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Abstract

The aim of the present work is the investigation of the flame dynamics of
the primary zone in air-staged aero engine combustion chambers (RQL).
Furthermore, the transfer of the flame dynamics of the isolated primary zone
to the compact RQL arrangement is examined. A new experimental approach
realized in a specifically designed thermoacoustic test rig allows the identifi-
cation of the isolated thermoacoustic behavior of the primary and secondary
zone respectively. In addition, both combustion zones can be arranged in
one compact RQL combustion chamber to investigate the combined flame
dynamics.

The quantification of the flame dynamics in terms of flame transfer functions
(FTF) is performed by using the purely acoustic multimicrophone method
(MMM) and the Rankine-Hugoniot jump conditions, as well as the optical
method based on the flame’s chemiluminescence (OH~, CH”, €; and COy).
The quality of the acoustic wavefield reconstruction is improved by imple-
menting a thermocouple correction method for the hot gas environment,
as well as a criterion for the selection of three out of four dynamic pressure
transducers in each impedance measurement duct for the application of the
multimicrophone method.

The purely acoustically measured FTF amplitudes of the fuel-rich operated
primary zone demonstrate a reduction of the amplitude with increasing
equivalence ratio. A root cause study is conducted to clarify the origin of
the observed behavior of the FTF amplitudes primary flame under fuel-rich
combustion conditions. The study reveals that the influence of atomization
and evaporation, as well as thermal effects are found not to be the root cause
for the observed behavior. Lastly, the dynamic of the synthesis gas formation
during fuel-rich combustion and the contact of the flame with the cold com-
bustion chamber wall are assumed to alter the flame dynamics.

vii



An alternative approach for the determination of the FTF from the FTM22-
element is provided, which considers the chemical conversion and the
temperature dependencies of the specific heat capacities across the flame, as
well as the unsteady flame movement. The resulting FTFs reveal a substantial
deviation in FTF amplitude compared to the classic Rankine-Hugoniot rela-
tions.

The optical determination of FTFs in the isolated primary zone using the
chemiluminescence of the flame shows good agreement with the acoustic
method for all of the investigated radicals (OH~, CH™, €, and COy).

In practical aero engine combustion chambers the overall flame dynamics of
both combustion zones are of interest. Therefore, an estimation based on the
superposition of the flame dynamics of both isolated combustion chambers
demonstrates the contribution of the individual zones to the overall thermoa-
coustic behavior of compact RQL combustion chambers. The assumption
of the dominating primary zone is experimentally verified by evaluating
thermoacoustic measurements for the compact RQL arrangement using a
one-dimensional acoustic network model and the 2-port multimicrophone
method.
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Kurzfassung

Das Ziel der vorliegenden Arbeit ist die Untersuchung der Flammendy-
namik der Primédrzone in luftgestuften Flugtriebwerksbrennkammern (RQL).
Dartiiber hinaus soll der Transfer der Flammendynamik der isolierten Primér-
zone auf die kompakte RQL-Anordnung untersucht werden. Zu diesem Zweck
wird ein experimenteller, wissenschaftliche Ansatz in einem speziellen ther-
moakustischen Priifstand realisiert. Dieser Ansatz erlaubt die Identifizierung
des isolierten thermoakustischen Verhaltens der Primér- und Sekundérzone.
Zusitzlich ist deren Kombination in einer kompakten RQL-Brennkammer zur
Vermessung der kombinierten Flammendynamik méglich.

Die Quantifizierung der Flammendynamik in Form von Flammentransfer-
funktionen (FTF) erfolgt mit Hilfe der rein akustischen Multimikrofonmeth-
ode (MMM) und den Rankine-Hugoniot Beziehungen, sowie mit der optis-
chen Methode, welche auf der Chemilumineszenz der Flamme basiert (OH ",
CH™, €, und CO3). Die Rekonstruktionsqualitit des akustischen Wellenfeldes
wird durch die Implementierung einer Thermoelement-Korrekturmethode
innerhalb der Heigasumgebung und einem Kriterium fiir die Wahl von 3 aus
4 dynamischen Druckaufnehmer zur Anwendung der Multimikrophonmeth-
ode optimiert.

Die rein akustisch gemessenen FTF-Amplituden der fett betriebenen Primar-
zone zeigen einen zunehmenden Abfall der Amplitude mit steigendem
Aquivalenzverhiltnis. Eine Studie zur Ursache fiir das Verhalten der FTF-
Amplituden bei fetter Verbrennung wird durchgefiihrt. Aus dieser Studie geht
hervor, dass der Einfluss von Zerstdubung und Verdampfung, sowie thermis-
che Effekte nicht die Ursache fiir das beobachtete Verhalten sind. Schlielich
bleibt die Vermutung, dass die Dynamik der Synthesegasproduktion und der
Kontakt der Flamme mit der kalten Brennkammerwand fiir das beobachtete
Verhalten der FTF-Amplituden bei fetter Verbrennung in der Primédrzone
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mogliche Ursachen sind.

Ein alternativer Ansatz zur Bestimmung der FTF aus dem FTM22-Element
wird hergeleitet, welcher die chemische Umwandlung und die Temperaturab-
hingigkeit der Gaseigenschaften stromauf und stromab der Flamme, sowie
die instationdre Flammenbewegung berticksichtigt. Im Vergleich zu den klas-
sischen Rankine-Hugoniot-Beziehungen, zeigen die resultierenden alterna-
tiven FTFs eine erhebliche Abweichung beziiglich der FTF-Amplitude.

Die optische Untersuchung der FTFs in der isolierten Primédrzone unter Ver-
wendung der Flammenstrahlung aller gemessenen Radikale (OH~, CH”, €,
and CO7) zeigt gute Ubereinstimmung mit der rein akustischen Methode.

In praktischen Brennkammern von Flugzeugtriebwerken ist die globale Flam-
mendynamik beider Verbrennungszonen von Interesse. Aus diesem Grund
wird eine Abschédtzung des Beitrags der einzelnen Verbrennungszonen zur
gesamten Flammendynamik von RQL Brennkammer unter Verwendung des
Superpositionsprinzips gezeigt. Die Annahme einer dominierenden Primér-
zone hinsichtlich der Flammendynamik von RQL Brennkammern wird durch
Auswertung experimenteller Daten der kompakten Anordnung mit Hilfe
eines eindimensionalen, akustischen Netzwerkmodells und der 2-Port Mul-
timikrophonmethode verifiziert.
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1 Introduction

The following chapter rst describes the most important emissions regula-
tions for a more climate-friendly aviation. The rich-quench-lean (RQL) com-
bustion technology is highlighted as it is one of the prevalent combustion con-
cepts in today's aero engines. Subsequently, the thermoacoustic instabilities
and the main driving mechanisms in an RQL combustor with differentiation
between the primary and secondary zone are explained. In addition, a brief lit-
erature review on previous work concerning the ame dynamics of RQL com-
bustors is shown. Finally, the research objectives reveal the framework and
knowledge gaps that will be addressed in the present work.

1.1 Technological Background

Global air traf ¢ has increased again since the COVID-19 pandemic and pas-
senger numbers in 2023 are almost back to the prepandemic level in 2019 [1].
According to forecasts of air traf ¢ in the European Union, the number of
ights will increase by approximately 35% until 2050 compared to 2023,
leading to a rise of aircraft emissions and noise [2]. Although the contribution

of the aviation sector in 2023 to global anthropogenic pollution is only 4%,
efforts are being made to limit the impact of aviation on global warming by
regulating aircraft emissions, for example, CAEP emission standards [3]. In
addition to carbon dioxide emissions (CO ), the aviation sector emits nitro-
gen oxides (NOy), water vapor and soot at high altitudes. NO , can potentially
form ozone (O 3) in the atmosphere, while water vapor and soot can form
contrails. Both, ozone and contrails contribute to the greenhouse effect and
consequently to global warming [4].

The Advisory Council for Aviation Research and Innovation in Europe
(ACARE) launched the Flightpath 2050 program to reduce aviation emissions
and improve aircraft technology in Europe [5]. The targets of Flightpath 2050
are a reduction of 75% in carbon dioxide (CO 5), 90% of nitrogen oxide (NO )
and 65% of noise until 2050 compared to 2000. The further development of
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1.2 RQL Technology

aircraft engine combustion technology that leads to lower emissions is a key
step toward achieving these ambitious goals.

1.2 ROQL Technology

The rich-quench-lean combustion technology (RQL) is currently the most
prevalent combustion process for reducing aero engine emissions, especially
NOy [6-9]. In RQL combustion chambers the combustion process is staged
into a rich primary, a quenching, and a lean secondary or burn-out zone. Fig-
ure 1.1 illustrates the working principle of an RQL combustor. The burner
directs the fuel m¢ and the swirled primary air m,pz into the primary zone.
There, the fuel is burned under lack of oxygen under fuel-rich conditions
(Apz E 1), especially during take-off of an aircraft. Outer and inner recircu-
lation zones are formed, which aerodynamically stabilize the rich burning
ame. The still reactive hot gases (mainly COandH ) leaving the primary zone
are quickly mixed with secondary air m,sz and burned out in the secondary
zone with an excess of air ( As; C 1). Compared to lean-premixed-prevaporized
combustion technology (LPP), the RQL process offers the advantage of being
signi cantly more reliable in terms of combustion stability and safety, which

is crucial for aero engines [8, 10]. Furthermore, the thermal formation of NO
can be reduced using the RQL principle by up to 60% compared to traditional
combustors.

Ma sz

Ma pz . N .
: ApzE1 AszC1

burner primary secondary

zone zone

Figure 1.1: Working principle of a rich-quench-lean (RQL) combustion cham-
ber.
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Figure 1.2: RQL NO, reduction strategy.

Figure 1.2 depicts the adiabatic ame temperature and the formation of ther-
mal NO versus the equivalence ratio, adapted from Samuelsen [8]. The sup-
pression of thermal NO 4 in RQL combustors is achieved by a lack of oxygen
in the primary zone and by avoiding regions with high ame temperatures

in the secondary zone [11]. Therefore, a quick and ef cient mixing process of
the hot primary gases with the secondary air is essential, which is commonly
performed using the jet-in-cross- ow principle [12,13].

The reduction of weight and size of aero engines is a key element in increasing
the overall ef ciency of the aircraft. For this reason, the power density of aero
engines is constantly being ramped up. However, an increase in power density
carries an increased risk for the occurrence of thermoacoustic instabilities,
which can deteriorate engine operability and durability [14—16].

1.3 Combustion Instabilities

Thermoacoustic instabilities are caused by a feedback loop of the heat re-
lease Q with the acoustics of the environment, e.g., of the combustion cham-
ber[14,15,17]. The ame inside the combustor can be interpreted as an acous-
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tic actuator, whereas the surrounding hardware acts as a damped acoustic res-
onator. If the coupling between the ame and the acoustic properties of the
surroundings ful lls certain requirements, self-sustained large amplitude os-
cillations of acoustic pressure and velocity arise inside the combustion cham-
ber. Lord Rayleigh proposed a necessary requirement for the occurrence of
thermoacoustic instabilities in 1878 [18]. The statement of Lord Rayleigh is
known as Rayleigh's criterion and can be formulated according to Eq. 1.1:

Z
Q%t) epYt)dt E 0. (1.1)
0

In Eq. 1.1 Q%and pPare the heat release and acoustic pressure uctuations, re-
spectively, while ¢ corresponds to the time period of an oscillation. According
to Rayleigh's criterion, constructive interference between the heat release and
acoustic pressure uctuation is a necessary requirement for a combustion
instability to form (Eg. 1.1). Assuming a harmonically oscillating heat release
uctuation QY! ti ' ) which lags a harmonic oscillating pressure uctuation
pY! t) in time, the corresponding phase difference ' has to be smaller in
magnitude than %42 to satisfy Rayleigh's criterion for a combustion instabil-
ity to arise. However, Rayleigh's criterion is a necessary but not a suf cient
requirement for the occurrence of thermoacoustic instabilities. In addition,
the acoustic energy added to the system by the oscillating ame has to exceed
the dissipating mechanisms of the acoustic energy for the instability to grow.
Vice versa, the oscillating amplitude will diminish, and the system will tend to
stabilize as the dissipating mechanisms dominate the overall thermoacoustic
system. The maximum amplitude of a thermoacoustic instability is reached
whenever the acoustic energy added by the ame is in balance with the dissi-
pating energy of the acoustic surroundings. This amplitude is also known as
the limit cycle amplitude and is always caused by acoustic, non-linear effects.

1.3.1 Thermoacoustic Driving Mechanisms in RQL Combustors

Figure 1.3 illustrates a simpli ed acoustic model of an RQL combustor with
differentiation between the primary and secondary ame dynamics and the
corresponding driving mechanisms. The gure was inspired by [19] and
adapted for the typical RQL con guration. On the left, the burner or injector is
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Figure 1.3: Driving mechanisms in RQL combustion chambers.

represented, including the air and fuel supply. The acoustic transfer behavior
of the primary air and fuel supply to the injector can be characterized by the
two impedances Zj, apz and Zi, s, respectively. Analogously, the acoustic be-
havior of the secondary air to the dilution holes is represented by the acoustic
iImpedance Zg; 4 sz. Both, the primary and secondary air supply are coupled in
real aero engines due to the common air supply from the compressor to the
combustion chamber. The acoustic transfer behavior of the primary and sec-
ondary zone's ame can be expressed in terms of two ame transfer matrices
FTMpz and FTMg, relating the acoustic variables p®and u®up- and down-
stream of the ame. The combustor exit at the right end of Fig. 1.3 can be
acoustically represented by the impedance Zgicc, Which would be the rst

turbine stage in real aero engines.
Several driving mechanisms that in uence
ed from Fig. 1.3 and will be described in the following:

FTMpz and FTMgz can be identi-

» Turbulent Noise: The turbulent air injection into the primary and sec-
ondary ame generates broadband acoustic background noise. Conse-
guently, the combustion process and therefore the ame is turbulent.

5
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The emitted turbulent noise couples with the combustor acoustics and

iIs ampli ed accordingly to the eigenfrequencies of the acoustic system.
This acoustic coupling may lead to a modulation of the heat release rate
in both, primary and secondary zone. Turbulent noise is an autonomous

source of sound and potentially triggers other driving mechanisms, e.g.
forced coherent ow structures or droplet dynamics [20-22].

» Natural and Forced Coherent Flow Structures: Each type of periodic
ow instability can be referred to as a coherent ow structure, e.g. vortex
shedding. Coherent ow structures are able to alter the heat release of
the ame by modifying the local turbulent mixing timescales and/or the
ame surface. In gas turbine combustors most typically vortex shedding,
swirl uctuations and processing vortex cores can form [23—-25]. Natural
coherent ow structures are independent of the combustor acoustics and
consequently not affected by the thermoacoustic feedback loop. Often
natural coherent ow structures are linked to the cold ow by character-
istic Strouhal numbers. In contrast, forced coherent ow structures are
triggered by the combustor acoustics being dependent on the eigenfre-
quencies of the system and on the thermoacoustic feedback loop. Both
types of coherent ow structure are transported convectively into the
ame zone. Most coherent ow structures evolve at the burner outlet and
reach the ame after a convective time delay ¢cony [26—28].

» Equivalence Ratio Waves: The acoustic coupling of the air and fuel sup-
ply with the acoustics of the combustor can potentially lead to equiv-
alence ratio uctuations A% In non-premixed and technically premixed
ames the air and fuel mass ow can be altered due to an acoustic veloc-
ity perturbation uC®upstream of the ame resulting in uctuating equiv-
alence ratio waves [19, 29-31]. Similar to coherent ow structures, equiv-
alence ratio uctuations are convectively transported to the ame front
modifying the ame temperature. Consequently, the energy content of
the ow and chemical reaction rates in the ame vary and lead to heat
release uctuations. In liquid-fueled combustors, the fuel supply can
generally be considered to be acoustically stiff due to the high acous-
tic impedance of the liquid fuel injector ~ Z;,; ;. However, atomization and
evaporation after fuel injection are prone to acoustic velocity uctua-
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tions [32—34]. Depending on the droplet size and distribution, number
density waves can evolve, if the Stokes number of the droplets is small
enough. The Stokes number relates the characteristic timescale of the
droplet ¢4 to the acoustic time scale ¢ acst.

« Entropy Waves: Entropy waves s° can be interpreted as harmonically
uctuating temperature patterns that may result from coherent ow
structures or equivalence ratio uctuations in the ame. Temperature
uctuations are convectively transported to the combustor outlet and ac-
celerated in the rstturbine guide vane to velocities close to Mach num-
ber one (Ma ¥ 1). The acceleration process generates a conversion of
the entropy waves to acoustic pressure and velocity waves. The acous-
tic waves can travel in the upstream direction to the ame and burner
altering the ame dynamics [35-39].

Natural coherent ow structures and turbulent noise are largely independent
of the combustor acoustics and consequently the thermoacoustic feedback
loop. In contrast, forced coherent ow structures, equivalence ratio waves,
and entropy waves are part of the thermoacoustic feedback loop, which de-
pend on the eigenfrequencies of the system.

Apart from the thermoacoustic driving mechanisms, the acoustic damping ef-
fects decide whether the combustor tends to be stable or unstable. Acous-
tic damping mechanisms are, for example, radiative and viscous damping,
acoustic-vorticity interaction or non-linear self-detuning of the combustor
[16,40,41].

1.3.2 Literature Review on RQL Flame Dynamics

A few experimental studies on the ame dynamics of RQL combustion cham-
bers have been reported in the past.

Eckstein [42] conducted one of the rst studies that examined the dynam-
ics of RQL combustors. His research was focusing on the low-frequency phe-
nomenon known as "rumble" or "growl" that occurs when aero engines are in
idle or sub-idle conditions. The researcher studied the coupling between en-
tropy waves and the combustor exit nozzle of a non-premixed kerosene ame
by implementing primary air forcing. The author concluded that the process
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of atomization and evaporation is essential for the evolvement of thermoa-
coustic instabilities. Furthermore, Eckstein formulated a simpli ed model to
explain the ame dynamics that were observed in experiments. Due to lim-
itations in his experimental setup, he was unable to directly measure FTFs.
Therefore, he developed an analytical FTE

Cai et al. [43] conducted a study on the dynamics of an atmospheric RQL
combustor segment powered by natural gas. The observed combustion in-
stabilities were associated with the mixing of the hot gases from the primary
zone and the secondary air jets. The experimental work was conducted us-
ing chemiluminescence imaging data and dynamic pressure measurements.
However, the ame dynamics were not measured in terms of FTFs.

Abdelnabi et al. [44] conducted an analysis of the identical combustor, em-
ploying propane and methane as fuel. Both fuels showed similar unstable fre-
quencies. The presence of these instabilities was ascribed to hydrodynamic
phenomena occurring in the combustion chamber. The quanti cation using
FTFs was not carried out.

Weber et al. [45] conducted a study that focused on the thermoacoustic analy-
sis of combustion instabilities using fuel-rich kerosene ames. The dynamics
of the spray ame in a model gas turbine combustor was analyzed through
the measurement of the dynamic pressure and the chemiluminescence of dif-
ferent species. The researchers discovered that, for ames with soot, the emis-
sion of the OH “-band was the only suitable indicator to measure uctuations
in heat release, while the emissions from CH "- and C5-bands were not effec-
tive.

Venkatesan et al. [46] carried out a recent study in which they used the mul-
timicrophone method (MMM) to measure and quantify ame transfer func-
tions in a liquid-fueled rich combustor. The results indicated a signi cant de-
pendence between the FTF and the operating pressure, while the relationship
with the inlet air temperature was found to be only moderate.

Renner examined the ame dynamics of the isolated secondary zone on the
same test rig used in the current study [47]. The author derived a 1D acoustic
model to assess the secondary zone's ame dynamics with respect to uctu-
ations of the hot primary zone gases as well as the dilution air. The author's
model was applied to the experimental data obtained by using the multimi-
crophone method and acoustic forcing of the secondary zone. The resulting
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FTFs showed rapidly diminishing amplitudes over frequency with values close

to zero at a frequency of f ¥ 200Hz for upstream forcing and f ¥ 300Hz for
forcing of the dilution air.

Still missing is the quanti cation of the ame dynamics of the non-premixed
kerosene spray ame in the isolated primary zone in terms of FTFs. Addition-
ally, a knowledge gap exists on the contribution of the primary zone's ame
dynamics to the overall thermoacoustic behavior in a compact RQL arrange-
ment with both combustion zones located in one combustion chamber.

1.4 Research Objectives and Thesis Structure

The main objective of this study is to improve the physical understanding of
the ame dynamics in the primary zone of RQL combustors. The experimen-
tal scienti ¢ approach is the individual investigation of the primary and sec-
ondary zone in an atmospheric RQL combustion test rig. In a compact aero
engine both combustion zones (primary and secondary zone) are positioned
in close proximity. As a result, it is dif cult to experimentally differentiate the
dynamics of both zones, especially in the low frequency range (  f C 1000Hz).
The present study assumes that both zones exhibit individual ame behaviors.
Based on this assumption, a new thermoacoustic test rig was designed and
commissioned to separate the primary from the secondary zone. The primary
zone's burner is composed of a prototype double-radial aero engine swirler
as well as a generic pressure-swirl atomizer nozzle. To analyze the primary
and secondary zone independently of each other, they are spatially separated
and the isolated primary zone is characterized in terms of ame transfer func-
tions (FTF) using the classical Rankine-Hugoniot relations and a newly de-
rived alternative approach. Furthermore, the suitability of different radicals
as potential measures for representing heat release and uctuations during
non-premixed kerosene combustion will be discussed in this work. Finally, the
contribution of the individual ame dynamics on the overall ame dynamics

of the RQL combustor is examined and reveals which combustion zone dom-
inates the overall thermoacoustic behavior of RQL combustors.

The structure of the thesis is given in the following. Chapter 2 provides the es-
sential fundamentals used in this study. The governing equations used in the
eld of linear acoustics are explained. In addition, the theory of FTFs and the
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Rankine-Hugoniot jump conditions are described. At the end of the chapter
a brief summary on the most important chemiluminescence physics is given.
In Chapter 3 the design of the new thermoacoustic test rig is introduced and
the most important aspects of the design process are highlighted. The experi-
mental setup for the measurements in the isolated primary zone as well as the
compact RQL con guration conclude this chapter. In the following, Chapter 4
contains the detailed measurement setup and the major measurement meth-
ods used in the current work. The application of the purely acoustic multimi-
crophone method (MMM), as well as the measurement of the ame's chemi-
luminescene using photomultiplier tubes (PMT) is given. Furthermore, the
determination of the rich and lean operating points for the thermoacoustic
investigations is explained. Chapter 5 starts by describing the commission-
ing and operating range of the new test rig, focusing on the primary zone.
Subsequently, the results for the steady chemiluminescence behavior of the
primary zone using PMT and high-speed camera provide further insight into
the behavior of OH ®, CH", C; and CO; for rich and lean combustion con-
ditions. The detailed ame dynamics in terms of FTFs is discussed in Chap-
ter 6. The purely acoustically measured FTFs over a wide operating range by
using the Rankine-Hugoniot relations are given and the time delay model is
used to reproduce the phases with isothermal CFD and OH “-imaging. Subse-
quently, aroot cause study investigates the in uence of atomization and evap-
oration, as well as thermal effects on the ame dynamics of the primary zone.
In addition, an alternative approach for the determination of the FTF from the
FTM22-element by considering chemical conversion and temperature depen-
dent uid properties is presented. At the end of this chapter, the suitability of
OH®, CH?, C; and CO; for measuring FTFs is examined for fuel-rich and lean
combustion conditions. In Chapter 7, the transfer of the ame dynamics of
the isolated primary and secondary zone to the compact RQL combustor is
estimated rst by assuming superposition of the individual ame dynamics.
Second, the ame dynamics of the compact RQL con guration is experimen-
tally evaluated by using a one-dimensional acoustic network model and the
2-port technique to compare the results of the isolated primary zone to the
primary zone in the compact RQL combustor. Finally, Chapter 8 summarizes
the present study and points out the main conclusions that are potentially
useful for future work.
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This chapter describes the theoretical background and assumptions used in
the present work. The theory of one-dimensional linear acoustic behavior and
its application in network modeling is explained rst. Subsequently, the most
important aspects of ame dynamics and ame transfer functions (FTF) are
given. The Rankine-Hugoniot relations will be described in detail, since they
are a fundamental principle in the eld of FTF measurements. Lastly, a short
summary of the underlying chemiluminescence physics is presented.

2.1 Linear Acoustics

The starting point for the description of the acoustic wave propagation is the
conservation equations for mass Eqg. 2.1 and momentum 2.2, as well as the
ideal gas law Eq. 2.3 [48]:

v @I;Vzu-q:
@ROM 2.1)

@%ui @Il/zuiu- @
A L A= o, (2.2)

(@) @ @;
p Ap(%S). (2.3)

In Eq. 2.1-2.3 %is the density, p the pressure, and uj; the velocity eld compo-
nent according to Cartesian coordinates x;; . The conservation of momentum
in Eq. 2.2 is valid for inviscid ows (¢ Z£0) and without the presence of exter-
nal body forces ( f;=0).

The assumption will be made that each ow variable of Eq. 2.1-2.3 can be ex-
pressed as a superposition of a mean and a uctuating quantity according to
Eq.2.4-2.6
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p(x,t) Ap(x,t)Apdx,t), (2.4)
ex,t) EAX,t) A8, 1), (2.5)
u(x,t) Aa(x,t)Audx,t). (2.6)

Furthermore, it will be supposed that the mean ow quantities are in steady
state (e.g. @/ @ A0) and homogeneously distributed (e.g. @/ @; = 0). If the
acoustic pressure p°and density ¥ are much smaller than the corresponding
mean quantities (e.g. p¥p ¢ 1), products of uctuating quantities can be ne-
glected.

In the low-frequency acoustic regime, as studied in the present work, one-
dimensional wave propagation can be assumed due to the small radial exten-
sion compared to the axial one [49]. Applying the assumptions made to Eq. 2.1
and 2.2 results in Eq. 2.7 and 2.8:

@%, _@°
—Av%— /O, (2.7)
% &

An equation is needed that correlates the density uctuation  Y®with the pres-
sure uctuation p° For an isentropic ow ( ds Z0) the formulation for the
speed of sound can be obtained according to Eqg. 2.9:

heT

cC/E — . (2.9)
@Y%,
Applying Eq. 2.4 and 2.5to Eq. 2.9, as well as neglecting products of uctuating
quantities leads to a linear correlation between p°and ¥2in Eq. 2.10:
o - P°

2.1.1 Wave Equation and Solution

Differentiating Eq. 2.7 with respectto t and Eq. 2.8 with respectto x, as well as
subtracting them gives the one-dimensional wave equation according to Eq.
2.11[50]:
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@ @dp°

@’ . g /0. (2.11)
Additionally, using the relation for ¥2and p°in Eq. 2.10 results in the classical,
one-dimensional wave equation for a quiescent ow ( u 4A0) given in Eq. 2.12:

0 0
@p° cz@IO AQ.

@' = @’
The general solution for the one-dimensional wave equation in Eq. 2.12 can

be obtained by using D'Alemberts method which results in Eqg. 2.13 for the

acoustic pressure uctuation p?

(2.12)

0
1%:(x,t);Ef (xi ct)yAg(xAct). (2.13)

In Eq. 2.13 f and g are the Riemann invariants, which can be interpreted as
two waves traveling up- and downstream, respectively [51]. Using Eg. 2.10 the
solution for the acoustic density uctuation can be obtained according to Eq.
2.14:

1

Cl—7(x,t)/Ef (xi ct)Ag(xAct). (2.14)

The acoustic velocity uctuation can be obtained using equation 2.7 resulting
in Eq. 2.15:

uqx,t) £f (xj ct)i g(xAct). (2.15)
Assuming that the Riemann invariants are harmonic functions in time and
space and using the Fourier transform, a harmonic solution can be obtained
givenin Egs. 2.16-2.18 [39]:
¢

pO(X’t)/Elzcif”e(i!tiikx)Age(i!tAikx) ’ (2.16)
%O(X’t)/E?i]:e(i! ti ikx)Ag ali! tAikx)¢’ (2.17)
u9x, t) Af el tiiko, ge(i!tAikx)_ (2.18)
In Eq. 2.16-2.18 f and g are the complex-valued Riemann invariants, ! isthe

angular velocity and k the wave number calculated with equation. 2.19 and
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2.20:
| A2V (2.19)
|
k /E'E. (2.20)

2.1.2 Convective Wave Equation and Solution

In ows with mean velocity ( u 64B) the convective, one-dimensional wave
equation can be derived analogously to the previous section resulting in Eq.
2.21:

H T 0
@; @ ,@p

— p% ¢*—— A&0. (2.21)
@ @& @2
The solution for the convective wave equation is as follows:
0
E 0 & (i CADDAGKRA(CT D) (2.22)
%ZO(XJ)/Ef (xi (CAwt)Ag(xA(ci u), (2.23)
udx,t) £f (xj (CAmt)i g(xA(ci ). (2.24)

Equations 2.22-2.24 consider that the Riemann invariant f is traveling in
mean ow direction with the velocity ¢ A U, whereas g travels opposite to the
mean velocity cj u.

Again, the solution of the wave equation can be written in harmonic form re-
sulting in Egs. 2.25-2.26 [39]:

’

pdx,t) A el ikAx)Ag~ gl tAikix) (2.25)
__3 ’
1 .
1/20()(’,[),4512 f“e(i!tiikAx)Agve(i!tAik'x) ’ (2.26)
C
udx, t) Ef et ik”x) | et tAikix) (2.27)
The convective wave number k*'i is de ned according to Eq. 2.28:
[
kM E—— (2.28)
c8u

With the assumptions made in this section, the acoustic eld can be fully de-
scribed by two acoustic variables, e.g. p°and u® Due to this, only p®and u®are
considered hereafter and the density uctuation  ¥2is omitted.
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2.1.3 Acoustic Boundaries

The acoustic behavior at the boundaries of a domain considered can be for-
mulated in terms of the acoustic re ection coef cient R or the impedance Z.
The former is relating the re ected wave to the incident wave given in Eq. 2.29:

f g

= /Ea, Rout A+ (2.29)

Rin refers to a re ection coef cient for an acoustic boundary at the inlet and

Rout at the outlet of the domain. There are three limit cases for the acoustic

re ection coef cient. First, on a rigid wall, the acoustic velocity uctuations
vanish (u®/E0) and the re ection coef cient consequently results in R A1 as
f /Eg due to Eq. 2.27. Second, at an open end the pressure uctuation is zero
(p°40) resulting in R /& j1 because of f / jg according to Eq. 2.25. Third, an
anechoic end represents a boundary condition without re ection of acoustic
waves and consequently the re ection coef cient becomes zero R AQO.

The acoustic impedance Z is the ratio of the acoustic pressure uctuation p
and the acoustic velocity uctuation  u®for the representation of an acoustic
boundary resutling in Eq. 2.30:

0

1 p?°
7L
The acoustic impedance Z and the re ection coef cient R are complex quan-
tities depending on the location x and the frequency ! , but independent of
time t. The additional factor %z, already been used to normalize the Rie-
mann invariants in Eq. 2.13 and 2.22, is often referred to as the characteris-
tic impedance of the medium. For liquids (e.g. kerosene fuel), the density and
speed of sound are substantially higher than those of gases (e.g. air), leading
to a negligible velocity uctuation for a given pressure perturbation of the lig-
uid. Due to this, the liquid fuel supply in combustors is generally assumed to
be acoustically stiff ( Z;!1 ).
Both, the re ection coef cient R and the impedance Z are related to each
other by Eq. 2.31.:

(2.30)

fAg 1AR

/e :
fig 1iR
Table 2.1 summarizes the values for R and Z for the three cases of a rigid wall,

Z (2.31)
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2.1 Linear Acoustics

open and anechoic end.

Table 2.1: Acoustic re ection coefcient R and impedance Z for different
boundary conditions.

Boundary condition Re ection Coefcient R Impedance Z

Rigid Wall 1 1
Open End -1 0
Anechoic end 0 1

2.1.4 Network Modeling

In analogy to electrical engineering, an acoustic element can be described by
relating independent acoustic variables at the inlet to the acoustic variables at
the outlet [52, 53]. The acoustic variables must fully describe the state of the
acoustic eld and can be summarized in acoustic state vectors at the in- and
outlet. With this approach, the detailed physics inside the acoustic element
does not have to be taken into account, meaning the acoustic elementis con-
sidered as a 'black box' [54].

In the framework of linear one-dimensional acoustics, knowledge of two in-
dependent acoustic variables at the in- and outlet is required to fully describe
the acoustic state, e.g. p®and u®or f and g. For acoustic measurements, p°and
u®are most meaningful, as they can be experimentally measured.

The simplest acoustic element is illustrated in Fig. 2.1, namely the acoustic
two-port.

The behavior of an acoustic two-port can be described by a 2x2 transfer matrix
TM, relating the acoustic variables upstream (inlet) to downstream (outlet),
according to Eg. 2.32 and 2.33:

A ! A
lJTM11 T|\/|12ﬂ

p°
yis Ve 2.32
0 TMz1 TMp, ¢ u? ’ (2.32)
DS | (z } us

©
o

<

TMPU
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p, T n T 1
7 g TMu TMy, - f

Mo TMa © . (2.33)
| {z }

9 bs 9 us

T™fO

The conversion of the two transfer matrices TM™ and TMPY into each other
can be obtained by using Eq. 2.34 and 2.35 [54, 55], respectively:

TMO £ ¢TMPU ¢ 12, (2.34)
TMPY - T1gTM™ ¢ . (2.35)

The conversion matrix - is de nedin Eq. 2.36:

u |

1 1
- F 2.36
1 i1 ( )
An additional possibility to describe the acoustic behavior of acoustic ele-
ments is represented by the scattering matrix SM, relating the waves traveling
towards the acoustic element ( fys and gps) to the waves traveling away from

it (fps and gus) [56]:

T 1
TA R f
Eooa i ¢
| —{z—}

smMmf9

M T u
fos

2.37
Jus ( )

Jdbs

The scattering process of the Riemann invariants f and g is described by the
transmission T*i and re ection coef cients R in Eq. 2.37. A conversion of

0 0
Pus TMPU Pps
0 0
Uys Ups

f f
us Mo DS
Jus dps

Figure 2.1: Sketch of acoustic two-ports in terms of transfer matrices.
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2.2 Flame Dynamics

the transfer matrix TM into the scattering matrix SM™ can be performed by
using the transformation given in Eq. 2.38:

A !
1 TMETME; TMETME TMP

SM" E—— fq
TM™,, i TMy, 1

(2.38)

2.2 Flame Dynamics

The combustion process in ames generates a volumetric expansion of the
combustion gas due to the heat release of the chemical process. Especially for
turbulent ames, the momentary volumetric heat release rate can uctuate
and thus couples with the acoustics: the ame acts as a broadband source of
sound (cf. Section 1.3).

2.2.1 Flame Transfer Functions

In the eld of thermoacoustics, the linear coupling of the ame with the
acoustics is most commonly described by ame transfer functions (FTF). The
FTF correlates the normalized uctuating heat release rate QY 6with the nor-
malized uctuation of the acoustic velocity  u® /U at a given reference plane

ref
Xref @and for a given frequency ! according to Eq. 2.39:

0
FTF( )/E?;(_?. (2.39)
uref/ Uref
Both, the heat release rate and acoustic velocity uctuation are normalized,
resulting in a dimensionless FTF. With this approach, the FTFs of different
ames and burners can easily be compared. Additionally, if the acoustics sur-
rounding of the burner and ame is changed, the FTF is still valid. From Eqg.
2.39itcan be seenthat the heat release uctuation is only related to the acous-
tic velocity uctuation. In Fig. 1.3 additional effects were identi ed, which can
alter the heat release rate, e.g. equivalence ratio uctuations. However, due to
the feedback loop of the heat release with the acoustics, the formulation of the
FTF in Eq. 2.39 also captures those additional effects [57, 58].
Assuming that the heat release rate and acoustic velocity are a linear, time-

invariant quantities and thus harmonically uctuating, both can be expressed
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in complex form by applying the Fourier transform resulting in Eq. 2.40 and
2.41:

QY ) £RY( et A (2.40)

~ 0 oy LA
()G e ref (2.41)

Usually the complex-valued FTF is represented in terms of amplitude
jFTFj(' )and phase \ FTF(! ), as written in Eq. 2.42 and 2.43:

- ing /_

FTE Q)£ (2.42)
Juref]/uref

\FTF( )& i w2, (2.43)

The amplitude jFTFj provides the frequency-dependent sensitivity of the
ame due to acoustic perturbations, independent of the acoustic environ-
ment of the burner and the ame. The FTF indicates the frequency-depending
sensitivity of the heat release due to acoustic velocity uctuations, but it does
not reveal the root cause of the ame dynamics. The phase \ FTF(! ) quanti-
es the time delay between the acoustic velocity uctuation and the heat re-
lease rate reacting to it. Due to this, the phase of the FTF is often represented
as a global time lag ¢.conv IN EQ. 2.44 [58]:

\FTF( )%i'% conv- (2.44)

The global time delay ¢cony IS cOmmonly estimated by assuming that a dis-
turbance (e.g. equivalence ratio uctuation, vortex shedding) is convectively
transported from the reference plane to the main heat release zone, resulting
in a uctuating heat release and acoustic velocity due to the thermoacoustic
feedback loop (cf. Section 1.3). For this reason, the global time delay can be
calculated by knowing the mean ow eld velocity u(x) and distance from the
acoustic reference plane to the heat release zone ¢ x as givenin Eq. 2.45:

¢ x

& E——. (2.45)

u(x)
The formulation of the FTF in Eqg. 2.39 is only valid for a linear coupling of
the heat release uctuation Q°to the acoustic velocity uctuation  u® This lin-
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2.2 Flame Dynamics

ear behavior is a prerequisite for the present work. On the contrary, for suf -
ciently high perturbations in the combustion chamber, the heat release rate
may respond in a non-linear manner being usually characterized by a ame-
describing function (FDF) and resulting in a limit cycle amplitude [59-62].

For high frequencies, the spatial distribution of the heat release may cause the
ame response to be dispersed. Due to this, the global ame response and
thus the FTF amplitude is decreasing with increasing frequency.

2.2.2 Rankine-Hugoniot Relations

The equations of sound propagation, derived in Section 2.1, are only valid
for isentropic ow and do not hold across ames, since they are highly non-
isentropic. For this reason, a coupling between the uctuating heat release
rate and the acoustic eld is required.

The Rankine-Hugoniot relations assume the ame as a discontinuity with a
temperature jump and the domain up- and downstream of the ame to be
isentropic, as illustrated in Fig. 2.2 [63]. The index c refers to cold conditions
and h to hot conditions, which means after the addition of heat due to the
presence of the ame. The representation of the ame as a discontinious tem-
perature jump is only valid if the axial length of the ame | is small compared

He¢ 1

Pc/Ep_cApg Ph /Ep_hApﬁ

H H
¢ uc AucAu?  up AuyAu) "
Te AT Th AT
QAQAQ®
0 0
Pe FTMP Ph

0

Uc

0
up

Figure 2.2: Rankine-Hugoniot jump conditions across the ame.
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to the acoustic wavelength | :
I
HeﬁET/EkI ¢ 1. (2.46)

The Helmholtz number in Eq. 2.46 relates a characteristic length, e.g. ame
length | , to the acoustic wave length | . If the requirement in Eq. 2.46 is sat-
is ed, the ame can be treated as acoustically compact and the Rankine-
Hugoniot relations can be applied.

The derivation of the Rankine-Hugoniot jump conditions is based on the in-
tegrated equations for mass, momentum, and energy in Eqgs. 2.47-2.49 [63]:

. [ AEO (2.47)
p A 20‘; /0 (2.48)
R

L4 hA§u2 AQx. (2.49)

c

The variable Qa denotes the heat release rate per unit area of the ame and
the speci c enthalpy h. For a perfect gas, the enthalpy h can also be written
according to Eq. 2.50: -
°i 1Y
Additionally, using Eq. 2.10 ve equations for the ve unknowns c,u,T,pand
Yare present to determine the coupling over the ame. Furthermore, the as-
sumption of constant caloric properties overthe ame(  ° and R) nally results
in the Rankine-Hugoniot relations as written in Egs. 2.51-2.53 [36, 37, 63]:

h Ac,T A& (2.50)

1 ¢
é/E—/ElAﬂAO Ma? (2.51)
Y Uc °PcUc
P ¢
Phoy, 0104 Ma2A0 Ma* (2.52)
Pc % PcUc
T o . 1 . ¢
hgth /ElA(O'ﬁAOIMaZ. (2.53)
TC CC pCuC

The higher order Mach number terms in Eq. 2.51-2.53 can be neglected for
typical combustion chambers Mach numbers smaller than 0.1. The determi-
nation of the Rankine-Hugoniot relations for the acoustic uctuations can be
performed by using the decomposition of each quantity into a mean A and
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2.2 Flame Dynamics

uctuating value A°(e.g. Eq. 2.4-2.6).

Finally, the Rankine-Hugoniot relations for the coupling of the acoustic eld
up- and downstream of the acoustically compact ame can be obtained, re-
sulting in Egs. 2.54 and 2.55:

~

A 1
M of M ol H 1 9
_ _ T
P e P - Maw? 18272 (2.54)
% v % Te A uduc |
M 1 u o1 M 1 o~
T T /
WE] 2151 °Ma. & A 1A —“.1 QIQ u?. (2.55)
T VT . udue
In Eq. 2.54 and 2.55 " is de ned as written in Eq. 2.56:
_ _Tac
y Sy (2.56)
Y, Ch

Inserting the formulation for the FTF (Eq. 2.39) allows to reformulate the
acoustic Rankine-Hugoniot relations of Eq. 2.54 and 2.55 by means of the so-
called ame transfer matrix (FTM) in pu notatlon givenin Eq. 2.57:

A ! 0 _ _ Th 1A 1
L @ . i 7i, Mag(1AFTF) Ac 5—; @28
u® i il Mag 1A i 1 FTF u
{Z }
FTMPU

The FTM can be further simpli ed to Eqg. 2.58 when assuming a low a Mach
number upstream of the ame front( Ma. C 0.1) and consequently neglecting
the FTM,- and FT My;-elements:

AT A_ 1A
P s 0~ B__
[E i 2.58
uo OlA%ilFTF¢UOC (2.58)
| {z }
FTMPU

In this limit, the FT M ,-element with respect to Eq. 2.56 reveals that the
acoustic pressure over the ame is assumed to be constant when using the

Rankine-Hugoniot relations ( pJ &p;

Knowing the FTM elements one can easily extract the FTF according to Eq.
2.59:

FT M22i 1
FTFE—— 21 (2.59)
T



Fundamentals

2.3 Chemiluminescence

Chemiluminescence is the emission of light from atoms, molecules or radicals
due to excitation during a chemical reaction, e.g. a combustion process [64].
The molecules can be excited by the chemical reaction itself or collision with
other atoms, which may raises the molecule from its ground state to a higher
energetic state. As the higher energetic state is unstable, the molecules tend
to fall back to their ground state. During the fall back to the molecule's ground
state, energy in form of light can be emitted, which is commonly used in com-
bustion research as a measurement quantity. However, the loss of energy can-
not only occur through the emission of light, but occurs mostly due to a colli-
sional quenching reaction or collision with other molecules [65].

The most prominent chemiluminescence species when burning hydrocarbon
fuels are OH®, CH", C; and COj [66, 67]. Figure 2.3 shows a typical chemilu-
minescence spectrum of a lean, premixed kerosene ame under atmospheric
conditions, adapted from Vogel [68].

The emission spectrum of CO 3 is broadband due to the triatomic structure of
the molecule. In contrary, OH “, CH", C are diatomic and consequently show
distinct emission wavelengths.

Figure 2.4 illustrates the possible atomic states of diatomic molecules,
adapted from Woisetschlager [69]. Diatomic molecules can only have distinct
energy states: an electronically excited state, as well as a vibrational and rota-

Figure 2.3: Typical chemiluminescence spectrum of a lean, premixed
kerosene ame under atmospheric conditions.
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Figure 2.4: Energy levels of diatomic molecules.

tional excitation state. The rst excitation mode contains most of the energy
(main peaks in Fig. 2.3), whereas the latter two have minor contribution to the
overall light emission (small side peaks in Fig. 2.3). For this reason, the main
emission peaks of the electronically excited state of each diatomic radical are
most useful.

The chemiluminescence measurement of ames is a commonly employed
technique in combustion experiments to assess the amount of heat release
and uctuations. Thermal power, temperature, and strain have a signi cant
impact on chemiluminescence physics. Hence, the quanti cation of heat re-
lease in turbulent ames, such as swirl ames in gas turbine combustors,
Is prone to errors [65]. In several studies, the ame's chemiluminescence
has already been proven to be a reliable indicator of both heat release and
equivalence ratio uctuations for perfectly premixed kerosene and natural gas
ames [68, 70, 71].
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3 Test Rig and Experimental Setup

This chapter presents the design of a novel thermoacoustic combustion test
rig used to assess the ame dynamics of the individual combustion zones,
namely the primary and secondary zone. The basic working principle of
the test rig is demonstrated by explaining the air and fuel paths, as well as
the combustion chamber con gurations and possible arrangements. Further-
more, the thermodynamic design approach for ensuring auto-ignition in the
secondary zone is brie y described, as well as the most important aspects of
the acoustic design. Finally, the experimental setup for the primary zone in-
vestigations and the compact RQL setup is shown, including the positioning
of the relevant measurement devices.

3.1 TestRig

The aim of the present work is the determination of the thermoacoustic be-
havior of RQL combustion chambers with focus on the primary zone (cf.
Chapter 1). In real aero engine combustion chambers the primary and sec-
ondary combustion zone are arranged very close to each other, referred to as
compact RQL arrangement. The new scienti ¢c approach aims at the isolated
measurement of the primary and secondary zone's ame dynamics. This ap-
proach was realized in a new test rig, which allows the individual measure-
ment of the ame dynamics of the primary and secondary zone by spatially
separating the combustion regions. Additionally, the compact RQL arrange-
ment with both zones located in the rst combustion chamber is possible due
to a high modularity of the test rig.

The most important aspects considered during the design phase were:

« Strict modularity to allow the multiple use of different test rig parts and
measurement modules depending on the test rig con guration.

» Thermal design to guarantee the integrity of the test rig parts and to en-
sure stable auto-ignition in the secondary combustion chamber.
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3.1 TestRig

» Design of the secondary air jets to obtain similar aerodynamics and mix-
ing as in real aero engine combustors.

Acoustic excitation with loudspeakers giving very high repeatability, as
well as exible amplitude and phase control.

Impedance measurement ducts to assure high quality acoustic wave eld
reconstruction down to low frequencies.

Kerosene supply system including tank, pump, coriolis mass ow meter,

and valves to provide appropriate fuel mass ows to the burner in the
primary zone.

3.1.1 Concept for the Primary Zone Investigations

Figure 3.1 illustrates the test rig concept for the investigations of the primary
zone. The test rig supply provides all necessary operating media for the op-

control room

S
0 S 5 0
Uis Ta Pus S o Tg Pbs Us Ta
T
¢pa
LS seg. supply d. inj. seg. CCPZ transition d. LS seg. CCsz
B 0
@ I:)elec I:)elec o
= =
< <
¥y %1 2§ v 8 8 2 8 32 .
] ] zZ = o ] = z 2 z <
S £ S S S S S S S S S
test rig supply

Figure 3.1: Basic concept of the test rig setup for the primary zone investiga-
tions.
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eration of the facility (e.g. air), while the control room serves for monitoring
and recording of the relevant measurement data. In addition to the electrical
power supply of the corresponding facility components, the supply media in-
clude air (a), fuel (f), nitrogen (N ), and water (w). These can be divided into a
group necessary for combustion operation and a group necessary for the pro-
tection of test rig components and measurement technologies. The rst in-
cludes combustion air for both combustion chambers, primary air M, pz and
secondary air m, sz as well as the fuel supply m¢pz, which provides natural gas
or kerosene depending on the operating mode. In addition, cooling air M4 coor,
cooling water my, coo1, @and nitrogen my;, ,ur are required to protect the compo-
nents and instrumentation of the test rig. The latter is used to purge dynamic
pressure transducers and loudspeakers.

Along the path of the primary air m,pz the test rig is divided into the air pre-
heater of the primary zone (AirPre PZ), the loudspeaker segment upstream
(LS Seg.) of the supply duct (Supply D.), the injector segment with mounted
burner (Inj. Seq.), the combustion chamber of the primary zone (CC P2),
the transition duct (Transition D.), the loudspeaker segment downstream (LS
Seg.), and the combustion chamber of the secondary zone (CC SZ) with lat-
erally arranged air preheaters (AirPre SZ). For the investigation of the ame
dynamics acoustic drivers and impedance measurement ducts are required.
The acoustic drivers in the form of loudspeakers are mounted on the loud-
speaker segments up- and downstream of the corresponding impedance mea-
surement duct (supply and transition duct).

In the control room all relevant test rig parameters and measurement values of
the corresponding sensors are recorded. The most important ones are shown
in Fig. 3.1 as dashed lines. The blue group monitors and controls all relevant
air mass ows. Colored in orange are static temperature measurements of air
Ta and exhaust gas T4 at various positions along the test rig. The measure-
ment of the air differential pressure across the burner ¢ p,is giveninviolet. For
the investigation of thermoacoustics, dynamic pressure sensors measure the
acoustic pressures upstream pgs and downstream pgs of the primary zone.
The magnitude and frequency of the acoustic velocity uctuations in the test

rig can be controlled by modulating the voltage signal for the loudspeakers
U.s. The ability to apply optical measurement techniques is guaranteed by
quartz glass windows on two opposite sidewalls of the combustion chamber.
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chimney
cCsz

LS seg. transition d.
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CCPZz

supply d.
LSseg. AirPre PZ

Figure 3.2: CAD model of the test rig con guration for measurements in the
primary zone.

Applicable optical measurement techniques are, e.g. high-speed cameras (HS-
Cam) or photomultiplier tubes (PMT).

Figure 3.2 illustrates the CAD model of the test rig con guration for the mea-
surements of the isolated primary zone. In this setup the primary zone forms
an acoustic two-port between the two impedance measurement ducts (sup-
ply and transition duct), as well as an excitation via loudspeakers from up- and
downstream.

3.1.2 Primary Zone Combustion Chamber

The combustion chamber of the primary zone should approximate as closely
as possible the combustion conditions prevailing in the combustion cham-
bers of real aircraft engines, apart from pressure due to atmospheric test
conditions. At the same time, it must have adequate accessibility and exibil-
ity for the purpose of thermoacoustic and optical investigations. The entire
fuel is injected via the injector into the primary zone where combustion takes
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CCPz
inj. seg. injector
frame
heatshield top plate
swirler guartz glass
fuel nozzle bottom plate

Figure 3.3: CAD model of the injector segment (left), Injector (middle) and
primary zone combustion chamber (right).

place under either a lack or an excess of air. Since the operating points are in
the near-stoichiometric range, there is a high thermal load on the material,
which is counteracted by cooling air impingement on the outside of the com-
bustion chamber. Additionally, the 3D printed quartz glass window frames
on two opposing side walls of the chamber are internally water-cooled. The
combustion chamber has a rectangular cross section of  Acc £90x90mm? and
alength of | cc £0.28m.

An overview of the assembly of the primary zone, including the injector
segment and the injector, is given in Fig. 3.3. The combustion chamber is
equipped with a top and bottom plate, as well as two quartz glass windows
on two opposing walls. The plates and windows are mounted on a high-
temperature steel frame. The top and bottom plates are equipped with various
ttings, as well as the spark plug and natural gas nozzle for the ignition burner.
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Injector: The primary zone can accommodate two different prototype injec-
tors, an airblast and a pressure atomizer type, provided by two different en-
gine manufacturers [72, 73]. The injector segment (Inj.Seq.) in Fig. 3.3 up-
stream of the combustion chamber serves as a mounting part for the injectors.
Since the injectors have very different designs, two different injector segments
with associated heat shields or heat shield mounts are required. Both injector
segment con gurations have ports for differential pressure measurements, as
well as for a thermocouple to record the inlet preheating temperature of the
combustion air. In Fig. 3.3 the injector segment for the pressure atomizer type
injector is illustrated.

In the present work only the pressure atomizer type injector is used (Injector
in Fig. 3.3), as it exhibits less soot production, which is essential for apply-
ing optical measurement methods based on chemiluminescence. To further
improve the sooting behavior, especially for fuel-rich combustion, the origi-
nal kerosene atomizer nozzle was modi ed. The outer diameter ofa  Delavan
1,00/60 Batomizer was reduced to tinthe remaining burner hardware, main-
taining the same injection position as the original nozzle. Figure 3.3 shows the

NG nozzle swirler swirler
Ma pz

0
@qe0 \NG ®g€0 ‘\(e‘

MNG,Pz

Figure 3.4: Design intent of the non-premixed natural gas nozzle for the pri-
mary zone. The red solid line shows the geometric injection an-
gle for the natural gas nozzle ®gyeone, the black solid line for the
kerosene nozzle ®gye, kero- The red dashed line shows the calculated
jet-in-cross- ow trajectory for the naturalgas  myg pz injected into
the primary air mgpz.
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Table 3.1: Tested design versions of the non-premixed natural gas nozzle.

Nr.  Nine [[]  ding [MM]  ®geo,nG [deg]
1 8 1 45
2 8 1.3 45
3 8 1 20
4 8 1.3 20
5 8 1 15

CAD model of Injector used for the primary zone investigations, consisting of
heatshield, swirler, and kerosene fuel nozzle.

The heat shield of the injector was not supplied by the manufacturer and was
therefore designed by the author maintaining the same air ow splits as in the
real aero engine application. The heat shield consists of 100 straight drilled
holes, each with a diameter of 1 mm.

To quantify the in uence of atomization and evaporation on the ame dy-
namics in the primary zone, a natural gas nozzle for the combustion of non-
premixed gaseous fuel was designed. Figure 3.4 shows a simpli ed sketch of
the design of the natural gas nozzle and the swirler geometry. In addition, the
mass ows of natural gas myg pz and primary air m,pz are indicated. The nat-
ural gas nozzle can be integrated into the swirler, sitting on the same position
as the kerosene atomizer nozzle. The intent of the design is the injection of
natural gas impinging on the inner swirler wall at the same position as the
liquid fuel (marked as black cross in Fig. 3.4). The calculations for the geom-
etry of the natural gas nozzle, which were made for the design optimization,
are based on the jet-in-cross- ow theory and the isothermal CFD ow eld
within the swirler [13]. Several geometric versions of the non-premixed natu-
ral gas nozzle were obtained by varying the diameter d;\g of the natural gas
injection ori ces, as well as the geometric injection angle  ®yeo ng. The number
of injection ori ces was kept constantat N ng AES.

The different versions of the nozzle were investigated in the test rig to evalu-
ate whether the combustion behavior is suitable with respect to the planned
investigations and operating points. The most important selection criterion
during the natural gas nozzle tests was to obtain a ame shape similar to
the kerosene ame, while maintaining similar operating conditions as for
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kerosene combustion, e.g. burner pressure loss and equivalence ratio. How-
ever, some natural gas nozzles showed a lifted ame or a high sensitivity
when changing the operating conditions leading to a blow-out of the ame.
Table 3.1 lists the geometric parameters of the investigated nozzles. Nozzle
Nr. 4 showed the most suitable combustion behavior, especially in the near-
stoichiometric range.

Ignition Burner: The ignition of gaseous and liquid fuel in the primary zone is
realized via a newly designed ignition system based on natural gas. The con-
cept of the ignition system is the generation of an ignition ame, which sur-
rounds the burner exit inside the combustion chamber. Figure 3.5 illustrates
a cross sectional view of the primary zone from downstream visualizing the
working principle of the natural gas ignition burner.

To generate the ignition ame, an ori ce for natural gas injection on the top
plate and a spark plug on the bottom plate are positioned opposed to each
other. The combustion air for the ignition burner is provided by the main air
coming from the primary zone's burner m,pz. Depending on the swirl direc-
tion of the burner two arrangements are possible (left and right con guration

top plate MNG,18
NG ignition nozzle

heatshield
quartz glass dne.is

Ma,Ppz

m
bottom plate f.PZ 9

© spark plug

Figure 3.5: Sketch of the design and working principle of the natural gas igni-
tion burner in the primary zone.
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in Fig. 3.5). Each arrangement guarantees an injection of natural gas into the
same direction as the burner's swirl motion, indicated by the circumferential
component of the primary air mgpz in Fig. 3.5. The injection method should
support the mixing of natural gas and air along the combustion chamber side
wall and avoid ame extinction of the ignition burner's ame. After a stable
ame of the ignition burner is established, the main fuel M pz IS injected into
the primary zone via the fuel nozzle in the center and subsequently ignited
with the help of the ignition ame, providing the activation energy needed to
start the combustion of the main ame.

The calculation of the required nozzle diameter for the ignition gas is based
on the investigations of turbulent axisymmetric free jets by Ricou and Spald-
ing [74]. The air entrainment increases linearly with the axial distance  x from
the injection point. Using the equations given in [74] and substituting for the
equivalence ratio and stoichiometric fuel-to-air ratio leads to Eq. 3.1:

S
X Y
: /E0.32 L (3.1)
AigF ARstoich NG dneie YaG

In Eq. 3.1 Ajg is the equivalence ratio of the free jet of the ignition burner,

F ARstoich,ng the stochiometric fuel-to-air ratio of natural gas, dyg s the exit
diameter of the free jet, and Y%, and Y4 the densities of air and natural gas,
respectively. The aim of the mixing design is to generate a near-stoichiometric
fuel-to-air mixture A ¥ 1 at the spark plug. Therefore, the axial distance in
Eqg. 3.1 corresponds to the side length of the combustion chamber acc. Addi-
tionally, calculating the densities of air and natural gas with the ideal gas law,
the diameter of the ignition burner's nozzle dyg g £1.8 mm was obtained.

3.1.3 Compact RQL Combustion Chamber

The compact RQL combustion chamber combines both the primary and the
secondary combustion zone in one combustion chamber, similar to real aero
engines. For this purpose, the combustion chamber of the primary zone (cf.
Section 3.1.2) is modi ed so that the additional secondary zone can be inte-
grated into the combustion chamber.

Figure 3.6 illustrates the compact RQL combustion chamber including the in-
jector segment (left), the injector (middle), and the compact RQL combus-
tion chamber. The integration of the secondary combustion zone is accom-
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CC comp. RQL
inj. seg. injector
frame secondary air
heatshield sleeves + dummies
swirler quartz glass
fuel nozzle side plate

Figure 3.6: CAD model of the injector segment (left), Injector-1 (middle) and
compact RQL combustion chamber (right).

plished by two opposing side plates and dilution air sleeves. The jet-in-cross-
ow con guration for the dilution air is modularly designed, which allows for

the implementation of various mixing-hole patterns by exchanging the sec-
ondary air sleeves. For the con guration studied in the present work, two op-
posing JIC rows with two dilution holes were chosen as a representative ge-
ometry. The diameter of the dilution holes was determined according to in-
dustrially relevant pressure losses ( ¢ pa sz Pasz ¥ 3%) resulting in a diameter
of djic szA10.55mm per dilution hole. Due to the integration of the mixing
holes in the side plates, the quartz glass window was mounted on top of the
compact RQL combustion chamber. The ignition burner is modi ed such that
the natural gas injection ori ce is located at the position of the left spark plug
in Fig. 3.5. The primary zone burner and injector segment remains the same
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as for the isolated primary zone investigations.

3.1.4 Thermodynamic Design

Combustioninthe Primary Zone:  The calculation of relevant combustion pa-
rameters in the primary zone is the starting point for the assessment of heat
losses and the examination whether auto-ignition in the secondary combus-
tion chamber is achieved. The main difference to real combustion chambers

is due to the local separation of the two combustion zones and the associated
effects on thermodynamics and the ow eld. A design point with an equiva-
lence ratio of Ap; /1.18, an air preheating temperature of Tapz A473K and a
thermal power of Qg pz A53.2kW was chosen for the design calculations. The
adiabatic ame temperature T, pz and the exhaust gas composition X, pz in
the primary zone are obtained with  Cantera, using Dagaut's mechanism for a
kerosene surrogate and thermodynamic equilibrium conditions [75, 76].

Figure 3.7 shows the adiabatic ame temperature and the exhaust gas
composition over the equivalence ratio. For fuel-rich combustion, mainly car-

Figure 3.7: Adiabatic ame temperature and combustion products over the
equivalence ratio for a kerosene surrogate and thermodynamic
equilibrium conditions.
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bonmonoxide CO and hydrogen H, are the remaining reactive species to be
burned in the secondary combustion chamber. As the primary and secondary
zones in the introduced test rig are approx. 1 m apart from each other, the
assumption of using the thermodynamic equilibrium seems to be justi ed
regarding the composition of the primary zone's exhaust gases Xy pz. For
the chosen design point, the adiabatic ame temperature of  Tyqpz A£2346K
is used, together with the corresponding combustion products X pz, as the
inlet boundary condition for the subsequently performed thermal design.

Heat Losses: The thermal design is based on a one-dimensional enthalpy bal-
ance along the primary zone and the adjacent transition duct (cf. Fig. 3.2). The
primary zone and the transition duct are discretized into nite elements in ax-

ial direction and each control volume is solved for the corresponding exit tem-
perature, needed as input for the subsequent element. Figure 3.8 illustrates
the temperatures and heat uxes considered for each element. The amount
of heat transferred from the hot gases to the combustor wall  Qcony.int IS deter-
mined by using a Nusselt correlation for duct ows based on the local charac-
teristics of the ow. This approach is a rough approximation for the primary
zone due to the complex ow eld, whereas for the transition duct it seems to
represent reality better.

In the primary zone the convective heat ux of the outer wall Qconv,ext IS calcu-
lated by using correlations for air impingement cooling [77]. To avoid exces-

Tw,o
Qrad,ext Qconv,ext

Qcond,w

Tw,i
H (x) Qrad,int Qconv,int H (x Ac¢ X)

Tin Tout
Tl ¢ X

Figure 3.8: Temperatures and heat uxes for one control volume along the pri-
mary zone and transition duct.
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Figure 3.9: Temperatures and heat uxes along the primary combustion
chamber using a 1D calculation.

sive glowing of steel and quartz glass parts, the air cooling on the outside of
the combustion chamber was adjusted, such that the inner wall temperature
islimitedto T,,; £873K. The radiation inside the primary zone Qaq; accounts
for gas and soot radiation, as well as radiation from the steel walls and quartz
glass windows. The gas radiation of CO , and H,O was obtained by using the
corresponding temperature depending emission coef cients found in Smith's
work [78]. Furthermore, the radiation of soot was taken into account accord-
ing to Zalosh [79], as the fuel-rich combustion of kerosene in the primary zone

Is prone to soot production. The emission coef cients for the radiation of the
steel walls were obtained from [77] and for the quartz glass windows according

to Petrov and Reznik [80].

The results for the calculated temperatures and heat uxes in the primary
zone are plotted in Fig. 3.9 over the combustor length, starting from the burner
exit plane x A£0m to the combustion chamber outlet plane  x A£0.3m. Inside
the combustion chamber the radiation Q(aq; IS dominating over the convec-
tion Qconv.int » l€ading to the conclusion that simpli cations regarding the ow

37



3.1 TestRig

Figure 3.10: Temperatures and heat uxes along the transition duct using a
1D calculation.

eld in the combustion chamber have minor impact on the overall result. The
calculated exit temperature of the primary zone of  Teitpz ££1644K is used as
the inlet condition for the transition duct together with the exhaust gas com-
position X;prpz.

In contrast to the primary combustion chamber, the transition duct is only
cooled with natural convection and steel radiation on the outside, minimizing
further heat losses. On the inside soot radiation was neglected as no sooting
ame is assumed to be inside the transition duct. In addition, the duct has no
quartz glass windows, which reduces the radiation of the solid walls to steel
only. The curves for the obtained temperatures and heat uxes along the axial
length of the transition duct are given in Fig. 3.10. The calculated exit temper-
ature of the duct of Tey 7o ££1285K is further used as inlet temperature for the
secondary zone.

The overall heat uxes indicate 37% of heat losses in the primary combustor
and 20% in the transition duct related to the overall thermal power of the fuel.
The biggest uncertainties for the heat transfer calculations are the simpli ed
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ow eld in the primary zone and the emission coef cients of soot and the
solid walls.

A more detailed assessment of the heat losses and corresponding gas temper-
atures was achieved by CFD calculations. For simpli cation, the CFD setup
used methane as fuel and soot radiation was not considered. The overall
results regarding the exit temperature of the primary combustion chamber
Texitpz @nd the transition duct Teyipz Showed a deviation of less than 10%
between the complex CFD simulations and the simpli ed analytical approach
shown above. More details on the CFD simluations can be found in [81].

Auto-Ignition in the Secondary Zone:  The last step of the thermodynamic
design approach is determining whether auto-ignition in the secondary zone
takes place. For this purpose, the ignition time delay in the secondary com-
bustion chamber must be estimated. The calculations were carried out in
Cantera, using a constant pressure reactor including the homogeneous mix-
ture of the exhaust gases from the primary zone X, pz mixed with the air in-
jected in the secondary zone. Considering the calculated exit temperature of
the transition duct Tei 1o, the time delay until 50% of the maximum temper-
ature in the secondary zone is reached leads to an auto-ignition time delay of
éalsz AE0.145ms.

éAILSZ A0.145ms

1650 Tey

1550

< 1450

-
1350
1250

1003 1012 101 10° 10t
t[ms]

Figure 3.11: Estimation of the auto-ignition time delay in the secondary zone
using a homogeneous constant pressure reactor in Cantera.
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Figure 3.11 depicts the temperature curve over time for the auto-ignition cal-
culations performed in Cantera. Taking into account the secondary air jets
exit velocity of approximately ujesz A£26m/s gives a distance of 3.8 mm for
the mixture to be ignited. This approach is considered conservative, as for the
real conditions in the test rig the mixture would ignite along the shear layer
of the jet at a most reactive mixture fraction. Due to the results for the given
estimations of the chemical kinetics, auto-ignition in the secondary zone is
assumed to take place.

3.1.5 Acoustic Design

Impedance Measurement Ducts: The measurement of the acoustic pres-
sure inside the test rig is a necessary requirement for the reconstruction of
the acoustic wave eld and the application of the multimicrophone method
(MMM). The impedance measurement ducts provide the adapters for the
piezodynamic pressure transducers ( Synotech PCB 106B and ensure a ho-
mogeneous air and exhaust gas ow. In addition, thermocouple mounts are
installed at all dynamic pressure measurement positions along the ducts. In
total two impedance measurement ducts were used, namely the supply and
transition duct (cf. Fig. 3.2). Depending on the con guration to be investi-
gated, namely primary zone, secondary zone or compact RQL arrangement,
the measurement ducts can be positioned accordingly. The design of the
impedance ducts considers the main parameters duct length | yp, duct cross
section Ap , number Npcg, and positioning Xpcg Of the pressure transducers.
To obtain the length of the measurement duct, the maximum acoustic wave-
length must be estimated. The wavelength is correlated to the speed of sound
of an isentropic uid and the frequency according to Eq. 3.2:

P oRT
/E

5 f 1
where ° is the isentropic exponent, R the specicgasconstant,and T the tem-
perature of the uid. The current research projectis focusing on low frequency
investigations, therefore the lowest frequency to be considered is f A100Hz.
Assuming a hot gas temperature downstream the primary zone of T %1500K,
the speci c gas constant of air R A287J/kgK and the isentropic exponent of
air © /E1.4 leads to an acoustic wavelength of | A£7.76 m. The experience of

(3.2)
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the Chair of Thermodynamics showed that a minimum of 10% of the acous-
tic wavelength should t between two pressure transducers along the ducts.

In addition, considering that the space inside the laboratory is limited, the
maximum distance between two dynamic pressure sensors was estimated to
Xmax,pcB sp A£0.83m for the supply duct and  Xmax pce, 1o Z££0.613m for the tran-
sition duct. In further consequence, the length of the impedance measure-
ment ducts was obtained by considering the additional space needed for the
mounting anges on both ends.

A minimum of three acoustic pressure sensors at non-equidistant spacing are
necessary for reconstructing the acoustic wave eld [54]. Six mounting ports
for the piezodynamic pressure transducers are installed on each impedance
measurement duct, allowing more exibility in choosing the positioning of the
PCBs. The distance between the different mounting locations was de ned ac-
cording to different prime numbers. This non-equidistant spacing approach
guarantees that the reconstruction procedure does not fail due to the possibil-
ity of half the wavelength being enclosed between two sensors. Furthermore,
the arrangement of the sensors can be adapted according to the frequency
range investigated.

The square cross section of the transition duct corresponds with the cross
section of the combustion chambers Acc £90x90mm? to avoid area jumps,
which in uence the acoustic wave eld. The circular cross section of the sup-
ply duct upstream of the primary zone has a diameter of dgpZAZ117mm and is
approximately 32% bigger than the combustion chamber's one. As the burner
itself already represents an area jump, the difference in cross section upstream
the primary zone has no in uence on the transfer matrix measurements. The
avoidance of the formation of transversal acoustic waves can be checked by
calculating the cut-off frequency for a cylindrical tube according to Eq. 3.3:

1.84c

fcuti off A vd

(3.3)

Considering a worst case scenario with an air temperature of T, £293K, the
resulting cut-off frequency for the supply duct calculatesto  fgy; of £1718Hz.
For the rectangular transition duct the cut-off frequency can be obtained by
using Eq. 3.4 [52]:
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piezodynamic
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Figure 3.12: CAD model of the transition duct including PCBs and thermo-
couples.

Ns—3 =
C m2_n2
5 B A P (3.4)
For m A1, n A0, and b Z£h A0.09m the cut-off frequency for the rectangu-
lar transition duct results in  f¢; of £1906 Hz. The calculated frequencies are
far above the maximum frequency to be investigated in the current research
project. Thus, it can be concluded that transversal modes do not evolve inside
the test rig during experiments. The onset of transversal modes is even more
unlikely for higher gas temperatures and smaller geometry parameters as in
the transition duct.
Figure 3.12 depicts the CAD model of the assembly of the transition duct.
All piezodynamic pressure sensors used on the test rig are jacketed with a
water-cooling ( PCB 064B09, as well as a nitrogen-purged adapter. The for-
mer is needed due to the hot gas temperatures, whereas the latter protects the

delicate membrane of the sensor from soot and liquid water deposits.

fcut,rec ,(1,0) A
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Figure 3.13: Frequency response in terms of relative velocity uctuation u%T
at the burner outlet calculated with 1D-NWM approach for dif-
ferent loudspeaker models.

Loudspeaker Design: The acoustic excitation of the primary and secondary
zone's ame is performed with electromagnetic loudspeakers. The advantages
resulting from this excitation method are the faster and more accurate setting
of desired excitation frequencies, compared to sirens.

To evaluate the performance of the design, a dynamic loudspeaker network
element was developed based on the Thiele-Small theory and tested ex-
perimentally [82—84]. This element was implemented in a one-dimensional
acoustic network model (1D-NWM) of the test rig to analyze the driving capa-
bility of different types of loudspeaker. This approach takes into account the
dynamics of the speaker within a housing and the characteristics of the rig,
resulting in more realistic acoustical conditions. Based on the results, the se-
lection, placement, and number of the subwoofers were de ned.

Figure 3.13 depicts the calculated relative velocity uctuation  u9u of the 1D-
NWM at the burner outlet location.

Figure 3.14 illustrates the CAD model of the acoustic excitation assembly used
up- and downstream of the combustion chambers.

In contrary to sirens, common loudspeakers can not withstand high temper-
atures. Due to this, hot gas ingestion is prevented by puring the loudspeaker
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Figure 3.14: CAD model of the loudspeaker housings and connecting ducts to
the test rig with ceramic honeycomb.

housing and the connecting ducts between the speaker and the rig with
metered cold ow. Upstream the primary zone approximately 0.5 | 1g/s of air
are used and taken into account for the calculation of the equivalence ratio in
the combustion chamber during experiments. Downstream the primary zone

1; 3g/s of nitrogen are directed into the loudspeaker housings and additional
outside impingement cooling was installed. Furthermore, a 20mm thick
ceramic honeycomb structure with 60% porosity and d A£8mm element size
was inserted at the junction between the connecting duct of the loudspeakers
and the test rig. The honeycomb prevents the formation of a detached vortex
ow, which may direct hot gases into the loudspeaker housings.

Acoustic Boundaries: The optimal acoustic boundary conditions for the ap-
plication of the MMM would be anechoic. However, this is dif cult to imple-
ment, especially for the hot exhaust gas temperatures inside combustion test
rigs. Simple perforated plates with a given porosity have shown low acoustic
re ection coef cients when properly designed. For low Mach numbers, the
open cross section of the perforated plate App can be calculated according to
Eqg. 3.5[55]:

App P
P E Mag. (3.5)

Aduct

Ma gyt IS the Mach number in the hot gas duct and Ayt the corresponding
cross section. On the basis of this approach, perforated plates with different
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area ratios were designed for the various operation points and tested during

hot commissioning of the rig (cf. 5.1). The plates for which the self-excited

combustion dynamics became lowest were chosen for the thermoacoustic in-

vestigations under acoustic forcing. For the primary zone setup perforated

plates with a porosity of 12.4% at the entrance of the upstream and 15.7% at
the exit of the downstream loudspeaker segment gave the best results.

3.2 Experimental Setup for the Primary Zone Measurements

An overview of the experimental setup for the investigations of the isolated
primary zone is illustrated in Fig. 3.15. From the left, preheated primary air
enters the test rig and is directed to the injector in the primary zone through
the upstream excitation and the supply duct. The burner in the primary zone
consists of a prototype double-radial swirler with a central fuel nozzle. Either

a generic pressure atomizer nozzle for kerosene or a natural gas nozzle based

HS camera
coupling lens
acoustic image intensi er acoustic
boundary UV lens+ piezoelectric boundary
upstream BP lter pressure transducers  downstream
excitation piezoelectric excitation
upstream pressure transducers thermocouples downstream
(O]
&
preheated supply duct kerosene/ primary zone transition duct N
) P
primary natural gas preheated S
' Mspz =
air : secondary §
Mo pz BP lters air a9

PMT array Masz

Figure 3.15: Testrig setup for the measurements in the primary zone combus-
tion chamber (side view).
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on a jet-in-cross- ow design can be used. The details of the burner hardware
are given in section 3.1.2. The kerosene mass ow is measured with a cori-
olis mass ow meter ( BronkhorstMini coriFlowM14 ), whereas for natural gas
a mass ow controller ( Bronkhorst F-113AC-M50-RGD-44-V ) is used. In the
primary zone the fuel is burned under rich or lean combustion conditions
and subsequently directed to the secondary zone via the transition duct as
well as the downstream excitation unit. The preheated secondary air guar-
antees the burn-out of still reactive hot gases in the secondary zone, which
is located approximately 1 m downstream of the primary zone. The primary
and secondary air mass ows are metered and controlled by two mass ow
controllers ( Bronkhorst F-206Al-RAD-44-V ). The cross section of the primary
zone, the transition duct, and the downstream acoustic boundary (perforated
plate) remains constant at A A£90x90mm. The hot exhaust gases leaving the
secondary zone are directed into the chimney.

The impedance measurement ducts, supply duct and transition duct, are
equipped with four non-equidistant spaced, water cooled, and N,-purged
piezoelectric pressure transducers each ( Synotech PCB 106B. The preheated
air temperature in the supply duct is measured via two thermocouples of ~ Type
K, located at the rst and fourth PCB position. The inlet temperature of the
primary zone is measured with an additional thermocouple (  Type K) inside
the injector segment close to the burner entrance. Both parts, supply duct
and injector segment, are insulated on the outside to prevent large temper-
ature gradients along the locations of the PCBs upstream of the primary zone
combustion chamber. For the transition duct thermocouples are situated at
each PCB location, measuring the hot gas temperature on the inside, as well
as the outer wall temperature. The acquisition of the hot gas temperatures is
performed with a thermocouple of Type Sat the rst and three thermocou-
ples of Type N at the remaining positions. The wall temperature is obtained by
thermocouples of Type N, welded to the outer wall of the transition duct. In ad-
dition to thermocouples, some pressure sensors are mounted on the testrig at
different locations. Up- and downstream of the burner a differential pressure
sensor (Burster Typ 8310) measures the difference in air pressure across the
burner. Inside the fuel line, a static pressure sensor ( Gems Sensors 3100 Seri¢s
delivers the pressure of kerosene just before entering the test rig.

Two pairs of loudspeakers ( Eminence Kappa 12A) are used for the acoustic ex-
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citation up- and downstream of the primary zone. To monitor hot gas inges-
tion, which may damage the loudspeakers, the connecting ducts between the
loudspeaker housings and the test rig are equipped with thermocouples of
Type K. Purging air and nitrogen for the PCBs and loudspeakers are controlled
via separate mass ow controllers. At the entrance and exit of the test rig per-
forated plates are mounted, providing low re ection coef cients to avoid the
establishment of self-excited ame dynamics.

Regarding the optical investigations of the primary zone's ame, four photo-
multiplier tubes ( Hamamatsu H5784 Series) with four different bandpass |-
ters are oriented perpendicular to the combustion chamber. The PMT array
collects the zero-dimensional, bandpass- ltered ame radiation. The optical
eld of view of the PMTs is restricted to avoid that glowing parts are inside the
optical path. A high-speed camera ( Photron FastCam SAX) with an image in-
tensi er (Hamamatsu C10880-03F) and a bandpass lter is utilized to collect
planar line-of-sight information of the ame, with and without acoustic exci-
tation. Further details of the measurement techniques and their application
can be found in Chapter 4.

3.3 Experimental Setup for the Compact RQL Measurements

The investigations of the close-coupled primary and secondary combustion
zones are carried out using the compact RQL combustion chamber described
in section 3.1.3. In addition to the supply and transition duct, impedance
measurement ducts and acoustic excitation along the secondary air path are
needed for thermoacoustic investigations.

Figure 3.16 depicts the top view of the compact RQL combustion chamber
with the side ducts and acoustic excitation for the dilution air. The con gu-
ration shown in Fig. 3.16 is mounted between the supply and transition duct
and, consequently, integrated into the test rig as shown in Fig. 3.15. The sec-
ondary combustion chamber at the end of the test rig in Fig. 3.15 is removed,
while the remaining components stay the same as for the isolated primary
zone setup.

In the compact RQL setup, half of the preheated secondary air m,sz enters
each of the side ducts and is guided to the opposing dilution holes for injec-
tion into the secondary zone. The entry temperature of the dilution air into
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Figure 3.16: Setup for the measurements in the compact RQL combustion
chamber (top view).

the compact combustor is measured via thermocouples of Type K For the
symmetrical acoustic excitation of the secondary air, one loudspeaker (  Emi-
nence Kappa 12A) per side duct is utilized. Three piezoelectric pressure trans-
ducers (Synotech PCB 106B are mounted on each impedance measurement
duct (supply duct, transition duct and side ducts) for the acoustic wave eld
reconstruction. The differential pressure over the dilution holes ¢ p,sA Paszis
obtained analogously to the primary zone using a differential pressure sensor
(Burster Typ 8310).

Regarding the optical investigations of the RQL ame, two photomultiplier
tubes (Hamamatsu H5784 Series) with two different bandpass lters are ori-
ented perpendicular to the combustion chamber. For the compact RQL inves-
tigations, the bandpass lters according to the wavelengths of OH * and CH"
were chosen. Compared to the investigations of the isolated secondary zone,
only two PMTs and no high-speed imaging were used for the compact RQL
experiments. Furthermore, the number of PCBs per impedance measurement
duct had to be reduced to three due to the total amount of available sensors.
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The following chapter describes the experimental techniques used in the
present work, as well as details about the corresponding evaluation methods.
First, an overview of the data acquisition system and data routing will be
given. Afterward, the chemiluminescence measurement section is divided
into two parts: rst, the zero-dimensional approach using photomultiplier
tubes and second, the two-dimensional approach using high-speed camera
and image intensi er will be discussed. For both measurement techniques,
details of the experimental setup and evaluation method for the measure-
ment of steady and unsteady chemiluminescence behavior are given. The
last section of this chapter deals with the measurement of ame transfer
functions (FTF). First the investigated operating points for measuring the
ame dynamics are outlined. Second, the purely acoustic multimicrophone
method is explained in detail. This incorporates the working principle and
evaluation method for obtaining FTFs from an acoustic two-port system.
Details about the data acquisition parameters and maintaining linear ame
behavior are highlighted. Third, the optical approach is described by using
the ame's chemiluminescence and an alternative formulation for the FTF,
which is the hybrid FTF. At the end of this chapter, possibilities for improving
the acoustic wave eld reconstruction are outlined. A temperature correction
method based on a convective-radiative heat balance of a thermocouple in
a hot gas environment is explained. In addition, a procedure for selecting
different combinations of pressure transducers when having more than three
PCBs is brie y described. This procedure is based on the de nition of an error
measure for the reconstruction of the acoustic wave eld and subsequently
the selection of the most suitable combination of sensors.
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Figure 4.1: DAQ system for optical and thermoacoustic measurements for the
primary zone setup (cf. Fig. 3.15).

4.1 Data Acquisition System

Figure 4.1 illustrates an overview of the data acquisition system (DAQ) and
the corresponding data routing from from the measurement PCs to the dif-
ferent measurement devices (cf. 3.15). The DAQ consists of a NI cRIO 9024
including the corresponding measurement modules (C series) to collect low-
frequency data, as well as two measurement cards NI PCI-4472 inside PC 1
to record high-frequency signals. The low-frequency measurement device NI
cRIO 9024 collects temperatures from thermocouples, static pressures (e.g.
¢ papz) and mass ows (e.g. Mypz, Ma sz Mipz) and sends them to PC 1 in the
control room. On PC 1 the control software NI LabView is utilized to monitor
and adjust all relevant operating parameters during experiments. The acous-
tic excitation via loudspeakers (Exc. A and Exc. B) is selected by specifying a
harmonic excitation signal in NI LabView, consisting of the loudspeaker volt-
age and frequency. The loudspeaker ampli er provides the excitation signal
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for the corresponding loudspeakers, e.g. Exc. A and Exc. B.

The raw dynamic pressure data of the PCBs, as well as the raw PMT chemi-
luminescence signals, are recorded with two synchronized high-frequency
measurement cards NI PCI-4472, mounted inside PC 1. In addition, the high-
speed camerarecord signal and the intensi er duty cycle, necessary for phase-
locked imaging, are guided to the high-frequency measurement card. The
high-speed camera and the intensi er are synchronized by sending a trigger
signal (TTL) from the camera to the intensi er. The high-speed camera is ad-
justed and monitored through the software  Photron FASTCAM Viewer 4on PC
2, where also the high-speed images are stored.

4.2 Chemiluminescence Measurements

Heat release and heat release uctuations are often quanti ed by measuring
the ame's chemiluminescence during combustion experiments (cf. 2.3). In
the current work, two different optical measurement devices are used: pho-
tomultiplier tubes (PMT array) and a high-speed camera with image intensi-
er (HS-camera), both illustrated in Fig.3.15 and Fig. 4.1. The former device
is only capable of measuring the zero-dimensional global chemiluminescene,
whereas the latter one records two-dimensional images. Both devices can be
equipped with various bandpass lters to isolate certain wavelengths of the
ame's emission spectrum. The most dominant chemiluminescence emitters
in hydrocarbon ames, e.g. kerosene, are OH “, CH", C; and COj [64, 66].

4.2.1 Global Chemiluminescence

The chemiluminescence emitted from the ame is observed through a band-
pass lIter, which transmits only a small part of the incident light, correspond-

ing to the bandpass lIter speci cations. The photomultiplier tube collects the
transmitted light on a photocatode, where the light is converted into photo-
electrons. The photoelectrons are directed to an electron multiplier, which in-
creases the amount of photoelectrons and therefore ampli es the electric sig-
nal [85]. The electric signal can then be measured and used for further data
processing during data evaluation.

For the current work, a PMT array is utilized, consisting of four PMTs ( Hama-
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Table 4.1: Radicals and corresponding bandpass lter speci cations.

Radical Wavelength [nm] FWHM [nm]
OH" A (CO3) 308 10
CH"A(CO3) 430 10
C5A(Co3) 510 10
CO; 405 10

matsu H5784 Serieg equipped with four different bandpass lters.

Table 4.1 lists the wavelength and full width at half maximum (FWHM) of the
bandpass Iters mounted on the PMTs. The wavelength of each bandpass |-
ter is shown in Tab. 4.1 and corresponds to the emission wavelength of a cer-
tain combustion radical (cf. 2.3). OH *, CH" and C; are diatomic radicals and
consequently emit light only in distinct narrow bands. In contrary, CO  ; has a
broadband emission spectrum and is therefore superimposed to the diatomic
radicals as background radiation. In the current study the subtraction of CO 3
from OH ®, CH® and C3 is not performed, which is indicated by ~ A(CO3) in Tab.
4.1.

The data acquisition for the PMT signals was performed with a sample fre-
guency of fs A655361/s.

For the steady measurements 2621440 samples (measurement time of tgq A
405s) were collected with the high frequency measurement card (NI PCI-4472).
The value for the mean intensity | of the corresponding radical was subse-
guently obtained by averaging the time series of the PMT signal.

During experiments with acoustic excitation the same number of PMT sam-
ples was stored as for the PCB data, which corresponds to 524288 samples
(ts Z£85s) per excitation frequency and excitation location, e.g. up- or down-
stream. Again, the mean intensity | is obtained by averaging the time series of
the PMT signal for each excitation frequency, while the uctuating intensity
signal | %of the corresponding excitation frequency is obtained by performing

a Fast-Fourier-Transform (FFT) for each PMT.

Figure 4.2 shows a photo of the PMT setup for the primary zone measure-
ments. The PMT array including the bandpass Iters is mounted on a tripod
and arranged perpendicular to the combustion chamber of the primary zone.
Additionally, a simple cardboard duct was attached to the PMT array, restrict-
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Figure 4.2: Photo of the PMT array setup for the primary zone measurements.

ing the eld of view. This avoids glowing or re ecting parts of the test rig being
inside the optical path and therefore distorting the measurement of the ame's
chemiluminescence. To ensure that each eld of view of the PMTs is restricted
to the combustion chamber only, a simple candle or lighter was used. The can-
dle was moved in front of the combustion chamber until the PMT ampli er
gave an overload signal. This procedure is performed for each PMT one at a
time using the maximum gain to ensure triggering of the overload signal.

4.2.2 Planar Line-of-Sight Chemiluminescence

The setup for the two-dimensional imaging consists of a high-speed cam-
era (Photron FastCam SAX), an image intensi er ( Hamamatsu C10880-03F),
and a bandpass Iter mounted on a camera lens ( Nikon NIKKOR 105mm).
The high-speed camera (HS-Cam) uses a highly light-sensitive CMOS cam-
era chip to capture images with a large number of frames per second (fps).
Especially for OH ”, which is in the ultraviolet, an additional image intensi-

er is needed, as the sensitivity of the CMOS camera chip is too small for the
incident OH "-chemiluminescence. The image intensi er collects the incom-
ing light from the bandpass lter and converts it into an electrical signal via
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4.2 Chemiluminescence Measurements

Figure 4.3: Photo of the high-speed imaging setup for the primary zone mea-
surements.

a photocathode. Subsequently, a microchannel plate ampli es the electrical
signal, which is then converted back into light on a phosphor screen and di-
rected to the high-speed camera via a coupling lens. The high-speed camera s
oriented perpendicular to the combustion chamber, thus imaging the line-of-
sight (LoS) chemiluminescence of the ame. For the present work the OH
Iter of Tab. 4.1 was used for steady and unsteady measurements, while for
some steady operating points the CH °- lter was mounted on the camera lens.
Figure 4.3 shows a photo of the high-speed imaging setup in the laboratory.
Between the bandpass Iter and the combustion chamber, a heatshield with
impingement cooling was installed, which protects the temperature-sensitive
camera and intensi er from heat radiation of the test rig and the ame.

The high-speed camera and the image intensi er are synchronized via a BNC
cable, sending the trigger signal (TTL) of the camera's shutter to the intensi er
(cf. Fig. 4.1). To correlate the images taken during acoustic excitation to the
data of the dynamic pressure sensors, additional signals from the camera and
intensi er are recorded. The record signal of the camera (REC) indicates the
point in time when the camera starts the overall image saving process. The
intensi er duty cycle signal provides the information when the intensi er is
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Figure 4.4: Evaluation process of the high-speed imaging data for steady and
unsteady measurements.

exposing and therefore an image is stored. As all high-frequency signals are
recorded synchronously with the high-frequency measurement cards NI PCI-
4472, including the camera and intensi er signals, each image can be assigned
to the corresponding dynamic pressure signal in time. A total of 8000 frames
with a frame rate of 8000 frames per second (fps) were collected for a given
operating point for steady and unsteady ame imaging.

Figure 4.4 illustrates the basic evaluation process for the raw high-speed cam-
era images. For steady and unsteady measurements, the raw images are pro-
cessed in Matlab , starting with cropping the relevant area of the image. In ad-
dition, a scale is assigned, which is obtained from a reference image with a
checkerboard pattern and known scale.

The images of the steady measurements are subsequently averaged and sym-
metrized. Assuming that the ame is rotationally symmetric, an inverse Abel
transformation can be performed to obtain a center cut of the ame's chemi-
luminescence. This step is performed by using the BASEX algorithm [86, 87].
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In the last step the geometrical ame shape parameters can be calculated
from the averaged and Abel-transformed image. In the present study, the lift-
off height x, o ,the amelength Xeng, i XLo, and the center of gravity Xcog,
of the ame are the most relevant parameters. The lift-off height and ame
length are calculated with the help of a threshold value for the intensity of
Th AO0.18. The lift-off height or ame start x, o corresponds to the axial dis-
tance at which 5 pixels in a row along the symmetry axis are above the thresh-
old. Analogously, the axial end of the ame  Xeng, corresponds to the distance
at which 5 pixels in a row are below the threshold Th. Subtracting the ame
end X ¢ng fromthe ame lift-off X o, resultsinthe ame length. The location
of the center of gravity Xcog, along the symmetry axis is calculated according

to equation 4.1:
3

Xmax I'max
m X m i
F P

Xmax = I'max |

i/ jm i
In Eq. 4.1 Xx; is the axial distance and | the intensity in axial (index i) and
radial (index j) direction of the corresponding pixel. The center of gravity is
usually a good indicator for the location of the main heat release zone. Details

of the center of gravity calculation can be found in [68, 70].

Xcog,fI AE (4.1)

4.3 Thermoacoustic Measurements

The thermoacoustic behavior of the ame is most commonly described by
ame transfer functions (FTF). The quanti cation of the ame dynamics in
terms of FTFs can be carried out using various measurement techniques. In
the following, the purely acoustic multi-microphone method (MMM) and an
optical method, using the global chemiluminescence of the ame, will be de-
scribed. Figures 3.15 and 4.1 give an overview of the measurement devices and
the data routing for FTF measurements.

4.3.1 Operating Points

The research on the isolated primary zone carried out was based on pairs of
equivalence ratios with a similar adiabatic ame temperature Tag,pz for both,
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Figure 4.5: Adiabatic ame temperature for a kerosene surrogate (black line)
and equivalence ratios for the operating points in the primary zone
(red and blue squares).

rich and lean combustion. This should largely reduce the thermoacoustic ef-
fects caused by different ame temperatures when comparing two operating
points in the rich and lean range. This effect originates from the ame tem-
perature Ty, presentin Eq. 2.59.

Figure 4.5 displays the adiabatic ame temperature in relation to the equiv-
alence ratio (black line). The horizontal dashed black lines indicate the pairs

of operating points for rich (red squares) and lean (blue squares) combustion
with a similar adiabatic ame temperature. Thermodynamic equilibrium con-
ditions and Dagaut's mechanism for a kerosene surrogate were used in  Can-
tera for the calculation of the operating points. The pressure loss across the
burner was kept constant at ¢ p,pz/ papz ¥24% and the preheating temper-
ature for both combustion chambers was adjusted to T, pz A£423K. The ad-
justment of the different operating points was performed by varying the fuel
mass ow mgpz in the primary zone (0.659/s C m¢pz C 1.169/s). The chosen
operating points are similar to idle and sub-idle conditions of real aero en-
gines. It should be mentioned that the non-premixed kerosene ame in the
primary zone shows a mostly soot-free behavior in the examined operating
range. However, at equivalence ratios of Apzy /£1.33 and Ap; A1.43, soot pro-
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duction can be seen with the naked eye.

4.3.2 Acoustic Method

For the test rig con guration in Fig. 3.15, the isolated primary zone can be
treated as an acoustic two-port between two impedance measurement ducts
(supply and transition duct). Acoustic two-ports can be described by transfer
matrices TMPY, relating the acoustic variables p°and u®up- and downstream
of the element according to Eq. 4.2 (cf. 2.1.4):

~ ~

A ! A !

! 1A,

TMy; TMy, =
/e 7z : 4.2
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——y s

©
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< ¥l
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The multimicrophone method (MMM) is a common technique for character-
izing acoustic two-ports by determining the four unknown elements of the
transfer matrix in Eq.4.2 [53, 54, 88, 89]. The working principle for the applica-
tion of the MMM is depicted for an acoustic two-port in Fig. 4.6.

Three basic steps are required for the determination of the four TM elements.
First, the measurement of the dynamic pressure pYx;,t) on several locations
X; along the impedance measurement ducts. Second, the reconstruction
of the acoustic wave eld in each impedance measurement duct using the
solution for the convective wave equation and the Riemann invariants (Eqg.
2.25 and 2.27). Third, the calculation of the acoustic variables on a specic

acoustic excitation  piezoelectric piezoelectric acoustic excitation
upstream (A) pressure transducers pressure transducers  downstream (B)
U_US fus fbs U_DS
A ™ B
Jus dps
X1,Us X2,us  X3,UsX4,Us Xref,us Xref,DS X1,DS X2,DS  X3,0SX4,DS

Figure 4.6: Working principle of the multimicrophone method (MMM) for the
determination of acoustic transfer matrices.
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reference location up- and downstream of the acoustic element, allowing to
determine the transfer behavior between the chosen reference planes, e.g.
Xref,us @Nd Xref ps.

All three steps have to be performed twice for two independent test states to
solve for the four unknown elements of the transfer matrix. The two-source
method is one possibility and is based on the excitation from two different
locations, giving two independent test states. For the primary zone setup
an excitation from upstream (excitation A) and downstream (excitation B) is
chosen and realized via loudspeakers. The excitation is performed in an al-
ternating manner per excitation frequency, i.e. excitation from upstream (US)
followed by excitation from downstream (DS) and subsequently proceeding
to the next excitation frequency.

Dynamic Pressure Measurement: The dynamic pressure pYXx;,t) has to be
measured at a minimum of three axial positions x; along each impedance
measurement duct by using piezoelectric pressure transducers Synotech PCB
106Bmounted in PCB 064B06water-cooled adaptors. The sensors convert the
piezoelectric high-impedance signal into a low-impedance voltage inside the
sensors housing. For the primary zone setup, four PCB sensors ( Npcg A4) are
located each, up- and downstream of the combustion chamber. With this PCB
setup, one backup PCB is available per impedance measurement duct. The
sensors are arranged non-equidistantly to avoid half of the acoustic wave-
length lying within one of the sensor distances. Details of the acoustic design
can be found in section 3.1.5.

The sample frequency for the data acquisition of the dynamic pressures was
adjusted to ng A£65536 with a total of 524288 samples per excitation frequency
(ts Z££8s) and a frequency step size of ¢ f A£10Hz. Subsequently, the measured
time series signal of the dynamic pressure p9x;,t) is Fast-Fourier-Transformed
(FFT), resulting in the complex-valued dynamic pressure p (x;,! ) atthe corre-
sponding sensor location x;. Most commonly, the complex-valued dynamic
pressure is expressed in terms of amplitude jp (x;,! )j and phase ' (x;,! ) ac-
cording to Eqg. 4.3:

B (xi,! ) EP(x,! )je" *h), (4.3)
In addition, the complex-valued dynamic pressure of every sensor  p (X;,! ) is
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4.3 Thermoacoustic Measurements

calibrated with the corresponding calibration curve. The calibration curves
for each sensor are obtained from a measurement with a calibration unit,
comparing the amplitude and phase of the sensor to be calibrated with a
well-de ned calibration sensor for each excitation frequency.

Acoustic Wave eld Reconstruction:  The reconstruction of the acoustic wave-
eld in each impedance measurement duct is based on the Riemann invari-
ants f and g, which can be interpreted as two waves traveling in up- and
downstream direction (cf. 2.1). The complex-valued Riemann invariants f and
g are related to the complex-valued acoustic pressure p according to Eq. 4.4:
h, i A —_—
p(xi,! )EZL f()el ™ XAg)ek . (4.4)

In Eq. 4.4 Y2is the mean density, c the speed of sound, and x; the sensor posi-
tions along eachimpedance measurementduct. k is the wave number without
mean ow, whereas k” and ki are the convective wave numbers in positive
and negative ow direction, given in Eq. 2.28. The mean density  “2and speed
of sound c (characteristic impedance of the medium) can be expressed using
the ideal gas law for isentropic ows with Eq. 4.5:

i
Ve Ep  —. (4.5)
RT

In Eqg. 4.5 p is the static pressure, ° the isentropic exponent, R the specic gas
constantand T the static temperature of the gas.

Inside the upstream duct (supply duct) only air is present, resulting in a spe-

ci c gas constant of R A287J/kgK and an isentropic exponent of ° A1.4. The
temperature of the preheated air in the upstream duct is measured with three
thermocouples, located at the rst position of a PCB (T sp) and the last po-
sition of a PCB (T, sp) of the supply duct, as well as at the injector entrance
Tinjpz (See Fig. 4.1). For each excitation frequency and excitation location, all
temperatures, mass ows, and pressures are measured and stored once. Tak-
ing the mean value of all three thermocouples and the mean value of the static
pressure upstream over all excitation frequencies, Eq. 4.5 can be determined.
For the downstream duct the determination of density and speed of sound de-
pends on the presence of the ame in the primary zone.

In contrary to the upstream duct, the downstream duct (transition duct) has
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four thermocouples located at the same position as the four PCBs, which mea-
sure the uid temperature. Additionally, four thermocouples are welded to
the outer wall of the transition duct, again located at the same position as
the PCBs (cf. Fig. 4.1). For cold measurements without ame in the primary
zone, the procedure for determining density and speed of sound is analogous
to that of the supply duct. During measurements with ame, the isentropic
exponent ° and the speci c gas constant R are calculated according to the
thermodynamic equilibrium gas composition of the corresponding operating
point. Furthermore, the measured hot gas temperatures are corrected, which
is described in section 4.3.

With a minimum of three axial measurement positions of the dynamic pres-
sure p (xj,! ) an overdetermined equation system for the two unknowns f~(! )
and g(! ) is obtained, given in Eq. 4.6:

0 1 o o 1
poat) P et ek
I
R T
o I ¢ L ikAx ki x | 9 %z us/b
X ) e! Npce @ NpcB —
D e, oy e )

The equation system must be solved for each impedance measurement duct,
indicated as upstream (US) and downstream (DS), each excitation frequency
I and excitation location, indicated as A and B. A minimum-normal least-
squares algorithm in Matlab is used for solving the overdetermined equation
system of Eq. 4.6 [90].

Knowing f(! )and (! ) the complex-valued acoustic velocity uctuation can
be calculated at each PCB position using Eq. 4.7:

GO, ) EF( e K™ g ek s, (4.7)

Calculation of TM-Elements:  With the determination of p (x;,! ) and U (x;,! )
for each impedance measurement duct, the acoustic variables at every refer-
ence location up- and downstream of the acoustic element Xt yusips can be
calculated. In the present work, the burner outlet plane  xgo was chosen as ref-
erence for the calculation of the acoustic variables for both, the upstream and
downstream wave eld. With this approach of choosing the reference plane
Xref usiDs, the transfer matrix does not contain the acoustic transfer behavior
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due to straight ducts. Finally, all four complex-valued transfer matrix elements
can be obtained by solving the equation system of Eq. 4.6:

0 1 0

. 1
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To obtain the transfer behavior of the ame only, the procedure of determin-
ing the transfer matrix elements described above has to be performed for each
operating point with and without ame . The measurements without ame,
also referred to as 'cold' conditions, are giving the burner transfer matrix
(BTM), whereas the 'hot' measurements with ame are resulting in the burner
and ame transfer matrix (BFTM). With the assumption that the burner trans-
fer behavior is the same for hot and cold operating conditions [55], the ame
transfer matrix (FTM) can be obtained according to Eqg. 4.9:

FTM ABFTM ¢BTM L, (4.9)

During BFTM measurements the relative velocity uctuation at the burner
outlet ugO/U IS an important parameter to ensure that the ame dynamics is
linear. Due to this, the relative velocity uctuation ugo/u_was kept at a nearly
constant level of 15% for each excitation frequency during hot measurements

in isolated primary zone. To prove whether the ame is in the linear regime,
the electric power for the loudspeakers was reduced to 75% and 50%. This re-
sulted in nearly identical ame transfer functions. For the cold measurements

of the BTM the relative velocity uctuation was further increased to approx.

30 % for the purpose of a higher signal-to-noise ratio, which increases the
guality of the acoustic wave eld reconstruction.

Calculation of Flame Transfer Functions:  The determination of the ame
transfer function (FTF) is performed by using the Rankine-Hugoniot relations
(RH), valid for acoustically compact ames ( He CC 1) (cf. 2.2.2). The RH-
relations assume the ame as a compact temperature jump, as described in
section 2.2. Assuming small Mach numbers ( Ma CC 1) the FTF is only con-
tained inthe FT M,,-element, according to Eqg. 4.10:
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FTMyi 1
FT Fru A (4.10)
F

T. and Ty are the cold and hot gas temperatures before and after the tem-
perature jump, respectively. For the present investigations T, was assumed to
be the mean preheating temperature, used for Eq. 4.5. The hot gas temper-
ature Ty, corresponds to the temperature of the ame and is usually dif cult

to quantify. Therefore, the temperature of the hot gas or ame temperature
was assumed to be the adiabatic ame temperature T,q, corresponding to the
thermodynamic equilibrium conditions of each operating point. Due to this,

it is assumed that the total amount of primary air is mixed with the fuel of the
corresponding operating point. For operating points with the same pressure
drop in the primary zone, as well as constant impingement cooling on the
outer wall of the chamber, the heat loss of the combustion chamber is similar.
Due to this, the adiabatic ame temperature  T,4 and the ame temperature
Ty must have roughly the same trend.

Figure 4.7 shows a comparison between the adiabatic ame temperature and
the measured corrected temperature on the rst PCB position downstream

Figure 4.7: Comparison of the calculated adiabatic ame temperatures Ty pz
and measured corrected hot gas temperatures Trc corr1 at the rst
thermocouple position downstream the primary zone.
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the primary zone ( Type Sthermocouple, cf. Fig. 4.1) for the operating points
given in section 4.3.1. The plot con rms that the measured hot gas tempera-
ture follows the trend of the adiabatic ame temperature very well. The fuel-
richest operating point ( A /E1.43) behaves differently due to the higher soot
production, which was observed with the naked eye. Consequently, a higher
thermal loss in the combustion chamber occurs due to the high emissivity of
soot leading to a larger difference between adiabatic and corrected thermo-
couple temperature in Fig. 4.7.

4.3.3 Optical Method

The optical method is based on the representation of heat release Q and heat
release ucuations QO°through the chemiluminescence ofthe ame[68,70,91].
The zero-dimensional measurement of the chemiluminescence from OH  °,
CH®, C3, and COj and the corresponding evaluation for the steady | and un-
steady | °light intensity are described in section 4.2. Assuming that the chemi-
luminescences is suitable for representing heat release a hybrid ame transfer
function can be formulated, givenin Eq. 4.11:
0—
FTFnyo /EI—_U$.
| Ugo

(4.11)

The mean velocity ugo and the acoustic velocity uctuation ugo for the hy-
brid FTF are calculated at the burner exit plane. The velocity uctuation at the
burner outlet ugo is obtained by using the reconstructed acoustic wave eld
upstream the burner during hot measurements (- Pg, g and U3, ) and the
cold BTM, according to Eq. 4.12:

~0
N Pgo,us .
Ugops BT M2 ¢ Te ABT |V|22¢Ugo,us- (4.12)

Due to the fact that the hybrid FTF uses the acoustic wave eld during hot
measurements and the BTM, the optical method is not fully independent from
the acoustic method. However, the hybrid FTF can be used as a cross-check
whether the acoustic and optical FTFs show similar trends.
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4.3.4 Optimization of Acoustic Wave eld Reconstruction

Two methods for further increasing the quality of acoustic wave eld recon-
struction are explained below. First, the temperature correction method for
the hot gas temperatures inside the transition duct downstream the primary
zone will be explained. Second, the selection of the dynamic pressure sensor
con guration used for the reconstruction procedure will be explained.

Temperature Correction: In Egs. 4.4 and 4.5 it is shown, that the reconstruc-
tion of the acoustic wave eld depends on density and speed of sound and,
hence, on the temperature along the impedance measurement ducts. Espe-
cially for the transition duct downstream the primary combustion chamber,
high hot gas temperatures are present due to the near stoichiometric oper-
ating points. The high temperatures are causing a substantial heat loss of
the thermocouples due to radiation to the colder duct inner wall, which fur-
ther leads to too low measured gas temperatures. The presented correction
method is based on a convective-radiative heat balance of a small thermo-
couple in a large environment. The corrected or true' temperature can be ob-
tained from the convective-radiative heat balance according to Eq. 4.13:

"1c¥ i
®TC,conv

In Eq. 4.13 T+¢ is the measured thermocouple temperature, "¢ the emissivity
of the thermocouple, ¥ 45.67£ 10' 8W/m ?/K* the Boltzmann constant, ®q¢
the convective heat transfer coef cient of the thermocouple, and Tw,i the in-
ner wall temperature.

The transition duct is equipped with four thermocouples measuring the hot
gas temperature T1c at each location of the four PCBs (cf. 3.2). At the rst po-
sition, closest to the combustion chamber, a thermocouple of  Type Sis used,
while the remaining three are sheath thermocouples of Type N. At the same
positions, four sheath thermocouples of Type N are welded to the outer wall
of the transition duct, measuring Ty 0.

The temperature dependence of the emissivity of the different thermocouples
was calculated according to different sources from the literature.  Type Sther-
mocouples consist of a Pt-PtRh pairing, which can withstand temperatures
up to 1873 K. The temperature-dependent emissivity of the Pt-PtRh pairing

¢
TTC,corr A:—I_TCA T'?c i va,f,i (4-13)
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was found in [92]. The exact material speci cation of the  Type N thermo-
couple's sheath is not disclosed by the manufacturer. However, it is known
that the sheath consists of a special nickel-based alloy, resistant to oxidation
up to temperatures of 1500K. To approximate the sheat material of the  Type
N thermocouples, the temperature depending emissivity of  Inconel 617 was
taken [93]. Other temperature-dependent emissivities of nickel-based alloys
were also tested, but mostly provided unrealistic temperature pro les along
the transition duct.

The convective heat transfer coef cient  ®x¢ ony Was calculated using a Nusselt
correlation for cylinders in a cross ow [77].

The inner wall temperature can be obtained by assuming thermal equilibrium
between the wall conduction and the gas convection on the inside, according

to Eq. 4.14:

s w

¢ i ¢
Tw,ii Tw,o [E®iAi TTC,corri Tw,i . (4-14)

. w IS the thermal conductivity of the high-temperature steel 1.4841 used for
the transition duct [77], s, A£10mm the wall thickness of the transition duct,
®, the heat transfer coef cientonthe innerwall,and A the surface of the inner
wall of the transition duct.

Figure 4.8 shows the measured Tic (red diamonds) and corrected Trc corr

Figure 4.8: Measured Tyc and corrected T+c cor temperatures along the tran-
sition duct.
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(orange squares) temperatures along the transition duct for an operating
point with an equivalence ratio of | pz A£1.25. In addition, a polynomial t for
the corrected gas temperature Trccorr, ¢ (SOlid, orange line) is provided. Due to
the fact that the rstthermocoupleisof Type Sand consequently has a much
lower emissivity, the ratio of the corrected to the measured temperature is
much smaller than for the remaining three of  Type N.

The mean value of the four corrected thermocouple temperatures in the
transition duct is inserted in EqQ. 4.5 and considered during the acoustic wave-
eld reconstruction. To prove whether the temperature correction improves
the acoustic wave eld reconstruction, the residuum in the transition duct
was checked according to Eq. 4.15. Especially for higher frequencies, a slight
improvement in the reconstruction error was observed, indicating that the
temperature correction method was performed properly.

Selection of Dynamic Pressure Sensors and Error Criteria: The primary
zone con guration uses each, four piezodynamic pressure transducers (PCB)
upstream (supply duct) and downstream (transition duct) the combustion
chamber (cf. 3.15). The reconstruction of the acoustic wave eld is based on
a minimum of three sensors for each impedance measurement duct. Due to
this, a selection of three out of four PCBs for each measurement duct can be
performed. Table 4.2 gives all possible selection possibilities for an impedance
measurement duct equipped with four PCBs.

Table 4.2: Selection possibilities for the acoustic wave eld reconstruction us-
ing four PCBs per impedance measurement duct.

Comb. PCB1 PCB2 PCB3 PCB4

1 X X X X
2 X X X -
3 X X - X
4 X - X X
5 - X X X

To prove which combination of PCB sensors gives the best results, an error
criterion for the acoustic wave eld reconstruction has to be de ned. The de-
viation between the dynamic pressure values of the reconstructed wave eld
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and the measured values at the same position can be formulated according to
Eq. 4.15[94]:

o.
ol

¢ o

I"{ HH" b,
Kbk,

In Eq. 4.15, b is the vector of the measured Fourier transformed complex dy-
namic pressures p(x;,! ) and H the coef cient matrix of f and g (cf. Eq. 4.6).
The matrix HT refers to the Moore-Penrose pseudoinverse of matrix H. The
matrix I" corresponds to the identity matrix of size n £ n, where n is the num-
ber of pressure sensors n £Npcg. The [2-norm is denoted by jj...ji». Values for
the error measure 2 - 5% are a good indicator for a high quality acoustic wave-
eld reconstruction.
The error measure 2 is calculated for each possible combination of PCBs (Tab.
4.2), for every impedance measurement duct (e.g. supply and transition duct
or up- and downstream), each excitation location (e.g. A and B), and each fre-
quency ! .
The simplest way is to choose an individual PCB combination for each ex-
citation location and each frequency according to the combination with the
minimum error measure 2, givenin Eq. 4.16:

20ps (1) £ (4.15)

£ o
min 202.c(1) ! Comb{ess(!). (4.16)

Combf8 () gives the PCB combination with the minimum error for
each excitation frequency ! , each excitation location A or B, and for each
impedance measurement duct, US or DS.
Another option is to select the combination with the minimum error measure
2 for each excitation location A or B, but averaged as root-mean-square (rms)
over all excitation frequencies ! , according to Eq. 4.17:

£ i ¢o

min rmsjg 288 (1) ! CombAB .. (4.17)

Combf8 < gives a xed PCB combination with the minimum error over

all excitation frequencies, for each excitation location A or B and for each
impedance measurement duct US or DS.

Lastly, the error measure can also be summarized for each excitation location
A and B, resulting in Eqg. 4.18:
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min £rmsjgg B )¢Q! Combfes .. (4.18)
Combﬁ/é,BDS gives a xed PCB combination with the minimum error over all
excitation frequencies and all excitation locations A or B, for each impedance
measurement duct US or DS.
Averaging the error measure for different impedance measurement ducts, e.g.
US and DS, makes no sense, as the acoustic wave eld reconstruction is per-
formed per impedance measurement duct.
The three possibilities for selecting a PCB combination for the reconstruction
of the acoustic wave eld were evaluated and compared against the standard
case, which is using all four PCBs (Comb. 1 in Tab. 4.2). In theory, using four
PCBs should provide more accurate results regarding the acoustic wave eld
reconstruction. However, in reality this is not always the case due to mea-
surement uncertainties of the dynamic pressure transducers. In addition, the
current PCB selection method automatically excludes damaged sensor from
the acoustic evaluation routine in case of malfunction.
Figure 4.9 gives a comparison for the FTF-amplitude (top) and FTF-phase

Figure 4.9: FTF amplitudes (top) and phases (bottom) for an operating point
with an equivalence ratio of A A1.18 and different approaches for
the selection of the PCB combination for the acoustic wave eld
reconstruction.
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4.3 Thermoacoustic Measurements

(bottom) for an operating point with an equivalence ratio of A /E1.18 for the
different selection procedures of PCB combinations.

For the operating point shown in Fig. 4.9, comb asg shows the smoothest
amplitude and phase, although the differences are very small between the
different selection approaches for the PCB combinations. The selection ac-
cording to Eqg. 4.18 in Fig. 4.9 revealed that Comb. 4 for the upstream duct and
Comb. 2 for the downstream duct (Tab. 4.2) perform best in terms of the error
measure for the FTF presented. During the evaluation of the BTM and BFTM
for other operating points, it was observed that the usage of the selection
criteria comb g and comb aag always gave the qualitatively best results. The
selection criterion presented was only applied during the measurements
for the isolated primary zone. For the compact RQL setup, three PCBs per
impedance measurement duct were installed due to the limited number of 12
available sensors for the experimental investigations.
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5 Steady Flame Behavior Primary Zone

This chapter elucidates the ame behavior in the primary zone during steady
operation. The determination of the rich blow-out (RBO), lean blow-out
(LBO), and thermoacoustic stability behavior during commissioning tests is
described. The approach for eliminating the self-excited dynamics of the pri-
mary zone by altering the acoustic boundary conditions is brie y discussed.
The resulting operating range of the test rig is shown in terms of a stability
map, and an example of a stable and unstable operating point is given. Next,
global chemiluminescence investigations using photomultiplier tubes (PMT)
show the dependency of OH *,CH", C3, and CO; on the equivalence ratio and
thermal power, without background correction of CO 3. Except for C3, all rad-
icals follow the trend of the adiabatic ame temperature. Regarding the mea-
surement of equivalence ratio uctuations by using the ratio of two radical
pairings, CH"/C 3 seems to be the most appropriate choice. The last section
focuses on the chemiluminescence of the primary zone's ame by compar-
ing OH" and CH" images. The resulting ame parameters for both radicals are
compared with each other. These serve as input for time delay calculations
during thermoacoustic measurements.

5.1 Commissioning Tests and Operation Range

The commissioning tests of the isolated primary zone focus on the determina-
tion of rich blow-out (RBO), lean blow-out (LBO), and the maximization of the
thermoacoustic stability behavior. The experiments were carried out by vary-
ing the thermal power Qg, or fuel mass ow my, the air mass ow m,pz, and
the preheating temperature T,pz. The setup of the test rig is given in Section
3.2. Table 5.1 gives an overview of the parameter range covered in the com-
missioning tests.

The RBO and LBO limits were detected by observing ame-out during experi-
ments using a digital camera ( Canon EOS M50) oriented perpendicular to the
combustion chamber. For the assessment of whether an operating point is
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5.1 Commissioning Tests and Operation Range

Table 5.1: Parameter range for the commissioning tests of the isolated primary
zone combustion chamber.

Parameter Unit Operation Range
Qth kw 44 . Qpn - 62
Mt pz gs 1 - mgpz - 14
Tapz K 423 - Tapz - 523
Apz - 05 - Ap; - 1.66

stable or not, the dynamic pressure sensors were used to record the acous-
tic pressure uctuations along the impedance measurement ducts. The signal
of all PCBs was recorded with a sampling frequency of fs /A£65536 and a mea-
surement time of ts Z1ls. The raw acoustic pressure signals were fast Fourier
transformed and a stability criterion was applied to the normalized acoustic
pressure amplitude jpY according to Eq. 5.1:

Jp_‘] - 1%. (5.1)

Y

An operating point was considered to be stable if none of the normalized
acoustic pressure peaks were above the given limitin Eq. 5.1. For the remain-
ing unstable operating points, the acoustic boundaries were changed using
different perforated metal sheets (see Chapter 3.1.5). The maximum operation
windows were nally obtained using a perforated metal sheet with a porosity

of 12.4% at the entrance of the upstream and 15.7% at the exit of the down-
stream loudspeaker segment (cf. Fig. 3.15) resulting in minimal pressure am-
plitudes. Figure 5.1 illustrates typical normalized acoustic pressure spectra for

a stable (top) and an unstable (bottom) operating point against the Strouhal
number Sr. Both operating points have a thermal power of Qy, AA56kW and a
preheating temperature of T,pz ££473K with an equivalence ratio for the sta-
ble point of Ap; ZA1.33 and for the unstable point of Apzy A£1.11.

The overall low amplitudes of the stable operating point in Fig. 5.1 exhibit
small peaks around a Strouhal number of Sr %0.04, Sr ¥0.09, Sr ¥40.18, and
Sr ¥0.27, which indicate natural resonances of the test rig driven by the tur-
bulent ame noise and/or natural coherent ow structures (cf. Section 1.3.1).

On the contrary, the unstable operating point at the bottom of Fig. 5.1 shows
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Steady Flame Behavior Primary Zone

Figure 5.1: Normalized pressure spectra for a thermal power of Qy A56kW
and a preheating temperature of T,pz; A£473K for a stable (top)
and unstable (bottom) operating point with an equivalence ratio
of Ap; /£1.33 and Ap; /£1.11, respectively.

a distinct peak at a Strouhal number of approximately  Sr %0.27, which cor-
responds to the fourth maximum observed for the stable operating point. For
this operating point, the Rayleigh criterion of Eqg. 1.1 seems to be satis ed and
the damping mechanisms of the overall thermoacoustic system are not strong
enough. Other operating points during the commissioning tests showed reso-
nance frequencies similar to those presented in Fig. 5.1.

Figure 5.2 illustrates the stability map obtained for the primary zone for all
operating points with a preheating temperature of T, pz ££473K. The white
area in Fig. 5.2 indicates the ranges of thermal power Qy, and equivalence ra-
tios Apz accessible for thermoacoustic measurements using the primary zone
setup (cf. Section 3.2). Only one point in the rich combustion regime is unsta-
ble, whereas in the lean combustion regime a few unstable points are visible.
Consequently, the operating points inside the gray area, color coded by the
normalized acoustic pressure uctuation jpY/p, are not usable for thermoa-
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Figure 5.2: Stability map of the primary zone for an air preheating tempera-
ture of Ty pz AA473K.

coustic measurements under acoustic excitation. The yellow line in Fig. 5.2
demonstrates the onset of sooting during rich combustion in the combustion
chamber of the primary zone. Additionally, the RBO- and LBO-limits are in-
dicated by the two red lines, as well as the rich- ame- (RFC) and lean- ame-
constriction (LFC) limit. The latter two indicate a change in ame shape close
to the RBO- and LBO-Ilimit.

The ame shapes observed in the primary zone are illustrated in Fig. 5.3. Dur-
ing normal operation, the conical ame is present in the combustion cham-
ber, which indicates proper vortex breakdown of the swirling ow from the
burner. The constricted ame appears only close to the RBO- and LBO-limits
and is almost independent of the thermal power due to the two vertical black
lines. The lifted ame in Fig. 5.3 occurs right at the RBO and LBO limits and
re ects the collapse of the ame speed. During the commissioning test it was
observed that the change in ame shape depends not only on the operating
points but also on the direction in which the equivalence ratio is changed
(hysteresis behavior).

74



Steady Flame Behavior Primary Zone

Mg pz+
Mt pz

Figure 5.3: Flame shapes in the primary zone for an air preheating tempera-
ture of T,pz A£473K and a thermal power of Qy, A53.2kW. Conical
ame (left), constricted ame (middle) and lifted ame (right).

5.2 Global Chemiluminescence

The steady global chemiluminescence study of the ame in the primary zone
is carried out by investigating the behavior of different radicals for varying
equivalence ratios and thermal powers. The measurements are conducted for
the operating points shown in Section 4.3.1, using the setup given in Section
3.2. An additional operating point was added for steady chemiluminescence
investigations at Ap; /£1.05, which is very close to the maximum adiabatic
ame temperature at Ap; /1.07.

Figure 5.4 shows the normalized chemiluminescence intensity of all four radi-

Figure 5.4: Normalized mean PMT chemiluminescence intensity for four dif-
ferent radicals against the equivalence ratio in the primary zone.

75



	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Technological Background
	RQL Technology
	Combustion Instabilities
	Thermoacoustic Driving Mechanisms in RQL Combustors
	Literature Review on RQL Flame Dynamics

	Research Objectives and Thesis Structure

	Fundamentals
	Linear Acoustics
	Wave Equation and Solution
	Convective Wave Equation and Solution
	Acoustic Boundaries
	Network Modeling

	Flame Dynamics
	Flame Transfer Functions
	Rankine-Hugoniot Relations

	Chemiluminescence

	Test Rig and Experimental Setup
	Test Rig
	Concept for the Primary Zone Investigations
	Primary Zone Combustion Chamber
	Compact RQL Combustion Chamber
	Thermodynamic Design
	Acoustic Design

	Experimental Setup for the Primary Zone Measurements
	Experimental Setup for the Compact RQL Measurements

	Measurement Methods
	Data Acquisition System
	Chemiluminescence Measurements
	Global Chemiluminescence
	Planar Line-of-Sight Chemiluminescence

	Thermoacoustic Measurements
	Operating Points
	Acoustic Method
	Optical Method
	Optimization of Acoustic Wavefield Reconstruction


	Steady Flame Behavior Primary Zone
	Commissioning Tests and Operation Range
	Global Chemiluminescence
	Chemiluminescence Images

	Primary Zone Flame Dynamics
	Acoustic Flame Transfer Functions
	Root Cause Study
	Atomization and Evaporation
	Thermal Effects
	Synthesis Gas Formation

	Alternative Determination of Flame Transfer Functions
	Optical Flame Transfer Functions

	Compact RQL Combustor Flame Dynamics
	Transfer of the Isolated Flame Dynamics
	Measured Flame Dynamics
	Operating Points and Flame Images
	Compact RQL Model and Evaluation Method
	Case without Combustion
	Case with Combustion


	Summary and Conclusions
	Previous Publications
	Supervised Student Theses
	References

