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Zusammmenfassung

Die Stromung innerhalb einer Gasturbine ist typischerweise stark turbulent, wenn sie den
Verdichter verlasst und den Brennereinlass erreicht. Im Inneren des Brenners passiert die
Stromung typischerweise einen Drallgenerator, der die fast parallele Stromung in eine
Drallstromung umwandelt. Der Grad des in der Stromung induzierten Dralls ist ausre-
ichend hoch, so dass der vom Brennerauslass in die Brennkammer austretende Drall-
strahl ein Phanomen erfahrt, das als Wirbelaufplatzen (vortex breakdown) bezeichnet
wird. Als Folge dieses Phanomens bildet sich um die Strahlachse eine zentrale Rezir-
kulationszone, die es der Flamme ermoglicht, sich innerhalb der entstehenden Scher-
schichten zu stabilisieren. Diese reaktive Stromungskonfiguration ermoglicht eine ef-
fiziente und emissionsarme magere Verbrennung, ist jedoch anfallig fiir thermoakusti-
sche und hydrodynamische Instabilitaten. Eine der bekanntesten hydrodynamischen In-
stabilitaten in dieser Stromungskonfiguration ist der so genannte precessing vortex core
(PVC), der sich als eine spiralformige, koharente Struktur manifestiert, welche stromab-
gerichtet die Scherschichten entlang maandert. Obwohl es bereits mehrere Studien lber
den PVC gibt, ist dessen Einfluss auf den Verbrennungsprozess noch nicht vollstandig
verstanden und beschrieben.

In der vorliegenden Arbeit wird ein aktives Stromungskontrollsystem entwickelt, das ex-
klusive experimentelle Bedingungen schafft, um die Rolle des PVC auf den Verbrennungs-
prozess weiter zu untersuchen. Dieses Stromungskontrollsystem ist in die Mischsektion
eines Drallbrenners integriert. Dort wird eine helikale Aktuation, nach dem zero-net-
mass-flux Prinzip, realisiert, durch welche die prazedierende Bewegung des PVC nachge-
ahmt wird. Die Aktuation wird in jenem Bereich angewendet, in welchem die Antwort des
PVC auf aulRere periodische Anregung maximal ist. Dieser Bereich der hochsten Rezep-
tivitat kann als Ursprung des PVC betrachtet werden. Aufgrund der maximalen Antwort
des PVC in diesem Bereich sind nur kleine Anregungsamplituden notwendig, um eine
erhebliche Kontrollwirkung zu erzielen, ohne die Stromungskonfiguration grundlegend
zu verandern. Nach einem umfassenden Nachweis der Funktionalitat des Regelkonzepts
unter isothermen und reaktiven Betriebsbedingungen wird das Stromungskontrollsys-
tem eingesetzt, um den PVC je nach Stromungskonfiguration anzuregen (offener Regel-
kreis) oder zu unterdriicken (geschlossener Regelkreis). Mit diesem Werkzeug kann der
ausschlieBliche Einfluss des PVC auf Flammendynamik, Mischung und NOy-Emissionen
untersucht werden.

Es wird beobachtet, dass die Anregung des PVC selbsterregte thermoakustische Schwing-
ungen erheblich dampfen kann. Eine Erklarung fur diese Beobachtung ist ein moglicher
Bruch der Symmetrie der achsensymmetrischen Aquivalenzverhaltnisschwankungen
durch den angegereten asymmetrischen PVC. Weitere Erklarungen fur diese Beobach-
tung werden durch zwei Kopplungsmechanismen zeitlich gemittelter Felder gegeben, die
aus zeitaufgelosten Stromungsfeld- und Warmefreisetzungsratenmessungen abgeleitet
werden. Diese Mechanismen werden in Verbindung mit Messungen der Flammentrans-
ferfunktion (FTF) abgeleitet, die zeigen, dass der PVC in der Lage ist, den FTF-Gain zu re-
duzieren, ohne die FTF-Phase zu verandern. Dem ersten Mechanismus zufolge reduziert



der PVC die Wachstumsrate der Kelvin-Helmholtz-Instabilitat, was das Wachstum der
achsensymmetrischen Moden in den Scherschichten behindert. Mechanismus zwei be-
zieht sich auf die PVC-induzierte Anderung der mittleren Flammenform, die kompak-
ter wird und sich stromaufwarts zum Brenneraustritt hin verschiebt. Dadurch erreichen
weniger Warmefreisetzungsratenschwankungen die empfindliche Flammenspitze, was e-
benfalls zu einer Dampfung des FTF-Gains fiihrt. Neben diesen Erkenntnissen zum Ein-
fluss des PVC auf die Flammendynamik wird gezeigt, dass der PVC eine groBraumige
Vermischung der einstromenden kalten Reaktanden mit den heiRen Produkten in der
zentralen Rezirkulationszone bewirkt. Diese groRraumige Vermischung erhoht die Reak-
tionsgeschwindigkeit und befordert Radikale in das einstromende Fluid. Dadurch folgt
die Flamme den PVC-induzierten Wirbeln und das Niveau der NOyx-Emissionspegel erhoht
sich.

Mit dem entwickelten Stromungskontrollansatz werden einzigartige experimentelle Be-
dingungen geschaffen, die es erlauben, den ausschlief3lichen Einfluss des PVC auf den
Verbrennungsprozess zu untersuchen. Dariiber hinaus kann dieser Stromungskontrollan-
satz zur aktiven Steuerung der Stabilitat und Effizienz des Verbrennungsprozesses einge-
setzt werden. Um den Laboraufbau des Stromungskontrollsystems auf eine Maschine im
industriellen MaRstab anzuwenden, wird ein alternatives Aktuationskonzept vorgeschla-
gen, das sich auf fluidische Oszillatoren stutzt. Darliber hinaus ist der in der vorliegen-
den Arbeit untersuchte Stromungskontrollansatz auf alle Arten von Stromungen mit in-
harenten globalen hydrodynamischen Moden, wie z.B. dem PVC, anwendbar.



Abstract

The flow inside a gas turbine is typically highly turbulent when it leaves the compressor
and reaches the burner inlet. Inside the burner, the flow typically passes through a swirl
generator which transforms the almost parallel flow into a swirling flow. The degree of
the swirl induced to the flow is sufficiently high such that the swirling jet emanating from
the burner outlet into the combustion chamber undergoes a phenomenon known as vor-
tex breakdown. As a consequence of this phenomenon, a central recirculation zone forms
around the jet axis which allows the flame to stabilize inside the resulting shear layers.
This reacting flow configuration allows for an efficient and low-emission lean combus-
tion, but is prone to thermoacoustic and hydrodynamic instabilities. One of the most
prominent hydrodynamic instabilities in this flow configuration is the so-called precess-
ing vortex core (PVC) which manifests as a single-helical coherent structure meander-
ing in downstream direction along the shear layers. Although, there are already several
studies about the PVC, its impact on the combustion process is not fully understood and
described, yet.

In this thesis, an active flow control system is developed which creates exclusive exper-
imental conditions to further investigate the role of the PVC on the combustion process.
This flow control system is integrated into the mixing section of a swirl burner. There, he-
lical actuation, according to the zero-net-mass-flux principle, is achieved which mimics
the helical motion of the PVC. The actuation is applied in the region where the response
of the PVC to external periodic forcing is maximal which can be considered as the origin
of the PVC. Due to the maximal response of the PVC in this region, only small actuation
amplitudes are necessary to achieve a considerable control effect without changing the
flow configuration fundamentally. After a comprehensive proof of the control concept
under isothermal and reacting operating conditions, the flow control system is applied
to either excite a PVC via open-loop forcing or suppress it via closed-loop control de-
pending on the flow configuration. With this tool at hand, the exclusive impact of the
PVC on flame dynamics, mixing and NOx emissions is investigated.

It is observed that the excitation of the PVC can damp self-excited thermoacoustic os-
cillations considerably. One explanation for this observation, is a possible break of the
symmetry of axisymmetric equivalence ratio fluctuations by the skew-symmetric actu-
ated PVC. Further explanations for this observation are given by two mean field cou-
pling mechanisms which are derived from time-resolved flow field and heat release rate
measurements. These mechanisms are derived in connection with measurements of the
flame transfer function (FTF) which reveal that the PVC is capable of reducing the FTF
gain without changing the FTF phase. According to mechanism one, the PVC reduces
the growth rate of the Kelvin-Helmholtz instability which hinders axisymmetric modes to
grow in the shear layers. Mechanism two refers to the PVC-induced change of the mean
flame shape which becomes more compact and is shifted upstream towards the burner
outlet. As a result, less heat release fluctuations reach the sensitive flame tip which leads
as well to a damping of the FTF gain. Besides these findings regarding the impact of the



PVC on flame dynamics, it is shown that the PVC affects a large-scale mixing of incom-
ing cold reactants with hot products from the central recirculation zone. This large-scale
mixing enhances the reaction rate and entrains radicals into the incoming flow. Conse-
quently, the flame follows the PVC-induced vortices and the NOx emission level increases.
With the developed flow control approach at hand, unique experimental conditions are
generated which allow for investigating the exclusive impact of the PVC on the combus-
tion process. Furthermore, this flow control approach can be applied to actively control
the stability and efficiency of the combustion process. To apply the laboratory actua-
tion system to a machine of industrial scale, an alternative actuation design is suggested
which relies on fluidic oscillators. Moreover, the flow control approach studied in the
present thesis is applicable to all types of flow with inherent global hydrodynamic modes
such as the PVC.
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Latin characters

A amplitude

a; SPOD coefficients

C,  momentum coefficient of actuation
D nozzle diameter

e(t) sensor measurement signal
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f frequency [Hz]

feve PVC frequency [Hz]

G actuator gain

m azimuthal wave number

OH* heat release rate distribution
Q global heat release rate

Re Reynolds number
St Strouhal number

S swirl number

s(t)  actuator input signal
t time [s]

u acoustic velocity

v velocity vector

Vo bulk velocity

(ve, v, vg) axial, radial and azimuthal velocity

x coordinate vector

(x,r,0) axial, radial and azimuthal coordinates

(x,y, z) axial, transversal and out-of-plane coordinates
Greek symbols

Q complex axial wave number

Ay  phase shift

veg  effective viscosity

w complex frequency

1) equivalence ratio

D, spatial SPOD mode

p fluid density

© phase signal
Subscripts and superscripts
(.))  fluctuating part
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PMT  Photomultiplier Tube
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PVC  Precessing Vortex Core
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"Tumbling, in a world of swirl
Rumbling, in a world of swirl
In a world of swirl
Everything’s hazy, everything’s a blur"

Billy Gibbons (ZZ Top)
in World of Swirl (Album Antenna, 1994)



Chapter 1

Introduction

Fluid flows hide an infinite number of phenomena which can be directly observed in
nature and fascinate mankind ever since. The enormous fascination of pioneers like
Leonardo da Vinci (1452-1519) about e.g. water flows marks the beginning of an era of
scientific description and technical exploitation of fluid flows. Da Vinci started to ex-
plore fluid flows on an experimental basis and explained his methodology in his Paris
Manuscript (Ms.) E as follows (translated to English in [80]):

"First | will do some experiments before | proceeding beyond, because my intention is to
cite first experience and then that reason to show why such experience is bound to behave
in that way. And this is the real rule how speculators of natural effects have to proceed."
(f. 55r)

His approach of gaining experience from experiments to describe and understand un-
derlying phenomena, enabled mankind to convert the energy contained in fluid flows to
usable energy for example in the form of electrical power. Modern energy technology re-
lies especially on turbomachinery including different types of turbines, such as gas and
hydro turbines, which are driven by different types of fluid flows. Whereas a gas turbine
converts the thermal energy provided by the combustion of (fossil) fuels (e.g. coal, oil,
natural gas), a hydro turbine converts the potential energy of a water reservoir into me-
chanical energy which is utilized to drive a generator. To guarantee a continuous supply
of electrical energy to the growing world population, the electricity provided by such a
generator is crucial. The increase of the world population affects a growing demand for
electricity as shown in Fig. 1.1.

The data shown in Fig. 1.1 was recently published in the World Energy Outlook 2019, pro-
vided by the International Energy Agency (IEA) [54]. The bar charts characterize the com-
position of the global electricity generation in the presence (year 2018) and in the future
(year 2040) according to two different scenarios. Whereas scenario one follows from the
currently stated policies, scenario two results from a (more) sustainable development
focusing more on renewable and new energy technologies. No matter which scenario, a
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Figure 1.: Global electricity generation by fuel and scenario, 2018, Stated Policies and
Sustainable Development Scenarios 2040. Data adapted from IEA World Energy Outlook
2019.  (https://www.iea.org/data-and-statistics/charts/global-electricity-generation-
mix-by-scenario-2018-stated-policies-and-sustainable-development-scenarios-2040;
last login: october 52020, 5:07pm) [53].

considerable share of the electricity will be produced by fossil fuels in year 2040 accord-
ing to the World Energy Outlook 2019. In both scenarios, especially natural gas will be
a key to compensate the intermittently provided energy from renewables, such as wind
and solar photovoltaic (PV), to guarantee a continuous electrical energy supply. Although,
mankind is facing the fight against climate change, the global electricity generation will
still rely on fossil fuels in the (near) future. Therefore, scientists need to do both, increas-
ing the efficiency of conventional technologies and developing new concepts for electric-
ity generation. Currently, Carbon Capture Utilisation and Storage (CCUS) and electrolysis
of hydrogen from renewables (power-to-gas) gain interest and importance in the energy
sector. CCUS reached a high technology readiness level, however, a wide implementation
in the thermal and industry sector is still missing [62]. Hydrogen, e.g. in the context of
power-to-gas systems [151], becomes more and more attractive such that the gas turbine
industry starts to adapt their machines to this potentially "green fuel" [12]. Although, a
energy transition towards renewables has been initiated, gas turbines will play a crucial
role in the medium-term future. Therefore, further research and development work on
this technology is required for a best possible support of the energy transition.
Turbulent fluid flows power modern gas turbines and are thus crucial for the associ-
ated electricity generation. Before the fluid flow enters the combustion chamber, it typi-
cally passes a swirl generator which transforms the axially directed flow into a turbulent
swirling flow. In premixed combustors, the following mixing section guides the turbulent
swirling flow into the combustion chamber. In this mixing section, fuel is injected into
the incoming air flow. The turbulent swirling flow affects an effective mixing of fuel and
air yielding premixed conditions which allow for low emission combustion. Besides the
quality of effective mixing, a turbulent swirling flow provides even more qualities which
are beneficial for the combustion process when it emanates as a swirling jet into the
combustion chamber.

If the degree of swirl is high enough, the emanating swirling jet will undergo an aero-
dynamic phenomenon called vortex breakdown (VB). This phenomenon generates a flow
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configuration that facilitates the aerodynamic stabilization of the flame. However, this
reacting flow configuration is prone to hydrodynamic instabilities which can manifest
in different types of coherent flow structures. For example, the axisymmetric Kelvin-
Helmholtz instability can couple with planar thermoacoustic waves, arising in a thermoa-
coustically unstable premixed combustion system. These thermoacoustic waves induce
velocity fluctuations at the burner outlet leading to the formation of axisymmetric vor-
tices. Their growth along the shear layers is driven by the Kelvin-Helmholtz instability
resulting in large-scale coherent vortex structures which roll up the flame. Another co-
herent flow structure, occurring in such a flow configuration, has a helical shape and is
known in the combustion community as precessing vortex core (PVC). This flow struc-
ture appears solely under certain operating conditions and is very often accompanied by
bi-stable and transient flame dynamics [96, 135, 155]. Therefore, a systematic investiga-
tion of the impact of the PVC on the combustion is rather difficult. Nonetheless, such a
systematic investigation appears to be important since the PVC can influence flame dy-
namics [128, 142], fuel-air mixing [132] and flame stability [z, 133].

11 Motivation and research focus

To facilitate a systematic investigation of the role of the PVC in the combustion process,
an appropriate control system is necessary which allows the PVC's amplitude and fre-
quency to be arbitrarily varied. Such a flow control system needs to exclusively target
the PVC without changing other dynamical structures such that the general flow configu-
ration is maintained. To implement such an efficient active flow control mimicking shape
and dynamics of the PVC, the actuation needs to be applied in the flow region where the
receptivity of the PVC is maximal. Actuating in this region directly targets the PVC and
requires very small actuation amplitudes to generate a high flow response. In this way,
the exclusive impact of the PVC on premixed swirl-stabilized flames can be studied. Ac-
cordingly, the first research focus of the present thesis is the development of an active
flow control system which allows a direct control of the PVC without altering the flow
configuration fundamentally (see publications 2.1 to 2.3).

Very important properties of the combustion process are flame stability and low levels of
pollutant emission to guarantee an efficient operation of the gas turbine in accordance
with environmental regulations. Both properties are relying on the flow conditions in
the combustion chamber which are influenced by the PVC. A stable combustion process
requires a stable flame which can have different shapes and dynamics. Accordingly, the
transition from one flame shape to another, which can be promoted by coherent flow
structures such as the PVC, leads to a change of the flame dynamics [4, 133]. Depending
on flame shape and associated flow configuration, flame dynamics can be dominated by
thermoacoustic oscillations which may jeopardize flame stability and a safe operation of
the machine [75]. These thermoacoustic oscillations induce large-scale vortex structures
which roll up the flame front and can interact with the PVC [83, 128, 135, 142]. Furthermore,
these large-scale vortex structures can induce hot spots which increase the emission of
NOy [103, 105]. Closely connected with the NO, emission level is the homogeneity of the
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fuel-air mixture reaching the flame [30]. Large-scale vortex structures, as induced by the
PVC, can enhance the mixing of fuel and air which affects the flame stability and may
influence the formation of pollutant emissions [132].

As described in the previous paragraph, the PVC is closely connected to the combustion
process involving: flame dynamics, flame stability, fuel-air mixing and NOx emissions. A
targeted investigation of the role of the PVC in the context of these combustion proper-
ties is very complicated since all of them are closely linked. This close link motivates the
application of the active flow control system, developed in the first research focus of this
thesis (see publications 21 - 2.3), to study the exclusive impact of the PVC on these com-
bustion properties. Due to the lack of control opportunities of the PVC dynamics such
a targeted investigation was not possible before. This approach allows for formulating
the following research questions, which form the second research focus of the present
thesis:

1. How does the PVC influence the mean flame shape and flow field?
- see publications 2.2 - 2.5
2. Which role does the PVC play in the context of flame dynamics?

21 How does the PVC interact with thermoacoustic modes?
- see publication 2.2

2.2 Is the PVC capable of damping thermoacoustic oscillations?
- see publications 2.2 and 2.5

2.3 Which mechanisms govern the impact of the PVC on the flame response?
- see publication 2.5

2.4 How to describe the interaction between PVC-induced vortices and flame?

- see publications 2.3 and 2.4
3. How does the PVC contribute to mixing?
- see publications 2.3 and 2.4
4. In which way does the PVC influence NOy emissions?

- see publication 2.4

The present manuscript is divided into three chapters which are structured as follows.
In chapter 1.2 and 1.3, an introduction into the phenomenology of isothermal and react-
ing swirling flows is given which allows for a thorough understanding of the role of the
PVC in isothermal flows and the combustion process. In this introduction, hydrodynamic
phenomena (chapter 1.2) such as vortex breakdown in swirling jets (chapter 1.2.1), which
is crucial for the generation of a PVC, are described. Subsequently, characteristic flow in-
stabilities are discussed which occur in the resulting flow configurations (chapter 1.2.2).
At the end of chapter 1.2, the appearance and important properties of the PVC are de-
scribed for isothermal flow conditions (chapter 1.2.3). Based on the description of the



CHAPTER 1. INTRODUCTION 5

fundamental (isothermal) character of the PVC, its role and formation in premixed swirl-
stabilized flames (chapter 1.3) is discussed based on the current status of research, aside
from the publication accumulated in the present thesis. In this connection, the impact
of the PVC on flame dynamics (chapter 1.3.1) is described, which includes the interac-
tion with thermoacoustic instabilities and its role in flame shape transition. Moreover,
the effect of the PVC on (fuel-air) mixing is discussed based on studies found in the lit-
erature (chapter 1.3.2). Related to the flame dynamics and mixing, a brief introduction
into the formation of NOy emissions in connection with coherent structures (chapter 1.4)
is given. The following chapter 1.5 describes the experimental setup and methods ap-
plied in this thesis including the developed (direct) active flow control approach which is
explained in chapter 1.51. Furthermore, the pressure (chapter 1.5.2) and optical (chapter
1.5.3) measurement techniques applied in the present thesis are introduced. The last part
of chapter 1 deals with the empirical and analytical methods (chapter 1.6) applied in this
thesis. These methods are divided into four groups: decomposition methods (chapter
1.6.), hydrodynamic linear stability analysis (chapter 1.6.2), tomographic reconstruction
methods (chapter 1.6.3) and the flame transfer function (chapter 1.6.4).

In chapter 2, the five journal publications are accumulated which represent the scien-
tific work and focus of this thesis. These publications demonstrate the research progress
from the design of a suitable actuation system (publication 2.1) to the investigation of
the PVC's impact on the flame transfer function (publication 2.5). The first research fo-
cus of this thesis is covered by publications 2.1 to 2.3 which document the development
and proof-of-concept of the direct active flow control system. With this newly devel-
oped active flow control system at hand, new insights about the impact of the PVC on:
flame dynamics (publications 2.2 to 2.5), mixing (publications 2.3 and 2.) and NOy emis-
sions (publication 2.4) are revealed. Upfront of each publication presented in chapter 2,
a short summary is given which contextualize its positions and significance within the
whole thesis.

Chapter 3 summarizes the conclusions from the obtained findings gained in publications
21 to 2.5 and connects them in a broader context. This allows for tackling the four re-
search questions, stated above, which cover the second research focus of the present
thesis. Based on this discussion, future steps for the application of the developed flow
control approach in the scientific as well as the industrial context are suggested. Fur-
thermore, the findings presented in the publications associated with the present thesis
are connected to the drawn conclusions.
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1.2 Hydrodynamics of swirling jets

A swirling jet is a superposition of an axially directed flow and a rotating fluid mo-
tion which emanates from a nozzle into an open or some sort of confined environment.
Swirling jets can be found in many technical applications such as: turbomachinery (e.g.
turbo-pumps, jet engines or hydro turbines), mixing devices (e.g. fuel injectors), or mod-
ern combustion chambers (e.g. in gas turbines).

Two important quantities commonly used to characterize swirling jets from a hydrody-
namic point of view are the Reynolds number Re and the swirl number S. The swirl
number is usually defined as the ratio of the axial flux of the angular momentum and
the axial flux of the axial momentum of the flow [9, 70]. Thus, a high swirl number will
be present, if there is a strong azimuthal velocity component, i.e. rotating fluid motion,
compared to the axial velocity component. Accordingly, the swirl number is a measure
for the swirl intensity and a similarity criterion of swirling jets originating from geometri-
cally similar swirl generators [9]. For the sake of completeness it shall be mentioned that
the Reynolds number is the ratio of inertial forces to viscous forces which characterizes
i.a. the general (laminar or turbulent) state of the flow.

124 Vortex breakdown

The superimposed azimuthal velocity component vy, which transforms the non-swirling
jet into a swirling jet, leads to the development of additional radial and axial pressure
gradients. In a swirling jet, a natural radial pressure gradient occurs which is proportional
to v3/r, where r is the radius. This gradient occurs because of the azimuthal velocity pro-
file which can result in a pressure deficit near the jet axis. Due to the expansion of the

Figure 1.2: Smoke visualization of a laminar swirling jet (Re = 1200) undergoing vortex
breakdown. Source: [107].
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emanating jet, the azimuthal velocity decays in axial direction leading to a decaying ra-
dial pressure gradient in axial/streamwise direction. This decay causes an axial pressure
gradient in the vicinity of the jet axis towards the burner outlet. If this pressure gradi-
ent is sufficiently strong, a phenomenon called vortex breakdown (VB) can occur. The VB
manifests in the deceleration of the fluid on the jet axis which leads to the formation of
a stagnation point and a region of reversed flow [42, 139].

A laminar swirling jet undergoing VB is shown by a smoke visualization given in Fig. 1.2. It
shows the characteristic stagnating flow and the formation of a recirculation region near
the jet axis. These flow features, resulting from the VB, have a severe impact on the flow
field. A typical time-averaged flow field of a swirling jet undergoing vortex breakdown is
shown in Fig. 1.3 [66]. In case of sufficiently high S and Re, a stable central recirculation
zone (CRZ) forms around the jet axis, which is labeled with 11l in Fig. 1.3. At the upstream
end of the CRZ, a stagnation point is formed indicated by a blue dot. In such a flow con-
figuration, two characteristic shear layers develop: an inner shear layer (ISL, marked with
I1) between the jet, emanating from the nozzle, and the reversed flow of the CRZ, and an
outer shear layer (OSL, marked with 1) between the jet and the surrounding fluid. These
flow features (I-111) yield a flow configuration which is very beneficial for technical appli-
cations.

Especially modern gas turbine combustors benefit from the phenomenon of VB and the
resulting flow configuration because it allows for the aerodynamic stabilization of the
flame without the necessity to introduce a solid bluff body. Such a bluff body generates
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Figure 1.3: Mean flow field of a swirling jet undergoing vortex breakdown with vortex
structures illustrated in gray (adopted from [66]). The blue dot indicates the upstream
stagnation point.
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a wake in which the flame can anchor. However, this type of flame holder is exposed
to high temperature by the flame and the effect of deposition of coke. This leads to a
progressing (thermal) deterioration of the material which may jeopardize a reliable com-
bustor performance. The key feature of swirling flows is the CRZ. It contains a well mixed
zone of hot combustion products and chemically active species, which facilitates flame
stabilization by the ignition of incoming fuel-air mixture [9]. Moreover, the formation of
ISL and OSL provides a variety of flow velocities to which the flame’s burning velocity can
match such that a stable flame and combustion is achieved.

In most technical applications, the swirling jet is confined. In gas turbines, this confine-
ment is a combustion chamber where the unique phenomenon of VB is exploited. The
confinement can considerably alter the size and the shape of the CRZ which changes
the overall flow configuration [42, 138]. The impact of the confinement on the flow field
depends on the confinement ratio of combustion chamber diameter to the swirl burner
outlet diameter. The smaller the confinement ratio, the larger the influence on VB and the
characteristic flow configuration. As described above, the sudden expansion downstream
of the nozzle and associated entrainment effects cause a decay in azimuthal velocity,
which affects the adverse pressure gradient on the jet axis, leading to the formation of
the CRZ [42, 139]. Another effect of the confinement is the generation of an outer recir-
culation zone (ORZ). The expanding swirling jet maintains the recirculation of the fluid in
the ORZ which is geometrically bounded by the walls of the confinement and the front
plate around the nozzle orifice. In downstream direction, the jet confines the ORZ, which
ends in the region where the jet attaches to the wall of the confinement depending on the
jet angle. The additional region of recirculated fluid may influence the flame stabilization
as well [139].

1.2.2 Characteristic flow instabilities

The phenomenon of VB has been the subject of research for decades as shown exemplary
in[10, 34, 44, 69, 74,91, 116]. However, the vortex breakdown has not been fully understood,
yet. To further understand the dynamics and the onset of VB, current research focuses
on vortical (coherent) structures that are generated by hydrodynamic instabilities which
occur due axial and azimuthal shear [91]. There are various experimental [10, 74, 91, 101]
and theoretical [32-34] studies revealing the destabilizing impact of swirl on helical, i.e.
azimuthal, instabilities.

The azimuthal shape and orientation of instability modes and associated vortical struc-
tures is described by the azimuthal wave number m which is a real integer value indi-
cating the azimuthal mode order. For m > 0 and a fixed axial location z, the corre-
sponding mode will rotate in time in the same direction as the flow which is referred to
as co-rotating. Contrarily, a mode with m < 0 rotates in time in the opposite direction
of the flow which is referred to as counter-rotating. Accordingly, a hydrodynamic mode
with azimuthal wave number m = 1 describes a single-helical co-rotating coherent flow
structure and m = 2 a double helical co-rotating structure. A mode with azimuthal wave
number m = 0 describes (ring-like) axisymmetric fluctuations without any azimuthal, i.e
helical, variation.

The framework of hydrodynamic stability theory distinguishes between local and global
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instabilities. While a local instability is associated with the local velocity profile, a global
instability is associated the entire flow field. In the local framework, the flow is charac-
terized as locally absolutely unstable, if a flow disturbance exists that grows in time. In
contrast, a velocity profile is described as locally convectively unstable if a flow distur-
bance is swept away from the source and grows in space. Locally convectively unstable
shear flows, such as a mixing layer [36] or a non-swirling jet [22], are called noise ampli-
fiers. Contrarily, there are shear flows, e.g. bluff-body wakes such as cylinder wakes [154]
or low-density jets [85], displaying intrinsic dynamics due to sufficiently large region of
absolute instability. These types of flows are classified as oscillators [50].

Shear flows must contain a sufficiently large region of absolute instability to become
globally unstable [19, 20, 50]. The resulting global modes are driven by intrinsic large-
scale (global) oscillations that are synchronized to one frequency by a so-called wave-
maker that is located near the region of absolute instability. For swirling jets, this region
is usually associated with the reversed flow around the jet axis [74, 89, 95].

Coming back to the phenomenological explanation of the VB given above, it is evident
that the occurrence of this phenomenon is predominantly a function of swirl number S
[116]. However, the emergence of VB happens rather intermittent and is accompanied by
the formation of azimuthal modes of different shapes (—3 < m < 3) [34, 74, 91]. In Fig. 1.4
the onset of VB in a turbulent swirling jet is illustrated depending on S which summarizes
the results of [91]. A dominant axisymmetric m = 0 mode is present in the non-swirling
jet (S = 0) which is typical for such a flow configuration [22] (compare left side of Fig. 1.4).
The increase of S provokes a break of the symmetry leading to the destabilization of
counter-rotating modes (m < 0) that become more energetic than axisymmetric and co-
rotating modes. However, the flow remains globally stable and no VB arises for S < 0.86.
Increasing S to 0.86 < S < 1.06 results in the intermittent occurrence of VB accompanied
by oscillations in axial direction at low frequency. At S = Syg = 1.06, the VB starts to

dominant
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Figure 1.4: Sketch describing the onset of vortex breakdown and global instability in an
experimentally investigated turbulent swirling jet. Source: [91].
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appear permanently in the mean flow field but still oscillates in axial direction causing
m = 0 modes. Moreover, m = 1 modes start to appear, causing a meandering CRZ. Fur-
ther increasing S leads to a decay of the axial oscillation of the VB. Above this point,
the CRZ grows linearly with increasing S which promotes the growth of absolute insta-
bility regions [74]. When the region of absolute instability is sufficiently large, an internal
feedback mechanism starts to stimulate the CRZ to precess in the rotation direction of
the main flow inducing a non-axisymmetric spiral VB. This internal feedback mechanism
setsin at S = S.;t = 1.1 where the flow undergoes a supercritical Hopf-bifurcation to a
self-excited global single-helical mode m = 1 which saturates at its limit cycle oscillation
[34, 74, 113]. The growth of the CRZ saturates at S = 1.11. Increasing S further leads to an
upstream shift of the CRZ and enhances the global oscillation [91].

The self-excited global mode manifests in a large-scale coherent structure in the ISL and
OSL as shown by the vortex structures illustrated in gray in Fig.1.3. Due to the precess-
ing motion of the vortex core around the jet axis, these helical vortices are formed in
the shear layers which are a manifestation of the Kelvin-Helmholtz instability [32]. As
clarified in [141], the precession of the vortex core and the helical Kelvin-Helmholtz in-
stabilities are different manifestations of the same global mode (m = 1). In the field of
combustion research, this entire coherent flow structure, which includes the precession
of the vortex core and the helical Kelvin-Helmholtz instability, is commonly termed pre-
cessing vortex core (PVC) [139]. Accordingly, this established term is used throughout the
present manuscript to refer to the entire single-helical coherent structure.

In the publications shown in this thesis (2.1 - 2.5), the swirl number is kept constant at
S = 0.7. The resulting swirl intensity is sufficient to guarantee a stable VB and with that
a stable PVC at isothermal conditions. At reacting conditions, the flame can have a con-
siderable impact on the PVC which is discussed in chapter 1.3.

1.2.3 The PVC in isothermal swirling jets

An isothermal swirling jet featuring a stable vortex breakdown and a global mode (m = 1)
is shown in Fig. 1.5. This figure illustrates the single-helical coherent flow structure which
is called PVC in this thesis. There are three characteristic flow features: the CRZ (semi-
transparent gray pathline-surface originating upstream in the center); the meandering
vortex core that acts as the wavemaker for the global mode (m = 1) oscillations (cen-
tral streak-lines and bluish streak-surface coming from the nozzle center); helical waves
in the OSL that amplify near the nozzle and roll up to spiral vortices (semi-transparent
greenish streak-surface) [107]. The CRZ meanders around the jet axis which induces spi-
ral vortices in the ISL. These vortices grow and incorporate the OSL such that the outer
coherent structures move in phase with the CRZ [74, 95].

The well defined oscillation frequency of the PVC (fpvc) is dictated by the wavemaker at
the jet center [95]. To characterize the oscillation frequency, the Strouhal number

St = W (1)



CHAPTER 1. INTRODUCTION 1

Figure 1.5: Three-dimensional visualization of the phase-averaged velocity of an isother-
mal swirling jet undergoing vortex breakdown (Re = 20000) featuring a PVC. Source: [107].

is commonly utilized, where D is a characteristic (nozzle) diameter and Vj refers to the
bulk velocity. The value of St depends especially on the geometry of the swirling jet
facility, e.g. unconfined jet or swirl combustor [138]. However, for a fixed geometrical
configuration and varying mass flow St remains (almost) constant, because of a weak de-
pendence on the Re number [42]. Accordingly, the frequency of the PVC increases almost
linearly with growing mass flow [28, 128, 133, 139]. Furthermore, an almost linear increase
of St was shown experimentally for a growing swirl number S and constant Re number
[6, 17]. As described above, swirling flows are mostly confined in technical applications
which can lead to a considerable increase of St for high levels of confinement [139].

The amplitude of the PVC, as a global mode, can be characterized by a forced Landau
equation which describes the amplitude evolution of a global mode at near-critical con-
ditions in the context of a supercritical Hopf-bifurcation [50, 65]. If external forcing is
absent and the flow state is near critical conditions, the limit-cycle amplitude increases
proportionally to the deviation from a critical control parameter which is the critical swirl
number S, in case of a swirling jet. Oberleithner et al. [91] demonstrated this trend for
a turbulent swirling jet which means that the oscillation amplitude of the PVC grows with
increasing S > S..i; (see Fig. 1.4). The impact of confinement and Re number on the PVC
amplitude appears to be only marginal [6].

The wavemaker, which drives the oscillation of the global mode, is located upstream of
the CRZ [108, 115]. Very recent publications reveal that the flow regions even further up-
stream are crucial for the generation of the PVC[59, 86, 87, 140]. These crucial flow regions
can reach far upstream for example into the mixing section [86, 87] or the fuel injector
[59, 140] of a combustion system. In a study associated with this thesis (see chapter 3.2),
Miiller et al. [87] showed that a region of high turbulent production is found in the mixing
section of a generic combustion chamber. This region of high production is responsible
for the initiation and amplification of the PVC [87]. Consequently, the origin of the PVC
appears to be far upstream of the CRZ.
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Axisymmetric coherent structures (m = 0) are typically dominant in non-swirling jets
where they are formed in the shear layer due to the Kelvin-Helmholtz instability. If swirl
is added to the jet, the axisymmetric modes are damped with increasing swirl level [91].
The shear layers of swirling jets undergoing a stable vortex breakdown can give rise to
axisymmetric modes (m = 0), if axisymmetric external forcing is present. In technical
applications, such as swirl combustors, these modes can be externally excited due to the
thermoacoustic feedback cycle (explained in detail in section 1.3). Therefore, the inter-
action of a naturally occurring (self-excited) PVC and an externally forced axisymmetric
mode is of particular interest to reveal possible impacts on the flow and with that on
the technical performance. To isolate underlying hydrodynamic mechanisms, isothermal
swirl combustors flows are investigated to reveal the shear layer response to axisym-
metric forcing in the presence of a PVC [29, 81]. Mathews et al. [81] showed in their
experiments that the PVC suppresses the shear layer response to axisymmetric acoustic
forcing (m = 0). Moreover, it is shown that the confinement of the combustion chamber
reduces the response to acoustic forcing due to the formation of an ORZ. Based on [81],
Frederick et al. [29] discovered that the increased shear layer thickness induced by the
PVC weakens the Kelvin-Helmholtz instability mechanism in the flow field. As a result,
the shear layer response to acoustic forcing (m = 0) is reduced [29].

The findings about the shear layer response to acoustic forcing and the role of the PVCin
this context are especially relevant in reacting flows where a premixed flame is stabilized
in the shear layers. Such a flame affects the flow field considerably and with that the
generation and dynamics of the PVC. Therefore, the following section elaborates the in-
teraction of the PVC with important properties of premixed swirl-stabilized combustion.

1.3 The PVC in premixed swirl-stabilized combustion

The flow configuration in many modern gas turbine combustors can be described as fol-
lows: A swirling air flow is merged with a fuel flow inside a mixing section upstream of the
combustion chamber. The swirling flow facilitates the mixing of air and fuel leading to a
relatively homogeneous premixed mixture. This premixed fuel-air mixture propagates as
a (confined) swirling jet into the combustion chamber. There, the swirling jet undergoes
VB such that a premixed flame can stabilize in the resulting shear layers where the burn-
ing velocity is equal to the flow velocity (compare description above in 1.2). This type
of premixed swirl-stabilized flames allows for burning at very lean conditions to realize
efficient and low emission combustion [23]. The common parameter describing the air
excess of the fuel-air mixture is the equivalence ratio ¢: a lean mixture (¢ < 1) has an air
excess, a rich mixture (¢ > 1) is characterized by a fuel excess; fuel and oxidizer consume
each other completely at stoichiometric conditions (¢ = 1). Natural gas is applied as a
fuel in combination with air in the publications shown in this thesis where reacting flows
are investigated (publications 2.2-2.5).
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In general, there are various parameters which influence the shape of a premixed swirl-
stabilized flame such as: burner design, fuel type, preheating temperature, wall temper-
ature, cooling, thermal power or the equivalence ratio [96, 142, 145]. However, in the con-
text of this thesis, the thermal power and the equivalence ratio are the only variable ex-
perimental parameters which allow to change the shape of the flame.
In Fig. 1.6, the two different flame shapes are
shown which are investigated in the present
thesis: attached V-flames (Fig.1.6, left) and
detached M-flames (Fig.1.6, right). The pho-
tographs in the top row show both flame types
as they can be observed in the combustion
chamber in this thesis’. The V-flame is at-
tached to the centerbody, which is placed in-
side the mixing tube of the burner. Compared
to the detached M-flame, which stabilizes in
the shear layers further downstream, the V-
flame appears brighter than the M-flame. The
reason for this appearance is the higher equiv-
alence ratio and the corresponding higher
thermal power applied to obtain the V-flame.
In the present thesis, the equivalence ratio is
the main parameter which controls the flame
attached V-flame (left) and a detached M- shape. The bottom row shows representative
flame (right). (photographs adopted from examples of the flow fields and the heat re-
[141]) lease rate distribution for both flame types.
The heat release rate distributions indicate the
reconstructed mean flame shapes which resemble the letters "V" and "M", respectively.
Generally, the presence of a flame has a significant impact on the flow field because of the
volume increase induced by the chemical (combustion) reaction leading to an expansion
of incoming fluid. The blue line indicates the boundary of the CRZ which is considerably
different comparing the two different flow fields. In this flow configuration, the CRZ asso-
ciated with the V-flame does not form an upstream stagnation point as it is the case for
the flow field including the M-flame. The comparison of these flow configurations shows
that a change of the flame shape is typically accompanied by a considerable change of
the (mean) flow field which may have a distinct impact on the flow stability.
Especially the stability of the global mode (m = 1) associated with the PVC clearly de-
pends on the type of flame and the corresponding mean flow field. Oberleithner et al.
showed that the density stratification induced by the flame in the region of the wave-
maker decides whether a PVC naturally occurs in a reacting flow field or not [97]. Even if
a very strong backflow is present in the CRZ, the PVC is typically damped by the strong
stabilizing density gradients induced by the attached V-flame in the wave maker region
around the burner outlet. However, the less steep density gradients caused by the M-
flame around the burner outlet allow the PVC to be present also in reacting flows. In gen-
eral, it can be stated that the occurrence of the PVC under reacting conditions depends

attached V-flame detached M-flame

heat release rate

Figure 1.6: Flame shape and flow field of an

'The photographs were taken by Steffen Terhaar and are published for example in his PhD thesis [141]
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especially on the flame shape and the resulting flow and density field [96, 97, 128, 142, 145].
Compared to isothermal flows, the PVC frequency is only slightly increased under reacting
conditions as shown in [96, 133, 142] if the PVC is mostly located upstream in the region
of unburnt reactants as shown by Stohr et al. [133]. However, due to the expansion of
the fluid over the flame front, the flow velocity is considerably increased which may lead
to considerably higher PVC frequencies as reported in [128]. Furthermore, Steinberg et
al. [128] showed that the amplitude of the PVC increases in reacting flows, compared to
isothermal cases, which is accompanied by strong pressure oscillations. As shown in the
overview table provided by Stohr et al. in [133], the appearance of a PVC is highly depen-
dent on the geometry of the combustor and the operating conditions. The same holds
for the derived values of St numbers and PVC amplitudes [96].

In the following sections, those combustion properties are discussed which are inves-
tigated in the publications 2.2 - 2.5 regarding the impact of the PVC. The section about
flame dynamics focuses on the interaction of the PVC mode (m = 1) with thermoacoustic
modes (m = 0) (compare publications 2.2 and 2.5). Moreover, the role of the PVC in the
context of mixing and possible effects on NOy emissions are discussed briefly (compare
publication 2.3 and 2.4).

1.31 PVC in the context of flame dynamics

The big advantage of lean premixed flames are low levels of pollutant emissions gener-
ated in the combustion process. However, this type of flame is susceptible to combustion,
i.e. thermoacoustic, instabilities which can have severe influence on the flame dynamics
and the performance of the combustor. The onset of thermoacoustic instabilities relies
on a coupling of the perturbed flame and the acoustic field in the combustion chamber. In
this context, unsteady heat release can act as an acoustic source which may resonate with
the acoustic field of the combustor. This resonance can lead to even stronger acoustic
perturbations which affect even stronger heat release fluctuations establishing a feed-
back cycle which can lead to very high acoustic pulsation amplitudes of a few percent of
the static pressure in the combustor. Such a high pulsation level can have severe conse-
quences on the mechanical integrity and the efficiency of the machine. To establish such
a feedback cycle with increasing fluctuation amplitudes, energy needs to be added to the
acoustic field. The necessary condition for self-excited thermoacoustic instabilities was
formulated by J.W.S. Rayleigh in 1878 and is commonly known as Rayleigh'’s criterion [110].
Accordingly, if pressure and heat release fluctuations are oscillating in phase, energy will
be added to the acoustic field. Nevertheless, a positive feedback cycle, which maintains
self-excited oscillations, is only established when the energy added from the heat source
is higher than the acoustic dissipation of the system.

These thermoacoustic modes (TA modes) occurring due to the described feedback cycle
predominantly have an axisymmetric shape (m = 0) in most laboratory model combus-
tors. Such modes lead to velocity perturbations at the burner outlet which are amplified
inthe shear layers due to Kelvin-Helmholtz type instabilities leading to large-scale coher-
ent structures. These coherent structures have as well an axisymmetric shape (m = 0)
and interact (in a nonlinear fashion) with other hydrodynamic modes such as the PVC



CHAPTER 1. INTRODUCTION 15

(m = 1). In the following, the term "TA mode" will refer to the axisymmetric hydrody-
namic coherent structure resulting from the thermoacoustic velocity perturbations.
Depending on the operating conditions, the strong interaction of TA and PVC modes was
observed to lead either to suppression or excitation of the helical coherent structure
[37, 38, 128, 130, 142]. As shown by Steinberg et al. [128], helical shaped dynamics induced
by the PVC are dominant in detached flames. If the flame attaches to the burner nozzle,
no PVC will be formed and the flame dynamics are dominated by TA modes. However,
it was shown in a numerical simulation (LES) that a PVC can be generated by acoustic
forcing [38]. Terhaar et al. [142] could show experimentally that acoustic forcing (m = 0)
can excite a PVC in attached flames. They concluded that appearance or suppression of
a PVC depends on changes of the mean flow field induced by the TA modes. However, in
their configuration the natural PVC in a detached flame was damped by acoustic forcing.
Steinberg et al. [130] revealed that the (natural) PVC either damps or drives self-excited
TA instabilities depending on the relative shape of PVC and flame. Based on these find-
ings, the authors concluded that a properly tuned PVC could be used to extract energy
from the TA oscillations. In contrast to that, several studies showed that a PVC can be
efficiently suppressed by acoustic forcing (m = 0) [60, 64, 104]. These studies show that
the PVC can not only dominate the dynamics of (detached) flames; but, can influence and
interact with the dynamics of TA modes and corresponding thermoacoustic oscillations.
The interaction between PVC and TA modes can generate additional interaction compo-
nents, i.e. interaction modes [83, 129, 130, 142]. Steinberg et al. [129] describe the resulting
complex flow field dynamics as follows: The PVC is stretched and contracted in axial di-
rection at the TA frequency. This superposition generates an interaction mode of first
azimuthal order in the heat release signal with a frequency equal to the difference of the
TA mode and PVC frequencies (compare as well [83]). These interaction modes describes
the circumferential movement of the heat release centroid around the combustor. Due to
the superimposed axial contraction and stretching, a periodic asymmetry of the flame is
caused. Accordingly, the flame dynamics are considerably influenced i.a. by large-scale
flame wrinkling. Moeck et al. [83] describe the heat release perturbations induced by
the interaction mode as a "yin and yang" - type pattern which rotates with the interac-
tion frequency in the direction of the mean swirl. The authors observed the interaction
mode in the presence of self-excited as well as externally forced thermoacoustic oscil-
lations. Moreover, these heat release fluctuations strongly interact with the combustor
wall. The interaction mode appears to result from nonlinear processes in the flame dy-
namics since the spectrum of the velocity at isothermal conditions only shows a very
small peak compared to the reacting cases. Interaction modes can be generated as well
with an interaction frequency equal to the sum of the PVC and the (forced) TA frequency
[83].

For a stable combustion process, a stable (attached or detached) flame is required which
is not influenced by unfavorable flame dynamics. However, the PVC is known to drive the
flame transition from an attached to a detached flame which is also called flame lift-off
[z, 5, 128, 134, 135]. The process of flame lift-off is for example described by An et al. [4]
as follows (compare Fig.1.7). In a turbulent swirl flame, local flame extinction near the
flame base can be induced for example by a turbulent flow fluctuation. The local extinc-
tion causes a smoother density gradient which leads to the formation of a PVC [5, 97].
The asymmetric structure of the PVC increases strain-rate on the flame base such that
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Figure 1.7: Sequence of velocity fields (black arrows from PIV) and flame front (in red
from OH-PLIF) measurements showing the formation of the PVC and the subsequent
detachment of the flame. (adopted from [135])

a complete extinction in that region can occur which leads to (total) flame lift-off and
the formation of an upstream stagnation point. Another very comprehensive study by An
et al. [5] involving variations of various experimental parameter, confirms the finding of
[] regarding the role of the PVC in the flame lift-off scenario. This study further points
out that the prediction of hydrodynamic stability and extinction is important to control
the attachment/detachment of the flame to maintain a stable combustion process. The
role of the PVC in the flame lift-off scenario gives rise to complex transient flow-flame
interactions that explain bi-stable flame transitions that have been observed in several
recent studies [96, 135, 155].

In case of bi-stable flames, where the flame shape transitions intermittently, the PVC and
the TA modes take competing roles governing the dynamics of the flame. As shown by
Stohr et al. [134, 135], the TA modes can trigger a flame shape transition from a detached
M-flame to an attached V-flame. Consequently, the naturally present PVC is suppressed.
However, an opposed transition from V-flame to M-flame, which can be initiated by the
PVC and the formation of an upstream stagnation point (compare Fig.1.7), is possible as
well [96, 134, 135]. The dynamics and interactions between PVC and TA modes in bi-stable
flames are still part of current research. In a very recent study, a novel decomposition
method could reveal a series of previously unknown dynamics governing the intermittent
attachment/reattachment phenomenon. For more details, the reader is referred to [155].
Key factors for the transition of a thermoacoustically stable to an unstable flame are the
flame position and vortical waves rolling up the flame front [99]. In an unstable flame,
axisymmetric shear layer vortices resulting from vortex shedding at the nozzle lip reach
the flame which leads to the production of heat release perturbations. The lifetime of
the vortices determines the intensity of the heat release perturbations and with that the
response of the flame to vortical flow perturbations [100]. Moreover, the flame response,
described by the flame transfer function (compare section 1.6.4), is governed by the swirl
fluctuations which are generated through the swirler under thermoacoustically unstable
conditions [98]. The flow perturbations induced by the external or self-excited acoustic
forcing grow in the shear layers due to the underlying Kelvin-Helmholtz instability [93].
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Therefore, also the flame response to acoustic forcing depends on the growth rate of the
axisymmetric (m = 0) vortical structures (TA modes). Another PVC-TA mode interaction
mechanism appears when recalling the findings in [29, 81] which showed that the growth
rate of acoustically forced modes (m = 0) under isothermal conditions is reduced by
the PVC. These findings show (another) possibility how the PVC may reduce the flame
response regarding axisymmetric acoustic forcing.

In most studies, the investigated flames are (assumed to be) axisymmetric. In this case,
the global heat release is only determined by axisymmetric TA modes (m = 0). Helical
heat release perturbations, induced e.g. by the PVC, cancel out in the global heat release
of axisymmetric swirl flames [83]. If the mean flame shape is not perfectly axisymmetric,
even helical modes (m # 0) can induce global heat release as shown by Acharya et al.
[1, 2]. Vice versa, axisymmetric flow perturbations can cause helical heat release fluctu-
ation in non-axisymmetric flames.

For more details regarding the dynamics of premixed swirl flames the reader is referred
to these review articles [16, 48]. In the present thesis, the interaction of PVC and TA mode
is investigated at various operating conditions in publication 2.2. The impact of the PVC
on the flame response and the growth rate of the TA mode is studied in publication
2.5. Moreover, the effect of the PVC on the dynamics and shape of heat release rate
fluctuations is discussed and illustrated in publications 2.3 and 2.4.

1.3.2 PVCin the context of mixing

To achieve a stable, efficient and low emission combustion, it is crucial to provide a well-
mixed fuel-air mixture at the outlet of the mixing section. Especially for safety reasons,
the fuel is injected into a mixing section (e.g. a mixing tube) which is to be found com-
parably close to the inlet of the combustion chamber [25, 137]. Due to the lack of mixing
length, the mixture entering the combustion chamber is typically (only) partially pre-
mixed. Only in laboratory combustors, perfectly premixed mixtures are studied. Such a
perfectly premixed mixture is mostly obtained by injecting the fuel far upstream of the
combustion chamber [137, 143].

Generally, swirl flows are well suited to generate high degrees of mixing quality due to
the stirring fluid motion. However, in technical applications partially premixed conditions
are typical which lead to equivalence ratio fluctuations. These equivalence ratio fluctu-
ations are transported through the flame where they generate heat release fluctuations
which influence the flame response [25]. Therefore, there is a huge interest in controlling
equivalence ratio fluctuations and with that the mixing quality. A different combustion
property, which is connected to the mixing quality, are pollutant emissions which will be
discussed in the section below.

Previous studies showed that the strong coherent velocity fluctuations induced by the
PVC near the burner outlet enhance the mixing quality of fuel and air or incoming cold
reactants and hot recirculated products [27, 31, 35, 39, 132, 136, 144]. The PVC is capable
of initiating vortex-induced mixing in partially premixed combustors as shown by Stohr



CHAPTER 1. INTRODUCTION 18

et al. [132]. In this combustor, the fuel is injected very close to the combustor outlet un-
der partially premixed conditions (see Fig. 1.8). Accordingly, the resulting mixing length
is rather short such that fuel (indicated in blue in Fig. 1.8) and air (white regions) enter
the combustion chamber as separated, rather unmixed, streams (see ¢t = Oms in Fig. 1.8).
As a PVC vortex appears at the burner outlet (¢t =
0.4ms), the fuel is entrained by the vortex towards
the center which initiates the vortex-induced mix-
ing of fuel and air. As a result, a well-mixed re-
gion is formed (t = 0.8ms) which is indicated by
a broadly distributed blue-white region (upstream
right) compared to the separated unmixed stream
(upstream left). This homogeneously mixed region
of ignitable fuel-air mixture is needed for a rapid
ignition by the recirculated gas which contributes
substantially to the stabilization of the flame (indi-
cated in red in Fig. 1.8) [132, 136]. In the mixing and
flame stabilization study of Galley et al. [35], the
mixing pattern caused by the PVC in crosswise di-
rection is shown which has the shape of a "comma"
following the precessing motion of the vortex. The
"head" of this comma is a fuel-rich region trapped
in the core of the vortex. This region is followed
by a well-mixed ignitable fuel-air mixture which en-
hances the flame stabilization. As a consequence,
) ‘ the stabilization point follows the motion of the
{t')gf:c"; ';f;oivesq:ifonrﬁe F?I]\C/;fehoacrﬁz ché?]i PVC. This mixing and §tabi!ization scenario is sup-
(red from OH-PLIF) and fuel concen- POrted by LES simulations in [27].
tration (blue from acetone-PLIF) mea- Moreover, the PVC affects strong coherent mixing
surements showing the vortex-induced  of the incoming cool reactants jet with the recir-
;?:;::gh;r;]jfced by the PVC (adopted . jated hot products [39, 144]. This coherent mix-
ing leads to a smooth density gradient around the
burner outlet which is typical for detached flames
where a natural PVC is present [97, 144]. In such a detached flame, this coherent mixing
of cool reactants with hot products cools down the CRZ which reduces the reactivity of
the fuel-air mixture and inhibits the reattachment of the flame [144, 146].

H I
fuel air fuel

In the present manuscript, the role of the PVC in the context of large-scale mixing is
discussed in publication 2.3. Furthermore, in publication 2.4 the vortex-induced mixing
between the incoming reactants and the hot products is illustrated and discussed in
connection with NO, emissions.
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1.4 NO, emissions and coherent structures

There are various (pollutant) species to be found in the exhaust gas of a premixed flame
which is fired with a hydrocarbon-based fuel such as natural gas: carbon oxides (CO, and
CO), nitric oxides (NO and NO,), polycyclic aromatic hydrocarbons (PAH), unburnt hydro
carbons and soot [56]. These emissions interact with the environment mostly in a harmful
way: CO, enhances the greenhouse effect; PAH and soot can cause cancer [56]. In this sec-
tion, the focus is on nitric oxides which are summarized under the term NOy. These NOy
emissions are harmful for the human body and the global ecosystem as they e.g. attack
the mucous membranes of the respiratory organs and cause "acid rain" [56]. Therefore,
the amount of pollutant (NOy) emissions is strictly regulated by law which makes them
an important design parameter for modern combustion systems.

The formation of NOy emissions, in the context of gas turbine combustion, is primarily
described by two different formation mechanisms: the thermal NO (or Zeldovich NO) and
the prompt NO (or Fenimore NO). The formation of thermal NO is connected to very high
activation energies which requires high temperatures to initiate the reaction. Contrarily,
prompt NO is promptly produced via the radical CH which is formed as an intermediate
directly at the flame front. Compared to the thermal NO, prompt NO is also produced at
lower temperatures. Both mechanismsinclude the nitrogen molecule which is required to
be present within the oxidizer (e.g. air). The formed NO radicals further react to NO,. For
the sake of completeness, the prompt N,O and the NNH mechanism shall be mentioned
here [150]. For more details about the formation of pollutant emissions in combustion
processes, the reader is referred to [56, 150].

The NOy formation mechanism depends on thermodynamic quantities such as tempera-
ture and concentration of reactants and products. Therefore, the flow dynamics in react-
ing (combustor) flows can (indirectly) influence the NOy formation. As explained above,
swirling flows are well-suited to generate combustible fuel-air mixtures of high quality
along the burner’'s mixing section. The obtained mixture quality is decisive because the
better the mixing between fuel and air, the lower the level of NOy emissions will be in
lean premixed combustion [21, 30]. Beside the mixing of incoming fuel and air, the mixing
of cold reactants with hot burnt products influences the reaction rates around the flame
front. This includes the reaction rates of the NO, formation mechanisms. Moreover, the
mixing of reactants and products changes the composition of the radical pool which is
crucial e.g. for generating prompt NOy [18, 111, 133].

Another aspect which needs to be considered for reacting flows in the context of NOy
emissions is vortex-flame interaction [117]. Vortices, which are for example generated
due to hydrodynamics instabilities such as the Kelvin-Helmholtz instability, can roll up
the flame front as they propagate along the shear layers. Such a flame roll-up causes a
rapid increase of the flame surface area which can lead to a heat release pulse [26, 111,
129, 131, 133]. Furthermore, an enlarged flame front increases the turbulent flame speed
which is proportional to the reaction rate [56]. If vortices collide with the wall, the en-
trained reactants will rapidly burn and produce a heat release pulse. Such a type of wall
interaction was observed for PVC vortices for example in [83]. Paschereit et al. [103, 105]
observed an increase of NOx emissions in the comparison of thermoacoustically stable
and unstable partially premixed flames. Under thermoacoustically unstable conditions,
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the Kelvin-Helmholtz instability causes the roll-up of symmetric vortices leading to heat
release pulses. These pulses induce a small increase in (local) temperature. As the reac-
tions rates in the thermal NOy formation mechanism depend exponentially on temper-
ature, such a small vortex-induced temperature increase can lead to an increase of the
NOy emission level [23].

A considerable part of the NO, formation takes place in the (flame) reaction zone which
is to be found in the ISL [13, 21]. Depending on the flow (and flame) configuration, the
residence time of reactants and products can vary, for example due to the prolonged
transport through the combustion chamber induced by coherent flow structures. If the
time delay is increased, the thermal NOy formation mechanism, which is relatively slow
(i.e has a small reaction rate), will be promoted [56].

Previous studies comprehensively characterized the (basic) burner setup, which is uti-
lized in the present thesis, regarding mixing behavior and NO, emissions [40, 41]. Based
on these findings, the impact of the PVC on NOx emissions can be explained in publication
2.4.
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1.5 Experimental setup and methods

This section focuses on the active flow control approach and its implementation into
the experimental setup, i.e. the combustion chamber test rig. Above this, the applied
measurement techniques are briefly summarized. For specific details regarding the mea-
surement hardware and parameters, the reader is referred to the individual publications
in chapter 2.

1.5 Active flow control approach

In this thesis, a novel active flow control approach is developed and applied to the PVC
in swirl stabilized flames to investigate important combustion properties. For a success-
ful flow control of coherent structures, such as the PVC, information about their (local)
origin, the shape and dynamics are crucial.

Firstly, the (axial) actuation position within the flow needs to be chosen properly to
allow for successful flow control. This choice was significantly influenced by studies
about the origin of the PVC in reacting [96, 97, 102, 145] and non-reacting turbulent flows
[34, 59, 86, 95, 108, 114, 140]. Even more important are the recent findings regarding global
modes and their receptivity to external (open-loop) forcing [46, 79, 87, 108, 140]. Based
on their adjoint (global) modes, a two-dimensional map can be derived revealing regions
of high receptivity within the flow field [79, 86, 87, 108]. In these regions, external peri-
odic forcing has the strongest influence on global modes such as the PVC. There are two
studies by Miiller et al. (see list of associated publications) estimating the receptivity in a
generic geometry, which is somewhat similar to the configuration applied in the present
thesis [86, 87]. Above this, there are studies in which the receptivity was calculated in
more realistic configurations [59, 140]. All these studies have in common that the helical
PVC mode shows highest receptivity values slightly upstream of the nozzle outlet around
the center of the nozzle or in the vicinity of the centerbody, if present. Taking all these
findings together and considering the geometry of the available swirl burner, the axial
actuation position was chosen 0.45 nozzle diameters upstream of the burner outlet close
to the tip of the centerbody (compare Fig. 1.9).

Actuating in the region of maximal receptivity and mimicking the shape and the dynam-
ics of the PVC is the flow control approach which is referred to as direct control in this
thesis. With this approach, a flow control system is realized that acts on the source
of the instability driving the PVC, as derived from global adjoint linear stability the-
ory [86, 87, 126, 140]. Actuating in the region of maximal receptivity means that only very
small amplitudes are required to obtain a high response to the applied actuation. These
small amplitudes and the actuation position at the origin of the PVC allow for controlling
the flow efficiently such that the general flow configuration is not altered considerably.
Therefore, direct control is a key enabler to investigate the impact of flow structures,
such as the PVC, on the combustion process. The aim (and advantage) of direct control is
to arbitrarily change the amplitude of the PVC without changing the other flow dynamics,
i.e. not to excite other modes or instabilities or to change the mean flow field (except
by the controlled PVC). By varying the amplitude of the PVC, the exclusive impact of the
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Figure 1.9: Actuator integrated into combustion chamber test rig. Details on the bottom
from left to right: loudspeaker plena with connected actuation channels (red tubes),
centerbody integrated into mixing tube of the burner downstream of the swirl gener-
ator (green), parabolic shape of the centerbody tip with rectangular actuation channel
outlets.

PVC on other flow structures, for example axisymmetric TA modes, can be investigated in
a targeted way. Moreover, the direct flow control system can be applied to either excite
a PVC when it is damped, for example due to the density stratification induced by the
flame, or suppress it when it is naturally present, for example in a detached flame [97].
Such a targeted excitation of the PVC allows for estimating its potential to enhance or
deteriorate the combustion process.

As explained above (chapter 1.2), the PVC is a manifestation of a global hydrodynamic
instability which can be adequately described by an oscillatory single-helical azimuthal
(m = 1) mode. This description provides necessary information about the shape and the
dynamics of the PVC which need to be imitated by the actuation of the flow control sys-
tem to allow for targeted excitation or suppression of the PVC. Accordingly, the actuator
is driven with a harmonic (sinusoidal) actuation signal which follows the dynamics of the
PVC. Furthermore, the applied actuation needs to cover the single-helical shape of the
PVC. This is realized by splitting one period of the actuation signal over circumferentially
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arranged actuation positions. For a better comprehensibility, this arrangement is illus-
trated in Fig. 1.9. In this figure, the applied actuation system is shown as it is integrated
into the combustor. Four loudspeakers at the upstream end (left side) force the air col-
umn to oscillate in the plena and the connected actuation channels, which are depicted
by red tubes (compare bottom left in Fig.1.9). These actuation channels are attached to
the swirl burner (compare bottom middle in Fig.1.9) where they continue inside a cen-
terbody. At the tip of the centerbody, the actuation channels end in rectangular outlet
slits which point in radial direction. Each of the actuation channels can be actuated in-
dividually. By shifting the phase of each of the four signals by a quarter period, a helical
actuation is achieved which moves around the circumference of the centerbody and im-
itates the natural movement of the PVC.

In publications 2.2 - 2.5, the functionality of direct control is demonstrated in reacting
flows. With this flow control system at hand, new insights into the role of the PVC in
context of flame dynamics (publications 2.2 to 2.5), mixing (publications 2.3 and 2.4) and
NOy emissions (publication 2.4) are gained, which was not possible in that quality before.

Actuator design considerations

The parabolic shape of the centerbody tip, which contains the actuation channel outlets,
was chosen due to aerodynamic considerations of the original cylindrical centerbody
with sharped edges on the downstream end. A detailed comparison of both centerbody
designs is given in publication 2.1. The parabolic shape was derived based on the aerody-
namic design principle known as boat tailing, which is known from passive flow control
at bluff bodies [49]. The boat tailing design principle aims to reduce the wake behind a
bluff body. In the present case, the wake behind the centerbody shall be minimized such
that no significant interaction with the flow field in the combustion chamber occurs.

The applied actuation follows the so-called zero-net-mass-flux principle. This means that
only the air column contained in the actuation channel is used in an oscillatory manner
to actuate the swirling flow through the outlet slits without adding additional fluid [55].
Typically, a zero-net-mass-flux actuator is realized with an oscillating membrane at the
upstream end of the actuator. In the present case, the membrane of a loudspeaker is uti-
lized to drive the actuator. The present actuation system was inspired by the actuators
applied by Kuhn et al. [63] and Oberleithner et. al [94]. Kuhn et al. [63] used a motor-
driven piston system to make a membrane oscillate which generated alternating actua-
tion jets at the outlet of a lance. This lance was positioned at the wavemaker position of
an isothermal swirling jet where the PVC could be controlled successfully. Oberleithner
et al. applied eight loudspeakers circumferentially arranged around the nozzle outlet
which allows for helical actuation up to an azimuthal wave number |m| < 4. The present
actuator design combines the advantages of the actuators of Kuhn et al. [63] and Ober-
leithner et. al [94]. Accordingly, in the present actuator design, the motor-driven piston
used in [63] is replaced by four loudspeakers, which are characterized by better handling
and versatility. Following the design of Oberleithner et. al [94], the actuation channel
outlets are arranged over the circumference of the centerbody. In the flow configuration
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investigated by Kuhn et al. [63], the applied actuation lance allowed for a targeted actu-
ation at the wavemaker position, where the response of the PVC was expected to be very
high. This approach is adopted in the present actuator design by placing the outlets of
the actuation channels into the centerbody tip such that the actuation is introduced in
the flow region where the receptivity of the PVC is very high. The development process
from an actuator with a lance, more comparable to the design of Kuhn et al. [63], to the
final design is described in detail in publication 2.1.

Active (flow) control approaches are generally distinguished into two groups: open- and
closed-loop approaches. The actuator used in the present thesis was designed such that
both types of control can be realized. For a detailed review of the theory behind the
control of turbulent flows, the reader is referred to the review article of Brunton and
Noack [14]. The following paragraphs briefly describe the characteristics of open- and
closed loop flow control and clarify for which purposes either of these approaches is
applied in this thesis.

Open-loop control

In open loop control, an actuation signal is directly applied to the system and - in con-
trast to a closed loop approach - no measurement signal is fed back to the actuator, as
illustrated in the generic block diagram in Fig. 110 . In the present case, a harmonic signal
of the form

s(t) = Agsin(27 ft), (1.2)

is used as input of the active flow control system. This
sinusoidal signal contains two parameters: actuation inPut
amplitude Ay and actuation frequency f;. They can be EUN Actuator System
chosen freely, e.g. on the basis of previously performed
experiments. The input signal s(¢) is fed into the actua- Figure 110: Generic open-loop
. . . . control block diagram
tor which applies a corresponding forcing to the system.
In this thesis, the actuator comprises the loudspeakers
and the connected apparatus for synthetic jet generation and the system consists of the
swirling flow. In contrast to closed-loop control, the open-loop control approach does
not contain a controller. Therefore a more appropriate and precise term for this approach
would be open-loop forcing or open-loop actuation. However, the term open-loop con-
trol is often found in literature.
The open-loop control approach is used for two purposes in this thesis. Firstly, it is ap-
plied to excite the PVC in flow configurations where a V-flame dampens the PVC which is
the case in publications 2.2, 2.4 and 2.5. Secondly, open-loop control is applied to study
the lock-in behavior of the isothermal combustor flow as shown in publication 2.1. To il-
lustrate the lock-in behavior of a flow featuring a dominant oscillatory coherent structure
such as the PVC, a generic lock-in diagram is shown in Fig.1.11 which is adopted from [71].
As shown by Terhaar et al. [142], the PVC dynamics can be well modeled by a parametric
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Figure 1.11: Generic lock-in diagram of a forced self-excited model oscillator showing the
actuation amplitude A as a function of the normalized actuation frequency f;/f,. a:

phase drifting, b: phase trapping, red-white hatched area: lock-in (phase and frequency
locking) (adopted from [71])

nonlinear Van der Pol oscillator (compare section 1.2: "Characteristic flow instabilities").
The synchronization behavior of such a model oscillator, which is periodically forced, is
described by the lock-in diagram shown in Fig.1.11 [71].

The lock-in diagram relates the forcing amplitude A to the ratio of forcing frequency
fr and natural frequency f,, which is in the present case the frequency of the naturally
occurring PVC. Depending on the combination of A; and fy, the oscillator flow synchro-
nizes with the forcing such that the synchronization state can be described by one of the
three regions (a, b, lock-in) shown in this diagram. In region q, there is a phase drifting
between forcing signal phase ¢¢(t) and the phase of the forced oscillator ¢,(t) which
means that the phase difference Ap(t) = ¢,(t) — ¢f(t) decreases or increases in time.
At moderate values of A; and f; close to f,, an effect called frequency pulling can be
observed in the power spectral density which shows that f,, is pulled towards f; with in-
creasing Ay [71,72]. If Ay is further increased over a critical lock-in amplitude, phase and
frequency of the oscillator flow will fully synchronize with the forcing which means that
Ay(t) = const. and f; = f,,. This state is called lock-in which means that the dynamics of
the oscillator flow are following the well-defined forcing signal induced by the actuator.
To reach this state of synchronization (phase and frequency locking) for f; far from f,,, a
higher value of Ay is required. Depending on the difference of f; and f,, the oscillator
flow state can enter region b which is close to the lock-in region. In region b, frequency
locking occurs whereas the phase difference Ay(t) oscillates boundedly. This state is re-
ferred to as phase trapping. For more details regarding the lock-in and synchronization
of forced hydrodynamically self-excited jets and flames, the reader is referred to [71-73].
The phenomenon of lock-in and synchronization is used in the present thesis to study
and verify the proper functionality of the newly designed actuator. Therefore, the isother-
mal combustor flow is studied in publication 2.1 regarding its lock-in behavior towards
the forcing of the actuator. The proof of concept is fulfilled in publication 2.2 with the
investigation of the impact of the forcing on the flow field.
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Closed-loop control

In closed-loop control, a measurement signal is fed back to a controller, which adopts
the actuation signal, corresponding to the deviation from the actual set point. A generic
block diagram of this group of control approaches is shown in Fig.1.12. Compared to the
open-loop control, a sensor is integrated into the block diagram which provides the mea-
surement signal e(¢) containing information about the actual state of the flow. The mea-
surement signal is fed back to the controller, which combines it with the input (reference)
signal to generate an appropriate actuation.

Compared to open-loop approaches, the closed-loop control scheme is more complex.
In the setup, which is used for this thesis, the controller adjusts a sinusoidal input signal
s(t) based on the measurements e(¢). For the closed-loop control applied in the present
thesis (publication 2.3), the corresponding actuation signal reads as follows

s(t) = GApyc(t)sin(27 frt + o(t) + Ap), (1.3)

where G stands for a gain, Apyc(t) is the PVC
amplitude, o(t) denotes the phase of the PVC
and Agp stan((js) for a phase shift. The current - Conroffer] - Actuator
phase (t) and amplitude Apyc(t) of the PVC measurement signal

are estimated from the sensor signal by use of e(t)

a Kalman filter, while the gain G, the forcing figyre 112: Generic closed-loop control
freq fr and the phase lag Ay are preset by the block diagram

user. The target quantity is the amplitude of

the PVC, which shall be controlled in flame configurations where a PVC naturally occurs.
To achieve such a type of PVC control, two time-dependent parameters need to be es-
timated by the controller which are: Apyc(t), the amplitude of the PVC, and its current
phase ¢(t). These two quantities are contained in the measurement signal e(¢) which
updates the actual input signal s(¢). The phase shift Ay and the gain G are tuning pa-
rameters which are set by the user. The gain G adjusts the effective actuation amplitude,
i.e. flow momentum, induced by the actuator to the actual flow dynamics. The phase
shift Ay allows for fading between in-phase and out-of-phase actuation. To amplify the
naturally present PVC, an in-phase actuation is required whereas out-of-phase actuation
will damp the PVC. The maximal damping will be achieved, if the phase of the actuation
signal is in opposition to the phase of the actual PVC. Above this, Ay compensates the
phase lag that occurs due to the different spatial locations of sensor and actuation.

The controller applied in the present thesis is based on the design developed by Kuhn et
al. [63]. It relies on an extended Kalman filter as state estimator [152]. The parameters of
the Kalman filter were adjusted to the present burner setup such that phase-opposition
control as shown in publication 2.3 could be realized. More details of the actual control
design and applied technical apparatuses are given in publication 2.3. Further informa-
tion about controller design is given in the review article by Brunton and Noack [14].

input
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1.5.2 Pressure measurement techniques

The pressure measurements conducted in the present thesis can be distinguished into
two groups: dynamic and acoustic pressure measurements. In this section, purpose and
setup of these measurements are described.

Dynamic pressure measurements

The data provided by the dynamic pressure sensor arrangements developed in this thesis
has a twofold purpose: characterizing the dynamics of the PVC in the mixing tube and the
combustion chamber, and providing a suitable input signal for the closed-loop control
approach. The detailed development of the sensor arrangement is given in publication
24.

To capture the helical motion of the PVC, the measuring points are arranged circumferen-
tially around the burner outlet (P;-P4) as shown in Fig. 113. The round red arrow indicates
the azimuthal actuation direction (m = 1) which is equal to the direction of rotation of
the PVC investigated. The small red arrow pointing in direction of P3 indicates an actua-
tion jet with maximal momentum emanating from the corresponding actuator outlet at
the centerbody. At the same time, the actuation channel on the opposite side is sucking
air due to the inward movement of the loudspeaker membrane which leads to minimal
momentum. The momentum at the actuator outlets opposite to P, and P4 are zero at
that time. Following the single-helical movement of the PVC (m = 1), the actuation mo-
mentum changes constantly in time along the circumference.

The induced actuation momentum needs to be considered for the sensor arrangement
as the actuation jets may affect the pressure measurement. This influence is minimized

Figure 143: Circumferential sensor arrangement (P;-P,) with azimuthal actuation direc-
tion (m = 1) indicated by rounded arrow. Small red arrows exemplary indicate actuation
jets generated by the four loudspeakers in the background. (View onto the burner front
plate from the downstream end of combustion chamber)
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when the sensors are attached to the front plate as shown in Fig. 1.13. Therefore, such
an arrangement is chosen for closed-loop control applications (publication 2.3) and for
clean characterization of the PVC dynamics (publications 2.1 and 2.2). In the publications
accumulated in the present thesis, dynamic pressure measurements were conducted to
monitor the functionality of the actuator and the dynamical behavior of the PVC.

Acoustic pressure measurements

In this thesis, acoustic pressure measurements were conducted to estimate the pla-
nar acoustic field inside the combustor. The measurements were carried out with mi-
crophone arrays mounted upstream of the burner and downstream of the combustion
chamber (see for example [25, 106]). Each of these arrays consists of five microphones
which are axially distributed. This experimental setup allows for decomposing the one-
dimensional acoustic field into up- and downstream propagating waves (Riemann invari-
ants) assuming plane acoustic waves in a duct where only the axisymmetric mode prop-
agates. With the Riemann invariants at hand, the acoustic state variables pressure and
acoustic velocity can be determined at an arbitrary location. This experimental proce-
dure is called Multi-Microphone-Method (MMM) and was first applied in swirl-stabilized
flames by Paschereit et al. [106]. The MMM allows for identifying the thermoacoustic
properties of burner and flame.

Acoustic pressure measurements and MMM are applied in publication 2.5 to characterize
the flame response which is further explained in section 1.6.4. More details about the
derivation and implementation of the MMM are provided in the comprehensive works of
Schuermans [119] and Moeck [82].

15.3 Optical measurement techniques

An overview of the applied optical measurement techniques is provided in this section.
Technical details are given in the individual publications and are not included for brevity
in the following overview.

OH*-chemiluminescence imaging (OH-CL)

The characteristic emission of OH* radicals (around 310 nm) is part of the chemilumi-
nescence spectrum of hydrocarbon flames. This OH*-chemiluminescence is commonly
used as a marker of the heat release rate in a flame [43, 45]. The emitted chemilumines-
cence light can be captured with an intensified camera which is used in connection with a
bandpass filter. This camera setup delivers two-dimensional images of the line-of-sight
integrated distribution of the heat release rate which can be used to estimate the flame
shape. In the present thesis, the sampling frequency of the intensified camera is in the
range of kHz which allows for time-resolved acquisition of the flame dynamics. Such an
intensified high-speed camera setup is applied in the publications where the flame dy-
namics and the flame shape are studied (publications 2.2-2.5).
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In publications 2.4 and 2.5, a photomultiplier tube (PMT), equipped with a bandpass fil-
ter, is used in addition to capture the integral OH*-chemiluminescence emitted by the
flame. The perturbations induced by the PVC are captured by focusing the field of view
of the PMT to a vertical plane on one side of the burner axis. This focusing is achieved
with a collimator lens in front of the PMT. If the field of view is extended to the whole
combustion chamber, the heat release rate fluctuations induced by the helical PVC mode
will cancel out over the entire flame region due to the associated skew-symmetry [83].
This PMT setup allows for estimating the dynamics of the integral heat release rate fluc-
tuations induced by the (actuated) PVC at a high temporal resolution (~kHz) and low
memory requirements.

As reported in different studies [7, 68], the OH*-chemiluminescence is not an accurate
measure for the heat release rate. The reason for this conclusion is the dependency of
the OH*-chemiluminescence intensity on unsteady properties such as turbulent inten-
sity or flame strain. Whereas the integral chemiluminescence intensity can provide rather
accurate estimations of the heat release rate, spatially resolved measurements are con-
siderably biased for example by spatially varying turbulence intensities [68]. Laborious
correction procedures improve the accuracy of the OH*-chemiluminescence signal as a
quantitative heat release rate marker [67, 78]. However, the application of such correc-
tion procedures is beyond the scope of the present thesis. Therefore, the shown heat
release rate distributions are only considered as a qualitative marker for the flame.

Particle Image Velocimetry (PIV)

The measurement of the velocity fields inside the optical accessible combustion chamber
are crucial to characterize the hydrodynamic stability, flow dynamics and shape of the
PVC. Particle image velocimetry (PIV) is applied to measure the velocity fields under react-
ing and non-reacting conditions in the publications accumulated in this manuscript. For
the PIV measurements, a pulsed high-speed laser system in connection with high-speed
cameras is used such that time-resolved velocity field measurements were realized with
sampling rates in the range of kHz.

Under reacting conditions, solid seeding particles are necessary, which withstand the
high flame temperatures. The major disadvantage of solid particles is their tendency
to stick to the combustion chamber wall which quickly deteriorates the image quality.
Therefore, the application of high-speed PIV is crucial which allows for minimizing the
measurement time and with that the time the wall is exposed to the injected seeding
particles. This allows for conducting several measurements without cleaning the com-
bustion chamber after every measurement. For more details regarding PIV, the reader is
referred to the comprehensive textbook by Raffel et al. [109].

For hydrodynamic stability analysis, as conducted in publications 2.4 and 2.5, all three
velocity field components (axial, transversal and out-of-plane) are crucial. Therefore, 3C-
PIV, i.e. stereoscopic PIV, was applied to obtain the necessary data for these studies. In
the measurement campaigns for publication 2.1-2.3, 2C-PIV was conducted to obtain the
axial and transversal velocity components. The 2C-PIV measurements were synchronized
with OH-CL measurements which allows for simultaneous acquisition of flow field and
heat release rate.
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Quantitative Light Sheet method (QLS)

The quantitative light sheet method (QLS) [52, 149], was applied in this thesis to estimate
the density distribution in the reacting flow field. This method is relatively simple to
apply in connection with PIV measurements. Depending on the local fluid density, the
concentration of seeding varies and with that the amount of Mie scattering. Accordingly,
the seeding distributions recorded for PIV can be used to estimate the density distribu-
tion in the combustion chamber.

In the present reacting flow configurations, the incoming cold jet has a comparably high
density. This manifestsin a high seeding concentration upstream of the flame leading to a
high amount of Mie scattering. Over the flame front, the fluid density is rapidly decreased
which reduces the seeding concentration as well. With a proper calibration procedure,
involving images of a homogeneously seeded combustion chamber at isothermal condi-
tions, reasonable density fields can be derived as shown in publication 2.3 and several
other studies such as [97, 135, 145]. The density distribution is necessary to perform hy-
drodynamic stability analysis. Therefore, the QLS method was applied in publications 2.4
and 2.5 as well.
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1.6 Empirical and analytical methods

There are some crucial empirical and analytical methods which are applied to achieve the
results shown in the publications accumulated in chapter 2. These methods are briefly
summarized in this section. For more details, the reader is referred to the (original) liter-
ature where the derivations of the individual methods are comprehensively presented.
Corresponding references are given below.

161 Decomposition methods

The decomposition methods described in this section serve to characterize the shape
and the dynamics of the PVC. These methods are crucial for the data analysis of the
publications accumulated in chapter 2.

Spatial Fourier decomposition

With the circumferentially arranged pressure sensors shown in Fig. 1.13, the dynamics of
the m-th azimuthal mode can be derived by decomposing the sensor signals into Fourier
modes with azimuthal wave numbers as follows

4

n(®) = mtt)esp (i2mm ). (14)

k=1

In Eqn. 1.4 the pressure signal of the k-th sensor is denoted by px. With four circum-
ferentially arranged sensors, azimuthal modes with wave numbers |m| = {0, 1,2} can be
detected. This decomposition is essential for investigations of the axisymmetric TA mode
(m = 0) and the PVC mode (m = 1) in publications 2.1 and 2.2.

Besides the pressure signals, the two-dimensional OH-CL signal can be decomposed in
spatial Fourier modes as well. The spatial modes are derived by a point-wise Fourier
transform which can be written as follows

— 1 [T .
OH*(x,y) = T/ OH*(:ﬁ,y,t)e_ZQWft dt . (1.5)
0
Substituting the f in Eqn. 1.5 by the frequency of the TA mode or the PVC yields a spa-

tial Fourier mode describing thermoacoustic or PVC oscillations, respectively (compare
publication 2.2).

Spectral Proper Orthogonal Decomposition (SPOD)

With the SPOD, applied in this thesis, coherent structures, here the PVC, are identified
from time-resolved flow field data. The method was developed by Sieber et al. [124]
and is based on the classical Proper Orthogonal Decomposition (POD) [47]. Similar to
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the POD, the fluctuating part of the velocity, here exemplified with the crosswise velocity
component v,, is decomposed as follows

N

vy(%,1) =Ty (x) + 0} (3x,1) = Ty(x) + Y _ a;(t)D;(x). (1.6)
=1

As to be seen in Eqn. 1.6, the fluctuations are decomposed into a sum of spatial modes
®, and corresponding temporal coefficients a;. This basis is built based on the spatial
correlation among individual velocity snapshots yielding a correlation matrix. Compared
to the POD, the SPOD offers a more precise selectivity which is achieved by applying a
Gaussian low-pass filter to the correlation matrix. The temporal coefficients a,(t) are de-
rived from the eigenvectors of the filtered correlation matrix and describe the dynamics
of the corresponding mode ®,. These spatial modes are finally obtained from a projec-
tion of the snapshots onto the temporal coefficients.

More details about the derivation of the SPOD are given in [124]. Examples for the poten-
tial of this decomposition in the context of combustion are shown in [123]. In the present
thesis, the SPOD is applied in all publications to identify the shape and dynamics of the
PVC mode.

1.6.2 Hydrodynamic Linear Stability Analysis (LSA)

Linear stability analysis (LSA) is an analytical method applied to mean flow fields, which
are measured here with stereoscopic PIV. This method allows physical construction of
the coherent fluctuations (instability modes) which is fundamentally different from the
empirical approach followed by the SPOD. To describe and study coherent flow struc-
tures, Hussain and Reynolds introduced the triple decomposition of the velocity field
[51]. This decomposition approach can be applied for the characterization of hydrody-
namic flow instabilities as shown for example in [58, 59, 95, 147]. For a velocity field v,
this decomposition reads as

v=v+v+v’ (1.7)

where v is the mean flow field, v denotes the coherent part of the flow field and v stands
for the stochastic turbulent fluctuations in the flow field. Often, the coherent part v can
be assumed as periodic in time and space and arising disturbances can be regarded as
waves traveling in an axisymmetric shear layer. This allows for a decomposition of v into
normal modes, assuming a parallel flow, in the following form (see e.g. [33, 95, 147]):

v(z,r,0,t) =% [\Af(r)ei(awrm@*”t)} (1.8)

where « stands for the complex axial wave number, w is the complex frequency, m de-
notes the real azimuthal wave number, v is the radial amplitude function and % refers
to the real part (adopted from [147]). Due to the geometry of swirling jets, it is common
to apply a cylindrical coordinate system to describe them which is done as well in this
thesis. Accordingly, = stands for the axial coordinate, r is the radial coordinate and ¢
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denotes the azimuthal angle. As indicated in Fig. 1.3, the coordinate system is set to the
center of the nozzle outlet, where the emanating jet starts to develop.

In order to conduct a LSA, the triple decomposition (see Eqn. 1.7) of velocity v and pres-
sure field p are inserted into the incompressible Navier-Stokes equations and the mo-
mentum equation. After rearrangement and linearization, this yields separated equa-
tions of motion for the coherent part of the velocity and pressure field which reads as
follows for an incompressible non-isothermal flow

- 1
(;:Jr{wvwrv-v\?: _EVﬁJrV'(Veff(VJrVT)V) (1.9)
.90 (110)

The effective viscosity v.g is equal to the sum of the molecular and turbulent viscosity,
where the latter accounts for the interaction between the random and coherent fluctu-
ations. As a closure, Boussinesq's eddy viscosity model can be applied to calibrate the
effective viscosity to the Reynolds stresses, which are obtained from PIV measurements
[96, 114, 140].

Global LSA

In the framework of global LSA, the global mode ansatz
a(x,t) = ®{q(=x, T)e"(mefw’f)} (111)

is inserted into Egn. 1.9 and 110, where q stands for p and v, = denotes the axial coordi-
nate, r is the radial coordinate and # stands for the azimuthal angle. As the w is complex,
the real part R{w} corresponds to the frequency and the imaginary part S{w} to the tem-
poral growth rate. By rearranging the resulting equations, an eigenvalue problem can be
formulated with w as the eigenvalue and q as the eigenfunction. This eigenvalue prob-
lem can be numerically solved for a given m for example with the FELICS code developed
at TU Berlin which is based on Finite-Elements. For S{w} > 0 the mean flow is globally
unstable and it is globally stable for S{w} < 0.

More details about the implementation and derivation of the global LSA can be found in
[58, 87, 140, 148]. In the present thesis, the global LSA is applied in publication 2.4 and 2.5
for the PVC mode (m = 1).

Local LSA

For a local LSA, the mean flow field is sliced into velocity profiles which are analyzed
separately for each (axial) location. Compared to the global LSA, the local LSA assumes a
quasi parallel base flow and coherent fluctuations which are oscillating in axial direction
with the complex axial wave number «. This leads to the normal mode ansatz which was
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already introduced in Egn. 1.8. This ansatz is introduced in Eqn. 1.9 and 1.10 which allows
for formulating an eigenvalue problem with appropriated boundary conditions as given
in [61]. It can be discretized by using, for example, a Chebyshev collocation method [95].
The eigenvalue problem can be formulated for the following three approaches: temporal,
spatial and spatiotemporal analysis. The choice of the analysis approach depends on
the flow configuration. In publication 2.5, a spatial analysis is conducted for m = 0.
This approach gives insight into the spatial growth (S{a} < 0) and decay (3{a} > 0)
of the investigated mode. For more details regarding local LSA, the reader is referred to
[50, 93, 95, 142].

1.6.3 Tomographic reconstruction methods

The tomographic reconstruction methods applied in this thesis are focused on the heat
release rate distribution. The two-dimensional time-resolved OH-CL measurements pro-
vide the basis for these methods, which are briefly introduced in the following para-
graphs.

Abel deconvolution

The OH-CL data recorded with the intensified high-speed camera, positioned in a side-
view arrangement, represent line-of-sight-integrated values. To obtain a planar repre-
sentation of the heat release rate, an appropriate reconstruction method needs to be
applied. If rotational symmetry of the measured configuration can be assumed, a classi-
cal Abel deconvolution can be applied to obtain a planar representation [100, 118]. For
the time-averaged heat release rate distribution and axisymmetric heat release rate fluc-
tuations induced by TA modes, the assumption of rotational symmetry is applicable in
the configuration investigated in this thesis. Accordingly, the Abel deconvolution is ap-
plied in publications 2.2 to 2.5. For further detail about Abel deconvolution techniques,
the reader is referred to [156].

Reconstruction of heat release fluctuations induced by helical modes

Due to its single-helical shape, the PVC induces skew-symmetric heat release fluctua-
tions which are not covered by the assumption of rotational symmetry made for the Abel
deconvolution. Therefore, an advanced reconstruction method need to be applied which
was developed by Moeck et al. [84]. Most tomographic reconstruction algorithms need
several cameras to obtain enough views from different angles onto the region of interest.
However, in case of PVC-induced heat release fluctuations, a single stationary (OH-CL)
camera is enough to generate a sufficient number of views. Exploiting the single-helical
shape of the PVC, phase-averaged side-view images can be interpreted as different views
of a stationary structure which allows to reconstruct the three-dimensional shape of the
PVC-induced heat release fluctuations [83, 144].
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This reconstruction method by Moeck et al. is applied in publications 2.2 to 2.5. For more
details of the derivation and implementation of this method, the reader is referred to
[84].

1.6.4 Flame Transfer Function (FTF)

A thermoacoustic system, such as a gas turbine combustor, consists of many elements
(burner, flame, cooling and fuel lines etc.) which need to be modeled appropriately such
that the thermoacoustic behavior of the overall system can be characterized. The com-
plex acoustic elements, especially burner and flame, are characterized experimentally
by a "black box" approach. This approach relates the acoustic state variables up- and
downstream of the acoustic element via a transfer matrix or transfer function, respec-
tively [106]. All the well-characterized acoustic elements can be put together to a network
model describing the whole thermoacoustic system.

The MMM (see chapter 1.5.2) is applied to determine the burner transfer matrix (BTM) by
acoustic forcing up- and downstream of the flame without combustion [106]. The acous-
tic velocity directly upstream of the flame is derived from the upstream microphone ar-
ray in conjunction with the BTM. Applying the Rankine-Hugoniot relations in conjunction
with the reconstructed acoustic velocity, the flame transfer function (FTF) can be derived
assuming an acoustically compact flame [90, 120]. The FTF describes the frequency de-
pendent flame response to acoustic forcing and is defined as
_Q/Q

= WV

FTF(w) (112)

where w is the frequency, Q denotes the Fourier-transformed global heat release rate,
Q stands for the mean global heat release rate, @ is the Fourier-transformed acous-
tic velocity and V; denotes the bulk flow velocity. Due to the application of MMM and
Rankine-Hugoniot relations, the heat release rate fluctuations do not need to be mea-
sured directly.

The impact of the PVC on the FTF of a V-flame is investigated in publication 2.5. More de-
tails about the derivation of the FTF are provided in the comprehensive works of Schuer-
mans [119] and Cosic [24].
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Publications

The publications accumulated in this chapter demonstrate the research progress from
the design of a suitable actuation system (see publication 2.) to the investigation of the
PVC's impact on the flame transfer function (see publication 2.5). Moreover, the effects
of the PVC on combustion dynamics (see publication 2.2 to 2.5), mixing (see publications
2.3 and 2.) and NOx emissions (see publication 2.z) are investigated by means of open-
and closed-loop active flow control. Upfront of each publication printed in this chapter,
a short summary is given which aims to contextualize their positions within the whole
thesis. The following publications are accumulated in this chapter:

21

2.2

23

2.4

2.5

Luckoff, F., Sieber, M., Paschereit, C. O., and Oberleithner, K., 2018; “Characterization
of Different Actuator Designs for the Control of the Precessing Vortex Core in a Swirl-
Stabilized Combustor”. ASME. J. Eng. Gas Turbines Power, 140(4): 041503.
https://doi.org/10.1115/1.4038039

Lickoff, F., and Oberleithner, K., 2019; “Excitation of the precessing vortex core by
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https://doi.org/101177/1756827719856237
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https://doi.org/101115/1.4044469
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21 Publication|

Characterization of Different Actuator Designs for the
Control of the Precessing Vortex Core in a
Swirl-Stabilized Combustor

Before the PVC can be actuated in the region, where it is most receptive to external forc-
ing, a suitable actuator needs to be designed. The first publication documents the de-
velopment process of the PVC actuator design under isothermal flow conditions. Differ-
ent concepts, which are motivated by previous (helical) actuation systems [63, 94], are
compared and evaluated regarding their capability of actuating and controlling the PVC
inside a prototype combustion chamber. This evaluation is based on the investigation of
the PVC's lock-in behavior on the actuation of the different actuator concepts. A proof
of concept is provided by an actuator design allowing for reliable lock-in in connection
with sufficiently high actuation amplitudes. As a result of this publication, a final actuator
design is determined, which is utilized in the following studies, i.e. publications.

To facilitate closed-loop control in following studies (see publication 2.3) and charac-
terize the dynamics of the PVC, a suitable sensor arrangement is necessary providing a
representative time-resolved PVC signal. In this publication, several pressure sensor ar-
rangements are characterized regarding their capability of resolving the PVC. Based on
these findings, the sensor arrangement for non-isothermal, i.e reacting, experiments in
combustion chamber test rigs is derived.
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Characterization of Different
Actuator Designs for the Control
of the Precessing Vortex Core in
a Swirl-Stabilized Combustor

The precessing vortex core (PVC) represents a helical-shaped coherent flow structure typi-
cally occurring in both reacting and nonreacting swirling flows. Until now, the fundamen-
tal impact of the PVC on flame dynamics, thermoacoustic instabilities, and pollutant
emissions is still unclear. In order to identify and investigate these mechanisms, the PVC
needs to be controlled effectively with a feedback control system. A previous study success-
fully applied feedback control in a generic swirling jet setup. The next step is to transfer
this approach into a swirl-stabilized combustor, which poses big challenges on the actuator
and sensor design and placement. In this paper, different actuator designs are investigated
with the goal of controlling the PVC dynamics. The actuation strategy aims to force the
flow near the origin of the instability—the so-called wavemaker. To monitor the PVC
dynamics, arrays of pressure sensors are flush-mounted at the combustor inlet and the com-
bustion chamber walls. The best sensor placement is evaluated with respect to the predic-
tion of the PVC dynamics. Particle image velocimetry (PIV) is used to evaluate the passive
impact of the actuator shape on the mean flow field. The performance of each actuator
design is evaluated from lock-in experiments showing excellent control authority for two
out of seven actuators. All measurements are conducted at isothermal conditions in a pro-
totype of a swirl-stabilized combustor. [DOI: 10.1115/1.4038039]

Keywords: precessing vortex core, active flow control, lock-in, swirl-stabilized combus-

Berlin 10623, Germany

tion, coherent structures, particle image velocimetry (PIV)

1 Introduction

Swirling flows are typically used in modern gas turbine com-
bustors to aerodynamically stabilize lean premixed flames. The
internal recirculation zone that is generated at high swirl inten-
sities destabilizes a strong helical coherent structure known as the
precessing vortex core (PVC) [1]. A visualization of the PVC is
given in [2] and shown in Fig. 1. The origin of this coherent struc-
ture is now well understood thanks to linear hydrodynamic stabil-
ity theory [3-7]. However, our current understanding of the
impact of this structure on the combustion performance is still
very limited.

Recent studies show that the PVC may affect the flame stability
and flame dynamics [8]. It may couple with thermoacoustic insta-
bilities [9-11] and affect the fuel-air mixing upstream of the flame
[12,13], which indirectly influences the pollutant emissions. How-
ever, the fundamental interaction of the PVC with these processes
is still unknown. In this context, it has not yet been clarified
whether the PVC can be used in a beneficial way to reduce NOy
emissions and combustion instabilities. The only way to systemati-
cally investigate the impact of the PVC on the combustion perform-
ance is to implement an active flow control scheme that purely acts
on the PVC without altering other parts of the combustion system.

A preceding study successfully applied feedback control of the
PVC in a generic swirling jet setup [14]. The actuator was placed
into the jet core in a region that coincides well with the sensitivity
of the PVC as derived from linear stability analysis [5,6]. The
present study will transfer this approach to a model combustor
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which has been studied in foregoing investigations [15,16]. The
implementation of a feedback control system into a combustion
chamber featuring reacting swirling flows poses significant chal-
lenges to the actuator and sensor design and placement. The actua-
tor must sustain high temperatures and must be integrated into the
current combustor geometries without changing the flame and
flow characteristic. Likewise, the sensors must be nonintrusive
and also robust with respect to high temperatures. In particular,
the sensors must capture the PVC dynamics in real time in terms
of amplitude and phase.

Fig. 1 Three-dimensional visualization of a velocity field
including a PVC from Ref. [2]. Reconstructed from particle
image velocimetry (PIV) snapshots at Reynolds number
Re =20,000. Central streak-lines surrounding a helical streak-
surface depict the PVC. Spiral vortices induced by helical
waves can be seen in the outer shear layer. The internal recircu-
lation zone in the center is shown as a pathline-surface sur-
rounded by the PVC streak surface.
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In this study, different actuator and sensor designs and place-
ments are investigated as well as their ability to detect and control
the PVC. The control strategy aims at forcing the flow by four
independently controllable and radially or axially directed peri-
odic jets in flow regions of high sensitivity. The four jets are
arranged circumferentially to allow for the forcing of the first azi-
muthal mode. Such a forcing may directly lock onto the PVC
oscillations which have the same mode order. In this way, we do
not introduce any other mode (such as axisymmetric modes
[9,10]) that would alter the overall flow dynamics. This is manda-
tory to investigate the explicit impact of the PVC on the combus-
tion. Linear stability analysis further showed that the best
placement for this kind of forcing is very close to the combustor
inlet where the PVC is most sensitive to periodic forcing [5-7,14].

A key challenge for flow control is the placement of the actua-
tor. It should have maximum control authority and minimum
energy input. We evaluate each actuator by lock-in experiments.
Here, lock-in describes the state where the dynamics of the PVC
are entirely synchronized to the forcing. A suitable actuator for
closed-loop control should require a minimum of amplitude to
achieve lock-in [14,17]. Therefore, the lock-in behavior can be
used to compare and rank the different actuator concepts. In
addition, hot-wire probes are used to estimate the momentum of
the actuation jets induced at the actuator channel outlets. This pro-
vides an additional ranking criterion.

Moreover, the passive impact of the actuators (without active forc-
ing of the flow) on the mean flow and PVC dynamics needs to be
investigated. This has been done via planar time-resolved PIV meas-
urements, which allow for a detailed characterization of the baseline
case. The dominant coherent structures occurring within the natural
flow are characterized using spectral proper orthogonal decomposi-
tion (SPOD) analysis [18]. The SPOD is a new method that has
shown excellent results with respect to the identification of coherent
structures in the complex flow fields of swirl-stabilized combustors
[19]. It is known that the breakdown bubble and hence the entire
mean flow may substantially be modified by placing an obstacle into
the flow [14,20]. To avoid any passive effect on the PVC, an actuator
design needs to be employed that does not affect the mean flow.

Finally, the choice of sensors that monitor the PVC suitably is
another significant challenge. We use pressure sensors placed in the
mixing section of the swirler and at the combustion chamber walls.
The pressure signals are used to estimate amplitude and phase of the
PVC at different positions. The performance of the sensor arrays is
evaluated by comparing the estimated amplitudes and the phase error
with respect to the phase information from SPOD analysis.

The paper is structured as follows: We first present the test rig
together with the applied measurement techniques followed by a
description of the different actuator designs. Subsequently, a short
introduction to the data analysis methodology is given. In Sec. 4,
we first discuss the mean flow fields and the coherent structures as
measured via PIV. We then evaluate the different actuator designs
and sensor placements based on pressure data of the lock-in
experiments and hot-wire measurements. In the concluding sec-
tion, we point out which actuator concept will be used in subse-
quent investigations and outline our future steps.

2 Experimental Setup

In this section, the experimental arrangement with the imple-
mented flow actuators and pressure sensors is explained. There-
after, the different actuator designs are explained in detail.

2.1 Test Rig. The test rig is shown in Fig. 2. It consists of
three different sections marked with @—®. Section @ represents the
actuation unit including four circumferentially arranged 5 in loud-
speakers (rated power of 100 W). The loudspeakers are mounted on
aluminum pots with an orifice at the bottom on which tubes are
mounted (Fig. 2). These tubes guide the oscillating air to the outlet
of the centerbodies. The loudspeakers are driven at a single fre-
quency with relative phase shifts of 7/2, which corresponds to a
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air flow with seeding

Fig. 2 Test rig with PIV setup. Section @: actuation unit with
four loudspeakers and actuation channels; section @: burner
with swirl generator, mixing tube containing centerbody inside;
section @: quartz glass combustion chamber.

co-rotating mode with an azimuthal wavenumber of one. The input
voltage to the speakers ranges between 0 V and 2 V and is amplified
by a four-channel power amplifier (t.amp E4-130). The frequency
is set relative to the natural frequency of the PVC. Accordingly,
forcing frequencies were set to values corresponding to normalized
frequency differences between natural and forced oscillation
Af=filf, — 1 of 8-27%. Section @ marked in Fig. 2 includes the
burner, the swirl generator (inside the burner), the mixing tube with
front plate and the centerbody (in the center of the mixing tube). It
has exactly the same geometry as the swirl-stabilized model com-
bustor used in foregoing investigations [15,16]. The hydraulic
diameter of the mixing tube D, =20mm is equal to the difference
between the outlet (D=55mm) and the centerbody diameter
(Dcg =35mm). In this study, the Reynolds number based on the
hydraulic diameter and the plug flow velocity ranges between
13,000 and 32,000. A radial swirl generator consisting of movable
blocks is used to generate the swirling flow. These blocks can be
adjusted relative to each other. In this way, the theoretical swirl
number Sw [21], defined as the ratio of the axial flux of tangential
momentum to the axial flux of axial momentum, can be adjusted
continuously between 0 and 1.5. In this study, the swirl number
was set to Sw=10.7, a value used commonly in combustion experi-
ments [15]. To allow for rapid replacement of the dynamic pressure
sensors, the mixing tube and front plate were made out of plastic.
The combustion chamber (section @ in Fig. 2) consists of a cylin-
drical quartz glass tube. With an inner diameter of 200 mm and a
length of 300 mm, this quartz glass tube enables good optical access
for flow measurements.

2.2 Measurement Techniques. Time-resolved PIV measure-
ments were conducted inside the cylindrical combustion chamber
using a high-speed Nd:YLF diode pumped laser (Quantronix
(Hamden, CT) Darwin Duo 527-100M, 527nm and total pulse
energy of 60 mJ) in combination with a Photron SA-Z CMOS
high-speed camera. The recording frequency is set to 1013.39 Hz
whereby care was taken to avoid phase lock between the acquisi-
tion frequency and forcing frequency. A light sheet optic is used to
achieve an appropriated laser sheet of approximately 1 mm thick-
ness in the measurement area. Reflections of the incoming laser
light at the quartz glass were minimized by utilizing beam dumps
for the laser sheet and primary reflections. The laser pulse separa-
tion was set to 25 us which corresponds to a maximum displace-
ment of 3 pixels in the jet center. The flow is seeded with an
aerosol of liquid di-ethyl-hexyl-sebacate. For each measurement,
2183 PIV snapshots with a resolution of 1024 x 1024 pixels were
acquired. These snapshots were evaluated with a commercial PIV
software. The correlation scheme employs multigrid refinement
[22] with a final window size of 16 x 16 pixels, window overlap of
50% in combination with spline-based image deformation [23], and
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subpixel peak fitting. Finally, the data were filtered for outliers and
interpolated from adjacent interrogation windows. Figure 3 shows
the sensor arrangements and the positions with the corresponding
abbreviations (R1-R6 on the front plate; A1-A6 in the mixing
tube). The pressure is measured by miniature differential pressure
sensors (First Sensor HDOMO10 with 1000 Pa range), which are
connected to the flow via cannula tubes. These sensors allow for
measuring pressure fluctuations as small as 0.1 Pa. A common ref-
erence pressure is achieved by connecting one pressure port with
an ambient pressure reservoir. The pressure sensor signals are
amplified with an in-house amplifier and digitized by a 16 bit A/D
converter (National Instruments NI 9216, Austin, TX) at a sam-
pling frequency of 8192 Hz.

Hot-wire anemometry is used to measure the velocities at the
actuator outlets. A TSI IFA 100 hot-wire anemometer is used in
combination with a single-wire probe mounted on a three-axis
manual traverse. To achieve comparable conditions, the probe is
traversed to those positions near the outlet where maximal veloc-
ity amplitudes are present. The signals generated by the anemom-
eter are recorded with the before mentioned A/D converter
(National Instruments NI 9215). The hot-wire probe was cali-
brated inside a wind tunnel with respect to a standard Prandtl tube
at 42 different velocities. These measurements were approximated
by a fourth-degree polynomial calibration curve.

Measuring PIV and pressure simultaneously allows for investi-
gating the reliability of the PVC detection. This was done with the
help of pressure signals which are validated by flow field data. In
this connection different Reynolds numbers (as described previ-
ously), centerbody designs and sensor arrangements were studied.
Accordingly, accuracy and reliability of different sensor arrange-
ments under different flow conditions can be evaluated. In order
to quantify the quality of the different actuators, pressure meas-
urements of the forced flow were performed to gain data for lock-
in evaluations. To find suitable forcing frequencies, the natural
frequency of the PVC was observed for a certain parameter setting
(Reynolds number, actuator design). Then, the forcing frequency
was set to a value corresponding to a Af ranging from 8% to 27%.
Thus, forcing closer and further away from the natural frequency
can be investigated. The hot-wire measurements serve to evaluate
the momentum generated by the actuators. For all actuators, the
momentum was measured for the same frequency of 100 Hz and
actuation voltages between 0 and 2 V to guarantee comparability.

2.3 Actuator Designs. The results from the previous investi-
gation suggest an actuation of the PVC close to the jet centerline
in the vicinity of the upstream end of the vortex breakdown bub-
ble [14]. This requires the use of actuation lances that are placed
in this flow region. The disadvantage of such designs is the strong
impact of the actuator on the mean flow, since the region around
the stagnation point is highly sensitive to flow obstruction. A bet-
ter option is to implement the actuator into the existing geometry
and to use thin slots or holes that do not passively influence the
flow. As a drawback, the placement of the actuator depends on the

TTIT
S
TITTT

Fig. 3 Different arrangements of pressure sensors in the front
plate (left) and the mixing tube (right)
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combustor design and must not coincide with the region of highest
sensitivity. Figure 4 depicts the different actuator designs investi-
gated in this study. For better orientation, roman numerals and
small pictographs are assigned to each actuator.

The designs III, IV, and V contain tapered actuation channels
with an inlet diameter of D. =9 mm and outlet diameter of 1 mm.
The difference between actuators III and IV is the shape of the tip.
Concept III features a flat tip in contrast to the parabolically
shaped design of actuator IV. The parabolic shape is the same for
all other concepts. Actuator V provides radially directed jets. In
contrast, designs IIT and I'V provide axially directed jets.

Compared to the designs described before, the actuators VI and
VII have nontagered channels with constant diameter and slits
with 1 X9 mm~ cross section as outlets. As to be seen at the
detailed tip in Fig. 4, the slits of design VI are slightly curved fol-
lowing a circular line. These outlets are either radially (VII) or
axially (VI) directed.

The two concepts 11/I12 and I13/116 shown in the most left col-
umns of the top row in Fig. 4 consist of inner channels and can-
nula tubes of different diameter. The tubes reach through the
entire combustion chamber and can be traversed axially. This fea-
ture allows for adjusting the actuation area relatively to the wave-
maker position without changing the passive influence on the flow
field. Every cannula contains a 0.6 mm hole providing radially

1
M

11/12 II3/II6|

Fig. 4 Complete view, detailed tip, and equivalent pictograph
of all seven centerbody designs arranged one below the other.
Arrows indicate the directions of actuating jets. Each design
generates four individual jets.
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directed jets. Actuator I1 corresponds to the concept with four
independent tubes of an inner diameter of 1.1 mm (I2 with a diam-
eter of 2mm). These tubes can be rotated to change the direction
of the jets. The II-concepts contain a lance which consists of four
cannula tubes leading to different lance diameters (3 or 6 mm)
depending on the tube diameter. This design is inspired by the
work of Kuhn et al. [14] where a comparable lance showed suita-
ble performance.

3 Data Analysis Methodology

Spectral proper orthogonal decomposition is used to reconstruct
the PVC dynamics and other coherent structures from the PIV
data. Spatial Fourier decomposition is applied to the pressure sig-
nal in order to extract the PVC amplitude. In the following, the
reader is briefly introduced to these data analysis methodologies.

3.1 Spatial Fourier Mode Decomposition. The signals
recorded by four circumferentially arranged pressure sensors are
decomposed into Fourier modes with azimuthal wavenumbers.
Accordingly, the signal of the mth azimuthal mode can be esti-
mated by

(€]

o)=Y mtoesp (12em )

k=1

where p, is the pressure signal of the kth sensor and m is the
azimuthal wavenumber. With four different circumferentially
arranged sensors, azimuthal modes with wavenumber m € {0, 1,
2} can be detected. The Fourier coefficient p,, is complex and a
function of time. In other words, the instantaneous amplitude and
phase of the PVC correspond to the modulus and argument of p,
respectively.

3.2 Spectral Proper Orthogonal Decomposition (SPOD).
The SPOD is a newly introduced method to identify coherent
structures in flow data [18]. It is based on the classical proper
orthogonal decomposition [24], but it offers a more precise selec-
tivity, which provides benefits in complex turbulent flows like the
swirling jet investigated here [19]. In the following, only a short
overview of the SPOD approach is given. A detailed derivation
can be found in Ref. [18]. The procedure is exemplified for the
axial velocity U but holds similar for the crosswise velocity V.
The SPOD provides a modal decomposition of the fluctuating part
of the velocity U’ that reads as follows:

Ux,t) = U(x) + U'(x,1) = +Za,(r

It is separated into a sum of spatial modes ®; and corresponding
modal coefficients «,. In order to build this basis, the spatial corre-
lation among individual PIV snapshots is calculated, which results
in the correlation matrix

(@)

Rij = zlv JQU’(X., U (%, 4) + V' (x,6)V'(x, 1;)dA 3)

where Q indicates the measured domain over which the correla-
tion is integrated. In order to restrict the spectral content of the
modes, a filter is applied to the correlation matrix resulting in a fil-
tered correlation matrix

N,
Sij = E iRk jik

[

“

The filter coefficients g; are chosen to create a Gaussian low-pass
filter. By adjusting the filter size Ny, the spectral constraint of the
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SPOD can be adjusted. A usual choice is a filter size that is
between one and two periods of the dominant frequency, which is
the PVC in the present case. For the presented SPOD, it is set to
two periods; therefore, Ny= 20 ~ 2fpry /f,.

The temporal coefficients a; = [a;(11), ..., a;(ty)]" and mode
energies 4; are obtained from the eigenvectors and eigenvalues of
the filtered correlation matrix

Sa; = Ja;; A >/p>--2>iy>0 (5)
The subscript i refers to single eigenvalues which are sorted in
descending order. The natural sorting of the modes according to
their energy may sometimes hide less energetic modes among
strong stochastic fluctuations. Another ranking is presented in the
work of Sieber et al. [18], where the modes are sorted according
to the spectral coherence of mode pairs. This ranking is used later
to highlight periodic modes in the SPOD spectrum. The spatial
modes are finally obtained from a projection of the snapshots onto
the temporal coefficients

T
=N—Z (HU' (x,17) 6)

4 Results

In this section, the results of this study are presented starting
with the flow field features of the two different basic centerbody
designs utilized within the actuator designs. Thereafter, the sensor
arrangement is discussed before evaluating the performances of
different actuator concepts. This section ends with a proof of con-
cept by measurements of the lock-in behavior.

4.1 Mean Flow Fields and Coherent Structures. Cylindri-
cal centerbodies with a flat tip were typically used in foregoing
studies [15,16] to achieve stable flames. But since this design also
effects a wake, it may influence the occurrence of hydrodynami-
cally self-excited modes (coherent structures), as the PVC, in an
adverse way. To minimize the centerbody wake, a different design
with a shaped tip is introduced. In the following, these two differ-
ent centerbodies are compared concerning their impact on flow
field and coherent structures.

Figure 5 shows the mean velocity fields for the two centerbody
designs. The cylindrical centerbody with a flat tip is presented on
the right-hand side, and the shaped tip centerbody on the left-hand
side. The centerbody tip ends 0.2D upstream of the outlet. To gen-
erate symmetric fields, the left half was mirrored along the jet cen-
ter axis to account for small asymmetries introduced by a slight
misalignment of the PIV laser sheet. Bold lines indicate axial
velocity equal to zero. The streamlines indicate a large inner recir-
culation zone (IRZ) that exists due to vortex breakdown and the
outer recirculation zone (ORZ). This ORZ is generated due to the
sudden area expansion between the mixing tube and the combus-
tion chamber. A comparison of the IRZ shape between the two
center body concepts leads to the observation that the shaped cen-
terbody (left) generates a considerably broader IRZ and larger jet
opening angle. Another fundamental difference appears in the
flow region shortly downstream of the centerbody. As indicated
by the bold contour line, the sharp-edged centerbody creates a
region of reversed flow which leads to a constriction of the flow in
the center of the jet (compare streamlines near {x/D, y/D} = {0,
0.2}). Consequently, the jet angle is reduced, whereas the ORZ is
prolonged so that the region of increased fluctuations is expanded
further downstream compared to the shaped centerbody. The
shaped tip seems to eliminate such a wake and its consequences.

Considering the coherent structures extracted by SPOD
(Fig. 6), other differences between the basic configurations arise.
In both configurations, dominant PVC modes (no. 1) and their cor-
responding higher harmonics (nos. 2 and 3) are present. However,
for the cylindrical centerbody, the Strouhal number, St, of the
PVC mode is approximately 0.39 in contrast to the shaped tip
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Fig. 5 Contours of the mean axial velocity component of shaped (left) and cylindrical (right) centerbody, Re = 16,000. Stream-
lines are derived from the mean axial and transverse velocity component. The bold lines indicate zero axial velocity.

with approximately 0.43. The spectral coherence, indicated by the
size and shading of the dots in the SPOD spectrum, shows that
the PVC mode and its higher harmonics are more distinct for the
shaped centerbody. This implies that the PVC dynamics of the
shaped centerbody are more periodic and less noisy compared to
the cylindrical centerbody. Moreover, the overall energy content
of the modes (nos. 1-3) is noticeably smaller in case of the cylin-
drical centerbody with K. ;= {25.18, 1.82, 0.38}% compared to
Ko i=1{32.65, 3.96, 0.77}%. A reason might be additional
dynamics in the wake of the cylindrical centerbody that influence
the dynamics of the PVC. Most interestingly, the sharp-edged cen-
terbody features a so-called PVC-II structure (no. 4) which is dis-
cussed in detail in Refs. [19] and [25]. For the shaped centerbody,
the SPOD spectrum shows a mode (no. 4) at the same frequency
as the PVC but with opposite symmetries. This mode possibly
indicates small imperfection of the PVC motion which can be
neglected due to its comparably small energy content.

4.2 Sensor Arrangements. The accuracy of the utilized
pressure sensor arrangements is quantified with a phase error
variance. This error corresponds to the variance of the phase
difference between the SPOD coefficients a; and the Fourier coef-
ficients of the pressure signal p,. In the foregoing study [14], the
phase of the actuation signal turned out to be the most influential
parameter in terms of closed-loop control. Therefore, the applied
sensor should detect the phase of the PVC mode with high
accuracy.

The bar plot in Fig. 7 (right) compares the phase error variance
for all actuators for three different Reynolds numbers. The error is
always below 7% which appears acceptable. Related to the dis-
tance of the sensors to the mixing tube outlet (compare Fig. 3), the
bar plot indicates a certain trend. The sensors closest to the outlet
(R1 and A1) show the highest error, which might be attributed to
disturbances coming from the centerbody wake or from fluctua-
tions of the breakdown bubble. It is surprising that the lowest error
is achieved in the mixing tube far upstream of the inlet in a region
where the PVC amplitude was expected to be very low. This indi-
cates a strong upstream influence of the PVC. The variation in the
Reynolds number shows another trend. For the sensors close to
the mixing tube outlet (R1-R3 and A1-A3), the error increases
with higher Reynolds numbers. A reason for this trend can be
stronger stochastic fluctuations due to stronger turbulence at high
Reynolds numbers. The generally small error values suggest that
all sensors are suitable to work within a future closed-loop system.
In addition, these results provide a certain flexibility in choosing a
sensor position in future experiments with combustion. Accord-
ingly, expected influences of the flame dynamics on the pressure
signals can be minimized.

Journal of Engineering for Gas Turbines and Power

Figure 7 (left) shows the amplitude of the PVC as detected
from the pressure measurements. The depicted amplitude is
calculated by A, = RMS(p,) - V2. As to be expected, the ampli-
tude grows with increasing Reynolds number. In general, the
amplitudes of the sensors mounted into the mixing tube (A1-A6)
reach values two times higher than the sensors at the front plate
(R1-R6). For both, at the front plate and in the mixing tube, the
amplitude decreases with larger distance to the mixing tube outlet.
This behavior applies to all sensor arrays except the sensor array
Al. Therefore, the sensor arrays at R3 or A3 will be used as a
compromise between phase error and pressure amplitude in the
future.

For the remainder of this study, we use the signals of sensors
R1 for the following reasons. First, it is located far away from the
actuator. This avoids that actuators with radially directed jets
directly hit the sensors which could cause additional errors.
Second, as shown in Fig. 7 by the bar plot on the left, this sensor
provides the highest PVC amplitude as reconstructed from the
Fourier coefficient. The high amplitude in combination with an
acceptable phase error should capture the PVC dynamics at forced
conditions in this study very well. For future experiments, the sen-
sor arrangement R3 should be considered as it represents the best
trade-off between phase error and amplitude.

4.3 Actuator Performance. In the following part, results
from hot-wire measurements at the actuator outlet are presented
and evaluated concerning actuator performance. Figure 8 shows
exemplary the results of the hot-wire measurements for actuator
VII in terms of momentum coefficient C,, over input voltage (left)
and maximal C, for all actuators (right). The momentum coeffi-
cient is defined as

Cu= GMZRMS/(U(ZJAh) )

with the outlet area of the actuator G, the hydraulic cross section
area Aj,, and the RMS velocity at the actuator outlet ugns [26].
Increasing the input voltage leads to a nearly linear growth of C,
(left). For this actuator design, C,, reaches the highest value in this
study of 0.32. This value suggests that the momentum induced by
the actuator reaches the same order of magnitude as the mean
flow, which seems sufficient to alter the PVC.

To decide which actuator designs perform suitably to control
the PVC dynamics, an appropriate comparison needs to be carried
out. One of the decisive parameters to achieve a sufficient amount
of control authority is the generated actuation momentum. The
plot on the right-hand side of Fig. 8 compares the maximum
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Fig. 6 SPOD results for shaped centerbody (lower row) and cylindrical centerbody (upper
row). Each decomposition is represented by an SPOD spectrum (left) where a dot indicates a
mode pair that is placed according to its energy and frequency. The size and shading of the
dot indicate the spectral coherence of a mode pair. On the right side, the spatial structure ®
(upper row) and the power density spectrum of the coefficient a (lower row) are given for
selected modes. The spatial mode is indicated by crosswise velocity plus streamlines of the

mean flow.

momentum coefficient for all actuators. Except for the actuators
VI and VII, the maximal values max(C,) are up to five magni-
tudes lower than the mean flow momentum. The significant
momentum differences obviously arise from the small channel
diameters (1-2 mm) and related diameter jumps resulting in much
higher damping of the oscillating air. Also, tapered channels
(actuators III, IV, and V) seem to cause damping which is notice-
ably smaller compared to the actuators 11, 12, II3, and II6.
Unfortunately, once the main flow is turned on, the actuation with
single tubes (I1 and 12) and lances (II3 and 116) do not show con-
siderable effects on the swirl flow. Therefore, only the concepts
III-VII are considered in the following open-loop investigation.

4.4 Lock-In Experiments. As shown in Sec. 4.3, the actuator
VII achieves the highest momentum considering only the vicinity
of the actuator (i.e., without main flow). To assess the ability of
this actuator to control the PVC, lock-in experiments are con-
ducted. Therefore, the actuation is set to the same mode number
m=1 and direction of rotation (clockwise) as the PVC but at a
frequency that is slightly different than the natural PVC fre-
quency. By increasing the actuation amplitude, lock-in is achieved
once the PVC dynamics follow the excitation. Lock-in can be
assessed from the spectra of the pressure signals or from the phase
difference between the actuation and the natural mode (see, e.g.,
Ref. [27]).
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Fig. 7 Amplitudes A, of the pressure coefficients p; scaled with the maximum amplitude (left) and phase error variance

between a;and p, (right) for all considered sensor positions
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Figures 9 and 10 show the power spectral density spectra of the
pressure signals measured during two lock-in experiments. The
spectra are decomposed into the axisymmetric, the first azimuthal,
and the second azimuthal modes for increasing forcing amplitudes
(compare Eq. (1)). They provide a good indication of the PVC
and its first harmonic to the applied forcing.

Figure 9 shows a case with Re=16,000 and a forcing fre-
quency difference of Af=18.5%. This corresponds to a forcing
frequency of f;= 112 Hz relative to the natural PVC frequency of
fa=945Hz. At the lowest forcing amplitude (A;=0.25V), a
sharp peak starts to grow at 112 Hz which indicates the actuation.
It appears only in the m = 1 spectrum which proves that the actua-
tor impacts only the intended mode. For slightly higher forcing
(Ay=10.25, 0.5, 0.75} V), the natural frequency peak is margin-
ally shifted below the natural frequency. That is not the case in
Ref. [17], where f, remains constant. Beside this, a minor peak
with a frequency of approximately 130 Hz appears for low to
medium forcing amplitudes (A,={0.5, 0.75, 1} V). Increasing
forcing amplitude damps and broadens this peak. This peak repre-
sents an interaction peak with its frequency f; =f;+ (fy— f,,) which
occurs due to the interaction between forcing and natural mode.
Upon further increasing the forcing amplitude to A;>0.75V, the
frequency of the PVC is shifted to that of the forcing. This behav-
ior is called frequency pulling [27]. In this case, the frequency
pulling is weak because of the high Af. Therefore, a natural and an
actuated mode coexist even at highest actuation amplitudes. At
the same time, the amplitude of the PVC decreases and the peak
broadens. Accordingly, frequency locking does not occur although
the natural mode is considerably damped. Considering the higher
harmonic mode (m=2), it can be seen that the natural peak is
clearly damped with increasing forcing due to the decreased and
broadened PVC. For high forcing amplitudes (As>1.25V), no
natural peak can be seen beside the forced one. Furthermore, with
higher forcing amplitude, a second harmonic of the forcing grows
in the m =2 spectrum indicating first nonlinearities. A small peak
of this second harmonic is already seen for the lowest forcing
amplitude as well. If the forcing amplitude is increased, a peak of
the acoustic mode (m =0) grows at f; as well but remains at low
values. This peak cannot be seen on the plots because it is overly-
ing with the forced PVC mode. The reason for this peak can be
vibrations of the test rig due to the loudspeaker forcing or a slight
imperfection of the actuator calibration. Additionally, acoustic
broadband noise occurs for frequencies above 180 Hz caused by
the flow.

0.35 T T T T

03 vi 4

025 1

0.1 1

0.05 1

0
0 025 05 1 1.5 2
input voltage (V)

In Fig. 10, the actuation frequency is selected close to the natu-
ral frequency at Af=8.7%. Additionally, the Reynolds number is
higher with Re =19,000 which leads to a natural frequency of
f»=115 Hz. This case is chosen since the process of frequency
pulling is shown here distinctly. Lock-in occurs for Re = 16,000
at lower Af as well, but the corresponding spectra do not depict
the frequency pulling as good as the chosen case. As seen in the
m=1 spectrum, the PVC frequency shifts marginally below f,
comparable to the foregoing case for low actuation amplitudes
(Ar=1{0.25, 0.5, 0.75} V). Frequency pulling occurs for medium
forcing (Ay>0.75V), resulting in frequency lock-in for high
actuation amplitudes (A;>1.25V). Furthermore, an interaction
peak, as described for the case before, is present as well. The other
modes (m={0, 2}) behave in the same manner as in the plot
shown before. The two cases presented here are just selected
examples depicting two different phenomena, frequency lock-in
and coexistence of natural and actuated modes. In order to survey
the different actuator designs, the lock-in behavior for the differ-
ent designs is compared in the following discussion.

Finally, the performances of the actuators with momentum
coefficients above 10~* without flow (Fig. 8) are compared
regarding their ability to control the PVC dynamics. The Reynolds
number is set to Re = 16,000, Af =8%, and the forcing amplitude
is ranging from O to 2 V. Figure 11 demonstrates the influence of
forcing from different actuators on the amplitude of (natural) PVC
modes (left) as well as the progression of actuated mode ampli-
tudes (right). Obviously, the forcing of actuators with small outlet
holes and tapered inner channels (III, IV, and V) does not affect
the natural mode remarkably, since the amplitudes remain con-
stant on average. In contrast, the actuators VI and VII damp the
natural mode by around 1.5 magnitudes already with a low actua-
tion input amplitude of 0.75V. The flat tip actuator III shows
much lower PVC amplitudes in general, which might be due to
the weaker PVC (see Fig. 6) or due to lower pressure fluctuations
caused by the changed geometry.

Regarding the actuated mode, the concepts VI and VII show a
considerable increase at the actuation frequency up to 0.75 V
and a subsequent saturation. The concepts with axial actuation
direction (IIT and IV) cause an actuated mode with small ampli-
tude value saturating at 0.5 V. For actuator IV, a small ampli-
tude increase is detectable on average. Altogether, the concepts
III, IV, and V generate actuated mode amplitudes which are
more than one magnitude smaller than those of designs VI and
VIIL.
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Fig. 8 C, (Re =16,000) for actuator VIl (left) and maximum C, for different actuator concepts (right). The C, estimated for the
actuator IV is also valid for actuator lll, indicated by the label “lll/IV” on the left, since the only difference is the outer geometry

which does not influence these measurements without flow.
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Fig. 9 Spectra of spatial Fourier modes (m = {0, 1, 2}) for different actuation amplitudes using
the actuator design indicated by the small pictograph in the top-left corner. The spectra are
deduced from the pressure sensors located at the combustor front plate. Forcing frequency
fr=112 Hz, which is at Af=18.5% relative to the natural PVC frequency of f,=94.5Hz at
Re =16,000.

Considering the lock-in behavior in general, it can be stated 5 Conclusion
that the concepts VI and VII together with the rest of the actuation
unit (amplifier, loudspeakers, pots, and actuation channels) pro-
vide a proof of concept of the entire actuation setup.

This study presents a loudspeaker-based zero-net-mass-flux
actuator integrated into a swirl-stabilized combustor. The aim of
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Fig. 10 Spectra of spatial Fourier modes (m={0, 1, 2}) for different actuation amplitudes
(compare Fig. 9): f;=125Hz, f, = 115Hz, Af=8.7%, and Re = 19,000
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sity spectra over forcing amplitude (left), and amplitude of the actuated mode (m = 1; shaped tip: f;= 102 Hz, flat tip: f,=95 Hz)
depending on the forcing strength (right), Re = 16,000, Af= 8%, compare Figs. 9 and 10

the actuator is to control the dynamics of the PVC in a
swirl-stabilized combustor. Such an actuator integrated into a
closed-loop control system is necessary to study the influence of
the PVC on flame dynamics, thermoacoustic instabilities, and pol-
lutant emissions. Before a reliable closed-loop control can be
implemented, a suitable actuator and a sensor design need to be
developed, which is done in this study.

The actuators are integrated into a centerbody in the mixing
section of the burner. In this way, the PVC can be actuated close
to the region of highest sensitivity. The passive effect of two basic
centerbody designs on the flow field is investigated by using
time-resolved PIV measurements. These measurements in connec-
tion with dynamic pressure measurements allow for validating dif-
ferent sensor arrangements concerning the accuracy of reliable
PVC detection. To evaluate the performance of the different
actuators, hot-wire measurements at the actuator outlet are per-
formed for different actuation amplitudes without main flow. A
proof of concept of two actuator designs is shown by lock-in
investigations based on pressure measurements.

The influence of two different basic centerbody shapes is inves-
tigated first. It is shown that a streamlined centerbody provides
more distinct and stronger PVC dynamics. To measure the PVC
phase and amplitude in real time, differential pressure sensors are
embedded circumferentially in the mixing section and the com-
bustor chamber front plate. These sensor arrangements provide a
signal which matches the phase of the PVC gained from the PIV
data with an acceptable error of less than 7%. As shown by Kuhn
et al. [14], the phase is the most important property which needs
to be detected accurately to achieve an efficient closed-loop con-
trol. The measured momentum coefficients for different actuator
concepts in connection with open-loop tests (dynamic pressure
measurements with flow) lead to the following design description
for an effective actuator design. Actuation channels should have
constant diameter D, and a rectangular outlet (= 1 x D,. mm? slit).
Such a design allows for low damping of the fluctuations induced
by the loudspeakers and provides actuation over a broad azimuthal
extend, which seem to be necessary for the present flow
configurations.

Future investigations need to clarify the effects of the suitable
actuators on the flow field. PIV measurements of the actuated flow
will clarify whether the current actuator acts on the PVC only
without strongly affecting the mean flow field. This study shows a
certain flexibility in the sensor arrangement to detect the PVC reli-
ably. Accordingly, different arrangements can be considered for
future experiments at reacting conditions to cope especially with

Journal of Engineering for Gas Turbines and Power

digital
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high temperatures. The presented lock-in results represent a huge
progress within the development of an effectively performing
actuator and sensor system integrated into a swirl-stabilized
burner. These results serve as the basis for the development of a
closed-loop system.
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Nomenclature

a = SPOD coefficients
Ay = forcing amplitude
C,, = momentum coefficient of actuators
D = nozzle diameter
D, = channel diameter
D), = hydraulic nozzle diameter
Jp fn = forcing frequency, natural frequency
G = diameter or width of actuator outlets
K = turbulent kinetic energy
m = azimuthal mode number
N = number of snapshots
Ny = SPOD filter size
PIV = particle image velocimetry
PVC = precessing vortex core
R = correlation matrix
Re = Reynolds number
S = filter correlation matrix
SPOD = spectral proper orthogonal decomposition
St = Strouhal number
Sw = swirl number
(U, V) = axial and radial velocity component
U, = bulk velocity
Af = normalized frequency difference between f; and natural
fn
/4 = SPOD mode energy
® = spatial mode
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2.2 Publicationll

Excitation of the Precessing Vortex Core by Active Flow
Control to Suppress Thermoacoustic Instabilities in
Swirl Flames

The appropriated actuation system and sensor arrangement derived from the findings
of publication | (see 21) are transferred from the isothermal prototype test rig into a
combustion chamber test rig allowing for experiments under reacting flow conditions.
With the implemented actuation system, open-loop control experiments are conducted
in publication I, which is given in this section.

Alock-in investigation at the beginning of this study proves the capability of the actuation
system to control a PVC in an open-loop control approach. With this actuation system,
a thorough investigation is conducted which studies the PVC's impact on flame shape,
flame dynamics and thermoacoustic stability of different types of flames. The actuator
manages to excite a PVC in a reacting flow field which is exposed to severe self-excited
thermoacoustic oscillations. This allows to study the (nonlinear) interaction between
self-excited thermoacoustic modes and excited PVC modes. In case of partially premixed
flames, a considerable reduction of the thermoacoustic oscillation amplitude is achieved
with very small PVC actuation amplitudes.
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Abstract

In this study, we apply periodic flow excitation of the precessing vortex core at the centerbody of a swirl-stabilized
combustor to investigate the impact of the precessing vortex core on flame shape, flame dynamics, and especially
thermoacoustic instabilities. The current control scheme is based on results from linear stability theory that determine
the precessing vortex core as a global hydrodynamic instability with its maximum receptivity to open-loop actuation
located near the center of the combustor inlet. The control concept is first validated at isothermal conditions. This is of
utmost importance for the proceeding studies that focus on the exclusive impact of the precessing vortex core on the
combustion dynamics. Subsequently, the control is applied to reacting conditions considering lean premixed turbulent
swirl flames. Considering thermoacoustically stable flames first, it is shown that the actuation locks onto the precessing
vortex core when it is naturally present in the flame, which allows the precessing vortex core frequency to be controlled.
Moreover, the control allows the precessing vortex core to be excited in conditions where it is naturally suppressed by
the flame, which yields a very effective possibility to control the precessing vortex core amplitude. The control is then
applied to thermoacoustically unstable conditions. Considering perfectly premixed flames first, it is shown that the
precessing vortex core actuation has only a minor effect on the thermoacoustic oscillation amplitude. However, we
observe a continuous increase of the thermoacoustic frequency with increasing precessing vortex core amplitude due to
an upstream displacement of the mean flame and resulting reduction of the convective time delay. Considering partially
premixed flames, the precessing vortex core actuation shows a dramatic reduction of the thermoacoustic oscillation
amplitude. In consideration of the perfectly premixed cases, we suspect that this is caused by the precessing vortex core-
enhanced mixing of equivalence ratio fluctuations at the flame root and due to a reduction of time delays due to mean
flame displacement.
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which meanders downstream along this shear layer.”
The PVC is typically present in isothermal swirling
jets. However, in reacting flows, it depends on the

I. Introduction

In modern gas turbine combustors, flame stabilization
is typically achieved by an aerodynamic feature of swir-
ling flows known as vortex breakdown. This phenom-
enon gives rise to an inner recirculation zone (IRZ) and
corresponding inner and outer shear layers. Especially,
the inner shear layer is prone to a global hydrodynamic
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instability known as the precessing vortex core (PVC).!
The PVC can be described as a single helical-shaped
coherent structure (azimuthal wavenumber of unity)
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density stratification, and thus, the flame shape whether
a PVC is present or not.> >

Several studies show that the PVC considerably
influences the dynamics of swirl flames.® ® In particular,
the PVC affects vortex-flame interaction,” flame stabil-
ization,'® and flame shape transition in connection with
flame lift-off.'""'* It was shown that a PVC arises as
soon as a V-shaped flame detaches from the burner
outlet and transitions to a detached M-flame.® "2
Moreover, it was further shown that the strong velocity
fluctuations near the burner outlet induced by the PVC
enhance the mixing of fuel and air.'>"”

The interaction of the PVC with thermoacoustic
instability is an open question and subject to several
studies. Previous studies in isothermal swirling jets sug-
gest that the PVC may modify the mean flow as such
that  axisymmetric  shear-layer instabilities are
damped,'®! which ultimately leads to a reduction of
thermoacoustic instability.zo Moreover, it was shown
by Stéhr et al.'? that a thermoacoustic instability may
suppress the PVC in a premixed swirl-stabilized flame.
Depending on the operating conditions, the strong
interaction of thermoacoustic and PVC modes was
observed to lead either to suppression or excitation of
the helical coherent structure.>’>* Besides this, the
interaction between PVC and thermoacoustic oscilla-
tions can generate additional interaction components
as well.'*?* Moreover, it is highly plausible that the
aforementioned mixing enhancement induced by the
PVC has a strong effect on the attenuation of equiva-
lence ratio fluctuations, which is a key driver for ther-
moacoustic instability. Furthermore, the mean flame
shape plays an important role for thermoacoustic
instability,”> which can be modified by the PVC.
These ideas will be further investigated in this work.

Within the analytic framework of linear stability
analysis, the PVC is interpreted as the manifestation
of a linear global hydrodynamic instability. Recent stu-
dies have shown that this linear framework not only
predicts the PVC quantitatively correct, but allows
and determines the flow regions of its origin at reacting
and non-reacting conditions."* 232 Moreover, the
mean field stability analysis allows for the prediction
of the receptivity of the global mode to open-loop actu-
ation, which is of utmost importance for the current
control approach.?®**-%3 This receptivity can be rep-
resented as a two-dimensional map revealing those
regions of the flow where external periodic actuation
has most influence on global modes.?®3** This
approach was applied to realistic swirling fuel injector
flows that give rise to a PVC.?*° The authors showed
that the receptivity of the helical PVC mode is highest
upstream of the central recirculation zone on the jet
centerline in the vicinity of the nozzle outlet and the
centerbody.

These findings have motivated a new control concept
that acts directly on the PVC. For this purpose, an actu-
ator was designed that actuates a helical PVC mode in
the region of highest receptivity. In a preliminary study
of isothermal low-Reynolds-number flows, an actuation
lance was used that allowed for excitation of mode m =1
on the jet centerline upstream of the vortex breakdown
bubble. Closed-loop control experiments confirmed the
effectiveness of the control and reproduced the receptiv-
ity determined from linear stability theory.® In a next
step, this control was modified so that it is applicable to
highly turbulent flows of swirl-stabilized combustors at
reacting conditions. For this purpose, the actuator was
implemented in a centerbody upstream the flame and
successfully tested at isothermal flow conditions.*
Finally, the actuator and sensors were advanced to be
heat resistant and successfully tested under reacting con-
ditions.>” With this newly developed technique, the idea
is either to excite the PVC through open-loop control at
conditions where is naturally suppressed or to damp the
instability through closed-loop phasor control where it is
naturally occurring. As the control applies at the most
receptive region of the instability, this control works at
minimal energy input.

A main disadvantage of the studies mentioned at the
beginning is that the PVC, as a natural instability of the
flow, cannot be controlled independently from all other
flow and flame conditions. These studies, therefore, do
not allow to conclude about the direct impact of the
PVC on the different flame mechanisms. This leads to
the motivation of this work, where flow control is
applied to directly control the PVC without altering
the remaining flow and flame dynamics. The control
applied in this work is motivated by recent findings of
linear stability theory.

The goal of the present work is to apply this control
to influence and suppress thermoacoustic instabilities
occurring in turbulent swirl flames. As the control
exploits the natural instability of flow field, it is
expected to be very effective. For this purpose, we con-
sider thermoacoustically unstable flames where the
PVC is naturally suppressed. Through open-loop actu-
ation, we excite a PVC mode in a controlled manner
and investigate its effect on thermoacoustic oscillations.

The flow and flame dynamics are measured using
high-speed PIV and OH*-chemiluminescence and ana-
lyzed using temporal Fourier analysis and spectral
POD.*® Experiments are conducted at perfectly and par-
tially premixed conditions to isolate the aforementioned
effect of the PVC on mean field modifications and
equivalence ratio fluctuations, respectively. The key
questions that are addressed in this work are:

1. Can we excite a PVC at conditions where it is nat-
urally suppressed?
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2. Can we excite a PVC in the presence of thermoa-
coustic oscillations?

3. What is the influence of PVC excitation on thermo-
acoustic oscillations?

The paper is structured as follows: the experimental test
rig is explained first, with a detailed description of the
actuator unit and the applied measurement techniques.
In the next section, we introduce the data analysis
methodology including SPOD, Fourier analysis, and
OH*-chemiluminescence-related deconvolution meth-
ods. The result section starts with the presentation
of a lock-in study conducted at isothermal conditions
that demonstrate the PVC actuation principal.
Subsequently, we consider data from a detached M-
shaped flame that naturally features a PVC and an
attached V-shaped flame that features no PVC. Both
flames are operated at thermoacoustically stable condi-
tions first, and the PVC dynamics in the flame are dis-
cussed. This leads to the core of the current work
dealing with the influence of the PVC actuation on
the thermoacoustically unstable V-flame configuration
operated at perfectly and partially premixed conditions.
The identified mechanisms and control opportunities
are summarized in the concluding section, and an out-
look toward future investigations is given.

2. Experimental setup

In this section, the experimental setup with the inte-
grated actuator is presented and explained. Moreover,
the conducted pressure and time-resolved PIV and
OH*-measurements are described including the experi-
mental procedure and applied operating conditions.

2.1. Test rig

Figure 1 shows the test rig consisting of three sections,
which are labeled in the figure with ®, @, and ®. Section
@ represents the actuation unit which is used to actuate
a helical PVC mode with an azimuthal wavenumber of
unity at the centerbody (Figure 2). The helical actu-
ation is achieved by four circumferentially arranged 5
in loudspeakers (rated power of 100 W) that are driven
with a phase shift of /2 relative to one another. The
loudspeakers, which are driven by a four channel power
amplifier, are mounted to aluminum plenums with an
orifice at the bottom to which the red tubes are con-
nected. The air column in the red tubes is actuated by
the loudspeakers at a single frequency with a constant
amplitude as indicated by the red arrows. The oscillat-
ing air exits through four centerbody outlets that have a
rectangular shape (9 mm wide and 1 mm high) and are
placed 25mm upstream of the mixing tube end. The
parabolic shape of the centerbody provides unaffected
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Figure |. Test rig with measurement technique.

PVC dynamics, which is mandatory to obtain adequate
experimental conditions.*®

Section @ includes the burner, the swirl generator
(green), the mixing tube with front plate, and the center-
body (in the center of the mixing tube). A detailed view
of the burner setup is given in Figure 2. The yellow areas
and arrows indicate the way of the fuel (natural gas)
under partially premixed operating conditions. Under
these operating conditions, the fuel is introduced down-
stream of the swirler directly into the mixing section.
To achieve perfectly premixed operating conditions,
the fuel is injected far upstream of the burner. The
hydraulic diameter of the mixing tube D, =20mm is
equal to the difference between the outlet (D =55mm)
and the centerbody diameter (Dcg = 35 mm). A radial
swirl generator (marked green in Figures 1 and 2) is used
to generate the swirling flow. This swirler consists of
movable blocks which can be adjusted relative to each
other.* In this way, the swirl number S, defined as the
ratio of the axial flux of tangential momentum to the
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Figure 2. Detailed view of the burner.

axial flux of axial momentum, can be adjusted.*® The
swirl number was set to S=0.7 in this study.

The combustion chamber (section ® in Figure 1)
consists of a cylindrical quartz glass tube with an
inner diameter of 200 mm and a length of 300 mm. It
provides optical access for the PIV and OH*-chemilu-
minescence measurements.

The origin of the coordinate system is set to the
mixing tube outlet plane on the central jet axis (com-
pare Figure 2). The x-coordinate points in axial direc-
tion, which is the main flow direction. Perpendicular to
the axial coordinate, the y-coordinate describes the
transverse or radial direction, respectively.

2.2. Experimental procedure

In this study, different operating conditions were inves-
tigated which are described by the equivalence ratio ¢
and the Reynolds number Re that is based on the
hydraulic diameter of the mixing tube outlet and the
bulk velocity at the outlet. For each operating condi-
tion, measurements were conducted with and without
actuation. In case of a reacting flow, each measurement
consists of time-resolved OH*-chemiluminescence and
simultaneous pressure measurements.

The operating conditions are summarized in Table 1.
Accordingly, a wide range of equivalence ratios were
investigated. This results in different flame shapes,
where only the detached flames at lean mixture natur-
ally feature a PVC. The corresponding PVC frequencies
are also listed in the table in real units and expressed as
a Strouhal number based on the bulk velocity and the

Table 1. Operating conditions of reacting tests.

Reynolds number Re 22000 26000 30000
Air mass flow [kg/h] 100 120 140
Natural PVC freq. [Hz] 118 138 163
Strouhal number St 0.14

Swirl number S 0.7

Equivalence ratio 0.59<¢<0.74

Premix types -
Inlet temperature [K] 293
Thermal power [kW] P 29<P<43

perfectly, partially

U, and hydraulic inlet diameter D;,. As also seen in the
previous studies, the PVC frequency shows clear
Strouhal number scaling with Sz=0.14 for all cases
considered.

The actuation frequencies selected in this study are
close to the natural PVC frequencies to achieve optimal
response by exploiting the natural instability. For the
operating conditions, where the PVC is not naturally
present (rich mixtures), actuation was applied at the
same Strouhal numbers, assuming that the instability
driving the PVC is not substantially changed. This
assumption is supported by the comparison between
reacting and non-reacting conditions, where the PVC
frequency is quite robust showing only slight changes of
less than 5%.

To quantify the actuator efficiency, it is common to
relate the momentum of the actuation jets to the
momentum of the main flow, yielding the momentum
coefficient™!

Cu = G/ (U i) M

where urys represents the RMS velocity at the actuator
outlet, which was measured with a hot-wire anemom-
eter,’® G the outlet area of the actuator, Ay, the hydrau-
lic cross section area, based on the hydraulic diameter
of the mixing tube D,, and U, the bulk velocity of the
main flow. In the present work, the maximum actuation
amplitude was set to C, ={1.19,0.83,0.49}% for
the three considered Reynolds numbers, respectively
(see Table 1). These values were chosen based on
preliminary open-loop experiments at isothermal con-
ditions, and they were found to be sufficient to generate
lock-in reliably without changing the mean flow
considerably.

2.3. Measurement techniques

Time-resolved OH*-chemiluminescence measurements
were conducted in the combustion chamber (Figure 1).
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The recorded OH*-chemiluminescence images serve as a
qualitative indicator for heat release rate and reveal the
mean and phase-averaged flame shape. For these meas-
urements, a high-speed CMOS camera (Photron SA 1.1)
in combination with a high-speed intensifier (Lambert
Instruments HICATT 25) was used to capture line-of-
sight OH*-chemiluminescence intensity snapshots. The
camera was equipped with a 308 nm band pass filter to
record only the OH*-chemiluminescence. The sampling
rate of the camera was set to 1013Hz to resolve the
dynamics related to the PVC and occurring thermoa-
coustic oscillation, which are in the range of
70-180 Hz. Within a measurement time of approxi-
mately 2.1s, 2183 snapshots with a resolution of
1024 x 1024 pixels were acquired.

In a separate experiment, time-resolved PIV meas-
urements were conducted at isothermal conditions.
Therefore, the same camera was used in connection
with a high-speed Nd:YLF diode pumped laser
(Quantronix Darwin Duo 527-100M, 527nm and
total pulse energy of 60 mJ). A light sheet optic was
used to generate an appropriated light sheet of approxi-
mately 1 mm thickness in the measurement area, which
was seeded with solid TiO, particles. The recorded par-
ticle snapshots were evaluated with a commercial PIV
software. The correlation scheme employs multigrid
refinement* with a final window size of 16x 16
pixels, window overlap of 50% in combination with
spline-based image deformation,*® and subpixel peak
fitting. In the final step, the vector fields were filtered
for outliers and interpolated from adjacent interroga-
tion windows.

The pressure was measured by miniature differential
pressure sensors (First Sensor HDOMO10 with 1000 Pa
range) which were arranged circumferentially at the
outlet of the mixing tube (compare@ in Figure 2). In
each of the two pressure measurement planes, four sen-
sors were mounted. In the mixing tube, the sensor
orientation was shifted by 20° relative to the exit chan-
nels of the actuator to avoid interference with the actu-
ation jets emanating from the centerbody. The pressure
sensors were connected to the flow via short cannula
tubes to allow for measuring pressure fluctuations as
small as 0.1 Pa. All reference pressure ports of the dif-
ferential sensors were connected to an ambient pressure
reservoir to provide a common reference pressure. The
signals were amplified with an in-house amplifier and
digitized by a 16 bit A/D converter (NI 9216) at a sam-
pling frequency of 16,384 Hz. In a previous study,’® the
accuracy of the PVC signal measured with the pressure
sensors was estimated in comparison to the time coef-
ficients of corresponding POD modes determined from
time-resolved PIV measurements. The error was esti-
mated at approximately 5% for the pressure sensor
arrangement used in the present study.

3. Data analysis methodology

In the following, the reader is briefly introduced to spa-
tial Fourier decomposition applied to the pressure
signal as well as the post-processing of the PIV and
OH*-chemiluminescence snapshots.

3.1. Spatial Fourier decomposition of the
pressure signals

The pressure signals are used to characterize the amp-
litude and frequency of the PVC in the combustion
chamber. The signals recorded by the four circumfer-
entially arranged pressure sensors are decomposed into
Fourier modes with azimuthal wavenumbers.
Accordingly, the signal of the mth azimuthal mode is
given as

4
ol = Ypiexp(aml) @

k=1

where py is the pressure signal of the kth sensor and m
the azimuthal wavenumber. With four circumferen-
tially arranged sensors, azimuthal modes with wave-
numbers m = {0,1,2} can be detected. The Fourier
coefficient p,, is complex and a function of time,
where m =1 describes the PVC dynamics, and the
instantaneous amplitude and phase of the PVC corres-
pond to the modulus and argument of p;, respectively.

3.2. Spectral proper orthogonal decomposition
of time-resolved PIV snapshots

The spectral proper orthogonal decomposition (SPOD)
is a recently introduced method to identify coherent
structures in time-resolved flow data.** It is based
on the classical proper orthogonal decomposition
(POD),* but it offers a more precise selectivity of rele-
vant modes, which provide benefits in complex turbu-
lent flows like the combustor flow investigated here.*®
In the following, only a very brief description of the
SPOD approach is given. A more detailed derivation
can be found in Sieber et al.** The procedure is exem-
plified for the crosswise velocity 7 but holds similar for
the axial velocity U. The SPOD provides a modal
decomposition of the fluctuating part of the velocity
J” that reads as follows

N
Vx, 1) = V) + V(0 = Vx) + Y a(®(x)  (3)
i=1

The fluctuating part of the velocity is separated into
a sum of spatial modes ®; and corresponding modal
coefficients «;. In order to build this basis, the spatial
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correlation among individual PIV snapshots is calcu-
lated, which results in a corresponding correlation
matrix. In contrast to the classical POD, a Gaussian
low-pass filter is applied to this correlation matrix,
which puts a temporal constraint on the POD modes.
The width of this filter is typically related to the con-
vection time of the most dominant structure, in this
case, the PVC. The temporal coeflicients ;(f), describ-
ing the dynamics of the corresponding mode, are
derived from the eigenvectors of the filtered correlation
matrix. The spatial modes ®;(x) are finally obtained
from the projection of the snapshots onto the temporal
coefficients.

3.3. Decomposition of the OH*-signal

The global heat release rate fluctuation is an important
quantity to characterize the flame response to actuation
and flow perturbations. The global heat release rate 1(¢)
is obtained by integrating the OH*-signal OH*(x, y, 1)
recorded by the camera over the entire flame area. Time
averaging of this quantity provides an estimate of the
mean global heat release rate 7 and its temporal fluctu-
ation I'(f) = I(f) — I.

To differentiate between the global heat release rate
fluctuations induced by thermoacoustic fluctuations and
by the PVC, we employ a special decomposition method.
By assuming that the mean flame is axisymmetric, the
thermoacoustic modes induce heat release fluctuations
OH"(x,y, 1) which are symmetric with respect to the
centerline of the combustor. Accordingly, the heat release
fluctuations integrated over the left (y < 0) and right
(y > 0) half of the combustion chamber are in phase.
Contrarily, the PVC as a single-helical flow structure gen-
erates heat release fluctuations which are antisymmetric
with respect to the centerline of the combustor.
Consequently, the corresponding heat release fluctu-
ations integrated over the left (y < 0) and right (y > 0)
half of the combustion chamber are 180° out of phase.
Hence, the summation of the heat release fluctuations left
(OH"(x,y < 0,1)) and right (OH"(x,y > 0,7)) of the
combustors centerline eliminates antisymmetric fluctu-
ations, which yields a representation of purely symmetric
fluctuations. Vice versa, subtraction eliminates symmetric
fluctuation, which yields a representation of purely anti-
symmetric fluctuations. The integration of these symmet-
ric and antisymmetric fluctuations over the entire flame
area provides measures for the global heat release fluctu-
ations induced by symmetric and antisymmetric modes,
I' and .

The global dynamics of the flame with respect to the
PVC and thermoacoustic oscillations are investigated
from a spectral analysis of the antisymmetric and sym-
metric global heat release rate fluctuations. Assuming
that the thermoacoustic instability is nominally

axisymmetric, the spectrum of the symmetric global
heat release rate /,(f) points out certain relevant fre-
quencies. Likewise, assuming that the PVC is antisym-
metric, the spectrum of the 7/(f) reveals the response in
the flame with respect to the PVC mode. For practical
conditions, the flame is typically not perfectly symmet-
ric. This implies that symmetric velocity fluctuations
also induce weak antisymmetric heat release rate fluc-
tuations, and antisymmetric velocity fluctuations
induce symmetric heat release rate fluctuations, as
shown by Acharya et al.¥” Accordingly, traces of the
symmetric mode may be found in the antisymmetric-
decomposed spectrum and vice versa. The power spec-
tral density (PSD) of the OH*-measurements presented
in the results chapter is normalized with the averaged
noise level to remove any offset due to different gain
settings of the used intensifier.

For a more detailed description of the flame
response, the local OH*-signal is decomposed in spatial
Fourier modes. These spatial modes are estimated by a
point-wise temporal Fourier transform of the OH*-
intensity signal, which can be expressed as

— 1= 27
OH"(x,) =23 OH*(x.y, ))exp (— 7ﬁ> 4)
=0

Evaluating this equation at the frequency of thermo-
acoustic oscillations fra or the PVC frequency fpyc
allows to investigate the corresponding structure of
the heat release rate fluctuations. The phase of the
decomposed spatial modes is adjusted to the respective
phase of the maximal global amplitude.

However, the OH*-signal recorded by the camera
represents the line-of-sight-integrated values, and an
appropriate deconvolution of the data to a planar rep-
resentation must be conducted. For the symmetric part
of the heat release rate, a classic Abel-deconvolution is
applied. For the skew symmetric fluctuations induced
by the PVC, a tomographic reconstruction technique
developed by Moeck et al.*® was employed. In contrast
to conventional tomographic reconstruction tech-
niques, this algorithm only requires one camera.
Since the PVC is rotating at a well-defined rate, a
phase-resolved sequence of projection images gained
from the time-resolved OH*-chemiluminescence snap-
shots can be used for the tomographic reconstruction.

4. Results

At the beginning of this section, a lock-in study of the
isothermal flow inside the combustion chamber is pre-
sented, which demonstrates the actuation principal on
the basis of SPOD modes and corresponding time coef-
ficients. Thereafter, two reacting cases are considered at
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thermoacoustic stable conditions. Starting with a
detached M-flame, we actuate the PVC at a frequency
slightly lower than the natural frequency, which is con-
sidered as a lock-in test. Subsequently, open-loop actu-
ation is applied to an attached V-flame to demonstrate
the possibility to excite a PVC for such flame types. In
the last and major part, the actuation system is applied
to investigate the role of the PVC in a thermoacousti-
cally unstable V-flame. By comparing experimental
results from perfectly and partially premixed flames,
the dominant interaction mechanisms between the
PVC and thermoacoustic instabilities are isolated and
discussed.

4.1. Lock-in study at isothermal conditions

The goal of lock-in studies is to demonstrate the prin-
cipal of the control method. Lock-in describes the state
where the dynamics of the PVC are entirely synchro-
nized to the actuation. To reach this synchronization,
the actuation amplitude must be increased to a critical
value, known as the lock-in amplitude. In a preliminary
investigate,® the lock-in behavior of the current setup
was evaluated based on spectra of pressure measure-
ments. Although these results already demonstrated
the working principal of the actuator, the impact of
the actuation on the mode shape could not be evalu-
ated. For this purpose, PIV measurements were con-
ducted at the lock-in state to ensure that the natural
mode shape of the PVC is not disrupted by the actu-
ation. This is of great importance to unambiguously
isolate the impact of the PVC on the combustion
properties.

Figure 3 shows the outcome of these PIV measure-
ments. The left side depicts the most energetic SPOD
mode (radial velocity component), and the right side
depicts the power spectrum of the corresponding
mode coefficient. These quantities describe the spatial
structure and the dynamic of the PVC, respectively. For
better orientation, streamlines derived from the mean
flow data are superimposed on the mode shapes. They
indicate the inner and outer recirculation zone that is
typical for the flow field of a swirl-stabilized combustor.
The first row in Figure 3 corresponds to the natural
case where the actuator is inactive. The strong fluctu-
ations of the radial velocity component at the jet axis
near the inlet indicate the periodic displacement of the
jet core which is characteristic for the PVC. The con-
vective vortex pattern in the shear layer between the
annular jet and the IRZ indicates the typical down-
stream propagating single-helical spiral of the PVC.
The spectral content of this mode is relatively sharp
with a clear peak at the natural Strouhal number.

Once the actuation is applied, an additional peak in
the spectrum appears at the actuation frequency, at

already very low amplitudes of C,, = 0.05% (see verti-
cal dashed line in Figure 3). Upon increasing the amp-
litude, this peak becomes dominant, and the natural
peak is pulled toward the actuation frequency. This is
called frequency pulling and is known as a typical lock-
in behavior.*” At the highest actuation amplitude, the
spectral peak has become extremely sharp at signifi-
cantly higher energy than the natural peak, indicating
that the PVC has entirely locked onto the external
actuation.

For all actuation amplitudes, the shape of the SPOD
modes remains very similar. A trend toward smaller
wavelengths is noticeable for higher actuation ampli-
tudes which is due to the fact the locked state corres-
ponds to a higher frequency. Moreover, for the highest
actuation amplitude, the mode shape reaches less
downstream as in those cases with lower actuation
amplitude. This is due to the fact that the strongly
forced instabilities undergo nonlinear saturation fur-
ther upstream compared to the natural case.’® These
effects are expected and of low significance. More
importantly, the mode shapes clearly show that the
actuator generates the same spatial structure as the nat-
ural PVC without causing any artifacts due to the actu-
ation. Above this, the extremely low actuation
amplitude of C,, < 0.26% required for lock-in indicates
that the actuator is indeed working in a very receptive
flow region.

The process of frequency pulling and lock-in can be
further investigated by considering the phase difference
W(r) between the decomposed pressure signal of the
PVC mode (p;) and the actuation signal (see e.g. Li
and Juniper®"). Figure 4 shows this quantity as a func-
tion of time for the different actuation amplitudes. For
the lowest actuation amplitude, the phase decay is
nearly constant indicating that the flow does not
follow the actuation at all. For higher actuation amp-
litudes, the phase decay becomes staggered, which
means that the flow follows the actuation for the
period of time where the phase difference is constant.
This kind of behavior is characteristic for frequency
pulling. As soon as the flow follows the actuation
through the entire time, the state of lock-in is reached.
This is characterized by a constant phase difference, as
it is the case for the two highest actuation amplitudes.

Last, we address the change of the mean flow field
due to the actuation. Figure 5 shows the contour of
turbulent kinetic energy (TKE = vu«?+v?) and
superimposed mean flow streamlines for the natural
and lock-in state. The blue lines indicate zero-mean
axial velocity, which indicates the region of reversed
flow of IRZ. In both cases, the major turbulent kinetic
energy is present near the burner outlet and along the
upstream region of the inner shear layer. The compari-
son of the two cases further shows that the overall
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turbulent kinetic energy is increased due to the actu-
ation, which is due to the strengthening of the PVC
fluctuations. It is quite astonishing that the actuation
at such low amplitudes causes such an immense

Figure 4. Phase differences W(t) of decomposed pressure
signal p; for different actuation amplitudes under isothermal
conditions. Re = 36,000, fpyc = 189 Hz, and fn,. = 180 Hz.

- e
b . SR

NN

Figure 5. TKE normalized with the maximal value of both plots
over the mean flow field (every second measured vector). Top
plot: natural (non-actuated) case, bottom plot: actuated case in
state of lock-in (C,, = 0.33 ) both under isothermal conditions.
Re =36,000, feyc = 189 Hz, and fn, = 180 Hz.

increase of turbulent fluctuations (16.5% increase in
depicted region). Considering the mean flow, a slight
change of the upstream stagnation point of the IRZ is
noticeable, which indicates stronger turbulent fluctu-
ations at this location. Nonetheless, the mean flow dis-
tortion due to the actuation appears negligible for all
cases considering the fact that this is the strongest actu-
ation considered.

From these preliminary results, we can state that the
actuator properly locks onto the natural PVC, and it
does not cause any artifacts in the flow dynamics.
Moreover, lock-in is achieved at very low actuation
amplitudes of C, <0.26% at comparably high
Reynolds numbers. Hence, the actuator appears to be
working very efficiently in a region of high receptivity
of the PVC.

4.2. Investigated flame shapes

In this study, two different flame shape types are inves-
tigated as depicted in Figure 6. At lean mixtures
(¢ =0.59), the flame is detached from the burner
outlet and has a characteristic mean shape resembling
the letter M, which defines its name, M-flame (left). In
richer mixtures in contrast (¢ = 0.71), the flame is dir-
ectly attached to the burner outlet and exhibits a char-
acteristic V-shape. The letter flame therefore is referred
to as V-flame in the following (see right-hand side in
Figure 6).

Previous studies™!? pointed out that a PVC is typic-
ally present in M-flames, whereas the V-flame sup-
presses the PVC. The reason for this suppression is
the very strong density stratification induced by the
attached V-flame.?

The mean flame shapes in Figure 6 reveal a
non-symmetric heat release rate distribution of the V-
flame; however, the M-flame appears less non-
symmetric. This non-symmetry plays an important role

yD T /D
0 OH'/OH;,,. 1

Figure 6. Time-averaged line-of-sight integrated OH*-chemi-
luminescence of the two basic mean flame shapes which are
investigated in this study; M-flame (Re = 30,000 and ¢ =0.59) on
the left, V-flame (Re = 30,000 and ¢ =071) on the right, both
perfectly premixed.
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in the following investigations. Possible reasons for the
asymmetry can be a non-uniform cooling of the burner
front plate or a not perfectly symmetric burner design.

4.3. Actuation of the PVC in the M-flame

Starting with the more simple case, we consider a
detached M-flame where a PVC naturally occurs.
Figure 7 shows the PVC dynamics in the M-flame mea-
sured at Reynolds number Re = 30,000 and equiva-
lence ratio ¢ = 0.59 at perfectly premixed conditions.
Figure 7(d) and (e) shows the deconvoluted mean flame
shape at non-actuated and actuated conditions. Both
resemble the typical M-shape with only minor differ-
ences in the flame shape near the wall and flame root
position, with the actuated flame appearing somewhat
more compact than the non-actuated one.

The pressure spectra shown in Figure 7(a) present
the spectral distribution of the first helical mode
(m=1). The black line represents natural conditions
with the PVC frequency fpyc at around 163 Hz.
The peak is relatively broad indicating intrinsic unsteadi-
ness of the PVC limit cycle due to background turbu-
lence. For the actuated flow (red line), the actuation
frequency is set to 160 Hz (St =0.139) with an amplitude
corresponding to C,, = 0.49%, which is above the crit-
ical lock-in amplitude. At the actuation frequency, the
peak in the actuated pressure spectrum becomes more
distinct compared to the natural case. The disappearance
of the natural PVC peak indicates the lock-in of the
reacting flow to the helical actuation.*

Figure 7(b) and (c) shows the spectral distribution of
the symmetric and antisymmetric fluctuations I, and I,
of the global heat release rate. For the non-actuated
case, no dominant peak is visible in the spectrum of
IAS that would indicate the presence of (symmetric) ther-
moacoustic modes. However, the spectrum of fa dis-
played in Figure 7(c) shows the helical PVC mode
very distinctly at the same frequency as in the pressure
spectrum. When the actuation is turned on, the
shape of the symmetric OH*-spectrum remains
unchanged, while the antisymmetric OH*-spectrum
shows a single distinct peak at the actuation frequency
analog to the pressure signals (Figure 7(c)). In connec-
tion with the pressure spectrum, which is an indicator
for the flow dynamics, it can be concluded that the
actuation achieves lock-in of the PVC mode and cor-
responding heat release rate fluctuations. In the locked
state, both pressure and OH*-spectra show a higher
PVC amplitude compared to the natural case, which
indicates a strengthening of the PVC through the
actuation.

Figure 7(f) shows the spatial structure of the oscilla-
tion induced by the PVC that can be derived from a
vertical slice through the tomographic reconstruction of
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Figure 7. Actuation of M-Flame at Re = 30,000 and ¢ =0.59,
perfectly premixed: (a) spectrum of m=1 pressure mode;
spectrum of symmetric (b) and antisymmetric (c) global heat
release rate fluctuations; deconvoluted mean OH* of non-actu-
ated (d) and actuated (e) flame; vertical (f, g) and horizontal (h, i)
view of the PVC under non-actuated and actuated conditions
gained from tomographic reconstruction.
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the OH*-signal.>**® Accordingly, the PVC acts on the
flame especially around the jet axis near the flame root
and in the zone of main heat release rate. The fluctu-
ations propagate from the central jet axis, where they
are initiated, to the combustor wall. Comparable con-
clusions can be drawn from the reconstruction at actu-
ated conditions (Figure 7(g)), with the difference that
for an actuated PVC, stronger fluctuations near the jet
axis upstream and inside the main heat release rate zone
appear. In both cases, the regions of strong fluctuations
are elongated near the wall due to interaction with the
confinement, as already reported by Moeck et al.* For
the actuated PVC, the heat release fluctuations are
stronger in this region indicating enhanced wall-flame
interaction. The horizontal slices (x/D = 0.75, compare
horizontal line in Figure 6) shown in Figure 7(h) and (i)
depict a typical shape of a single helical structure,
such as the PVC. Furthermore, these plots reveal that
the actuated PVC leads to the same flame dynamic
structure as for the natural case but the heat release is
somewhat more distinct, which is in line with the more
distinct pressure peak shown in Figure 7(a). This fur-
ther demonstrates that the applied actuation indeed
actuates a clean PVC structure without generating
any additional disturbances of the flame shape.

4.4. Actuation of the PVC in the V-flame

For the V-flame configuration, the equivalence ratio is
increased to ¢ = 0.71 while all other parameters are
kept the same as for the previously considered
M-flame configuration.

Figure 8(d) shows the deconvoluted mean OH*-
intensity illustrating the typical shape of a V-flame. In
contrast to the detached M-flame, this flame is attached
to the burner outlet. The mean heat release rate for the
actuated V-flame (Figure 8(e)) appears more compact,
with the region of maximum heat release rate being
shifted upstream and inward to the flame root.

Compared to the M-flame, the V-flame does not fea-
ture a PVC naturally, which can be seen by the absence
of a distinct peak in the decomposed pressure signals
in Figure 8(a) for the non-actuated case (black line).
The disappearance of the PVC for the V-flame is in
line with the previous investigations, showing that the
temperature field induced by the flame is suppressing
the PVC.? The OH*-spectra shown in Figure 8(b) and
(c) do not feature any prominent peak for the unforced
flame showing no indication for either thermoacoustic
instability or a PVC.

When actuation is applied, the m =1 pressure spec-
trum depicted in Figure 8(a) shows a clear peak at the
actuation frequency of 160 Hz (St=0.139,
C,, =0.49%). This peak has a similar amplitude as
for the forced M-flame configuration, providing first
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Figure 8. Actuation of V-flame at Re =30,000 and ¢ =0.71,
perfectly premixed: (a) spectrum of m= 1 pressure mode;
spectrum of symmetric (b) and antisymmetric (c) global heat
release rate fluctuations; deconvoluted mean OH* of non-actu-
ated (d) and actuated (e) flame; vertical (f) and horizontal (g) view
of the PVC under non-actuated and actuated conditions gained
from tomographic reconstruction.
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indication that the actuation is actually triggering a
PVC instability.

Considering the symmetric OH*-spectrum shown in
Figure 7(b), we observe a small peak at the actuation
amplitude. This is surprising as it is generally expected
that the antisymmetric actuation does not cause sym-
metric heat release rate fluctuations. This is most prob-
ably due to the fact that the V-flame is not perfectly
symmetric (compare Figure 6). This is in accordance
with the work by Acharya et al.,*” who found that an
axisymmetric excitation field can excite helical flame
disturbances in non-axisymmetric reacting swirling
flows and vice versa.

Considering the flame dynamic structures shown in
Figure 7(f) and (h), no descriptive reconstructed mode
can be shown for the non-actuated V-flame because it
does not feature any dominant (PVC) dynamics. For
the actuated case, the vertical slice through the recon-
structed helical structure shows a distinct mode induced
by the actuated PVC, which is present along the flame
front (Figure 8(f)). The intensity appears to be consid-
erably higher along the flame arms compared to the
region of the flame root. Obviously, the fluctuations
induced near the flame root seem to grow considerably
in spatial extend as well as intensity when traveling
downstream along the flame front. The horizontal
slice shown in Figure 8(g) shows the typical helical
shape of the emerging PVC in the region of the
flame root.

The discussion of Figure 8(e) to (g) reveals plausible
and considerable interactions between the PVC and
the V-flame, which have not been observed before in
such a controlled manner.'> However, the selection
of the actuation frequency and mode for the V-flame
is based on the hydrodynamic instability of the
M-flame, which requires some additional explanations.
A previous study by Oberleithner et al.* revealed that
the reason for the suppression of the PVC in the V-
flame is not the difference in the mean flow but the
difference in the density stratification. Accordingly, it
has been concluded that the general hydrodynamic
instability is very similar for both types of flames.
Therefore, we decided to actuate the V-flame near the
frequency of the natural PVC of the M-flame.

The validity of the current control scheme is further
supported by the similarity of the response of the
M- and V-flame to PVC actuation. The tomographic
reconstruction of the helical flame fluctuations pre-
sented in Figures 7 and 8 reveals flame fluctuations
that start to rise near the center jet axis, where the
wavemaker of the PVC is typically found and grows
along the flame front. These considerations lead to
the conclusion that the actuated structures are not
describing a helical response of the shear layers to the
actuation but an actuated PVC.

Hence, the V-flame configuration is an appropriate
case to study the direct influence of PVC on the com-
bustion processes as it can be controlled freely from
zero to large amplitudes, which is not the case for the
M-flame where the PVC occurs naturally. In the fol-
lowing, the V-flame configuration is used to study the
influence of the PVC on thermoacoustic oscillations.

4.5. Interaction of a thermoacoustic instability and
the PVC in a perfectly premixed V-flame

In the literature, different interaction mechanisms
between axisymmetric thermoacoustic and single-heli-
cal PVC modes are described. We address the following
three mechanisms in this study:

e Frederick et al.'® showed in their analysis that the
PVC leads to a thickening of the shear layers and,
hence, reduces the growth rate of the Kelvin—
Helmholtz instability, which is also known as a key
driver for thermoacoustic instability.>>

e Steinberg et al.'* associate the interaction of single
helical and thermoacoustic modes with stretching
and contraction of the PVC by the thermoacoustic
mode. They showed that the heat release fluctuations
are aligned to the interaction mode, which causes
asymmetric radially detached flame patterns.

e Moeck et al.** concluded that the rise of an inter-
action mode is caused by nonlinear processes in the
flame dynamics since they could not detect it in their
velocity measurements under self-excited conditions.

To investigate the interaction between PVC and ther-
moacoustic modes, the PVC actuation is applied to a
perfectly premixed flame featuring self-excited thermo-
acoustic oscillations at ¢ = 0.73 and Re =26,000. The
actuation frequency is set to the natural frequency of
the PVC at isothermal conditions of fpyc = 138 Hz
(St=0.14), which is close to the PVC frequency of
the M-flame at ¢ = 0.59.

In Figure 9, the spectra of the decomposed pressure
signals po and p; as well as the corresponding OH*-
signals 7; and I, are compared for non-actuated and
actuated conditions. The actuation amplitude is set to
C,, = 0.65%, which is the equivalent lock-in amplitude
of the M-flame.

The non-actuated pressure spectrum of mode m =0
shown in black in Figure 9(a) reveals a distinct peak of
the dominant thermoacoustic mode at frpo = 120 Hz
and minor peaks of the subharmonic and first harmonic
at 60 and 240 Hz. Above this, a peak is present at
180 Hz, which represents the interaction of the funda-
mental and subharmonic oscillation. The correspond-
ing spectrum of the symmetric OH*-signal in Figure
9(b) reveals the fundamental and first harmonic at the
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Figure 9. Effect of PVC actuation on thermoacoustic oscilla-
tions of V-flame at Re = 26,000, ¢ =0.73, and C,, =0.65% (per-
fectly premixed): spectra of m=0 (a) and m=1 (c) pressure
mode; spectra of symmetric (b) and antisymmetric (d) global heat
release rate fluctuations.

same frequency as the pressure spectrum. On the con-
trary, the subharmonic and its interaction with the fun-
damental frequency are not visible in the OH*-signal.
All these peaks describe the dynamics of the thermoa-
coustic oscillation under non-actuated conditions,
whereas the subharmonic oscillation and its interaction
with the fundamental are only a pressure phenomenon
indicating possibly a subharmonic resonance of the
shear layer.

The pressure spectrum of the helical mode in Figure
9(c) shows a small peak at the fundamental thermoa-
coustic frequency. This small peak is unexpected when
considering axisymmetric perturbations of an axisym-
metric flame. However, as discussed above, the mean
flame shape of the V-flame is not perfectly axisym-
metric. Therefore, the nominally axisymmetric
thermoacoustic instability may indeed cause antisym-
metric flame disturbances. Likewise, the antisymmetric
PVC may induce symmetric (global) flame
fluctuations.*’

Compared to the pressure spectrum, the spectrum of
the antisymmetric OH*-signal reveals the fundamental
frequency of the thermoacoustic mode more distinctly
together with the first harmonic (compare Figure 9(d)).
This observation suggests that the symmetric thermo-
acoustic oscillations are rather affecting the dynamics
of the antisymmetric flame component than the first
helical pressure mode.

Considering the actuated case, both the asymmetric
OH* spectrum and the m = 1 pressure spectrum show a
clear peak at the actuation frequency (Figure 9). Hence,
despite the pulsations induced by the thermoacoustic
instability, the PVC actuation is effective. The spectra
further show that the actuation of the PVC causes a
slight shift of the thermoacoustic frequencies toward
higher values. It is further noticeable that the PVC
actuation causes fluctuation in the symmetric OH*
spectrum, which is most probably due to the asym-
metry mean flame shape.

Because of the presence of two dominant modes,
PVC and thermoacoustic mode, nonlinear interactions
take place between these modes. These interactions
cause peaks in the spectrum at frequencies correspond-
ing to sums or differences between the frequency of the
PVC and the thermoacoustic mode. Such an interaction
peak is present at fgir = fpve — fra = 15 Hz and has
been observed and analyzed in other configurations as
well.'*** For example, Moeck et al.?* also found inter-
action peaks at a frequency fs.m equal to the sum of fra
and fpyc under self-excited conditions that appeared
only in the velocity signals. In the present study, such
an interaction peak is present in the pressure spectrum
of the first helical as well as in the antisymmetric OH*
spectrum at foum = fpvc +fra = 258 Hz, as indicated in
Figure 9(d). These interaction modes are mainly
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antisymmetric, which is in line with the observations of
Steinberg et al.'* and Moeck et al.>* Therefore, these
peaks are comparably larger in the antisymmetric spec-
tra in Figure 9(c) and (d). The symmetric spectra reveal
the high frequency interaction peak quite clearly; how-
ever, the low frequency interaction peak is only mar-
ginal in the spectra of the symmetric pressure and OH*
signals. This leads to the conclusion that the interaction
modes primarily have a helical and antisymmetric
structure.

In Figure 10(a) and (b), the mean shapes of the non-
actuated and actuated flames are represented.
Accordingly, the actuation shifts the zone of major
heat release rate from the flame tip to the flame root,
whereby the whole flame becomes more compact.

Figure 10(c) and (d) reveals the structure of heat
release rate fluctuations for the thermoacoustic mode
(m = 0) that were reconstructed via point-wise Fourier
transform and subsequent Abel deconvolution. The
horizontal representations (e and f) are computed by
rotating the vertical representation by 180° and extract-
ing one horizontal slice at x/D = 0.75 (compare hori-
zontal dotted line in Figure 10(c) and (d)). The vertical
representation of mode m =0 represents the axisym-
metric thermoacoustic oscillations traveling along the
flame. The contours are normalized by the maximal
absolute value, which allows for a clear representation
of the spatial shape. The vertical and corresponding
horizontal shapes are slightly changed by the actuation
due to the change of the mean flame. Accordingly, the
spots of high fluctuation amplitude around the jet
center axis in the non-actuated flame are dispersed by
the PVC actuation. This leads to a broader area of
constant fluctuation amplitude around the jet center
axis at the flame root in the actuated case. The ampli-
tude reduction of the strongly fluctuating spots is
revealed by the horizontal representations as well.
Nonetheless, in both flames, the strongest fluctuations
can be seen at the flame tip.

In Figure 10(g) and (h), vertical and horizontal slices
through the reconstructed OH*-fluctuations induced by
the PVC are given only for the actuated flame. These
plots are normalized by the maximal absolute value of
the respective slice. The vertical shape of mode m=1is
very similar to that in the actuated thermoacoustically
stable V-flame shown in Figure 8. The major difference
is the elevated fluctuation near the jet axis for the
unstable flame. A reason for that can be the difference
in the mean flame shape due to the thermoacoustic
mode. The horizontal slice in Figure 10(h looks also
very similar to the actuated stable case, revealing the
typical helical shape of the PVC. This comparison
shows that the flame response to the PVC actuation is
qualitatively the same for the thermoacoustically stable
and unstable V-flame.
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Figure 10. Effect of actuation on thermoacoustic and PVC
mode shapes of V-flame at Re =26,000 and ¢ =0.73 (perfectly
premixed): deconvoluted mean OH* of non-actuated (a) and
actuated (b) flame; thermoacoustic mode shape (Fourier mode)
under natural (c) and actuated (d) conditions; horizontal view of
thermoacoustic mode at x/D =0.75 reconstructed from Fourier
mode (e, f); vertical (g) and horizontal (h) view of the PVC under
non-actuated and actuated conditions gained from tomographic
reconstruction.

The various nonlinear interaction modes discussed
above do not explain the change of the fundamental
frequency of the thermoacoustic oscillations with
applied actuation. To gain a deeper insight into this
mechanisms, a parameter study was conducted where
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Figure 11. Spectra of global symmetric I, (black solid) and
antisymmetric 1, (red solid) OH*-signal as well as decomposed
pressure spectra of mode m =0 (po, black dotted) and mode
m=1 (p|, red dotted) for different actuation amplitudes under
thermoacoustically unstable conditions at Re =26,000, ¢ =0.73,
and fpvc = 138Hz.

the PVC actuation amplitude was step-wise increased at
a constant actuation frequency of fpyc = 138 Hz. The
results are depicted in Figure 11 showing a zoom-in of
the spectra of symmetric and anti-symmetric OH* fluc-
tuations as well as the axisymmetric and helical pres-
sure spectra for different actuation amplitudes. These
spectra are generated by applying the Welch’s over-
lapped segment averaging spectral estimation (pwelch
Matlab command) with a segment length of sampling
rate/1 s and an overlap of 50%. To allow relative com-
parisons, all values are normalized with respect to an
overall maximum value.

For the non-actuated case (top image of Figure 11),
the symmetric OH*-spectrum reveals the fundamental
thermoacoustic frequency of 120 Hz. Likewise, the
symmetric pressure spectrum shows a peak at this fre-
quency. The antisymmetric OH*-spectrum also shows
considerable spectral content at the frequency of the

thermoacoustic instability, which is due to the slight
asymmetries of the mean flame shape. These antisym-
metric flame fluctuations are two magnitudes weaker
than the symmetric flame fluctuations induced by the
thermoacoustic mode (compare Figure 9). Apparently,
the antisymmetric flame fluctuations are not strong
enough to generate a prominent peak at this frequency
in the normalized pressure spectrum of p; in Figure 11.

For the actuated cases (rows two to six of Figure 11),
the actuation frequency fpyc is set to 138 Hz, and the
actuation amplitude is step-wise increased. Comparing
the amplitudes of the symmetric OH*-signal with the
pressure signal of mode m =0 for increasing actuation
amplitude, different trends can be seen. Whereas the
amplitude of the OH*-signal has its maximum at a
low actuation amplitude, the pressure signal reaches
its maximum at the highest actuation amplitude.
Therefore, no clear trend can be drawn regarding the
impact of the PVC actuation on the amplitude of the
thermoacoustic mode. What is more obvious is the shift
of the frequency of the thermoacoustic oscillations to
higher values. From the natural frequency of 120 Hz, a
gradual frequency shift toward 124 Hz takes place with
increasing actuation amplitude. These results suggest
that the actuation of the PVC has only minor effect
on the amplitude of the thermoacoustic oscillations,
but it shows an impact on the frequency of the thermo-
acoustic oscillations. Consequently, the results show as
well that the thermoacoustic feedback cycle is not dis-
rupted by the PVC, as the amplitude of the thermoa-
coustic oscillations is not affected considerably by the
PVC actuation.

Frederick et al.”” have proposed a mechanism that
describes how the PVC may suppress the thermoacoustic
oscillations in perfectly premixed flames. The authors
suggest that the coherent Reynolds stresses induced by
the PVC may lead to a thickening of the shear layers that
is sufficient to significantly reduce the growth rates of the
axisymmetric Kelvin—Helmholtz instability, which in
turn leads to the reduction of the thermoacoustic oscil-
lations.>>* To investigate on this mechanism, Figure 12
shows the the amplitude of thermoacoustic pressure
oscillations against the actuation amplitude for a
number of different actuation frequencies. To estimate
the amplitude of the thermoacoustic oscillations (TA
amplitude), the corresponding PSD spectrum of the
decomposed pressure signal of mode m =0 is integrated
around the related peak. Finally, the amplitude is equal
to the square root of this integral value. The resulting
data shows only a very slight dependence of these two
quantities, which demonstrates that the proposed mech-
anism is irrelevant for this flame. Moreover, a detailed
investigation of the mean flow field measured at isother-
mal conditions shows that the shear layer thickness is
only marginally affected by the PVC actuation (not
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Figure 12. Amplitudes of thermoacoustic mode from inte-
grated pressure spectrum for different actuation frequencies
(frvc) and amplitudes (C,,) at Re =26,000 and ¢ =0.73-0.74.

shown here for brevity). Hence we conclude that
the modification of the mean flow field through the
PVC and the indirect influence on the axisymmetric
Kelvin—Helmholtz instability are of minor importance
for this flame.

Figure 11, however, shows a clear impact of the PVC
actuation on the frequency of the thermoacoustic
mode. A possible reason for this behavior might be
the change of the convective time-delays within the
thermoacoustic feedback loop, which might be induced
by the change of the mean flame shape. The thermo-
acoustic feedback cycle is driven by the phase difference
between the heat release rate perturbations and the
pressure perturbations in the combustion chamber.
These perturbations in itself are driven by the time
delay between velocity perturbations at the combustor
inlet and subsequent heat release rate perturbations in
the flame downstream. As shown by Silva and
Polifke,> this time delay may directly influence the
thermoacoustic frequency.

To further investigate this mechanism, the mean
flame position is estimated by the center of mass
(COM) of one half of the deconvoluted mean OH*-
field, reading®

_ JOH*(z, y)zdx _ JOH*(z, y)ydy

COM, =—=— ; x —
J OH*(z, y)dx JOH*(z, y)dy
%)
The estimated flame positions are shown in

Figure 13(a) for different actuation frequencies and
amplitudes. It illustrates the gradual movement of the
mean flame in the (x,y)-plane induced by the PVC actu-
ation. The data shows a clear trend for all considered
actuation frequencies. Accordingly, the flame moves
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Figure 13. (a) Axial (x) and radial (y) coordinates of estimated
flame position for different actuation frequencies (fpyc) and
amplitudes (C,) at Re =26,000 and ¢ = 0.73-0.74; (b) regression
of flame distance dy = /x* + y? over thermoacoustic frequency
fra for the same operating conditions as in (a).

upstream toward the burner outlet and in radial direc-
tion toward the center axis for increasing actuation
amplitude. This results in a more compact flame with
major heat release near the center axis, as shown for
example in Figure 10. A possible reason for the
upstream movement of the flame is an increase in tur-
bulent burning velocity induced by the PVC actuation.
Due to the actuation, the turbulent fluctuations are
enhanced near the burner outlet, which increases the
wrinkling of the flame front (compare Figure 5).
The enhanced wrinkling increases the turbulent burning
velocity, which causes flame anchoring more upstream
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inside the inner shear layer where the increased burning
velocity matches the higher flow velocity.

The coordinates of the flame position in the (x,y)-
plane are condensed to one quantity by calculating the
distance of the flame djy = \/x? + )2 to the center of the
burner outlet. This flame distance is plotted over
the corresponding dominating thermoacoustic oscilla-
tion frequency fra in Figure 13(b) for a number of
actuation frequencies and amplitudes. The figure
reveals a clear correlation between the thermoacoustic
frequency and the flame distance as well as the PVC
amplitude.

The distance of the flame (Figure 13(b)) can be used
to estimate the convective time delay from the burner
front plate to the flame using a bulk velocity estimated
at 11.57m/s based on the geometry and the fuel-air
mass flow. Accordingly, the time delay t is equal to
5.2 ms for the non-actuated flame. Together with the
period duration of 7 = 1/fra, the ratio is t/T=0.63.
For the actuated cases with maximal actuation ampli-
tude, the ratio /T is estimated at 0.47 equivalently to
the non-actuated case. The difference of 16% causes a
significant phase shift between the heat release and
pressure fluctuations which may lead to a slight
increase of the frequency of the thermoacoustic oscilla-
tions.>>>7 The very recent work by Silva and Polifke’’
provides a theoretical framework, which supports the
increase in frequency induced by decreasing time delay.

In conclusion, the results show that the PVC actu-
ation causes a more compact flame with the major heat
release shifted upstream. This leads to smaller convect-
ive time-lags and changes in the phase relation between
heat release rate and pressure in a way that higher
thermoacoustic frequencies occur.

4.6. Interaction of a thermoacoustic instability and
the PVC in a partially premixed V-flame

In this section, we consider a partially premixed V-
shaped flame where fuel injection is applied at the swir-
ler. For this condition, equivalence ratio fluctuations
generated at the fuel injector may play a key role in
the thermoacoustic feedback cycle.’® ® The global par-
ameters are set to Re=22,000 and ¢ = 0.71. As in the
section before, we first consider the spectra of global
OH* and decomposed pressure signal for the non-
actuated flame and the flame actuated at an amplitude
of C,, = 0.94 % (Figure 14). Without actuation, a dom-
inant oscillation is clearly detected in the global OH*-
and symmetric pressure spectrum, as shown in Figure
14(a) and (b), with the fundamental frequency at
f=76.5Hz. The strength of the peak and the existence
of higher harmonics indicate a strong thermoacoustic
oscillation. Similar to the perfectly premixed flames
discussed earlier, the partially premixed flame is not
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Figure 14. Effect of PVC actuation on thermoacoustic oscilla-
tions of V-flame at Re =22,000, ¢ =0.7| (partially premixed):
spectrum of m =0 (a) and m= | (c) pressure mode; spectrum of
symmetric (b) and antisymmetric (d) global heat release rate
fluctuations.
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perfectly symmetric, which explains the distinct contri-
bution of the thermoacoustic oscillation at 76.5 and
153Hz to the antisymmetric OH®*-signal shown in
Figure 14(d). However, compared to the symmetric
OH*-spectrum, the amplitudes are two magnitudes
lower. The pressure spectrum of mode m =1 contains
only marginal peaks at the thermoacoustic frequencies,
which can be seen in Figure 14(c). This underlines the
fact that the antisymmetric heat release fluctuations
found at the non-actuated state are not driven by a
PVC, but by the asymmetry of the flame shape.

Considering the actuated case next (red lines in
Figure 14), the m=1 pressure spectrum does not
show any peaks at the frequencies of the thermoacous-
tic oscillation. Instead, the PVC actuation generates a
dominant peak at the corresponding frequency of
118 Hz and a considerable lower one at the first
harmonic at 236Hz. Accordingly, the actuation
achieves to excite a PVC even at the presence of
strong thermoacoustic oscillations that occur under
partially premixed conditions.

The most remarkable effect of the actuation is the
considerable suppression of the thermoacoustic oscilla-
tions. This can be seen in the spectrum of the symmetric
(global) OH*-spectrum, and the pressure spectrum of
the symmetric mode is shown in Figure 14(a) and (b).
Accordingly, the oscillations are reduced by one order
of magnitude at the fundamental frequency, and the
peaks at the higher harmonics are completely sup-
pressed. The m =0 pressure spectrum further shows a
new peak at the PVC frequency at a similar amplitude
as the remaining thermoacoustic oscillation. This slight
coupling between the m=1 actuation and the m=0
oscillations is most likely due to the asymmetries of
the mean flame shape.

The PVC may also influence the thermoacoustic
mode through a direct nonlinear interaction, as
shown earlier for the perfectly premixed flame.
Corresponding characteristic peaks in the antisymmet-
ric OH*-spectrum shown in Figure 14(d) are indicative
for such interactions, such as the low-frequency inter-
action mode oscillates at fyr = 43 Hz, which corres-
ponds exactly to the difference of the actuation
frequency fpyc = 118 Hz and the frequency of the ther-
moacoustic mode fra =75 Hz. The high-frequency
mode at fg,m = 193 Hz corresponds to the sum of the
two frequencies. It is considerably lower than for per-
fectly premixed flames due to the strong damping of the
thermoacoustic mode (compare Figure 9(d)).

The mean flame shape of the non-actuated and actu-
ated cases is shown in Figure 15(a) and (b), respectively.
The actuated flame exhibits distinct differences to the
non-actuated flame especially concerning the concen-
trated shape of the zone of maximum OH*-intensity
at the flame root. This difference was already observed
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Figure 15. Effect of actuation on thermoacoustic and PVC
mode shapes of V-flame at Re =22,000 and ¢ =0.71 (partially
premixed): deconvoluted mean OH* of non-actuated (a) and
actuated (b) flame; thermoacoustic mode shape (Fourier mode)
under natural (c) and actuated (d) conditions; horizontal view of
thermoacoustic mode at x/D =0.75 reconstructed from Fourier
mode (e, f); vertical (g) and horizontal (h) view of the PVC under
non-actuated and actuated conditions gained from tomographic
reconstruction.

for perfectly premixed conditions (Figure 8(b)); how-
ever, at technically premixed conditions, the flame
appears even more compact, indicating better mixing
at the flame root due to the PVC actuation.
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Figure 15(c) shows the symmetric heat release rate
fluctuations at the fundamental frequency of the ther-
moacoustic oscillation. It indicates that the flame
expands downstream in axial and radial direction
during one cycle before it collapses and moves
upstream again to repeat this periodic motion. For
the actuated case, the spatial expansion and the ampli-
tude of the thermoacoustic mode are clearly reduced
(Figure 15(d)). This implies that the considerably
damped remaining heat release rate fluctuations for
the actuated case are now occurring near the jet
center and no longer at the flame tip. The horizontal
slices shown in Figure 15(e) and (f) underline this effect.

Finally, Figure 15(g) and (h) shows the recon-
structed heat release rate induced by the PVC actu-
ation. The comparison with the perfectly premixed
case shown in Figure 10(g) and (h) reveals that the
applied actuation is indeed causing a PVC-like struc-
ture in the flame response. Slight differences appear
which can be attributed to the higher compactness of
the flame at partially premixed conditions.

The present experiment reveals a significant suppres-
sion of the thermoacoustic instability through the actu-
ation of the PVC. An explanation for the suppression
of the thermoacoustic instability by the PVC is given by
Frederick et al.,'® as described above. However, our
experiments conducted at perfectly premixed condi-
tions for different actuation frequencies and amplitudes
(compare Figures 10 and 11) do not support this

explanation. Since the burner is operated at partially
premixed conditions, one possible reason for the sup-
pression is the improved mixing caused by the PVC
actuation upstream of the flame. The improved
mixing reduces the equivalence ratio fluctuations gen-
erated at the fuel injectors, which are known to be key
driver for thermoacoustic oscillations.’®*® As for the
perfectly premixed flame, the change in convective time
delay due to the upstream shift of the flame may influ-
ence the thermoacoustic oscillation in the partially pre-
mixed flame as well. For the partially premixed case,
the time delay t is considerably higher because the
mixing tube length from the injector to the burner
outlet needs to be induced as well. Therefore, the time
delay is estimated at 15.9 ms for the non-actuated case,
which leads to /T =1.22, because of the low frequency
of the thermoacoustic oscillations at 76.5 Hz. For the
actuated case with maximal damping of the thermoa-
coustic oscillation, the time delay is reduced to 14.2 ms
and /T =1.09. The difference of 13% is comparable to
that for the perfectly premixed flame. However, differ-
ent from the perfectly premixed flame, the PVC actu-
ation appears to induce a phase shift between heat
release and pressure that is sufficient to push the
system dynamics from an unstable state to more
stable thermoacoustic conditions. Although the relative
difference in time delay is equal for the perfectly pre-
mixed case, the amplitude of the thermoacoustic oscil-
lations is not affected considerably. Therefore, we
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conclude that the impact of the PVC actuation on the
equivalence ratio fluctuations is crucial as well to
understand the damping mechanism for the partially
premixed flame.

To further investigate the damping of the thermoa-
coustic oscillations through the PVC actuation, a par-
ameter study is conducted, where the actuation
amplitude was stepwise increased. Figure 16 shows
the amplitude of the thermoacoustic oscillation as
derived from the symmetric pressure and OH*-spectra
versus the PVC actuation amplitude. The correspond-
ing mean flame shapes are also shown revealing the
movement of the major heat release zone from the
flame arms to the flame root, which ends up in a
more compact flame. Strikingly, even for the lowest
actuation amplitude of , a reduction of the thermoa-
coustic pulsations of 40% is achieved. Upon further
increasing the actuation amplitude, the thermoacoustic
oscillations are suppressed by 80% at C, > 0.69%,
which is the most remarkable effect of the actuation.
The pressure and OH*-fluctuation curve are almost
identical for all actuation amplitudes, which underline
the overall suppression of pressure and flame fluctu-
ations induced by thermoacoustic oscillations.

5. Conclusion

This study investigates the impact of helical open-loop
PVC excitation on thermoacoustically stable and
unstable swirl-stabilized flames as well as the isothermal
combustor flow. The considered reacting cases are ther-
moacoustically stable and unstable attached V-flames
without a natural PVC and stable detached M-flames
with naturally occurring PVC.

The present control scheme is motivated by the
recent findings from linear stability theory that deter-
mine that the PVC is a self-excited global mode. The
actuator was implemented into a centerbody upstream
of the flame where theory predicts the highest receptiv-
ity of the PVC mode to open-loop control. In this
manner, the actuation neatly locks to the natural
instability of the flow and allows for a very effective
control and minimal input energy.

The isothermal combustor flow was studied first
regarding the impact of the PVC actuation on mode
shape and flow dynamics. This was done using SPOD
of time-resolved PIV snapshots. The corresponding
lock-in study serves as a proof of concept for the
active flow control principal.

For the reacting cases, time-resolved OH*-chemilumi-
nescence measurements were conducted. The symmetric
and antisymmetric global OH*-fluctuation signal was
Fourier decomposed and analyzed in conjunction with
pressure measurements which allows for characterization
of interactions between the hydrodynamic modes and the

flame. To reveal the impact of the PVC actuation on the
flame shape, the deconvoluted mean and Fourier-decom-
posed OH* distributions were considered.

From this experimental study, the following conclu-
sions can be drawn:

1. The current control unit allows for direct actuation
of the PVC at extremely low actuation amplitudes
(less than 1% of total momentum). This is possible
because the actuation is applied at the most sensitive
region of the PVC as determined from stability
theory.

2. Lock-in experiments show that the actuation is
acting directly on the PVC instability, without quali-
tatively altering the flow dynamics.

3. The control works equally effective for reacting and
non-reacting conditions.

4. The PVC can be excited even in flames subjected to
severe thermoacoustic oscillations.

5. At perfectly premixed conditions, the PVC actuation
causes no relevant reduction of the amplitude of the
thermoacoustic oscillations. However, nonlinear
interactions are observable that manifest in non-
symmetric heat release.

6. PVC actuation enhances turbulence at the flame root
region, which causes more compact and more
upstream located flames. This leads to a slight
increase of the frequency of the thermoacoustic
instability due to a reduction of convective time
lags and change in the phase relation between heat
and pressure fluctuations.’>>’

7. For partially premixed flames, the PVC actuation
causes a reduction of the thermoacoustic instability
of 80% at an actuation amplitude of less than 1%.
Current experiments suggest that the suppression is
caused by the mitigation of equivalence ratio fluctu-
ations due to the PVC-enhanced mixing.

The observations regarding PVC-induced flame
dynamics reported here are in line with the current lit-
erature, which shows that this flow control system is
capable to generate proper experimental conditions to
study flame dynamics and mode interaction in a con-
trolled manner. Moreover, the open-loop control of the
M-flame configuration and the SPOD-based lock-in
study of the isothermal flow shows that the actuator
does not trigger any undesired modes other than the
naturally occurring PVC. This is highly important for
the results of the present and follow-up studies that
focus on the exclusive influence of the PVC on the com-
bustion processes. From an application point of view,
this study shows that by exploiting the PVC instability,
thermoacoustic oscillations can be effectively sup-
pressed for some flames using very little input energy.
In conjunction with other studies cited above, it
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appears that the PVC can be employed as a beneficial
tool in reacting flows, provided that it is controlled
properly. In real gas turbines, where pressure and vel-
ocity are significantly higher as in a lab-scale burner,
the share of the PVC on the total energy is expected not
to change. As a consequence, very strong PVC-induced
fluctuation could occur. Therefore, efficient PVC con-
trol in real gas turbines can play an important role to
maintain stability of the system.
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2.3 Publication Il

Phase-Opposition Control of the Precessing Vortex
Core in Turbulent Swirl Flames for Investigation of
Mixing and Flame Stability

Whereas open-loop control was applied in the previous publications 2.1 and 2.2, the ac-
tuator is integrated into a closed-loop to realize phase-opposition control as shown in
the work presented in this section. The strategy in this study is to continuously suppress
the natural PVC in a detached M-flame such that the impact of the PVC on the flow and
the flame can be investigated.

First, a proof of concept is shown for the phase-opposition control, which requires only
a very low average actuation amplitude to damp the PVC considerably. This allows to
study the impact of the (damped) PVC on the mean flow field and coherent as well as
stochastic velocity fluctuations. Based on these findings, conclusions are drawn about
the PVC impact on small- and large-scale mixing. Furthermore, the effects of the PVC on
the mean flame shape, the density field and the flame dynamics are characterized.
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Phase-Opposition Control of the
Precessing Vortex Core in
Turbulent Swirl Flames for
Investigation of Mixing and
Flame Stability

The precessing vortex core (PVC) is a helically shaped coherent flow structure that
occurs in reacting and nonreacting swirling flows undergoing vortex breakdown. In
swirl-stabilized combustors, the PVC affects important phenomena, such as turbulent
mixing and thermoacoustic oscillations. In this work, a closed-loop flow control system is
developed, which allows for phase-opposition control of the PVC, to achieve appropriate
conditions to systematically investigate the influence of the PVC on turbulent flames. The
control consists of a zero-net-mass-flux actuator placed in the mixing section of the com-
bustor, where the PVC is most receptive to periodic forcing. The flow control system is
characterized from pressure measurements and particle image velocimetry (PIV) and the
impact on flame dynamics is extracted from OH*-chemiluminescence measurements. The
data reveal that the PVC amplitude is considerably suppressed by the phase-opposition
control without changing the overall characteristics of flow and flame, which is crucial to
study the exclusive effect of the PVC on combustion processes. Moreover, the control
allows the PVC amplitude to be adjusted gradually to investigate the PVC impact on tur-
bulent mixing and flame dynamics. It is revealed that the PVC-induced flow fluctuations
mainly affect the large-scale mixing, while the small scale mixing remains unchanged.
This is because the suppression of the PVC allows other modes to become more dominant
and the overall turbulent kinetic energy (TKE) budget remains unchanged. The destabili-
zation of other modes, such as the axisymmetric mode, may have some implications on
thermoacoustic instability. [DOI: 10.1115/1.4044469]

Keywords: active flow control, closed-loop control, precessing vortex core, spectral
proper orthogonal decomposition (SPOD), swirl-stabilized combustion, particle image

velocimetry (PIV)

Introduction

In modern gas turbines, strongly swirling jets emanating into
the combustion chamber are applied to achieve flame stabiliza-
tion. Due to the resulting radial and axial pressure gradients, a
reversed flow region and an upstream stagnation point can arise
near the central jet axis. This phenomenon is called vortex break-
down and leads to the formation of an inner recirculation zone
(IRZ) and corresponding inner and outer shear layers. In this flow
configuration, a variety of flow velocities is present, which allow
for aerodynamic flame stabilization. However, especially the inner
shear layer is prone to global hydrodynamic instabilities like the
precessing vortex core (PVC) [1]. The PVC can be described as a
helical-shaped coherent structure, which meanders downstream
along the IRZ and occurs typically in isothermal swirling jets [2].
In reacting swirling flows, the PVC can exist as long as the density
stratification, induced by, e.g., a premixed swirl-stabilized flame,
is mild enough near the upstream stagnation point. This is the
case, for example, in lean flames, which are detached from the
burner outlet [3-5].

Recent studies pointed out that the PVC influences flame
dynamics regarding flame shape transition in connection with
flame lift-off [6,7]. In this context, it was shown that an arising
thermoacoustic instability is capable to suppress the PVC [7].
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Above this, strong interaction between thermoacoustic modes and
the PVC either suppress or excite helical coherent structures
depending on the operating conditions [8,9]. Recent studies of iso-
thermal swirling jets show that the growth rate of thermoacoustic
modes decreases when the degree of swirl is very high [10,11].
Further studies need to clarify whether the PVC or other flow fea-
tures are responsible for flow modifications, which lead to this
reduction of growth rate. Nonetheless, interaction of hydrody-
namic modes induced by thermoacoustic oscillations and the PVC
can give rise to interaction modes [12]. Due to the strong precess-
ing motion near the burner outlet, the mixing of fuel and air can
be enhanced by the PVC, which stabilizes the flame [13—-15]. In a
previous study, very distinct damping of thermoacoustic oscilla-
tions was achieved by open loop actuation of the PVC under par-
tially premixed conditions, suggesting that this damping is caused
by improved mixing of fuel and air upstream of the flame [16].
According to the mentioned studies, the PVC plays an impor-
tant role for several combustion properties such as flame dynam-
ics, flame shape transition, and mixing. Therefore, further
research is needed to understand the role of the PVC under react-
ing conditions in a quantitative manner and to use the PVC to
improve the combustion systems. To investigate the PVC in the
context of swirl-stabilized flames, appropriate experimental condi-
tions are needed that enable to control the PVC. A corresponding
active flow control system needs to target the PVC as direct as
possible without altering the flow configuration fundamentally.
Based on linear hydrodynamic stability analysis (LSA), an
appropriated flow control approach can be designed. With the

NOVEMBER 2019, Vol. 141 / 111008-1
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help of LSA, the origin of the PVC can be described and under-
stood thoroughly in reacting [3-5,17] and nonreacting swirling
flows [18-23]. In this context, the spatial distribution of the sensi-
tivity of hydrodynamic modes to active flow control can be
derived from adjoint modes [20-22,24]. Accordingly, the best
location for periodic forcing to control the PVC can be estimated.
Equipped with the knowledge about the origin and the sensitivity
of the PVC, an effective active flow control scheme can be real-
ized, which acts purely on the PVC without altering other struc-
tures significantly [25].

In previous studies, we presented open-loop experiments using
an active flow control system implemented in a swirl combustor,
and we demonstrated its good performance at isothermal and
reacting conditions [16,26]. This flow control system was
designed based on studies of the sensitivity of the PVC in compa-
rable configurations and is used in this work as well [20-22,24].
The actuation of this system is placed in the region of highest sen-
sitivity, which allows for direct and very efficient control of the
PVC.

In this study, the active flow control system is used in a closed-
loop manner. The goal is to suppress the PVC through phase-
opposition control. We therefore investigate an operating
condition where the PVC is naturally present. With this experi-
mental arrangement, the impact of the PVC on the flow field and
the flame is investigated.

This paper is structured as follows: At the beginning of this
study, the experimental setup is explained including descriptions
of the closed-loop control approach, the test rig, and the applied
measurement techniques. The time-resolved data for this study
were obtained using synchronized OH*-chemiluminescence and
particle image velocimetry (PIV) measurements as well as pres-
sure measurements. To analyze these data properly, different anal-
ysis methods were utilized, such as spectral proper orthogonal
decomposition (SPOD) [27,28], spatial Fourier decomposition,
and quantitative light sheet method (QLS) [29]. These methods
are shortly introduced in the second part of this paper. In the result
section, the mean flow field and the turbulent kinetic energy
(TKE) are analyzed under natural and controlled operating condi-
tions. Moreover, the spatial structure and the dynamics of the
PVC are analyzed with the help of SPOD, which allows to quan-
tify the effectiveness of the phase-opposition control. Thereafter,
the coherent and stochastic fluctuations are quantified under con-
trolled and uncontrolled conditions, applying a triple decomposi-
tion [30]. Furthermore, the length scale of the smallest eddies in
the flow fields is estimated based on an approximation by Taylor
[31]. The result section ends with an investigation of the impact of
the (un)controlled PVC on flame shape and flame dynamics.
Above this, the density distribution is estimated based on PIV
snapshots for different control gains. This study closes with con-
clusions, which detail future experiments and the opportunities of
this flow control facility, which is unique to our knowledge.

Experimental Setup

In this section, the experimental setup is presented including
the test rig, the actuator and the applied time-resolved pressure,
and synchronized PIV and OH*-measurements. Moreover, the
working principle of the phase-opposition flow control system is
explained.

Test Rig. Figure 1 shows the test rig, which consists of three
sections labeled with @, @, and @. The air flows from bottom to
top.

Section @ represents the actuation unit, which allows the actua-
tion of a helical PVC mode at the centerbody with an azimuthal
wavenumber of unity. The helical actuation is achieved by four
circumferentially arranged S5in. loudspeakers (rated power of
100 W) that are driven with a phase-shift of n/2 relative to one
another. The loudspeakers, which are mounted on aluminum ple-
nums, drive the actuator as indicated by the double arrows. The
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oscillation of the loudspeaker membranes induces an oscillating
motion of the air column inside the actuation channels, which cre-
ates actuation jets at the channel outlets as indicated by the arrows
at the tip of the centerbody. The oscillating air emanates through
four outlets that have a rectangular shape (9 mm wide and 1 mm
high). The outlets are placed 25 mm upstream of the downstream
end of the mixing tube (more details in Ref. [26]). This
loudspeaker-based actuator works on the zero-net-mass-flux prin-
cipal, which means that no additional air mass flow is added by
the actuation.

(D actuation-unit (2) burner (3)quartz glass
including including swirl combustion
4 radially generator, chamber
arranged 5" mixing tube and
loudspeakers centerbody
exhaust tube
N !
!
!
hot gas
flow
—F
ICMOS-OH* A : N PIV
camera 7 ; S, camera

Nd:YLF-laser

I
® |

, (fuel-)air flow \
X

(@) pressure sensors (© centerbody with actuation

(® mixing tube (@) swirl generator

Fig. 1 Sketch of test rig with experimental setup and detailed
zoom view of the burner
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Section @ includes the burner, the swirl generator, the mixing
tube with front plate, and the centerbody (in the center of the mix-
ing tube). The air enters through the radial swirl generator consist-
ing of movable blocks, which can be adjusted relative to each
other. This allows to adjust the swirl number, defined as the ratio
of the axial flux of tangential momentum to the axial flux of axial
momentum, in a wide range [32]. The swirl number was set to 0.7
in this study. The arrows and channels at the upstream part of the
burner indicate the routing of the fuel (natural gas) under partially
premixed operating conditions. Under these operating conditions,
the fuel is injected downstream of the swirler directly into the
mixing section so that partially premixed conditions are present at
the mixing tube outlet. The hydraulic diameter of the mixing tube
D;,=20mm is equal to the difference between the outlet
(D =55mm) and the centerbody diameter (Dcg =35 mm). More
details about the burner and actuator design can be found in
Ref. [16].

The combustion chamber (section @ in Fig. 1) consists of a
cylindrical quartz glass tube with an inner diameter of 200 mm
and a length of 300 mm. This glass tube provides optical access
for the PIV and OH*-chemiluminescence measurements.

The operating conditions for the experiments, presented below
in the result section, are kept constant as presented in Table 1.

Measurement Techniques. Time-resolved synchronized OH*-
chemiluminescence and planar PIV measurements are conducted
in the combustion chamber (Fig. 1) to investigate the influence of
phase-opposition control on the flow and the flame at the same
time. Additionally, the time-resolved dynamic pressure is meas-
ured simultaneously. The pressure signal is well suited to charac-
terize the amplitude, the frequency, and the phase of the PVC
[26]. Therefore, this signal serves as input signal for the closed-
loop controller. In the following, technical properties of the afore-
mentioned measurement techniques are given.

The OH*-chemiluminescence measurements are utilized as a
qualitative indicator for the heat release rate and the mean flame
shape. For these measurements, a high-speed CMOS camera (Pho-
tron (Tokyo, Japan) SA 1.1) is used in combination with a high-
speed intensifier (Lambert Instruments (Groningen, Netherlands)
HiCATT 25) to capture line-of-sight OH*-chemiluminescence
intensity snapshots. The camera was equipped with a 308 nm
bandpass filter to record nothing but the OH*-chemiluminescence.
The sampling rate of the camera is set to 2 kHz, which is sufficient
to resolve the dynamics of the PVC (in the range of 100-200 Hz).
Within a measurement time of approximately 2.7s, 5459 snap-
shots with a resolution of 1024 x 1024 pixels are acquired.

A second high-speed CMOS camera (Photron SA 1.1), without
intensifier, was used in connection with a synchronized high-
speed Nd:YLF diode pumped laser (Quantronix (Hamden, CT)
Darwin Duo 527-100M, 527 nm and total pulse energy of 60 mJ)
for time-resolved PIV measurements at the same time. The
employed light sheet optic generated an appropriated light sheet
of approximately 1 mm thickness in the measurement area. The
reacting flow was seeded with solid TiO, particles, which are
resistant to the high flame temperatures. The acquired particle
snapshots were evaluated with a commercial PIV software (PIV-
TEC GmbH (Gottingen, Germany) PIVview). The correlation

Table 1 Operating conditions of the reacting tests
Reynolds number Re 36,000
Air mass flow (kg/h) 170
Natural PVC frequency (Hz) 196
Strouhal number St 0.14
Swirl number 0.7
Equivalence ratio 0.58
Premix type Partially premixed
Inlet temperature (K) 298
Thermal power (kW) 49
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scheme uses multigrid refinement [33] with a final window size of
16 x 16 pixels, window overlap of 50% in combination with
spline-based image deformation [34], and subpixel peak fitting. At
the end, the data were filtered for outliers and interpolated from
adjacent interrogation windows.

The pressure is measured by miniature differential pressure sen-
sors (First Sensor AG (Berlin, Germany) HDOMO10 with 1000 Pa
range). The sensors are arranged circumferentially at the outlet of
the mixing tube (compare gray arrows in mixing tube and front
plate in Fig. 1) to resolve the hydrodynamic properties of the
PVC. In each of the two pressure measurement planes, four sen-
sors are mounted. In the mixing tube, the sensor orientation is
shifted by 20 deg relative to the exit channels of the actuator to
avoid interference with the actuation jets emanating from the cen-
terbody slits. The pressure sensors are connected to the flow via
short cannula tubes. The setup allows to measure pressure fluctua-
tions as small as 0.1 Pa. All reference pressure ports of the differ-
ential sensors are connected to an ambient pressure reservoir,
which provides a common reference pressure. The signals are
amplified with an in-house amplifier and digitized by a 16 bit A/D
converter (National Instruments NI 9216, Austin, TX) at a sam-
pling frequency of 16,384 Hz.

Phase-Opposition Flow Control Approach. In this study,
phase-opposition flow control is applied to suppress the PVC
gradually with the goal to investigate the impact of the PVC on
flow and flame dynamics. To achieve such a suppression, the
closed-loop control system works on the principal of phasor con-
trol, which is considered as opposition control with respect to the
amplitude of the PVC. This means that the actuation aims to
reduce the PVC amplitude at phases where it is effective [35].
Accordingly, the controller estimates an actuation signal, which
allows the actuator to counteract against the PVC in a way that
the PVC oscillation is suppressed.

The PVC observed here can be considered as an oscillatory
single-helical flow structure. Therefore, a pressure sensor array,
which is arranged circumferentially around the flow, is well suited
to capture amplitude, flow phase, and frequency of the PVC. With
these quantities, an appropriated actuation signal can be calcu-
lated. As depicted in the control scheme in Fig. 2, the control loop
starts with four input signal (P1 to P4), which are provided by the
pressure sensor array inside the mixing tube. The input signals are
fed into a real-time controller board (dSpace DS1103 PPC con-
troller board with 1 GHz CPU and 16-bit A/D and D/A convert-
ers), where the state of the PVC (amplitude A and phase ¢) is
estimated in real-time using a siIMULINK model. The state estima-
tion is conducted by an extended Kalman filter (EKF) based on
the pressure difference signals x =P1—P3 and y = P2—P4,
which are provided by the four pressure sensors. As the single hel-
ical oscillation of the PVC is considered as a harmonic oscillator,

PVC signal

actuation signal F

F W b’W *‘ w hi‘ W Extended
l’f f "'I.H ”, f h’l g'g‘ Kalman Filter
o1 Lt

sensor signals

Fig. 2 Applied closed-loop scheme for phase-opposition flow
control
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the input signals x and y can be used to describe the PVC oscilla-
tion in the polar complex plane according to Euler’s formula
e'® = cos ¢ + isin¢ = y + ix. Within the EKF, the PVC is mod-
eled as a harmonic oscillator as well. As another input value, the
expected natural PVC frequency fey, is fed into the EKF, which
serves as an initial guess value. This value is kept constant and
was estimated under uncontrolled conditions. With the filtered

output signals xrand yg, the current amplitude A = /xfz- + yfz- and

phase ¢ = arctan(x¢/y¢) of the PVC are calculated. Together with
the estimated PVC frequency @y and the adjustable control param-
eters gain G and phase shift A¢, the (counteracting) actuation sig-
nal F =G -Asin(wst + ¢ + Ap) is composed. This signal is
given to the actuator, which counteracts against the PVC inside
the mixing tube. The resulting change of the PVC dynamics is
captured by the sensor array, which closes the control loop.

Gain G and phase shift A¢ are the most important tuning
parameters in this control approach, which need to be well
adjusted to obtain a distinct control effect. The gain is necessary
to adjust the actuator momentum to the incoming main flow. The
additional phase shift addresses the spatial separation of actuator
and sensor, the length of the cannula tubes connecting sensors and
flow as well as systematic estimation errors of the controller.
Moreover, it decides whether the actuator is actuating in-phase
with the PVC (PVC amplification) or counteracting against it
(out-of-phase). The out-of-phase actuation is applied to achieve
the phase-opposition flow control, which is investigated in this
study.

The influence of the phase shift on the normalized PVC energy
is presented in Fig. 3 for the case of an isothermal combustor flow
at a Reynolds number of Re =36,000 and a fixed controller gain
of G=1.6. The PVC energy Ppyc is estimated by the integral of
the power spectral density of the decomposed pressure signal p;
over a representative frequency band (compare Eq. (2)). Depend-
ing on the phase shift, the PVC is either amplified by 25% in case
of in-phase actuation (A¢ = —0.67) or damped by 52% for coun-
teracting out-of-phase actuation (A¢ =—1.6m). These results
clearly demonstrate that the present closed-loop controller is
working effectively in a highly turbulent swirling flow. The com-
paratively low amplification observed can be explained by a non-
linear saturation of the PVC amplitude, which prevents further
PVC amplification.

In order to compare different actuators and control concepts, it
is common to relate the momentum of the actuation jets to the
main flow to evaluate the actuation magnitude. This relation can
be expressed by a momentum coefficient [36]

2 2
Cuu = Aatirs/(UgAn) &
12 ' R O ]
*H
11 & ]
X X,
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% 1t =
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a \ ¥
0081 \ =
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a 07r \ 1 k!
1
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\
05 WV, 1 1 1
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Fig. 3 PVC energy normalized by the energy of the natural
case in dependence on the phase shift A¢. Isothermal combus-
tor flow with Re = 36,000 and G = 1.6.
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where urys represents the root-mean-square (RMS) velocity at
the actuator outlet, measured with a hot-wire [26], A, the outlet
area of the actuator, A, the hydraulic cross-sectional area, based
on the hydraulic diameter of the mixing tube D,, and U the bulk
velocity of the main flow. The momentum coefficient describes a
nondimensional quantity that quantifies the effectiveness of the
control regardless of the technical specifications of the actuator.
Therefore, the momentum coefficient is used in the following to
quantify the actuation magnitude. In contrast to open-loop
actuation [16], where the actuation signal has constant amplitude,
the closed-loop signal is temporally varying due to the time-
dependent estimated amplitude A. Moreover, the phase-opposition
control is applied in the region of highest sensitivity, which allows
for very effective flow control due to high response on small
actuation momentum. Accordingly, the RMS velocity ugrms i
considerably low, which results in extremely low C, values. For
the following investigations of reacting flows, C,, varies between
0.025 and 0.055%.

Data Analysis Methodology

In the following, the reader is briefly introduced to the spatial
Fourier decomposition applied to the pressure signal as well as the
postprocessing of the PIV and OH*-chemiluminescence
snapshots.

Spatial Fourier Decomposition of the Pressure Signals. The
pressure signals recorded by the four circumferentially arranged
pressure sensors are decomposed into Fourier modes with
azimuthal wavenumbers. Accordingly, the signal of the mth
azimuthal mode can be expressed as

Plt) = im(r)exp(fznm §)

k=1

(@)

where py is the pressure signal of the kth sensor and m is the azi-
muthal wavenumber. The Fourier coefficient p,, is complex and a
function of time, where m =1 describes the PVC dynamics. This
function is used to calculate the instantaneous amplitude and
phase of the PVC, which correspond to the modulus and argument
of p,, respectively.

Spectral Proper Orthogonal Decomposition of Time-
Resolved Particle Image Velocimetry Snapshots. The SPOD is
a recently developed method to extract coherent structures from
time-resolved flow field data [27]. It is based on the classical
proper orthogonal decomposition (POD) [37], but it offers a more
precise selectivity. This provides benefits especially in complex
turbulent flows like reacting combustor flows investigated in this
study [28]. Subsequently, only a very brief overview of the SPOD
approach is given. A more detailed derivation can be found in
Sieber et al. [27]. The procedure is exemplified for the crosswise
velocity v, but can be applied similarly for the axial velocity u.
The SPOD provides a modal decomposition of the fluctuating part
of the velocity V' that reads as follows:

v(x,1) = V(x) +V(x,1) = ¥(x) + Zai(t)Qi(x) ©)

The fluctuations are separated into a sum of spatial modes ®; and
corresponding modal time-dependent coefficients a;. In order to
build this basis, the spatial correlation among individual PIV
snapshots is calculated. This results in a corresponding correlation
matrix, which is filtered by a Gaussian low-pass filter in contrast
to the classical POD. The filtering helps to extract mode shape
and dynamics of coherent flow structures, such as the PVC, more
precisely. The temporal coefficients «;(7) describe the dynamics
of the corresponding mode and are derived from the eigenvectors
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of the filtered correlation matrix. From a projection of the snap-
shots onto the temporal coefficients, the spatial modes ®;(x) are
finally obtained.

Decomposition of OH*-Chemiluminescence Data. The global
heat release rate /(7) is a time-dependent quantity, which charac-
terizes the dynamical flame response to flow perturbations
induced, e.g., by an actuator. It is simply obtained by integrating
the recorded two-dimensional OH*-signal OH"(x,y,r) over the
entire flame area. The time-averaged global heat release rate I can
be used to calculate temporal fluctuations /’(¢) = I(t) — I. These
fluctuations are well suited to analyze the impact of the flow
actuation on the flame dynamics.

The single-helical shape of the PVC (m=1) generates heat
release fluctuations, which are antisymmetric with respect to the
centerline of the combustor. Accordingly, heat release fluctuations
integrated over the left (y < 0) and right (y > 0) half of the com-
bustion chamber are 180 deg out of phase. Therefore, antisymmet-
ric fluctuations are eliminated by summation of the heat release
fluctuations left (I'(x,y < 0,7)) and right (I'(x,y > 0,7)) of the
combustors’ centerline. The result of this summation is a repre-
sentation of the purely symmetric fluctuations. Vice versa, sub-
traction eliminates symmetric fluctuations, which provides a
representation of purely antisymmetric fluctuations.

An integration of the obtained antisymmetric fluctuations over
the entire flame area can be used as a measure /!, for the global
heat release fluctuations induced by antisymmetric modes, such as
the PVC.

Estimation of Density Distribution Based on Particle Image
Velocimetry Snapshots (Quantitative Light Sheet). The flame
within the flow field induces a density gradient where cold fresh
gas collides with the hot burnt gas in the inner and the outer recir-
culation zones. Due to the very different fluid densities in regions
of cold and hot gas, the seeding particle concentration is very dif-
ferent as well. Accordingly, scattered light from seeding particles,
which is recorded within PIV measurements, can be used to esti-
mate the density distribution inside the combustion chamber by a
technique called QLS [29,38,39]. The scattered light intensity S is
estimated by subtracting a background image Sp without seeding
from the recorded scattered light intensity Sy.c. The resulting dif-
ference signal is normalized by a time-averaged reference image
Sref Of uniform particle distribution, which is obtained from the
uniformly seeded isothermal combustor flow. This reference
image corrects for inhomogeneities of the light sheet, so that

Srec(x7Y7 t) - SB(xv }')

S(x’y’t) - Sref(xvy) - SB(x>y)

“

Within the scope of this study, additional influences on the
detected light intensity such as multiple scattering or light extinc-
tion [39] are neglected.

The light intensity and the particle concentration of the refer-
ence image with uniform particle concentration C,. are further
employed to receive the actual particle concentration

C(x,y,1)

Cref (5)

= S(x,y,1)

Since an accurate quantification of the number of particles is prac-
tically impossible, the QLS technique only provides relative infor-
mation to a known quantity. Therefore, C,.¢ can be set to unity. As
mentioned above, the particle concentration depends on the fluid
density p. Within this framework, a linear influence can be
assumed leading to the relation

Journal of Engineering for Gas Turbines and Power

C (*,)
Cref

ﬁ(xvy) = Pref (6)
including the uniform density p.¢ of the isothermal reference

image [29].

Results

This section deals with the results of this study starting with the
flow field features and dynamics for different control gains at a
fixed phase shift of A¢ = 1.34x. This fixed phase shift was esti-
mated empirically to realize phase-opposition control to suppress
the PVC gradually. Subsequently, different flow scales are dis-
cussed in terms of mixing for the same control parameters. At the
end of this section, the impact of the control on the flame shape,
the dynamics and the density distribution is investigated. All the
results presented here are derived from measurements under react-
ing conditions, at the operating conditions presented in Table 1.

Flow Structures and Dynamics. In the top row of Fig. 4, the
natural, nonactuated flow field is depicted by streamlines (lines
with arrows) and isolines (bold lines), where the axial velocity is
zero. This zero-axial-velocity isoline indicates the IRZ around the
central jet axis, which forms an upstream stagnation point at
x/D =0.3. The normalized TKE contour shows major turbulent
fluctuations inside the inner shear layer, where the PVC is present.
In the middle column of Fig. 4, the SPOD mode shape of the
transverse velocity component represents the single-helical struc-
ture of the PVC, which is the dominating coherent structure in the
SPOD spectrum. The normalized PSD (Power Spectral Density)
spectrum of the corresponding time-coefficient apyc describes the
PVC dynamics in the right column. It indicates that the PVC is
oscillating at a distinct frequency corresponding to a Strouhal
number St=0.14.

The middle row of Fig. 4 shows the results for applied flow
control using a relatively low gain. The mean flow indicates a
slight movement of the IRZ in upstream direction. The qualitative
TKE distribution remains nearly unchanged; although, the TKE
magnitude is slightly reduced. Regarding the SPOD mode shape,
no clear deviations from the natural shape can be observed. How-
ever, the PSD spectrum of apyc shows that the frequency peak is
reduced by almost 50%, which already indicates a considerable
suppression of the PVC. In contrast to that, the PVC energy Epyc,
which is equal to the integral of the PSD spectrum over the pre-
sented frequency band, is almost the same as in the natural case.
This means that the dynamics of the PVC have been distributed
over a wider spectral band, but the frequency peak is strongly
reduced.

The bottom row shows the impact of the phase-opposition flow
control applied at high gain (C,=0.045%). The PSD spectrum
reveals that the spectral content is distributed over a range of fre-
quencies without a distinct peak. Consequently, the PVC dynamic
has lost its periodic oscillatory nature due to the considerable sup-
pression of the coherent structure. The suppression of the PVC is
underlined by the reduced TKE magnitude in the inner shear layer
and the normalized PVC energy of Epyc=0.66. Compared to the
cases described above, the IRZ moves clearly upstream and the
upstream stagnation point moves outside the measurement plane.
This effect is induced by the suppressed stirring movement of the
PVC, which allows the IRZ to propagate further upstream.
According to our knowledge, such a direct effect of the PVC on
the mean flow field was not observed before.

The effect of the controller on the flow dynamics is further
investigated by considering the instantaneous dynamics of the
SPOD coefficients. The two coefficients that make up the PVC
dynamic are used to obtain the amplitude Apyc = \/a? + a3 and
the phase @pyc = arctan(a;, az) of the PVC, where the phase is
further used to get an instantaneous frequency from its time
derivative
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Fig. 4 Mean flow field with TKE, normalized with the spatial maximum value of the three cases, in the left col-
umn. SPOD modes of transversal velocity component describing the PVC in middle column. Normalized PSD
spectrum of corresponding time coefficients. Top row: natural case, middle row: low gain (C, = 0.03%), bottom
row: high gain (C, = 0.045%).

Ld(pﬂ (7)  The instantaneous frequency for different cases is shown in Fig. 5,
2n  dt where the selected cases can be directly compared to Fig. 4. The
average amplitude at different frequencies given at the right of
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Fig. 5 Instantaneous PVC frequency (spectrogram) for the different gains presented in Fig. 4. The normalized
frequency (Strouhal number) is given for a part of the measured time-series. The color and size of the markers
indicate the instantaneous PVC amplitude (Apyc) where the actual amplitude is arbitrary but all plots share the
same axis limits and color-map range. The bar plots in the right column show the average amplitude at each
Strouhal number (amplitude weighted probability density function).
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Fig. 6 Peak of the PVC as a function of actuator momentum
coefficient, normalized by the uncontrolled value derived from
corresponding SPOD spectra

Fig. 5 is a rotated representation of the PSD from Fig. 4.
The alternative representation similarly shows an increased varia-
tion of the frequency if the PVC amplitude is reduced and a shift
toward lower frequencies. However, in contrast to the PSD, there
is still a distinct peak for the high gain case.

The difference between the two representations of the average
spectral content can be explained by phase jumps of the PVC due
to intermittent suppression. The controller causes a bias of the
phase shifts toward half period due to the phase-opposition con-
trol. However, the Fourier analysis assumes a continuous progress
of the phase and repeated phase shifts of half a period result in a
splitting of the spectral peak. In contrast, the instantaneous fre-
quency is not affected by these phase jumps.

The time series given in Fig. 5 shows that the suppression of
the PVC due to the controller does not happen as a permanent
reduction of the amplitude but as intermittent suppression. With
increasing gain, there are more prolonged periods where there is

no PVC present. The rekindle of the PVC is interpreted such that
the controller loses track of the PVC phase at low amplitudes,
which allows the PVC to recover. An improved control law might
help to avoid this behavior, but the observed behavior can also be
an effect of stochastic turbulent variations of the incoming flow
that will also evade advanced controllers.

In general, these results demonstrate that the control system is
addressing the PVC directly without altering its spatial structure.
Above this, the closed-loop control system is capable to achieve a
considerable suppression of the PVC in a highly turbulent reacting
flow.

The PVC suppression is further underlined by Fig. 6, which
shows the normalized PVC peak from PSD spectra of the SPOD
coefficients apyc as a function of controller gain. Accordingly, the
peak amplitude is suppressed down to 15% of the natural case at
around C,=0.045. For the highest C,, the PVC peak starts to
grow again because the actuation amplitude overshoots the opti-
mal value.

Flow Fluctuations and Mixing. In this subsection, the influ-
ence of the PVC on small-scale and large-scale mixing is investi-
gated based on the analysis of the change in the flow fluctuations
and the length scales due to the suppression of the PVC. There-
fore, the flow fluctuations v are further decomposed to show the
impact of the PVC on dominating coherent v and other stochastic
fluctuations v/ = v/ — v. This triple decomposition was introduced
by Hussain and Reynolds [30] and can be written for the transver-
sal velocity component as

v(x,1) = V(x) + vV (x,1) = V(x) + V(x, 1) + V" (x,1) ®)
The coherent fluctuations v are reconstructed by the summation of
the eight most energetic SPOD modes multiplied with their corre-
sponding time-coefficients, which contain the major portion of
turbulent coherent energy.

Moreover, an estimation of the average small-scale eddy size is
made based on the definition of the Taylor microscale [31]

norm. RMS(7) 105 norm. RMS(v") 105 norm. A 1
(k natural
C,=0
Epyc = 1.00
TKE4 = 1.00
G=1
C, =0.03%
Epyc =0.97
TKE, = 0.98
G=1.6
C, =0.045%
Epyc = 0.66
TKE; = 1.02

Fig. 7 Distribution of coherent fluctuations RMS(v), stochastic fluctuation RMS(v") and small-scale eddy size
4, normalized with respect to the maximum value among all cases. Top row: uncontrolled case, middle row: low
controller gain (C, = 0.03%), bottom row: high controller gain (C, = 0.045%).
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The resolution of the estimated measure A is limited by the spatial
resolution of the underlying PIV measurements of Ax=
Ay =2.55 mm. Therefore, this measure describes the size of those
small-scale eddies, which are resolved by the underlying PIV
measurements.

The quantities v, v", and A are depicted in Fig. 7 for uncon-
trolled conditions (top row), as well as for the low (middle row)
and high actuation gain (bottom row) cases, as normalized RMS
and time-mean values. The operating and control conditions
are the same as in the previous section (“Flow Structures and
Dynamics”). As shown in the left column, coherent fluctuations
are mainly present in the inner shear layer, where the PVC exists.
In case of low actuation magnitude, a minor suppression near the
burner outlet occurs. However, a very considerable suppression of
the coherent fluctuations is visible for the high actuation case
because of the suppressed PVC. This is in line with the reduction
of TKE in Fig. 4. In contrast, the fluctuations induced by remain-
ing coherent and stochastic fluctuations (v’) appear to grow
slightly as the PVC is damped. A reason for that can be the change
in the mean flow and the corresponding variation of the shear
layers. Moreover, other modes, which are convectively unstable,
may gain more energy due to the suppressed PVC, as the global
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TKE remains nearly constant. These arising modes may influence
the formation of thermoacoustic modes, which needs to be clari-
fied in future studies. Contrarily to the change in coherent and sto-
chastic fluctuations, the small-scale eddy size changes only
slightly from natural to controlled cases. This is plausible, because
the small-scale eddy size is directly related to the dissipation rate,
which is a function of the turbulent kinetic energy [31], which
does not change considerably between the different actuation
gains (compare different normalized total TKE values TKE,y in
Fig. 7).

The current results suggest some conclusions regarding the
mixing enhancement induced by the PVC, which was often
observed in previous investigations [13—15]. The current data
show that through the reduction of the PVC, other large-scale fluc-
tuations kick in and the total turbulent kinetic energy remains
approximately unchanged. This is due to the wide range of con-
vective instabilities that are present in swirling flows [40]. Conse-
quently, the mixing through small-scale turbulence is not strongly
affected through a suppression (or excitation) of the PVC. Accord-
ingly, mixing induced by the PVC can be considered as a purely
large-scale effect coming from the precessing motion. Due to the
asymmetric nature of the PVC, its mixing may break the symme-
try of equivalence ratio fluctuations, which might be a very effec-
tive mechanism to suppress thermoacoustic instability of partially
premixed flames.

Flame Shape and Flame Dynamics. On the left-hand side of
Fig. 8, the mean flame shape determined from Abel-deconvoluted

norm. PSD spectrum of I,
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Fig. 8 Mean flame shape OH"/OH_, ..« With dashed isoline of OH"/OH;,,, = 0.3, mean density distribution p/p ., with
dashed isoline of p/p,, =0.75 ana PSD spectrum of antisymmetric OH*-fluctuations I, normalized by its mean noise
level. Top row: natural case, middle row: low gain (C, = 0.03%), bottom row: high gain (C, = 0.045%).

111008-8 / Vol. 141, NOVEMBER 2019

Transactions of the ASME



CHAPTER 2. PUBLICATIONS

OH*-chemiluminescence signals is presented for the natural (top
row) and the controlled (middle and bottom row) cases. All cases
show a M-shaped flame that is detached from the combustor inlet.
‘When the control is applied, the heat release rate maximum is
considerably reduced. Furthermore, the flame is elongated, which
agrees with the changes in the mean flow and the corresponding
shear layers (compare the dashed isolines). Therefore, the flame
appears dispersed when the PVC is suppressed.

The density distribution of the natural case can be seen in the
top frame of the middle column. It is almost constant in radial
direction for x/D < 0.5 around the burner outlet (compare the
dashed isoline). In the LSA investigation of Oberleithner et al.
[3], it was shown that such a density distribution does not have a
stabilizing effect on the PVC, meaning that the globally unstable
nature of the PVC is maintained.

The changes in the mean flow, induced by the PVC suppression,
influence the density distribution as well (compare the dashed iso-
lines). As mentioned before, the control reduces the precessing
motion of the recirculation bubble, and hence, the recirculating
flow reaches further upstream. Furthermore, due to the suppressed
precessing motion near the burner outlet, the flame is stabilized
regarding its radial deflection, as well. Therefore, hot burnt gas is
transported far more upstream inside the elongated IRZ. This leads
to a radial density gradient near the burner outlet, which has a
destabilizing influence on the PVC. This is plausible since the
closed-loop control effectively shifts the PVC dynamics from its
stable limit-cycle toward its unstable fixed point.

The right column in Fig. 8 shows the PSD spectra of the anti-
symmetric OH*-fluctuations /,. In the top spectrum, a distinct
peak at 196 Hz is visible, which is equal to the natural frequency
of the PVC. With the phase-opposition control applied, these
PVC-induced flame fluctuations are gradually suppressed, as
shown in the remaining two spectra. The peak at the PVC fre-
quency in the depicted spectra is reduced by 8% for the low and
by 59% for the high actuation gain. This declining trend is similar
to the decrease of the PVC energy (Epyc).

Conclusion

This study presents a novel phase-opposition flow control sys-
tem, which is capable of controlling the PVC under harsh operat-
ing conditions including a high level of turbulence and
combustion. The applied control approach is based on results
from linear hydrodynamic stability analysis (LSA), which predict
the central flow region within the combustor inlet as the most sen-
sitive region for flow control. Therefore, the actuator is imple-
mented in a centerbody geometry, which allows to control the
PVC very accurately using low actuation amplitudes of less than
C, < 0.05%. This work shows that the flow control system can be
used to reduce the PVC amplitude significantly (85% peak reduc-
tion, 34% PVC energy reduction) without changing the overall
characteristics of the flow and the flame. Accordingly, this system
can be used as an experimental tool to investigate the influence of
the PVC on important flow and combustion properties.

Within this work, this unique experimental arrangement was
used to investigate the influence of the PVC on the mean flow and
flame as well as flow and flame dynamics and mixing. The follow-
ing conclusions can be drawn based on these results:

(1) The suppression of the PVC leads to an elongation of the
mean central recirculation bubble due to the reduced pre-
cession motion of its upstream stagnation point. Possible
influence on flame flashback is to be investigated further.

(2) The suppression of the PVC has no significant influence on
small-scale mixing.

(3) The PVC mainly affects large-scale mixing, which is effec-
tively controlled by the current technique.

(4) The suppression of the PVC allows other coherent fluctua-
tions to arise, which impacts the large-scale mixing and
may influence the growth of thermoacoustic modes.
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(5) The PVC-induced flame fluctuations are suppressed by the
control, which changes the mean flame shape as well.

These results point out some important topics, which need to be
further investigated in future studies. First, there is the influence
of the PVC on mixing. To study mixing processes in detail, appro-
priated measurement techniques, such as acetone-PLIF (Planar
Laser Induced Fluorescence), need to be applied [14]. It is
assumed that thermoacoustic oscillations may be damped by an
actuated PVC because of mixing enhancement under partially pre-
mixed conditions [16]. In this connection, the interaction of PVC
modes (m=1) and axisymmetric thermoacoustic modes (m =0)
needs to be investigated. Regarding this, LSA tools need to be
employed to clarify whether the PVC really changes the mean
flow in a way that the growth rate of thermoacoustic modes can be
influenced considerably [10,11]. With the help of the flow control
system presented here, a new experimental opportunity is avail-
able to tackle open question regarding these phenomena.
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Nomenclature

a; = SPOD coefficients
C,, = momentum coefficient of actuator
D = nozzle diameter
Dj, = hydraulic diameter of the nozzle
Epyc = PVC energy from SPOD time-coefficient spectrum
G = control gain
I = global heat release rate
IRZ = inner recirculation zone
LSA = linear hydrodynamic stability analysis
m = azimuthal mode number
Ppyc = PVC energy from p, pressure spectrum
PIV = particle image velocimetry
PVC = precessing vortex core
QLS = quantitative light sheet method
Re = Reynolds number
RMS = root-mean-square
SPOD = spectral proper orthogonal decomposition
St = Strouhal number
TKE = turbulent kinetic energy
(u,v) = axial and radial velocity component
(x,y) = axial and radial coordinate
A¢ = control phase shift
A = microscale
@; = spatial mode
= fluid density
(.)' = fluctuating part
(.)" = stochastic part

G = time average
(+) = coherent part
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2.4 Publication IV

Impact of the Precessing Vortex Core on NO, Emissions
in Premixed Swirl-Stabilized Flames - an Experimental
Study

The previous publications (2.1to 2.3) have demonstrated that the actuation system allows
to actuate a PVC such that its role in the context of swirl-stabilized combustion can be
studied in a targeted way. To further investigate the impact of the PVC on important
combustion properties, the actuation system is rearranged such that open-loop control
of the PVC can be conducted in the following studies. A very important property of a
combustion system is the amount of NOy emissions during the combustion process. The
role of the PVC in context of NOy emissions of different types of premixed swirl-stabilized
flames is elucidated based on the results shown in this publication.

At the beginning, a detailed characterization of the flow dynamics is given which are
related to the changes in the mean flame shape with growing PVC actuation amplitude.
The derived findings are utilized in connection with phase-resolved depictions of the PVC-
induced vortex-flame interaction to explain the observed increase of the NOy emission
level with growing PVC amplitude.
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Impact of the Precessing Vortex
Core on NO, Emissions in
Premixed Swirl-Stabilized
Flames—An Experimental Study

The reduction of NO, emissions remains a driving factor in the design process of swirl-
stabilized combustion systems, to meet legislative restrictions. In reacting swirl flows,
hydrodynamic coherent structures, such as periodic large-scale vortices in the shear
layer, induce zones with increased heat release rate fluctuations in connection with tem-
perature peaks, which lead to an increase of NO, emissions. Such large-scale vortices
can be induced by the helical coherent structure known as precessing vortex core (PVC),
which influences the flow and flame dynamics under certain operating conditions. We
developed an active flow control system, allowing for a targeted actuation of the PVC, to
investigate its impact on combustion properties such as NO, emissions. In this work, a
perfectly premixed flame, which slightly damps the PVC, is studied in detail. Since the
PVC is slightly damped, it can be precisely excited by means of open-loop flow control.
In connection with time-resolved OH*-chemiluminescence and stereoscopic particle
image velocimetry (PIV) measurements, the impact of the actuated PVC on flow and
flame dynamics is characterized. It turns out that the PVC rolls up the inner shear layer,
which results in an interaction of PVC-induced vortices and flame. This interaction con-
siderably influences the measured level of NO, emissions, which grows with increasing
PVC amplitude in a perfectly premixed flame. Nearly, the same increase is measured for
partially premixed conditions. This is in contrast to previous studies, where the PVC is
assumed to reduce the NO, emissions due to vortex-enhanced mixing.

Acoustics,

Technische Universitdt Berlin,
Miiller-Breslau-Str. 8,

Berlin 10623, Germany

Introduction

The application of highly turbulent swirl flows in modern gas
turbine combustors provides many advantages such as low pollu-
tant emissions or aerodynamic flame stabilization. Due to the phe-
nomenon called vortex breakdown, favorable flow conditions are
provided for the flame to stabilize in the combustor flow field.
This flow field typically contains a central recirculation zone
(CRZ) around the central axis of the combustor, which generates
an inner shear layer (ISL) between jet and CRZ. Moreover, an
outer shear layer (OSL) is formed due to the jump in cross section
from nozzle outlet to the combustion chamber. Previous studies
have shown that, in particular, the ISL may give rise to a global
hydrodynamic instability referred to as precessing vortex core
(PVO) [1,2]. In the flow field, the PVC manifests as a single
helical-shaped coherent structure of oscillatory nature, which
meanders downstream along the ISL [3]. Strictly speaking, a pre-
cessing vortex core solely describes the azimuthal motion of the
rotation center of the swirl flow, which may be synchronized with
the single-helical coherent structure in the ISL and OSL. How-
ever, in the course of this work, the term “PVC” represents the
global mode combining both features, which can be seen as cause
and effect.

Generally, a PVC is present in isothermal swirling jets, whereas
in reacting flows, the density stratification, defined by the flame
shape, decides whether a PVC occurs or not [4-6]. Although the
PVC may be damped by the flame, its characteristic stability
mode can be resolved by means of linear hydrodynamic stability
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analysis (LSA). Apart from the spatial shape of this mode, the
LSA is capable of quantitatively predicting the characteristic fre-
quency and growth rate of coherent structures such as the PVC
[1,4-14]. Furthermore, this type of mean field stability analysis
can be used to estimate the receptivity of the global stability
mode, describing the PVC, to open-loop forcing. In this context,
the spatial distribution of the receptivity reveals where in the flow
field the influence of external periodic actuation on the global
mode is maximal [9,10,13—16]. Global stability analyses con-
ducted on industrial swirling flow injectors showed that the recep-
tivity of the PVC mode reaches its maximum upstream of the
CRZ close to the nozzle outlet [10,11].

Based on the information provided by LSA, a novel active flow
control concept has been developed, which targets direct control
of the PVC [14,17]. This idea has been transferred from a generic
isothermal experimental setup, to a swirl stabilized burner to
investigate reacting flows [18]. The corresponding actuator
achieves direct control by applying single-helical actuation in the
region of highest receptivity. It has been shown that this actuation
system is capable of exciting a PVC at operating conditions where
it is naturally damped by the flame [19]. Moreover, this actuation
system manages to suppress the PVC by means of closed-loop
control in a reacting flow, where a PVC is naturally present [20].
Since the actuation acts in the region of highest receptivity of the
PVC, only a minimal energy input is required to obtain a maximal
control effect.

With the successfully tested active flow control system at hand,
the PVC can be controlled independently from all other flame and
flow conditions, which facilitates unique experimental opportuni-
ties. This allows for investigation of the exclusive impact of the
PVC on combustion properties such as thermoacoustic oscillation
[19], flame dynamics [20], or pollutant emissions.
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Previous studies have shown that the strong velocity fluctua-
tions induced by the PVC near the burner outlet enhance the mix-
ing of fuel and air [21-23]. Therefore, it appears plausible that the
PVC can be helpful in reducing the amount of pollutant emissions
such as NOy because a better mixing of fuel and air typically
results in lower emissions [24,25]. However, a different aspect
accompanied by a dominant coherent structure such as the PVC,
needs to be considered, which is vortex—flame interaction [26].
The vortices induced by the PVC may roll up the flame such that
fresh reactants are transported into burning regions, while the
flame surface area is increased rapidly, leading to a heat release
pulse [27,28]. When these vortices collide with the combustion
chamber wall, a rapid burning of the entrained reactants produces
a heat release pulse. The NOy emission level depends exponen-
tially on temperature. Therefore, a small increase in temperature,
resulting from a vortex-induced heat release pulse, may lead to an
increase in the NOy emission level. This effect can be observed in
thermoacoustically unstable flames, where the Kelvin—Helmholtz-
instability lead to roll-up of symmetric vortices [29,30].

The goal of this study is to investigate the impact of the PVC
on the NOy emission level in perfectly and partially premixed
flames. With the novel active flow control system, appropriate
experimental conditions are generated for a targeted characteriza-
tion of the PVC impact on the flame and the flow field, which is
related to the estimated NOy emissions. For this purpose, stable
premixed flames are studied in which the PVC is naturally
damped. This allows for excitation of the PVC at arbitrary ampli-
tude with open-loop control such that a parameter study can be
conducted from which the PVC impact can be deduced.

The flow and flame dynamics are measured by means of time-
resolved stereoscopic particle image velocimetry (PIV) and OH*-
chemiluminescence imaging. To analyze the corresponding
snapshots, spectral proper orthogonal decomposition (SPOD)
[31], the finite time Lyapunov exponent (FTLE), [32] and tomo-
graphic reconstruction [33] are applied. Above this, the NOy emis-
sions are measured in the exhaust gas.

The structure of this work is the following: At first, the experi-
mental setup is presented, which includes descriptions of the flow
control actuation system as well as the applied measurement tech-
niques. Secondly, the applied advanced data analysis methodolo-
gies are briefly introduced. The following results chapter starts
with the characterization of the reacting baseline flow, which is
investigated further regarding flow and flame response to PVC
actuation. This highlights the capability of the actuation system to
excite a PVC in a flame, where it is naturally damped. By exciting
a PVC with different amplitudes, its effects on the mean flow and
flame are revealed. Subsequently, the interaction of PVC-induced
vortices with the flame is characterized, which explains the corre-
lation between PVC amplitude and NO, emissions. The identified
mechanisms and effects are summarized in the concluding
section.

Experimental Setup

In this section, design and functionality of the burner and actua-
tor are described in connection with the applied measurement
techniques. Moreover, the applied operating conditions are given.

Burner and Actuator Design. The experiments in this study
are conducted with a combustor (see Fig. 1), which consists of a
radial swirl generator, a silica glass combustion chamber (200 mm
diameter, 300 mm length) and an annular mixing tube duct (outlet
diameter D =55 mm). Inside the mixing tube, a centerbody (maxi-
mal diameter Dcg = 35 mm) is mounted, which yields a hydraulic
diameter of D, = D — D¢ = 20 mm. The parabolic shape of the
centerbody avoids the formation of an unwanted wake flow, which
may interfere with mode dynamics in the combustion chamber
flow field. The pressure sensors, which are arranged circumferen-
tially around the burner outlet, serve as monitoring system for the
PVC and other dynamics occurring during the experiments. These
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Fig. 1 Sketch of the burner with PVC actuation indicated by
the small arrows at the outlets of the actuation channels

data can be used to characterize, for example, the PVC dynamics,
as it was done, for example, in Refs. [18-20].

The centerbody contains four independent actuation channels
with rectangular outlets (9 x 1 mm? cross section), which are
arranged around the circumference, 25 mm upstream of the cen-
terbody tip. From these outlets, actuation jets emanate in the
region where previous studies reported highest sensitivity of the
PVC mode [10,13,14]. These jets are generated by four individual
loudspeaker (5 in. diameter, rated power of 100 W), which are
each connected to one of the actuation channels. This actuator
design works as a zero-net-mass-flux actuator allowing for helical
actuation of the PVC by driving the loudspeakers with harmonic
signals, which have a phase-shift of 7/2 relative to one another.
The actuator efficiency is measured by the momentum of the
actuation jets related to the momentum of the main flow. This
ratio is expressed as the momentum coefficient [34], C,
= Guys/(ViA,), where ugws is the root-mean-square (RMS)-
velocity at the actuator outlet, measured with a hot-wire anemom-
eter without main airflow [18], G the area of a single actuator out-
let, A, the hydraulic cross section area (based on D)), and V|, the
bulk velocity of the main flow. In previous studies, it was shown
that this actuator can be used for open-loop control [18,19] to
actuate a PVC and phase-opposition control to achieve damping
of the PVC limit cycle [20]. These demanding experimental stud-
ies have shown that this control concept achieves clean and direct
control of the PVC.

Applied Measurement Techniques. A water-cooled exhaust
gas sampling probe is inserted into the exhaust tube, downstream
of the combustion chamber, to allow for NO, emission measure-
ments. The cylindrical double-walled probe (10 mm outer diame-
ter) contains an inner tube (4 mm diameter), which contains the
sampling gas sucked through a 1 mm sampling orifice. This orifice
is aligned to the centerline of the exhaust tube. The sampling
probe is connected via a heated sample line (190°C) to the gas
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analyzer which allows for NOy measurements on a wet basis
within the subsequent chemiluminescence detector (KNESTEL
CLD dual BASIC). In the wet sample line, a nondispersive infra-
red sensor measures CO, and water content to account for chemi-
luminescent quenching inside the CLD reaction chamber. The
CLD was calibrated to a measurement range between 0 and
100 ppm using a calibration gas with a concentration of 100 ppm
NO in N». In a parallel line, a dried gas sample is utilized in order
to measure the O,, H, and CO, content by means of a paramag-
netic sensor (ABB Magnos 106, Ziirich, Switzerland), a thermal
conductivity sensor (ABB Caldos 27), and an nondispersive infra-
red sensor (ABB Uras 14), respectively. The sample gas, for both
the wet and dry lines, is sucked in by gas vacuum pumps at a con-
stant volumetric flow rate of 7.21/h and 601/h, respectively. To
generate reliable mean NOy emission values, an overall measure-
ment time of 150s was chosen per measurement point. This time
period is divided into an initial phase (50s), where the actuator is
already running, and an effective measurement phase (100s),
where NOy emission data are acquired with 10 Hz sampling fre-
quency. The initial phase was necessary to account for the time
delay between the changed PVC actuation condition and the
arrival of the corresponding exhaust gas sample in the NOyx ana-
lyzer. The long measurement phase was chosen to obtain con-
verged and reliable mean values.

The three components of the velocity field were measured with
stereoscopic high-speed PIV at a recording rate of 2500 fps. This
measurement system consists of a Nd:YLF diode pumped laser
(Quantronix (Hamden, CT) Darwin Duo 527-100M, 527 nm
wavelength and total pulse energy of 60 mJ), which is synchron-
ized with two high-speed CMOS cameras (1024 x 1024 pixels
image resolution). One high-speed camera (Photron (Tokyo,
Japan) SA-Z) of the measurement system was mounted perpendic-
ular to the streamwise field of view. The second camera (Photron
SA 1.1) was mounted with an angle of 40 deg to the measurement
plane, due to geometrical restrictions. Moreover, this camera was
equipped with a Scheimpflug adapter. To allow for an accurate
estimation of the out-of-plane velocity component, a multilevel
calibration target is utilized to calibrate the two camera views
appropriately. A light sheet optic generates an appropriate light
sheet of approximately 1 mm thickness in the measurement area.
Heat-resistant solid titanium dioxide (TiO,) seeding particles of a
nominal diameter of 2um were introduced to the flow far
upstream of the burner using a brush-based seeding generator. To
evaluate the acquired particle snapshots, a commercial pv soft-
ware (PIVTEC GmbH (Gottingen, Germany), PIVview) was used
applying a correlation scheme with multigrid refinement [35]. The
final window size was set to 16 x 16 pixels with an overlap of
50% in combination with spline-based image deformation [36]
and subpixel peak fitting. Finally, the estimated velocity field data
were filtered for outliers and interpolated from adjacent interroga-
tion windows.

Time-resolved OH"-chemiluminescence measurements were
conducted using an intensified high-speed CMOS camera (Pho-
tron SA 1.1) in combination with a high-speed intensifier (Lam-
bert Instruments (Groningen, Netherlands) HiCATT 25) with
1024 x 1024 pixels image resolution and a recording rate of 2500
fps. Furthermore, this camera setup is equipped with a 308 nm
optical bandpass filter to record only OH*-chemiluminescence.

Moreover, a photomultiplier (PMT), equipped with a 308 nm
bandpass filter, is used to capture half of the OH"-chemilumines-
cence emitted by the flame, in a vertical plane, on one side of the
burner axis. This is achieved by focusing the field of view of
the photomultiplier, by means of a collimator, on only one half of
the combustion chamber (compare Fig. 2). With this method, the
antisymmetric (with respect to the combustor symmetry) global heat
release rate fluctuations, induced by the PVC, are captured [37].

Operating Conditions. The reacting flow investigated in this
study is generated by a premixed natural gas—air mixture with an
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inlet temperature of 298 K burning at an equivalence ration of
0.65. The corresponding air mass flow was set to 140kg/h, yield-
ing a Reynolds number, based on D, of 30,000 and a thermal
power of 67 kW. The swirl generator was adjusted to a fixed swirl
number, defined as the ratio of the axial flux of tangential momen-
tum to the axial flux of axial momentum, of § =0.7 [38]. All the
experimental results presented in this study are obtained from
measurements of a perfectly premixed flame, where the fuel is
injected far upstream of the burner. Only the NOy emissions, pre-
sented at the end, include results from measurements of a partially
premixed flame, where the fuel is axially injected at the swirl gen-
erator (compare Figs. 1 and 2). All the other operating conditions
were kept constant.

Data Analysis Methodology

In this section, three advanced methods are explained, which
are used to postprocess the time-resolved velocity fields, measured

exhaust
gas probe
(to NOx analyzer)

PIV gl OH*
camera Il
camera
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(fuel-)air flow

(D actuation-unit including
4 radially arranged 5" loudspeakers
@ burner including swirl-generator,
mixing tube and centerbody

@ quartz glass combustion chamber

Fig. 2 Experimental setup including actuation system as well
as applied measurement techniques: stereoscopic PIV, OH"-
chemiluminescence (PMT and high-speed camera) and NOj
analyzer probe
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with stereoscopic PIV, as well as the OH"-chemiluminescence
snapshots.

Spectral Proper Orthogonal Decomposition. With the help
of the recently developed SPOD, coherent structures, such as the
PVC, can be extracted from time-resolved flow field data [39].
Compared to the classical proper orthogonal decomposition
(POD) [40], on which the SPOD is based, it provides enhanced
selectivity. Especially in complex turbulent flows, like the react-
ing combustor flows investigated in this study, SPOD reveals the
inherent coherent structures very distinctly [41].

In the following, a very brief overview of the SPOD approach
is given. For a more detailed derivation, the reader is referred to
the work of Sieber et al. [39]. SPOD provides a modal decomposi-
tion of the fluctuating part of the velocity v’ that reads as follows:

v(x, 1) = V(x) + V' (x,1) = V(x) + Zai(t)(l),(x) (1)

According to Eq. (1), the velocity fluctuations are decomposed
into a sum of spatial modes @; and corresponding time-dependent
coefficients a;. This basis is built from the calculated spatial corre-
lation among the individual PIV snapshots. This calculation
results in a corresponding correlation matrix which is, unlike the
classical POD, filtered by a Gaussian low-pass filter. Due to the
filtering of the correlation matrix, the mode shapes and dynamics,
describing the coherent flow structures, can be extracted very
precisely.

The dynamics of each spatial mode are characterized by a cor-
responding set of temporal coefficients a;(z). These coefficients
are derived from the eigenvectors of the filtered correlation
matrix. By projecting the snapshots onto the temporal coefficients,
the corresponding spatial modes ®;(x) are finally obtained.

Finite Time Lyapunov Exponent. In this study, FTLE is used
to visualize the vortex structures induced by the PVC. FTLE is a
Lagrangian measure, which visualizes vortex structures by joint
faces and reveals where fluid from different flow regions converge
[32]. From a theoretical point of view, FTLE measures the diver-
gence of path lines in the flow. These path lines can be calculated
forward or backward in time. In this study, the backward time
FTLE is used, which highlights repelling structures in the flow
providing the vortex structures induced by the PVC as shown by
Rukes et al. [42]. Time-resolved three-dimensional flow field
data, which are phase-averaged in reference to the PVC oscilla-
tion, are used to reconstruct the time-resolved three-dimensional
PVC structure as shown by Oberleithner et al. [8]. The recon-
structed data are then used as an input for the FTLE calculations.

For the computation of the FTLE, the divergence of adjacent
path lines is calculated with a fourth-order Runge—Kutta solver.
The corresponding integration time was set to 1.5 periods of the
PVC oscillation. The actual FTLE is derived from the distance of
particles after the integration, that were initially close together.
The FTLE is given by

__ log(do/dy)
T

(@)

where d) is the initial distance and d. is the final distance before
and after the integration time 7, respectively.

Tomographic Reconstruction of Precessing Vortex Core-
Induced Flame Fluctuations. The recorded raw OH"-chemilumi-
nescence images represent line-of-sight-integrated values. There-
fore, appropriate tomographic reconstructions methods need to be
applied to obtain planar representations of the flame. For the
symmetric time-averaged heat release rate, a classic Abel-
deconvolution is applied.
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However, for the skew symmetric fluctuations, induced by the
PVC, a more advanced tomographic reconstruction technique,
developed by Moeck et al. [33], is employed. Conventional tomo-
graphic reconstruction techniques typically require several differ-
ent camera views. This algorithm only requires a single camera
view exploiting that the single-helical structure of the PVC rotates
at a well-defined rate. Due to this characteristic property, a set of
36 phase-averaged projection images provide enough views to
reconstruct the three dimensional structure of PVC-induced heat
release fluctuations. The required phase-averaged images are cal-
culated from time-resolved OH"-chemiluminescence snapshots of
a single intensified high-speed camera (compare experimental
setup).

Results

This section starts with the characterization of the reacting
baseline flow, which is investigated further regarding flow and
flame response to PVC actuation. Subsequently, the impact of the
PVC on mean flow and flame and its role in vortex—flame interac-
tion is revealed. Finally, the resulting effects of the PVC on the
NOy emissions are discussed.

Baseline Flow and Flame Characterization. The mean flow
field depicted on the left of Fig. 3 shows typical features of a swirl
flow containing a swirl-stabilized flame. Due to a high degree of
swirl, the flow is undergoing vortex breakdown. As a result, a
CRZ (dotted line) is formed around the jet axis, which causes a
corresponding ISL between jet and CRZ. Above this, an OSL
arises between jet and outer recirculation zone.

The described flow conditions allow for the stabilization of a
V-shaped flame inside the ISL (Fig. 3 right). Close to the burner
outlet, the resulting flame is attached to the centerbody tip. The
strongest mean heat release rate is present in the upstream part of
the flame (x/D < 1) and distributed along the ISL. Further down-
stream, the absolute heat release rate decreases because the flame
is more dispersed and reaches into the outer recirculation zone.
The mean flame ends where the jet reaches the combustor wall.

Previous studies have shown that no PVC is present in such a
flame, because the density gradient at the combustor inlet sup-
presses the PVC [4,6,20]. This is in line with a global stability
analysis conducted for this flame, which shows that the PVC
mode is damped [43]. This damped PVC mode is found at a fre-
quency of around 200.25 Hz (compare arrow in Fig. 4). Via open-
loop flow control, this slightly damped PVC can be actuated [13].

Response of Flow and Flame to Precessing Vortex Core
Actuation. The fact that the V-flame features a slightly damped
PVC mode allows the PVC to be excited very efficiently. To ver-
ify this, a parametric study is conducted where the flow and flame
response to open-loop PVC excitation is studied for various

0 [¥l/Vo 10

OH*/OH* max 1

Fig. 3 Time-averaged flow field (absolute velocity |v| normal-
ized with bulk velocity) and flame shape (mean Abel-
deconvoluted heat release rate OH' normalized with maximal
value) of the baseline case. The dotted line indicates the CRZ.
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Fig. 4 Flame response to PVC actuation with different actua-
tion frequencies (foyc) and amplitudes (C,) depicted by the
amplitude of PVC-induced antisymmetric global heat release
rate fluctuations Qpyc (normalized by overall maximum)

actuation amplitudes and frequencies. In the remainder of this
study, the open-loop forcing is applied close to the estimated fre-
quency of the PVC eigenmode.

The flame response is estimated from the PMT signals of one
half of the flame (see experimental setup), which captures the
heat release rate fluctuations induced by the (actuated) PVC.
The flame response map depicted in Fig. 4 shows the amplitude
QOpyc describing the PVC-induced global heat release rate fluc-
tuations for different excitation frequencies (fpyc) and actuation
amplitudes (C,). This map reveals that the highest response of
the flame is registered at 200 Hz, which is very close to the fre-
quency of the damped PVC mode as predicted from global
LSA.

Figure 5 shows the flow response to the actuation applied at
feve = 200 Hz. It reveals the typical structure of the PVC mode,
in close agreement with previous studies [4-6,11,13,20]. The
mode shape does not change considerably with increasing C,,
which indicates that the actuation does not introduce unwanted
nonlinearities. The amplitude of the PVC mode grows constantly
with increasing C,, which demonstrates that the actuation is capa-
ble of exciting a PVC of arbitrary amplitude.

Based on the findings discussed above, it can be concluded that
the PVC actuation system (Figs. 1 and 2) applied in this work, is
capable of exciting the PVC mode that is naturally suppressed by
the V-flame. This excitation exploits the hydrodynamic stability
of the flow, by targeting the PVC mode directly. Therefore, the
actuation is very efficient and this can be illustrated by the fact
that the PVC actuated with C, = 0.06% contains 13.5% of the
total turbulent kinetic energy. For the following investigations,
the actuation frequency is fixed to the most responsive frequency
of fpyc = 200 Hz and only the amplitude C,, is varied.

Cp=0.03% 0.06 % 0.09 %
] U max
BT oA TR
\
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Fig. 5 Flow response to PVC actuation for

C, ={0.03;0.06;0.09}% and fpyc = 200 Hz, depicted by the trans-
verse velocity component of SPOD modes (normalized with
overall maximum)
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Cu=0% 0.09 %

0.03 % 0.06 %

Fig. 6 Mean velocity magnitude (top) normalized with bulk
velocity, production of PVC mode P (second row) normalized
with respect to overall maximum, kinetic energy of PVC mode
Kpvc (third row), and the kinetic energy of the stochastic flow
fluctuations K (bottom) both normalized by the kinetic energy
of the bulk flow; at different PVC actuation amplitudes

Influence of Precessing Vortex Core on Mean Flow and
Flame. As shown in Fig. 6 (top row), the mean flow field is only
slightly affected by the actuated PVC. With increasing actuation
amplitude, the jet appears to be thicker, which is a result of a
thickened shear layer as, for example, reported by Ref. [44].

In the second row of Fig. 6, the coherent production P is shown
for different PVC actuation amplitudes. The production is defined
as P =vv; gf', where V; is the ith component of the velocity fluc-
tuation of the' PVC mode determined from SPOD. The coherent
production P quantifies the energy flux between the mean field
and the PVC and reveals where the PVC modifies the mean field.
Accordingly, the PVC predominantly acts on the ISL in the vicin-
ity of the burner outlet. In those regions where the coherent pro-
ductions is high, the kinetic energy of the PVC (Kpyc) is high as
well (compare middle rows in Fig. 6). The maximum of Kpyc is
reached in the ISL and grows upstream to the burner outlet with
increasing C,,.

Besides the impact on coherent fluctuations, the impact of the
PVC actuation on the remaining turbulent fluctuations needs to be
considered. This is done in the bottom row of Fig. 6, where the
spatial distribution of the stochastic turbulent kinetic energy

0 OH*/OH jax 1
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Fig. 7 Mean Abel-deconvoluted heat release rate OH" (normal-
ized with overall maximal value) with COM (dot in the center) at
different PVC actuation amplitudes (C, = {0;0.03;0.06;0.09}%)
(top) with corresponding global mean heat release rate of the
region around the burner outlet (x/D<1) (bottom)
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(TKE) K is depicted, which describes the energy of all fluctua-
tions except those induced by the PVC. With growing C,, no con-
siderable increase of this energy K can be observed (mean
increase of 6.3%). Only a slight broadening of the regions with
considerable TKE can be seen. Therefore, it can be concluded that
the actuation affects exclusively the dynamics of the PVC, but not
the dynamics of the remaining turbulent fluctuations.

Next, the impact of the PVC actuation on the mean flame shape
is discussed. Figure 7 shows mean flame shapes in the top row,
which become more compact with increasing actuation amplitude.
Moreover, regions of major heat release rate are concentrated more
upstream with increasing C,,. The dot on the jet axis shows the cen-
ter of mass (COM) of the flame, which is calculated as follows:

J J @(x7 y)xy dxdy
COM = 7 3)

J Jﬁ(x,y)y dxdy

89

The COM serves as a measure of the flame position. Accordingly,
the whole flame moves upstream with increasing C,,. The graph in
the lower diagram shows the global heat release rate of the
upstream part (x/D < 1) of the flame. This value was estimated
by summation of the OH" signal weighted with the radius
upstream of D. With increasing C,,, the global heat release OH;, in
the upstream region of the flame increases by 20%. In this region,
P and Kpyc are high, which means that the PVC is predominantly
interacting with the flame there. This interaction leads to PVC-
enhanced flame surface wrinkling at the flame root, which
increases the mean heat release rate near the burner outlet
(x/D < 1). A more detailed analysis of PVC-induced flame wrin-
kling and its effect on NOy emissions is given in the Precessing
Vortex Core-Induced Vortex—Flame Interaction and Impact of
Precessing Vortex Core on NO, Emissions sections.

Precessing Vortex Core-Induced Vortex-Flame Interaction.
Figure 8 shows how the PVC affects the flow and the flame over
one period. These representations are based on three-dimensional

90° 135°

0.175

___

OH,/OH,, 1max 1

Fig. 8 Phase-averaged reconstructed flame shapes OH,, (normalized by the overall maximum) overlaid with the FTLE indicat-
ing the PVC-induced vortices for C, = 0.09%. The upper rows indicate longitudinal-section views (xy-plane) at z= 0, the corre-
sponding lower rows show cross-sectional views (yz-plane) at x/D = 0.75.
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reconstructed flow field and OH*-chemiluminescence data, which
were phase-averaged in reference to the PVC oscillation. The
FTLE, represented by the gray scale, is calculated to visualize the
vortex pattern induced by the PVC. It is superimposed with the
corresponding heat release rate fluctuations, which are the sum of
the Abel-deconvoluted symmetric mean flame and the recon-
structed heat release fluctuations induced by the PVC. The upper
rows show a longitudinal section (xy-plane) at z=0 with a hori-
zontal line indicating x/D = 0.75. At this axial position, corre-
sponding cross-sectional views (yz-plane) are presented below.

The FTLE in the xy-plane clearly indicates the vortex roll-up,
which is typical for the Kelvin-Helmholtz instability. However,
because of the helical shape of the PVC, alternating vortices are
generated, which are connected to a helix. These vortices are con-
vected downstream along the ISL before they collide with the
combustor wall. In the cross-sectional views (yz-plane), the FTLE
reveals the typical spiral pattern of the PVC, which meanders in a
clockwise direction around the jet axis. Due to this pattern, the
shear layer is rolled up in the azimuthal direction.

The PVC-induced vortices entrain hot burnt products from the
CRZ into the jet that contains cold reactants. The entrained hot
gas, containing free radicals, enhances the reaction and leads to
ignition of the fresh incoming fuel-air mixture. The flame (indi-
cated by OH,) follows these helical vortices in the streamwise
direction. As a consequence, the flame is deflected to either side
of the ISL. When the antisymmetric flame patterns reach the wall,
a strong interaction is evident, which results in elevated heat
release rate [37]. In the crosswise section, the PVC generates a
characteristic ying-yang heat release pattern, which follows the
precessing motion of the PVC. This characteristic heat release pat-
tern is a result of the considerable wrinkling of the flame, which
occurs due to the PVC induced roll-up of the ISL [45,46]. As a
consequence, spots of concentrated increased heat release rate,
indicated by bright yellow regions, are generated. In the case of a
partially premixed flame (not shown here), regions of increased
(local) equivalence ratio can be formed due to the PVC induced
roll-up of the ISL. The resulting PVC-induced vortex can contain
a slightly richer, but still lean, fuel—air mixture, which will burn at
higher temperature leading to local temperature peaks. Compara-
ble observations have been made for axisymmetric vortex-flame
roll-up due to acoustic perturbations [29,30].

The revealed PVC-induced flame wrinkling, in connection with
vortex—flame interaction, explains the increase in mean heat
release rate as shown in Fig. 7. The regions of concentrated heat
release rate, revealed in Fig. 8, indicate a considerable impact of
the PVC on the flame dynamics compared to the baseline case.
The altered flame dynamics have a distinct impact on the NOy
emissions, which is discussed in the following.

Impact of Precessing Vortex Core on NOy Emissions. The
diagram in Fig. 9 shows the relative level of NOy emissions for
perfectly and partially premixed conditions as a function of PVC
actuation amplitude. The plotted data reveal that the NOy emis-
sions increase up to 8% with increasing PVC actuation amplitude
C,. This trend is observed independently of the premix mode for
both, perfectly (pp) and technically/partially (tp) premixed
conditions.

The similar increase of NOy, independent of the premix mode,
is surprising at first glance, since previous studies (e.g., Ref. [22])
report that the PVC leads to enhanced vortex-induced fuel-air
mixing, which may decrease the NOy emissions [25]. Comparing
the burner setup in the work of Stohr et al. [22] with the present
design, one of the major differences is the degree of premixed-
ness. In Ref. [22], fuel is injected close to the burner outlet (0.11
nozzle diameters upstream of burner outlet), leading to slightly
partially premixed conditions [45]. However, in the present
burner, fuel is injected at least three nozzle diameters upstream
(partially premixed conditions) of the flame. Obviously, the par-
tially premixed operating mode of the present setup provides
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Fig.9 NO, emissions normalized with corresponding baseline
value as a function of PVC amplitude

already a fairly premixed fuel-air mixture, which is confirmed by
the study of Goke et al. [47]. Therefore, large-scale vortex-
induced fuel—air mixing does not play a dominant role.

Besides the effect of the PVC on fuel-air mixing, there are
other mechanisms that explain the observed increase of the NOy
emission observed in the current experiments. For example, the
formation of NOy emissions in flames can be related to different
mechanisms originating from considerations of chemical reaction
kinetics. These will be briefly introduced in the following in con-
text of the present experimental setup.

To explain the NOy formation mechanisms, previous studies
are considered that comprehensively characterize the present
burner regarding mixing quality and NOy emissions [47,48].
Although the equivalence ratio (0.65) and the adiabatic flame tem-
perature (1752 K, computed with Cantera and Gri 3.0 mechanism)
are not very high in this study, a considerable contribution of the
thermal NOy formation pathway is present, as shown by Goke
et al. [48]. Due to the comparably slow reaction rate of the ther-
mal NO, mechanism, its contribution to the overall NOy forma-
tion is enlarged by increased residence times T..s. Additionally,
the formation rate of the thermal pathway grows exponentially
with temperature, which implies that a small temperature pertur-
bation can lead to a significant change of NOy emissions [49]. A
considerable part of the NOy formation is taking place in the reac-
tion zone, which is to be found in the ISL, where the PVC is
active [24,50]. Moreover, NOy is created further downstream via
the thermal pathway, due to involved longer 7, [50]. Besides the
thermal pathway, there is the prompt formation mechanism, which
is active in the present burner setup, too [48]. The prompt pathway
requires free radicals, such as CHy, which are contained within
the burnt gas and the flame front. These radicals attack the molec-
ular nitrogen such that nitric oxides can be build, which increases
the formation of NOy via the prompt (and the thermal) pathway
[48,51].

The NOy formation mechanism explained above can be influ-
enced by the interactions of the PVC with the flame. As shown in
Fig. 6, the PVC does not considerably influence the small-scale
mixing as quantified by the incoherent turbulent kinetic energy
(Fig. 6). However, the PVC leads to considerable large-scale wrin-
kling and roll-up of the flame due to vortex—flame interaction
(compare Fig. 8). This interaction enlarges the flame surface
[45,46,52]. An enlarged flame surface affects an increase of the
turbulent flame speed, which is proportional to the reaction rate
and fuel consumption [51].

Another factor associated with vortex—flame interaction,
induced by the PVC, is the enhanced mixing of burnt and unburnt
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gas, which increases the reaction rate and changes the composi-
tion of the radical pool [27,46,53]. Therefore, in the context of
NO, formation mechanisms and the vortex—flame interaction
exposed in Fig. 8, possible explanations for the impact of the PVC
on the global level of NO emissions are given as follows:

(1) An increase of the residence time 7,5 of combustion prod-
ucts in the combustor, i.e., the combustion zone, where the
radical concentration is high, contributes to increased for-
mation of thermal NOy. The increase of . results from
the roll-up of the flame front induced by the PVC, which
leads to a more compact and more upstream located flame
as shown in Fig. 7.

(2) Due to the overall increase of free radicals in the ISL, the
NOy formation via both pathways, prompt and thermal, are
promoted. The enhanced mixing of burnt and unburnt gas
involves convective transport of free radicals from the
(recirculated) burnt gas to the fresh burnable mixture. Addi-
tionally, more radicals are formed due to the enlarged flame
surface and corresponding increased reaction rate resulting
from PVC-induced flame roll-up.

(3) In the case of a partially premixed flame, the PVC may
entrain richer fuel-air mixtures into the ISL, which will
burn at a higher temperature leading to a temperature peak.
Such temperature fluctuations, which enhance the NOy for-
mation over the thermal pathway, lead to a global increase
of NOy emissions. A comparable effect was shown by
Paschereit et al. for axisymmetric vortices induced by ther-
moacoustic oscillations [29,30]. Since this effect only
occurs at partially premixed conditions, it may explain why
the measured NOy emission values for the partially pre-
mixed (tp) flame are slightly higher than those of the per-
fectly premixed flame (Fig. 9).

The PVC increases the global formation of NOy via different
mechanisms. Vortex—flame interaction and corresponding mixing
of burnt and unburnt gas enhance these formation mechanisms,
which leads to an increase of NOy emissions in both investigated
operation types. However, the degree of premixedness decides
whether the PVC enhances fuel-air mixing that leads to a
decrease of NO, emissions.

Conclusion

This study investigates the role of the PVC regarding NOx
emissions in premixed swirl-stabilized flames. In order to reveal
possible mechanisms affecting the emission of NOy, the influence
of the PVC on the flame and the flow field is characterized.
Appropriate experimental conditions for this characterization are
realized by means of an active flow control system, which allows
for direct actuation of a PVC at precisely controlled amplitudes.
The investigated flames slightly damp the PVC, which facilitates
open-loop control of the PVC, by applying a very low actuation
amplitude of C,, = 0.03%.

In the investigated reacting swirling flow, the PVC predomi-
nantly acts on the ISL near the burner outlet, which leads to
enhanced flame wrinkling. As a result, the flame is shifted slightly
upstream by the PVC and takes a more compact shape with major
mean heat release rate around the burner outlet.

The vortices induced by the PVC affect a considerable roll-up
of the ISL and the flame, which enlarges the flame surface. The
induced vortices constantly feed the incoming jet of cold reactants
with hot burnt products, which enhances the reaction rate leading
to increased local heat release rate in conjunction with a more
compact flame that is located further upstream. These effects
increase the residence time of hot products and the number of free
radicals inside the ISL. As a result of these effects, an increase of
NOy emissions of around 7% can be observed for the perfectly
premixed case.

Finally, the NOy emissions of a partially premixed flame are
measured, which show the same increasing trend with growing
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PVC amplitude as for perfectly premixed conditions but at a
somewhat higher level. The latter is explained by additional tem-
perature peaks that may occur at partially premixed flames due to
PVC-induced entrainment of richer fuel-air mixture, which leads
to increased local equivalence ratios.

Vortex-enhanced fuel-air mixing by the PVC that leads to a
decrease of NOy emissions, as reported for slightly premixed
flames, does not play a role for the investigated fairly premixed
flames [22]. Accordingly, the degree of premixedness decides
which PVC driven mechanism dominates the NO, emissions,
either vortex-induced fuel-air mixing or vortex—flame interaction.
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Nomenclature

a; = SPOD coefficients
C,, = momentum coefficient of actuator
CRZ = central recirculation zone
D = nozzle diameter
Dj, = hydraulic diameter of the nozzle
FTLE = finite time Lyapunov exponent
ISL = inner shear layer
Kpyc = kinetic energy of PVC
K, = kinetic energy of stochastic fluctuations
LSA = linear stability analysis
m = azimuthal mode number
OH, = phase-averaged reconstructed flame shape
OH, = global heat release rate
OSL = outer shear layer
‘P = turbulent production
PIV = particle image velocimetry
PVC = precessing vortex core
Qpyc = amplitude of PVC-induced global heat release rate
fluctuations
RMS = root-mean-square
SPOD = spectral proper orthogonal decomposition
TKE = turbulent kinetic energy
v = velocity vector
Vy = bulk velocity
(x, y, z) = axial, transversal and out-of-plane coordinates
@; = spatial SPOD mode

() = time average
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2.5 PublicationV

Mean Field Coupling Mechanisms explaining the Impact
of the Precessing Vortex Core on the Flame Transfer
Function

Beside the NOy emission level (see publication 2.4), the flame transfer function (FTF) rep-
resents another important quantity for swirl-stabilized combustion systems. It charac-
terizes the thermoacoustic stability of a combustion system towards acoustically forced
axisymmetric modes. The fifth publication provides different coupling mechanisms which
explain why and how the PVC affects the FTF of the investigated perfectly premixed swirl
flame. These coupling mechanisms are revealed with the help of open-loop flow control
of the PVC and incorporate changes of the mean flow field and the mean flame shape.

This publication starts with a global linear stability analysis revealing a stable PVC mode
in the reacting base flow which contains an attached V-flame. It is shown that this PVC
mode can be directly excited with the helical open-loop actuation system. The analysis
of the PVC-induced mean flow changes as well as the related changes of the mean flame
shape provide the basis for phenomenological explanations of the observed decrease of
the FTF gain. With the help of a FTF-model, which is based on a local stability analysis of
the mean flow, the decrease of the FTF gain can be partially explained in a hydrodynamic
sense. However, to fully explain the FTF gain reduction, the changes of the mean flame
as well as the intensity of the local heat release fluctuations induced by the acoustically
excited axisymmetric modes need to be considered. Finally, two related mean field cou-
pling mechanisms are derived which explain the FTF gain reduction induced by the PVC
and the reason for the constant FTF phase.
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The flame transfer functions (FTF) is a key quantity to assess the thermoacoustic properties of combus-
tion systems. It is known to depend on the hydrodynamic instabilities of the combustor flow. This work
investigates how the FTF is affected by a global flow instability known as the precessing vortex core (PVC)
which is often observed in swirl flames. To study the exclusive effect of the PVC on the FTF, a perfectly
premixed swirl flame is considered where the PVC mode is damped with a close to zero growth rate.
An active flow control system is applied in the region of high receptivity to excite the PVC at precisely
controlled amplitudes. The conducted experiments show that the excited mode corresponds to the least
stable global mode predicted from mean field stability analysis and that the most responsive frequency
is equal to the predicted global mode frequency, which brings credibility to the control approach. FTF
measurements conducted at different PVC actuation amplitudes show that the FTF gain decreases signifi-
cantly with increasing PVC amplitude while the FTF phase remains unchanged. The FTF gain reduction is
explained by two mechanisms: the reduction in gain of the Kelvin-Helmholtz instability through mean
field modifications and the upstream movement of the flames center of mass due to enhanced coherent
fluctuations at the flame root. The unchanged FTF phase is traced back to an unchanged location of the
most influential heat release rate fluctuations at the flame tip. This study suggests that the control of
the PVC is an effective way to avoid or mitigate thermoacoustic instabilities. The control is thereby very

efficient as it exploits the natural global hydrodynamic instability of the flow.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Many modern gas turbines employ highly turbulent swirling
flows to stabilize the flame through an aerodynamic phenomenon
called vortex breakdown. This phenomenon leads to the formation
of a central recirculation zone (CRZ) and corresponding shear lay-
ers. In case of a confined flow, as to be found in a gas turbine
combustion chamber, an inner shear layer (ISL), between the jet
and the central recirculation zone and an outer shear layer (OSL),
between jet and outer recirculation zone (ORZ), occur. These shear
layers are prone to hydrodynamic instabilities. This includes the
precessing vortex core (PVC, azimuthal wavenumber m =1) as a
global self-excited instability and a convective Kelvin-Helmholtz
(KH) type instability.

The KH-instability is receptive to external forcing and couples
well with planar acoustic waves that occur due to thermoacous-
tic (TA) oscillations in the combustor [1-5]. As a consequence,

* Corresponding author.
E-mail address: finn.lueckoff@tu-berlin.de (F. Liickoff).

https://doi.org/10.1016/j.combustflame.2020.09.019

axisymmetric (m = 0) large-scale coherent flow fluctuations grow
in the shear layers and interact with the flame, which leads to
flame roll-up and global heat release rate fluctuations [5]. There-
fore, the growth of the vortical structures impinging the flame
has a significant impact on the flame transfer function (FTF) [2].
The FTF describes the linear response of global heat release rate
fluctuations to acoustic perturbations and represents an important
quantity to predict TA instability [6,7]. Beside the KH-instability,
swirl fluctuations represent a second hydrodynamic parameter that
influences the FTF. They are generated in the swirler and propagate
into the flame leading to global heat release rate fluctuations [2].

Unlike the KH-instability, the PVC is driven by an intrinsic hy-
drodynamic feedback occurring at strong swirl, which leads to
global hydrodynamic instability driving the self-sustained oscilla-
tions [8]. From a phenomenological viewpoint, the PVC represents
the azimuthal periodic motion of the rotation center of the swirl
flow. However, this motion is typically synchronized with Kelvin-
Helmholtz-type helical coherent structures that form in the inner
and outer shear layers and that are shed downstream. In this study,
the term “PVC” corresponds to the global mode that describes the
entire synchronized flow oscillations.

0010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Nomenclature

Ap hydraulic cross section area

a; SPOD coefficients

Cu momentum coefficient of actuation
D nozzle diameter

Dy, hydraulic diameter of the nozzle
FTF flame transfer function

f frequency [Hz]

F, velocity transfer function

G area of actuator outlet

Kpyc turbulent kinetic energy of PVC
m azimuthal mode number

Ny SPOD filter size

OH* heat release rate distribution
Peoh coherent production

Prarb turbulent production

Q global heat release rate

q local heat release rate

URMS RMS velocity at outlet of actuator
\' velocity vector

Vo bulk velocity

(vx, vy, vz) axial, transversal and out-of-plane velocity

x, ¥ 2) axial, transversal and out-of-plane coordinates
D; spatial SPOD mode

.y fluctuating part

(84 incoherent part

(f) Fourier decomposed
) time average

O coherent part
AF Acoustic Forcing

CRZ Central Recirculation Zone

ISL Inner Shear Layer

KH Kelvin-Helmholtz

LSA Linear Stability Analysis

OSL Outer Shear Layer

PIV Particle Image Velocimetry

PMT Photomultiplier Tube

PVC Precessing Vortex Core

RMS Root Mean Square

SPOD Spectral Proper Orthogonal Decomposition
TA Thermoacoustic
TKE Turbulent Kinetic Energy

In an isothermal flow, the global hydrodynamic instability caus-
ing the PVC is driven by the strong backflow of the CRZ, which is
caused by vortex breakdown associated to a strong swirling flow
rotation [8,9]. At reacting non-isothermal conditions, the PVC may
be suppressed by the flame even at the presence of very strong
backflow. Typically, the PVC is damped for attached V-flames, due
to the stabilizing effect of the density field at the combustor in-
let [9-12], while it remains unstable for detached M-flames. The
connection between flame anchoring and PVC occurrence gives rise
to complex transient flow-flame-interactions that explain bi-stable
flame transitions that have been observed in several recent studies
[13-16].

The role of the PVC in the context of TA stability is still subject
of current research. In contrast to axisymmetric (planar) TA modes,
the PVC induces skew-symmetric (helical) perturbations in the
flame, which do not contribute to the global heat release rate
fluctuations [5,17,18]. Therefore, the PVC cannot directly couple
with axisymmetric TA modes. However, nonlinear interactions
between PVC and TA modes are possible, which generate inter-
action modes oscillating at the sum or the difference of PVC and

TA frequencies [17,19,20]. Moreover, mean field changes induced
by high amplitude TA oscillations may lead to the suppression
or excitation of the PVC [11,17,21,22]. Other indirect interaction
opportunities are connected to the flame shape transition induced
by the PVC [10,13-16]. Thereby, the change of flame shape may
lead to a destabilization of TA modes that in turn interact with
the PVC. This results in a complex loop of events that explain the
occurrence of bi-stable flame dynamics [14,23].

Another possible PVC-TA-interaction is based on the fact that
the flame response to acoustic forcing (AF), or the FTF, is to a large
extend determined by the spatial growth of flow perturbations
in the shear layers [4]. As was hypothesized in recent studies
[24,25], the PVC may thicken the shear layers by enhancing the
production of kinetic energy from the coherent fluctuations, which
is commonly referred to as coherent production. The thickening
of the shear layers in turn reduces the spatial growth rate of the
axisymmetric KH-type instability, which directly affects the gain of
the FTE. With the attempt to verify this hypothesis, experiments in
combination with a spatial linear stability analysis of the KH-mode
was conducted for non-reacting flows at different swirl numbers
[24,25]. These studies show a substantial reduction of the growth
rate of the KH-mode with high swirl, which was attributed to the
PVC. However, due to the substantial change of the overall flow
field with increasing swirl, the exclusive impact of the PVC on the
KH-mode remains unrevealed from these experiments. Moreover,
these experiments were conducted in non-reacting conditions, and
hence, the impact of the PVC on the flame response (and the FTF)
could not be assessed.

To validate the hypothesis of [24,25] and to overcome the
shortcoming of the previous experiments, active flow control is
applied in this work. This allows for a direct control of the PVC
without altering any other influencing parameters at reacting and
non-reacting conditions. The key is to develop a flow control that
acts on the source of the instability driving the PVC, which can
be determined from global adjoint linear stability theory [26-29].
Several recent studies have shown that this methodology is now
ready to be applied for highly turbulent reacting swirling flows,
as considered here [30-33]. The development and benchmarking
of the active flow control system employed in this work was
focus of previous works [12,20,30]. Accordingly, it allows for an
efficient open- and closed loop control of the PVC at reacting and
non-reacting conditions without changing the remaining system
dynamics. It therefore fulfills the requirements to investigate the
exclusive influence of the PVC on TA-instabilities of swirl flames
and to investigate on the potential of active PVC control for
TA-instability mitigation purpose.

In this work, a turbulent swirl flame is investigated experimen-
tally. We consider an attached V-shaped flame that features no
PVC, a configuration commonly used in gas turbine combustion.
The active control unit is used to excite a PVC in an open-loop
fashion. The control thereby exploits the intrinsic global hydro-
dynamic instability of the flow as it is verified by a global linear
stability analysis. Acoustic FTF measurements are conducted for a
range of PVC actuation amplitudes and the flow and flame dy-
namics are captured simultaneously via time-resolved PIV and OH-
chemiluminescence measurements. The experimental arrangement
allows for a controlled characterisation of the impact of the PVC
on the FTF, and reveals the coupling mechanisms between the PVC
and TA instabilities through mean flame and mean flow modifica-
tions. It further allows to verify the hypothesis of the PVC reducing
the growth rate of the axisymmetric KH-mode as it was formulated
in previous works.

The present study is structured as follows. First, the experi-
mental (2) and theoretical (3) methods are explained, which are
applied to analyze the chosen stable reacting base flow. This base
flow is used as input for a global linear stability analysis (4.1).
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Fig. 1. Experimental setup with applied measurements techniques.

Next, the effect of the PVC actuation is analyzed with respect to
flow dynamics and modifications of the temporally averaged mean
flow (4.2). Finally, FTF measurements are presented for the same
conditions and the influence of PVC actuation is discussed (4.3).
Two different scenarios are derived, taking into account changes
of the mean flow (4.3.1) and the mean flame (4.3.2). It explains
the observed impact of the PVC on the FTF.

2. Experimental setup and methods
2.1. Burner and actuator design

Experiments are conducted with a swirl-stabilized combustor
(see Fig. 1), which consists of a swirl generator, a silica glass
combustion chamber and an annular mixing tube duct (hydraulic
diameter D, =20 mm). The centerbody inside the mixing duct
contains four independent actuation channels with rectangular
outlets at the centerbody tip. Previous studies conducted in
different geometries revealed that the highest sensitivity of the
PVC mode is to be found slightly upstream of the burner outlet
and the central recirculation zone, where the actuator outlets
are placed [27-29,31]. Each actuation channel is connected to an
individual loudspeaker, which facilitates helical actuation of the
PVC according to the zero-net-mass-flux principle (Figs. 1 and 2).
According to this principle, no additional fluid is added to the
main flow. As a measure of actuator efficiency, the momentum of
the actuation jets is related to the momentum of the main flow,
yielding the momentum coefficient [34],

Cu= Guﬁms/(vozAh)a

M
)

TWA\\\\\\\\\\\\\\\\\\\\\

(@ pressure sensors () centerbody with actuation
(® mixing tube (@ swirl generator

Fig. 2. Detailed sketch of the burner with PVC actuation indicated by the small
arrows at the outlets of the actuation channels.

where ugys refers to the RMS of the velocity fluctuations at an
individual actuator outlet, which was measured with a hot-wire
anemometer without main airflow [30], G refers to the area of a
single actuator outlet, A, refers to the hydraulic cross section area
based on Dy, and Vj refers to the bulk velocity of the main flow.
Besides characterizing the actuators efficiency, the C,, value is also
a measure for the actuation amplitude, which is used in this study
to distinguish different levels of PVC actuation. In previous studies,
it was shown that this actuator can be used for phase-opposition
control to achieve damping of the PVC limit cycle amplitude [12].
This is an important prerequisite for the current study as it
demonstrates the capability of the control concept.

2.2. Operating conditions

The perfectly premixed fuel-air mixture with an inlet tempera-
ture of 293 K was burned at an equivalence ratio of 0.65. The air
mass flow was set to 140 kg/h, which corresponds to an Reynolds
number of 30,000 based on Dy, and a thermal power of 67 kW. The
swirl generator was adjusted to a fixed geometrical swirl number
of S = 0.7. Air and fuel (natural gas) were premixed far upstream
of the burner to ensure perfectly premixed conditions.

2.3. Measurement of flame transfer function (FTF)

The FTF describes the ratio between the global heat release rate
fluctuations to the acoustic velocity perturbations at the combustor
inlet. This ratio is defined as
a/a
/v
with the Fourier—transforj]ed global heat release rate @, the mean
global heat release rate Q, the Fourier-transformed acoustic veloc-
ity @ and the bulk flow velocity Vj.

The multi-microphone-method (MMM) was applied to recon-
struct the plane wave acoustic velocities upstream and down-
stream of the flame [6]. Based on the reconstructed acoustic veloc-
ities, the FTF was derived by applying the Rankine-Hugoniot rela-
tion assuming acoustically compact flames [35,36].

FTF (1)
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Fig. 3. Acoustic forcing response of the combustion system derived from the esti-
mated the amplitudes of the voltage signal, which was fed to the loudspeakers, to
achieve an acoustic velocity of 10% of the bulk velocity.

The burner with the PVC actuation system was implemented
into an atmospheric combustion test rig that allows for measure-
ments of the FTF [11,35]. Measurements were conducted using five
condenser microphones flushmounted in the plenum upstream of
the burner and another five water-cooled microphones in the ex-
haust tube. The microphone signals were recorded at a sampling
rate of 8192 Hz for a time series of 16 s. Four 18-inch speakers
connected to the plenum were used to generate acoustic forcing.
The flame was acoustically forced at frequencies between 83 and
327 Hz with an increment of 4 Hz. The amplitude of the volt-
age signal fed to the 18-inch speakers was adjusted to achieve an
acoustic forcing amplitude of i/Vy = 0.1, which assures linearity
of the flame response. Thus, at resonance frequencies of the rig,
the amplitude of the loudspeaker voltage signals were minimal.
The corresponding frequency dependent voltage signal amplitudes
were derived in an iterative procedure prior to the ultimate mea-
surements. The normalized reciprocal of the derived amplitudes
yields a measure for the response of the combustion system to the
acoustic forcing, which is shown in Fig. 3. The peaks in the plot
mark those frequencies at which the forcing is most effective. The
considered range of acoustic forcing frequencies support only pla-
nar (m = 0) acoustic waves, with the aim to mimic perturbations
originating from TA modes. In this study, all quantities referring to
the acoustic forcing have AF as index.

2.4. Flow and flame diagnostics

The three components of the velocity field were measured
with stereoscopic high-speed particle image velocimetry (PIV) at a
recording rate of 2500 fps. One camera of the measurement system
was mounted perpendicular to the streamwise field of view and
another camera with an angle of 40° to the measurement plane.
Seeding was introduced to the flow upstream of the burner us-
ing a brush-based seeding generator with titanium dioxide (TiO,)
particles of a nominal diameter of 2 um. The light emitted by the
PIV seeding particles was used to estimate the mean fluid density,
using a quantitative light sheet technique [37,38].

Time-resolved OH* chemiluminescence measurements were
conducted using an intensified high-speed CMOS camera equipped
with a 308 nm optical bandpass filter recording at a rate of 2500
fps. The recorded images were phase-averaged with respect to the
acoustic actuation and Abel-deconvoluted to obtain the spatial dis-
tribution of heat release rate fluctuations. Moreover, a photomulti-
plier tube (PMT), equipped with a 308 nm bandpass filter, focused
to only one half of the combustion chamber, captured the antisym-
metric (with respect to the combustor symmetry) global heat re-
lease rate fluctuations induced by the PVC [17]. The time-resolved
PIV and OH* measurements had to be conducted sequentially be-
cause of geometrical restrictions around the test rig. Further details

about the experimental setup and the actuator design can be found
in [20].

3. Empirical and analytic methods

This section provides a brief introduction to the methodology
applied to characterize the stability and dynamics of the flame and
the flow.

3.1. Spectral proper orthogonal decomposition (SPOD)

The time-resolved velocity field snapshots measured in this
study with PIV were post-processed using SPOD. It is an empirical
mode decomposition method to extract the spatial shape and dy-
namic of coherent flow structures, such as the PVC [39]. The funda-
mental basis of the SPOD is formed by the classical proper orthog-
onal decomposition (POD) [40]. In contrast to the POD, the SPOD
provides enhanced selectivity in complex turbulent flows such as
the reacting combustor flows investigated in this study [41].

Within the framework of the SPOD, velocity fluctuations v’ are
decomposed as

N
VX E) = V(X) + V(X 1) =V(X) + Y a;(0)D;(x), 2)
i=1

with spatial modes ®; and corresponding time-dependent coeffi-
cients g;. This mode basis is, analog to classic POD, derived from
an eigenvalue decomposition of the correlation matrix R.

In contrast to the classical POD, the matrix R is filtered by
a Gaussian low-pass filter, which leads to the filtered correlation
matrix

Ny

Sij= Z Rk jik - (3)

k=—Ny

The vector g, contains the filter coefficients and N; describes the
filter width. The standard deviation of the filter is chosen such
that it gives the same cut-off frequency as a box filter of half the
length [41]. The filter width Ny is a crucial parameter of this SPOD
approach, because it allows to switch between the classical POD
(N = 0) and a pure discrete Fourier transform (N = number of
samples) [39]. It is recommended to set N; equivalent to one to
two periods of the investigated mode, which is the PVC in the
present case [41]. Accordingly, in this study Ny should be in the
range of 12 to 25 samples. The corresponding cut-off is related to
the filter width by f. « Nif [39]. In this study, Ny is set to 20, which

enables an unambiguous separation of the PVC mode and the re-
maining turbulent fluctuations.

The SPOD-based filtering allows for extracting the mode shapes
and dynamics of coherent flow structures in a defined frequency
range, and it avoids a distribution of the PVC dynamics over sev-
eral modes. This is especially important in those cases where the
PVC is comparably weak. The temporal coefficients g;(t), which are
corresponding to the eigenvectors of the filtered correlation ma-
trix, describe the dynamics of the corresponding spatial mode. The
spatial modes ®;(x) are derived from a projection of the snapshots
onto the corresponding temporal coefficients. For more details re-
garding the derivation of the SPOD, the reader is referred to the
work of Sieber et al. [39].

3.2. Mean field linear stability analysis

Linear stability analysis (LSA) is applied to the measured mean
fields for two reasons. First, a global LSA is conducted to investi-
gate the stability of the PVC mode at the uncontrolled state and to
verify the control scheme. Second, a local spatial LSA is conducted
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to predict the growth rates of the axisymmetric KH-instability in
the shear layers at different levels of PVC actuation.

To conduct LSA of a turbulent flow, the pressure and veloc-
ity components are formally decomposed into three parts: a time-
averaged mean part, V, a coherent part (the difference between the
mean and the phase-average), V, and an incoherent turbulent part,
v’ This reads exemplary for the velocity vector v =V + ¥+ v”. By
inserting this ansatz into the Navier-Stokes equations for an in-
compressible non-isothermal flow and subsequent rearrangement
and linearization, one arrives at the governing equations for the
coherent part

% +V.-VV+V.Vi= _%va - (egr(V + VDY) (4)
V.¥=0. (5)

It is important to note that the equations are effectively weakly
nonlinear as they account for the modification of the mean field
through nonlinear coherent Reynolds stresses [42]. Moreover, the
effective viscosity veg consists of the sum of the molecular and the
turbulent viscosity, where the latter accounts for the interaction
between the random and coherent fluctuations. Using the Boussi-
nesq approximation [10,27], the effective viscosity is calibrated to
the Reynolds stresses, which are obtained from PIV measurements.

Solving this equation within the framework of global LSA,
the global mode ansatz §(x, t) = %{§(x, r)elm-D} is inserted in
Egs. (4) and (5), where q stands for p and V, x for the axial co-
ordinate, r the radial coordinate and 6 the azimuthal angle. The
real part %{w} of the complex w is the frequency, the imaginary
part 3{w} the temporal growth rate, §(x, r) is the amplitude func-
tion, and m the azimuthal wavenumber of the global mode. The
equations are rearranged to an eigenvalue problem with w as the
eigenvalue and q as the eigenfunction and solved numerically for
a given m using the FELICS code developed at TU Berlin. The code
takes advantage of the open source Finite-Element software pack-
age FEniCS in order to discretize Egs. (4) and (5). In the framework
of this paper, a mixed formulation was applied using second order
continuous Galerkin elements for all velocity components and cor-
responding first order elements for the pressure. The mean flow is
globally unstable if 3{w} > 0 and globally stable if 3{w} < 0. The
global LSA is conducted for m =1 to determine the global mode
corresponding to the PVC.

The framework of local stability analysis extends the assump-
tions of the global stability approach described above. The base
flow is assumed to be quasi parallel and the coherent fluctuations
are locally periodic in the axial direction with the complex axial
wavenumber «, which leads to the normal mode ansatz ¢(x,t) =
R{G(r)eiMmI+ax-0)} A spatial analysis is applied, where @ and
m are real and fixed to the value of interest and « is the com-
plex eigenvalue. Coherent fluctuations are spatially growing where
3{a} < 0 and spatially decaying where 3{a} > 0. Since in local
stability analysis, the analysis is performed on the radial velocity
profile only, the analysis must be repeated for every axial position
in the domain. Finally, a complex valued velocity transfer function
Fy(x, w) can be computed by integrating « along the axial coordi-
nate [35], leading to

Fu(x, ) = exp [i [ Cwe, w)ds}. (6)

The local analysis is employed in this work for m = 0 to determine
the spatial growth rate of the KH-instability that couples with the
planar acoustic forcing.

y/D y/D
-1 0

Fig. 4. Mean velocity magnitude (left) and mean Abel-deconvoluted flame shape
(right) with superimposed mean streamlines for the baseline case; OH* normalized
with overall maximum.
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Fig. 5. Global mode spectrum of baseline case derived from LSA conducted for m =
1 showing a single separated eigenvalue (circled) with an eigenmode resembling a
PVC-like structure.

4. Results

At the beginning of this sections, the baseline case, without
actuation, is characterized, including a global LSA. Based on this
analysis, PVC actuation is applied over a wide range of actuation
frequencies and amplitudes and the response of the flow and the
flame is characterized. Based on these studies, the PVC actuation
frequency that leads to maximal response is selected and is kept
constant throughout the remaining study. Thereafter a parametric
study is performed where the actuation amplitude is varied to re-
veal the impact of the PVC on the FTF and the involved mean field
coupling mechanisms.

4.1. Baseline characterisation

The mean fields shown in Fig. 4 reveal the typical features of
a swirl-stabilized flame. The flow is undergoing vortex breakdown,
which leads to a central recirculation zone around the jet axis and
a corresponding inner shear layer between the jet and the central
recirculation zone. Moreover, an outer shear layer is formed be-
tween the jet and the outer recirculation zone. A V-shaped flame
(Fig. 4, right) is stabilized inside the inner shear layer, which is
attached to the centerbody tip close to the outlet of the burner.
The major mean heat release rate is distributed along the entire
inner shear layer upstream of the location where the jet reaches
the combustor wall.

As typical for this type of flames [9,10,12], the PVC is not
present as it has been assured by a SPOD of PIV snapshots. This
is due to the stabilizing effect of the mean density stratification in
the flame-root region as detailed in previous studies [9,43].

To asses the stability of the baseline configuration and to unveil
the presence of a damped PVC mode, a global stability analysis is
conducted. The resulting eigenvalue spectrum is shown in Fig. 5
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Fig. 6. Flame response to different actuation frequencies (fpyc) and amplitudes (C,)
depicted by the amplitude of PVC-induced antisymmetric global heat release rate
fluctuations Qpyc (normalized by overall maximum). Black crosses indicate data
points. Flow response modes are shown on the right for C;, equal to 0.01, 0.03 and
0.06 and fpyc = 200 Hz, depicted by the transversal velocity component of SPOD
modes (normalized with overall maximum).

for the m =1 mode. It reveals a continuous spectrum and a few
discrete eigenvalues standing aloof. The figure furthermore shows
the mode shape corresponding to the least stable of the discrete
modes at around 200 Hz (see circle in Fig. 5). The mode shape
indicates a helical coherent structure located in the inner and outer
shear layer that meanders in downstream direction.

The depicted transversal velocity component vy reveals these
structures by symmetric fluctuations in y-direction. These fluc-
tuations indicate the resulting periodic displacement of the
jet in either crosswise direction, as shown for example in
[9,12,23,29,41,43,44]. The shape and frequency of this mode is very
similar to the PVC occurring naturally at a slightly different operat-
ing condition featuring a detached M-flame [22,45,46]. Overall the
global LSA reveals a discrete eigenmode that resembles character-
istics of the PVC mode and which is slightly damped.

4.2. Flow and flame response to PVC actuation

The global LSA reveals a stable global PVC-like mode at around
200 Hz, which is close to the stability limit. According to linear
stability theory, the flow response to PVC actuation should, there-
fore, be strongest at around this frequency [26]. This is verified by
a parametric study, where the PVC response was measured for var-
ious actuation frequencies and amplitudes.

4.2.1. Flow and flame dynamics

The contour plot shown on the left of Fig. 6 reveals the anti-
symmetric global heat release rate as a function of PVC actuation
frequency and amplitude. This quantity was derived from the an-
tisymmetric OH* signal obtained from the PMT (compare Fig. 1).
It serves as a metric for the flame response to the PVC actuation,
which is closely related to the flow response [20].

The largest flame response to the PVC actuation appears at
around 200 Hz. This agrees very well with the frequency of the
least stable global mode identified in the LSA spectrum (Fig. 5).
The white dots in Fig. 6 indicate cases where PIV measurements
were conducted and the corresponding SPOD modes (transversal
velocity component vy) are shown. As discussed above in connec-
tion with the global LSA spectrum, the shape of these SPOD modes
indicates the same PVC-induced periodic displacement of the jet
in either crosswise direction. Moreover, these modes clearly reveal
fluctuations on the jet axis, which is a clear indication of the PVC
and a single helical mode (m = 1). Different studies revealed very
similar mode shapes of the PVC in non-reacting [29,47,48] and re-

tube would be required, which cannot be obtained with the avail-
able combustion chamber test rig. Nonetheless, the agreement of
the spatial SPOD and LSA mode shapes is reasonably well and, in
connection with the excellent agreement between the frequency
of the least stable global mode and the measured maximum re-
sponse, the idea is strongly supported that the actuator excites the
damped PVC mode, making use of a naturally existing, but damped
global instability.

The efficiency of the flow control can be estimated by relating
the energy contained in the SPOD modes to the actuation ampli-
tude. For an actuation amplitude of C,, = 0.06%, the PVC-induced
flow oscillations contain 13.5% of the total turbulent kinetic energy.
This very high efficiency is due to the inherent natural global in-
stability that is exploited by this flow control. Moreover, additional
analysis of the flow response data reveals no other coherent struc-
ture at either different frequency or azimuthal modenumber that is
accidentally excited by the actuation. Hence, this flow control sys-
tem is applicable for targeted investigations of the PVC influence
on combustion properties such as FTF and flame dynamics.

4.2.2. PVC-induced mean field corrections

The actuation of the PVC causes coherent fluctuations which act
on the mean field through coherent Reynolds stresses. This section,
therefore, considers modifications of the mean flow state due to
the response of the flow to PVC actuation.

Figure 7 (left column) depicts the mean fields at different
PVC actuation amplitudes indicating slight modifications. The
jet spreading appears to be enhanced with increasing actuation
amplitude, which is the result of enhanced shear layer growth.
Consequently, the backflow in the CRZ is accelerated, which is
indicated by the narrowed streamlines and the slightly increased
velocity magnitude level around the jet axis near the burner outlet.

To illustrate these observations more distinctly, the axial ve-
locity profiles at x/D = 0.5 for different PVC actuation amplitudes
are shown in Fig. 8a. This axial location corresponds to high lev-
els of coherent production and strong modifications of the mean
flow due to PVC actuation are expected. The figure shows that
the maximal velocity remains unaffected by the actuation, but the
backflow velocity in the IRZ increases substantially with higher Cy,.
Moreover, the jet becomes broader, which indicates an enhanced
spreading and shear layer growth

To evaluate the shear layer growth, the shear layer thickness of
the ISL is estimated. The thickness of the ISL was chosen, because
the PVC is expected to be primarily active in that region. As a mea-
sure for the shear layer thickness, the momentum thickness [49]

Yoo 7. v
azf l(l——")dy (7)
Yo Vo Yo
is determined from the measured velocity fields. The integration
limits are chosen such that the ISL is captured in that area be-

tween CRZ and the jet, where the mean axial velocity Uy is be-
tween 10% (yo1) and 90% (yg9) of the maximal axial velocity at this
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Fig. 7. Mean velocity magnitude (left), normalized with bulk velocity, and produc-
tion P, (right), normalized with respect to overall maximum, of the PVC mode for
different PVC actuation amplitudes Cj,.

Table 1

Momentum thickness of axial shear layer, §, determined from velocity profiles mea-
sured at x/D = 0.5 for different PVC actuation amplitudes, and percentage of in-
crease, Ad, with respect to the uncontrolled case.

Cu 0% 0.01% 0.03% 0.06% 0.09%
8 1.88 2.00 2.17 2.16 232
AS 0 6% 13.4% 13% 19%

streamwise location. In Table 1, values for the shear layer thick-
ness at x/D = 0.5 and the relative growth (Ad) are given. These
values show that the ISL grows of up to 19% due to the applied PVC
actuation.

The mean flow changes induced by the PVC actuation are a
direct consequence of increased coherent production Py. This
quantity is shown in right column of Fig. 7. It is defined as Py, =

ng% where 7; is the ith component of the velocity fluctuation

of the PVC mode determined from SPOD. P, quantifies the en-
ergy flux between the mean field and the fluctuating field induced
by the PVC, and it indicates where the PVC modifies the mean
field. Accordingly, substantial coherent production occurs in the in-
ner and outer shear layer and close to the combustor inlet which
coincides well with the enhanced shear layer growth observed in
these regions. For the high actuation amplitudes, the production
in the inner shear layer close to the combustor inlet is very high,
indicating strong activity of the PVC in this region.

or C =0%
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0.01%
e (0.03%

——— (0.06%

— (.09%

0.2 0.4 0.6 08 1
y/D []

Fig. 8. Axial mean velocity a) and production profiles b) at x/D = 0.5 for different
Cu.

The radial profiles of the coherent production at x/D = 0.5 are
presented in Fig. 8b. They show that coherent production occurs
primarily in the region of the ISL, where the maximal value grows
with increasing PVC actuation amplitude. Moreover, the increas-
ing spread of these profiles illustrates the shear layer growth due
to the PVC actuation. For the highest actuation amplitude of C,, =
0.09%, the maximal production does not grow any further but is
shifted slightly to the jet center, which potentially indicates a non-
linear saturation process.

In order to evaluate the distribution of the coherent production
in axial direction, the coherent production P, is integrated in ra-
dial direction and plotted over the axial coordinate x, as shown
in Fig. 9a). The resulting curves show a continuous increase in
streamwise direction which corresponds to the spatial growth of
the PVC-induced shear layer oscillations. The location where coher-
ent production reaches its maximum value moves upstream with
increasing actuation amplitude, which is expected as the satura-
tion amplitude of the spatially growing structures is reached ear-
lier for higher initial forcing amplitudes [50]. For actuation ampli-
tudes above C,, = 0.06%, the overall coherent production does not
increase any further, which has already been observed in Fig. 8b,
and which is likewise attributed to the saturation process at high
amplitudes.

In Fig. 9b, the radial integral of the overall turbulent production

Prurp = v;v;g—g is shown, where v =#; + v/ are the total velocity

fluctuations, including stochastic as well as coherent fluctuations.
There is a clear offset between the curves with actuated PVC and
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Fig. 9. Radial integral of coherent production (top) and of total turbulent produc-
tion (bottom) as a function of the axial coordinate x and PVC actuation amplitude
Cpu.

the baseline case, which demonstrates a considerable contribution
of the actuated PVC to the total turbulent production. For all cases,
except for the highest actuation amplitude, saturation sets in at
around x/D = 0.7, whereby the increasing PVC actuation shifts the
saturation point slightly upstream. In case of the highest actuation
amplitude, the shape of the curve deviates from the others, which
is probably because of a substantial change of the mean flow field
and flame (as will be discussed later), which cannot be explained
solely based on the turbulent and coherent production.

Before analyzing the impact of the PVC on the mean flame
shape, those regions in the flow are revealed where the PVC in-
duces high velocity fluctuations. In this context, the (coherent) ki-
netic energy distribution Kpyc of the PVC mode, which is deter-
mined from the SPOD, serves as a suitable quantity to illustrate
these regions. It is shown in the left column of Fig. 10. For all ac-
tuation amplitudes, the region of highest fluctuation energy is lo-
cated in the ISL, with a maximum occurring approximately around
x/D = 1. This is somewhat downstream of the regions of highest
coherent production, which is due to the mean convection of tur-
bulence intensity. For the highest PVC actuation amplitude, a re-
gion of high fluctuation energy appears at the combustor inlet at

c, %]

0.09

y/D y/D

Fig. 10. Kinetic energy of PVC mode (left), normalized by kinetic energy of bulk
flow, and mean Abel-deconvoluted heat release rate (right), normalized by overall
maximum, for different PVC actuation amplitudes.

the jet centerline. It indicates a strong precessing motion of the
vortex core, which is the result of an enhanced coherent produc-
tion near the jet axis close to the burner outlet (confirm with
Figs. 7-9).

Summarizing the results from the analyses above, the main ef-
fect of the PVC-actuation on the flow field is the enhancement
of the coherent production in the inner and outer shear layers.
This enhancement leads to increased turbulent fluctuations, espe-
cially in the ISL, which enhances the shear layer growth. These ef-
fects are expected to affect primarily the growth of KH-instabilities
[24,25]. For high C,, values, enhanced coherent production induces
an increase of fluctuation energy in the region close to the burner
outlet. As a result, the actuated PVC constricts the CRZ, which leads
to the accelerated backflow observed in Figs. 7 (left) and 8. The
observed effects in the shear layers and close to the burner out-
let will have a strong impact on the mean flame shape as will be
shown in the following section.

4.2.3. PVC-induced mean flame changes

In the right column of Fig. 10, the mean flame shape is depicted
for different PVC actuation amplitudes. Most noticeable, the PVC
causes a more compact flame with the region of major heat re-
lease rate located closer to the combustor inlet. This shift is further
quantified by the flame’s center of mass (COM), calculated as

_ [ JOH"(x, y)xy dxdy
[ [ OH*(x, y)ydxdy '

COM

(8)
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which is illustrated by a turquoise dot in Fig. 10. The upstream
shift is most significant when increasing the actuation amplitude
beyond C,, = 0.06%. This correlates well with the observed increase
of kinetic energy of the PVC in the same region as shown in the
left column of Fig. 10. This suggests that the PVC-induced flame
surface wrinkling at the flame root is the main driver for heat re-
lease rate in this region and therefore the upstream shift of the
COM of the flame.

The mean heat release rate distribution in the flame tip region
is also affected by the PVC actuation. A thickening of the flame
brush is observed and a reduction of overall heat release rate. The
first observation correlates well with the observed thickening of
the inner shear layer due to PVC-induced coherent production. The
second observation is presumably attributed to the enhanced reac-
tion taking place at the flame root, which links back to the en-
hanced PVC-induced flame wrinkling at this location.

Overall, we observe a significant PVC-induced mean flame
changes with the tendency to a more compact and further up-
stream located flame. Together with the observed mean field mod-
ifications, we expect a significant influence of the PVC on the flame
response to acoustic perturbations, which is the focus of the next
section.

4.3. Influence of PVC actuation on the FTF

Figure 11 shows the gain and phase of the FTF measured at
different PVC actuation amplitudes. Considering the baseline case
first (black dotted dashed line), the characteristic shape of the FTF
gain indicates the superposition of two mechanisms driving the
flame response. These are for such type of flame the swirl fluc-
tuations and the vortex roll-up due to KH-instability [2,35]. Swirl
fluctuations are axial vorticity waves that are generated when the
acoustic waves impinge on the swirl generator. These perturbations
propagate from the swirl generator to the flame root at a velocity
related to the mean flow and induce global heat release rate fluc-
tuations mainly at the flame root. The KH-instability waves are ex-
cited in the shear layers downstream of the combustor inlet. They
form large-scale axisymmetric coherent structures that propagate
to the flame tip where they induce global heat release rate fluc-
tuations [2,4,51,52]. Difference in propagation velocity and travel
distances for both mechanisms result in different convective time
delays between the acoustic perturbations and global heat release
rate fluctuations. This results in the interference pattern of the FTF
gain with levels exceeding unity.

Considering the FTF at increasing PVC actuation amplitude
(Fig. 11 colored dotted-dashed lines), a clear change of the gain
can be observed. Note that the PVC actuation was applied at
fpvc = 200 Hz, which is equal to the frequency of the (damped)
PVC mode at the uncontrolled state and which revealed maximum
flow response. Reduction in FTF gain is observed over the entire
FTF frequency range with a reduction of 47% around far = 300 Hz
and a reduction around the peaks at far = {130,260} Hz of 11
and 21%, respectively. In these frequency regions, a detailed anal-
ysis of the flame and flow response is presented in the following
Sections 4.3.1 and 4.3.2. In sharp contrast to the gain, the phase of
the FTF, and hence, the convective time delays are unaffected by
the PVC actuation, which is surprising in light of the substantial
changes of the mean flame location that are observed.

The FTF gain curve exhibits a minimum at around 200 Hz, due
to destructive interference of heat release oscillations caused by
KH-instability waves and swirl fluctuations. The proximity of the
frequency at the FTF gain minimum to the frequencies of PVC’s
highest receptivity (compare Fig. 6) and the (damped) PVC mode
(compare Fig. 5) is a pure coincidence. Actuating the PVC at a
slightly different frequency would have an equal impact on the
FTF gain but would require a larger actuation amplitude. To fur-
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Fig. 11. Measured FTFs for different PVC actuation amplitudes C,, equal to 0, 0.01,
0.03, 0.06 and 0.09% (markers with dashed lines) and modeled FTF (solid line) as
super position of the contributions of the KH-instability FTFxy (dashed line) and
swirl fluctuations FTFs,, (dotted line). The top plot shows the gain and the bottom
plot shows the corresponding phase.

ther investigate the correlation between the FTF gain curve and
the PVC, an extensive parameter study would be required, which
is beyond the scope of the present study. Such a future parame-
ter study should include for instance varying swirler positions and
different PVC actuation frequencies.

The observation of the FTF at varying PVC amplitudes leads to
the central question of the following analysis: What mechanism
causes the gain of the FTF to decrease with increasing PVC am-
plitude while the phase remains unchanged?

In general, the PVC may act on the FTF either through a di-
rect nonlinear interaction between the TA mode and the PVC or
through an indirect interaction via the mean fields. A direct linear
interaction between a symmetric acoustic modes (m = 0) and the
PVC mode (m = 1) is not possible due to the fundamentally dif-
ferent mode shape. Moreover, a direct nonlinear interaction would
require high amplitude acoustic oscillations [17] which is not the
case in the present study where the acoustic forcing for the FTF
measurements were assured to be within the linear limit. This was
verified by a detailed investigation of the mode spectrum based on
OH*-chemiluminescence and pressure recordings showing no sig-
nificant interaction modes. Therefore, the first mechanism can be
excluded. This leaves mean field coupling mechanisms as the re-
maining option which will be investigated in the following.
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4.3.1. Interaction mechanism via mean flow field

To assert the impact of the mean flow changes on the FTF, a
model based on mean field LSA is employed [35]. Thereby, the FTF
is decomposed into two parts,

FTF = FTFgy + FTFs,,, (9)

where the first part refers to the contribution of the KH-instability
and the second to the swirl fluctuations.
The first part is modeled as

Jom= I(x)F, (x, w)dx
Jom I(x)dx

where F, refers to a velocity transfer function of the KH-instability
determined from local LSA (see Eq. (6)). F, is weighted by the radi-
ally integrated mean flame intensity, I = forr"ax OH*rdr, and spatially
integrated to translate the gain and the phase of the KH-instability
to the one of the FTF.

For the second part of the FTF, a convective time-lag model is
employed, reading

FTFs,, = e—ioT g—iw?of

FTFgy(w) = (10)

_ e—iwrze—iwznzz’ (11)

with two convective time lags 7; and 7, and two standard de-
viations o7 and o,. Komarek and Polifke [53] introduced this
model in the context of swirl fluctuations, consulting numerical
observations of the flame response to tangential velocity fluctu-
ations. The model parameters are optimized to achieve the best
match with the measured FTF, yielding 7; = 11.4 ms, 7, = 11.6 ms,
o1 = 0.7 ms, and 03 = 1.8 ms. The mean value of the two convec-
tive time delays corresponds approximately to the time the swirl
fluctuations need to travel from the swirler to the flame. The dif-
ference of the two time delays corresponds to the time between
the heat release increase due to swirl fluctuations and the heat re-
lease decrease as explained in [53].

As shown in Fig. 11, the model captures the measured FTF very
well in terms of phase and gain. Moreover, the two parts of the
FTF depicted in the same figure demonstrate that the FTF gain is
largely determined by the interference of the KH-instability and
the swirl fluctuations, which was already inferred by previous in-
vestigations [2]. Overall, this model quantifies the link between the
KH-instability and the measured FTF, which is important for the
following analysis.

The influence of the PVC actuation on the KH-instability is
shown in Fig. 12. It compares the velocity transfer function F, de-
termined from LSA based on the mean flows at increasing PVC
excitation amplitudes for three selected acoustic forcing frequen-
cies (fap). Accordingly, the phase of F, remains unaffected by the
PVC actuation, which implies that the propagation velocity of the
KH-instability remains unaffected by the mean field changes. How-
ever, the gain of the flow transfer functions is affected quite sig-
nificantly for the moderate and high frequencies. Accordingly, the
changes of the mean flow field induced by the PVC actuation sub-
stantially reduce the growth rates of the KH-instability. This can
be explained by the PVC-induced enhanced turbulent production
and related thickening of the inner shear layer which was deduced
from Figs. 7 to 9. The region of high coherent production thereby
coincides very well with the region of high spatial growth of the
KH-instability, which makes this effect quite substantial. The re-
duction of the KH-instability gain, however, saturates at a PVC forc-
ing amplitude of C,, = 0.03%, while the FTF reveals still substantial
gain reduction also for higher forcing amplitudes. Hence, the ex-
ceeding FTF gain reduction measured in the experiment remains
to be addressed in the following paragraph.

4.3.2. Interaction mechanism via mean flame
To explain the FTF gain reduction encountered at PVC actua-
tion amplitudes higher than C,, = 0.03%, this section will elucidate

C =0 e C,=0.01%

"
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Fig. 12. Velocity transfer function F, of the KH-instability determined from local
LSA at acoustic forcing frequencies (far) based on mean fields measured at differ-
ent PVC actuation amplitudes (C,,). The left column shows the gain and the right
column gives the corresponding phase.

a second coupling mechanism: The modification of the mean flame
shape. The phenomena described in Section 4.2.3 show that the
PVC changes the mean flame shape in such a way that the main
heat release rate is not distributed over the whole flame length
anymore but concentrated near the burner outlet (compare Fig. 10,
right). Consequently, the reaction zone is concentrated at the flame
root in case of a sufficiently high PVC actuation amplitude. Due to
the concentrated reaction zone, more fuel is consumed near the
flame root, where the PVC is predominantly active, as explained
above (compare Fig. 10, left). As a consequence, less fuel can be
consumed downstream of the flame root, where the acoustically
forced modes are predominantly acting at the sensitive flame tip.
This phenomenological explanation for the measured decrease of
the FTF gain will be investigated in more detail in the following.

To facilitate a more detailed investigation of the influence of
the PVC on the FTF, the spatial distributions of heat release rate
fluctuations induced by acoustic forcing were calculated for differ-
ent PVC actuation amplitudes. For this purpose, the OH* chemilu-
minescence data was phase-averaged with respect to the acous-
tic forcing signal. Figure 13 shows contours of the RMS of this
quantity, RMS(gar), for three different acoustic forcing frequen-
cies. It describes the intensity and spatial location of the flame
response to acoustic perturbations. The selected frequencies are
around the highest FTF gain values (far = {135,259} Hz) and in
the region of highest relative gain reduction due to the PVC ac-
tuation (far = 303 Hz) as can be verified from Fig. 11. The top row
of Fig. 13 shows RMS(qar) for the baseline case without PVC actu-
ation, while the rows below show the quantify for increasing PVC
actuation amplitude with each column corresponding to a single
acoustic forcing frequency.

For the case without PVC actuation (top row in Fig. 13), two sig-
nificant regions of heat release rate fluctuations stand out. Region
A is located in the inner shear layer at the flame root. It is known
to be particularly sensitive to swirl fluctuations [1]. Region B is lo-
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Fig. 12). For these amplitudes, however, the PVC continues to shift
the flame’s COM away from region B, where the KH-instability
perturbs the flame the most. Thus, the PVC-induced modifica-
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tion of the mean flame supersedes the hydrodynamic damping
- mechanism for high PVC actuation amplitudes. This explains the

Fig. 13. Contours of intensity of local heat release rate fluctuations, RMS(gxr), in-
duced by acoustic forcing at three different frequencies far (columns) under influ-
ence of increasing PVC actuation amplitudes (rows), normalized with respect to
overall maximum value.

cated at the flame tip, further downstream and at higher radial po-
sitions. Previous studies showed that heat release rate fluctuations
in this region arise mainly due to KH waves interacting with the
flame tip [1,54].

In region A, the flame response to acoustic perturbations at the
flame root move upstream with growing PVC actuation. This up-
stream movement is connected to the upstream shift of the mean
flame (compare Fig 10, right). Furthermore, RMS({4r) slightly de-
creases in region A, especially for 259 Hz and 303 Hz, although
the mean heat release rate increases in this region for growing
PVC amplitudes. As concluded before, this increase of mean heat
release is attributed to strong PVC-induced flame-front wrinkling
due to a high kinetic energy of the PVC in region A (compare
Fig 10, left). The damping of RMS(Gur) in region A has a rather
small impact on the FTF gain, since the major heat release rate
fluctuations are to be found at the flame tip.

Region B is expected to primarily determine the FTF gain and
phase, because there the strongest heat release rate fluctuations
are observed. With increasing PVC actuation amplitude, RMS(§ar)
decreases in this region for all considered acoustic forcing fre-
quencies. This decrease confirms the phenomenological explana-
tion, which was given at the beginning of this section. The up-
stream shift of the COM of the mean flame with increasing PVC
amplitude (compare Fig. 10, right) indicates the concentration of
the mean flame near the flame root. Accordingly, the (mean) flame
is moved away from region B, i.e. the flame tip, which is sensitive
to acoustically forced modes. As a consequence, the reaction zone
is also shifted upstream such that relatively more fuel is consumed
near the flame root. Therefore, incoming flow perturbations, in-
duced by acoustic forcing, are hindered to act on the flame tip (in
region B) as distinctly as in the baseline case. This leads to lower
RMS(gar) in this region, which affects a reduced gain in the global
flame response.

Local LSA has shown that the hydrodynamic response of the
KH-mode to acoustic forcing remains unaffected by an additional
increase of the PVC actuation amplitude for C, > 0.03% (see

reduction of FTF gain observed for PVC actuation amplitudes
higher than C, = 0.03%.

Finally, the independence of the FTF phase lag with respect to
the PVC actuation is addressed. Intuitively, one might expect that
an upstream shift of the COM of the flame should cause a decrease
of the time delay and therefore have a significant impact on the
phase of the FTF. As illustrated in Fig. 11 however, the phase re-
mains rather unaffected by the PVC actuation. This contradiction
can be resolved by adducing Fig. 13. The figure shows that despite
the upstream shift of the mean flame, the location where the KH-
mode induces the strongest heat release rate fluctuations remains
the same with increasing PVC actuation (region B). Furthermore,
the flow transfer functions deduced from the LSA show that the
propagation velocity of the KH-mode remains likewise unaffected
by the PVC actuation. And since the phase of the FTF is mainly
depending of the convective time delay of the KH-wave from the
burner outlet to the flame tip, it remains unaffected by the PVC
actuation as well.

5. Conclusions

In this study, active flow control is applied to excite a PVC mode
in a turbulent perfectly premixed swirl flame. Open-loop control is
applied in a region of high receptivity and it is shown to excite
the natural global instability that is damped by the flame and does
not appear naturally. This provides excellent experimental condi-
tions to investigate the exclusive impact of the PVC on the FTF and
related heat release rate fluctuations. It is observed that PVC actu-
ation leads to a significant reduction of the FTF gain but leaves the
phase unaffected.

Based on the experimental data and linear stability analysis,
the mechanisms leading to the change of the FTF are investigated.
As the PVC is a helical-shaped coherent structure, it generates no
global heat release rate fluctuations and hence cannot contribute
directly to the FTF. Therefore, the mechanisms at hand are more
indirect and act via the mean field or mean flame.

Figure 14 summarizes the interaction mechanisms identified in
this work. In the first mechanism (lower branch in Fig. 14), the PVC
modifies the mean flow due to coherent production. This leads to
a reduced sensitivity of the shear layers to axisymmetric acous-
tic perturbations and thus to a reduction in the FTF gain, which
support the hypothesis proposed in [25]. The second mechanism
(upper branch in Fig. 14) is related to the change of the mean
flame shape due to an increase of PVC-induced velocity fluctua-
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tions near the flame root. Hereby, the reacting zone is located fur-
ther upstream and the flame becomes more compact leading to
weaker fluctuations of heat release rate at the flame tip, which is
most influential for the FTF gain. Despite the change of the flame
shape, the location of influential heat release rate fluctuations re-
mains unchanged, which explains why the PVC does not affect the
FTF phase.

In summary, this study quantifies and explains the impact of
the PVC on the response of swirl flames to acoustic perturbations,
which is a key for prediction and control of TA instabilities. The
identified mechanisms explain how the PVC can damp TA modes
as it was observed in a previous study [20]. Active flow control
was thereby a key enabler to isolate the exclusive impact of the
PVC, and to validate recently proposed research hypotheses. The
study further shows that such a control is extremely efficient as it
exploits the natural amplification of flow perturbations due to an
inherent global hydrodynamic instability.

The focus of the present study is to explain how the PVC re-
duces the gain of the FTF via the change of the mean flow and the
mean flame in the present combustion system. The study, how-
ever, raises further questions that need to be addressed in future
studies: First, the general significance of the PVC in the context
of the FTF and associated flame dynamics needs to be evaluated
by applying the approach to other combustors. Furthermore, LES
should be performed, which will provide additional insight into the
physical mechanisms at play and yield flow data which is inacces-
sible to experimental measurements, as, for example, the region
upstream of the burner outlet. In combination with global stabil-
ity/sensitivity analysis of the PVC, these numerical simulations will
additionally yield measures to optimize the actuation of the PVC
and therefore the FTF gain reduction.

The current experiments were conducted at a model gas tur-
bine combustor test rig, which was designed for industrial-scale
investigations under atmospheric conditions. It is expected that the
current findings are applicable to high pressure conditions, as well.
As shown in [55,56], the PVC remains a key factor for combustion
dynamics at elevated pressure for example in the context of PVC-
induced mixing and thermoacoustic oscillations. Therefore, the re-
sults and developed methodologies of the present study should
be directly applicable to the development of future flow control
schemes suited for real gas turbine combustors. However, for in-
dustrial applications the transfer from the present active to a pas-
sive control scheme is the next logical step to contribute to the
development of more stable combustion in future gas turbines.
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Chapter 3

Discussion and Conclusions

In this chapter, the findings gathered in publications 2.1 to 2.5 are discussed, summarized
and related to each other. This discussion, which is the first major part of this chapter, in-
tends to present the publications, accumulated in this thesis, as a whole. Moreover, in the
second part of this chapter, concluding remarks will be given which include a suggestion
of future steps based on the findings shown in the present manuscript.

34 Discussion

This section follows the chronological order of the publications presented above. Firstly,
the active flow control approach is discussed (chapter 3.1.1). This includes the design of
the actuator and sensor setup, the theoretical control approach and alternative actuator
designs which could be derived from the one developed in this thesis. Secondly, the
findings obtained with the active PVC control regarding flame dynamics are discussed
and related to each other (chapter 3.1.2). Besides the impact of the PVC on the mean
flame shape, the role of the PVC in interactions with axisymmetric TA modes and the
effect on the FTF are discussed. Finally, the impact of the PVC on mixing of fuel and air
as well as the mixing of products and reactants is addressed (chapter 3.1.3) which stands
in close connection to NO, emissions (chapter 3.1.4).

311 Active flow control approach

The first step in the course of this thesis is the development of an active flow control ap-
proach, which allows for controlling the PVC. The primary purpose of this control system
is to realize experimental conditions which enable a targeted investigation of the impact
of the PVC on the combustion process. The development of such a flow control system
involves the definition of an actuator and sensor design which follows a certain control
approach.

In the following sections the development of the flow control system based on the first
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publication 2.1 is discussed. Subsequently, the control approach is addressed which in-
volves findings from studies associated with the present thesis [86, 87]. In this context,
a proof of concept is given for the flow control system which refers to the second pub-
lication 2.2 as well. At the end of this section, an alternative actuator design will be
discussed which is based on fluidic oscillators. This alternative design was investigated
in two master theses [3, 8], which are associated with this thesis.

Sensor arrangement

A reliable sensor setup is required to control the PVC, especially in a closed-loop ap-
proach. Due to the single-helical shape of the PVC, which meanders around the jet axis,
a pressure sensor array arranged around the circumference of the nozzle appears to be
suitable to detect the dynamics of the PVC. Therefore, circumferential sensor arrange-
ments at different radii on the front plate (R1-R5) and axial positions in the mixing tube
(A1-As5), as shown in Fig. 3 of publication 2.1, are tested and compared regarding their ca-
pabilities of resolving the PVC dynamics accurately. The pressure signals very close to the
area jump from mixing tube to combustion chamber show a slightly higher phase error
compared with the phase information obtained from flow field measurements. However,
in both regions, at the front plate and in the mixing tube, the PVC can be reliably de-
tected. Accordingly, there is a certain flexibility in the sensor arrangement to guarantee
a reliable PVC detection. Therefore, one sensor array close to position A3 inside the mix-
ing tube and one array at the front plate close to position R3 are implemented into the
experimental setup that allows for realizing reacting conditions with flame.

The sensors inside the mixing tube are used especially in cases with high thermal power
where the sensor arrays at the front plate are exposed to high temperatures which can
cause malfunction. Inside the mixing tube, the sensors are slightly tilted to avoid a direct
interference with the actuation jets (compare e.g. Fig. 2 in publication 2.2). Furthermore,
the sensors are cooled with pressurized air to withstand high temperatures under react-
ing conditions.

Actuator design

The actuator designs studied in publication 2.1 are integrated into a centerbody which is
a main component of the burner utilized in this thesis [118]. The original centerbody has
a cylindrical shape with a sharp edged tip (compare design lll in Fig. 4 of publication 2.
or [118]). The blunt trailing edge of this axisymmetric bluff body generates a wake flow
which might have a stabilizing effect on the flame (see Fig. 5 of publication 2.1). How-
ever, such a wake typically exhibits large-scale (helical) vortex shedding modes, whereat
single-helical modes (m = +1) appear to be the most energetic ones [15, 112, 121]. To
avoid an interaction of these wake modes with the PVC, the shape of the trailing edge
was modified from a blunt trailing edge to a parabolic tip such that the size of the wake,
and with that the dynamical impact, is minimized. The shape of this parabolic tip (com-
pare Fig. 4 of publication 2.1 or Fig. 1.9) follows the boat-tailing design rules which are
typically applied to bluff bodies to minimize the wake formation [49]. The comparison
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of the two different centerbody designs, depicted in Fig. 6 of publication 2.1, confirms
that the parabolic shape provides more distinct PVC dynamics which is traced back to
the wake reduction and involved vortex shedding. With the newly developed centerbody
shape, appropriate experimental conditions are provided which allow for studying the
exclusive impact of the PVC on the combustion process.

The actuator is driven by four loudspeakers which generate synthetic jets, according to
the zero-net-mass-flux principle [55], at the outlets of the actuation channels. Different
actuation channel designs are tested in publication 2.1 which can be categorized into two
groups: lance-based and integrated channels. The lance-based designs (compare design
I and Il in Fig. 4 of publication 2.1) are inspired by the actuator design successfully tested
by Kuhn et al. [63] for closed-loop control of the PVC. The idea behind the lances is a tar-
geted actuation of the wavemaker which is expected to be slightly upstream of the CRZ.
With the lances, the actuation position can be adjusted to the wavemaker location which
was successfully shown in [63]. However, the lance-based design has an intrusive effect
on the flow field and would be exposed to a harsh environment under reacting conditions
which makes a reliable operation of the actuator potentially very difficult. Therefore, the
second group is tested which consists of centerbodies with integrated actuation chan-
nels (compare design Ill to VII in Fig. 4 of publication 2.1). This design is inspired by the
actuator applied by Oberleithner et al. [94, 95] to study coherent structures in a turbulent
swirling jet undergoing vortex breakdown. The eight loudspeakers driving this actuator
are arranged circumferentially around the nozzle outlet allowing for a helical actuation
of modes up to an azimuthal order of m = +4. This concept is reduced to four loudspeak-
ers in the actuator applied in this thesis because of geometrical restrictions. However,
the actuation of a PVC mode is possible in a non-intrusive manner and the harsh envi-
ronment induced by the flame under reacting conditions does not directly influence the
performance of the actuator.

The momentum induced by the individual actuator designs is decisive for successful ac-
tuation of the PVC. Based on hotwire measurements at the outlets of the actuation chan-
nels, itis shown, in publication 2.1 (Fig. 8 and 11), that the lance-based actuators generate
actuation jets with a negligible momentum. As reasons for this result, the small outlet
and channel diameters in connection with comparably large channel lengths from loud-
speaker plenum to the outlet need to be mentioned. Such channel geometries generate
a high pressure loss compared to those actuator designs where the actuation channel
diameter is kept constant until the outlet as it has been realized in designs VI and VII
(compare Fig. 4 in publication 21). Accordingly, designs VI and VIl generate a consider-
ably higher actuation momentum which is very similar for both designs.

However, design VIl is chosen for further investigations and is utilized in publications
2.2 to 2.5. The choice is made due to the following considerations. The actuation jets
generated by design VIl are directed in radial direction which is similar to previous suc-
cessfully tested actuator designs [63, 94]. Compared to design VI, azimuthal actuation
is realized over a larger circumference with design VIl which leads to a larger radius of
action. Furthermore, the direct impact on the mean flow field of the axially directed actu-
ation jets generated by design VI appears to be considerably higher since the jets directly
hit the shear layers and the CRZ. This configuration is expected to contradict the direct
PVC control approach which aims to actuate only the PVC without altering the general
flow configuration. Nonetheless, it would be worth further investigating design VI which
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is beyond the scope of the present study.

The radially directed jets of design VIl are expected to actuate the flow in a region inside
the mixing section where the receptivity of the PVC mode is expected to be high [59, 140].
This contradicts the approach of Kuhn et al. [63] where the actuation is applied close to
the wavemaker which is close to the upstream end of the CRZ. Further discussions about
the control approach are given in the next paragraph.

Control approach and proof of concept

Associated with the publications accumulated in the present manuscript are two stud-
ies by Miiller et al. [86, 87] which were conducted in parallel (compare list of associated
publications). These studies investigate the receptivity of the PVC in a generic turbu-
lent swirling jet which is comparable to the isothermal combustor flow analyzed in the
present thesis. The receptivity is derived based on a global adjoint LSA which solves the
adjoint eigenvalue problem derived from the continuous form of the adjoint equations
of Egs.1.9 and 1.10 [79, 86, 87]. The adjoint LSA of the non-actuated mean flow delivers
adjoint modes which can be interpreted as two-dimensional representations of the re-
ceptivity of the PVC to (periodic) open-loop forcing. Accordingly, the adjoint modes show
where in the flow field an appropriate actuator should be positioned to achieve the max-
imal forcing response. The theoretically derived receptivity is experimentally validated
by a lock-in study, where the actuation position is shifted in axial direction along the
generic mixing tube. As the actuator approaches the predicted region of highest recep-
tivity, the lock-in amplitude decreases as expected from the adjoint modes.

Both studies [86, 87] show that the region upstream of the CRZ is crucial for the formation
of the PVC. Accordingly, a finite region upstream of the nozzle outlet (inside the mixing
tube) is identified where the PVC is very receptive. This region is comparably close to the
actuator position in the experimental setup applied in this thesis. Therefore, it can be
concluded that the actuation is induced in the region of highest receptivity which means
that only small actuation amplitudes are required to achieve a large (control) effect on
the PVC. The region of high receptivity correlates with the region of high turbulent pro-
duction which is responsible for the initiation and the amplification of the PVC [87]. These
findings can be further interpreted such that the region of highest receptivity describes
the origin of the PVC. Accordingly, the findings of Miiller et al. [86, 87] suggest that the
actuation applied in this thesis follows the direct control approach which aims to actuate
the PVC at its origin.

Admittedly, the flow configuration investigated by Miiller et al. [86, 87] is not exactly the
same as the one studied here in which a centerbody is positioned inside the mixing tube.
From an experimental point of view, such an adjoint LSA study could not be realized in
the combustion chamber test rig utilized in this thesis. Due to geometrical restrictions,
optical access to the flow region upstream of the burner outlet cannot be provided to the
extent required for appropriate PIV measurements. Alternatively, an extensive LES calcu-
lation of the reacting flow configuration could be conducted to determine the necessary
flow information upstream of the burner outlet which is crucial for a global adjoint LSA,
but beyond the scope of the present thesis. Nonetheless, there are different studies, ana-
lyzing even more complex geometries as the one investigated in [86, 87], which revealed
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comparable results regarding the shape of the adjoint modes reaching into the nozzle
[59, 140]. Therefore, the findings of Miiller et al. [86, 87] are assumed to be applicable to
the present flow configuration.

The results obtained by Miiller et al. [86, 87] demonstrate that the global adjoint LSA is a
valid and valuable tool for the design process of future active flow control approaches as
it provides information about the optimal actuator position and forcing direction. These
findings support the control approach followed in this thesis and reveal new insights
into the generation and the origin of the PVC. Since the adjoint LSA relies on a theoret-
ical framework by solving the (linearized) Navier-Stokes equations, it can be applied to
any other global instability which needs to be controlled. The adjoint mode intrinsically
quantifies the receptivity of a global mode to any type of periodic forcing. Therefore, the
receptivity can be applied to tailor a closed-loop control approach as well, which aims
e.g. to suppress the global mode via phase-opposition control [87].

The proof of the direct control concept consists of experiments and corresponding anal-
yses, which are spread over all publications. A summary and discussion of the proof of
concept is given in the following four steps:

1. In the first step towards the proof of the direct control concept, the actuator per-
formance is tested in a lock-in study (compare chapter 1.51 and publication 2.1). In
this lock-in experiment, an isothermal flow featuring a natural PVC is actuated at
a frequency slightly higher than the natural PVC frequency. The pressure signal is
decomposed such that the PSD spectrum for the first azimuthal mode can be de-
rived. This spectrum reveals a broader peak at the natural frequency describing the
oscillatory dynamics of the natural PVC and a rather sharp peak at the actuation
frequency. By continuously increasing the actuation amplitude, a typical synchro-
nization effect can be observed (compare [71, 72, 86, 87]): the natural frequency is
continuously pulled towards the actuation frequency until both frequencies over-
lay and lock-in occurs. The capability of the actuator to achieve lock-in is a first
indicator that the whole control system is capable of controlling the PVC directly.
The lock-in study based on the pressure signal is continued in publication 2.2 where
Fig. 4 shows that phase locking between the actuation signal and the PVC occurs for
high actuation amplitudes. Phase-locking is a sufficient condition for synchroniza-
tion of the PVC with the actuation signal [71]. In connection with the observations
from the PSD spectra in publication 2.1, it can be concluded, based on the pressure
measurements, that the actuation system appears to be capable of controlling the
PVC.

2. To further verify the direct control approach, the impact on the flow field, especially
the PVC mode, needs to analyzed. In publication 2.2, the lock-in study is accompa-
nied by PIV measurements which allows for calculating the SPOD mode and cor-
responding time coefficients describing the PVC shape and dynamics (see Fig. 3 of
publication 2.2). The PSD spectra of the SPOD time coefficients for increasing actua-
tion amplitude confirm the lock-in behavior observed in the decomposed pressure
measurements. The shape of the SPOD modes remains almost constant with in-
creasing actuation amplitude and no other dominant modes are generated by the
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actuation. For high actuation amplitudes above the lock-in amplitude, the mean
flow changes especially at the upstream end of the CRZ, which is pushed slightly
downstream by the strengthened PVC. As shown in publications 2.3-2.5, only very
small actuation amplitudes are required to either suppress the PVC with phase-
opposition control or excite a damped PVC in V-flame configurations. Accordingly,
the impact on the mean flow field is rather small for typically applied actuation
amplitudes. These findings further confirm the capability of the actuator to realize
direct control of the PVC.

3. The third step of the proof of concept is shown in publication 2.3 where closed-loop
control is successfully applied, as phase-opposition control, to suppress the PVCin
isothermal and reacting flows with naturally present PVC. Besides the suppression
of the PVC (out-of-phase actuation), this control approach allows for strengthen-
ing of the naturally present PVC (in-phase actuation) as shown in Fig. 3 of publi-
cation 2.3 for the isothermal and highly turbulent combustor flow. Moreover, the
phase-opposition control preserves the shape of the PVC mode and dampens its
amplitude also under harsh reacting conditions, in connection with a M-flame, as
shown in Fig. 4 of publication 2.3. The necessary (effective) actuation amplitudes
to suppress the PVC are very low because the actuation is applied in the region
of highest receptivity. Furthermore, these closed-loop tests demonstrate that the
pressure sensor arrays on the front plate and in the mixing section, which provide
the measurement signal for the controller, are capturing the PVC dynamics very ac-
curately. Without this accuracy, successful phase-opposition control, as shown in
publication 2.3, would not be possible.

4. The fourth step of the proof of concept is given in publication 2.5 where a global
LSA is conducted for a non-actuated reacting mean flow containing a V-flame which
dampens the PVC (compare Fig. 4 and 5 in publication 2.5). The least stable mode
revealed by the global LSA at around 200 Hz is very similar to the SPOD modes which
are derived from the actuated flow with the same frequency (see Fig. 6 in publica-
tion 2.5). This actuation frequency was empirically derived from the maximal flame
response to different PVC actuation frequencies and amplitudes (open-loop con-
trol) which provides a certain experimental validation of the theoretically derived
stability mode (see Fig. 6 in publication 2.5 and Fig. 4 in publication 2.4). These
consistent empirical and theoretical findings show that the flow control system is
capable of exciting a damped PVC which is a key enabler to isolate the exclusive im-
pact of the PVC on the reacting flow field and corresponding combustion phenom-
ena. Moreover, the flow control system can excite a PVC even in flames subjected
to severe thermoacoustic oscillations as shown in publication 2.2. This allows for
investigations of the interaction between the PVC and TA modes.

Taking together the four steps discussed above, the developed flow control system passes
the proof of concept since it allows for direct control of the PVC as defined above. The
pressure sensor arrays reliably capture the PVC dynamics such that even closed-loop
control can be conducted with the pressure signals used as controller input. The small
amplitudes required for PVC suppression or excitation indicate that the actuation is tak-
ing place in the region of high receptivity, which is the origin of the PVC. This makes the
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control approach very efficient because it exploits the natural amplification of flow per-
turbations given by an inherent global hydrodynamic instability. Above this, the actuator
is capable of synchronizing the PVC with the actuation signal without changing the flow
configuration fundamentally, e.g. by exciting other global modes. Accordingly, the flow
control system developed in this thesis realizes experimental conditions which allow for
studying the exclusive impact of the PVC on: flame, flow and related combustion phe-
nomena.

Alternative actuator design

The flow control system developed and applied in this thesis primarily serves as a tool
to investigate the impact of the PVC on the combustion process in swirl flames. However,
such an efficient tool can be exploited to control the PVC in industrial applications to im-
prove the performance of a machine which relies on turbulent (reacting) swirling flows
such as a gas turbine. For such an application, the actuator design needs to be consid-
erably modified to make it applicable to a real machine. A first step into this direction is
made in the master theses by Barkowski [8] and Adhikari [3], which are associated with
this thesis. They investigated the potential of fluidic oscillators to control the PVC in the
isothermal flow field of the combustor investigated in the present thesis.

A fluidic oscillator is a device without moving parts which generates an oscillating jet at
the nozzle outlet (see Fig. 3.1 left). The frequency of the oscillating jet emanating from a
generic fluidic oscillator design as shown in Fig. 3.1 (left) linearly depends on the mass
flow entering the device [153]. Accordingly, the amplitude of the jet increases with mass
flow and frequency. With such a generic design, Barkowski [8] shows that a fluidic oscilla-
tor is capable of synchronizing the naturally present PVC with the oscillating jet such that
lock-in occurs. However, such a generic design is rather unsuitable for active flow control
since frequency and amplitude cannot be controlled individually. Therefore, Adhikari [3]

output --
amplifier
(slave)

oscillator |
(master)

Figure 3.: Flow field of a fluidic oscillator represented by the finite-time-Lyapunov coef-
ficient on the left (adopted from [122]). Master-slave configuration of a fluidic oscillator
integrated into the centerbody on the right (adopted from [3]).
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developed a master-slave configuration consisting of an oscillator (master) and an out-
put amplifier (slave) which allows for controlling frequency and amplitude separately
(see Fig. 31 right). This separate control is realized with two separate air ducts which
feed the oscillator and output amplifier. The more complex actuator design is capable of
achieving lock-in as already shown with the generic design [8]. As a next step, this design
needs to be tested under reacting conditions in an open-loop control approach to excite
the PVCin a V-flame.

Since this type of actuator works without moving parts and can be easily controlled via
two separate air ducts, it appears to be more suitable for industrial applications as the
loudspeaker-based actuator used in the present thesis. However, the fluidic oscillators
do not follow the zero-net-mass-flux principle which means that additional mass flow
is added to the main flow. This can have considerable influence on the mean flow field
which needs to be clarified in future studies. As suggested by Miiller et al. [87], this type
of fluidic oscillator could be integrated into the walls of the mixing section at a posi-
tion where the receptivity of the PVC is high. Accordingly, very small actuator mass flows
should be sufficient to excite a PVC if necessary. Whether the PVC can be a desirable flow
feature under reacting conditions is studied in this thesis and will be discussed in the
following sections.

31.2 Flame dynamics

The findings gathered in publications 2.2 to 2.5 regarding the impact of the PVC on flame
dynamics are discussed in this section. This includes the effect of the PVC on the time-
averaged (mean) flame shape, the interaction of the PVC with TA modes and the impact
of the PVC on the flame transfer function.

Effect of the PVC on the mean flame shape

The PVC is responsible for increased velocity fluctuations in the vicinity of the burner
outlet as shown e.g. in Fig. 6 of publication 2.4. This hydrodynamic effect counts for both,
attached V-flames and detached M-flames. Both flame types are investigated in this the-
sis and the impact of the PVC on these different flame types is discussed in the following
paragraphs.

Attached V-flames are investigated in publications 2.2, 2.4 and 2.5 by applying open-loop
control of the PVC. As a consequence of the increased velocity fluctuations around the
burner outlet, induced by the PVC, the flame surface at the flame root is wrinkled con-
siderably (see Fig. 8 in publication 2.4). This flame front wrinkling increases the mean
heat release rate around the burner outlet which leads to an upstream shift of the mean
flame (see Fig. 7 in publication 2.4 or Fig. 13 in publication 2.2). This upstream shift is
observed in both, thermoacoustically stable (publications 2.4 and 2.5) and (self-excited)
unstable flames (publications 2.2) under partially and perfectly premixed conditions. In
connection with the upstream shift, the flame appears more compact if a strong PVC is
present. The increased compactness is an effect of the PVC-induced flame front wrin-
kling which increases the turbulent burning velocity around the burner outlet leading to
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a concentration of the heat release rate in that region.

Detached M-flames feature a natural PVC in the combustor investigated in this thesis.
Therefore, closed-loop control needs to be applied to suppress the PVC such that its im-
pact on the mean flame shape can be studied. The suppression of the PVC allows the
CRZ to reach further upstream which changes the corresponding shear layers. The flame
follows the changes of the mean flow field leading to an elongated and more dispersed
mean flame (compare Fig. 8 in publication 2.3).

In a publication by Liickoff et al. [77], which is associated with this thesis (see list of asso-
ciated publications), a comprehensive flame shape study is shown for varying Reynolds
numbers Re and equivalence ratios ¢. The results of this study are shown in Fig. 3.2 for
non-actuated (a) and actuated (b) conditions whereat the actuation amplitude is kept
constant and the actuation frequency is set to the natural PVC frequency. The light red
and green backgrounds indicate detached M-flames or attached V-flames, respectively.
Under non-actuated conditions, the M-flame appears only at very lean conditions. Ap-
plying the open-loop actuation, which strengthens the PVC, shifts the flame shape tran-
sition to richer mixtures, i.e. higher critical ¢ values. As described in the introduction
and shown for example in [z, 5, 135], the V-M flame transition, i.e. lift-off, is intermittently
triggered by the PVC which forms due to a random turbulent event. The higher critical ¢
values achieved by the strengthened PVC underline the importance of the PVC in flame
transition scenarios. With the synchronization of the PVC dynamics to the actuation, the
intermittency of the PVC appearance, which was observed in previous studies [z, 5, 135],
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Figure 3.2: Influence of PVC on mean flame shape transition at perfectly premixed condi-
tions; deconvoluted heat release rate fluctuations at natural (a) and actuated (b) condi-
tions; M-flame highlighted with red, V-flame highlighted with green background (Source:
[77] (associated publication, see 3.2))
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is reduced. Therefore, the open-loop PVC actuation can be used to control flame shape
transition. Moreover, the PVC actuation allows for generating detached flames in richer
mixtures, further away from the lean blow out limit, which enhances flame stability.

Impact of PVC on the flame transfer function

To estimate the impact of the PVC on the flame transfer function (FTF), the flow control
system is included into a combustion chamber test rig which allows for forcing TA modes
with amplitudes in the linear regime (|a|/Vp ~ 0.1). In the combustion chamber, a stable
turbulent perfectly premixed V-flame is generated and TA modes at different frequencies
are forced which allows for estimating the FTF of the baseline case. The flow control
system excites the damped PVC at the frequency derived from global LSA and flame re-
sponse measurements (compare Fig. 5 and 6 in publication 2.5). Combining the TA forcing
and the PVC excitation, the impact of the PVC on the FTF can be exclusively estimated.
Very small PVC actuation amplitudes are sufficient to significantly reduce the FTF gain
whereby the phase remains unaffected (see Fig. 11 in publication 2.5). To explain this ob-
servation, two mechanisms are derived based on experimental data and LSA which are
summarized in Fig. 14 in publication 2.5. These mechanisms indirectly act via the mean
flow field or the mean flame shape because the single-helical PVC does not generate
global heat release fluctuations and hence cannot contribute directly to the FTF.

The first mechanism relies on mean flow field modifications due to coherent production
which is induced by the PVC (compare Fig. 7 to 9 in publication 2.5). The velocity transfer
functions, shown in Fig. 12 in publication 2.5, reveal that the sensitivity of the shear layers
to axisymmetric TA perturbations is reduced by the PVC. In other words, the growth rate
of the Kelvin-Helmholtz instability is reduced by the PVC which supports the hypothesis
given in [29, 81]. As a consequence of this growth rate reduction also the gain of the FTF
is reduced.

The second mechanism refers to the changes of the mean flame which is shifted upstream
and becomes more compact due to the increased PVC-induced velocity fluctuations at the
flame root as explained above. Because of these mean flame changes, the heat release
rate fluctuations induced by the TA mode at the flame tip become weaker as shown in
Fig. 13 in publication 2.5. Especially, the flame tip is very sensitive to fluctuations induced
by axisymmetric TA modes which is most influential for the FTF gain [93, 98]. Although
the location of the mean flame, i.e. the main heat release rate, is shifted upstream, the
location of the influential heat release rate fluctuations does not change. Therefore,
the convective time delays of perturbations reaching the influential flame region do not
change which explains why the PVC does not affect the FTF phase.

These two mean field mechanisms explain the impact of the PVC on the flame response
to acoustic perturbations. The derived mechanisms extend the knowledge about the in-
teraction of coherent flow structures in the context of flame dynamics which can help to
predict and control TA instabilities more efficiently. However, the experiments in pub-
lication 2.5 were conducted in the linear regime, which means that the acoustic forcing
amplitudes are comparably small. Contrarily, self-excited TA instabilities are character-
ized by very large (limit-cycle) oscillation amplitudes which lead to nonlinear interactions
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between TA and PVC modes [83, 129, 130]. This type of interaction is discussed in the fol-
lowing paragraph based on the observations gathered in publication 2.2.

Interaction of the PVC with TA modes

The nonlinear interaction of the excited (single-helical) PVC (m = 1) with self-excited ax-
isymmetric TA modes (m = 0) generates dominant interaction modes which can be seen
in the antisymmetric pressure and heat release rate spectra (see Fig. 9 and 14 in publica-
tion 2.2). These antisymmetric interaction modes are generated under both, perfectly and
partially premixed conditions. However, certain differences are observed between per-
fectly and partially premixed conditions regarding the impact of the actuated PVC on the
amplitude of the TA mode. Under perfectly premixed conditions, the changes of the mean
flame shape induced by the PVC, which are described above, lead to a slight increase of
the frequency of the TA mode. This frequency increase can be explained with the cor-
responding change of convective time lags, based on the mean flame position, which
modifies the phase relation between heat release and pressure fluctuations [57, 110, 125].
The amplitude of the TA oscillation remains almost constant under perfectly premixed
conditions. In contrast to that, the TA mode amplitude is decreased significantly (by
80%) under partially premixed conditions at small PVC actuation amplitudes. A possible
explanation for this very considerable damping of the TA oscillation amplitudes under
partially premixed conditions could be the mitigation of equivalence ratio fluctuations
due to PVC-enhanced mixing as stated in publication 2.2.

In publication 2.5, however, a nonlinear interaction between the PVC and the forced TA
modes does not occur, due to very small TA forcing amplitudes, which are in the linear
regime. However, the mechanisms derived in connection with the FTF gain reduction (see
above in section "Impact of PVC on the flame transfer function") need to be discussed in
the context of nonlinear mode interaction. Apparently, the actuated PVC is not capable
of considerably damping the self-excited TA mode in the perfectly premixed flame shown
in Fig. 10 in publication 2.2. To investigate this observation, the mean flame shapes of the
non-actuated and actuated stable V-flame are compared (compare Fig. 8d and e in pub-
lication 2.2). It can be observed that the PVC actuation changes the mean flame shape
considerably such that it appears even more compact and concentrated as in the FTF
study in publication 2.5. The reason for this increased compactness is the considerably
higher PVC actuation amplitude (C,, = 0.49% vs. C,, = 0.09%), whereby the momentum
coefficient C), (ratio between actuation and main flow momentum) is a measure of the
relative actuation amplitude (compare e.g. publication 2.1). However, for the unstable
case, the self-excited TA mode shifts the zones of major heat release in upstream direc-
tion and generates a more compact flame compared to the stable case (compare Fig. 10a
and 8a in publication 2.2). As a consequence, the PVC actuation can not modify the mean
flame shape as distinctly as in the stable case. This allows the self-excited TA mode to
further persist as shown by the Fourier modes in Fig. 10c and d in publication 2.2. More-
over, the FTF study in publication 2.5 revealed that a considerably reduction of the FTF
gain appears only in certain frequency ranges. Hence, the frequency of the self-excited
TA oscillation may be outside of the frequency range where flame and flow field are sen-
sitive to considerable mean field changes. Higher acoustic forcing amplitudes outside
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the linear regime would allow further investigations of this phenomena by analyzing the
flame describing function as it was done for example in [25]. Furthermore, the study of
PVC-flame interaction in the nonlinear regime is essential to investigate the PVC's full
potential for damping TA oscillation.

Under partially premixed conditions without PVC excitation, the mean flame shape ap-
pears even more compact under thermoacoustically unstable conditions compared to
the unstable perfectly premixed flame (compare figures 15a and 10a in publication 2.2).
However, the actuated PVC changes the mean flame shape fundamentally to a very com-
pact flame with an almost homogeneous distribution of heat release rate at the flame
root, which is the first difference compared to the perfectly premixed flame. Another dif-
ference is to be found by comparing the shapes of the Fourier modes (m = 0) which are
fundamentally different (compare figures 15d and 10d in publication 2.2). The axial and
radial extent is considerably smaller and maximal values are more upstream and closer
to the jet axis in case of partially premixed conditions. Hence, the major portion of the
TA mode (m = 0) is situated close to the burner outlet region where the influence of PVC
on the mean fields (flow and flame) is maximal (see Fig. 7 and Fig. 10 in publication 2.5).
Therefore, the mean field mechanisms derived in publication 2.5, and described above,
are more effective under the studied partially premixed conditions. Above this, there is
a third difference, which are equivalence ratio fluctuations occurring exclusively at par-
tially premixed conditions. Acoustic waves passing the fuel injector, cause fluctuations of
the equivalence ratio which are transported by the main flow into the flame and in turn
cause fluctuations of the heat release. This mechanism is one of the influential branches
within the TA feedback cycle which appears to be cut by the actuated PVC explaining the
considerable damping of the TA oscillations. The impact of the PVC on the equivalence ra-
tio fluctuations mechanisms is supported by the fact that the mean flame shape changes
only slightly for small PVC actuation amplitudes whereas the TA amplitude already de-
creases by 40% as shown in Fig. 16 in publication 2.2. Due to the anti-symmetric shape of
the PVC and its precessing motion, the symmetry of the axisymmetric equivalence ratio
fluctuations, induced by TA modes, might be broken by the PVC actuation leading to a
very effective suppression of TA oscillations. According to figure Fig. 16 in publication
2.2, the mean field mechanisms appear to set in at medium PVC actuation amplitudes as
the mean flame shape changes considerably. Note that the maximum momentum coef-
ficient C,,, is considerably higher in case of the partially premixed flame (C,, = 1.19% vs.
C, = 0.49%) which allows for more distinct mean field modifications compared to the
perfectly premixed case.

To study the interaction between the PVC and high amplitude TA modes under partially
premixed conditions in greater detail, a study of the flame describing function needs
to be conducted as suggested above. This study should include time-resolved equiva-
lence ratio measurements to further characterize the interaction between PVC and the
equivalence ration fluctuation branch within the TA feedback cycle.

31.3 Role of the PVC in Mixing

The PVC is a large-scale coherent structure as shown e.g. by the SPOD modes in Fig. 4 in
publication 2.3. Thus, large vortices induced by the PVC enhance the mixing of fuel and
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air within large domains, as shown by Stohr et al. [132] (see Fig. 1.8). Accordingly, the PVC
is associated with large-scale mixing processes relying on its precessing motion around
the jet axis, acting as a stirrer, and vortex-induced mixing. To further characterize the im-
pact of the PVC on the mixing process based on fluid dynamical quantities, the findings
of publication 2.3 and 2.4 are discussed in this paragraph.

The study presented in publication 2.3 shows how coherent and stochastic turbulent fluc-
tuations as well as the small-scale eddy size change with the suppression of the PVC
(compare Fig. 7 in publication 2.3). These results, in conjunction with findings from publi-
cation 2.4, allow to describe the impact of the PVC on the mixing process as follows. The
suppression of the PVC leads to a significant reduction of coherent fluctuations (com-
pare Fig. 7 (left) in publication 2.3) and a slight increase of stochastic fluctuations, which
include all the turbulent fluctuations except those associated with the PVC. The growth
of these stochastic fluctuations can be traced back to mean flow modifications due to
the PVC suppression (compare Fig. 8 in publication 2.5). This modified mean flow allows
other large-scale structures, which are convectively unstable, to arise keeping the global
turbulent kinetic energy constant [92]. Moreover, the small-scale eddy size is nearly un-
affected by the PVC suppression. By combining these findings, it can be concluded that
the PVC mainly effects the large-scale mixing, which can be controlled with the flow con-
trol system developed in this thesis.

The visualization of the PVC-induced vortices, shown in Fig. 8 in publication 2.4, is ob-
tained from phase-averaged PIV and OH-CL measurements in a V-flame which damps the
natural PVC. With the active flow control system, a PVC was excited in this flow config-
uration facilitating the investigations of vortex-flame interaction. The obtained visual-
izations reveal that the PVC rolls up the ISL which constantly mixes, i.e. entrains, the
incoming jet of cold reactants with the hot products trapped in the CRZ. As a result, the
flame is following the PVC vortices due to enhanced reaction rates in those regions where
the PVC mixes hot products with cold reactants. Accordingly, the excitation of a PVCin a
stable V-flame can improve the flame stability due to enhanced mixing of incoming re-
actants with hot products leading to a more compact flame.

The effect of the PVC on mixing of hot products and incoming cold reactants is inves-
tigated indirectly in this thesis based on fluid dynamical quantities such as: coherent
(large-scale) and stochastic turbulent fluctuations, small-scale eddy size and vortex struc-
ture visualizations. For direct (local) mixing studies, more sophisticated experimental
methods would be needed which include comprehensive modifications of the test rig
and laser-induced fluorescence measurement techniques as shown for example in [132].
Unfortunately, an implementation of such experimental methods was not possible within
the time horizon of this thesis.

31.4 Impact of the PVC on NO, emissions

The NOy emission level can serve as a quantity which indirectly characterizes the PVC
impact on the fuel-air mixing. Typically, the NOx emissions correlate with the degree of
mixing quality of fuel and air: the better the mixing of fuel and air, the lower the NOy
emissions will be in lean premixed flames [21, 30]. Therefore, premixed flames typically
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emit less NOy than diffusion flames where fuel and air are entering the combustion cham-
ber via two separate lines. The study by Stohr et al. [132] shows that the PVC considerably
enhances the fuel-air mixing in a slightly premixed flame configuration (see Fig. 1.8). This
finding motivates to investigate the impact of the PVC on the NOy emission level in par-
tially and perfectly premixed V-flames. To estimate a correlation between PVC amplitude
and NOy emission level, the PVC is excited with open-loop control at different actuation
amplitudes as shown in publication 2.4.

As described above, the PVC predominantly acts on the ISL near the burner outlet which
enhances the flame-wrinkling in this region leading to a more compact and upstream
shifted flame. The PVC-induced vortices considerably roll up the ISL entraining hot pro-
ducts from the CRZ which locally enhances the reaction rate such that the flame follows
the trajectory of the PVC (see Fig. 8 in publication 2.4). As a result, the residence time
of hot products and the number of free radicals increases in the ISL, which explains the
observed increase of NOx emissions under perfectly premixed conditions as shown in Fig.
9 in publication 2.4. Under partially premixed conditions, the PVC acts on flame and flow
in the same way as in the case of perfectly premixed conditions. Based on the findings
regarding PVC-vortex-enhanced fuel-air mixing by Stohr et al. [132], one could expect that
the PVC effects a decrease of the NOy emission level by homogenizing the fuel-air mixture.
But instead of reducing NOy emissions, the PVC increases the NOy emission levelin a sim-
ilar trend as under perfectly premixed conditions. Moreover, an offset to slightly higher
NOy emission values is observed for the partially premixed case. This offset is explained
by additional temperature peaks that can occur under partially premixed conditions be-
cause of PVC-induced entrainment of richer fluid leading to locally increased equivalence
ratios [117]. In the works of Paschereit et al. [103, 105], similar observations of increasing
NOx emission levels have been made in connection with vortices induced by TA modes.
The authors showed that the increase of vorticity associated with the symmetric vortices
formed at the burner outlet, due to the Kelvin-Helmholtz instability, led to a NOx emis-
sion level rise. Consequently, the control of these symmetric coherent structures also
allowed to control the NOy emissions [103, 105]. These findings support the conclusion
from above that PVC-induced vortices are responsible for the observed increase of NOy
emissions.

However, it needs to be clarified why vortex-enhanced mixing, as described by Stohr et
al. [132], does not apply to the present burner configuration under partially premixed
conditions such that the NOx emission level decreases with growing PVC amplitude. In
the present burner configuration, fuel is injected approximately three nozzle diameters
upstream of the burner outlet into the mixing tube under partially premixed conditions.
The resulting mixing length provides a fairly (nearly perfectly) premixed fuel-air mixture
as shown in a study by Goke et al. [41], which investigated the present burner regarding its
mixing quality under partially and perfectly premixed conditions. Contrarily, the burner
setup investigated by Stohr et al. [132], with its comparably short mixing length, provides
a mixture with large regions where fuel and air are almost unmixed, as shown in Fig. 1.8.
The large-scale mixing associated with the PVC, as discussed in the paragraph before, ap-
plies very well to this rather unmixed fuel-air mixture. However, it does not apply to the
fairly premixed mixture provided by the present burner because the regions where fuel
and air are almost unmixed are rather small, so that the comparably large PVC-induced
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vortices are incapable of further improving the mixing quality. Consequently, the de-
gree of the premixedness of a fuel-air mixture decides whether vortex-enhanced mixing
applies, which may decrease the NOx emission level. Naturally, both vortex-enhanced
mixing and vortex-flame interaction can occur in a partially premixed flames such that it
depends on the degree of premixedness which phenomenon dominates.

3.2 Conclusions

Active flow control of the precessing vortex core (PVC) opens up new opportunities to
investigate and control the combustion process of swirl-stabilized flames. On the one
hand, the exclusive impact of the PVC on flame dynamics, mixing and pollutant emissions
can be studied in detail; and on the other hand, the flow control system can be used to
develop strategies to control important combustion properties such as thermoacoustic
oscillations or pollutant emissions. Certain requirements need to be fulfilled to ensure
that such an active flow control system can be applied to investigate the exclusive role of
the PVC in swirl-stabilized combustion. Therefore, a major part of this thesis deals with
the developed active flow control approach and its proof of concept that is summarized
and discussed in section 3.1.1. The newly developed and proven active flow control system
is used as a tool to investigate the impact of the PVC on: flame dynamics (section 3.1.2),
mixing (section 3.1.3) and NOy emissions (section 3.1.4). In this concluding section, the
findings obtained in this thesis are summarized and evaluated regarding their potential
to promote the research in turbulent fluid dynamics and combustion. Moreover, future
steps are suggested that show how the developed control approach can be appropriately
applied.

The direct control approach followed in the development of the active flow control sys-
tem aims to actuate the PVC at its origin where the receptivity is maximal. In this region,
the response to periodic forcing is maximal allowing for a very effective actuation with
very small actuation amplitudes. Due to this targeted and low-amplitude actuation, the
general flow configuration will be rather unaffected such that the exclusive impact of the
PVC on the (reacting) flow field can be investigated. The spatial location of maximal re-
ceptivity is estimated by means of adjoint (global) linear stability analysis of the mean
flow field. Several studies, closely associated with this thesis, revealed that the maximal
receptivity of the PVC mode is typically to be found slightly upstream of the nozzle out-
let inside the mixing section of the burner. Accordingly, the actuator is designed such
that helical actuation of the PVC mode is realized inside the mixing section which allows
for controlling the PVC in open- and closed-loop approaches. In this context, open-loop
forcing is applied in flame configurations where the PVC is damped and closed-loop con-
trolis utilized if a PVCis naturally present. With this control strategy, the exclusive impact
of the PVC on flow and flame is investigated by varying the PVC amplitude and keeping
the other operating conditions constant. The proof of the flow control concept is deliv-
ered by different empirical and analytical methods, such as: spectral proper orthogonal
decomposition (SPOD), linear stability analysis (LSA) and Fourier analysis. The results
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derived with these methods verify that the PVC can be successfully controlled with very
small actuation amplitudes and without fundamentally changing the flow configuration.
More details about the proof of concept and the design of the flow control system are
given in section 3.1.1.

With the proven flow control system at hand, it is shown for a partially premixed at-
tached flame that low-amplitude excitation of the PVC is capable of damping self-excited
(high-amplitude) thermoacoustic oscillations by up to 80%. This observation is partly
explained by two mean field coupling mechanisms that are derived for thermoacous-
tic (TA) modes forced in the linear regime (small amplitude). Mechanism one describes
the consequences of slight mean flow modifications induced by the PVC that reduce the
growth rate of the Kelvin-Helmholtz instability such that the evolution of axisymmet-
ric vortex structures, induced by the TA oscillation, is impeded. Mechanism two refers
to the PVC-induced changes of the mean flame which is shifted upstream and becomes
more compact with increasing PVC amplitude. Consequently, the heat release fluctua-
tions at the flame tip, which is very receptive to TA oscillations, are reduced. The result
of both mechanisms is a reduction of the flame transfer function (FTF) gain in certain TA
frequency regions. Since the location of major heat release rate fluctuation induced by
the TA oscillation remains constant, also for comparably high PVC amplitudes, the FTF
phase remains also constant. However, these two mechanisms are not sufficient to ex-
plain the considerable damping of self-excited TA oscillations in the partially premixed
flame because they do not include the effect of the PVC on equivalence ratio fluctuations.
Therefore, future studies need to involve equivalence ratio measurements to characterize
the interaction between PVC and the equivalence ratio fluctuation branch within the TA
feedback cycle. Since TA modes induce axisymmetric equivalence ratio fluctuations, the
skew-symmetric PVC may break their symmetry which possibly explains the considerable
damping effect. Furthermore, the interaction of the PVC with high-amplitude TA modes
needs to be investigated further to reveal nonlinear interaction mechanisms. These in-
vestigations need to be transferred to other combustors as well, which will help to eval-
uate the generality of the mechanisms derived regarding the impact of the PVC on the
FTF.

Besides the interaction of TA and PVC modes in attached flames, the role of the PVC in
flame shape transition from a detached flame, with natural PVC, to an attached flame
without natural PVC is investigated based on active flow control. In this flame transition
study, it is shown that a PVC, strengthened by active flow control, is capable of shifting
the flame transition to richer fuel-air mixtures. This underlines the importance of the
PVC in the context of flame lift-off. For more details regarding the role of the PVCin flame
dynamics, the reader is referred to section 3.1.2.

Based on fluid dynamical quantities and appropriate vortex visualizations, the mixing
capabilities of the PVC are analyzed in connection with open- and closed-loop control.
This analysis shows that the PVC induces large coherent vortex structures that enhance
large-scale mixing. These vortices are primarily active in the inner shear layer where they
entrain hot products from the central recirculation zone into the incoming jet of cold re-
actants. This enhances the reaction rate such that the flame follows the PVC-induced
vortices. For quantitative mixing studies, more sophisticated experimental methods are
needed which are for example based on laser induced fluorescence to track the fuel dis-
tribution. By varying the PVC amplitude and the degree of premixedness, a threshold can
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be derived above which the PVC is capable of improving the fuel-air mixing. More details
about the impact of the PVC on mixing are given in section 3.1.3.

The degree of premixedness is very relevant to the formation of NOx emissions, because
the more homogeneous the fuel-air mixture is, the lower the NOy emissions are expected
to be in lean premixed flames. In the present thesis, the impact of the PVC on the NOy
emission level of perfectly and partially premixed flames is investigated. It turns out
that for both types of premixing, the NOx emissions increase with the PVC amplitude.
Since the present burner provides a fairly well-mixed fuel-air mixture, without any larger
inhomogeneities already under partially premixed conditions, the PVC is incapable of
further enhancing the mixing. Consequently, no decrease of NOy emission level due to
vortex-enhanced mixing can be expected. The increased vorticity originating from the
excited PVC enhances the reaction rates and increases residence times of radicals and
hot products such that the NOy formation is enhanced. A more detailed investigation of
the impact of the PVC on NOy formation should involve a complex reactor model of the
flow configuration including the PVC, as suggested by Claypole and Syred [21]. With the
active flow control at hand, the required input parameters for such a model can be ob-
tained for different operating conditions with an arbitrarily conditioned PVC. Moreover,
the PVC control enables to validate the derived model experimentally. For more details
about the role of the PVC in context of NOy emissions, the reader is referred to section
31.4.

All the findings achieved with the active flow control system at hand reveal the high po-
tential of direct control as a tool to investigate the role of the PVC in swirl-stabilized
combustion. In this thesis, first successful steps in active flow control-based investiga-
tions of the PVC's impact on flame dynamics, mixing and pollutant emissions are made
which should be continued in following projects focusing on more specific topics. These
future studies should be accompanied by LES computations, which would increase the
level of detail and provide additional insight into the physical mechanisms at play. Ad-
ditionally, such simulations can provide flow data in regions which are inaccessible for
experimental methods. Such flow data will increase the accuracy of results obtained
from LSA and empirical methods.

Furthermore, the findings of the present thesis open up new vistas for control methods of
mixing, flame stabilization and TA instabilities. By exploiting the hydrodynamic stability
and receptivity of the swirl flow and applying the methodologies applied in this thesis,
very efficient flow control methods with low energy consumption can be developed for
industrial applications. One possible path to a flow control system that might be appli-
cable on an industrial scale leads to fluidic oscillators, as explained in section 3.11. This
path should be further explored in future studies because the PVC remains a key factor
for combustion dynamics at elevated pressure, e.g. in the context of PVC-induced mixing
and thermoacoustic oscillations [127, 157]. Moreover, the PVC appears to be even stronger
in multi-nozzle configurations where it enhances the mixing of recirculated and incoming
gas, but could jeopardize flame stability [11].

The control approaches developed in this thesis are not limited to the application in
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swirl-stabilized combustors. A PVC can also be observed in the draft tube of hydro tur-
bines, especially Francis turbines, downstream of the runner at off-design operating con-
ditions [76, 88]. In hydro turbines, the PVC needs to be suppressed because the accompa-
nied pressure pulsations can resonate with the whole system such that structural damage
can be the consequence. However, hydro turbines are going to be used more frequently
at off-design conditions in the future electrical energy market to flexibly compensate for
the intermittent supply from renewable energy resources such as wind or solar power.
Therefore, a transfer of the control methodologies developed in the present thesis from
swirl-stabilized combustors to hydro turbines is necessary to increase their flexibility and
efficiency for the future. In general, the flow control approach followed in this thesis can
be applied to any flow featuring a global mode, such as the PVC, which makes direct con-
trol to some sort of universal flow control approach.

Although renewable energy resources are gaining ground and promote the green energy
revolution, the energy market appears to rely on gas turbine combustion technology for
the next decades (see Fig. 1.1). Alternative fuels such as hydrogen or synthetic fuels could
even extend the existence of swirl-stabilized gas turbine combustors into the far future.
In these machines, the PVC can play a key role in the control of a stable and efficient com-
bustion process. Likewise, future turbomachinery, for example hydro turbines, whose
share in the future energy market is predicted to increase (see Fig. 1.1), will rely on tur-
bulent flows that can become globally unstable and need to be efficiently controlled.
Therefore, the active flow control approach developed and applied in this thesis may
serve to facilitate the development of high performance and efficient turbomachinery in
the future.
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