used to verify the overlap using a beam 
monitor. The emitted fluorescence signal was recorded using a high- 
speed CMOS camera (Photron Fastcam SA-X2) equipped with a dual- 
stage high-speed image intensifier (LaVision GmbH, HS-IRO, 200 ns 
gate), a 100 mm UV lens (Sodern CERCO 2073, f/2.8) and an interfer-
ence filter (305–340 nm transmission). The detection optics were placed 
as close as possible to the quartz glass window of the pressure vessel to 
provide the maximum achievable magnification. The resulting FOV of 
the OF-PLIF system was 35 × 35 mm2 with ≈ 35 μm in physical space 
corresponding to a one camera pixel (20 µm). Using recordings of a 
siemens star target, a spatial resolution of about 250 µm (25 % MTF) was 
derived. 

Spatial calibration of the OH-PLIF raw images was performed within 
DaVis 10.0.5 software similar to the particle image calibration using 
recordings of the same calibration target plate (LaVision GmbH, 50.8). 
Subsequently, the instantaneous flame front positions were extracted 
from the calibrated OH-PLIF images using a processing procedure 
implemented in MATLAB 2020b (The MathWorks, Inc.). In a first step, to 
reduce computing time the image is cropped to the region of interest 
close to the wall containing the flame front and resampled by a 2 × 2 
binning. Spatial noise is subsequently reduced using a block-matching 
and 3D filtering (BM3D) algorithm (Dabov et al., 2006). By collabora-
tive filtering of 3D data arrays consisting of similar 2D image fragments 
(blocks) grouped together, this filter enables noise attenuation and 
preserving of shared and unique features of the processed blocks at the 
same time. Applied to the OH-PLIF images this filter showed compelling 
results in terms of noise reduction and preserving of gradients in the 
vicinity of the flame front. Considering decreasing signal-to-noise ratios 
of the OH signal at higher pressures due to pressure broadening of the 
absorption line, these filter characteristics are of increasing importance. 
In a last step, the flame front is extracted using a Canny-edge (CE) filter 
(Canny, 1986). This filter detects edges in the input image based on local 
maxima of the signal gradient preserving strong edges with gradient 
values exceeding a high threshold and rejecting weak edges with 
gradient values below a low threshold. Edges with gradient values above 

the low threshold are included into the output if they are connected to 
strong edges. Within the described flame front tracking algorithm, the 
low threshold was determined individually for every input image based 
on the frequency distribution of the gradient magnitude values 
(normalized by the maximum values) in an image area without flame 
front. Assuming that these image areas only contain image noise the low 
threshold was set to the 99 %-quantile of the related frequency distri-
bution multiplied with a safety factor of 1.5 to minimize the detection of 
flawed flame fronts. An arbitrary OH-PLIF raw image (recorded at 3 bar) 
with the detected flame front visualized as dashed blue line (a) and the 
related frequency distribution (b) are shown in Fig. 4. For comparison, 
the frequency distribution of gradient magnitude values in an image 
area with flame front is also shown in Fig. 4(b). As the detection of the 
flame front in image areas with small signal gradients, e.g. close to the 
wall, depends to a certain extent on the low threshold, its influence is 
estimated by means of a sensitivity analysis presented in the appendix 
(Appendix). On the contrary, the flame front detection is less sensitive to 
the high threshold which was empirically set to 0.6. 

The position of the quenching wall within the acquired velocity 
vector fields was determined using an average particle image derived 
from (spatially calibrated) particle raw images of the corresponding data 
set. As the incident PIV light sheet is scattered by the surface of the wall 
and by alumina particles adhering to it, the wall surface can be identified 
by a small stripe of high intensity. Within this study, the position of the 
maximum intensity within this small stripe was used to approximate the 
position of the quenching wall. By matching OH-PLIF recordings to the 
PIV images with the aid of images of a knife edge recorded with both 
systems, the position of the wall was transferred to the OH-PLIF images. 

3.2. Experimental uncertainties 

The processing of the particle raw images described above was 

Fig. 4. Detection of flame front traces. (a) arbitrary OH-PLIF image (3 bar 
operating case) with detected flame front (dashed blue line); (b) Frequency 
distribution of gradient magnitude values of OH-PLIF signals in regions with 
and without flame front. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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iteratively optimized to maximize correlation values and minimize ve-
locity uncertainty values given by the PIV algorithm. In the 3 bar case at 
reacting conditions, the average uncertainty of the velocity magnitude 
in an individual vector field was approximately 0.3 m/s. Uncertainties of 
velocity values derived from PIV images recorded in the non-reacting 
flow or at atmospheric pressure were lower. 

The uncertainty of the detected flame front positions is assumed to be 
dominated by the limited resolution of the OH-PLIF detection system 
and the impact of the algorithm used for flame front detection is pre-
sumed to be negligible. 

The uncertainty of the absolute quenching wall position in the ve-
locity fields of the non-reactive flows mainly results from the detection 
procedure described above. As the intensity peak close to the quenching 
wall covers several pixels, the identification of the wall surface by visual 
inspection includes a certain error eR . This error is estimated by 
assessing the full width at half maximum (FWHM) of the intensity peak. 

In the non-reactive flow, the FWHM of this peak is about 100 μm. 
Considering velocity fields of reactive flows, the individual PIV re-
cordings are strongly affected by beam steering effects causing an 
additional stochastic shift of the apparent quenching wall position in 
every individual image. This results in an increased FWHM of the in-
tensity peak close to the wall within the corresponding average particle 
image and therefore, an increased error eR. As these beam steering ef-
fects are less pronounced in the reactive flow at atmospheric conditions, 
the FWHM value in the respective particle image is not noticeably 
increased. At increasing pressures however, the influence of beam 
steering effects appreciably intensifies resulting in a broadened intensity 
peak (FWHM ≈ 170 μm) in the 3 bar operating case. Considering the 
matching of images of both laser diagnostic systems, there is a second 
contribution eM to the uncertainty of the quenching wall position in the 
OH-PLIF images originating from the determination of the knife edge 
position. Due to the limited optical resolution of both systems, the 

Fig. 5. Inflow boundary conditions characterized by: wall-normal profiles of mean normalized velocities (a, e), normalized RMS of fluctuations (b ,d, f, h) and 
turbulence intensities (c, g) in the non-reacting flow derived from 500 samples (in each operating case) recorded at 50 Hz repetition rate. Streamwise components in a 
– d, wall-normal components in e – h. Profiles at x = 30mm. 
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position of the knife edge can only be determined with limited accuracy. 
The related error of the knife edge position is estimated based on the 
width of the corresponding intensity edge (10 % to 90 % contrast) of 
about 60 µm (PIV) and 140 µm (OH-PLIF), respectively. Both individual 
errors related to the determination of the knife edge position are added 
up to eM = 200 μm to get a worst-case estimation of the error associated 
to the matching procedure. A worst-case estimation of the uncertainty of 
the quenching wall position in the OH-PLIF images is eventually derived 
by summing up the individual errors resulting in 300 µm for the 1 bar 
case and 370 µm for the 3 bar case. With regard to the relative position of 
the quenching wall comparing two individual data sets, the uncertainty 
is assumed to be considerably smaller as quenching wall positions are 
determined based on the same procedure. 

4. Results 

4.1. Inflow boundary conditions 

The inflow boundary conditions of the novel burner test rig are 
characterized by means of wall-normal profiles of mean velocities and 
root mean square values (RMS) of velocity fluctuations at x = 30 mm in 
the non-reacting flow, summarized in Fig. 5. Profiles are shown for both 
turbulent operating cases (1 bar: black dashed line, 3 bar: black dotted 
line) and the quasi-laminar reference case (grey solid line). Plots in the 
top row refer to the streamwise (x-direction) velocity component, 
whereas profiles in the bottom row relate to the wall-normal (y-direc-
tion) velocity component. The underlying velocity data are derived from 
500 statistically independent PIV images (in each operating case) 
recorded with the low-resolution setup at 50 Hz repetition rate. Profiles 
of ensemble-averaged values of the streamwise velocity component ux 
normalized with the bulk velocity uB (Table 1) are depicted in Fig. 5(a). 
Based on these profiles, the incident flow is sectioned into four distinct 
regions (I-IV): Close to the wall (I), the flow is characterized by the 
boundary layer and ux increases with increasing wall distances. 
Comparing the profiles in close vicinity to the wall, it is evident that the 
flow features a steeper near-wall velocity gradient in the turbulent cases 
due to increased turbulence generated by the turbulence grid. At higher 
wall distances (II), ux is almost constant in the quasi-laminar case 
resulting in a nearly top-hat profile. In the turbulent cases however, the 
flow is still influenced by the boundary layer. In region III the profiles 
show an appreciable drop in ux due to the wake of the ceramic rod 
comprising eddies produced by vortex shedding at the rod and trans-
ported with the flow in x-direction (Kármán vortex street). Far from the 
wall (IV, y > 15 mm) the influence of the wake is no longer apparent 
resulting in a nearly top-hat profile in all three cases. Comparing both 
turbulent cases, it should be noted that both profiles show an almost 
identical shape in all four regions. The same holds true (except for region 

III) for root mean squares (RMS) of the instantaneous velocity fluctua-
tions (u’x)RMS normalized with the bulk velocity uB , the local ensemble 
averaged velocity ux and the laminar flame speed sl , shown in Fig. 5(b), 
(c) and (d), respectively. Considering only the turbulent cases, three 
different contributions can be assigned to the velocity fluctuations 
shown based on the defined regions: the undisturbed grid-generated 
turbulence in region IV, the wake of the ceramic rod in region III and 
the evolving turbulent boundary layer (superimposed by grid-generated 
turbulence) in region I and II. By comparing the profiles of both oper-
ating cases at 1 bar (quasi-laminar and turbulent) in Fig. 5(b), the impact 
of the turbulence grid on the incident flow is evident as velocity fluc-
tuations are appreciably smaller in the quasi-laminar case at all wall 
distances (except for region III). Especially in region I and II, the influ-
ence of the turbulence grid on the flow is notable as it induces the 
development of the turbulent boundary layer causing the velocity fluc-
tuations to differ by a factor of 2 or more. In region IV, where velocity 
fluctuations are dominated only by grid-generated turbulence, the dif-
ferences in the velocity fluctuations are less pronounced. Corresponding 
turbulence levels (u’x)RMS/ux are shown in Fig. 5(c). In the region with 
undisturbed grid-generated turbulence (IV) the turbulence level is about 
3.0 % (turbulent, 1 bar) and 3.7 % (turbulent, 3 bar), respectively, 
whereas closer to the wall in region II values range between 5.4 % and 
9.6 % (turbulent, 1 bar and 3 bar). Turbulence levels in the quasi- 
laminar case vary between 2.1 % (region IV) and 3 % (region II). At 
decreasing wall distances within region I, turbulence levels strongly 
increase, as mean velocities tend to zero. For a first rough classification 
of the combustion process (discussed later on) in the Borghi-Peters 
regime diagram (Peters, 1988), profiles of the (u’x)RMS/sl ratio are 
shown in Fig. 5(d). Based on past studies on FWI at atmospheric con-
ditions showing that the laminar flame speed sl of the freely propagating 
flame is only valid at wall distances y > 2 mm (Jainski et al., 2017a), a 
comparable near-wall behaviour of sl is assumed for the FWI experi-
ments at 1 bar operating pressure within this study. Considering 
decreasing quenching distances at increasing pressure (Boust et al., 
2007a), sl might be unaffected by the wall even at smaller wall distances, 
in the 3 bar operating case. Therefore, (u’x)RMS/sl ratios are only 
calculated at wall distances y > 2 mm, where sl is not yet influenced by 
the presence of the wall. Assuming laminar flame speeds of sl =

0.2725m/s (1 bar) and sl = 0.167m/s (3 bar), provided by CANTERA 
simulations (Goodwin et al., 2021) in conjunction with the GRI-MECH 
3.0 mechanism (Smith et al., 2011), (u’x)RMS/sl ratios vary between 
0.5 (region IV) and 1.6 (region I, y = 2 mm) in the turbulent cases, 
indicating that the combustion processes is at the transition from the 
wrinkled to the corrugatedflamelet regime. Since velocity fluctuations in 
the non-reacting flow were used to avoid bias by flame intermittency, 
this is an approximation since no influences from the combustion pro-
cess were considered. 

Fig. 6. Isolines (dashed lines) of the averaged, streamwise velocity component ux overlaid with streamlines (solid lines with arrows) of the non-reacting flow for (a) 
the 1 bar and (b) the 3 bar operating case obtained from 500 samples (in each case) recorded at 50 Hz repetition rate. 
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Corresponding profiles of the wall-normal velocity component uy are 
depicted in Fig. 5(e), (f), (g) and (h) for a complete characterization of 
the incident flow. The plots are sectioned into the same four regions. As 
can be seen from Fig. 5(e), the flow on average shows a slight movement 
into the wall-normal direction at velocities at about one order of 
magnitude smaller than the corresponding streamwise velocity compo-
nent. Fluctuations of both velocity components, 

(
u’y

)
RMS and (u’x)RMS 

however are in the same order differing only by a factor of about 2 
(Fig. 5(b) and (f)). The corresponding wall-normal profiles of both ve-
locity components are characterized by a similar shape and the above- 
mentioned contributions to the velocity fluctuations are again recog-
nizable in Fig. 5(f). Turbulence levels are about 100 % and above as uy 

and 
(
u’y

)
RMS values are in the same order of magnitude (Fig. 5(g)). Based 

on 
(
u’y

)
RMS/sl ratios, shown in Fig. 5(h), slightly smaller than corre-

sponding (u’x)RMS/sl values, the flame would be classified as wrinkled 
flamelet. 

4.2. Near-wall flow characterization 

In the following, the turbulent flow is characterized in the region 
where quenching occurs, focussing on the local flow field close to the 

wall using velocity data from 500 (in each non-reacting case) and 1000 
(in each reacting case) PIV images recorded with the HR-setup at 50 Hz 
repetition rate. Although uB/sl was kept constant for both operating 
cases (see section 2.2), caused by different flame propagation speeds 
quenching occurs at slightly different positions. In a first step, the cor-
responding non-reacting flow is discussed. Subsequently, the reacting 
flow field is presented. 

4.2.1. Non-reacting case 
Isolines of the ensemble averaged streamwise velocity component ux 

normalized with the bulk velocity uB (dotted lines) are shown for both 
turbulent cases in Fig. 6, superimposed with streamlines indicating the 
flow direction. The isolines are plotted for normalized velocities of 0.3 to 
0.9 (in 0.1 steps). Based on statistically independent (50 Hz) OH-PLIF 
recordings of the flame in the corresponding reacting case, a second 
streamwise coordinate xc is introduced, indicating the position in the 
near-wall region with the highest probability of a flame front to be 
detected at xc = 0 mm (conditioned to axial position of mean quenching 
location). This coordinate is intended to allow for a better comparison of 
both flow fields, especially in the reacting case, as the flow is highly 
influenced by the presence of the flame. The mean position of the flame 
front therefore needs to be considered when comparing both reacting 
flow fields. The evaluation of the xc -coordinate will be discussed in 
detail in section 4.3. 

As already observed in section 4.1, the non-reacting flow is oriented 
almost entirely in streamwise direction indicated by the plotted 
streamlines in Fig. 6. The ux values increase with increasing wall dis-
tance whereas the wall-normal velocity gradient decreases indicated by 
the growing distance of adjacent isolines. Comparing isolines of both 
non-reacting cases, it is evident that the wall-normal velocity gradient 
close to the wall is higher in the flow at 3 bar pressure as isolines are 
located closer to each other in this case. In Fig. 7, wall-normal profiles of 
the normalized velocity ux/uB are depicted for xc = 0 mm . Boundary 
layer thicknesses deduced from the shown profiles are about δ99 ≈ 6.

8 mm (1 bar, u∞/uB ≈ 0.88) and δ99 ≈ 6.5mm (3 bar, u∞/uB ≈ 0.92), 
respectively. This is in accordance with observations on turbulent 
boundary layers (evolved from a laminar boundary layer due to 
laminar/turbulent-transition) on a flat plate (Schlichting and Gersten, 
2017). At a given distance x from the leading edge of the plate, the 
thickness of the boundary layer δ decreases slowly with increasing Re 
showing an asymptotic relation (δ/x ∼ 1/lnRe) for high Re. In Fig. 7(c) 
profiles of the mean velocity at the same position are plotted in 
dimensionless coordinates u+ and y+ on a semi-logarithmic scale. The 
dimensionless values are derived from the averaged streamwise velocity 
component ux and the wall-normal coordinate y using the kinematic 
viscosity ν , the friction velocity uτ and the following equations: 

u+ = ux/uτ  

y+ = y⋅uτ/ν  

uτ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ν⋅[dux/dy]y=0mm

√

For comparison, the linear law 

u+ = y+

and the logarithmic law of the wall 

u+ = 1/κ⋅ln(y+) + B  

following Pope (2012) are plotted as grey solid lines. According to Pope 
(2012), the parameters κ and B were set to 0.41 and 5.2, respectively. 
Close to the wall up to y+ = 7, the profiles are in good agreement with 
the linear law of the viscous sublayer. The thickness of the viscous 
sublayer, usually associated with y+ = 5, is about 450 µm in the 1 bar 
case, well consistent with a previous study on an atmospheric SWQ 

Fig. 7. Wall-normal profiles of mean normalized velocities (a), normalized 
RMS of fluctuations (b). Normalized u+(y+) profiles of the turbulent boundary 
layer (c). Profiles at xc = 0mm in the non-reacting flow derived from 500 
Samples recorded at 50 Hz. 

P. Johe et al.                                                                                                                                                                                                                                     

A.1 Paper I

75



International Journal of Heat and Fluid Flow 94 (2022) 108921

9

configuration (Zentgraf et al., 2021a). In the 3 bar case it is about 300 
µm. As the velocity profiles are plotted down to y+ = 2, Fig. 7(c) con-
firms, that the optical setup is capable to resolve the viscous sublayer of 
the turbulent flow. In the log-law region (y+ > 30), however, the pro-
files clearly deviate from the logarithmic law of the wall, as measured u+

values exceed the corresponding theoretical value. In Fig. 7(b), profiles 
of the corresponding mean velocity fluctuations (RMS) at xc = 0 mm are 
shown. Compared to the profiles at the inlet of the flame tube (Fig. 5, the 
near-wall peak has broadened resulting in a more homogenous profiles 
close to the wall. Comparing the profiles of both operating cases in Fig. 7 
(b), normalized velocity fluctuations in the vicinity of the wall (y < 1 
mm) appear to be higher at 3 bar. At larger wall distances (y < 3 mm), 
however, the opposite is observed. 

4.2.2. Reacting case 
In Fig. 8, the reacting flow field is shown by means of isolines of the 

ensemble averaged streamwise velocity component ux normalized with 
the bulk velocity uB for both turbulent cases similar to Fig. 6. In the 1 bar 
case, the velocity vectors closest to the wall are located at y = 100 μm . 

In the 3 bar case, however, considerably increased beam steering effects 
impeded the evaluation of velocity vectors from the particle raw images 
below y = 550 μm wall distance. Comparing these plots with the flow 
fields of the non-reacting cases, the impact of the flame is apparent as the 
flow is accelerated through the flame resulting in normalized velocities 
greater than one and an appreciably increased wall-normal velocity 
component indicated by the streamlines. To fit the increased velocities, 
the isolines are plotted for normalized velocities of 0.4 to 1.6 with steps 
of 0.2. It is observed, that the isolines contract in streamwise direction 
approaching xc = 0 mm due to the presence of the flame. Further 
downstream, the isolines appear to slightly expand again. Comparing 
both operating cases, it is evident, that corresponding isolines associated 
with normalized velocities between 1.0 and 1.6 are located closer to the 
wall at 3 bar operating pressure. The same is observed from wall-normal 
profiles of ux/uB at xc = 0 mm depicted in Fig. 9(a) showing higher 
normalized velocities in the 3 bar case at all wall distances y. This 
suggests a higher acceleration of the gas flow due to the flame in the 3 
bar case. Considering the appreciably higher normalized velocity in the 
vicinity of the wall (y = 550 μm) at 3 bar, the wall-normal gradient of 
ux/uB close to the wall is likely to be higher similar to the observations in 
the non-reacting flow. The impact of the flame on mean velocity fluc-
tuations (RMS) is outlined in Fig. 9(b). Compared to the non-reacting 
conditions (Fig. 7), overall velocity fluctuations are significantly 
increased in both operating cases. In the 3 bar case, (u’x)RMS/uB values 
significantly increase with decreasing wall distance. This is likely due to 
fluctuations of the flame front position close to the wall. In the 1 bar 
case, however, the influence of flame front fluctuations is appreciably 
smaller, as mean velocity fluctuations are almost constant except for a 
slight increase close to the wall. Far from the wall, where the flow field is 
barely affected by flame front fluctuations (see section 4.3), (u’x)RMS/uB 
values are nearly equal in both operating cases and increased by a factor 
of about 2.5–3.5 compared to the non-reacting flows. 

4.3. Quenching phenomena and flame front statistics 

Within this section, the combustion dynamics and the quenching 
topology of the side-wall quenching process are characterized for both 
turbulent operating cases based on OH-PLIF recordings and the extrac-
ted flame front positions. In a first step, the temporal evolution of the 
near-wall flame front topology is discussed by means of example OH- 
PLIF image sequences taken from data sets recorded at 5 kHz repeti-
tion rate. The sequences, showing every fifth image of the underlying 
data, are depicted in Fig. 10. The instantaneous flame front, which was 
detected using the algorithm described in section 3.2, is highlighted as 
blue dashed line. Based on the topology of the flame front close to the 
wall, the instantaneous flame-wall interaction events are classified into 
three cases. The selected example image sequences show the evolution 

Fig. 8. Isolines (dashed lines) of the averaged, streamwise velocity component ux overlaid with streamlines (solid lines) of the reacting flow for (a) the 1 bar and (b) 
the 3 bar operating case obtained from 1000 samples (in each case) recorded at 50 Hz repetition rate. 

Fig. 9. Wall-normal profiles of mean normalized velocities (a), normalized 
RMS of fluctuations (b) xc = 0mm in the reacting flow. 

P. Johe et al.                                                                                                                                                                                                                                     

A Journal Publications

76



International Journal of Heat and Fluid Flow 94 (2022) 108921

10

of the flame front between these FWI cases. To allow comparisons of the 
general flame front topologies at both operating pressures, sequences 
are shown for the 1 bar and the 3 bar operating case. However, as the 
fundamental process of both transient sequences is comparable, the 
focus is on the 3 bar case in the following. At the beginning of the 
sequence at t = 0 ms , the zone of flame-wall interaction is limited to a 

small area at about x = 65 mm and the near-wall flame front (I) is ori-
ented almost perpendicular to the wall. In accordance with the 
nomenclature in a previous study (Zentgraf et al., 2021a), this FWI event 
is therefore called SWQ-like scenario. Upstream of the quenching zone, 
two new reaction zones (II, III) are approaching the wall, while in the 
unburnt gas, two pockets of fresh gas (A, B) bounded by the curved flame 

Fig. 10. Evolution of near-wall flame front shown by OH-PLIF raw image sequences. Detected flame fronts highlighted as blue dashed line. 1 bar operating case on 
the left, 3 bar operating case on the right. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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front can be identified. At t = 1 ms , reaction zone (I) extinguishes at the 
wall and the fresh gas pocket (A) vanishes as the unburnt gas mixture is 
consumed by reaction zone (II). Upstream, two new quenching zones 
evolve simultaneously as the new reaction zones (II, III) further 
approach the wall. This FWI event is therefore referred to as multi-zone 
quenching scenario. The fresh gas pocket (B) is now bounded by the wall 
and the newly formed quenching zones. From t = 2 ms to 4 ms , the 
distance between the wall and the reaction zones (II, III) further de-
creases and the enclosed pocket of unburnt gas shrinks until it is almost 
completely vanished at t = 4 ms . At the same time another fresh gas 
pocket (C) bounded by a fourth reaction zone (IV) is carried with the 
flow in streamwise direction. From t = 5 ms on, reaction zones (II) and 
(III) can hardly be distinguished any more as they are now combined 
into one single extended wall-parallel reaction zone. Similar to a pre-
vious study (Zentgraf et al., 2021a), this FWI event is called head-on 
quenching (HOQ)-like scenario. While reaction zone (IV) and the 
shrinking fresh gas pocket (C) move further in downstream direction, 
the wall-parallel reaction zone (II + III) starts to extinguish as chemical 
reactions are quenched due to enthalpy losses in the vicinity of the wall 
at t = 6 ms . The flame front is now divided into two quenching zones 
oriented perpendicular (III’) and parallel (II’) to the wall, respectively. 
In contrast to the multi-zone quenching scenario and according to the post- 
processing procedure, both quenching zones are not connected but 
spatially separated by a zone of burnt gas. At t = 7 ms , reaction zone 
(II’) is fully extinguished, again resulting in an SWQ-like scenario. As 
reaction zone (IV), which exhibits a wall-parallel flame front, further 
approaches the wall, the development of a multi-zone quenching or HOQ- 
like scenario can be assumed followed by a similar sequence of quenching 
scenarios (not shown). However, it should be noted that the sequence 
occurs randomly, as the investigated FWI process is dominated by sto-
chastic events. 

For a statistical analysis of the FWI process, flame front positions 
extracted from 1000 (in each operating case) statistically independent 
OH-PLIF images recorded at 50 Hz repetition rate are used to determine 

the flame brush, depicted in Fig. 11(a2) and (b2) for both operating 
cases. For this purpose, instantaneous two-dimensional binary flame 
front fields, comprising “ones” at positions where the flame front was 
detected, and “zeros” at all other locations, were computed for every 
OH-PLIF image. Averaging all binary fields resulted in a spatial fre-
quency distribution indicating the relative number of flame front oc-
currences in the data set at a given position. The position of the 
quenching wall in the binary flame front fields was determined 
following the procedure described in section 3.1. In addition to the flame 
brushes, bar charts, derived from the same data, are given, visualizing 
one-dimensional distributions of normalized frequencies in wall-parallel 
(•1) and wall-normal (•3 - •6) direction. These distributions are deter-
mined for several regions within the flame brush field indicated by 
rectangles. For the wall-normal frequency distributions (dashed rect-
angles), frequency values are initially added up in wall-parallel direction 
within the respective regions and subsequently summed up in Δy =

700 μm wide bins. While distributions in (•3) to (•5) are derived from 
data in Δx = 700 μm wide stripes centered at xc = −3 mm , xc = 0 mm 
and xc = 3 mm , Fig. 11(a6) and (b6) show the corresponding distribu-
tions for the entire FOV. The wall-parallel distributions are determined 
in an analogous manner, by adding up the frequency values in wall- 
normal direction first and summing them up in Δx = 700 μm wide 
bins subsequently. By dividing the resulting cumulated (absolute) fre-
quency values by the number of pixels in a corresponding bin multiplied 
with the number of images in the data set (1000), normalized frequency 
values are determined. Based on the frequency distributions the condi-
tioned x-coordinate xc, which was already introduced in section 4.2, is 
calculated. In a first step, the position ymax (1.5 mm @ 1 bar; 0.75 mm @ 
3 bar) of the bin exhibiting the maximum normalized frequency is 
identified in distribution (a6) and (b6), respectively. Afterwards, wall- 
parallel distributions of the normalized frequency are determined as 
described above based on the flame brush field close to the wall within 
ymax < y < 0 (see Fig. 11(•1)). In a final step, the origin of the xc-scale is 
placed at the position of the maximum normalized frequency in the 

Fig. 11. Flame front statistics of the 1 bar (a•) and 3 bar operating case (b•). Flame brush (•2) derived from 1000 samples (in each operating case) recorded at 50 Hz 
repetition rate. Wall-normal (•3 - •6) and wall-parallel (•1) distributions of normalized frequencies derived from several regions (highlighted as white dashed 
rectangles) within the flame brush. 
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respective wall-normal frequency distribution. This position corre-
sponds to x = 75.1 mm in the 1 bar case and x = 58.6 mm in the 3 bar 
case, respectively. 

Far upstream of xc = 0 mm , the flame brush is wide extending from 
close to the wall to about y = 6 mm in both operating cases and 
normalized frequency values do not exceed 3 %. Further downstream, 
where the frequency of FWI events increases, the flame brush slowly 
narrows down. Approaching xc = 0 mm , normalized frequency values 
increase close to the wall and maximum values are reached within a 
thin, elongated zone oriented parallel to the quenching wall. The shape 
of this zone could be attributed to HOQ-like scenarios featuring a wall- 
parallel flame front close to the wall as well as SWQ-like events featuring 
variable streamwise quenching locations. Comparing both flame 
brushes, the described zone is more pronounced in the 3 bar case 
featuring higher maximum values. Moreover, the extent of this zone in 
wall-normal direction appears to be smaller implying that FWI events 
are on average limited to a thinner area (in wall-normal direction) close 
to the wall compared to the atmospheric case. Furthermore, Fig. 11(a2) 
and (b2) suggest that the flame brush reaches closer to the wall in the 3 
bar case as the 0.5 %-isoline of the normalized frequency (not shown) is 
located at smaller wall distances (1 bar: ≈ 600 μm; 3 bar: ≈ 70 μm). This 
is in accordance with measured quenching distances of a laminar side- 
wall quenching flame (ϕ = 0.7) in a constant volume chamber, which 
decrease from about 700 µm at 1 bar to about 250 µm at 3 bar (Boust 
et al., 2007a). An evaluation of the absolute quenching distances is 
impeded by the uncertainty of the quenching wall position (see section 
3.2) being in the same order of magnitude. Comparing the depicted wall- 
normal frequency distributions, the observed differences in the flame 
brushes of both operating cases are further clarified. In the 1 bar case, 
the normalized frequency close to the wall is almost zero, whereas it is 
maximum in the 3 bar case and the maximum normalized frequency 
value at xc = 0 mm is slightly higher in the 3 bar case. In order to verify, 
if the observed differences in the flame brushes are statistically signifi-
cant, a chi-squared test is performed on the frequency distributions to 
test if they are based on the same general population. For this purpose, 
tests are conducted using one frequency distribution of each operating 
case at a given position with regard to the conditioned coordinate xc . 
The chi-squared test statistic is carried out as given in (Sachs, 1999) by 
comparing the frequency distribution of one operating case to the 
combined distribution of both operating cases. Thus, in sum, six chi- 
squared tests were carried out based on the distributions in Fig. 11 
(•3), (•4) and (•5). As in all six cases the null hypothesis (“distributions 
are based on the same general population”) was rejected with a 5 % level 
of significance, the observed differences in both flame brushes are 
confirmed with statistical significance. A more detailed discussion on 
the origin of these differences in terms of flame-flow interaction and 
their impact on properties, like flame surface density and mean reaction 
rate, is however beyond the scope of this study focussing on a charac-
terization of the novel burner. 

5. Conclusion 

Within this study, a novel test rig was introduced enabling the 
investigation of FWI in a pressurized environment at pressures of up to 
10 bar and at increased Reynolds numbers in a SWQ configuration. High 
accessibility to the quenching process is ensured allowing the applica-
tion of laser diagnostics for detailed assessments of various aspects of 

FWI, which are needed to supplement previous studies on atmospheric 
FWI by additional investigations focussing on the impact of conditions 
that are more relevant to practical combustion devices, e.g. IC engines or 
gas turbines. This study aimed at the characterization of the combustion 
process by means of simultaneous high-speed PIV and OH-PLIF mea-
surements for two operating cases featuring turbulent flow conditions at 
1 bar and 3 bar, respectively. Methane was used as fuel, as it is easy 
manageable with regard to the experiment as well as numerical simu-
lations and was therefore suitable for the first operation of the novel test 
rig. It is expected that the results characterizing the flame front topology 
and combustion dynamics of the novel test rig are transferable to ex-
periments with more complex fuels, provided that sl and therefore uB 
(constant uB/sl ratio) are in the same order of magnitude. In a first step, 
the flow field data was used to determine the inflow boundary condi-
tions in terms of mean velocities and RMS of velocity fluctuations in the 
non-reacting flow, which are especially relevant for numerical simula-
tions of the presented SWQ configuration. Normalizing the velocity 
fluctuations with the laminar flame speed, it was shown that the 
investigated combustion process is at the transition from the wrinkled to 
the corrugated flamelet regime. Additional PIV measurements in the 
non-reacting flow and in the reacting flow at the quenching position 
were carried out with a focus on the average flow field near the wall. The 
transient evolution of the near-wall flame front topology was investi-
gated based on OH-PLIF image sequences showing the temporal tran-
sition between three different quenching scenarios. Besides SWQ-like 
and HOQ-like events, which could already be observed in previous 
studies on atmospheric FWI, a multi-zone quenching scenario could be 
identified. Flame brushes of both turbulent operating cases (1 bar and 3 
bar) derived from statistically independent samples were compared and 
showed statistically significant differences as confirmed by hypotheses 
tests performed on one-dimensional frequency distributions deduced 
from the flame brush data. 
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Appendix 

The algorithm utilized to extract the flame front from OH-PLIF recordings is based on the application of a Canny-edge (CE) filter detecting local 
maxima of the gradient within the image based on a low and a high threshold (section 3.1). The sensitivity of the low threshold on the flame front 
statistics is analysed using one-dimensional distributions of normalized frequencies, depicted in Fig. 12. The processing procedure used to derive these 
distributions is described in section 4.3. The shown distributions are based on the same data set of OH-PLIF raw images (3 bar operating case) 
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processed with the flame front detection algorithm using either a low threshold of 0 or 0.5. Comparing corresponding distributions at the same 
position with regard to xc derived with different low threshold values, it is evident that normalized frequency values decrease with increasing 
threshold value. Chi-squared homogeneity tests performed on each pair of corresponding distributions moreover indicate that the choice of the 
threshold value impacts the shape of the distribution, as the null hypothesis (“distributions are based on the same general population”) is to be rejected 
with a level of significance of 5 % in every case. The major contribution to the empirically determined χ2 value results from both bins closest to the wall 
indicating that the detection algorithm is more sensitive to the low threshold close to the wall as gradients in the OH-PLIF signal are reduced due to 
quenching and more likely to be ignored by the CE filter. 
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Abstract 

Velocities and flame front locations are measured simultaneously in a turbulent, side-wall quenching (SWQ) 
V-shaped flame during flame-wall interaction (FWI) at 1 and 3 bar by means of particle image velocimetry 
(PIV) and planar laser-induced fluorescence of the OH radical (OH-PLIF). The turbulent flame brush is 
characterized based on the spatial distribution of the mean reaction progress variable and a common direct 
method is used to derive the flame surface density (FSD) from the two-dimensional data by image processing. 
As the near-wall reaction zone is limited to a smaller region closer to the wall at higher pressure, higher peak 
values are observed in the FSD at 3 bar. A second definition of the FSD adapted for flames exposed to 
quenching is utilized similar to previous studies emphasizing the impact of FWI. The influence of the wall 
on the flame front topology is investigated based on a flame front-conditioned FSD and its variability within 
the data set. In a last step, an estimate of the mean reaction rate is deduced using an FSD model and evaluated 
in terms of integral and space-averaged values. A decreasing trend of integral mean reaction rate in regions 
with increasing flame quenching is observed for both operating conditions, but more pronounced at 3 bar. 
Space-averaged mean reaction rates, however, increase in the quenching region, as the size of the reaction 
zone decreases. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

Keywords: Flame-wall interaction; Pressurized combustion; Flame surface density; Mean reaction rate; LIF 
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1. Introduction 

The interaction of flames with solid surfaces, 
denoted as flame-wall interaction (FWI), is rel- 
evant to many technical combustion system, as 
recently summarized by Dreizler and Böhm [1] , 
Luo and Liu [2] . These processes are characterized 

https://doi.org/10.1016/j.proci.2022.09.016 
1540-7489 © 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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by high near-wall temperature gradients causing 
undesirable wall heat losses which can lead to local 
(or global) quenching of the chemical reaction 
progress. This results in reduced thermodynamic 
efficiency and increased emission of pollutants 
like unburned hydrocarbons and carbon monoxide 
(CO). With regard to real combustion devices, 
experimental and numerical investigations focus- 
ing on these aspects of turbulent combustion at 
increased pressure are needed. 

In the context of the flamelet concept for pre- 
mixed turbulent combustion, the flame surface den- 
sity (FSD), representing the local ratio of flame sur- 
face to volume, is a central quantity to characterize 
the effect of the flow field to wrinkle the flame and 
thus increase its surface [3] . Furthermore, it is com- 
monly used to derive the mean reaction rate in the 
flame [4,5] . In numerical simulation, the FSD may 
be described by an exact, but unclosed, transport 
equation, called �-equation [3] . Closures of this 
equation need to be modeled and validated against 
Direct Numerical Simulation (DNS) or experimen- 
tal data. In the past, several models for closure of 
these terms were proposed, as reviewed by Vey- 
nante and Vervisch [6] . With regard to FWI, these 
models, however, need to be adapted to account 
for wall effects. This was, for example, done based 
on DNS-results for model derivation/validation by 
Bruneaux et al. [7] for a flame propagating nor- 
mal to the wall (head-on quenching, HOQ). More 
recently, Sellmann et al. [8] investigated the influ- 
ence of Lewis number effects on the FSD in tur- 
bulent head-on quenching using DNS data. Corre- 
sponding experimental investigations were carried 
out by Tayebi et al. [9] and Jainski et al. [10] for a V- 
shaped flame in an SWQ configuration. Consider- 
ing the impact of increased pressure on FSD, previ- 
ous numerical and experimental studies are limited 
to unbounded flames not exposed to FWI to the 
authors’ best knowledge. Allauddin et al. [11] , for 
example, recently studied algebraic FSD closures 
for large eddy simluation (LES) of turbulent Bun- 
sen flames up to 10 bar and compared results with 
experimental data provided by Kobayashi et al. 
[12] . 

In this work, a previous investigation on flame 
surface density in an atmospheric side-wall quench- 
ing configuration by Jainski et al. [10] is continued, 
focusing on the impact of increased pressure. In- 
stantaneous flame front positions of a turbulent V- 
shaped flame are determined based on planar laser- 
induced fluorescence of the OH radical (OH-PLIF) 
in a novel, pressurized SWQ burner at atmospheric 
and 3 bar pressure. Flame surface density is derived 
from this data and the mean reaction rate is esti- 
mated subsequently. The velocity field is simultane- 
ously measured by means of two-component parti- 
cle image velocimetry (PIV). 

To facilitate further investigations, underly- 
ing data of selected figures are available on 
the institutional repository of Technical Univer- 

Table 1 
Operating conditions. Re defined according to Johe et al. 
[13] . 

p (bar) u B (m/s) s L (m/s) Re ( −) T W (K) 

1 3.8 0.2725 8200 353 
3 2.3 0.167 15000 353 

sity of Darmstadt TUdatalib ( https://tudatalib.ulb. 
tu-darmstadt.de/handle/tudatalib/3607 ). 

2. Experimental approach 

2.1. Pressurized side-wall quenching burner test rig 

The main components of the burner, described 
in detail in Johe et al. [13] , are depicted in Fig. 1 . Its 
design is inspired by the atmospheric SWQ burner 
investigated in previous studies (e.g. Jainski et al. 
[10] ). The burner is partially enclosed by a pres- 
sure vessel featuring quartz glass windows on the 
top and on both sides for optical access. Fuel and 
dry air are mixed outside the burner and fed into 
an inlet plenum (not shown). A set of grids and 
meshes (not shown) is used to homogenize the 
flow before it enters a converging Morel type noz- 
zle (only partially shown) with rectangular cross- 
section ( ≈ 30 × 60 mm 

2 at nozzle outlet). Issuing 
from the nozzle outlet, the premixed gas flow enters 
the flame tube which is equipped with three quartz 
glass windows (top and both sides, 180 × 60 mm 

2 

viewing area). A stainless-steel quenching wall is lo- 
cated at the bottom of the flame tube with its upper 
surface aligned to the surface of the Morel nozzle. 
To ensure enhanced optical access, the flat surface 
of the quenching wall transitions into a convex, 
cylindrically curved surface ( 300 mm radius in y - z - 
plane). The resulting flow cross-section within the 
flame tube is indicated as red solid line in Fig. 1 (b). 
A turbulence generating grid (perforated plate, so- 
lidity 51 % ) is positioned in the premixed gas flow. 
A ceramic rod ( 1 . 0 mm diameter) is placed 36 mm 

downstream the nozzle outlet and 10 mm above the 
quenching wall to stabilize the V-shaped flame. The 
lower flame branch impinges on the surface of the 
quenching wall which is temperature-controlled by 
circulating water through a cooling duct. Thermo- 
couples positioned about 0 . 4 mm beneath the sur- 
face of the quenching wall are used to monitor the 
temperature. To minimize shear effects and shield 
the windows from the reacting gas flow, a dry air 
co-flow is guided through a sintered bronze struc- 
ture into the flame tube. 

Operating conditions for the two cases investi- 
gated within this study are summarized in Table 1 . 
The governing parameter is the flame tube inter- 
nal pressure p and the operating cases are therefore 
also referred to as 1 bar (or atmospheric) case and 
3 bar case in the following. Operation at 3 bar was 
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Fig. 1. Cross-sectional side (a) and front (b) view of the pressurized SWQ burner with parts of the laser diagnostic setup. 

chosen as a compromise to keep obstructive effects 
arising from beam steering within manageable lim- 
its while achieving an adequate pressure increase 
for this study of FWI. Methane was used as fuel 
at an equivalence ratio of 0.8 and the temperature 
of the quenching wall was stabilized at 353 K . The 
bulk velocities u B of the premixed main flow are 
adapted in both cases with regard to the laminar 
flame speed s L to achieve a constant u B /s L -ratio, 
aiming at an almost unchanged streamwise posi- 
tion where quenching occurs in average. This, in 
turn, leads to different Reynolds numbers in both 
cases. Varying Reynolds numbers are, however, un- 
avoidable as different pressure dependencies of u B 
(or density ρ) and s L would result in flashback 
events at 3 bar or flame quenching outside (down- 
stream) of the optically accessible area at 1 bar for 
Re = constant . However, as the flames are propa- 
gating at turbulent flame speed which depends on 
s L and flame wrinkling, the mean quenching posi- 
tion is shifted about 12 mm in upstream direction 
in the 3 bar case. 

2.2. Laser diagnostics and post-processing 

Fig. 1 also shows parts of the laser diagnostics 
setup for simultaneous two-component PIV and 
OH-PLIF measurements at 50 Hz repetition rate. 
All images were recorded at the central (symmetry) 
plane of the burner which is equivalent to the x - 
y -plane ( z = 0 mm ) of the test-rig-fixed coordinate 
system depicted in Fig. 1 (a) and (b). The origin of 
this coordinate system is defined by the surface of 
the quenching wall ( y = 0 mm ) and the position of 
the ceramic rod ( x = 0 mm ). While the x-axis indi- 
cates the streamwise position parallel to the wall, 
the y-axis displays the distance normal to the wall. 

PIV measurements were conducted by record- 
ing Mie-scattering of alumina particles (Al 2 O 3 , 

Martoxid MR52, d 50 = [1 , 1 . 7] μm ) seeded to the 
premixed gas flow and illuminated by two indi- 
vidual diode-pumped solid state Nd:YAG lasers 
(Edgewave GmbH, Innoslab IS16II-E). The laser 
pulses were temporally separated by 30 μs and 
formed into light sheets of approximately 300 μm 

thickness. The scattered light was collected using a 
high-speed CMOS camera (Vision Research, Phan- 
tom v2640) equipped with a 180 mm macro lens 
(Sigma APO Macro EX DG IF HSM, f/8). Veloc- 
ity vector fields were calculated using DaVis 10.0.5 
(LaVision GmbH) based on interrogation windows 
(IRW) of 24 × 24 pixel size with 75 % overlap 
( ≈ 288 μm IRW size, 72 μm vector spacing). 

For qualitative OH-PLIF measurements, the 
Q 1 (6) transition at 35334 . 38 cm 

−1 was excited using 
a frequency doubled dye laser (Sirah Lasertechnik 
GmbH, Allegro) operated with Rhodamine 6G and 
pumped by a diode-pumped solid state Nd:YAG 

laser (Edgewave GmbH, Innoslab IS 8II-E). The 
UV laser pulse ( λ ≈ 283 nm ) was formed into a 
light sheet featuring a thickness of 80 μm and 
overlapped with the PIV light sheets using a beam 

combiner. The laser energy per pulse was about 
0 . 3 mJ . The coefficient of variation of the laser sys- 
tem used is typically about 10%. Overlap was veri- 
fied by means of low-energy reflections originating 
from a quartz glass plate within the beam path and 
captured by a beam monitor. A high-speed CMOS 
camera (Photron Fastcam SA-X2) equipped with 
a dual-stage high-speed image intensifier (LaVi- 
sion GmbH, HS-IRO, 200 ns gate), a 100 mm UV 

lens (Sodern CERCO 2073, f/2.8) and an inter- 
ference filter (305–340 nm transmission) was uti- 
lized to record the emitted fluorescence. The op- 
tics were positioned as close as possible to the win- 
dows of the test rig to attain the maximum achiev- 
able magnification (35 μm/pixel, 20 μm pixel size). 
The resulting field of view (FOV) was about 35 ×
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Fig. 2. Spatial distribution of the mean progress variable c̄ at 1 bar (a) and 3 bar (b). Profiles of quenching probability 
(QP) and flame brush thickness δt, 1 , δt, 2 at 1 (c) and 3 bar (d). Wall-normal profiles of the partial derivative ∂ ̄c /∂y (e). 

35 mm 
2 . Post-processing for flame front detection 

was implemented in MATLAB 2020b (The Math- 
Works, Inc.) and included 2 × 2 binning, block- 
matching and 3D filtering (BM3D) [14] for spatial 
noise reduction and Canny-edge (CE) filtering to 
detect local maxima of the intensity’s spatial gradi- 
ent within the OH-PLIF images. Based on the iden- 
tified edges (assumed to be equivalent to the flame 
front), the instantaneous spatial reaction progress c 
was derived by dividing the OH-images in regions 
of unburnt ( c = 0 ) and burnt ( c = 1 ) gas. 

3. Results 

3.1. Reacting flow and flame characteristics 

Fig. 2 (a) and (b) visualize the flame brush of the 
turbulent flame in the 1 bar and 3 bar case, respec- 
tively, by means of contour plots of the mean reac- 
tion progress variable ̄c derived by averaging instan- 
taneous binarized OH-PLIF images. Isolines are 
shown for c̄ = 0 . 1 to c̄ = 0 . 9 . Since flame quench- 
ing in average occurs at slightly different stream- 
wise positions in both operating cases, a quenching- 
fixed streamwise coordinate x c is used. This axis 
indicates the streamwise position with the highest 
probability to detect a flame front close to the wall 
at x c = 0 mm and therefore allows for better com- 
parison of both cases. For a detailed description 
of the determination of x c based on flame front 
statistics see [13] . From both spatial distributions 
of c̄ it is evident, that upstream the flame brush ex- 
tends over a wider range but narrows down at far- 
ther downstream positions where the flame inter- 
acts with the wall more frequently. To illustrate the 
spatial distributions of c̄ -isolines in wall-normal di- 
rection, Fig. 2 (e) shows wall-normal profiles of the 

partial derivative of c̄ with respect to y ( ∂ ̄c /∂y ) 
for both operating conditions at x c = 0 mm . Based 
on the maximum of ∂ ̄c /∂y the flame brush thick- 
ness δt, 1 is derived for every streamwise position 
according to Namazian [15] ( δt, 1 = 1 / max (∂ ̄c /∂y ) ) 
and shown for both operating cases in Fig. 2 (c) and 
(d). For comparison, the flame brush thickness δt, 2 , 
defined as vertical distance between c̄ = 0 . 9 and 
c̄ = 0 . 1 (for example [5] ) is also shown in Fig. 2 (c) 
and (d). Comparing both operating cases, it can 
be seen, that both definitions indicate a slightly re- 
duced flame brush thickness at 3 bar at all stream- 
wise positions x c . Moreover, it can be deduced that 
the reaction zone in the 3 bar case is limited to a 
smaller area closer to the wall. 

To give an impression of the flame front topol- 
ogy, an arbitrary, instantaneous flame front is de- 
picted (dashed line) for each operating case in 
Fig. 2 (a) and (b), respectively. For larger wall dis- 
tances, the flame fronts are noticeably wrinkled in 
both cases, indicating, however, that flame wrin- 
kling might be more pronounced in the 3 bar case. 
Approaching the wall, flame wrinkling is reduced 
and an extended near-wall, wall-parallel reaction 
zone develops and is finally quenched (not shown) 
due to wall heat losses. The farthest downstream 

position of the flame front, the quenching point , is 
indicated by a blue dot in Fig. 2 (a) and (b). 

The probability of an instantaneous flame front 
to be already quenched at a certain streamwise po- 
sition due to its interaction with the wall is depicted 
by means of streamwise profiles of the quenching 
probability (QP) in Fig. 2 (c) and (d). This quantity 
is derived by determining the percentage of samples 
exhibiting a flame front that is already quenched 
at a given position x c using the position of the 
quenching point in each sample. While the quench- 
ing probability tends to zero far upstream of x c = 
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Fig. 3. Wall-normal profiles of mean normalized veloc- 
ities (a) and normalized RMS of fluctuations (b) in the 
reacting flow. 

0 mm where interaction of flame and wall is rare, 
it increases farther downstream as flame-wall inter- 
action becomes more frequent. Since the quenching 
probability remains significantly below 1, it is clear 
that the shown section ( −12 mm < x c < 8 mm ) 
does not capture the full streamwise range where 
quenching occurs. Considering the spatial variation 
of the quenching point position and the spatial ex- 
tent of the FWI region of the instantaneous flame 
fronts in Fig. 2 , it was not possible to fully capture 
all quenching events as well as the pre-quenching 
region within the available FOV, which was limited 
to achieve the maximum possible spatial magnifica- 
tion. 

The velocity field of the reacting flow is char- 
acterized for both cases by means of wall-normal 
profiles of the mean streamwise velocity u x and 
RMS (root mean square) of velocity fluctuations u ′ x 
both normalized with the corresponding bulk ve- 
locity u B . Wall-normal profiles are shown for x c = 

{−5 , 0 , 5 } mm (dotted, dashed, solid line, respec- 
tively) and both operating cases in Fig. 3 (a) and 
(b). For complementary non-reacting flow condi- 
tions (not shown in the manuscript), the PIV setup 
is capable to resolve the boundary layer down to 
y + ≈ 2 . The thickness of the viscous sublayer (as- 
sociated with y + = 5 ) is about 450 μm at 1 bar and 
about 300 μm at 3 bar. For reacting conditions, 
however, no data is depicted for y < 0 . 7 mm as the 
individual PIV recordings were strongly affected 
by beam steering (especially at 3 bar) impeding a 
reliable velocity vector calculation. The boundary 
layer is therefore not fully resolved down to the vis- 
cous sublayer. 

While the profiles of u x /u B exhibit an almost 
identical shape for both operating cases, they are 

shifted towards higher values in the 3 bar case. 
Comparing profiles of one case with regard to their 
streamwise position, a slight increase of u x /u B in 
the downstream direction can be observed. 

At 3 bar, normalized velocity fluctuations are in- 
creased by a factor of 1.5 to 2 compared to the 1 bar 
case, and the profiles suggest a slight increase at de- 
creasing wall distances. Accordingly, highest veloc- 
ity fluctuations align with the flame brush which 
approaches the wall gradually causing increased 
velocity fluctuations near the wall by an intense 
shear layer and increased flame intermittency. At 
larger wall distances where the frequency of a flame 
front occurrence decreases (increasing distance be- 
tween c̄ -isolines) and the mean reaction progress 
approaches unity, velocity fluctuations might lessen 
due to the increasing viscosity of the fluid. Con- 
sidering the ratio of bulk velocities used for nor- 
malization (u B ) 1 bar / (u B ) 3 bar = 1 . 7 , absolute veloc- 
ity fluctuations are comparable for both operating 
cases. However, with respect to the absolute mean 
velocity, velocity fluctuations are considerably in- 
creased at 3 bar. 

3.2. Flame surface density 

The evaluation of the FSD is performed by 
means of a two-dimensional approximation de- 
scribed by Donbar et al. [16] and Dumont et al. 
[5] which was previously used by Jainski et al. [10] . 
Following this procedure, the instantaneous FSD 

� is derived according to Eq. (1) based on the flame 
front perimeter P in a square control area (CA) 
with area �x 2 . CAs exhibiting no flame front are 
assigned a � value of zero. The CAs are oriented 
parallel to the wall. 

� = lim 

�x → 0 

P 
�x 2 

(1) 

For the practical implementation of this pro- 
cedure to determine the FSD from flame front 
images, �x is set to a finite value. According to 
Donbar et al. [16] , for this purpose, �x should 
be (1) larger than the thickness of the reaction 
zone but should (2) not exceed 1/5 of “the visu- 
ally observed brush thickness” to ensure that the 
ensemble-averaged (mean) FSD � is independent 
of �x . By choosing �x = 0 . 5 mm for this study the 
first condition is clearly met as laminar (thermal) 
flame thicknesses of atmospheric methane flames 
are in the order of 0 . 5 mm and decrease at higher 
pressures ( ≈ 0 . 27 mm , estimated from [17] using 
CANTERA simulations). Considering the flame 
brush thickness δt, 2 in Fig. 2 , which is assumed to 
best satisfy the definition used by Donbar et al., the 
second condition is also fulfilled in most parts of 
the flame brush field. Similar to Jainski’s approach 
[10] , two slightly different definitions of the mean 
FSD, i.e. � and �R , are used to take into account 
the characteristics of FWI and the associated flame 
quenching. While �R is derived by averaging in- 
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Fig. 4. Wall-normal profiles of � and �R . 

stantaneous � values of all corresponding CAs of 
all samples, � is only based on � values belonging 
to CAs that are located upstream of the instanta- 
neous quenching point. Accordingly, �R is smaller 
than or equal to � (as potentially more CAs fea- 
turing a � value of zero are considered for averag- 
ing) and differences between mean FSD definitions 
become more significant with increasing quenching 
probability. For a more comprehensive derivation 
of � and �R the reader is referred to Jainski et al. 
[10] . 

Fig. 4 shows wall-normal profiles of � and �R 

at different streamwise positions for both operating 
cases. At x c = −10 mm , all four profiles reveal a 
broad distribution of the mean FSD, as the flame 
brush expands over a large range in wall-normal di- 
rection (see Fig. 2 (a) or (b) and (c) or (d), respec- 
tively). Since the quenching probability is nearly 
zero, no significant difference between � and �R 

of the same operating case is evident. Comparing 
both cases, it can be seen that the profiles differ 
only slightly at smaller wall distances, where � and 
�R are increased in the 3 bar case. As the distribu- 
tions are slighlty skewed towards smaller wall dis- 
tances, they deviate from a Gaussian shaped profile, 
which was previously observed in freely propagat- 
ing V-shaped flames [18] . Accordingly, it can be as- 
sumed that the flame is already influenced by the 
presence of the wall, even though the quenching 
probability is close to zero. Farther downstream, 
as the reaction zone in average is located closer to 
the wall (see Fig. 2 (a) and (b)), the skewness of 
the profiles increases and a peak close to the wall 
can be observed featuring a slightly higher max- 
imum value in the 3 bar case. Following theoret- 

Fig. 5. Wall-normal profiles of � and �R as function of 
c̄ derived by averaging within segments of 4 mm length in 
streamwise direction. 

ical considerations by Donbar et al. [16] assum- 
ing an idealized wrinkled flame (triangular wave 
shape) oscillating within a spatial area of width δt , 
� is proportional to the wrinkledness (ratio of sur- 
face areas of turbulent flame and laminar flame 
located at mean flame position) of the flame and 
the inverse of the turbulent flame brush thickness 
δt . As will be shown later, in this case the increase 
of � close to the wall is rather attributed to a re- 
duction of the flame brush thickness δt, 1 or δt, 2 , 
than to a rising flame wrinkling. Since the flame 
front is in average located within a smaller near- 
wall region, the decreasing flame brush thickness 
corresponds to an increasing probability to detect 
a flame front within a CA close to the wall. Moving 
farther downstream, the observed peaks are getting 
more pronounced in both �-profiles and the differ- 
ence in peak heights becomes more significant. This 
well reflects the relation between the FSD and the 
flame brush thickness, which is slightly increased in 
the 1 bar case (at x c = 5 mm : δt, 1 ≈ 1 . 3 mm ; δt, 2 ≈
2 . 5 mm ) compared to the 3 bar case (at x c = 5 mm : 
δt, 1 ≈ 1 . 0 mm ; δt, 2 ≈ 2 . 2 mm ). From x c = 0 mm on, 
�R starts to deviate from � as the frequency of 
flame quenching occurrences rises. With increas- 
ing quenching probability the difference between 
both profiles becomes even more pronounced at 
x c = 5 mm . 

As some of the models used for closure of the �- 
equation rely on a functional relationship of � with 
the reaction progress variable c , profiles of � over c̄ 
are shown in Fig. 5 . The profiles are derived by av- 
eraging �( ̄c ) and �R ( ̄c ) , respectively, in streamwise 
direction within segments of 4 mm length. In accor- 
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Fig. 6. Wall-normal profiles of mean flame front- 
conditioned FSD �

′ 
. Boundaries of colored areas indi- 

cate 0.25- and 0.75-quantiles. 

dance with observations by Jainski et al. [10] and 
Shepherd [19] , the profiles are almost symmetric, 
exhibiting a parabolic shape at x c = −10 mm where 
the flame is almost unaffected by the presence of 
the wall. Farther downstream, the distributions of 
�( ̄c ) and �R ( ̄c ) become asymmetric featuring a 
maximum at smaller c̄ values. This trend however, 
is more pronounced in the 1 bar case. At x c = 5 mm 

in the 3 bar case, the profile seems to develop a sym- 
metric shape again. 

For a flame front-conditioned evaluation of the 
FSD, only those CAs that contain a segment of the 
instantaneous flame front, therefore being associ- 
ated with a � value greater than zero, are consid- 
ered for the following statistical analysis. CAs ex- 
hibiting no flame front are omitted. By averaging 
� of corresponding CAs a flame front-conditioned 
mean FSD �

′ 
is evaluated. Fig. 6 depicts profiles 

of �
′ 
(solid lines) for the same four streamwise po- 

sitions analyzed in Fig. 4 . Furthermore, 0.25- and 
0.75-quantiles are represented by the boundaries of 
black (1 bar) and red (3 bar) colored areas. CAs 
featuring less than 50 non-zero � values within the 
data set are not considered within Fig. 6 , and no 
data is shown at the corresponding position. There- 
fore, as the flame brush narrows down moving in 
downstream direction, the profiles are limited to 
a shrinking range close to the wall. Despite it be- 
ing more common to use a combination of median 
and quantiles to describe a probability distribution, 
the mean of the distribution is utilized here as it is 
more relevant to the calculation of �: Multiplying 
�

′ 
with the frequency of flame front occurrences in 

a given CA yields �. 

At higher wall distances, Fig. 6 shows that the 
variability of the flame front-conditioned FSD is 
high indicated by the increased interquartile range 
(IQR), i.e. the widths of the colored areas, of the 
corresponding distributions of � values. Depend- 
ing on their magnitude, the instantaneous � values 
can be associated with different local flame front 
topologies. As the local flame front curvature κ
(flame front perimeter divided by the shortest dis- 
tance of crossing points of flame front with edges 
of CA) is in average about 1.015 (in the whole field), 
its impact on the FSD evaluation is considered neg- 
ligible and the local flame front within a CA can be 
assumed as straight line. Therefore, � values close 
to the theoretical value of 2 . 1 mm 

−1 can in most 
cases be associated with a straight flame front ori- 
ented horizontally or vertically within the corre- 
sponding CA ( P = �x ) as the calculation of the 
FSD according to Eq. (1) reduces to � = 

1 
�x . Con- 

sidering flame fronts deviating from a horizontal or 
vertical orientation, � values up to 2 . 98 mm 

−1 (cor- 
responding to diagonally oriented flame front) and 
below 2 . 1 mm 

−1 (flame front passes CA only partly) 
can also occur. Based on this, the increased vari- 
ability of the flame front-conditioned FSD far from 

the wall can be assigned to a higher temporal varia- 
tion of the local flame front orientation and might 
be associated with increased large-scale flame front 
wrinkling. 

Approaching the wall, the variability of the 
flame front-conditioned FSD decreases and the 
IQR is limited to a smaller range around 2 . 1 mm 

−1 . 
This is mainly due to an increase of the 0.25- 
quantiles, while 0.75-quantiles remain almost con- 
stant. The corresponding �

′ 
values slightly increase 

with decreasing wall distance and converge towards 
2 . 1 mm 

−1 , corresponding to a horizontal/vertical 
flame front. As one might expect, an evaluation 
of the local flame front orientation indicates that 
a wall-parallel flame front is the dominant flame 
front topology in the vicinity of the wall. Accord- 
ingly, the described trends can be attributed to 
flame fronts increasingly aligning parallel to the 
wall. This might be again associated with flame 
wrinkling decreasing in the vicinity of the wall. 
Similar observations were made by Jainski et al. 
[10] with regard to the evolution of a flame front- 
conditioned �

′ 
close to the wall converging towards 

the theoretical value associated with a wall-parallel 
flame front. Moving in downstream direction from 

x c = −10 mm to x c = −5 mm , a comparable trend 
of decreasing variability is identified as the IQR 

close to the wall is reduced. This is ascribed to a 
more frequent interaction between flame and wall, 
consistent with a rising QP (see Fig. 2 ). 

Comparing both operating cases, it is evident 
that profiles of �

′ 
at 3 bar are shifted towards 

smaller wall distances reflecting the trend of de- 
creasing quenching distances at increasing pressure 
[20] . Accordingly, an increased near-wall variability 
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of the flame front-conditioned FSD is observed in 
the 3 bar case. 

3.3. Mean reaction rate 

Following Trouvé and Poinsot [3] and Bruneaux 
et al. [7] , the mean reaction rate ¯̇ ω can be derived 
using Eq. (2) based on the mean FSD, the density 
of the unburnt gas ρu , the initial fuel mass fraction 
Y F ,u and the local consumption speed s c which is 
averaged over the area of the laminar flamelet indi- 
cated by the operator 〈 . . . 〉 S . 
¯̇
 ω = ρu Y F ,u 〈 s c 〉 S � = ρu Y F ,u s c � (2) 

According to Pope [21] , 〈 s c 〉 S may be replaced 
by a standard ensemble average of s c weighted 
with the FSD, s c �/ �. A similar expression for 
the mean reaction rate is given by Dumont et al. 
[5] , based on an ensemble-average of the local 
product of flamelet velocity and FSD. Effects of 
flame curvature and stretch are accounted for in 
both approaches by the consumption speed and the 
flamelet velocity, respectively. However, as stated by 
Dumont et al. [5] , by replacing these quantities with 
the laminar flame speed of the undisturbed flame 
s L , an approximation for the mean reaction rate 
can be obtained neglecting these effects. Accord- 
ing to Bruneaux et al. [7] this is acceptable for a 
broad spectrum of turbulent flows far from walls 
and should be reasonable in this case as the main 
focus is on comparing two operating cases to exam- 
ine trends related to pressure variation. However, 
close to the wall, considerable deviations from the 
laminar flame speed of the undisturbed flame due 
to wall heat losses and fuel depletion were observed 
by Wichman and Bruneaux [22] . Therefore, follow- 
ing the approach of Janiski et al. [10] who inves- 
tigated the dependency of the consumption speed 
with respect to the wall distance in a comparable at- 
mospheric SWQ configuration, a linear decrease of 
the flame consumption speed with decreasing wall 
distance is assumed for y < 2 mm (although this 
trend might be limited to smaller wall distances at 
3 bar). At y > 2 mm , the laminar flame speed of the 
undisturbed flame ( s L = 0 . 273 m / s at 1 bar, s L = 

0 . 167 m / s at 3 bar) is presumed. Fig. 7 (a) shows 
profiles of the integral (in wall-normal direction) 
mean reaction rate as a function of the streamwise 
position x c . Similar profiles of the mean reaction 
rate space-averaged in wall-normal direction within 
the reaction zone, i.e. the flame brush ( y ( ̄c = 0 . 1) to 
y ( ̄c = 0 . 9) ) are shown in Fig. 7 (b). By replacing �
with �R in Eq. (2) , the impact of flame quenching 
on the reaction rate may be considered. 

Since the flame front is in average located closer 
to the wall for increasing x c (see Fig. 4 ), the ef- 
fect of decreasing consumption speed in the vicin- 
ity of the wall is intensified resulting in a clearly 
decreasing integral ¯̇ ω( �) in Fig. 7 (a). Comparing 
the two operating cases, the integral ¯̇ ω( �) is at a 
higher level at 3 bar due to the increased nominal 

Fig. 7. Profiles of integral (a) and space-averaged (b) 
mean reaction rate ¯̇ ω. Due to the spatial integration the 
unit of ¯̇ ω in (a) is kg / (m 

2 s) . 

massflow exhibiting a more pronounced decrease 
in downstream direction. This reduction is further 
intensified for ¯̇ ω( �R ) as quenching is considered. 
Comparing the profiles of the flame surface density 
in Fig. 4 , the higher (integral and space-averaged) 
mean reaction rates observed at 3 bar (see Fig. 7 ) 
are presumably caused by the higher gas density 
and not by an increased flame surface density. This 
is confirmed by an evaluation of the integral FSD 

(integrated in wall-normal direction) which is only 
increased by about 10% at 3 bar at all streamwise 
positions, while the integral ¯̇ ω( �) is larger by a fac- 
tor of almost 2 at upstream positions. 

In the case of space-averaged ¯̇ ω( �) , the impact 
of decreasing consumption speed close to the wall 
is outweighed by the decreasing reaction zone size 
relevant for averaging. This results even in a slight 
increase of ¯̇ ω( �) in the quenching region. Space- 
averaged ¯̇ ω( �R ) , however, is reduced (3 bar) or re- 
mains constant (1 bar), respectively. 

As the integral heat release is increased at 3 bar 
and on average takes place within a thinner area (re- 
duced extent in wall-normal direction) closer to the 
wall (see the flame brush in Fig. 2 ), higher space- 
averaged heat release rates can be observed. This 
might be accompanied by a higher thermal expan- 
sion resulting in an increased acceleration of the 
fluid close to the wall which in turn leads to higher 
velocity fluctuations by increased shear (see Fig. 3 ). 

4. Conclusions 

The flame structure of a turbulent V-shaped 
flame at ambient and 3 bar pressure, as well as its 
alteration due to flame-wall interaction, is assessed 
by means of a statistical analysis of instantaneous 
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flame front positions. Comparison of both operat- 
ing cases is simplified by a quenching-fixed stream- 
wise axis. Based on the flame brush represented 
by the spatial distribution of the mean reaction 
progress variable, it is shown that the reaction zone 
in the quenching region is limited to a smaller re- 
gion closer to the wall in the 3 bar case. These obser- 
vations were supported by the spatial distribution 
of the FSD � as corresponding wall-normal pro- 
files are increasingly skewed towards smaller wall 
distance exhibiting higher and narrower peaks at 
higher pressure. Following approaches of previous 
studies on near-wall FSD, a second definition of 
the mean FSD �R is used to better visualize the im- 
pact of flame quenching. An evaluation of flame 
front-conditioned FSD showed a vanishing vari- 
ability of instantaneous � values close to the wall, 
and it could be deduced that the near-wall flame 
front is primarily oriented wall-parallel. Accord- 
ingly, the increase in � close to the wall was as- 
sociated with the decreasing flame brush thickness, 
corresponding to locally increasing frequencies of 
flame front occurence, rather than increased flame 
wrinkling. In a last step, the mean reaction rate was 
deduced for both operating conditions using the 
FSD. Higher integral and space-averaged values at 
3 bar could be associated with the increased gas 
density and the higher nominal massflow, respec- 
tively, rather than an increased FSD. Due to the 
higher heat release and thermal expansion within 
a smaller area at increased pressure, higher acceler- 
ation of the fluid and increased shear close to the 
wall are assumed and associated with higher veloc- 
ity fluctuations measured simultaneously. 
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A B S T R A C T   

Effects of increased pressure on the thermochemistry of turbulent flame-wall interaction (FWI) were investigated 
within this study. Quantitative, pointwise measurements of three state parameters, i.e., gas-phase temperature, 
CO2 and CO mole fraction, were performed by means of dual-pump coherent anti-Stokes Raman spectroscopy 
(CARS) and two-photon laser-induced fluorescence (LIF) of CO. The flame front was simultaneously tracked by 
planar OH-LIF imaging. The measurements were carried out in a fully premixed methane-air flame in an enclosed 
side-wall quenching burner test rig under atmospheric and pressurized conditions (3 bar absolute pressure). An 
evaluation of near wall flame front topologies showed that the interaction of the flame with the wall is pre-
dominantly characterized by one single, extended reaction zone, similar to a so-called head-on quenching 
configuration. The dominance of this quenching scenario occurred most likely due to the confined burner 
configuration preventing an unhindered expansion of the hot exhaust gases. Thermochemical states were studied 
using pairwise correlations of temperature, CO2 and CO mole fraction. Regarding the measurements at atmo-
spheric pressure, an overall good agreement with other studies on atmospheric FWI in a similar unconfined 
burner was observed considering differences concerning the flow field and the burner configuration. For the 
thermochemistry measurements at elevated pressure, similar trends as for the atmospheric measurements were 
identified. A comparison of both operating cases suggested that FWI processes were more strongly affected by 
heat losses at elevated pressure, but differences are moderately pronounced. To the authors’ best knowledge, 
these experiments are the first attempt to explore the near-wall thermochemistry of FWI processes at elevated 
pressure using multi-parameter measurements. As the near-wall measurements were further complicated by 
effects arising with increasing pressure, e.g., intensified beam steering and reduced length scales, implications on 
the application of the laser diagnostics are reported.   

1. Introduction 

Although the transition to a climate-neutral energy economy re-
quires the predominant use of renewable energy sources, which drives a 
progressing electrification of all areas of society and industry, the 
thermal conversion of chemical energy sources will most likely continue 
to play an important role in our future energy system. On the one hand, 
in some areas, e.g., aviation or high-temperature industry processes, 
there is still no alternative to the energy conversion by combustion in the 
near future anyhow. On the other hand, in areas such as power gener-
ation, chemical energy carriers (produced from renewable energy 
sources) could also help to meet the challenges posed by the increasing 
share of renewable energy, e.g., by acting as energy storage to 
compensate for the volatility of renewable energy sources. The 

development of clean combustion systems, which are optimized in terms 
of combustion efficiency, pollutant emission and safe operation, is 
consequently still of great importance. This in turn implies the need for 
further fundamental research providing detailed insights into the un-
derlying processes which are incorporated into the predictive design 
process of such technologies. 

In enclosed combustion systems that rely on internal combustion of 
chemical energy carriers, like gas turbines or IC engines, these processes 
are typically influenced to a large extent by the interaction of the flame 
with a cold, solid surface, e.g., the combustion chamber walls. These so- 
called flame-wall interactions (FWI) result in high heat losses causing 
local flame quenching and incomplete combustion, which in turn pro-
motes the local formation of pollutants, like carbon monoxide and un-
burnt hydrocarbons, and lowers the overall efficiency. Due to the 
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resulting high relevance for the overall performance of the combustion 
process, investigations in this research field have been conducted for 
several decades [1]. Therefore, as FWI are characterized by a complex, 
mutual interaction of flow field, flame and wall, generic experimental 
configurations were developed enabling the exploration of various as-
pects of FWI independently at well-defined and reproducible boundary 
conditions. As summarized in [1], experimental data on thermal (heat 
losses and quenching distances) and fluid-mechanical (velocity bound-
ary layer phenomena) properties of FWI as well as flame topologies have 
been reported so far for head-on quenching (HOQ) and side-wall 
quenching (SWQ) flames. This also includes experiments at turbulent 
flow conditions or elevated pressure, as for example presented in [2,3]. 
Regarding thermochemical properties (i.e., gas-phase temperatures and 
species) during FWI, however, only a few studies addressing this aspect 
exist which are mostly related to experiments at laminar flow conditions 
and almost exclusively carried out at atmospheric conditions. 

The first experiments on near-wall thermochemical states in pre-
mixed flames date back to the 1980s and were carried out by Clendening 
et al. [4] and Saffmann [5] in an SWQ configuration. Raman-scattering 
measurements were performed close to an isothermal cold plate which 
was placed perpendicular to the outlet of a McKenna-type burner 
operated with a premixed fuel/air mixture under laminar and atmo-
spheric conditions. Profiles of the gas-phase temperature and relative 
hydrocarbon number densities were derived from Raman spectra and 
effects of wall temperature, surface material and fuel type were inves-
tigated in a parametric study. First measurements in a confined HOQ 
configuration were carried out by Saggau [6] soon after providing 
temperature profiles across laminar methane/air and methanol/air 
flames propagating towards a wall at varying pressure, ranging from 0.5 
to 1 bar. More recently, a burner configuration similar to that used in [4, 
5] was used by Fuyuto et al. [7] to investigate the laminar quenching 
boundary layer by measuring distributions of gas-phase temperature, 
using multi-line NO laser-induced fluorescence (LIF) thermometry, as 
well as OH, CH2O and CO by means of single-photon and two-photon 
LIF, respectively. Further studies on FWI under laminar flow condi-
tions were carried out by Mann et al. [8] in a HOQ burner and Janiski 
et al. [9] as well as Kosaka et al. [10] in an SWQ burner by simultaneous 
quantification of gas-phase temperatures and mole fractions of CO using 
coherent anti-Stokes Raman spectroscopy (CARS) and two-photon 
CO-LIF. By enhancing the CARS technique to a dual-pump CARS 
approach, Zentgraf et al. [11] additionally quantified CO2 mole fractions 
in the side-wall quenching flame. Moreover, ultrabroadband CARS was 
applied by Bohlin et al. [12] for simultaneous, one-dimensional imaging 
of temperature and major species (N2, O2, CO,CO2, CH4) in a similar 
SWQ burner configuration. 

With regard to turbulent flow conditions, however, experiments on 
thermochemical states of FWI are scarce and have only emerged in the 
near past. While some of the last-mentioned publications address the 
impact of turbulence on thermochemistry to some extent [8,10], the 
only experimental study, known to the author, that focusses on the 
investigation of near-wall turbulence-chemistry interaction based on 
multi-parameter measurements was carried out by Zentgraf et al. [13]. 
Using a laser diagnostic setup similar to that in [11], gas-phase tem-
perature as well as CO2 and CO mole fractions were probed simulta-
neously in an atmospheric, turbulent dimethyl ether/air flame at small 
wall distances and the gathered information was combined with flow 
field data collected in a separate study. 

Considering operating conditions of real combustion devices, besides 
the flow configuration (laminar/turbulent), also the influence of 
elevated pressure on combustion processes is of great interest. While 
investigations on thermochemical states of pressurized flames based on 
multi-parameter measurements are reported [14–16], these studies, 
often related to gas turbine research, are focusing on other aspects of 
combustion than FWI. Studies related to FWI processes at elevated 
pressure by Escofet-Martin et al. [17] and Ojo et al. [18] focus on 
thermal boundary layer phenomena. To the authors’ best knowledge, 

effects of elevated pressure on near-wall thermochemical states during 
FWI have not been investigated experimentally so far. 

The state of research concerning numerical simulations on FWI is at a 
similar stage. While there is a larger number of studies on near-wall 
flames at laminar flow conditions, for example [19–22], fewer studies 
are covering turbulent FWI. Gruber at al. [23] investigated effects of the 
turbulent boundary layer on the structure and the near-wall propagation 
of a premixed hydrogen/air flame using direct numerical simulation 
(DNS) with detailed chemical kinetics and observed a regime change 
from thin to thickened flames at decreasing wall distance. Thermo-
chemical states in a turbulent side-wall quenching flame were studied by 
Steinhausen et al. [24] to evaluate a flame-vortex interaction mecha-
nism that was observed before in experiments [11]. Based on these 
findings, a novel chemistry manifold was presented to account for this 
mechanism. Other recent studies on turbulent FWI have been presented 
by Jiang et al. [25], Niemietz et al. [26] and Palulli et al. [27]. Effects of 
elevated pressure are occasionally included, but only for laminar flow 
conditions [28,29]. The interaction between near-wall turbulence and 
chemistry at higher pressures and Reynolds numbers has not yet been 
numerically investigated in detail. 

Within this study, quantitative multi-parameter measurements of 
gas-phase temperature, CO2 and CO mole fractions (T, XCO2 and XCO) 
are carried out in an enclosed SWQ configuration at atmospheric and 3 
bar absolute pressure. The location of the flame front is simultaneously 
tracked providing information on the position of the probe volume with 
respect to the reaction zone. Therefore, a laser diagnostic approach 
similar to that in [13], including simultaneous dual-pump CARS, CO-LIF 
and OH-PLIF measurements, is applied. The scope of this study can be 
divided into three major aspects: (1) It is intended that this study con-
tributes to a better understanding of the influence of elevated pressures 
and increased Reynolds numbers on FWI processes. (2) Furthermore, the 
experimental data may be used for model development and validation of 
numerical simulations. (3) The feasibility of the laser-diagnostics setup 
for the investigation of the SWQ process at elevated pressure is to be 
assessed. Properties of FWI at elevated pressure further complicate 
experimental investigations as, for example, length scales are reduced. 
Moreover, measurements are more strongly affected by beam steering 
effects resulting from steeper temperature gradients close to the wall 
compared to the atmospheric case. 

To facilitate further investigations, underlying data of selected fig-
ures are available on the institutional repository of Technical University 
of Darmstadt TUdatalib (https://tudatalib.ulb.tu-darmstadt.de/handl 
e/tudatalib/4066). 

2. Experimental approach 

2.1. Test rig 

The essential components of the pressurized side-wall quenching 
burner test rig as well as its operation are outlined in the following. Since 
the test rig was previously introduced and characterized with regard to 
flow conditions and flame dynamics in [30], a more detailed description 
of it can be found there. 

The test rig is shown in Fig. 1 with two cross-sectional views. During 
reacting operation, the fully premixed dried air/fuel main flow enters 
the inlet plenum of the burner and is guided through a set of honey-
combs and meshes for flow homogenization (both not shown). The main 
flow is then accelerated within a converging Morel type nozzle (only 
partly shown) with rectangular cross-section (≈ 30 × 60 mm2 at nozzle 
outlet) resulting in an almost top-hat velocity profile at the nozzle outlet. 
To increase turbulence intensities, a turbulence-generating grid (3, 
perforated plate, 3.8 mm bore diameter, 51 % solidity) is placed at the 
nozzle outlet. A ceramic rod (4, 1.0 mm diameter) is positioned 36 mm 
downstream of the nozzle outlet within the flame tube (1) to stabilize a 
V-shaped flame whose lower branch interacts with the surface of a 
temperature-controlled stainless-steel quenching wall (2). To enable the 
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application of laser diagnostics as close to the wall as possible, the upper 
surface of the quenching wall is slightly curved (300 mm radius) in the y- 
z-plane. The surface of the quenching wall was manufactured by pre-
cision milling resulting in a surface roughness typical in the order of a 
few microns or less. The flame tube and all components downstream of 
the Morel type nozzle are enclosed by a pressure vessel (7) to allow for 
operation at increased pressure. Optical access to the combustion pro-
cess is guaranteed by quartz glass windows (5 & 6) on three sides of the 
test rig. 

Measurements were carried out for two different operating cases at 
pressures ranging from 1 to 3 bar absolute. The cases investigated are 
consistent with previous studies at this test rig [30,31] and relevant 
parameters of the operating conditions are summarized in Table 1. The 
ratio of bulk velocity uB of the premixed main flow and the laminar 
flame speed sL were kept constant to achieve an almost unchanged 
streamwise position where FWI occurs in average. However, the 
resulting difference in Reynolds number was unavoidable due to limi-
tations with respect to the possible operating conditions [30]. The 
burner was operated with methane as fuel at an equivalence ratio of 0.8. 
The operating cases are in the following referred to as atmospheric (1 
bar) pressure case and elevated pressure (3 bar) case. The laminar flame 
speeds listed in Table 1 are obtained from a CANTERA [32] simulation 
of a one-dimensional, adiabatic, freely-propagating, laminar flame using 
the GRI3.0 mechanism [33]. This simulation is used as a reference 
throughout this study and in the following referred to as adiabatic 
simulation. 

2.2. Laser diagnostics 

The laser-diagnostic setup as well as processing procedures are out-
lined in the following subsections. The basic concept of the setup is 
similar to previous experiments on an unconfined, atmospheric SWQ 
burner [11,13], with respect to the simultaneous application of 
DP-CARS, CO-LIF and OH-PLIF. Modifications were necessary due to 
altered measurement requirements resulting from differences between 

the unconfined and the confined burner configuration. A simplified 
schematic visualization of the setup is displayed in Fig. 2. Essential 
components of the test rig relevant for the application of laser di-
agnostics, i.e., the windows of the pressure vessel (WP) and the flame 
tube (WF) as well as the quenching wall, are depicted. Since the test rig 
was stationary in space, a major part of the optical setup, including laser 
optics and detection systems for CO-LIF and OH-PLIF, was mounted on a 
traversing unit to allow for varying measurement positions. Therefore, 
the individual laser beams needed to be aligned parallel to the three axes 
of the traversing unit. In Fig. 2, components of the optical setup within 
the area defined by the dashed line were fixed to the traversing unit and 
could thus be moved in all spatial directions. Temporal synchronization 
of the individual laser diagnostic techniques was achieved using two 
pulse generators (Quantum Composer Inc., 9520 Series) and a real-time 
embedded controller equipped with an FPGA module (National In-
struments Corporation, CompactRIO 9074). While the repetition rate was 
set to 10 Hz for all lasers, the detection systems were operated at 20 Hz 
to provide images without signal at every second recording which were 
used for background subtraction within the post-processing procedures. 

2.2.1. Dual-pump coherent anti-Stokes Raman spectroscopy (DP-CARS) 
Three Q-switched, frequency-doubled Nd:YAG lasers operating at 

532 nm served as light sources of the setup. Two of them (Spectra Physics, 
PIV 400, PIV-overlap removed resulting in two individual lasers at 532 
nm) were used to pump two dye lasers: (1) The custom-built broad-band 
modeless Stokes laser (following design principles by Ewart [34]) 
operated with a dye mixture of Rhodamine 610 and 640 to provide laser 
emission with a spectral profile of ≈ 6.6 nm FWHM and a central 
wavelength around 608 nm and (2) a narrow-band dye laser (Radiant 
Dyes Laser & Accessories GmbH, NarrowScan) operated with Rhodamine 
590 at 560.7 nm (in air) serving as one pump laser within the DP-CARS 
process. The remaining Nd:YAG laser (Spectra Physics, Quanta-Ray 
Pro-270) provided the second pump wavelength at 532 nm. The en-
ergy of the three beams was adjusted by means of combinations of 
half-wave plates and polarizing beam splitter cubes. Matching of the 
focal positions in direction of beam propagation was achieved using 
telescopes consisting of spherical lenses. To minimize the effect of 
varying ambient temperature on the laser operation, both dye lasers 
(560.7 nm & 608 nm) and the corresponding two pump lasers were 
operated in an air-conditioned (temperature and humidity) laboratory 
room close to the test rig resulting, however, in beam path lengths of 
>10 m between laser output and test rig. The third Nd:YAG laser, in 
contrast, was positioned outside of the air conditioned laboratory room 
closer to the test rig. For this laser, the impact of negative effects asso-
ciated with such long beam paths, such as degradation of the far-field 
beam profile, was considered more disruptive on laser operation than 

Fig. 1. Cross-sectional views of the pressurized side-wall quenching burner test rig. The red line in (b) indicates the flow cross-section of the main flow and co-flow 
within the flame tube. Numbers denoting individual components are referred to in the text. 

Table 1 
Operating conditions of the pressurized SWQ burner. Reynolds numbers are 
calculated using the hydraulic diameter of the nozzle exit, the bulk flow velocity 
uB and the kinematic viscosity of air at 25 ◦C. Wall temperatures Twall indicate 
the temporal mean and standard deviation of the wall temperature measured 
with a thermocouple positioned right below the surface of the quenching wall.  

p (bar) uB (m /s) sL (m /s) Re ( − ) Twall (K)

1 3.8 0.27 8200 319 ± 1.6 
3 2.3 0.17 15,000 359 ± 2.4  
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the influence of changing environmental conditions. At the test rig, the 
three individual beams were guided to the traversing unit, aligned to 
each other and focused using a spherical, achromatic lens (AL1, f = 250 
mm, 2″ diameter) to overlap in the region of interest (ROI) and satisfy 
the phase matching condition of a planar BOXCARS arrangement par-
allel to the surface of the wall. The resulting DP-CARS probe volume was 
about 50 µm in diameter (x- and y-direction), deduced from beam 
monitor recordings of the individual beams. By traversing the probe 
volume through a glass plate of 100 µm thickness, an interaction length 
of about 0.9 mm (z-direction) was measured through the identification 
of the positions where the non-resonant signal was reduced to 1 /e2 of its 
maximum value. Pulse energies in the measurement volume were about 
15 mJ (532 nm), 12 mJ (560.7 nm) and 10 mJ (608 nm), respectively. 
For the collection of the coherent DP-CARS signal at around 496 nm, an 

achromatic lens (AL2, f = 250 mm) of 1″ diameter was used to save space 
for the positioning of the OH-PLIF detection system (see Fig. 2). The 
DP-CARS signal was subsequently guided towards the spectrometer 
using three lowpass dichroic mirrors (DM1-3, Thorlabs Inc., DMLP550L), 
to separate it from the overlapping pump/probe laser at 560.7 nm, and 
one broadband dielectric mirror. Remaining undesired radiation was 
removed by means of a short-pass interference filter (F2, Thorlabs Inc., 
FESH0550). Depending on the DP-CARS signal intensity, additional 
neutral density filters (0.5 % or 10 % transmission, mounted on a filter 
wheel) were positioned into the beam path, or removed from it 
respectively, to adjust the signal intensity to the dynamic range of the 
detector avoiding saturation. A spherical lens (SL2, f = +100 mm) was 
used to focus the DP-CARS signal to the slit of a Czerny-Turner spec-
trometer (McPherson, Model 209, 1.33 m focal length), which was 
equipped with a 2400 lines/mm grating. Spectra were recorded using a 
backside-illuminated, cooled CCD camera (Princeton Instruments, Pixis 
400) operated with on-chip hardware binning of 30 pixels in vertical 
direction (parallel to the entrance slit of the spectrometer). In the hor-
izontal (wavelength) direction, the full chip (1340 pixels) was read out 
corresponding to a wavelength range of about 493 to 499 nm (one pixel 
corresponding to 0.19 cm− 1 in spectral wavenumber domain). 
Non-resonant DP-CARS spectra for normalization were recorded in pure 
methane several times throughout the measurement day. 

The DP-CARS processing sequence to deduce gas-phase temperature 
and CO2 mole fraction was adopted with minor modifications from 
Zentgraf et al. [13] and is outlined briefly in the following. The 
pre-processing steps of the procedure included filtering out spectra of 
bad quality (e.g., due to saturation or breakdowns), mean background 
subtraction, normalization to a mean non-resonant signal and square 
root extraction of the signal intensity. A dispersion calibration was 
carried out by fitting averaged experimental DP-CARS spectra recorded 
in the burnt gas of the V-shaped laminar flame (assuming equilibrium 
conditions) to a simulated spectrum to optimize the parameters of a 
second-order polynomial describing the wavenumber axis. Temperature 
and CO2 mole fraction were subsequently obtained by processing the 
single-shot spectra using a spectral fitting algorithm [35]. Within 
post-processing, unphysical samples originating from weak CO2 signal 
intensities were removed by a thresholding criterion applied to the first 
prominent CO2 feature (i.e., the 00

◦

0–10
◦

0 band of CO2). Based on this 
criterion all samples featuring an absolute baseline to peak difference of 
Δ

̅̅̅̅̅̅̅̅
ICO2

√
< 0.6 were omitted from further analysis. Similar to [13], the 

procedure was validated based on (XCO2 , T) data measured in a un-
bounded laminar V-shaped flame of a validation/calibration case which 
was compared to results of a CANTERA simulation (see Section 2.2.4). In 
a last step, an additional calibration was applied to the XCO2 data to 
further improve the accuracy of the measurement. While at lower 
temperatures, (absolute) differences between uncalibrated XCO2 and 
corresponding values of the simulation are rather small, deviations in-
crease for temperatures higher than 1000 K (for both operating pres-
sures; for detailed information on accuracy and precision of the 
uncalibrated CO2 data see Section 2.2.4). Therefore, a temperature 
dependent calibration function was derived by comparing curve-fitted 
experimental data of the validation/calibration case with simulation 
data with regard to the (XCO2 , T) state space evolution. For temperatures 
above 1000 K, the experimental single-shot XCO2 were finally corrected 
using this calibration function based on the corresponding temperature 
value. In the temperature range below 1000 K however, a calibration 
was not necessary and could even impair the accuracy of the measure-
ment, as XCO2 of both, experimental and simulation data, tend towards 
zero resulting in a flawed calibration function. 

2.2.2. Two-photon laser-induced fluorescence of carbon monoxide (CO- 
LIF) 

Two-photon CO-LIF was applied to measure CO mole fractions by 
excitation of CO molecules with two photons at 230.09 nm using the 

Fig. 2. Laser diagnostic setup.  
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B1Σ+←←X+Σ+(0, 0) transition within the Hopfield–Birge bands at 
115.05 nm and subsequent detection of the emission of the transition 
B1Σ+→A1Πu(0, 1) in the Ångström bands. The laser radiation used for 
the LIF process was provided by a narrow-band dye laser (Sirah Laser-
technik GmbH, Precision Scan, 2400 lines/mm grating) operated with 
Pyridine 1, which was pumped by a Q-switched, frequency doubled Nd: 
YAG laser (Spectra Physics, GCR 4). A second and a third harmonic 
generation stage were utilized for frequency tripling of the fundamental 
laser emission at 690.27 nm resulting in laser radiation at 230.09 nm. 
Stability of the excitation wavelength was ensured by continuously 
measuring the fundamental dye laser emission to control the grating 
position of the dye laser. A quartz glass plate was placed into the UV 
beam path and the reflections at the front and the back side were guided 
onto an energy meter (Coherent Inc., EM USB J-10MT-10KHZ) and a 
beam monitor (DataRay Inc., WinCamD) for energy reference and beam 
profile monitoring. Based on these recordings, no visible change in the 
intensity distribution of the UV beam was observed throughout the 
measurements. The UV beam was deflected by a small rectangular 
mirror (10 × 20 mm2), positioned between the laser beams for DP-CARS, 
to a small spherical lens (f = 300 mm, ½” diameter) used to focus it 
through a hole of the DP-CARS focusing lens (AL1) to the ROI within the 
test rig. The resulting probe volume size was about 130 µm in diameter 
(x- and y-direction). Average pulse energies in the measurement volume 
were about 2.5 mJ. The fluorescence signal was recorded using a CCD 
camera (Basler AG, piA2400-17gm) equipped with an intensified relay 
optics (IRO, LaVision GmbH, low speed IRO, GaAsP photocathode) and a 
combination of a camera lens (Nikon 85 mm f/1.4G AF-S Nikkor) focused 
to infinity and an achromatic doublet lens (AL3, Newport, PAC095, f =
250 mm, 3″ diameter). To suppress flame luminosity while also 
compensating for a slightly increased temporal jitter of the laser, the IRO 
was gated at 300 ns. Flame luminosity was further attenuated by means 
of an interference bandpass filter (Laser Components GmbH, LC-HBP 490/ 
20-75) which selectively transmitted light within the wavelength range 
of 480 to 500 nm (>95 % transmission). The CCD camera was operated 
with 4 × 4 hardware binning resulting in one pixel bin corresponding to 
about 80 µm. 

Post-processing of the data for converting the raw signal into quan-
titative mole fractions followed a proven procedure which was applied 
for similar measurements in the context of FWI in the past [9,10,31] and 
further developed over the time. A detailed description of the procedure 
applied in this study may be found in [13]. Therefore, the 
post-processing procedure is outlined only briefly in the following. The 
different steps can be summarized by the following equation [13]: 

XCO = ILIF⋅
1

a + b⋅En⋅
T
T0

⋅
1

W(x, y)
⋅
fitCO,sim(T)

fitCO,exp(T)

In a first step, a scalar raw LIF intensity ILIF was obtained by inte-
grating the two-dimensional, background and baseline corrected in-
tensity distribution within a region of 0.9 mm length in z-direction 
(matching the interaction length of the DP-CARS probe volume). In the 
1 bar case, the integrated LIF intensity was then corrected with respect 
to shot-to-shot variations of the laser energy E. The parameters of the 
energy dependency (n = 1.51) were determined by varying the laser 
energy while acquiring data in the burnt gas of the V-shaped flame. 
Regarding the measurements at 3 bar pressure, however, no laser energy 
correction was performed on the LIF intensities, as an undetected failure 
of the energy monitoring system occurred during the measurements. 
Correction of the LIF intensity for the local density was subsequently 
achieved by multiplication with the instantaneous temperature T (pro-
vided by the DP-CARS measurement) divided by a reference tempera-
ture T0 = 300 K. Furthermore, a correction function W(x, y) is applied 
to account for reflections at the quenching wall resulting in an increased 
LIF signal at small wall distances. This correction function was derived 
from LIF intensities measured within the test rig at varying positions 
with respect to the quenching wall in a homogeneous calibration gas (1 

% CO, 99 % N2). The corrected LIF intensity was finally turned into mole 
fractions using a temperature-dependent calibration function 
fitCO,sim(T)/fitCO,exp(T) deduced from a CANTERA simulation and curve- 
fitted experimental data recorded in an adiabatic validation/calibra-
tion case (see Section 2.2.4). When applying this procedure to the 
experimental data of the non-adiabatic near-wall measurements, 
different chemical compositions compared to the adiabatic validation/ 
calibration case may affect the quenching rate and thus the calibration. 
Based on an evaluation of the quenching rate Q and the ionization R 
using an in-house CO-LIF simulation code (based on [36] with 
quenching data from [37], using an ionization cross-section of 1017 

cm− 1 [38] and a laser power density of 1.5 GW/cm2), R is estimated to 
be higher than Q for the given conditions in a methane/air flame at 1 
bar. With the pressure increased to 3 bar, the quenching rate increases 
but is still estimated below the ionization rate (~109 s− 1 vs. ~1010 s− 1). 
Accordingly, as pointed out in [13], it is argued that the effect of 
different quenching rates on the fluorescence quantum yield is reduced 
by a factor of about two or more. The production of CO by photolytic 
dissociation of CO2 is another effect that can also impact the calibration, 
as discussed in [13,16]. For the measurements at small wall distances, 
which are the most relevant here, it is expected that the effect of 
photolytic dissociation of CO2 on the CO-LIF calibration is small, since 
for laser wavelengths > 227 nm dissociation of CO2 is only possible from 
higher vibrational states, which are less populated with decreasing 
temperature [39]. 

Although no laser energy correction of the LIF intensities was per-
formed for the data of the 3 bar case, it is assumed that the described 
calibration procedure is still valid provided that the average laser energy 
was the same for both, the near-wall measurement and the validation/ 
calibration case. This assumption is supported by a comparison of cor-
rected LIF intensities (not laser energy-corrected) of the near-wall 
measurements and the adiabatic validation/calibration case being in 
the same order for thermochemical states associated with a completed 
chemical reaction. Furthermore, the influence of the laser energy 
correction within the overall calibration procedure was found to be of 
minor importance by comparing data of the 1 bar case calibrated first 
using the laser energy correction (i.e., the data as it is shown later in 
Section 3.2.1) and then without using the laser energy-correction (not 
shown). A detailed description on the impact of the shot-to-shot energy 
correction on the CO-LIF intensity quantification is given in Appendix A 
in the supplementary material. 

2.2.3. Planar laser-induced fluorescence of hydroxyl radical (OH-PLIF) 
Planar LIF measurements were carried out for qualitative imaging of 

the hydroxyl radical OH to identify the position of the flame front. The 
fundamental wavelength of 565.86 nm (air) of a narrow-band dye laser 
(Sirah Lasertechnik GmbH, Double Dye) operated with Rhodamine 590 
and optically pumped by a Q-switched, frequency doubled Nd:YAG laser 
(Spectra Physics, PIV 400) was frequency doubled to 282.93 nm and used 
to excite the Q1(6) transition of OH at 35,334.35 cm− 1. The UV beam 
was guided from the exit of the laser, which was operated within an air- 
conditioned laboratory room, to the test rig using high reflective 
dielectric mirrors. Due to space limitations, only two cylindrical lenses 
were used to expand (CL1, f =− 150 mm) the beam in one dimension and 
to compress (CL2, f = +400 mm) it in the other forming a light sheet 
with a thickness of about 200 µm (1/e2) in the ROI. In order not to 
impair the CO-LIF detection, the light sheet for OH-PLIF was guided into 
the ROI from above slightly inclined with respect to the y-axis (see Fig. 2 
(c)). The fluorescence signal was captured using a CCD camera (Basler, 
scA1400-17gm) in combination with an IRO (LaVision GmbH, low speed 
IRO) gated at 125 ns, which was equipped with an objective lens 
(Sodern, CERCO 2073, f/2.8) and an interference filter (Laser Compo-
nents, BP300-325). The CCD camera was operated at 10 ms exposure 
time and 2 × 2 hardware binning (one 12.9 µm sized pixel bin corre-
sponding to 54 µm in physical space). The OH-PLIF detection system was 
positioned above the DP-CARS signal beam slightly inclined with respect 
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to the z-axis. 
The post-processing of the OH-PLIF images for determination of the 

flame front position followed the procedure already used in previous 
studies [30,31]. It involved block-matching and 3D filtering (BM3D) 
[40] to achieve noise reduction while preserving spatial gradients, e.g., 
in the vicinity of the flame front, and Canny-edge (CE) filtering [41] 
(built-in function in Matlab R2022b, The MathWorks, Inc.) to detect edges 
in the image based on local maxima of the LIF intensity’s spatial 
gradient. The threshold for CE filtering was determined based on the 
frequency distribution of the spatial gradient magnitude in an image 
area dominated by image noise. In a last step, edges resulting from a 
striped pattern on the laser light sheet (see Fig. 6) were detected based 
on a Hough transform (built-in function in Matlab R2022b) and subse-
quently removed. Remaining edges detected by the processing algo-
rithm reliably marked the position of the flame front. This 
post-processing procedure was applied to both the 1 bar and 3 bar 
case without further adjustment. Based on this information, the position 
of the DP-CARS/CO-LIF probe volume relative to the flame front is 
derived subsequently. Therefore, the minimum distance dF of the probe 
volume to the nearest flame front segment is deduced. A visualization of 
the determination of dF is shown in Fig. 6(d). 

2.2.4. Spatial matching of the laser diagnostics and identification of the 
wall surface position 

To ensure spatial matching of the different laser diagnostics, the laser 
beams for DP-CARS and CO-LIF were guided through a 100-µm pinhole 
to achieve spatial overlap of both probe volumes in the central plane of 
the burner (x/y-plane). Recordings of the same pinhole captured with 
the OH-PLIF detection system were used to determine the position of the 
DP-CARS/CO-LIF probe volume within the instantaneous flame front 
images. 

The distance of the probe volume from the wall was determined 
following the procedure described in [13] (supplementary material). By 
moving the probe volume (DP-CARS beams only) in small steps closer to 
the wall until first breakdowns occurred, the position of the wall surface 
was identified. Assuming that first breakdowns happen when the 1 
/e2-isoline of the intensity distribution within the probe volume reaches 
the wall surface, the distance of the probe volume to the wall at this 
position was expected to be equal to half of the probe volume diameter. 
This procedure was initially carried out at non-reacting conditions to get 
a first estimate of the wall surface position and subsequently repeated 
under reacting conditions to account for thermal expansion in the steady 
state of the burner operation. At 3 bar pressure, however, the determi-
nation of the distance of the probe volume from the wall is impeded by 
strongly increased beam steering effects resulting in an unknown sys-
tematic error, as described in more detail in Section 3.2.2. The wall 
distances given in this paper (i.e., the position of the probe volume with 
respect to the quenching wall) are therefore to be understood as nominal 
wall distances. 

2.3. Validation/calibration reference case 

Thermochemistry measurements of an adiabatic reference case were 
carried out for (1) calibration of the two-photon CO-LIF data and (2) an 
evaluation of accuracy and precision of the setup. Therefore, a calibra-
tion burner was used, which was designed and used by Greifenstein and 
Dreizler before for a similar purpose [16]. Switching to a calibration 
burner was necessary to generate stable laminar flames as needed for 
calibration purposes at 1 bar and 3 bar. The burner consisted of an 8-mm 
pipe (inner diameter) fed with a fully premixed methane/air mixture 
(equivalence ratio 0.8) and a second surrounding coaxial pipe carrying 
an N2 flow to minimize shear effects at the burner outlet. A 1-mm 
steel-rod positioned at the outlet of the inner pipe served as flame 
holder for a V-shaped flame. The calibration burner was positioned 
within the flame tube of the enclosed test rig by inserting it from 

upstream in positive x-direction through the base plate of the inlet 
plenum. Measurements were carried out in one branch of this 
small-sized calibration V-flame, which was positioned far off the 
quenching wall, at 1 bar and 3 bar pressure and were supplemented by 
the adiabatic simulation introduced in Section 2.1. 

The results of the measurements at 1 bar and 3 bar pressure are 
summarized in Figs. 3 and 4, respectively. The top row (subfigures (a)– 
(c)) shows pairwise correlations of experimental, post-processed T, XCO2 

and XCO as well as the corresponding simulation data. Absolute single- 
shot residua of XCO2 and XCO with respect to the corresponding simula-
tion data are depicted in (d) and (e). Relative accuracy and precision of 
the CO2 and CO measurements are given in (f) and (g) by the relative 
mean μrel(r) and the relative standard deviation σrel(r), respectively, of 
the single-shot residua r within temperature bins of 50 K, scaled with the 
corresponding mole fraction value of the simulation. For both operating 
pressures, thermochemical states (based on post-processed data) well 
match the trace of the simulation data, shown in Figs. 3 and 4(a)–(c). 
With regard to the CO2 mole fraction measurement, for the uncalibrated 
data (directly resulting from the spectral fitting algorithm) a mean μrel(r)

over the full temperature range of ≈19 % for the 1 bar case and ≈26 % 
for the 3 bar case is derived. This accuracy is significantly improved by 
an additional calibration of the data to the simulation (see Section 2.2.1) 
resulting in a mean μrel(r) in the order of 2 % in both cases (subfigures 
(f)) for temperatures higher than 1000 K. Mean σrel(r) of the XCO2 data is 
about 22 % in the 1 bar case and approximately 25 % for the data ac-
quired at 3 bar. This slight increase might be due the stronger impact of 
beam steering effects at higher pressure, which could lead to increased 
stochastic changes of the overlap of the three laser beams within the DP- 
CARS probe volume. μrel(r) and σrel(r) of the gas-phase temperature 
derived from DP-CARS measurements at equilibrium conditions in the 
fully burnt gas is about 3 % and 4 %, respectively in both cases. With 
respect to XCO, as of the procedure, a good relative accuracy is achieved 
as the CO-LIF raw data is calibrated based on the simulation data. For 
both operating pressures, μrel(r) is almost constant over the full tem-
perature range and only slightly increases for temperatures above 1700 
K while its mean value is below 2 %. The relative standard deviation 
σrel(r) shows a similar trend with increasing temperature for both 
operating pressures as it first decreases for temperatures below about 
1000 K and then rises again for temperatures above 1700 K. For the 
lower temperature range this is due to the increasing absolute CO con-
centration while the variance of the residuum, i.e., the width of the 
scatter in Figs. 3 and 4(e), remains constant. At higher temperatures, the 
deteriorated relative precision is mainly caused by the steeper gradient 
of XCO with respect to temperature resulting in an increased variance of 
the data within one averaging bin. Overall, the precision is slightly 
reduced in the 3 bar case compared to the measurements at 1 bar (mean 
σrel(r): ≈12 % (1 bar) / ≈16 % (3 bar)) which is to some extent due to the 
slightly lower precision of the gas-phase temperature that is used within 
the CO-LIF calibration procedure. 

To further discuss the accuracy and precision of the temperature 
measurement (which was only evaluated based on equilibrium condi-
tions) as well as the spatial resolution of the laser diagnostic setup in 
relation to spatial gradients in the reaction zone, a representation of the 
thermochemistry data in the spatial domain is shown in Fig. 5. The 
spatial evolution of T, XCO2 and XCO within the reaction zone of a laminar 
flame is displayed for 1 bar pressure in the top row and for 3 bar in the 
bottom row. The experimental data, which was measured by traversing 
the DP-CARS/CO-LIF probe volume through the flame front, is averaged 
for every traversing location and the mean temperature μ(T) (green 
triangles) is plotted over the simulation data (red, solid line). Error bars 
indicate the standard deviation σ(T) of the experimental data at each 
measurement location. For the 1 bar case, the averaged experimental 
temperature data only falls below the simulation data for low temper-
atures (< 500 K) but matches it very well for higher temperatures. The 
spatial gradients in the temperature trace are reproduced very well by 
the experimental data indicating that the limited resolution of the DP- 
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Fig. 3. Assessment of the laser diagnostic setup regarding accuracy and precision of the CO2 and CO mole fraction measurement based on the validation/calibration 
case at atmospheric pressure. State-space correlations are shown in (a)–(c), single-shot residua in (d) & (e) and relative accuracy and precision in (f) & (g). Number of 
individual samples: 8162. 

Fig. 4. Assessment of the laser diagnostic setup regarding accuracy and precision of the CO2 and CO mole fraction measurement based on the validation/calibration 
case at elevated pressure (3 bar). State-space correlations are shown in (a)–(c), single-shot residua in (d) & (e) and relative accuracy and precision in (f) & (g). 
Number of individual samples: 7049. 
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CARS setup, i.e., the size of the probe volume, is not limiting the accu-
racy (i.e., the relative mean of the single-shot residua) of the measure-
ment, which is below 10 % within the full temperature range. The 
relative standard deviation of the temperature σrel(T) (scaled with the 
corresponding temperature value of the simulation, not shown) first 
increases and then slowly decreases above 1000 K. Especially in the 
temperature range between 500 K and 1500 K, due to the steep spatial 
gradient, minor fluctuations of the flame location might be the dominant 
factor for an increased variation in the temperature data. For regions 
with small temperature gradients, σrel(T) is in the order of 5 % and 
below. For the temperature data acquired at 3 bar, the averaged 
experimental data is still in good agreement with the simulation even 
though the flame thickness is reduced by a factor of about two (from 
about 0.5 mm at 1 bar pressure to about 0.27 mm at 3 bar, estimated 
from [42] using the adiabatic simulation) and gradients are increased 
correspondingly. However, in the higher temperature range, average 
values of the temperature measurement slightly overshoot the simula-
tion by about 2.5 % (>1800 K). For σrel(T) a similar trend with 
increasing temperature like in the 1 bar case is observed. The increase in 
standard deviation at temperatures between 500 K and 1500 K, how-
ever, is clearly more pronounced as spatial gradients are significantly 
increased due to the elevated pressure. Within regions of smaller tem-
perature gradients, the σrel(T) is in the order of 5 %. Regarding the 
spatial evolution of XCO2 and XCO, a good overall agreement of experi-
mental and simulation data is observed as well for both operating 
pressures. Larger deviations are only evident for the oxidization zone of 
CO at 3 bar pressure, as experimental data clearly falls below the 
simulation. As temperatures of these states are slightly overpredicted, 
the CO-LIF calibration is deteriorated resulting in this discrepancy. 
However, since most of the FWI processes take place at lower temper-
atures, the distorting effect on the results presented in Section 3 is 
assumed to be negligible. Since accuracy and precision of XCO2 and XCO 
were already analyzed in detail based on representations in the state 
space, they are not further discussed here. 

3. Results and discussion 

3.1. Flame front characteristics and quenching scenarios 

Based on the flame front topology in close vicinity of the wall, where 
the interaction of the reaction zone with the wall takes place, every 
recorded flame-wall interaction event is assigned to one out of three 
quenching scenarios. These are shown in Fig. 6 for the 3 bar case for 
demonstration: (1) The side-wall quenching (SWQ)-like scenario is 
characterized by an almost point-like near-wall region of flame-wall 
interaction (i.e., the quenching point), while the flame front and the 
wall form an acute angle in most cases. (2) In the head-on quenching 
(HOQ)-like scenario one single, extended (in wall-parallel direction) 
near-wall reaction zone interacts with the wall. (3) The multi-zone 
quenching (MZQ) scenario exhibits multiple regions of flame-wall 
interaction which are spatially separated by pockets of unburnt gas. 
While the SWQ- and HOQ-like scenarios were already observed in the 
unconfined, atmospheric SWQ burner and introduced in [11], the MZQ 
scenario most likely results from the increased Reynolds number which 
is an inherent characteristic of the pressurized SWQ burner operation. A 
time sequence visualizing the linking of these three quenching scenarios 
including a detailed discussion is presented in [30]. For the automated 
classification of the individual quenching events in the processing al-
gorithms, segments of the flame front in a region close to the wall were 
identified. This region was defined by the flame front section of mini-
mum wall distance within the full FOV. Based on the number and the 
lengths of connected flame front segments within this near-wall region 
each event was finally assigned to one of the three quenching scenarios 
applying the criteria in Table 2. 

Applying this classification to all statistically independent quenching 
events, the HOQ-like scenario is clearly identified as predominant 
quenching scenario in the studied burner (about 90 %), regardless of 
operating pressure. In contrast, only a marginal number of events are 
classified as either SWQ-like (about 7 %) or MZQ scenarios (about 3 %). 
Thus, the statistics of quenching scenarios clearly differs from a similar 
analysis of quenching events in the unconfined, atmospheric SWQ 

Fig. 5. Evolution of temperature, CO2, and CO mole fraction in a laminar flame of validation/calibration case shown in the spatial domain at atmospheric (top row) 
and elevated (3 bar) pressure (bottom row). 
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burner revealing a ratio of 1:1 between SWQ-like and HOQ-like sce-
narios [11]. This difference is most likely due to the confined burner 
configuration preventing an unhindered expansion of the exhaust gases 
which in turn results in the flame front being pushed towards the wall. 
Furthermore, the higher bulk velocity of the main flow (3.8 m/s vs. 2.2 
m/s in [11]) together with a slightly lower laminar flame speed (0.27 

m/s vs. ≈0.35 m/s in [11] for a lean DME/air flame at equivalence ratio 
of 0.83, cf. [43]) in average leads to a decreased angle between flame 
front and the wall promoting the development of HOQ-like scenarios. 
Finally, the pressurized burner is oriented differently in the gravitational 
field than the unconfined configuration (main flow direction horizontal 
instead of vertical). All these aspects, are expected to impact the sta-
tistical share between the possible quenching scenarios. Possible con-
sequences of these differences on the near-wall thermochemistry 
measurements are discussed in Section 3.2. 

To provide a link to previous studies on FWI carried out at identical 
operating conditions [30,31], a spatial distribution of the mean reaction 
progress variable representing the flame brush is derived from the 
OH-PLIF data in a second step. For this purpose, all instantaneous im-
ages are first binarized by dividing the OH-PLIF field-of-view (FOV) into 
regions of burnt and unburnt gas (separated by the flame front which is 
identified following the procedure described in Section 2.2.3) and sub-
sequently averaged. Fig. 7 shows the flame brush for both operating 

Fig. 6. Instantaneous OH-PLIF recordings of quenching scenarios exemplarily shown for the 3 bar case in (a), (b) and (c). The streamwise coordinate xc indicates the 
position with the highest probability to detect a flame front close to the wall and was derived following the procedure described in [30]. The classification of the 
individual events was carried out based on the number and lengths of flame front segments in a near-wall region exemplarily shown for the SWQ-like case in (d). The 
near-wall region is defined by the dashed-dotted line. The identification of the minimum distance between the probe volume (red dot) and the flame front dF is 
visualized in (e). The position of the probe volume was varied to probe thermochemical states at multiple wall distances. For the example OH-PLIF image in (b), the 
probe volume was positioned 4 mm from the wall. Relative frequencies of occurrence of quenching scenarios are displayed in (f). 

Table 2 
Criteria for the classification of quenching scenarios.   

Number of near-wall reaction zone 
(s) 

Length of reaction zone 
(s) 

SWQ-like 
scenario 

1 ≤1 mm 

HOQ-like 
scenario 

1 >1 mm 

MZQ scenario >1 Not relevant  

(a) (b)

m
ea

n 
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m
e 
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Fig. 7. Spatial distribution of the mean reaction progress in the 1 bar (a) and 3 bar case (b).  
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conditions. The streamwise coordinate xC was derived similarly to pre-
vious studies [30,31] and indicates the location with the highest prob-
ability of a flame front occurrence at xc = 0mm. In both cases, the flame 
brush is wide upstream but narrows downstream. In the 1 bar case, the 
thickness of the flame brush is slightly narrower at the upstream posi-
tions compared to the 3 bar case, and decreases more gradually with 
increasing xc. Despite a constant ratio of bulk flow velocity and laminar 
flame speed (see Section 2.1), the mean streamwise position of FWI is 
shifted slightly upstream in the 3 bar case due to increased turbulence 
causing in average the flame to strike the quenching wall at a slightly 
increased angle. Far downstream, the flame brush exhibits a reduced 
thickness at higher pressure which is in good accordance with a previous 
study [31]. 

3.2. Thermochemical states 

In the following sections, results of the near-wall thermochemistry 
measurements are presented. Pairwise correlations of T, XCO2 and XCO 
are visualized by means of scatter plots. As measurement locations near 
the wall were of greater interest, fewer experimental samples were 
recorded farther from the wall. Since one quenching scenario was 
identified as the predominant scenario (more than 90 % HOQ-like 
events, see Section 3.1), no classification of the thermochemistry data 
with respect to the quenching scenario was applied. The results pre-
sented in the following sections hence give a representative picture of 
the thermochemistry of HOQ-like events. First, the 1 bar case is dis-
cussed and reference is made to results of previous studies on transient 
HOQ flames in an impinging-jet burner by Mann et al. [8], laminar SWQ 
flames by Jainski et al. [9] and Kosaka et al. [10] and turbulent SWQ 
flames by Zentgraf et al. [11] (the latter three studies were carried out in 
the unconfined, atmospheric SWQ burner). Subsequently, the results of 
the measurements at 3 bar operating pressure are presented. To 
emphasize the impact of the wall resulting in non-adiabaticity, ther-
mochemical states of an adiabatic, laminar flame derived from the 
adiabatic simulation (see Section 2.1) are also shown. In a last step, 
differences between both operating cases are highlighted and the impact 
of increasing pressure on near-wall thermochemistry is discussed. 

3.2.1. Atmospheric pressure case 
Fig. 8 shows the distribution of thermochemical states in the 1 bar 

case for the measurement location at minimum nominal wall distance y 
= 0.1 mm. For comparison, thermochemical states of the adiabatic 

simulation are visualized as red solid line. The color-coding of the scatter 
indicates the minimum distance dF of the probe volume to the flame 
front for each sample. While negative values (blue) of dF are associated 
with a measurement in the unburnt gas, positive values (yellow) indicate 
that the probe volume was in the burnt gas. The value dF = 0mm cor-
responds to probe volumes located exactly on the flame front. For the 
data shown in Fig. 8 measured at a fixed location close to the wall, the 
transition from dark blue to light blue scatter (representing statistically 
independent measurements) in average recreates the scenario of a flame 
front approaching the wall. To some extent, this is comparable to a 
transient head-on quenching event, since head-on quenching is the 
predominant scenario. For higher dF values (dark blue color-coded 
scatter), the gas temperature is low but increases as the flame ap-
proaches the probe volume (light blue color-coded scatter), evident from 
the XCO2 /T-correlation in Fig. 8(a). Close to the flame front, the tem-
perature reaches maximum values but does not exceed 1000 K for 
almost any sample, clearly deviating from the trace of the adiabatic 
simulation due to the influence of heat losses to the wall. Despite this 
trend, the spread of temperature for thermochemical states of similar dF 
is still wide. Besides of turbulent mixing effects, this might also be partly 
attributed to the limited resolution of the OH-PLIF detection system 
reducing the precision of the derivation of dF. Thermochemical states 
measured clearly in the burnt gas (dF > 0mm) are either associated with 
SWQ-like events or an HOQ-like flame that is already quenched at the 
probe volume location. The high variance in XCO2 of these states is again 
a sign for turbulent mixing in the post-quenching zone. With regard to 
XCO2 , almost no correlation with dF is observed, as mole fractions range 
between 0 and 0.08 independent of the distance between probe volume 
and flame front. Regarding increased XCO2 at low temperatures (< 400 
K) in regions of unburnt gas, similar observations were made in the 
unconfined, atmospheric turbulent side-wall quenching flame (compa-
rable to the flame front topology in Fig. 6(a)). These thermochemical 
states (high XCO2 at low temperatures) have been attributed to a trans-
port mechanism, where turbulent eddies transport burnt exhaust gas 
upstream through the gap between the flame tip and the wall, mixing 
with approaching fresh gas [11]. However, due to the different near-wall 
flame front topology (mostly HOQ-like events) within this study, other 
transport effects leading to these thermochemical states cannot be 
excluded. From the XCO/T- and XCO/XCO2 -scatter plots in Fig. 8(b) and 
(c), it can be deduced that these states feature mostly low XCO, meaning 
that there is no correlation between XCO and XCO2 which supports the 
assumption that these states originate from (almost) fully burnt gas 

Fig. 8. Thermochemical states of atmospheric FWI under turbulent flow conditions at a wall distance of 0.1 mm. The data is color-coded with respect to the 
minimum distance dF of the probe volume to the instantaneous flame front and presented by means of correlations of XCO2 /T, XCO/T and XCO/XCO2 shown in (a), (b) 
and (c), respectively. Number of individual samples: 3128. 
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mixtures being cooled down. 
Following the evolution of thermochemical states for increasing dF in 

the XCO/T-scatter plot (Fig. 8(b)), temperatures and CO mole fractions 
first rise as dF approaches zero and then decrease again for the states 
farther in the burnt gas. The influence of heat losses on the thermo-
chemistry are clearly evident, as thermochemical states are shifted to 
lower temperatures and maximum XCO values are significantly reduced 
compared to the adiabatic simulation. Together with turbulent mixing 
effects, this leads to the observation that a clear distinction between a 
CO production and an oxidation branch is hardly possible anymore. 
Based on dF, however, it can be assumed that thermochemical states on 
the left side of the scatter (dF < 0mm) might be associated with CO 
production, while states on the right (dF > 0mm) are rather related to 
oxidation. Following this assumption, it is evident that the CO oxidation 
is significantly more strongly affected than the production. This is in 
good agreement with previous studies on FWI (laminar & turbulent, 
SWQ & HOQ) [8–11] and attributed to larger chemical time scales of the 
CO oxidation process [10]. While for the transient HOQ flame in [8] 
almost no impact of non-adiabaticity on the CO production was 
observed, a slight shift of the corresponding states to smaller tempera-
tures and a clearly reduced XCO peak value is visible in Fig. 8(b). Besides 

the differences between the burner configurations, these differing ob-
servations might be due to increased turbulence levels leading to an 
increased convective heat transfer corresponding to smaller time scales 
of heat transfer (see discussion on time scales in [10]). 

The evolution of the scatter plots for different wall distances in the 1 
bar case is visualized in Fig. 9. Correlations of XCO2 /T, XCO/T and XCO/

XCO2 are shown for five selected wall distances ranging from 0.35 mm to 
4 mm. Each column in Fig. 9 corresponds to one fixed wall distance of 
the probe volume. Comparing the distribution of thermochemical states 
in the XCO2 /T-state space at increasing wall distances (Figs. 8(a) and 9 
(a)–(e)), it is clearly evident that the impact of wall heat losses on the 
quenching flame diminishes, as the scatter of experimental data ap-
proaches the thermochemical states of the adiabatic simulation. 
Maximum temperatures in the experimental data rise and converge to 
the adiabatic flame temperature. Maximum XCO2 values of thermo-
chemical states at lower temperatures (T < 400K) decrease until there is 
no deviation from the adiabatic simulation within this temperature 
range visible anymore at wall distances of y ≥ 0.65mm. The impact on 
CO production and oxidation decreases as well, as peak XCO values in the 
experimental data reach the maximum value of the adiabatic simulation 
and production/oxidation branch become discriminable. While at y =

Fig. 9. Thermochemical states of atmospheric FWI under turbulent flow conditions at varying wall distances. The data is color-coded with respect to the minimum 
distance dF of the probe volume to the instantaneous flame front and presented by means of correlations of XCO2 /T, XCO/T and XCO/XCO2 shown in (a)–(e), (f)–(j) and 
(k)–(o), respectively. Number of individual samples ranging between 425 and 2572, depending on the wall distance. 
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0.85 mm, a weak influence of the wall on the thermochemistry is still 
observed, the flame seems to be mostly unaffected by heat losses at wall 
distances of 2 mm and beyond. 

3.2.2. Elevated pressure case 
The results on the near-wall thermochemistry for the 3 bar case are 

outlined in Fig. 10 in terms of XCO2 /T, XCO/T and XCO /XCO2 correlations 
as for the 1 bar case in Section 3.2.1. Scatter plots are shown for five 
different nominal wall distances ranging from 0.4 mm to 4 mm. At 3 bar 
pressure, measurements in reactive flows are increasingly affected by 
beam steering effects. Correspondingly, at decreasing wall distances the 
laser beams are increasingly deflected resulting in a high proportion of 
distorted single-shot samples. Furthermore, as the deflected beams oc-
casionally impinge on the quenching wall, the intense broadband radi-
ation emitted during spark formation could potentially cause damage to 
the CO-LIF, OH-PLIF and DP-CARS detection systems. This behavior 
impairs the accuracy of the determination of the wall position during 
reacting conditions as first breakdowns due to laser light impinging on 
the quenching wall are occasionally observed at rather large wall dis-
tances (about 0.45 mm, estimated from the position of the wall deter-
mined during non-reacting conditions). By moving the probe volume 

closer to the wall, the ratio of breakdowns continuously increases and a 
distinct position where breakdowns abruptly occur can therefore not be 
identified. The indicated nominal wall distances in the 3 bar case are 
therefore based solely on the identification of the wall surface position in 
the non-reacting flow done shortly before the near-wall measurements 
(according to the procedure described in Section 2.2.4). Accordingly, 
thermal expansion of the wall at reacting conditions is not accounted for 
as in the 1 bar case and might result in a systematic error added to the 
wall distance. In the 1 bar case, for reference, the identified wall surface 
position is shifted by about 0.05 mm in positive y-direction comparing 
the non-reacting and the reacting flow. The systematic error related to 
the wall distance in the 3 bar case is assumed to be of a similar order 
resulting in a slight overestimation of the wall distance. To avoid 
damages to the detection systems, measurements at nominal wall dis-
tances smaller than 0.4 mm were not carried out for the 3 bar case. 

With respect to increasing wall distances, the evolution of the scatter 
plots shows trends similar to those observed for the 1 bar case. At y =

0.4mm the experimental data clearly deviates from the adiabatic 
simulation as thermochemical states are shifted to lower temperatures. 
As in the 1 bar case, an average trend of increasing temperature with 
decreasing |dF | (i.e., a flame front approaching the probe volume) is 

Fig. 10. Thermochemical states of FWI at elevated pressure (3 bar) under turbulent flow conditions at varying wall distances. The data is color-coded with respect to 
the minimum distance dF of the probe volume to the instantaneous flame front and presented by means of correlations of XCO2 /T, XCO/T and XCO /XCO2 shown in (a)– 
(e), (f)–(j) and (k)–(o), respectively. Number of individual samples ranging between 617 and 2837, depending on the wall distance. 
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observed. This correlation, however, is less distinct for the data at 3 bar 
shown in Fig. 10. The main reason for this is most likely again an 
increasing impact of beam steering effects at elevated pressure resulting 
in an impaired spatial matching of the DP-CARS and OH-PLIF di-
agnostics, as the DP-CARS/CO-LIF probe volume is stochastically shifted 
with respect to the OH-PLIF detection. This in turn affects the correlation 
of T, XCO2 and XCO with dF even more, as the width of the reaction zone is 
reduced (see Fig. 5). At lower temperatures, similar to the 1 bar case, 
thermochemical states featuring increased XCO2 values are observed in 
Fig. 10(a), which again supports the hypothesis on a convective trans-
port of burnt gas into upstream regions of unburnt gas. With increasing 
wall distance, these states continuously vanish as the maximum CO2 
mole fraction within this temperature range (< 400 K) decreases. 
Furthermore, the influence of wall heat losses diminishes since ther-
mochemical states are more and more shifted towards the trace of the 
adiabatic simulation. 

Based on Fig. 10(f), the impact of heat losses on production and 
formation of CO is also evident as, close to the wall, the majority of 
thermochemical states is limited to temperatures below 1300 K and CO 
mole fractions XCO < 0.015. Thermochemical states featuring higher 
XCO occur very rarely in the experimental data and highest values still 
fall below the peak value of the adiabatic simulation. This could imply 
that states exhibiting maximum XCO just do not exist at these wall dis-
tances as the reaction is quenched due to heat losses. At this point, 
however, it also needs to be considered that thermochemical states 
associated with higher XCO might be measured less frequently due to 
properties of the optical measurement technique and the FWI process 
itself. This can as well be observed in the XCO/T-state spaces for larger 
wall distances shown in Fig. 10(g) to (j) as the share of thermochemical 
states exhibiting increased XCO is still low. On the one hand, this might 
result from increased beam steering effects at spatial locations of high 
XCO in the flame which are also characterized by high temperature 
gradients. On the other hand, it might be just less likely to probe these 
states in the turbulent flame, comparing the size of the reaction zone 
(further reduced at elevated pressure, see Fig. 5) with the thickness of 
the flame brush (see Fig. 7). At larger wall distances, as the total number 
of experimental samples is reduced, the absolute number of high XCO 
states would even further decrease. Inhomogeneities of the CO-LIF raw 
signal in the direction of propagation of the UV beam (z-direction), 
might also play a non-negligible role. Based on an analysis of the two- 
dimensional CO-LIF raw data, the coefficient of variance (COV) of the 
background- and baseline-corrected raw intensity in principal beam 
direction (z-direction) is shifted towards highest values in the 3 bar case. 
While at atmospheric pressure the COV is in average about 13.6 %, the 
corresponding averaged value in the 3 bar case is about 21 %. The 90 
%-quantiles of the underlying distributions of the COV are about 27 % 
and 45 %, at atmospheric and elevated pressure, respectively. These 
inhomogeneities might be due to increased flame front wrinkling 
resulting in a higher variation of the flame front orientation at the 
measurement location. Due to the finite size of the probe volume, the 
binned CO-LIF signal is reduced, if the flame front is not oriented par-
allel to the main axis of the probe volume (i.e., the direction of propa-
gation of the UV beam), as in this case a continuous range of 
thermochemical states is probed. Within the temperature range (1400 K 
< T < 1800 K) where the occurrence of maximum values of XCO would 
be expected, the COV is in both operating cases rather small (equivalent 
with a homogeneous signal). The reason for this could be that an 
inhomogeneous mixture within the overlapped DP-CARS/CO-LIF probe 
volume would result in a significant reduction of the temperature 
measured by the DP-CARS approach due to the dependency of the signal 
to the number density of the participating molecules squared. At larger 
wall distances, where the effect of heat losses seems to vanish (y 
> 2mm), the thermochemical states approach the results of the adia-
batic simulation and the number of intermediate states due to turbulent 
mixing is reduced. 

3.2.3. Comparison of both operating cases 
For an analysis of possible effects due to increasing pressure on the 

near-wall thermochemistry, the data presented in Sections 3.2.1 
and3.2.2 is further examined with regard to variations between both 
operating cases in the following. To emphasize differences, thermo-
chemistry data (T&XCO2 ) of both cases is combined in Fig. 11 by means 
of conditional averages. Temperatures and CO2 mole fractions are 
therefore averaged within bins of ΔXCO2 = 0.01 width. Fig. 11(a) shows 
conditionally averaged thermochemical states for wall distances smaller 
than 1 mm. Thermochemistry data at larger wall distances (2 mm & 4 
mm) is depicted in Fig. 11(b). For similar nominal wall distances the 
same symbol is used for thermochemistry data of both operating cases. 
The trace of the adiabatic simulation for both operating conditions is 
shown for reference. From the conditionally averaged data in Fig. 11(a) 
it can be deduced that close to the wall, thermochemical states are more 
strongly affected by the presence of the wall in the 3 bar case. While the 
traces of the adiabatic simulations are quite similar, the thermochemical 
states of the near-wall measurement are in average shifted further to-
wards lower temperatures in the 3 bar case. Comparing for example the 
thermochemistry of both operating cases at similar nominal wall dis-
tances of y = 0.35 mm (1 bar) and y = 0.4 mm (3 bar), respectively, 
temperatures are hence clearly reduced in the 3 bar case. Accordingly, 
conditionally averaged thermochemical states of the 1 bar case at that 
wall distance (y = 0.35 mm), are close to thermochemistry data of the 3 
bar case recorded at y = 0.65 mm, i.e. a larger wall distance. Comparing 
the estimated systematic error of the wall distance specification at 
elevated pressure (cf. Section 3.2.2) in the order of − 0.05 mm (resulting 
in a slight overestimation of the wall distance), the trends described 
above are still valid despite this uncertainty. With increasing wall dis-
tance, the differences in the near-wall thermochemistry of both oper-
ating cases diminish as the impact of the wall decreases and 
experimental thermochemical states approach the trace of the adiabatic 
simulation. Far from the wall, at y = 2 mm and y = 4 mm (Fig. 11(b)), no 
influence of wall heat losses on the thermochemistry is observed 
anymore for either operating condition. Conditionally averaged ther-
mochemical states match the adiabatic simulation and can be primarily 
attributed to conditions in the fresh or burnt gas. 

Fig. 11: Comparison of the near-wall thermochemistry at atmo-
spheric and elevated pressure by means of conditionally averaged 
(within bins of ΔXCO2 = 0.01) thermochemical states plotted in the 
XCO2 /T-state space for wall distances y ≤ 0.85 mm in (a) and y ≥ 2 mm in 
(b). Conditional averages are only shown for bins containing at least 30 
individual samples. 

Regarding correlations of XCO and T, the main difference between 
both operating cases is the reduced number of thermochemical states 
featuring peak XCO in the 3 bar case (see Fig. 10(h), for example). 
Possible reasons for this observation are discussed in Section 3.2.2. Be-
sides that, comparing Figs. 9(f)–(h) and 10(f)–(h), close to the wall, the 
formation of CO appears to be slightly more impacted by wall heat losses 
and turbulent mixing effects in the 3 bar case, as thermochemical states 
deviate slightly more from the trace of the adiabatic simulation towards 
lower temperatures. 

4. Conclusion 

In this study quantitative, multi-parameter measurements were 
conducted in a turbulent side-wall quenching flame at atmospheric and 
elevated pressure (3 bar, absolute) to investigate the impact of pressure 
effects on flame-wall interaction (FWI). Gas-phase temperatures as well 
as CO2 and CO mole fractions were measured by means of dual-pump 
coherent anti-Stokes Raman spectroscopy (DP-CARS) and laser- 
induced fluorescence (LIF) of CO. In addition, the instantaneous loca-
tion of the flame front was tracked using planar OH-PLIF providing in-
formation on the relative position of the CO/DP-CARS probe volume 
with respect to the location of the reaction zone. Based on the near-wall 
flame front topology, the individual FWI events were categorized into 
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three different quenching scenarios. This analysis showed that for both 
operating pressures the head-on quenching (HOQ)-like scenario, char-
acterized by one single, extended (in wall-parallel direction) near-wall 
reaction zone that interacts with the wall, was the predominant 
quenching scenario associated with about 90 % of all FWI events. Dif-
ferences in that regard to studies on an unconfined, atmospheric side- 
wall quenching flame configuration reporting a significantly lower 
share of HOQ-like scenarios were mainly attributed to the confined 
burner configuration used within this study. The near-wall thermo-
chemistry was investigated for both operating pressures by means of 
pairwise correlations of gas-phase temperature, CO2, and CO mole 
fraction for varying wall distances. Regarding the measurements under 
atmospheric conditions, thermochemical states were measured down to 
a minimum nominal wall distance of 0.1 mm. For this operating pres-
sure, an overall good agreement of the near-wall thermochemistry data 
presented in this work with results of other studies (carried out in a 
similar unconfined, atmospheric side-wall quenching flame configura-
tion) was observed. While close to the wall, a significant impact of wall 
heat losses on thermochemical states was evident, this effect diminished 
with increasing wall distance. Furthermore, the observation of high CO2 
mole fractions at rather low temperatures measured in the unburnt gas 
supported the hypothesis (stated in the literature) of hot exhaust gas 
being cooled down as it is transported in the upstream direction. Beyond 
that, results of the measurements at 3 bar were shown, representing the 
first attempt, to the authors’ best knowledge, to explore the near-wall 
thermochemistry during FWI at elevated pressure. As these operating 
conditions resulted in significantly increased beam steering effects, 
especially in the vicinity of the wall, where temperature gradients are 
large, implications on the application of the laser diagnostics and the 
measurement results were reported. These effects may lead to a reduced 
spatial matching of the individual laser-diagnostics impairing the 
overall precision of the measurement. In addition, as the procedure to 
determine the wall surface position was affected, the reported distance 
of the probe volume from the wall was associated with an increased 
uncertainty. Despite these challenging conditions, the evolution of near- 
wall thermochemistry with increasing wall distance could be analyzed 

and trends similar to the measurements at atmospheric pressure were 
observed. At small wall distances, for example, the presence of ther-
mochemical states featuring high CO2 mole fractions and low temper-
atures were reported. The comparison of the results with regard to the 
operating pressure was impaired by the difficulties of the measurement 
at elevated pressure and differences between both operating cases are 
moderately pronounced. Considering the uncertainties of the measure-
ments, however, the near-wall thermochemistry appears to be more 
strongly affected by the presence of the wall at elevated pressure as ef-
fects associated with heat losses are intensified due to increased 
convective transport resulting from enhanced turbulence. 

To summarize, the contributions of this study to the research on FWI 
may be divided into two main aspects. On the one hand, the results 
provide a first insight into the thermochemistry of FWI at elevated 
pressure and increased Reynolds numbers, i.e., conditions more relevant 
to real combustion devices. On the other hand, challenges of near-wall 
measurements in reactive flows arising with increasing pressure are 
reported which may be helpful for further studies in this field. 

Novelty and significance 

Flame-wall interactions (FWI) have been investigated in numerous 
studies over the last decades. Most of these experiments, however, were 
carried out at atmospheric pressure and laminar flow conditions and the 
number of studies providing quantitative information on important state 
variables, such as temperature and species concentration, are even less. 
The experiments presented in this manuscript address both of these as-
pects as gas-phase temperature, CO2 and CO mole fraction are measured 
quantitatively and simultaneously in a turbulent side-wall quenching 
methane/air flame at atmospheric and 3 bar absolute pressure. To the 
best of our knowledge, these experiments represent the first attempt to 
explore the thermochemistry of FWI at elevated pressure and turbulent 
flow conditions. 

Fig. 11. Comparison of the near-wall thermochemistry at atmospheric and elevated pressure by means of conditionally averaged (within bins of ΔXCO2 = 0.01) 
thermochemical states plotted in the XCO2 /T-state space for wall distances y ≤ 0.85 mm in (a) and y ≥ 2 mm in (b). Conditional averages are only shown for bins 
containing at least 30 individual samples. 
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C. Hasse, A. Dreizler, Wall heat fluxes and CO formation/oxidation during laminar 
and turbulent side-wall quenching of methane and DME flames, Int. J. Heat Fluid 
Flow 70 (2018) 181–192. 

[11] F. Zentgraf, P. Johe, A.D. Cutler, R.S. Barlow, B. Böhm, A. Dreizler, Classification of 
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