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Abstract

The motivation of the present work was to develop a simple laboratory-scale at-

mospheric test case that can be used for the analysis and modeling of thermoacoustic

oscillations.

To gain a better understanding of the interaction of the transverse acoustic waves and

the flames, forced-response large-eddy simulations (LES) were performed for two types

of acoustic flame interaction: a) velocity forcing: the flame was placed at the acoustic

pressure node and b) pressure forcing: the flame was placed at the acoustic pressure

anti-node. The comparison of the results of the two acoustic/flame interactions showed

that the flame at the pressure anti-node is generally more susceptible to thermoacoustic

instabilities. Density oscillations were identified as the main driving mechanism in the

case of pressure forcing and the flame displacement mechanism in the case of velocity

forcing.

Based on the lessons learned from the forced response studies, a generic combustor

was constructed using LES, which can exhibit self-excited thermoacoustic instabili-

ties in a frequency range often observed in real gas turbines. Additional investigations

allowed a gradual increase in the complexity of the combustor in terms of realistic

boundary conditions and geometry until a feasible configuration for the experiment was

obtained. This configuration was subsequently investigated experimentally. For a given

air mass flow, thermoacoustic instabilities of the first radial mode were identified when

a critical equivalence ratio was exceeded. The largest amplitude was observed at an

equivalence ratio of a slightly lean mixture. The ability of the numerical method with

respect to high-frequency thermoacoustics and stable combustion prediction were taken

into account. It could be demonstrated that CFD could reliably predict the results with

a reasonable agreement for both states.

The developed experiment proves the capability of LES as a design tool for ther-

moacoustic applications and opens the door for more sophisticated experiments to gain

a better understanding of these kinds of instabilities.



Zusammenfassung

Die Motivation der vorliegenden Arbeit war es, einen einfachen atmosphärischen

Testfall im Labormaßstab zu entwickeln, der für die Analyse und Modellierung ther-

moakustischer Instabilitäten verwendet werden kann.

Um ein besseres Verständnis der Wechselwirkung zwischen den transversalen akustis-

chen Wellen und den Flammen zu erhalten, wurden für zwei Arten der akustischen

Flammenwechselwirkung fremderregte Large-Eddy-Simulationen (LES) durchgeführt:

a) Geschwindigkeitsanregung: Die Flamme wurde am Schalldruckknoten platziert und

b) Druckanregung: Die Flamme wurde am Schalldruckbauch platziert. Der Vergle-

ich der Ergebnisse der beiden Wechselwirkungen zeigte, dass die Flamme am Schall-

druckbauch anfälliger für thermoakustische Instabilitẗen ist. Es wurden Dichteoszil-

lationen als Hauptmechanismus im Falle von Druckanregung und der Flammenver-

schiebungsmechanismus im Falle von Geschwindigkeitsanregung identifiziert.

Basierend auf den Erkenntnissen aus den Forced-Response-Studien wurde unter

Verwendung von LES eine generische Brennkammer konstruiert, die selbsterregte ther-

moakustische Instabilitäten in einem Frequenzbereich aufweisen kann, der häufig bei

Gasturbinen beobachtet wird. Weitere Untersuchungen ermöglichten eine schrittweise

Erhöhung der Komplexität der Brennkammer hinsichtlich realistischer Randbedingun-

gen und Geometrie, bis eine realisierbare Konfiguration für das Experiment erreicht

war. Diese Konfiguration wurde anschließend experimentell untersucht. Für einen

gegebenen Luftmassenstrom wurden thermoakustische Instabilitäten der ersten radialen

Mode identifiziert, wenn ein kritisches Äquivalenzverhäältnis überschritten wurde. Die

größte Amplitude wurde bei einem Äquivalenzverhäältnis einer leicht mageren Mis-

chung beobachtet. Die Vorhersagekraft der numerischen Methode in Bezug auf die

hochfrequente thermoakustische Instabilitäten und die Vorhersage einer stabilen Ver-

brennung wurden untersucht. Es konnte gezeigt werden, dass CFD die Ergebnisse mit

einer vernn̈ftigen Übereinstimmung für beide Zustände zuverlässig vorhersagen konnte.

Das entwickelte Experiment beweist die Fähigkeit von LES als Designwerkzeug für

thermoakustische Anwendungen und öffnet die Tür für anspruchsvollere Experimente,

um ein besseres Verständnis dieser Art von Instabilitäten zu erlangen.
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CHAPTER 1

Introduction

The International Energy Agency (IEA) predicts in its "World Energy Outlook
2019" [1] a further increase of natural gas use to generate electricity over the next 20
years. Power generation with high-performance gas turbines remains an economically
efficient process. The political pressure to reduce emissions and the demand for higher
gas turbine efficiency make further technological improvements imperative.

Gas turbines consist of three main modules, a compressor, a combustor and a tur-
bine. The combustor section is responsible for mixing the compressed air with the
fuel, and subsequent combustion. During the combustion process, emissions such as
CO, CO2, NOx and soot particles are released. Nitrogen oxide gases are the most toxic
emissions and have a direct (e.g. by respiration) and indirect (e.g. by contaminating
plants) harmful effect on human health [2]. Therefore they are subject to strict regula-
tions worldwide [3]. The main strategy for controlling NOx emissions of heavy-duty
gas turbines is to reduce the maximum temperature in the combustion chamber. The
reduction of the peak temperature in the combustion chamber was partially made possi-
ble by the introduction of lean premixed combustion systems. For a given amount of air
from the compressor, a further reduction in NOx emissions can also be achieved by re-
ducing the amount of cooling air. This increases the amount of air used for mixing and
combustion by this amount. Thus, the maximum temperature can be lowered using a
leaner mixture, while maintaining the total power generation capacity [4]. A strategy to
reduce the amount of cooling air, which is followed and reflected in the historical devel-
opment of industrial gas turbines of Siemens [5], is the development of more compact
combustion chambers. The first generation of Siemens gas turbines was equipped with
a silo-combustor with a large surface area. The next generations were equipped with
can combustors and annular combustion chambers [6].

Although annular combustors have the most compact design, their further develop-
ment is more complex and expensive compared to can combustors. Reliable investiga-
tions on such combustion chambers must include the entire combustion chamber, since
the flames of the individual burners interact with each other and with the various ther-
moacoustic modes of the combustor [7]. For can combustion chambers, the analysis of a
single can is representative for the entire module. To reduce the time-to-market and cost
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involved in developing new gas turbines, the major manufacturers of high-performance
gas turbines focus on the further advancement of can-based combustion chambers.

Thermoacoustic instabilities are one of the main problems in the further develop-
ment of gas turbine technologies. These type of instabilities arise from the coupling
of heat release fluctuations and the resonances of the confined combustor and are de-
structive in nature. They limit the operating range and performance of gas turbines and
indirectly increase the emissions of the gas turbines [8]. A common method to mitigate
thermoacoustic instabilities is to add additional acoustic damping to the system, e.g. by
using Helmholtz-based resonators [9]. The resonators are mounted on the combustor
walls. To avoid any thermal damage to the resonators, they are cooled with purge air
extracted from the last compressor stage [10]. This leads to a reduction in the air avail-
able for the combustion process and thus reduces the power output of the gas turbine
at a fixed equivalence ratio. To compensate the resulting power losses, the combustion
chamber must be operated with a richer mixture and thus at a higher temperature. This
increases the thermal NOx emission. Moreover, resonators are only efficient in a very
narrow frequency band around their resonant frequency, so resonators of different sizes
are required to suppress the wider frequency range of thermoacoustic instabilities [9].

The gas turbine industry is constantly investigating new strategies to develop a ro-
bust combustion chamber that is resistant to thermoacoustic instabilities. The aim is
to be less dependent on conventional damping methods (e.g. Helmholtz resonators),
which influence the performance and efficiency of gas turbines [11]. In the past, sev-
eral successful concepts for mitigating low-frequency thermoacoustic instabilities have
been proposed, e.g. by changing fuel injection positions and the corresponding time-
delay distributions [12]. However, there is still no established design concept that can
be used against high-frequency thermoacoustic instabilities. This may be because the
mechanisms responsible for the occurrence of this type of instability are not well un-
derstood. Therefore, a better understanding of the driving mechanisms and identifying
the conditions under which they occur is essential.

1.1 Thermoacoustic Instabilities: Literature Overview

Noise generation is a characteristic feature of combustion processes. In a confined
system, the generated noise can be reflected at the boundaries of the combustion cham-
ber. The (reflected) waves cause flow fluctuations, which leads to a fluctuation in heat
release rate after a time delay. This closes a feedback loop between the acoustic fluctu-
ations and the heat release fluctuations, as shown in Fig. 1.1. The necessary, though not
sufficient, criterion that must be met for the amplitude of fluctuations to increase and
for the system to become unstable was first addressed by Lord Rayleigh in 1878 [13]
and is known as the Rayleigh criterion: The energy is added to the acoustic field of the
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system, when the heat release rate oscillations in a combustion chamber are in phase
with pressure oscillations. The system, however, destabilizes only when the gain of
acoustic energy in the combustor is greater than the acoustic losses a) due to dissipation
processes, or b) through the system boundaries [14].

The flame/acoustic interaction can cause such large amplitudes of acoustic pulsa-
tions that the system can be damaged either by low-cycle fatigue (within days) or by
high-cycle fatigue (within minutes). Thus, there is a substantial risk of damage to the
combustor if the gas turbine is not turned down after surpassing a specific amplitude
of high-frequency vibrations. Crack formation usually occurs in an area of high stress
concentration due to shape, welded joints or cooling holes [15]. Exemplary images
of combustors of industrial gas turbines damaged by high-frequency thermoacoustic
instabilities are shown in Fig. 1.2.

Flame area oscillation

Equivalence ratio oscillation

Density oscillation

Flame speed oscillation

Flame displacement

Acoustic 

oscillations

Heat release 

oscillations
Reflection

Fig. 1.1 Thermoacoustic instability loop.

Crack propagation on plate fin 

inside of combustor

Material removed from area around dilution 

holes with several crack propagation 

Crack initiation area 

around dilution holes

Cross flame tube assembly 

completely broken off

Fig. 1.2 Combustors damaged by high-frequency thermoacoustic instabilities [15].

Thermoacoustic instabilities typically occur at frequencies near the resonance fre-
quencies of the combustion chamber. The common acoustic modes in a combustor are
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a) longitudinal, b) transverse radial and c) transverse azimuthal modes, which are illus-
trated in Fig. 1.3. For can combustors, thermoacoustic instabilities can be divided into
three categories based on the acoustic mode shape, and the corresponding mitigation
strategies: a) LFI: Low Frequency Instabilities, b) IFI: Intermediate Frequency Insta-
bilities, and c) HFI: High Frequency Instabilities. The corresponding acoustic mode
shapes at the LFI are often Helmholtz modes (bulk modes) and do not correspond to
longitudinal acoustic modes of the combustion system. The mode shape of IFI nor-
mally matches one of the longitudinal Eigenmodes of the combustion chamber. The
HFI modes have transverse components in addition to the longitudinal component.
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Fig. 1.3 Sketches of a) longitudinal, b) transverse radial and c) transverse azimuthal
acoustic modes.

The Rijke tube [16] is an example of a system that shows pure thermoacoustic lon-
gitudinal oscillations. It consists of a vertical tube and a heat source (a heated gauze),
which is placed a quarter of the tube length from one end of the tube, as shown in Fig.
1.4. The experiment starts by heating the gauze with an external heat source. The heated
gauze causes an upward flow by natural convection. Once the external heat source is
removed, the tube begins to produce a loud sound at a frequency corresponding to the
first longitudinal mode of the tube. The driving thermoacoustic mechanism could be
explained as follows [17]: The acoustic pressure and velocity corresponding to the first
longitudinal resonant mode of the tube are shown in Fig. 1.4. In the first half of the
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acoustic cycle (0° to 180°), the upward flow velocity increases by the acoustic velocity
(particle velocity) of the acoustic wave at the gauze position, improving heat transfer
through convective processes with a time delay. During these phases, the acoustic pres-
sure at the position of the gauze increases. In the second half of the acoustic cycle (180°
to 360°), the direction of the acoustic velocity is reversed. The upward flow velocity
decreases by the acoustic velocity of the acoustic wave at the gauze position. Therefore
a decrease in heat transfer is expected. During these phases, the acoustic pressure is
reduced in the position of the gauze. Based on this explanation, in the Rijke tube, the
heat transfer rate oscillates preferentially with the pressure oscillations when the heat
source is placed in the lower half of the tube, resulting in an increase in acoustic energy
and acoustic pulsation based on the Rayleigh criterion.

MIN MAXAcoustic Pressure MIN MAXAcoustic velocity

L

L
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Cold 

air

Heated

air
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Fig. 1.4 Distribution of a) acoustic pressure, b) acoustic velocity for the first axial nat-
ural mode of the tube and c) schematic of the Rijke tube.

1.1.1 Instability Mechanisms

In gas turbine combustion chambers, however, more complex driving mechanisms
are involved than in the Rijke tube. In the following, mechanisms by which the heat
release rate might pulsate in a combustion chamber are briefly outlined. It should be
noted that in an industrial combustion chamber several driving mechanisms might exist
simultaneously and even influence each other. The dominant mechanism might even
alter concerning changes in operating conditions and frequency of instabilities.

Flame/Vortex Coupling Mechanism

Flame/vortex interactions are observed and addressed to be important in many ther-
mostatically unstable systems [18, 19, 20, 21, 22, 23, 24]. The periodic shedding of
vortex structures leads to a periodic extension of the flame area (e.g. by rolling up),
which may lead to fluctuations in the heat release rate. When these fluctuations are
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in phase with pressure fluctuations, thermoacoustic instabilities can be driven as de-
scribed by the Rayleigh criterion. The shedding frequency is observed to be the same
as the acoustic frequency prescribed by the acoustic resonance of the geometry in the
self-excited systems [20] or the forcing frequency in the forced response studies [25].
Vortex shedding is observed in almost all unstable combustors, but it is still ambigu-
ous whether these instabilities are responsible for the initiation of instabilities or only
caused by thermoacoustic instabilities [26]. Venkataraman et al. [27] investigated ex-
perimentally thermoacoustic mechanisms of 500 Hz instabilities in a bluff-body stabi-
lized dump combustor. In their premixed setup, they observed a significant interaction
of vortex structures with the flame at the frequency of instabilities. They determined the
flame area from the two-dimensional Chemiluminescence images and showed that the
flame area oscillated in phase with the pressure, indicating the destabilizing impact of
the flame/vortex interaction. Poinsot et al. [19] reported instabilities with a frequency of
530 Hz in a dump combustor. From Schlieren images, they observed that a vortex forms
in each cycle, then grows in size and interacts with the flame. Comparing the Schlieren
images with the phase averaged fields of the reaction rates, they indicated an increase
in the reaction rate during this interaction. However, the heat release rate was observed
to be maximum at the time, when the vortices from the adjacent jets interacted and en-
hanced the reaction rates. Thus, the authors concluded in their paper that the interaction
of the neighboring vortices was the driving mechanism for the observed thermoacoustic
instabilities. Rogers et al. [20] studied a V-shaped flame in a rectangular combustor,
which showed high-frequency oscillations of 3800 Hz. They observed alternate vortex
shedding from the flame holder’s lips with the frequency of the instability. They ex-
plained the mechanism as follows: The transverse velocity forms a vortex, consisting
of fresh mixture, and carries the generated vortex into the hot recirculation zone. The
fresh mixture, which is periodically fed to the reaction zone by vortices, causes a pe-
riodically oscillating heat release rate with a time delay. The time delay results from
the transport of the fresh mixture to the reaction zone, its mixing with the hot gas, and
its ignition and combustion. If this time delay is in phase with the acoustic pressure,
the Rayleigh criterion is fulfilled and instabilities can increase. Schwing et al. [21] in-
vestigated excitation mechanisms in a tubular single burner combustor with a premixed
swirl flame. They observed alternate vortex shedding driven by the transverse acoustic
velocity with a frequency of 3300 Hz. Based on their observation, they proposed the
following mechanism: the acoustic transverse velocity forms pockets of combustion
products in the unburned mixture, and these pockets will be transported with the mean
flow and cause oscillations in the heat release rate further downstream.

6



Equivalence Ratio Coupling Mechanism (Fuel Time-Lag Mechanism)

Another cause of heat release rate oscillations in combustors might be equivalence
ratio fluctuations. These fluctuations can be generated due to the interaction of the
acoustic waves, which reach the upstream fuel or air supply, and generate pockets of
rich and lean mixtures. These pockets convect downstream and reach the flame, causing
fluctuations in the heat release rate. When the resulting heat release rate oscillation is
in phase with the pressure oscillation, energy is added to the acoustics of the system.
Lieuwen et al. [28] developed a simple model based on the time delay between heat
release rate and equivalence ratio oscillation to investigate the role of the equivalence
ratio coupling mechanism. They considered two main time delays: a) a convective time
delay, i.e. the time required for the pockets of the lean/rich mixture to reach the flame
front, and b) a chemical time delay, i.e. the time it takes for the total heat release rate to
follow the equivalence ratio oscillation. Based on the model, they proposed a stability
chart showing regions of time lag where instabilities were possible. They compared
the estimated time delays of several unstable experimental test cases and showed that
most instabilities occurred in unstable regions of their stability chart, demonstrating the
decisive destabilizing effect of the equivalence ratio mechanism. Lee et al. [29] ex-
perimentally investigated the validity of the time delay theory on a dump combustor
with a swirl-stabilized flame for which pressure measurements, heat release rates and
equivalent ratios were performed. In their atmospheric experiment, they first investi-
gated the influence of variations of the mean equivalence ratio and the mean air mass
flow rate on the instabilities of the system. The system tended to exhibit instabilities
for a range of equivalence ratios between 0.6 and 0.7. An increase of the amplitude
of oscillations was observed as the air mass flow rate was increased. For the operat-
ing conditions corresponding to the largest amplitude of fluctuations, they compared
the measured equivalence ratio modulations to the heat release rate fluctuations and
showed that the time-lag theory could explain the instabilities. However, they found
that for their stable case, the time-lag criterion was also fulfilled. They argued that the
time-lag model presents only a necessary condition, but not a sufficient condition, un-
der which instability might occur. Schuermans et al. [30] investigated the causes of
instabilities in an atmospheric swirl-stabilized flame of a full-scale gas turbine burner
experimentally. The system was able to operate in a fully premixed and partially pre-
mixed mode. In the latter mode, a fluctuation of the equivalence ratio was expected.
Their result showed a significant increase in the flame response when the equivalence
ratio fluctuation was considered, indicating the destabilizing effect of the equivalence
ratio coupling mechanism. Cho et al. [31] analytically studied the response of a laminar
Bunsen-type flame, subjected to equivalence ratio perturbations using the G-Equation
model. The equivalence ratio fluctuation was induced by the oscillation of the upstream
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air mass flow rate, whereby the fuel mass flow rate remained fixed. They correlated the
heat release rate oscillations to the oscillations of the enthalpy of reaction, the flame
speed and the flame surface area. They showed that the flame response at low Strouhal
number was mainly controlled by the oscillation of heat of reaction (directly correlated
with the equivalence ratio) . Towards the higher Strouhal numbers, the contribution of
the flame speed oscillations and the contribution of flame area oscillations were com-
parable with the contribution of the heat of reaction modulation. A similar study for
a V-shaped flame [32] resulted in a more significant contribution of the flame speed
oscillation to the heat release rate oscillation.

Pressure/Density Coupling Mechanism

The heat release rate of a flame is proportional to the density of the reactants. Pres-
sure fluctuations in a combustion chamber result in an oscillation of the reactant density,
which in turn causes an oscillation of the heat release rate. Hakim et al. [33] simulated
the dynamics of a cryogenic flame in a scaled rectangular multi-injector combustor.
The combustion chamber was forced to oscillate in the first transverse natural frequency
with a pressure node (and simultaneously acoustic velocity node) in the midplane of the
combustor. They found that the flame furthest from the midplane of the combustor (sub-
jected to a largest amplitude of pressure oscillation) shows an oscillating heat release
rate with the largest amplitude, indicating the destabilizing impact of the direct effect
of pressure fluctuations on the heat release rate. Zellhuber et al. [34] proposed a the-
oretical model for the decomposition of the thermoacoustic source terms and used this
model in a forced response simulation of a generic reheat combustor. They observed
that the density fluctuation had a most significant contribution to the instabilities. Re-
cently, Sharifi et al. [35] studied the response of a Bunsen-type flame subjected to
high-frequency transverse acoustic pressure oscillation for a frequency range between
1000 to 5000 Hz. They analyzed the relative significance of different mechanisms to
the thermoacoustic instabilities. For the flame positioned in the acoustic pressure anti-
node and simultaneously acoustic velocity node, they identified the pressure/density
interaction as the main destabilizing mechanism over all forcing frequencies.

Pressure/Chemistry Coupling Mechanism

The pressure/chemistry coupling mechanism involves the direct effect of the acous-
tic field on the fluctuation of the local flame speed and enthalpy of reaction, which
in turn cause heat release rate oscillations. Schmidt et al. [36] studied numerically
the response of a one-dimensional laminar premixed methane flame subjected to pres-
sure oscillations with a frequency range between 50 to 3000 Hz. In the absence of
other pathways through which the heat release rate could oscillate (e.g. flame surface
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oscillation, equivalence ratio oscillation), they showed an in-phase oscillation of the
heat release rate with the pressure, which proves the destabilizing effect of the pres-
sure/chemistry coupling mechanics. They also found that the sensitivity of the heat
release rate response to acoustic disturbances was increased by increasing the forcing
frequency. More recently, Beardsell et al. [37] extended the previous study to large hy-
drocarbon fuel flames and observed comparable quantitative behaviour. Shreekrishna
et al. [38] carried out an analytical investigation [39] on a 2D configuration to study
the alteration of the contributions of different mechanisms leading to heat release rate
response of a laminar premixed V-flame to axial acoustic oscillations. They derived a
model to identify the effects of oscillation of density, flame surface area, enthalpy of re-
action and the flame speed on the global heat release rate fluctuations. The flame speed
was modified with equivalence ratio changes, stretch effects and direct pressure effects
in their model. The effect of different mechanisms on the response of the flame was
identified by excluding the response through other mechanisms. They showed that the
heat release rate oscillations were controlled by the pressure/density mechanism at low
frequencies. In contrast, the pressure/flame speed mechanism was dominant for high
frequencies. For the frequency range from 2000 Hz to 4000 Hz, where high-frequency
thermoacoustic instabilities usually occur in gas turbines, both mechanisms were rel-
evant, with the pressure/density mechanism being slightly more significant. Recently,
Sharifi et al. [35] proposed an algebraic model to consider the fluctuation of the flame
speed due to acoustic pressure oscillation. They showed that considering the pressure
sensitivity of flame speed in their forced response configuration increased the response
of the flame for the high-frequency oscillations.

Flame Stretch Coupling Mechanism

The flame stretch can be altered by the velocity gradient along the flame surface
and the curvature effects [8]. The local flame speed is known to be function of the
local stretch [40, 41]. Fluctuations in flame stretch due to flow/acoustic fluctuations
over the flame can therefore lead to fluctuations in flame speed, which in turn leads
to fluctuations in the heat release rate. Wang et al. [42] investigated analytically the
influence of local flame speed changes due to strain modulation. They considered a
two-dimensional premixed V-shaped flame exposed to acoustic oscillations. They used
the G-equation method and assumed constant enthalpy of reaction and fixed density
of the mixture, allowing local flame speed changes to be only due to stretch effects.
They showed that the oscillation of the burning velocity was negligible at the lower
perturbation frequencies and become important at high frequencies (e.g., more than 4
kHz for a practical V-shaped flames). They also showed that the stretch modulation
caused an in-phase oscillation of the heat release rate, which proves its destabilizing
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character. More recently, Orchini et al. [43] investigated this effect for a conical flame,
leading to similar results.

Flame Displacement Mechanism

The Sattelmayer group [44, 45, 46, 47] studied the excitation mechanism in a tubular
single burner combustor with a premixed swirl flame, which showed the first transverse
acoustic mode with a frequency around 3300 Hz. They observed a synchronized up and
down displacement of the flame with the pressure. The displacement of the flame due
to the transverse oscillation was also observed in other studies [48, 33]. Based on this
observation, they proposed a mechanism, termed the flame-displacement mechanism.
Based on this mechanism, the acoustic transverse velocity shifts the flame to the region
with higher pressure, so that the flame always releases heat at higher acoustic pressure
amplitude, and thus the Rayleigh index is always positive. Although this mechanism is
always present when the flame is subjected to transverse velocity oscillation, it might
not be the main contribution to thermoacoustic instabilities of the flame. Hummel et
al. [46] proposed a model for non-compact heat release rate oscillations due to the
flame displacement and density oscillation (pressure/density mechanism). They per-
formed two eigenvalue analyses, whereby they considered only the contribution of the
flame displacement in the first analysis, and the contribution of the density oscillation
to the oscillation of the heat release rate in the second. They solved the problems for
the corresponding complex Eigenfrequencies associated with the observed first trans-
verse mode in the experiment of the Sattelmayer Group. The comparison of the growth
rates of each mechanism showed a more significant contribution of the pressure/density
coupling mechanism. However, it was shown that the simultaneous presence of both
mechanisms was necessary to achieve the unstable behavior of the experiment.

1.1.2 Methods of Investigation

Experimental Approaches

Simplified or real geometries can be used to investigate thermoacoustic instabilities
experimentally. Laboratory setups are mostly used to investigate the interaction of the
flame with the imposed acoustic transverse wave. Mery et al. [49] designed a rectangu-
lar multi jet methane/liquid-oxygen combustor to investigate the driving and coupling
mechanisms of high-frequency (1.8 - 3.2 kHz) instabilities. The combustion chamber
ended into two outlet nozzles from which the exhaust gases were discharged. In order
to excite the first transverse mode of the system, a rotating gear was used, which period-
ically blocked one of the two outlet nozzles at the desired frequency, so that the entire
exhaust gas flow leaves from the other open outlet nozzle. The experimental rectangular
single burner combustor of Lespinasse et al. [48] was equipped with two loudspeak-
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ers at the sides of the chamber to generate standing waves. The distance between the
chamber walls could be modified to ensure the resonance at frequencies of 506 or 1012
Hz. The burner was also adjustable, so that the position of the flame could be varied
concerning the position of the pressure anti-node. Measurements revealed significant
differences in local and global flame response at various locations in the acoustic wave-
form.

Although the aforementioned experiments could improve the understanding of the
flame/acoustic interactions, the most reliable information to aid the design of a ro-
bust combustor can be taken from self-excited thermoacoustic experiments. In the fol-
lowing Paragraphs, some experiments relevant for gas turbines with self-excited high-
frequency oscillations are briefly presented:

a) The Volvo Test Rig

Sjunesson et al. [18, 50] investigated the thermoacoustic behaviour of a bluff body
stabilized propane flame in a rectangular combustor at Volvo in Sweden. The combus-
tor was 0.24 m wide, 0.12 m high and 1.5 m long. The duct terminated into a circular
plenum. The top and bottom walls of the combustor were water-cooled and the side
walls were air-cooled, however, the temperature of the walls was not addressed. The air
was mixed with propane, upstream of the inlet section. The turbulence was controlled
by an upstream honeycomb. The honeycomb and the downstream plenum, which were
vital for the acoustic reflection, were not clearly reported in the experiments. A tri-
angular flame holder was used to stabilize the flame. The system operated in a stable
regime for an operating condition with an air velocity of 17.3 m/s and an equivalence
ratio of 0.61. High-frequency oscillation with a frequency of 1400 Hz was observed
by increasing the velocity and equivalence ratio to 36 m/s and 0.72, respectively. A
Schlieren image of the high-frequency instability can be seen in Fig. 1.5, indicating
periodic symmetrical vortex shedding.

Fig. 1.5 Schlieren image of periodic vortex shedding in Volvo test case [18].

b) The Tubular Swirl-Stabilized Combustor of the Sattelmayer Group

Schwing et al. [21, 44] investigated the excitation mechanism in an atmospheric
self-excited single jet cylindrical combustor, with a premixed swirl stabilized natural
gas flame. The combustor consisted of an upstream plenum, a swirler, a mixing tube,
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an air-cooled quartz glass flame tube (D= 156 mm) and a water-cooled exhaust tube
with the same diameter as the flame tube [51]. The preheated fuel and air were mixed
in a pre-chamber and flowed through an Alstom-type swirler before flowing into the
mixing passage and flame tube. The base plate of the combustor was equipped with five
dynamic pressure sensors to capture the azimuthal mode. Mie-scattering images, PIV
and OH*-Chemiluminescence were used to measure density, local flow velocity and
heat release, respectively. In the experiment, the swirl number, the preheating tempera-
ture and the mass flow rate were varied to investigate their influence on the occurrence
of instabilities. For all operating conditions, it was found that first transverse instabili-
ties were initiated by exceeding a critical equivalence ratio. The frequencies of the first
radial mode were found to be between 2400 and 3400 Hz with an amplitude around 10
mbar. The critical equivalence ratio seemed to be a function of the preheating temper-
ature, the air mass flow rate and the swirl number. The limit of the critical equivalence
ratio was moved towards the leaner mixture by decreasing the swirl number, increasing
the mass flow rate and decreasing the preheating temperature. The flame/vortex inter-
action and the flame displacement mechanism and density mechanism were proposed
to be important mechanisms for the observed instabilities.

c) Single-Jet Combustor of Purdue University (Viper-S)

Buschhagen et al. [52, 53] designed a cylindrical single-jet combustor with a fully
premixed natural gas jet flame at an elevated pressure of 7 bar, which was susceptible
to high-frequency instabilities. The combustor consisted of an external pre-mixer, a
cylindrical duct with a diameter of 40 mm and a cylindrical combustor with a diame-
ter of 80 mm. By means of a choked orifice plate and a choked nozzle, the duct and
combustion chamber were acoustically separated from the upstream and downstream
devices, respectively. Thus, a well-defined acoustic boundary condition was provided.
The experiment with an equivalence ratio of 0.72 and a pressure of 7.2 bar clearly in-
troduced pressure oscillation at 360 Hz, corresponding to the first longitudinal mode
of the combustor. A slight decrease in equivalence ratio and pressure of about 2% and
3%, respectively, resulted in the occurrence of high-frequency pressure fluctuations at a
range between 4.8 to 6.5 kHz. The mode shape of the instabilities was, however, not ex-
perimentally addressed. Chemiluminescence images of OH∗ clearly showed a periodic
oscillation of the heat release rate at the upper and lower parts of the combustor. An
effort was made to shed light on the driving mechanism of the instabilities. However, a
simultaneously existing interaction of different complex acoustic modes with the flame
made a clear investigation of the mechanism extremely difficult.

Numerical Approaches

Large-eddy simulation (LES) is the most powerful, affordable tool available today
for investigating combustion instabilities in technical combustion systems. LES is as-
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sumed to be able to consider almost all thermoacoustic drive and damping mechanisms
in a complex system. However, it should be considered that the reliability of LES in the
investigation of thermoacoustic instabilities is clearly limited by the combustion model
employed in the simulation. There are two main approaches for the use of LES to in-
vestigate thermoacoustic instabilities: a) self-excited approaches and b) forced response
approaches.

The complete combustion chamber with the realistic acoustic boundary conditions
must be investigated in the self-excited simulations [54]. All of the excitation and feed-
back mechanisms are present and the flame can interact with the three-dimensional ther-
moacoustic modes of the combustor. In forced response simulations, a reduced com-
bustor geometry can be used [33, 55]. The acoustic fluctuations are imposed through
perturbations prescribed on the boundaries. Thus, the interaction of an individual flame
with acoustic waves under different acoustic frequencies and amplitudes can be inves-
tigated. However, in this method, the three-dimensional thermoacoustic behavior of
the real combustor is neglected and the flame normally interacts with one-dimensional
acoustic modes.

Different groups [56, 57, 58, 59] used self-excited approaches to investigate the
high-frequency instabilities in the Volvo test rig. Ghani et al. [57] simulated a simpli-
fied configuration, where the acoustical effect of the honeycomb and the fuel injection
were neglected. The combustor walls were assumed to be adiabatic. They used a third
order compressible CFD code with the Sigma model [60] to mode sub-grid turbulence
structures. The inlet and outlet boundaries were assumed to be fully reflective, which
differed drastically from the experiment. To model combustion, they used a reduced
two-step mechanism for propane/air combustion. Their results showed a pressure fluc-
tuation with a frequency of 1360 Hz (experiment: 1400 Hz), which corresponds to the
first longitudinal and second transverse mode of the combustor. Although they could
capture the symmetric flow pattern observed in the experiment (see Fig. 1.5), they stated
that this behaviour was due to the longitudinal part of the acoustic mode. It should be
noted that the mode shape was not reported in the experiment and that the symmet-
ric flow pattern could be due to a purely longitudinal mode with a frequency of 1.4
kHz, as reported by other authors [61]. This underlines how the lack of information in
experiments can lead to ambiguous results.

Low-Order Methods

In this approach, the complete combustion system is modeled as a network of acous-
tic elements. Acoustic waves are superimposed on the mean properties of each element.
Acoustic transfer matrices connect elements. The interaction of the acoustic wave with
the flame can be characterized by a flame transfer function (FTF) [62] or a flame de-
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scribing function (FDF) [63]. Low-order models solve for the complex Eigenfrequen-
cies, from which the growth rate of instabilities can be determined [64]. The main
drawback is that the reliability of this method is restricted to the model representing
the flame/acoustic interactions and the acoustical damping of the system. Low-order
methods are extensively employed to investigate the low-frequency instabilities with
longitudinal acoustic mode shapes under the assumption of an compact flame with re-
spect to acoustic waves [65, 66, 67]. Recently, investigations are performed [68, 69]
employing a distributed FTF to study high-frequency instabilities.

1.2 Motivation and Overview of the Present Work

An improved understanding of the thermoacoustic mechanism is indispensable in
designing a robust combustor for a desired operating condition. Therefore, an extensive
set of information about the flow, flame and acoustical fields is required from experi-
ments. The experimental data of a full-scale test rig showing thermoacoustic instabil-
ities are hardly suitable to understand the thermoacoustic instability mechanisms or to
use them as validation case, due to the following issues:

1. The thermoacoustic instabilities observed in such a device are the undesirable
side-product of the full-scale test rig. The test facility must be turned off im-
mediately after exceeding a quite low level of thermoacoustic instabilities. As a
result, the operating conditions under which instabilities have occurred, are not
stationary and not well defined.

2. The experimental data are limited to pressure signals in one or two positions, so
that the acoustic mode shape can hardly be determined.

3. The acoustic boundary conditions of the test rig are not exactly addressed, which
makes them a non-reproducible test case.

4. Simulations of large combustion chamber geometries covering the entire up-
stream and downstream parts of the combustion chamber are too complex and
costly.

More detailed and reliable experimental data can be obtained from lab-scale test
cases and can be used as a starting point to investigate these type of instabilities. How-
ever, there is a lack of simple experiments with acoustically well-defined boundary
conditions relevant for state-of-the-art stationary gas turbines to study thermoacoustic
instabilities. The available test cases were mentioned previously and were briefly ex-
plained. It should be noted that the manner of flame stabilization (e.g. swirl stabilized,
bluff body stabilized, jet-stabilized) crucially affects the thermoacoustic mechanisms,
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through which the instabilities can arise [70]. Thus, a swirl-stabilized flame is not nec-
essarily an appropriate test case to study the flame dynamics of a jet-stabilized flame,
which is the characteristic stabilization method in the combustion chamber of the new
generation of Siemens heavy-duty gas turbines. Although the recently performed ex-
periment of the "Viper-S" combustor at Purdue University [52, 53] could be a starting
point, there are some doubts about the instabilities in this combustor: There was no op-
erating condition found in the experiment, for which the system was in a stable regime.
This would raise the question, if the observed instabilities occurred only due to the
acoustically closed inlet and outlet, leading to minimizing the acoustic fluxes through
the combustor boundaries and to an accumulation of the acoustic energy in the system
for any level of flame/acoustic coupling.

In order to overcome the problems of previous experiments, the present work at-
tempted to develop a simple and suitable atmospheric experiment on the laboratory
scale, which can be used as a valuable test case for the analysis and modelling of
thermoacoustic oscillations. LES was used to investigate high-frequency thermoacous-
tic instabilities and support the design of the test case. Forced response simulations
were firstly conducted to identify and quantify underlying driving mechanisms of high-
frequency thermoacoustic instabilities on a single jet flame. The flame was subjected
to transverse acoustic modulation to reproduce two possible flame/acoustic interaction
scenarios characteristic of the high-frequency instabilities in can combustion chambers.
A budget analysis method was introduced to identify the main mechanism in each sce-
nario and to understand how it was affected by the frequency of the instabilities. Finally,
the state in which the flame was most susceptible to thermoacoustic instabilities was de-
termined.

Based on the lessons learned from the forced response investigations, an effort was
made to design a simplified combustion chamber on a laboratory scale that fulfilled the
following requirements:

1. Use of atmospheric combustion to reduce the cost of the experiment.

2. Instabilities with a frequency range that is often observed in real gas turbines.

3. Reproducible high-frequency instabilities.

4. Well-defined acoustic boundary conditions.

In the forced response simulations, the highest destabilization was observed, when
the flame was positioned in a pressure anti-node. To reproduce such a flame/acoustic
interaction, the flame was positioned on the centerline of a cylindrical chamber. Given
the axisymmetric behavior of a jet flame, it could generally be assumed that the acoustic
radial Eigenmode of the cylindrical combustion chamber could be more easily excited.
Thus the flame was positioned in the acoustic pressure anti-node. The diameter of the
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cylindrical combustion chamber was chosen such that the first radial mode had a fre-
quency of 3 kHz, a frequency, which is often observed in real gas turbines exhibiting
thermoacoustic instabilities. The inlet and outlet of the system, corresponding to the
position of acoustic boundaries, were set far away from the flame, to ensure there is no
interaction with the flame. The equivalence ratio for the atmospheric combustion was
modified until strong high-frequency oscillation was observed. The complexity of the
test case was then increased in the design simulations to allow a feasible experiment
with realistic wall heat transfer, upstream flow conditions and fuel mixing. An im-
portant finding from the design simulations was that for a given equivalence ratio, the
largest amplitude of high-frequency acoustic instabilities was observed when the simu-
lation was performed with adiabatic combustion chamber walls. Lowering the tempera-
ture of the combustor wall towards an experimentally feasible wall temperature reduced
the amplitude of the instabilities. However, the mode shape remained untouched. When
the temperature dropped below a critical temperature, the system stabilized. Further nu-
merical investigations showed that it was possible to shift the critical wall temperature
towards a colder temperature by increasing the equivalence ratio.

Finally, a configuration was determined which was susceptible to thermoacoustic
oscillations and fulfilled the above requirements. This configuration was studied exper-
imentally on the Siemens atmospheric test facility. The experiment was performed for
different air mass flow rates and equivalence ratios. For a given air mass flow rate, ther-
moacoustic instabilities of the first radial mode were identified when a critical equiv-
alence ratio was exceeded. A further increase of the equivalence ratio led first to an
increase and then to a decrease in the amplitude of the high-frequency oscillations. The
largest amplitude was observed at an equivalence ratio of a slightly lean mixture. By
increasing the air mass flow rate, the equivalence ratio, at which the largest amplitude
was observed shifted towards the leaner mixtures. It was also observed that an increase
in the air mass flow rate led to a general increase in the amplitude of the thermoacoustic
instabilities.

The predictive capability of the numerical method concerning thermoacoustic in-
stabilities was then investigated. Two simulations were performed with the geometry
used in the experiment. Both the predictive capability with respect to high-frequency
thermoacoustics and the prediction of stable combustion were considered with the op-
erating state corresponding to unstable and stable combustion, respectively. It could be
shown that CFD was able to predict the results with a satisfying agreement for both
states.

Notably, the amplitude of the high-frequency instabilities in the experiment was
significantly smaller compared to the design simulations performed before the experi-
ment. The main difference between these design simulations and the experiment was
the treatment of the wall temperatures. The design simulation was performed with uni-
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form combustion chamber wall temperatures. In the experiment, it was observed that
the walls of the cylindrical combustion chamber around the base plate were relatively
cold and became hotter towards the end of the combustion chamber. In order to investi-
gate the influence of the wall temperature, a further simulation was carried out, applying
the operating condition corresponding to the unstable operating point from the experi-
ment. For this simulation, however, it was assumed that the combustion chamber wall
temperature is uniform. The wall temperature value was set by averaging the tempera-
tures measured in the experiment over the combustion chamber. The simulation showed
a significantly higher oscillation amplitude of high-frequency instabilities for this case.
This simulation can give an important indication why experiments on laboratory scale
are less susceptible to high-frequency thermoacoustic instabilities than experiments on
a full-scale test rig. Even though experiments in full-scale test rigs have a significantly
higher energy density in the combustion chamber, the combustion chamber walls are
well coated so that less energy is lost from the combustor wall. The test cases on the
laboratory scale normally use optically accessible walls that are excessively cooled.
Our study shows that excessive cooling of the combustion chamber walls can lead to
the suppression of high-frequency thermoacoustics. The critical influence of the wall
temperature should therefore be considered for the design of an unstable case in the
future.

In terms of the development of a stable combustor, a method for suppressing the
thermoacoustic instabilities was suggested in this work based on observations of the
impact of wall temperature on the instabilities. It was shown that replacing the cylin-
drical combustor with a conical combustor resulted in the unstable system becoming
stable. These results proved that the design of the conical combustor can be consid-
ered as a damping method for high-frequency instabilities with radial modes. However,
in order to make a general statement, further evidence and further investigations are
required.
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CHAPTER 2

Theory

The Navier-Stokes equations are employed for the mathematical description of fluid
dynamics. This set of nonlinear partial differential equations contains the conservation
equations for mass, momentum, energy and species, presented in this section. The
remainder of this section is followed by an introduction to the characteristics of tur-
bulent flow and combustion. Finally, the theoretical background of linear acoustics is
presented.

2.1 Governing Equations

Transport equations for mass, momentum, total enthalpy and species can be used to
describe the development of a viscous and compressible reacting flow, which are given
below [64]:

∂ρ

∂t
+
∂(ρui)

∂xi
= 0 (2.1)

∂(ρui)

∂t
+
∂(ρuiuj)

∂xj
= − ∂p

∂xi
+ ρgi +

∂τij
∂xj

(2.2)

∂(ρh)

∂t
+
∂(ρuih)

∂xi
=
∂p

∂t
+ ui

∂p

∂xi
− ∂qi
∂xi

+ τij
∂ui
∂xj

+ Ṡ + ρgi

Ns∑
K=1

YKVK,i (2.3)

∂(ρYK)

∂t
+
∂(ρujYK)

∂xj
=

∂

∂xj
(
µ

ScK

∂YK
∂xj

) + ω̇K (2.4)

In the above equations ρ, ui, p, τij , h, YK , µ and ScK indicate the density, the i-th
component of the velocity vector, the thermodynamic pressure, the stress tensor, the
sum of sensitive enthalpy and chemical enthalpy per unit mass, the mass fraction of the
species K, the viscosity of the gas mixture and the Schmidt-number, respectively. The
first and second term on the right hand side (RHS) of the momentum equation, Eq. 2.2,
represent the pressure gradient and the body forces due to gravitation, while the last
term depicts the viscous forces. For a Newtonian fluid, the viscous stress tensor τij can
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be written as follows:

τij = µ
(∂ui
∂xj

+
∂uj
∂xi

)
− 2

3
µ
∂uk
∂xk

δij (2.5)

In Eq. 2.5, the Kronecker Delta δij is 1 for i = j, and 0 otherwise. In the RHS of Eq.
2.3 the enthalpy flux qi can be expressed according to the Fourier law considering the
diffusion of species with different enthalpies hK and diffusion velocities VK as follows:

qi = −λ ∂T
∂xi

+ ρ

Ns∑
K=1

hKYKVK,i (2.6)

In the above equation, λ represents the thermal conductivity. The volumetric source
term Ṡ in Eq. 2.3 is an additional source term (e.g. to consider ignition) and must not
be considered to be equivalent to the heat released from the combustion process. In the
species conservation equation, Eq. 2.4, the first and second terms on the RHS express
diffusion fluxes and the consumption rate, which together represent the total rate of
change of a species K. The temperature dependent dynamic viscosity of the ideal gas
mixture in the above equations can be determined according to the Sutherland model
using a Sutherland coefficient As and a Sutherland temperature constant Ts as [71]:

µ(T ) =
As
√
T

1 + Ts/T
(2.7)

2.2 Turbulence Theory

Navier–Stokes equations are valid for both laminar and turbulent flows. In the mo-
mentum equation (Eq. 2.2), the inertial term Mij = ρuiuj contributes to turbulence
structures, while the viscous term τij tends to suppress them. The Reynolds number Re
defines the ratio of inertial forces to viscous forces, and reads:

Re :=
ρuL

µ
(2.8)

In the above equation, L refers to a characteristic length of the system. When the
Reynolds number surpasses a crucial value, the flow is classified as turbulent, as is
the case in practically every gas turbine. Turbulent flows are characterized by time-
dependent three-dimensional "chaotic" velocity fluctuations, which are superimposed
on the time-averaged velocity.
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2.2.1 Turbulent Length and Time Scale

In the case of a turbulent flow, there are structures (eddies) of different sizes. The
largest eddies are of the size of an integral length scale, comparable to the system’s
characteristic length. The smallest eddies, with a length scale known as the Kolmogorov
length scale η, are determined by the viscosity of the fluid and the rate of dissipation.
The interaction time of the eddies with the flow is described for the largest eddies by
the turbulence integral time scale τt and for the smallest eddies by the Kolmogorov
time scale τk. Based on the concept of the turbulent energy cascade [72], the largest
eddies transfer kinetic energy to smaller eddies, and this continues until the kinetic
energy of the turbulence is dissipated into heat. A conceptual representation of the
energy spectrum of eddies of different sizes, which are present in a turbulent flow, is
illustrated in Fig. 2.1. The figure shows a log-log plot of the turbulent kinetic energy
E(κ) versus the wavenumber κ and can be divided into three regions [73]: a) the energy-
containing region with the largest eddies, which contains most of the turbulent energy,
b) the inertial sub-region, in which the energy is transferred at a constant rate from the
medium-sized eddies to smaller eddies, and c) the viscous region, in which the energy
is dissipated into heat. In the inertial sub-region, the turbulent kinetic energy depends
on the wavenumber κ and the dissipation rate ε, the rate at which kinetic energy of the
smallest eddies is converted into heat. Dimensional analysis can be used to obtain the
turbulent kinetic energy density in the inertial region as in Eq. 2.9 [74]. In this equation,
C represents the universal Kolmogorov constant and is equal to 1.5.

E(k) = C ε2/3k−5/3 (2.9)
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(κ
))

log (κ)

Energy 
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1/L

κ-5/3

1/η

Fig. 2.1 Sketch of Kolmogorov energy spectrum for turbulent flows [75].
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2.3 Combustion Theory

Combustion is a chemical exothermic reaction between an oxidant and a fuel. In
terms of a global, irreversible equilibrium reaction of a hydrocarbon fuel CαHβ [76],
combustion can be described as follows:

CαHβ︸ ︷︷ ︸
Fuel

+ (α +
β

4
)(O2 + 3.76N2)︸ ︷︷ ︸
Oxidizer

→ αCO2 +
β

2
H2O + 3.76(α +

β

4
)N2︸ ︷︷ ︸

Product

(2.10)

An indicator for the mixture composition can be given by the equivalence ratio. The
equivalence ratio of a system is defined as the ratio of the fuel-oxidizer ratio to the
stoichiometric fuel-oxidizer ratio:

φ =
(ṁfuel/ṁoxidizer)

(ṁfuel/ṁoxidizer)st
(2.11)

In Eq. 2.11, ṁfuel and ṁoxidizer are the mass flow rates of fuel and oxidizer, respec-
tively. The stoichiometric fuel-oxidizer ratio for the combustion of general hydrocarbon
can be estimated from the molar weight of fuel Mfuel and oxidant Moxidant as follows:(

ṁfuel

ṁoxidizer

)
st

=
Mfuel

(α + β
4
)Moxidizer

(2.12)

2.3.1 Chemistry Description

Detailed Chemistry

The global reaction, as outlined above in Eq. 2.10, is the result of a large number of
elementary reactions occurring at the molecular level. An example for a detailed mecha-
nism to describe the combustion of small hydrocarbons is the GRI-3.0 mechanism [77],
which includes 325 reactions and 53 species. A coupled set of elementary reactions for
a system involving Ns species and Nr reactions can be written in the general form [78]:

Ns∑
i=1

ν ′ijΨi

rf


rb

Ns∑
i=1

ν ′′ijΨi for j = 1, .., Nr (2.13)

In the above equation, ν ′ij and ν ′′ij are the stoichiometric coefficients. These coefficients
indicate the number of molecules of the species Ψi involved in the reaction j. The reac-
tion rates in Eq. 2.13, in forward and backward direction are represented by rf and rb
respectively. In order to investigate reactive flows using detailed chemistry, the trans-
port equation (Eq. 2.4) must be solved for each species. The source term ω̇k for the
individual equations is the sum of the production rates of the species Ψi in all elemen-
tary reactions [64]. The large number of transport equations to be solved makes the use
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of detailed mechanisms for the simulation of combustion in a technical configuration
prohibitively expensive and time-consuming. Various strategies for the simplification of
chemical reaction mechanisms are presented in order to reduce the required effort (e.g.
skeletal mechanism [79], globally reduced mechanism [80], analytically reduced mech-
anism [81] and tabulated chemistry [82]), which do not reproduce the chemical accuracy
of the detailed mechanisms, but are generally able to reflect the essential properties of
the flame.

Skeletal Mechanism

Skeletal mechanisms are generated by reducing detailed mechanisms. The species
and reactions that do not contribute to the prediction of the desired chemical quantities
are simply removed from the mechanism. Different techniques for the generation of
skeletal mechanisms are described (for an overview see e.g. the textbook of Tura’nyi
and Tomlin [83]), including genetic algorithm-based methods [79]. Genetic algorithm-
based methods are evolutionary and iterative algorithms for deriving skeletal mecha-
nisms. The starting point for this method is the detailed reference mechanism as an
initial solution followed by selection, crossover and mutation steps. The ability of each
solution at every generation is evaluated to fulfill the desired criteria (e.g. flame speed,
temperature profile, and the number of reactions) for the calculation of the reactive case
(e.g. laminar flame). In each generation, the best solutions are selected to generate a
new set of children (reduced mechanisms). The iteration process is repeated until the
overall desired criteria are met. The final reduced mechanism may need to be further
optimized by altering its reaction rate coefficients to match the correct overall behavior
of the detailed mechanism [84].

One Step Chemistry

A widely used assumption to greatly reduce the number of species and thus the
number of equations to be solved is the description of the entire chemical mechanism
by a single reaction:

Fuel +Oxidizer → Products (2.14)

An empirical expression can be used to describe the reaction rate. The reaction rate ω̇F
for this equation is then described by the Arrhenius law:

ω̇F = −Aρ(α+β)Y α
F Y

β
O exp(

TA
T

) (2.15)

The reaction order of the oxidizer and reactants are denoted by α and β. The reaction
parameters occurring in Eq. 2.15 are to be defined either experimentally or analytically
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to determine the reaction rate.

2.3.2 Combustion Mode

Premixed Combustion (Laminar)

Premixed combustion is realized by supplying a uniform mixture of oxidant and fuel
into the reaction zone. The combustion of the mixture is limited to the flammability
limit of the fuel and can only exist for a certain range of equivalence ratios φ. The
combustion appears in a front that separates the unburned mixtures (from the burned
mixtures). The front propagates normal to itself at a certain speed, the so-called laminar
flame speed, in the direction of the unburned mixture. Premixed combustion is often
characterised by low emissions of pollutants and uniform temperature combustion.

Two general definitions of flame velocity may be used [64]: a) the displacement
speed Sd, which is based on the kinematic definition and measures the velocity of any
iso-surface (e.g. temperature iso-surface) with respect to the flow, and b) the consump-
tion speed Sc, which is based on the reaction rates ω̇ and can be expressed as integral
of the reaction rate along the flame front. The displacement speed is a local definition
and varies across the flame front, while the consumption speed is a global quantity. The
displacement speed at the reaction side and the global consumption speed are equiva-
lent for a planar laminar unstretched premixed flame and are referred to as the laminar
flame speed Sl. For simple chemistry (one-step reaction with the assumption of the
unity Lewis number), a laminar flame thickness can be estimated based on the value
of the temperature in the fresh mixture Tf and in the burnt mixture Tb and its gradient
along with the flame normal coordinate n [85]:

δL =
Tb − Tf

max(|∂T
∂n
|)

(2.16)

Premixed Combustion (Turbulent)

Turbulent premixed combustion results from interactions between the flame front
and the turbulent eddies with different sizes (from the integral length scale lt to the Kol-
mogorov length scale η) and different characteristic speeds (from the integral fluctuation
velocity u′ to the Kolmogorov velocity scale uk). The corresponding time scales can be
estimated from the characteristic speeds and length scales as, for the integral time scale
τl = lt/u

′ and for Kolmogorov time scale τη = η/uk. On the other hand, combustion
may be expressed by a chemical time scale τc, which can be estimated as the time it
takes for the flame to propagate over a distance equal to its own thickness [86]:

τc =
δL
Sl

(2.17)
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Borghi [87] and Peters [75] discussed this interaction qualitatively in depth and
proposed regime diagrams. Here, we adopt the notes and assumptions of Peteres and
discuss his proposed combustion regimes. Two non-dimensional numbers can describe
the combustion regimes: a) the Damköhler number Da, being specified for the largest
vortices and b) the Karlowitz-number Ka, being specified for the smallest eddies and
read [75]:

Da =
τl
τc

and Ka =
τc
τη

(2.18)

Four different regimes for turbulent combustion are shown in Fig. 2.2: a) the wrin-
kled flamelet regime (Da >> 1, Ka < 1, u′/Sl < 1), in which the flame thickness
is smaller than the Kolmogorov length scale. This leads to a situation in which the
flame surface becomes slightly wrinkled when interacting with the vortices; b) the cor-
rugated flamelet regime (Da >> 1, Ka < 1, u′/Sl > 1), in which the flame surface
is more wrinkled. The interaction of eddies and the flame surface causes the flame to
roll up, creating pockets of similar size to the eddies; c) the thin reaction zones regime
(Da > 1, 1 < Ka < 100), where the flame is thicker than the smallest eddies. The
Kolmogorov sized eddies can interact with the preheat zone of the flame and enhance
the thermal diffusion. In this regime, the reaction zone, which is thinner than the Kol-
mogorov length scale, is not altered by the eddies; and finally d) the broken reaction
zones regime (Da < 1, Ka > 100), where the reaction zone is thinner than the smallest
eddies: the smallest eddies disturb the reaction zone and alter the thermal diffusion and
heat transfer rate.
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Fig. 2.2 Turbulent combustion regimes [75].
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The structure of the flame element in the wrinkled flamelet regime and in the the cor-
rugated flamelet regime can be linked to the laminar flame structure. However, the
flamelet assumption does not apply to the broken reaction zone regimes.

In the flamelet regimes the flame front is wrinkled by turbulent eddies. This leads to
an increase in the effective flame area. It can be assumed that the front propagates with
the laminar flame speed Sl and the increased heat release rate is then captured by the
wrinkled turbulent flame surface AT . From the modeling point of view, the turbulent
flame can be seen as a front with a faster propagation speed. This propagation speed
is termed as the turbulent flame speed ST . The turbulent flame speed is equal to the
laminar flame speed, multiplied by the ratio between the wrinkled instantaneous flame
surface AT and the laminar flame surface Al [64]:

ST = Sl
AT
Al

(2.19)

Non-Premixed Combustion

In non-premixed combustion, fuel and oxidant are not mixed before combustion.
The reaction zone occurs at the locations where the stoichiometric conditions persist.
Contrary to the premixed flame, the diffusion flame can occur at any oxidant to fuel
mass flow rates ratio. Compared to premixed flames, the diffusion flame has a lower
burning rate and higher local peak temperatures. The local mixing state is described by
the mixture fraction Z. The mixture fraction, in a two-feed system in which fuel stream
with a mass flux ṁ1 is mixed with oxidizer stream with a mass flux ṁ2, may be defined
as:

Z =
ṁ1

ṁ1 + ṁ2

(2.20)

The mass fraction of fuel in the mixture YF,u is proportional to the mass fraction of fuel
in the fuel stream YF,1 and reads:

YF,u = YF,1 Z (2.21)

Similarly, the mass fraction of the oxidizer in the mixture YO2,u is defined using the
mass fraction of oxidizer in the oxidizer stream YO2,2 and reads:

YO2,u = YO2,2 (1− Z) (2.22)

Considering the relation between mass fractions of oxidizer and fuel which can be writ-
ten as:

dYO2

ν ′O2
=
dYF
ν ′F

(2.23)
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And integrating Eq. 2.23 between the initial unburnt state and any subsequent state
leads to the well-known coupling function as follow:

ν YF − YO2 = ν YF,u − YO2,u where ν =
ν ′O2WO2

ν ′F WF

(2.24)

Inserting Eqs. 2.21 and 2.22 into Eq. 2.24 one obtains the mixture fraction as a function
of the mass fractions of the fuel and the oxygen and reads [78]:

Z =
νYF − YO2 + YO2,2

νYF,1 + YO2,2

(2.25)

2.4 Acoustic Theory

The flow variables p, u, ρ in a laminar flow can be decomposed into their mean and
acoustic values as:

p(x, t) = p0(x) + p1(x, t)

U(x, t) = U0(x) + U1(x, t)

ρ(x, t) = ρ0(x) + ρ1(x, t)

(2.26)

In the previous equations, x is the local coordinate and t is the time. The indices 0 and
1 denote the mean and acoustic values, respectively. Substituting the acoustic variables
into conservation equations for mass and momentum (Eqns. 2.1 and 2.2), linearizing the
equations over their mean values, and combining them, one obtains the wave equations
in an isotropic, non-reactive gas. The one-dimensional acoustic wave equation may
accordingly be written as [88]:

∂2p1

∂x2
− 1

a2
0

∂2p1

∂t2
= 0 (2.27)

In the above equation, a0 denotes the speed of sound and is defined for a perfect gas
with the gas constant R′ and the specific heat capacity γ as:

a0 =
√
γR′T (2.28)

In the frequency domain, a harmonically fluctuating (e.g. sine overlay) quantity,
g1(x, t), is defined by its complex amplitude ĝ, and angular frequency ω, through
g1(x, t) = <

{
ĝ(x)e−jωt

}
, where <{} denotes the real part of a complex value. This

representation can be used to separate the spatial and temporal variation of the fluctu-
ations. Assuming that acoustic pressure oscillates harmonically, the one-dimensional
acoustic wave equation can then be reformulated in the frequency domain by substitut-
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ing p1 = <
{
p̂1e
−jωt} into Eq. 2.27 to obtain the following equation:

∂2p̂

∂x2
− k2p̂ = 0 (2.29)

In Eq. 2.29, the wavenumber is given by k = ω/a0, which is a measure for the number
of waves per unit of length. The general solution of the wave equation (Eq. 2.27) is the
superposition of a forward travelling wave and a backward travelling wave. The one
dimensional solution of Helmholz equation 2.29 in time can be expressed as [88]:

p1 = A+ ei(kx− 2πft)︸ ︷︷ ︸
forward traveling wave

+A− e−i(−kx− 2πft)︸ ︷︷ ︸
backward traveling wave

(2.30)

The amplitudes of the forward and backward traveling waves in the previous equation
are given by A+ and A−. The frequency of the wave is denoted by f = ω/2π, which
is a measure of the number of waves per unit of time. The acoustic velocity (particle
velocity) can be determined then from the continuity equation and reads:

u1 =
1

ρ0a0

(A+ ei(kx− 2πft)︸ ︷︷ ︸
forward traveling wave

−A− e−i(−kx− 2πft)︸ ︷︷ ︸
backward traveling wave

) (2.31)

The acoustic velocity u1 from Eq. 2.31 should not be confused with the sound speed
which is denoted by a0. The acoustic velocity indicates the speed at which the particles
of the medium oscillate around their rest position. While the sound speed indicates the
distance that a sound wave travels per unit time as it propagates through the medium.
The correlation, ρ0a0, in Eq. 2.31 defines the characteristic impedance of the medium
and expresses the ratio of sound pressure to sound velocity for a travelling wave.

Standing Waves

For linear acoustics, it can be assumed that the acoustic waves propagate at a con-
stant speed equal to the speed of sound a0. In case the damping of the wave can be
neglected, the peak amplitudes of the oscillations along the propagation direction of
the wave are at the same level. When two propagating acoustic waves with the same
amplitude and frequency propagate in opposite directions to each other (e.g. as a re-
sult of reflections within a confined system), the interference of these waves results in
a standing wave. At the resonant frequencies of a bounded system (e.g. a tube) the
standing waves are called acoustic mode. The peak amplitude of the standing wave at
any point in the physical space is constant over time. The locations where the modu-
lus of the acoustic oscillations is minimal (e.g. zero) are called acoustic nodes, while
the locations where the modulus is maximal are called acoustic anti-nodes. It is worth
mentioning that an acoustic mode with an acoustic node with zero amplitude is only
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generated if the forward and backward travelling waves have the same amplitude of
oscillation. In case the amplitudes are not similar (e.g. as it is the case when the wave
is not completely but partially reflected at the boundary of the confined system), the
amplitudes at the acoustic nodes will deviate from zero. For a good overview of the
basics of acoustic waves, readers are referred to chapters 5 and 6 of the textbook of T.
Lieuwen [88].

2.4.1 Acoustic Source Term

The level of acoustic fluctuation in a point of a domain might be measured by the
acoustic energy density defined as [89]:

eac =
1

2
(ρ0

~U1

2
+

p2
1

ρ0a0
2
) (2.32)

In a reacting flow, the heat release rate oscillation may correlate with the acoustic pres-
sure oscillation and serve as a local source of acoustic energy Sac [64], which is defined
as follows:

Sac =
γ − 1

γp0

(p1q̇1) (2.33)

In the above equation, γ represents the specific heat capacity of the mixture. When the
heat release rate oscillates in phase with pressure (|∆θp1,q1| < 90° ) at a point in physical
space, the correlations act as the local source of acoustic energy and the oscillations are
excited; when they are out of phase (|∆θp1,q1 | > 90° ), the correlation acts as a local
sink term. However, knowledge of added or extracted energy to/from the acoustic field
at a given point is not sufficient to make a statement about the system’s susceptibility to
instability. The overall acoustic behavior of the system can be determined by a double
integration of the source term over the volume of the system Vs and the time period of
the oscillations tp. If the result exceeds the acoustic losses of the system Li (e.g. by
viscous dissipation or propagation of the acoustic energy out of the boundaries of the
system), the amplitude of the acoustic fluctuations increases and the system tends to
become unstable [90]: ∫

tp

∫
V

p1q̇1 dV dt >

∫
tp

∫
V

Σ Li dV dt (2.34)

Figure 2.3 illustrates a typical time evaluation of the local acoustic pressure in a ther-
moacoustically unstable combustion chamber, when combustion instability was trig-
gered at t = 0. The overall development of the instability can be decomposed as fol-
lows: The linear zone, near t = 0, where the acoustic variables are very small compared
to the mean variable of the flow. Furthermore, in this zone the response of the system
(e.g. oscillation of the heat release rate) is linearly proportional to the acoustic per-
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turbation. With time, energy is added to the acoustic field and the amplitude of the
oscillations grows exponentially. However, the amplitudes do not grow indefinitely and
reach a limit cycle. The transition into the limit cycle zone often reveals an overshoot.
In the limit cycle zone the acoustic energy gain is equal to the acoustic losses of the
system and the heat release response is saturated [91, 92]. In the this zone the response
of the system may not follow a linear response [93].

Non-linear zone:

limit-cycle

Overshoot zone

Linear zone:

exponential growth

t

p1

Fig. 2.3 Pressure oscillations from linear regime to limit-cycle [64]
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CHAPTER 3

Simulation and Modelling of Reactive Flows

3.1 Direct Numerical Simulation

Direct Numerical Simulation (DNS) resolves turbulent structures of all sizes by
directly solving the transport equations presented in the last chapter without further
modelling, except for the chemical and thermodynamic state relations and properties.
Therefore a very high temporal and spatial resolution is crucial to perform DNS. The
required number of cells in each direction NcellsX to resolve the smallest eddies can be
estimated from the ratio of the integral length scale lt to Kolmogorov length scale η,
and reads [64]:

NcellsX ≈
lt
η

= Re(3/4) (3.1)

DNS of the turbulent flow must be performed under consideration of the three-
dimensional properties of the configuration, since turbulence is a 3D phenomenon.
Hence, the total required number of cells Ncells for a 3D DNS can be estimated from:

Ncells ≈
( lt
η

)3
= Re(9/4) (3.2)

The required temporal resolution is derived from the CFL criterion [94], which de-
scribes that the fluid entering a computational cell with a velocity u is not allowed to
leave the cell during one time step:

∆t <
lcell
u

(3.3)

The high cost of DNS makes it less attractive and currently not applicable for tech-
nical configurations with complex geometries. Typical applications to DNS are funda-
mental investigations on simplified geometries [95].

3.2 Large Eddy Simulation

The basic idea of Large-Eddy-Simulation (LES) is to directly solve the large turbu-
lent eddies, which contain the majority of the turbulent kinetic energy, and to model the
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effect of the smaller eddies, which contain a smaller amount of turbulent kinetic energy.
In this way, an affordable, but reasonably accurate calculation approach is introduced.
In order to distinguish between the large-scale and small-scale turbulent eddies, the
spatial LES filter FLES is introduced. The filter is applied to the governing equations
over the computational domain V to remove the small-scale eddies [96]. The filtered
quantity Φ, which contains the large-scale eddies of the field Φ, can be expressed as:

ΦLES(xj, t) =

∫
V

Φ(xj − x′j)FLES(x′j) dx
′
j (3.4)

The removed small-scale eddies are termed as sub-grid scale fluctuation of the field Φ,
and reads:

Φ′LES(xj, t) = Φ− ΦLES(xj, t) (3.5)

In this thesis, the filtering is implicitly conducted by the numerical grid used in the
LES. The size of the filter can be estimated from the cubic root of the cell volume Vcell
as:

∆ = (Vcell)
1
3 (3.6)

In case of non-constant density problems, e.g. problems with combustion, terms
that are not closed may occur in the following form:

ρ(xj, t)Φ(xj, t) =

∫
V

ρ(xj − x′j)Φ(xj − x′j)FLES(x′j) dx
′
j (3.7)

These terms make the direct calculation of the filtered variable Φ and the filtered density
ρ difficult. A density-weighted Favre filtering can be employed to avoid the correlation
term ρΦ. The density-weighted Favre-averaged variable is defined as:

Φ̃(xj, t) =
ρ(xj, t)Φ(xj, t)

ρ(xj, t)
(3.8)

3.2.1 Favre-Filtered Governing Equations

By applying Favre filtering to the conservation equations, the Favre-averaged equa-
tions of mass, momentum, total enthalpy and species are obtained, which can be ex-
pressed as follows:

∂ρ

∂t
+
∂(ρũi)

∂xi
= 0 (3.9)

∂(ρũi)

∂t
+
∂(ρũiũj)

∂xj
= − ∂p

∂xi
+ ρgi +

∂τ ij
∂xj
− ∂ρ(ũiuj − ũiũj)

∂xj
(3.10)

∂(ρh̃)

∂t
+
∂(ρũih̃)

∂xi
+
∂(ρK̃)

∂t
+
∂(ρũiK̃)

∂xi
= −∂p

∂t
+

∂

∂xj

(
α
∂h̃

∂xj

)
−∂ρ(ũjh− ũjh̃)

∂xj
(3.11)

32



∂(ρỸK)

∂t
+
∂(ρũjỸK)

∂xj
=

∂

∂xj
(
µ

ScK

∂ỸK
∂xj

) + ω̇K −
∂ρ(ũjYk − ũjỸk)

∂xj
(3.12)

In the energy equation, Eq. 3.11, K = 1
2
ũiũi is the kinetic energy and α is the thermal

diffusivity. Equations 3.10 to 3.12 include additional unknown terms, which need to be
modelled. These terms are a) sub-grid scale stresses (ũiuj − ũiũj), b) the unresolved
species fluxes (ũjYk − ũjỸk) and c) the unresolved enthalpy fluxes (ũjh − ũjh̃). Ad-
ditionally, a model for the filtered reaction source term ω̇K is needed to account for the
turbulent combustion. The unresolved species and enthalpy fluxes are modelled using
the turbulent Schmidt number Sct and the turbulent Prandtl number Prt and a gradient
assumption [64]:

(ũjYk − ũjỸk) = − νt
Sct

∂ỸK
∂xj

(3.13)

(ũjh− ũjh̃) = − νt
Prt

∂h̃

∂xj
(3.14)

3.2.2 Sub-Grid Scale Turbulence Models

The sub-grid scale stresses (ũiuj−ũiũj) comprise the effect of turbulent fluctuations
with a length scale below the cell size, which has to be modelled. Different approaches
to model the unresolved stresses are known from the literature [64, 73], which describe
the effect of sub-grid scale fluctuations using the resolved fluid quantities. This thesis
uses the k-equation model [97]. The model is based on a transport equation for the
turbulent kinetic energy and is briefly explained below.

K-Equation Model

A transport equation for the sub-grid scale kinetic energy was proposed by Yoshizawa
et al. [97] and Menon et al. [98] to improve the accuracy of the LES sub-grid scale stress
models. The balance equation for ksgs is written as [99]:

∂(ρksgs)

∂t
+
∂(ρũjksgs)

∂xj
− ∂

∂xj
(ρ(ν + νt)

∂ksgs
∂xj

) = −ρτijS̃ij − Cε
ρk

3/2
sgs

∆
(3.15)

The sub-grid scale stress tensor is approximated as:

τij = −2νt(S̃ij −
δij
3
S̃kk) +

2

3
ksgsδij (3.16)

The sub-grid scale eddy viscosity is calculated using ksgs and reads:

νt = Ck∆
√
ksgs (3.17)
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The LHS of Eq. 3.15 features the time derivative term, convective term, molecular and
turbulent diffusion terms. The first term in the RHS of Eq. 3.15 deals with production
of sub-grid turbulence and the last term with dissipation of sub-grid turbulence. The
constants in the model are set to Cε = 1 and Ck = 0.09 as proposed by Yoshizawa et
al. [97].

3.2.3 Turbulent Combustion Modeling

The thickness of a laminar premixed methane flame is around 0.4 mm for atmo-
spheric pressure and a lean mixture of φ = 0.7 with a temperature of 700 K, which
is a typical mixture temperature in gas turbines. For this mixture, the flame thickness
decreases with pressure and is only 0.07 mm at 20 bar, the typical operating pressure
of combustion chambers in heavy-duty gas turbines1. These thicknesses are much thin-
ner than the affordable cell sizes typically used for the LES of technical configurations.
This is why the chemistry and its interaction with turbulence must be modeled to calcu-
late real technical flames. Three methods are commonly used for premixed combustion:
a) the Flame Surface Density (FSD) approach [101, 102], b) the Artificial Thickened
Flame (ATF) technique [103, 104] and c) the level-set (G-equation) method [105, 106].
In the scope of this work, the FSD approach is used and will be discussed further.

Flame Surface Density

The flame surface density model (FSD) is based on the flamelet approaches. In this
model, the flame propagation can be described via a transport equation for the Favre
filtered reaction-regress variable2 (̃b = 1− c̃) [102], where c is the more commonly used
progress variable [107]. The transport equation for the Favre-filtered regress variable
[102] can be written as:

∂(ρb̃)

∂t
+
∂ρb̃ũi
∂xi

− ∂

∂xi
(ρDt

∂b̃

∂xi

)
= −ẇc +

∂

∂xi
(ρD

∂b

∂xi

)
= −ρuSlΣgen (3.18)

Within the previous equation, D and Dt respectively represent the molecular and sub-
grid diffusion coefficients. The source term and the molecular diffusion term together
(−ẇc + ∂

∂xi
(ρD ∂b

∂xi

)
) can be modelled as the product of the density of the fresh mixture

ρu, the laminar flame speed Sl and the generalized flame surfaced density Σgen. In
the context of premixed combustion, the laminar flame speed Sl used in Eq. 3.18 is
assumed to represent the chemistry and is usually assumed to be a function of the mean
pressure and temperature and the equivalence ratio and must be determined prior to the

1The data were gained using Cantera [100] to simulate one-dimensional, laminar, freely propagating
premixed flames.

2The reaction-regress variable is a peculiarity of the CFD code used, therefore it is used in the fol-
lowing discussion.
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LES. The generalized flame surface density can be approximated by a sub-grid scale
flame wrinkling factor Ξ and the modulus of the gradient of the filtered regress variable
as [108, 109]:

Σgen = Ξ|∇b̄| (3.19)

Thus, the modelling of the interaction of sub-grid turbulence and combustion can be
reduced to a model for the flame wrinkling factor on the sub-grid scale. Algebraic
expressions are available to model Ξ (see for example the models proposed by Colin et
al. [104], Charlette et al. [110] or Fureby et al. [109]). In the scope of this work, an
algebraic model is used to close the turbulence chemistry interaction [111, 112], which
reads:

Ξ = 1 +
C

Le

√
u′sgs∆

al
(3.20)

In the above equation, Le is Lewis number and C is a model constant. The sub-grid
scale velocity fluctuation u′sgs is calculated from the sub-grid turbulence kinetic energy:

u′sgs =

√
2 k

3
(3.21)

In this thesis, the influence of acoustic pressure fluctuations on the flame speed can
be considered by introducing an algebraic equation. Therefore, it is assumed that the
pressure changes in the combustion chamber at the flame position are mainly due to the
acoustic oscillation and have isentropic properties. The pressure can be divided into its
average value and acoustic fluctuation, which are indicated by the index 0 or 1:

p = p0 + p1 (3.22)

The corresponding temperature can be calculated from the isentropic relation:

T = T0 (
p

p0

)
γ−1
γ (3.23)

The modified temperature and pressure can be used to calculate a modified laminar
flame velocity, which is composed of the mean laminar flame speed at mean pressure
and mean temperature and a change due to the change in acoustic pressure and the
associated temperature:

Sl = Sl0 + Sl1 (3.24)

The unstretched laminar flame speed can then be parametrized for the pressure and
fitted in form of a linear algebraic equation:

Sl
Sl0

= α
p

p0

+ β (3.25)
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In the above equation, α and β are functions of the mean equivalence ratio, pressure
and temperature, which were obtained by simulating one-dimensional, laminar freely
propagating premixed flames using Cantera [113].
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CHAPTER 4

Numerical Methods

4.1 Finite Volume Method

The Finite Volume Method (FVM) can be used to discretize the integral form of the
governing equations for a finite number of volumes within the solution domain. General
transport equations for a scalar Φ can be formulated as follows:

∂(ρΦ)

∂t︸ ︷︷ ︸
accumulation

+
∂(ρΦuj)

∂xj︸ ︷︷ ︸
convection

=
∂

∂xj

(
ΓΦ

∂Φ

∂xj

)
︸ ︷︷ ︸

diffusion

+ SΦ︸︷︷︸
source

(4.1)

In this equation, the first term on the LHS refers to the temporal changes of the transport
quantity Φ. The second term on the LHS describes the convection of Φ by the velocity
field uj . The first term on the RHS defines the diffusion of Φ with the general diffusion
constant ΓΦ and the last term on the RHS represents the rate of formation of Φ. Inte-
gration of Eq. 4.1 on a finite volume ∆V , into which the calculation area is divided
(e.g. the calculation cells) and using the Gaussian theorem [114] to convert the volume
integrals into surface integrals, Eq. 4.1 can be rewritten as:∫

∆V

∂(ρΦ)

∂t
dV +

∫
∆A

(ρΦuj) nj dA =

∫
∆A

(
ΓΦ

∂Φ

∂xj

)
nj dA+

∫
∆V

SΦ dV (4.2)

In the above equation, dA is the surface element and nj is the outward unit vector
normal to the surface. An approximation of the volume and surface integrals is required
to obtain an algebraic equation for each control volume (cell volume). The surface
integral of convection and diffusion terms in equation 4.2 can be approximated as the
sum of the flux through the surfaces (denoted by index f ) of the cell volumes as follows:∫

∆A

(ρΦuj) nj dA ≈
∑
f

ρfΦfufnf∆Af (4.3)

∫
∆A

(
ΓΦ

∂Φ

∂xj

)
nj dA ≈

∑
f

[
ΓΦ

∂Φ

∂xj

]
f
nf∆Af (4.4)
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The volume integral of the source term may be approximated by evaluating its value in
the cell center (denoted by index p):∫

∆V

SΦ dV ≈ [SΦ]p∆V (4.5)

4.2 Numerical Discretization Schemes

4.2.1 Spatial Discretization

Various discretization methods (e.g. upwind difference schemes, central difference
scheme, total variation diminishing scheme) can be used to achieve algebraic equations
in the FVM approach. The upwind differencing scheme (UDS) [115] assigns the cell
face value to center value of the upwind cell with respect to the flow direction Fx. For
the one-dimensional cell arrangement as shown in Fig. 4.1, the face value Φf in UDS
can be determined as [116]:

x 

U C D 

f 

δxCD 

δxCf δxfD 

δxUD 

Fig. 4.1 Sketch of a one-dimensional grid system.

Φf =

ΦC for Fx ≥ 0

ΦD for Fx < 0
(4.6)

The use of UDS for momentum fluxes and scalars improves the convergence be-
haviour of numerical analysis and ensures the boundedness of the solution by implicitly
introducing numerical diffusion terms, however, at the cost of the accuracy of the so-
lution [115]. More accurate, but also (more) susceptible to numerical oscillation is the
Central Differencing Scheme (CDS). The central differencing scheme relates the cell
face value Φf with the values of the center of the neighboring cells and reads [116]:

Φf =
( δxfD
δxCD

)
ΦC +

(
1− δxfD

δxCD

)
ΦD (4.7)

To ensure the boundedness of the solution in regions with strong gradients, while
maintaining the accuracy of the results within the remaining computation domain, the
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total variation diminishing (TVD) scheme [117, 118] can be used, which is a "limited"
combination of a low-order differencing scheme (LO) and a high-order (HO) addition
and reads [116]:

Φf = (Φf )LO + Ψ(r)[(Φf )HO − (Φf )LO] (4.8)

In the above equation, Ψ(r) represents the flux limiter function and r is the ratio of the
upwind-side gradient to the downwind-side gradient (see Fig. 4.1 for notation):

r =
ΦC − ΦU

ΦD − ΦC

(4.9)

For the equidistant 1D cell system (see Fig. 4.1), that uses a central differencing scheme
as the higher order scheme and an upwind differencing scheme as the lower order
scheme, Eq. 4.8 can be rephrased for the face value Φf as:

Φf = ΦC +
1

2
Ψ(r)[ΦD − ΦC ] (4.10)

The accuracy of the scheme and its boundedness behaviour are given by choice of the
flux limiter function, Ψ(r). An overview of common flux limiter functions can be
found in the textbook of Versteeg and Malalasekera [119]. The range in which the flow
limitation function must be within, as a TVD scheme, was introduced by Sweby [117]
and highlighted in Fig 4.2.

In this thesis, the standard OpenFOAM LimitedLinear and FilteredLinear schemes
were applied for the discretization of the momentum equation in the combustion cham-
ber, which are briefly described in the following.

The LimitedLinear scheme is blended between the CDS and TVD schemes by applying
a constant kc, which is introduced in the limiter function of this scheme:

Ψ = max

(
min

( 2

kc
rOF , 1

)
, 0

)
(4.11)

The scheme uses the cell gradient (∇Φ)C and the face gradient (∇Φ)f to calculate rOF
as following [120]:

rOF :=
2(∇Φ)C · ~d
(∇Φ)f · ~d

− 1 (4.12)

In Eq. 4.12, ~d is the vector between the current cell C and its neighbour. For the 1D
cell system presented in Fig. 4.1, it can be shown that rOF is equal to the ratio of the
upwind-side gradient to downwind-side gradient (see Eq. 4.9):

rOF =
2 (φD−φU )

δUD
δCD

(φD−φC)
δCD

δCD
− 1 =

ΦC − ΦU

ΦD − ΦC

= r (4.13)

The LimitedLinear scheme is plotted in the Ψ−r digaramm in Fig. 4.2 for ck equal to 0
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and 1. The LimitedLinear scheme is converted to a TVD scheme for the value of kc = 1

and to a CDS scheme for the value of kc = 0, when r > 0. For values of r below zero,
regardless of the value of kc, the scheme degenerates to UDS like other conventional
TVD schemes [121]. In this thesis, a value of kc = 0.1 is used.

The FilteredLinear scheme violates Sweby’s TVD criterion [117] to apply upwind-
ing where it is needed. It is shown for similar schemes (e.g. Albada family limiters
[122]) that this violation does not cause problems in practice for momentum transport.
The schemes compare the face gradient with both neighbouring cell gradients and in-
troduce between 0-20% upwinding to dampen numerical oscillations. For this scheme,
rOF is defined as:

rOF = 2− 0.5

min

(∣∣(∇φ)f · ~d− (∇φ)C · ~d
∣∣ , ∣∣(∇φ)f · ~d− (∇φ)N · ~d

∣∣)
max

(∣∣(∇φ)C · ~d
∣∣ , ∣∣(∇φ)N · ~d

∣∣) (4.14)

The limiter is constrained between 0.8 and 1 and reads:

Ψ = max

(
min

(
rOF , 1

)
, 0.8

)
(4.15)

To be able to represent the limiter in the diagram Ψ−r, the 1D cell system is presumed.
It is assumed that (∇φ)C > (∇φ)N and (∇φ)f > 0. Equation 4.14 can be reformulated
to obtain:

rOF = 2− 0.5

(∣∣ 2

r + 1
− 1
∣∣) (4.16)

As shown in Fig. 4.2, it turns out that the scheme for positive r-values is converted into
CDS. The accuracy is reduced, with negative r-values, but the scheme is not converted
to UDS and has a higher accuracy.

4.2.2 Temporal Discretization

The general transport equation can be rearranged such that everything except the
accumulation term is on the RHS of the equation:

∂Φ

∂t
= RHS(φ) (4.17)

The time derivatives might be then solved implicitly using the second-order Crank-
Nicolson scheme [123], as used in this work. This scheme takes values from the current
time step Φn and the previous time step Φn+1 and reads:

Φn+1 = Φn +
1

2

[
RHS(Φn+1) + RHS(Φn)

]
∆t (4.18)
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Fig. 4.2 The limiter function for different discretisation schemes, TVD region based on
sweby’ criterion is highlighted [117]

The pure second order Crank-Nicolson scheme is often unstable for complex flows
in complex geometries. To stabilize the scheme while maintaining a better accuracy
than a first-order scheme, an off-centering 0 ≤ Cn ≤ 1 coefficient is introduced:

Φn+1 = Φn +
1

(Cn + 1)

[
RHS(Φn+1) + Cn RHS(Φn)

]
∆t (4.19)

With a coefficient of Cn = 1, the scheme is fully centred and second-order, with a
coefficient of Cn = 0 the scheme is equivalent to Euler-implicit scheme. In this work a
coefficient of 0.9 is used.

4.3 Boundary Conditions

4.3.1 Non-Reflective Boundary Conditions

Applying the well-known Dirichlet and Neumann conditions at the domain bound-
aries leads to a complete reflection of the incident acoustic wave at these boundaries.
The complete reflection of the wave at the boundary has the effect, that there is no
acoustic energy flux through the boundaries of the system, which is unrealistic. The
treatment of the boundaries may have a direct impact on the results of a thermoacoustic
investigation. Positioning a fully reflective boundary condition in the wrong place can
even completely change the resonance of the system. The impact of the boundary con-
ditions on the solution, however, may be reduced by positioning the boundary condition
far away from the interesting area [124] and using a sponge zone [125] to attenuate the
acoustic waves and avoid numerical reflection. A better way to avoid reflections is to
apply non-reflective boundary conditions. The non-reflecting boundary conditions used
in this work are based on the NSCBC and the LODI approach [126, 127], which are not
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available in standard OpenFoam.

Inlet Outlet

L5

L1

x

y

L2

L3

L4

L5

L1

L2

L3

L4

Fig. 4.3 Boundary conditions located on the x-axis.

The NSCBC method is based on the principle that the solution is advanced in time
by solving the fluid dynamic conservation equations at the boundary. The Navier-
Stockes equations can be separated into a derivative normal to the boundary and the
remaining terms. The derivative normal to the boundary can be related to the ampli-
tude variation of characteristic waves Li (defined in Eqs. 4.20 to 4.24) crossing the
boundaries [128] as shown in Fig. 4.3.

L1 = (u− c)
(
∂p

∂x
− ρc∂u

∂x

)
(4.20)

L2 = u

(
c2 ∂ρ

∂x
− ρc∂p

∂x

)
(4.21)

L3 = u

(
c2 ∂v

∂x

)
(4.22)

L4 = u

(
∂w

∂x

)
(4.23)

L5 = (u+ c)

(
∂p

∂x
+ ρc

∂u

∂x

)
(4.24)

To be able to advance the solution on the boundary in time, the amplitudes Li of
different waves crossing the boundary must be determined. To specify an approximation
of values of Li, a Local One-Dimensional Inviscid (LODI) system of equations can be
used. The LODI system is obtained from the Navier-Stokes equations neglecting its
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transverse, viscous and reaction terms. The LODI system can be written as:

∂p

∂t
+

1

2
(L5 + L1) = 0 (4.25)

∂u

∂t
+

1

2ρc
(L5 − L1) = 0 (4.26)

∂v

∂t
+ L3 = 0 (4.27)

∂w

∂t
+ L4 = 0 (4.28)

∂T

∂t
+
T

γp

(
1

2

(
γ − 1)(L5 + L1)− L2

)
= 0 (4.29)

For a planar 1D wave, L3 and L4 can be assumed to be zero from Eq. 4.27 and 4.28.
If the remaining Li are known, they can be replaced in the Navier-Stokes equations and
the boundary values are calculated by advancing these equations. However, the LODI
relation itself can be used to approximate the boundary values [129]. The latter method
is used in this work.

Inflow Boundary Condition Without Excitation

A perfectly non-reflecting inflow boundary condition leads to a drift of the desired
mean inlet velocity ud and temperature T d. In order to maintain the target values and at
the same time achieve a partially anechoic boundary condition, a relaxation parameter
σ can be introduced and the amplitude variation of characteristic waves can be written
as:

L2 = σ2(T − T d) , L5 = σ5(u− ud) (4.30)

For σ −→ 0, the boundary condition tends to behave perfectly non-reflecting, while not
maintaining target values. For a large value of σ, the boundaries tend to act fully re-
flecting. For intermediate values of σ, as chosen for this study, a partially non-reflective
boundary condition can be achieved while preserving the target values.

The characteristic waves L2 and L5 are defined through Eq. 4.30. These can be
inserted into the equations 4.25 and 4.26 and 4.29 in the LODI system to obtain the
final equations for pressure (Eq. 4.31), velocity (Eq. 4.32) and temperature (Eq. 4.33).
The equations must be solved at the inlet boundary to determine the time-dependent
velocity, pressure and temperature.

∂p

∂t
+

1

2
(u− c)

(
∂p

∂x
− ρc∂u

∂x

)
+ σ5(u− ud) = 0 (4.31)

∂u

∂t
+

1

2ρc
(u− c)

(
∂p

∂x
− ρc∂u

∂x

)
+
σ5

ρc
(u− ud) = 0 (4.32)
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∂T

∂t
+
T

γp

(1

2

(
γ − 1)

(
σ5(u− ud) + (u− c)

(∂p
∂x
− ρc∂u

∂x

))
− σ2(T − T d)

)
= 0 (4.33)

Inflow Boundary Condition With Prescribed Fluctuations

To have a partially non-reflecting boundary condition allowing to impose turbulent
fluctuations or sinus waves at desired frequencies, the amplitude of the in-going char-
acteristic wave L5 can be modified for the desired velocity ud = ūd + u′d as proposed
by Guezennec et al. [130]:

L5 = σ5(u− ūd)− 2ρc
∂u′d

∂t
(4.34)

In Eq. 4.34, u′d denotes the instantaneous fluctuation to be imposed at the boundary. In
order to perform forced response simulations within the scope of this thesis, a harmonic
velocity oscillation with a frequency of f and an amplitude of A and a phase of φ is
imposed in the following form:

u′
d

= A sin(2πft+ φ) (4.35)

For perfectly non-reflective inlet boundary conditions (L1, σ5 = 0), the pressure oscil-
lation at the boundary can be determined from Eq. 4.25 and yields:

p′
d

= ρc(A sin(2πft+ φ) = ρcu′
d (4.36)

Outflow Boundary Condition

At the outlet, the characteristic wave L1 enters the domain. Setting this value to zero
results in a perfectly non-reflecting outlet. However, information about the desired op-
erating pressure pd cannot be provided to the system. The partially non-reflective outlet
formulation is derived similar to the partially non-reflective inlet boundary condition,
using a relaxation parameter whose value affects the reflection at the boundary.

L1 =
σ(1−M2)c

Dd

(p− pd) (4.37)

In the above equation, M is the Mach number, and Dd the characteristic size of the
domain. Substituting L1 from Eq. 4.37, L2 and L5 from Eqs. 4.21 and 4.24 into Eqs.
4.25, 4.26 and 4.29, the final equations to be solved at the exit boundary can be reached
to determine the time-dependent velocity, pressure and temperature.
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4.3.2 Turbulent Boundary Condition

Within the forced response study framework, a turbulence generator which is in-
spired by Klein et al. [124], is used to generate artificial velocity fluctuations. The
resulting velocity fluctuation normal to the inlet boundary is then fed into Eq. 4.34 to
obtain a partially non-reflecting turbulence boundary condition. A brief explanation of
Klein’s method for generating artificial turbulence is given here. For further informa-
tion on other turbulence generation methods, readers are referred to the review paper by
Tabor et al. [131].

The turbulence generator proposed by Klein is based on filtering a field of random
numbers to generate velocity time series at each point in the inlet. This filtered ran-
dom signal features the required spatial length scales and can be further transformed to
conform to a prescribed Reynolds stress tensor. In the OpenFOAM implementation to
obtain homogenous turbulence, first, three fields of Gaussian random numbers rn with
zero mean and unity standard deviation with a size of (2Nt, 2Ny+My+1, 2Nz+Mz+1)

is created, where Nt, Ny and Nz are the support of the filter function and My and Mz

indicates the grid dimensions at the inflow plane. Nt, Ny and Nz are selected so that
they are twice as large as the time scale Lt and the length scales Ly and Lz, respectively.
The time scale and length scale must be known (e.g. from Experiment). The random
number field rn is convoluted with a filter B(i, j, k) to obtain a two-dimensional array
of spatially correlated data R(J,K) for J = 1, ...,My and K = 1, ...,Mk:

R(J,K) =
Nt∑

i=−Nt

Ny∑
j=−Ny

Nz∑
k=−Nz

B(i, j, k) rn(i, J + j,K + k) (4.38)

The three-dimensional filter B(i, j, k) can be expressed as the product of three one-
dimensional filters:

B(i, j, k) = bi · bj · bk (4.39)

In Eq. 4.39, the one-dimensional filter can be defined using the corresponding time or
length scale:

bk = b̃k/
( N∑
s=−N

b̃2
s

)0.5 and b̃k := exp
(0.5π ∆k k

2

Lk

)
(4.40)

Thus, inlet data with zero mean, unity standard deviation, and a prescribed integral
length scale, is generated. The homogeneous pseudo-turbulence in each time step is
then generated by the superimposing the filtered data to the mean velocity.
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CHAPTER 5

Large-Eddy Simulation of Acoustic Flame Response to
High-Frequency Transverse Excitations

This chapter including all figures and tables was previously published in AIAA Jour-

nal, 57(1), V. Sharifi, C. Beck and A. M. Kempf, Large-Eddy Simulation of Acoustic

Flame Response to High-Frequency Transverse Excitations [35]. The author V. Sharifi

ran all simulations, wrote the paper and generated all figures and tables. The authors

C. Beck and A. M. Kempf contributed corrections, discussions and proofreading.

The objective of this numerical study is to analyze the excitation mechanisms of
high-frequency thermoacoustic instabilities. Two distinct acoustic wave/flame interac-
tion scenarios are considered, which can arise in a technical combustion system. First,
an acoustic oscillation is enforced with the pressure anti-node at the burner centerline,
termed as pressure forcing. Second, a transverse acoustic oscillation is enforced with
the velocity anti-node at the burner centerline, termed as velocity forcing. The ex-
citations are created by the interaction of two incident acoustic waves for a range of
excitation frequencies of practical relevance. The susceptibility of the flame to acous-
tic oscillations is quantified using the Rayleigh index. Detailed postprocessing is per-
formed to investigate the underlying thermoacoustic mechanisms and to quantify the
contributions of each possible mechanism to the total Rayleigh index of the system as a
function of different excitation frequencies. It is observed that the main driving mech-
anism with pressure forcing can be related to the density oscillation and that the main
driving mechanism with velocity forcing can be related to the flame surface oscillation
relative to the position of the acoustic pressure node. For both forcing cases, the laminar
flame speed is varied to change the length of the flame. With pressure forcing, the high-
est Rayleigh index is found for a specific flame length, associated to a specific laminar
flame speed. With velocity forcing, the Rayleigh index increases when the flame speed
is reduced and the flame length is increased, respectively.
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5.1 Introduction

Thermo-acoustic instabilities have been observed in low NOx combustors for gas
turbines [132, 133] and occur due to the coupling between heat release oscillations and
pressure oscillations [13]. The instabilities typically occur at a frequency close to the
frequency of the acoustic resonant modes of the combustion chamber [8]. Based on
the acoustic mode shape, the frequency range and different strategies for tackling these
instabilities, they can be classified into three categories that are relevant for can-type
combustors in large gas-turbines: Low Frequency Dynamics (LFD, f < 50 Hz), Inter-
mediate Frequency Dynamics (IFD, 50 < f < 1000 Hz) and High Frequency Dynamics
(HFD, f > 1000 Hz) [134]. The LFD modes are often Helmholtz modes and do not
match any of the longitudinal acoustic modes of the combustion system. The mode
shape of IFD normally matches one of the longitudinal eigenmodes of the combustion
chamber. The HFD modes, however, have radial and or circumferential components in
addition to the longitudinal component. HFDs are less investigated by experiments and
simulations mainly for two reasons.

1) Experiments with reproducible HFD are hard to set up.

2) Simulations of large-scale combustor geometries are normally too expensive for
running parameter studies.

There are two major methods to study thermo-acoustic instabilities: self-excited
[135, 136] and forced response [137, 55, 138, 139, 140] approaches. While in the self-
excited method, the complete combustor must be investigated, in the forced response
approach a reduced combustor geometry can be used. The main advantages of the self-
excited approach are that all of the excitation- and feedback mechanisms are present and
that the flame interacts with the three-dimensional acoustic mode of the combustor. In
the forced response method, the acoustic mode is generated through the perturbations
prescribed on the boundaries. The main advantages of the forced response approach
are the ability to study the dynamics of an individual flame under varied acoustic fre-
quencies, amplitudes and acoustic mode shapes. However, in this method the three-
dimensional thermo-acoustic behavior of the real combustor is neglected.

The response of an acoustically compact swirl flame to low-frequency transverse
pressure node and anti-node was experimentally investigated by Smith et al. [141],
for a frequency range of 20 to 250 Hz. They found that a flame at a pressure node
does not contribute to the spatially integrated heat release rate. For a flame at a pres-
sure anti-node, they postulated that the induced axial acoustic fluctuation at the burner
outlet plays a more important role than the transverse acoustic oscillation in the cham-
ber for the low-frequencies. Saurabh et al. [142] investigated a similar flame, and
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showed that the response of the flame to a pure axial acoustic modulation reduces to-
wards higher forcing frequencies. Thus, the conclusion of Smith et al. [141] might be
no more valid in high-frequency regimes. Lespinasse et al. [48] studied the flame dy-
namics of a laminar V-shaped flame at different locations of a transverse standing wave
at 506 Hz and 1012 Hz. They found a symmetrical flame surface modulation when
the flame was at a pressure anti-node, and an asymmetric modulation, when it was in
other locations. They observed the most visible asymmetry for the flame positioned in a
simultaneous pressure and velocity oscillation (positioned between pressure anti-node
and velocity anti-node). However, they did not identify the contribution of the observed
flame modulation on the instabilities of the system. For the same experiment Baillot et
al. [143] showed that the flame at a pressure anti-node can show strong oscillations in
sub-harmonic frequencies depending on the excitation amplitude. In the present study
this non-linear behavior of the flame is not considered. Rogers et al. [20] took measure-
ments in a rectangular atmospheric combustor, with a bluff-body stabilized premixed
flame. They observed a transverse high-frequency oscillation of 3800 Hz and found
alternate vortex shedding from the lips of the flame holder with the same frequency of
the instability. They suggested the following mechanism: the transverse velocity forms
a vortex, which consists of a fresh mixture, and helps to transport the generated vortex
into the hot recirculation zone. The amplitude of oscillations increases, if the time it
takes for these pockets of fresh mixture to mix with the hot gas, ignite and burn lies
in a suitable range relative to the acoustic oscillations. Schwing et al. [21] studied
the excitation mechanism in a tubular single burner combustor with a premixed swirl
flame. They observed the first transverse acoustic mode with a frequency of 3300 Hz
and periodic vortex shedding with an opposed phase in the upper and lower half of the
combustor. They proposed the following mechanism: the acoustic transverse velocity
forms pockets of combustion products in the unburnt mixture, these pockets will be
transported with the mean flow and cause oscillations in the heat release rate further
downstream. The periodic movement of the flame brush observed for the swirled flame
in this rig motivated Schwing et al. [44, 45] to propose a new mechanism, termed
as flame-displacement mechanism. Based on this mechanism, the acoustic transverse
velocity shifts the flame to the region with higher pressure, so that the flame always
releases heat at high acoustic pressures, and thus the Rayleigh Index is always positive.
Additional to the flame-displacement mechanism, Hummel et al. [46] proposed a flame-
deformation mechanism for the high-frequency instabilities: The flame is deformed due
to the local gradient of the acoustic displacement, so that the local heat release rate is
increased in the compressed reaction zone and decreased in the expanded reaction zone.
They also proposed a model for non-compact heat release rate oscillations due to the
flame-displacement and flame-deformation mechanisms. Berger et al. [47] validated
this model by comparing the superposition of the contribution of both mechanisms with
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the heat release rate oscillation measured in the experiment. This model is used in a nu-
merical investigation by Hummel et al. [46], implying a more significant contribution
from flame-deformation mechanism compared to the flame-displacement mechanism.
However, their study is restricted to the observed frequency of the instabilities in their
rig, and the effect of the frequency on the importance of the studied mechanisms was
not addressed.

Méry et al. [144] analyzed how flame instability is affected by (a) the flame mo-
tion due to the transverse oscillation and (b) the flame structure modulation due to the
axial oscillation. They found that the flame motion becomes more important for the
system with smaller transverse length and higher resonance frequency. They [49] also
investigated the dynamics of a cryogenic flame in a scaled rectangular multi-injectors
combustor experiment. The combustor was modulated to excite the first transverse
eigenfrequency with a pressure node in the vicinity of the central burner. They ob-
served a synchronized up and down displacement of the flames and an out-of-phase
oscillation of heat release rate in the upper and lower part of the chamber. Due to the
in-phase oscillation of the unsteady heat release rate with the pressure on each sides of
the combustor, they conclude that the flame-displacement mechanism or direct pressure
effect on the flame might be the main reasons of the heat release rate oscillation. Hakim
et al. [55] simulated the same setup and observed that the flame furthest from the cen-
ter plane produces unsteady heat release rate with a larger amplitude than the central
flame, indicating that the direct effect of pressure fluctuations on the heat release rate is
more important in this case. They [33] also studied the dynamics of a non-premixed jet
flame in a rectangular combustor for a flame positioned in pressure anti-node for 2 and
8 kHz. By calculating the Rayleigh Index for both modulation frequencies, they noted a
decrease in the contribution of the flame to the growth of instabilities for the higher fre-
quency case. Zellhuber et al. [34] proposed a theoretical model for the decomposition
of the thermo-acoustic source term and used this model in a forced response simula-
tion of a generic reheat combustor. They observed that the density fluctuation and the
flame-displacement had a significant contribution to the instabilities. In their further
investigation [139], they observed a significant increase in the response of the flame to
the acoustic excitation, considering the pressure sensitivity of reaction kinetics in the
forced response configuration.

The wavelength of high-frequency acoustic modes can be expected to be of the or-
der or less than the circumferential/ transverse dimension of the chamber. This may lead
to a situation where different flames in a can-type combustion chamber with multiple
burners experience different acoustic fields in the high-frequency regime, as illustrated
in Fig. 5.1. The figure shows the first three azimuthal acoustic modes in cross sections
of the combustor. Each mode shape will lead to different acoustic fields for the burners.
The present study is motivated by the fact that previous studies on high-frequency trans-
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verse forcing were mainly focused on the mechanism of the flame in a pressure node
and have not addressed the flame in velocity node nor the effect of forcing frequency
on the different mechanisms for acoustic instabilities. To understand how the response
of Bunsen-type flames varies under different acoustic conditions of a high-frequency
azimuthal mode, a simplified single burner combustor, as illustrated in Fig. 5.2, is used.
The simplified combustor consists of a duct and a sudden expansion into a rectangular
combustion chamber. To focus on the flame response and to avoid complexities (intro-
duced by upstream or downstream, e.g. plenum, compressor, turbine), non-reflecting
boundary conditions are used. The flame is subjected to transverse acoustic modulation
from the top and bottom of the combustor, representing the azimuthal acoustic field for
the flame in the can-type combustor. Two extreme situations are studied. In the first
configuration (pressure forcing), the acoustic pressure anti-node and acoustic velocity
node are positioned at the center-line of the flame, corresponding to burners A or C for
the 1T mode (see Fig. 5.1). In the second configuration (velocity forcing), the center-
line of the flame is subjected to an acoustic velocity anti-node and acoustic pressure
node, corresponding to burners B or D for the 1T mode (see Fig. 5.1).

Fig. 5.1 The first three azimuthal acoustic pressure modes of a can-type combustor.

Fig. 5.2 The simplified combustion chamber. Forcing boundaries are highlighted with
dashed lines; D = 40 mm.

5.2 Test Cases

The geometry of the simplified combustion chamber is shown in Fig. 5.2. The
geometry consists of a cylindrical (premixing) duct and a rectangular chamber. A pre-
heated mixture of air and methane with an equivalence ratio of 0.7 and a temperature of
500 K is fed through the inlet at a pressure of 800 kPa .
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Non-reflecting boundary conditions are imposed at the inlet and outlet of the cham-
ber, such that most of the acoustic energy leaves the domain, enabling investigation
of the system without influence from upstream and downstream features and avoiding
undesired effects of uncontrolled waves on the flame. No self-excited thermo-acoustic
instability is observed, indicating that the case is free of intrinsic thermo-acoustic in-
stabilities [95]. The non-reflecting boundary conditions are based on the NSBC and
LODI approach [126, 127], which are not available in standard OpenFoam [145], de-
tails about their implementation and application for calculating the flame transfer func-
tion are given in [146, 63, 147]. In the implementation, the LODI relations are relaxed
by a time scale τ , which is set as a function of the excitation frequency f , τ = 10/f ,
leading to a reflection coefficient of approximately 0.025 at the boundaries.

The turbulence generator by Klein et al. [124] is coupled with the non-reflective
boundary condition at the inlet based on "subsonic non-reflecting inflow with vorticity
injection" formulation [64] to add artificial velocity fluctuations to the mean velocity
profile. The turbulence intensity is set to 10 %, and the length scale is set to 30 % of
the duct diameter to mimic the fluid dynamical effect of the fuel injectors in a technical
combustion chambers. The operating conditions of the flame in this study are summa-
rized in table 5.1. The implementation of the non-reflecting boundary condition allows

Table 5.1 Overview of the operating conditions

fuel ṁ, kg s−1 p, kPa Tin, K φ, - P, MW
CH4 0.69 800 500 0.7 1.4

imposing an ingoing characteristic wave without interaction with outgoing waves. To
generate a standing wave and represent the acoustic field in a can-type combustor, the
methodology introduced by Ducruix et al. [148] is used in the present study. Acous-
tic forcing is imposed by the modulation of the transverse velocity on the upper and
lower boundaries of the rectangular chamber. At these boundaries, ingoing transverse
traveling waves are imposed according to eqs. (5.1, 5.2):

vbot = v̂bot cos(2πft) (5.1)
vtop = v̂top cos(2πft+ Θ) (5.2)

Harmonic waves with the desired amplitudes v̂top and v̂bot and frequency f travel from
the upper and the lower boundaries towards the flame. The superposition of these two
traveling waves causes a standing wave in the combustion chamber. The acoustic pres-
sure and acoustic velocity in such a standing wave have a phase difference of 90° in time
and an offset by a quarter of the acoustic wave-length in space. The phase difference
between the signal from the top and bottom sides, Θ in eq. (5.2), affects the position of
the acoustic velocity nodes and pressure nodes. In the pressure forcing case, Θ is set to
0, so that the obtained standing wave has its pressure anti-node and its velocity node at
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the center-line of the rectangular combustor. In the velocity forcing case, Θ is set to π,
so that the obtained standing wave has its pressure node and its velocity anti-node at the
center-line of the rectangular combustor. The amplitudes of the ingoing waves v̂bot and
v̂top (each 7 m/s) are chosen such that the maximum amplitude of the resulting standing
wave is similar to the conditions in a real combustor and that the linearity between the
pressure amplitude and the resulting heat release rate amplitude is ensured. These val-
ues correlate to a maximum pressure amplitude of about 2 % of the chamber operating
pressure in the position of the acoustic pressure anti-node. The fact that the acoustic
amplitudes/ energy inputs from the sides of combustor, used to generate the standing
transverse wave, are the same in both cases, a comparison between results of pressure
forcing and velocity forcing is possible and meaningful. To study the effect of the forc-
ing frequency on the response of the flame, modulation is imposed at frequencies of
1250, 2500, 3750, 5000 Hz, in order to cover the common range of high-frequency in-
stabilities observed in large industrial can-type combustors. To study the effect of mean
flame length on the response of the flame at a forcing frequency of 2500 Hz, the flame
length is modified by using different time averaged laminar flame speeds of 0.15, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8 m/s. Table 5.2 gives an overview of the 34 forced response
simulations performed in the present study.

Table 5.2 Overview of the operating conditions

Forcing method f
kHz

Sl

m/s
CPU effort

kh/Simulation
total CPU effort

kh

Pressure forcing 1.25, 2.5
3.75, 5.0

0.15, 0.2, 0.3, 0.4
0.5, 0.6, 0.7, 0.8

17 200

Velocity forcing 1.25, 2.5
3.75, 5.0

0.15, 0.2, 0.3, 0.4
0.5, 0.6, 0.7, 0.8

17 200

5.3 Modeling and Simulation

5.3.1 Combustion Model

A transport equation for the sub-grid turbulent kinetic energy k is solved, to account
for the unresolved velocity fluctuations. To model combustion, a flame surface density
approach [149] is used. The flame propagation is described by a transport equation for
the density-weighted reaction regress variable (b = 1−c), where c is a more commonly
used normalized progress variable. To calculate the field of the regress variable b for
premixed conditions, the following transport equation is solved [102]:

∂(ρb̃)

∂t
+
∂ρb̃ũi
∂xi

− ∂

∂xi
(
µt
Sct

∂b̃

∂xi

)
= −ẇc +

∂

∂xi
(ρD

∂b

∂xi

)
= −ρuSlΣgen (5.3)
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In the previous equation, φ̃ and φ represents density weighted filtering and filtering of
a quantity φ, respectively. The laminar flame speed and the density of the unburned
mixture are denoted with Sl and ρu, respectively. The source term for b is identical to
the source term ẇc for c, albeit with a negative sign. The source term and the molecular
diffusion term combined can be modeled by the generalized flame surfaced density
[108]:

Σgen = Ξ|∇b| (5.4)
The interaction between sub-grid turbulence fluctuations and combustion is determined
by the sub-grid scale flame wrinkling factor Ξ, its modeling being inspired by Bradly et
al. [111] as used in previous work at Siemens [63]:

Ξ = 1 +
C

Le

√
u′sgs∆

al
(5.5)

In the above equation, the wrinkling factor Ξ depends on the filter size ∆, the Lewis
number Le which is assumed to be unity, a model constant C and a sub-grid velocity
fluctuation u′sgs that is calculated using following eq. (5.6):

u′sgs =

√
2 k

3
(5.6)

The mean laminar flame speed Sl0 is calculated using Cantera [113] for solving a freely
propagating flame for the desired operating conditions. The changes of pressure (p =

p0 + p1) in the combustion chamber are mainly due to the acoustic forcing and are to
be isentropic, the corresponding temperature can then be calculated from the isentropic
relation T = T0 (p/p0)

γ−1
γ . The subscripts indicate the acoustic 1 and the mean variable

0. For a given equivalence ratio, the unstretched laminar flame speed (Sl = Sl0 + Sl1)
can then be parametrized for the pressure. The relevant data was obtained by simulating
one-dimensional, laminar freely propagating premixed flames using Cantera for a range
of pressures from 7.2 bar to 8.8 bar, leading to flame speeds from 0.198 m/s to 0.206
m/s. A fit leads to the following dependency:

Sl
Sl0

= 0.1855
p

p0

+ 0.8145 (5.7)

The above equation considers the change of laminar flame speed due to acoustic pres-
sure change. Further changes in the turbulent flame speed result from the wrinkling
factor.

The temperature is calculated iteratively from NASA polynomials [150] and a trans-
port equation for the filtered specific absolute enthalpy h̃. The mixture is defined using
the value of the regress variable as unburned reactants (b > 0.999), burning (flame
brush) (0.001 < b < 0.999) and burned products (b < 0.001). For the reactants and
products the coefficients of the NASA polynomials for the desired equivalence ratio are
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known. Within the flame brush, the coefficients are calculated using the regress variable
from the coefficients of the polynomial ai and the molecular weight W as:

ai,mi

Wmi
=

b̃

Wr

ai,r +
1− b̃
Wp

ai,p for i : 1 to 6 (5.8)

The subscripts mi, r and p denote mixture, reactants and products, respectively. Fi-
nally, the temperature is calculated iteratively from eq. (5.9) using the Newton-Raphson
method [151].

h̃Wmi

RT̃
= a1,mi +

a2,mi

2
T̃ +

a3,mi

3
T̃ 2 +

a4,mi

4
T̃ 3 +

a5,mi

5
T̃ 4 +

a6,mi

T̃
(5.9)

For the present study, a reacting, compressible large-eddy simulation is performed using
the compressible version of OpenFoam with pressure implicit with splitting of opera-
tors pressure velocity coupling [152]. For the convection of momentum, a TVD scheme
with Sweby limiter is used [116, 117], which is normally too dissipative for LES, but
is very hard to avoid unless dedicated research codes are used [153]. For temporal
discretization, a Crank-Nicolson based scheme [154] is used, with a linear blending co-
efficient of 0.8, where a value of 1 corresponds to the pure Crank-Nicolson method and
0 to the pure implicit Euler method [150]. The modeling and simulation methods were
validated in previous work [63] and against experimental data for a similar combustor in
the present study (see Appendix A). A grid refinement study (see AppendixB) showed
that a cell-size of 1.33 mm and and an acoustic Courant–Friedrichs–Lewy number of
0.7 are sufficient to predict the flame length, a crucial parameter for thermo-acoustic
investigations.

5.3.2 Rayleigh Index and Budget Analysis

Thermo-acoustic instabilities occur due to the coupling of heat release rate oscilla-
tions and pressure oscillations. The Rayleigh Index [13] quantifies the susceptibility of
a system to thermo-acoustic instabilities and reads:

RI =
γ − 1

γ p0 tp

∫
tp

∫
V

p1q̇1 dV dt (5.10)

The ratio of specific heats γ is assumed to be constant. The period of the acoustic os-
cillation is represented by tp, the combustor volume by V . The Rayleigh Index has a
positive value if the phase difference between the heat release rate oscillation and the
pressure oscillation is between 0° and±90°, i.e. if heat is preferentially released during
periods of increased pressure. In a combustion system, the heat release rate may os-
cillate through different mechanisms [155], including flame-vortex interactions, flame
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surface modulation, equivalence ratio oscillations, chemical kinetic, density oscillations
and flame-displacement [47, 46, 44, 138].

The local heat release rate in the context of the flame surface density model can be
calculated from the heat of reaction per mass of fuel H and the fuel mass fraction Yf in
the reactants as [64]:

q̇ = ρu Sl Ξ |∇b|H Yf (5.11)
Since this study considers premixed combustion, Yf is constant. Equation (5.11) can be
linearized as:

q̇1 ≈
ρu1

ρu0

q̇0 +
Sl1
Sl0

q̇0 +
Ξ1

Ξ0

q̇0 +
|∇b|1
|∇b|0

q̇0 (5.12)

By integrating both sides of eq. (5.12) over the volume, the global heat release rate
oscillations are determined as outlined below:

Q̇1 =

∫
V

q̇1 dV ≈
∫
V

ρu1

ρu0

q̇0 dV︸ ︷︷ ︸
Q̇ρ

+

∫
V

Sl1
Sl0

q̇0 dV︸ ︷︷ ︸
Q̇Sl

+

∫
V

Ξ1

Ξ0

q̇0 dV︸ ︷︷ ︸
Q̇Ξ

+

∫
V

|∇b|1
|∇b|0

q̇0 dV︸ ︷︷ ︸
Q̇A

(5.13)

The right hand side (RHS) of the equation features the heat release rate oscillation due to
density oscillations Q̇ρ, due to the oscillations of laminar flame speed Q̇Sl and due to the
oscillations of the sub-grid wrinkling factor Q̇Ξ. Assuming a negligible variation of the
mean heat release rate within the flame brush, the last term Q̇A can be correlated to the
oscillation of burning area using the assumption of the regress variable being monotonic
over the flame, which relates the integral of the gradient of the regress variable to the
burning area A as: ∫

V

|∇b| dV = A (5.14)

It should be noted, that Q̇A results primarily from the movement of the flame surface by
transverse velocity perturbation and flame/vortex interaction, but that the local fluctua-
tion of flame speed and wrinkling factor can affect it indirectly. To demonstrate that the
proposed linearization concept is applicable, the phase averaged fluctuation of global
heat release rate Q̇1 (reference) computed from the source term in the LES (see eqs.
5.11 and 5.3) is compared with the summation of the right hand side of eq. 5.13 and
shown for the entire forcing frequencies in Fig. 5.3 for both forcing methods. The inte-
gration is performed only over the upper half of the combustor, due to negligibly small
amplitude of global heat release rate oscillation over the entire domain in the velocity
forcing case. As it can be observed in Fig. 5.3, the linearization show a good agreement
compared to the reference data, confirming its appropriateness.

By substituting the local heat release rate oscillation q̇1 in eq. (5.10) with the RHS
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Fig. 5.3 Comparison of the phase averaged normalized global heat release rate oscilla-
tion (reference) with the summation of RHS of eq. 5.13.

of eq. (5.12), one can compute the contribution of each term to the total Rayleigh Index:

RI ≈ γ − 1

γp0 tp

∫
tp

∫
V

p1
ρu1

ρu0

q̇0 dV dt

︸ ︷︷ ︸
RIρ

+
γ − 1

γp0 tp

∫
tp

∫
V

p1
Sl1
Sl0

q̇0 dV dt

︸ ︷︷ ︸
RISl

+

γ − 1

γp0 tp

∫
tp

∫
V

p1
Ξ1

Ξ0

q̇0 dV dt

︸ ︷︷ ︸
RIΞ

+
γ − 1

γp0 tp

∫
tp

∫
V

p1
|∇b|1
|∇b|0

q̇0 dV dt

︸ ︷︷ ︸
RIA

(5.15)

As a result, the global Rayleigh Index (RI) is the sum of the Rayleigh indices of the
contributions from density oscillations (RIρ), laminar flame speed oscillations (RISl),
wrinkling factor oscillationsRIΞ and flame area oscillations (RIA). The Rayleigh index
contribution (RIA), resulting from flame area oscillation, includes the flame displace-
ment mechanism proposed by the Sattelmayer group [47, 46, 44] by accounting for the
area changes due to transverse acoustic velocity. It must be stressed that (RIΞ) is af-
fected by the sub-grid turbulence model (eq. 5.5), which was not developed to consider
the effect of high-frequency pressure perturbations.

To calculate the contributions to the Rayleigh Index, the respective oscillations are
phase averaged at the forcing frequency and are then used for evaluating different terms
of eq. (5.15). To ensure the applicability of this decomposition of the Rayleigh Index,
a consistency check was conducted with pressure forcing and velocity forcing at 2500
Hz. For this purpose, the global Rayleigh Index was first computed according to the
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definition in eq. (5.10) and then from the RHS of eq. (5.15), leading to values of 88.7
W and 91.5 W with pressure forcing and of 65.8 W and 62.8 W with velocity forcing.
The linearization and decomposition of the Rayleigh Index has hence led to deviations
smaller than 4%, confirming the suitability of the method.

5.4 Results

A reference simulation (see Appendix A) without acoustic modulation was carried
out first using operating conditions given in table 5.1, which results in a jet-Reynolds
number of 8 · 105. The simulation did not show any self-excited thermo acoustic insta-
bilities; the standard deviation of the spatially integrated heat release rate was 2% of the
mean value.

5.4.1 Comparing Pressure Forcing and Velocity Forcing

We first illustrate and compare the results of the pressure forcing and velocity forc-
ing at a frequency of 2500 Hz. Phase averaged fields of unsteady pressure are shown in
Fig. 5.4 at four phases during one period of the pressure forcing and velocity forcing,
where <> denotes the phase averaging over at least 5000 periods.
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(a) Pressure forcing (b) Velocity forcing 

Fig. 5.4 Phase averaged fields of the unsteady pressure and velocity vectors and the
contour of the phase averaged regress variable, <b>= 0.5.

With pressure forcing, a pressure anti-node and velocity node along the center-line
of the combustion chamber are created. At 0°, the acoustic transverse velocity in the
upper half and in the lower half of the combustion chamber is directed towards the
center-line of the chamber. The pressure increases in the flame region and reaches
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its maximum at the center-line of the chamber at 90°; at 180°, the acoustic transverse
velocity is directed outwards; at 270°, the pressure reaches its minimum at the center-
line of the combustion chamber.

With velocity forcing, the out-of-phase modulation of the velocity at the sides of
the chamber leads to a pressure node and a velocity anti-node along the center-line of
the combustion chamber. At 0°, the acoustic transverse velocity in the flame region is
directed downwards and has its maximum at the center-line; at 90°, the acoustic pressure
in the lower half of the combustion chamber reaches its maximum, and the pressure in
the upper half reaches its minimum; at 180°, the acoustic velocity is directed upwards
and has its maximum at the center-line; at 270° the acoustic pressure is at its maximum
at the upper half and is at its minimum at the lower half of the chamber.

To emphasize the resulting change in the flame shape, the flame is visualized by
<b>= 0.5 at 90° and at 270° in Fig. 5.5a for the pressure forcing and in Fig. 5.5b
for the velocity forcing. The dynamic behavior of the flame with pressure forcing can
be described as a superposition of symmetrical vortex shedding at the duct outlet and
the transverse contraction and expansion of the flame, termed as flame-breathing. The
dynamic behavior of the flame with velocity forcing can be described as asymmetrical
vortex shedding from the duct outlet and the up and down shifting of the flame, termed
as flame-displacement.
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Fig. 5.5 Phase averaged contour of the regress variable, <b>= 0.5 (top) and phase av-
eraged local heat release rate along the Y1-Y2 line (bottom); 90°: black curve, 270°:
gray curve.

In Figs. 5.5c and 5.5d, the local heat release rate is plotted along a line, six jet diam-
eters downstream of the duct outlet at 90° and at 270° with pressure forcing and velocity
forcing. At this position, the vortical pattern is diminished. Comparing the local heat
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release rate at 270° and 90° with pressure forcing, two effects can be observed: (a) a
contraction of the flame towards the center-line of the burner, and (b) an increase in the
maximal local heat release rate which can be related to the increase in the local density
and laminar flame speed (see eq. 5.7) in the flame region due to the increased acoustic
pressure. With velocity forcing, it can be seen that from 90° to 270° (a) the entire flame
is shifted from the lower half to the upper half of the chamber and (b) the maximum of
the local heat release rate is decreased in the lower half of the chamber and increased in
the upper half of the chamber. The change in the local heat release rate is related to the
associated changes in the local density and the laminar flame speed.

The next two paragraphs explain the flame-breathing in the case of pressure forcing
and the flame-displacement in the case of velocity forcing by the mean of the flame
shape changes using the simplified schematic in Fig. 5.6, ignoring variation in the
flame wrinkling resulted by the axial velocity oscillation at the duct outlet. The flame-
displacement mechanism is well known [44, 45, 46, 138], but we focus on the flame
surface modulation caused by it.

Figure 5.6a shows the flame at four phases with pressure forcing. At 0°, the acoustic
transverse velocity is oriented towards the center-line of the chamber, causing the flame
to contract, reaching a flame surface minimum at 90°. At 90°, the acoustic pressure, the
density and the laminar flame speed reach their maximum. The decrease in the flame
surface causes a reduction in the global heat release rate, but the increase in the den-
sity and laminar flame speed increases the local and global heat release rate. At 180°,
the acoustic transverse velocity is directed outwards. This leads to an expansion of the
flame at 270°. When the flame surface reaches its maximum, the acoustic pressure, den-
sity and laminar flame speed reach their minimum in the flame region. The increase of
the flame surface increases the global heat release rate, but the decrease in the density
and the laminar flame speed decrease the local and global heat release rate. In other
words, with pressure forcing, the density and the laminar flame speed oscillations are in
phase with pressure oscillations, whereas the flame area modulation due to contraction
and expansion (flame-breathing) is out-of-phase with pressure oscillations. Figure 5.6b
shows the flame at four phases with velocity forcing. At 0°, the acoustic transverse ve-
locity is directed downwards and pushes the flame down. At 90°, the acoustic pressure
reaches its maximum in the lower half of the chamber and its minimum in the upper half.
Hence, the density is highest in the lower half of the combustor and lowest in the upper
half. At this phase (90°), the flame surface located in the lower half of the combustion
chamber is bigger than at 0° and the flame surface located in the upper half is smaller
than at 0°. From 180° to 270°, the acoustic transverse velocity shifts the flame upwards,
until the biggest part of the flame surface is in the upper half of the chamber, where
the pressure and density have reached their highest values, while the flame surface area,
pressure and density in the lower half have reached their minima. In other words, with
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Fig. 5.6 Illustration of the flame shape changes due to the acoustic transverse velocity,
ignoring variation in the flame wrinkling. The position of the time averaged flame is
highlighted with dashed lines.

velocity forcing, the flame area, the density and the laminar flame speed oscillations
in the upper and lower half of the combustor are in-phase with pressure oscillations.
To visualize the periodical vortex shedding at the duct outlet, the Q-criterion [156] is
applied, showing regions with Q>0 in Fig. 5.7 for four phases during the forcing (for
the associated pressure see Fig. 5.4), together with the 0.5-isosurface of the regress
variable. The vortex shedding frequency is calculated by using the Fourier transforma-
tion of the transverse velocity near the duct outlet in both forcing cases. It is observed
that the vortices are shed from the duct outlet with the same frequency as the forcing
frequency, as expected. With pressure forcing, vortices are shed symmetrically; with
velocity forcing vortices separate with an offset from the upper and lower sides of the
duct outlet. The reason of this behavior can be found by looking at the axial velocity
modulation in the duct in Fig. 5.6. In general, transverse pressure oscillations in the
combustor send axial waves towards the duct. With pressure forcing, the pressure os-
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Fig. 5.7 Phase averaged Q-isosurface; the dark gray isosurface corresponds to the iso-
surface of <Q>= 5· 107 s−2 and light gray to the isosurface of <b>= 0.5. Arrows mimic
the rotation direction.

cillates with a uniform phase in the combustor, but with velocity forcing, there is a 180°
phase difference between the pressure signal in the upper and lower halves of the com-
bustor (see Fig. 5.6). This results in a uniform modulation of the acoustic axial velocity
u1 in the duct for pressure forcing, and an out-of-phase modulation in the upper and the
lower parts of the duct (see u1

top and u1
bot) for velocity forcing. The symmetrical and

asymmetrical vortex shedding was observed for flames with different shapes (e.g. V-
Flame, swirl flame) as well [48, 143, 21], indicating that this behavior does not depend
on flame shape. The vortex rings are moving downstream at approximately 50 m/s (at
the excitation frequency of 2500 Hz). Thus, the ratio of the vortex ring’s displacement
time (from the duct outlet to the flame tip) to the excitation period can be estimated
to be 16. In the present study, the effect of vortex shedding on the flame is coupled
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with flame-displacement and flame-breathing mechanisms, making it hard to isolate the
effect of vortex shedding on thermo-acoustic instability. However, the vortex shedding
is mainly due to modulation of the axial velocity as mentioned earlier. We assume that
the effect of vortex shedding at high-frequency with pressure forcing can be neglected
as it is well known that the flame transfer function of an axially modulated flames have
a low-pass behavior [141, 142, 138, 157, 138, 146, 67, 88]. The overall contributions of
flame/vortex interaction (even, if it is small), flame-displacement and flame-breathing
to the instabilities of the system are captured together using (RIA) and discussed.

5.4.2 Effect of Forcing Frequency

The effect of the forcing frequency on the flame shape is illustrated in Fig. 5.8,
showing contours of the phase averaged regress variable at 90° and 270°. When the
frequency is increased, the waves generated in the flame-front get a smaller wavelength
and disappear already further upstream; the flame-breathing and flame-displacement in
both forcing cases decrease. This effect of higher frequencies can be explained by the
reduced period of the forcing, so that the transverse velocity, which causes the flame-
breathing and displacement, acts over a shorter time, leading to a smaller displacement
of the flame. The amplitude of different contributions to the heat release rate oscillation

1250 Hz 

2500 Hz 

3750 Hz 

5000 Hz 

(a) Pressure forcing (b) Velocity forcing 

Fig. 5.8 Phase averaged contours of the regress variable, <b>= 0.5, at 90° (black curves)
and 270° (gray curves).

based on the decomposition presented in eq. (5.13) are illustrated in Fig. 5.9 (top). Only
the volume integral of the upper half of the combustor is considered. This is because the
total heat release rate over the volume of the upper and the lower parts of the combustor
are out-of-phase with velocity forcing, as the flame is just shifted "up and down". For
computing the amplitudes, acoustic variables in eq. (5.13) are phase averaged. The
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amplitude is then estimated using a harmonic fit. The results are then normalized with
the mean heat release rate over the same integration volume. The phase differences be-

(a) Pressure forcing (b) Velocity forcing 
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Fig. 5.9 Normalized amplitude of the global heat release rate oscillation due to respec-
tive contributions (top) and their phase difference with pressure oscillations (bottom).

tween the phase averaged pressure signal at a point in the upper half of the combustor
volume and the respective contributions to the heat release rate oscillation are shown
in Fig. 5.9 (bottom). It can be seen that the spatially integrated heat release rate Q̇1

(computed from the source term in the LES) has a higher amplitude with velocity forc-
ing. With pressure forcing, the total heat release rate amplitude ˆ̇Q1 and the amplitude
of different contributions ˆ̇Qρ,

ˆ̇QSl ,
ˆ̇QΞ and ˆ̇QA monotonically decrease, with the term

ˆ̇Qρ having the highest value. The phase difference between the acoustic pressure os-
cillation and the respective contributions (except for Q̇A) is less than 90°, indicating a
destabilizing coupling. The heat release rate due to the burning area modulation Q̇A

oscillates out-of-phase with pressure, indicating a stabilizing coupling.
With velocity forcing, the contribution of the burning area oscillation Q̇A has the

highest amplitude, especially at relatively low frequencies. At higher frequencies, the
amplitude of the contribution of density ˆ̇Qρ and laminar flame speed ˆ̇QSl increases. The
reason for this could be found by looking at the transverse acoustic pressure distribution
at the upper half of the combustor for different forcing frequencies as shown in Fig.
5.10 (right). With increasing frequency (decreasing wavelength), the pressure anti-node
moves towards the flame brush, subjecting it to a higher pressure amplitude. In turn,
the amplitude of density and laminar flame speed oscillations increases at the flame
position, leading to an increase in ˆ̇Qρ and ˆ̇QSl with frequency. With velocity forcing,
the phase difference of pressure and respective contributions to the heat release rate is
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less than 90° (except for Q̇Ξ), revealing the destabilizing effect.

The pressure amplitude at the location of the flame brush decreases with frequency
in the pressure forcing case, as shown in Fig. 5.10 (left), but the change is not as sig-
nificant as in the velocity forcing case (right). Accordingly the ˆ̇Qρ and ˆ̇QSl curves are
shallower with pressure forcing, as illustrated in Fig. 5.9 (top left). To illustrate how
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Fig. 5.10 Acoustic transverse pressure distributions at 90° and mean regress variable at
the upper half of the combustor over a transverse line six jet diameter downstream of
the duct outlet.

different mechanisms contribute to the Rayleigh Index, the Rayleigh Index of each con-
tribution is shown in Fig. 5.11 as a function of the frequency for both forcing scenarios.
The flame has a higher Rayleigh Index with pressure forcing than with velocity forcing,
indicating that not only the amplitude of heat release rate oscillation (discussed above)
but also the amplitude of local pressure is essential to estimate the contribution of the
heat release rate oscillation on the instability of the system. For the can-type combustor
described in the introduction (see Fig. 5.1), this would mean that a flame positioned
near a pressure anti-node and velocity node could contribute more to the acoustic insta-
bility of the system than a flame that is positioned near the velocity anti-node and the
pressure node.

With pressure forcing, Fig. 5.11a shows how the total Rayleigh Index RI decreases
with increased forcing frequency and that RIρ, RISl and RIΞ are positive, while RIA is
negative for all forcing frequencies. This indicates that oscillations in density, laminar
flame speed and wrinkling factor destabilize, whereas the flame surface oscillations
have a stabilizing effect. The contribution of the density oscillations RIρ can be seen as
the main driving mechanism in this case.

With velocity forcing, Fig. 5.11b reveals that the total Rayleigh Index remains al-
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(a) Pressure forcing (b) Velocity forcing 

Fig. 5.11 Total Rayleigh Index and the Rayleigh Indices of different contributions over
forcing frequencies.

most constant for all frequencies and that RIA has the highest (destabilizing) contri-
bution to the total Rayleigh Index. The change in flame surface within the top- and
bottom half of the combustor can be therefore identified as the main driving mecha-
nism, especially at lower forcing frequencies. In this case, the value of RIA decreases
with increasing forcing frequency. In contrast, the effect of density (RIρ) and lami-
nar flame speed (RISl) increases with frequency, due to the higher pressure amplitude
acting on the flame brush at higher frequency, as shown in Fig. 5.10 (right).

Weaker contributions to the total Rayleigh Index are due to the wrinkling factor
(RIΞ) and the laminar flame speed (RISl), as also shown in Fig. 5.11. The effect of
acoustic pressure on the laminar flame speed increases the total Rayleigh Index by at
least 15 % with pressure forcing, and 2 % with velocity forcing and is expected to re-
main positive with increasing frequency, until the acoustic time-scale becomes compa-
rably short as the chemical time-scale - which would require further investigations. The
contribution of the wrinkling factor oscillations RIΞ is positive with pressure forcing
and negative with velocity forcing (except for 5000 Hz). The reason for this behavior
is not clear yet and needs to be investigated further. It should be noted that a) there
may also be an effect of sub-grid turbulence models,which are rarely designed to cor-
rectly consider the effect of (relatively weak) high-frequency pressure oscillations, that
b) the mechanisms identified in this section may not be applicable to other types of
flames (e.g. V-flames and swirled flames), and that c) in real experiments, results may
be affected by the acoustic impedance of the upstream features.

5.4.3 Effect of the Flame Length on the Rayleigh Indices

The effect of the flame length on the instability is often discussed, but it is hard
to alter the flame length in a realistic burner. In the present case, the flame length is
modified by scaling the laminar flame speed, but it must be stressed that this scaling
may have side-effects, so that the findings can only be considered as an indication for
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the effects of flame length. The laminar flame speed is multiplied with factors from 0.75
to 4, shortening the flame accordingly. After conducting the reference simulations with
each modified laminar flame speed without acoustic modulation, the flame is excited
with a forcing frequency of 2500 Hz. The normalized Rayleigh Index, as a function
of the normalized flame speed and resulting flame length, is plotted in Fig. 5.12. The
Rayleigh Indices are normalized using the associated mean global heat release rates,
calculated by integrating eq. 5.11 over the entire combustor volume of the reference
simulations. The label of Fig. 5.12 also shows the resulting normalized mean flame
length achieved by the non-forced simulations with respect to their laminar flame speed.

With pressure forcing, the total Rayleigh Index of the system first increases and
then decreases with increasing flame length, implying that a flame speed and hence a
flame length may exist that leads to the maximum instability for flames located in the
pressure anti-node. With pressure forcing, the normalized RIρ and RISl are almost
constant for the studied flame speeds and flame lengths. The change in the normalized
total Rayleigh Index is mainly due to the change in the contribution of the burning
area oscillations RIA/Q̇0. Most importantly, the change in the flame speed and flame
length does not change the relative importance of the different mechanisms: the density
oscillation remains to be the main driving mechanism and the area oscillation the main
damping mechanism for all flame speeds and flame lengths.

With velocity forcing, the total Rayleigh Index first increases sharply before appar-
ently reaching an asymptotic value for low flame speeds and long flames. For all flame
speeds and flame lengths, RIA/Q̇0 makes the highest contribution and the main driving
mechanism remains the change in flame surface changes within the top- and bottom
half of the combustor, while other mechanisms are not a function of flame speed and
length.
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Fig. 5.12 Normalized Rayleigh Index over the normalized flame length at 2500 Hz. The
mean laminar flame speed for each simulation is scaled by the factor a.
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5.5 Conclusion

In this work, forced response simulations were used to study mechanisms for thermo-
acoustic instabilities in a Bunsen-type flames. Two forcing methods were utilized —
pressure forcing with the flame located in the pressure anti-node and velocity forcing
with the flame located in the velocity anti-node. The Rayleigh Index was calculated for
both forcing methods to compare the thermo-acoustic susceptibility of the flame. The
Rayleigh Index was higher for the flame positioned in the pressure anti-node (pressure
forcing). It was also found that the sensitivity of the flame to thermo-acoustic instabil-
ities decreased for higher excitation frequencies with pressure forcing, while there was
almost no dependency of the Rayleigh Index on the forcing frequency in the case of
velocity forcing. A method was presented to quantify the contributions of the mech-
anisms that gave rise to heat release rate oscillations. With pressure forcing, density
oscillations were identified to be the main driving mechanism and flame-breathing was
identified as the main stabilizing mechanism. The driver with velocity forcing was the
flame-displacement mechanism, while the contribution of the density mechanism in-
creased for higher excitation frequencies, since the flame brush faced higher acoustic
amplitudes as the wavelength decreased. The destabilizing displacement-mechanism
[44, 158, 46, 47] and the stabilizing flame-breathing mechanism, were explained by the
change in the flame area.

To study the effect of laminar flame speed oscillations on flame instabilities, a sim-
ple model was introduced that considers acoustic pressure oscillation in the calcula-
tion of laminar flame speed, leading to destabilizing effects for both forcing methods,
whereby the destabilization was higher with pressure forcing. Finally, the laminar flame
speed was altered to obtain some evidence how the flame length may affect instability.
With pressure forcing, a specific flame speed and flame length was found to show the
highest Rayleigh Index. With velocity forcing, lower laminar flame speeds and longer
flames were more prone to high-frequency instabilities.
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CHAPTER 6

High-Frequency Instabilities in a Cylindrical Single-Jet
Combustion Chamber

This chapter including all figures and tables was previously published in 29. ger-

man flame day, V. Sharifi, C. Beck and A. M. Kempf, High-Frequency Instabilities in a

Cylindrical Single-Jet Combustion Chamber [159]. The author V. Sharifi ran all simu-

lations, wrote the paper and generated all figures and tables. The authors C. Beck and

A. M. Kempf contributed corrections, discussions and proofreading.

The investigation of high-frequency thermoacoustic instabilities (HFI) reveals a lack
of simple experiments with acoustically well-defined boundary conditions relevant for
state of the art stationary gas turbines. The present work aims to design a suitable
atmospheric combustion chamber aided by Large-Eddy Simulations (LES) for future
HFI-experiments. The starting point was a simple adiabatic cylindrical combustion
chamber with perfectly premixed flame, whose complexity was gradually increased to
a feasible experiment. Previous forced-response investigations on a jet-stabilized flame
showed that a flame located in the pressure anti-node can be coupled most strongly with
pressure oscillations. In order to reproduce a similar flame/acoustic interaction in a self-
excited configuration, the flame was arranged in the middle of a cylindrical chamber.
This made it possible to excite acoustic radial modes of the system, which generated a
pressure anti-node at the flame position. The diameter of the chamber was chosen such
that the first radial mode has a frequency of 3 kHz, a frequency which is often observed
in real gas turbines during HFI. In the adiabatic combustion chamber, the equivalence
ratio was first varied (θ = 0.6, 0.7, 0.8, 0.9) until high-frequency oscillations with a sig-
nificant amplitude occurred. For θ = 0.7, oscillations with an amplitude of more than
4 kPa were observed in the first acoustic radial mode of the system. For the higher
equivalence ratios of θ = 0.8 and 0.9, additional instabilities were observed in the sec-
ond acoustic radial mode. For realistic combustion chamber wall temperatures of 1100
K, the system had stabilized at θ = 0.7, whereas at θ = 0.9 the instabilities had disap-
peared in the second radial mode and HFI occurred mainly in the first acoustic radial
mode. Based on the findings on the temperature influence on the instabilities, a geomet-
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ric modification was proposed which could successfully dampen the instabilities. The
use of a realistic upstream plenum was required to study the system experimentally.
Different geometries inspired by the experimental setup, corresponding to hard and soft
acoustic boundary conditions for the combustion chamber, were used. It was observed
that with harder acoustic boundary conditions the amplitudes of instabilities increased.
This effect was not observed for the downstream boundary conditions. The influence of
the consideration of non-ideal premixing on the HFI appearance was also investigated.
If the reactants were not perfectly premixed, the instabilities showed an increase in am-
plitude, but the acoustic mode shape was not affected. A configuration susceptible to
high-frequency instabilities was proposed based on the LES studies which satisfies the
experimental requirements and is currently being investigated by experiment.

6.1 Introduction

Thermoacoustic instabilities are one of the main problems for further advances in
lean premixed low NOx gas turbine combustion systems. These instabilities are caused
by the coupling of heat release fluctuations and the resonances of the combustion cham-
ber and are destructive in nature. They limit the operating range and performance of gas
turbines and increase their emissions [23]. HFI are less investigated, mainly due to lack
of simple reliable experimental test cases. Sjunesson et al. [18, 160] investigated the
thermoacoustic behavior of a bluff-body stabilized propane premixed flame in a rect-
angular combustion chamber at Volvo in Sweden. High-frequency oscillations with a
frequency of 1400 Hz were observed for a certain operating condition. The Schlieren
images showed a periodic symmetrical vortex shedding from the top and bottom of
the flame holder. It should be noted that the mode shape was not addressed in the ex-
periment and that the symmetrical flow pattern may be due to the pure longitudinal
mode, as reported by other authors [61, 161, 162]. Schwing et al. [21, 44] investi-
gated the excitation mechanisms in an atmospheric, self-excited cylindrical combustor
with a premixed flame. They varied the swirl number, the preheating temperatures and
the mass flows in order to investigate their influence on the occurrence of instabilities.
For all operating conditions they observed first transverse instabilities with frequencies
between 2400 and 3400 Hz with an amplitude greater than 1 kPa by exceeding a criti-
cal equivalence ratio. The flame vortex interaction, the flame displacement mechanism
and density mechanism were proposed to be important mechanisms for the observed
instabilities [21, 47, 46]. It should be noted that the type of flame stabilization (e.g.
vortex-stabilized, bluff-body stabilized, jet-stabilized) can have a decisive influence on
the thermoacoustic mechanisms that can cause the instabilities [70]. A swirl-stabilized
flame is therefore not necessarily a suitable test case for investigating the flame dynam-
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ics of a jet-stabilized flame, which is the method of flame stabilization in the combustor
of the new generation of Siemens heavy-duty gas turbines. Buschhagen et al. [53, 52]
developed a cylindrical single-jet combustion chamber with premixed flame at a pres-
sure of 700 kPa, which tends to exhibit HFI. A choked orifice plate and a choked nozzle
on upstream and downstream acoustically separated combustion chambers from the rest
of the test facility. The experiment showed pressure fluctuations in the range between
4.8 and 6.5 kHz, the mode shape of which was not addressed experimentally. Although
this test case could be the ideal starting point for the investigation of HFI, there are
some doubts about the observed instabilities. There is no operating condition with sta-
ble combustion reported from the experiment. This raises the issue that the observed
instabilities may have only occurred because of acoustically blocked inlet and outlet,
leading to minimization of acoustic fluxes through the combustion chamber boundaries
and accumulation of acoustic energy regardless of flame/acoustic coupling.

6.2 Design Process of the Generic Configuration

The following section describes the design process and the criteria from the experi-
mental and computational point of view that the self-excited HFI test case must satisfy.
One of the requirements for the test case is the use of atmospheric combustion in order
to reduce the costs of the experimental investigation by using the available atmospheric
test facility in the Siemens laboratory. Forced-response studies on a jet-stabilized flame
[35] revealed that the Rayleigh index, as measure of susceptibility of the flame to ther-
moacoustic instabilities, was highest for the flame positioned in the pressure anti-node,
evidencing that the flame in pressure anti-node amplifies the high-frequency instabili-
ties more strongly. To reproduce such a flame/acoustic interaction, the flame was po-
sitioned in the center of a cylindrical chamber. Assuming an axisymmetric behavior
of the flame, it is more likely that the acoustic radial Eigenmode of the combustion
chamber is excited in such a configuration. Thus the flame is positioned in the acoustic
pressure anti-node. In order to avoid extremely long flames and the associated decrease
in the coupling capability of the flame [35], a turbulence generator inspired from the
technical system was applied. This type of turbulence generator is characterized by a
high shear rate and no uniform swirl rotation. The duct diameter D was chosen such
to mimic the fluid dynamical effect in a technical combustion chamber. The Eigenfre-
quency of the first pure radial Eigenmode (R1) in a cylindrical chamber with a diameter
Dc can be estimated using the speed of sound c from the following equation:

f =
βR1c

Dc

(6.1)

where βR1 = 1.22 is the characteristic value of the Bessel function of the R1 mode.
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The diameter of the cylindrical combustion chamber has been chosen so that the R1
mode of the chamber has a frequency of 3 kHz at an assumed chamber temperature of
2000 K. Around this frequency, HFI are often observed in real gas turbines. As there
is no information about the reflection coefficients at the boundaries of the system at
this stage of the design, assumptions were made. To reduce the influence of acoustic
boundary conditions, a downstream plenum inspired by the test facility was used to
place the outlet far from the chamber. A generic plenum was also introduced on the
upstream side. However, it will be shown later that the acoustic behavior of upstream
plenum can crucially influence the appearance of HFI. Figure 6.1 illustrates the sketch
of the generic combustion chamber (SiGenUDE) designed on the basis of the above
assumptions and criteria. It consists of an upstream plenum, a premix duct, a turbulence
generator, a cylindrical chamber, a downstream plenum and an exhaust gas channel. The
outlet of the system is placed at the end of a chimney (not shown in the figure) and is
60 D downstream.

Premixing duct

Upstream plenum
Chamber

Downstream plenum

2.8 14 D8.5

Inlet

D

8D

14D

60 D

Exhaust Passage

Probe

location (Pw)

Base plate

Fig. 6.1 Schematic of SiGenUDE.

6.3 Modeling and Simulation

We performed a compressible reactive LES with the implicit open source code
OpenFOAM [145]. A compressible version of the PISO pressure velocity coupling
is employed [152]. Convection of momentum is discretized using a total variation di-
minishing scheme, filtered Linear [163]; The temporal discretization is done by the
Crank–Nicolson scheme [123]. The computational domain was discretized in 14M cells
with a cell size of 1 mm in the flame zone and 2 mm in the rest of the cylindrical cham-
ber. The cell sizes in the cylindrical chamber and in the premixing duct were selected
to guarantee at least 130 cells over a wavelength of the desired R1 mode. The time step
was based on the acoustic CFL criterion equal to 0.3 in the flame region. A transported
sub-grid kinetic energy model [164] was employed to model the sub-grid stresses. The
inlet boundary condition was defined as acoustically fully reflective. Since the area of
the inlet boundary was small compared to the plenum wall area, it was assumed that the
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reflective boundary condition would cause small errors. Partially non-reflecting bound-
ary conditions [102] were assigned to the pressure field at the outlet of the system to
simulate an infinitely long outlet by eliminating acoustic reflections. A flame surface
density (FSD) model [149] was utilized to model the turbulence/combustion interac-
tion. In order to reduce the complexity of the simulation, the simulation was initially
carried out without the mixing process and the walls were assumed to be adiabatic.
However, the influence of wall temperature and mixing was considered later. The mix-
ture of methane and air was fed in via the inlet (see Fig. 6.1) at a temperature of 500 K.
The mixture mass flow was adjusted such that an average axial velocity of 120 m/s is
achieved at the end of premixing duct in order to mimic the aerodynamic effect of the
burners in technical combustion chambers.

6.4 Results

6.4.1 Influence of Equivalence Ratio on the Instabilities

The global equivalence ratio is reported in the literature [18, 45] as an important
controlling factor for thermoacoustic instabilities. In the adiabatic combustor, simula-
tions with equivalence ratios θ = 0.6, 0.7, 0.8, 0.9 were performed in order to achieve
oscillations with high amplitudes. The simulations were performed for at least 500 ms
to reach the limit cycle. A frequency analysis of the last 200 ms of the pressure sig-
nal recorded at point Pw (see Fig. 6.1) was performed and the corresponding Fourier
spectrum is shown in Fig. 6.2.

A×10

Iso-thermal

Adiabatic

A
/p
0
[%
]

Fig. 6.2 Spectra of pressure signal captured at Pw (see Fig. 6.1); the amplitude A are
normalized with the mean chamber pressure p0.

The logarithmic representation of the distributions of the acoustic pressure ampli-
tude A at the preferred frequency for the studied equivalence ratios is pictured in Fig.
6.3. In order to obtain the amplitude information, the FFT was applied to the time signal
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of the pressure over at least 20 cycles at each cell. The phase information can easily be
deduced from the plots by the position of the node lines. For the lowest equivalence ratio
θ = 0.6 the system showed the smallest amplitude. It can be observed that the simulation
with an equivalence ratio of θ = 0.7 led to high-frequency oscillations with a normalized
amplitude of 5% at a frequency of 3.3 kHz corresponding to the first radial Eigenmode
(see Fig. 6.3). By increasing the equivalence ratio to θ = 0.8, oscillations with largest
amplitudes occurred at the second radial natural frequency with a frequency of 6.3 kHz.
For the simulation with θ = 0.9, the system shows unstable operation in both the first
and second radial modes. For further investigations, we have chosen the case with θ =
0.7 (termed as reference case), since for this case a) the instabilities were observed in
the first radial mode, which simplifies the numerical and experimental investigations of
the flame/acoustic interaction and b) the largest amplitude was observed.

Θ = 0.6

Θ = 0.7

Θ = 0.8

Θ = 0.9

A [kPa]

b0= 0.5

Nodal lines

Fig. 6.3 Amplitude distribution of the acoustic pressure for the peaks with largest am-
plitudes (see Fig. 6.2).

Figure 6.4a shows the normalized line of sight integration dQ of the phase-averaged
heat release rate field during an oscillation period for the reference case. For the nor-
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malization, the maximum value of dQ at phase 270°is used. The results indicate a clear
oscillation of the intensity of the local heat release rate and a periodic flame convolution
due to the interaction between the flame and the periodically separated vortices moved
downstream. The normalized fluctuation of the phase-averaged global heat release rate
Q̇1 and the volume-averaged unsteady pressure p1 for a period of oscillation are plotted
in Fig. 6.4b. For the spatial averaging of the unsteady pressure, a volume around the
flame is considered in which the pressure oscillates in phase. In addition, this figure
shows the total heat release rate of the contribution from density oscillation Q̇ρ1 , which
is defined by the following equation [35]:

Q̇ρ :=

∫
ρ1

ρ0

q̇0 dV (6.2)

It can be noticed that the heat release rate oscillates almost in phase with the pressure,
indicating a positive thermoacoustic coupling. It can be also seen that the amplitude of
the contribution of the density oscillation is in the same order as the amplitude of the
oscillation of the heat release rate, which is an indication that the density mechanism is
the main driving mechanism.

6.4.2 Influence of Chamber Wall Temperature on Instabilities

In order to be able to investigate the configuration experimentally, the temperature
of the combustion chamber walls had to be reduced to a realizable temperature. The
influence of wall heat transfer on the occurrence of thermoacoustic instabilities of the
reference case is investigated by setting the temperature of the chamber walls to Tw =
1700, 1400, 1100 K, whereby the temperature of 1100 K represents a realistic wall tem-
perature that can be achieved in the experiment without TBC. The area-averaged pres-
sure amplitude for the investigated wall temperatures is shown over the area-averaged
combustor temperature in Fig. 6.5. It is found that the reduction of the wall temperature
reduces the area-averaged pressure amplitude and could even stabilize the system at the
lowest wall temperature of Tw =1100.

An evaluation of the acoustic mode shapes of the simulations with Tw = 1700 and 1400
K (see Fig. 6.6b) reveals that the pressure amplitude has the same general mode shape
(R1) as in the configuration with adiabatic walls with homogeneous sound speed field.
However, their spatial distribution changes as the wall temperatures decrease. The mode
shape shrank in the axial direction and the acoustic pressure amplitude with large val-
ues was shifted towards the base-plate. As a result, the end part of the reacting zone is
not subjected to the large pressure amplitude of the pressure oscillation, which reduces
the thermoacoustic coupling capability of the system. This might be a reason for the
reduction of the volume-averaged pressure amplitude. At the minimum wall tempera-
ture of Tw =1100 the system is fully stabilized and at the selected Eigenfrequency no
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Fig. 6.4 a) Phase-averaged line of sight fields of heat release, b) Phase-averaged global
heat release rate Q̇1, the contribution of density oscillation Q̇ρ1 , and volume averaged
unsteady pressure p1.

Tw= 1700 K

1400 K

1100 K

2000 K

Adiabatic

Fig. 6.5 Area-averaged pressure amplitude over the area-averaged combustion chamber
temperature.

comparable acoustic pressure amplitude attained. Since no higher chamber wall tem-
peratures than 1100 K are feasible in the experiment, a hypothesis was made based on
the observation that an increase in the equivalence ratio reduces the flame length and
thus brings the flame back to the pressure nodes with large amplitudes. Further in-
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Fig. 6.6 a) Fields of the time-averaged temperature and b) the amplitude of the acoustic
pressure, normalized with the maximum amplitude in the combustor at each simulation.

vestigations confirmed that it was possible to recover the oscillation by increasing the
equivalence ratio from 0.7 to 0.9 in the system with Tw =1100 K. The pressure spectra
for the configuration with isothermal walls with the equivalence ratio 0.7 and 0.9 are
shown in Fig. 6.2 and compared with the corresponding results from the adiabatic con-
figuration. While the use of isothermal walls with Tw =1100 K led to a stabilization of
the oscillations with θ = 0.7, with θ = 0.9 the oscillations with higher amplitudes arose
at the first Eigenfrequency. It is to be mentioned that in this case (θ = 0.9, Tw =1100 K)
the amplitude at the second Eigenfrequency was greatly diminished.

6.5 A strategy to Dampen Thermoacoustic Instabilities

The acoustic transverse oscillations are attenuated when it propagates at a frequency
lower than a cut-off frequency fc

R1. In a cylinder, the cut-off frequency depends on the
speed of sound c (which in turn is a function of temperature) and the cylinder diame-
ter Dc , (f cR1 ∝ c/Dc) [64]. The cooling of the combustion chamber walls led to an
inhomogeneous temperature field with lowest area-averaged temperature in the vicin-
ity of the combustion chamber base plate, the average temperature increases in axial
direction, as shown in Fig. 6.6a. This temperature distribution induced an increase in
the cut-off frequency along the axis. The transverse oscillations that were resonant up-
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stream of the chamber were attenuated in the downstream location and could no longer
survive. Thus, changes in the cut-off frequency might be a strong lever to dampen ther-
moacoustic instabilities. To make use of this physical effect, the cylindrical combustion
chamber of the unstable adiabatic reference case (θ = 0.7) was modified to increase
the cut-off frequency along the axis by 60% by making it conical. The downstream
and upstream features remained unchanged. The conical chamber geometry (top) can
be deduced from the axial velocity field shown in Fig. 6.7b and compared with the
cylindrical chamber geometry (bottom). The time evolution of pressure fluctuations is
shown in Fig. 6.7a and reveals that the geometrical modification prevented the system
from becoming thermoacoustically unstable.
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Fig. 6.7 a) Pressure history captured at Pw, b) Time-averaged axial velocity; R is the
radius of the duct.

Influence of Technical Mixing on the Instabilities The phase difference of the oscilla-
tions of the equivalence ratio with pressure oscillations in a technically premixed system
might cause this interaction to be stabilizing, which is to be assessed. The impact of
injecting fuel and performing a technically premixed simulation was investigated by
simulating the reference case including the mixing process. The injector holes are dis-
cretized with 0.2 mm cells, corresponding to 5 cells over the injector hole diameter. The
operating conditions of in this study are summarized in Table 6.1. The results revealed

Table 6.1 Overview of the operating conditions.

ṁair, g s−1 ṁfuel, g s−1 Tin, K φ, -
101.5 4.13 500 0.7

that when the mixing was considered, the system exhibited self-excited instabilities with
higher amplitudes compared to the premixed reference configuration as shown in Fig.
6.8a. The time-averaged equivalence ratio and its phase-averaged fluctuation are shown
in Fig. 6.8b. Although the global equivalence ratio is set to 0.7, the flame root in partic-
ular is subjected to a slightly increased time-averaged local equivalence ratio due to the
non-ideal pre-mixing, leading to an increase in the energy density of the flame, which
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is directly related to the tendency of the flame to become unstable. The fluctuation field
of the equivalence ratio is characterized by the pockets of rich and lean mixture formed
by the interaction of the acoustic pressure waves at the injecting position with the fuel
mass flow. These variations at the flame zone lead to at least two mechanisms by which
the heat release rate could oscillate, a) directly by oscillation the heat of reaction and
b) indirectly by oscillation of the laminar flame speed. To evaluate these mechanisms,
the total heat release rate of the contribution from mixture fraction oscillation Q̇ft1 and
laminar flame speed oscillation Q̇sl1 were defined analog to Eq. 6.2 and are plotted in
Fig. 6.8c. It can be seen that although the amplitudes of these oscillations are small,
they are in phase with the pressure oscillations, which indicates the destabilizing effect
of the mixing in this configuration.
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Fig. 6.8 a) Spectra of the pressure signal captured at Pw, b) Time-averaged equivalence
ratio and its phase-averaged fluctuation and c) Phase-averaged global heat release rate,
the contribution of oscillation of mixture fraction Q̇ft1 , laminar flame speed Q̇sl1 and
volume averaged unsteady pressure p1.

6.6 Influence of Upstream Acoustic Boundary Conditions on Instabilities

A pressure anti-node was to be expected at the inlet of the computational domain
of the reference case (see Fig. 6.3) since the inlet boundary condition was defined as
acoustically hard, which is not feasible in the experiment. An additional cylindrical
plenum (upstream outer plenum) was placed around the existing plenum (upstream in-
ner plenum) to achieve a more realistic acoustic condition at the connection between
upstream inner and outer plenum. In order to approach the behavior of the acoustically
closed inlet in the reference configuration, a new upstream inner plenum was proposed.
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In the new plenum, the annular gap was replaced by four holes around the circum-
ference to reduce the opening section and correspondingly the acoustic fluxes from the
upstream inner plenum. The sketches of the three different upstream plenums examined
in this study are shown in Fig. 6.9. The results of the simulations in term of unsteady
pressure evolution and phase plane of the oscillations are compared in Fig. 6.10. The
result revealed that the system with Acoustically Open Inner Plenum (AOIP) could not
develop into HFI with high amplitude. The system with Acoustically Almost Closed
Inner Plenum (AACIP) exhibited HFI with an amplitude and frequency comparable
to the reference case with Acoustically Closed Inner Plenum (ACIP), evidencing that
the induced acoustic flux from the upstream inner plenum to the outer plenum directly
influences the thermoacoustic behavior of the system. It is worth mentioning that with
AOIP the pressure oscillates at lower frequencies with a larger amplitudes than at higher
frequencies (see Fig. 6.10d).

Upstream Inner Plenum

a) Acoustically

Closed Inner Plenum

(ACIP)
Inlet

c) Acoustically 

Almost Closed Inner Plenum

(AACIP) 

Upstream 

Outer Plenum

b) Acoustically 

Open Inner Plenum

(AOIP)
InletAnnular gap

1.3 DpDp

Fig. 6.9 Schematic of studied upstream plenums.

6.7 The Final Configuration

The final geometry was proposed based on lessons learned and considering the rig
geometry. For this geometry the diameter of the holes in the inner upstream plenum
were modified so that they do not exceed the allowable pressure loss requirements of
the test rig. Figure 6.11a shows the time-averaged and instantaneous velocity field
which serves to illustrate the air distribution in the final configuration. The air mass
flow entering the system is divided into the combustion air and the air for cooling the
chamber. In the simulation, the chamber walls are set to 1100 K. The simulations
were carried out with a global equivalence ratio of 0.9 taking into account the mixing
process. An overview of the boundary conditions for this simulation is given in Table
6.2. The simulation resulted in a comparable mode shape and amplitude of the acoustic
mode, which is shown in Fig. 6.11b. The configuration is currently being investigated
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Fig. 6.10 a) and b) pressure history, c) Phase plane of the established oscillations; (̇ ) and
ω denote derivative with respect to time and limit cycle angular frequency d) Spectra of
the pressure signal.

experimentally.

Table 6.2 Overview of the operating conditions.

ṁair, g s−1 ṁfuel, g s−1 Tin, K φ, - Tw, K
562 5.25 500 0.9 1100
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Fig. 6.11 a) Fields of velocity and b) Amplitude distribution of the acoustic pressure at
limit cycle.

6.8 Conclusion

In this work LES were used to support the design and investigation of HFI in a cylin-
drical atmospheric single jet combustion chamber. The impact of different parameters
such as equivalence ratio, wall temperature, technical mixing, and acoustic transmit-
tance of upstream boundary conditions were addressed. It was found that it is possible
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to achieve high amplitude instabilities in the system by increasing the equivalence ra-
tio. The consideration of the technical mixing proved to be destabilizing. It was also
found that the reduction of the wall temperature had a stabilizing effect on the insta-
bilities, which could be compensated by increasing the equivalence ratio. The impact
of temperature on the cut-off frequency has inspired us to modify the geometry of the
combustion chamber. It was found that it would be conceivable to make a very unstable
adiabatic cylindrical combustion chamber stable by making it conical. The treatment of
the upstream boundary conditions had a decisive influence on the instabilities. When
the boundary condition was changed to acoustically open, the instabilities were dimin-
ished. The instabilities could be recovered by using a new plenum geometry, which was
acoustically almost closed. A configuration susceptible to high-frequency instabilities
was developed which meets the experimental requirements and is currently being inves-
tigated. The initial experiment yielded very promising results regarding the occurrence
of the first radial mode at the desired frequency.
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CHAPTER 7

Design and Testing of a High Frequency Thermoacoustic
Combustion Experiment

This chapter including all figures and tables was previously published in AIAA jour-

nal, V. Sharifi, C. Beck, B. Janus, and A. M. Kempf, Design and Testing of a high-

frequency Thermoacoustic Combustion Experiment [165]. The author V. Sharifi ran all

simulations, wrote the paper and generated all figures and tables. The authors C. Beck,

B. Janus and A. M. Kempf contributed corrections, discussions and proofreading.

This paper presents a novel experiment in an atmospheric cylindrical single-jet com-
bustor, designed to exhibit high-frequency radial thermoacoustic instabilities. The ex-
perimental configuration was designed based on an a priori set of comprehensive nu-
merical investigations, the experiments were conducted with pressure and temperature
probes, and large-eddy simulations of the final experiments were performed. The results
from simulation and experiment were compared and showed a reasonable agreement in
the amplitude, frequency and mode shape of the self-excited instability in the unstable
operating point, and no thermoacoustic oscillations in the stable operating point. Var-
ious parameters have been varied to assess their effect on thermoacoustics - including
variations of mass flow rate, of equivalence ratio and combustor wall temperatures. For
the unstable cases, direct effect of pressure on density was found to drive the thermoa-
coustic oscillations.

7.1 Introduction

Avoiding thermoacoustic high-frequency Instabilities (HFI) is a challenging issue
in gas turbine design. They constrain the operation range and efficiency of gas tur-
bines and indirectly increase their emissions [8]. High-frequency oscillations, known
as screeching, have also been problematic in numerous jet engines and rocket systems
[20, 166, 167, 168, 169, 170]. In rocket engines, HFI is best known from the devel-
opment of the F-1 engine for the Saturn V rocket in the 1950s and 1960s [171]. More
than 2,000 full-scale engine tests were performed to investigate and mitigate HFI and
design a stable combustion system. From these tests, it was determined that the insta-
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bilities were due to the interaction of the transverse oscillation with the fuel injection.
It was found that these instabilities can be successfully suppressed by a combination of
a suitable injector design and a baffle system [171, 169].

The main problem in developing a combustor that is robust to HFI is the limited
knowledge of the underlying driving mechanisms for this type of instabilities. The
lack of relevant and well-documented experimental test data is the primary hurdle to
a better understanding of the HFI mechanism in gas turbine combustors. Self-excited
thermoacoustic test data can be provided either from a) full or large scale test rigs or
b) laboratory-scale combustors. The available experimental data of the large-scale test
rigs is hardly suitable for getting insight into the thermoacoustic mechanisms. Because
1) the test rig must be switched off immediately after the occurrence of detectable high-
frequency vibrations, the preset operating conditions cannot be regarded as stationary or
associated with the instabilities, and 2) the available test data from the large-scale tests
are limited to a pressure signal at one or two positions as, normally, optical access is not
available. In addition, the effort to use numerical simulations to get more insight into
the combustion of the large test cases is too big, due to uncertainties associated with the
boundary conditions. It should be noted that, the system is normally very sensitive — a
small percentage increase in the equivalence ratio can determine whether the system is
thermoacoustically stable or unstable [18, 44].

Lab-scale tests could provide a more useful understanding of thermoacoustic insta-
bilities. Sjunesson et al. [18] introduced a rectangular combustion system with bluff
body flame stabilization, known as the Volvo test case. The walls of the combustion
chamber were cooled, although the wall temperatures were not addressed in the study.
The acoustic properties of the upstream and downstream boundary conditions were also
not reported. The system operated in a thermoacoustically stable regime for an operat-
ing condition with an air velocity of 17.3 m/s and an equivalence ratio of 0.61. High-
frequency oscillations, at 1400 Hz, were observed when the velocity and equivalent
ratio were increased to 36 m/s and 0.72, respectively. The mode shape of the instabili-
ties was not reported, but Schlieren images showed a clear interaction of the flame with
periodically shed vortices. Ghani et al. [57] simulated a simplified version of the Volvo
test case. They used a compressible third order CFD code with a two-step mechanism
for combustion modelling. The heat transfer from the combustor walls was neglected
and the inlet and outlet boundaries were assumed to be fully reflective. They could cap-
ture the high-frequency oscillations (1360 Hz corresponding to the first longitudinal and
second transverse modes) and the periodic vortex shedding. They concluded that the
observed flame-vortex shedding was due to the longitudinal part of the oscillations. The
investigation by Jourdin et al. [61] showed that the observed flame-vortex interaction
in the experiment could be due to the interaction by the pure longitudinal mode with
an oscillation frequency of 1.4 kHz, which emphasizes ambiguous numerical results
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due to the lack of information from the experiment. Further difficulties in simulating
of the Volvo test case are discussed by other authors [161, 162, 172] Due to the flame
stabilization technique applied in the Volvo case, the data is probably not applicable to
a premixed jet flame as examined in the present paper.

Rogers et al. [20] investigated a V-flame in a rectangular combustor, which showed
high-frequency oscillations of 3800 Hz. They observed alternate vortex shedding from
the lips of the flame holder with the same frequency of the instability. The transport of
fresh combustible mixture to the flame through the vortices is addressed as a coupling
mechanism. High-frequency instabilities in jet engine afterburners are described by
Blackshear et al. [170]. They reproduced the HFI in a generic test rig. Adiabatic
compression and flame-vortex interaction are discussed as the driving mechanisms of
the observed instabilities. Urbano et al. [136, 173] numerically investigated the high-
frequency instability of a model liquid rocket engine with multiple injectors. They
found that the response of the flames located in the pressure anti-nodes is strongest,
while the flames located at a pressure node feed almost no acoustic energy into the
system. They suggested that for the flame located at the pressure node, the resulting
pressure changes at the jet outlets lead to fluctuating jet velocities, which in turn leads
to oscillations of the heat release rate.

The self-excited cylindrical combustor of the Sattelmayer group [44, 21] considered
a premixed swirl-stabilized flame under atmospheric conditions. They investigated the
impact of the swirl number, the preheating temperatures and the mass flow rates on
the susceptibility of the burners to HFI. They observed transverse instabilities with fre-
quencies between 2.4 and 3.4 kHz for the studied swirl numbers, preheat temperatures
and mass flow rates by increasing the equivalence ratio of the mixture. They found
that the system became unstable even in a fuel-lean mixture by increasing the swirl
number and the mass flow rate. However, increasing the preheating temperature re-
sulted in a more robust system. Further investigations showed that the displacement
and deformations mechanism [46, 47] could be the driving mechanisms for the insta-
bilities observed in the experiment. Where the lab-scale experiment of the Sattelmayer
Group is well defined, the type of flame stabilization (e.g. swirl-stabilized, bluff-body-
stabilized, jet-stabilized) might have a decisive influence on the mechanisms that cause
the instabilities [70]. Thus, to investigate the flame dynamics of a jet-stabilized flame
(as used in Siemens gas turbines), it is probably not possible to consider an unstable jet
burner with a swirl-stabilized flame experiment.

Buschhagen et al. [53] designed a cylindrical single-jet combustor with a premixed
flame. To achieve acoustically well defined boundary conditions, they used a choked
orifice plate upstream and a choked nozzle downstream of the test combustor. The sys-
tem exhibited HFI in the frequency range between 4.8 and 6.5 kHz, the mode shape of
which was not determined experimentally. In this experiment, no operating condition
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with stable combustion was reported and further investigations could not show a clear
trend for instabilities with varying parameters. Thus, the question might arise as to
whether or not the observed instabilities were caused only due to acoustically blocked
inflow and outflow: The acoustically closed boundaries reduced the acoustic energy
flux from the combustor, which could lead to an accumulation of acoustic energy in
the system. In other words, the observed thermoacoustic instabilities might have oc-
curred independently of the coupling capability of the flame and only by minimizing
the acoustic energy fluxes or losses, which is not typical for gas turbines.

Considering the limitations of the existing experiments, the main challenge for the
work presented here was to develop a suitable lab-scale experiment that resembles
the state-of-the-art Siemens combustors and is able to exhibit thermoacoustic high-
frequency instabilities. To design the experiment, a large number of large eddy sim-
ulations were performed until a suitable configuration was found. In the course, the
simulation tools were improved to enable a realistic prediction of high-frequency acous-
tics. This paper aims to study the experiment results and the prediction capabilities of
the numerical methods for high-frequency flame dynamics. The decisive role of the
combustor wall temperature is highlighted and the contribution of possible mechanisms
causing thermoacoustic coupling is addressed.

7.2 Experiment

7.2.1 Design - based on a priori LES

The configuration examined and discussed in this paper was developed based on
comprehensive numerical studies. The design procedure, supporting simulations and
their results were published in our previous works [35, 159]. This section briefly sum-
marizes the main considerations and findings of these studies. Forced-response analy-
ses [35] were performed to investigate the excitation mechanisms of HFI in a jet flame.
The order of importance of several mechanisms that have contributed to the instabil-
ities of the flame has been identified. It was revealed that the flame can excite HFI
most strongly when located in an acoustic pressure anti-node (and simultaneously an
acoustic velocity node). This finding was used in the design of a thermoacoustically
unstable combustor. For a self-excited configuration, the reproduction of such a flame
acoustic interaction was achievable by placing a flame on the center-line of a cylindrical
combustion chamber, when the flame was excited in the radial mode of the chamber.
The radius of the chamber was chosen such that frequencies of practical interest, which
are often observed in gas turbines during thermoacoustic instabilities, could occur. The
forced-response study [35] had also indicated that extremely long flames at pressure
anti-nodes were less susceptible to thermoacoustic instabilities. In order to avoid ex-
tremely long flames and to achieve fluid dynamic similarity with the technical combus-
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tor, a physical turbulence generator, inspired by the technical system, was used. Large
upstream and downstream plenums were used to be able to place the terminating bound-
aries of the system far away from the flame to minimize their potential interaction with
high-frequency oscillations and minimize the resulting errors. In this way, a generic,
adiabatic and premixed configuration was developed. LES of the generic configuration
at atmospheric pressure with different equivalence ratios of a mixture of methane and
air was performed. It was observed that the system was able to exhibit radial thermoa-
coustic instabilities at the desired frequency of 3 kHz for an equivalence ratio of 0.7. In
the next step, the generic configuration was modified to obtain an experimentally fea-
sible configuration. Studies were carried out on the effects of upstream boundary, wall
cooling and the impact of the realistic mixing of fuel with air on the susceptibility of
the system to HFI. The system was found to be more susceptible to HFD with a plenum
allowing reduction of acoustic losses. We also observed that the configuration with the
(numerically) acoustically open upstream boundary condition was not susceptible to in-
stabilities. Further investigations on the cause of such behavior are necessary. However,
at this point, we believe that the main reason for this behavior is as follows: For the first
radial mode in our system with the centric burner, the center-line of the combustion
chamber is exposed to a pressure anti-node. The acoustic pulsations (generated in the
combustor) travel upstream through the mixing tube. A boundary condition with higher
reflection coefficient reduces the acoustic energy flux from the boundary, which means
more acoustic energy is preserved in the system, making the system more susceptible
to thermoacoustic instabilities. The analytical investigation of Li et al. [174] for the
longitudinal acoustic waves (as is the case in our mixing tube) showed that the pre-
dicted amplitude of instabilities decreases significantly when the acoustic losses at the
boundaries are increased, which is in line with our observation. An improved upstream
plenum was designed to provide an almost closed boundary condition while being ex-
perimentally realisable. The downstream acoustic boundary had almost no effect on the
HFI. This could be a consequence of acoustic mode cutoff caused by increasing tem-
perature in longitudinal direction, thus decoupling modes from downstream boundary
conditions, as investigated by Schulze et al. [68]. The impact of wall cooling turned out
to be stabilizing in nature. The decrease in wall temperature led to an axial redistribu-
tion of the amplitude of the first radial mode. For the adiabatic configuration (see Fig.
7.1), the entire flame was positioned directly on the high amplitude of the pressure-anti-
node of the acoustic mode. With decreasing wall temperature the mode shape shrinks in
the axial direction and the area of the high acoustic pressure amplitude shifted towards
the base plate of the combustor. Thus, the end part of the reaction zone was not exposed
to the high pressure amplitude of the pressure oscillation, which might adversely affect
the thermoacoustic coupling cability of the system. To make a general statement, this
effect has to be investigated further.
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For wall temperatures below a critical value, complete damping of the instabilities
occurred. It was found that the critical wall temperature was a function of the equiva-
lence ratio. Increasing the equivalence ratio of the mixture (from 0.7 to 0.9) resulted in
a reduction of the critical temperature (from 1100 K to 850 K). Considering the realistic
mixing of the fuel with air had a supporting effect on the instabilities and led to higher
HFI amplitudes, although the mode shape and frequency were not changed noticeably.
The final configuration was designed on the basis of all insights and an operating point
was identified at which the system exhibited HFI with a considerable amplitude. This
configuration is presented in the next section.
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Fig. 7.1 Fields of a) the time-averaged temperature and b) the amplitude of the acoustic
pressure, normalized with the maximum amplitude in the combustor at each simulation
[159].

7.2.2 Experimental setup and diagnostics

The single-jet metallic HFI combustor of Siemens and the University Duisburg-
Essen, SiMetUDE, was designed to generate self-excited radial high-frequency ther-
moacoustic instabilities. It was tested experimentally in the atmospheric combustion
laboratory of Siemens AG in Mülheim. The first experiment served to examine whether
the instabilities predicted by numerical simulation would occur in practice. Therefore,
an effort was made to make the experiment as simple and inexpensive as possible. This
experiment should then serve as a starting point for further, more sophisticated experi-
ments with optical access in the future. The experimental test facility and the schematic
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of the combustor are illustrated in Fig. 7.2.
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(b) Schematic of the combustor, showing the locations of the pressure sensors Lp1, Lp2
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Fig. 7.2 Single-jet Metallic HFI combustor.

The combustor consists of an outer and an inner upstream plenums, a mixing pas-
sage, a turbulence generator, a cylindrical flame tube (HFI-Combustor), a downstream
plenum and an exhaust channel. The exhaust gases were released into the environment
through a chimney. The outlet boundary of the computational domain was located at
a distance of 60D downstream of the chamber, where D is the diameter of the mixing
passage on the base plate of the HFI-combustor (see Fig. 7.2b) and is equal to 0.04
m. The mixing passage and turbulence generator were not designed specifically for
this study, but were chosen to imitate the aerodynamic effect of the burners in tech-
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nical combustion chambers. The outer plenum was thermally insulated as shown in
Fig. 7.2a and the inner surface of the rig wall was coated with refractory concrete.
Hence, they can be assumed to be adiabatic. The metallic HFI-Combustor consisted of
a cylindrical part and a base plate. The base plate was provided with a 1 mm thermal
barrier coating. A cooling channel was placed concentrically around the flame tube.
The amount of cooling air could be controlled by the number of open cooling holes
located between the plenum and the chamber. For the results presented in this paper, all
cooling holes were closed, but one cable passage for instrumentation remained open.
The air supplied to the rig plenum was divided into combustion air, cooling air and
leakage. The combustion air was led into the cylindrical combustor through four holes
(of semi-circular cross-section) at the circumference of the inner plenum. The inner
plenum was designed to reduce the acoustic energy fluxes (losses) out of the cylindri-
cal combustor. The fuel (natural gas) was injected and mixed with the combustion air
through several nozzles at the turbulence generator. The turbulence generator was char-
acterized by a high shear rate and no swirl, so that a jet stabilized flame is resulting that
is relevant to large-scale Siemens combustion systems. The total air mass flow rate was
measured using a standard nozzle. The air was preheated to a temperature of 500 K. To
measure pressure fluctuations, the HFI-Combustor was equipped with 3 piezoelectric
high-frequency pressure transducers, Megitt type CP 235, as shown in Fig. 7.2b. The
pressure transducer in the HFI-Combustor was positioned such that the pressure field
of the first radial mode could be addressed from the measurements. Thus, Lp1 and
Lp2 were placed on the base plate at a radial distance of 50 mm and 100 mm from the
center-line of the combustor, while Lp3 was mounted on the cylindrical wall at an axial
distance of 100 mm from the base plate. The transducers were installed in a hollow
adaptor and were cooled with purged air. With the current arrangement of the trans-
ducers, the longitudinal mode of the combustor could not be measured. To measure
the static temperature, the combustor wall was instrumented with 26 thermocouples of
NiCrNi Type K on the cold side, six on the base plate and twenty on the cylindrical
HFI-Combustor wall. The static pressure was measured with Rosemount 1151 pressure
transmitters at the plenum and upstream and downstream of the turbulence generator.
The combustion air mass flow rate was computed based on a correlation between the
mass flow rate and the pressure drop across the turbulence generator, following the stan-
dard procedure in this facility (The correlation was obtained from an effective area test
performed prior to the HFI experiment). At three different mass flow rates, correspond-
ing to bulk velocities of 115, 125, and 135 m/s at the jet outlet, we have varied the fuel
mass flow rate to achieve equivalence ratios between 0.6 to 1.2. The sentences have
been rephrased to avoid confusions. The experimental data was recorded after a warm-
up period of at least 5 minutes, to ensure that steady wall temperatures and pressures
were achieved.
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7.2.3 Experimental Results

The occurrence of the first thermoacoustic radial mode, as predicted by numerical
simulations, was the main objective of the testing. To detect self-excited thermoacous-
tic instabilities in experiments, pressure recordings and their Fourier transforms were
used. The pressure fluctuations were sampled at a rate of 50 kHz. The Fourier trans-
form was applied on the pressure signal every 60 ms during the recording. When self-
excited high-frequency instabilities occurred for an operating point, a peak frequency
was visible in the Fourier transform around 3 kHz and the amplitudes of the oscillations
fluctuated around a mean value. Figure 7.3 shows an examplarly Fourier transform of
the signal recorded by the three pressure transducers for an operating point with an
equivalence ratio of φ = 0.86, combustion air mass flow rate of ṁc = 118 g/s and a
total air mass flow rate of ṁtot = 187 g/s with a temperature of Tair = 500 K. In ad-
dition, the averaged Fourier transform of the 10 second pressure signal with a window
of 60 ms is shown in Fig. 7.3. The averaged Fourier transform is used to distinguish
the actual peaks from the instantaneous noise amplitude. The system clearly showed
a peak at Lp1 and Lp3 with a frequency of 3.17 kHz for this operating point. At Lp2,
the pressure fluctuation amplitude at 3.17 kHz is very small since Lp2 is located at the
pressure node of the radial mode of the combustor. In Fig. 7.3, one can see that the in-
stantaneous and average spectra from Lp1 and Lp3 showed different amplitudes at 3.17
kHz. Consequently, the level of the amplitude is not constant at this frequency. This
is in line with the observation of the transient increase and decrease of the amplitude
levels of the high-frequency oscillations in the experiment of Buschhagen et al. [53].
In addition to the high-frequency oscillations, the experimental results showed peaks at
lower frequencies of 1.41 kHz, 0.76 kHz and 0.21 kHz.

An estimate of the mode shapes corresponding to the observed frequency can be
made by solving the Helmholtz acoustic equation [64]. To this end, a tubular cylinder
with a length of 16.5D and a radius of 4D with acoustically closed and open ends
was considered. A uniform sound speed of 769 m/s was assumed, corresponding to a
temperature of 1600 K. The estimated Longitudinal (Lg), Tangential (T) and Radial (R)
resonant frequencies are listed in table 7.1.

Table 7.1 Eigenfrequencies in Hz; Longitudinal (Lg), Tangential (T) and Radial (R)
acoustic modes.

0Lg 1Lg 2Lg 3Lg
0T, 0R 0 293 880 1466
1T, 0R 1418 1448 1669 2040
0T, 1R 2951 2965 3079 3295

By comparing the peak frequencies observed in the experiment (see Fig. 7.3) with
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Fig. 7.3 Fourier transform of the signals recorded by the three pressure transducers Lp1,
Lp2 Lp3.

the estimated resonant frequencies (see table 7.1), one can conclude that the first and
second peaks may correspond to the first and second axial modes of the combustor,
and that the peak in the spectrum at 1.4 kHz may correspond to the first azimuthal
mode, while the peak at 3.1 kHz may be the frequency of the first radial mode. The
radial characteristic of the mode shape of the 3.1 kHz oscillations could be supported
by examining the amplitude and phase information of the pressure signals over the
radius of the HFI-Combustor. From Fig. 7.3 it can be seen that the peaks at 3.1 kHz are
clearly visible at Lp1 (in the middle of the combustor) and Lp3 (on the combustor wall),
with a slightly larger amplitude at Lp1. In between (at Lp2) no clear peak is identifiable
at the desired high-frequency (3.1 kHz), characterizing the first radial acoustic mode.
The phase difference of the pressure signal at Lp1 and Lp3 (at both sides of the acoustic
pressure node) was measured to be 160°pointing to a standing mode with a portion
of traveling waves. No statement can be given about the longitudinal character of the

92



transverse mode on the basis of the available pressure measurements.

The measured temperatures of the cylindrical wall of the HFI-Combustor are shown
in Fig. 7.4 at different axial and circumferential positions of the combustor. An asym-
metry of the wall temperature at each axial position is shown, with the strongest asym-
metry at 0.08L, where L denotes the length of the cylindrical part of the HFI-Combustor.
The largest deviation in the wall temperature was detected in the upper position, where
holes for measurement instrument cables were located. The cold air from this hole for
cooling the combustion chamber is the main reason for the observed wall temperature
asymmetry. The mean wall temperature in the cylindrical part of the combustor and in
the base plate were 1135 K and 940 K, respectively (In section 7.3.3.2, it will be shown
that such an asymmetry in the combustor wall temperature can significantly reduce the
amplitude of the oscillations).
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Fig. 7.4 Wall temperature of the cylindrical part of combustor at the measured axial and
tangential positions, L denotes the length of the cylindrical part of the HFI-Combustor.

In the following, we show only the amplitudes of the Fourier spectrum of the pres-
sure signals recorded at Lp1. Since this work deals with high-frequency thermoacous-
tics, the low-frequency oscillations are also not considered any further. Figure 7.5 shows
amplitude of high-frequency acoustic oscillations for different equivalence ratios. The
equivalence ratio was reduced toward lean mixtures to the value of the data point to
record data points. The grey-scale of the symbols in this figure indicates the frequency
observed.

The results show that the system is most unstable at a slightly sub-stoichiometric
condition. With leaner and richer mixtures, the amplitudes of instabilities were re-
duced. For an equivalence ratio of less than 0.68, no high-frequency thermoacoustic
were observed any longer.

Figure 7.6 shows the mean wall temperature of the cylindrical chamber forUj = 115

m/s, representing an estimation of the temperature inside the combustor. It can be seen
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that the temperatures first increased with increasing equivalence ratio to the stoichio-
metric condition and then decreased as expected. This tendency was reflected in the
frequency of instabilities (see Fig. 7.5), which is linked to the natural frequency of
the system and depends on the fluid temperature. In terms of changes in jet velocities
(combustion mass flow rate), Fig. 7.5 shows that an increase in the jet velocity generally
led to an increase in the susceptibility of the system to high-frequency instabilities and
that the occurrence of instabilities with higher amplitude was shifted towards leaner
mixtures. A similar behavior of instabilities with respect to mass flow rate was also
observed by Sattelmayer [44, 21]. To illustrate the influence of jet velocities (combus-
tion mass flow) on the susceptibility of the system to thermoacoustic instabilities even
more clearly, Fig. 7.7 shows the results for a constant equivalence ratio of φ ≈ 0.86
for different jet velocities. The figure shows that a 40 % increase of the jet velocity re-
sults in an increase of about 30 % in the amplitude of high-frequency oscillations. This
behavior can be explained by the power density inside the combustion system, which
increases with mass flow rate and tends to strengthen the high-frequency instabilities
of the combustion [175]. Overall, the experiment showed that this combustor features
high-frequency thermoacoustics, as predicted by the simulations before the combustor
was built.
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Fig. 7.5 Amplitude of the acoustic oscillations at Lp1 versus the global equivalence
ratio, the greyscales illustrate the frequency of the oscillations.

7.3 Numerical Investigation

7.3.1 Test Cases and Operating Points

The numerical investigations presented and discussed in the following subsections
are based on the experimental setup and were performed subsequent to the experiments.
The simulations were mainly performed to evaluate their predictive capability with re-
spect to high-frequency thermoacoustic instabilities. In order to avoid uncertainties,

94



0.6 0.7 0.8 0.9 1 1.1 1.2
? [-]

900

1000

1100

1200

T
w

 [
K

]

3

3.1

3.2

3.3
Hz

U
j
= 115 m/s

Trend
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Fig. 7.7 Amplitude of the acoustic oscillations at Lp1 versus the estimated bulk jet
velocity at φ ≈ 0.8.

the computational configuration was chosen to be as similar as possible to the exper-
imental configuration, avoiding any oversimplification. The main difference between
the experimental and computational setup was the (negligible) amount of air leakage in
the experiment, which was not considered in the simulation (The purge air for cooling
the pressure transducers, which directly changed the temperature distribution within the
combustion chamber, was considered). The air mass flow rate at the inlet of the com-
putational domain was adjusted to achieve the desired combustion air mass flow rate
of the experiment. To test the capability of the numerical methods for predicting high-
frequency thermoacoustic oscillations, an unstable operating point was selected. The
operating point considered for LES corresponds to a preheated fresh air temperature of
497 K and a combustion air mass flow rate of ṁc = 107 g/s, which corresponds to a
bulk velocity of 120 m/s and Reynolds number ofRej = 1.2 ·105 at the jet outlet. Since
the natural gas composition used in the experiment consisted mainly of methane (94%),
pure methane was assumed for the simulation. Methane was injected at a temperature of
297 K with a fuel mass flow rate of ṁF = 5.2 g/s through injection holes perpendicular
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to the main flow. The investigated operating point has a thermal power of Pth = 0.2 MW
with a global equivalence ratio of φ = 0.85. To ensure that the predicted high-frequency
instabilities for the unstable point were not caused by numerical oscillations, a stable
point (with respect to HFI) was also simulated, with a preheated air temperature of 499
K, a global equivalence ratio of φ = 0.63, a combustion air mass flow rate of ṁc = 103
g/s and a fuel (methane) mass flow rate of ṁF = 3.8 g/s. The computational domain
spanned from the cylindrical pipe after the air compressor and air preheater to the cylin-
drical part of the exhaust pipe (see Fig. 7.2). The inlet boundary was thus set far away
from the region of interest. The fixed mass flow rate was set at the inlet of the the test
rig. Since most of the turbulence was generated by the geometrical turbulence genera-
tor device, no artificial turbulence was superimposed to the inlet. The exhaust pipe of
the experimental setup is discharged into the environment and is located about 225D
downstream of the HFI chamber. To simplify the simulations, the entire exhaust pipe
was not simulated. The outlet boundary of the computational domain was located at a
distance of 60D downstream of the HFI chamber. To avoid reflections at this boundary
a partially non-reflecting boundary conditions [145] were assigned to the pressure field
at the outlet of the system to simulate an infinitely long outlet by eliminating acoustic
reflections. It is assumed that neglecting the acoustic reflection at the end of the exhaust
pipe of the experiment, introduces small errors. This is especially applicable to high fre-
quencies, which are of interest in this work, since they can be attenuated more strongly
due to their small wavelength. Furthermore, the numerical design simulations before
the experiment (see Sec. 7.2.1) revealed that the downstream acoustic boundary has
almost no influence on the HFI, evidencing that the reflection level at this boundary is
less critical for high-frequency instabilities. The cylindrical part of the HFI-Combustor
wall was divided into 16 sections and the base plate into 2 sections for which measured
temperatures known from the experiment were applied. The mean wall temperature for
the unstable operating point was 1070 and for the stable operating point 870 K. In the
simulation, heat conduction inside the solid material and heat losses due to radiation
were neglected. The other parts of the combustor were assumed to be adiabatic as they
were either coated or isolated. To investigate the impact of the HFI-Combustor wall
temperature asymmetry observed in the experiment, an idealized configuration with the
same combustion mass flow rate and equivalence ratio as the unstable point was sim-
ulated. In this configuration, the temperature of the HFI-Combustor walls was set to
a uniform temperature corresponding to the mean wall temperature of 1070K. In this
simulation the entry of the purge air was not considered, to avoid disturbances in the
temperature fields.
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7.3.2 Modeling and Simulation

Computations were carried out with the compressible and reactive LES of the im-
plicit code OpenFOAM [145]. A Flame Surface Density model (FSD) was used to
account for combustion. In this model, flame propagation is expressed using a transport
equation (Eq. 7.1) for the Favre-filtered reaction regress variable b̃ and reads:

∂(ρb̃)

∂t
+
∂ρb̃ũi
∂xi

− ∂

∂xi
(ρDt

∂b̃

∂xi

)
= − ẇc +

∂

∂xi
(ρDm

∂b

∂xi

)
= −ρubSlΣgen (7.1)

The reaction regress variable can be expressed using the well-known reaction progress
variable c and is defined as:

b := 1− c = 1− T − Tfr
Tb − Tu

(7.2)

In Eq. 7.2, the subscripts b and u represent the conditioning of the burned gases and
the fresh gas, respectively. In Eq. 7.1, Dm and Dt respectively represent the molecular
and sub-grid diffusion coefficients. The source term and the molecular diffusion term
can be modelled with the generalized flame surfaced density Σgen. The laminar flame
speed Sl used in Eq. 7.1 is representative of chemistry and was assumed to be a function
of the mean pressure, the mean temperature and the local equivalence ratio and were
tabulated prior to LES by simulating one-dimensional, laminar freely propagating pre-
mixed flames in Cantera [100] using GRI 3.0 mechanism [77]. The generalized flame
surface density can be expressed by the flame wrinkling factor Ξ and the magnitude of
the regress variable gradient as:

Σgen = Ξ|∇b| (7.3)

Thus, the modelling of the interaction of sub-grid turbulence and combustion can
be reduced to a model for the flame wrinkling factor on the sub-grid scale. This work
used an algebraic expression [147, 146] inspired by Bradley [111] that reads:

Ξ = 1 +
C

Le

√
u′sgs∆

al
(7.4)

In the above equation, Le is the Lewis number, C is a model constant and ∆ the
cut-off length. The value of the constant was set to 0.5, as suggested in previous work
[35, 146]. The sub-grid scale velocity fluctuation u′sgs is calculated from the sub-grid
turbulent kinetic energy:

u′sgs =

√
2ksgs

3
(7.5)

The transport equation for the sub-grid scale kinetic energy, proposed by Yoshizawa
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et al. [97] and Menon et al. [98] was solved [99]:

∂(ρksgs)
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ρk

3/2
sgs

∆
(7.6)

In the above equation, ν represents the molecular viscosity and νt represents the
sub-grid scale eddy viscosity, which can be expressed as:

νt = Ck∆
√
ksgs (7.7)

The constants in the model were set to Cε = 1 and Ck = 0.09 as proposed by
Yoshizawa et al. [97].

The temperature is iteratively calculated from NASA polynomials and a transport
equation for the filtered specific absolute enthalpy, as described in previous work [35,
146]. The heat losses from the boundaries are considered by setting the Dirichlet bound-
ary condition for the isothermal walls.

The computational domain was discretized using 20 million cells. The unstructured
grid consisted of regions with different cell sizes, mostly hexahedrons in the inner part
of the domain and collapsed hexahedrals close to the surface, to generate body-fitted
meshes. The cell sizes in the cylindrical chamber and the premixing passage were
chosen specifically to ensure at least 130 cells over a wave length of the desired first
radial mode. The mixing passage and the flame region were discretized using 1 mm
cells, the cell size for which the combustion model was validated [35]. The near wall
region of the HFI-Combustor was discretized with 0.5 mm cells. The small nozzle of
the turbulence generator were discretized so that at least 6 cells were guaranteed over
the diameter of the holes. A finer discretization was not affordable at these locations.

Convective fluxes of momentum were discretized with the filteredLinear scheme
[116], which is a limited combination of a low-order (LO) and a high-order (HO)
schemes.

Φf = (Φf )LO + Ψ[(Φf )HO − (Φf )LO] (7.8)

In Eq. 7.8, the flux limiter function is represented by Ψ. The scheme compares the
face gradients with the gradients of two adjacent cells. Based on this comparison, be-
tween 0-20% upwinding was introduced through the flux limiter to suppress numerical
fluctuations [163].

For advancing the solution in time, a blended scheme was used which employs an
off-centering coefficient 0 ≤ Cn ≤ 1 and is defined as:

Φn+1 = Φn +
1

(Cn + 1)

[
RHS(Φn+1) + Cn RHS(Φn)

]
∆t (7.9)

In the above equation, Φn and Φn+1 represent the solution in the current and next
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time steps, respectively, and RHS denotes the discretized transport equation without
the accumulation term. The scheme turns to a Crank–Nicolson scheme [123] or Euler
implicit scheme [176] when Cn = 1 or Cn = 0, respectively; In the present paper
a coefficient of 0.9 was used and a fixed time step was chosen, which corresponds to
an acoustic Courant–Friedrichs–Lewy (CFL) number of 0.3 in the flame region. The
modeling and simulation methods were validated in previous work [147, 35].

For the simulation of the unstable and stable point, the simulations were performed
separately from their corresponding initial states. For the initialization of the flame, a
ring-shaped region (with the diameter of the premix passage D, a length of 6D and a
thickness of 0.25D) was initialized with the adiabatic flame temperature at the corre-
sponding equivalence ratio. The upstream region of this volume was adjusted to the
fresh mixture and the downstream volume to the burnt mixture with an average temper-
ature corresponding to the wall of the combustion chamber. The pressure field and the
velocity field are initialized with atmospheric pressure and 0 m/s. The numerical setup
(i.e. the method of discretization, numerical parameters, and the mesh strategy and cell
sizes) was kept identical for both simulations.

To evaluate the thermoacoustic mechanisms, we used the procedure described in
previous work [35] on forced thermoacoustic and modified it to include additional
terms. The local heat release rate q̇ in the context of the flame surface density can
be defined as [64]:

q̇ = ρu Sl Ξ |∇b|H ft (7.10)

In Eq. 7.10, H represents the heat of reaction per mass of fuel and ft the fuel mass
fraction. By linearization of the equation around the mean heat release rate q̇0 and
integrating it over the combustor volume V , the contribution of density oscillations Q̇ρ,
laminar flame speed oscillations Q̇Sl , oscillations of the sub-grid wrinkling factor Q̇Ξ,
oscillations of burning area Q̇A and fuel mass fraction oscillations Q̇ft to the global heat
release rate oscillations Q̇1 can be determined and reads:

Q̇1 =

∫
V

q̇1 dV ≈
∫
V

ρu1

ρu0

q̇0 dV︸ ︷︷ ︸
Q̇ρ

+

∫
V

Sl1
Sl0

q̇0 dV︸ ︷︷ ︸
Q̇Sl

+

∫
V

Ξ1

Ξ0

q̇0 dV︸ ︷︷ ︸
Q̇Ξ

+

∫
V

|∇b|1
|∇b|0

q̇0 dV︸ ︷︷ ︸
Q̇A

+

∫
V

ft1
ft0
q̇0 dV︸ ︷︷ ︸
Q̇ft

(7.11)

The index 0 represents the mean value and 1 its fluctuations. Considering the phase-
averaged variables, the terms with superscript 1 refer to the acoustic oscillations. The
Rayleigh Index can be expressed as the multiplication of the pressure oscillations p1
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and heat release rate oscillations q1 [64]:

RI =
γ − 1

γ p0 tp

∫
tp

∫
V

p1q̇1 dV dt (7.12)

In Eq. 7.12, γ indicates the specific heat ratio and tp the period of the acoustic oscil-
lations. By replacing q1 with its linearized form, in the definition of the Rayleigh index
(Eq. 7.12), one can compute the contribution of density oscillations (RIρ), laminar
flame speed oscillations (RISl), wrinkling factor oscillations RIΞ, flame area oscilla-
tions (RIA) and fuel mass fraction oscillations (RIft) to the total Rayleigh Index:

RI ≈ γ − 1

γp0 tp

∫
tp

∫
V

p1
ρu1

ρu0

q̇0 dV dt

︸ ︷︷ ︸
RIρ

+
γ − 1

γp0 tp

∫
tp

∫
V

p1
Sl1
Sl0

q̇0 dV dt

︸ ︷︷ ︸
RISl

+

γ − 1

γp0 tp

∫
tp

∫
V

p1
Ξ1

Ξ0

q̇0 dV dt

︸ ︷︷ ︸
RIΞ

+
γ − 1

γp0 tp

∫
tp

∫
V

p1
|∇b|1
|∇b|0

q̇0 dV dt

︸ ︷︷ ︸
RIA

+
γ − 1

γp0 tp

∫
tp

∫
V

p1
ft1
ft0
q̇0 dV dt

︸ ︷︷ ︸
RIft

(7.13)

In eq. 7.13, RIρ deals with the impact of density oscillations on heat release rate
oscillations and can be linked to the flame shape deformations mechanism proposed by
Hummel et al. [46]. RIA includes the contribution of flame surface area changes due
to transverse acoustic velocity e.g. by flame displacement mechanism [44] or by flame
breathing mechanism [35]. This term also considers the flame surface area changes due
to vortex shedding [35]. RISl is capable of considering changes in laminar flame ve-
locity by various pathways, e.g. due to pressure/chemical mechanism [38, 35], change
in equivalent ratio oscillations, or due to strain modulation [42]. For the combustion
model used in this paper (eq. 7.2), the laminar flame velocity is assumed to be a func-
tion of mean pressure, mean temperature and local equivalent ratio. RIft take the local
changes in the equivalence ratio on the heat release rate oscillation, which can be linked
to the equivalence ratio coupling Mechanism [155, 177, 31]. It must be stressed that
RIΞ is affected by the sub-grid turbulence model (eq. 7.4, which was not developed to
consider the effect of high-frequency pressure perturbations.

7.3.3 Numerical Results

Each simulation was run for at least three flow-trough times in order to achieve a
limit cycle with a stable amplitude. This required a physical time of 1 second, at a cost
of 1.5 million core hours.
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7.3.3.1 Comparison with Experiment

The 10 ms of the pressure signal acquired from LES of the unstable point is com-
pared to the raw pressure signal from the experiment in Fig. 7.8a, indicating a similar
qualitative behavior. Quantitative comparison of the results can be achieved by compar-
ing the Fourier transform of the signals as shown in 7.8b. The Fourier transforms were
performed on 60 ms of the signals. It was found that the LES predicted a significant
peak at 3052 Hz with a comparable oscillation amplitude to the experimental result of
3162 Hz. In addition, LES was able to predict peaks in the mid-frequency range in the
experiment. Table 7.2 lists the differences between the predicted peak frequencies of
the LES and those observed in the experiment for the pressure oscillations recorded at
Lp1. The frequency of the radial mode was underestimated by 110 Hz. It should be,
however, noted that precise predictions of the frequency are only possible by predict-
ing the correct temperature in the system. A first estimation of the impact of the mean
temperature on the frequency of the radial mode can be determined based on a simple
acoustic analysis. In a tubular cylinder the eigenfrequency of the first acoustic radial
mode can be approximated from [178]:

fR1 = a
β0,1

πDc

with a =
√
γR′T (7.14)

In Eq. 7.14, a denotes the sound speed and β 0,1 = 3.83 [178] represents the root
of the derivative of the Bessel function for the first radial mode. For a mixture in a
tubular cylinder with a radius Dc assuming a constant heat capacity ratio γ, the natural
frequency is a function of the sound speed and consequently of the mixture temperature.
Thus, for a pure radial mode with a frequency of 3052 at 1600 K, a deviation of the mean
temperature of about 120 K can cause a frequency deviation of 110 Hz.

The temperatures measured by the circumferential sensors at each axial position
were averaged and shown in Fig. 7.9, indicating an increase in wall temperature in
the axial direction. Considering the estimated temperature trend, neglecting the axial
distribution of the wall temperature in the last section of the HFI combination could
have led to an underestimation of the temperature in the combustor.

Table 7.2 LES vs. experiment: Differences in amplitudes and frequencies of observed
peaks.

1. peak 2. peak 3. peak 4. peak
Amp [Pa] f [Hz] Amp [Pa] f [Hz] Amp. [Pa] f [Hz] Amp. [Pa] f [Hz]

Experiment 235 219 52 790 29 1403 63 3160
LES 82 219 46 820 14 1401 116 3050

Deviation in % 65 0 11 -3.8 52 0.14 -84 3.5

A comparison of the mode shapes obtained from LES and experiment can be seen
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Fig. 7.8 Comparison of the experimental data with the LES results for the unstable
operating point at Lp1, signal over time (left) and the Fourier transform (right).
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Fig. 7.9 Mean measured temperature as a function of the HFI-Combustor length, L
denotes the length of the cylindrical part of the HFI-Combustor.

in Fig. 7.10, which illustrates the amplitude of the acoustic oscillations at the peak
frequency of 3 kHz at the location of the pressure transducers. It should be noted that
Lp1 and Lp2 are mounted at a radial distance of 1.25 D and 2.5 D from the chamber
centerline on the base plate (at x= 0 L) of the combustor. Lp3, on the other hand, is
mounted on the combustion chamber wall at an axial distance of x=0.25 L. At these
axial positions the amplitudes of the acoustic oscillations along the chamber radius,
predicted by the LES, are presented. It can be seen that the characteristic amplitude
behavior of the first radial mode with its maximum toward the center (at Lp1) of the
combustor and at the chamber wall (at Lp3) and its minimum in between (at Lp2) could
be reproduced by the LES.

In order to verify a) that the observed oscillations were not obtained by chance or
error cancellation and b) that LES was able to predict the stable combustion, the LES
of the stable point was also carried out. The temporal evolution of 10 ms of the pres-
sure signal and the Fourier transform of 60 ms of the pressure signals are presented and
compared in Fig. 7.11. The pressure signals were recorded at Lp1 for this purpose.
As expected, no significant high-frequency in either the simulation or in the experiment
(compare with Fig. 7.8), which confirms the physical relevance of the predicted ther-
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Fig. 7.10 HFI-Amplitude versus HFI-Combustor radius. Filled points: experiment,
hollow points: CFD.

moacoustic instabilities at the unstable operating point. Here, it can also be observed
that the LES was able to predict the intermediate frequency peaks.
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Fig. 7.11 Comparison of the experimental data with the LES results for the stable point
at Lp1.

7.3.3.2 Realistic vs. uniform combustor wall temperatures

Fuel staging is one of the well-known method for the mitigation of thermoacous-
tic instabilities in combustors of gas turbines [11]. The disturbance of the temperature
fields and thus the disturbance of the acoustic mode shapes are the key elements to this
damping method. Accordingly, we have investigated the influence of temperature non-
uniformities on the high-frequency thermoacoustic instabilities observed in the experi-
ment. To this end, LES was performed with an idealized configuration for the unstable
operating point. For the idealized LES, a uniform temperature of 1070 K was set for
the wall of the HFI-Combustor, which corresponds to the mean wall temperature of the
unstable operating point. In addition, the cooling holes in the transducers were closed
to prevent the entrance of cold purge air. For convenience, we name this configuration
with uniform wall temperature, UTC, and the configuration with realistic (measured)
wall temperature, RTC, which was discussed in the last chapter in 7.3.3.1. It must be
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Fig. 7.12 Comparison of the pressure signal for UTC and RTC.

clear to the reader that no experimental data are available for UTC. In contrast, there
are experimental data available for RTC, which are discussed in Fig. 7.8.

The time evaluation of the pressure signals are compared in Fig. 7.12a for both
configurations. The figure illustrates that for UTC the initial fluctuation was then orga-
nized and the amplitude of the high-frequency oscillations increased exponentially until
a limit cycle amplitude with a frequency of 3 kHz was reached, as shown in the Fourier
transform of the signal in Fig. 7.12b. In contrast, the growth rate of high-frequency
oscillations in the RTC was lower and a smaller amplitude was reached in the limit
cycle. Both configurations exhibited a comparable peak frequency for high-frequency
oscillations, as shown in Fig. 7.12b. The amplitude of the Fourier transform was nor-
malized by the maximum amplitude of 3 kHz, which is 105 Pa for RTC and 6440 Pa
for UTC. The peaks observed at the intermediate frequencies of 0.2 kHz and 0.8 kHz
for the RTC were also present in the Fourier transform of UTC, but with a significantly
lower amplitude than the peak at high-frequency instabilities for this configuration.

Figure 7.13 illustrates the fields of normalized amplitude distribution of the high-
frequency oscillations. The amplitude distribution was obtained by performing the
Fourier transform on the last 50 periods of the pressure signal at each computational
cell. The fields of the pressure amplitude distribution were normalized with the maxi-
mum amplitude observed in each simulation over the center-line of the HFI-Combustor.
In addition, the average position of the flame was visualized by the iso-surface of the
regression variable b̄ = 0.5. As expected, the evaluated mode shapes of the two sim-
ulations have the same characteristics of the first radial mode as they occurred with
similar frequencies. However, the pressure-anti-node area around the flame was more
dominant with UTC than with RTC. The figure reveals that the heat release rate region
for UTC is more compact (for a better comparison see Fig. 7.21), meaning the flame in
the UTC had a higher local energy density. The reason for a shorter flame could be the
presence of larger vortices in the case of UTC (see 7.15b), which are mainly caused by
the larger pulsation amplitude in this case. This results in a bigger flame surface and a
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shorter flame with the same amount of global heat release rate. Figure 7.15 shows the
line-of-sight integration of the phase-average heat release rate for four phases during
an acoustic cycle. The volume-integrated pressure oscillations for these phases are also
illustrated in this figure. For the 1R mode, acoustic pressure anti-node is generated at
the center-line of the combustor at the burner outlet (see Fig. 7.13). The acoustic pres-
sure pulsation can travel upstream through the mixing passage as an axial wave, which
causes symmetric vortex shedding at the burner outlet [35]. The axial characteristic of
the acoustic can be observed from the axial acoustic velocity and its phase, illustrated
in Fig. 7.14.

In Fig. 7.15, one can observe oscillations in the total intensity of heat release, especially
at the UTC, with maximum intensity at 90°and minimum intensity at 270°. This is due
to density fluctuations caused by pressure fluctuations.

A

AA - A

0.01 0.02 0.05 0.1 0.2 0.5 1

norm. Amp [-]

(a) RTC, normalization factor 0.28 kPa.
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AA - A
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norm. Amp [-]

(b) UTC, normalization factor 9.1 kPa.

Fig. 7.13 Comparison of the acoustic mode shape obtained from DFT for the RTC
and UTC; Amplitude distribution is normalized with the maximum amplitude along the
center-line of the HFI-Combustor (norm. Amp = normalized amplitude).

The instantaneous and time-averaged fields of the axial velocity are illustrated in
Fig. 7.16. The air flowed through the premixing passage into the combustor. The
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Fig. 7.14 Comparison of the axial acoustic velocity and its phase obtained from DFT
for RTC and UTC.

fuel was mixed through nozzles in the turbulence generator device. The instantaneous
velocity fields clearly show the resulting vortical structures that enter the combustor.
The velocity fields in the chamber are characterized by a high shear layer between the
jet and the surroundings, which is typical for non-swirled flame stabilization methods.
With the RTC, the inlet of the purge air, which had an air mass flow rate of 10 g/s is
clearly visible.

The time-averaged and instantaneous temperature fields for the simulations of RTC
and UTC of are shown in Fig. 7.17 and Fig. 7.18 respectively. Time averaging was per-
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Fig. 7.15 Phase-averaged line of sight fields of heat release rate for different phases of
the unsteady pressure p1.
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Fig. 7.16 Comparison of instantaneous (lower half) and time-averaged (upper half)
fields of the axial velocity for RTC and UTC.

formed on the last 200 ms of the simulations. In comparison to the UTC, the asymmetry
of the mean temperature field is more pronounced for the RTC. This asymmetry might
be caused by a) inhomogeneities in wall temperatures and b) entrance of cold purge air.
In UTC, an asymmetry in the temperature fields can also be observed, but it is much less
dominant than in RTC. This is due to the fact that the jet that enters the combustor is
not axisymmetric, which is due to the characteristics of the turbulence generator device
that was used.

To quantitatively demonstrate the asymmetry within the combustor, Fig. 7.19 com-
pares the normalized mean temperature and axial velocity over the radius of the com-
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Fig. 7.17 Comparison of the time-averaged temperature field for RTC and UTC.

bustor at the top and bottom parts of the combustor over the line A-A (see Fig. 7.17)
for both configurations. While the temperature and velocity on both sides of the cham-
ber were almost identical in the UTC, they varied considerably in the RTC. As in Fig.
7.19a, the temperature deviation of the sides of the combustion chamber near the base
plate is significant for the RTC (see X/D 0 to 1). Note that the amplitude of the ra-
dial mode is more significant near the base plate and decays further downstream. Thus
this disturbance may be more relevant here. This deserves special attention and needs
further investigation.

It should be noted that for the idealized configuration, no experimental results are
available. However, since it was shown in the last section that the numerical methods
used were able to predict high-frequency thermoacoustics, we may trust the results of
this idealized simulation. A final proof of why the system with identical combustion
boundary conditions (mass flow rate and equivalence ratio) but non-uniform wall tem-
peratures was less susceptible to high-frequency instabilities could not be given here
and further investigation is required. However, it turned out that uniform temperatures
on the walls were crucial to develop a test case for radial thermoacoustic instabilities
with high amplitudes.
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Fig. 7.18 Comparison of the instantaneous temperature field for RTC and UTC.

7.3.4 Mechanism of instabilities

To shed light on the mechanisms of high-frequency instabilities, it is possible to
evaluate the different terms that cause oscillations in the heat release rate. In general,
heat release rate can directly oscillate due to oscillations in the density, flame speed,
equivalence ratio and flame surface. It should be mentioned that these parameters may
mutually influence each other and indirectly cause the heat release rate oscillations, but
here the more direct impact is discussed.

For evaluating thermoacoustic instabilities in the high-frequency range, it is mainly
assumed that the acoustic wavelength is smaller than the characteristic flame length. In
this case, the Rayleigh index (see Eqs. 7.12 and 7.13) should be considered because
the evaluation of the global heat release oscillation would not be meaningful. This is
especially the case at combustor with multijet burners under 1T mode. However, in
our case for the 1R mode, the single flame is located in the acoustic pressure anti-node
(see Fig. 7.13). Hence, the pressure in the flame region oscillates spatially in phase,
as it is characteristic for standing waves. Therefore, it makes sense to deal with the
global oscillations of the heat release rate (see Eq. 7.11) for this case. The normalized
fluctuations of the phase-averaged global heat release rate Q̇1 and the volume-averaged
pressure p1 for two periods of oscillation are shown in Fig. 7.20 for RTC and UTC.
For the spatial averaging of the pressure, a volume around the flame was considered in
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Fig. 7.19 Time averaged temperature and axial velocity over the chamber radius. The
axial velocity was normalized by 130 m/s and the temperature by 2150 K.

which the pressure oscillates spatially in phase. Furthermore, this figure shows the nor-
malized contribution from the density oscillations Q̇ρ, laminar flame speed oscillations
Q̇Sl, fuel mass fraction oscillations Q̇ft and flame surface oscillations Q̇A to global heat
release rate.

In this work, phase averaging was performed for the last 100 ms of the signal with a
repetition frequency of 3050 Hz using 8 sampling points. This corresponds to 50 high-
frequency oscillations. For both configurations a comparable quantitative behavior of
the oscillations was observed. It can be seen that the density and flame surface oscillate
almost in phase with the pressure and thus have a destabilizing effect. Oscillations in
the laminar flame speed and equivalence ratio can be neglected. The density oscillations
exhibit the highest amplitude and may be identified as the main driving mechanism. At
this point, the reader should be warned that the use of the global heat release rate in the
context of HFI must be done with care. For the case under investigation, this consid-
eration was useful as the acoustic mode was radial and the flame was positioned at the
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acoustic pressure anti-node. In contrast, for the case where the flame is positioned at
the acoustic pressure node, the consideration of the global heat release rate is meaning-
less. In such a case, the amplitude of the oscillation of the global heat release rate is
nearly zero and it oscillates twice as often as pressure oscillation. For the flame in the
acoustic pressure node, however, the global heat release rate of half of the flame can
be considered, as demonstrated in previous work [35]. Since the density oscillations
are always present and are in phase with the pressure oscillations, such a mechanism
needs to be eliminated by means other than classical time-delay methods. A mitigation
method has been successfully tested (by simulation) by Sharifi et al. [159] for this type
of thermoacoustic coupling. In order to avoid high-frequency instabilities, the cut-off
frequency in the combustor was changed by forming the chamber conically (for the
modified geometry refer to [159]). As a result, the acoustic mode downstream of the
base plate was attenuated and the flame was not exposed to pressure fluctuations with
high amplitudes. Thus, no sufficiently strong driving mechanism was developed.
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Fig. 7.20 Phase-averaged normalized global heat release rate Q̇1, the contribution of
density oscillations Q̇ρ, the contribution of wrinkling factor Q̇Ξ, the contribution of
laminar flame speed Q̇Sl, the contribution of burning area oscillations Q̇A and the con-
tribution of fuel mass fraction oscillations Q̇ft and volume averaged unsteady pressure
p1.

To identify the local position at which the heat release rate oscillations adds/ sub-
tracts energy to/ from the acoustic field of the system, the spatial distribution of the
Rayleigh indices are shown in Fig. 7.21. Additionally, the flame position is visualized
by the iso-line of the regression variable b̄ =0.5. The Rayleigh index field is character-
ized by the areas with positive and negative values, which are typical for the interaction
of convective dynamics with the flame (e.g. interaction with vortices, pockets of lean
and rich equivalence ratios). The significant difference in the Rayleigh index fields for
the two configurations is that with UTC it is less distributed than with RTC, due to a
shorter flame, and has more pronounced positive areas near the jet outlet. It should
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be noted that the global Rayleigh index, which represents the spatial integral of these
fields, is crucial for the thermoacoustic potential of the system. However, a comparison
of the total Rayleigh index due to the different pressure amplitudes of both configu-
rations is not meaningful. However, it is possible to illustrate the importance of each
pathway by which the instabilities are caused by comparing the normalized contribu-
tion of density RIρ, laminar flame speed RISl, wrinkling factor RIΞ, flame area RIA
and fuel mass fraction RIft in each configuration, as listed in table 7.3. It can be seen
that the contribution of the density (deformations mechanism) with UTC is about 15 %
more than with RTC, which is assumed to be due to the earlier mentioned difference in
the flame length.

In the table 7.3, one can notice that the sum of the contributions of the different
Rayleigh indices was not equivalent to the total Rayleigh index. The reason for this,
however, needs further investigation. At this point we believe that the reason is due to
the linearization and neglection of higher orders when deriving the different Rayleigh
indices from the heat release. The total Rayleigh index, on the other hand, was calcu-
lated during the simulation run and considers any higher orders. To our best knowledge
no other mechanisms were neglected for the cases considered. Both the mechanisms
related to the global changes in heat release (e.g. density oscillation by RIρ) and those
related to local changes in heat release (e.g. displacement mechanism by RIA) were
considered.

Table 7.3 Normalized Rayleigh indices of different contributions.

Configuration RIρ/RI RISl/RI RIΞ/RI RIA/RI RIft/RI
RTC 39.9 3.5 14.1 30.7 1.3
UTC 52.8 0.2 23.6 12.2 -0.1

7.4 Conclusion

The lack of suitable experiments is one of the main hurdles to study thermoacous-
tic instabilities at high-frequency. Based on earlier extensive numerical simulations, an
experimentally feasible combustor was designed which was predicted to be susceptible
to high-frequency instabilities. This paper experimentally investigates the combustor
and shows that the system was able to exhibit the desired high-frequency instabilities
with the first radial acoustic mode. The experiment revealed that the system tends to be
most unstable at an equivalence ratio close to the stoichiometric condition. For richer
and leaner mixtures, the amplitude of the high-frequency oscillations was decreased. It
was also shown that an increase in mass flow rate generally led to a higher amplitude
of high-frequency oscillations. In addition, the equivalence ratio at which the system
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Fig. 7.21 Comparison of fields of local Rayleigh indices for RTC and UTC.

was most unstable was shifted to the leaner mixture by increasing the mass flow rate.
The experimental configuration was considered to demonstrate the ability of the LES
framework to predict thermoacoustic instabilities. The comparison between experiment
and simulation was performed in terms of thermoacoustic pressure amplitudes at a sta-
ble and an unstable operating point and showed a reasonably good agreement. To shed
light on the decisive importance of the wall temperature for thermoacoustic simulations,
an additional LES of the unstable operating point, assuming a uniform combustor wall
temperature, was performed. It was found that in this configuration the amplitude of the
high-frequency oscillations reached a value 60 times higher, by similar frequency and
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mode shape. Evaluating the different contributions to the heat release oscillations and
comparing their phases with the pressure oscillations, the most relevant mechanism of
instability was identified to be the deformations mechanism. An experiment allowing
optical access is planned for the future.
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CHAPTER 8

Summery and outlook

This work dealt with the modeling of thermoacoustic instabilities and understanding
its driving mechanism using Large Eddy Simulation (LES) and experimental analysis.

The major difficulty with investigating thermoacoustic instabilities is that there are
hardly any suitable test cases available that can be used as a starting point for the anal-
ysis. Therefore, the main aim of this work was to develop a novel experimental lab-
scale test case that was able to exhibit high-frequency thermoacoustic instabilities. The
knowledge gained in the design phase and the test case itself can then serve as a ba-
sis for understanding the underlying mechanisms of thermoacoustics and its primary
damping methods. Accordingly, some initial requirements for the experimental config-
uration have been stipulated. The test case required to be as simple as possible and the
experiment as cost-effective as feasible. It had to show similarities to Siemens’ modern
gas turbine combustion chamber in terms of frequency of instabilities, aerodynamics
and method of flame stabilization.

LES was performed for the design purpose of the test case. Combustion was de-
scribed using the flame surface density (FSD) model. The numerical methods were
tested and validated for the stationary state by comparing the LES results of the triple
jet combustion chamber with measured data. Due to the lack of suitable experiments
with high-frequency thermoacoustic instabilities, it was first assumed that the solver is
capable of predicting flame’s dynamics. However, the numerical method was validated
in earlier work at Siemens for thermoacoustic instabilities in the intermediate frequency
range.

In the first step, the few high-frequency thermoacoustic mechanisms known from
literature were considered. To investigate whether these mechanisms contribute to the
instabilities of the jet flames applied in the combustion chamber of modern gas turbines,
a forced response study has been performed in a generic combustion chamber with
similarities to the practical configuration.

By proper forcing from the non-reflecting side boundaries of the combustor it was
possible to subject the flame to:

1. Pressure-forcing: an acoustic pressure anti-node (simultaneously acoustic veloc-
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ity node)

2. Velocity-forcing: an acoustic velocity anti-node (simultaneously acoustic pres-
sure node)

By comparing the Rayleigh index of the flame under the forcing scenarios, we were
able to find out that flame at the pressure forcing was generally more susceptible to ther-
moacoustic instabilities. The influence of oscillation frequency on the flame was also
investigated and found that the sensitivity of the flame to thermoacoustic instabilities
decreased for higher forcing frequencies with pressure forcing, whereas the frequency
impact was negligible for velocity forcing. The different pathway through which the
heat release rate could oscillate under the forcing and their contribution to the Rayleigh
index was calculated. With the pressure forcing, the density mechanism was determined
to be the primary driving mechanism. With velocity forcing, the flame displacement
was revealed to be the main driving mechanism. The influence of the flame length on
the susceptibility of the flame to high-frequency thermoacoustic instabilities was inves-
tigated. A compact flame under pressure forcing was more susceptible, while a longer
flame under velocity forcing tended to have a higher Rayleigh index.

Based on these observations and findings and considering the requirements of a
cost-effective experiment, a generic atmospheric cylindrical combustion chamber was
proposed. The susceptibility to high-frequency instabilities of the configuration was
increased by placing the jet-stabilized flame centrically in the cylindrical combustion
chamber to excite the radial acoustic eigenmodes of the combustion chamber. With
a radial mode in the combustion chamber, the flame could be subjected to a pressure
anti-node (velocity node) where the highest contribution to instabilities was ensured.
The configuration could show acoustic and aerodynamic similarities with the technical
combustion chamber by selecting the corresponding combustion chamber diameter and
using a practical turbulence generator, and mixing channel whilst an extremely long
flame was prevented.

The generic adiabatic premixed combustor was then simulated with different equiv-
alence ratios to obtain high-frequency radial instabilities with high amplitude. It was
found that the configuration was able to exhibit the first radial mode for a specific equiv-
alence ratio (φ = 0.7 ). For lower and higher equivalence ratios, the instabilities were
attenuated in the first radial mode. The results also showed that the flame was able to
excite the second radial mode more strongly at a near stoichiometric condition for the
adiabatic configuration.

A generic configuration with an operating condition based on the LES was designed
and had to be adapted towards a feasible experiment. For this purpose, the effects
of wall temperatures, technical mixing and acoustic transmission of the upstream and
downstream boundary conditions were investigated.

116



It was observed that the higher the temperature of the combustion chamber wall, the
larger the amplitude of high-frequency oscillations. LES of the generic configuration
with the equivalence ratio of 0.7 and a realistic wall temperature of 1100 K led to com-
plete elimination of the acoustic instabilities. The change in the cut-off frequency most
likely caused this behavior. By changing the temperature distributions in the chamber,
the amplitudes of pressure oscillations in the axial direction were attenuated, so that not
the entire length of the flame was subjected to pressure oscillations with high amplitude,
as was the case with the adiabatic configuration. This reduced the coupling potential
of the flame and led to a less unstable (more stable) combustion when the cooling of
combustion chamber walls was considered. Further investigation showed, that it was
possible to recover the instabilities with the cooled wall by increasing the equivalence
ratio to 0.9.

The consideration of the technical mixing in the configuration led to a greater ampli-
tude of instabilities at almost the same frequency. The system showed pockets of rich
and lean mixture generated with the frequency of instabilities and transported down-
stream while interacting with the flame. The resulting oscillation of the heat release
rate due to the oscillation of the local equivalence ratios was in phase with the pressure,
evidencing its destabilizing effect.

Since the numerical inlet boundary condition used in the generic configuration was
completely reflective, the influence of the change in the acoustic transmittance of this
boundary on the instabilities was investigated. It was found that if this part of the
configuration was acoustically open, no instabilities were observed. The instabilities
could be restored by a new plenum concept, which was acoustically almost closed.
Thus, a configuration susceptible to high-frequency instabilities was developed which
met the experimental requirements.

The configuration was set up and tested in the Siemens experimental laboratory.
Acoustic measurements were performed to verify the occurrence of predicted first ra-
dial thermoacoustic instabilities. Experiments were performed for different equivalence
ratios and mass flows with preheated air. The system showed the desired instabilities
as soon as a certain equivalence ratio was exceeded. The amplitude of the instabili-
ties increased with increasing equivalence ratio and reached its maximum at a slightly
lean equivalence ratio. As the equivalence ratio was further increased, the amplitude of
the high-frequency instabilities decreased. The maximum amplitude of the instabilities
shifted with the rise of the combustion air mass flow rate toward the leaner mixture. It
was also found that an increase in combustion mass flow rate increased the tendency of
the system to be unstable.

For the final evaluation of the numerical method, two operating conditions were
chosen, one assigned to a thermoacoustically stable combustion and the other to an
unstable combustion. For these simulations, an attempt was made to set a realistic
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wall temperature. For this purpose, the combustion chamber wall was divided into
several sections for which the measured temperatures were set. The main difference
between these simulations and the a priori simulations in the design phase was the wall
treatment. The LES results were compared with the measurement data and overall a
reasonable agreement could be demonstrated. Thus it was proven that LES was able to
predict high-frequency instabilities.

The instabilities observed in the experiment had the desired frequency, but showed
lower amplitudes than expected by the simulations in the design phase. To investigate
the reason for this deviation, a further simulation of the experimental configuration was
performed. In this simulation, a uniform combustion chamber wall temperature was
assumed. The temperature was calculated by averaging the measured combustor wall
temperatures obtained in the experiment. A comparison of the result of this simulation
with the results of the simulation considering realistic combustor wall temperatures
showed a significant increase in the amplitude of the high-frequency instabilities when
a uniform mean combustor wall temperature was assumed, which emphasizes the im-
portance of wall heat treatment in the simulation of thermoacoustic instabilities.

In this work, in addition to design of an thermoacoustically unstable combustor
in high-frequency range, a method for suppressing the observed thermoacoustic insta-
bilities was proposed. The suppression method was proposed in accordance with the
obtained evidence on the damping effect of the combustion chamber wall cooling on
the instabilities. It was observed that cooling the combustor wall resulted in a positive
area-averaged temperature gradient along the longitudinal axis of the combustor. This
temperature change resulted in an increase in the cut-off frequency of the combustor
along its axis. In analogy, it was proposed to alter the cut-off frequency of the com-
bustor by changing the diameter of the combustor. A conical combustor was designed
whose radius was decreased along its axis, leading to an increase in the cut-off fre-
quency along the longitudinal axis. LES showed that the system was stable under this
modification of the combustor, proving that the conical combustor design can be consid-
ered as a damping method for high-frequency instabilities with radial modes. However,
in order to make a general statement, further evidence and further investigations are
required.

This work showed that LES was able to predict the occurrence of instabilities at high
frequencies. The combustion chamber successfully designed by LES has the potential
to be used in more sophisticated experiments in the future. However, it should be noted
that both the value of the wall temperature and its non-uniformity are crucial to the
occurrence of instability in the system.
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Appendix A

Validation of the Combustion Model

This chapter including all figures and tables was previously published in AIAA Jour-

nal, 57(1), V. Sharifi, C. Beck and A. M. Kempf, Large-Eddy Simulation of Acoustic

Flame Response to High-Frequency Transverse Excitations [35]. The author V. Sharifi

ran all simulations, wrote the paper and generated all figures and tables. The authors

C. Beck and A. M. Kempf contributed corrections, discussions and proofreading.

To validate the combustion model used for this study, for a flame that is very similar
to the case examined, the experimental data from high pressure (8 bar) triple-jet com-
bustor [179] is used. Figure A.1 shows the setup of the combustor. The combustion
chamber consists of a mixing section with six laterally arranged pipes followed by a
flow distributor, the combustor and the exhaust passage. In the experiment, fuel (NG)
is injected through the laterally arranged pipes in the mixer and the unmixedness of
fuel and air at duct outlets is eliminated by (a) premixing fuel and air upstream of the
combustor and (b) using the special manifold to distribute the mixture to all the three
jets. The following measurements were performed in the experiment: 1D laser Raman
scattering, OH* chemiluminescence and particle image velocimetry in order to deter-
mine the mixture fraction and temperature, flame position and the planar velocity field.
To reduce the complexity of the simulation and due to the fact that a good mixing was
observed at the duct outlet in the experiment [179], the simulation is performed exclud-
ing the mixing procedure. However, in order to consider the turbulence generated by
the radially arranged pipes, they are considered in the simulation as illustrated in Fig.
A.1. The mixture of the fuel and air was injected through the inlet with a temperature
of 673 K. Hence, the natural gas composition used in the experiment consist mainly of
methane (94.2% to 98.7%), pure methane is assumed for the simulation. At the inlet,
velocity fluctuations with an intensity of 1 % and a length scale of 3 % of the inlet duct
are added to the flow to ensure the generation of the eddies over laterally arranged pipes
in the simulation. The combustor side walls were cooled in the experiment. The exact
temperature of the combustor side walls is not known from the experiment. Lammel et
al. [179] assumed that the temperature of the combustor side walls is between 920 K
- 1200 K. For the simulation, the side walls temperature is set to an estimated value of
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1100 K. The temperature of the base plate and exhaust gas nozzle are set to 600 K and
572 K, respectively as it is known from experiment. All the other walls are assumed to
be adiabatic in the simulation. The combustor is discretized using 1 mm cells, which
corresponds to 20 cells over jet diameter. The computational grid contains 7.6 millions
cells. The value of C, the coefficient for the wrinkling model (see eq. 5.5), is set to
0.5. Table A.1 gives an overview of the boundary conditions used for this simulation.
The normalized field of methane concentration from the experiment is compared with

x 

y 

z 

Mixer 

Flow distributer 

Combustor 

Base plate 
Exhaust nozzle 

Fig. A.1 Computational domain of the triple jet.

the field of the mean regress variable from the simulation in Fig. A.2. The data was
sampled on a cutting plane through the axis of the middle jet, as illustrated in Fig. A.1.
Line-Raman provide a set of independent data points. The contour of methane con-
centration was generated by interpolating the Raman experimental data, sampled at the
locations indicated by black dots in Fig. A.2(left). To compare the flame length and

Table A.1 Boundary condition for the validation case

fuel ṁ, kg s−1 p, kPa Tin, K φ, - T(side walls), K T(exhaust walls), K
CH4 0.487 804 673 0.66 1100 572

the thickness of the flame brush the normalized CO2 concentration is compared with
the mean progress variable. The data is sampled over the axis of the jet and over a
transverse line three jet diameters downstream of the duct outlet and are shown in Fig.
A.3a and A.3b. The flame length is predicted by simulation is in a good agreement with
the experiment. The flame brush is however slightly underpredicted. The velocities
measured in the experiment are compared against the results of the simulation and are
shown in Fig. A.3c and A.3d. The mean axial velocity and its rms-value show a good
agreement with the experiment.

In the topic of forced response simulation, Krediet et al. [63] used the flame surface
density based combustion model, used in the present study, to validate the identifica-
tion of the Flame Describing Function (FDF) [180] using Large Eddy simulation in a
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Fig. A.2 Normalized field of methane concentration from the experiment (left) and the
normalized field of regress variable from CFD (right).
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Fig. A.3 Mean normalized progress variable and velocity statistics along center-line and
a transverse line three jet diameter downstream of the duct outlet.

frequency range from 60 to 320 Hz. They used the experimental data from an atmo-
spheric swirl-stabilized premixed flame. To calculate the FDF they set the flame under
harmonic excitation at six distinct frequencies. The excitation is generated in the same
manner as used in this paper. They superimposed harmonic acoustic waves on the ve-
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locity at the inlet. It was shown that the calculated data are in good agreement with
measurements. Thus, the combustion model used for the present study is validated for
the forced response simulation at least in a low-frequency range.
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Appendix B

Grid Refinement Study

This chapter including all figures and tables was previously published in AIAA Jour-

nal, 57(1), V. Sharifi, C. Beck and A. M. Kempf, Large-Eddy Simulation of Acoustic

Flame Response to High-Frequency Transverse Excitations [35]. The author V. Sharifi

ran all simulations, wrote the paper and generated all figures and tables. The authors

C. Beck and A. M. Kempf contributed corrections, discussions and proofreading.
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Fig. B.1 Instantaneous (upper half) and time averaged (lower half) fields of the axial
velocity (left) and the temperature (right) from the non-forced simulation for (a) coarse,
(b) medium and (c) fine mesh.
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Fig. B.2 Time averaged and rms-value of (a) axial velocity and (b) temperature along
the center-line of the combustion chamber (coarse-c, medium-m, fine-f) obtained from
the non-forced simulation.
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A grid refinement study is conducted for the non-forced reference simulation using
1, 4 and 8 million cells corresponding to a cell size of 2, 1.33 and 1 mm, respectively.
The geometry of the combustion chamber is shown in Fig. 5.2. The operating condi-
tions used for this simulation are listed in table 5.2. The value of C (see eq. 5.5) is set
to 0.5. The instantaneous and the mean field of the axial velocity and the temperature is
shown in Fig. B.1, for the different mesh sizes. The flame is characterized by the strong
shear layer between the high-speed jet flow and the low-speed surrounding exhaust gas
in the chamber. The flame is stabilized by the outer recirculation zone and is attached
at the duct outlet. As expected, with the coarse mesh less fluctuations are resolved and
thus the jet appears to remain laminar up to about two jet diameters downstream of the
duct outlet. The mean temperature and axial velocity and the corresponding rms-value
along the center-line of the combustion chamber from the duct outlet are plotted in Fig.
B.2, for all the mesh resolutions used here. The fluctuation at the duct outlet are similar
in all three cases. It is shown that the flame length increased with decreasing mesh
sizes. The flame length, defined as the distance between the duct outlet and the position
where the mean regress variable equals 0.5 on the center-line, decreased about 20 %
for the coarse mesh compared to the medium mesh, and by 8 % for the medium mesh
compared to the fine mesh. Despite an absence of experimental data for this case, we
assume that the flame length predicted from the simulation with the fine mesh is the
most accurate one. Furthermore, the results from the medium and fine mesh are consid-
ered to have a reasonable agreement, despite the maximum deviation of 8 % in flame
length. Therefore and as a compromise with computational costs, we chose to use the
medium mesh for the study.
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